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Abstract

This study experimentally investigates the hydrodynamic characteristics, geometric configurations, fluttering motions of the codend, and the
instantaneous flow fields inside and around the codend, with and without a liner, under varying catch sizes and inflow velocities. A proper
orthogonal decomposition method is employed to extract phase-averaged mean properties of unsteady turbulent flows from flow measurement
data obtained using an electromagnetic current velocity meter inside and around the codend. The results reveal that as catch size increases, the
drag force, codend motion, Reynolds number, and codend volume increase while the drag coefficient decreases. Owing to the codend shape and
pronounced motion, a complex fluid—structure interaction occurs, demonstrating a strong correlation between drag force and codend volume. The
oscillation amplitudes of the hydrodynamic forces and codend motions increase with increasing catch size, and their oscillations mainly involve
low-frequency activity. A significant reduction in the flow field occurs inside and around the unlined codend without a catch. The flow field is
5.81%, 14.39%, and 27.01% lower than the unlined codend with a catch, the codend with a liner but without a catch, and the codend with both a
liner and a catch, respectively. Fourier analysis reveals that the codend motions and hydrodynamic forces are mainly characterized by low-
frequency activity and are synchronized with the unsteady turbulent flow street. Furthermore, the proper orthogonal decomposition results reveal
the development of unsteady turbulent flow inside and around the codend, driven by flow passage blockage caused by the presence of the liner,
intense codend motions, and the catch. Understanding the hydrodynamic characteristics and flow instabilities inside and around the codend,

particularly those associated with its fluttering motions, is crucial for optimizing trawl design and improving trawl selectivity.
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Article Highlights

» The impact of the catch size on the dynamic behaviour of trawl
codends was examined.

+ A proper orthogonal decomposition method was developed to
extract the phase averaged mean properties of turbulent flows.

» Understanding the hydrodynamic and flow instabilities inside and
around the codend is of great importance to optimizing the design
of the optimal trawl structure and enhancing its selectivity.
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1 Introduction

The codend is the terminal and most critical part of the
trawl, and it plays a vital role in the selectivity and storage
of the fish catch. Its hydrodynamic force contributes approx-
imately 15% of the total force acting on the trawl net (Mad-
sen et al., 2015; Liu et al., 2021). To reduce juvenile fish
mortality and enhance their escape rate, the selectivity of
midwater and bottom trawls has garnered attention from the
scientific community (Bouhoubeiny et al., 2011; McHugh
et al., 2016). While previous studies have mainly focused on
the relationship between mesh size and fish size to improve
selectivity, they often overlooked the impact of turbulent
flow, codend motion, and codend drag, which are the key
factors influencing codend performance (O’Neill et al.,
2005; Kim, 2013). The fluttering motion of the codend
arises from the pressure exerted by both eddy flows and
vortex shedding, which are directly associated with elastic,
kinematic, and dynamic instabilities. These flows result
from the presence of a liner within the codend, designed as
a series of overlapping cones that produce a wavelike
motion gently rippling with the water flow. Additionally,
the catch restricts water flow through the codend, further
contributing to these dynamic flows (Wardle, 1993; Liu
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et al., 2012; Underwood et al., 2016; Thierry et al., 2021a).
This fluttering motion also alters the codend mesh open-
ings, influencing both the hydrodynamic forces and the
codend selectivity (Madsen et al., 2015; Druault and Ger-
main, 2016).

Studying the motion of the codend is a challenging task
in both simulations and experiments owing to various fac-
tors, including hydrodynamic forces, turbulent flow fields,
and the fluttering motion of the codend. This topic has
been explored in several studies, including those by Fuwa
et al. (2003), Druault et al. (2015), Bouhoubeiny et al.
(2011), Druault and Germain (2016), and Durgesh et al.
(2014). One of the main sources of complexity is the inter-
action between the flexible codend structure, the unsteady
turbulent flow, and the catch. This interaction is influenced
by factors such as the large deformation of the codend, its
oscillatory motions, fish behavior inside the gear, and the
shape of the gear. These factors simultaneously influence
the hydrodynamic forces acting on the codend (Bouhou-
beiny et al., 2011; Thierry et al., 2021c). The turbulent
flow surrounding the trawl codend generates vertical pres-
sure on the codend, leading to fluttering motions. These
motions affect the mesh openings, which in turn influence
the selectivity properties of the codend by altering the
probability of fish escaping. In addition, such codend
motions can impact the quality of the catch, as they may
cause epidermal damage to the fish (Jones et al., 2008;
Kim and Whang, 2010; Kim, 2013; Madsen et al., 2015;
Brinkhof et al., 2021; Liu et al., 2021).

Recently, the dynamic behavior of the codend has been
examined through numerical simulations, flume tank experi-
ments, and sea trials. O’Neill et al. (2005) identified both
catch pressure drag and codend motion as the primary com-
ponents of codend drag. Pichot et al. (2009) and Bouhou-
beiny et al. (2011) studied the turbulent flow around the
rigid codend structure via laser Doppler velocimetry (LDV)
and particle image velocimetry (PIV) measurements. Their
findings showed that the oscillatory motions of the codend
strongly influenced the flow behavior around it, and they
also demonstrated the presence of a symmetric vortex
behind the codend. Kim (2012, 2013) conducted one-point
measurements inside codends, similar to those in shrimp
beam and bottom trawls, confirming that the turbulent flow
inside the codend structure affects the maneuverability of
swimming fish. Priour (2014) developed a model of a
codend composed of hexagonal mesh elements based on
the approximation that codends were axisymmetric and
that twines were elastic. Using this model, Priour and de la
Prada (2015) determined that the shape and selectivity of
the codend mainly depended on the catch’s volume, the
mesh’s shape (diamond, square, or hexagonal), and the
number of meshes along and around the codend. Madsen
et al. (2015) evaluated the behavior of six codend designs
with various mesh shapes to provide fundamental infor-
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mation that can improve both the selectivity and quality
of the catch while also reducing energy consumption. They
found that each codend oscillated considerably when loaded
with fish, with the standard codend identified as the most
stable of the six designs investigated. Druault and Germain
(2016) used PIV to characterize the flow in the unsteady
wake that develops behind the moving codend structure,
as well as the frequency content of codend oscillations.
Furthermore, they linked these data to the physical mecha-
nisms that induced oscillations. They found that local
hydrodynamic effects, such as vortex shedding occurring
in the wake zone around the codend, can lead to codend
oscillations. More recently, Liu et al. (2021, 20233, b) ana-
lyzed the effect of codend design parameters and the catch
on the drag characteristics and fluttering motion of the
codend. They found that the angle between the flow and the
codend, as well as the height of the codend, were directly
proportional to the inflow velocity. Thierry et al. (20214,
2022a, 2023) identified the turbulent flow that developed
inside and around different parts of bottom and midwater
trawls. They also found that the velocity fields inside and
around the codend were lower than the velocity fields
observed in other parts of the trawl net.

Despite existing research, further experimental studies
are needed to investigate the effect of catch size and the
liner inside the codend on the fluid—structure interaction
of fluttering codend structures. The interaction between
unsteady flow and the fluttering motion of the codend
makes this a complex problem. Therefore, to elucidate
codend selectivity and the design of selective devices, it is
crucial to address the current lack of detailed quantitative
information on the coupled dynamics between a fluttering
codend structure and its hydrodynamic behavior.

