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ABSTRACT  

Starting with January 2013, naval architects face new challenges, as all ships greater than 
400 tons must comply with energy efficiency index (MPEC 62, 2011). From ship hydrody-
namics point of view, one handy solution is using Energy Saving Devices (ESD), with the 
main purpose to improve the flow parameters entering the propeller. For ballast loading 
condition the ESD may intersect the free surface disturbing and complicating the flow due 
to free surface /boundary layer interaction, turbulence and breaking wave effects that co-
exist and which are not completely clarified so far. Therefore, a free surface flow around a 
NACA 0012 surface piercing hydrofoil is numerically investigated and the results are com-
pared to experimental results obtained in the Towing Tank of the Naval Architecture Fac-
ulty of “Dunarea de Jos” University of Galati. The comparison includes drag and free 
surface elevation on hydrofoil surface together with numerical uncertainty.  
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1. INTRODUCTION  

Free surface flow is a hydrodynamic 
problem with a seemingly simple geometric 
configuration but with a complicated flow to-
pology by the pressure gradient due to the 
presence of the obstacle, the interaction be-
tween the boundary layer and the free surface, 
turbulence, breaking waves, cavitation, water-
air surface tension effects. As the appendages 
become more and more widely used and 
larger in size, the general understanding of the 
flow field around the appendages and the 
junction between them and the hull is a topical 
issue for naval hydrodynamics. 

Due to the large difference in density be-
tween water and air, the flow around a profile 
that penetrates the free surface can be assimi-
lated to the flow of a profile mounted on a 
plate. As long as the Froude numbers are 
small (Fn<0.1) and the deformation of the free 
surface is negligible, the flow topology is 
identical to that on a solid plate. The complex-
ity of the junction at the level of the free sur-
face increases with the Froude number, when 
the elevation of the surface becomes con-
sistent, due to the freedom of movement on all 
three Cartesian directions of the water parti-
cles at the free surface. 

The topology of the flow becomes much 
more complex when the phenomenon of 
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breaking the wave that interacts with the vor-
tex horseshoe, also known as the vortex chain, 
is felt. Metcalf et al., (2006) investigates ex-
perimentally the interactions between the free 
surface and the boundary layer on a hydrody-
namic profile, NACA 0024, at three Froude 
numbers (0.19, 0.37 and 0.55) associated with 
three different flow regimes : steady, with re-
attachment and without reattachment. At 
Fn=0.19, steady flow and Kelvin wave system 
are observed, while for Fn=0.37, the flow is 
manifested with the phenomenon of breaking 
the wave, but the streamlines are reattached on 
the hydrofoil surface while still maintaining 
the profile of Kelvin waves, while at Fn=0.55, 
the streamlines are no longer attached to body, 
the first wave ridge has a considerable height, 
the energy consumed when breaking the wave 
is high and the Kelvin wave system is no 
longer visible. Ungureanu (2011) tested a 
NACA 0012 hydrofoil in the Towing Tank of 
the Naval Architecture Faculty of “Dunarea 
de Jos” University of Galati, investigating the 
evolution of the free surface depending on the 
Froude number, 𝐹𝑛 ∈
{0.32, 0.40, 0.48, 0.56, 0.64}. It was observed 
that, at relatively small Froude numbers, the 
wave on the surface of the profile has two 
ridges, and at large Froude numbers the bow 
wave is manifested with the phenomenon of 
wave breaking. Due to the increase in wave-
length, the second wave ridge on the profile 
migrates to the flight edge, leaving the profile 
at high speeds. At high speed, the wave gen-
erated by the trailing edge becomes promi-
nent, taking the form of a whale tail, with a 
height close to that of the leading edge. 

In this study, the free surface flow around 
a NACA 0012 surface piercing hydrofoil is 
numerically investigated and the results are 
compared to experimental results obtained by 
Ungureanu (2011). 

 
 
 
 

2. NUMERICAL MODEL 

2.1. Boundary Conditions  

The numerical hydrofoil has the same di-
mensions as the experimental model, namely 
0.5 m chord and 1.2 m wingspan (figure 1) .  

