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a b s t r a c t

Performance of a NACA 634-021 hydrofoil in motion under and in close proximity of a free surface for a
large range of angles of attack is studied. Lift and drag coefficients of the hydrofoil at different sub-
mergence depths are investigated both numerically and experimentally, for 0� � AoA�30� at a Reynolds
number of 105. The results of the numerical study are in good agreement with the experimental results.
The agreement confirms the new finding that for a submerged hydrofoil operating at high angles of
attack close to a free surface, the interaction between the hydrofoil-motion induced waves on the free
surface and the hydrofoil results in mitigation of the flow separation characteristics on the suction side of
the foil and delay in stall, and improvement in hydrofoil performance. In comparing with a baseline case,
results suggest a 55% increase in maximum lift coefficient and 90% average improvement in performance
for, based on the lift-to-drag ratio, but it is also observed significant decrease of lift-to-drag ratio at lower
angles of attack. Flow details obtained from combined finite volume and volume of fluid numerical
methods provide insight into the underlying enhancement mechanism, involving interaction between
the hydrofoil and the free surface.
© 2020 The Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A submerged hydrofoil generates lift to raise the hull of a marine
craft, thereby decreasing the wetted surface of the craft, and hence
decreasing the craft’s resistance. The hydrofoil typically operates
close to the free surface so that the influence of the free surface on
the performance of the hydrofoil is of interest.

Potential flow methods received much attention in earlier
studies. Plotkin (1975) investigated the potential flow of a uniform
stream past a submerged thin symmetric hydrofoil and obtained an
expression for its surface speed. Kennell and Plotkin (1984) further
addressed the potential flow about a thin two-dimensional hy-
drofoil moving with constant velocity at a fixed depth beneath a
free surface. Yeung and Bouger (1979) proposed a hybrid integral
equation method based on Green’s theorem for thick hydrofoils
that satisfied the free surface condition in linearized form. Forbes
(1985) further presented a numerical method for computing two-
dimensional (2D) potential flow about a wing with a cusped
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trailing edge, immersed beneath the free surface of a running
stream of infinite depth, applying non-linear boundary conditions.
Bai and Han (1994) applied localized finite element method, based
on potential-flow formulation and Hamilton’s principle, to study
the nonlinear steady waves induced by the motion of a hydrofoil.
Wu and Taylor (1995) analyzed the 2D nonlinear time domain free
surface flow problem using potential flow theory and a time
marching scheme. The finite element and the boundary element
methods were also compared; the finite element method was
found to be more efficient. Xie and Vassalos (2007) developed a
potential flow based panel method for determining the steady
potential flow around a three-dimensional (3D) hydrofoil under a
free surface. The numerical results for pressure, lift and resistance
coefficients, and wave profiles were calculated for different sub-
mergence depths (SDs).

Since potential flow methods cannot account for the viscous
effects, including the boundary layer around the hydrofoil and flow
separation on the suction side of the foil, analyses on the perfor-
mance of the submerged hydrofoil using these methods alone yield
inaccurate results. Hence, application of Reynolds Averaged Navier-
Stokes (RANS) equations through the Finite Volume Method (FVM)
incorporated with the volume of fluid (VOF) method (Hirt and
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Fig. 1. Experimental hydrofoil model.
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Nichols, 1981), set the groundwork for newer research trends.
Mascio et al. (2007) developed a RANS equation solver to demon-
strate breaking and non-breaking waves induced by themotion of a
submerged hydrofoil. Karim et al. (2014) and Prasad et al. (2015)
numerically simulated the surface wave generated by flow
around NACA 0015 and NACA 0012 hydrofoils at a 5� Angle of
Attack (AoA) moving near the free surface of the water. In both
simulations, an OpenFOAM based finite volume discretization
combined with the interface capturing VOF method was used to
solve the equations of motion, incorporating the standard k� ε

turbulence model to capture turbulent flow. Uddin and Karim
(2017) used the same numerical scheme to study the influence of
the free surface on a NACA 4412 hydrofoil at a 5� Angle of Attack
(AoA) with different submergence depth ratios (SDRs) (defined as
the ratio of submergence depth to the hydrofoil chord length) in the
range 1 � SDR � 5. The results indicated that for this range, the lift
coefficient (CL) increases and the drag coefficient (CD) decreases
gradually with an increase in the SDR of the hydrofoil.