The present study designed a scaled and flexible codend
structure, including a liner, based on a real full-scale flexi-
ble trawl codend used for Antarctic krill trawling. The
model was tested in a flume tank under various catch
sizes, with and without a liner, and different inflow veloci-
ties to analyze the interaction between the flow field and
the fluttering codend structure. This analysis focused on
hydrodynamic forces, fluttering motions, codend config-
uration, and the flow field both inside and outside the
codend. Flow measurements were conducted using an
electromagnetic current velocity meter (ECVM). Fast Fou-
rier transform (FFT) was employed to analyze the time—
frequency characteristics of the hydrodynamic forces
and fluttering motions, as well as the proper orthogonal
decomposition (POD) coefficients. In addition, POD was
employed to examine the phase-averaged mean properties
of unsteady turbulent flows as a function of structure
motions, catch, and liner. The findings of this study pro-
vide a foundation for improving trawl net design and
selectivity control.
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2 Materials and methods
2.1 Experimental setup and codend design

The experiments were conducted at the Tokyo University
of Marine Science and Technology in a flume tank measur-
ing 9.0 m in length, 2.2 m in width, and 1.6 m in depth (for
more details, see Hu et al., 2004, and Thierry et al., 2022a,
2022b).

The midwater trawl codend, commonly used in Antarc-
tic trawl fisheries by the target fishing vessel “LONG
TENG” of the China National Fisheries Corporation, was
selected as the trawl design for this study (Figure 1). The
trawl codend models were constructed with and without a
liner, based on a modified version of Tauti’s law, with a
1/20 length scale and a 1/5 scale for mesh size and twine
diameter, respectively. In this study, the liner represents an
inner-panel trawl designed as a series of overlapping cone
assemblies inside the Antarctic krill trawl to prevent small
organisms, such as Antarctic krill, from becoming tangled
and to enhance catch efficiency. More details about the
modified Tauti’s law can be found in Hu et al. (2001) and
Kumazawa et al. (2009). The codend models used in this
study were constructed by assembling four pieces of nylon
netting with diamond mesh. Figure 1 illustrates images of
the codends during the flume tank tests, and Table 1 pro-
vides the details of the codend and liner parameters.

20

20 -
20 (b) Empty model

»
—

8
(a) Design plan

(c) Model with a catch

Figure 1 Physical model used in the test

The catches inside the codend were simulated using table
tennis balls filled with water, as the water flow through the
trawl codend model could be analogous to the behavior of
a full-scale trawl codend during a sea trial (O’Neill et al.,
2005; Zhang et al., 2023).

The diameter of each ball was 40 mm, and the weight of
each ball was 2.7 g (Figure 1c). The mass of the water inside
the ball was calculated as follows:

3
M = 4n§r )

where p is the water density, r is the ball radius, and M is
the mass of the water inside each ball. The catch weight
was calculated as the sum of the empty ball weight and the
weight of the water inside the ball. The resulting catch
weights inside the codend are listed in Table 2.

According to Zhang et al. (2023), table tennis balls filled
with water were used as a simulated catch because the
codend motions and the shape of the codend catch section
closely match those observed in the sea with fish inside
the codend, compared with other geometric configurations.
Additionally, the flow passing through this section of the
codend with tennis balls is similar to that in a full-scale
codend in the ocean, as observed by O’Neill et al. (2005)
and Kim (2013). However, no movement of the catch was
observed during the experiments despite the sea condi-
tions. The end part of the codend was assumed to be spher-
ical, and the diameter of this sphere (d) was measured dur-
ing the experiments, as illustrated in Figure 1(c). To analyze
the effect of catch size on the hydrodynamic performance
of the codend, as well as on the unsteady turbulent flow,
the Reynolds number was calculated as a function of the
codend diameter (Bouhoubeiny et al., 2011; Druault and
Germain, 2016) and the inflow velocity u,;

_ Uyd
v

Re 2
where u, is the inflow velocity, v is the kinematic viscosity,
and d is the diameter of the end section of the codend. In
this study, the diameters of the end section of the codend,
measured during the experiments, were 10.47, 22.24, 26.28,
and 30.45 cm for codends with 0, 50, 100, and 150 balls,
respectively.

2.2 Description of drag measurement

To accurately measure hydrodynamic forces, the codend
model was mounted on a circular rigid frame with a diame-
ter of 36 cm and submerged in the flume tank to a depth of
10 cm (Figure 2). This circular rigid frame was connected
to a six-component load cell with a capacity of 5 kgf each
(Denshikogyo Co., Japan). The load cells were calibrated
and zeroed at the beginning and end of each test, with their
linearity verified. A current meter was positioned approxi-
mately 1.2 m upstream of the codend model to measure the

Table 1 Parameters of the codend and liner
Component Twine materials Mesh size (mm) Bar diameter (mm) Cutting ratio Cutting sequence
Part 1 Nylon 30 1.2 No cutting ration [N,,
Codend
Part 2 Nylon 30 1.2 4:1 N [NBNBN],
Liner Nylon 10 0.2 4:1 N [NBNBN],
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Table 2 Characteristics of the catch in the codend

Codend Number of balls  Catch weight (kg)
Codend with 0 ball 0 0
Codend with 50 balls 50 1.68
Codend with 100 balls 100 3.35
Codend with 150 balls 150 5.04

flow velocity. In this experiment, the flow velocity varied
from 50 to 90 cm/s in increments of 10 cm/s. Moreover, the
temporal evolution of the drag force acting on the codend
model for each inflow velocity was measured for different
catch sizes (Table 1). The hydrodynamic force signals, mea-
sured using the load cell, were amplified with a dynamic
strain amplifier (DPM-6H, Tokyo Measuring Instruments
Co., Ltd., Japan). These signals, along with the flow veloc-
ity data, were transmitted to an A/D converter and then to
a computer. The mean of 3 000 data points, obtained at a
frequency of 50 Hz over 60 s, was recorded during the
experiment, and the average value was calculated from the
measurement data. The measurements were repeated three
times for each inflow velocity. The water density of the
flume tank was 999.8 kg/m®, and the water temperature
was maintained between 17.6 °C and 18.4 °C.

The drag coefficient was calculated based on the codend
radius, as suggested by O’Neill et al. (2005), to assess the
impact of the catch size on the hydrodynamic characteris-
tics of the codend:

F
C,=—2— 3
¢ 0.5pariu,? )
where C, is the drag coefficient, F is the drag force on
the codend, r is the radius of the codend, and u, is the
inflow velocity.

2.3 Description of the measurement of the motion
and shape of the codend

During the flume tank experiment, a series of videos cap-
turing the fluttering motion of the trawl codend was record-
ed using two video cameras (frequency: 59 Hz, resolution:
1920 x 1080 pixels®, manufactured by Dantec Hi-sense,
with a 60 mm focal length). The cameras were positioned
in front of and to the side of the flume tank with constant
zoom (Figure 2). The codend motions were recorded for
3 min during each test, and a 60-second video segment was
selected to extract the coordinates of different points on the
codend. The inflow velocity used during the video record-
ing was the same as that used for the hydrodynamic force
measurements. The two-dimensional (2D) coordinates of
the codend shape with different catches were extracted from
the images using MATLAB R2014 and the GetData Graph
Digitizer 4.0 software.

The codend motions were analyzed by selecting a series
of images taken 0.25 s apart at a frequency of 4 Hz from
the video footage. MATLAB was used to extract the coor-
dinates of various points on the codend within a plane-
coordinate system. However, the accuracy of coordinate
extraction was influenced by lens distortions, water refrac-
tion, and parallax. To mitigate these effects and calibrate
the measurements, a standard bar was used. The coordinates
of the points representing the shape of the codend were
then interpolated, enabling the determination of the codend
motions under different flow velocities. The FFT method
was applied using Welch’s approach, with a Hann window,
to analyze the time history of the hydrodynamic forces on
the codend and the time evolution of the codend motions.
Further details about the method can be found in Torrence
and Compo (1998), Farge (1992), Su et al. (2018), and Thi-
erry et al. (2022a). A frequency resolution of 0.001 3 Hz
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Figure 2 Schematic of the experimental setup used to measure the hydrodynamic forces, flow velocity, shape, and motion of the codend model
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was used for the analysis of the hydrodynamic forces and
0.017 Hz for the analysis of the codend motions.

