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The Antarctic krill (Euphausia superba) is one of the most abundant resources in the ocean, which provides food for several important species in the Antarctic Ocean, and is targeted commercially by humans for many decades. To sustainably manage and harvest the species, energy-efficient, catch-efficient, and selective fishing gears should be developed for the Antarctic krill trawl fishery. This study investigates the effect of twine area and the liner length on the engineering performance of trawl through flume tank testing of trawl model to predict the performance of the full-scale midwater trawl used in the Antarctic krill fishery. Four 1/35th scale trawl model nets with varying lengths of the liner, based on the traditional trawl used in the Antarctic krill fishery, were designed using modified Tauti’s law and were tested in a flume tank at different towing speed, door spread, heavy bob weight, and the ratio of buoyancy to the fishing line (F/G). The results showed that the reduction in liner length by 25 and 50% from the traditional trawl net led to the decrease in twine area by 11.01 and 19.31% and, consequently, resulted in reductions in the lower bridle tension by 12.44 and 19.78%, and increases in energy efficiency by 17.98 and 25.73%, respectively. In addition, the reduction in liner length by 25 and 50% were found to increase the net mouth opening by 2.63 and 5.38% and the swept area by 6.52 and 8.38%, respectively, both of which are proportional to catch rates. Although the trawl net with 50% liner length is more energy-efficient and large mouth opening than those of the trawl net with the liner length over 75% of the trawl body, the large mesh section without a liner can result in the escape of the krill from the trawl, reducing overall catch efficiency. We, therefore, recommend the trawl with 75% of liner length as a suitable design for Antarctic krill considering energy efficiency and catch efficiency.
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INTRODUCTION

The Antarctic krill (Euphausia superba) is a fundamental component of the complex ecosystem of the Antarctic Ocean (Punchihewa and Krishnarajah, 2013; Bairstow et al., 2021). In fact, it is a mesopelagic species and is a primary prey for several natural predator groups such as bony fishes, penguins, cephalopods, seals, and whales in the Antarctic marine food web (Krafft and Krag, 2015). Additionally, krill is a target species in commercial fisheries for aquaculture feeds and for a growing demand for nutraceuticals, which is believed to prevent certain diseases and strengthen the immune system (Juáres et al., 2018, 2021; Kawaguchi and Nicol, 2020). The Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR) has set precautionary catch limits and catch quotas for the sustainable exploitation of Antarctic krill in order to ensure ecosystem equilibrium, the sustainability of krill fisheries, and to balance the competing interests of Antarctic krill (Wan et al., 2019; Bairstow et al., 2021). Furthermore, the Antarctic krill fisheries also face too many issues such as gear selectivity, energy efficiency, catchability, and ecological sustainability (Wan et al., 2019; Thierry et al., 2022).

The Antarctic krill fisheries have been traditionally conducted using large pelagic trawls, which are towed behind a boat about ten times a day with a catch rate of about 10 tons per tow (Zhou and Feng, 2011; Nicol and Foster, 2016; Feng et al., 2017). The large pelagic trawls used in the Antarctic krill fisheries differ in design and mesh configuration. Some trawls have small meshes throughout the trawl, while others have large meshes in the mouth area with a successive reduction in mesh size toward a small mesh codend (Krafft and Krag, 2015; Herrmann et al., 2018). Pshenikov reported that during the 1970s when the Soviets trawled for krill, only 10–20% of the krill that entered the trawl opening were retained in the codend (Pshenichnov, 2009). Consequently, the small mesh liners were introduced in both the main body and the codend of large pelagic trawls to reduce the probability of krill escaping through the meshes and increase the retention rate. In fact, the small mesh liners are now widely used in krill trawls and cover various proportions of the trawl body length from 0% (without liner) to 100% (covering the entire trawl body) (Xu et al., 2015; Li et al., 2017). These liners are designed as a series of overlapping cones, resulting in a wave motion that gently ripples with the water flow and prevents small organisms from meshing (Engås et al., 2013; Underwood et al., 2016; Zhou et al., 2016). Although the introduction of the small mesh size liner trawl resulted in great increases in the catch, it was observed to move in a wave motion toward the codend, resulting in higher hydrodynamic drag of the trawl system, reduced spread and mouth opening, and lower size selectivity (Engås et al., 2013, 2014; Xu et al., 2015).

