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Introduction: This study focused on a Chinese Antarctic krill vessel utilising
continuous pumping fishing technology. The resistance characteristics of
Antarctic krill ships trawling in floating ice areas is of great significance for the
navigation and fishing of krill ships in ice areas.

Methods: Firstly, MATLAB programming using discrete elements combined with
genetic algorithms was used to construct a normal distribution ice flow model.
Secondly, a fluid-structure coupling interface is created through the contact
between the fluid and the trawl grid, and the displacement and resistance of the
trawl grid are evaluated on the shared interface. Finally, the effects of ice density
and ship sailing speed on ice resistance were studied.

Results and discussion: The results of the calculations results show that ice
resistance is positively related to the concentration and speed of floating ice,
moreover, there is a special speed point where ice resistance increases rapidly. As
the speed increases, the proportion of trawl resistance to the total resistance
continues to increase, while the proportion of ice resistance continues to
decrease. This paper provides a reference for the navigation and fishing
resistance assessment of Antarctic krill ships in floating ice areas.
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1 Introduction

The Antarctic krill, scientifically known as Euphausia superba, is a keystone species in
the Southern Ocean ecosystem. It is also regarded as the largest single catchable biological
resource in oceans worldwide (Rod et al., 2022). The distribution of Antarctic krill follows a
circum-Antarctic distribution pattern, usually located in waters south of 50°S. These
include the waters off the Antarctic Peninsula, the Antarctic continental shelf edge and the
Southeast Antarctic Ocean. Popular areas currently being exploited include Vilkes Bay (68°
S, 78°W), Bourbosse Strait (63°S, 57°W), the Ross Sea (160° to 180°W, 70° to 78°S), and the
Amundsen Sea (90° to 150°W, 65° to 75°S). Figure 1 illustrates the extent of krill
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FIGURE 1
Extent of Antarctic waters and distribution of krill
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distribution in Antarctic waters, with the yellow areas showing the
areas where CCAMLR catch limits apply (Yang et al., 2020). The
density of ice flow distribution varies seasonally and latitudinally,
and the sea area covered in this study ranges from 60° to 80°S.

The Antarctic krill contains a high concentration of endogenous
hydrolase, which is readily autolytic, thereby resulting in a rapid
decline in its freshness with time. Consequently, there is a high
demand placed on vessels and equipment for Antarctic krill fishing
(Patricio et al., 2016). Professional fishing and processing vessels
with advanced technology serve as a powerful and necessary tool for
Antarctic krill fisheries (Wang et al., 2021). These vessels operate in
the Antarctic Sea area and frequently interact with ice flows while
sailing or operating. This interaction between the vessels and ice
flows is a complex process, which is more dangerous in Antarctic
waters (Huang et al., 2016).

The primary distinction between Antarctic waters and other
waters is the prevalence of drift ice. As a consequence of global
warming, ice flow fields are anticipated to become the most
prevalent environment for polar transport (Thomson et al., 2018;
Chen et al,, 2021; Sun et al,, 2022). Consequently, a number of
experiments have been conducted to examine the capability of
fishing vessels to navigate through ice (Kim et al., 2014, Kim et al,,
2019; Cai et al., 2022; Xie et al., 2023). The results of these
experiments indicate that ice flows may have a substantial effect
on such vessels, which emphasises the importance of predicting ice
resistance. Consequently, during the vessel design phase, it is of
paramount importance to accurately assess the ice-going capability
of the vessel. Shipyards must determine the most effective and
economical propulsion capacity and hull shape (Zhong et al., 2023).

Only a few studies have investigated the resistance of ships
sailing in broken ice through experimental methods (Kim et al,
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2013; Guo et al., 2018a; Huang et al., 2022). Given the considerable
time and cost requirements associated with experimental testing,
empirical formulas can serve as a supplement to model tests for
estimating the ice resistance of ships during the early design stage. A
plethora of empirical formulas have been developed to calculate ice
resistance under various ice conditions (Lewis et al., 1982; Erceg and
Ehlers, 2017; Koto and Afrizal, 2017). However, these semiempirical
models have been specifically designed for particular types of ships
or even specific ice conditions, which potentially leads to estimation
errors when formulas are used inappropriately. Consequently, the
prediction of ship drag in the presence of diverse ice flows remains a
challenging task (Zong and Zhou, 2019).

