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Abstract. Based on the rain-flow counting method, a new random numerical simulation method 
for evaluating dynamic response characteristics of a launch and recovery system is presented in 
this study. It takes a random irregular wave as an input, and the random distribution characteristics 
of the dynamic responses of the launch and recovery system of a seafloor drill is analyzed by using 
the rain-flow counting method. The nonlinear coupling mechanisms among the movements of the 
ship, the umbilical cable, and the seafloor drill caused by random irregular wave are investigated. 
A dynamic model that considers the influence of the seawater resistance on the launch and 
recovery system of seafloor drill is established. Then, significant wave heights are used to produce 
excitation of the random irregular wave, and the corresponding dynamic random responses of the 
launch and recovery system are calculated and analyzed. At the same time, the movement of the 
seafloor drill and the tension of the umbilical cable are calculated and analyzed for the cases of 
seafloor drill at different water depths. This method provides a new tool for evaluating the dynamic 
response characteristics of launch and recovery system of other seafloor equipment under random 
irregular wave.  
Keywords: seafloor drill, launch and recovery system, random irregular wave, rain-flow counting 
method, dynamical characteristics. 

1. Introduction 

Hoisting machinery is widely used to transfer cargo and other equipment from and to various 
locations in industrial field, such as land hoisting machinery and marine hoisting machinery. 
Compared to land hoisting machinery, marine hoisting machinery is more complicated due to the 
influence of many factors, like wave, wind, and ocean currents, which typically impose a greater 
impact on safety and efficiency of the hoisting operations. Recently, a number of studies involving 
the dynamic response characteristics among the movement of the ship, the cable, and the cargo of 
the marine hoisting machinery have been reported in the literature [1-6]. However, in most of 
these studies, the cargo is not in touch with the seawater and its lifting height is normally from ten 
to several hundred meters in the process of the hoisting. In order to conduct marine geologic 
survey, marine environment exploration and other marine scientific investigation, some deep-sea 
equipment, such as seafloor drill, deep-sea mining vehicle and remote operated vehicle (ROV), 
requires to be operated near seafloor with different water depths (sometimes, the water depth is 
more than thousands of meters). Due to the combined effects of wave, wind, and ocean currents, 
the ship motions are complicated. As a result, when the deep-sea equipment reaches the seafloor, 
its actual touchdown location may be quite different than the expected one. In addition, the 
movement of deep-sea equipment will lead to a significant vibration of the cable and make the 
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cable fracture and failure [7-9]. 
In most studies, regular wave is typically chosen as an external excitation to analyze the 

dynamic responses of the marine hoisting machinery system. However, this is not true for the 
actual hoisting operation environment. Actually, real ocean waves are random and irregular, and 
these wave patterns are constituted by a series of random wavelengths and random wave 
amplitudes. Based on the statistical analysis of a large amount of random irregular wave patterns, 
all of them actually have some statistical regularities. For different random irregular wave patterns, 
the significant wave height could be considered as a statistical characteristic value. Furthermore, 
in most previous research, the random irregular wave followed the normal distribution, and the 
significant wave height of the random irregular wave followed the Rayleigh distribution.  

In this paper, based on the rain-flow counting method, a new random numerical simulation 
method is applied to assess dynamic response characteristics of the launch and recovery system. 
A random wave is used as an input, and the random distribution of dynamic responses of the 
launch and recovery system are calculated and analyzed. Analysis results can provide theoretical 
guidance for the estimation of heave compensation and the constant-tension control of the 
umbilical cable. In addition, random irregular wave was typically chosen as an external excitation 
to analyze the dynamic responses of the launch and recovery system in this study. We just 
presented the dynamic response characteristics of the launch and recovery system and the statistic 
distributed regularity of the responses of the movement of the ship, the umbilical cable, and the 
seafloor drill in the sea state 4 condition. It is a practical trial to apply statistics analysis to evaluate 
the dynamic responses of the marine hoisting machinery under random irregular wave.  

2. Dynamical model of launch and recovery system 

2.1. Model description 

Fig. 1 shows a sketch of a launch and recovery system with a seafloor drill. This system mainly 
includes a ship, a marine winch, an umbilical cable, a hoist boom, and a seafloor drill. Two 
assumptions are applied for the following analysis in this study: 

(1) The elastic deformation of the umbilical cable and the rotation of the seafloor drill are 
ignored. 

(2) The hoist boom is assumed as a rigid rod. 

 
Fig. 1. Sketch of launch and recovery system of seafloor drill 

In Fig. 1 three coordinate systems are introduced to describe the launch and recovery system 
of the seafloor drill. The inertial coordinate system, ܱ଴ ଴ݖ଴ݕ଴ݔ- , is fixed to the ground. The 
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coordinate system of the ship, ܱ-ݖݕݔ, is fixed to and moves with the ship. Point ܣ is located at the 
center of the rotation axis of the hoist boom, and point ܤ is located at the hoisting point of the 
hoist boom. The distance from point ܣ to the origin of the coordinate system of the ship is defined 
as ܮை஺, and the distance from point ܤ to point ܣ is defined as ܮ஺஻. ߙ is the angle anticlockwise 
from ܤܣ to the axis ݔ. 