The dynamic behavior of trawl nets has been studied for decades using theoretical, experimental, and numerical simulation methods to reduce fuel consumption through the reduction in the net drag (Hu et al., 1995; Feng et al., 2017; Lee et al., 2018; Wan et al., 2019; Thierry et al., 2020a). Testing physical models in a flume tank is now considered the de facto standard for evaluating new trawl designs and plays an important role in the modern gear development process (Winger et al., 2006). Broadhurst et al. (2015, 2017), through model experiments in the flume tank, found that mesh and knot orientations on the trawl body have a significant influence on the prawn trawl resistance and the net mouth opening. Balash et al. (2015) demonstrated from flume tank experiments that mesh orientation (“diamond” vs. “square”) did not have much implications on the drag for a prawn trawl. Xu et al. (2015) analyzed and compared the hydrodynamic performance of two small-mesh Antarctic krill trawls of Japanese and Korean designs using flume tank model testing. Underwood et al. (2016) investigated the performance of the small mesh liners as well as options to improve the taper of the trawl and found that the tapering and circumference of the forward part of the liners affected the amount of movement of the liners. Feng et al. (2017) analyzed the hydrodynamic performance of six designs of existing Antarctic krill trawls from Norway, Japan, and Korea and developed a new four-panel Antarctic krill trawl. Wan et al. (2019) designed and analyzed the hydrodynamic performances of a large Antarctic krill trawl (midwater trawl) by numerical simulation and physical model tests and found that the trawl with a large mouth circumference had better hydrodynamic performance and would match with fishing vessels of the class for the efficient production of Antarctic krill. Recently, Thierry et al. (2021a) investigated the hydrodynamic performance of a scaled trawl model using numerical simulations based on the fluid-structure interaction (FSI) method in two-way coupling and the flume tank test based on modified Tauti’s law. They found that the numerical results were in good agreement with the flume tank experimental data, and both numerical and experimental results indicated decreases in the drag force with increases in mesh size using Dyneema multifilament twine and decreases in twine diameter using nylon monofilament.

Although the effect of different parameters on the performance of the trawl has been widely studied, the question remains on the effect of liner length on trawl geometry and hydrodynamic forces of an Antarctic trawl krill and optimization of design parameters of the liner to improve engineering and catch the performance of an Antarctic krill trawl. We, therefore, designed four 1/35th scale trawl models with different liner lengths from the traditional trawl commonly used in the Antarctic krill trawl fisheries and tested them in a flume tank under different towing speed, door spread, heavy bob weight, and the ratio of buoyancy to the fishing line (F/G). The aim of this study is to examine the effect of the liner length and twine area on the hydrodynamic forces and geometrical shapes of the Antarctic krill trawl and to optimize the design of the midwater trawl. The findings are expected to contribute to the improvement in the energy efficiency, the spread performance (catch efficiency), and the size selectivity of the krill trawl.



MATERIALS AND METHODS


Trawl Design and Engineering Model Specifications

A four-panel midwater trawl that is commonly used in the Antarctic fisheries by Chinese fishing vessels was selected as the trawl design for this study (Figure 1). The circumference of the trawl net at the mouth was 300 m, the trawl length was 132.8 m, the headline length was 55.38 m, and the fishing line length was 54.88 m. The trawl was constructed from 0.006 and 0.004 m diameter polyethylene (PE) twine varying in mesh size from 0.4 m in the wing and the first body section to 0.2 m in second to seventh body sections, and 0.144 m in the remaining trawl body sections and the codend (Table 1). The liner was constructed using polyamide (PA) material, with a mesh size of 0.016 m and a twine diameter of 0.002 m. The vertical opening was ensured by floats distributed on the headline and providing a total buoyancy of 21,187.76 kg, and by the chains weighing 300 kg on the fishing line and two 300 kg weights attached to each wing end. Overall, four net models were constructed on 1/35th scale in length and 1/5th scale in mesh size and twine diameter based on the full-scale trawl described above. These four trawl models were built with various liner lengths but with the same mesh size, twine diameter, and twine material. However, to ensure the flexibility of the material, the trawl model was built with the Dyneema twine material, which has a small difference in specific density compared with the PE twine material, which is believed to have a very small impact on the test results.
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FIGURE 1. Schematic net plan of 300 m × 132.8 m (headline: 55.68 m) of Antarctic krill trawl (A) including 100% (B), 75% (C), and 50% (D) liners.