In recent years, researchers have used numerical simulation
techniques to investigate the interaction between ice and
structures. For instance, Coetzee (2016) used a combination of
theoretical analysis and experimental techniques to establish the
discrete-element method (DEM) standards, select appropriate
parameters and evaluate the effect of particle shape. Jimenez-
Herrera et al (2018) used commercial DEM calculation software
to examine the fragmentation model of DEM particles under the
impact, analyze and compare three types of failure models, and
provide guidance for enhancing and optimizing the internal
failure model of DEM particles. Various numerical methods
have been used to simulate ice damage, including the finite-
element method (Guo et al., 2018b; Tan et al., 2013), the DEM
(Lau et al., 2011; Polojarvi and Tuhkuri, 2013), peridynamics
(Zhao, 2016; Lu, 2018), and smoothed particle hydrodynamics
(Gutfraind and Savage, 1998; Shen et al., 2000; Das, 2017).
Among these methods, the DEM has been used to model the
geometric and physical state of ice flows (which can clearly
demonstrate changes in stress, displacement, and velocity) and
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study the motion and ice load experienced by ships sailing in ice
flow areas (Lau et al., 2011; Dai et al., 2022).

The major difference between Antarctic krill vessels and general
vessels is that Antarctic krill trawls stretch out during fishing.
Currently, research on Antarctic krill trawls primarily focuses on
net shape (Zhu et al., 2023) and the effect of simulated catches on
nets (Cheng et al.,, 2022). Only a few studies have examined the ice
resistance of Antarctic krill vessels. In the present study, an
Antarctic krill ship with a length of 120m was used as the object
for the study. Given the characteristics of Antarctic krill ships
navigating and trawling through ice flow areas, the CFD-DEM
method is applied to simulate the navigation of the Antarctic krill
ship in an ice flow and the numerical simulation was conducted by
the commercial software STAR-CCM+ (Siemens Digital Industries
Software, Plano, TX, USA). The verification and validation of the
numerical method were conducted by results of the tank test first.
Then, the total resistance and drag characteristics of the Antarctic
krill ship while navigating through a floating-ice area were
evaluated (Guan et al,, 2022; Tang et al., 2022).

This study is concerned with the drag characteristics of a
Chinese Antarctic krill ship employing a continuous pumping
fishing technique in an ice flow area. The first half of section 2
describes the ship-ice interaction model and the fluid-solid coupling
model used in this study. The second half of the section details the
parameters of the Antarctic krill ship and trawl. Section 3’s first half
describes the ice drag calculation based on the STAR CCM+
software and a comparison with the model experiments. The
second half compares the effects of ice flow density and speed on
the ship’s navigational resistance. The information obtained is
analysed and discussed in Section 4. Finally, the conclusions of
this paper are drawn. This paper provides a reference for improving
the ship’s wave resistance and fishing ability.

2 Materials and methods
2.1 Basic equation

The CFD-DEM method was used to analyse the interaction
between ship and floating ice. In general, ice flows should constantly
satisfy Newton’s second law of motion (Norouzi et al, 2016;
Georgiev and Garbatov, 2021). The following are the equations of
motion under the actions of force and moment:

dVi
mig = > Fjj + Fy + Fpuia )
t 5

d
“lwo=ST. 2
dt i ; ij ( )

In Equations (1) and (2), v; is the speed of floating ice i, Fj; is the
noncontact force between floating ice i and floating ice j or other
pieces of floating ice, Fy is the weight of the floating ice, Fyyq is the
fluid force, I; is the rotational inertia of floating ice i, ®; is the
angular velocity of floating ice i, and Tj is the contact moment
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acting on floating ice i because of a contact force other than floating-
ice gravity.

2.2 Contact force

In STAR-CCMH+, a spring-damper system is used to calculate
the contact force. In this calculation, overlaps between the particles
and the wall are allowed, and an elastic force is generated by the
spring. The contact force between the particles is represented as
follows:

Feontact = Fn + Fy (3)

In Equation (3) F, is the normal force of contact between two
floating-ice particles and F, is the tangential force of contact
between these particles.