In order to describe the orientation of the umbilical cable in ܱ଴ - ଴ݖ଴ݕ଴ݔ , two angles, 
represented by ߛ and ߜ are used (Fig. 1). These two angles will be referred to as the in-plane 
pendulum angle and the out-of-plane pendulum angle, respectively. 

2.2. Ship motions and external loads 

The differential equations of heaving, rolling, and pitching motions of the ship caused by 
irregular waves can be described as follows [10]: 

൞൫݉௦௛௜௣ + Δ݉௭௭൯ݖሷ + ሶݖଵ௭ܣ + ݖଶ௭ܣ + ሷߠଷ௭ܣ + ሶߠସ௭ܣ + ߠହ௭ܣ = ఝఝܬ௭,൫ܨ + Δܬఝఝ൯ ሷ߮ + |ଵఝܤ ሶ߮ | ሶ߮ + ଶఝ߮ܤ + ଷఝ߮ଷܤ = ఏఏܬ),ఝܯ + Δܬఏఏ)ߠሷ + ሶߠଵఏܥ + ߠଶఏܥ + ሷݖଷఏܥ + ሶݖସఏܥ + ݖହఏܥ = ,ఏܯ (1)

where ݉௦௛௜௣ is the mass of the ship, ∆݉௭௭  is the added mass due to heaving motion, ܣଵ௭, ܣଶ௭, ܣଷ௭, ܣସ௭  and ܣହ௭  are hydrodynamic coefficients of the heaving motion. ܬఝఝ  and ∆ܬఝఝ  are inertia 
moment and the additional inertia moment due to the rolling motion, respectively. ܤଵఝ  is the 
damping moment coefficient of the rolling motion, ܤଶఝ and ܤଷఝ are restore moment coefficients 
of the rolling motion. ܬఏఏ and ∆ܬఏఏ are inertia moment and the additional inertia moment due to 
the pitching motion. ܥଵఏ ଶఏܥ , ଷఏܥ , ସఏܥ ,  and ܥହఏ  are hydrodynamic coefficients of the pitching 
motion. ܨ௭, ܯఝ and ܯఏ are the interference forces of the heaving motion, interference moments 
of the rolling and the pitching motion, respectively. Some coefficients in Eq. (1) could be 
calculated based on empirical equations [11, 12]. 

In ܱ-ݖݕݔ, the hydrodynamic pressure at position (ݖ ,ݕ ,ݔ) can be expressed as: Δݔ)݌, ,ݕ (ݖ = ,(ݐ)ߦ௞௭ି݁݃ߩ− (2)

where ߩ is the density of seawater, ݃ is the gravity constant, ݇ is the wave number, (ݐ)ߦ is the 
wave surface coordinate. 

Based on the Froude-Krylov assumption, the interference force of heaving motion, 
interference moments of rolling motion and pitching motion can be described as follows: 

۔ۖۖەۖۖ
௭ܨۓ = ම ∂Δݖ∂݌ ܸ݀,௏ܯఝ = ම ൬∂Δݕ∂݌ ݖ − ∂Δݖ∂݌ ൰ݕ ܸ݀,௏ܯఏ = ම ൬∂Δݖ∂݌ ݔ − ∂Δݔ∂݌ ൰ݖ ܸ݀.௏

 (3)

Substituting Eq. (2) into Eq. (3), and the ship was simplified as a box structure, one has: 
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ەۖۖ
ۖۖۖ
۔ۖ
ۖۖۖۖ
௭ܨۓ = − ܾܽ݃ߩ ෍ sin(߱ܽܮ௜ଶ)sin(ܾ߱ܤ௜ଶ)߱௜ସ ௜ߞ ൭1 − exp ቆ− ߱௜ଶܶ݃ ቇ൱ ⋅௡

௜ୀଵ cos(߱௜(1 − ݐ(௜߱ܽݒ2 − ,(௜ߝ
ఝܯ = ۈۈۉ

ܽ݃ߩۇ ෍ sin(߱௜(1(௜ଶ߱ܽܮ)௜sinߞ − ݐ(௜߱ܽݒ2 − ௜)߱௜ସߝ ൭1 − exp ቆ− ߱௜ଶܶ݃ ቇ൱௡
௜ୀଵ ⋅ ൭sin(ܾ߱ܤ௜ଶ)2ܾଶ߱௜ଶ − 2ܾ(௜ଶܾ߱ܤ)cosܤ − ൱(௜ଶܾ߱ܤ)௕sinݖ2݃ ۋۋی

ۊ ,
ఏܯ = ൮ 2ܾܽ݃ߩ ෍ ௜߱௜ସߞ ൭1 − exp ቆ− ߱௜ଶܶ݃ ቇ൱ ൭sin(߱ܽܮ௜ଶ)ܽ߱௜ଶ − ൱௡(௜ଶ߱ܽܮ)cosܮ

௜ୀଵ ∙ sin(ܾ߱ܤ௜ଶ)sin(߱௜(1 − ݐ(௜߱ܽݒ2 − (௜ߝ ൲ ,
ܽ = cos߯2݃ ,     ܾ = sin߯2݃ ,

 (4)

where ܤ, ܶ, and ܮ are breadth, draught, and length of the ship, respectively. ݒ is the forward speed 
in the ݔ direction of the ship, ݖ௕ is the vertical coordinate of the ship’s buoyancy center. 