TABLE 1. Characteristics of the full-scale Antarctic krill trawl net.
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The difference between the four trawl models was based on the coverage of the liner, which was based on the straight length of the trawl body. When the liner was attached to the second section of the trawl body, the trawl model was called “Trawl with 100% liner”; when it was attached at the fourth section, the trawl model was called “Trawl with 75% liner”; when it was attached at the seventh section, the trawl model was called “Trawl with 50% liner”; and the unlined trawl net was called “Trawl without liner.”

Twine area S was calculated using the following equation:
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where d is twine diameter; l is the bar length; and N is the number of mesh in the trawl. The resulting twine areas of the model trawl and liner are shown in Table 2.


TABLE 2. Total number of mesh and twine area for trawl net and liner in full scale.

[image: Table 2]


Experimental Process in the Flume Tank

A linear scale of 1/35 was selected as the best balance between the limitations of the test facility (i.e., flume tank size), objectives of the test program, and the ability to extrapolate model results to full-scale performance (Winger et al., 2006). The scale model was built in such a way as to approach the geometric, kinematic, dynamic, and force law of full-scale trawls. Thereby, the scaling model was based on the modified Tauti’s law developed by Hu et al. (2001). Furthermore, the linear scale factor used is defined as the quantity in the full-scale trawl divided by the corresponding quantity in the model (Thierry et al., 2020b). The fundamental modeling rules can be summarized as follows, where F and M are the full-scale and model, respectively:
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where L, a, d, F, ρs ρ, and V are the total stretched length, mesh size, twine diameter, force, material density, water density, and towing speed, respectively, and n represents the exponent of the function Cd = kRe−n referring to the study of Hu et al. (2001). In this function, Cd is the drag coefficient, k is a function due to the mesh solidity ratio, and Re is the Reynolds number. In this study, n is assumed to be 0.15 for a midwater trawl net according to Hu et al. (2001). The density of water in the flume tank and that in full-scale were 999.8 kg/m3. The twine material densities were assumed to be 900, 970, and 1,150 kg/m3 for the PE, Dyneema, and PA, respectively.

Flume tank experiments were carried out in the flume tank at the Tokyo University of Marine Sciences and Technology (TUMSAT). The dimension of the test section of the tank was 9.0 m in length, 2.2 m in width, and 1.6 m in depth containing ∼150 tons of fresh water. The flow was circulated with four contra-rotating impellers via constant-speed hydraulic delivery pumps with a diameter of 1.6 m. The flow speed varied from 0.1 to 2.0 m/s, the acceleration varied from 0.01 to 0.05 m/s2, and the reciprocating oscillation flow of velocity amplitude was ± 0.5 m/s (Hu et al., 2004). The side and bottom viewing window of the flume tank allows users to observe the behavior of the trawl net during experiments and record video. The experiments were carried out in the flume tank by directly connecting the bridles of the trawl to two bars connected to the masts of the flume tank (tension meters) (Figure 2). The trawl model connection point contains a load cell so that the frame-line tension at all connection points can be measured for each case. This load cell was A3064 manufactured by Electronic Industrial Co., Ltd., with a maximum capacity of 10 kg. The measurements were carried out at seven different towing speeds, five different door spreads, three different heavy bob weights, and at four ratios of buoyancy to the fishing line (F/G) (Table 3). During the measurements, the flow velocity was measured using a propeller tachometer located at 1.2 m in front of the trawl mouth. As shown in Figure 3, the model trawl located at the middle of the flume tank was free to move in the water flow.
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FIGURE 2. Schematic diagram of experimental setup and apparatus for midwater trawl testing.