A linear spring-damper contact model is used as the contact
model in this study. The following equations express the normal
component F, and tangential component F, of the contact force

F contact

Fn = _kndn = NhhVn (4)

B —kdy = nve if]de] (|, |G 5)
C U kadalCe -, il 2 [d,C

In Equations (4) and (5) k is the modulus of elasticity; 1
represents damping, which is the energy consumed by the contact
between particles; d,, and d, are the overlap distances in the normal
and tangential directions, respectively; V,, and V, are the normal
and tangential components, respectively, of the relative velocity
between two contact particles; Cr is the friction coefficient, which is
set as 0.35 between ice particles and 0.05 between the hull and ice
particles (Han, 2021); k, is the normal spring stiffness; k, is the
tangential spring stiffness; 7, represents the normal damping; and
7, represents the tangential damping.

M = 2T’ndamp aneq (6)
ne = 2Arltclamp ktMeq (7)
1
Meq =1 1 (8)
oy T

In Equations (6) - (8), nndamp is the normal damping
coefficient, ntdamp is the tangential damping coefficient, M., is
the equivalent mass of floating-ice particles, and M, and My, are the
equivalent masses of floating-ice contact particles A and
B, respectively.

The contact force between solid ice particles and dry, rigid, and
unbreakable hulls is described by the Hertz—Mindlin contact model
as follows (Walton, 1987):

4

k, = = E.q1/R

37 eq 6max (9)
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ki = SGeq Req Ormax (10)
1
Ey=1o7—77 63))
E‘;A + EBB
1
Ry = T (12)
Ri TRy
Geq = ! 13
eq — 2(2 _ VA) (1+vy4) ( )

Eyr22-vp) R

In Equations (9) - (13) Opax is the maximum overlap distance;

Eeq

ratios of particles A and B, respectively; E, and Ep are Young’s

is the equivalent Young’s modulus; v4 and vy are Poisson’s

moduli of particles A and B, respectively; R., is the equivalent

eq
radius; Ry and Ry are the radii of particles A and B, respectively; and
Gegq is the equivalent shear modulus.

For collisions between particles and walls, the wall radius Ry
can be assumed to be oo, with the wall mass M, being oo.
Consequently, from the aforementioned formulas, the equivalent
radius Rq is equal to Ry, icle> and the equivalent mass M.q is equal

to Mpartic1e~

2.3 Governing equation of fluid mechanics

According to the continuity equation, the net mass flowing out
of a microelement per unit time is equal to the decrease in the mass
of the microelement during that time.

a9p

§+V-(pv):0 (14)

In Equation (14), V' is a Hamiltonian operator.

ai+8)+ak (15)
ox 0y 0z
p pw) Apv) dlpw) _ )

Jt  ox ay dz

The momentum Equations (15) and (16) indicate that the rate
of momentum change in the fluid microelement is equal to the rate
of change of momentum entering or leaving the surface of the
Control volume, plus the sum of various forces acting on the fluid

microelement.
9 (pu) ap L 9Ty | 9T au
L4V (puv) = —5E+ S 4 ks 4 of.
9 (pv) 0Ty | 0Ty arz
24V - (pvV) ———+ et ot g, +pfy (17)
F) 0Ty , 9%y , 07,
W 4 V. (pwV) = — 92 4 D Tt et pf,

In Equation (17), V
conservation equation in the x-direction, y-direction, and z-

= (u, v, w) represents the momentum

direction, respectively; f is the volume force acting on the
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microelement; 7 is the stress tensor; and p is the pressure acting
on the microelement.

2.4 Turbulence model

In this study, the standard k-e model was used as the turbulence
model. The transport equations for turbulent flow energy k and
dissipation rate € are expressed as follows:

d(px) o 9 U ok

T +axj(pqu)_axj[('u+0'k)axj]+ck+p8 (18)
9pe) | 3 gy = O s by o € g
9t +ax~(puj£)_axv [('u+0'5)8xv]+CISKGk+CZCPK (19)

In Equations (18) and (19) G = u( a”‘ + a”’ ) a“’ turbulence
viscosity equatlon, U = p

o 3
puiuj_'u(ax!_'— ij 3 51)

<. Reynolds Shear stress equation —

2.5 Boundary condition and
grid generation

This study focused on a Chinese Antarctic krill vessel
operating with continuous pumping fishing technology. Its
reference ship is Shenlan Antarctic krill ship, which is the first
self-developed Antarctic krill fishing ship in China. It was built by
Jiangsu Shenlan Ocean Fishery Co., LTD., a subsidiary of China
Shipbuilding Corporation, Huangpu Wenchong Shipping Co.,
LTD. 708 Institute participated in the design. The Deep Blue
Antarctic krill ship is a large ocean-going fishing boat with
advanced technology and complete functions, with strong
fishing and processing capacity, which provides strong support
for the development of China’s Antarctic krill resources. An
Antarctic krill ship’s hull and a middle trawl for Antarctic krill,
were used in the numerical simulation. The middle trawl had a
lower-class length S of 55.68 m, a horizontal spacing L of 30.62 m.
Table 1 presents the geometric dimensions of the ship model.
Figure 2 depict the geometric model of the main hull and
middle trawl.

