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The ship-generated wave causes erosive damage to the slopes of inland waterways and confined waters such as the coastal zone. This critical issue is essentially associated with the navigational safety and sustainable development of coastlines, so it is vital to predicting the maximum wave height of the ship-generated wave (Hm) in the coastline of confined waters. The prediction equations of prior research works are mostly based on measured data and multiple regression analysis; however, this paper aims to propose a novel methodology to predict the maximum wave height of ship-generated waves in confined waters. The maximum wave height caused by a self-propelled ship under various conditions with confined water is measured by employing a water flume. Furthermore, the relationships of functions in the prediction model equation are appropriately derived by dimensional analysis, and the prediction equation model is then solved via the particle swarm optimization algorithm (PSOA). The experimental results reveal that the maximum wave height of the ship-generated wave is seriously affected by the water depth of the channel (hc), the navigation speed of the ship (Vc), and the distance from the forecast point to the navigation line of the ship (Sc). In addition, the maximum wave height grows and then lessens, which touches its peak point in the region close to Frh = 1. The dimensionless analysis indicates that the large wave height of the ship-generated wave can be expressed as a function of the channel depth (hc), ship speed (Vc), and the distance from the measurement point to the ship’s navigation line (Sc) as;  . Subsequently, the specific prediction equation is determined by a regression model according to the measured data under various working conditions. By adopting the model expression equation, namely,  , the coefficients k1 and k2 are evaluated via the PSOA, and the relationship between the water depth of the channel and the coefficients is suitably outlined to obtain the maximum wave height prediction model equations for ship-generated waves.
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1 Introduction

Riverbanks and coastal erosion have attracted much attention in recent years, and many investigators have focused on the effects of runoff, wind waves, and tidal movement on riverbank materials (Hofmann et al., 2008; Uncles et al., 2014; Williams et al., 2018). When a ship navigates in restricted waters, channel size, water depth, ship speed, and other factors directly influence the resistance to the ship and the angle of propagation of the ship-generated waves. Such factors are capable of increasing the resistance and remarkably altering the wave fluctuation process compared to non-restricted waters (Havelock, 1922; Noblesse et al., 2014; Li and Ellingsen, 2016; Du et al., 2020). However, with the quick development of shipping in restricted waters, the erosion and retreat of inland waterways and beaches have been substantially influenced by ship-induced waves, particularly the erosion of riverbanks and shallow areas of coasts (Nanson et al., 1994; Cameron and Bauer, 2014; Teatini et al., 2017). For confined channels or shallow coastal areas, erosion of beach slopes by ships and resuspension of suspended sand (Rapaglia et al., 2011; Mao and Chen, 2020), as well as on beach slope stability and wetland dispersal degradation, and disturbances of plants and animals and fish community habitats (Jägerbrand et al., 2019; Kurdistani et al., 2019).

By this virtue, some researchers have conducted investigations on riverbanks and coastal areas with high ship traffic flow (Fleit et al., 2021). It is essentially characterized by a shallow water area that has a negative influence on the survival and diversity of bottom prey organisms; as a general rule, the narrower the channel width, the greater the damage caused by the wave of boat traffic. For this type of waterway, the ability to dissipate the ship’s traveling wave energy is commonly weak, and after the ship passes the understudied surface, the wave collapse would be slow and causes erosion damage to the beach slope area of nearly 150 m. In addition to traditional current scouring, wave breaking also causes bed surface erosion (Bilkovic et al., 2019). Compared to wind-generated waves, ship-induced waves have a shorter period and higher peaks, so they commonly possess more energy and are identified as the main source of erosion in areas with low wind and wave energy (Stumbo, 2001; Safty and Marsooli, 2020). It is known that the energy of the ship’s wave in shallow water is more than the energy in deep water. Additionally, as the speed of the ship grows, the energy plot first exhibits an ascending trend and then a descending trend, indicating reaches a maximum at a certain speed. The height of the ship’s wave becomes greater when the energy is at its maximum level. The oscillation law and the propagation process of ship-generated waves in shallow coastal areas and restricted channels are dissimilar to the traditional water depth conditions of the wide area and exhibit some similarities (Scarpa et al., 2019). Hence, the maximum wave height is related to the maximum energy in the process of limiting water fluctuations and the degree of bank erosion, which can be reasonably utilized to estimate and predict the maximum energy of waves of traffic boats and riverbanks, as well as to judge the degree of coastal erosion. As a result, the explorations on predicting the maximum wave height of the ship-generated waves are of grave significance.

