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SUMMARY

This paper explores the use of the incompressible and viscous Finite Point Method (FPM) embedded within a generic structural finite element software suite to validate free surface flows and fluid-structure interactions around a naval hull. The study proposed an inflow-outflow and towing tank setup to investigate the wake wave profiles, and wave-making resistance around the model DTMB5415 naval hull. FPM was successful in predicting the wake wave profiles relatively well without major deviations. The viscous effects were found to increase the accuracy of the wave profiles without much dissipation in the wave propagation. Both methods of simulation also accurately captured the wave-making resistance between the Froude number of 0.15 and 0.4 but tended to overpredict at other speeds.  Although still water results for a rigid hull have been presented here, the results are an encouraging first-look at the use of a structural solver with embedded fluid coupling for analysing ship response. The long-term goal is to use the same modelling approach with waves and fully structural models within the single software suite.
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1. INTRODUCTION

Accurate prediction of ship seakeeping performance in ocean environments is a fundamental requirement in naval architecture. Numerical modelling not only serves as an important design tool but also helps to cut costs and increase efficiency rather than conducting physical tests in towing tanks which can be costly. Ship hydrodynamics modelling presents major challenges, especially in rough sea conditions in which ships undergo complex fluid structure interactions (FSI) and predicting the resulting stress response of the ship. Unsteady boundary layers, large separation, breaking waves, and large deformations which are likely to happen in oceans are challenging flow conditions for conventional CFD methods in the convergence to a solution (Lou et al., 2021).

Mesh free techniques have become increasingly popular due to their versatility for applications that involve large deformations or complicated geometries. In the field of numerical analysis, meshless techniques are those that have their continuum domain discretised by finite points which carry all the numerical information. Smoothed Particle Hydrodynamics (SPH) is the most developed meshless method but was originally developed for the treatment of astrophysical phenomena where fluid density may vary in space and time over many orders of magnitudes in the absence of physical boundaries (Voileau and Rogers, 2016; Fang and Parriaux, 2008). Modifications have since been made to capture large amplitude waves and nonlinearities for naval applications. SPH has been heavily used in non-linear free surface flow such as slamming, breaking waves and other large deformation events where limited success is met when using available techniques in CFD (Veen, 2010). Compared to classical mesh-based methods, SPH has numerous advantages in terms of its adaptive nature for modelling complex free surface flows without explicit surface tracking (Wan et al., 2010). SPH, however, continues to suffer numerical weaknesses and inconsistencies, such as the difficulty of locating the free surface due to packing of SPH particles and the treatment of boundary conditions. Another major setback tied to SPH formulations is the time-dependent artificial viscosity term which may lead to inaccurate modelling of viscous free-surface flows (Miller and Tayler, 2012; Cartwright, 2012). The time-dependent artificial viscosity is a necessary implementation to ensure stability when shockwaves are present, but in turn introduces adverse effects (Cullen and Dehnen, 2010). This is an inherent problem with SPH and impacts the accuracy of modelling waves such as the dissipation of propagating waves, whether it be waves produced from a ship or from a conventional wavemaker in a towing tank (Cartwright, 2012). Viscous effects play an important role in the propagation of free surface waves and although smaller SPH particles were reported to provide less dissipation, the computation effort was found to be significant and impractical (Cartwright, 2012).

Given the limitations inherent to CFD and SPH simulation for some applications in this field, other numerical techniques require investigation. The Finite Point Method (FPM) is a meshless method developed specifically for fluid mechanic problems. FPM’s formulation can handle complex flow problems such as free surface flows (Tiwari and Kuhnert, 2003) multiphase flows (Hietel et al., 2005) and fluid-structure interactions (FSI) (Tiwari et al., 2006; Trameçon et al., 2018).

FPM has a flexible treatment for boundaries, specifically the free-surface boundaries as well as fluid-structure interactions (FSI) by prescribing boundary conditions on points (Fang and Parriaux, 2008). This is because particles in FPM do not have a mass associated as they only serve as interpolation points for the field information. Free surface particles are placed at domain boundaries that satisfy the Neumann boundary condition and an efficient data management technique is used to distinguish the point on any free surface by time-step using the concept of particle density (Onate et. al. 2001). Additionally, FPM is capable of restoring particle inconsistencies that are inherently associated with conventional SPH and therefore more accurate. A study by Fang and Parriaux (2008) and Tiwari and Kuhnert (2005) found that FPM can perform accurate and stable simulations of incompressible viscous flows. Saucedo-Zendejo (2017) reported promising results in the study of free surface wave propagation and a classic 2D dam break problem using FPM highlighting the potential of FPM in the study of free surface incompressible flows.