In accordance with the pertinent literature (Lu, 2018), the
dimensions of the rectangular cuboid computational domain were
as follows: [-2.5LPP, 2.5LPP] in the longitudinal and transverse

TABLE 1 Main dimensions of the main hull.

Parameter Value

Length overall Los (m) 120.28
Length between perpendiculars LPP (m) 111.20
Breadth (m) 21.60
Depth (m) 15.40
design draught (m) 7.00

frontiersin.org


https://doi.org/10.3389/fmars.2024.1357331
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Xiong et al.

10.3389/fmars.2024.1357331

FIGURE 2
Geometric model of the Antarctic krill ship (A) and the middle trawl (B).

directions, and [-2LPP, LPP] in the vertical direction. The width
and length of the ice-crushing channel were 2LPP and
10LPP, respectively.

The boundary settings for the computational domain were set
as follows. A velocity inlet was located at 1.5 times the captain’s
position in front of the bow, with the velocity at the inlet being equal
to the VOF wave velocity. A pressure outlet was located at 2.5 times
the captain’s position behind the stern of the ship; the fluid static
pressure was the pressure field function, which indicated a fully
developed fluid flow. A symmetric plane was located on the left and
right sides of the computational domain. A velocity inlet was
located at the top of the computational domain. To simulate an
infinite water depth, another velocity inlet was located at the bottom
of the computational domain. The non-slip wall boundary
condition was applied to the surface of the ship.

According to the relevant literature, the grid size of the hull was
set to 0.058m. Grid refinement was applied at the boundary of the
computational domain and at the bow, stern, and waterline, where
the hull collided with sea ice. Figure 3 shows the model
grid distribution.

About Numerical analysis of the trawl net (Figure 4A), because
of the fluid structure interaction in the simulation, a fluid structure
interface was created through the contact between the fluid and the

mesh. To address the problem of fluid structure interaction, data
were exchanged between the fluid region and the solid region at a
shared interface, and the displacement and resistance of the mesh
were evaluated (see Figure 4B).

Given the Lagrangian definition of ice particles, physical models
that included cylindrical particles, DEM particles, solid particles,
and constant-concentration particles were required in the
simulation. The selected material of ice was floating ice in
Antarctica, and the corresponding ice condition was biennial ice
(Daley, 20005 TACS, 2016), with the ice thickness being 0.6 m.
Table 2 lists the numerical simulation parameters of a discrete-
element model of floating ice.

In this simulation, the pack ice unit was assumed to be
unbreakable. A numerical model of floating and broken ice was
established by DEM with the hull and floating-ice wall considered
to be rigid (Wang et al., 2022). Figure 5 shows an Antarctic krill ship
navigating through a polar ice channel. In accordance with relevant
statistics (Tuovinen, 1979), the area of the ice flows considerably
differed, and the ice flow distribution was excessively random. The
area of the ice flows obeyed a lognormal distribution function.

To achieve a completely random arrangement of ice particles,
we used the genetic algorithm in MATLAB to generate the center
and radius of an ice circle, and the data were then imported into

FIGURE 3
Finite element model of the krill ship and surrounding waters.
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FIGURE 4
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Displacement(j] (m)
-0.0282

0
.

Finite element model of the middle trawl, (A) mesh of the middle trawl; (B) displacement of the middle trawl.

STAR-CCM+. In brief, the boundary region and radius of a random
circle were defined. If the boundary area did not overlap with other
circles, it was retained. By contrast, if the boundary area overlapped
with other circles, it was excluded, and new center points were
created. These operations were repeated until the required ice flow
concentration was achieved. Figure 6 shows the arrangement of
floating ice, and Figure 7 depicts the distribution of the floating-ice
area, which is essentially identical to a lognormal distribution. To
facilitate the movement of the entire arrangement of floating ice
towards the ship, the velocity of each ice particle was adjusted to
match that of the water flow.