At present, because the ship-generated waves are irregular, the maximum wave height in the propagation path in the channel alters with a certain degree of randomness (Maynord, 2005). By utilizing the shipping speed, water depth, and ship type based on the actual measurement data for typical regression analysis, many investigators have established the prediction model of the maximum wave height of ship-generated waves, as the corresponding formulas are presented in Table 1. For this purpose, field experiments were employed to collect data to derive the maximum wave height equation for the beach under various ship speed conditions (Balanin and Bykov, 1965). Based on the Ohio River using observations of a specific vessel, a maximum wave height prediction formula is derived for ship-generated waves (U.S. Army Corps of Engineers, H.D, 1980); however, the aforementioned equation was developed for a specific type of ship orientation, which results from the measurement of the maximum wave height on the coast and the formation of a semi-empirical formula, with a strong regional and ship type restrictions, without taking into account the distance from the measurement point. In another work, (Bhowmik, 1975) collected the wave height generated by a ship at three distinct speeds and the formula for predicting the maximum wave height was then derived by regression analysis of the data, which was only applicable to low-speed cases on a low speed at that time. (Bhowmik et al., 1982) performed multiple regression analysis of significant parameters for 60 ships navigating the Mississippi River at speeds (0.98 m/s to 6.19 m/s) and wave measurement distances of 0.91 m/s to 213.36 m/s, which resulted in a linear correlation between Hm and ship speed (Vc). On this basis, we proceed to examine the maximum wave height produced by various ship types and ship speeds to obtain an exponential relationship between Hm and ship speed (Vc). The Permanent International Association of Navigation Congresses (PIANC) proposed a predictive equation model for channel lining design applicable only to ship waves generated by inland vessels (Pianc, 1987). (Sorensen, 1997) extracted the prediction curves of the maximum wave height of the ship-generated waves and the speed of the ship Vc by correcting the existing formulas; however, the aforementioned formulations for broader use conditions were not proposed. The above investigations all use field measurement data to fit the equation with multiple linear regression, which cannot accurately control the channel depth, ship speed, and measurement position. Among them, depth is one of the pivotal factors affecting the formation of the maximum wave height during the propagation of the ship-generated wave (Ozeren et al., 2016; Suprayogi et al., 2022). In addition, traditional predictive models employ traditional approaches such as least squares or Fmincon functions in nonlinear regression to fit multivariate equations, which are prone to locally optimal solutions in the fitting process (Paatero and Tapper, 1993), requiring the combination of new optimization algorithms in the parameter fitting part. Currently, the common optimization algorithms include genetic algorithm, simulated annealing, ant colony algorithm, and particle swarm algorithm (PSA). The PSA has the advantages of good convergence and easy separation from the local optimal solution compared to other ones.


Table 1 | Prediction equation models of maximum wave height (Sorensen, 1997).



With the rapid development of shipping, the types and sizes of ships gradually began to be unified. For a particular typical ship, its size and draft depth are no longer important factors that affect the change of the ship line’s wave height, but for confined waters, water depth and ship speed are among crucial factors that affect the maximum wave height of the ship’s line. Therefore, this paper is aimed to establish a physical model based on the cross-section of the common channel and the shape of the ship in confined waters. The proposed model is capable of measuring the distribution of the cross-sectional wave height under various conditions of water depth and ship speed using flume experiments. In continuing, an equation model dimensional analysis and particle swarm optimization algorithm (PSOA) is developed and established, seeking to solve the correlation coefficients based on the measured data. The final goal is to arrive at the equation model of the predicted maximum wave height of the ship-generated waves. In the present investigation, we construct a trapezoidal cross-section of confined water in a wide flume through adopting a laboratory experiment of our ship navigation test. Then, we proceed with determining the relationship between the maximum wave height, ship speed, channel water depth, and distance from the ship at the shore slope of shallower areas during the propagation of the ship-generated waves. The most crucial output is the development of a prediction formula via dimensional analysis and PSOA. The present article can be divided into four parts: the first part introduces the background of the study, the second part describes the experimental design and the methods used in the paper, the third part demonstrates the preliminary analysis of the experimental results and the discussion, and the fourth part provides a summary of the important results of the performed investigation.




