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ABSTRACT 

This paper describes the Computational Fluid 

Dynamics (CFD) calculations that were completed to 

model the free surface flow around the ships’ hulls. 

Published experimental data for the DTRC 5415 

combatant model is commonly used for validation of 

numerical codes, as in this study. 

Simulations were performed using the software 

Flow-3D, a Reynold’s Averaged Navier-Stokes 

(RANS) solver with structured orthogonal mesh.  

The verification was based on the examination of the 

flow around the hull for range of speeds and by 

comparison of the results for resistance obtained by 

CFD simulations and by experiments. Additional 

analysis has been conducted to investigate mesh 

sensitivity and the implementation of different 

advection schemes. The second order advection 

scheme with monotonicity preserving was optimal 

for the qualitative analysis of the problem under 

consideration. 

This study shows that CFD code Flow-3D has a 

limited capability to resolve the physics of the flow 

around the hull. The shape of the free surface and 

wave distributions around the hull corresponds 

approximately to the experimental observations. 

For quantitative analysis of ship total resistance, 

Flow-3D shows a lack of accuracy.  It appears that 

the code does not have the capability to properly 

resolve boundary layer on the hull and properly 

predict frictional resistance. The total resistance 

prediction can be improved by using only dynamic 

pressure results from Flow-3D and by using some 

established empirical/experimental approach for 

estimating frictional resistance. 

The multi-block grids and the different turbulent 

models are being used to obtain valid numerical 

results that are crucial for making sound design 

decisions.  

1. INTRODUCTION 

The simulation of free surface flows around the ship 

hulls on the higher Froude numbers is a major 

challenge for any CFD code. The validation of this 

problem using experimental data in the simulation of 

bow and stern waves and the overall flow resistance 

has been determined with a limited success. 

The numerical simulation has been conducted on the 

US Navy Combatant model in scale 1:24.8, DTRC 

5415, for the range of Froude numbers 0.17 – 0.4. 

This hull is streamlined with transom stern and sonar 

dome at the bow. The experimental data for this 

model is published and is often used for validation of 

numerical codes.    

Flow-3D was chosen for its simplicity, versatility,   

and volume of fluid (VOF) method used for free 

surface interface tracking. Keeping in mind the 

inaccuracy of using Cartesian fractional area/volume 

method (FAVOR) used for geometry definition, 

special attention has been devoted to obtain 

appropriate mesh for the streamline body. 

In this study we performed a series of numerical 

simulations for the sole purpose of validating 

available experimental data. The goal is to be able to 

perform the majority of analysis at the design stage 

with numerical simulations. This would leave only 

the minimum scope of the cases for expensive 

experimental analysis. 



  

 

2. FLOW–3D CODE OVERIEW 

FLOW-3D is general purpose CFD software capable 

of simulating a wide range of fluid flows. The 

equations solved are RANS equations given, in non-

dimensional form, by the conservation of mass and 

momentum. 

The code features of interest for this project are: 

- Fractional areas/volumes (FAVOR) for 

geometry definition, 

- Structured finite difference multi-block grid, 

- Volume-of-Fluid (VOF) method for fluid 

interfaces tracking, and 

- Implicit numerical modeling. 

FLOW-3D is an all-inclusive package; graphical user 

interface ties together problem setup, pre-processing, 

solver and post-processor. 

3. EXPERIMENT 

US Navy Model 5415 represents a modern naval 

combatant and is widely used for validation of CFD 

codes. The hull is of the semi-displacement type with 

sonar dome and transom stern as presented in Figure 

1.  

 

 

Figure 1: US Navy Model 5415 (L = 5.72 m) 

The resistance data and wave profiles along the hull 

were taken in the bare hull condition (without 

appendages or propellers) in 1982 and 1997 at David 

Taylor Towing Tank[4],[5]. During these experiments 

the model was free to sink and trim as it was towed 

by the carriage. The wave profile data was obtained 

at Froude numbers 0.28 and 0.41. 

4. COMPUTATIONAL DETAILS 

The numerical simulation problem is symmetrical, 

hence only one side of the hull was modeled. A 

computational domain was created in the rectangular 

shape, with a semi-hull solid on the symmetry plane 

(Figure 2). The geometry file of the model was 

imported in Flow-3D as stereolithographic file. 

The model was simulated at a static vs. dynamic 

waterline in experiments. In the experiments at the 

higher Froude numbers model had a sinkage and 

trim. Unfortunately, the dynamic waterline data is 

available only for two speeds. Running simulations 

with the hull positioned at the static waterline 

presents a pre-imposed source of error.  