TABLE 3. The range of variables for model net test.
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FIGURE 3. Side views of the midwater trawl net in the flume tank.


To obtain the data on the geometrical shape of the model nets, cameras were positioned at the side and bottom of the flume tank, respectively. Thus, the estimated engineering performance of the model nets (e.g., wing-end spread, net mouth opening, bridle tension, and codend opening) for each experimental combination of treatments were measured and recorded using the existing optical and data acquisition systems within the flume tank.



Data Processing and Analysis

The geometrical shape of each trawl net was obtained using a series of images selected from the recorded video footages using digitizing software (GetData graph digitizer) to extract the coordinates of characteristic points of the model trawl based on a plane-coordinate system. After the extraction of the different point coordinates, Matlab software was used to represent the different shapes of the four trawls.

The estimation of the in-pull force (Fin–p), in order to predict the size of the trawl door for each trawl, was obtained by the following equation (Thierry et al., 2020a):
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where T is the bridle tension, θ is the bridle angle, the bridle length is equal to 1.8 m in the model test, and Ws is the wing-end spread measured during the experiments for each towing speed and each door spread.

Energy efficiency is an important element that can be used to evaluate the engineering performance of the trawl net. The coefficient of energy consumption (Cenf) represents the energy consumed by the midwater trawl for unit volume of water filtered during the fishing operation and was calculated using the following formula (Xu, 2004):

[image: image]

where Fd is the drag force of the trawl net system, H is the vertical opening of the trawl mouth, and Ws is the wing-end spread. In this study, Fd is calculated using the following equation:

[image: image]

Analysis of covariance (ANCOVA) and generalized linear model (GLM) were used to analyze the data regarding the bridle tension, in-pull force, the coefficient of energy consumption, and trawl geometry obtained from each midwater trawl with different configurations to investigate the effects of liner length (twine area) on the predicted full-scale performance of krill trawl. All statistical procedures were performed using the IBM SPSS Statistics software.




RESULTS


Effect of Liner on the Hydrodynamic Performance

As the towing speed and door spread increase, the bridle tension gradually increases (Figures 4A,B). The bridle tension of the trawl with 100% liner had the greatest increase compared with those of other trawls for all towing speeds and door spreads. The mean bridle tension of this trawl is 26.16, 19.78, and 12.44% greater than those of trawl net without, with 50, and 75% liner, respectively, across all speeds and door spreads. Clearly, the trawls without, with 50, and 75% liner were designed to contain a small amount of twine in the main body compared with the trawl net with 100% liner and those used in the Antarctic krill fisheries. Twine area of trawl net without liner is 11.01, 19.31, and 30.69% less than those of trawls with 50, 75, and 100% liner, respectively (Table 2). While the bridle tension of the trawl with 100% liner had greater fluctuations with an increasing ratio of buoyancy to fishing line weight (F/G) compared with that without liner, the bridle tension of both nets had less changes with the increase in heavy bob weight (Figures 4C,D). The mean variations in bridle tension were 74.84% between the low and high speeds, 11.01% between the low and high door spreads, 7.15% between the low and high F/G values, and 6.09% between the low and high heavy bob weights for all the four trawls and their differences are statistically significant (p < 0.05). In general, F/G and the heavy bob weights have less influences on the bridle tension, while the towing speed and the door spread have greater influences on the bridle tension.
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FIGURE 4. Bridle tension of the different trawls about the (A) towing speed, (B) door spread, (C) ratio of buoyancy to F/G, and (D) heavy bob weight: current data estimated with 95% confidence intervals from the statistical analysis.