2 Methods

The field measurement of the ship-generated waves is affected by the topography of the channel, water depth, frequency of ship traffic, and other factors, so it is difficult to obtain the water level fluctuation process data of the traveling wave in the presence of various water depths and ship speeds. The arrangement of the real-time collection points is also subject to great limitations, while laboratory flume experiments can be constructed according to the channel cross-section of the channel and ship model, the depth and speed of ships can be easily set up for the experiments, and the arrangement of the traveling wave measurement points is precisely arranged according to the content of the study. The arrangement of wave measurement points can be accurately arranged according to the research content. In addition, most of the traditional regression analyses use the least squares and Fmincon function methods, which are easy to fall into the local optimal solution and cannot scientifically obtain the form of a prediction equation. In order to build a maximum wave height prediction model for ship-generated waves in confined waters, this paper adopts laboratory flume experiments instead of field measurements. The main objective is to accurately control the measurement conditions and measurement positions of the wave gauge arrangement. Subsequently, we construct the prediction model through dimensional analysis and determine the correlation coefficients according to the PSOA, whose methods include the following three parts.



2.1 Laboratory flume experiments

The experiments were carried out in the Basic Sedimentation Theory Test Hall of Nanjing Hydraulic Research Institute. The experimental flume was a special tank for ship self-propulsion tests with the following dimensions: 30 m long, 5.0 m wide, and 0.5 m high. In order to appropriately examine the problem of the maximum wave height of the wave produced by the ship due to the navigation of the channel ship, the common domestic small and medium-sized channel sections are considered. Based on the ratio of 1:20, a trapezoidal cross-section structure is built in the flume, as demonstrated in Figure 1. The length of the experimental trapezoidal section is 10 m, which is located in the middle area of the water tank, before and after each of a 10 m buffer zone as a ship model acceleration and deceleration areas. To eliminate the impact of the reflection of the ship’s wave on the right bank velocity and wave height measurement, the experimental section on the right side of the channel model includes a ramp (1:3) to form a trapezoidal shore protection structure, and the left side is made of a 4–6 cm diameter gravel pile designed. Additionally, a large area of high-density vegetation network was placed before and after the flume to reduce the effect of water reflection on the experiment.




Figure 1 | Schematic representation of the experimental flume arrangement.



The dimensions of the relevant sections in the flume model and the ship model have been presented in Figure 2. The trapezoidal section of the channel consists of two slopes with a slope ratio of 1:3, which are connected by a platform. The ship model employs the most common 500-ton cargo ship in the restricted channel as the research target, and the ship size is 46.0 m × 8.8 m × 3.0 m (length × width × draught) with a speed of 3.8 m/s to 11.2 m/s. Furthermore, according to the similar ratio, the size of the prototype ship is 2.30 m × 0.44 m × 0.15 m, and its speed is set as 0.85 m/s to 2.5 m/s. The ship model has auto-navigation power and can move itself by remote control. The ship’s rudder angle varies in the range of −25°–25°, and the ship’s navigation path in this study is taken as a straight line along the centerline of the channel.




Figure 2 | Actual production diagram of the flume and ship models.



This experiment employs three water depths (hc) for testing, namely, 0.19 m, 0.29 m, and 0.39 m, and each water depth is used for conducting four ship speed tests. The ship navigation experiments should ensure that the water surface is calm before the ship is allowed to move in the center line of the channel, and the direction of navigation is set parallel to the riverbank. The self-propelled speed range of the ship is 1.06 m/s–1.68 m/s, because the restricted water is commonly divided into three regions according to the different propagation angles of the ship-generated waves. In the case of Frh ~0.84, the ship speed is placed in the subcritical speed region; for the case of 0.84 < Frh < 1.15, the ship speed is in the cross-critical speed region, while the case of Frh ≥ 1.15 is corresponding to the supercritical speed region. According to the experimental working conditions of water depth, the Froude number (Frh) is allowed to vary in the range of 0.54–1.2 to include all above velocity regions. The specific working conditions in the performed experiments are presented in Table 2.


Table 2 | Experimental condition group setting.



