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In this paper, a new type of bottom trawl was designed for target fishing vessels to use in
deep-water fishing grounds. The trawl’s hydrodynamic performance was investigated
using numerical simulation and physical modeling methods, and a numerical model based
on the finite element method was proposed for estimating hydrodynamic forces and
predicting performances. A series of physical model tests based on Tauti’s law were
carried out in a towing tank to explore the hydrodynamic performance of the trawl and to
assess the applicability of the numerical simulation method. The results showed that the
working towing speed of the trawl was 3.5 kn. The drag force and the height of net
opening were 50 kN and 5.62 m, respectively, and the swept area was 128 m2 at that
speed. The simulated result was close to the experimental result, with a maximum relative
error less than 20%, and an average relative error of 10%. The net shape and tension
distribution of the trawl were analyzed using the numerical simulation method, and the
hanging ratio in T-direction of the mesh of the codend was 0.25 at the working towing
speed. The newly designed deep bottom trawl had a superior hydrodynamic performance
for high catch efficiency and selectivity and may be applied to commercial
fishing operations.

Keywords: deep bottom trawl, hydrodynamic performance, finite element method, numerical simulation, physical
model test
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INTRODUCTION

Trawling depends on the power of the fishing vessel and its
ability to force fish, shrimp, and other organisms into the net. A
trawl is a form of active fishing gear that operates flexibly to catch
both middle and bottom commercial species. Evidence shows
that bottom trawling and pelagic trawling jointly account for
about 35% of all catch (Cashion et al., 2018). The trawl is an
essential type of fishing gear for both coastal and pelagic
fishing industries.

Fishery resource exhaustion and environmental deterioration
are very serious issues in coastal waters (Shen and Heino, 2014).
The scope of traditional fishing grounds has been greatly reduced
over the last few decades, leading to a major decline in economic
benefits. However, the deeper water in exclusive economic zones
contains abundant resources with great harvest potential, like the
hairtail and cephalopods that inhabit depths of about 200 m, and
has gradually become the focus of attention by the fishing
industry (Yu et al., 2008). It is increasingly necessary to
develop new and more efficient fishing equipment for deep-
water fishing. In China, fishermen used to design and improve
fishing gears based on their own experiences. However, lax
industry standards resulted in the abuse of inapplicable and
prohibited fishing gears, which had a negative impact on the
sustainable utilization and healthy development of fisheries.
Consequently, the authors of this paper designed a new deep
bottom trawl based on scientific research to promote the
standardization of both bottom trawling fishing gear and deep-
water fishing industry.

Trawls are “fuel-greedy” on account of their high drag forces.
High energy consumption and rising fuel prices increase the cost
of operations and impact the entire industry. In addition, the
shape, the net opening spreading performance of the trawl, and
the mesh opening performance of the codend are crucial for
hydrodynamic performances (Wan et al., 2021). Better fishing
gear design also promotes the sustainable utilization of resources,
improves the utilization value of resources, and reduces the
impact of fishing operations on the ecosystem (Wan et al.,
2019). With these factors in mind, we set out to design a new
deep bottom trawl and investigate its hydrodynamic performance.