Limited experimental work has been carried out to investigate
flow around a hydrofoil near a free surface. Duncan (1983) per-
formed experiments on a NACA 0012 hydrofoil at a 5� AoA for
different submergence depths to study the induced free surface
waves and the associated breaking and non-breaking wave resis-
tance. Kouh et al. (2002) measured the free surface wave elevation
of a submerged NACA 4412 hydrofoil at a 5� AoA with Froude
number 1 and Reynolds number 2.79 � 105.

Previous studies on hydrofoils near the free surface, such as
these, have typically focused on hydrofoil performance and free
surface effects for small AoA (5�). The influence of the motion-
induced surface waves on the performance of a submerged hy-
drofoil at higher AoAs does not appear to have been studied. Here,
we experimentally and numerically investigate the performance of
a NACA 634-021 hydrofoil operating in close to a free surface at high
AoAs. Results indicate a new discovery that the motion-induced
surface waves may act to enhance the performance of the hydro-
foil at certain submergence depth at high AoAs, delaying stall and
increasing the lift coefficient. Numerical simulations provide flow
details which help to develop an understanding of the mechanism
for the observed enhancement. Performance characteristics of the
hydrofoil and the influence of the free surface effects for different
submergence depths with AoAs in the range 0� � AoA � 30� are
examined and compared. The phenomenon is different from the
wing in ground effect in that the foil is inverted with respect to the
free surface and the hydrofoil leads to distortion of the free surface.

The present work can be directly extended to some novel ap-
plications of foils, such as efficient propulsion and energy extrac-
tion of flapping foil systems (Filippas et al. (2018); Koutsogiannakis
et al. (2019); Shyy et al. (2010); Triantafyllou et al. (2000); Wu et al.
(2020)). Moreover, it has many practical aspects such as wave-
augmented main ship propulsion, augmentation of ship propul-
sion in waves and wave and tidal energy exploitation (Belibassakis
and Politis (2013); Filippas (2019); Filippas et al. (2020); Huxham
et al. (2012); Naito and Isshiki (2005); Politis and Tsarsitalidis
(2014); Wu et al. (2020); Zhu and Peng (2009)).
2. Experimental technique

The experimental hydrofoil model based on a NACA 634-021
profile was 3d printed (Fig. 1). The chord length is c ¼ 100mm, and
the span s ¼ 200mm. An 8 mm diameter hole was utilized to
connect the airfoil to the support structure at a point 0.4c from the
leading edge of the hydrofoil.

The experiments were conducted in a towing tank at Florida
Atlantic University’s SeaTech campus. The tank has a cross section
2

of 1.2 � 1.2 m2 (12c � 12c) and length of 14.6 m (146c). A schematic
of the setup for measurement of the steady lift and drag close to the
free surface is shown in Fig. 2. The water depth in the tank was set
to 0.55m (5.5c), and the hydrofoil was connected to a force trans-
ducer mounted on a tow carriage, actuated via a stepper motor
controlled by a laptop on the tow carriage. A data acquisition sys-
tem linking the force transducer and the laptop was used to record
the data. For data acquisition, NI 9237 (C Series Strain/Bridge Input
Module) was used. The NI-9237 includes all the signal conditioning
required to power and measure up to four bridge-based sensors
simultaneously. The module provides strain or load measurements
with zero inter-channel phase delay. The laptop was wirelessly
connected to a desktop computer used for monitoring the overall
experimental process through Wi-Fi Remote Desktop Connection
technology. A camera was mounted on the towing carriage directly
above the hydrofoil and used to monitor the experiments. The flow
Reynolds number was 105, based on 1 m/s maximum speed of the
tow carriage and the chord length. Here, the flow Reynolds number
is defined as

Re¼ rU∞c
m

(1)

where r is the density of the water around the hydrofoil, U∞ is the
speed of the hydrofoil and m is the dynamic viscosity of the water.