The wave height measurement in this experiment is performed by the 64-channel DS30 capacitive wave height measurement system and wave height meter, which uses electronic sensing and computer hardware-software technologies to simultaneously measure several points with high accuracy. The channel height meter arrangement is demonstrated in Figure 3, where the horizontal distance (Sc) from wave gauge 1 (W1) to the channel center gauge 10 (W10) is set as 0.865 m, 1.00 m, 1.225 m, 1.325 m, 1.350 m, 1.38 m, 1.580 m, 1.780 m, 2.090 m, and 2.370 m. Wave gauge 1 (W1) and wave gauge 2 (W2) are placed in the channel, and wave gauges 5 (W5)–10 (W10) are located on the channel slope (see Figure 3). The sampling frequency of the wave height meter is set equal to 100 Hz, and the acquisition time is set as 90 s, with a total of 9,000 data.




Figure 3 | Schematic representation of the wave gauge layout.






2.2 Dimensionless analysis

Numerical analysis is aimed at providing a fairly accurate realization of the physical quantities involved in a physical problem and seeks to establish functional relationships between these quantities. That is a simplification of a physical problem in the context of analyzing the nature of the physical problem at the level of magnitudes. The theoretical basis of dimensionless analysis is the Buckingham π-theorem (Buckingham, 1914), which assumes the existence of n main influencing factors for a general physical problem. Generally, it can be stated by the following:

 

By choosing m (m ⩽ 7) of these physical measures as basic measures, let us make up n–m dimensionless measures ( ,  ,…,  ). Then, one can write:

 

The inland waterways in this study are mainly confined waterways with shallow water depth and narrow river surfaces, and the maximum wave height (Hm) during the shipping process has a specific relationship with the ship’s navigation speed (Vc) (Sorensen, 1997; Kriebel and Seelig, 2005). Additionally, the water depth of the channel (hc), the distance of the measurement point from the center of the channel (Sc), and the water depth at the calculation point for hp are among the main factors that have a great influence on the maximum wave height at a certain place in the channel. Therefore, the maximum wave height (Hm) of the ship-generated wave at the calculation point can be expressed as follows:

 

For a restricted regular trapezoidal section, when the channel side slope ratio (m) is a certain level, hpcan be stated as a function of hc and Sc. Then, the physical problem can be described by the following:

 

In Equation (1-3), the six physical quantities include five dependent variables and one independent variable, and the basic scale involved contains three basic scales, whose scale indices have been demonstrated in Table 3.


Table 3 | Quantitative power exponents of the variables in the maximum wave height problem during the propagation of a ship-generated wave.



According to π theorem, Sc and hc represent two independent variables that choose one as the reference physical quantity. In addition, Vc, g, and ρ should choose two as the physical reference quantity. In the present work, Vc, g, and ρ are selected as the reference physical quantity. For the sake of the classification of the abovementioned magnitudes sorted, as presented in Table 4.


Table 4 | Quantitative power exponents of the variables in the maximum wave height problem during the propagation of a ship-generated wave.



Thus, the expressions of the basic measure factors are derived from the reference measure in the following form:

 

After applying the transformation in Equation (1-5) to Table 4, one can arrive at Table 5.


Table 5 | Power exponent after line transformation of the variables used in the maximum wave height problem during propagation of a ship-generated wave.



Then, three dimensionless factors are given as follows:

 

As a result, the above-displayed problem can be described as follows:

 

In Equation (1-6), dimensionless Π1 represents the ratio of the water depth of the channel and the distance from the point to the ship’s side, which does not have practical significance. Therefore, the product of dimensionless factors Π1 and Π2 can be employed to express the relationship between the water depth and the Froude number. By this virtue, the correction and simplification of dimensionless Π1 take the following form:

 

Therefore, Equation (1-7) can be transformed to give

 

Considering that the water depth of the AA number is a dimensionless factor when the ship moves in a restricted channel, Equation (1-9) can be reduced as follows:

 




2.3 Basic principles of PSOA

The PSOA is an evolutionary computational technique, which is essentially derived from the study of bird predation behavior (Kennedy and Eberhart, 1995). It is mainly constructed based on the sharing of information by individual particles in the swarm. Thus, the direction of the evolutionary process of particle motion is influenced from disorder to order in the problem-solving space, so that the particles obtain the optimal solution or reach the most favorable position. Suppose N particles are forming a group in the search space consisting of a D-dimensional target, where the i-th particle can be represented as a D-dimensional vector in the following form:



The optimized velocity of the i-th particle is a D-dimensional vector, denoted by:

 

When the particle continues to be optimized, then the optimized D-dimensional vector becomes.