Figures 5A,B show that the in-pull force of the four trawls increases as the towing speed and door spread increase (p < 0.05). Increases in liner length and twine area lead to an increase in the in-pull force; the trawl with 100% liner was 26.66, 21.22, and 12.20% greater in the in-pull force than those of trawl net without liner, with 50% liner, and with 75% liner, respectively (p < 0.05). The value of in-pull forces is directly related to the size (surface area) of otter boards. Therefore, trawls without the liner and with 50% liner would require similar size otter boards that are about three-quarters of the size of those required for the trawl with 100% liner. The size of otter boards required for the trawl with 75% liner would be the seventh eighth of those required by the trawl with 100% liner.
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FIGURE 5. The in-pull force of the different trawls about the (A) towing speed, (B) door spread, (C) ratio of buoyancy to fishing line weight (F/G), and (D) heavy bob weight: current data estimated with 95% confidence intervals from the statistical analysis.


The in-pull force of both the trawl without the liner and the trawl with 100% liner decreased gradually with the increase in F/G (Figure 5C) but almost no change with the increase in heavy bob weight (Figure 5D).

The coefficient of the energy consumption increased as the towing speed increased for all trawls tested (Figure 6A) but decreased slightly as the door spread increased for all trawls except for the trawl without liner (Figure 6B). The difference in coefficient of energy consumption is 16.56% between trawls without the liner and that with 50% liner, 9.45% between trawls with 50 and 75% liner, and 17.98% between trawls with 75 and 100% liner (p < 0.05). The results indicate that using the trawl with 50 and 75% liner would reduce the fuel consumption by about 25.73 and 17.98%, respectively, compared with the traditional trawl (the trawl with 100% liner) as used in the Antarctic krill fisheries (p < 0.05).


[image: image]

FIGURE 6. Coefficient of energy consumption of the different trawls about the (A) towing speed, (B) door spread, (C) ratio of buoyancy to F/G, and (D) heavy bob weight: current data estimated with 95% confidence intervals from the statistical analysis.


In addition, the coefficient of the energy consumption slightly increases as the ratio of buoyancy to F/G increases for the trawl without liner, while one of the trawls with 100% liner decreases as F/G > 4.2 and F/G > 5.7, then increases as 4.2 < F/G < 5.7. Moreover, the coefficient of the energy consumption for the trawl without liner decreases as the heavy bob weight increases, while the one of the trawls with 100% liner has the smaller changes with the increase in heavy bob weight (Figures 6C,D).



Effect of Liner on the Trawl Opening

The horizontal opening of the net mouth increased with the increase in towing speed, door spread, and the ratio of buoyancy to F/G, but it decreased with the increase in heavy bob weight for all four trawls (Figure 7). The variations in the horizontal mouth opening of all trawls were less than 7.34, 11.45, 3.27, and 7.91% between different towing speeds, door spreads, F/G, and heavy bob weight, respectively (p < 0.05). The mean horizontal mouth opening of trawl with 100% liner was 3.72, 1.18, and 4.92% lower than that of trawls without liner, with 50% liner, and 75% liner, respectively (p < 0.05). The towing speed and the door spread explained 97% of the variation in the horizontal opening of the net mouth.
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FIGURE 7. The horizontal diameter of the elliptical trawl net mouth shape of different trawls about the (A) towing speed, (B) door spread, (C) ratio of buoyancy to F/G, and (D) heavy bob weight: current data estimated with 95% confidence intervals from the statistical analysis.


As shown in Figure 8, the vertical opening of the net mouth decreased with the increase in towing speed, door spread, and F/G but increased with the increase in heavy bob weight. The variations in vertical mouth opening of all trawls were less than 12.11, 5.85, 4.95, and 6.15% between different towing speeds, door spreads, F/G, and heavy bob weight, respectively (p < 0.05). The vertical mouth opening of the trawl with 100% liner was 9.33, 5.38, and 2.63% lower than that of the trawls without liner, with 50% liner, and with 75% liner, respectively (p < 0.05).
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FIGURE 8. The vertical diameter of the elliptical trawl net mouth shape of different trawls about the (A) towing speed, (B) door spread, (C) ratio of buoyancy to F/G, and (D) heavy bob weight: current data estimated with 95% confidence intervals from the statistical analysis.