The hydrofoil was supported by a custom-designed structure
consisting of two fences and a horizontal beam as shown in Fig. 3.
The two fences were attached to the left and right ends of the hy-
drofoil to eliminate 3D effects. A 300 mm metric 8 mm (M8)
threaded rod was used to link the two fences and the preset hole of
the hydrofoil. A horizontal beamwith another 90 mmM8 threaded
rod was used to connect the two fences and a YGX-935 3-axis force
transducer with a range of up to 100 N. The total error is 0.5% of Full
Scale (FS). The nonlinearity is 0.5% FS. The rated output is 1 ± 10%
mV/V and the excitation is 5 V. As marked in Fig. 4, the submer-
gence depth h is defined as the distance between the center of the
preset hydrofoil hole and the free surface. The hydrofoil perfor-
mance for submergence depths of 0.5c, 1c, and 1.5c was examined.
The corresponding submergence depth ratio h/c and Froude

numbers Fn ¼ U∞=
ffiffiffiffiffiffi
gh

p
are listed in Table 2, where U∞ is the speed

of the hydrofoil (here U∞ ¼ 1 m/s) and g is gravitational accelera-
tion (here g ¼ 9.81 m/s2).

Before force measurements, the force transducer is calibrated
for lift and drag force using three known weights. The calibration
results are listed in Table 1. It is clear that for different knowing
weights, the force transducer errors for lift and drag force are
smaller than 0.5%.



Fig. 2. Laboratory experiment setup.

Fig. 3. Lift and drag force measurement setup.

Fig. 4. Submergence depth definition.

Table 1
Calibration results of the force transducer.

No. Knowing Weight Output Lift Output Drag

Mass (kg) Weight (N) Lift (N) Error (%) Drag (N) Error (%)

1 1 9.81 9.79 0.2% 9.77 0.4%
2 0.5 4.905 4.88 0.5% 4.89 0.3%
3 0.2 1.962 1.97 0.4% 1.96 0.1%

Table 2
Submergence depth ratios and Froude numbers.

Cases Submergence depth ratio h/c Froude number

1 0.5 1.427
2 1 1
3 1.5 0.824
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Angle of attack scale lines were marked on the fences. The AoA
can be manually adjusted. For each submergence depth, the AOA
was set from 0� to 30� in 3� increments for the forcemeasurements.
The measured forces were converted to lift and drag coefficients
using the following formula:
3

CL;D ¼ L;D
0:5rU2

∞cs
(2)

where L and D represent the lift and drag forces of the hydrofoil,
respectively; r is the density of the water around the hydrofoil. For
each AoA, the towing carriage was operated once with the process
of speeding up, reaching steady state (maintaining maximum ve-
locity 1 m/s), and slowing down shown as shown in Fig. 5. Steady
Fig. 5. Experimental data processing example.



Fig. 6. Flow diagram of experimental procedures.
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state was used for steady lift and drag measurements. Fig. 5 further
elucidates the experimental data analysis process. The blue line is
the raw measured force data of the force transducer. The green line
is the filtered data output from a low-pass filter that removes signal
bias. The red line is the average force transducer data which is the
mean value of the filtered data in the entire steady state. It was
recorded as the experimentally determined force data.

In the experiments, to eliminate an additional lift and drag
contribution on the support structure, the lift and drag forces of the
support structure alone were measured, then deducted from the
total lift and drag measured for the combination of the tested hy-
drofoil and the support structure.

The flow diagram shown in Fig. 6 summarizes the experimental
procedures.
Fig. 7. Computational domain.
3. Numerical simulation

3.1. Theoretical formulation

The numerical simulations employ the VOF approach proposed
by Hirt and Nichols (1981) for tracking and locating the free surface.
The VOF method allows identification of the surface wave induced
by the submerged hydrofoil moving close to the free surface of
water. The VOF formulation relies on the fact that two or more
fluids (or phases) are not interpenetrating. For each additional
phase added to the model, a variable is introduced: the volume
fraction of the phase in the computational cell. In each control
volume, the volume fractions of all phases sum to unity. The fields
for all variables and properties are shared by the phases and
represent volume-averaged values, as long as the volume fraction
of each of the phases is known at each location. Thus the variables
and properties in any given cell are either purely representative of
one of the phases, or representative of a mixture of the phases,
depending upon the volume fraction values (Hirt and Nichols,
1981).