To date many of the FPM implementations have been purpose-build codes to address a particular flow regime, or to prove a particular code development.

The purpose of this paper is to investigate whether the Finite Point Method as employed in a generic Finite Element Analysis (FEA) package can accurately handle fluid structure interactions and free surface flows around a ship hull that is defined by shell and plate finite elements.

The aim is to conduct a fundamental study of wave generation around a hull as a stepping stone to the more complicated situations required for sea keeping analysis.

If this preliminary investigation proves promising, then this work paves the way for the development of waves in the FPM medium, the use of a fully structural model as the ship, to be driven through the waves across speed regimes from slow to high speed, all within the one generic FEA software suite. This has the potential to simplify the workflow and efficiency of structural analysis of ships and floating structures at the edge of design envelopes.

This paper will quantitatively compare predictions of FPM flow interactions with mesh-based numerical simulations. The comparison of drag coefficient, and the propagation of wake-wave profiles from the interaction of the DTMB5415 model hull to experimental towing tank experiments will determine whether FPM has accurate FSI capabilities.

This paper is organised as follows. Section 2 presents the main dimensions of the hull. Section 3 describes the governing equations, formulation of FPM, time-step selection and fluid-structure interactions. The boundary conditions and numerical setup are outlined in section 4. FPM validation studies, results and discussions are presented in section 5.

2. DESCRPTION OF THE DTMB5415 HULL FORM

The DTMB 5415 (Figure 1) originated as a preliminary design for a surface combatant by the US David Taylor Model Basin (DTMB). The hull geometry includes both a sonar dome and a transom stern. The appendages are purely illustrative and were not used in the simulations, to align with previously published work which also neglected appendages (Olivieri et al 2001, Olivieri et al 2004, Jones and Clarke 2010, Ahmed 2011).

The main particulars of the full scale and model scale DTMB 5415 are shown in Table 1 from Olivieri et al. (2001). The parameters represent both the numerical and test conditions used in towing tanks.
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3. IMPLEMENTATION OF FPM

3.1 GOVERNING EQUATIONS

The formulations are based off the early development and application of FPM by the originators of the technique Onate et al. (1996). Similar formulations are used in the commercial software code Virtual Performance Solution, VPS from ESI Group, France (2022) which is used in this research. The governing equations in FPM are the incompressible fluid Navier Stokes equation which the program solves numerically in the Lagrangian frame. For incompressible fluids, ∇Tν=0, so the conservation equations for the motion of a viscous incompressible fluid is

Mass conversation:
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Momentum conservation:
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Energy conservation:
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The velocity and pressure are coupled in the Navier-Stokes equation derived from the conservation of momentum:
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The pressure contributions can be split in dynamic and hydrostatic terms which the FPM solver can accurately output.
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This allows the computation of the velocity and pressure fields to be decoupled.

3.2 CONSTRUCTION OF THE LOCAL APPROXIMATION

An important feature in mesh-free methods including FPM is its ability to define a material property at specific points by a smoothing length and the weighted average of the value of that property at its neighbouring particles. Consider a domain Ω which is filled with particles shown in Figure 2. The state of the system is defined by those particles each associated with their respective field properties. φ is the smoothing function which is used to approximate the field variables at some point i. The radius of all the j particles within the cut-off distance S of ‘khi’ are averaged by the smoothing function. The radius S is defined by the smoothing length h multiplied by some constant k. The smoothing length in meshless methods is what determines the radius of influence of the kernel of each particle which in simplicity means if two particles are within a distance of less than h then they are considered neighbours. If the points have a distance greater than h then they will have no interactions. Therefore, by decreasing the smoothing length, the computational costs will decrease, and the results find it more difficult to converge. Whereas in conventional CFD, reducing the mesh size will increase computational cost but the result will find it easier to converge on the analytical solution. Therefore, the inverse particle density can be considered as analogous to the mesh size in conventional CFD. Within the domain Ω, there is a local cloud Ωi which is generated automatically by the FPM module where its density is determined by the smoothing length. If there are gaps in the point cloud throughout the simulation, then FPM will fill them according to the same formula (Visual, 2021). The advantage is that there is not a need to mesh the fluid domain but only the structural surface (boundaries) of the mesh defining where the volume of water is contained. Since FPM does not require a mesh, the points are referred to as discrete points of interpolation which do not have fixed connections between them. The list of neighbouring points is determined again for each time-step.
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3.3 TIME-STEP