2.4 Description of electromagnetic current velocity
meter measurement

The instantaneous velocity vector fields inside and
around the codend were measured in the symmetric plane
using a two-component electromagnetic current velocity
meter (ACM2-RS, JFE Advantech Co., Ltd., Hyogo, Japan)
(Figure 2). The ACM2-RS is an electromagnetic induction
ECVM with a maximum diameter of 34 mm and a length
of 420 mm. The sensing components are cylindrical, with
a diameter of 6 mm and a length of 163 mm, a specified
accuracy of 0.5 cm/s (£2%), and a resolution of 0.1 cm/s
(according to the manufacturer’s specifications). Flow field
measurements were conducted inside and around four flex-
ible codends under an inflow velocity of 50 cm/s. The four
codends tested included an unlined codend without a catch,
an unlined codend with a catch, an empty codend with a
liner, and a codend with both a liner and a catch. The catch
weight used in the experiment was 1.68 kg. The origin was
placed at the endpoint of the codend along its central axis
(Figures 3a and 3b). The flow direction was aligned with
the x-axis, and the direction perpendicular to the water sur-
face was aligned with the z-axis (Figure 3a). In this config-
uration, the flow velocity inside and around the gear was
defined relative to the top and side panels of the codend.
These velocity fields consisted of two components: one
along the longitudinal direction (u) and one along the trans-
verse direction (v). Seven points were spaced equidistantly
between the endpoint of the codend and a point 120 cm
along the x-axis. Along the y-axis, five points were posi-
tioned on one side of the water path, within 20 cm of the
codend centerline (Figure 3b). Similarly, along the z-axis,
five points were placed within 20 cm of the codend center-
line (Figure 3a). At each measurement point, the system
recorded the mean of 800 data points, collected at a fre-
quency of 4 Hz over 200 s. These measurements were
repeated three times to assess the repeatability of the results.

The data were post-processed to eliminate erroneous
velocity readings and ensure a 2D velocity correlation value
exceeding 95% between the two velocity components.
Owing to the random motion of the codend structure and
the limited number of instantaneous ECVM samples, in
cases of completely unstable flow, each velocity field u(x,
z, t) was instantaneously decomposed as follows:

u(x,z,t)=u,(x,z)+u(xzt), t=t,t, -ty 4
where u,, and u' represent the mean velocity field and its
associated fluctuating component, respectively.

The turbulent kinetic energy (TKE) can be expressed as
follows:
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(b) Measurement in the X=Y axis (bottom view of the codend)

Figure 3  Schematic of the experimental setup for flow velocity
measurement inside and around the codend. The black solid dots
indicate the measurement points

_ u|2 + v|2
Ty =

e ©)
where u' and V' represent the fluctuating components of
the flow velocity in the u and v directions, respectively.

The velocity ratio can be calculated using the following
expression:

u,(x,2)
Uratio = —h—r 6
' u, (6)
where
0.5
Un(X 2,t) = (U? + v?) @)

Owing to the unsteady turbulent flow inside and around
the codend, the flow velocity fields are analyzed using
Reynolds averaging decomposition. The Reynolds stress

tensor in the turbulent flow, denoted as z;;, is given by:
T, = Uu? (8)
7, =V? ©)
T,y = uv' (10)

2.5 Proper orthogonal decomposition

POD methodology is a powerful tool for data analysis.
A key advantage of POD in turbulent flow analysis is its
ability to provide a low-dimensional representation of tur-
bulent flows by extracting large-scale, energetic, coherent
structures (Higham et al., 2018). POD was introduced by
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Lumley (1967) to identify these coherent structures within
turbulent flows. This method relies on an energy criterion
and involves determining a set of eigenmodes that can be
used to reconstruct the flow signal (i.e., the flow velocity
field). POD basis vectors are derived from the correlation
tensor (either temporal or spatial) of the flow velocity.
Depending on the correlation method used, two approaches
can be employed: the classical approach and the so-called
snapshot approach. In this study, the snapshot approach,
introduced by Sirovich (1987), is applied. This method
involves calculating the temporal correlations of the velocity
fields as follows: C(t,t') = (u(x,zt)u(x,zt')) where
“(»” denotes the temporal correlation tensor. The next step
is to solve the eigenvalue problem: Ca'™(t) = A"a"(t).
Through this approach, a finite set of Nmod eigenvectors is
obtained (where Nmod = Nt represents the number of POD
modes). In the above expression, the eigenvectors a™ (t)
are referred to as the temporal coefficients of POD, while
the eigenvalues 4, represent the energy of the flow associ-
ated with the POD modes. The spatial modes, ®{"(x,z),
are derived through the projection of the velocity fields
onto the temporal coefficients corresponding to a™(t).
Each fluctuating velocity component can then be repre-
sented as a linear combination of the deterministic modes,
weighted by random coefficients:

ui(xz,t)=> a"(t)o”(x z) (11)

Equation (11) is used to reconstruct the velocity fields
over a finite number of modes, N, which is selected based
on the energy level to be represented (Druault et al., 2012;
Bouhoubeiny et al., 2014). In this study, Reynolds decom-
position cannot be directly applied to determine the mean
flow field owing to the unsteady nature of the flow. Instead,
POD is applied to the instantaneous velocity fields to extract
the mean flow fields from the velocity inside and around
the fluttering codend. In this context, the POD modes are
optimized to capture the total energy of the flow. This
approach effectively captures the influence of the codend
motion on the hydrodynamic turbulent flow that develops
inside and around the codend structure.

3 Results

3.1 Analysis of the impact of catch size on the
morphological and volume of the model trawl
codend

The coordinates of the codend positions for different
catch sizes and inflow velocities are illustrated in Figure 4.
When the codend is empty, its shape widens with increas-
ing flow velocity, gradually tightening and approaching
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zero as the flow velocity decreases. However, the codend
structure exhibits distinct upward trends when a catch is
present. The inclination angle between the flow and the
codend with a catch is greater than that of the codend with-
out a catch (Figure 4). This inclination angle increases with
both catch size and inflow velocity. In general, both the
inclination angle and the height of the codend endpoint are
directly proportional to the inflow velocity and catch size.
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Figure 4 Variation of the codend profile with different catch sizes
at various flow velocities (from 50 cm/s to 90 cm/s, top to bottom)

Figure 5 illustrates that the volume of the codend with-
out a catch is greater than that of the codends with catches.
During the catch stage, the volume of the codend increases
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with the catch size. On average, the volume of the codend
without a catch is 23.78%, 15.87%, and 10.61% larger
than the volumes of the codends with 50, 100, and 150
balls, respectively. Additionally, the volume of all codends
generally increases with the flow velocity.

—a— Codend without catch

—a~ Codend with 50 balls
0.100 Codend with 100 balls

== Codend with 150 balls
0.095 -

0.090

2 0.085} o
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0.070 F "
i Ll e de”
0.065 = e L A L s . ;
50 55 60 65 70 75 80 85 90

Flow velocity (cm/s)

Figure 5 \olume of the codend model with different catch sizes at
various inflow velocities

3.2 Influence of catch size and flow velocity on
codend drag force

Figure 6 illustrates the drag force of the codend for dif-
ferent catch sizes at various flow velocities. The drag force
of the codend without a catch oscillates continuously over
time, while the drag force of the codends with a catch fluc-
tuates significantly (Figure 6). For the same catch size, the
drag force at 50 cm/s is 32.05%, 51.88%, 62.75%, and
70.50% lower than the drag force at 60, 70, 80, and 90 cm/s,
respectively. Furthermore, for a given flow velocity, the drag
force for a catch size of 5.04 kg is approximately 44.93%,
23.92%, and 9.52% greater than the drag force for catch
sizes of 0, 1.68, and 3.35 kg, respectively (Figure 6).