For the present simulation, flowwith two phases (air and water)
was used. If a variable F is assumed to be the Volume Fraction (VF)
of water, for any cell, we have:

F ¼ 0 the cell is occupied by air.
F ¼ 1 the cell is occupied by water.
0< F <1 the cell contains the interface between air and water.
4

Thus, the density of the fluid at the interface is defined as:

rinterface ¼ rair � ð1� FÞ þ rwater � F (3)

and the governing equation of the VOF approach is given as:

DF
Dt

¼ vFðx; tÞ
vt

þ v,VFðx; tÞ ¼ 0 (4)

where x and v are, respectively, the position and velocity vectors of
an arbitrary cell in the computational domain.
3.2. Computational model for the hydrofoil influenced by free
surface effects

Numerical simulations are run with the 2D model of a NACA
634-021 hydrofoil profile (c ¼ 100mm). The computational domain
for the hydrofoil near a free surface is shown in Fig. 7. The lengths of
the inlet and outlet boundaries are both 8.5c; upper and lower
lengths are both 21c. Thewater depth is 5.5c. The hydrofoil is placed
at a distance 5c right from the inlet. The distance from the trailing
edge of hydrofoil to the outlet is 15c. Inlet and outlet boundary
conditions are selected to ensure a pressure inlet with 1 m/s uni-
form inflow for water, and pressure outlet with zero pressure. A no-
slip boundary conditionwas applied to the hydrofoil profile and the
lower bound. The boundary condition of the upper bound is
symmetric.

A C-grid topology (ANSYS, 2016) with approximately 50,000
structured quadrilateral elements was constructed for the
computational domain as shown in Fig. 8. The pink mesh



Fig. 8. Computational domain mesh.

Table 3
Mesh independency check.

Total elements Lift coefficient Drag coefficient

M1: 48,291 1.043 0.154
M2: 70,551 1.044 0.154
M3: 107,340 1.043 0.153

Fig. 10. Comparison of the present numerical result and experimental data of Kouh
et al. (2002) for the free surface wave profile.
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represents the air zone while the black mesh represents the water
field. The yellow line represents the free surface mesh constituted
by line elements. The free surface is the internal interface dividing
the two zones and is defined as INTERIOR boundary condition
(ANSYS, 2016) in numerical study. The mesh around the slotted
hydrofoil is finer than the others as shown in Fig. 8. A close-up view
of the mesh around the hydrofoil profile is illustrated in Fig. 9,
where more than 220 nodes were placed on the hydrofoil and the
mesh in the leading-edge regionwas refined. To accurately capture
the gradients in the boundary layer, a great number of grids were
placed near the hydrofoil’s outer surface.

The well-established finite volume flow solver ANSYS FLUENT
17.2 (ANSYS, 2016) was adopted to solve the steady-state RANS
equations. The VOF method has been used to determine the Free
Surface Effects (FSEs) of water. In using VOF method, open channel
flow involving the existence of a free surface between the flowing
fluid (water) and fluid above it (air) is considered. Open channel
flow is governed by the forces of gravity and inertia. The k� u SST
turbulence model has been implemented to capture turbulent flow
around the hydrofoil in the free surface zone at different submer-
gence ratios (h/c). The k� u SSTmodel can be used for lowReynolds
flow applications without extra damping functions. SST stands for
Shear Stress Transport; it mitigates the standard k� u model
problem which is very sensitive to inlet free-stream turbulence
properties. The k� u SST model also exhibits good behavior in
adverse pressure gradients and separated flow (Menter, 1992). The
Reynolds number was set to 105 following the experimental con-
ditions. The pressure-velocity coupling method was set as SIMPLEC
algorithm and a second-order upwind scheme was applied. The
yþ value on the hydrofoil surfacewas taken to be 1, consistent with
the requirement of the k� u SST turbulence model.

The current mesh scheme is confirmed by a preliminary test of
the mesh independence. Table 3 shows the values of lift and drag
coefficients at a 15� AoA for the submerged hydrofoil with h= c ¼ 1
as acquired in the solutions computed using the current mesh (M1),
a finer mesh (M2), and a further-refined mesh (M3). The results in
Table 3 indicate that the lift and drag coefficients of the hydrofoil
Fig. 9. Close-up view of the mesh around the hydrofoil.
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undergo almost no change when increasing the mesh size fromM1
to M3. Therefore, M1 is chosen for this study.

To further validate the present computational model in deter-
mining the influence of the free surface on the hydrofoil perfor-
mance, a NACA 4412 hydrofoil was simulated under the same
conditions as the experiment reported by Kouh et al. (2002). A
hydrofoil with chord length 200mm, velocity 1.4m/s, SDR 1, Froude
number 1, Reynolds number 2.79 � 105, and 5� AoA was used for
our computational model.