The wing-end spread was strongly affected by towing speed and door spread, and the ratio of buoyancy to F/G (Figure 9). The wing-end spread of all trawls increased with the increases in towing speed, door spread, and the ratio of buoyancy to F/G but remained unchanged with the changes in heavy bob weight (Figure 9D). On average, trawl without liner had a higher wing-end spread, which was 5.72, 4.74, and 8.28% greater than those of trawls with 50, 75, and 100% liner, respectively (p < 0.05).
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FIGURE 9. The wing-end spread of different trawls about the (A) towing speed, (B) door spread, (C) ratio of buoyancy to F/G, and (D) heavy bob weight: current data estimated with 95% confidence intervals from the statistical analysis.




Effect of Liner on the Mouth Net Area and Swept Area

The net mouth area, which is determined by the vertical mouth opening and horizontal mouth opening, decreased as the towing speed and the ratio of buoyancy to F/G increased but increased with the increasing door spread and heavy bob weight for all the four trawls (Figure 10). Decreases in liner length led to increases in the net mouth area. The maximum net mouth area was obtained by the trawl without liner, which was 4.52, 8.04, and 11.84% greater than those of trawls with 50, 75, and 100% liner, respectively (p < 0.05). Towing speed, door spread, F/G, heavy bob weight, and net mouth opening explained 99.97% of the variation in the net mouth area (p < 0.05).
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FIGURE 10. The mouth net area of different trawls about the (A) towing speed, (B) door spread, (C) ratio of buoyancy to F/G, and (D) heavy bob weight: current data estimated with 95% confidence intervals from the statistical analysis.


The swept area can best reflect the spread performance of the trawl, which is determined by headline height (vertical opening of the net mouth) and wing-end spread. Figure 11 shows that the swept area of the midwater trawl decreased with the towing speed and heavy bob weight but increased with door spread and F/G. On average, the swept area of trawl with 100% liner is 16.76, 8.38, and 6.52% lower than that of trawl without liner, with 50% liner, and with 75% liner, respectively (p < 0.05). The statistical analysis indicates that the variation in the swept area of all trawls ranges from 0.74 to 9.44% between different towing speeds, 0.7 to 5.61% between different door spreads, 0.41 to 3.27% between different F/G values, and from 0.57 to 8.65% between different heavy bob weights (p < 0.05).
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FIGURE 11. The swept area of different trawls about the (A) towing speed, (B) door spread, (C) ratio of buoyancy to F/G, and (D) heavy bob weight: current data estimated with 95% confidence intervals from the statistical analysis.





DISCUSSION

Changes in the liner trawl length (and resulting changes in the trawl twine area), door spread, heavy bob weight, and F/G may be some of the solutions to improve the engineering performance of midwater trawl with lower energy consumption, higher catch efficiency, and better size selectivity. Catch efficiency for krill is directly related to trawl mouth opening and sweep area, which allow for trawl to sieve a large volume of water. The length of the liner directly relates to the escape of krill through the meshes of the trawl, thus affecting size selectivity and catch retention. This study demonstrates that model tests in the flume tank can be used to predict the full-scale engineering performance of Antarctic krill trawl at the sea, despite the fact that under real fishing conditions, the performance of trawl would likely have greater uncertainties due to variations in oceanographic conditions (Nguyen et al., 2015; Thierry et al., 2021b).

New trawl designs with reduced lengths in the liner exhibited a lower bridle tension (drag) compared with the midwater trawls commonly used in the Antarctic krill fisheries (trawl with 100% liner). The critical factor that effectively reduced the bridle tension (drag) of the trawls with shortened liner was a reduction in the twine area. The trawls without liner, with 50% liner, and 75% liner contained less twine, and thus lower drag, compared with the traditional trawl (trawl with 100% liner) used in the Chinese krill fisheries. The findings of this study confirmed the trend followed by Wileman and Hansen (1988), Balash et al. (2015), Sterling and Balash (2017), Lee et al. (2018), and Thierry et al. (2020a,2021a,c), who modified the twine diameter, mesh size, and mesh orientation on the trawl body to reduce the twine area and trawl drag. This study combined the impact of liner length, towing speed, door spread, heavy bob weight, and F/G on the hydrodynamic performance of the krill trawl net. The modifications to the krill trawl net in this study reduced the twine area and drag force by 8.6 to 24.49% than that obtained by Xu et al. (2015) and Feng et al. (2017), who modified the total length of trawl and the net mouth circumference to improve the engineering performance of Antarctic krill trawls.