If the entire floating-ice field flowed past the initial position
where it was created, a new floating-ice field was created at the same
position. As shown in Figure 8, the ship repeatedly sailed in the ice
flow area within a limited computational domain, thus considerably
reducing the computational cost.

3 Results
3.1 Validation and verification

First, the time step and grid convergence analysis was
performed. Three different time steps and grids were selected
for analysis, and the unified refinement ratio of the grid was V2,
which was recommended by the ITTC committee. As shown in
Equations 20 and 21, the corresponding numerical solutions of the
triple grid were fine solution SG 1, medium solution SG 2 and
coarse solution SG 3, respectively, and the difference of numerical
solutions of the two sets of adjacent grids was calculated.approach:

€621 = Sc2 = Se1> €632 = Si3 — Saz (20)

The convergence factor RG is calculated according to equation
(10) to determine the convergence of the numerical solution: if

FIGURE 5
Antarctic krill ship navigating through a polar ice channel.
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FIGURE 6
Array of floating ice at a concentration of 60%.
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FIGURE 7
Distribution of the floating-ice area in the simulation.
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0<RG<1, the numerical solution converges monotonically; if RG<0,
the numerical solution converges; if RG> 1, the numerical solution
diverges.

R, = Se 1)
€632

The specific values of the time steps and grids and their
corresponding water resistance are shown in Tables 3 and 4.
Considering the accuracy of the simulation results and the
efficiency of the calculation, the time step 2 grid case 2 were
selected for calculation.

Figure 9 presents a comparison of the simulated water
resistance obtained in the present study with the pool test data
obtained from experimental trawl model tests conducted by
Zhipeng in the hydrodynamic circulating tank of Tokyo
University. Figure 10 illustrates the resistance test for the krill
ship model. Their scale-reduction ratios were 1:35 and 1:25,
respectively. Further details on these tests can be found in (Su,
2017). As illustrated in Figures 11 and 12, the experimental values
were generally larger than the simulation values, presumably due to
the constant velocity assumed in the simulation. However, in an
actual experimental environment, maintaining a constant velocity is
unfeasible, particularly in a drift-ice region. Therefore, to maintain a
constant velocity, the tractive force of the model ship should be
considerably larger than that assumed in the simulation. In the
present study, the maximum errors in water resistance for the main
hull and trawl were approximately 11.7%. Therefore, the simulation
results are in close agreement with the test results, which indicates
that the developed model ship was reliable in predicting resistance
and simulating the driving process in ice areas.

3.2 Numerical calculation results
and analysis

3.2.1 Analysis and comparison of ice resistance
Given the influence of floating ice speed and concentration on
ice resistance, simulations were conducted at five speeds: 5, 6, 7, 8,

R

x

FIGURE 8
Continuous generation of floating ice array.
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TABLE 2 Main parameters of a discrete-element model of floating ice.

Parameter value

Thickness (m) 0.6
Young’s modulus (Pa) 7.4x10°
Poisson’s ratio 0.3
floating ice radius (m) 4~10

TABLE 3 Convergence analysis for the ship hull.

Mesh Time Water
Style resistance
number (M) step (s)
(kN)
1 652 0.01 ‘ 35.78
2 408 0.02 ‘ 35.72
3 79 0.04 ‘ 34.52

TABLE 4 Convergence analysis for the middle trawl Style.

Style Iz UG re\s/:{sat;?\rce
number (M) step (s)
(kN)
1 2.7 0.01 ‘ 51.23
2 17 0.02 ‘ 51.03
3 03 0.04 ‘ 50.24

and 9kn. These simulations were conducted at ice flow
concentrations of 40%, 50%, and 60%. Figure 13 depict the ice
resistance under various operating conditions, which represents the
force that hinders the navigation of ships caused by the collision
between ice and the hull.

ls

FIGURE 9
Trawl model test.
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Figure 14 depicts ship navigation scenarios with varying ice flow
concentrations. As illustrated in Figure 14, part A, at a sailing speed
of 5kN and an ice flow concentration of 40%, some of the drift ice
collided with the bow of the ship and slid for a certain distance as it
flowed towards the ship. The fast current observed in the wake
region affected this drift ice and caused it to flow, spin, and increase
its speed while simultaneously colliding with other pieces of drift
ice. However, not all drift ice collided with the bow of the ship; some
of the floating ice collided with other areas of the ship, thereby
generating friction. As a consequence of the compression and
collision experienced by the ship, the drift ice on the bow of the
model ship concentrated against the hull, thereby leading to the
formation of a changing area (with concentrated drift ice) as wide as
the model ship on both sides of the vessel.