 

Fig.1. Hydrofoil dimensions 

When flowing with a free surface, the sur-
face piercing hydrofoil generates a divergent 
waves system propagating at an angle of ap-
proximately 20°. In order to avoid the radia-
tion of the waves upstream, the inlet boundary 
is positioned at 1 span length upstream of the 
profile. In order to avoid the reflection of the 
wave system from the lateral boundaries, pro-
ducing numerical instabilities, the width of the 
calculation domain, as well as the length of 
the downstream area are established so that 
the wave system leaves the integral domain 
through the downstream boundary. Therefore, 
the downstream boundary is arranged at two 
span lengths from the profile trailing edge, 
and the side boundaries at two span lengths 
from the hydrofoil plane of symmetry. The 
position of the upper boundary is chosen so as 
to allow the natural elevation of the free sur-
face (figure 2). Also, the computational do-
main extends one span below the profile and 
half a span above the profile thus avoiding the 
influence of possible end vortices and limited 
bottom effect. 
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Fig.2. Computational model (S- span, c-
chord) 

The boundary conditions, shown in figure 
3, have been chosen to be compatible with the 
"open channel flow" calculation option in Flu-
ent, namely pressure boundaries with the im-
position of the velocity and level of the calm 
free surface on the inlet and outlet boundaries. 
The wall condition was imposed on the pro-
file, and the sliding wall was imposed on the 
other boundaries.  

Fig.3. Boundary conditions 

2.2. Numerical schemes 

Using Ansys 12.1 program, the URANS 
equations were solved in a segregated manner, 
supplemented by the equations of the turbu-
lence model suitable for free surface calcula-
tions. In this case, two turbulence models with 

two equations were tested, k- SST and k- 
Realizable. For the calculation of the free sur-
face, the VOF technique was used, consider-
ing the free surface as an iso-surface of 0.5 
water / air. The coupling of pressure and ve-
locity was solved with the PISO algorithm. 
The pressure was discretized with the 
PRESTO numerical scheme, for the free sur-
face the geometric reconstruction was used, 
and for the convective and difussive terms the 
QUICK scheme was used. 

In the present study, the explicit, quasi-
stationary calculation with advancement in 
time, proved to be a much more robust and 
stable alternative than the stationary calcula-
tion. Fluent's calculation algorithm is quite ro-
bust and allows advancement over time with-
out distorting the results. In order not to intro-
duce errors in the calculation, when integrat-
ing the flows on the cells, the time step neces-
sary to integrate the flow equations is calcu-
lated based on the volume of the smallest cell 
in the discretization network. The solution of 
the URANS equations system was obtained in 
about 4000 time steps, after the convergence 
of the drag and the free surface, with the con-
vergence obtained in a maximum of 20 itera-
tions per time step. The calculations were per-
formed for all 12 experimental velocities and 
for all 4 drafts. 

 

2.3. . Grid Generation 

The discretization grid is C-H with nor-
mal grid lines on the hydrofoil surface re-
specting the distance to the dimensionless and 
rectangular wall in the vertical direction. In 
the the free surface elevation area the grid 
lines are denser and equidistant, having 1.5 
mm height relaxing towards the end of the 
profile, as it can be seen in figure 4. 
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Fig.4. Gridlines on the hydrofoil surface 

 

3. RESULTS AND DISCUSSIONS   

3.1. . Numerical Uncertainty 

For the numerical calculations required 
for validation, three sources of possible errors 
were identified: truncation errors, iterative er-
rors and discretization errors. The double pre-
cision solver was used and in this way the 
truncation errors were neglected. The iterative 
errors were neglected, decreasing the implicit 
residue value from 10-3 to 10-4, obtaining at 
the same time the convergence on each time 
step. As a result, the analysis of errors and un-
certainties focused on discretization errors, 
the ones with the largest value in the numeri-
cal calculation. 

Three discretization grids (Table 1) were 
generated with √2 as refining ratio, according 
to ASME V&V 20 (2009). The 𝑦 = 1 as the 
nondimensioned wall distance was used for 
all grids, so that the boundary layer to be cal-
culated in the same manner by the turbulence 
models. 