Lower bridle tensions for all trawl models can be achieved at lower towing speed and door spread, and higher heavy bob weight and the ratio of buoyancy to F/G, following similar trends obtained by Feng et al. (2012, 2017), Nguyen et al. (2015), and Li et al. (2017). These findings are very interesting for the Antarctic krill fisheries and have resulted in a recommendation to towing krill trawls at lower towing speed from 2.0 to 2.5 knot, as Antarctic krill have weak swimming ability (Juáres et al., 2018). This will reduce trawl drag by about 23.34 to 42.5% compared with those towed at higher speeds (3.0–3.5 knot) for the four trawls (Figure 4). However, although the bridle tension increases as the door spread increases for all trawl models tested, the higher door spread (higher horizontal opening of trawl net) increases sweep area, thus higher catch rates. Since the differences in bridle tension between the different door spreads are less than 11.5%, it is beneficial for the vessel to use the maximum door spread, heavy bob weight, and F/G to allow the midwater trawl net to have a very good performance during the trawling.

Reductions in the in-pull force allow the use of the small-size otter boards, which would lead to the reduction in the drag of the trawl system (Balash et al., 2015; Wan et al., 2019). This study demonstrated that the reduction in liner length and twine area of the trawl nets can lead to the reduction in the in-pull force, thus the size of the otter board of about one-eighth to one-quarter compared with the size of otter boards commonly used for the midwater trawl in the Antarctic krill fisheries (Figure 5). This trend was confirmed by Thierry et al. (2020a) who showed that reducing twine diameter and increasing mesh size led to a reduction in twine area, which systematically reduce the in-pull force. However, the results obtained in this study were different from those obtained by Balash et al. (2015) who showed that increasing the twine area resulted in a decrease in the in-pull force. The reason for this difference was the fact that Balash et al. (2015) used square mesh netting on a modified prawn trawl, which is known to produce low drag because it is less affected by the turbulent flow unlike the diamond mesh (Druault and Germain, 2016). In addition, the smaller in-pull force for all trawls at the required towing speed was found at the lower door spread. However, changes in the heavy bob weight and F/G would not impact the size of otter boards for the Antarctic krill trawl. The size of otter boards is smaller under these conditions than other conditions, and it will be better to choose the door spread from 59.55 to 64.75 m according to Zhou et al. (2016).

Concerning the coefficient of energy consumption, the trawl net designed without liner, with 50% liner, and with 75% liner exhibited a lower energy consumption coefficient than the trawl with 100% liner. In fact, our results showed that the decreases in twine area gradually increased energy efficiency of the trawl net by 17.98 to 38.03% on average using the trawl with 50% liner and with 75% liner (Figure 6). The tendency of the energy consumption coefficient to increase with the twine area has been recognized by Xu et al. (2015), Feng et al. (2017) and Li et al. (2017). However, we do not recommend a trawl without a liner because it would not likely retain any Antarctic krill due to their small sizes (less than 50 mm) (Juáres et al., 2021).

Our results demonstrated that decreases in the liner length would increase trawl net opening. This is because unlined large mesh sections on the mouth area would increase the trawl mouth opening as demonstrated by Sendłak (1998) and Sala et al. (2008). The tested trawls without liner, with 50% liner, with 75% liner, and 100% liner had a vertical opening of 31.5–34 m, 29.5–32.5 m, 28.9–31.5 m, and 27.6–30.8 m, respectively, at the towing speed required for krill trawling; all meeting the required vertical opening during trawling (between 20 and 30 m). It was observed that the vertical and horizontal openings obtained in the study were much greater than those previously obtained by Feng et al. (2017) and Wan et al. (2019) because they focused their studies on the increase in the mouth circumference through the size of the trawl and the towing speed. This study combined many factors to achieve optimal mouth opening to solve the problem of catch efficiency, which is still encountered in the Antarctic krill fisheries (Feng et al., 2012; Xu et al., 2015).

