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Abstract. Effects of the stern-foil submerged elevation on the lift and drag of a hydrofoil craft
are studied by using computational fluid dynamics (CFD) and by considering three alternative
stern-foil submerged elevations. The submerged elevation of the front foil is kept constant in all
the alternatives. From among the alternatives, the deepest stern-foil placement results in the
highest stern-foil lift with the highest foil’s lift-to-drag ratio. However, considering the lift-to-
drag ratio of the whole foil-strut-hull system, the shallowest stern-foil placement results in the
highest lift-to-drag ratio. The struts and the foil’s submerged elevation significantly affects the
drag of the whole foil-strut-hull system.

1. Introduction

The use of a hydrofoil on a boat is particularly aimed at reducing the viscous resistance of the boat while
moving in the water. At relatively high speed the hydrofoil can produce a sufficient lifting force so that
the hull can be lifted out of the water, thus reducing the ship’s wetted surface area (WSA) and the ship’s
resistance. Besnard et al. [1] conducted research to gain the maximum lift-to-drag ratio of hydrofoils to
be applied to fast boats. They used a panel method to calculate the 3-D flow field, taking into account
free-surface effects. The numerical tool is integrated into a multi-criteria optimization method applied
for the design of a single and biplane foils. Considering vessel’s maneuvering, Latorre and Teerasin [2]
calculated the take-off speed of hydrofoil vessels with different foil size and angle of attack. Calculation
results show that different regions of the foil are exposed to a large impact at the take-off. Putnam et al.
[3] performed tests to select the most optimum type of foil that will be used for hydrofoil boats. As
parameter for best performance is the maximum lift-to-drag ratio. Different foil types were studied and
they recommended Eppler-396 foil for the stern foil and Eppler-420 for the front foil of the hydrofoil
craft.

Saputro and Suastika [4] conducted model experiments of a hydrofoil craft in a towing tank and
varied the positions of the front- and stern foils in the longitudinal direction. They reported an optimum
placement of the foils with the smallest resistance but the lifting of the bow was not followed by the
stern. It is suggested that this is due to the alignment of the two foils relative to the water line, which
was at the same elevation. This results in that the flow of water that passes the stern foil has been affected
by the turbulence generated by the front foil such that the lifting capacity of the stern foil is markedly
reduced.

The purpose of present study is to investigate effects of the stern-foil submerged elevation of a
hydrofoil craft on the lift and drag. The same vessel is considered as in [4]. The vessel’s principal
dimensions are summarized in table 1. The submerged elevation of the front foil is kept constant but
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that for the stern foil is varied in the vertical direction, for which three alternatives are investigated (see
figure 1 and table 2). Following Saputro and Suastika [4], both the front and the stern foils are NACA
64(1)212 foils while the struts are NACA 63012 symmetrical foils.

To obtain the most optimum foil size, CFD-simulations were done of foil alone with varying foil’s
aspect ratio (AR) and angle of attack. The aspect ratio is defined as [5]:

(b)? _ b
AR =""=2 @
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where a is the breadth of the craft, b is the foil span, c is the chord length, h is the submerged elevation
of the foil below the water line and S is the foil area. Equation (1) is used for calculating the foil aspect
ratio (to lift the vessel) while equation (2) for the strut aspect ratio. The range of recommended aspect

ratio for a hydrofoil is between 4 and 10 [6]. Then, simulations with foils attached to the hull are done
to study effects of the stern-foil submerged elevation on the lift and drag of the hydrofoil craft.

Table 1. Vessel’s principal dimensions.

Length overall (Lop) 1585 m
Length of water line (Lwi) 14.48 m
Beam (B) 400 m
Draft (T) 070 m
Height (H) 180 m
Displacement (V) 18.75 ton

Model A Model B

Model C

Figure 1. Three alternatives for the stern-foil submerged elevation with constant front-foil elevation.

Table 2. Submerged elevation of the front and stern foils
below the water surface.

Front foil Stern foil
Model A 6.37T=4.46m 6.37T=4.46m
Model B 6.37T=4.46m 3.19T=2.23m
Model C 6.37T=4.46m 956 T=6.69m

2. Foil-size optimization
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Based on the location of the center of gravity (LCG) and the positions of the front- and stern foils in the
longitudinal direction, the required lift for both the front and stern foils can be calculated. Calculation
results show that the required lift for the front foil is 85.66 kN while that for the stern foil is 98.09 kN.
To obtain the optimum foil size, CFD-simulations of foil alone were done. Two foil spans are
considered, namely 4.0 m (the same as the vessel’s beam) and 5.0 m. The Froude number used in the
simulations is Fr = 0.8, corresponding to a vessel’s speed of 9.53 m/s (18.53 knots).