FPM incompressible is an implicit solver which can solve simulations with relatively large time-steps. The VPS solver computes the time-step as per Eq. (6) below where min indicates the minimum over all the particles, denotes the time-step factor, h denotes the smoothing length and is the particle velocity of the fluid.
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To obtain a stable numerical solution, time-step constraints need to be satisfied according to the Courant-Friedrichs-Lewy (CFL) condition, where h is the smoothing length and Umax is the maximum particle velocity.
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The additional constraint due to viscous diffusion would also need to be satisfied where h is the smoothing length and is the kinematic viscosity of the fluid.
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3.4 FLUID-STRUCTURE INTERACTIONS

Whenever a structure changes shape rapidly in a fluid, meshed-based methods such as the finite volume or the finite element methods are limited due to the grid adaptation by re-meshing during the simulation which requires the use of interpolation techniques in order to recover fluid variables on the new mesh. The necessary adaptation not only introduces some form of artificial diffusivity but also reduces the efficiency, accuracy, and robustness of the mesh-based technique (Tiwari et al., 2006).

Fluid Structure Interaction (FSI) and meshfree methods are perceived as a perfect couple due to the natural coupling of a meshfree method in Lagrangian formulation with a moving, flexible structure (Juhnert et al., 2019). One of the main reasons for the use of FPM is its ability to perform accurate FSI. This makes it desirable for many applications such as in the automobile industry. Tramecon et al. (2018) explored the importance of fluid-structure interactions during a car deep-water crossing such as the water interactions with doors or hatchback with results showing FPM accurately simulates the coupling force interactions between the fluid and the structure. The pressure response on shell elements from a dam-break experiment also showed excellent correlation. Tiwari et al. (2006) investigated the simulations of fluids and flexible structures with FPM in two-dimensional problems and found that FPM is suitable in handling a wide range of dynamical fluid structure interactions. The accuracy of FPM’s FSI can be taken advantage of by exploring the FSI between a moving hull and a viscous body of water to determine the wake wave profiles as well as the drag force.

The fluid pressure is applied over the wetted external surfaces of the structures which then deforms and moves the structure from the applied fluid and other external applied loads. The deformed state of the structure is fed back into the solver as the geometrical boundary conditions for the fluid in the next time-step (Trameçon et al., 2011). A schematic of the VPS/FPM time stepping shown in Figure 3 summarises how the structural solver which is based on FEM with automatic contact handling interacts with the FPM solver. Since the FPM and structural time-steps are usually different, the synchronisation is obtained by sub-cycling between the two solvers each of which have their own time-step size. The coupling between fluid and structure occurs at a user-defined time interval which can be set to be quite small (around 0.01 seconds or smaller depending on the application) for the time-step applied in the FPM module. The FEM-FPM coupling is done at the FPM time-step in the simulation.

4. BOUNDARY CONDITIONS AND COMPUTATIONAL METHODS

There are many open-source data from experimental tests conducted with the model DTMB 5415 hull in physical towing tanks. In this section, the model was developed with a tank size equivalent to the INSEAN basin no. 2 where many experiments were conducted (Olivieri et al., 2001).

To gain more point data around the ship and reduce unnecessary numerical simulation time for this study, a local refinement h is specified at a lower value of 0.15m with a smoothing radius r of 0.65m around the ship, and a global refinement of 0.4m. A volume control factor of 0.05 is applied to ensure the volume of water is conserved at each time-step. These parameters will be consistent and be applied to all setups with the model hull simulations. The numerical refinement parameters were determined by considering the trade-off between accuracy and computational effort. The local refinement can only be applied at selected structural boundary conditions which is the hull in this case. The trim and sinkage were fixed at the corresponding speed at which the hull was travelling based on experimental findings.
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The properties of freshwater which the test conditions are conducted in are given in Table 2.

