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Abstract 

Smoothed particle hydrodynamics (SPH) is a numerical approach applied meshless Lagrangian 

method in the fluid study, which is different from the common computational fluid dynamics 

(CFD) on the basis of the Eulerian description. Compared with the traditional experiment 

studies, the numerical approaches provide much simpler way in simulating fluid behaviors, and 

the results are also considered to be reliable and accurate. Therefore, the numerical approaches 

are playing a more and more important role with the support of the fast developing computer 

technology nowadays. 

In this thesis, the water impact simulations are made in the DualSPHysics, which is a numerical 

program based on the SPH method. Four cases are simulated: water entries of both two- and 

three-dimensional horizontal cylinders with the constant velocities, free falling of two-

dimensional cylinders, and water entries of two-dimensional wedges with various deadrise 

angles. The results of simulations in DualSPHysics are evaluated through the comparison with 

previous theoretical analyses, experiments and other similar numerical simulations, also the 

influences of the parameter settings in the program are discussed. The emphasis is on the 

vertical hydrodynamic forces and slamming coefficients at the slamming moments.  

Most of the results are encouraging, with good agreement with the previous works, but the 

computing accuracy is limited by the capability of the computer. It is believed that more 

appropriate parameters can be applied in powerful computers, and better results can be expected 

as well.  
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1 Introduction 

In the early stage, issues of fluid mechanics have been explored widely. Among the studies, the 

main research methods were commonly theoretical analyses and experiments. To be specific, 

theoretical analyses offered the prediction of the possible physical phenomenon, and 

experimental studies proved the theory and provided the empirical equations for practice. 

Owing to the limitation of experimental conditions of fluid simulation, it was difficult to obtain 

the appropriate results for all types of simulations. 

Computational fluid dynamics (CFD) appeared with the invention of computers, and also 

updated rapidly with the development of computer technology after 1960s. Apart from the 

traditional theoretical analyses and experiments, CFD could be also viewed as an effective way 

to simulate the fluid behavior and to obtain the numerical results efficiently. The application of 

CFD may advance in some aspects compared with other methods. Unlike the theoretical 

research, CFD method can be used in relatively complicated problem solving, and there is no 

need to make great efforts to simplify the conditions, nor to define many assumptions to reduce 

the workload of calculation. Additionally, in the aspect of simulation, CFD method is economic 

without preparing instruments to design accurate experiment, and it also saves much time to 

repeat similar simulations. 

Now CFD method has become an independent discipline in the science field, which could be 

seen as important as both theoretical and experimental fluid mechanics. Especially in the recent 

decade, with the upgrade of the computer hardware, the computing speed and storage capability 

have been improved by a large margin correspondingly, providing more possibilities to solve 

complicated problems. Besides this, the parallel computing capability of the computer 

significantly improves the efficiency of simulations. 

From different perspectives, the concept of CFD method is varied. In a broad sense, CFD 

includes all the methods which utilizes the computers to make numerical simulation or 

calculation of fluid (or the other fields, i.e. astrophysics). However, in recent years, some other 

approaches as the braches of CFD have developed rapidly, and they have different advantages 

to solve certain problems. Therefore, in a narrow sense, CFD method represents the numerical 

solution approaches which utilize Eulerian method as the basic theory. On the contrary, other 

approaches that apply the Lagrangian method should be distinguished from CFD approaches. 

To eliminate the misunderstanding of the concept, in this thesis, CFD means only approaches 

applying Eulerian method in the following chapters.  



 2 

The relatively mature method for simulation of fluid behavior in Lagrangian method is 

smoothed particle hydrodynamics (SPH). In CFD approaches, geometric grids are defined, and 

physical characteristics of the fluid within the grids are described and simulated. Differing from 

CFD approaches, SPH applies Lagrangian method, in which the meshless fluid particles are 

defined. The separated particles can be considered as small individuals that comply with 

Newton's second law of motion, and the entire particles as a whole are performing like a fluid 

flow field. Through studying the properties of the particles, the fluid behavior can be described.  

When SPH method was introduced in 1970s, it was utilized to deal with astrophysical problems, 

and with the development of modern computer technology, it has been widely used in many 

fields. Owing to the meshless smoothed particles defined in SPH mothed, main emphasis is laid 

on the optimized algorithm, e.g. boundary description, and accuracy research. In spite of being 

questioned to be less accurate than CFD method on simulation of fluid flow, SPH approach is 

still an appropriate method for certain numerical simulation studies, especially for calculation 

in large scale simulation. 

The water impact problem, i.e. a moving rigid object enters or exits the calm water with a certain 

velocity, has been paid great attentions on the field of fluid mechanics research. Various aspects 

have been studied in the water impact process, e.g. vertical hydrodynamic forces and slamming 

coefficients, the deformation of the free surface, the water splash, the elevation of jets, and 

cavitation phenomenon. These researches have offered great contributions to the marine 

industry, including sub-sea operation, the behaviors of offshore structures in waves, ship design, 

marine operations, etc. For instance, in the field of sub-sea operation, the research results of 

water impact problems provide the theoretical basis to the scenario making, which concern with 

the selection of crane wires, lowering speed of the crane, even the shape of the related objects. 

A good designed scenario based on the water impact theory can reduce the costs in sub-sea 

operation efficiently, and avoid the equipment being damaged by the sudden large force caused 

by the slamming effects. 

The paper by von Karman (1929) was considered as the beginning of the research of water 

impact problems. After that, theoretical analyses and experiments were made by various 

researchers. Among these researches, the impact on calm water of rigid cylinders and wedges 

was widely studied, since they were close to the practical situations, i.e. ship slamming issues. 

In different studies, horizontal or inclined cylinders, symmetric or asymmetric wedges with a 

series of angles were the main research subjects. About the cases, the penetration of free surface 

with a forced constant velocity and the water entry of free falling objects were the main parts 



 3 

of the researches. The results of researches contained the curves of slamming coefficient in the 

function of non-dimensional time variables, fluid pressure, and vertical force. 

In terms of applying the numerical solutions, since the water impact problems are quite 

complicated, there are also assumptions and limiting conditions that assist the computation of 

the relevant variables. To improve the accuracy of the calculations, small meshed grids in CFD 

and tiny particle sizes in SPH are required, hence the numerical simulation needs relative long 

time to run the large amount of calculations. The fast development of model computer 

technology offers good opportunity to solve larger scale problems. Another important aspect of 

the numerical simulation is the selection of algorithm and relevant parameters. For the 

requirement of the virtual simulation, researchers have to try every possibility to make sure that 

the fluid behavior is close to the real world, and the results are accuracy enough. 

In previous researches, numerical results were commonly compared with the theoretical and 

experimental results, e.g. the empirical formula presented by Campbell and Weynberg (1980) 

was the classic comparable object. Due to the limitation of experiment condition and effects of 

various factors, the results could not reach an agreement in a high level. However, with the 

optimization of numerical simulation, much more reliable and accurate results can be expected. 

In this thesis, the SPH method is utilized to simulate the water impact problems, and 

DualSPHysics which is based on the SPH method is the main applied program. In chapter 2, 

the previous theoretical analyses and experiments are reviewed and compared, including water 

impact problems of cylinders and wedges. In chapter 3, the theories of both SPH method and 

DualSPHysics (SPHysics) are illustrated, and then some algorithms such as particle searching 

and time integration are introduced. After the theory part, in chapter 4 and chapter 5, the effects 

of parameters are analyzed, and the results of numerical simulations are presented. To be 

specific, in chapter 4, the sensitivities of parameter settings are analyzed through the water 

impact problem of two-dimensional horizontal cylinders, and the default parameters are 

selected according to the previous researches referred in chapter 2. Chapter 5 is divided into 

four parts for different cases. In section 5.1, the water entries of cylinders are simulated with a 

series of constant Froude numbers as the main variables, and the model is the same as that in 

chapter 4. Similarly, in section 5.2, the cylinder is supposed to penetrate the water surface freely, 

and the slamming velocity is calculated according to the initial position. Both the neutrally 

buoyant and half buoyant cylinders are tested in this section. After that, in section 5.3, two-

dimensional wedges with various deadrise angles are simulated, and the parameter settings are 

the same with the default values in chapter 4. The last simulation in section 5.4 is a three-
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dimensional cylinder entering into calm water with constant velocity, the result is compared 

with that in section 5.1, to illustrate the effects caused by the difference between simulations of 

two- and three-dimensional models. All the results are compared with previous researches, and 

the accuracy level of DualSPHysics program is discussed. 
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2 Literature review 

The water impact study is widely considered starting from von Karman (1929) who provided a 

method of momentum theory. In the research of von Karman (1929), a two-dimensional wedge 

was assumed to enter into water with a vertical velocity, and the force between the water and 

the wedge was calculated through a flat-bottomed float. Wagner (1932) developed the study of 

von Karman, he assumed that small amount of water rose on the free surface where the wedge 

and water touched, hence the dimension of flat plate mentioned by von Karman (1929) should 

be different due to this phenomenon. The pile-up of water was considered as the actual 

deformation of the free surface.  

After von Karman (1929) and Wagner (1932), a variety of researches and experiments were 

made. Since the water impact happened in a very short time for fast speed slamming, it was not 

easy to set up appropriate conditions to obtain relatively good experimental results, and in terms 

of theory research, complicated factors also influenced the results. In recent years, analyses 

made by computer offered numerical and visual outcomes of simulation and improved the 

researching efficiency. 

In this chapter, typical researches and experiments are reviewed and discussed, and the previous 

studies could shed some light on the future research.  

2.1 Water impact of cylinders 

The study of water impact of cylinders can be divided into two categories, consisting of cylinder 

with forced constant velocity entering into calm water and free falling from certain height into 

the water. The former case is studied mainly by calculating the vertical forces and the slamming 

coefficient *+, while the focus of the latter case is on the penetration depth with the variable of 

time, and also the vertical forces on the cylinder.  

2.1.1 Theoretical analysis 

The widely accepted theoretical analysis was presented by Faltinsen et al. (1977), and in the 

paper, the results of theoretical research by Faltinsen et al. (1977) and experiments by Sollied 

(1976) were discussed and compared. The analytical model of the case was described as a two-

dimensional rigid cylinder entering into calm water with forced constant velocity. Here the 

water was assumed as incompressible and irrotational fluid, and effect of gravitational 

acceleration was remarkably small compared with large fluid acceleration caused by the 
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cylinder loads. Similar theoretical calculation was made by Fabula and Ruggles (1955), which 

was limited by the submerge depth of  the cylinder entering into the water. 

Faltinsen et al. (1977) mentioned that the vertical force during the water-entering process could 

be defined as: 

,) = 	
1
1. 	[())(.)5] 

(2.1) 

where  ())(.) is the two-dimensional added mass as the function of submergence time t, v is 

the forced velocity of the cylinder during the process. By writing the added mass ()) as the 

function of submergence distance h (h is the distance from cylinder bottom to the initial free 

surface of water, shown in figure 2-1) and defining the slamming coefficient *+, the vertical 

force expression could be rewritten as: 

,)
(7") = 	

1())
(7")

1ℎ ∙ 57 = 	
%
2	*+ ∙ 2;5

7 
(2.2) 

where % is the density of water, r is the radius of cylinder, the expression is also mentioned by 

Faltinsen (1990). The initial *+  value was 3.1 in the theoretical calculation, and the value 

reduced with the submergence of the cylinder until it rose to another peak value when the 

cylinder was totally submerged, the curves are shown in figure 2-1. Compared to initial *+ value 
<
)
=, the result by Fabula and Ruggles (1955), Faltinsen et al. believed that the distinction was 

caused by the inaccuracy of Fabula and Ruggles’ method. Besides, the method was only valid 

before >
?
= 1.0, the moment when half of the cylinder was submerged in the water. 

Faltinsen et al. (1977) did not explain the reason of the appearance of the peak value when >
?
 

was around 2.0, because in experiments there was no such a peak value existing at the moment 

when the cylinder was fully submerged. The peak value of slamming coefficient represented a 

crest value of vertical force, and the force could be due to the buoyancy changing with the 

increase of cylinder volume submerged in the water, which reached the maximum value when 

fully submerged. However, this explanation was lack of support, since the buoyancy would 

never change after submergence, which meant the peak value should not decline with the 

submerged depth, not as the figure 2-1 showed.  
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Figure 2-1 Theoretical water-induced loads on a cylinder penetrating the free surface by 
Faltinsen et al. (1977) 

 

Sollied (1976) made the experiment of rigid cylinder penetrating calm water surface in 

Trondheim, a control unit was utilized on the model to supply a constant velocity during the 

experiment. The experiment was made by three different models and tested with various Froude 

numbers, and it was also mentioned that “For the impact and the surface penetration it is not 

likely that the Reynold’s number should have any great influence” (Faltinsen et al., 1977: 120).  

Although the resulting data of Sollied’s experiment were not sufficient to make plots of  curves, 

comparison curves with theoretical calculation of certain data were made by Faltinsen et al., in 

which the water-induced load per unit length for various submergence distance >
?
 were plotted. 

