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SUMMARY

The transverse stability of a Japanese purse seiner running in stern quartering waves is investigated using a surge–sway–yaw–roll numerical model. Most Japanese purse seiners have an extended low weather deck surrounded by high bulwarks, which can trap water when the ship runs in high waves. This trapped water on the deck is also taken into account in the numerical study. The results are compared with the results from an existing free-running model experiment executed by two of the authors. As a result, if the water ingress and egress are explicitly modelled, better agreement between the numerical simulation and model experiment are realized. It is also confirmed that raising the aft deck to ensure reserve buoyancy can contribute to a reduction of the roll amplitude in stern quartering waves.
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NOMENCLATURE




	ae

	linear roll extinction coefficient




	be

	quadratic roll extinction coefficient (deg-1)




	GZw

	righting lever in waves (m)




	Ixx

	moment of inertia in roll (kg m2)




	Izz

	moment of inertia in yaw (kg m2)




	Jxx

	added moment of inertia in roll (kg m2)




	Jzz

	added moment of inertia in yaw (kg m2)




	k

	wave number




	Kp

	derivative of roll moment with respect to roll rate (kg m2 s−1)




	Kw

	wave-induced roll moment (kg m2 s−2)




	Kδ

	derivative of roll moment with respect to rudder angle (kg m2 s−2)




	Kϕ

	derivative of roll moment due to forward motion with respect to roll angle (kg m2 s−2)




	Mw

	water on deck-induced roll moment (kg m2 s−1)




	mx

	added mass in surge (kg)




	my

	added mass in sway (kg)




	n

	propeller revolutions (s−1)




	Nr

	derivative of yaw moment with respect to yaw rate (kg m2 s−1)




	Nrrr

	derivative of yaw moment with respect to cubed yaw rate (kg m2 s)




	Nv

	derivative of yaw moment with respect to sway velocity (kg m s−1)




	Nvrr

	derivative of yaw moment with respect to sway velocity and squared yaw rate (kg m s)




	Nvvr

	derivative of yaw moment with respect to squared sway velocity and yaw rate (kg s)




	Nvvv

	derivative of yaw moment with respect to cubed sway velocity (kg m−1 s)




	Nw

	wave-induced yaw moment (kg m2 s−2)




	Nδ

	derivative of yaw moment with respect to rudder angle (kg m2 s−2)




	Nϕ

	derivative of yaw moment due to forward motion with respect to roll angle (kg m2 s−2)




	p

	roll rate (s−1)




	r

	yaw rate (s−1)




	t

	time (s)




	u

	surge velocity (m s−1)




	v

	sway velocity (m s−1)




	w

	mass of water on deck (kg)




	W

	ship displacement (kg)




	Xvv

	derivative of surge force with respect to squared sway velocity (kg m−1)




	Xrr

	derivative of surge force with respect to squared yaw rate (kg m)




	Xvr

	derivative of surge force with respect to sway velocity and yaw rate (kg)




	Xw

	wave-induced surge force (kg m s−2)




	Yr

	derivative of sway force with respect to yaw rate (kg m s−1)




	Yrrr

	derivative of sway force with respect to cubed yaw rate (kg m s)




	Yv

	derivative of sway force with respect to sway velocity (kg s−1)




	Yvrr

	derivative of sway force with respect to sway velocity and squared yaw rate (kg s)




	Yvvr

	derivative of sway force with respect to squared sway velocity and yaw rate (kg m−1 s)




	Yvvv

	derivative of sway force with respect to cubed sway velocity (kg m−2 s)




	Yw

	wave-induced sway force (kg m s−2)




	Yδ

	derivative of sway force with respect to rudder angle (kg m s−2)




	Yϕ

	derivative of sway force due to forward motion with respect to roll angle (kg m s−2)




	ZH

	vertical position of centre of sway force due to lateral motion (m)




	α

	correction factor for wave-induced surge force




	δ

	rudder angle 




	ζeff

	amplitude of effective wave (m)




	ξG

	longitudinal position of centre of ship gravity from wave trough (m)




	ω

	wave circular frequency (s−1)




	λ

	wavelength (m)




	ϕ

	roll angle (radian)




	ϕa

	roll amplitude (deg.) 