4.1 MESH SETUP

A simple shell mesh comprising of quadrilateral and triangular elements, approximately 2.5mm in size, was created to represent the hull of the ship. The size of the elements were created with the purpose of generating an approximate 1:1 ratio between a single FPM particle and a shell element, where there is FSI contact between the hull and the water, to ensure optimum compatibility for the contact interface. This is so the contact force can be distributed evenly along the hull. The tank consists of plate shell elements that can be any size for this study as they serve only to contain the FPM particles. Since there is no interest in the pressure forces on the walls of the tank, the refinement of the FPM near the tank shell elements is unnecessary. The hull is set as a rigid body which is linked to the centre of gravity. The hull was given a distributed mass of 551 kg with the moment of inertias in Table 1.

It is an important consideration in this model setup that no mesh is required to be defined around the hull. Instead, the software automatically fills the fluid domain volume with FPM particles according to the smoothing length and refinement factors specified. This presents a considerable saving in model setup time, as no time is required by the operator to develop complex and accurate three-dimensional meshes around detailed hull geometry. Furthermore, the software automatically refines FPM distribution around the hull as the hull moves along the tank, creating and removing FPM particles as the analysis proceeds.
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4.2 INFLOW-OUTFLOW BOUNDARY CONDITION SETUP

The inlet-outlet boundary method was also used to analyse the wave-making resistance and the wave wake profile. The flow velocity enters at the inlet and interacts with the hull which was initially placed and fixed at the specific trim and sinkage location for the set velocity before leaving at the outlet specified by a reference pressure of 0. The tank side walls, and the hull are set as slip conditions which means the boundary particle may carry a tangential velocity value with respect to its element and the tank floor has a no-slip condition to mimic floor interaction. The hull is given a slip coefficient of 0.1 to simulate the skin friction although this value should be optimised for various speeds. The computational domain in the study extends for two lengths (2L) in front and aft of the ship. A towing tank experiment of this model was done in the INSEAN basin No.2, which is 9m wide and 3.5m deep and will serve as the widths and depths in the model. The grey plane shown in Figure 5 represents the free surface of the FPM particles. The advantage of this setup is that the flow speed that can be set up as an initial condition allowing the steady state wave profiles to be formed quicker.
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4.3 TOWING TANK BOUNDARY CONDITION SETUP

The towing tank setup replicates a conventional experimental method used to analyse the wave-making resistance and wave patterns generated by the hull moving along the tank. This ensures the physics are as close as possible to how it is in the experiments. The tank dimensions have the same width and depth as the INSEAN basin No. 2 and a length of 100 metres. In this setup, the trim and sinkage (which corresponds to the speed at which the hull is travelling) were set the same as those in the experimental setup. A forward velocity is applied at the centre of gravity of the structure. The tank side walls, and tank floors are set as no-slip which means the FPM boundary particles is set to the velocity of the structure in all directions. The hull was set as a slip wall condition with a slip coefficient of 0.1. A beach surface was modelled at the end of the tank to absorb the wave energy, so they do not reflect and superimpose on the wave patterns.

The methodology proposed in this study involves the use of the inflow-outflow setup and the towing tank setup to conduct numerical studies on FPM’s ability to perform accurate fluid-structure interactions and wave propagation. A summary of the proposed methodology is shown in the flow chart in Figure 9. The process involves producing wave-wake profiles to investigate the dissipative effects of FPM. In addition, the process accounts for the accuracy of FSI by analysing the drag force in calm water. Numerical results are compared to experimental results for validation.
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5. RESULTS AND DISCUSSIONS

5.1 HYDROSTATICS

The hydrostatics of the DTMB 5415 hull model was first analysed to explore whether FPM can provide a steady equilibrium response in calm water when the hull was stationary. The hull was initially placed at its design waterline, held in roll, sway, surge and yaw, and free in pitch and heave, and then allowed to settle for 30 seconds. A 3 second moving average is used to smooth out the resulting motions in pitch and heave as shown in Figure 10 and Figure 11 respectively. The pitch response was relatively smooth and stable at around 0.0025-0.004 rad (0.014 degrees–0.023 degrees) trim which was very close to 0 or level trim. The heave response at equilibrium hovers around 0 which shows the hull floats as expected. Because the model simulates a large but finite tank of water, the ripples reflecting on the tank walls cause extra oscillations. Some instability exists at the beginning of the simulation however, the hull does reach equilibrium within 5 seconds before encountering the ripple reflection.
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5.2 WAKE WAVE PROFILES