In terms of some curves, Fabula and Ruggles’ calculation seemed to agree with experiment 

results well, but no reasonable explanation was given in the paper. It was worth mentioning that 

in model III after >
?
> 2.0, relatively large difference between Faltinsen et al.’s calculation and 

experiment result was obtained, shown in figure 2-2. Faltinsen et al. noted that it was partly 

because they assumed the cylinder was totally wet after submergence in their calculation. 

However, in Sollied’s experiment, the upside of the cylinder was not wet at that moment due 

to the large speed, and this phenomenon was also found in the SPH simulation of this thesis.  
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Figure 2-2 Water-induced load on model III by Faltinsen et al. (1977) 

 

Again in figure 2-2 peak values could be obtained in the curves of theoretical result around 

depth function >
?
= 2.0, the explanation given by Faltinsen et al. was that the buoyancy was of 

greater importance in the total hydrodynamic forces when the cylinder was submerged than that 

in the slamming moment. However, it was still not enough to explain why the curves declined 

after the peak value, because the buoyancy of the cylinder should keep a high value after 

submerged, the stably extended curves should be a reasonable result as the experiment curves 

showed in the figure 2-2. 

2.1.2 Experiments 

A series of experiments were presented by Campbell and Weynberg (1980), and the results in 

their experiments were widely cited in various papers and thesis. The tests were based on the 

experiment model made by Campbell et al. (1977) with diverse analytical approaches. In 

horizontal cylinder impact part of the experiment, various Froude numbers ranging from 1.9 to 

5.6 were selected, and Reynolds numbers were from 0.8 to 4.4 x 105. It was mentioned in the 

paper that the slamming loads dominated in the resultant forces when Froude number was 

higher than 0.6 according to Miller (1977). Based on that premise, the defined Froude number 

was relatively large in the tests, and Campbell and Weynberg estimated that the possible 

contribution of the buoyancy to the slamming coefficient *+ could be from 0.05 to 0.54. 
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The mean velocity of experiment was constant during >
"
= 0.4, and approximate 5% fluctuation 

was found when the penetration process went up to >
"
= 1, i.e. the cylinder was fully submerged. 

Therefore, small error could happen during the fluctuation. To measure the forces in slamming 

moment, the force transducers were utilized, and the vibration of the test rig with the frequency 

about 550 Hz was recorded in the result plots. During the data processing the other oscillation 

vibration was omitted by taking the mean values. The vibration was also found in other 

experiments or numerical simulation, therefore, appropriate methods were needed to fit the 

resulting curves, including ignoring some extreme large values. Larsen (2013) mentioned this 

in his thesis, for the computation of vertical forces, special large values in the slamming moment 

were found. 

The empirical equation which could describe the slam load history was defined based on the 

experiment by Campbell and Weynberg (1980) 

*+ = 	
5.15

1 + 195.H
+
0.555.
H  

(2.3) 

where D is the diameter of the cylinder, 5. equals the penetration depth h, and the equation can 

be rewritten as *+ function of the non-dimensional time variable IJ
?

 

*+ = 	
5.15

1 + 9.55.;
+
0.2755.

;  
(2.4) 

the equation (2.4) was cited and utilized by various papers as the empirical expression in 

comparison. According to Campbell and Weynberg (1980) the equation was applicable to 

limited Froude number range, i.e. the effect of buoyancy was significantly small compared to 

the slamming loads. 

After the experiments by Campbell and Weynberg (1980), another series of typical experiments 

were made by Greenhow and Lin (1983), the high speed entry of the cylinders and wedges into 

calm water experiments. The experiment model and parameters were not described in 

Greenhow and Lin’s paper, but they mentioned the experiments made by Sollied (1976). More 

detailed pictures were taken for better fluid behavior description, so the experiment model could 

be considered to be similar to that defined in Sollied’s experiment. The main difference between 

the two experiments could be the velocity of the objects, in order to test different penetration 

depth, the rigid bodies were needed to enter into water freely rather than the forced constant 
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velocity in Sollied’s experiments. Due to the high speed penetration, gravity effect was 

considered very small and having no influence for the results. Actually, in most of the 

researches, no matter theoretical analyses, experiments or numerical simulations, the influence 

of gravity was widely considered to be of little importance in order to simplify the cases, 

especially when the velocity was relatively large. 

The experiment was also limited in two-dimensional models, and two types of cylinders with 

different weight (density) that were called half buoyant and neutrally buoyant cylinders were 

tested. The experiment results were plotted as the penetration depth for the time variable. 

Distinguished with the previous theoretical study, Greenhow and Lin focused on the 

deformation of the free surface and the jets elevated by the interaction between cylinders and 

the fluid. Although there was no numerical analysis in their report, they tried to illustrate the 

relation between deformation of the free surface and submergence of the rigid bodies.  

The pictures taken in this experiment clearly showed the penetration of the rigid bodies, and 

also the splash ejected by slamming interactions. These pictures were cited and compared with 

in various later papers, e.g. Faltinsen (1990) cited the pictures of the whole process to show the 

visualization of penetration process study, Larsen (2013) compared his CFD numerical 

simulation with the experiments and obtained similar results. The experiment results were 

considered to be relatively clear and accuracy data with a high practical value and through the 

experiments Greenhow and Lin offered referential methods for similar studies. 

2.1.3 Numerical simulations 

Ghadimi et al. (2012) offered both analytical and numerical solutions for the water impact of 

the two-dimensional horizontal cylinder problem. Specifically, as for the analytical approach, 

it was introduced on the basis of water entry study of rigid body with symmetric geometry, and 

the details of free surface condition and solutions of boundary values were discussed. In terms 

of the numerical program, it was called FLOW-3D, the code of which was the combination of 

finite volume method (FVM) and volume of fluid (VOF) method for free surface flow. Both of 

the methods were CFD approaches which were based on the Eulerian method. 

Both the analytical and numerical results by Ghadimi et al. (2012) were compared with the 

previous experiments and studies made by Campbell and Weynberg (1980), Wagner (1932), 

etc. The comparison was made by the plot of slamming coefficient *L as the function of the 

variable >
?
 , and it was shown that the analytical result mentioned as the linear solution agreed 
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with the experiment well. Nevertheless, Ghadimi et al. considered that the best agreement was 

the later numerical result which was not shown in the paper.  

According to Ghadimi et al. (2012), the domain of the numerical model they made was not a 

regular shape, it was a semi-circular with a radius of eight times larger than the radius of the 

tested cylinder, and the top of the semi-circular was a regular rectangle with the width as same 

as the diameter of the lower part, and the depth was three times larger than the radius of the 

cylinder, as shown in figure 2-3. Ghadimi et al. did not mention the reason why they selected 

this unusual domain shape. However, in the figure it could be obtained that the mesh size varied 

due to the circular shape. Therefore, it was difficult to say what kind of effects can be made by 

the characteristics. 

 

Figure 2-3 the shape of domain by Ghadimi et al. (2012) 

 

Ghadimi et al. did not offered the specific parameters they set in the simulation, e.g. the constant 

velocity, and Froude number, hence this solution could be seen as a good example to test the 

numerical program, with little help for the later researches.  

Another series of numerical simulations were made by Gu et al. (2013), both semi-cylinder and 

wedge models were tested in their simulation. They applied the numerical solution on the basis 

of Navier-Stokes equations (NSE) with fixed grids, and the results were compared with other 

analytical and experimental outcomes.  

In their simulation, the radius of semi-cylinders was 5.5 m, with the constant vertical velocity 

of 10 m/s, which was a relatively large value among similar simulations. Here the Froude 

number was not mentioned in their paper, but it could be calculated that the Froude number was 

0.963, which was a small value compared with the parameters in some other papers, e.g. 

Campbell and Weynberg (1980) selected the Froude number ranging from 1.9 to 5.6. The initial 
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position of the semi-cylinder was 1.0 m over the free water surface. The mesh sizes were 

defined as 0.2 m, 0.1 m and 0.05 m. 

Like other numerical simulations, the slamming coefficient *+ was one of the results compared 

with other analyses and experiments. Gu et al. mentioned that the value in the theory of von 

Karman (1929) and Wagner (1932) were separately *+ = 	=  and *+ = 	2=  in slamming 

moment, and the experienced value was between the two values as *+ around 5.2 according to 

Campbell and Weynberg (1980). The numerical result of semi-cylinder was a little higher than 

the experienced curve, but agreed with experimental result. 

One recent numerical simulation of cylinder entering and exiting water was presented by Bašić 

et al. (2014). They adopted the incompressible smoothed particle hydrodynamics (ISPH) 

mothed to simulate the slamming process and compared the result with the experiment made 

by Miao (1989). In the simulation, a two-dimensional horizontal cylinder was defined and it 

entered into calm water with forced constant velocity ranging from 0 to 2.66 m/s, the slamming 

coefficient *+  was plotted as the comparable object. During the procedure, a series of 

parameters were considered to be related to the simulating result, e.g. Froude number, Reynold 

number and the roughness of cylinder surface which had influence on physical experiments. 

Among these parameters, they mentioned, “The Reynolds number has little effect on the results 

because the major vortices are concentrated in the boundary layer of the cylinder” (Bašić et 

al., 2014: 57).  

Figure 2-4 showed the water entry comparative result of Bašić et al. (2014), the testing velocity 

of cylinder was 5 = 0.5124M N . In the simulation, the ISPH spline kernel function was 

utilized with the smoothing length O = 1.2	P, the initial particle spacing was defined as P =

0.005	M, and the total number of particles was 10500. Bašić et al. mentioned that the oscillation 

vibration could be decreased by adjusting the ISPH parameters, e.g. smaller particle spacing 

and time interval. Nevertheless, it was necessary to say that there was limitation on the 

parameters. That was to say, if the particle spacing was beyond the size limitation, it could lead 

to unexpected negative effects for the simulation, and the time cost could also increase in a 

great extent. 

In figure 2-4 it could be obtained that the ISPH curve was a little higher than the experiment 

curve, but the tendency basically agreed. No method was presented by Bašić et al. to deal with 

the vibration curve. Generally speaking, the smoothed curve could agree with the experiment 

result better. 
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Figure 2-4 Comparison between the results of numerical simulation with ISPH 
method and experiment by Bašić et al. (2014) 

 

Although the ISPH method simulating results agreed with the experiment well in the paper, the 

parameter selection was a difficult and important factor to obtain better outcomes. Bašić et al. 

simply mentioned that reducing the particle spacing and time interval, or in other words, 

increasing the particle numbers and the accuracy of simulation could be effective for better 

results. Besides, applying optimized algorithms could work better than changing the parameters, 

so optimization and innovation were actually the main directions to improve the stability and 

accuracy of numerical simulation methods. 

2.2 Water entry of wedges 

The study in the water entry of wedges is very typical in the researches of slamming theory and 

the interaction between calm water (or waves) and the moving objects that penetrates the free 

surface. Von Karman (1929) started the researches of water impact problems, and also indicated 

the research direction for the water entry study of wedges. There were diverse research methods 

of the water impact of wedges, e.g. symmetric and asymmetric shapes, wedges with a series of 

angles, vertical falling velocity, and falling along an inclined route. In this section, some typical 

theoretical analyses, experiments and also numerical simulations based on the wedges study are 

reviewed and discussed. 
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2.2.1 Theoretical analysis 

As the widely acceptable water entry of the wedge theory, the slamming model of Wagner 

(1932) that developed based on the theory of von Karman (1929) was discussed and cited in 

many similar papers. Faltinsen (2005) introduced the theory in details in his book.  

 

Figure 2-5 definition of Wagner's slamming model by Faltinsen (2005) 

 

Figure 2-5 showed the parameter definition of Wagner’s slamming model, the amount of 

upraised water was considered as the same with water displaced by the submerged object, so 

the wetted length was calculated according to the upraised water surface, which was the main 

difference between Wagner’s and von Karman’s theories.  

The water entry of wedges was discussed briefly by Faltinsen (2005), the case was described 

that the wedges penetrated the calm water with a forced constant velocity, which was similar 

to the case of water entry of cylinders. Additionally, the slamming coefficient *+ was calculated 

based on various deadrise angles #, the definition of *+ was 

*+ = 	
,

%5). (.QR#)
7 (2.5) 

The slamming coefficient plots were plotted as shown in figure 2-6. 
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Figure 2-6 slamming coefficient of varied theories by Faltinsen (2005) 

 

2.2.2 Experiments 

As the research in the early stage, it is necessary to mention the experiments made by Greenhow 

and Lin (1983). As introduced in last section, they made a series of experiments including high 

speed water entry of wedges and cylinders. In terms of the wedge experiments part, they utilized 

various wedges with different angles, which were 18, 30, 60, 90 and 120 degrees. The point 

was that the wedge of 18 degrees was considered as a slender shape. On the contrary, the wedge 

of 120 degrees was predicted to act similarly as a flat plate. These tested wedges were placed 

on some height above the free surface, making sure that they could penetrate the water surface 

with an initial velocity. 

