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ARTICLE INFO ABSTRACT

Keywords: Owing to escalating fuel costs and dwindling fish stocks, optimising midwater trawl

efficiency requires a thorough investigation of net design variables. To understand the

morphological changes in a trawl net under different operating conditions, a numerical

) ) model of the trawl was established using the lumped-mass method. The effects of door

Towing experiment spread and flow velocity on trawl morphology, drag force, and energy consumption

Sea trial coefficients were analysed. A generalised additive model was employed to predict the
net configuration. In addition, the net mouth parameters of the trawl net were measured
using scale model tests in a towing tank and full-scale sea trials to verify the reliability
of the predicted results. This study provides guidelines for improving the geometric
performance and catchability of midwater trawls.

Midwater trawl
Lumped mass method

1. Introduction

Trawling is an important tool for exploiting fishery resources in pelagic waters and is a key method for
harvesting fishery resources, accounting for approximately 25 % of the global catch [1]. With the
implementation of policies restricting or prohibiting bottom trawling [2], enhancing midwater trawling
techniques and improving trawl efficiency have become increasingly crucial.

Midwater trawling exhibits exceptional adaptability and flexibility compared with other fishing
methods. During fishing operations, it is necessary to adjust the trawl water layer according to the biological
characteristics and activity depth of the target fish to achieve precise fishing. In studies on trawl performance,
scholars typically select key performance observation indicators such as the wing-end spread, net mouth
vertical opening, drag force, and energy consumption coefficient.

Research on trawl performance has primarily been conducted using three methodologies: numerical
simulations [3, 4], tank testing [5-8], and sea trials [9, 10]. Numerical simulations excel in cost-effectiveness
and rapid iteration capabilities, enabling precise control of hydrodynamic parameters. Priour [11] used the
triangular finite element method to calculate net shapes, where the number of nodes was smaller and the
computational efficiency was improved. Zhao et al. [12] conducted numerical simulations on a net model of
porous media using the finite-volume method to calculate the hydrodynamic performance of the net at
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different angles of attack. Ye et al. [13] proposed a simplified mass-spring model and employed a collision-
detection algorithm to establish a dynamic model of the net, simulating its dynamic deformation. Considering
the damping forces in mesh bars, Yao et al. [4] developed an optimised physical parameter method to improve
computational efficiency by performing numerical simulations of the trawl system using the lumped mass
approach. Thierry et al. [14] employed a two-way coupling fluid-structure interaction approach to simulate a
simplified bottom trawl model using ANSY'S, calculated the hydrodynamic performance of the trawl under
different flow velocities, and analysed the surrounding flow field distribution.

Tank testing validated the net performance in highly controlled environments. Thierry et al. [7].
conducted flume tests on four bottom trawl nets made of different materials and proposed that the resistance
of the bottom trawl made of new materials was much lower than that of traditional materials. Thierry et al. [8]
conducted model tests on Antarctic krill midwater trawls in a flume tank and investigated the effects of varying
flow velocities and horizontal spread ratios on the hydrodynamic performance of the model net. They also
evaluated the engineering performance of trawls under different gear configurations. Based on the results of
flow field measurements around trawl nets using an electromagnetic current velocity meter (ECVM) in a flume
tank, Tang et al. [6] characterised the hydrodynamic interactions between midwater trawls and ambient flows
through combined wavelet and Fourier transform analyses, specifically by examining the influence of different
trawl door spread and flow speeds.

Sea trials capture dynamic trawl behaviours under complex operational conditions in marine
environments. Kim et al. [15, 16] conducted in situ measurements of three-dimensional flow velocities within
the cod end of a bottom trawl during fishing operations using a 3-D velocimeter mounted to analyse the
turbulent flow characteristics inside the net under normal towing conditions. To improve fishing gear and
reduce energy consumption, Priour and Prada [17] conducted comprehensive measurements of the geometric
characteristics of bottom trawls using multiple sensors. Wan et al. [18] used depth sensors to measure net
positions in sea trials and analysed the hydrodynamic performance of a trawl system across different warp
lengths and towing speeds through integrated field and numerical studies. Jia et al. [10] developed a machine
learning model to correlate trawl net geometry with towing parameters (speed and warp length) from sea trial
data, providing a predictive capability for net performance in uncharacterized sea states.

