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Abstract: The otter board, which is designed to maintain the horizontal opening of trawl nets, is a
vital component of a trawl system. It requires a high lift-to-drag ratio, which is directly related to the
trawling efficiency and economic effectiveness of the single trawler. To improve the hydrodynamic
efficiency of a symmetrical elliptic otter board, four model otter boards, i.e., aspect ratio (AR) = 0.507,
0.640, 0.766, and 0.895, were designed in the present work and the effects of aspect ratios on the
hydrodynamic performance of the otter board were investigated by flume tank experiments. Further,
the k-ε EARSM turbulence model was adopted to analyze the hydrodynamic coefficients and the
flow distribution around the otter board using the computational fluid dynamics (CFD) method.
The optimal aspect ratio was obtained based on the analysis of experimental data, wherein the lift
coefficient, the drag coefficient, and the lift-to-drag ratio at different angles of attack (AOA) were
measured. The results show that the symmetrical elliptic otter board model is within the critical
Reynolds number region when the Reynolds number is larger than 1.682× 105, and its hydrodynamic
coefficient is consistent with the real otter board. When the AR was 0.766, the elliptic otter board
had the best hydrodynamic performance, of which the lift coefficient and the lift-to-drag ratio were
1.05 and 1.14 fold that of the initial otter board (AR = 0.640), and the volume of the wing-tip vortex
reaches a maximum. The results show the hydrodynamic performance of the symmetrical elliptic
otter board, and parameter optimization of the otter board has also been provided for reference.

Keywords: aspect ratio; symmetrical elliptic otter board; flume tank experiment; hydrodynamic
performance; numerical simulation

1. Introduction

As an essential accessory in trawl net systems, otter boards play a dominant role
expanding the net mouth horizontally [1,2]. The performance of the otter board is directly
related to the fishing efficiency and economic benefit of the trawl fisheries. According to
the literature, the resistance of the otter board accounts for 13%~27% and even 30% of
the total resistance of the whole trawl system [3,4]. Therefore, it is of great significance to
improve the lift, reduce the resistance and improve the hydrodynamic efficiency of the otter
board for energy conservation and emission reduction in marine fisheries and ecological
environment protection.

The structure and hydrodynamic performance of different kinds of otter boards are
quite varying [1]. In recent years, the hydrodynamic performances of different types of
otter boards have been studied through flume tank experiments, full-scale measurements
and numerical simulation. Wang et al. [5] investigated the hydrodynamic performance of a
vertical V-shaped cambered otter board using wind tunnel experiments and then optimized
its structure. The results showed that the otter board has better hydrodynamic performance
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when the curvature equals 14%, the dihedral angle is 12◦, the sweepback angle is 10◦,
and the aspect ratio is 1.60. Liu et al. [6] studied the hydrodynamic performance of a
vertical curved otter board with a small aspect ratio by the flume test, and obtained the
hydrodynamic coefficient and the lift-to-drag ratio of the otter board. Xu et al. [7] studied the
hydrodynamic performance of a rectangular V-shaped otter board by computational fluid
dynamics (CFD) modelling and the lift coefficient of the optimized otter board (λ = 0.490,
Γ = 17◦) increased considerably. Sala et al. [8] designed a novel type of “Clarck-Y” otter
board following the idea of improving the flow dynamics at the front end of the otter board
and avoiding the generation of vortex, then it can effectively increase the lift coefficient
and the lift-to-drag ratio. Sterling et al. [9,10] developed a new structure of a “batting”
otter board, which can be fully operated at a low angle of attack and flexibly adjusted
the angle of attack. Compared with the typical rectangular otter board, the efficiency
(the lift-to-drag ratio) of the otter board increased by 3 fold. Hu et al. [11] developed a
high-lift trawl door (HLTD), which can effectively increase the lift coefficient and the lift-to-
drag ratio of the otter board through the usage of airfoil deflectors. Takahashi et al. [12]
designed a “biplane-type” otter board by numerical simulation, and verified the numerical
model through the flume test. The corresponding hydrodynamic performance has been
further validated through comparisons between numerical modelling and the model-scale
experiments. Moreover, the effects of aspect ratio (AR), relative camber (RC), and more
structural parameters on the hydrodynamics of otter boards were investigated via the
experimental and numerical methods [13–19].