2.3. Dynamic equation of launch and recovery system 

The homogeneous transformation matrix from ܱ-ݖݕݔ to ܱ଴-ݔ଴ݕ଴ݖ଴ is: ܂ = ,ݔ)܂ ,ݕ ,ݔ)܀(ݖ ,ݕ)܀(߮ (ߠ
      = ൦1 0 0 0ݔ 1 0 0ݕ 0 1 0ݖ 0 0 1൪ ൦1 0 0 00 cos߮ −sin߮ 00 sin߮ cos߮ 00 0 0 1൪ ൦ cosߠ 0 sinߠ 00 1 0 0−sinߠ 0 cosߠ 00 0 0 1൪ 
      = ൦ cosߠ sinߠsin߮ sinߠcos߮ 0ݔ cos߮ −sin߮ ߠsin−ݕ cosߠsin߮ cosߠcos߮ 0ݖ 0 0 1൪.

(5)

Consequently, the hoisting point of the hoist boom ݔ)ܤ஻, ,஻ݕ (஻ݖ  in ܱ଴ - ଴ݖ଴ݕ଴ݔ  can be 
described as following: 

቎ݔ஻ݕ஻ݖ஻1 ቏ = ൦ cosߠ sinߠsin߮ sinߠcos߮ 0ݔ cos߮ −sin߮ ߠsin−ݕ cosߠsin߮ cosߠcos߮ 0ݖ 0 0 1൪ ൦−ܮை஺ − 1ߙ஺஻cosܮ0ߙ஺஻sinܮ ൪
       = ൦ݔ − ߠை஺cosܮ + ߠcosߙ஺஻cosܮ + ݕcos߮ߠsinߙ஺஻sinܮ − ݖsin߮ߙ஺஻sinܮ + ߠை஺sinܮ − ߠsinߙ஺஻cosܮ + cos߮1ߠcosߙ஺஻sinܮ ൪. (6)

The center of gravity of the seafloor drill ீݔ)ܩ, ,ீݕ  :is derived as following (ீݖ
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቎1ீݖீݕீݔ ቏ = ቎ݔ஻ݕ஻ݖ஻1 ቏ + ൦−݈sinߛcos݈ߜsinߜ−݈cosߛcos1ߜ ൪
      = ൦ݔ − ߠை஺cosܮ + ߠcosߙ஺஻cosܮ + cos߮ߠsinߙ஺஻sinܮ − ݈sinߛcosݕߜ − sin߮ߙ஺஻sinܮ + ݈sinݖߜ + ߠை஺sinܮ − ߠsinߙ஺஻cosܮ + cos߮ߠcosߙ஺஻sinܮ − ݈cosߛcos1ߜ ൪, (7)

where ߛ ,ߠ ,߮ ,ݖ and ߜ are the parameters depended on time, ݈ is the length of the umbilical cable, ߙ is assumed to be constant. By differentiating the position of the center of gravity of the seafloor 
drill ீݔ)ܩ, ,ீݕ  :the velocity is derived from Eq. (7) ,(ீݖ

൥ݔሶீݕሶீݖሶீ ൩ =
ێێۏ
ሶݔۍێێ + ߠሶsinߠை஺ܮ − ߠsinߙሶcosߠ஺஻ܮ + cos߮ߠcosߙሶsinߠ஺஻ܮ − ஺஻ܮ ሶ߮ sinߙsinߠsin߮−݈ሶsinߛcosߜ − ߜcosߛሶcosߛ݈ + ሶݕߜsinߛሶsinߜ݈ − ஺஻ܮ ሶ߮ sinߙcos߮ + ݈ሶsinߜ + ሶݖߜሶcosߜ݈ + ߠሶcosߠை஺ܮ − ߠcosߙሶcosߠ஺஻ܮ − cos߮ߠsinߙሶsinߠ஺஻ܮ − ஺஻ܮ ሶ߮ sinߙcosߠsin߮−݈ሶcosߛcosߜ + ߜcosߛሶsinߛ݈ + ߜsinߛሶcosߜ݈ ۑۑے

(8) .ېۑۑ

The kinetic energy of the launch and recovery system can be obtained as follows: 