	χ

	heading angle from the wave direction




	χc

	desired heading angle from the wave direction







1.  INTRODUCTION

Purse seine is one of the main fishing methods for catching fisheries resources such as horse mackerel, mackerel, and sardines in the coastal waters of Japan. In this fishing method, a fleet typically consists of a netting vessel (purse seiner), a search vessel, lighting ships, and transport ships. In Japan, there were 120 netting vessels registered as of January 2022. (Japan’s Fisheries Agency, 2022). Several capsizing accidents have been reported for purse seiners, with accidents of the 80-GT (Japanese domestic gross tonnage) and 135-GT types being the most prominent. Since the Japanese domestic gross tonnage system (Japan’s Ministry of Transport, 1981) is different from the international one, its 80 and 135 Japanese gross tons correspond to 48.64 and 82.8225 international gross tons, respectively. In 1993, in the East China Sea off the northwestern coast of the Goto Islands, an 80-GT purse seiner capsized while running in quartering seas with a significant wave of 3.5 metres, and 19 of the 20 crew members were lost (Nagasaki Local Marine Accident Inquiry Agencies, 1994). In 2009, an accident occurred off the west coast of Hirado Island, when a 135-GT purse seiner capsized while running in following and quartering seas, killing 11 of the 20 people on board and leaving one missing (Japan Transport Safety Board, 2010). Similar accidents have also been reported, each time resulting in many casualties.

Most of Japan’s purse seiners are characterised by an extended low weather deck surrounded by high bulwarks. However, their low freeboard causes water to be trapped on the deck when they are running in rough seas. Although freeing ports are provided, the water discharge capacity is not always sufficient for rough sea conditions because of the low freeboard and small port size. As a result, a large amount of water may be trapped on the weather deck, and the transverse stability could be adversely affected. To ensure the safety of fishing vessels, the Torremolinos Convention was initially adopted in 1977. Then, in 2012, the Cape Town Agreement was adopted for fishing vessels that are 24 m or longer. The administrations contracting this agreement may also decide to apply it to fishing vessels that are 300 international gross tons or more. The agreement (IMO 2012) includes a provision for withstanding the effects of trapped water and refers to guidance (IMO 1993) that is based on the work of Tsuchiya (1975). This guidance for trapped water is based on an energy balance between the static heeling moment caused by the presence of water on deck and the restoring moment. However, the Cape Town Agreement is not yet in force, so the above-mentioned capsized purse seiners did not comply with any water on deck criteria.

The safety level realized by the water on deck criteria were quantified by Paroka and Umeda (2007). They executed a numerical simulation that used a hydraulic model for water on a deck. Here the surface of the water on the deck is assumed to be horizontal regardless of the ship’s rolling motions. However, hydrodynamic resonance between the water on the deck and the ship’s rolling motion could occur. Therefore, a comparison between a model experiment and the numerical simulation is expected. Umeda et al. (1999) conducted free-running model experiments on two purse seiners, i.e., an 80-GT purse seiner and a 135-GT one, which complied with the IMO IS code. Capsizing was observed in stern quartering waves at higher ship speeds, and water was trapped on the deck. One of the two, i.e., the 80-GT purse seiner model, was tested with and without a raised deck to identify the effects of the trapped water, but these experimental results have not yet been published.

Therefore, this paper attempts to execute a numerical simulation with the assumption of a horizontal surface of the trapped water and then compare it with the free-running model experiment of the 80-GT purse seiner, including the raised-deck case in stern quartering waves. The numerical model used here was a dynamically coupled surge–sway–roll–yaw one with quasi-static heave and pitch as constraints owing to the low encounter frequency. It is assumed that the trapped water on the deck behaves in a quasi-static manner.

2.  PURSE SEINER MODEL EXPERIMENT

Umeda et al. (1999) conducted model ship experiments of an 80-GT purse seiner in the seakeeping and manoeuvring basin (60-m long, 25-m wide, and 3.2-m deep) of the National Research Institute of Fisheries Engineering.