The spectral content of the codend drag force oscillations
is analyzed through the FFT method, using the database
obtained from the drag force measurements at different catch
sizes and flow velocities (Figure 7). The highest frequency
peaks, representing the periodic drag force, is found at fre-
quencies ranging 0.032-0.037 Hz, 0.048-0.088 Hz, 0.043—
0.072 Hz, and 0.008-0.069 Hz for codends with catch sizes
of 0, 1.68, 3.35, and 5.04 kg, respectively. The energy spec-
trum of the empty codend is 91.65%, 89.0%, and 98.71%
lower than that of codends with 1.68, 3.35, and 5.04 kg of
catch size, respectively (Figure 7). In addition, at the same
catch size (5.04 kg), the highest frequency peak of the
codend drag force occurs at the low frequencies of 0.04,
0.045, 0.008, 0.061, and 0.069 Hz for flow velocities of
50, 60, 70, 80, and 90 cm/s, respectively. An increase in
flow velocity and catch size results in a higher energy
spectrum, leading to greater fluctuations in the drag force
(Figure 7).

Figure 8 illustrates the drag coefficients of the four
codends as a function of the Reynolds number. The Reyn-
olds number increases with both the catch size and the
codend diameter, while the drag coefficient decreases as the
catch size and codend diameter increase. On average, the
drag coefficient of the codend without a catch is 39.36%,
47.82%, and 58.15% greater than those of the codends with
50, 100, and 150 balls, respectively. In contrast, the mean
Reynolds number of the codend without a catch is 52.88%,
60.16%, and 65.62% lower than those of the codends with
50, 100, and 150 balls, respectively (Figure 8).

3.3 Influence of catch size on the fluttering
motions of the codend

Figure 9 illustrates the temporal evolution of the fluctu-
ating motions of the codend at inflow velocities of 50 and
90 cm/s. The motions in both directions are influenced
by the catch size and exhibit quasi-periodic oscillations
(Figure 9). The transverse motion of the codend increases
with both catch size and inflow velocity, while the longitu-
dinal motion decreases as the inflow velocity increases
(Figure 9). The maximum amplitude of the transverse
oscillations is 0.2, 0.61, 2.7, and 4.8 cm for the codend
without a catch, and codends with 50, 100, and 150 balls,
respectively. In contrast, the maximum amplitude of the
longitudinal oscillations is 0.05, 0.3, 2.05, and 0.65 cm for
the codend without a catch and codends with 50, 100, and
150 balls, respectively (Figure 9).

To analyze the frequency content of both longitudinal and
transverse oscillations, the FFT method is applied (Figure 9,
right side). At an inflow velocity of 50 cm/s, the higher fre-
quency peaks for the longitudinal and transverse motions
occur at frequency components of 0.53-0.6 Hz for codends
with 0 and 50 balls and at 0.53 Hz and 0.5 Hz for the
codends with 100 and 150 balls, respectively (Figures 9a, b).
At 90 cm/s, the maximum power spectrum peaks for the
longitudinal motion were found at 1.1 Hz for the codends
with 0 and 50 balls and at 0.9 Hz and 3.97 Hz for the
codends with 100 and 150 balls, respectively (Figure 9c).
Furthermore, at 90 cm/s, the highest frequency peaks for
the transverse motion occur at 0.1 Hz for the codends with
0 and 50 balls, and at 0.26 Hz and 0.066 Hz for the codends
with 100 and 150 balls, respectively (Figure 9d). In general,
the power spectrum of the codend motions increases as the
catch size and inflow velocity increase.

3.4 Influence of catch size and liner on the mean
flow properties inside and around the codend

3.4.1 Effect of catch size and liner on the instantaneous
velocity field components measured by the electromagnetic
current velocity meter

The analysis of instantaneous velocity components
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Figure 6 Time history of the codend drag force for different catch sizes at various flow velocities

reveals flow velocity deficits caused by the spatial devel-
opment of turbulent, unsteady flows inside and around dif-
ferent codends (Figure 10). The presence of the catch and
liner inside the codend influences these unsteady turbulent
flows. Specifically, the mean flow velocity inside and
around the unlined codend without a catch is 14.39% and
27.01% greater than the mean flow velocities observed
inside and around the codend with a liner and without a
catch, as well as the codend with both a liner and a catch,
respectively. In addition, the mean flow field inside and
around the unlined codend with a catch is 5.81% lower

@ Springer

than that inside and around the unlined codend without a
catch (Figure 10). The turbulence in the codend wake is
likely the primary cause of the unsteady turbulent flows
that develop inside and around the codend. This turbu-
lence is more pronounced inside and around the unlined
codend without a catch and the codend with both a liner
and a catch (Figures 10a and 10b). Additionally, the pres-
ence of obstacles inside the codend, such as the liner, gen-
erates an eddy flow that contributes to the formation of
these unsteady turbulent flows (Figure 10c). Finally, vor-
tex shedding, caused by the catch, creates additional resis-
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calculated using codend diameter and a catch, respectively (Table 3).
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Figure 10 Flow velocity components in the longitudinal direction (u) and vertical direction (v) inside and around

Table 3 Mean flow velocity components inside and around different codend types

. Unlined codend without Unlined codend with Codend with a liner and Codend with both a liner
Velocity components -
a catch a catch without a catch and a catch
Inside u 0.35+0.048 0.22 £ 0.055 0.21 £ 0.097 0.17 £ 0.047
v —-0.0024 +0.0076 -0.022 +0.0087 -0.017 £ 0.0059 -0.029 £ 0.0067
Around u -0.29 +0.019 0.37 £ 0.055 0.31£0.074 0.27 £0.011
v -0.048 + 0.0036 0.0075 + 0.0065 —-0.0034 £ 0.00026 -0.017 £ 0.0046
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Figure 11a illustrates the velocity ratio along the center-
line of different codends. For x < —80 c¢m, the velocity ratios
inside the codends are nearly constant, with values of approx-
imately 0.924, 0.897, 0.912, and 0.903 for the unlined
codend without a catch, the unlined codend with a catch, the
codend with a liner and without a catch, and the codend
with both a liner and a catch, respectively. These ratios
slightly increase and reach peaks of 0.941 at x = —20 c¢m,
0.901 at x = =80 cm, and 0.957 at x = =80 cm for the unlined
codend without a catch, the unlined codend with a catch,
and the codend with a liner and without a catch, respec-
tively. For x > —20 cm, the velocity ratio inside the unlined
codend without a catch decreases sharply, reaching a mini-
mum value of 0.196 at the end of the codend. In the unlined
codend with a catch, the velocity ratio drops and reaches a
minimum value of 0.112 in the middle of the structure
before becoming constant. However, inside the codend with
a liner and without a catch, the velocity ratio curve follows
a parabolic shape in the range of —80 < x < -20 cm, with a
minimum value of 0.1 at the center of the structure. Fur-
thermore, in the wake zone inside the codend with both a
liner and a catch (where —40 < x < 0 cm), the velocity ratio
decreases to between 0.845% and 0.214% (Figure 11a).

Figure 11b illustrates that the velocity ratio in the verti-
cal direction is highest at z = —20 cm and z = 20 cm for the
codend with a catch. In contrast, for the codend without a
catch, a high value is observed in the range -5 <z <0 cm
and 0 <z <5 cm. The results also indicate that the velocity
reduction reaches its maximum at z = 0 cm for all codends,
except for the codend with both liners and catch, suggest-
ing that the wake zone is particularly significant at this
point (Figure 11b).

3.4.2 Reynolds stress tensor

The results indicate that u'? and v'? are higher on the
upper and lower sides of the unlined codend without a
catch, as well as in the middle of the codend (Figure 12a).