The main methods for exploring the hydrodynamic
performance of fishing gear are physical model tests in a water
tank or wind tunnel facility (Mellibovsky et al., 2018), numerical
modeling calculations, and full-scale measurements at sea
(Fiorentini et al., 2004; Sala et al., 2009; Nguyen et al., 2015).
Bessonneau and Marichal (1998) modeled the flexibility of the
trawl structure using a set of rigid bars and investigated its
dynamic behavior. Priour (1999) developed the process of
modeling fishing gear based on the finite element method. The
fishing net was model led by a triangular element, and
the principle of virtual work was applied to determine the
equation for the relationship between force and displacement.
A numerical tool was used to reduce the drag per swept area of
the trawl (Priour, 2009), and the catch weight influence on trawl
behavior was studied using the numerical method and
measurement at sea (Priour and Prada, 2015). Wan et al.
Frontiers in Marine Science | www.frontiersin.org 2
(Wan et al 2002a; Wan et al 2002b; Wan et al., 2004; Wan
et al., 2019) established the numerical model based on the finite
element method and analyzed the hydrodynamic performance of
fishing nets and ropes in a uniform current. The nonlinear
equilibrium equation of the flexible gear structure was solved
through the method of numerical iterative calculation. The shape
and tension distribution of the longline, plane net, gillnet, and an
Antarctic krill trawl were investigated using the numerical
method. The accuracy of the numerical method was then
verified through comparisons with flume tank experiments. Lee
et al. (2005) presented a numerical model of a flexible system,
which was composed of a network of masses and springs. The
behaviors of netting and fishing gear systems (trawl and purse
seine) were studied based on the fundamental law of dynamics.
Balash and Sterling (Balash and Sterling, 2012; Balash and
Sterling, 2014) investigated the innovations of prawn trawls
based on model tests in flume tank and sea trials that include
implementing high-strength netting, quantifying the effect of
mesh orientation on netting drag, and enhancing the redirection
of netting drag from the wings, to reduce drag and improve the
energy efficiency of the trawl system. Khaled et al. (Khaled et al.,
2012; Khaled et al., 2013) presented a mechanical model for
trawls based on a finite element method, which was adapted to
minimize the drag-to–mouth area ratio. The authors also
explored the effect of cable length optimization on the ratio
between the estimated trawl drag and the predicted catch
efficiency. In addition, the effects of the catch, cutting ratio,
and liners on the hydrodynamic performance of trawls were
analyzed using physical model tests (Liu et al., 2021; Tang et al.,
2022). The distribution characteristics of the flow field inside and
around the trawl were also explored using numerical simulations
and measurements in a flume tank (Thierry et al., 2021; Thierry
et al., 2022). These works provide important foundations of both
methods and guidelines for fishing gear designs and
hydrodynamic performance investigations. However, there is a
lack of comprehensive and integrated analysis on the
hydrodynamic performance of deep bottom trawls, from forces
(the total drag force and the tension of each part) to
deformations (the spreading performance of net opening and
the mesh opening performance of the codend).

The numerical simulation method has emerged as a powerful
and popular tool for investigating the hydrodynamic
performance of trawls because it is theoretically feasible and
cost-effective, compared to expensive sea trials (Thierry et al.,
2021). It is worth noting that a trawl is a flexible structure, which
undergoes large deformations caused by the interaction with
water. The equation of deformations is also nonlinear in most
cases (Wan et al., 2002a; Wan et al., 2002b), which makes
numerical simulations especially helpful for calculating
structural deformations. In this paper, a new deep bottom
trawl was designed based on a target fishing vessel with
potential applications for deep-water fishing grounds. The
hydrodynamic performance of the trawl was investigated by
means of numerical simulations and physical model tests in a
towing tank. The principle of minimum potential energy and
Newton–Raphson iterative method were used to determine and
May 2022 | Volume 9 | Article 891046
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solve the equilibrium equation, respectively. In addition, a series
of physical model tests were conducted to investigate the
hydrodynamic performance of the deep bottom trawl and
assess the applicability of the numerical simulation method
through comparison between the experimental and numerical
simulation results.
MATERIALS AND METHODS

Numerical Method
Modeling of the Deep Bottom Trawl
A deep bottom trawl is a system of nets, cables, and other
attached tools that is flexible and able to be deformed under
pressure from currents. The fishing net can be regarded as a
structure connected by a large number of mesh bars, whereas the
cable is several straight segments. Both bars and segments can be
considered as straight discrete elements (Figure 1). As a result,
the deep bottom trawl is modeled as a discrete structure with
finite elements. In the numerical model, elements are connected
through their ends, i.e., nodes (Wan et al., 2002a; Wan et al.,
2002b; Wan et al., 2004).

Basic Equation
When the trawl moves in water at a constant speed, its elements
will incur significant relative displacements from an initial state
to the deformed, which is the equilibrium state (Wan et al.,
2019). According to the above hypothesis, the total potential
energy P of the discrete trawl system can be expressed as follows
(Wan et al., 2004):

P = −o
f

i=1
FiDi +o

m

g=1
Tg Lg(Di) − Lg0
� �

−o
m

g=1

Lg0
2EAg

T2
g (1)
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Where Fi is the equivalent nodal load on the ith node;Di is the
nodal displacement of the ith node; Tg is the axial force of the gth
element; Lg0 is the initial length of the gth element; Lg(Di) is the
length of the gth element after deformation; Ag is cross-sectional
area of the gth element; E is the Young’s modulus of the material;
f is the nodal degree of freedom; and m is the number of the
element. On the right side of the equation, the first term
represents the load potential energy of the structure, the
second term represents the strain energy of the axial force, and
the third term represents the work done by the axial force (Wan
et al., 2019).