2.1 SUBJECT SHIP 

A 1/12.6 scale model of the 80-GT purse seiner was used in this study. The general arrangement and principal particulars are shown in Figure 1 and Table 1, respectively. The GM value here does not include the free surface effect due to trapped water on deck. In the free-running model experiment, two conditions were used: the actual state (B2) and the state in which the aft part of the deck is raised by 400 mm to provide reserve buoyancy (B2*). In Figure 1, the raised deck location of B2* is the blue-shaded area surrounded by the yellow line.

2.3 FREE-RUNNING MODEL EXPERIMENT

Free-running model experiments in regular following and quartering seas were conducted. The generated waves had a wavelength-to-ship length ratio of 1.41 and a wave steepness of 0.1136. The fibre-optical gyroscope measured the ship model’s roll, pitch, and yaw angles, and a computer controlled the rudder angle and propeller rotation. These time-series data were recorded at 20-Hz intervals. The autopilot achieved proportional control with a gain of 1. As recommended by the International Towing Tank Conference (ITTC, 2005), the ship model was held near the wave generator until the waves propagated throughout the basin. Once the waves propagated, the model was run under constant propeller revolutions and directional control. The ship’s speed was set at nominal Froude numbers of 0.3, 0.4, and 0.428, and the desired heading courses were −5, −15, and −30 degrees. The experimental results are compared with the numerical simulation results in the next section.
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3.  NUMERICAL SIMULATION

3.1 NUMERICAL MODEL

The coupled surge–sway–yaw–roll model developed by Kubo et al. (2012) was used in the numerical simulation of ship motion in following and quartering seas. This model is based on the mathematical model of manoeuvring in calm water coupled with rolling motion, which was developed by Hirano and Takashina (1980). The linear wave-induced forces and moments are calculated using the slender body theory under the assumption of low encounter wave frequency to take into account the effect of high-speed navigation in following waves (Umeda et al., 1995). The variation of the roll restoring moment is calculated based on Grim’s effective wave concept (Grim, 1961). The amplitudes of the wave-induced force in the surge direction are corrected using an empirical approximation formula (Ito et al., 2014). For reaction forces due to manoeuvring motions, the hydrodynamic coefficient in calm water was used. Its wave effect is ignored as high order terms, if the wave steepness and the response to the waves can be regarded as small. Existing studies (Hamamoto, 1971, Renilson, 1982, Umeda et al., 2003) investigated it and some of them concluded that its effect on periodic motions in stern quartering seas is not so significant as that in the transient process from surf-riding to broaching. The effect of heel angle on these hydrodynamic manoeuvring forces was also ignored because of their limited influence on capsizing prediction as reported by Hashimoto et al. (2004). 

As shown in Figure 2, three coordinate systems were used: the space-fixed coordinate system O – ξηζ, the hull-fixed horizon coordinate system G – xyz, and the hull-fixed coordinate system G – x' y' z'. The space-fixed coordinate system O – ξηζ has its origin at the trough of a certain wave, and the wave propagates in the direction ξ. The origins of both the hull-fixed horizon coordinate system G – xyz and the hull-fixed coordinate system G – x' y' z' are at the ship’s centre of gravity. The x-axis is positive toward the bow direction, the y-axis is positive toward the starboard direction, and the z-axis is positive toward the bottom direction. However, the latter does not rotate around the x- or y-axes.

The state vector x and the control vector b are as follows:
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Furthermore, the above dynamical system is described by the following ordinary differential equation of state:
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3.2 HYDRODYNAMICS DERIVATIVES ON MANOEUVRING

For the system parameters of the above-mentioned numerical model, the captive model tests, including resistance, oblique towing, and circular motion tests, were conducted. Based on the results of these experiments, resistance curves and various manoeuvring hydrodynamic coefficients were obtained.