The comparison of the simulated result and experimental data
of Kouh et al. (2002) for the free surface wave profile is shown in
Fig. 10. It is evident from Fig. 10 that the simulated wave elevations
are in good agreement with the experimental wave elevations,
which suggests that the present numerical simulations can reliably
reproduce the flow features observed in the experiments.

For assessing the influence of the free surface waves on hydro-
foil performance, a baseline case is defined as a submerged hy-
drofoil with h/c ¼ 1, in the absence of a free surface. The
computational model for the baseline was set up to have the same
computational domain, boundary conditions, mesh scheme, and
computational method as for the cases with the hydrofoil in the
proximity of the free surface. The only difference is that the free
surface is replaced by a rigid surface (free-slip wall).

4. Results and discussion

Comparisons of the results of the numerical study and the ac-
quired experimental data on lift and drag coefficients and lift-to-
drag ratios for the hydrofoil influenced by the free surface effects
(h/c ¼ 1) at a Reynolds number of 105 are shown in Fig. 11. Nu-
merical results are in good agreement with the experimental data.
6� angle of attack was used as an example to show the convergence
history of lift and drag coefficients of the hydrofoil with FSEs
(shown in Fig. 12). It can be seen from Fig. 12 that lift and drag
coefficients of the hydrofoil with FSEs get converged after 2100



Fig. 11. Comparisons of the baseline and the hydrofoil influenced by free surface ef-
fects (h/c ¼ 1) on lift and drag coefficients and lift-to-drag ratios: (a) lift coefficients (b)
drag coefficients and (c) lift-to-drag ratios.

Fig. 12. The convergence history of lift and drag coefficients for the hydrofoil with free
surface effects at 6� angle of attack.
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iterations at this angle of attack.
The numerical results of the corresponding baseline are also

included in Fig. 11 to assess the apparent influence of the presence
of the free surface. The plot in Fig. 11(a) indicates that stall is
delayed by the presence of the free surface and its hydrofoil
induced surface waves. The baseline stalls at 18� AoA with an
abrupt drop of lift coefficient, but no stall takes place for the hy-
drofoil influenced by FSEs even at a very high (30�) AoA. Numerical
results indicate that the maximum lift coefficient of the hydrofoil
improves by 55% in the presence of motion induced FSEs. In
Fig. 11(b), comparison of the drag coefficient as a function of AoA
between the baseline case and the hydrofoil influenced by FSEs
shows that motion-induced FSEs lead to decrease in the drag co-
efficient for higher values of AoA, in the range 17� � AoA � 30�,
with the average decrease in this range being 19.3% based on nu-
merical simulations. In Fig. 11(c) lift-to-drag ratios of the hydrofoil
influenced by FSEs are smaller than for the baseline case for
0� � AoA < 17� due to the additional drag generated by FSEs at
these AoAs. However, for 17� � AoA � 30�, the hydrofoils with FSEs
have greater lift-to-drag ratios than for the baseline case. The
average improvement in lift-to-drag ratio in this range of values of
AoA due to the influence of the FSEs is 90% relative to the baseline.

To explore the underlying enhancement mechanism of motion-
induced FSEs at higher AoAs, the flow details for 15� and 30� AoAs
are examined. Contours of water Volume Fraction (VF) for the hy-
drofoil (h/c ¼ 1) influenced by FSEs at different AoAs are shown in
Fig. 13. The motion induced free surface wave profiles in Fig. 13 (a)/
(b), corresponding to AoA of 15� and 30� respectively show the
inception/fully developed wave breaking on the forward face of the
first wave downstream of the hydrofoil. For a breakingwave, a large
amount of wave energy is transformed into turbulent kinetic
energy.