ܶ = 12 ݉ௗ௥௜௟௟(ݔሶ ଶீ + ሶݕ ଶீ + ሶݖ ଶீ) = 12 ݉ௗ௥௜௟௟ൣݔሶ ଶ + ሶଶݖ + ݈ሶଶ + ݈ଶߜሶଶ + ݈ଶߛሶ ଶcosଶߠ+      ߜሶ ଶ(ܮை஺ଶ + ஺஻ଶܮ cosଶߙ + ஺஻ଶܮ sinଶߙcosଶ߮ − ߠሶsinߠை஺ܮሶ൫ݔ2+       (ߙ஺஻cosܮ஺ைܮ2 − ߠsinߙሶcosߠ஺஻ܮ + cos߮ߠcosߙሶsinߠ஺஻ܮ − ஺஻ܮ ሶ߮ sinߙsinߠsin߮ + ܿଵ൯       +2ݕሶ൫݈ሶsinߜ + ߜሶcosߜ݈ − ஺஻ܮ ሶ߮ sinߙcos߮൯       +2ݖሶ൫ܮை஺ߠሶcosߠ − ߠcosߙሶcosߠ஺஻ܮ − cos߮ߠsinߙሶsinߠ஺஻ܮ − ஺஻ܮ ሶ߮ sinߙcosߠsin߮ + ܿଶ൯       +2ܿଵ൫ܮை஺ߠሶsinߠ − ߠsinߙሶcosߠ஺஻ܮ + cos߮ߠcosߙሶsinߠ஺஻ܮ − ஺஻ܮ ሶ߮ sinߙsinߠsin߮൯       +2ܿଶ൫ܮை஺ߠሶcosߠ − ߠcosߙሶcosߠ஺஻ܮ − cos߮ߠsinߙሶsinߠ஺஻ܮ − ஺஻ܮ ሶ߮ sinߙcosߠsin߮൯       −2ܮை஺ܮ஺஻ߠሶ ሶ߮ sinߙsin߮ + ஺஻ଶܮ2 ሶߠ ሶ߮ sinߙcosߙsin߮       −2ܮ஺஻ ሶ߮ sinߙcos߮൫݈ሶsinߜ + ൯ߜሶcosߜ݈ + 2݈݈ሶߜሶsinߜcosߜ൧, ܿଵ = −݈ሶsinߛcosߜ − ߜcosߛሶcosߛ݈ + ଶܿ,ߜsinߛሶsinߜ݈ = −݈ሶcosߛcosߜ + ߜcosߛሶsinߛ݈ + ,ߜsinߛሶcosߜ݈

(9)

where ݉ௗ௥௜௟௟ is the mass of the seafloor drill. 
The potential energy of the launch and recovery system is obtained: ܷ = ݉ௗ௥௜௟௟݃(ݖ + ߠை஺sinܮ − cos߮ߠcosߙ஺஻sinܮ−ߠsinߙ஺஻cosܮ − ݈cosߛcosߜ). (10)

The Lagrangian function of the launch and recovery system can be expressed as: ܮ = ܶ − ܷ. (11)

The Lagrange equation is: ݀݀ݐ ൬ ሶ௞൰ݍ∂ܮ∂ − ௞ݍ∂ܮ∂ = ܳ௞, (12)

where ݍ௞, ݍሶ௞ and ܳ௞ are general coordinates, general velocities and general forces of the launch 
and recovery system, respectively. 
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Substituting Eq. (11) into Eq. (12), one has: ݉ௗ௥௜௟௟ሾݖሷ + ߠሷcosߠை஺ܮ − ሶߠை஺ܮ ଶsinߠ − ߠcosߙሷcosߠ஺஻ܮ + ሶߠ஺஻ܮ ଶcosߙsinܮ−      ߠ஺஻ߠሷsinߙsinߠcos߮ − ஺஻ܮ ሷ߮ sinߙcosߠsin߮ + ሶߠ஺஻ܮ2 ሶ߮ sinߙsinߠsin߮      +ܮ஺஻൫ ሶ߮ ଶ − ሶߠ ଶ൯sinߙcosߠcos߮ − ݈ሷcosߛcosߜ + 2݈ሶߛሶ sinߛcosߜ + 2݈ሶߜሶcosߛsinߛ݈+      ߜሷsinߛcosߜ + ߜsinߛሷcosߜ݈ + ݈cosߛcosߜ൫ߛሶ ଶ + ߜsinߛሶsinߜሶߛሶଶ൯−2݈ߜ − ݃൧ = ௭݂, (13)

݉ௗ௥௜௟௟ൣ݈ଶߛሷcosଶߜ + 2݈݈ሶߛሶ cosଶߜ − 2݈ଶߛሶߜሶsinߜcosߜ − ݈cosߛcosߜ൫ݔሷ + ሶߠை஺ܮ+      ߠሷsinߠை஺ܮ ଶcosߠ − ߠsinߙሷcosߠ஺஻ܮ − ሶߠ஺஻ܮ ଶcosߙcosߠ + ஺஻ܮ−      cos߮ߠcosߙሷsinߠ஺஻ܮ ሷ߮ sinߙsinߠsin߮ − ሶߠ஺஻ܮ2 ሶ߮ sinߙcosߠsin߮−ܮ஺஻൫ߠሶ ଶ + ሶ߮ ଶ൯sinߙsinߠcos߮൯       +݈sinߛcosߜ൫ݖሷ + ݃ + ߠሷcosߠை஺ܮ − ሶߠை஺ܮ ଶsinߠ − ߠcosߙሷcosߠ஺஻ܮ + ሶߠ஺஻ܮ ଶcosߙsinܮ−       ߠ஺஻ߠሷsinߙsinߠcos߮ − ஺஻ܮ ሷ߮ sinߙcosߠsin߮      +2ܮ஺஻ߠሶ ሶ߮ sinߙsinߠsin߮+ܮ஺஻൫ ሶ߮ ଶ − ሶߠ ଶ൯sinߙcosߠcos߮൯൧ = ఊ݂,
(14)

