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SUMMARY

Fast marine vessels often operate in the semi-displacement mode when hydrodynamic lift plays an increasingly important role and hull trim and sinkage become speed-dependent. The shallow-water effects may also alter hydrodynamic characteristics of such hulls. In this study, computational fluid dynamics simulations have been carried out for a high-performance semi-displacement hull. Numerical results were validated against deep-water test data over a broad speed range. Shallow-water simulations were conducted at three speeds ranging from the fast displacement to semi-planing regimes at the critical depth-based Froude number and three shallow water depths. The hull hydrodynamic characteristics and associated wave patterns are presented. The appearance of a solitary wave and drag hump at a lower speed and reduction of drag in very shallow water are observed. These results can be useful for designers of semi-displacement vessels.
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1.  INTRODUCTION

Many fast marine vessels operate in the semi-displacement mode, between the displacement regime (when the weight is supported by hydrostatic forces) and the planing mode (when hydrodynamic lift dominates). The semi-displacement regime can be roughly associated with the length-based Froude number FrL in the range between 0.5 and 0.9, where FrL is defined as follows,
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where U is the hull speed, g is the gravitational constant, and L is the characteristic hull length. The semi-displacement hulls find applications as fast ferries, patrol boats, yachts, and other vessels (Grigoropoulos & Loukakis, 2002) It is known that hulls in the deep water experience a large resistance at FrL around 0.5 due to a build-up of a big wave at the bow when the hull generates a wave with a length close to 1.5 of the hull length (Faltinsen, 2005). However, after overcoming this speed, the rate of drag increase with speed becomes smaller, and that is the range for which semi-displacement hulls are intended.

In some operational conditions, ships have to sail at relatively shallow water depths. It is also well known that the wave drag peak in such conditions tend to shift to depth-based Froude numbers FrH of around unity (Faltinsen, 2005), where FrH is defined as follows,
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where H is the water depth. The operation at FrH = 1 is often called a critical regime, while  FrH < 1 and  FrH > 1 correspond to subcritical and supercritical conditions, respectively. A large solitary wave is often formed at FrH = 1, leading to a large drag increase (Toro, 1969), and sailing around this Froude number may become unstable (Morabito, 2013). At sufficiently high FrH well-above one, the ship drag is often smaller than in deep water at the same  FrL (Graff et al., 1964).

However, there are other considerations affecting the appearance of the shallow-water drag hump at FrH = 1. If the length-based Froude number is below 0.15, then the wave drag is not very significant. If FrH = 1 occurs at speeds with FrL > 0.6–0.7, then the shallow-water drag hump does not appear as the hull is already in the supercritical state (Lyakhovitsky, 2007). In addition, shallow-water effects tend to become small when the water depth is above about 0.4 of the hull length (Faltinsen, 2005).

Radojcic & Bowles (2010) considered various implications of high-speed craft operating in shallow water, including wave wash, hull drag, and propulsive coefficients. They presented charts obtained with simplified calculation methods and empirical data, illustrating an increase of resistance at various combinations of speed, hull length, and water depth. Ruiz et al. (2022) conducted CFD simulations of a fast boat built for riverine operations. Results obtained at sufficiently small water depths indicated drag increase for the depth Froude number between 0.9 and 1.2, but without verification and validation studies. The reported wave patterns showed the expected increase and decrease of the angle of divergent waves with increasing speed at FrH  below and above one, respectively. However, no significant solitary wave formation was demonstrated. Utomo et al. (2023) numerically investigated hydrodynamics a simple prismatic planing hull, showing approximate agreement with deep-water test data. Only one water depth was used in shallow-water simulations, which produced drag increase and trim decrease relative to a deep-water condition at all studied speeds. Tavakoli et al. (2024) provided a comprehensive review of experimental and computational studies of planing hulls, but the shallow-water phenomena were mentioned only in the context of early analytical methods and a need for accounting for finite-depth effects in manoeuvring models.