However, the results of the single-method approaches have limitations. Contemporary research indicates
the absence of reliable predictive methods for accurately assessing fishing gear performance [5]. Considering
trawl port parameters as the object, this study analysed the shortcomings of the three research methods.
Compared with sea trials and towing tests, numerical simulations can effectively control the door spread and
flow velocity to accumulate samples. Based on numerical simulation results with a large number of samples,
the use of machine learning methods can further improve the computational efficiency.

To comprehensively evaluate the dynamic performance of midwater trawl systems, this study
implemented a multi-methodological approach combining numerical simulations using the lumped-mass
method, controlled towing tank experiments with scaled net models, and full-scale sea trials. This investigation
focused on critical performance parameters including door spread configurations, flow velocity effects,
vertical opening of the net mouth, wing-end spread dimensions, net mouth area, drag force characteristics, and
energy consumption coefficients. Generalised additive modelling (GAM) was employed to predict the trawl
net under uncharacterized conditions, and model validation was achieved through a correlation analysis
between numerical results, towing tank measurements, and sea trial data. These integrated findings provide
valuable insights for optimising midwater trawl design and operational efficiency.

2. Materials and methods

2.1 Geometrical shape of the trawl net

This study examined the trawl net configuration employed in fishing operations in the East China Sea
region. The net was made of high-strength polyethene with a density of 950 kg/m?, an elastic modulus of
1.1x10° Pa, and a diamond mesh with a 95 % hanging ratio. The trawl net opening was expanded by the
combined action of 19 floats with a buoyancy of 10 kg and a sinker of 125 kg. The bridle length was 30 m
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including the net pennant and hand rope, the diameter was 0.016 m, the linear density was 0.85 kg/m, and the
elastic modulus was 2x10'! Pa. The trawl consists of a large number meshes, with its construction incorporated
varied twine specifications, including multiple mesh dimensions and diameter parameters. Complete technical
details provided in Figure 1.

In studies on trawl performance, scholars typically select key performance observation indicators, such
as drag force, mouth area, and energy consumption coefficient. This study aimed to systematically assess the
influence of varying door spread configurations (D) and flow velocities on both the hydrodynamic
characteristics and three-dimensional deformation patterns of a trawl net mouth.

Fig. 1 The drawing of full-scale net

Data on the drag force of the trawl net, energy consumption coefficients, and trawl geometry (including
the net mouth, mouth area, and wings) were obtained from a midwater trawl. The shapes of the net mouth and
the drag force are shown in Figure 2 [19].

Wing-end spread

(a) Top view (b) Principal view
Fig. 2 Net mouth parameters

The midwater mouth area (S) [8] was calculated:
S =0.8H x W, (1)

where H is the vertical opening of the net mouth and W is the wing-end spread.

Energy efficiency assessment in trawl operations is a critical metric for quantifying trawl net performance
characteristics. In this study, the energy consumption coefficient (C,) was used to represent the energy
efficiency [8]:

_ 3472 X Frq

C, = 2
¢ H X W, (2)
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Fip—

where Fr is the total drag force of the trawl net system, Fy is the trawl drag, Fy = 2Tcos(8), Fj,,_,, is the in-
D—Ws

bridle length’

of the otter board which varies from 1.5 to 3.5 [20], in the present study, a = 3.

pull force of trawl, Fj,,_, = T sin(@), 0 is the bridle angle, sin(0) = a is the lift-to-drag ration

2.2 Numerical simulation

A lumped mass model was implemented to simulate full-scale trawl net dynamics. In the modelling
process, the knots were regarded as regular spheres, the bars were regarded as massless spring units, and the
hydrodynamic, buoyancy, and gravitational forces acting on the bars were equally distributed to the adjacent
knots, whereas the sinkers and float forces were uniformly distributed over the node mass points. The net
model was simplified by a 4x4 scale mesh grouping method and was used to reduce the computational size.

