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Abstract: Traditionally, ship hydrodynamic performances 

are predicted by extrapolating the model scale 

measurements or numerical results to full scale. Recently, 

scientific publications have highlighted the importance of 

ship scale numerical simulation and its validation. CFD may 

be used to determine the main reasons for the poor 

performance of vessels in operation and to evaluate the 

efficiency of energy-saving solutions that enhance the 

vessel's hydrodynamics and aerodynamics. Lloyd’s Register 

(LR) held the world's first workshop dedicated to ship full-

scale hydrodynamic performance predictions, where the 

industry has published comprehensive measurements 

obtained during the sea trials to offer the community the 

chance to validate the CFD solvers for full-scale 

computations. This paper focuses on the numerical 

investigation of the full-scale general cargo vessel REGAL. 

NUMECA/Fine Marine commercial code based on the 

RANS-VOF solver has been used to evaluate the flow field 

around the hull. Four speeds were considered for this 

investigation: 8, 10, 12, and 14 knots, and the simulation 

conditions, identical to the sea trials records, were also taken 

into consideration. The simulation results were compared to 

the data provided by LR in 2015 in the workshop 

proceeding. 

Key words: hydrodynamic, vessels, energy, numerical 

investigation. 

 

1. INTRODUCTION 
 

The increasing capacity of high-performance 

computers (HPC) and the availability of efficient 

commercial computational fluid dynamics (CFD) 

software have encouraged the usage of CFD 

techniques for numerical analyses of full-scale ship 

hydrodynamics performances. Numerical simulation 

of full-scale ships avoids the scale effects that appear 

when results are extrapolated from model scale, and 

propellers and energy-saving devices (ESD) can be 

designed based on the operation conditions. 

The accuracy of full-scale performance prediction 

based on CFD is still under concern mainly due to lack 

of the full-scale validation data in the literature and 

limited CFD studies [1]. The importance of CFD 

simulations at full-scale was highlighted by Hochkirch 

and Mallol [2]. In 2016, Lloyds Register held the first 

full-scale ship hydrodynamics workshop, witch main 

goal was to assess the numerical tool’s capabilities in 

ship scale CFD simulations. Around sixty sets of 

numerical simulations were received from over twenty 

participants and compared with full-scale sea trials 

measurements. Those sea trials data have been 

obtained by LR in 2015 during a voyage from Istanbul 

to Varna on board of a general cargo vessel REGAL. 

The results discussed during the workshop have been 

synthetised by Ponkratov [3]. 

CFD studies on the full-scale hydrodynamic 

performances prediction and validations have been 

reported by Orych et al. [4], Niklas and Pruszko [5], 

Jasak et al. [6], Pacuraru et al. [7]. An extensive study 

based on the comparison of up to 78 sea trials to the 

predictions made by combined CFD/EFD methods 

was presented in by Korkmaz et. al [1]. 

This paper focuses on the numerical investigation of 

the full-scale general cargo vessel REGAL and on the 

effect of hull roughness on total resistance. 

NUMECA/FineMarine commercial code based on the 

RANS-VOF solver has been used to evaluate the flow 

field around the hull. Four speeds were considered for 

this investigation: 8, 10, 12, and 14 knots, and the 

simulation conditions, identical to the sea trials 

records, were also taken into consideration. The 

simulation results were compared to the data provided 

by LR in 2015 in the workshop proceeding. 

 

2. NUMERICAL APPROACH 

 

2.1 Governing equations 

In this study, the governing equations were solved 

using the Reynolds-Averaged Navier-Stokes (RANS) 

method. The commercial CFD code 



 

131 
 

NUMECA/FineMarine, was used to solve these mass 

and momentum conservation equations. In the 

Cartesian coordinate system, the averaged continuity 

and momentum equations for incompressible flows, 

including external forces (1 and 2), can be expressed 

in tensor form as: 
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where ρ [kg/m3] is density, ui [m/s] is the relative 

averaged velocity vector of flow between the fluid and 

the control volume, ui’uj’ is the Reynolds stresses,   

[kg/ms2] is the mean pressure, and τij [kg/ms2] is the 

mean viscous stress tensor component for Newtonian 

fluid under the incompressible flow assumption, and it 

can be written as in equation (3): 
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in which μ [kgm-1s-1] is the dynamic viscosity. 

In order to solve the incompressible steady RANSE in 

a global approach, the solver uses the finite volume 

method to generate the spatial discretization for the 

governing equations, Guilmineau et al [8]. The 

RANSE’s convection and diffusion terms are 

discretized using a second-order upwind scheme and a 

central difference scheme. The velocity field is 

calculated using momentum conservation equations, 

while the pressure field is determined using the mass 

conservation constrain, which is then transformed into 

a pressure equation. Additional transport equations for 

modelled variables are discretized and solved in the 

case of turbulent flows using the same principles, as 

described by Duvigneau et al [9]. The free-surface 

capture strategy is based on a multi-phase flow 

approach with high-resolution interface schemes using 

the Volume of Fluid (VOF) method. For each volume 

fraction of fluid, conservation equations are used to 

simulate incompressible and non-miscible flow 

phases, according to Queutey and Visonneau [10]. 