 

Figure 2: Simulation domain 

 

Figure 3: Mesh presentation (1,507,184 mesh 

elements) 



  

A general background mesh was refined in the area 

closer to the hull by using multiple mesh blocks and 

gradually reducing the size of the mesh elements, as 

shown in Figure 3. For a mesh sensitivity study, three 

meshes with different mesh refinements were 

generated (Table 1). Further mesh refinement was not 

feasible on the original domain size, due to the 

hardware limitations. Mesh types m4 and m5 were 

generated by resizing  the domain.  

Mesh 

type 

No. of mesh 

elements 

No. of 

mesh 

blocks 

The smallest 

element size 

(%L) 

m1 509,748 3 0.5 

m2 1,046,760 3 0.35 

m3 1,507,184 4 0.25 

m4 1,801,229 4 0.21 

m5 2,261,274 5 0.21 

Table 1: Mesh characteristics 

A physical model is defined as a uniform viscous 

flow around the hull with specified velocity in the X 

direction and a hydrostatic pressure field. We deemed 

that Renormalized group theory (RNG) turbulent 

model was appropriate for this simulation. 

The boundary conditions were as follows: 

- Specified velocity on inlet; 

- Outflow boundary that minimizes wave 

reflections; 

- Hull surface - obstacle with no slip walls; 

and  

- Symmetry plane, side, bottom and top side 

of domain as free slip walls. 

Flow-3D has various numerical options for a solving 

process. By default, the upwind implicit advection 

scheme for solving momentum equations is used. The 

whole resistance curve (a range of Froude numbers 

flows) has been obtained with the upwind advection 

scheme, which is robust and fast to resolve. Using the 

case with Froude number 0.28 and 509,748 element 

mesh, the advection scheme analysis has been done, 

comparing the upwind, the second order and the 

second order with monotonicity preserving advection 

schemes. The comparison showed superiority of 

second order advection scheme with monotonicity 

preserving so this method was adopted as optimal 

and used for mesh sensitivity study and final 

resistance prediction. 

5. RESULTS AND DISCUSSION 

The simulation matrix that has been resolved is 

presented in Table 2.  

No. of 

mesh 

refinements

Froude numbers 
Advection 

scheme 

1(m1) 6 ( 0.17 - 0.4) 1st order 

1(m1) 1 (0.28) 2nd order 

5(m1 - m5) 1 (0.28) 

2nd order with 

monotonicity 

preserving 

1(m3) 3 (0.21,0.36, 0.4) 

2nd order with 

monotonicity 

preserving 

Table 2: Simulation Matrix  

Initially, the numerical prediction of the total 

resistance has been obtained with a 509,748 element 

mesh and the upwind advection scheme. The 

numerical total resistance curve corresponds to 

experimental curve but is significantly overestimated, 

for almost factor 3 (see Figure 4). The free surface 

shape and wave pattern corresponds well to 

experiments.  
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 Figure 4: Total resistance curve (upwind advection 

scheme, 509,748 mesh elements) 

The results obtained with the upwind advection 

scheme were improved using second order and 

second order with monotonicity preserving advection 

schemes, as shown on Figure 5 (for the case Fr=0.28 

and mesh type m1). The second order advection 

scheme with monotonicity preserving is considered 

to be the optimal, even though calculation time has 

been prolonged significantly. The numerical 



  

simulations have been run in a serial mode on one 

PC. The time consumption can be reduced by 

conducting simulations in parallel mode on multiple 

PCs or super computer. 
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Figure 5: Advection scheme analysis (509,748 mesh 

elements, Fr = 0.28) 

For Froude number Fr = 0.28 a mesh sensitivity study 

was conducted using second order advection scheme 

with monotonicity preserving. Mesh types taken into 

consideration are listed in Table 1. At the point when 

hardware limitation were reached (mesh type m3), 

further refinement was possible only with 

modification of the domain size (mesh types m4 and 

m5). The change of domain size was done in that 

manner to minimize impact on the final results, as 

well as the quality of result comparison. Both meshes 

have the same size of the smallest element, but 

different number of mesh blocks and domain size. 