The equilibrium equation is determined by the principle of
minimum potential energy, which states that the total potential
energy of a system reaches an absolute minimum when the
system is in a state of equilibrium (i.e. ∂P

∂Di
= 0 and ∂P

∂Tg
= 0).

Accordingly, the equilibrium equation of a deep bottom trawl
can be obtained:

f1 D1,D2,…,Df ,T1,T2,…Tm
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= o

m
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∂ Lg
∂D1

Tg − F1 = 0

…  …
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� �
= o

m

g=1

∂ Lg
∂Df

Tg − Ff = 0

ff+1 D1,D2,…,Df ,T1,T2,… :Tm

� �
= L1 Dið Þ − L10f g − L10

EA1
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…  …

ff+m D1,D2,…,Df ,T1,T2,… :Tm

� �
= Lm Dið Þ − Lm0f g − Lm0

EAm
Tm = 0

(2)

Obviously, these equilibrium equations include (f + m)
degrees of freedom with unknown Di and Tg, which are
nonlinear, and need to be solved by applying Newton–
Raphson iterative method (Wan et al., 2004):
FIGURE 1 | Discrete element and node.
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where (Dr
i ,T

r
g ) and (DDr

i ,DTr
g ) are the solution and correction of

the rth step of the iteration. As a result, the solution of the (r + 1)
th step is (Dr

i + DDr
i ,T

r
g + DTr

g ). As stated in the previous work a
desired solution can be converged by such iterating calculations
(Wan et al., 2019).

Hydrodynamic Loading Model
The deep bottom trawl system is subjected to many loads,
including those resulting from gravity like weight and
buoyancy, hydrodynamic loads caused by the interaction
between the structure and water, and other kinds of external
loads. The hydrodynamic load acting on the element is calculated
by the truss model. As shown in Figure 2, the relative velocity V
between the element and water is divided into two components:
the normal component Vn and the tangential component Vt. The
normal drag coefficient Cn and the tangential drag coefficient Ct

are calculated by the following formulas (Choc and Casarella,
1971):

Cn = 1:1 + 4(Ren)
−0:50(30 < Ren ≤ 2:33� 105)   (4)

Ct = pm½0:55(Ren)
1
2 + 0:084(Ren)

2
3 � (5)
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Cn and Ct are calculated according to Reynolds number Ren,
where Ren=rVnd/µ; d is the diameter of the element; and m is the
coefficient of fluid viscosity. The normal hydrodynamic load Fn
of the element is calculated as follows:

Fn =
1
2
CnrdL Vnj jVn (6)

where L is the length of the element. The tangential
hydrodynamic load Ft is calculated similarly.

The mesh grouping method is used for reducing the number
of calculations. A given number of actual meshes are modeled by
a fictitious equivalent mesh, which has the same physical
qualities as the actual meshes, like the shape (Figure 3),
projected area of the netting, and volume (Li et al., 2006).
Thus, the following equations are obtained:

4� N2 � d1L1 = 4� d2L2 (7)

4� N2 � 1
4
pd12L1

� �
= 4� 1

4
pd22L2

� �
(8)

where N is the grouping number. Subscripts 1 and 2 represent
the actual mesh and fictitious mesh, respectively.

Physical Model Test
Design of the Deep Bottom Trawl
A new deep bottom trawl (79.9 × 66.26 m) was designed for the
target trawler with the main engine power of about 1,000 HP.
The trawl included four panels with diamond mesh. The mesh
size was determined according to the minimum mesh size and
the fishermen’s requirements. A 1:15 scale (l=15), ratio of the
total scale of the trawl) model of the bottom trawl was
manufactured based on Tauti’s law (Tauti, 1934), with the
small-scale ratio l`=6 (ratio of the netting twine). The
FIGURE 2 | Schematic diagram of the element position relative to water.
May 2022 | Volume 9 | Article 891046
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expanded view of the model trawl is shown in Figure 4. Main
specifications and parameters of the full-scale trawl and the
model trawl are provided in Table 1.