The significant improvement in hydrofoil performance at higher
AoAs due to the motion induced FSEs is evident from Fig. 14 (a). For
the baseline case, separated flow covers three quarters of the suc-
tion surface at 15� AoAwhereas for the foil influenced by FSEs, flow
separation is almost suppressed. In comparing the two velocity
contours in Fig. 14 (a), it is seen that high velocity region on the
suction side of the hydrofoil influenced by FSEs is much larger than
that of for the baseline case due to the added contribution of the
motion-induced free surface waves, while velocity distributions on
the pressure sides of both hydrofoils are almost the same. As a
result, in view of Bernoulli’s principle (White, 2011), the hydrofoil
influenced by FSEs will exhibit greater pressure difference between
the pressure side and suction side than the baseline case, leading to
an observable higher lift coefficient at 15� AoA. Pressure drag is
lower for the case of the hydrofoil influenced by FSEs in view of the
effective suppression of flow separation. However, for drag coeffi-
cient curves in Fig. 11 (b) indicate that the drag coefficient of the
hydrofoil influenced by FSEs is still a little bit greater than that of
the baseline at 15� AoA. This may be attributed, for AoA � 15�, to
reduction in local speed, and associated flow Reynolds number,
induced by the presence of the free surface; in terms of potential
flow theory, the free surface effect for small AoA corresponds to
that induced by an “image” vortex, similar to the case of the ground



Fig. 13. Contours of water volume fraction for the hydrofoil (h/c ¼ 1) with free surface effects at different AoAs: (a) 15� and (b) 30� .

Fig. 14. Comparisons of the baseline and the hydrofoil influenced by free surface effects with respect to flow streamlines and velocity contours at different angles of attack: (a) 15�

and (b) 30� .
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Fig. 15. Comparisons of the baseline and the hydrofoil influenced by free surface effects with respect to pressure coefficient contours at different angles of attack: (a) 15� and (b)
30� .
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effect, but with the flow potential vanishing at the free surface.
In Fig. 14 (b) (AoA ¼ 30�), the entire suction surface of the

baseline is covered by separated flow, indicating a deep stall stage.
However, in the presence of a free surface, the separated flow is
confined to a small region through the action of the motion-
induced free surface wave. In comparing the two plots in Fig. 14
(b), flow velocity on the suction side of the hydrofoil influenced
by FSEs is greater than that of the baseline for this high AoA case.
High velocity flow increases the momentum of the boundary layer
on the suction side. The associated increase in downstream mo-
mentum results in suppression of flow separation and delay of stall.
As a result, at AoA ¼ 30�, there is, relative to the baseline case,
significant increase in the lift coefficient and a large decrease in the
drag coefficient through reduction in the pressure drag. Thus, the
results suggest that significant improvement in performance is
achieved due to the motion-induced FSEs at higher AoAs.

Comparisons of the baseline and the hydrofoil influenced by
FSEs with respect to pressure coefficient contours at different an-
gles of attack are shown in Fig. 15. Further comparisons of pressure
coefficient curves (Cp vs x/c) on the surfaces of the baseline and the
hydrofoil influenced by FSEs are shown in Fig. 16. In Figs. 15 (a) and
16 (a), it is evident that there is slight differences between pressure
coefficient distributions of the baseline and the hydrofoil influ-
enced by FSEs. It implies that effect of FSEs are not dominating at
15� AoA. However, in Figs. 15 (a) and 16 (a), obvious differences can
be found between pressure coefficient distributions of the baseline
and the hydrofoil influenced by FSEs. Fig. 16 (a) also indicates that
the encircled area of the pressure coefficient curve of the hydrofoil
influenced by FSEs is much greater than that of the baseline, which
8

means that FSEs have significant impact on pressure distribution at
30� AoA. This result provides first-hand explanations of why large
differences in lift and drag coefficients at 30� AoA can be found in
Fig. 11.

Comparisons of the experimentally determined lift and drag
coefficients, and lift-to-drag ratios of the hydrofoil for different SDs
are shown in Fig. 17. In Fig. 17 (a), for 0� � AoA < 17�, consistent
with other studies (Chen, 2012; Hu et al., 2018; Uddin and Karim,
2017), lift coefficients increase with the increase in SD. This trend
is also verified by the method of image (White, 2011) in potential
flow theory (see Appendix). For AoA � 17�, the lift coefficient
curves of the hydrofoils for each SD considered exhibit favorable
stall characteristics. For AoA < 27�, the lift coefficients of the hy-
drofoils at 1c and 1.5c SDs are much greater than that of the hy-
drofoil with 0.5c SD. In Fig. 17 (b), for AoA < 17�, the drag
coefficient for the hydrofoil at 1c SD exceeds that at 1.5c SD, which
is consistent with the numerical investigations of Uddin and Karim
(2017). Their studies report that the value of drag coefficient at h/
c ¼ 1 to be greater than that at h/c ¼ 2 for AoA ¼ 5�. For
AoA � 17� the drag coefficient of the hydrofoil at 1c SD is than
that at 1.5c SD. The hydrofoil with 0.5c SD exhibits the lowest drag
coefficient for the entire range 0� � AoA � 30� among the three
SDs considered. In Fig. 17 (c), lift-to-drag ratio curves of the hy-
drofoils with different SDs demonstrate the same trend as the lift
coefficient curves for 0� � AoA < 17�, the lift-to-drag ratio
increasing with increase in SD.