In contrast, u'Z is higher and v'Z is lower inside and around

the end part of the unlined codend with a catch (Figure 12b).
For codends with a liner, both u'Z and v'2 are higher in the
front and middle sections inside the codend, with the
Reynolds normal stress components decreasing closer to
the end part (Figures 12c and 12d). The Reynolds stress
shear component u'v' follows a similar trend to u'? but
exhibits two regions with opposite signs, located on either
side of the wake region in codends with liners (Figures 12c
and 12d). The Reynolds stress shear component u'v' ranges
from —0.000 07 to 0.011 6, from —0.005 7 to 0.029, from
-0.001 4 to 0.13, and from —0.004 to 0.016 m*/s* inside
and around the unlined codend without a catch, the unlined
codend with a catch, the codend with a liner and without a
catch, and the codend with both a liner and a catch, respec-
tively (Figure 12). In addition, the relationship between

the normal Reynolds stress components follows v/ u'? > / v'2
and u'v' = 0, confirming the unsteady turbulent nature of
the flow around the codend structure.

3.4.3 Turbulent kinetic energy

The TKE increases as the mean flow velocity rises
(Figure 13). For the unlined codend without a catch, the
TKE inside the codend is 40.86% lower than the TKE out-
side the codend (Figure 13a). For the unlined codend with
a catch, the TKE increases as it approaches the end part of
the codend. The TKE inside and around this codend varies
from 0.000 123 to 0.102 m?/s* (Figure 13b). In contrast,
inside the codend with a liner, TKE is higher at the front
part and decreases as both transverse and longitudinal
coordinates increase (Figures 13c and 13d). On average,
the unlined codend without a catch exhibits higher TKE
than the other tested codends. Specifically, the TKE inside
and around the unlined codend without a catch is 3.52%,
36.15%, and 42.52% greater than the TKE in the unlined
codend with a catch, the codend with a liner and without
a catch, and the codend with both a liner and a catch,
respectively.
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Figure 12

3.5 Proper orthogonal decomposition analysis
of the electromagnetic current velocity meter
velocity field

3.5.1 Proper orthogonal decomposition energetic content
analysis

The POD energetics and energy content of the first 20
POD modes are analyzed, and the results are illustrated in
Figure 14. In the first mode, the POD energy content inside
the unlined codend without a catch is greater than that of
the other codends; specifically, it is 16.66%, 33.33%, and

Reynolds stress tensor components of the flow field inside and around (from left to right: u2 v

v'Z, and UV, respectively)

48.34% higher than the POD energy contents inside and
around the unlined codend with a catch, the codend with a
liner and without a catch, and the codend with both a liner
and a catch, respectively. The first POD eigenvalues account
for approximately 99.28%, 98.71%, 98.93%, and 97.77%
of the total energy inside and around the unlined codend
without a catch, the unlined codend with a catch, the codend
with a liner and without a catch, and the codend with both
a liner and a catch, respectively (Figure 14b and Table 4).
The presence of the catch and liner inside the codend leads
to a decrease in the POD energy through the codend, result-
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Figure 13 Turbulent kinetic energy inside and around the different codends
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Table 4 Kinetic energy content of the first three proper orthogonal decompositions (POD) modes %

Unlined codend without Unlined codend with codend with a liner and Codend with both a liner

POD modes

a catch a catch without a catch and a catch
1* mode 99.280 98.710 98.930 97.770
2" mode 0.680 1.250 1.030 2.210
3 mode 0.041 0.043 0.045 0.037
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ing in a more unsteady turbulent flow. The second and
third POD eigenvalues for the unlined codend without a
catch are 38.48%, 4.85%, and 43.81% lower than those for
the unlined codend with a catch, the codend with a liner
and without a catch, and the codend with both a liner and a
catch, respectively (Table 4). Therefore, through the analy-
sis of the first two POD modes, information on the domi-
nant energetic phenomena of the turbulent flow can be ex-
tracted, while the third POD mode is associated with the
codend mations.

3.5.2 Spatial shape of proper orthogonal decomposition
Figure 15 illustrates the first four spatial POD modes
obtained for the four tested codends. The spatial modes &
and @ exhibit paired structures with inverse shapes. These
modes are closely associated with the high energy content
of the first two POD modes, accounting for approximately
99.97% of the total energy. This suggests the presence of
periodic unsteady turbulent flow behavior with distinct
phases in these two modes. Furthermore, the topology of
these modes, characterized by regions with negative val-
ues, highlights the occurrence of unsteady flow around the
codends. For the unlined codends, such unsteady flow is
observed both within the codend and at its terminal section

(Figures 15a and 15b). For codends with liners, the spatial
topology indicates the presence of unsteady turbulent flow
resulting from flow blockage (Figures 15c and 15d). These
first two modes demonstrate the advection of the codend
driven by turbulent structures across all configurations. In
addition, the modes @ and @ are paired but feature a
similar structure to the structure of @ in the unlined
codend without a catch (Figures 15a and 15c). For codends
with catches, these modes exhibit a disrupted structure
(Figures 15b and 15d). The amplitude of the first spatial
POD mode is approximately 96.66%, 79.43%, 87.2%, and
77.42% greater than the amplitudes of the other three spa-
tial POD modes for the unlined codend without a catch,
the unlined codend with a catch, the codend with a liner
and without a catch, and the codend with both a liner and a
catch, respectively.

3.5.3 Temporal coefficient
decomposition

Figure 16 illustrates the temporal evolution of the first
three POD modes and their corresponding spectra derived
from the ECVM measurement database for all codends.
The first POD coefficients display a sinusoidal temporal

pattern with non-periodic fluctuations, likely associated

of proper orthogonal
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Figure 15 Spatial POD modes inside and around. From left to right: @, &, &, and &{")
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with unsteady turbulent flow phenomena. For the codends
without a catch, the temporal evolution of the first POD
mode exhibits oscillations with an amplitude approximately
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half that of the POD coefficients for the second and third
modes (Figures 16a and 16c). In contrast, the oscillations
of the POD coefficients for the first three modes inside and
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around the codends with catches are nearly in phase, with
a phase difference of less than 5% (Figures 16b and 16d).
The maximum amplitude of the temporal evolution of the
first POD mode for the unlined codend without a catch is
0.26, which is 44.68%, 16.12%, and 46.93% greater than
the maximum amplitudes observed for the unlined codend
with a catch, the codend with a liner and without a catch,
and the codend with both a liner and a catch, respectively.

The spectrum associated with the POD temporal coeffi-
cients (shown on the right-hand side) highlights frequency
peaks in the Fourier power spectra at 0.059 Hz for mode
3, 0.046 Hz for modes 1 and 3, 0.28 Hz for mode 1, and
0.31 Hz for modes 1 and 3, corresponding to the unsteady
turbulent flow inside and around the unlined codend with-
out a catch, the unlined codend with a catch, the codend
with a liner and without a catch, and the codend with both
a liner and a catch, respectively. These low frequencies are
comparable to those characterizing the time evolution of
transverse motion in all codends.

3.6 Phase-averaged mean properties of unsteady
turbulent flow inside and around different
codends obtained via proper orthogonal
decomposition extraction

A POD-averaged operator is applied to the ECVM data
corresponding to the measurement planes inside and
around the different codends based on the results of the
POD analysis. The phase-averaged mean properties of the
unsteady turbulent flow are derived from the instantaneous
flow velocity field projected onto the first two POD modes,
as follows:

u,(xzt)= ia(t)(”@‘u"’ (12)

n=1

Figure 17 confirms the presence of unsteady turbulent
flow in the codend wake inside and around these structures,
attributed to the fluttering motions of the codend. For the
unlined codend without a catch, this turbulent flow is likely
composed of boundary layer flow, influenced by the pres-
ence of different layers inside and around the codend (as
indicated by varying colors), as well as vortex shedding
at the codend end, driven by very low flow velocities
(un(x,z,t)/u, = 0.27) (Figure 17a). In the case of the

codend with a catch, the turbulent flow consists of a wake-
induced turbulent flow and vortex shedding (-60 < x <
0 cm) at the end part of the codend, again caused by very
low flow velocities (u,,(x,z,t)/u,=0.16) (Figures 17b and

17¢). In addition, the phase-averaged mean flow velocity
confirms the presence of eddy flow in the middle of the
codend and around the structure. This eddy flow is caused
by flow blockage owing to the liner and its wave motion
(-60 < x < 0 cm with (u,,(x,z,t)/u,=0.19) (Figure 17c).