Researchers have paid more attention to optimization of the otter board structure,
as well as the design of a new otter board, so as to improve the hydrodynamic efficiency.
Because of the advantages of low cost, convenient operation, long service life, and good
stability, symmetrical elliptic otter boards have been popularized and operate successfully
in trawl fishery in West Africa since the early 1990s [20]. Moreover, the aspect ratio plays
an important role in the hydrodynamic performance of the otter board [13]. In this paper,
the influence of aspect ratio on the hydrodynamic performance of a symmetrical elliptic
otter board was studied by flume tank experiments. Based on the test data, the aspect ratio
correlated to the best hydrodynamic performance of otter boards was analyzed and the
most optimal one was chosen considering the purpose of improving the hydrodynamic
efficiency of the otter board.

2. Materials and Methods
2.1. Model of the Symmetrical Elliptic Otter Board

The prototype of the otter board in this study is a 2.3 m2 symmetrical elliptic otter
board operated on 441 kW fishing boats in the South China Sea with a towing speed of
2~3 kn. The wingspan of the otter board is l = 1.2 m, the chord c = 2.4 m and the aspect ratio
AR = 0.64. Froude scaling law is selected for the flume experiments, and the conversion
formula is as follows:

l1
l2

= s,
S1

S2
= s2,

v1

v2
=
√

s (1)

where 1—prototype otter board, 2—model otter board, S—plane area of the otter board,
v—velocity, and s—scale ratio. The design scale ratio in this paper is 5.0.

The purpose is to study the effect of aspect ratio on the otter board, so the influences
of other structural factors (such as slotting) are ignored in this study. The model otter board
was made of acrylic plate, and its aspect ratio is 0.507, 0.640, 0.766, and 0.895, respectively.
Model 2 was made by the uniform scaling of the prototype otter board. The other three
model otter boards changed the aspect ratio of the otter board on the basis of ensuring that
the otter board area remains unchanged. The specific structural parameters of the model
otter board are shown in Table 1.
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Table 1. Parameters of the otter boards in different aspect ratios.

Model Wing Span/mm Chord/mm Aspect Ratio Plane Area/m2

Prototype 1200 2400 0.637 2.261
1 216 540 0.507 0.092
2 240 480 0.640 0.090
3 264 440 0.766 0.091
4 287 410 0.895 0.092

2.2. The Flume Test

The tank for the flume test is the circulating tank of the Hydrodynamic Laboratory of
Ocean University of China, and the size of the tank is 4 m (length)× 1.2 m (width)× 1 m (high),
with a stable flow rate range of 0.1~0.8 m/s. A six-component force meter sensor (measur-
ing range 0~50 kg, accuracy 0.3%) and a Vectrino+ current meter (measuring range 0~2 m/s,
accuracy ± 0.5%) are equipped on the tank, which are, respectively, used to measure the
flow rate, lift, resistance and other moments data of the otter board model. Figure 1 shows
the layout of the flume test. During the test, the otter board is fixed at the lower end of
the six-component force meter sensor. The plane center of the otter board is 1.5 m away
from the water inlet of the flume and 0.5 m away from the water surface. The test velocity
is 0.2~0.5 m/s (interval 0.05 m/s), the angle of attack of the otter board is 0◦~50◦ with
5◦ stepping, and the force data under various working conditions are collected, respectively.
The data acquisition frequency is 100 Hz and the acquisition time is 90 s.
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2.3. Numerical Simulation

The numerical simulation is carried out by ANSYS CFX 18.2, which solves the
steady Reynolds-Average Navier–Strokes equations (Equation (6)) based on the framework
Element-based Finite Volume Method [21].