2.1. Meshing, boundary conditions and the turbulence model

Figure 2 shows a mesh of the NACA 64(1)212 foil and figure 3 the position of the hydrofoil model in
the computational domain. Grid-independence tests [7] were done to obtain the most optimum grid size.
Test results show that the optimum number of elements for the simulations is 1,074,984. The root mean
square (rms) error criterion with a residual target value of 10 is used as the criterion for the convergence
of the numerical solutions.

Figure 2. Mesh of NACA 64(1)212 foil used for the hydrofoil craft.

Figure 3. Position of the foil in the computational domain.

The boundary conditions of the computational domain are as follows [8]. The condition at the inlet
boundary, located 2-c upstream from the leading edge (c is the chord’s length), is defined as a uniform
flow with velocity equalling the vessel’s speed (in the simulations, the vessel is at rest while the fluid is
flowing). The boundary condition at the outlet, located 5-c downstream from the trailing edge, is defined
such that the pressure is equal to the undisturb static pressure. The boundary condition on the surface
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(wall) of the foil is defined as no-slip boundary (smooth wall). The boundary condition at the side walls
is defined as a symmetric pressure condition, that is, the pressure on the inside wall is equal to that on
the outside wall. Finally, the boundary conditions at the top (2-c above the upper surface of the model)
and the bottom (2-c below the lower surface of the model) surfaces are defined as free-slip boundaries.
Free surface effects (generation of waves) are not modeled in this case (foil alone).

The turbulence model used in the simulations of foil alone is the k-¢ model [9, 10].

2.2. Results of foil-alone simulations

Figure 4 shows plots of lift-to-drag ratio as function of angle of attack () for foils with 4-m span and
different chord lengths, while figure 5 shows lift-to-drag ratio plots for foils with 5-m span. In all cases,
the aspect ratio is kept within the recommended range, namely, between 4 and 10 [6] (see tables 3 and
4). Figures 4 and 5 show that the lift-to-drag ratio increases monotonically with increasing angle of
attack and then decreases. The maximum value of lift-to-drag ratio (stall) takes place at the angle of
attack of approximately 3.5 degrees. The most optimum foil with 4-m span is that with chord’s length
of 0.43 m (AR = 9.39) while the most optimum foil with 5-m span is that with chord’s length of 1.14 m
(AR = 4.40).
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Table 3. Foil’s lift at Fr = 0.8 and o = 3.5° for 4-m foil’s span.

Chord [m] AR Lift [kN]
0.01 4.40 60.22
0.65 6.13 49.52
0.51 7.83 40.52
0.43 9.39 35.77

Table 4. Foil’s lift at Fr = 0.8 and o = 3.5° for 5-m foil’s span.

Chord [m] AR Lift [kN]
1.14 4.40 83.22
1.21 4.14 82.68
0.82 6.13 81.61
0.73 6.87 79.28
0.64 7.83 79.28
0.53 9.39 84.03
0.52 9.57 76.27

Tables 3 and 4 summarize results of lift force calculations with Fr = 0.8 and « = 3.5° for 4-m foil’s
span and for 5-m foil’s span, respectively. Tables 3 and 4 show that the lifts generated by the foils with
4-m span are smaller than those generated by the 5-m span foils, as expected. In both cases (4-m and 5-
m spans), the generated lifts are smaller than the required lifts (85.66 kN for the front foil and 98.09 kN
for the stern foil).

To provide a sufficient lift for foilborne, the foil’s span can be increased but AR must be kept within
the recommended range. Another option is to keep the foil’s span remaining 5.0 m but foilborne is
expected to take place at a larger Froude number. The latter option is chosen in the present study. Thus,
the foil to be used is NACA 64(1)212 foil with 5-m span and chord of 1.14 m (AR = 4.40).

3. Foils attached to hull

To study effects of the stern-foil submerged elevation on the lift and drag of the hydrofoil craft,
simulations were done with foils attached to the hull (by using struts). In the simulations, the foil’s angle
of attack (both the front and stern foils) was set 3.5° (see section 2). Furthermore, different Froude
numbers are considered, namely, Fr =0.8, 0.9, 1.0, 1.1 and 1.2.