2.2.1 Equation of the nodes

The modelling approach treats each knot and half-length segment of the adjoining bars as an integrated
node, and the equation of motion for the nodes can be expressed as follows:

(m+ Am)a=ZT+H+G+B 4)

where T is the tension force of the bars and H, G, B are the hydrodynamic force, gravity, and buoyancy of the
node, respectively. a is the acceleration vector of the knot, m and Am represent the actual mass and the added
mass, respectively. Here:

Am = C,,pV (5)

where C,, is the added mass coefficient, p is the fluid density, V is the mass-point volume.

The bars are considered as linear elastic bodies, and according to Hooke's law, the tension force can be
expressed as follows:

; b, norm(1) (6)
0

l
T =EA, -

where E is Young’s modulus, 4, is the cross area of the bar, [ and [, are the length and initial length of the
bar, respectively, norm(1) is the unit vector of the bar.

The hydrodynamic force at the mass point includes the hydrodynamic forces acting on the knot and half
of the adjacent bars.

The hydrodynamic force Hj, of the knot can be described as follows:
1
Hy = —5 CopAlvr —JI(Wi = J) (7)

where C, is the drag coefficient of the knot, C; = 1.0 [21], A, is the projected area of the knot, vy, is the
velocity vector of the knot, J is the flow velocity vector.

The bar is considered a regular cylindrical body [22], and the hydrodynamic force Hj, of the bar consists
of drag force F), and viscous friction force Fy [4]. The velocity vector of the bar vy, is the average velocity of
two adjacent knots vy, Vip. The resultant velocity v,,, of the bar can be expressed as:

(Vika + Vip)
Uy = ————] (8)
2
The form drag force F) and viscous friction force Fy are proportional to the projection of v, in their
respective directions:
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p(v,, - sin a)?
2 N

F, = Cyoo ‘n, )
p(v,, - cos a)?
2
where Cyqg is the drag coefficient of the bar when it is perpendicular to the flow, Cf is the viscous friction
coefficient, Cyqo = 1.12 and € = 0.02 [23], a is the angle of attack of the bar, Sy and Sy are the projected
area and the wetted surface area of the bar, respectively, where Sy = dl and Sy = mdl, with d and [ being the
diameter and length of the bar, respectively, the vectors n, and ny are the direction vectors of the Fp, and Fy,

respectively:

Ff= Cf -Sf-nf (10)

B (v x D x1 1
™ = (o x D x ] (1)
ny = —1l-sign(vy, - ) (12)

2.2.2  Solution method

Based on the equations for the knots shown above, the motion of the node constituting the trawl net was
determined based on its velocity, displacement, and acceleration. The equations of motion for all the nodes
can be expressed as:

q=f(aq (13)

where ¢ = [X1, V1,21, <o) Xy Vns Zn ] *» X, ¥, and z are the coordinates of the nodes, 7 is the number of nodes,
n=2948.

Based on the mesh size and assuming that the cross-sections of the net body are circular, the initial
conditions of the numerical model of the net were specified, including the position and velocity information
of all nodes. Using the information of the nodes, the hydrodynamic force on the nodes and the tension of the
bars can be calculated. The equations of motion can be obtained by concentrating the forces obtained above
on the nodes. By numerically integrating the equations of motion of the nodes, it is possible to calculate the
positions of all nodes at the next moment. In this study, the fourth-order Runge-Kutta method is employed to
solve Equation (15). The total simulation duration was 50 s with a time step of 0.1 ms. The simulation software
was developed using MATLAB. Considering the symmetry of the trawl net, simulations were performed on
only half of the net to improve computational efficiency.