 

 

where   denotes the t-generation initial velocity,   stands for the inertia weight,   signifies the individual step forward to the global optimal solution,   represents the step forward to the individual optimal solution position, and   is the individual learning coefficient,  denotes the step forward to the global optimal solution of the population,   represents the optimal position of the population,   is the population learning coefficient,   signifies the coordinate position of the t+1 generation, determined by   at t generation position and the t+1 generation speed ( ). Therefore, as illustrated in Figure 4, the trajectory of the optimization algorithm can be interpreted as follows. Assuming that the current particle position is a particle, denoted by C, the individual optimization direction is B, and the global optimization direction is A. By applying individual and global optimizations, the particle moves to C and finally reaches the global optimal position A through continuous iterations.




Figure 4 | PSOA path diagram.







3 Results and discussion

For channels with shallow water depth and narrow channels, the ship-generated waves move along the side of the ship toward the shore and cause scouring of the riverbank. The degree of erosion of the riverbank by waves depends on the maximum wave height of the waves, which is presented in Figure 5.




Figure 5 | (A) A sketch of the typical ship wave and measuring position. (B) The fluctuation processes and maximum wave heights of the ship’s waves.





3.1 Distribution of maximum wave height with cross-section

The maximum wave height generated by the ship (Hm) under different navigation conditions is different, but the propagation process with the sectional distribution has a similar pattern, as illustrated in Figures 6A–C. Figure 6A shows the change of wave height in sections W1–W7 at different ship speeds in the case of hc = 0.19 m. In general, the maximum wave height in the channel (Hm) tends to decay with the increase of Sc, while the variation of the maximum wave height (Hm) sectional distribution at the side slope of the channel is mostly related to the ship speed and then exhibits a descending trend. When the ship speed increases to 1.25 m/s to 1.42 m/s, the ship speed is mainly placed in the cross-critical region (i.e., 0.85 < Frh < 1.15). Under such circumferences, the overall wave height of the channel section exhibits an increasing trend, and the maximum wave height in this area demonstrates a slight increase or decrease trend as the ship speed continues to increase. The main reason behind this fact is that, when the ship line wave propagates in the navigation channel, it is mainly influenced by the low friction and the viscous force of the water. When the water depth sharply reduces after entering the slope and the reflection effect of the beach slope, the wave height of the ship line wave grows more than the reduction of the wave height of the bed friction, so it exhibits a slightly increasing trend. Because the water depth of the channel slope gradually becomes shallower, the bed friction increases; when the bed friction height decreases more than the wave height due to decreasing water depth, the maximum wave height begins to show a decreasing trend. Therefore, the attenuation of the maximum wave height (Hm) in the bank slope is less than that in the channel. When the shipping speed increases to 1.68 m/s, it will arrive at the supercritical region (Frh > 1.15), and the maximum overall wave height of the channel in this region exhibits a decreasing trend. Such an issue is mainly ascribed to the fact that the water depth and river width of the restricted channel is small, and the ship would have a great influence on the water surface when sailing at high speed. As the shipping speed increases, the wave height of the shipping line also increases; when the speed of the ship reaches a certain level, the water level drops too high, leading to the maximum wave height of the ship line wave to breaking. This causes a reduction of the wave height, then the maximum wave height increases in the slope area of the channel with the increase of Sc.




Figure 6 | Maximum wave height distribution in channel sections in the presence of various navigation speeds: (A) hc = 0.19 m, (B) hc = 0.29 m, and (C) hc = 0.39 m.



Figure 6B illustrates the wave height changes of measurement points W1–W8 at different boat speeds in the case of hc = 0.29 m. Generally, the height of the ship traveling wave shows a positive correlation with the ship speed due to the increase of water depth in the channel. As is seen for Frh ≤ 0.84 (when the ship speed Vc ≤ 1.42 m/s), the maximum wave height is not affected by the water depth. The overall variation pattern of the maximum wave height below this water depth indicates that the wave height is smaller in the navigation channel during the transition from the navigation channel in the shore slope. When the shipping speed grows to 1.68 m, at this time, Frh = 0.86, and its section change law is similar to the cross-critical region for hc = 0.19 m. Figure 6C illustrates that, in the case of hc = 0.39 m, the variation of wave height at W1–W10 measurement points with ship speed (Vc) of 1.06 m/s to 1.42 m/s is the same as the distribution of maximum wave height at the section in the case of hc = 0.29 m, and the increase of maximum wave height of ship moving wave raises with the increase of ship speed. In summary, the maximum wave height of the ship propagating waves in the channel and on the beach, slope is not compatible with the variation pattern of Sc. The maximum wave height of the ship propagating waves on the beach slope exhibits a decreasing trend, while the variation pattern of Hm on the beach slope is related to the water depth Froude number.