Among the existing modeling approaches suitable for hulls in shallow water, the most common methods include the thin-ship theory (Lyakhovitsky, 2007), strip theories (Matveev, 1999; Faltinsen, 2005), potential-flow singularity methods (Matveev, 2005; Matveev & Ockfen, 2009), and CFD studies of displacement ships and fast planing boats (Tezdogan et al., 2016; Mousaviraad et al., 2015). Due to non-trivial nature of shallow-water phenomena, high-fidelity computational fluid dynamics (CFD) modeling of a semi-displacement hull in both deep and shallow conditions can provide useful insight on the dependence of the hull hydrodynamic characteristics on variable length- and depth-based Froude numbers. Such an study has not been found in the previous literature, and the investigation of interplay between FrL and FrH constitutes the main contribution of the present work.

The specific semi-displacement hull chosen for the current study is the parent hull of the systematic series tested at the National Technical University of Athens (NTUA). Views of this hull with length-beam ratio of 5.5 are shown in Figure 1. Its particular geometric features include wide transom, double-chine, warped planing surface and fine bow lines. Hulls from these series demonstrated very good resistance and seakeeping characteristics in the towing tank tests (Grigoropoulos & Loukakis, 2002).
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Besides using a specific hull, there are a number of other limitations of this present study. These include consideration of only steady-state regimes in calm water, thus avoiding dynamic hull behavior that can be important in practice. The main reported metrics include the hull drag and attitude, whereas fine resolution of far-filed waves and spray is not intended. The studied parametric range is rather limited with the focus on the appearance of the critical regime of a semi-displacement hull at various depths and speeds, while leaving planing hulls outside the scope of this study.

2.  COMPUTATIONAL APPROACH

Modeling of fluid flow and heave-and-pitch motion of a hull is accomplished in this study using CFD software Simcenter Star-CCM+ (2021). This program utilizes a finite-volume segregated viscous flow solver. The second-order spatial discretization and the temporal first-order were employed (Ferziger & Peric, 1999). Both water and air were treated as constant-density fluids. The volume-of-fluid (VOF) method (Hirt & Nichols, 1981) with high-resolution interface capturing (HRIC) scheme was used for multi-phase flow modeling.

The computational approach was based on the Reynolds-Averaged Navier-Stokes (RANS) equations, which include the continuity and momentum equations,
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where ui is the Reynolds-averaged flow velocity, p is the pressure, ρ is the mixture density, f is the body force, and [image: ] is the Reynolds turbulent stress. The effective density ρ and viscosity µ are calculated as ρ = ρaβ + ρw(1–β) and µ = µaβ + µw(1–β), where β is the volume fraction of air, and indices a and w stand for air and water, respectively. The Boussinesq hypothesis is used to assess the Reynolds stress term,
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where  μt  is the turbulent viscosity and k is the turbulent kinetic energy. For modeling turbulent stresses, the realizable k – ε model, commonly used in ship hydrodynamics, was employed (Rodi, 1991). This model was successfully applied for hard-chine hulls in the pre-planing regime and surface-piercing hydrofoils (Wheeler et al., 2018; Matveev et al., 2019).

The turbulent kinetic energy k, the turbulent dissipation rate ε, and the turbulent viscosity μt are modeled in the realizable k – ε model by the following expressions,
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where Gk is the turbulent production term, S is the modulus of the mean strain rate, v is the kinematic viscosity, and σk, σε, Cε1, Cε2, Cμ are the model parameters (Star-CCM+ Manual, 2024).

The numerical domain is constructed to model only half of the flow (on the port side of the hull) assuming symmetrical flow with respect to the hull centerplane (Figure 2). The effective channel width and water depth were selected as about 11 and 7.2 of the hull beams, respectively, similar to the experimental conditions. The overall height and length of the domain were chosen as 26.4 and 14.4 of the hull beams, respectively. The hull surface was treated as a no-slip wall; the top, bottom and inlet boundaries were represented as velocity inlets; and the pressure outlet was assigned at the downstream boundary. In the shallow-water scenarios, the bottom boundary was shifted upward to produce a given water depth.
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As the hull was allowed to settle down during simulations, the overset methodology was employed. The stationary background mesh covered the entire computational domain and was made of primarily hexahedral cells with refinements near the air-water interface and around the hull (Figure 3). The overset mesh zone around the hull moved together with the hull. The thickness of the near-wall numerical cells was selected to be in the range of 30–60 of Y+ values, thus relying on the wall functions in modeling of boundary layers. The time step in simulations was chosen as 0.008L/U, where U is the incident flow velocity and L is the hull length, following recommendations of ITTC (2014). While the simulations employed the unsteady approach, only steady-state values are presented below.
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3.  VERIFICATION AND VALIDATION