∂ui
∂xi

= 0

∂ui
∂t

+ uj
∂ui
∂xj

= −1
ρ

∂p
∂xi

+
∂

∂xj

(
ν

∂ui
∂xj

)
−

∂uiuj

∂xj
(2)

where ui are the time-averaged velocities of the RANS model, p is the pressure, ρ is
the density of fluid, ν is the kinematic viscosity corresponding to laminar and turbu-
lent eddy viscosity, and uiuj are the Reynolds stresses denoting fluctuating components
(i, j correspond to the subscripts with different flow directions).
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The Standard k-ε turbulence model combined with the Explicit Algebraic Reynolds
Stress Model (EARSM) is adopted for the simulation. It has been verified and validated
against the wind tunnel measured data for an otter board from bottom trawls [22].

The computational domain (observation section: length 4.0 m, width 1.2 m, and
water depth 1.0 m) for the CFD modeling is of the same scale as the experimental flume
(Figure 1). The advection term for the velocity is discretized spatially through a high-
resolution scheme in the CFX solver, whereas the turbulence terms, such as k (turbulent
kinetic energy) and ε (turbulent eddy dissipation), are discretized by the 1st-order upwind
scheme. The otter board model is fixed at the center of the domain, with a distance of 1.5 m
from the flow entrance. The fluid is modeled as incompressible viscous fluids with a density
of 998.2 kg/m3 and µ (dynamic viscosity) = 1.003 × 10−3 kg/(m·s). Further, the k and ε at
the domain entrance were calculated following Xu et al. [15]. The current velocity was set
to the typical operating speed of 0.4 m/s in model-scale experiments (approximately 2.5 kn
for the operation of full-scale trawls), of which Re = 11,000. The outlet corresponds to the
Neumann boundary condition, but with a relative pressure of 0 Pa. Smooth walls with
non-slip conditions were used to the otter board surfaces and the bottom surface of the
domain, while free slip walls were set to other walls (Figure 2).
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Figure 2. Boundary conditions of computational domain.

The unstructured tetrahedral grids are generated for the calculation domain, and
the 8-layer prismatic layers are growing smoothly from the inner region (Figure 3). The
first layer thickness is 6 × 10−4 m to ensure y+ ≥ 15. The grids independence test is also
implemented to ensure the verification of the numerical simulation (Figure 4). Considering
the balance of computational efficiency and accuracy, the total number of elements and
nodes totaled approximately 2.66 × 106 and 4.63 × 105, respectively.
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2.4. Data Process

The lift FL and resistance FD of the otter board were measured during the test, and the
lift coefficient CL, the drag coefficient CD, and the lift-to-drag ratio K of the otter board were
calculated after the strut interference correction. The calculation formulae are as follows:

CL =
2FL

ρSv2 (3)

CD =
2FD

ρSv2 (4)

K =
CD
CL

(5)
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Re =
vc
µ

(6)

where ρ is the fluid density (kg/m3); S is the area of the otter board model (m2); v is the
flow velocity (m/s); c is the chord length of the otter board (m); µ is the dynamic-viscosity
coefficient of fluid (m2/s); Re denotes the Reynolds number.

3. Results
3.1. Relationship between Lift, the Drag Coefficient and the Reynolds Number

Figure 5 shows the relationship between the CL, the CD, and the K of the otter board
(AR = 0.640) and Re. The Re region corresponding to the test velocities of 0.2~0.5 m/s
is 0.84 × 105~2.03 × 105. The CL and the CD of the symmetrical elliptic otter board firstly
decrease and then gradually tend to be stable. When the flow velocity is larger than 0.4 m/s
(Re > 1.682 × 105), which is within towing speed, the CL and the CD of the otter board tend
to be stable, and it is in the critical Re region. The CL and the CD discussed below are the
average values of the two coefficients within the critical Re region.
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3.2. The Lift Coefficient of the Otter Board