3.2 Variation of the maximum wave height with ship speed

In order to investigate the effect of ship speed and water depth on the maximum wave height of ship traveling waves at various measurement points in the channel, the measurement points at three water depths are not consistent; therefore, the measurement data of three different water depths at measurement points W1–W6 are methodically examined, as illustrated in Figures 7A–F. The relationships between the maximum wave heights of the ship traveling waves and the ship speeds at the measurement points W1–W6 in the channel have similarities. The ship speed (Vc) and the maximum wave height (Hm) exhibit three different relationships, and the relationship curve is mainly determined by the water depth. When the water depth of the channel is set as hc = 0.19 m, the maximum wave height shows an increasing and then decreasing trend with the speed of the ship. When the water depth of the restricted water is small, the resistance of the ship is larger when the ship is sailing at a lower speed. Furthermore, the maximum wave height of the ship is larger than that in deeper water conditions, and the increase of the shipping speed exhibits a gradual ascending trend. When the speed reaches a certain value, the maximum wave height takes its peak point. When the speed of the ship gradually increases, the maximum wave height of the ship line wave also gradually increases, and the period is gradually decreasing. The peak of the wave becomes sharper as the shipping speed increases. Furthermore, the ratio of the maximum height of the ship line wave and the water depth (Hm/hc) becomes greater than a certain value, the wave has a tendency to attenuate or even break, and Hm commences to become smaller. When the water depth of the channel raises to hc = 0.29 m and hc = 0.39 m and the shipping speed grows from 1.03 m/s to 1.68 m/s, the effect of ship speed on the maximum wave height exhibits a positive correlation trend, and the shallower the water depth, the higher the wave height with the shipping speed. However, the increase in wave height is greater with the ship speed.




Figure 7 | Effect of speed on the maximum wave height of a ship-generated waves at different water depths for various measuring points: (A) W1, (B) W2, (C) W3, (D) W4, (E) W5, and (F) W6.



In summary, the maximum wave height is determined by the shipping speed (Vc) and the water depth (hc). Based on this important factor that the propagation pattern of ship waves in restricted waters is determined by the Froud number of the water depth, the relationship among the water depth, the Froud number (Frh), and the maximum wave height of the ship waves can be determined by dimensionless quantification of the shipping speed from W1 to W6 under various working conditions, as demonstrated in Figure 8. In the case of Frh< 0.84, the corresponding ship speed is placed in the sub-critical speed region and the maximum wave height in this region grows as the ship speed increases (Dam et al., 2008), demonstrating a positive trend. For the case of 0.84< Frh< 1.15, the ship speed is placed in the critical speed region, and the wave height exhibits an increasing and then decreasing speed in terms of the Froude number and touches its peak at 0.92 ≤ Frh ≤ 1.05. In the case of Frh > 1.15, the shipping speed is placed in the supercritical speed area, the maximum wave height of the ship-generated wave and water depth Froude number (Frh) raise and lessen sharply, are inversely proportional to the trend, and its law and subcritical region change law are almost opposite. When the ship travels in the trough, the ship travels with a gradually decreasing wave, and the water depth Froude number associated with the maximum wave height changes from Frh = 0.99 to Frh = 1.05. The maximum wave height increases suddenly after entering the channel side slope, and the water depth Froude number pertinent to the maximum wave height at its maximum value varies from Frh = 1.05 to Frh = 0.92. Hence, the wave height decay during the propagation of the ship traffic wave will lead to a larger maximum wave height Froude number at this measurement point, whereas the increase of the ship traffic wave leads to a smaller maximum wave height water depth Froude number.




Figure 8 | Relationship between the water depth Froude number (Frh) and the maximum wave height.