 

2.2 Turbulence model 

In this study, the k-ω SST turbulence model with wall 

function formulation and wall roughness model 

implemented is employed for turbulence closure. This 

turbulence model includes elements from already 

existing two-equations models, as presented in [11-

14]. In terms of zonal modelling, Wilcox's k-ω model 

[15] is utilized near solid walls, whereas the 

conventional k-ε model in a k-ω formulation is 

employed near boundary layer edges and in free-shear 

layers. This change is possible by applying a blending 

function to the model coefficient. Likewise, the shear 

stress transport modelling adjusts the eddy viscosity by 

constraining the turbulent shear stress through a 

constant times the turbulent kinetic energy inside 

boundary layers. Based on a Townsend-Lighthill 

design for turbulent eddy viscosity [16], this 

adjustment improves the prediction of separated flows 

with significant pressure gradients and separation, as 

well as avoiding the k-ω and k-ε models, which 

overestimated Reynold’s stress. 

For resistance computations, the flow is accelerated 

using a steady quasi-static approach over a time-span 

that corresponds to the relationship between the ship’s 

length and the inflow velocity such that Tacc=2Lpp/U∞. 

The computations time step is calculated with respect 

to the equation Δt=0.005Lpp/U∞ for k-ω SST 

turbulence model as it is suggested by the ITTC 

recommended procedures for CFD [17]. 

 

2.3. Roughness 

The effect of roughness is implemented into the 

turbulence model through the wall function 

formulation by using the equivalent sand grain 

roughness, Hr. Dirling’s correlation [18], which links 

the sand grain roughness to the mean roughness height, 

is used to calculate the equivalent sand grain 

roughness. 

Based on [19], the law of the wall with wall roughness 

can be written as: 
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where u [m/s] is the mean velocity, uτ = (τω/ρ)1/2 [m/s] 

define the friction velocity in which τω [kg/ms2] is the 

wall shear stress and ρ [kg/m3] is the fluid density, y+ 

= yuτ/ν represents the non-dimensional length where y 

is the normal distance from the wall and ν [m2/s] is the 

kinematic viscosity. 

Regarding B, it is defined according to Ligrani and 

Moffat [20] as: 

 

 

 (5)

 
where k = 0.41, C = 5.1, and 
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in which the values for Hr, S and Hr, R depends on the 

roughness geometry characteristics. 

 

3. GEOMETRY PREPARATION AND 

COMPUTATION CONDITIONS 

 

3.1. Ship geometry 

The paper considers the investigation of the Regal, 

which is a 16.9k DWT general cargo vessel. The 

geometries supplied by the LR are based on a 3D laser 

scan of the hull and were provided in STL format. 

Because the triangled surface mesh obtained from the 

3D scan is not suitable for CFD calculations (the 

surface mesh is not a closed volume and there are 

imperfections in the mesh), some modifications were 

carried out: the surface was coarsened, the bilge keels 

and the anodic protection were removed. Also, for this 

study, the superstructure and the cranes were not 

considered. The 3D geometry of the ship and its main 

particulars are presented in figure 1 and table 1.

 

 
Fig. 1. REGAL 3D geometry 

 
Table 1. Ship’s Particulars [21] 

  Main Particulars Symbol Value Units 

  Ship’s name - REGAL - 

  Ship type - General cargo - 

  Where built - Poland - 

  Date of build - 1994 - 

  Class - LR - 

  LR/IMO identity number - 8908868 - 

  Service speed at design draught v 14 kn 

  Gross tonnes GT 11,542 t 

  Deadweight at Scantling draught Dwt 16,890 t 

  Length over all Loa 149.9 m 

  Length between perpendiculars Lpp 138.0 m 

  Breadth moulded B 23.0 m 

  Depth to main deck D 12.1 m 

  Draught max Tmax 8.5 m 

 

3.2. Ship position 

According to Appendix G of [21], in order to 

transform the geometry into a similar position to the 

registered one from the sea trials, the procedure 

presented in table 2 was applied. Only rigid body 

transformations were applied to match the draught 

readings as closely as possible.