3.1. Meshing, boundary conditions and the turbulence model

Figure 6 shows a mesh of the hydrofoil craft for model B while figure 7 shows the position of the
hydrofoil-craft model in the computational domain. Grid-independence tests [7] were done to obtain the
most optimum grid size. Test results show that the optimum number of elements for the simulations is
1,791,588. The root mean square (rms) error criterion with a residual target value of 10 is used as the
criterion for the convergence of the numerical solutions.

The boundary conditions are as follows [8]. At the inlet, located at 2-L upstream from the vessel (L
is the vessel’s length), the condition is defined as a uniform flow with velocity equalling the vessel’s
speed (in the simulations, the vessel is at rest while the fluid is flowing). The boundary at the outlet (5-
L downstream from the vessel) is defined such that the pressure is equal the undisturbed static pressure.
The boundary condition on the wall of the vessel is defined as no-slip boundary (smooth wall). The
boundary conditions at the bottom wall (2-L below the vessel) and the top wall (2-L above the vessel)
are defined as free-slip condition. Free-surface effects (interface between water and air; generation of
waves) are modeled in this case (foils attached to hull). The viscous-flow field is solved using Reynold’s
averaged Navier-Stokes (RANS) solver for incompressible flow.
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Figure 6. Mesh of the hydrofoil craft for model B.

Figure 7. Position of the hydrofoil-craft model in the computational domain.
The turbulence model used is the SST k-« model [9]. This turbulence model, which is a hybrid model
utilizing a k-o model for the turbulent boundary layer flow and a k-¢ model for the flow outside the
boundary layer, has been succesfully applied in many applications [10, 11].

3.2. Results of foils attached to hull

Tables 5, 6 and 7 summarize the lift forces for the front and stern foils for Fr = 0.8, 0.9 and 1.0,
respectively. Recall that the required lift for the front foil is 85.66 kN while that for the stern foil is 98.09
kN. At Fr = 0.8 and 0.9, the lift forces of the front and/or the stern foils are smaller than the respectively
required lifts. At Fr = 1.0, models B and C provide sufficient lift for the vessel to foilborne. The highest
lift-to-drag ratio of the stern foil in the range of Fr between 0.8 and 1.1 is given by model C (see figure
8). However, looking at the lift-to-drag ratio of the whole foil-strut-hull system, model B gives the
highest lift-to-drag ratio (see figure 9). If the lift-to-drag ratio of the whole foil-strut-hull is considered
as parameter for best performance, model B is the best alternative, for which the vessel is expected to
foilborne at Fr approximately 1.0 (see table 7).

Table 5. Lift forces of the front and stern foils (Fr = 0.8).

Model  Front Foil [KN]  Stern Foil [KN]  Difference [%]
A 84.87 66.84 26.98
B 80.11 72.59 10.36
C 81.21 76.16 6.64
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Table 6. Lift forces of the front and stern foils (Fr = 0.9).
Model  Front Foil [kN]  Stern Foil [KN]  Difference [%]

A 106.21 79.42 33.73
B 100.61 85.89 17.15
C 103.58 92.66 11.78

Table 7. Lift forces of the front and stern foils (Fr = 1.0).

Model  Front Foil [KN]  Stern Foil [KN]  Difference [%]

A 129.83 95.05 36.58
B 123.06 104.61 17.63
C 127.38 110.26 15.53
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10,25
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Figure 8. Lift-to-drag ratio of the stern foil for model A, B and C.
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Figure 9. Lift-to-drag ratio of the hydrofoil craft for model A, B and C.
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4. Conclusions

Based on the required lift, the recommended foil’s aspect ratio and the highest lift-to-drag ratio, the foil
chosen for the hydrofoil craft is NACA 64(1)212 with 5-m span and chord of 1.14 m (AR = 4.40).
Simulation results of foils attached to the hull show that the stern-foil submerged elevation significantly
influences the lift generated by the stern foil. Setting the stern foil deeper than the front foil (model C)
or shallower than the front foil (model B) result in a larger lift for the stern foil. The above result support
the hypothesis that the front foil significantly affects the flow upstream from the stern foil that can result
in a reduction of the lifting capacity of the stern foil. Among the three alternatives considered, model C
results in the highest lift and the highest lift-to-drag ratio for the stern foil. However, considering the
whole foil-strut-hull system, model B with the shortest strut gives the highest lift-to-drag ratio of the
hydrofoil craft. Clearly, the struts and the foil’s submerged elevation significantly affects the total drag
of the system. If the lift-to-drag ratio of the whole system is used as parameter for best performance,
then model B is the most optimum alternative.
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