3.3 Prediction of maximum wave height equations for restricted channel slopes

According to the aforementioned cross-section of the ship’s wave along the channel in confined waters, it can be seen that the maximum wave height of the ship wave at the measurement points of the channel varies irregularly in both the cross-critical and supercritical velocity regions, whereas a specific regular distribution is detectable in the subcritical speed region (Frh< 0.84). This enables us to carefully analyze the maximum measured wave height on the beach slope at the measuring point W3–W10 in restricted waters under different working conditions. The dimensionless derivation in Equation (1-10) of the proposed approach shows that the maximum wave height (Hm) of the ship’s wave at a certain location in the channel can be stated as a function of the ship’s navigation speed (Vc), the transverse distance between the center of the channel and measurement point (Sc), and water depth Froude number (Frh). This relation can be obtained by the equation conversion in the following form:

 

Based on the abovementioned ship navigation conditions at various water depths and the results of the wave height meter, the relevant measurement data are dimensionless and the horizontal and vertical coordinates are set as   and  , respectively. The relationship between   and   can be derived for channel water depths of hc = 0.19 m, 0.29 m, and 0.39 m. As presented in Figure 9, Figure 9A illustrates the distribution of the ship speed at each measurement point in the subcritical region at hc = 0.19 m, and the measured values of W3–W7 at Vc = 1.03 m/s are dimensionless. Figure 9B exhibits the distribution of the shipping speed in the subcritical region for hc = 0.29 m, and the measured values of W3–W8 at Vc = 1.03 m/s, 1.21 m/s, and 1.43 m/s are all dimensionless. Figure 9C illustrates the distribution of ship speed in the sub-critical region at hc = 0.39 m, and the measured values from W3–W8 at Vc = 1.03 m/s, 1.21 m/s, and 1.43 m/s are dimensionless. From the non-linear regression analysis, it can be obtained that   and   in Figures 9A–C are distributed in a power exponential form, and their correlation coefficients R2 are all greater than 0.9; therefore, this objective function can be written as:




Figure 9 | Correlation between   and   for various water depths: (A) hc = 0.19 m, (B) hc = 0.29 m, (C) hc = 0.39 m.



 

In summary, first of all, according to the basic principles of least squares, we should construct the residual sum of squares of the objective function. To this end, take each pair’s values of k1 and k2 until the smallest value of the function is obtained, and then the corresponding values of k1 and k2 are then considered. When a ship is traveling in a given water depth, the predicted equation for the maximum wave height of the ship’s travel wave is given by  . The ensemble of the measured wave heights at each measurement points of various ship speeds in the channel section at that water depth can be regarded as the ensemble of Y. Subsequently, the ensemble of the maximum wave heights of the measured ship’s travel waves can be provided by  . According to the prediction equation for the maximum wave height of a ship traveling wave, the calculated value of the maximum wave height of a ship traveling wave can be viewed as the ensemble of multiple X, namely,  , where X is the relevant calculated parameter corresponding to the measured wave height, and k1 and k2 are the instantaneous coefficients. Then, the target residual sum-of-squares function,  , can be stated by the following:

 

Based on the PSOA, the residual sum-of-squares function can be evaluated iteratively for the maximum point of the wave height measurement. For this purpose, when the value reaches a minimum, at this point, the values of k1 and k2 represent instantaneous coefficients. The upper and lower limits of k1 and k2 parameters can be set as follows: 0 ≤ k1 ≤ 6, −5 ≤ k2 ≤ 5, where c1 and c2 are considered acceleration constants of value 2, and the minimum value of the residual sum of squares function can be found through iterative calculation. The measured values for these conditions and the calculated fit are shown in Figure 10. At hc = 0.19 m, the measured maximum wave height (Hm) of the ship’s traveling wave and the fit based on the PSA essentially match for k1 = 1.52 and k2 = −2.04. When the water depth (hc) increases to 0.29 m and the shipping speed is as small as Vc = 1.03 m/s, the measured value is the same as the fitted value. As the ship speed raises (Vc = 1.25 m/s), the fitted value is larger than the actual maximum wave height measured. When the shipping speed increases to 1.43 m/s, the increase of the fitted value is smaller than the measured value. When the PSA is employed to perform the optimization, it should consider three at the same time. The maximum wave height generated by various speeds has an impact on it, and the increase in maximum wave height for the ship speed increase from 1.03 m/s to 1.25 m/s is much less than that for the increase of ship speed from 1.25 m/s to 1.43 m/s. The fitted curve should be appropriately integrated with different increase values to show the law, in the case of k1 = 5.30, k2 = −2.94. As the water depth increases to 0.39 m, the corresponding values are in general agreement with the measured values, and the increase in maximum wave height and ship speed of the ship traveling wave are also consistent with k1 = 1.08 and k2 = −2.50.