The results of the experiments were compared with existing theories, Greenhow and Lin paid 

much attention on the deformation of the water surface. They found that under the condition of 

high speed water entry there was little jet elevated in their experiments, so the experiment 

results could not agree with some theories presented by the previous researches. However, the 

theory of elliptic solution offered similar prediction about the deformation of water surface to 

their experiments. The theory applied 3 to fit the breaking waves loop, which can describe the 

ejected splash quite well. Although this theory was supported by the experiment results of 
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Greenhow and Lin (1983), the explanation of the theory was not provided. Besides, the effects 

of air could be involved in the penetration process while the pile-up of water was small. 

However, in the experiments of Greenhow and Lin (1983), the air influence was omitted due to 

the large pile-up of water. 

As same as the experiments of cylinders, details of the water penetration and the deformation 

of water surface were recorded by high speed camera, the experiments results were good 

comparison objects that could be utilized to compare with the later researching works, and the 

elliptic theory was also a good topic for researchers to study.  

2.2.3 Numerical simulation 

The numerical simulation of SPH method was made by Oger et al. (2005), they made a series 

of simulations about the water entry of two-dimensional wedges, and the results of simulations 

were compared with the experiment conducted by Zhao et al. (1996). In the simulation of water 

entry of the symmetric wedge, the angle of the wedge was 120 degrees, and the length was 0.5 

m. The initial vertical velocity was 6.15 m/s, which was also the water entry velocity while the 

simulation started.  

The smoothing length of the SPH method by Oger et al. (2005) was not all the same in the 

testing domain, which was different from the smoothing length setting of DualSPHysics utilized 

in this thesis. The smoothing length was constant in DualSPHysics program, so the computation 

could not be optimized by applying varied smoothing length values in different parts of the 

domain, which was actually a good way of reducing the time consumption of the computer. 

Figure 2-7 showed the varied smoothing length method, and it could be obtained that for the 

possible involved particles, the particle distance was quite small, which ensured the accuracy 

of the computation. On the contrary, the relatively large particle distance was utilized in the 

other area of the domain gradually. 
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Figure 2-7 initial particles setting by Oger et al. (2005) 

 

In terms of the results of the numerical simulation, the wedge velocity changing was plotted, 

and the pressure loading on the different parts of the wedge was calculated and compared with 

the experiment results of Zhao et al. (1996). The results agreed with the experiment well, except 

for the maximum load values and the fluctuation of the resulting curves. Oger et al. (2005) 

mentioned that the large load value could be caused by the sudden change of the status of the 

fluid in SPH method. In this thesis, the same situation has been found in the simulations as well, 

but most of the values are in the acceptable range. The fluctuation showed the instability of 

SPH method. Actually, both CFD and SPH methods had the problem of instability, which was 

the feature of numerical simulation in contrast to theoretical analyses and experiments. 

For another free falling simulation of the wedge, Oger et al. (2005) obtained satisfied results. 

The resulting curves of vertical slamming force located between the theoretical and experiment 

outcomes. The numerical simulation made by Oger et al. (2005) showed quite positive results, 

the parameter setting was also reasonable and optimized for reducing the computer power 

consumption. 
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3 Theory 

SPH method as the typical meshless simulation approach of Lagrangian method, has its own 

advantage by comparison with traditional CFD method, since the complicated grids utilized in 

CFD method can cause some problems in complex calculation. On the contrary, due to the 

characteristics of the SPH method, the irregular particles distribution in the fluid (or solid) can 

also lead to inaccurate results. Therefore, the standard SPH method is considered as lack of 

stability and accuracy.  

To solve the problems of SPH method, various algorithms are studied. The common approaches 

are incompressible smoothed particle hydrodynamics (ISPH) and weakly compressible 

smoothed particle hydrodynamics (WCSPH). The main difference between ISPH and WCSPH 

is the method of calculating the particle pressure. Both the two approaches are widely utilized, 

and in general the optimized ISPH and WCSPH approaches are at the same level of accuracy. 

The program applied in this thesis is called DualSPHysics, which is on the basis of the WCSPH 

approach. 

In this chapter, the theory of basic SPH method and DualSPHysics is introduced, and also the 

algorithms of simulations in this thesis is discussed. 

3.1 Smoothed particle hydrodynamics 

In this section, three main parts of the SPH theories, smoothing kernel function, fluid equations 

application, and particle searching algorithm are briefly introduced, and the emphasis is not 

placed on the detailed formula derivation. The same as other methods, the SPH approaches also 

vary for different algorithm branches. In order to solve the drawbacks of SPH method itself, 

e.g. continuity and boundary condition problems, various approaches are developed. 

Nevertheless, the common theory which is based on the Lagrangian method changes hardly, 

the theory adopted in this thesis is presented by Cossins (2010).  

3.1.1 Kernel function 

In SPH method, particles are viewed as basic elements which form the fluid. Each single 

particle is influenced by its neighbor ones, as shown in figure 3-1, and the interaction between 

particles decreased with the distance increasing, therefore, according to Cossins (2010), the 

kernel function W can be written as  

lim
W→Y

Z P, O = 	$(P) (3.1) 
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where z refers to the position of the particle in fluid, l is the smoothing length that describes the 

distance of interaction of the particles, hence it can be considered that no effect between 

particles can be found if their distance is beyond l, $(P) here is called Dirac delta function 

(Cossins, 2010), which is featured for any function as 

\ P = 	 \(P′)
I

	$(P − P′)1P′ (3.2) 

where P′ is a dummy variable (Cossins, 2010), V refers to the fluid volume. 

 

Figure 3-1 particles and smoothing length 

 

The smoothing kernel function W should have the features mentioned as follows: 

l Kernel function W is symmetric function, meaning Z P − P_, O = 	Z P_ − P, O . 

l From the equation (3.1) it is known that kernel function W is also a Dirac delta function, 

means that Z P − P_, O 1P_ = 1I . See figure 3-2. 

l While the particle is out of the smooth length range, the interaction should be zero, i.e. 

Z P − P_, O = 	0, `ℎaR	 P − P′ > O. 

l For any position within kernel function W, the interaction should be positive, means that 

for any variable, Z P − P_, O ≥ 0. (G.R. Liu and M.B. Liu,  2003).  
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Figure 3-2 smoothing kernel function example (online data) 

 

By writing the kernel function W as a second Taylor series expansion, and introducing the 

density of the particle in unit length, the approximate expression of function \(c) can be 

rewritten as 

\ c ≈ 	
Me

%ee

	\ Pe 	Z(P −	Pe, O) (3.3) 

where i refers to any position within the smooth length range, m is the mass of the particles, 

and % is the density at position Pe. 

In the expression, \(c) could be changed to the characteristics function of the fluid, therefore, 

the fluid properties, e.g. pressures between particles, can be calculated by accumulating the 

smoothing kernel function W with this method. 

The researches have tried various functions that can fulfill the requirement of smoothing kernel 

function, an appropriate kernel function is in the form of Gaussian function, since the standard 

Gaussian is an uncomplicated kernel function of wide applicability, 

Z P, O = !"afg
h (3.4) 

where !"  is i
jWh

 in 2D, and kYi
kljWm

 in 3D, n = o
W
 refers to the relative distance between the 

particles. Although the Gaussian kernel is considered as an appropriate kernel function, it is not 
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the best choice in numerical computation, because for any distance between two particles value 

z, Z P, O > 0, it means that extra limitation is needed in practical computation.  

3.1.2 Fluid equations 

In this section, the main fluid equations, the Navier-Stokes equations, are shown in the SPH 

form, the smoothing kernel function is applied in the fluid equations to form the SPH 

formulations which are the basic expressions utilized in SPH calculation and simulation. There 

are three main equations used to describe the fluid behavior as follows. 

l The continuity equation (conservation of mass) 

 

where v refers to the velocity, % is the density as mentioned before. 

Here the density % can be rewritten as the form of kernel function expression (3.3), 

%p = 	 Me	Z(Pp −	Pe, O)
e

 (3.6) 

take the time derivative of the equation, and rearrange the equation, finally the continuity 

equation becomes 

1%p
1. = 	 Me(5p − 5e)∇pZ(Pp −	Pe, O)

e

 (3.7) 

that’s the continuity equation in SPH form. 

l The momentum equation (conservation of momentum) 

r%5
r. +	∇ ∙ ρv	×	v +	∇v = 	0 (3.8) 

where P is the fluid pressure, the cross product means that velocity vector product includes 

(c, w, P) directions, hence in this equations velocity vector (5x, 5y, 5o) is defined. Here the  

Lagrangian ℒ  is introduced, which equals the difference between kinetic energy and 

potential energy in the system, 

ℒ = 	
1
2 	%5 ∙ 5 − 	%z1;

I

 (3.9) 

r%
r. +	∇ ∙ ρv = 	0 (3.5) 
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where u represents the specific internal energy which is the function of density and 

pressure z = z	(%, v) (Cossins, 2010). Then the expression of density % (3.6) is put into 

the equation again, and the Euler - Lagrange equation can be applied to rearrange the 

expression, also with the application of the ideal gas equation of state, finally the equation 

becomes  

15p
1. = 	−	 Me

vp
%p7
+	
ve
%e7e

∇pZ(Pp −	Pe, O) (3.10) 

which is momentum equation expressed in SPH form. It should be noted that the equation 

is on the premise of an inviscid fluid, meaning that the viscous part of the equation is 

omitted. The simplification of ideal fluid could make the results of this SPH approach not 

accuracy in some sense. The advanced expression with viscous part will not be discussed 

in this thesis. 

l The energy equation (conservation of energy) 

rz
r. +	∇ ∙ z + v 5 = 	0 (3.11) 

where u is the specific internal energy as mentioned above. Here the total energy of the 

system { = 	 k
7
	%57 + 	%z is introduced into the equation (3.3), which means that total 

energy equals the summation of kinetic and internal energies, so it can be obtained that 

{ = 	 Me(
1
2	5e ∙ 5e +	ze)

e

 (3.12) 

Hence, take the time derivative of the equation, and apply the energy conservation 

principle, the equation can be rearranged as 

dzp
dt = 	

vp
%p7
	 Me(5p −	5e)
e

∙ ∇eZ(Pp −	Pe, O) (3.13) 

which is the energy equation of SPH approach form. 

The fluid equations are expressed in SPH form according to the Lagrangian description of the 

fluid. In these equations, kernel function plays an important role as the main feature of SPH, 

and for different cases, various kernel functions can be selected and make effects on the 

simulating results. In later sections, several applying detailed kernel functions will be 

mentioned. The above equations are basic principles according to Cossins (2010). In terms of 
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certain applied programs, more assumptions are made to obtain the optimized results, and there 

are also other SPH approaches which are different from these principles. 

3.1.3 Particles searching 

In SPH method, the distance of particles within the smoothing length can interact with each 

other, therefore, it is necessary to find the neighbor particles which are related to the “central” 

particle. The procedure of finding the concerned particles is named as nearest neighboring 

particle searching (NNPS). 

There are several algorithms of NNPS with respective advantages. As for numerical 

computation, the approach called linked list algorithm is widely utilized for the efficiency in 

positioning the particles, especially for constant smoothing length computations. In linked list 

algorithm, the domain in the case is divided into several cells related to the smoothing length 

and domain size. For example, the 2l×2O square is usually defined as the individual cell. While 

the concerned particles are needed to start searching, the surrounded cells of the central particle 

are to be marked, i.e. nine cells altogether including the middle cell for a two-dimensional 

domain model, or twenty-seven cells for three-dimensional model, after that, the particles 

within the smoothing length are located from the marked cells. 

Although the linked list algorithm is a good choice for some numerical computation programs, 

it is not suitable for the problems with variable smoothing length. Since the size of cells is 

constant, which only works efficiently for limited range of smoothing length values. However, 

here the other algorithms are not contained in the discussion. 

3.2 DualSPHysics 

SPHysics is an open-source platform based on the SPH formulation, the program was developed 

by researchers at the Johns Hopkins University (US), the University of Vigo (Spain), the 

University of Manchester (UK) and the University of Rome, La Sapienza (SPHysics, 2010). In 

SPHysics researchers can model various fluid problems in the Fortran code, and obtain 

numerical results and visual simulation. 

DualSPHysics is developed on the basis of SPHysics, in which C++ and CUDA code are 

applied instead of Fortran code. Although it is robust and reliable, Fortran code is not 

considered to be the proper code for building huge simulations (DualSPHysics, 2013). In this 

section, workflow and algorithm of DualSPHysics, time integration, and computation loop of 

SPH code are introduced. 
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3.2.1 Workflow of DualSPHysics 

In a standard case of simulation, there are several working steps as shown in figure 3-3: 

 

Figure 3-3 workflow of DualSPHysics (DualSPHysics, 2013) 

 

1) Establish the model 

The simulation model is established in a .xml file, in which all the parameters are defined 

with the code that can be read by the program. The parameters can be divided into three 

parts as their functions: i) constant part, includes gravity, coefficients, fluid density, etc.; 

ii) geometry part, defines the distance between particles, case limitation, domain size, 

object shape, type of motion and other various parameters which are needed to describe 

the case. The size and initial position of the domain and objects are defined in a coordinate 

system; iii) execution part, indicates the algorithm utilized in the simulation, and the time 

of simulation. 