݉ௗ௥௜௟௟ൣߜሷ݈ଶ + ሶ݈ߜ2݈ ሶ + ݈ଶߛሶ ଶsinߜcosߜ + ݈sinߛsinߜ൫ݔሷ + ߠሷsinߠை஺ܮ + ሶߠை஺ܮ ଶcosܮ−      ߠ஺஻ߠሷcosߙsinߠ − ሶߠ஺஻ܮ ଶcosߙcosߠ + cos߮ߠcosߙሷsinߠ஺஻ܮ − ஺஻ܮ ሷ߮ sinߙsinߠsin߮       −2ܮ஺஻ߠሶ ሶ߮ sinߙcosߠsin߮−ܮ஺஻൫ߠሶ ଶ + ሶ߮ ଶ൯sinߙsinߠcos߮൯       +݈cosߛsinߜ൫ݖሷ + ݃ + ߠሷcosߠை஺ܮ − ሶߠை஺ܮ ଶsinߠ − ሶߠ஺஻ܮ+       ߠcosߙሷcosߠ஺஻ܮ ଶcosߙsinߠ − cos߮ߠsinߙሷsinߠ஺஻ܮ − ஺஻ܮ ሷ߮ sinߙcosߠsin߮       +2ܮ஺஻ߠሶ ሶ߮ sinߙsinߠsin߮+ܮ஺஻൫ ሶ߮ ଶ − ሶߠ ଶ൯sinߙcosߠcos߮൯      +ݕሷ ݈cosߜ − ஺஻݈ܮ ሷ߮ sinߙcos߮cosܮ+ߜ஺஻݈ ሶ߮ ଶsinߙsin߮cosߜ + ݈ሶଶsinߜcosߜ൧ = ఋ݂.
(15)

The generalized force of the launch and recovery system is mainly the seawater resistance, it 
can be expressed as: 

቎ ௭݂݂ఊ݂ఋ቏ = − 2ߩ ቎ ,ሶீ቏ݕ|ሶீݕ|௬ܵ௬ܥሶீݔ|ሶீݔ|௫ܵ௫ܥሶீݖ|ሶீݖ|௭ܵ௭ܥ (16)

where ߩ is the density of seawater. ܥ௫, ܥ௬ and ܥ௭ are resistance coefficients of the movement of 
the seafloor drill in three directions, and ܵ௫, ܵ௬ and ܵ௭ are resistance surface areas of seafloor drill 
in three directions, respectively. 

2.4. The tension of umbilical cable 

According to Newton’s second law, the movement of the seafloor drill can be expressed as: 

݉ௗ௥௜௟௟ ⋅ ൥ݔሷீݕሷீݖሷீ ൩ = ൦்ܨsinߛcosߜ − 12 ሶீݔ|ሶீݔ|௫ܵ௫ܥߩ − ߜsin்ܨ + 12 ߜcosߛcos்ܨሶீݕ|ሶீݕ|௬ܵ௬ܥߩ + ݃ߩ ௗܸ௥௜௟௟ − ݉ௗ௥௜௟௟݃ − 12 ሶீݖ|௭ܵ௭ܥߩ ሶீݖ| ൪, (17)

where ்ܨ is the tension of the umbilical cable, ௗܸ௥௜௟௟ is the volume of the seafloor drill. 
Based on Eq. (17), the tension of the umbilical cable ்ܨ can be expressed as: ்ܨ = ൬݉ௗ௥௜௟௟ ⋅ ሷீݔ + 12 ሶீ൰ݔ|ሶீݔ|௫ܵ௫ܥߩ sinߛcosߜ − ൬݉ௗ௥௜௟௟ ⋅ ሷீݕ − 12 ሶீ൰ݕ|ሶீݕ|௬ܵ௬ܥߩ sinߜ       + ൬݉ௗ௥௜௟௟ ⋅ ሷீݖ + 12 ሶீݖ|ሶீݖ|௭ܵ௭ܥߩ ൰ cosߛcosߜ + (݉ௗ௥௜௟௟݃ − ݃ߩ ௗܸ௥௜௟௟)cosߛcosߜ. (18)
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3. Dynamic random numerical simulation method 

3.1. Random irregular wave model 

The random irregular wave is assumed as a superposition of a series of linear waves [13-15]. 
The wave coordinate (ݐ)ߦof the random irregular wave can be expressed as: 

(ݐ)ߦ = ෍ ௝cos൫ߞ ௝݇ݔcos߯ − ௝݇ݕsin߯ − ௝߱ݐ + ௝൯ேߝ
௝ୀଵ , (19)

where ߞ௝, ௝߱ and ௝݇ are the wave amplitude, frequency and wave number for wave component ݆, 
respectively. ߝ௝  is the random phase angle of the wave component ݆ with uniform distribution 
between 0 and 2ߨ, ߯ is the wave angle from the wave direction to the negative direction of the 
axis ݔ. 