Resistance tests were conducted at the nominal Froude numbers ranging from 0.1 to 0.6. The total resistance coefficient is plotted in Figure 3. The circular motion tests using an X–Y towing carriage were conducted under the conditions of a Froude number of 0.2, the drift angle ranged from −15° to 15°, and the non-dimensional yaw rate, r’, between −0.45 and 0.6. The measured values were normalized by Eqs. (12–29), and their polynomial fitting results are shown in Figure 4. The measured variances in Figures 3 and 4 are too small to show the confidence intervals. The hydrodynamic hull coefficients obtained from the captive model tests are provided in Table 2.
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The roll damping moment was modelled as follows:
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Froude’s extinction coefficients ae and be were obtained by the free decay model tests without the forward speed, as shown in Table 3. The nondimensional sway force, yaw and roll moments due to the forward motion with heel angle were obtained by the calm-water towing model tests of similar ship, as shown in Figure 5 (Hashimoto et al., 2004). The self-propulsion factors and the rudder effectiveness parameters were estimated from the empirical formula and the free-running model tests. These system parameters (Umeda et al., 1999), which were used in the numerical study, are shown in Table 4.
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3.3 MODELLING TRAPPED WATER ON DECK 

Since the bulwarks and deck house surround the aft deck, a certain amount of water can be trapped on the deck. Thus, the effect of water on the deck should be modelled in the numerical simulation. Its hydrodynamic modelling is available, even for the case of stern quartering waves, but it requires relatively long computational time and high cost (e.g., Subramaniam, 2021). Therefore, in this paper, three simplified approaches are applied to the numerical model.

The simplest approach is to ignore the existence of the bulwarks and deck house in the hydrostatic restoring calculation. As a result, water cannot be trapped on the deck. In other words, water ingress and egress through the freeing ports are very fast, so the water level is the same as that outside the vessel, as shown in Figure 6. Thus, the restoring arm can be calculated in a conventional manner, assuming that the hull is watertight up to the weather deck. If the ship’s motion is extremely slow, this modelling is relevant.

Another extreme modelling can be made by assuming the water ingress through the freeing port is very slow. In this case, the water on the deck does not exist until the external water level exceeds the bulwark top, as shown in Figure 7. The restoring arm can be calculated assuming that the hull is watertight up to a hypothetical flat deck at the level of the bulwark top, as shown in Figure 8.

In reality, however, the water ingress and egress speeds are limited. Therefore, the water level on the deck could be different from the external water level, which means that water is trapped on the deck. In case the water amount is small, the trapped water can be modelled as a triangular prism, as shown in Figure 9 (left), which presents a transverse section. If the water amount is larger, the transverse section can be rectangular, as shown in Figure 9 (right). Here, a and b indicate the sides of the trapped water geometry. In both cases, the weight and moment caused by the trapped water can be calculated hydrostatically. This hydrostatic calculation is equivalent to the traditional procedure for effects of free surface in a tank with the fixed amount of water volume. The moment caused by the trapped water, Mw, is the product of the trapped water weight and the horizontal distance, l, between the centre of the ship gravity, G, and that of the trapped water, g. In this paper, the heave and pitch caused by the trapped water are ignored for simplicity’s sake.

3.4 NUMERICAL SIMULATION PROCEDURES

As mentioned in Section 3.2, there are three different approaches for modelling the water on the deck. Therefore, we executed the numerical simulations of the ship’s motions in three ways, as listed below.

Cal. I is the numerical simulation with water on the deck, when the water level is assumed to be the same as the external one. The restoring arm GZw in Eq. (10) is calculated without the bulwark and the deck house.
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Cal. II is the numerical simulation without water on the deck until the external water level exceeds the top of the bulwark. Here, GZw is calculated for the watertight hull up to the top of the bulwark. Once the top of the bulwark is submerged, we assume that the surrounding area is immediately filled with water. Thus, GZw is calculated for the watertight hull, up to the weather deck. It is further assumed, for simplicity’s sake that the water on the deck instantaneously egresses once the ship returns to upright. This process is illustrated in Figure 10. When the roll angle up-crosses the bulwark submergence angle, ϕb, the GZ value changes from GZb to the normal GZ.

Cal. III is the numerical simulation when water is trapped on the deck. The value of GZw is calculated for the watertight hull until the roll angle down-crosses the submergence angle of the bulwark top. At the moment of down-crossing, a certain amount of water remains on the deck. Therefore, this amount of water remains until the ship returns upright. Here, the water level on the deck is higher than the external one. This procedure is illustrated in Figure 11.