Figure 10 | Comparison between the fitted values and the measured values based on the PSA used for solving the fitted relations: (A) Comparison of the measured and fitted values of the bank slope at Vc = 1.03 m/s for a water depth of hc = 0.19 m in channel. (B) Comparison of the measured and fitted values of the bank slope measurement points at Vc = 1.03 m/s, Vc = 1.25m/s, and Vc = 1.43 m/s for a channel water depth of hc = 0.29 m. (C) Comparison of the measured and fitted values of the bank slope at Vc = 1.03 m/s, Vc = 1.25 m/s, and Vc = 1.43 m/s for a water depth of hc =0.39 m in the navigation channel.



To compare the accuracy of the PSA to solve the equation model and determine the goodness of fit, the most extensively implemented methodologies are the traditional least squares method and the Fmincon function. In this regard, the sum of squares due to error (SSE), the sum of squares (SST), and the coefficient of determination (R2) of the goodness of fit of the model are evaluated for the maximum wave height prediction equation model, where  . The values for each of the different water depth conditions are provided in Table 6. The prediction equations for the maximum wave height of the ship traveling wave associated with three different solution methods restrict the prediction model of the maximum ship traveling wave equation in the beach slope; as a general rule, the lower the residual sum of squares, the higher the prediction accuracy. In general, the PSA has the best overall effect, and the least squares method and the Fmincon function solution method are the same. Their decision coefficients are slightly lower than those of the PSA, but the equation model behaves better (R2 ≥ 0.85). The least squares and Fmincon function solution approaches have many iterations and tend to fall into local optimal solutions, while the PSA avoids falling into local optimal solutions by combining individual extreme values and overall optimal solutions. Briefly, the PSA solves the prediction equation for the maximum wave height in shallow water for   with a fit goodness R2 ≥ 0.88, and the prediction results are close to the measured values. The values of k1 and k2 for various water depth conditions are presented in Figure 11.


Table 6 | Sum of squares due to error (SSE), the sum of squared total (SST), and coefficient of determination (R2) of the goodness of fit of the model for the fitted equations for various water depth conditions.






Figure 11 | Values of k1 and k2 for various water depths: (A) k1 value and (B) k2 value.







4 Conclusion

In the current investigation, the actual channel section is methodically simulated by a large indoor flume, and a ship self-propelled experiment is appropriately carried out. The wave height meter is arranged according to the channel section to analyze the monitoring data of the ship-generated waves and examine the relationship among the maximum wave height, the shipping speed, and water depth at the measurement points. The type of prediction function of the maximum wave height in a trapezoidal channel and the residual sum of squares function of the prediction equation and the measured values are constructed using dimensional analysis. Subsequently, the minimum value of the residual sum of squares function is appropriately solved by a PSOA to arrive at the optimal coefficients k1 and k2 of the prediction function. As a result, the prediction equation of the maximum wave height (Hm) is obtained for the ship-generated waves adapted to the slope of the channel within restricted waters. The main obtained results are summarized as follows:

(1) A large flume is utilized to simulate a trapezoidal section of restricted waters to examine the distribution pattern of the maximum wave height in the section at different ship speeds and depths. It is observed that the wave height in the flume and the slope when the wave is propagated from the center of the channel to the slope of the trapezoidal section.

(2) The maximum wave height is determined by both the water depth and the speed of the ship, so its variation law can also be described by the water depth Froude number. As the bathymetric Froude number (Frh) increases, the maximum wave height increases and reaches a maximum value as the value of Frh raises to around 1.

(3) The function relationship:   is achieved by appropriate dimensional analysis of the factors influencing the maximum wave height of ship-generated waves in the trapezoidal section channel, and the function type   is then determined. According to the PSA used in the subcritical velocity region (Frh< 0.84), for various water depths, wave heights, shore slopes, and the sum of squares minimum value, the function was solved for the appropriate values of k1 and k2. A relationship between the water depth of the channel and k1 and k2 values is constructed and, finally, the prediction equation of the maximum wave height for the channel shore slope region is suitably proposed.
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