2) Generate the case (Gencase) 

By running the .xml file defined in step 1), the details of the case are generated, including 

numbers of particles, particle mass, boundary description, initial fluid and objects models, 
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and so on. At the same time, initial vtk files of objects and fluid are saved, which can be 

read by visualization application (e.g. Paraview).  

3) DualSPHysics 

DualSPHysics reads the output files from Gencase, these files are rewritten in the form 

of .xml. During this process, as mentioned by DualSPHysics (2013), there are substeps 

that could be discussed in detail: i) neighbor lists of the particles are generated according 

to the particle distance and physical characteristics defined before; ii) particle forces are 

calculated based on the neighbor lists, this process may spend several hours even days 

depending on the model size, particle numbers and computational capability; iii) the 

computation results are saved as vtk and ASCII files, in which the information of the 

particles (e.g. position, acceleration and velocity) is stored. 

4) Post-processing 

This step is mainly achieved by data processing program (e.g. Matlab), in post-processing 

the numerical data saved in ASCII files are analyzed, in order to show the final results in 

plots and tables, or the vtk files can be rendered to obtain visual animation of fluid 

behaviors. 

The DualSPHysics is able to run by both CPU and GPU. With the development of modern 

computer technology, GPU approach has obvious advantage in parallel computation compared 

with CPU. Due to the huge numbers of particles in simulation, there could be hundreds of 

thousands or even more than millions of particles, the simulation time is considered as an 

important aspect for DualSPHysics in optimization progress. In practice, the CPU and GPU 

approaches are usually combined in simulation. Specifically, GPU is utilized in particle 

interaction calculation that needs to deal with parallel computation in large scale. On the other 

hand, CPU approach is implemented in generating the neighbor lists and saving files. Therefore, 

the combination of CPU and GPU approaches can improve the efficiency significantly. 

3.2.2 Algorithm of DualSPHysics 

On the basis of the SPHysics, there is almost no difference between SPHysics and 

DualSPHysics in theory. The practical theory applied in this program refers to specifics of the 

SPH approach mentioned in the previous sections. However, in this section only a part of the 

details that are related to the parameters selection in simulation are introduced. This theory is 

presented  by SPHysics (2010). 
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l Kernel function 

In SPHysics, the non-dimensional particle distance q is defined as a constant number. For 

a standard kernel function Z(P, O), where z is the distance between two neighbor particles, 

l represents the smooth length, so q is defined as n = 	 o
W
 .  

There are two main optional kernel functions in DualSPHysics (SPHysics, 2010): 

i) Cubic spline: 

Z P, O = 	!"

1 −
3
2	n

7 +
3
4 n

)					(0 ≤ n ≤ 1)
1
4 2 − n) 																(1 ≤ n ≤ 2)

0																									(n ≥ 2)

 (3.14) 

where !"  is kY
�jWh

 in 2D and k
jWm

 in 3D. The cubic spline kernel is the most widely used 

kernel function in SPH method. 

ii) Wendland: 

Z P, O = 	!" 1 −
n
2

<
2n + 1 													(0 ≤ n ≤ 2) (3.15) 

where !" is �
<jWh

 in 2D and 7k
kljWm

 in 3D. 

Here it should be noted that in both the above kernel functions, only particles within the 

distance of 2l can interact with each other. 

l Continuity equation 

SPHysics (2010) mentioned the changes in the continuity equation used in the program, 

actually the new equation is as the same as the expression (3.7) by G.R. Liu and M.B. Liu 

(2003) which is introduced in previous section 

1%p
1. = 	 Mp5pe∇pZpe

e

 
(3.16) 

where 5pe represents 5p − 5e, and Zpe means Z(Pp − Pe, O). 

l Momentum equation 

In the algorithm of DualSPHysics, an extra viscosity term is added in the momentum 

equation, in order to solve the problem that the particles could become discontinuous when 
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the properties such as velocity and density change quite fast. And then the momentum 

equation can be expressed as 

15p
1. = 	−	 Me

vp
%p7
+	
ve
%e7
+ Πep

e

∇pZ(Pp −	Pe, O) (3.17) 

and the the artificial viscosity term Πep is defined as  

Πep =
−!ÄepÅep
%ep

				5ep ∙ Pep < 0

										0												5ep ∙ Pep > 0	
 (3.18) 

where the coefficient ! can be assigned in the parameter setting, Äep is the average sound 

speed, and Åep is defined as 

Åep =
O ∙ 5ep ∙ Pep
Pep7 + 0.01O7

 
(3.19) 

l Equation of state 

Like most the problems of fluid mechanics, the ideal gas equation of state is necessary to 

be added into the fluid equation. In SPHysics the equation of state is defined as 

v = É[
%
%Y

Ñ
− 1] (3.20) 

where Ö = 7  which can be defined in constant parameters, %Y = 1000	Üá	Mf)  as the 

reference fluid density, É = ÄY7%Y/Ö in which ÄY is the speed of sound in the reference 

density. The coefficient of sound speed also can be defined in constant parameters, and 

the common valid range is from 10 to 30. 

3.2.3 Time integration 

Various time stepping algorithms can be selected in SPHysics (DualSPHysics). In this part, one 

common approach, the Verlet scheme algorithm is introduced and utilized in practice. First of 

all, the equations of momentum, density, position and internal energy are defined as 

1âe
1. = ,e	; 		

1%e
1. = 	He	; 	

1Pe
1. = 5e	; 	

1ze
1. = 	ãe 

(3.21) 

where p represents the momentum. In general, the time stepping variables are calculated as  

âeåçk = âeåfk + 2∆.,eå	; 	%eåçk = %eåfk + 2∆.Heå	;	

	Peåçk = Peå + ∆.5eå + 0.5∆.7,eå	; 	zeåçk = zeåfk + 2∆.ãeå 
(3.22) 
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where ∆. is the related time step. To prevent the time integration diverging, in every 40 time 

steps, the variables are calculated as  

âeåçk = âeå + ∆.,eå	; 	%eåçk = %eå + ∆.Heå	;		

	Peåçk = Peå + ∆.5eå + 0.5∆.7,eå	; 	zeåçk = zeå + ∆.ãeå 
(3.23) 

3.2.4 Computation loop of SPH code 

For a standard SPH simulation in SPHysics (DualSPHysics), the computation of SPH code 

complies with the procedure of calculating the main variables in fluid equations in one step, 

and shifting to next time step for the same calculation. In this computation loop, some special 

algorithms are needed as the addition of limited conditions or method corrections, e.g. artificial 

viscosity, time stepping selection, and boundary conditions. The standard computation loop of 

SPH code is shown as follows, also see figure 3-4. 

1) Simulation model input. As the beginning of the computation, the models of domain, 

moving objects, fluid and wave maker (if any, depending to the cases) are generated in the 

program, including the particles involved and boundary types. The time steps are also 

defined according to the case description file. 

2) The initial nearest neighboring particle searching (NNPS) is processed according to the 

NNPS algorithm, e.g. while applying the linked list algorithm, the domain is divided in 

various cells with the related size, then initial particles are positioned, and so are the 

concerned particles. 

3) The calculation of artificial viscosity which is the extra part of the standard fluid equations, 

and the specific smoothing kernel functions are applied in the fluid equations to computing 

the variables. 

4) The calculation of the main variables, particles positions and velocities, the change of 

momentum and internal energy, particle density, pressure, and if needed, the particle 

acceleration. 

5) Updating the information of all the variables, and saving them as the results at the certain 

simulation time (depending on the simulation time steps). 

6) Checking the boundary conditions. 

7) The new variables are applied in next time step, computation loop continues. 
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8) After the whole simulation is finished, all the resulting information is stored as the 

indicated format, e.g. in the format of vtk and ASCII files. that can be read and utilized in 

other programs for post-processing. 

 

Figure 3-4 computation loop of SPH code 
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4 Sensitivity analysis 

In this chapter, the initial simulating parameters are discussed separately, since in numerical 

simulation, the selection of parameters could have positive or negative impacts on the final 

results in various extents. The main parameters contain dimensional variables, e.g. domain size, 

particle distance and time steps; and system parameters which are specialized variables in SPH 

method, including the coefficient of sound speed, smoothing length, etc. During the analysis, 

the case of the water entry of a two-dimensional horizontal cylinder with a constant velocity is 

selected for testing, and the details of the case will be discussed in next chapter. 

4.1 Domain size test 

In most of the experiments and numerical simulations, the influence of the domain size should 

be eliminated, i.e. the boundary condition should not make effects on the structure, so the 

boundary condition is commonly described as in infinite distance. However, in numerical 

simulation, too large domain size means unnecessary power consumption in computation, as a 

result, an appropriate domain size should be selected. 

Three different candidate domain sizes are tested with the default Froude number 3.57, which 

is calculated with the tested cylinder radius 0.1 m and default velocity 5 m/s. The so-called 

default parameters are applied according to the numerical simulation presented by Larsen 

(2013). Here the domain sizes are selected according to the radius, which are separately 2.0 m 

× 0.5 m, 4.0 m × 1.0 m and 8.0 m × 2.0 m with the shape of rectangle in the form of width × 

height. Among the domains, the minimum width 2.0 m is ten times larger than the diameter of 

the cylinder. The details of the comparison of the three sizes are listed in table 4-1. 

NO. 
Domain size 

( m × m) 

Scale of width and 

cylinder diameter 

Particle 

distance (m) 

Particle 

numbers 

Computing 

time (minutes) 

D1 2.0 × 0.5 10 0.0025 166498 10 

D2 4.0 × 1.0 20 0.0025 647418 42 

D3 8.0 × 2.0 40 0.0025 2569418 196 

 
Table 4-1 details of domain sizes and parameters 
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In terms of particle distance, the value is 0.0025 m, which is chosen according to the acceptable 

total particle numbers for computation. The simulation time is calculated with the depth to 

which the cylinder is supposed to penetrate, and the initial position of the cylinder, 0.1 m from 

the bottom to the water surface. Here the penetration depth is defined as three times of the 

cylinder radius, i.e. 0.3 m, hence the total simulation time is 0.08 s with the velocity 5 m/s. 

Besides, in order to avoid missing peak values, 1000 time steps are considered as default, the 

effect of time steps will be discussed later. 

In table 4-1 it is obtained that with the increase of domain size, the total particle number rises 

in a similar scale, i.e. the latter domain is four times larger in volume (area) than the former one, 

and the increasing scale of particle number is also about four times, for the total particles include 

those constitute the varied domains and also the cylinders with the same size. However, the 

addition of computing time does not act in the same way. For NO. D3 domain, the computing 

time is 196 minutes, nearly five times longer than the computing time in NO. D2. The total 

computing time contains the time spent in pre-processing, calculations and output data saving, 

each procedure tends to increase the entire time consumption with the increase of particles.  

 

Figure 4-1 peak values of vertical forces for three domains 
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Figure 4-2 fluctuation of three domain sizes 

 

Apart from the computing time, the simulating results are not the same in plots, figure 4-1 

shows the peak vertical forces calculated individually in these three domains. With the increase 

of the domain size, the slamming force rises substantially. It is difficult to explain why the 

slamming force that happens in a very short time is influenced by the domain size, i.e. higher 

slamming forces could be obtained in larger domain. This could be due to the error of numerical 

method in DualSPHysics, because the amounts of the involved particles at the same moment 

are different, see figure 4-3. It is noted that larger force values do not equal better accuracy 

level, since more extreme values are also found in the curve of NO. D3. Another problem that 

is caused by the DualSPHysics program is that the slamming moment happens earlier than that 

in practice. The time when the tested cylinder touches the water surface should be 0.02 s 

theoretically, however, in figure 4-1 it can be found that the vertical force starts to increase 

before 0.02 s. 

Furthermore, the unusual high values can be obtained in all the three curves as shown in figure 

4-2, and these humps are formed due to the energy waves that reflects by the boundaries of the 

domain. Therefore, in smaller domain the humps exist earlier and more frequently, and with the 

increase of the distance the reflection waves propagate, the induced forces reduce significantly, 

i.e. peak values of the first humps decrease with the increase of the domain sizes. In terms of 

the effects caused by the domain sizes, large domain has its own advantage -- less boundary 
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influences. On the contrary, there are also problems of inaccurate slamming moment, noises 

and long computing time. 

 

 

 

Figure 4-3 area of involved particles of three domains 
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Figure 4-3 shows the areas of involved particles in three domains at the same time . =

0.02008	N, the three figures are arranged in the order from NO. D1 to No. D3 under the same 

scale. Two points can be obtained here, the first one is that the slamming moment in 

DualSPHysics happens earlier than theoretical calculation, which is caused by the particle 

distance setting in the program, as the interaction of the particles occurs before they touch each 

other. The second point is that the quantity of involved particles in slamming moment can be 

affected by the domain sizes, i.e. in larger domain more particles are influenced, so the vertical 

force loading on the cylinder is larger than the other two domains. This could be caused by the 

error of numerical method in DualSPHysics, because theoretically the domain size should not 

have effects on the structure in the slamming moment. Another opinion is that it is possibly 

caused by varied compressibility of different domain sizes in DualSPHysics. Anyway, there is 

no clear explanation for this problem, leading to lack of accuracy of the simulating results. 