 
Table 2. Settings for the geometry orientation 

Apply 
Rotation point  

[m] 

Rotation axis  

[-] 

Rotation angle   

[°] 

Translation  

[m] 

Hell 69, 0 ,0  1, 0, 0 0.411026 - 

Trim 69, 0, 0 0, 1, 0 -0.28959 - 

Draught - - - 0, 0, -5.248125  

 

3.3. Test cases 

In table 3, the test cases for calm water resistance 

analysis are presented. Three different sets of 

simulations were carried out for the four speeds. The 

first series of computations were performed in the case 

of the REGAL, with the hull surface considered 

hydraulically smooth. In this case, was also performed 

the grid convergence test. In the next set of 

simulations, the hull roughness was taken into 

considerations. The values for the sand-grain 

roughness height, 50 μm and 188 μm, correspond to 

those ones presented in the workshop proceedings, 

[21].
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Table 3. Test cases 

Simulation Type Constrains Hull roughness Code 
Speed 

[knots] 

Ship scale resistance Free sink and trim 

smooth smooth 

8 

10 

12 

14 

sand-grain roughness height 

50 μm 50 μm 

sand-grain roughness height 

188 μm 188 μm 

 

3.4. Fluid properties 

Fluid properties (table 4) were considered the ones 

recommended in Appendix G of [21]. The water 

density was determined based on the water 

temperature measured and water samples tokened 

during sea trials. The salinity was calculated based on 

the known density and temperature, and the viscosity 

was based on the salinity and temperature using the 

correlations recommended in ITTC guidance on fresh 

water and sweater properties [22]. The air temperature 

was also measured, and the density and other 

properties were determined using the correlations [23]. 

 
Table 4. Fluid properties. 

Fluid 
Density 

[kg/m3] 

Temperature 

[°C] 

Salinity 

[g/kg] 

Dynamic viscosity  

[kg/m.s] 

Kinematic viscosity 

[m2/s] 

Water 1010  26.5 17.7 8.9277·10-04 8.8394·10-07 

Air 1.1649 30.0 - 1.8680·10-05  1.6036·10-04 

 

3.5. Computational domain 

The dimensions of the computational domain (figure 2) 

have been generated as -3 ≤ x/Lpp ≤ 1.5, 0 ≤ y/Lpp ≤ 12, 

-1.5 ≤ z/Lpp ≤ 1, where Lpp is the length between 

perpendiculars. The origin of the Cartesian coordinate 

axis is located on the centre line at the intersection of the 

aft perpendicular and the base line. The negative x-axes 

have been defined in the direction of flow, positive y-

axes, starboard beam, and z-axes in upward directions. 

Only half of the hall has been used in resistance 

simulation in order to reduce the computational costs. 

The centreline plane has been defined as the boundary 

condition of symmetry. The inlet, outlet, and side 

boundaries have been defined as far field. The top and 

bottom of the computational domain have been defined 

as prescribed pressure. A wall-function condition has 

been adopted on the hull surface and a slip condition for 

the deck and superstructure.

 

 
Fig. 2. Computational domain dimensions and boundary condition 
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3.6. Grid generation and convergence test 

An unstructured hexahedral mesh has been generated to 

cover the entire computational domain along the REGAL 

hull. The grid topology is an H-H type. A box refinement 

has been used to define a finer mesh in the area where 

ship waves system develops. An analytical weighting 

mesh deformation approach is employed as long as both 

trim and sinkage are solved during the computations. 

In order to evaluate the numerical simulation error and 

uncertainty, a grid analysis was performed for three 

grids based on the Richardson extrapolation [24]. 

Similar grid convergence tests have been also reported 

by [7], [25], [26]. The smooth hull configuration at the 

speed of 8 knots was considered for the grid 

convergence test and the results obtained for the total 

resistance are summarized in table 5, where Si 

represents the computed solution for fine mesh – 

approx. 6,9 mil. cells, medium mesh – approx. 4,2 mil. 

cells, and coarse mesh – approx. 2,3 mil. cells, rG is the 

refining ratio, εii-1 indicates the simulation error, RG 

is the convergence ratio, pG is the order of accuracy, δG 

is the estimated error, and UG represents the 

uncertainty. Figure 3 shows the grid corresponding to 

each level of refinement for the hull and free surface. 

Based on this study and the fact that the percentage 

estimated error with respect to the fine grid is less than 

one (UG<1), the solution computed might be 

considered grid independent. 

 
Table 5. Grid convergence test results 

Variable S1 S2 S3 rG ε21 ε32 RG pG δG UG 

RT 70.76 71.72 73.94 2 0.9638 2.2247 0.4332 1.2068 0.4176 0.4176 

 

 
Fig. 3. Grid refinement levels used for grid convergence test 

 

4. RESULTS AND DISCUSSION 

 

4.1. Smooth hull condition 

The first series of computations were performed for 

the smooth hull condition. The results obtained for 

total resistance and resistance components, wave 

resistance and viscous resistance, are shown in table 6 

for each speed considered, 8, 10, 12, and 14 knots. 