Setup of Physical Model Test
A series of physical model tests were conducted in a towing tank
at East China Sea Fisheries Research Institute, Chinese Academy
of Fishery Sciences, China. The size of the tank was 90 m (length) ×
6 m (width) × 3 m (height). The towing vehicle of the tank can be
operated at a towing speed ranging between 0 and 4 m/s.

The basic setup of the physical model test is shown in
Figure 5. The end of the leg was connected to a load cell,
which was fixed on a supporting bar. The horizontal spreading
ratio of the trawl (the ratio of the horizontal distance between
wing-ends to the length of ground rope) was set to 0.4 by
adjusting the horizontal distance between leg-ends. Floats were
added to the headline to provide buoyancy for the headline
height (height of net opening), which was measured by a
Frontiers in Marine Science | www.frontiersin.org 5
structure scanner. The scanner with a 30-mm distance
resolution was connected to the towing vehicle by a movable
device. The full-scale towing speed of the trawl was set to 2.5–5.5
kn with a step of 0.5 kn, which was converted to the speed of the
towing vehicle in physical model tests according to Tauti’s law
(Tauti, 1934).
RESULTS

Drag Force
Drag forces (converted to full-scale values) from physical model
tests and numerical simulations are shown in Figure 6. As the
towing speed increased from 2.5 to 5.5 kn, the experimental drag
force increased from 28.9 to 104.4 kN. At lower speeds, the
measured drag force was greater than the calculated drag force,
and the calculated drag force was greater than that from model
tests when the towing speed was higher, with a difference of
FIGURE 4 | Schematic net plan of the model trawl. Unit of net length (L), m; unit of mesh size (2a) and twine diameter (F), mm; unit of cable length, mm.
FIGURE 3 | Schematic diagram of the mesh grouping method.
May 2022 | Volume 9 | Article 891046
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about 17.7%. The simulated value was generally close to the
experimental value, with an average relative error of about 10.2%.

Height of Net Opening
Figure 7 shows the experimental and simulated value of the
height of net opening. As can be seen from the result, the height
decreased from 7.5 to 3.9 m, with the towing speed increasing
from 2.5 to 5.5 kn. The vertical spreading ratio (the ratio of the
headline height to the circumference of net opening) decreased
from 9.3% to 4.8% with the towing speed. The simulated value
was greater than the experimental value in most cases with a
maximum difference of about 15.7%. Overall, the mean
difference was about 6.8%.

Power Consumption
The power consumption was calculated by multiplying the drag
force and the towing speed. As shown in Figure 8, the power
consumption increased from 37.2 to 295.5 kW as the towing
speed increased from 2.5 to 5.5 kn. It was worth noting that when
the towing speed was equal to 3.5 kn, the power reached about 90
kW, accounting for about 10% of the main engine power of the
target trawler. Therefore, the newly designed trawl could operate
normally at a working towing speed of 3.5 kn. At lower speeds,
the experimental power from model tests was greater than the
simulated power. The higher the towing speed was, the larger the
simulated power could be. The simulated power tracked closely
to the experimental value, with an average relative error of
about 10.2%.

Swept Area
The swept area of trawl is an important hydrodynamic
performance index, which is generally considered to be directly
proportional with the catch efficiency. However, the shape of the
trawl mouth was irregular (Figure 9). Therefore, the swept area
Frontiers in Marine Science | www.frontiersin.org 6
could only be roughly estimated. The experimental swept area
was approximated by the product of the height of net opening and
the horizontal distance between wing-ends and then multiplied
by the shape coefficient. As for the numerical simulation, the
swept area was calculated as the sum of the projection of the
surrounding area formed by each element, which modeled the
cable (headline and ground rope), on the plane perpendicular to
the towing displacement. The swept area is shown in Figure 10.
The higher the towing speed, the smaller the swept area. The area
was about 128 m2 at the towing speed of 3.5 kn. When the shape
coefficient was about 0.8 to 0.9, the estimation value from model
tests was close to the calculated value from numerical simulations,
with a mean difference of about 6%.