Furthermore, the phase-averaged mean flow velocity fields
derived using Eq. (13) align with those obtained through
ECVM measurements, validating the applicability of the
POD method to the ECVM database.

Figure 18 illustrates the time evolution of U, (x,z,t) at
a point near the end of the codend, along with its Fourier
content. Each time representation is superimposed on the
transverse oscillations of the codend. The spectrum is plot-
ted as a function of the Strouhal number:

_fd

St (13)

where St is the Strouhal number, f is the frequency, and d is
the codend diameter.

The phase-averaged mean flow velocity fields exhibit
the same oscillatory behavior as the transverse motion of
the codend (Figure 18), confirming that codend motions
considerably influence the flow passage through the struc-
ture. During the computation of the temporal evolution of
the phase-averaged mean flow velocity for each signal and
each codend u,,( X, z, t), the following order is obtained: u,,
(for the codend with both a liner and a catch) < u,, (for the
codend with a liner and without a catch) < u,, (for the
unlined codend with a catch) < u,, (for the unlined codend
without a catch). This trend occurs because the velocity
reductions inside the codend with both a liner and a catch
are greater than those inside the other codends. The Fourier
spectrum displays peaks corresponding to Strouhal num-
bers of 0.12, 0.77, 0.31, and 0.85 inside and around the
unlined codend without a catch, the unlined codend with
a catch, the codend with a liner and without a catch, and
the codend with both a liner and a catch, respectively.
These values of St are associated with low-frequency tur-
bulence flow.

4 Discussion

Analyzing the fluid—structure interaction of the trawl
codend structure is complex yet essential for improving the
efficiency of midwater and bottom trawls. This optimization
is crucial for ensuring profitability, promoting resource
sustainability, reducing fuel consumption, and enhancing
bycatch selectivity. This study demonstrates that catch size
and liner type influence variations in drag, the interaction
between the motions of the fluttering codend and the
unsteady turbulent flow, shear layer instabilities, and the
unsteady turbulent flow that develops inside and around
the codend. The findings from this study, in conjunction
with previous research by O’Neill et al. (2005), Bouhou-
beiny et al. (2011), Maldsen et al. (2015), Priour and Prada
(2015), and Thierry et al. (2023), highlight that catch size
and the liner affect codend motion, thereby altering the
shape of the codend. This modification restricts the flow
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Figure 17 Phase-averaged mean velocity inside and around the different codends

passage through the codend, resulting in the development
of a large unsteady turbulent flow. This flow, in turn, affects
the hydrodynamic forces acting on the codend and influ-
ences catch selectivity. According to the findings of this
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study, the primary factors that impact the interaction
between the codend structure and the unsteady turbulent
flow inside and around the codend include codend oscilla-
tion, inflow velocity, the wave motion of the liner, mesh
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(d) Codend with a liner and a catch

Time evolution of the phase-averaged mean velocity at a point
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opening, and catch size. Additionally, the motion of the
fishing vessel and natural underwater currents can also
affect this interaction during fishing operations at sea
(O’Neill et al., 2003; Kim, 2012, 2013).

This study demonstrates that the drag on the codend is
influenced by catch size, inflow velocity, and the motions
of the codend. During the experiment, as the catch size
increases from 0 kg (no balls) to 5.04 kg (150 balls), the
drag on the codend increases from 6.82 N to 10.64 N at
the lowest flow velocity, representing a rise of over 35.91%.
At the highest flow velocity, the drag ranges from 19.85 N
to 36.07 N, an increase of more than 44.97%. As both catch
volume and flow velocity increase, the drag also increases.
This leads to an amplification of the transverse motion of
the codend and the development of unsteady turbulent
flow inside and around it. This phenomenon is attributed
to the transverse and longitudinal motions, which consider-
ably alter the mesh opening and reduce the flow passage.
Consequently, the development of unsteady turbulent flow
inside and around the codend increases drag and affects
the physiology and behavior of fish. This phenomenon has
been confirmed in various studies by O’Neill et al. (2005),
Bouhoubeiny et al. (2011, 2014), Madsen et al. (2015),
Liu et al. (2021), and Thierry et al. (2021a) Moreover, the
accumulation of catch in the codend, which blocks the
mesh opening and deforms the codend shape, explains the
increase in drag associated with higher catch volumes
(O’Neill et al., 1997, 2005). This blockage and deforma-
tion disrupt the free flow of water through the codend,
resulting in energy exchange phenomena. These phenomena
lead to unsteady turbulent flow in the codend wake, signif-
icantly increasing the water pressure exerted on the trawl.
The increase in water pressure due to unsteady turbulent
flow affects both the codend drag and the overall trawl
drag (Thierry et al., 2021a, 2021c, 2022a). As the flow
velocity and catch volume increase, the codend drag also
increases, leading to higher drag coefficients. This trend
has also been reported by O’Neill et al. (2005), Zang et al.
(2012), and Liu et al. (2021, 2023a, b), who observed an
increase in codend drag with higher catch volumes. In the
present study, the drag force of the codend without a catch
is lower than that of the codend with a catch owing to
reduced oscillations in the latter. This finding is consistent
with the results of previous studies on rigid codends (Pichot
et al., 2009; Bouhoubeiny et al., 2011). Another reason for
the significant difference in drag between codends with and
without a catch is that the catch substitutes (in this case,
water-injected table tennis balls) block the direct flow of
water through the mesh, thereby generating turbulent flow
at the end of the codend. This turbulent flow creates vertical
pressure on the codend, causing fluctuations in the hydro-
dynamic force acting on it (O’Neill et al., 2005; Jones et al.,
2008; Thierry et al., 2021b).

The catch inside the codend determines its porosity and,
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consequently, affects the drag coefficient. To evaluate the
effect of catch size on the codend drag, the diameter of the
codend (i.e., the diameter of the catch zone) is used to
calculate both the Reynolds number and drag coefficient
(O’Neill et al., 2005; Druault and Germain, 2016). The
codend drag coefficients at catch sizes of 0, 1.68, 3.35,
and 5.04 kg are 2.77-3.09, 1.71-1.79, 1.48-1.55, and 1.17—
1.23, respectively. The drag coefficient of the empty codend
is greater than that of the codend with a catch because the
projected area of the empty codend is approximately
54.43%, 67.42%, and 75.73% smaller than that of the
codend at catch sizes of 1.68, 3.35, and 5.04 kg, respec-
tively. The present study demonstrates that drag coeffi-
cients decrease with increasing catch size. This reduction
in drag coefficient results from the larger catch size, which
leads to a larger codend diameter and, consequently, an
increase in the codend area (O’Neill et al., 2005). The esti-
mated drag coefficient for the codend without a catch is
consistent with the values reported by Tang et al. (2018,
2022a) and Thierry et al. (2021b) for the netting, by Nepali
et al. (2020) for two square cylinders in a tandem arrange-
ment, and by Bi et al. (2020) for plane nets fouled by
hydroids. However, the estimated drag coefficient differs
from those obtained by Liu et al. (2021) for the empty
codend and by Thierry et al. (2020a). This difference mainly
occurs because, in the present study, the drag coefficient is
dependent on the catch size (i.e., the codend area), whereas
in the previous studies, it was based on the twine area. Fur-
thermore, Thierry et al. (2020a, 2020b) noted that the
codend of the bottom trawl tended to pile up and undulate
with the current. For codends with catches, the estimated
drag coefficient is consistent with the values reported by
Hoerner (1965), O’Neill et al. (2005), and Zou et al.
(2021). This similarity is attributed to the pressure drag on
the codend catch, which plays a dominant role in the total
drag experienced by the codend. The analysis of the results
from this study, compared with those of Hoerner (1965)
and O’Neill et al. (2005), shows that the codend drag
increases proportionally with the amplitude of transverse
oscillations. This trend arises because as catch weight
increases, the transverse motion of the codend becomes
more intense and unstable (Kim, 2012).