 
 
 
 
 

Table 1. Generated grids 

Grid Fine (1) 
Medium 

(2) 
Coarse (3) 

Ni 2425174 1212587 606294 

∑Vi 
[m3] 

59.04 59.04 59.04 

hi [m3] 0.00493 0.00698 0.00987 

r21  1,414  

r32   1,414 

Hydrofoil drag is considered as a refer-
ence value, and based on the 3 grids the dis-
cretization uncertainty or the convergence in-
dex of the grid is calculated, as it is also 
known in the literature. Below, there are tab-
ulated the values of the drag for all three grids 
studied together with the discretization error 
and the uncertainty of the error. 

Table 2. K- SST drag errors and uncer-
tainties 

Fn 
Fine Medium Coarse δG[%] IG[%] 

Drag [N] 

0.16 0.92 0.95 0.97 3.62 4.52 

0.24 1.77 1.85 1.88 3.58 4.48 

0.32 3.47 3.65 3.72 3.42 4.27 

0.40 5.81 6.13 6.26 3.65 4.56 

0.48 8.95 9.85 10.21 6.67 8.33 

0.56 13.60 15.10 15.70 7.21 9.01 

0.64 17.37 19.35 20.24 9.36 11.70 

0.72 20.05 22.47 23.81 14.76 18.46 

0.80 22.74 26.45 28.61 22.77 28.47 

0.88 25.21 29.83 32.42 23.56 29.45 

0.96 27.89 33.86 36.88 21.80 27.25 

1.04 30.80 38.66 42.51 24.52 30.65 

 
Table 3. K- Realizable drag errors and 

uncertainties 

Fn 
Fine Medium Coarse δG[%] IG[%] 

Drag [N] 

0.16 1.21 1.25 1.27 2.52 7.57 

0.24 2.63 2.74 2.80 6.18 7.72 

0.32 4.43 4.66 4.78 6.72 8.40 
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0.40 6.76 7.16 7.37 7.04 8.80 

0.48 10.97 12.30 12.78 6.91 8.64 

0.56 15.36 17.12 17.80 7.13 8.91 

0.64 19.86 22.33 23.62 13.66 17.08 

0.72 23.17 26.04 27.75 18.35 22.94 

0.80 26.26 30.60 33.22 25.38 31.73 

0.88 29.14 35.34 38.92 29.11 36.39 

0.96 32.69 39.98 44.00 27.43 34.29 

1.04 36.26 45.87 50.84 28.36 35.45 

It is observed that in the area of large 
froude numbers, where the phenomenon of 
breaking the wave is consistent, the level of 
uncertainties is higher than in the area of 
froude numbers where the free surface is not 
affected by the broken wave. The basic prin-
ciple of VOF theory says that the two fluids 
considered in the calculation are immiscible, 
and how the phenomenon of breaking the 
wave manifests itself with a mixture of air 
bubbles in water, and this can lead to a high 
degree of uncertainty. Another possible 
source of errors and uncertainties at high 
speeds is the grid itself. As the wave elevation 
grew, the grid area for the free surface had to 
be increased so as to cover the entire elevation 
of the wave on the body. For reasons of hard-
ware resources, the calculation went on a sin-
gle fine grid for all speeds, hence and proba-
bly the high level of uncertainty at high 
speeds. 

 

3.2. .Numerical/ experiment comparison 

The numerical drag (CFD) was calculated 
for both turbulence models tested and com-
pared with the experimental results (EFD), 
and shown for the 1m draft in figure 5. It is 
observed that qualitatively both turbulence 
models describe the evolution of the drag in 
relation to the Froude number, but quantita-
tively the k- SST turbulence model produces 
results by 60%, on average, compared to the 
experimental ones compared to 85% obtained 
with the k- Realizable model. 

Fig.5. Drag comparsion CFD vs EFD, 1m 
draft 

Next tables are presenting the experi-
mental and numerical results obtained with 
the fine grid, together with the comparison er-
ror, E, the numerical uncertainty, D, as well as 
the validation uncertainty, Ival. It is pointed out 
that the comparison error is lower than the val-
idation uncertainty, as a result the modeling 
errors are insignificant. 