Wave spectrum ܵ( ௝߱) is statistic information of random irregular wave and the relationship 
between wave amplitude ߞ௝ and ܵ( ௝߱) can be written as: 

௝ߞ = ට2ܵ൫ ௝߱൯Δ ௝߱ = ට2ܵ൫ ௝߱൯൫ ௝߱ − ௝߱ିଵ൯. (20)

Then Eq. (19) can be expressed as: 

(ݐ)ߦ = ෍ ට2ܵ൫ ௝߱൯Δ ௝߱ே
௝ୀଵ cos൫ ௝݇ݔcos߯ − ௝݇ݕsin߯ − ௝߱ݐ + .௝൯ߝ (21)

Here, a Pierson-Moscowitz (P-M) wave spectrum is selected to describe the wave spectrum 
[16]. The P-M wave spectrum is defined as: 

ܵ൫ ௝߱൯ = 0.78௝߱ହ exp ቆ −3.11௝߱ସܪଵ ଷ⁄ଶ ቇ, (22)

where ܪଵ ଷ⁄  is the significant wave height. 
Theoretically, the frequency range of P-M wave spectrum is from zero to infinity, but random 

irregular wave is a stationary stochastic process that belongs to narrow-band spectrum, and its 
energy mainly concentrated on a narrow frequency band. Therefore, during the numerical 
simulation process of random irregular wave, the maximum and minimum frequencies ߱୫ୟ୶ and ߱୫୧୬  are chosen, and the frequency range from ߱୫୧୬  to ߱୫ୟ୶  is discretized through adopting 
uniformly space sampling. This method not only can guarantee enough accuracy of numerical 
simulation, but also can significantly improve the efficiency of numerical simulation. 

3.2. Significant wave height of random irregular wave 

Different sea-states could be represented by different significant wave heights. For example, 
the significant wave height of sea-state 4 is 2.1 m. In physical oceanography, the significant wave 
height (illustrated in Fig. 2) is defined, traditionally, as the mean wave height of the highest third 
of the waves. In Fig. 2, ܪଵ ଷ⁄  is defined as the significant wave height. 

For the continuous density function of the wave height, the significant wave height can be 
expressed as: 
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ଵܪ ଷ⁄ = 3 න ℎ෨݂(ℎ෨)ାஶ
௛෩బ ݀ℎ෨, (23)

where ݂(ℎ෨) is the density function of wave height, ℎ෨଴ is the dividing point, and ℎ෨଴ satisfy the 
following expression: 

න ݂(ℎ෨)ାஶ
௛෩బ ݀ℎ෨ = 13. (24)

0h h

( )f h

 
Fig. 2. The definition of significant wave height 

Firstly, based on computer-based simulation, an expected value of significant wave height 
ଵܪ) ଷ⁄ ) for a given sea-state is applied to generate a series of random irregular wave. Then, after 
classifying and analyzing the wave height, the mean wave height of the highest third of the random 
irregular wave ቀℎ෨௜భ య⁄ ቁ for component ݅ could be calculated. Theoretically, when the simulation 

time ݐ approaches infinity, the ℎ෨௜భ య⁄  will approach the given value of significant wave height 
ଵܪ) ଷ⁄ ). However, typically it will consume quite long simulation time. Therefore, in this paper, 
we define a terminal condition to stop the numerical simulation: 

Given a steady-state deviation ∆, when the deviation between the mean wave height of the 
highest third of the random irregular wave and the given value of significant wave height (ܪଵ ଷ⁄ ) 
is less than the given steady-state deviation ∆ for 10 times continuously, the numerical simulation 
will stop, and the corresponding wave coordinate is taken as the wave coordinate of the significant 
wave height of the given sea-state. The terminal condition can be expressed as: ቚℎ෨௜భ య⁄ − ଵܪ ଷ⁄ ቚ < Δ,  ቚℎ෨௜ାଵభ య⁄ − ଵܪ ଷ⁄ ቚ < Δ, …, ቚℎ෨௜ାଽభ య⁄ − ଵܪ ଷ⁄ ቚ < Δ. (25)

3.3. Dynamic random numerical simulation program 

Step 1. Input an expected value of significant wave height (ܪଵ ଷ⁄ ) for a given sea-state, and the 
corresponding P-M wave spectrum. 

Step 2. Divide the frequency range (߱୫୧୬-߱୫ୟ୶ ) into ܰ  segments, and specify the wave  
angle ߯. 

Step 3. Initialize the random irregular wave, the dynamic equation of launch and recovery 
system parameters and the simulation time ݐ = 0. 

Step 4. Calculate wave amplitude ߞ௝ , wave frequency ௝߱ , random phase ߝ௝  and wave  
number ௝݇. 

Step 5. Apply ߞ௝, ௝߱, ߝ௝, ௝݇ and ߯ to the wave coordinate Eq. (21) to generate wave coordinate. 
Step 6. Calculate the dynamic responses of the ship (heaving motion ݖ, rolling motion ߮ and 
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pitching motion ߠ) from ship motion equations. 
Step 7. Calculate the dynamic responses of the seafloor drill and the umbilical cable (in-plane 

angle ߛ , out-of-plane angle ߜ , tension of the umbilical cable ்ܨ , and heaving motion of the 
seafloor drill ܪௗ௥௜௟௟) from Eqs. (13) to (18). 