The longitudinal wave profiles are an important aspect in determining whether the fluid-structure interactions are accurate as well as analysing the dissipation of wave propagation due to the viscosity of water. A series of longitudinal sections through the free surface was plotted as a function of free surface wave height and position relative to the hull. The positions of the studied sections were properly chosen for comparison with available open-source experimental data. The wave profiles studied in relation to the central plane shown in Figure 12 are; along the hull, Y/L = 0.082, Y/L = 0.172 and Y/L = 0.301. Points within 0.05m of the longitudinal line are chosen for the comparison (as they lie closest to the line of interest). It should be noted that FPM uses an explicit time-step formulation requiring thousands of computing cycles, and therefore truncation error was a possible contributor of error in the results.
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The comparison of wave profile along the hull between FPM, mesh based CFD and experimental data at Fn = 0.28 for the towing tank and inflow-outflow setup are shown in Figure 13 and Figure 14 respectively. Each FPM particle on the surface is shown as a hollow dot with the red representing the towing tank setup and the green representing the inflow-outflow setup. In both setups, the numerical FPM results under-predicted the peak of the bow waves when compared with the experimental results conducted by Olivieri et al. (2001). The towing tank result does however show the splash of a single particle above the curve meaning an increased particle refinement could potentially yield more accurate wave height resolution. Aft the bow wave there was a significant under-prediction followed by an over-prediction of the wave profile. This was observed in both the towing tank and inflow-outflow model and could be due to the numerical damping in FPM being less prominent. Other reasons could be due to poor boundary layer analysis which can only be controlled by the level of refinement and the slip coefficient. The prediction of the latter half of the hull, from −0.1L to 0.5L for the towing tank was accurately predicted. However, the inflow-outflow case under-predicts which could be the effect of a volume control problem where volume was not being properly conserved within the VPS program. The constantly moving FPM particles in the inflow-outflow case are also subjected to viscous damping and potentially slowed through particle contact interaction which could result in more inaccurate results compared to the towing tank case where FPM particles in the far field are not moving.

The published CFD results using the open source CFX code and Fluent code was conducted by Ahmed (2011) and Jones and Clark (2010) respectively. Both have a similar under-prediction across the whole wave profile namely the under-prediction of the bow wave. However, the over-prediction was not as pronounced as CFD handles viscous damping effects quite efficiently. The authors both concluded the under-prediction was caused by insufficient grid refinement.

The wave profile along the hull at Fn = 0.41 for the towing tank and inflow-outflow are shown in Figure 15 and Figure 16 respectively. The towing tank setup and inflow-outflow setup fit the trend of the experimental results relatively well with no major discrepancies. The peaks of the bow wave are however still underestimated either due to insufficient refinement or selection scale of the volume control factor. The towing tank setup accurately predicted the wave profile from −0.2L to 0.5L whereas the inflow-outflow under-predicted the wave profile throughout. Again, this could be due to the volume control problem with the inflow-outflow within the software or it could be due to a field of constantly moving FPM particles which are subjected to viscous effects and intrinsic damping. Interestingly, the results of the faster hull speed are more accurate than the slower one. This could be due to the incorrect slip coefficient applied to the slower hull simulation which was one of the only factors used to control the boundary layer analysis. The accuracy shown in the result gives confidence that FPM is capable of capturing boundary layer effects.
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The CFD results by Ahmed (2011) had a similar under-prediction in both the peak and the wave profile along the hull like the inflow-outflow model. The discrepancy in the CFD result was attributed to insignificant refinement along the hull due to limited computational resources. This could also be another cause with the inflow-outflow model where potentially greater refinement was needed over the towing tank setup.
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The longitudinal wave profiles at y/Lpp = 0.082 relative to the centreline of the hull for the towing tank and inflow-outflow are shown in Figure 17 and Figure 18 respectively. Both the setups seemed to follow the trend of the experimental results. Both results have a starting wave elevation below 0 which could be due to the initial effect of FPM packing at time 0 causing the free surface to drop when the coordinate system was created. Ideally, the volume control can correct the volume of water in the tank however each time-step has a slightly different volume of fluid as particles are deleted and generated. Another potential source of variation in the FPM results was at the region of transition between the global and local refinements where, there exists small friction/collision during the transformation. This leads to a reduced wave elevation before the impact of the hull which could have also caused the out of phase result seen in both setups. A similar numerical damping scenario seen in the wave profile along the hull at Fn = 0.28 was also seen before and after the bow wave. The wave profile after the bow wave appears relatively accurate for both setups with an accurate prediction of the stern wave as well.
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The CFD result by Pacuraru (2019) showed accurate prediction of the majority of the wave profile. This is because the XPAN module of the SHIPFLOW program which was developed and dedicated to non-linear potential free-surface flow was used. Viscous effects that were disregarded were attributed to the over-prediction of the stern wave profile. Since the FPM results have viscous effects in play, the stern wave can be seen to be predicted quite accurately in both models.