Overall, the discontinuity observed in the force exerted by
floating ice on the ship was attributable to the collisions between
the floating ice and the ship, which led to overturning.
Consequently, collisions with other pieces of floating ice occurred,
which disrupted the original arrangement of floating ice and created
a gap within the arrangement. For ships navigating through sea ice,
ice resistance plays an essential role in determining their service life.
In this study, ice resistance diagrams for different speeds and
densities of drift ice were used to calculate the average ice
resistance. Figure 15 depicts the variation in the ice resistance
with the ice flow concentration at different speeds.

As shown in Figure 15, ice resistance positively correlated with
ice flow concentration and velocity. Under various conditions, the
increase observed in ice resistance followed a regular pattern. The
ice resistance at an ice flow concentration of 40% was used as a
standard rate to calculate the variation in ice resistance with the ice
density (see Table 5).

As presented in Table 5, the difference in ice resistance at low
speeds was small, whereas the difference in ice resistance at high
speeds was relatively large. At low speeds, the ice flows were slowly
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FIGURE 10
Krill ship model test.

pushed by the ship to either side. However, at high speeds, the ice
flows were rapidly pushed away from the ship, which was
accompanied by the overturning and sinking of the ice flows.

At a speed of 7kn, the friction between the hull and the ice
flows and the water resistance of the ice flows balanced each
other, which resulted in a blockage at points where the ship was
unable to push the ice flows away. Thus, the difference in ice
resistance increased.

As demonstrated in Table 6, the ratio of ice resistance to water
resistance exhibited an inverse relationship with drift ice
concentration at a constant speed. Conversely, at a constant
concentration of drift ice, the ratio of ice resistance to water
resistance exhibited a direct relationship with speed. This
phenomenon can be attributed to the fact that the water
resistance surpassed the drift ice resistance with increasing speed,
which led to a decrease in the ratio of ice resistance to
water resistance.
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FIGURE 11

Comparison of resistance for the Antarctic krill ship.
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3.2.2 Analysis of total resistance

The total resistance experienced by the Antarctic krill ship while
navigating through the ice flow area was determined by combining
the drag net resistance, water resistance, and ice resistance endured
by the main hull. Figure 16 depicts the total resistance encountered
by the Antarctic krill ship at different ice flow concentrations.

The growth rate of total resistance at different ice flow
concentrations was essentially uniform. To analyse the percentage
of each force in total resistance, total resistance at an ice flow
concentration of 50% was selected.

As presented in Table 7, when speed increased, the percentages
of water resistance and trawl resistance in the total resistance
increased by approximately 5% and 8%, respectively, and the
percentage of ice resistance in the total sample decreased by
approximately 10%. Moreover, the increase in water resistance is
faster than that of trawl resistance. In summary, trawl resistance is
the main component of total resistance. Therefore, adopting an
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400 A

300

200
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100
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FIGURE 12
Comparison of resistance for the middle trawl.
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appropriate trawl design can effectively reduce the total resistance of ~ art specialized fishing and processing vessels play a crucial and
Antarctic krill vessels while sailing through ice flows. necessary role in Antarctic krill harvesting. As the China
Classification Society (CCS) and the fishery department have

very strict requirements on the construction and operation of

4 Discussion Antarctic krill ships, to ensure that these ships can safely and
effectively catch krill in the extremely harsh Antarctic

Antarctic krill resources in the Southern Ocean present  environment. Ships shall meet the special requirements of polar
significant opportunities for the fisheries industry. State-of-the-  waters, including low temperature, ice collision, wind and waves,
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FIGURE 14

Ship navigation scenario, (A) ice flow concentration of 40%; (B) ice flow concentration of 50%; (C) ice flow concentration of 60%.
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Ice resistance versus speed at various ice flow concentrations.

etc. The ship structure shall be strong enough to withstand the
effects of extreme weather and ice conditions to ensure the safety
of the hull and equipment. The ship shall have sufficient stability
and wave resistance to ensure operational safety and crew comfort
in harsh sea conditions. Therefore, this study uses numerical
simulation method to study the resistance encountered by
vessels and trawls in ice-invaded waters, and solves the practical
challenge of floating ice floating in the working area of Antarctic
krill vessels. The effectiveness of numerical simulations based on
the CFD-DEM method is evaluated by comparing with the
experimental results of laboratory models.