Net shapes and drag forces were calculated under various conditions by setting different door spreads and
flow velocities. The simulation results of the net model when the door spread is 30 m and the flow velocity is
4 kN are shown in Figure 3.

lenggh value of nct, m

Fig. 3 The simulation result of the net model

Considering the towing speed (2-5 kn) and otter board expansion (30-50 m) during the sea trials, the
simulation conditions are listed in Table 1.
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Table 1 Simulation conditions

Flow velocity, J (kn) Door spread, D (m)
2,3,3.5,4,45,5 20, 30, 35, 40, 45, 50

2.3 Towing tank test

Based on the trawl model towing tank test method [24], model experiments were conducted under
different door spreads and towing speeds. Based on the full-scale net, a model net was created using the
modified Tauti’s law [25]. The experiment was conducted in the towing tank of Zhejiang Ocean University,
which measured 130 x 6 x 3.5 m. Two vertical poles were installed on the towing carriage, with the ends of
the poles connected to a warp. Tension sensors were used to measure the drag force of the trawl model. During
the test, the door spread of the trawl model was controlled using two vertical poles.

Considering factors such as the spacing between otter boards, towing speed in actual fishing operations
and size of the towing tank, the large-scale ratio of the model net (A) was determined to be 13, and the small-

scale ratio (A') was 3. Figure 4 illustrates the test setup. The towing speed and door spread conditions are listed
in Table 2.

Fig. 4 Test process of a scale model of the trawl test in the towing tank

Table 2 Towing tank test conditions

Towing speed, v (m/s) Door spread, D (m)
0.6, 0.75, 0.9 2.4,2.8,3.2,3.6

The conversion process between the model net based on modified Tauti’s law and the full-scale net is as
follows:

L

A= m (14)
lp dp

AN=—=— 15
L d, (15)

1

Vr _ (A,nﬂ x Psr — PF % P_M)Z—n (16)

Um Psm —Pm  PF

Fr Psr — PF

— =221 17

Fy Psm — Pum {17

where L, [, d, v, ps, p, and F are the total stretched length, mesh size, twine diameter, speed, material density,
water density, and force between the full-scale and model trawl nets. Here, n was assumed to be 0.15 for the
middle trawl net [25].

Changes in the morphology of the model net were captured using cameras installed at the front end of
the net mouth and the tank sidewall. These two cameras captured images of the net mouth and the side-view
morphology of the net. The results are shown in Figures 5 and 6.
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Fig. 6 Net mouth in the towing tank

For each condition, the tensile sensor measured the drag force, and after filtering through the Fourier
transform, the average value of the drag force in the latter part of the trawl process was obtained.
Simultaneously, the image of the stable net type was intercepted in the later period of the trawling process,
and specific trawl parameters were obtained by correcting the images from which the spatial data of the net
morphology were plotted. Image rectification was performed using DeFishr software [26], followed by spatial
coordinate extraction of trawl feature points via a GetData Graph Digitizer [27], with equipment positioning
parameters and characteristic lengths serving as scaling references.

2.4 Sea trials

The sea trials using ZHEYUKE No. 2 with a 48.8 m length, 8 m beam, 3.4 m draft, and 700 t
displacement. The sea trial used oval-cambered double-slotted otter boards, each measuring 1.70 m in length,
1.43 m in width and 2.1 m? in area, with the otter pendant length of 2.5 m. The sea area is located in the
Zhoushan Archipelago waters of China, specifically in a maritime zone near 124°E longitude and 30°N
latitude, with the following environmental conditions: water depth, 70 m; wind force, Beaufort scale 6, Wave
height: 1.2 m, Current velocity: 1 kn.

As shown in Figures 7 and 8, a MARPORT system sensor was employed to monitor the trawl net mouth,
whereas an MFX sensor (TE/TS) was used to measure the incoming flow velocity of the trawl net. In addition,
grid sensors (SS-08/09-00) were used to measure the wing end spread, and DS sensors (SS-15/16-00) were
used to measure the otter board spacing (door spread). All sensor data were collected in real time.

This experiment focused on quantifying the hydrodynamic deformation characteristics of trawl nets
under controlled towing speed (2-4 kn) and warp length (80-170 m) adjustments.
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Fig. 8 Flow velocity and wing-end spread monitor

2.5 Data analysis

Hydrodynamic datasets derived from numerical simulations, including drag forces, energy efficiency
coefficients, net mouth vertical opening, wing-end spread, and bridle angles, were analysed. Comparative
assessments were conducted on trawl mouth performance metrics across varying door-spread configurations
and flow velocities.