The longitudinal wave cut at y/Lpp = 0.172 included the wave profile past the stern wave to analyse the wave wake profile behind the stern. In the towing tank model, the peaks were accurately predicted however the troughs were all under-predicted. In the inflow-outflow model, it seemed like the whole wave profile and their peaks of the inflow-outflow model was under-predicted. This could be due to the intrinsic numerical damping of the scheme, and it was possible that a more detailed spatial resolution will improve the numerical scheme. The inflow-outflow setup was subjected to volume control issues and therefore could be a reason for the under-prediction as the free surface drops very slightly over time. It can also be seen that the particles past x/Lpp = 0.8 were more inaccurate due to the particles returning to their global refinements after the ship had passed through.
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The CFD fluent result by Jones and Clarke (2010) had used a refined tetrahedral mesh and yielded consistent results with the peaks of the curve being under-predicted. However additional refinement had improved the peaks of the curves bringing it slightly closer to the experimental results. Although the CFD fluent results appear to be more accurate, it was important to note that Jones and Clarke (2010) spent 5 days to construct a hexahedral mesh which generally produced more accurate simulation results and one day to construct the hybrid mesh. If appendages on the DTMB5415 were included, then the meshing would take much longer which is an obvious drawback to mesh-based techniques.
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The last wake wave profile was the furthest one at y/Lpp = 0.301 away from the centreline of the hull. The wave propagation seemed to be relatively accurate in both the models however was seen that some numerical information was lost in the inflow-outflow model where it was not picking up the last wave peak. In comparison to the previous results, the wave profiles were also increasingly out of phase as the wave propagates which was evident in both models. The cause supports the fact that there could be an additional intrinsic numerical damping associated with FPM which causes a small loss in wave amplitude over each wave. Both the models continued to under-predict the wave profiles, however the trends were similar to the experimental results. Although there was a loss in wave height as the wave propagates, the diminishing effect from the viscosity was small and each wave was captured clearly. An increase in refinement will help reduce the influence of the viscous effects and produce a more accurate result for wave profiles further away from the hull.
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CFD simulations tend to deal with numerical damping in wave propagation reasonably well with the wave profile being well predicted for both phase and amplitude. The result emphasises that CFD has continued to mature over time and dedicated ship hydrodynamic flow software packages deal with free surface wave profiles a lot better than current FPM development. However, the result showed FPM has the potential to perform fluid flow simulations with reasonable accuracy.

A visual comparison of FPM and Experimental Fluid Dynamics (EFD) conducted by Olivieri et al. (2004) is shown in Figure 23. Visually, the bow and shoulder wave were satisfactory in relation to the position and magnitude. Naturally, the visual interpolation between each particle as a contour is not as smooth as CFD or EFD. This meant that for FPM to generate very detailed results such as for the investigation of scars, the particles will need to be extremely refined which is not practical for the available computing capabilities of this project.