The change in the CL of the otter board with different aspect ratios with the angle of
attack is shown in Figure 6. The CL of the otter board firstly increases with the rise of the
angle of attack before critical AOA, and then declines. When the aspect ratio of the otter
board is 0.507, 0.640, and 0.766, the maximum CL of the otter board model is 1.098, 1.172,
and 1.263, respectively, with the critical angle of attack of 40◦. When the aspect ratio is
0.895, the maximum CL of the otter board is 1.200 and the critical angle of attack is 35◦.
With the increase in aspect ratio, the CL of the otter board tends to increase at the operating
angle of attack (AOA = 30◦). While the maximum CL initially increases and then decreases
with the increasing aspect ratio, and the critical angle of attack decreases to 35◦ when the
aspect ratio is 0.895.
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3.3. The Drag Coefficient of the Otter Board

Figure 7 shows the relationship between the CD of the otter board with different aspect
ratios and the angle of attack. With the increase in the angle of attack, the CD of the otter
board gradually increases before the critical angle of attack. When the angle of attack
reaches the critical angle of attack, the increasing tendency of the resistance coefficient
gradually slows down or even decreases (such as AR = 0.895 and 0.640).
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3.4. The Lift-to-Drag Ratio of the Otter Board

As an essential hydrodynamics parameter, the K is adopted to evaluate the operating
performance of the otter board. The larger the K, the better the hydrodynamic performance
of the otter board, indicating that the higher the hydrodynamic efficiency of the otter board.
The relationship between the K of the otter board and the angle of attack corresponding
with each aspect ratio is presented in Figure 8. It shows that the K of the otter board firstly
increases and then decreases with the rise of the angle of attack. When the aspect ratio is
0.507, 0.640, and 0.766, the lift-to-drag ratio of the otter board reaches the maximum when
the angle of attack is 15◦, which is 2.005, 1.797, and 2.132, respectively. When the aspect
ratio is 0.895, the maximum K of the otter board is approximately 2.210 when the angle of
attack is 10◦. When the angle of attack exceeds 15◦, the K of the otter boards with aspect
ratios of 0.507 and 0.766 are similar, which are higher than that of the otter board with
aspect ratios of 0.640 and 0.895.
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3.5. Validation

In this section, the model of the prototype otter board (AR = 0.640) is selected to verify
the accuracy of the numerical simulation. The CL, the CD, and the K through CFD analysis
and flume experiments are illustrated in Figure 9. Pearson correlation coefficient (R) was
adopted to verify the accuracy. As shown in Figure 8, the results of numerical simulation
have the same tendency against flume tank experimental data. The CL increases firstly and
then drops with increasing angle of attack. The maximum simulated CL is 1.13 with the
critical AOA = 40◦, while the maximum physical CL is 1.10 with the critical AOA = 40◦.
The CL of the simulation is slightly larger than that of the flume tank experiment, and the
average error of the CL between simulation and experiment is 2.76% (R2 = 0.9987). The CD
increases with an increasing angle of attack. The CD of the simulation is similar to that of
the experiment, with an average error of 4.80% (R2 = 0.9967). Further, it shows that the
lift-to-drag ratio (K) in the numerical simulation was in good agreement with that of the
flume experiment (Figure 10) with an average error of 4.70% (R2 = 0.9026). The K reaches
the maximum at AOA = 15◦, which is 1.98 and 2.00 in numerical simulation and flume tank
experiments, respectively.
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The results of the CFD simulation are similar to that of the experiment with the
analogous changing trends, and the critical AOA was reproduced correctly. In summary,
the EARSM k-ε model can be used to investigate the hydrodynamic performance of the
otter board in the subsequent studies.