Considering the methodological disparities between numerical simulations, towing tank tests, and sea
trials, this study employed generalised additive modelling (GAM) to extrapolate three key hydrodynamic
parameters (net mouth vertical opening, wing end spread and drag force) from the simulation data.

A GAM [28] is a generalised linear model that allows for an extended form of the linear predictor:
n :ﬁo+f1(x1)+f2(x2)+“'++fp(xp) (18)

where 7 is the linear predictor, S is the intercept, f;(x;) is the smooth function.

The GAM was implemented using Matlab 's Fitrgam function, with cubic spline smooth terms fitted for
flow velocity and door spread as predictors. The model training utilized 5-fold cross-validation to
automatically optimise the smoothing parameters of the training data. The predictive outcomes were
rigorously validated against the scaled towing experimental results, with experimental data conversion
performed using the modified Tauti's law, thereby verifying the fidelity of the simulation model.

During the sea trial, changes in board spacing and flow velocity occurred with variations in the flow

velocity and warp length. In this study, the flow velocity, door spread, and wing-end spread at the same time
points during sea trials were processed to analyse the variation in wing-end spread under different conditions.
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3. Results

3.1 The result of the numerical simulations

3.1.1 Effects of flow velocity and door spread on the net mouth shape
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Flow velocity v (kn) Flow velocity v (kn)
(a) Vertical opening (b) Wing-end spread

Fig. 9 Variation of the net mouth shape

As illustrated in Figure 9, the vertical opening of the net mouth decreased with an increase in the flow
velocity and door spread. At a low flow velocity, the door spread significantly affected the vertical opening
of the net mouth. As the flow velocity increased, the effect of door spread diminished. When the flow velocity
increases from 2 kn to 5 kn, the reduction rate in the net mouth's vertical opening (AH/AD) influenced by the
door spread decreases from 0.119-0.117-0.086 to 0.028-0.023-0.016, respectively, as the door spread increases
from 20-30-40-50 m.

The wing-end spread increased with the expansion of the door spread and decreased with an increase in
the flow velocity. The door spread plays a decisive role in determining the wing-end spread. Under the same
door spread, the wing-end spread decreased gradually with increasing flow velocity, and the rate of decrease
slowed down. When the flow velocity increases from 2 to 5 kn, the changes in the wing-end spread AW are
0.89, 0.62, 0.43, and 0.35 m for door spreads of 20, 30, 40, and 50 m, respectively. The average growth rate
of wing-end of the net (AW;/AD) are 0.537-0.503-0.472, with the door spread increased from
20-30-40-50 m.

——D=20m
——D=30m
1204 ——D=35m

=)
=]
1

)
=]
1

The mouth area § (m?)
3
1

.
=)
1

*)
=]
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T T T
20 25 3.0 35 4.0 4.5 5.0

Flow velocity v (kn)

Fig. 10 Variation of the net mouth area
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As shown in Figure 10, the net mouth area decreased with increasing flow velocity and increased with
increasing door spread. The rate of change in the mouth area decreased with an increase in the flow velocity
and door spread. When the flow velocity increases from 2 kn to 5 kn, the growth rate (AS/AD) influenced by
the door spread decreases from 2.055-0.921-0.563 to 0.373-0.176-0.107 m, respectively, as the door spread
increases from 20-30-40-50 m. When the door spread is 40 m, the reduction rate decreases influenced by the

flow velocity (AS/Av) from 55.36-26.71-11.54 ms, respectively, as the flow velocity increases from
3-4-5 kn.

3.1.2 Effects of flow velocity and door spread on the drag force and energy consumption coefficient

In the numerical simulation results, the trawl drag forces under different flow velocities and door spreads
were obtained directly according to Hooke's law by reading the coordinates of the endpoints of the bridle and
otter boards. The results are presented in Figure 11. Based on the obtained drag-force vector T, the bridge
angles under different conditions were obtained using T, /T, as shown in Figure 12.