5.3 DRAG COEFFICIENT

Under the condition of a fixed sinkage and trim, the calculated wave-making resistance coefficients by FPM was compared to experimental results by Oliveri et. al. and is plotted in Figure 24. As the ship moves along the calm water, it experiences wave wake resistance which is the drag force (D) that is acting against the hull. The experiments were done in freshwater with a density of 998 kg/m3 and the wetted surface area of the hull is 4.861 m2. The total drag coefficient is given in Eq. (9) below:
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The drag coefficient which represents both the frictional and pressure drag was predicted relatively well between the Froude number of 0.15 and 0.4 for the FPM results using the towing tank and inflow-outflow models. The difference in prediction to the experimental results were small and could be improved by increasing the refinement. The FPM drag predictions at the lower speeds of Froude number of 0.05 to 0.15 seemed to result in a less accurate prediction. One reason could be the slip coefficient of 0.1 imposed on the ship not being accurately selected for the slower speeds, which affects the frictional drag.

An empirical solution for the friction drag coefficient from experimental tests by the ITTC (2017) was plotted along with the total drag coefficient. To test whether an accurate wave-making resistance was obtained, the author set the slip coefficient to 0 for the lower Froude number simulations and there was little difference in drag force. It was found that FPM seemed to overestimate the wave-making resistance for the lower Froude numbers. The numerical results are however in good agreement with the trends of the experimental data for speeds above Fn = 0.15. The FPM results also seem to overestimate the drag coefficient at every speed which could mean that there was not enough refinement around the boundary layer of the hull, or further fine tuning of other FPM parameters may be necessary. Another solution could be changing the slip coefficient for various speeds as this factor could be optimised for the hull friction at low speed, as higher speed drag is dominated by wave-making resistance.

The FPM inflow-outflow setup had a drag coefficient that was slightly lower than the towing tank setup. This could be due to the slight volume drop in the tank over time meaning less particles are interacting with the hull resulting in a lower drag. The results for each speed were determined from an average of the steady state solution as the drag forces are quite oscillatory. Some of the noise was filtered by including a smoothing FSI factor of 1.5 which was a relaxation factor for the fluid-structure interactions between consecutive cycles. The user defines a specific factor in which the solver then computes the new gauge pressure pnew and then the effective gauge pressure pg applied on the structure is relaxed as shown in Eq. (10). This ensures a smoother pressure exchange from FPM to Computational Solid Mechanics (CSM).
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Where pold is the pressure applied at the previous cycle.

The CFD results by Rosemurgy et al. (2011) and Ahmed (2011) using OpenFOAM and CFX respectively have both incorporated viscous effects in their numerical analysis. The CFD’s small difference in prediction is probably in the discretization error. Unlike the FPM results, the CFD results under-predict the drag coefficient and by more than FPM’s over-prediction in the regions of a Froude number of 0.15–0.4. The result showed that the fluid-structure interaction of FPM with the hull yields relatively accurate results.
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6. Model Size and Computational Effort

Numerical solutions are always a compromise between model size and computational resources. The dominant factor on model size is the number of FPM particles, particularly as the hull for the cases presented here was rigid and so no structural computations were performed on the hull. Explicit computations employing FPM are computationally intensive, and so the FPM particle size we arrived at was dominated by our limited computational resources, rather than an optimal solution in terms of accuracy.

The tow-tank model set-up consisted of 1.65 million FPM particles with particle spacing varying from 0.175m in the far field to 0.055m adjacent the hull. Using a Intel(R) Xeon(R) CPU E5-2695 v4 workstation with 36 cores, a typical simulation of 35 real seconds of run time required 33 hours of workstation time.

The inflow-outflow model set-up consisted of 271,000 FPM particles with similar particle spacings. On the same workstation, steady flow was achieved typically within 10 seconds, requiring about 5 hours of workstation run time.

These workstation run times are acknowledged to be much longer than analytical tools might require, and probably longer than many CFD packages. And would be larger if smaller FPM particles were used. The reason to persevere is that we are keen to demonstrate that the approach works, and we are optimistic this approach will work where other tools are not so successful, specifically in applications of large wave encounters, large ship motion responses, and ultimately complete structural solutions.

7. CONCLUSIONS

In this papers the authors proposed the use of the Finite Point Method governed by the incompressible viscous Navier Stokes equation to predict the free surface flows and fluid-structure interactions between the FPM particles and the shell element representation of a naval hull. The comparison between the numerical results and the experimental results for the free surface wave profiles showed satisfactory agreement. The wave profiles were satisfactory in magnitude and phase showing how the viscous effects help produce more accurate results when compared to CFD that ignored viscous effects. The findings also showed minimal dissipation of propagating free surface waves which is of importance for simulating long propagating ocean waves. The coefficient of drag was also predicted within reasonable accuracy, however FPM tends to over-estimate the drag force of the hull whilst CFD was seen to under-predict the drag force.