 

Figure 4-4 reflection waves at time t=0.0296 s 

 

 

Figure 4-5 reflection waves at time t=0.0348 s 
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Figure 4-4 and 4-5 show the reflection wave motions in the simulation, the peak value of first 

hump in test NO. D1 occurs at the moment . = 0.0348	N, and in the animation it is the moment 

when the reflection wave reaches the free surface. The propagation of energy waves is affected 

by the sound speed which will be discussed later. 

 

(a) 

 

Figure 4-6 (a) overview and (b) details of smoothed curves of slamming coefficient for 
the three domain sizes 

(b) 
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The smoothed slamming coefficient *+ plots are shown in figure 4-6, with omitting the extreme 

values and fluctuation of the computation results, the obtained peak values of all the three 

smoothed curves are in a small range, from 5.1 to 5.3. However, small domain is easy to be 

affected by the reflection of waves, so the average value of NO. D1 after 0.5 is higher than the 

other two domains. All the three smoothed curves are under the same fitting method, meaning 

that the accuracy of the maximum slamming coefficient values are almost in the same level for 

the three domain sizes. Therefore, NO. D2 domain is considered as the appropriate selection. 

4.2 Time step test 

The time step setting is related to the accuracy of the results of simulation, since large time span 

may lead to the missing of critical values in plotting curves. Generally speaking, all the 

computation results are saved in the process files, so the time step could make limited effects 

on the animation. However, for the plots of curves, the more time steps are applied in the 

computation, the better results could be expected. 

In the time step test, the domain size of NO. D2 is selected as mentioned in above section. The 

default time step value is 1000. In order to test the effect level of the time steps on the resulting 

curves, four values are tested: 500, 1000, 2000, 5000 steps, the relevant time span is calculated 

based on the simulation time. Other parameters are consistent with the default values, as show 

in table 4-2.  

NO. 
Time span 

(seconds) 

Simulation 

time (seconds) 

Time 

steps 

Storage 

spacing (GB) 

Computation time 

(minutes) 

TS1 1.6E-4 0.08 500 21.9 46 

TS2 8.0E-5 0.08 1000 43.8 42 

TS3 4.0E-5 0.08 2000 87.4 71 

TS4 1.6E-5 0.08 5000 218 153 

 
Table 4-2 details of time span and parameters 

  

The vertical force curves are shown in figure 4-7, and there is almost no difference in the shape 

of the curves, hence it is quite difficult to distinguish these four curves, except for the peak 

values of NO. TS3 and NO. TS4, which seem a little higher than the other two. A large scale 
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plot of curves is shown in figure 4-8, here the details can be obtained that the NO. TS1 is not 

accurate enough for all the peak values, and the other three have the same level of accuracy. 

Therefore, 1000 time steps are considered to be a better optimized scenario for the simulations. 

 

Figure 4-7 vertical forces curves of four time spans 

 

 

Figure 4-8 details of vertical forces 
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4.3 Particle distance test 

As the main feature of the SPH method, particle distance is considered as an important 

parameter in the simulation. Single particle acts like a solid body which complies with the 

Newton’s second law, and a great amount of particles can behave as the fluid flow does. 

Therefore, the number of particles should reach required order of magnitude in order to 

guarantee the accuracy, which means that the particle distance should be small enough in 

comparison to the dimensions of the domain and the cylinder. Besides, a large amount of 

particles affects the computing time directly, including the time cost in the neighbor particles 

searching, the properties of involved particles, etc. In this section, three different particle 

distances are tested. 

NO. 
Particle 

distance (m) 

Particle 

numbers 

Storage 

spacing (GB) 

Computing time 

(minutes) 

PD1 0.0025 166498 11.0 10 

PD2 0.0015 460435 30.7 77 

PD3 0.0008 1616175 108.0 559 

 
Table 4-3 details of particle distance and parameters 

 

Table 4-3 shows the details of the parameters for different particle distance settings. In order to 

reduce the computing time consumption, the domain size applied in this test is NO. D1, the 

smallest one. As the same tendency as above simulations, though the small domain is selected, 

the computing time increases significantly. For NO. PD3, the computing time reaches 559 

minutes, in other words, nearly 10 hours, which is quite a long time for simulating one case. 

Simultaneously, the storage spacing is also increasing, but still in an acceptable range. 

The curves of figure 4-9 and 4-10 show that the slamming coefficient could be influenced by 

the particle distance. Generally speaking, the more particles involved in the simulation, the 

more accurate result can be expected. In case NO. PD3, the slamming coefficient is about 5.0, 

which locates in the acceptable range, actually even the highest value that occurred in NO. PD1 

is 5.3, with a little difference from the other two values, and also in the theoretical range 

between *+ = 	= (von Karman, 1929) and *+ = 	2= (Wagner, 1932). The hump that exists at 

about èJ
?
= 0.7 is also caused by the reflection of the waves from the boundaries.  
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Figure 4-9 original slamming coefficient curves of three particle distances 

 

 

Figure 4-10 smoothed slamming coefficient curves of three particle distances 
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In the original curves, the difference of the peak values of the slamming coefficient can be 

obtained substantially, and it is noted that the slamming moments are related to the particle 

distances, i.e. larger particle distance makes the slamming occur much earlier than the 

theoretical value. In the smoothed curves the difference of peak values is weaken because the 

extreme values are omitted. From the viewpoint of the fitting method function, it is acceptable 

to eliminate the influence of the extremely large values. Especially in the numerical simulation, 

the noises of the resulting values make the curve relatively unstable. Furthermore, considering 

that the humps of the curves are mainly caused by the reflection waves, it is also reasonable to 

remove the fluctuations in smoothed curves. 

In this section, the extreme particle distance setting is not included, which costs more that 24 

hours to simulate one case, and unexpected negative influence is obtained in that simulation. 

Some particles that are not directly involved in slamming vibrates severely. Therefore, there is 

no necessity to apply the extreme parameters. In conclusion, small particle distance is preferred 

for the numerical simulation, in the case of selecting the reasonable value range. 

4.4 Influence of smoothing length 

Similar to the particle distance, the smoothing length is also a typical parameter in SPH method. 

In DualSPHysics, the value of smoothing length is defined by the coefficient that is defined as 

Äêa\ = W
7o

 in 2D, or W
)o

 in 3D, where z is the particle distance and l is the applied smoothing 

length, and the applied value is fixed during the computation. Particle distance parameter 

decides the total quantity of particles in simulation, while smoothing length parameter 

determines the neighbor particles that are influenced by the central particle in computation. In 

other words, larger smoothing length could make the fluid become more viscous, and more 

computing time assumption can also be predicted, because more particles interact with each 

other at the same time.  

In this thesis, the default smoothing length coefficient is 1.2, meaning that O ≈ 1.7P, and 9 

particles are involved in the interaction area. In this section, another coefficient 0.848528 is 

applied to test the effects of the parameter, and according to this value, it can be calculated that 

O ≈ 1.2P, hence only 5 particles are involved at the same moment.  

The comparison curves are shown in figure 4-11, the fluctuation level of the dash curve with 

the smaller smoothing length setting is much higher than the solid curve, which proves that the 

relevant fluid is less viscous and easy to be influenced in the slamming process. Besides, more 

extreme values can be obtained in the dash curve, because the constrains of the particles become 
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weak under the condition that less particles involved in the interaction. In this comparison plot, 

the result of dash curve is unacceptable due to the fluctuation level and extreme values. In 

contrary, the result of the default setting Äêa\ = 1.2 is satisfied. Nevertheless, much larger 

smoothing length will not lead to better result, because it could make the fluid become too 

viscous and the influences could be quite negative. 

 

Figure 4-11 curves of slamming coefficient for different smoothing length 

 

4.5 Influence of sound speed 

In the real world, the sound speed in water is about 1482 m/s, this number is related to the 

computing time of DualSPHysics. However, in the program it cannot apply the real sound speed 

directly, since it means too much computer power consumption. Therefore, the sound speed is 

calculated by the sound coefficient for simplification, called Coefsound in DualSPHysics, 

which multiplies the maximum particle velocity resulting the applied sound speed, and this 

value is quite small compared with that in the real world. The default value in this thesis is 20, 

in this section, the comparison of another coefficient value 30 is made to analyze the influence 

of this parameter, both of these two are the common values utilized in DualSPHysics. 

The most obvious difference of the curves is the occurrence moment of the humps, because the 

reflection waves moves at the sound speed, meaning that higher Coefsound value could cause 
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the humps to exist earlier and more frequently, which could be obtained in figure 4-12 that the 

fluctuation of the solid curve is much severer than the dash curve, and the first hump also occurs 

earlier due to larger sound speed. In terms of the peak value of the slamming coefficient, larger 

value can be found in the curve of higher Coefsound, because higher sound speed means that 

the energy wave moves faster in water, more particles will be involved in the slamming effect. 

Therefore, the comparison proves that Coefsound = 20 is more suitable for the water impact 

simulation. 

 

Figure 4-12 curves of slamming coefficient for different Coefsound 
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5 Results 

5.1 Water impact of 2D horizontal cylinder 

In this part, the water entry of the two-dimensional horizontal cylinder with forced constant 

velocity is simulated in DualSPHysics, and the main variable is the non-dimensional Froude 

number ranging from 1.428 to 7.139. The results are compared with previous theoretical 

analyses, experiments and other numerical simulations. The parameter setting is according to 

the sensitivity analysis in last chapter. After the simulation, an extra test with various slamming 

velocities will be presented. 

5.1.1 Parameters setting 

The initial position of the center of the cylinder is 0.2 m above the free surface, i.e. the gap 

between the bottom of the cylinder and the free surface was 0.1 m according to the applied 

radius of the cylinder. Therefore, the slamming will not happen until the bottom of the cylinder 

touches the water surface theoretically. The radius of the cylinder is 0.1 m as the default radius 

in the simulation, and the Froude number is set in a larger ranging than that defined by Campbell 

and Weynberg (1980). Besides, other main parameters apply the default variables mentioned in 

last chapter, and the detailed parameters are shown in table 5-1. 

 

NO. 
Velocity 

(m/s) 

Froude 

number 

Simulation 

time (s) 

Particle 

distance (m) 

1 2.0 1.428 0.2 0.002 

2 4.0 2.856 0.1 0.002 

3 5.0 3.570 0.08 0.002 

4 6.0 4.284 0.067 0.002 

5 8.0 5.711 0.05 0.002 

6 10.0 7.139 0.04 0.002 

 
Table 5-1 parameters of cylinder simulations 
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According to the parameters setting, the amount of particles is more than one million, which 

can fulfill the requirement of accuracy. Through the observation of the animation of slamming 

process, the reflection waves propagate with the shape of a semi-circle, so the waves are 

reflected at different moments due to the rectangular shape of the domain, making the particles 

vibrate irregularly. A semi-circular domain was designed by Ghadimi et al. (2012), which could 

reduce the effects of reflection waves. 

5.1.2 Results and discussion 

All the six resulting curves are plotted in figure 5-1, the fluctuation levels of them are obviously 

different. As discussed in previous chapter, the fluctuation is mainly caused by the reflected 

energy waves, which is also proved by the curves. Due to the varied penetrating velocity of the 

cylinders, the simulation times are different as shown in table 5-1, meaning that for NO.1 

simulation, the reflection waves move around more times than other simulations during the 

process. As a result, the NO.1 curve seems unstable and inaccurate. In terms of the peak values 

shown in figure 5-2, the result of NO.1 simulation is unacceptable in the original curve, since 

the extreme peak value reaches more than 10.0. This could be caused by the noises of numerical 

simulation, for similar extreme results were also found by Larsen (2013) with CFD method, so 

the extreme values are omitted in smoothed curves.  

 

Figure 5-1 original curves of slamming coefficient for all simulations 
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Figure 5-2 peak slamming coefficient values for all simulations 

 

 

Figure 5-3 smoothed curves of slamming coefficient for all simulations 
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In the smoothed curve, the optimized slamming coefficient of NO.1 is 6.38, which is beyond 

the other values, and out of the theoretical value range, see figure 5-3. However, the average 

values of NO.1 after the peak are much higher than other results, this could be caused by the 

buoyancy effects during the simulation. When the Froude number is relatively low, the 

buoyancy cannot be omitted in this procedure, and according to Campbell and Weynberg (1980), 

the buoyancy contribution to the slamming coefficient could be from 0.05 to 0.54. 

In Figure 5-3, the slamming coefficient at the beginning moment varies substantially. Most of 

the values are in an acceptable range, and the peak value drops down with the increase of the 

penetrating velocity (Froude number), as shown in table 5-2. An interesting thing that can be 

found in the table is that the decreasing rate of slamming coefficients reduces gradually, hence 

there is a limit for the minimum value, which could be *+ = = as mentioned by von Karman 

(1929). The conclusion is in contradiction with the Campbell and Weynberg’s theory, which is 

that the slamming coefficient is independent of Froude numbers, the results of the simulations 

present changeable slamming coefficients according to various Froude numbers. Considering 

that the empirical formula (2.4) has been widely accepted and applied in practice, e.g. in DNV 

(2014), the possibility of errors in DualSPHysics cannot be excluded, as discussed in previous 

chapter, different parameters setting can make results fluctuate in some extent. 