3.4 RESULTS OF NUMERICAL SIMULATION

Numerical simulations were performed using Cal. I, Cal. II, and Cal. III, as described in section 3.3, and were compared with the results of the free-running model experiments. The conditions for the numerical simulations were the same as those used in the free-running model experiments, and regular waves with a wavelength-to-ship length ratio of 1.41 and a wave steepness of 0.1136 were used. The ship’s speed was set at nominal Froude numbers of 0.3, 0.4, and 0.428, and the desired heading courses were –5, –15, and –30 degrees. From the measured roll angle data, the maximum value was obtained from the steady-state region to avoid dependence on the initial conditions. Because of the constraints of the experiment scale, only one model run was executed for each operational condition. Thus, the accuracy of the maximum roll angle in the experiment may be limited to some extent. For the determination of capsizing, 55 degrees was used as ϕcap, which is the angle of vanishing stability in calm water. Comparisons of the maximum roll angles from the numerical simulations and free-running model experiments are shown in Figures 12–14. 
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4.  COMPARISONS AND DISCUSSION

These results indicate that the maximum roll angle in Cal. Ⅰ was overestimated for most of the conditions. In some cases, the calculations show capsizing even for conditions in which capsizing did not occur in the experiments. This was particularly noticeable when the set course was–30°. In this study, the wave-induced force in the surge direction was corrected by an empirical equation, but other components were not corrected, which could be the reason for the overestimation.

For Cal. II, the same results were obtained for both B2 and B2* in cases where the roll angle did not exceed ϕb and the effect of the raised deck on B2* could not be considered. In this range, underestimation of the maximum roll angle often occurred because the GZ curve to the bulwark top (GZb) was always used.

For Cal. III, in the range of the roll angle between the deck submergence angle and the bulwark top submergence angle, the heeling moment caused by trapped water on the deck was taken into account. Therefore, the effect of the raised deck, which is the difference between B2 and B2*, could be quantitatively evaluated from the results of the numerical simulations. However, for the range of the roll angle smaller than the deck submergence angle, the conventional GZ curve was always used, which resulted in the same maximum roll angle for both B2 and B2*. This is because the calculation for trapped water on the deck was based solely on the level water surface and the angle of roll, and did not take into account the water surface rise caused by waves or trapped green water from the stern at low speeds. For the range that exceeded ϕb, the calculations were made using GZ curves up to the weather deck, which resulted in an overestimation similar to that in Cal. Ⅰ. The experimental and numerical simulation results for B2 and B2* show that the reserve buoyancy provided by the raised deck ensured a restoring moment and suppressed the maximum roll angle.
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5.  CONCLUSIONS

In this study, numerical simulations (Cal. III) that considered trapped water on the deck showed good agreement with the model experiment of the 80-GT purse seiner. The results of the experiments and numerical simulations also confirmed that raising the aft deck to ensure reserve buoyancy could contribute to a reduction in the roll amplitude. In the present study, the immediate egress and ingress of water were considered, which is not entirely realistic. Therefore, in future work, the authors plan to add a more detailed model for the inflow and outflow, which would consider the effects of flow velocity.
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Fieure 13. Comparisons of maximum roll angle between experiment and numerical simulation, ¥ = —15°
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Fieure 12. Comparisons of maximum roll angle between experiment and numerical simulation.
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Figure 7. Modelling without water on the deck until the external water exceeds the top of the bulwark
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Figure 8. GZ curves of calm water
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Table 3. Froude's extinction coefficients

Coefficients B2 B2*
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Table 1. Principal particulars of the purse semer

Parameters Ship scale  Model scale
Length, L,, [m] 29.00 230
Breadth, B [m] 6.80 054
Depth, D [m] 2.60 0206
Draft, d [m] 225 0.183
Metacentric height, GM [m] 1.65 0.131

Roll period, T, [sec] 4.65 1.309
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TFigure 3. Total resistance coefficient of the actual ship
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