Also, the results can be seen for dynamic trim and 

sinkage. Figure 4 shows a comparison between LR’s 

results [21] and the smooth hull condition (red dot) of 

the total resistance spread for each speed simulated. 

Only the participants who did not consider the 

superstructure and performed resistance simulation 

without taking into account the Regal’s hull roughness 

were considered for this comparison (participants with 

the codes 5, 4, 21.1, 7, and 8). The mean, median, and 

standard deviation were calculated based on the results 

provided by all the LR workshop participants. The 

results for each speed show a good agreement with the 

average of the total hull resistance spread. Figure 5 

illustrates the wave elevation computed around Regal 

for each speed.
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Table 6. REGAL smooth hull condition resistance computed results 

Ship speed 

[knots] 
Total resistance [kN] Wave resistance [kN] Viscous resistance [kN] 

Dynamic trim 

[deg] 
Dynamic sinkage [m] 

8 70.76 17.31 53.44 0.009 0.060 

10 116.11 34.18 86.19 0.016 0.096 

12 187.10 71.02 124.49 0.026 0.141 

14 289.42 134.08 169.75 0.042 0.197 

 

 
Fig. 4. Total hull resistance spread for 8, 10, 12, and 14 knots - Comparison between LR’s results and smooth hull 

condition 

 

 
Fig. 5. Wave elevation computed around Regal’s hull in smooth condition for each speed. 

 

4.2. The effect of roughness 

The next two series of computations were performed 

in order to evaluate the effect of hull roughness on total 

resistance. Figure 6 shows a comparison between LR’s 

results [21] and the 50 μm roughness condition (light 

blue dot) respectively 188 μm roughness condition 

(dark blue dot) of the total resistance spread for each 

speed simulated. Only the participants who performed 

 

 



 

136 
 

resistance simulation were taken into account for this 

comparison (participant with the code 10.3 considered 

the sand-grain roughness height 188 μm and 

participant with the code 3 considered the sand-grain 

roughness height 50 μm). The mean, median, and 

standard deviation were determined as described in 

section 4.1. Table 7 includes the relative difference in 

ship total resistance between the 50 μm case and the 

participant with the code number 3 and the 188 μm 

case and the participant with the code number 10.3. In 

the first comparison, the relative total resistance 

difference is up to 2.2 % and in the second one, is up 

to 2.5 %. 

 

 
Fig. 6. Total hull resistance spread for 8, 10, 12, and 14 knots - Comparison between LR’s results and 50 μm respectively 

188 μm roughness conditions 

 
Table 7. Relative total resistance difference between 50 μm and 188 μm roughness conditions and LR' 

 Ship speed 

[knots] 

Total hull resistance [%]  

 50 μm vs. 3 188 μm vs. 10.3  

 8  1.44 -2.01  

 10  2.20 -1.23  

 12 -0.19  0.73  

 14  0.19  2.48  

 

In table 8 the relative difference in ship total resistance 

is presented and its components for each sand-grain 

roughness height considered, 50 μm and 188 μm, 

where the smooth hull condition is considered as a 

reference. Figure 7 illustrates a comparison between 

the test cases investigated in this paper. In Figure 8 can 

be observed the variation of viscous stress for each test 

case and speed. 

 
Table 8. Relative total resistance difference between smooth condition and 50 μm respectively 188 μm roughness 

conditions 

Ship speed 

[knots] 

Total resistance [%] Wave resistance [%] Viscous resistance [%] 

50 μm 188 μm 50 μm 188 μm 50 μm 188 μm 

8 2.71 23.09 1.40 18.16 1.64 29.71 

10 4.34 24.49 2.31 13.55 2.69 16.81 

12 5.39 24.40 2.35 10.44 3.09 14.39 

14 5.89 23.43 1.97 8.84 2.74 11.77 
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Fig. 7. Total resistance and Resistance components - Comparison between smooth hull condition and 50 μm respectively 

188 μm roughness conditions 

 

 
Fig. 8. Viscous stress – Comparison between smooth hull condition and 50 μm respectively 188 μm roughness conditions 

 

5. CONCLUSIONS 
 

A systematic study of the effect of hull roughness on 

ship total resistance at full scale has been performed 

based on RANS-VOF simulations. Three hull 

roughness conditions at four speeds have been 

investigated to validate the full-scale numerical 

approach.  

The total resistance computed for all test cases was 

compared with the results obtained in the “2016 

Workshop on Ship Scale Hydrodynamic Computer 

Simulation” organised by Lloyd’s Register [20]. 

Looking at the comparison between LR’s results and 

the smooth condition, the results for each speed show 

a good agreement with the average of the total hull 

resistance calculated considering all the results 

submitted during the workshop. In the case of 50 μm 

roughness, the relative total resistance difference is up 

to 2.2 %, while in the case of 188 μm roughness, the 

relative difference is up to 2.5 %. 
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