NO. 1 2 3 4 5 6 

Froude number 1.428 2.856 3.570 4.284 5.711 7.139 

Slamming coefficient 6.38 5.85 5.35 5.07 4.73 4.47 

 
Table 5-2 slamming coefficient related to Froude number 

 

All the smoothed curves of the six simulations are compared with the results of previous 

theoretical analyses, experiments and numerical simulations, see figure 5-4. As the calculation 

parameters are the same as Larsen (2013) with CFD method, the curves are also plotted based 

on the comparison figure of his thesis. Most of the resulting curves are in the similar range of 

the previous works, and they actually agree with Larsen’s curves best as shown in the figures, 

both of which are made by numerical simulations, SPH and CFD methods. Furthermore, under 

the condition of applying high Froude numbers, the peak values of SPH method are under the 

other curves. As mentioned above, the slamming coefficient seems to change with the Froude 
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numbers, which is not consistent with the empirical theory, hence further study is needed to 

obtain more supports for the conclusion. 
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Figure 5-4  comparison of slamming coefficient with previous curve 
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5.1.3 Curve fitting method 

As there is severe fluctuation in the original curves of the SPH method, the curve fitting method 

is necessary to create clear resulting curves. According to the previous theoretical analysis, two 

optional reference equations are applied here, the equation (2.4) by Campbell and Weynberg 

(1980) and equation (5.1) by Miao (1989), 

*+ = 6.1af
l.7èJ
? + 0.4 (5.1) 

and take NO.3 for an instance, both the two fitting results are shown in figure 5-5. 

 

(a) 

 

Figure 5-5 curve fitting methods (a) according to Campbell and Weynberg (1980); (b) 
according to Miao (1989) 

 

(b) 

There is no obvious difference between the two fitting methods, except that the values in figure 

5-5 (b) are slightly smaller. Another difference not shown in the figures is that the smoothed 

curve will rise up with the increase of èJ
?

 values for the fitting method in figure 5-5 (a), which 
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is caused by the form of equation (2.4) and the influence of humps of the original curves. In 

this simulation, the fitting method in figure 5-5 (b) is applied for all the results. 

5.1.4 Influence of slamming velocity 

The numerical simulations of this section are made by varied non-dimensional Froude number 

as the main variable. According to Campbell and Weynberg (1980), the slamming coefficient 

is independent on the Froude numbers, and most of the other researches were also designed on 

the basis of different Froude numbers. Nevertheless, the study about the influence caused by 

varied penetrating velocities with the same Froude numbers is rare. As a result, in this section, 

three different penetrating velocities of the cylinder are tested and discussed. The other 

parameters, e.g. the domain size, particle distance, and the radius of the cylinder are under the 

same scale, as shown in table 5-3. 

NO. 
Velocity 

(m/s) 

Radius 

(m) 

Particle 

distance (m) 

Domain size 

(m × m) 

Scale of 

dimensions 

Froude 

number 

V1 5.0 0.025 0.000625 1.0 × 0.25 1 7.139 

V2 10.0 0.1 0.0025 4.0 × 1.0 4 7.139 

V3 20.0 0.4 0.01 16.0 × 4.0 16 7.139 

 
Table 5-3 parameters for different velocities test 

 

The initial position of cylinder is on the surface of the water, meaning that the slamming starts 

with the beginning of the simulation, which could affect the results of the simulation in some 

extent. However, according to the resulting curves in figure 5-6, the effects could be acceptable. 

Generally, the levels of fluctuation for the three cases are similar, but the peak values are not 

the same. In curves of NO. V2 and NO. V3, the difference of peak values is small, large value 

occurs in No. V1, of which the dimensions and velocity are the smallest among the three. As 

the influence of domain size, particle distance and cylinder radius is eliminated, the reason 

could be the compressibility of the particles, or the error of DualSPHysics. For a general 

description, the tendency of all the three cases agrees well, meaning that in the condition of 

applying the same Froude number, different velocities make limited effects on the results. 
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Figure 5-6 slamming coefficient curves of three different velocities 

 

5.1.5 Summary 

In this part, six different water entering simulations of the 2D horizontal cylinders are made 

based on varied Froude numbers, most of the results locate in the acceptable range predicted by 

previous theoretical researches and experiments. In the pro-processing, extreme values are 

omitted by the fitting methods. Furthermore, the simulating results with low Froude numbers 

are affected by the buoyancy, which are distinguished from the other results. In conclusion, the 

slamming coefficient can be possibly influenced by the Froude number in a limited extent, it is 

difficult to exclude all the errors of inaccuracy in DualSPHysics, so it needs more analyses and 

simulations in various cases to discuss this conclusion. 
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5.2 Free falling of 2D cylinder into calm water 

In this part, the free falling of the half buoyant and neutrally buoyant cylinders are simulated. 

Half buoyant (HB) means that the density of the cylinder is a half of the water density, and 

neutrally buoyant (NB) represents that the density of cylinder equals the water density. 

Greenhow and Lin (1983) carried out the relevant experiments, and the pictures they took were 

good comparable objects cited in various papers. Larsen (2013) made the numerical simulation 

with CFD and obtained similar results to Greenhow and Lin. Here the simulation conducted by 

SPH method is presented and also compared with the previous works. 

5.2.1 Parameters setting 

According to the parameters in Greenhow and Lin (1983), the initial position between the center 

of the cylinder and the free surface is 0.5 m, the radius of the cylinder is 0.055 m, and the initial 

velocity of the cylinder is zero, so the slamming velocity when the bottom touches the water 

surface is about 2.95 m/s, and the slamming moment is . = 0.301	N. The total simulation time 

is 0.5 s. For the parameters setting in DualSPHysics, the domain size is 4.0 m × 1.0 m, and the 

particle distance is 0.002 m, so the total particle number is about one million, which are all the 

same with the setting in last section. 

In terms of the mass of the 2D cylinders, the results of the theoretical calculation are 

Míì = %íì ∙ =;7 = 4.75	Üá (5.2) 

Mîì = %îì ∙ =;7 = 9.50	Üá (5.3) 

However, in DualSPHysics, the cylinders are also constituted by particles, which can be imaged 

as a large amount of small rectangular particles. As a result, the total mass of these particles are 

more or less different from the theoretical value. If the quantity of the particles is large enough, 

the mass can be close to the theoretical value. In this simulation, the applied mass of the HB 

and NB cylinders are separately 5.122 kg and 10.244 kg, larger than the above numbers, this 

difference could have some effects on the results of simulation. 

5.2.2 Results and discussion 

The results are plotted in the form of penetration depth. Figure 5-7 shows the comparison of 

penetration depth on time variable with the experiment results by Greenhow and Lin (1983) 

and CFD simulating results by Larsen (2013). It can be obtained that the HB cylinder curve 

calculated in DualSPHysics agrees with the experiment result well, and both of the two curves 
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are under the result of CFD simulation. In terms of NB cylinder curves, all the three are 

obviously different, according to Larsen (2013), this could be due to the inaccurate experiment 

data by Greenhow and Lin (1983). Nevertheless, as mentioned before, the accuracy level of the 

DualSPHysics results depends on the particle distance setting. Although in this simulation, on 

the basis of the applied particle distance, the amount of the particles reaches a million, which is 

a relatively large number, the accuracy level could be still not good enough. 

 

Figure 5-7 penetration depth curves compared with previous results 

 

Besides, the penetration animations are in comparison with the pictures of the experiments by 

Greenhow and Lin (1983), which are widely considered as the accurate experimental records 

of the cylinder free falling research. For HB cylinder, the picture times are 0.305 s, 0.330 s, 

0.385 s, 0.420 s, and the reference pictures are from Larsen (2013); for NB cylinder, the times 

are 0.315 s, 0.330 s, 0.410 s, 0.500 s, the pictures are from Faltinsen (1990). The difference 

between experiment data and numerical simulation data can also be obtained in the figures. See 

figure 5-8 and 5-9, different colors represent different particle velocities. 
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Figure 5-8 HB cylinder free falling comparison 
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Figure 5-9 NB cylinder free falling comparison 



 56 

5.2.3 Influence of particle distance 

As mentioned above, the accuracy level of simulating results can be affected by the particle 

distance, i.e. the total quantity of the particles. In order to test the influence of the particle 

distance, a comparative free falling simulation of the NB cylinder is achieved with the same 

parameter setting except for the value of particle distance, see table 5-4. The NO. FF1 

simulation is the same simulation in last section, NO. FF2 is the comparative simulation with a 

larger particle distance. The applied mass also changes due to the varied particle numbers which 

constitute the free falling cylinder. 

NO. 
Particle 

distance (m) 

Particle 

numbers  

Applied mass 

(kg) 

Theoretical 

mass (kg) 

FF1 0.002 1005362 10.244 9.50 

FF2 0.0035 327939 10.645 9.50 

 
Table 5-4 parameters setting of comparative simulation 

 

The resulting curves are shown in figure 5-10, as expected, the curve of NO. FF2 is under NO. 

FF1, meaning that larger particle distance (also larger applied mass of the cylinder) causes 

lower accuracy level, which makes the penetration depth value smaller than the previous results. 

This could explain the curve of SPH method is under the curves of experiment and CFD method 

shown in figure 5-7. 

5.2.4 Summary 

In this part, both HB and NB cylinders are modeled and simulated in the free falling case, the 

parameters are selected according to the experiments by Greenhow and Lin (1983). And the 

results are also compared with their experiment results and numerical simulating results by 

Larsen (2013). For the HB cylinder, the curve of penetration depth with the time variable agrees 

well with the experiment curve. On the other side, the curve of NB cylinder result is under the 

other two curves. The difference is caused by the accuracy problem of parameter setting, which 

is approved by the comparative simulation with larger particle distance setting. Nevertheless, it 

is still difficult to improve the accuracy level in DualSPHysics, since large amount of particles 

requires huge power consumption of the computer. 
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Figure 5-10 comparison of different particle distance 
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5.3 Vertical water entry of 2D wedge  

For the study of slamming effects of vessels, especially the high speed ships, the water impact 

of wedges is the main studying object, which provides positive reference data to the research 

of structure strength in ship design. There are various aspects in the wedge slamming study, e.g. 

symmetric and asymmetric geometry, vertical and horizontal entry velocity, and pressures 

loading on various positions. In this part, the vertical forces and slamming coefficient are 

computed in DualSPHysics.  

5.3.1 Parameters setting 

In the simulation of wedge water entry, the main variable is the point angle of wedges. Due to 

the symmetric geometry, the height of the wedge is fixed at 0.1 m, and the main variables are 

defined by the deadrise angle #, which is the angle between the inclined edge and horizontal 

line. Consequently, the total width of the wedge B is varied according to the deadrise angles, as 

shown in figure 5-11. In terms of the parameter setting in DualSPHysics, most of the parameters 

are consistent with the settings in the cylinder simulation, e.g. total simulation time, time steps 

and the coefficient of sound speed. The forced constant velocity is 5 m/s, and the initial distance 

between the lower point and the free surface is 0.1 m. 

 

Figure 5-11 geometry of the wedge 

 

5.3.2 Domain size test 

Considering that the total width of the wedge varies in a large range, the maximum value could 

be more than 1.0 m according to the various deadrise angles, hence the domain size could be 

an important factor affected the simulating results. In this section, two different domain sizes 

are tested, the main relevant parameters are shown in table 5-5. 
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NO. 
Domain size 

( m × m) 

Particle 

distance (m) 

Particle 

numbers 

Deadrise 

angles (degree) 

WD1 4.0 × 1.0 0.0035 331967 10 

WD2 8.0 × 2.0 0.0035 1312661 10 

 
Table 5-5 parameters of two domain sizes 

 

 

Figure 5-12 vertical force curves of two different domains 

 

The vertical forces are plotted in figure 5-12, which are quite different from the curves of 

cylinders. The maximum value of NO. WD1 is larger than that of NO. WD2, which is caused 

by the initial effects of the domain size, as mentioned in chapter 4. High fluctuation level before 

the peak values can be obtained for both domains, in contrast, the curves decline smoothly after 

the maximum values.  In terms of the marked interval in the plot, also similar to the water entry 

of the cylinders, the humps are caused by the reflection waves of the boundaries, so the 

moments when the values begin rising are different due to the domain sizes. Here it has to note 

that the reflection waves in the water entry of wedges are distinguished from the cylinders. The 
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slamming of the wedges makes a series of energy waves that are gradually increasing owing to 

the geometry, resulting a wide range of high values, and in small domain, the reflection waves 

have greater effects on the results, as shown in the plot. On the basis of this feature, relatively 

small domain size is not acceptable, and there is no doubt that larger domain is preferred in the 

wedge simulation, with which more accurate values can be obtained.  