35000

——D=20m
——D=30m
30000 ——D=35m
——D=40m

D=45m
25000 D=50m

D=55m
20000

15000

Drag force T (N)

10000 4

5000 +

0 T T T T T
20 25 30 35 4.0 45 50

Flow velocity v (kn)

Fig. 11 Variation of the drag force of the simulation result

Under the same flow velocity conditions, the drag force of the trawl net increased with an increase in the
door spread. In addition, when the door spread was constant, the drag force increased with the flow velocity.
There was a positive association between the flow velocity and door spread on the trawl net drag. The drag
force exhibits a nonlinear growth relationship with the flow velocity: when the flow velocity is less than 3 kN,
the drag force increases slowly, and when the flow velocity is high, the drag force increases significantly
faster. The increase of the door spread significantly affects the drag force, when the flow velocity is 4 kn, with
the door spread increases from 20-30-40-50 m, the growth rate of drag force (AT /AD) of the trawl increases
from 2050-3045-3595 N/m, with the increase of the door spread, the growth rate of the drag force of the trawl
also becomes larger.

30

——D=20m——D=40m D=155m)|
——D=30m D=45m
——D=35m D=50m

20

Bridle angle & (deg)

T T T
2.0 25 3.0 35 4.0 45 50
Flow velocity v (kn)

Fig. 12 Variation of the bridle angle of the simulation result
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The bridle angle increases as the door spreads. At a low door spread (D = 20 m), the bridle angle
increased with an increase in flow velocity. As the door spread increased (D = 30,35 m), the bridle angle
initially increased and then decreased with increasing flow velocity. At high flow velocities (D = 40 m), the
bridle angle decreases as the flow velocity continues to rise. Compared with the flow velocity, the door spread
plays a more dominant role in determining the bridle angle, the average bridle angle of the net are 7.81-12.01-
16.52°-21.31°, with the door spread increases from 20-30-40-50 m. As the door spread increased, the influence
of the flow velocity on the bridle angle became more significant. When the door spread was 55 m, the bridle
angles were 24.65°, 24.25°, 23.69°, and 22.96°, at flow velocities of 2, 3, 4 and 5kn, respectively.

084 |——D=20m
——D=30m

——D=35m
——D=40m
D=45m
D=50m
D=55m

0.6 4

0.4

The energy consumption coefficient

0.0

T T T T T
2.0 25 30 35 4.0 45 5.0

Flow velocity v (kn)

Fig. 13 Variation of the energy consumption coefficient of the simulation result

As shown in Figure 13, the energy consumption coefficient increased with increasing flow velocity. At
the same flow velocity, the energy consumption coefficient initially decreased and then increased with
increasing door spread. The energy consumption coefficient was minimised when the door spread was 30m.
As the flow rate increased, the effect of door spread on the energy consumption coefficient increased. When
the flow velocity increases from 2 kn to 5 kn, the growth rate (AC,/AD) influenced by the door spread
increases from 0.049-0.102 to 3.047-4.129 m~1/1000, respectively, as the door spread increases from 30-40-
50 m.

3.2 Comparison of towing tests results and numerical simulations

Based on the modified Tauti’s law, the results of the model net under different flow velocities and door
spreads were converted to a full-scale trawl, as shown in Figure 14. The converted results were compared with
the numerical simulation results predicted using the GAM, as shown in Figure 15.
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Fig. 14 The results of towing tests converted by Tauti’s law
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Compared to model test, the numerical simulation results are in close agreement with the test data, with
a maximum error of approximately 15 %. This indicated that the numerical simulation results were reasonably
reliable. At a flow velocity of 4.34 kn and door spread of 41.6 m, the difference in the wing-end spread between
the numerical simulation and model test reached a maximum of 13.5 %, whereas the difference in the drag
force reached 13.9 %. At a flow velocity of 4.34 kn and door spread of 46.8 m, the difference in the vertical
opening of the net mouth reached a maximum of 14.8 %. The sources of error may include neglecting the
interaction between the flow and trawl net during the simulation. In reality, as water flows through a trawl, it
causes a corresponding velocity attenuation occurs. Additionally, vibrations of the equipment and net during

high-speed towing in the model tests may have contributed to these discrepancies.
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Fig. 15 Comparison between the predicted results of the simulation and the towing test
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Fig. 16 Comparison of the actual and predicted values