The verification and validation study has been conducted here for the model-scale semi-displacement hull, shown in Figure 1, for which experimental data are available (Grigoropoulos & Loukakis, 2002). The main parameters of this hull are listed in Table 1. The mesh verification was done for the length-based Froude number FrL = 0.709, which is close to the transition between semi-displacement and semi-planing regimes (Blount, 2018) and is within typical operational speed ranges for such hulls. As the characteristic length in FrL, the static waterline length is utilized (Table 1).
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Three computational grids (coarse, medium, fine) were created with the ratio of [image: ] between numerical cell’s sizes. The total cell count on the fine mesh was around 740K. The numerical results for the drag-weight ratio and trim values are given in Table 2, demonstrating monotonic convergence with increasing mesh density. Experimental data for these metrics are also included in Table 2. The moderate number of cells appeared to be sufficient in this study of constant-speed, calm-water conditions, as resolution of fine features of spray and waves far from the ship hull or unsteady flow behavior was not attempted.
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To evaluate numerical uncertainty, the Richardson extrapolation was first used to determine a correction δRE to the solution on the fine mesh (Ferziger and Peric, 1999),
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where p is the observed order of accuracy defined as follows,
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where Δ12 is the solution difference between the fine and medium grids, Δ23 is the solution difference for the medium and coarse grids, and α is the cell refinement ratio. The estimated correction δRE is then multiplied by a safety factor (Roache, 1998) to produce numerical uncertainties. For the drag-weight ratio and trim, these uncertainties resulted in sufficiently low values 1.0% and 0.3%, respectively.

A comparison between deep-water experimental and numerical results for the drag-weight ratio and trim in a broad speed range from the fast displacement regime to the semi-planing mode is shown in Figure 4. Even though the length-based Froude number is slightly above one at the highest speed, the volumetric displacement-based Froude number FrV is about 2.7, which corresponds to the semi-planing condition rather than planing that usually occurs when FrV > 3 (Blount, 2018). As one can see in Figure 4,the agreement between numerical and test results for both hydrodynamic metrics is very good, thus confirming suitability of the employed computational approach. It should be noted that due to pre-planing limitation of studied regimes, the spray effects are not considered here, while they would be of high importance for faster planing hulls.
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The near-field wave patterns and water surface elevations along the hull surface are illustrated for three speeds in Figure 5. At a low speed (FrL = 0.383), both divergent and transverse waves are visible, while the characteristic wavelength λ = 2πU2/g is shorter than the hull length and a part of transom is wetted. At a higher speed (FrL = 0.709), only divergent waves are present, the transom is fully ventilated with air, the hull trim noticeably increases, and the near-hull water rise becomes more pronounced. In the semi-planing regime (FrL = 1.028), the angle of divergent waves sharpens and the hull rises, as hydrodynamic lift becomes significant.
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4.  SHALLOW-WATER RESULTS