 

(a) 

 

 

(b) 

Figure 5-13 particles animation at the moments when the maximum force values appear 
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Figure 5-13 shows that the peak values for both the domains occur when the inclined edges are 

totally contained in the water pile-up region, instead of the fully submerged moment, which 

agrees with the theoretical model of Wagner (1932). The moments of figure 5-13 (a) for the 

NO. WD1 simulation and (b) for NO. WD2 are individually . = 0.03424	N and . = 0.03264	N.  

Another range of large vertical forces starts when the reflection waves reach the water surface. 

For instance shown in figure 5-14, while . = 0.06712 in NO. WD2 simulation, the force value 

rise to a high level under the effects of reflection waves. 

 

Figure 5-14 a series of reflection energy waves at t=0.06712 

 

5.3.3 Results and discussion 

In the water entry simulation, six wedges with different deadrise angles ranging from 10 to 60 

degrees are modeled, the domain size in No. WD2 is selected, and the main parameters are 

shown in table 5-6. The resulting data are plotted in the form of slamming coefficient defined 

by equation (2.5), and then the comparison with results by previous works is made. Besides, 

the effects of reflection waves have been discussed in above section, hence in the simulating 

results the influence is omitted, meaning that the vertical force values after . = 0.06	N are not 

included in the analysis, and the main focus is on the slamming. 
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NO. 
Deadrise angle 

(degrees) 

Width 

(m) 

Height 

(m) 

Velocity 

(m/s) 

Particle 

distance (m) 

W1 60 0.1155 0.1 5.0 0.0035 

W2 50 0.1678 0.1 5.0 0.0035 

W3 40 0.2384 0.1 5.0 0.0035 

W4 30 0.3464 0.1 5.0 0.0035 

W5 20 0.5495 0.1 5.0 0.0035 

W6 10 1.1343 0.1 5.0 0.0035 

 
Table 5-6 parameters of wedges simulation 

 

Due to the various deadrise angles, the width of the wedges changes in a large range, from 

0.1155 m to 1.1343 m, meaning that the maximum value is ten times larger than the minimum. 

Therefore, the calculated vertical forces are also not in the same order of magnitude, the curves 

of vertical forces are shown in figure 5-15. For NO. W1, W2 and W3 simulations, severe 

fluctuations are found in the plots, which means that the behavior of wedges is easily influenced 

by the deadrise angles (or total width) under the condition of fixed height value. For the other 

three wedges, the vertical forces show similar changing tendencies, and for wedge with larger 

deadrise angle, the curve is more smooth. 
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Figure 5-15 vertical force curves of simulations 

 

 

Figure 5-16 integrated curve of vertical forces  

 

The peak vertical force values of all the six simulations is plotted in figure 5-16. For the original 

curves with high fluctuation level, the average peak values are utilized, so the extreme values 

are omitted. Based on the force curve, the slamming coefficient curve is plotted in figure 5-17 

by the comparison with the previous curves in figure 2-6 by Faltinsen (2005). 
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Figure 5-17 comparison of the slamming coefficients 

 

The curve of the slamming coefficient computed with DualSPHysics is between the values of 

von Karman (1929) and Wagner (1932). Before 30 degrees, the smoothed curve keeps about 

5.3 stably. After that, similar to the tendency of the data by Zhao and Faltinsen (1993) and Zhao 

et al. (1996), which decrease with the increasing of the deadrise angles. Generally speaking, the 

resulting curve agrees with the curve by Zhao et al. (1996), but for small deadrise angles, large 

gap could be obtained.  

5.3.4 Summary 

In this part, the water entry of varied wedges is simulated with a series of deadrise angles in 

DualSPHysics, and the main influence caused by the domain size is discussed. For small 

domain, the reflection energy waves make great effects on the computing results, and large 

domain is obviously preferred in this simulation. Due to the relatively high fluctuation level, 

the average values are applied in fitting the curves. In terms of the slamming coefficient, for 

large deadrise angles (larger than 30 degrees), the curve agrees with the previous result. On the 

other side, for small deadrise angles, the tendency is different but still in the range of theoretical 

analyses. 



 65 

5.4 Water impact of 3D horizontal cylinder 

In DualSPHysics, both two-dimensional (in X-Z axis system) and three-dimensional water 

entering models can be created and simulated. As the total amount of particles in three-

dimensional simulation increases hugely, the applied particle distance and domain sizes are 

limited by the computation capability of the computer, especially the GPU power. In this part, 

the water impact of the horizontal cylinder is simulated in a three-dimensional environment, 

and the main parameters are as close as possible to the setting in two-dimensional simulation 

presented in section 5.1, in order to make comparison between the two results.  

5.4.1 Parameters setting 

To reduce the power consumption of the computer, a small-size domain is selected, and an 

appropriate length value of the cylinder is defined according to the domain size. In X-Z plane, 

all the dimensions of the cylinder and the domain are consistent with in simulation NO. D1. 

Along the Y axis, the length of the cylinder is 0.5 m, which is five times of the radius, and the 

length of the domain is 2.5 m. The initial position of the cylinder is shown in figure 5-18.  

 

Figure 5-18 initial position of the 3D animation 

 

5.4.2 Particle distance test 

The particle numbers are greatly limited by the computation capability of the computer, so the 

particle distance applied in the three-dimensional simulation is relatively large. As discussed in 

chapter 4, the particle distance parameter has influences on the simulating results. In order to 
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test the influence level in three-dimensional environment, a comparing simulation is made with 

larger particle distance setting, the details are shown in table 5-7. 

NO. Particle distance (m) Particle numbers Domain size (XYZ) ( m × m × m)  

TPD1 0.015 783346  2.0 × 2.5 × 0.5 

TPD2 0.020 337452 2.0 × 2.5 × 0.5 

 
Table 5-7 parameters of 3D simulations 

 

The particle distance of NO. TPD2 is only one third larger than NO. TPD2. However, the 

particle numbers become smaller than one half of the latter one, meaning that in three-

dimensional environment, even small particle distance changes could cause great variation of 

the total amount of the particles. 

 

Figure 5-19 comparison of forces with different particle distances 

 

Figure 5-19 presents the vertical force curves of the two simulating results. In general, the 

average value of NO. TPD2 is larger than the other one, because larger particle distance means 

greater smoothing length in calculation. Therefore, though the same amounts of particles are 

involved within the relevant ranges, greater smoothing length causes larger interaction radius 

and interaction forces. Besides, the peak values of the two curves obviously exist in different 

moments, and both of them are earlier than the theoretical slamming moment 0.02 s. This error 

is also caused by the particle interaction ranges, compared with the setting in two-dimensional 
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simulation, the three-dimensional particle distance is capable to affect the geometry of the 

cylinder in a large extent. Under this premise, smaller particle distance setting is preferred for 

higher accurate level.  

 

Figure 5-20 comparison of slamming coefficients with different particle distances 

 

The same tendency can be obtained in slamming coefficient curves shown in figure 5-20, since 

the fluctuation of the curves is not as severe as in two-dimensional simulation, the peak values 

can be trusted. Here the formula of the slamming coefficient *L is different from the definition 

in equation (2.2), so in three-dimensional environment,  

*+ = 	
,)
()")

%57; ∙ ï (5.4) 

where L is the length of the cylinder along Y axis. 

5.4.3 Comparison of 2D and 3D simulating results 

The slamming coefficient curve of NO. TPD1 is compared with that of NO. D1, in X-Z plane, 

the parameters settings are the same except for the particle distances. Figure 5-21 shows the 

original curves of these two simulations. Compared with the curve of the two-dimensional 

simulation, three-dimensional curve is much more smooth, meaning that less noisy points exist 

in the results. For instance, in the peak value interval of NO. D1 simulation, there are only two 

points with extreme values higher than 5.0, which are omitted with applying the average value 

by fitting method. This situation cannot be found in the three-dimensional curve with a low 

fluctuation level, meaning that the results are not disturbed by the noisy points much. 
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Although the slamming moments of the two curves are quite different, as mentioned in above 

section, which is caused by the particle distance setting, the second humps occur almost in the 

same period, as marked by the dash rectangle in figure 5-21. As the the setting of sound speed 

coefficient, the reflection waves move with the same velocity in the water, which is not 

influenced by the particle distance. Besides, the hump caused by reflection waves is also smooth 

in three-dimensional environment, and this result is reasonable because the three-dimensional 

simulation is more similar to the real world where the energy waves propagate and decline 

continuously. 

 

Figure 5-21 original curves of 2D and 3D simulations 

 

Both the curves are smoothed with the fitting method according to equation (5.1). Besides, 

because the slamming moment of NO. TPD1 is much earlier than NO. D1, the non-dimensional 

time variable èJ
?

 is adjusted to keep in accordance with the theoretical moment, during the 

process, the *+ values will not change.  

As shown in figure 5-22, the slamming coefficients at the slamming moment for both two-

dimensional and three-dimensional simulations are very close, actually the two curves agree 

with each other well before about èJ
?
= 0.15, meaning that only limited effects on the slamming 

coefficient can be caused by different dimensions, i.e. no matter in two or three dimensions, the 

results are almost the same. However, after 0.15, the difference gradually becomes obvious, 

and when the tendency of the curves is in a stable period, the curve of NO. TPD1 stays above 
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the other one. Combined with the comparison in the previous section, it is caused by the particle 

distance setting, in other words, the accuracy level of NO. D1 is better than NO. TPD1. 

 

Figure 5-22 smoothed curves of 2D and 3D simulations 

 

The animations of the two simulations at . = 0.0363	N are shown in figure 5-23, and it is 

obtained that in three-dimensional animation, the interaction range is larger than the actual 

volume of the cylinder, so the gap between the cylinder and the fluid is quite obvious. Besides, 

the particles that constitute the cylinder can be observed clearly, including the large particle 

distance between them. 
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Figure 5-23 animations of 2D and 3D slamming moment 

 

5.4.4 Summary 

In this part, water impact of the three-dimensional cylinder is simulated with the same 

parameters setting with that in two-dimensional cylinder simulation in section 5.1, except for 

the particle distance, which is limited by the computing capability of the computer. In three-

dimensional simulation, the particle distance parameter affects the results in a relatively large 

extent, and with smaller particle distance setting, larger vertical forces and slamming 

coefficients are obtained. The result of the three-dimensional simulation is close to the real 

world situation theoretically, with smooth curve and low fluctuation level. In the comparison 

of two- and three- dimensional smoothed curves, the difference is very small and satisfied. 
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6 Conclusion and future work 

In the thesis, four different cases are simulated in DualSPHysics that is a numerical computing 

program applying SPH method. The cases include the water impact of both two-dimensional 

and three-dimensional horizontal cylinder, free falling of the HB and NB cylinders, water entry 

of wedges with various deadrise angles. For all the cases, the main analyzed results are vertical 

forces and slamming coefficients in slamming process. 

The parameter settings are discussed in details for the simulations, which demonstrates that the 

computing results can be influenced by the parameters, e.g. domain size, particle distance, time 

steps, slamming velocities, and coefficient of sound speed. Although DualSPHysics is a 

powerful program that is capable to simulate various cases of fluid hydrodynamics study, the 

accuracy level is still limited by the parameters selection. As discussed in the thesis, noises and 

unstable results caused by the variation of parameter settings are obtained during the 

simulations. The possible method to improve the accuracy level is to increase the domain size 

and the quantity of the particles, which also leads to large power consumption of the computer. 

Therefore, the developing of computer technology could bring large benefits to the numerical 

computation with SPH method. 

In terms of the computing results, most of them are acceptable, the numerical results with SPH 

method can agree with the previous theoretical analyses, experiments and numerical 

simulations in a satisfied extent. Due to the errors of numerical simulations, the appropriate 

fitting method is necessary, and during the fitting process, some extreme values and severe 

fluctuations are omitted. Under most of the situations, the average values are applied, which 

also seems to be a common method in previous studies. 

In the water impact of two-dimensional horizontal cylinder simulation, the obtained results are 

different from the widely acceptable theory by Campbell and Weynberg (1980), i.e. the 

slamming coefficient could be affected by the variation of Froude numbers in a limited range. 

This could be caused by the errors of DualSPHysics, because the program is very sensitive to 

the parameter setting. To make further discussion on the conclusion, more accurate simulations 

are needed, meaning that more powerful computer with high CPU and GPU performance could 

be utilized. In the three-dimensional simulation, the requirement of computing power is much 

higher for the same parameter setting compared with in two-dimensional simulation.  

As the CFD and SPH are two approaches with different methods, the simulating procedures 

and results can be compared in the same cases. Generally speaking, each method has its own 
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advantages and disadvantages, and there are also various commercial programs with varied 

particularities based on the two methods, more simulations could be made in these programs. 

In this thesis, most of the models are built in DualSPHysics 3.2 version, but the simulations 

finally run in DualSPHysics 4.0 version, new functions are added in the new version, including 

wave generation and force calculation, which offer great convenience to users. In future, more 

functions can be expected, as well as the improvement of the computing accuracy. Besides, the 

animation output is an important feature of numerical simulations, and the characteristics of 

SPH method provide powerful visualizing capability to simulate the fluid flow behavior. 