Figure 16 presents a comparative analysis of the measured and GAM-predicted values for the test dataset.
The prediction scatter plots demonstrated tightly clustered distributions with limited dispersion, reflecting the
model's predictive accuracy and reliability. R? = 1 represented the perfect fit line; the R? values of the
predicted models were higher than 0.96, indicating a robust correspondence between the simulation results
and fitted curves. The scatter plots of the GAM model clearly displayed relatively stable and narrowly

dispersed predicted results.
[ Sea trial \‘
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s
2

() © 4 peands pud -%“‘.LA

Fig. 17 Comparison of wing-end spread between the predicted and sea trial values

13



Z. Cheng et al. Brodogradnja Volume 77 Number 1 (2026) 77102

3.3 Comparison of sea trial results and numerical simulations

During fishing operations, the net wing-end spread is adjusted by releasing or hauling the warp and
changing the towing speed. During the sea trials, the door spread ranged from 30 to 50 m, and the flow velocity
ranged from to 2-5 kn.

As shown in Figure 17, the wing-end spread increased with the door spread. However, the influence of
the flow velocity on the wing-end spread was relatively small. The prediction results of the GAM analyses
were similar to those of the sea trial experiment. The flow velocity significantly influenced the accuracy of
the prediction results; the smaller the flow velocity, the closer the prediction results were to the actual results.
When the flow velocity was less than 3kn, all predicted results differed from the actual results by less than
15 %. Overall, the measured results of the sea trial were consistently smaller than the predicted results, with a
difference of 20 %.

During the sea trial, the complex and variable natural environment may have led to measurement
deviations, and the effect of catch on the nets was neglected during the trial.

4. Discussion

To improve trawl net fishing efficiency, maximising the net mouth opening while managing energy use
during operations is crucial. This study evaluated the impact of different door spread configurations and flow
velocities on the net mouth performance and trawl drag forces. The findings revealed the hydrodynamic
behaviour of the net mouth when subjected to changing door spreads and flow velocities, showing patterns
that aligned with the results of Thierry et al. [8].

Based on the numerical simulation results, the empirical formulas for the trawl parameters with respect
to door spread and flow velocity were obtained through polynomial fitting:

H = 23.312 —7.387v — 0.193D + 0.647v? + 0.001D? + 0.027vD (19)
W, = 1.688 — 0.689v + 0.594D + 0.043v2 — 0.002D? + 0.006vD (20)
S = 210.095 — 96.530v + 2.306D + 11.004v? — 0.012D? — 0.261vD 21)
T = 12161 — 4690v — 446D + 875v? + 3.2D? + 130vD (22)

In this study, the influence of door spread and flow velocity on the vertical opening of the net mouth
exhibited a nonlinear coupling relationship, as shown in equation (20-21). At low flow velocities, the
geometric effects dominate. As the door spread increases, the wing-end spread is enhanced; however, owing
to the constraints imposed by the fixed structure, the vertical opening significantly decreases because of
geometric limitations. At high flow velocities, the hydrodynamic effects become the key factor, and the
dynamic pressure exerted by the flow on the trawl net increases, leading to a stronger inhibitory effect on the
vertical expansion of the net mouth. The door spread is the core parameter determining the wing-end spread,
and trawl nets with a larger door spread exhibit stronger resistance to the compressive effects of the flow
velocity.

In equation (22), the flow velocity and door spread have a significant impact on the net mouth area, which
is a key factor affecting the fishing performance of trawl nets. As part of the net body, the net mouth determines
the initial catch volume during the early stages of trawling. In addition, the shape of the anterior net body
affects the catch escape. In practical fishing operations, a larger net mouth area leads to a higher fishing
efficiency.