It was found that incompressible FPM is a robust, and versatile method that can reasonably accurately simulate viscous free surface flows, and wave-making resistance of a naval hull.

It is acknowledged that the results presented here do not always correlate perfectly with experimental results, but in some areas correlate better than mature CFD codes. The reader is reminded that the results presented here are a “first-look” at using a commercial general-purpose explicit FE code to perform ship-oriented mesh-free fluid-structure analyses with “default” settings. With more refinement to the models, and fine tuning of some of the key parameters in the FEA/FPM coupling, we are confident that greater accuracy can be achieved.

A notable attraction of the mesh-free methods is that no meshing, or re-meshing, of the fluid domain is required. Previous work has shown FPM handles conditions of breaking waves and green water on deck, and so having a single solution that can work across a range of flow regimes is potentially attractive.

It is proposed that future work will firstly introduce waves to enable seakeeping to be measured, and that structural ship models will be utilised that will enable stresses and strains within the ship to be revealed as the ship interacts with waves. The potential is a one-stop seakeeping and structural analysis solution for any type of ship at any operating condition, all within the one piece of software.
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Figure 21. Longitudinal Wave Cut at y/Ly, = 0.301 at
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28 for the Towing Tank Setup
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Figure 20. Longitudinal Wave Cut at y/L,, = 0172 at
28 for the Inflow-Outflow Setup
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Figure 23. Free surface contour comparison between
'FPM and EFD at F, = 0.35 in calm water.





OPS/images/F22.jpg
(g Longitudinal wave cut at yiL,, = 0301, F, = 0.28, Inflow-Outfiow BDC.

Figure 22. Longitudinal Wave Cut at y/Ly, = 0.301 at
F, = 0.28 for the Inflow-Outflow Setup
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Table 1. Mam Particulars of DTMB 5415

Parameters Model Scale
Scale Ratio 2482
Length (m) 5720
Draft (m) 0248
Beam (m) 0760
‘Wetted Surface Area (1r’) 4861
Displacement (1) 0551
Longitudinal Centre of Gravity (m) 2884
‘Vertical Centre of Gravity (m) 0056
L. (kem?) 604
L, (kem) 1816
1 (ken) 1832
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‘Table 2. Parameters of freshwater at 25 degrees used .
test conditions

Parameter Value
Density 998 ky/m’®

Dynamic Viscosity 100x10°Pas
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Table 3. Inflow-outfiow setup summary

Boundary Settings
Type

Talet Tnlet  Velocity Range =23 [ms]

Outlet Opening  Static pressure: 0 [pa]

Topand Side Walls  Wall Free Slip Wall

Floor Wall No Stip Wall

Hull Wall Slip Coeficient of 0.1

‘Wake Wave Profile  Constraints Fixed

analysis: Hull
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_Table 4. Towing Tank Setup Summary

‘Boundary Settings
Type
Beach Wall No Stip Wall
TopandSideWalls  Wall No Stip Wall
Floor wall No Stip Wall
Hull Wall  Slip Coefficient of 0.1
Hull Loads Velocity applied at
CG=23 [mss]
Wake Wave Profile  Con- Free in X only
analysis: Hull Straints
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Figure 1. DTMB5415 Hull with appendages





OPS/images/F15.jpg
‘Wave Profiie Along the Hul, F,, = 0.41, Towing Tank BDC

[ Bpmma.
© PPl Towmg Tk
cro v Ames)

oo

o02|

a0t

002,
%5 04 03 02 o1 0 01 02 03 04 05

oy
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Figure 18. Longitudinal Wave Cut at y/L,, = 0.082 at
F, = 0.28 for the Inflow-Outflow Setup
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Figure 2. Smoothing Function for particle i’ in 2D
Domain (left) (M. B. Liu. WP. Xie and G.R. Liu. 2005)
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28 for the Towing Tank Setup
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Figure 4. Mesh of the DTMB 5415 Hull
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Figure 19. Longitudinal Wave Cut at y/Ly, = 0.172 at

F, = 0.28 for the Towing Tank Setup
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