3.6. Flow Distribution around the Otter Board

In this section, the flow field at the central section of the otter board at 0.4 m/s (within
operating velocity) is studied. As shown in Figure 11, the aspect ratio has a great influence
on the velocity around the otter board. The stages of flow separation and vortex around
the otter board are different under different aspect ratios. When the aspect ratio is small
(AR = 0.507 and 0.640), the flow separation and vortices begin to appear on the back surface
of the otter board, and the area of separation and vortex are gradually expanding with the
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increasing ARs. At the same time, the area on the back surface of the otter board, which is
lower than the inlet flow velocity, increases gradually with the increasing ARs. When the
aspect ratio is large (AR = 0.766 and 0.895), the flow streamlines around the otter board
have been separated from the surface completely, and the vortex covers the whole back
surface of the otter board.
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The low-pressure area on the back surface of the otter board increases firstly and
then decreases with the increase in the aspect ratio (Figure 12), resulting in the pressure
difference between the front and back surface of the otter board first increases and then
decreases. Therefore, the lift coefficient of the otter board increases firstly and then decreases
with the increase in the aspect ratios when the angle of attack reaches the critical angle,
which is 1.098, 1.172, 1263, and 1.200 for the otter boards with AR is 0.507, 0.640, 0.766,
and 0.895, respectively.
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The wing-tip vortex has a significant effect on the lift coefficient of the otter board [13].
The vortices diagram around the otter board (Figure 12) shows that the volume of the wing-
tip vortex is small when the aspect ratio is 0.507 and 0.640, and its volume is developing
gradually. When the aspect ratio is 0.766, the volume of the wing-tip vortex reaches the
maximum among the four otter boards. The volume of the wing-tip vortex begins to
decrease when the aspect ratio is 0.895. The lift generated by the wing-tip vortex decrease
due to the decrease in the vortex, which results in the reduction in the lift coefficient of
the otter board.

3.7. Optimal Aspect Ratio of the Otter Board

The above research results show that the aspect ratio has a significant impact on the
performance of the otter board. However, the optimal aspect ratio of this type of otter board
cannot be accurately judged only based on the changing trend of these hydrodynamic pa-
rameters [22]. Therefore, this paper considers the hydrodynamic performances of the otter
board at the operating angle of attack (approximately 30◦), and the main hydrodynamic



Symmetry 2022, 14, 1566 12 of 15

parameters are shown in Table 2. For the operating angle of attack of 30◦, the CL tends to
rise with the increase in aspect ratio, while the CD and the K fluctuate. At the operating
angle, the lift-to-drag ratio of the otter board with AR = 0.766 is similar to that of the
otter board with AR = 0.507, which is 14.32% and 15.54% higher than the otter board with
AR = 0.640 and 0.895, respectively. However, the CL of the otter board with AR = 0.766 is
14.27% higher than that of the otter board with AR = 0.507, and the volume of the wing-tip
vortex reaches the maximum among the four otter boards. Therefore, it is clarified from
the hydrodynamic parameters that the otter board with an aspect ratio of 0.766 has better
hydrodynamic performance, that is, the otter board has a high CL and K—1.033 and 1.413,
respectively. The CL and the K of the optimal otter board are 1.05 and 1.14 fold that of the
prototype otter board (AR = 0.640, CL = 0.983, and K = 1.236), so AR = 0.766 is recommended
as the best aspect ratio of the symmetrical elliptic otter board in this paper.

Table 2. Hydrodynamic characteristics of the otter board with different aspect ratios.