The oscillations generated by a codend attached to a cir-
cular rigid frame are more intense than those of a codend
attached to a trawl (O’Neill et al., 2003). These oscilla-
tions synchronize with the drag force oscillations. More-
over, the drag force oscillation, which includes a weak
wave component, is caused by vortex and eddy flows
developed inside and around the codend. These flows
impose transverse pressure on the codend (Madsen et al.,
2015; Druault and Germain, 2016). The oscillations mainly
occur at low frequencies, with increasing amplitude as the
catch size and inflow velocity rise. The FFT analysis shows
that the low frequencies of the drag range between 0.003
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and 0.08 Hz for all codends. These frequencies are lower
than those reported by Nepali et al. (2020) for the drag
force on a square cylinder. In addition, the frequencies
obtained in the present study are similar to those reported
for the codend and the horizontal surface of bottom trawls
by Druault et al. (2012) and Druault and Germain (2016).

During the experiments, the codend exhibits oscillatory
motion in both longitudinal and transverse directions. This
behavior occurs because the codend, when attached to a
trawl, oscillates in both longitudinal and vertical directions
in response to the dynamic interaction of the fishing vessel
under trawling conditions (O’Neill et al., 2003, 2005). These
results also support the hypothesis proposed by Madsen
et al. (2015), which suggests that the oscillatory motion of
the codend can be represented along all axes perpendicular
to the central axis of the codend. The longitudinal and trans-
verse motions are characterized by quasi-periodic oscilla-
tions, with their corresponding FFT spectra showing two
peak frequencies: 0.1 and 1.1 Hz for the longitudinal motion
and 0.067 and 0.47 Hz for the transverse motion of all
codends. The high-frequency spectra associated with these
two motions are nearly flat, which aligns with the findings
of Bouhoubeiny et al. (2011). These flat high-frequency
spectra are attributed to the presence of unsteady turbulent
flows, particularly the vortices related to the low frequencies
(Pichot et al., 2009; Bouhoubeiny et al., 2011). In contrast,
the low-frequency motion appears to be directly related to
the cyclical variations in codend drag, which are tied to
the elastic nature of the extended codend. Furthermore, the
first peaks of these two motions may be caused by vibra-
tions of the codend structure. These frequencies are similar
to those detected for a porous codend by Druault and Ger-
main (2016). The second peak possibly results from the
periodic oscillations induced by vortex shedding and eddy
flows inside and around the fluttering structure. William-
son (1996) demonstrated that for cylindrically or spherically
shaped obstacles vibrating in an unsteady turbulent flow,
vortex motions were responsible for the oscillations of the
obstacle.

Codends with catch weights of 3.35 and 5.04 kg exhibit
greater instability with more pronounced oscillations (trans-
verse motion at larger amplitudes) than codends without a
catch and those with a catch weight of 1.68 kg. However,
in terms of longitudinal motion, codends with catch weights
of 1.68 and 3.35 kg display more unsteady behavior than
the other two codends. This difference in motion is attrib-
utable to the fact that during the physical model test, the
catch area is not completely controlled, resulting in vari-
ability in the catch size at each level. Furthermore, the
unsteady behavior of the codend motion observed in this
study can be explained by the increase in catch inside the
codend, leading to a larger codend volume. The larger vol-
ume of the codend allows unsteady turbulent flows to
develop inside and around the structure, generating consid-

erable pressure on the free surface of the catch, as previ-
ously mentioned. This increased pressure amplifies the
instability and the amplitude of the codend oscillatory
motion due to the periodicity of the unsteady turbulent flow
(Druault and Germain, 2016). Consequently, the increase
in the unsteady oscillatory motion of the codend, driven by
the larger catch size, leads to a reduction in codend selec-
tivity. This reduction occurs because of a decrease in the
fish swimming performance inside the codend and a reduc-
tion in mesh opening, which limits the free flow of water
through the codend (O’Neill et al., 2005; Priour and Prada,
2015). Moreover, the instabilities in codend motion can
negatively impact both catch quality and overall trawl per-
formance (Liu et al., 2021; Thierry et al., 2021a, 2022a).

As previously mentioned, Figure 4 llustrates that the
codend’s drag force increases with both catch size and flow
velocity. However, Figures 7 and 9 illustrate that as catch
size and flow velocity rise, the intensity of the codend
oscillations increases, leading to greater amplitudes and an
increase in codend volume. This indicates that the flutter-
ing motions and deformation of the codend have a consid-
erable impact on the codend drag. Additionally, the codend
drag force increases with the rising amplitudes of the trans-
verse motions and the increasing codend volume, while the
velocity reduction inside and around the codend decreases
(Figures 4, 7,9, 10, and 11).

According to the flow velocity component contours and
POD results, three main types of unsteady turbulent flow
can develop inside and around the codend. The first type is
turbulent flow caused by the codend wake and nearby
knots, which develops more distinctly inside and around
codends without a liner. The probability of this flow occur-
ring inside the codend was studied by Kim (2012, 2013),
although his study lacked a sufficiently large flow velocity
database, as flow measurements were conducted at only a
single point inside the codend. However, the presence of
this flow around the codend of the bottom trawl has been
confirmed by Pichot (2007), Bouhoubeiny (2012), and Thi-
erry et al. (20214, c¢). The second type of unsteady turbu-
lent flow involves vortex shedding that develops inside
and around the end part of the codend. This flow is caused
by the unsteady motion of the codend and the presence of
the catch, which can lead to a larger codend volume and
mesh blockage. These issues limit the flow passage through
the codend structure and increase the transverse pressure
on the codend, as described above (Bouhoubeiny et al.,
2011; Druault and Germain, 2016). Vortex shedding thus
causes a considerable reduction in flow velocities and dis-
rupts the flow (Thierry et al., 2021b, c). The evolution of
this vortex flow inside and around the fluttering codend
with a catch is similar to that observed behind a circular
cylinder, as reported by Perrin (2005). The third type of
unsteady turbulent flow that develops inside and around
the codend is eddy flow. Specifically, this flow forms inside
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the codend owing to the blockage of the flow passage
through the codend mesh caused by the presence of the
liner, which is typically located in the middle part of the
codend or near the catch. The likelihood of this eddy flow
formation inside the codend was evaluated by Underwood
et al. (2016). The presence of this eddy flow results in a
systematic increase in hydrodynamic force and catch, as
well as a reduction in the loss of small organisms, such as
prawns and Antarctic krill (Engas et al., 2013; Feng et al.,
2017; Tang et al., 2022b). However, this flow prevents
juvenile fish from escaping the codend, thus reducing the
trawl selectivity. To address this issue, implementing a
selective device to guide the fish closer to the codend and
minimize bycatch is recommended (Kim, 2012; Druault
and Germain, 2016).

The presence of turbulent flows inside and around the
codend is confirmed by the Reynolds number, calculated
as a function of catch size (i.e., codend diameter). At a
flow velocity of 50 cm/s, the Reynolds numbers for the
empty codend and the codend with a catch are 49 340.2
and 104 712.32, respectively. These values are smaller than
those reported by Pichot et al. (2009) but higher than those
obtained by Bouhoubeiny et al. (2011) and Druault and
Germain (2016). The differences in Reynolds numbers
between this study and those by Bouhoubeiny et al. (2011)
and Druault and Germain (2016), who also used codend
diameter, can be attributed to variations in catch weight
and test conditions. The difference in Reynolds numbers
between the present study and that of Pichot et al. (2009)
arises because Pichot et al. (2009) used the codend length
in their calculation and a different inflow velocity.