In this study, shallow-water simulations have been carried out for the depth Froude number of unity and three ratios of the water depth to the hull beam, H / B = 0.25, 0.5, 1.0. The steady-state results for the drag-weight ratio, trim angle, and hull rise (relative to the zero-speed position and normalized by the hull beam) are given in Figure 6 as functions of the relative water depth H / B and the depth Froude number. These metrics are usually of interest for hulls in steady-state regimes, whereas the total hydrodynamic lift equals to the hull weight specified in Table 1. Smaller increments in FrH and H / B were chosen in the lower ranges of these parameters to resolve more drastic variations of hydrodynamic properties of the hull. In addition, the range of H / B is limited by 3 in Figure 6 to clearly show variations in very shallow water. As expected, faster hulls generally experience larger drag. Illustrations of wave patterns and hull positions are given in Figures 7 and 8 for the cases with FrH  = 1.0 and H / B = 0.5, respectively.
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In the displacement mode (FrL = 0.383), the hull demonstrates substantially increased drag around FrH = 1.0 (Figure 6b), while its drag decreases at higher FrH. At FrH = 1.0, this hull also exhibits a peak trim (Figure 6d). This behavior is associated with a formation of a solitary wave near the hull bow; and this wave is oriented almost perpendicular to the hull centreline (Figure 7). The hull is effectively trying to climb a large wave in this condition. At higher speeds (FrL = 0.709 and 1.028), such a drag hump is not present at FrH = 1.0, as the hull operates in the supercritical regime, so its drag and trim decrease with decreasing water depth (Figure 6a-d). The elevation of the fastest hull in the semi-planing mode (FrL = 1.028) does not change much near FrH = 1.0 (Figure 6f). However, at the intermediate speed (FrL = 0.709), the hull rises significantly at FrH = 1.0 (Figure 6f), as a solitary wave starts forming near the hull (Figure 7). Since the position of this extended water surface elevation is near the hull mid-section, it does not have noticeable influence on the hull trim and drag.
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For shallower conditions, H / B ≤ 0.5, the hull resistance and trim decrease for all studied speeds, whereas the hull elevations tend to increase for two higher speeds as the seafloor blocks the downward component of the water flow, and the hull experiences a ground effect similar to wing-in-ground craft (Matveev & Kornev, 2013). However, at the lowest speed and very low water depth, the squat phenomenon becomes influential, resulting in lower hull position at H / B = 0.25 in comparison with that at H / B  = 0.5. A very wide stern wave appears behind the hull at this depth and  FrL = 0.383 (Figure 8). The solitary waves do not form at H / B = 0.5 (Figure 8), but the divergent waves near the hulls become more pronounced than in deep water (Figure 5).
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5.  CONCLUSIONS

High-fidelity computational hydrodynamic simulations have been carried out for a semi-displacement hull from NTUA series of fast hulls. The present numerical results agree well with experimental data for deep water in the speed range from the fast displacement to semi-planing modes. The shallow-water performance of this hull has been modeled at three speeds for relatively small water depths, when the shallow-water effects are important, as well as at the depth Froude number of one. The formation of a significant solitary wave and drag hump in the critical regime appeared only at a lower speed, as faster speeds corresponded to supercritical regimes. In very shallow water depths, drag and trim values decreased while the hull rise was observed for most cases.

Due to limitations of the present study, its results can serve as an illustration of interplay between length- and depth-based Froude numbers with regard to the critical regime in shallow water. More comprehensive future computational modeling can include validation studies for shallow-water conditions, investigation of broader range of hull parameters and speed regimes, and seakeeping and manoeuvring simulations in shallow water.

6.  REFERENCES

1.BLOUNT, D.L. (2018). Performance by Design, Hydrodynamics for High-Speed Vessels. D.L. Blount, Virginia Beach, VA, USA.

2.FALTINSEN, O.M. (2005). Hydrodynamics of High-Speed Marine Vehicles. Cambridge University Press, New York, USA.

3.FERZIGER, J.H. and PERIC, M. (1999). Computational Methods for Fluid Dynamics. Springer, Berlin.

4.GRAFF, W., KRACHT, A. and WEINBLUM, G.P. (1964). Some extensions of DW Taylor Standard Series. SNAME Transactions.72: 374–403.

5.GRIGOROPOULOS, G.J. and LOUKAKIS, T.A. (2002). Resistance and seakeeping characteristics of a systematic series in the pre-planing condition (Part I). SNAME Transactions. 110: 77–113.

6.HIRT, C.W. and NICHOLS, B.D. (1981). Volume of fluid (VOF) methods for the dynamics of free boundaries. Journal of Computational Physics. 39(1): 201–225.