Compared with the traditional experiments, numerical simulation also possesses the advantages 

of high repeatability and reproducibility. It is believed that with the improvement of the 

computing accuracy, the SPH method can be much more widely applied in the fluid 

hydrodynamics studies. 
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Appendix (Draft) 

SPH simulation of cylinder and wedge water entries 

Abstract 

Smoothed particle hydrodynamics (SPH) is a numerical approach applied meshless Lagrangian 

method in the fluid study. With the support of the fast developing computer technology, the 

numerical approaches are playing a more and more important role nowadays. In this paper, the 

water impact simulations are made in the DualSPHysics, which is a numerical program based 

on the SPH method. Four cases are simulated: water entries of both two- and three-dimensional 

horizontal cylinders with the constant velocities, free falling of two- dimensional cylinders, and 

water entries of two-dimensional wedges with various deadrise angles. The results of 

simulations in DualSPHysics are estimated through the comparison with previous works. 

Key words: SPH, DualSPHysics, water impact, slamming coefficient, cylinder, wedge. 

Introduction 

The water impact problem has been paid great attentions on the field of fluid mechanics 

research. Various aspects have been studied in the water impact process, e.g. vertical 

hydrodynamic forces and slamming coefficients, and the deformation of the free surface. The 

paper by von Karman (1929) was considered as the beginning of the research of water impact 

problems. After that, theoretical analyses and experiments were made by various researchers. 

Among these researches, the impact on calm water of rigid cylinders and wedges was widely 

studied, since they were close to the practical situations. The results of researches contained the 

slamming coefficient in the function of non-dimensional time variables and vertical forces. 

SPH method was utilized to deal with astrophysical problems in 1970s, and with the 

development of computer technology, it has been widely used in many fields. In spite of being 

questioned to be less accurate than CFD method on simulation of fluid flow, SPH approach is 

still an appropriate method for certain numerical simulation study, especially for calculation in 

large scale simulation. 

Theory 

Kernel function 

In SPH method, particles are thought as basic elements which form the fluid, each single 

particle is influenced by its neighbor one, and the interaction between particles decreased with 
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the distance increasing, therefore, according to Cossins (2010), the kernel function W can be 

written as 

lim
W→Y

Z P, O = $(P) 

where z refers to the position of the particle in fluid, l is the smoothing length that describes the 

distance of interaction of the particles, hence it can be considered that no effect between 

particles can be found if their distance is beyond l, $(P) here is called Dirac delta function 

(Cossins, 2010). 

Fluid equations 

The main fluid equations are transformed to the SPH form, in which the smoothing kernel 

function is applied as the basic expressions utilized in SPH calculation and simulation. There 

are three standard equations used to describe the fluid behavior as follows. 

l Continuity equation:  
1%p
1. = Me 5p − 5e ∇p

e

Z(Pp − Pe, O) 

l Momentum equation: 

15p
1. = − Me(

vp
%p7
+
ve
%e7
)∇p

e

Z(Pp − Pe, O) 

l Energy equation: 
1zp
1. =

vp
%p7

Me 5p − 5e ∇e
e

Z(Pp − Pe, O) 

where % is the fluid density, v is the velocity and u is the specific internal energy, P represents 

the fluid pressure. 

Sensitivity analysis 

In this chapter, the initial simulating parameters are discussed separately, since in numerical 

simulation, the selection of parameters could have positive or negative impacts on the final 

results in various extents. The main parameters contain domain size, particle distance and time 

steps; and system parameters which are specialized variables in SPH method, including the 

coefficient of sound speed, smoothing length. During the analysis, the case of the water entry 

of a two-dimensional horizontal cylinder with a constant velocity (Case.1) is selected for testing. 
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Figure-1 curves of various domain sizes test 

Figure-1 shows the peak vertical forces calculated individually in these three domains. With 

the increase of the domain size, the slamming force rises substantially. It is difficult to explain 

why the slamming force that happens in a very short time is influenced by the domain size, i.e. 

higher slamming forces could be obtained in larger domain, this could be due to the error of 

numerical method in DualSPHysics. It is noted that larger force values do not equal better 

accuracy level, since more extreme values are also found in the curve of NO. D3, which is the 

largest domain. However, in smaller domain the results are easily influenced by the reflection 

energy waves, i.e. the fluctuation level of the resulting curve is higher. 

 

Figure-2 curves of various time steps test 
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The vertical force curves of various time steps are shown in figure-2, the NO. TS1 simulation 

with the smallest time step value 500 is not accurate enough for missing some peak values, and 

the other three have the same level of accuracy. Therefore, considering that larger time step 

setting could increase the computing time consumption, NO. TS2 simulation with 1000 time 

steps are considered to be a better optimized scenario for the simulations. 

 

Figure-3 curves of various particle distances test 

In figure-3, the difference of the peak values of the slamming coefficient can be obtained 

substantially, and it is noted that the slamming moments are related to the particle distances, i.e. 

larger particle distance makes the slamming occur much earlier than the theoretical value. For 

NO. PD1 simulation with the largest particle distance setting, the noises of the resulting values 

are more than the other two, which make the curve relatively unstable.  

In figure-4, the fluctuation level of the dash curve with the smaller smoothing length setting is 

much higher than the solid curve, which proves that the relevant fluid is less viscous and easy 

to be influenced in the slamming process. Besides, more extreme values can be obtained in the 

dash curve, because the constrains of the particles become weak under the condition that less 

particles involved in the interaction. In this comparison plot, the result of dash curve is 

unacceptable due to the fluctuation level and extreme values, in contrary, the result of the 

default setting Äêa\ = 1.2 is satisfied. 
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Figure-4 curves of two smoothing length coefficients 

 

 

Figure-5 curves of two sound speed coefficients 

The most obvious difference of the curves is the occurrence moment of the humps, because the 

reflection waves moves at the sound speed, meaning that higher Coefsound value could cause 

the humps to exist earlier and more frequently, which could be obtained in figure-5 that the 

fluctuation of the solid curve is much severer than the dash curve, and the first hump also occurs 

earlier due to larger sound speed. The comparison proves that Coefsound = 20 is more suitable 

for the water impact simulation. 
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Results  

Case.1 Water impact of 2D horizontal cylinder 

The initial position of the center of the cylinder is 0.2 m above the free surface, and the radius 

of the cylinder is 0.1 m as the default radius in the simulation. Therefore, the gap between the 

bottom of the cylinder and the free surface was 0.1 m according to the applied radius of the 

cylinder. Six different Froude numbers are applied in the range from 1.428 to 7.139. The 

parameters are shown in table-1. 

NO. 1 2 3 4 5 6 

Froude number 1.428 2.856 3.570 4.284 5.711 7.139 

Table-1 Froude number parameters of Case.1 

In figure-6, the resulting slamming coefficient at the beginning moment varies substantially. 

Most of the values are in an acceptable range, and the peak value drops down with the increase 

of Froude number. The conclusion is in contradiction with the Campbell and Weynberg’s theory, 

which is that the slamming coefficient is independent of Froude numbers, the results of the 

simulations present changeable slamming coefficient according to various Froude numbers. 

Considering the empirical formula has been widely accepted and applied in practice, e.g. in 

DNV (2014), the possibility of errors in DualSPHysics cannot be excluded, as discussed in 

previous chapter, different parameters setting can make results fluctuate in some extent. 

 

Figure-6 smoothed curves of slamming coefficient 
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The smoothed curve of the NO.3 simulations is compared with the results of previous works, 

see figure-7. As the calculation parameters are the same as Larsen (2013) with CFD method, 

the curves are also plotted based on the comparison figure of his thesis. The curve agrees with 

Larsen’s curves best as shown in the figure, both of which are made by numerical simulations, 

SPH and CFD methods, and the tendency of the two curves are the same with the curve of 

Campbell and Weynberg (1980). 

 

Figure-7 comparison of slamming coefficient with previous works 

Case.2 Free falling of 2D cylinder into calm water 

According to the parameters in Greenhow and Lin (1983), the initial position between the center 

of the cylinder and the free surface is 0.5 m, the radius of the cylinder is 0.055 m, and the initial 

velocity of the cylinder is zero, so the slamming velocity when the bottom touches the water 

surface is about 2.95 m/s, and the slamming moment is . = 0.301 N. Both half buoyant (HB) 

and neutrally buoyant (NB) cylinders are simulated. 

In DualSPHysics, the cylinders are also constituted by particles, which can be imaged as a large 

amount of small rectangular particles, as a result, the total mass of these particles are more or 

less different from the theoretical value. If the quantity of the particles is large enough, the mass 

can be close to the theoretical value. In this simulation, the applied mass of the HB and NB 

cylinders are separately 5.122 kg and 10.244 kg, larger than the theoretical numbers, this 

difference could have some effects on the results of simulation. 

Figure-8 shows the comparison of penetration depth on time variable with the experiment 

results by Greenhow and Lin (1983) and CFD simulating results by Larsen (2013). It can be 

obtained that the HB cylinder curve calculated in DualSPHysics agrees with the experiment 

result well, and both of the two curves are under the result of CFD simulation. In terms of NB 
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cylinder curves, all the three are obviously different, according to Larsen (2013), this could be 

due to the inaccurate experiment data by Greenhow and Lin (1983). Anyway, as mentioned 

before, the accuracy level of the DualSPHysics results depends on the particle distance setting. 

Although in this simulation, on the basis of the applied particle distance, the amount of the 

particles reaches a million, which is a relatively large number, the accuracy level could be still 

not good enough. 

 

Figure-8 penetration depth curves compared with previous works 

Case.3 Vertical water entry of 2D wedge 

Six wedges with different deadrise angles ranging from 10 to 60 degrees are modeled. Most of 

the parameter settings are similar with that in Case.1. Here the height of the wedges is 0.1 m, 

and the slamming velocity is 5 m/s. The resulting data are plotted in the form of slamming 

coefficient, and then the comparison with results by previous works is made. The main 

parameters are shown in table-2. 

NO. W1 W2 W3 W4 W5 W6 

Deadrise angle 60 50 40 30 20 10 

Width 0.1155 0.1678 0.2384 0.3464 0.5495 1.1343 

Table-2 parameters of wedges 

As shown in figure-9, The curve of the slamming coefficient computed with DualSPHysics is 

between the values of von Karman (1929) and Wagner (1932). Before 30 degrees, the smoothed 
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curve keeps about 5.3 stably, after that, similar to the tendency of the data by Zhao and Faltinsen 

(1993) and Zhao et al. (1996), which decrease with the increasing of the deadrise angles. 

Generally speaking, the resulting curve agrees with the curve by Zhao et al. (1996), but for 

small deadrise angles, large gap could be obtained. 

 

Figure-9 comparison of slamming coefficient 

Case.4 Water impact of 3D horizontal cylinder 

In DualSPHysics, both two-dimensional (in X-Z axis system) and three-dimensional models 

can be created. In this part, the water impact of the horizontal cylinder is simulated in a three-

dimensional environment. In order to make comparison between the two- and three-

dimensional simulations, all the dimensions of the cylinder and the domain are consistent with 

the settings in Case.1. Along the Y axis, the length of the cylinder is 0.5 m, which is five times 

of the radius, and the length of the domain is 2.5 m. As the total amount of particles in three-

dimensional simulation increases hugely, the applied particle distance setting is limited by the 

computation capability of the computer, which is much larger than in Case.1. 

As shown in figure-10, the slamming coefficients at the slamming moment for both two- 

dimensional and three-dimensional simulations are very close, actually the two curves agree  

with each other well before about èJ
?
= 0.15, meaning that only limited effects on the slamming 

coefficient can be caused by different dimensions, i.e. no matter in two or three dimensions, the 

results are almost the same. However, after 0.15, the difference gradually becomes obvious, 

and when the tendency of the curves is in a stable period, the curve of three-dimensional 
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simulation stays above the other one. This is caused by the particle distance setting, in other 

words, the accuracy level of two-dimensional simulation is better than the three-dimensional. 

 

Figure-10 smoothed curves of 2D and 3D simulations 

Conclusion 

The parameter settings are discussed in details for the simulations, which demonstrates that the 

computing results can be influenced by the parameters. Although DualSPHysics is a powerful 

program that is capable to simulate various cases of fluid hydrodynamics study, the accuracy 

level is still limited by the parameters selection. As discussed in the paper, noises and unstable 

results caused by the variation of parameter settings are obtained during the simulations. The 

possible method to improve the accuracy level is to increase the domain size and the quantity 

of the particles, which also leads to large power consumption of the computer. Therefore, the 

developing of computer technology could bring large benefits to the numerical computation 

with SPH method. 

In terms of the computing results, most of them are acceptable, the numerical results with SPH 

method can agree with the previous works in a satisfied extent. Due to the errors of numerical 

simulations, the appropriate fitting method is necessary. Under most of the situations, some 

extreme values and severe fluctuations are omitted, and the average values are applied, which 

also seems to be a common method in previous studies. In the water impact of two-dimensional 

horizontal cylinder simulation, the obtained results are different from the widely acceptable 

theory by Campbell and Weynberg (1980), i.e. the slamming coefficient could be affected by 

the variation of Froude numbers in a limited range. This could be caused by the errors of 

DualSPHysics, because the program is very sensitive to the parameter setting. To make further 

discussion on the conclusion, more accurate simulations are needed. 