Shape and Tension Distribution of Trawl
The shape and the tension distribution of the model trawl at
different towing speeds were calculated using numerical
simulations (Figure 11). The shape of the trawl was stable and
smooth, with fine bottom sticking performance. The leg
produced a straight line and the cable showed a catenary
shape. The shape of trawl body was presented as a conical
shape, whereas the codend was a cylindrical shape. The tension
of the leg was the greatest with that of the bottom leg greater than
the top leg. The tension of the ground rope and the headline was
greater, whereas that of the front part of cables was greater than
the back part. The tension of the trawl netting was smaller.

Mesh Opening Performance of Codend
The mesh opening performance of the codend is closely related
to the selectivity of the fishing gear. In this paper, the mesh
opening performance was expressed by the hanging ratio in T-
direction and estimated using vector calculations in the
numerical model. As shown in Figure 12, the hanging ratio in
T-direction increased first and then decreased when the towing
FIGURE 5 | Setup of the physical model test.
TABLE 1 | Main specifications and parameters of the full-scale trawl and model trawl.

C (m) Ln (m) L1 (m) L2 (m) L3 (m) F (kg) S (kg)

Full-scale trawl 79.90 66.26 45.00 54.22 63.70 360.00 500.00
Model trawl 5.350 4.420 3.000 3.616 4.246 0.267 0.370
May 2022
 | Volume 9 | Article
C, circumference of net opening; Ln, length of net; L1, length of leg; L2, length of headline; L3, length of ground rope; F, buoyancy force; S, sinking force.
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speed increased. When the towing speed was equal to 3.5 kn, the
average hanging ratio was about 0.25. The maximum and the
minimum ratio were 0.38 and 0.17, respectively. The greatest
hanging ratio occurred at the front, end and middle of the
codend, especially at the middle of the back net and belly net.
DISCUSSION

Deep-water fishing grounds are rich in resources, which makes them
an important opportunity for the fishing industry and encourages the
development of efficient gear to reduce impacts on coastal ecology. In
this paper, a new bottom trawl was designed on the basis of target
fishing vessel, and its hydrodynamic performance was investigated
using numerical and physical model methods. The validity of the
Frontiers in Marine Science | www.frontiersin.org 7
numerical simulation based on the finite element method was
assessed by comparing the experimental result from physical
model tests with the calculated result from numerical simulations.

The newly designed trawl can be applied at a working towing
speed of 3.5 kn. Under this condition, the drag force was about
50 kN and the height of net opening was about 5.62 m, whereas
the vertical spreading ratio was about 7.03%. The swept area was
about 128 m2, and the drag per swept area was about 390.6 N/m2,
which was related to the energy efficiency of the trawl (Priour,
2009). The trawl was designed to match the drag force with the
towing force of the target trawler. The working towing speed of
3.5 kn would be suitable for harvesting the near-bottom
economic species that we are concerned about, such as hairtail
and cephalopods. The height of net opening is more crucial for
pelagic trawls than bottom trawls, and the variation of the
FIGURE 7 | Height of net opening.
FIGURE 6 | Drag force.
May 2022 | Volume 9 | Article 891046
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headline height with towing speeds was less than that of pelagic
trawls (Wan et al., 2019). After investigating the hydrodynamic
performance of the designed deep bottom trawl, we may further
explore the effects of operation and characteristic parameters on
the performance of the trawl, such as cable length (Khaled et al.,
2013), the buoyancy-weight ratio (Feng et al., 2012), and the
length proportion of each part of the trawl (Feng et al., 2017), to
provide scientific guidance for practical operations. This study
designed a deep bottom trawl based on characteristics of the
target fishing vessel, species, and fishing grounds and carried out
numerical simulations and physical model tests to explore its
hydrodynamic performance. This work can enhance the
standardization of fishing gear management (traceability and
prevention of discarding) and may also contribute to the
standardization of deep-water fisheries in China. In addition,
its use would be conducive to energy conservation, emissions
reduction from trawling operations, and mitigation of the fishing
industry’s ecological impact.