The drag force in a trawl is contingent on the deformation and motion of the trawl net, door spread, and
flow velocity. The equation (23) demonstrates that the net drag force exhibits a nonlinear growth pattern in
response to the increasing flow velocity and expanded door spread. The coefficient of energy consumption
plays a pivotal role in the design of a trawl net, as it has the potential to markedly diminish resistance, which
in turn can lead to a reduction in fuel usage and an enhancement of fishing efficiency [29]. Using a low towing
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speed and door spread can achieve a smaller drag force; however, as the door spread decreases, the net mouth
area decreases, thereby reducing fishing efficiency. An optimal range of door spreads exists that can maximise
the performance and minimise the energy consumption at specific flow velocities.

In contrast to numerical simulations, the towing test process involves intricate interactions between the
trawl net, water flow, and tension. Studies utilising ECVM to monitor flow velocities across different sections
of a trawl net in a flume tank revealed a 23 % difference in flow velocity between the wings and the body net,
and a 5 % difference compared to the central region of the net body [6]. Furthermore, influenced by
hydrodynamic forces, the trawl net exhibits oscillatory behaviour that is amplified with increasing door spread.
The interaction between the incoming flow and the trawl net was significantly modulated by the door spread.
The use of the fluid-structure interaction method [30] can effectively analyse the interaction relationship
between the trawl and flow and improve the computational accuracy of the simulation. Compared with towing
tank tests and numerical simulations, sea trials conducted in actual marine environments provide the most
authentic fishing performance data. However, sea trial experiments are subject to uncertainty owing to the
variability in oceanic conditions, equipment limitations, and operational uncontrollability [31, 32].

During actual trawling operations, otter boards spread through the combined effects of warp and towing
speeds. The door spread can be modulated by adjusting the warp length and towing speed; both reducing the
towing speed and increasing the warp length effectively enhance the door spread [33]. Notably, net fishing
performance demonstrates a dual dependence on door spread and flow velocity. Furthermore, the
hydrodynamic characteristics of the otter boards exhibited significant configuration dependencies. Future
studies could further explore the integration of computational fluid dynamics (CFD) with the lumped mass
method to refine the hydrodynamic models of trawl systems. This includes enhancing the analysis of otter
board hydrodynamics under dynamic conditions and quantifying the coupled effects of trawl tension and net
plate movement on trawler stability and energy efficiency. The coupled computational fluid dynamics and
lumped mass method enable holistic trawl system analysis by simultaneously resolving otter board
hydrodynamics and quantifying trawl tension effects on trawler performance [34] during fishing operations.

5. Conclusion

The lumped-mass method was applied to numerically model midwater trawl nets, with a particular focus
on how door spread, and flow velocity affect trawl performance. This study examined the trawl geometry
parameters, including the vertical opening of the net mouth, wing-end spread, and mouth area, under various
operational conditions. Performance metrics such as the trawl drag force, energy consumption coefficient, and
bridle angle were also analysed. The main findings are as follows.

(1) The vertical opening of the net mouth exhibited an inverse relationship with the flow velocity and door
spread. The wing-end spread expanded proportionally to the door spread but contracted at higher flow
velocities.

(2)Larger door spreads enhanced the net mouth area, whereas higher flow velocities reduced it.
(3)Both elevated doors spread, and flow velocity contributed to higher trawl net drag force.

(4) The energy consumption coefficient increased with the flow velocity. For fixed velocities, the energy
consumption coefficient initially decreased and then increased as the door spread increased.

This study investigates trawl nets using numerical simulations, model tests, and sea trials. The results
demonstrate that the accuracy of net configuration calculations depends on multiple factors. The rapid iteration
capability of numerical simulations, intuitiveness of model tests, and comprehensiveness of sea trials
collectively establish the integrated use of these three methods as an optimal approach for trawl system
development.

Based on numerical simulations, generalised additive models were employed to predict trawl
performance. These predictions are validated through a comparative analysis of towing tank tests and sea
trials, confirming the reliability of the simulation results. This method effectively and efficiently predicts the
net configuration under unknown working conditions and provides valuable guidance for optimal fishing net
deployment strategies.
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