Step 8. Use rain-flow counting method [17-19] to analyze wave coordinate (ݐ)ߦ of the random 
irregular wave, the dynamic responses of the ship, the seafloor drill and the umbilical cable; 
calculate their statistical distribution and characteristic values. 

Step 9. Extract the wave heights of the random irregular wave ℎ෨ଵ, ℎ෨ଶ, ℎ෨ଷ, …, ℎ෨௜ in descending 
order; then, calculate the mean wave height ℎ෨ത௜భ య⁄  of the highest third of them. 

Step 10. Specify a steady-state deviation ∆  as a terminal condition for the numerical  
simulation, when the following conditions are reached, the numerical simulation will stop, and the 
corresponding wave coordinate is taken as the wave coordinate of the significant wave height of 
the given sea-state: ቚℎ෨௜భ య⁄ − ଵܪ ଷ⁄ ቚ < Δ,    ቚℎ෨௜ାଵభ య⁄ − ଵܪ ଷ⁄ ቚ < Δ, …, ቚℎ෨௜ାଽభ య⁄ − ଵܪ ଷ⁄ ቚ < Δ.

Step 11. If the terminal condition is not satisfied, then ݐ = ݐ + ݐ∆  is the time step of ݐ∆) 
numerical simulation) will come back to Step 4 to continue generate the random irregular wave 
until satisfy the simulation terminal condition. 

Fig. 3 shows the flow chart of the dynamic random numerical simulation of the launch and 
recovery system. 

4. Random numerical simulation of the launch and recovery system 

Based on the procedure discussed in the previous section, a calculation case of a scientific 
research ship under sea-state 4 is demonstrated in this section. The simulation parameters of 
launch and recovery system are given in Table 1. 

Table 1. Simulation parameters  
Parameters Values 

Ship length (m) 73.3 
Ship breadth (m) 10.2 
Ship draught (m) 3.4 
Ship mass (kg) 1200000 ܮை஺ (m) 35.5 ܮ஺஻ (m) 6 
Angle ܽ (°) 135 
Vertical coordinate ݖ௕ (m) 0.62 
Seafloor drill mass (kg) 8000 
Seafloor drill volume (m3) 1.56 
Resistance coefficient ܥ௫ 1.67 
Resistance coefficient ܥ௬ 1.67 
Resistance coefficient ܥ௭ 1.67 
Resistance surface areas ܵ௫ 8.35 
Resistance surface areas ܵ௬ 8.5 
Resistance surface areas ܵ௭ 4.67 
Density of water ߩ (kg/m3) 1000 

In the process of launch and recovery of the seafloor drill, the ship has been anchored, so we 
let the forward speed ݒ = 0. 
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Fig. 3. Flow chart of the dynamic random numerical simulation of the launch and recovery system 

4.1. Random irregular wave generation 

The significant wave height of sea-state 4 is specified to 2.1 m. The steady-state deviation ∆ 
is 0.001 m. The frequency range from ߱୫୧୬ to ߱୫ୟ୶ is (0.3-3) rad/s. The wave direction ߯ is 30°, 
and ܰ is 30. The time step of simulation is set to be ∆ݐ = 0.2 seconds. The convergence of the 
wave heights of the random irregular wave to 2.1 m is shown in Fig. 4. The total simulation time 
to achieve this is 35008 seconds.  
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Fig. 4. The convergence of the wave heights of the random irregular wave to 2.1 m 

Fig. 5(a) shows a part of the wave coordinate of a random irregular wave. Based on the 
rain-flow counting method, it can be seen that the wave coordinate of the random irregular wave 
follows the normal distribution with mean ߤ = 0.0078 and standard deviation ߪ = 0.847. The 
probability density function of the wave coordinate is shown in Fig. 5(a). 

 
a) A part of the wave coordinate of the random irregular wave 

 
b) The probability density function of the wave coordinate  

Fig. 5. The dynamic response of the wave coordinate 

4.2. The dynamic response of the ship 

Fig. 6(a) shows a part of the dynamic response of the ship heaving motion. Based on the 
rain-flow counting method, it can be seen that the ship appeared an irregular heaving motion under 
this random irregular wave. The ship heaving motion follows the normal distribution with  ߤ = 0.00001 and ߪ = 0.3479. The probability density function of the ship heaving motion is 
shown in Fig. 6(b). 
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a) A part of the response curve of the ship heaving motion 

 
b) The probability density function of the ship heaving motion 

Fig. 6. The dynamic response of the ship heaving motion 

Similarly, the dynamic response data of the ship rolling motion and the ship pitching motion 
can be obtained by using the rain-flow counting method. The ship rolling motion also follows the 
normal distribution with ߤ = 0.0003 and ߪ = 1.1245. The ship pitching motion follows the 
normal distribution with ߤ = 0.00009 and ߪ = 0.0248. 

Compared the dynamic response data of the ship rolling motion with that of the ship pitching 
motion, it can be found that the standard deviation of the ship rolling motion is larger than the 
standard deviation of the ship pitching motion, and this is due to the length of the ship is larger 
than the width of the ship, which makes the pitching motion is more stable than the rolling motion. 