Our results and those previously obtained by Fiorentini et al. (2004), Nguyen et al. (2015), Xu et al. (2015), Feng et al. (2017), and Thierry et al. (2020a,b) demonstrated that the wing-end spread depends on the factors such as towing speed and door spread. Thus, it was found that the door spread and the towing speed explained about 97% of the variation in the wing-end spread, the remaining 3% can only be explained by the liner design, heavy bob weight, and F/G. As the trawls with 50 and 75% liner exhibited a higher wing-end spread than that of the trawl with 100% liner, we, therefore, conclude that reducing the liner length and using a greater door spread will be beneficial for increasing the horizontal opening of the trawl, thus increasing catch rates.

Regarding the trawl swept area, this study and Wileman and Hansen (1988), Sala et al. (2008), Xu et al. (2015), and Li et al. (2017) demonstrated that the trawl mouth opening with the towing speed, door spread, heavy bob weight, and F/G greatly affected the midwater trawl swept area. Thus, the more the liner length decrease, the more the mesh size on the trawl body increases and the more the mouth area and sweep area increase. Notably, the swept area has a great interest in the effectiveness of the trawl in targeting large krill schools, thus improving the trawl catchability. It can be demonstrated by the fact that the trawls with 50 and 75% liner, which can be used in the Antarctic krill fisheries have a swept area of approximately 8% greater than that of the traditional trawl that is currently used by the Antarctic krill fishery (trawl with 100% liner).

Results from this study can also be used to improve the size selectivity of the midwater trawl used in the Antarctic krill fisheries. In fact, according to Bouhoubeiny et al. (2011), Bouhoubeiny (2012), Druault et al. (2012), and Thierry et al. (2021c), the large mesh size on the trawl body without liner would facilitate the flow passage through the trawl, which will increase the probability of escape by juvenile krill and improve the size selectivity of the trawl. Krag et al. (2014) showed that the length of the mature Antarctic krill varies between 37 and 50 mm and can be caught at 32 by 16 mm mesh size such as the mesh size of the liner used in this study. However, for the trawl with 50% liner, more than half of the trawl body is constituted by the large mesh (400 mm) without a liner, which will facilitate the escape of krill that contact the mesh. Consequently, while the reduction in liner length by 50% leads to the reduction in the twine area, which leads to the optimal trawl design with regard to hydrodynamic efficiency and geometry (less drag and higher sweep area), the catching efficiency will be likely lower compared with the traditional trawl due to high escape rates. Therefore, we recommend the trawl with 75% liner as the design of this trawl will increase energy efficiency by about 12.44% and catch rates by about 6.52% compared with the trawl with 100% liner. Although its performance is lower than that of a trawl with a 50% liner, its catch efficiency will be greater than that of other trawls.



CONCLUSION

This study was carried out to evaluate the impact of liner length through model tests in a flume tank to predict the full-scale engineering performance of the midwater trawl net. Four 1/35th scale trawl models were designed and tested in the flume tank using seven towing speeds, five door spreads, three heavy bob weights, and four ratios F/G. The geometrical shape of each trawl was obtained using a series of images selected from the recorded video footage. These images were used to extract the coordinates of characteristic points of the model trawl. Below are the main conclusions:


(1)The reduction in the twine area led to a decrease in bridle tension of about 26.16, 19.78, and 12.44% by using the trawl without liner, with 50, and 75% liner, respectively.

(2)The reduction in the liner length led to an increase in net mouth opening by 9.33, 5.38, and 2.63% by using the trawl without, 50, and 75% liner.

(3)The trawls with 50 and 75% liners have very good performance in terms of hydrodynamic drag and mouth opening. But considering a reduction in catch efficiency due to excessive escape of krill for the trawl with 50% liner, we recommend the trawl with 75% liner as the optimal design.

(4)Further work is required to investigate the catch performance of the optimal design trawl through sea trials and to analyze the effect of the liner on the turbulent flow to further understand the undelaying factors influencing the selectivity of this fishing gear.
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