Hydrodynamic Characteristics
Aspect Ratio

0.507 0.640 0.766 0.895

Critical AOA 40◦ 40◦ 40◦ 35◦

CL at critical AOA 1.098 1.172 1.263 1.200
CD at critical AOA 1.090 1.260 1.257 1.322
K at critical AOA 1.008 0.931 1.005 0.859

KMAX 2.005 1.797 2.132 2.210
AOA at KMAX 10◦~15◦ 15◦ 15◦ 10◦

CL at 30◦ AOA 0.904 0.983 1.033 1.094
CD at 30◦ AOA 0.635 0.795 0.731 0.895
K at 30◦ AOA 1.424 1.236 1.413 1.223

4. Discussion

The test results show that with the increase in aspect ratio, the maximum CL of
the symmetrical elliptic otter board firstly increases and then decreases. The prototype
otter board has a maximum lift coefficient when the AOA was at 40◦. Recalling the
previous research [7], this phenomenon is different from the influence of aspect ratio on
the hydrodynamic performance of a rectangular V-shaped otter board. Considering the
actual operation of the symmetrical elliptic otter board, this paper suggests that the aspect
ratio of the elliptic otter board is set to 0.766, which can not only improve the expansion
effect of the otter board (CL-MAX), but also improve the operation efficiency of otter boards
(KMAX) effectively.

In order to further study the influence of structure on the hydrodynamic performance
of the otter board, the hydrodynamic coefficient of the symmetrical elliptic otter board
(AR = 0.766) with that of other symmetrical otter boards (Figures 13–15). Compared with
other symmetrical otter boards, the hydrodynamic coefficient of the symmetrical elliptic
otter board is different. As shown in the figures, the lift coefficients of the otter boards
increases first and the decrease with the increase in the AOA, and the drag coefficients
increases with the increasing AOA. However, compared with the symmetrical elliptic otter
board (the CL reaches a maximum of 1.26 when AOA = 40◦, the K reaches a maximum
of 2.13 when AOA = 15◦), the maximum CL and K of the symmetrical rectangular otter
board [23] are 1.07 and 1.50 when the AOA is 40◦ and 10◦, respectively. The critical AOA
of a symmetrical vertical cambered V-shaped otter board [5] and symmetrical rectangular
cambered hollow otter board [17] is 30◦ and 25◦ with the maximum lift coefficients of
1.40 and 1.57, respectively. Although the maximum CL and K of this type of otter board are
slightly higher than those of traditional symmetrical rectangular otter board (CL-MAX = 1.07,
KMAX = 1.50) [23], they are significantly lower than those of a symmetrical vertical cambered
V-shaped otter board (CL-MAX = 1.40, KMAX = 2.92) and symmetrical rectangular cambered
hollow otter board (CL-MAX = 1.57, KMAX = 4.39), so this otter board can still be improved
further from the perspective of hydrodynamics. Yamasaki et al. [24] confirmed that the
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cambered structure can considerably improve the horizontal expansion of the otter board,
while the sea-trail test results of Sun et al. [25] showed that the slotting of the otter board
can effectively increase the expansion performance of the otter board and improve the
production of trawling operation. Therefore, in the future, it is of great necessity to
further optimize the camber, slotting (slotting ratio, slotting number) and other structural
parameters of the otter board to obtain the optimal structural parameters and improve the
hydrodynamic efficiency of the otter board.
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5. Conclusions

In this paper, the influence of aspect ratio on the hydrodynamic performance of a
symmetrical elliptic otter board is analyzed by the flume model test. According to the
analysis of test data, the main conclusions are drawn as follows:

1. When the Reynolds number is larger than 1.682 × 105, the symmetrical elliptic otter
board model is within the critical Reynolds number region, and its hydrodynamic
coefficient is consistent with the real otter board.

2. The maximum lift coefficient firstly increases and then decreases with the increasing
aspect ratio, while the drag coefficient and the lift-to-drag ratio fluctuate.

3. The volume of the wing-tip vortex reaches the maximum when the aspect ratio is
0.766, and then it begins to decrease and the lift coefficient decreases when the aspect
ratio is larger than 0.766.

4. When the aspect ratio is 0.766, the symmetrical elliptic otter board has the best
hydrodynamic performance, and its maximum lift coefficient and lift-to-drag ratio are
1.05 and 1.14 fold that of the prototype otter board, respectively.
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