4.3. The dynamic response of the seafloor drill and the umbilical cable 

Figs. 7(a)-(d) show a part of the dynamic responses of the in-plane, out-of-plane pendulum 
angle (ߛ and ߜ), the tension of the umbilical cable (்ܨ), and the heaving motion of the seafloor 
drill (ܪௗ௥௜௟௟) for the seafloor drill at the depth of 10 m, respectively. Based on the rain-flow 
counting method, it can be seen that the distribution of the angle ߛ, the angle ߜ, the ்ܨ and the ܪௗ௥௜௟௟ for the seafloor drill at the depth of 10 m follow normal distributions with ߤ = –0.0149° 
and ߪ ߤ ;1.7117 = = 0.1792° and ߪ ߤ ;8.3203 = = 67237.9 N, and ߪ ߤ ;30115.8 = = 0.0980 m, 
and ߪ = 0.3674, respectively. 

Figs. 8(a)-(d) show the probability density functions of the angle ߛ, the angle ߜ, the ்ܨ and the ܪௗ௥௜௟௟ for the seafloor drill at the depth of 10 m, respectively. 

4.4. The dynamic response of the seafloor drill and the umbilical cable under different water 
depths 

The mean values and the standard deviations of the angle ߛ, the angle ߜ, the ்ܨ and the ܪௗ௥௜௟௟ 
for the seafloor drill at the depth of 10 m, 100 m and 1000 m are listed in Table 2. 
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a) A part of the response curve of the pendulum angle ߛ 

 
b) A part of the response curve of the pendulum angle ߜ 

 
c) A part of the response curve of the tension of the umbilical cable 

 
d) A part of the response curve of the heaving motion of the seafloor drill 

Fig. 7. A part of the dynamic response of the seafloor drill and the umbilical cable  
for the seafloor drill at the depth of 10 meters 
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a) The probability density function  

of the pendulum angle ߛ 

 
b) The probability density function  

of the pendulum angle ߜ 

 
c) The probability density function  
of the tension of the umbilical cable 

 
d) The probability density function  

of the heaving motion of the seafloor drill 
Fig. 8. The probability density function of the of the seafloor drill and the umbilical cable  

for the seafloor drill at the depth of 10 meter 

Table 2. The dynamic response of the seafloor drill and the umbilical cable under different water depths 

 Water depth 10 m Water depth 100 m Water depth 1000 m 
Mean Standard deviation Mean Standard deviation Mean Standard deviation 

Angle 0.0149– (°) ߛ 1.7117 0.0097 0.1636 0.0005 0.0783 
Angle 0.0807– 8.3203 0.1792 (°) ߜ 3.1106 –0.0079 67237.9 (kN) ்ܨ 0.2113 30115.8 67266.1 30462.4 66865.2  ௗ௥௜௟௟ (m) 0.0980 0.3674 0.0886 0.3616 0.0055 0.3482ܪ 31099.6

By comparing the mean values and the standard deviations of the angle ߛ, the angle ߜ, the ்ܨ 
and the ܪௗ௥௜௟௟ at the different depths, it could be concluded that the increase of the water depth 
will decrease the amplitude of the angle ߛ , the angle ߜ . the change of water depth does not 
significantly affect the variation of ்ܨ and ܪௗ௥௜௟௟. Compared with the standard deviation of the 
heaving motion of the ship, the standard deviation of the heaving motion of the seafloor drill is 
more than times larger than it for the seafloor drill at water depth 10 meters, 100 meters and 
1000 meters. This is due to the hoist boom was fixed in the quarter-deck of the ship, which make 
the pitching motion of the ship has the most significant influence on the heaving motion of the 
seafloor drill. 

Data collection: Deshun Liu, Youduo Peng. Data analysis: Buyan Wan, Deshun Liu, Youduo 
Peng and Zhihua Cai. Data interpretation: Yongping Jin, Buyan Wan and Deshun Liu. Drafting 
manuscript: Yongping Jin, Buyan Wan, Deshun Liu, Youduo Peng, Zhihua Cai, Jianghui Dong. 
Revising manuscript: Yongping Jin and Jianghui Dong. All authors have read and approved the 
final submitted manuscript. 
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5. Conclusions 

In the current study, a dynamic model that considers the influence of the seawater resistance 
on the launch and recovery system of a seafloor drill is established. By applying a random irregular 
wave as an external excitation, the random distribution characteristics of the dynamic responses 
of the launch and recovery system are analyzed and calculated by using the rain-flow counting 
method. This study shows that the ship appeared irregular heaving, rolling and pitching motion 
under random irregular wave, and the ship heaving, rolling and pitching motions follow normal 
distributions. The increase of the water depth will decrease the amplitude of the in-plane and the 
out-of-plane pendulum angles. This method provides a new tool for evaluating the dynamic 
response characteristics of the launch and recovery system of other seafloor equipment under 
random irregular wave. Analysis results can provide theoretical guidance for the estimation of 
heave compensation and the constant-tension control of the umbilical cable. In order to more 
accurately analyze the dynamic response of the launch and recovery system, the elastic 
deformation of the umbilical cable should be deeply considered and discussed in future study. 
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