Presently, research on Antarctic krill trawl nets primarily
focuses on the mesh design and the simulated catch volume’s

TABLE 5 Difference in ice resistance at various ice flow concentrations.

Speeds of krill ship

Ice flow concentra-
tion(%)

6kn 7kn 8kn 9kn
50 176 235 265 @ 242 @ 251
60 282 | 375 440 | 396 | 5.02

impact on net performance. Few studies, however, have examined
the ice resistance capabilities of Antarctic krill vessels and the
overall resistance of the unified system consists of the vessel and
trawl net during navigation. This is the main task of this paper
to address and discuss. The study reveals that higher speeds do not
necessarily guarantee smoother vessel navigation. At a speed of 7kn,
the friction and water resistance between the ship and the ice flows
can sometimes reach an equilibrium, leading to the buildup of ice
flows. With speed increasing, the total resistance experienced by the

TABLE 6 Ratio of ice resistance to water resistance at various ice
flow concentrations.

Speeds of krill ship

Ice flow concentra-

tion(%)
50 3.75 3.25 3.01 232 212
60 4.12 3.15 3.02 2.85 2.52
—® 40% Ice density
2000 @ 50% Ice density
~—4A— 60% Ice density
1800
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v
Q
=]
£ 1400 A
2
wv
2
= 1200
(=}
l_'
1000
800
600 T T T T T 1
4 5 6 7 8 9 10
Velocity/kn
FIGURE 16
Total resistance encountered by the Antarctic krill ship at different
ice flow concentrations.
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TABLE 7 Percentage of each force in the total resistance at an ice flow
concentration of 50%.

5kn 6kn 7kn 8kn | 9kn

Water resistance(%) ‘ 9.57 10.42 10.98 ‘ 12.89 ‘ 14.19
Trawl resistance(%) ‘ 51.43 53.50 56.84 ‘ 58.43 ‘ 59.18
Ice resistance(%) ‘ 39.00 36.08 32.18 ‘ 28.68 ‘ 26.63

vessel rises, with a decrease in the proportion of ice resistance and
an increase in trawl net resistance.

The Southern Ocean exhibits complex sea conditions, with
perennial ice and a diverse array of ice types, each with intricate
properties. Ice flows encountered in navigable channels extend
beyond simple pancake-shaped ice. The numerical simulation in
this paper utilizes cylinders of varying diameters to approximately
simulate ice flows, simplifying the real scenario for computational
efficiency. A more detailed analysis and assumptions about the
shape and other physical properties of ice flows would provide
meaningful insights, allowing simulations to better align with real
conditions and identify key factors influencing vessel navigation.

The results of numerical simulation methods rely on computer
hardware, model selection and parameter settings. Despite its
dependency on these factors, numerical simulation technology,
which has been enhanced by improvements in artificial
intelligence and big data, presents significant advantages in terms
of time-efficiency and cost savings compared to model and sea
trials. It is anticipated that numerical simulation techniques will be
adapted to broader applications and yield more accurate results in
the design, manufacture and operation of ships and other
structures, facilitated by developments in computer technology.
This paper offers insights and reflections on the research of ice
resistance in vessels and serves as a reference for the travelling speed
of Antarctic krill fishing vessels engaged in fishing.

5 Conclusion

In this study, the navigation process of Antarctic krill vessels
through polar ice flows was simulated, and the effects of ice flows on
various parts of these vessels and their movement after the collision
were analyzed. In addition, the navigation process of Antarctic krill
vessels at different velocities and concentrations of ice flows was
examined. The main conclusions of this study are as follows:

(1) The pattern of collision between floating ice and a vessel
differs depending on the vehicle’s speed. At a low speed,
floating ice is slowly pushed aside by the ship, whereas at a
high speed, floating ice is rapidly crushed by the ship,
thereby causing the ice to overturn and sink.

(2) At a speed of 7kn the friction between the hull and ice flows
and the water resistance sometimes reaches equilibrium.
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Therefore, floating ice will accumulate around the bow of
ship, resulting in the increase of ice resistance.

(3) Trawl resistance is the main component of the total
resistance experienced by Antarctic krill vessels. As
opposed to ice resistance, the proportion of trawl
resistance to total resistance continues to increase as the
ship speed increases.
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