The present research is unique in that it demonstrates
the impact of catch size and liner on the behavior of the
unsteady turbulent flow developing inside and around the
codend structure based on ECVM measurements taken at
multiple points inside and outside various codend struc-
tures. Kim (2012) explored the impact of turbulent flow on
fish behavior by conducting one-point measurements inside
a shrimp beam codend via acoustic Doppler velocimetry.
In addition, Bouhoubeiny et al. (2011) and Druault and Ger-
main (2016) used time-resolved particle image velocime-
try to examine the flow field around a fluttering codend
structure with a catch, analyzing how codend motions
influence vortex shedding development. In the present
study, the velocity measurements taken inside the codend
reveal flow velocity deficits of 6.77%, 49.64%, 23.64%,
and 19.57% for the unlined codend without a catch, the
unlined codend with a catch, the codend with a liner but
without a catch, and the codend with both a liner and a
catch, respectively. These results demonstrate that the pres-
ence of the liner and catch considerably influences the
flow field inside the codend, as reported by Kim (2013)
and Underwood et al. (2016).

Furthermore, the results of the present study for the
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unlined codend without a catch, along with the findings
reported by Vincent (1996) and Theret (1998), demonstrate
that the velocity inside the codend is close to the towing
speed during fishing operations. However, when both the
liner and catch are added to the codend, the difference
becomes more pronounced. The discrepancy between the
results obtained by Theret (1998) and those of the present
study for codends with both catch and liner can be attrib-
uted to the presence of the liner and catch, which consider-
ably increases the velocity reduction. The flow hindrance
caused by the mesh opening and the catch impedes flow
passage (Bouhoubeiny, 2012).

Regarding the momentum flux (i.e., the Reynolds stress
tensor), normal turbulence stresses (u'? and W) and shear
stresses (u'v') show high values around the codend with-
out a catch. However, these stresses are also high inside the
codend with a liner and inside and around the end part of
the codend with a catch. The increased values inside the
codend with a catch are attributed to the pressure exerted by
vortex shedding on the free surface of the catch, as reported
by Bouhoubeiny et al. (2011) and Druault and Germain
(2016). This suggests that a considerable proportion of tur-
bulent stress is generated by the passage of the von Kérman
vortex through the codend with both catch and liner. Com-
pared with other fluctuations, the passage of the von
Kérman vortex is of considerable energetic importance. The
topology of these constraints on the codend without a
catch aligns with the findings of Druault and Germain
(2016) for the wake downstream of the codend. In con-
trast, the value obtained in the present study is approxi-
mately 12.5% lower than that reported by Bouhoubeiny
et al. (2011) for the region around the rigid codend but
25% greater than that reported by Druault and Germain
(2016) for the region downstream of a fluttering codend.
This discrepancy arises because the rigid codend disrupts
the flow passage through the structure more strongly than
the fluttering codend, leading to the generation of a more
unstable and considerably turbulent flow. Another reason
for the discrepancy is the difference in the Reynolds num-
ber, as Tran et al. (2019) noted that a higher Reynolds
number resulted in increased flow velocity fluctuations
and Reynolds stress.

The present study demonstrates that the POD method
can effectively extract the unsteady turbulent dynamic
flows from each available ECVM instantaneous unsteady
velocity field. Although this method may seem complex, it
offers the ability to describe processes crucial for under-
standing the behavior of unsteady turbulent flows inside and
around fishing gear (Druault et al., 2012; Thierry et al.,
2021a). The results of this POD analysis reveal that the
first POD mode, @, represents the signature of a global
mean flow, where a flow velocity deficit is evident near
the structure and catch. This global mean flow is associated
with the instability of the current turbulent flow, which
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includes turbulence from the codend wake, eddy flow, and
vortex shedding, as well as the oscillations of the codend.
o®, B and o present deficit zones in the regions
affected by the motions of the codend structure. These zones
are located near the codend structure and catch, which
may be associated with the fluttering motion of the codend
and flow fluctuations (Figure 15). These findings are con-
sistent across all flow configurations (all four codends)
and align with the conclusions reported by Druault et al.
(2012), Bouhoubeiny et al. (2014), and Thierry et al.
(2021a). According to these studies, POD functions as a
phase-averaging operator for unsteady turbulent flow.

As shown by Bouhoubeiny et al. (2011) and Druault
and Germain (2016), the Strouhal number related to the
vortex shedding frequency of the natural wake flow excita-
tion is 0.19 for rigid codends and 0.135 for fluttering
codends. According to the POD phase-averaged mean
velocity, this frequency is modified to 0.124, 0.774, 0.317,
and 0.851 for the unlined codend without a catch, the
unlined codend with a catch, the codend with a liner and
without a catch, and the codend with both a liner and a
catch, respectively. These increases demonstrate that the
vortex and eddy flow frequencies of the codend structure
with a catch are higher than those of the codend without a
catch. Therefore, the presence of both the liner and catch
considerably influences the behaviors of both vortex and
eddy flows. Furthermore, the present study complements
the work of Bouhoubeiny (2012), who demonstrated that
the vortex shedding frequency of a fluttering codend struc-
ture was lower than that of a rigid codend structure. The
clear peak observed in the Fourier spectrum of the unlined
codend without a catch, along with the decrease in the
Strouhal number (S,), aligns with the findings of Druault
and Germain (2016). As the flow passage through the
codend is obstructed by both catch and liner, the codend
with both a liner and a catch helps explain the increase

in the energy contribution of a(t)"” in the POD spectra
(Figures 16 and 18).

5 Conclusions

This study experimentally investigated the hydrodynamic
characteristics of the codend under uniform flow, focusing
on hydrodynamic forces, codend shape, codend motions,
codend volume, and the flow field inside and around the
codend, considering different catch sizes and liners. The
objective was to further elucidate the fluid—structure inter-
action of typical codends used in midwater trawl fisheries.
The FFT method was employed to analyze nonstationary
time series, while the POD method was used to extract the
phase-averaged mean properties of unsteady flows from
the ECVM databases and to characterize the unsteady tur-
bulent flow inside and around the codend. The following

conclusions can be drawn:

1) Substantial codend deformations were observed. Fur-
thermore, drag forces, transverse motion, geometrical shape,
and Reynolds number all increased with catch size and
inflow velocity, while the drag coefficient and longitudinal
motion decreased as catch size increased. A strong correla-
tion existed between codend drag, codend volume, and
codend motions. The codend motions were synchronized
with the unsteady turbulent flow field inside and around
the codend.

2) The fluid—structure interactions between the codend
structure and the unsteady flow were complex. The reduc-
tion in flow velocity inside and around the trawl codend
varied significantly with catch size and the presence of a
liner inside the codend. However, average velocity ratios for
the regions inside and around the codend were determined.

3) This study demonstrated the effective application of
combining the POD procedure with the ECVM database to
extract instantaneous, phase-averaged mean flow velocity
fields from the unsteady turbulent flow formed inside and
around a randomly oscillating codend structure owing to
fluctuations and dissipations. The results confirmed that
the distribution of mean velocity profiles in such turbulent
flows was strongly influenced by the catch size, the pres-
ence of the liner, and the motions of the structure.

4) Considering that the experiment used a 1/20 scale
codend model, the amplitude of codend oscillations during
actual fishing operations may be 20 times larger. This scal-
ing resulted in a vertical motion of approximately 1/20th
of the codend diameter. A better understanding of the forces
acting on the trawl, including metrics such as codend drag,
codend volume, and flow instabilities associated with
codend fluttering motions, enables the characterization of
the shape, drag, and behavior of the fishing structure dur-
ing trawling, as well as the tension and loads in its threads
and ropes. Furthermore, this improved understanding of the
dynamic interaction between the unsteady turbulent flow
and the moving codend structure is crucial for implement-
ing bycatch selectivity devices to reduce the capture of
juvenile and unwanted species.
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