To provide visual comparisons of motion induced FSEs at
different SDs for AoA > 17�, flow details of a numerical study at
AoA ¼ 21� are examined for the hydrofoils at different SDs.



Fig. 16. Comparisons of the baseline and the hydrofoil influenced by free surface ef-
fects with respect to pressure coefficient vs x/c at different angles of attack: (a) 15� and
(b) 30� .

Fig. 17. Comparisons of the experimentally-determined lift coefficients, drag co-
efficients, and lift-to-drag ratios of the hydrofoil at different submergence depths: (a)
lift coefficients (b) drag coefficients and (c) lift-to-drag ratios.
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Streamlines in Fig. 18 exhibit that the size of the stalled cell de-
creases with decrease in SD from 1.5c to 0.5c. For 1.5c SD, the stalled
cell still covers 3/4 of the suction side of the hydrofoil. For 1c SD, the
stalled cell has almost disappeared except for a small amount of
separated flow near the trailing-edge. For 0.5c SD, the stalled cell is
completely removed through motion induced FSEs, which signifi-
cantly reduces the pressure drag. This suggests why the hydrofoil
with 0.5c SD exhibits the smallest drag coefficient at AoA ¼ 21�.
Velocity contours further indicate that the high velocity region on
the suction side of the hydrofoil at 1c SD is much larger than at
other SD, while the velocity distributions on the pressure side of the
three hydrofoils remain approximately invariant. The hydrofoil at
1c SD outperforms that at other SD in terms of the lift coefficient at
AoA ¼ 21� (Fig. 17 (a)). Thus, of the three SD cases considered, for
high AoA, stall is delayed most effectively for the case of 0.5c SD,
with correspondingly smallest drag coefficient, while maximum lift
coefficient is achieved for the case of 1c SD.
9



Fig. 18. Comparisons of the hydrofoils at different submergence depths on streamlines and velocity contour at 21� AoA: (a) 0.5c, (b) 1c and (c) 1.5c.
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5. Conclusions

Here a new finding that motion-induced FSEs can lead to
enhancement in the performance of a submerged hydrofoil at
shallow depths through delay in stall at high values of AoAs is
described. The finding is examined through both experimental
investigation and numerical simulation.

In the experiments, lift and drag of a NACA 634-021 hydrofoil
were measured while it moved close to a free surface at different
submergence depths at AoAs in the range 0� � AoA � 30� and at a
Reynolds number of 105. The experimental results show that all the
hydrofoils with FSEs at SDs from 0.5c to 1.5c exhibit delayed stall
characteristics.

For the numerical studies, the lift and drag coefficients and lift-
to-drag ratios of the baseline and the hydrofoil influenced by FSEs
at 1c SD were acquired and compared with the experiments. The
numerical results are in good agreement with the experimental
data, and indicate that the hydrofoil in the presence of free surface
effects has a 55% greater maximum lift coefficient, a 19.3% smaller
average drag coefficient, and 90% greater average lift-to-drag ratio
than the baseline case for 17� � AoA � 30�, but it is also observed
significant decrease of lift-to-drag ratio at lower angles of attack.

The flow details from the numerical simulation suggest that the
mechanism that appears to enhance the performance of the sub-
merged hydrofoil at certain submergence depth over the baseline
may be explained as follows. The motion-induced free surface
waves in the case of high AoAs produce high velocity flow which
increases the momentum of the boundary layer on the suction side,
resulting in suppression of flow separation and delay in stall. Flow
details at different SDs further reveal that of the cases considered,
10
the hydrofoil at 0.5c SD outperforms others over the baseline case
in terms of the impact of the free surface effects in delaying stall
and minimizing drag, while the case with 1c SD exhibits the
maximum lift coefficient of all the cases considered.
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