Table 4. K- SST numerical uncertainty 

Fn 

Drag [N] 
E  

[%] 
Usn 
[%] 

Ue 
[%] EFD 

CFD-
K- 
SST 

0.16 0.506 0.925 82.77 4.52 82.9 

0.24 0.982 1.775 80.75 4.48 80.9 

0.32 1.597 3.475 117.59 4.27 117.7 

0.4 3.062 5.805 89.59 4.56 89.7 

0.48 5.936 8.953 50.82 8.33 51.5 

0.56 8.972 13.595 51.53 9.01 52.3 

0.64 11.019 17.368 57.62 11.70 58.8 

0.72 12.607 20.047 59.01 18.46 61.8 

0.80 14.047 22.739 61.88 28.47 68.1 

0.88 15.463 25.214 63.06 29.45 69.6 

0.96 16.829 27.895 65.75 27.25 71.2 

1.04 18.458 30.804 66.89 30.65 73.6 

 
Table 5. K- Realizable numerical uncertainty 

Fn 

Drag [N] 
E  

[%] 
Usn 
[%] 

Ue 
[%] EFD 

CFD-
K- 
SST 

0.16 0.506 1.211 139.27 7.57 139.5 

0.24 0.982 2.628 167.66 7.72 97.1 
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0.32 1.597 4.430 177.38 8.40 96.6 

0.4 3.062 6.757 120.69 8.80 92.9 

0.48 5.936 10.969 84.79 8.64 79.2 

0.56 8.972 15.356 71.16 8.91 71.2 

0.64 11.019 19.862 80.25 17.08 68.4 

0.72 12.607 23.166 83.75 22.94 66.6 

0.80 14.047 26.264 86.97 31.73 69.1 

0.88 15.463 29.135 88.42 36.39 68.6 

0.96 16.829 32.691 94.25 34.29 64.0 

1.04 18.458 36.262 96.46 35.45 61.9 

The numerically calculated waves are 
compared with the experimental waves and 
presented graphically in figure 6, for the 
Froude numbers 0.32, 0.48 and 0.64. The ab-
scissa of the diagrams represents the level of 
calm free-surface, and the values presented 
were dimensioned with the length of the foil 
chord. 

Fig.6. Wave profile comparsion 

Qualitatively, both turbulence models capture 
the elevation of the free surface on the hydro-
foil surface. Quantitatively, it is observed that, 
in the area of leading edge, both models of tur-
bulence manage to capture the development of 
the experimental wave at close values. The k-
 SST model underestimates the wave gap, 
which is visible in all three Froude numbers, 
but also the second wave ridge at Fn = 0.32, 
while the k- Realizable model overestimates 
the wave gap, and at Fn = 0.32, it manages to 
approach of the second wave ridge. 

Figure 7, 8 and 9 comparatively show the 
topology of the free surface observed experi-
mentally (left) and numerically (center), and 
on the right, the free surface as a colored iso-
surface in elevation contours. The calm water 
line is drawn on the numerical hydrofoil, sim-
ilar to the one drawn on the experimental 
model. The flow at Fn = 0.32, shows the de-
velopment of the Kelvin wave system. As the 
Froude number increases, the wavelength in-
creases and the influence of the blocking edge 
of the attack board on the flow around the pro-
file increases. 
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Fig.7. Free-surface comparison, Fn =0.32 

 

 

 

Fig.8. Free-surface comparison, Fn =0.48 

 

 

 

Fig.9. Free-surface comparison, Fn =0.64 

4. CONCLUDING REMARKS 

A numerical study on the free-surface 
flow around a NACA 0012 surface piercing 
hydrofoil was presented. Two turbulence 
models implemented in Ansys Fluent were 
tested and the results were compared with the 
experimental ones. By Froude similarity, the 
height of the wave in the area of the leading 
edge can be approximated so that the discreti-
zation grid accurately captures the deformed 
free surface. 
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