7.INTERNATIONAL TOWING TANK CONFERENCE (2010). Practical guidelines for ship CFD applications. Publication 7.5-03-02-03.

8.LYAKHOVITSKY, A. (2007). Shallow water and supercritical ships. Backbone Publishing Company, Fair Lawn, NJ, USA.

9.MATVEEV, K.I. (1999). Modeling of vertical plane motion of an air cavity ship. 5th International Conference on Fast Sea Transportation. Seattle, WA, USA.

10.MATVEEV, K.I. (2005). Application of artificial cavitation for reducing ship drag. Oceanic Engineering International. 9(1): 35–41.

11.MATVEEV, K.I. and OKFEN, A. (2009). Modeling of hard-chine hulls in transitional and early planing regimes by hydrodynamic point sources. International Shipbuilding Progress. 56(1–2): 1–13.

12.MATVEEV, K.I. and KORNEV, N. (2013). Dynamics and stability of boats with aerodynamic support. Journal of Ship Production and Design. 29(1): 17–24.

13.MATVEEV, K.I., WHEELER, M.P. and XING, T. (2019). Numerical simulation of air ventilation and its suppression on inclined surface-piercing hydrofoils. Ocean Engineering. 175: 251–261.

14.MORABITO, M.G. (2013). Planing in shallow water at critical speed. Journal of Ship Research. 57(2): 98–111.

15.MOUSAVIRAAD, S.M., WANG, Z. and STERN, F. (2015). URANS studies of hydrodynamic performance and slamming loads on high-speed planing hulls in calm water and waves for deep and shallow conditions. Applied Ocean Research. 51: 222–240.

16.RADOJCIC, D. and BOWLES, J. (2010). On high speed monohulls in shallow water. 2nd Chesapeake Power Boat Symposium. Annapolis, MD, USA.

17.ROACHE, P.J. (1998). Verification and Validation in Computational Science and Engineering. Heromosa, Albuquerque, NM, USA.

18.RODI, W. (1991). Experience with two-layer models combining the k-ɛ model with a one-equation model near the wall. 29th Aerospace Sciences Meeting, Reno, NV, USA.

19.RUIZ, N., VERMA, B., LEAL, L. and GARCIA, M. (2022). Shallow water resistance estimation for a riverine light patrol boat using computational fluid dynamics. Ship Science and Technology. 15(30): 47–57.

20.STAR-CCM+ (2024). https://plm.sw.siemens.com/en-US/simcenter/fluids-thermal-simulation/star-ccm/

21.TAVAKOLI, S., ZHANG, M., KONDRATENKO, A.A. and HIRDARIS, S. (2024). A review on the hydrodynamics of planning hulls. Ocean Engineering. 303: 117046.

22.TEZDOGAN, T., INCECIK, A. and TURAN, O. (2016). A numerical investigation of the squat and resistance of ships advancing through a canal using CFD. Journal of Marine Science and Technology. 21: 86–101.

23.WHEELER, M.P., MATVEEV, K.I. and XING, T. (2018). Validation study of compact planing hulls at pre-planing speeds. 5th Joint US-European Fluids Engineering Summer Conference, ASME, Montreal, Canada.

24.UTOMO, B., SAMUEL, S., MANIK, P., AZARIA, C., AHMAD, S.T.P. and YONGXING, Z. (2023). Hydrodynamic analysis of high-speed vessels in shallow and deep water using CFD. Kapal: Journal of Marine Science and Technology. 20(2): 146–153.

OPS/images/e10.jpg
(10)

log(a)





OPS/xhtml/Nav.xhtml




Contents





		COMPUTATIONAL MODELLING OF SEMI-DISPLACEMENT HULL IN DEEP AND SHALLOW WATER



		1. INTRODUCTION



		2. COMPUTATIONAL APPROACH



		3. VERIFICATION AND VALIDATION



		4. SHALLOW-WATER RESULTS



		5. CONCLUSIONS



		6. REFERENCES

















OPS/images/f1.jpg
T~

Figure 1. Side and three-dimensional views of semi-
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