The change of the wave resistance prediction with the 

mesh refinement is shown on Figure 6.  The initial 

mesh type m1 was too coarse, causing huge 

resistance over prediction. In spite the fact that mesh 

independence has not still be reached, the mesh type 

m3 already reduced the error significantly. With 

change in domain size some discontinuity in results 

appeared. 
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Figure 6: Mesh dependence analysis (Fr = 0.28) 

The further mesh sensitivity study was conducted 

looking into the resistance components separately, as 

presented on Figure 7. It shows that the frictional 

component of the resistance reached mesh 

independence. From mesh type m1 to mesh type m4 

the wave resistance, and consequently total 

resistance, continues to change with mesh 

refinement. Even though mesh type m4 seems 

consequent with others, it should be taken with 

caution due to domain resizing. The mesh type m5 is 

questionable due to large increment of total number 

of elements and increment in number of mesh blocks 

that might be difficult for code to deal with. It can be 

assumed that for the appropriate mesh with smallest 

element size 0.21 %L resistance would actually lay 

between results obtained for mesh type m4 and mesh 

type m5, suggesting that mesh independence would 

lay in that region. It would be beneficial to continue 

with the mesh sensitivity study until the full mesh 

independence has been reached.  
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Figure 7: Mesh sensitivity study (Fr=0.28) 
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Figure 8: Total resistance comparison 
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Figure 9: Wave resistance comparison 

Based on the presented analysis final resistance 

prediction was obtained for mesh type m3, having 

1,507,184 mesh elements and second order advection 

scheme with monotonicity preserving. Initial and 

final results are presented and compared with 

experiments and showed in Figure 8 and Figure 9. 

Significant improvement in the results was achieved. 

Total resistance prediction error is reduced to around 

60% (see Table 3).    

Since the analysis of resistance components 

described above showed that frictional resistance can 

not be satisfactory predicted with Flow-3D, total 

resistance obtained by numerical simulation should 

not be taken in account. A closer correlation of 

results is obtained using only numerical results for 

wave resistance and approximating frictional 

resistance (see Figure 10). ITTC-57 method is 

commonly used for prediction of the ship frictional 

resistance in ship’s hydrodynamics[3] and therefore 

was chosen for this study. 
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Figure 10: Total results obtained combining Flow-3D 

and ITTC-57 method 

When comparing them with experiments, the total 

resistance curve is much closer to experimental 

reducing the error to around 20% (see Table 3). 

These results were achieved with pre-imposed error 

introduced by simulating hull on static waterline 

while model in experiments was free to sink and trim. 

Fr (-)
∆Rt(%)- 

Flow3D 

∆Rt (%)             

Rw(Flow3D) + Rf(ITTC57) 

0.21 58.8 12.5 

0.28 77.7 23.5 

0.36 62.2 23.5 

0.41 23.4 7.4 

Table 3: Total resistance - Numerical vs. 

experimental discrepancy (expressed in % of 

experimental results) 

It can be concluded that Flow-3D is suitable for 

prediction of wave resistance, while prediction of 

frictional resistance was not successful. It appears 

that the code does not have the capability to 

accurately enough resolve boundary layer around the 

hull and properly predict frictional resistance. This 

drawback was expected having in mind limitations of 

the FAVOR method used in Flow-3D for geometry 

definition. Numerical simulations should still take 

viscosity into account in the turbulence model so that 

the flow field and the free surface shape can be 

properly resolved. 

 

 

Figure 11: Flow-3D’s and experimental[5] wave 

pattern comparison (Fr=0.28) 



  

The obtained wave pattern is qualitatively compared 

with experiments (see Figure 11).  The waves are 

located approximately on the same locations along 

the hull. A configuration of the mesh blocks is 

important for obtaining the good wave pattern away 

from the hull, since the code may smear the 

significant change in the flow, if appeared on the 

block boundary as a result of the numerical diffusion 

between the mesh blocks.  

6. CONCLUSION 

This numerical study indicated that Flow-3D is an 

appropriate tool for qualitative analysis of the free 

surface flow around the ship’s hulls. The upwind 

advection scheme can be used to properly predict 

wave pattern. However, for the range of Froude 

numbers, upwind advection scheme gives total 

resistance significantly overestimated. The advantage 

of upwind advection scheme is her robustness and 

demands less hardware resources and time. 

The mesh refinement and multi-blocks schemes 

improved the results significantly. As a drawback, the 

calculation time has been significantly increased. 

This issue might be overcome by increasing hardware 

resources which would also allow further mesh 

sensitivity analysis. Different turbulence techniques 

might give further improvement of the results.  

The second order advection scheme with 

monotonicity preserved is considered as the most 

suitable for resistance prediction, giving comparative 

results of 60%.  Analyzing the results for frictional 

resistance it was found that the prediction of 

frictional resistance was not satisfactory. It appears 

that the code does not have the capability to 

accurately enough resolve boundary layer around the 

hull and properly predict frictional resistance. It can 

be concluded that Flow-3D is suitable for prediction 

of wave resistance only. Results obtained for wave 

resistance combined with frictional resistance 

calculated using ITTC-57 method gives satisfactory 

results with error around 20%.  

It should be pointed out that a user skill and 

experience are important in simulation setup, as well 

as in making proper engineering judgment based on 

the simulation results of such a complicated problem 

as the free surface flow around the ship’s hulls. 
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