The average relative error between drag forces from model
tests and numerical simulations was about 10.2%, whereas that
Frontiers in Marine Science | www.frontiersin.org 8
for the height of net opening was about 6.8%. Similarly, the
average relative error between the power consumption from
model tests and numerical simulations was about 10.2%. The
numerical simulation result corresponded well with the result
from physical model tests. Therefore, the use of the numerical
simulation method proposed in this study to estimate the
hydrodynamic performances of bottom trawl is feasible. Then,
the hydrodynamic performances (swept area, shape, tension
distribution, and mesh opening performance) of the trawl were
then investigated using numerical simulations, which were
difficult to carry out measurements underwater with the
desired accuracy for both field experiments and model tests in
practice (Wan et al., 2004). Through comparisons, it was found
that the shape coefficient of 0.8 to 0.9 for estimating the swept
area was appropriate. The shape and tension distribution of the
trawl through the graphical display of numerical simulation
results could help us examine the shape and tension of netting
twines, cables, and other parts of the trawl system more carefully,
such as net stacking, net deformation and tension concentration,
which would lead to net and cable fractures and a decline in
FIGURE 9 | Shape of trawl mouth from the numerical simulation at the towing speed of 1.43 kn in model tests.
FIGURE 8 | Power consumption.
May 2022 | Volume 9 | Article 891046
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A

B

C

FIGURE 11 | Shape and tension distribution from numerical simulations of the model trawl at different speeds. (A) 3 kn (full-scale); (B) 3.5 kn (full-scale); (C) 4 kn (full-scale).
FIGURE 10 | Swept area.
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fishing efficiency (Wan et al., 2019). At the working towing
speed, the net shape was smooth and the tension distribution was
uniform, with no mutations, whereas the tensions of legs, ground
ropes, and headlines were greater. Therefore, it is suggested that
thicker cables and ropes are used for these components. The
greater the hanging ratio in T-direction of the codend was, the
more conducive the trawl was to releasing juvenile fish and
improving the selectivity (Liu et al., 2021). The hanging ratio in
T-direction of the codend was about 0.25 at the towing speed of
3.5 kn. Greater hanging ratios occurred at the front, end and
middle of the codend, especially at the middle of the back net and
belly net, which could provide scientific basis for the installation
and application of a sorting device (Riedel and Dealteris, 1995;
Eigaard and Holst, 2004; Larsen et al., 2018).

In this study, the interaction between the trawl and the bottom
was not taken into consideration. In addition, the following hard-
to-avoid factors might lead to differences between simulated and
experimental results: (a) error caused by the difference between
the hydrodynamic loading model (truss model) and the real
netting twine; (b) slightly oblique placement of the
experimental system; (c) instrument measurement error, and so
on. However, numerical simulations can accurately estimate the
hydrodynamic performance of fishing gear, and obtain results
that cannot be measured by physical model tests and sea trials
(Nguyen et al., 2015). The authors believe that numerical
simulation technology will be more widely used in the early
stage of fishing gear designs and the hydrodynamic performance
investigations. This study provides the scientific basis and
guidance for the design of a deep bottom trawl, with many
future applications for deep-water fisheries.

CONCLUSION
We carried out investigations on the hydrodynamic performance
of a new bottom trawl designed for a target fishing vessel for
Frontiers in Marine Science | www.frontiersin.org 10
application in deep-water fishing grounds using numerical
simulations and physical model tests. The main conclusions
are as follows:

(1) The trawl that we designed operates with superior
hydrodynamic performance at the towing speed of 3.5 kn. This
would be practicable and beneficial for commercial
fishing industries.

(2) The accuracy of the numerical simulation method
proposed in this paper for hydrodynamic performances of the
trawl was verified by comparing simulated and experimental
results. This tool can be used to guide fishing gear design and
carry out explorations of structural optimizations in the future.
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FIGURE 12 | Mesh opening performance of the codend. (A) The origin O1 (midpoint of back net) and positive direction (anticlockwise) in the circumference-
direction, ×: towing direction vertical inward; (B) the origin O2 (end of the codend) and positive direction (towing direction) in the axis direction; (C) the average,
maximum, and minimum hanging ratio in T-direction at different towing speeds; (D) the hanging ratio in T-direction at the towing speed of 3.5 kn.
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