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a b s t r a c t

For a sailing ship, the frictional resistance exerted on the hull of ship is due to viscous effect of the fluid
flow, which is proportional to the wetted area of the hull and moving speed of ship. This resistance can
be reduced through air bubble lubrication to the hull. The traditional way of introducing air to the wetted
hull consumes extra energy to retain stability of air layer or bubbles. It leads to lower reduction rate of
the net frictional resistance. In the present paper, a novel air bubble lubrication technique proposed by
Kumagai et al. (2014), the Winged Air Induction Pipe (WAIP) device with opening hole on the upper
surface of the hydrofoil is numerically investigated. This device is able to naturally introduce air to be
sandwiched between the wetted hull and water. Propulsion system efficiency can be therefore increased
by employing the WAIP device to reduce frictional drag. In order to maximize the device performance
and explore the underlying physics, parametric study is carried out numerically. Effects of submerged
depth of the hydrofoil and properties of the opening holes on the upper surface of the hydrofoil are
investigated. The results show that more holes are favourable to reduce frictional drag. 62.85% can be
achieved by applying 4 number of holes.
© 2017 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

For ship travelling in the water, total resistance on the sub-
merged hull includes wave making resistance and viscous resis-
tance. Wave making resistance is caused by consumed energy used
to generate wave because of the motion of ship. The frictional
resistance is one part of viscous resistance besides pressure dif-
ference and resistance from eddies formation and separation. It is
caused from viscosity of water and the motion of ship.

As a ship speeds up or at high Reynolds number (Re), the flow
becomes more turbulent and the thickness of the boundary layer
increases. Thus the shear stress acting on the wetted surface of the
hull becomes higher which causes an increase in frictional resis-
tance (Molland et al., 2011). Magnitude of frictional resistance is
determined by viscosity of water, wet area of the hull and speed of
ship. About 60% propulsion power provided by burning quantities
of fuel is possible to be used to overcome the frictional resistance
(Butterworth et al., 2015). Gas emissions such as SOx and NOx from

burning fossil fuels causes air pollution and greenhouse effect.
Scientists and naval architects have explored numerous practical
techniques in order to reduce frictional resistance and thereby
improve burned fuel efficiency. Air lubrication method has been
proved to be much effective through model test (Sinha and
Architechture, 2016). Bubble-mixed flow is formed in the near-
wall region of a turbulent boundary layer by injecting air to the
wetted surface of the hull (Elbing et al., 2008; M€akiharju et al.,
2012; Murai et al., 2007). Theoretically, reduction rate of frictional
resistance should be proportional to the distribution area of air
bubbles in the turbulent boundary layer. Therefore, it is vital
important to retain the continuity of bubbles in a long distance of
the near-wall region in the downstream after the injecting point
(Elbing et al., 2008). Formation of bubbles can be achieved through
electrolysis of water (McCORMICK and Bhattacharyya, 1973) or
using compressor and porous media (Bogdevich et al., 1977).
However, these methods consume extra energy, thus their advan-
tages are lost in term of net reduction rate of drag.

A novel device Winged Air Induction Pipe (WAIP) was invented
by Kumagai et al. (2010, 2015). In this technique, a device is
installed on the surface of the wetted hull as shown in Fig. 1(a). It
includes hydrofoil, air chamber, and air induction pipe (Fig. 1 (b)).
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As ship is moving, the negative pressure over the upper surface of
the hydrofoil is formed, and the pressure is lower than the hydro-
static pressure in the depth of WAIP device (Kumagai et al., 2015).
So the air is naturally sucked and flowing through the pipe to the
wetted hull surface. As presented in Fig. 1(c), plenty of bubbles are
formed in the downstream of the hydrofoil owning to Kelvin
Helmholtz instability which happens at the interface of multi-
phase flows with different flow speeds in the turbulence condi-
tion. For the lower draft ship, the device needn't consume extra
energy and air compressor is not necessary because the WAIP de-
vice can utilize the kinetic energy of the moving ship to capture air.
In the sea trial conducted by Murai, et al., 10% fuel was saved by
installing this kind of device (Murai et al., 2010). Recently, experi-
mental investigation has been done on the WAIP device applied to
the actual ships (Kumagai et al., 2010). Drag reduction rate is about
10e15%, which also depends on the ship size, number of WAIP
devices, and involving compressor or not.

However, the WAIP device as shown in Fig. 1 requires opening
holes on the surface of the hull for installation of air chamber. Air
compressor has to be applied in the condition of deeper draft to
pump air to the bottom of the hull. In case of too high pressure
caused by compressor, air canwrap the hydrofoil, and leads to even
high drag on ship. A novel air lubrication technique is proposed by
Kumagai et al. (2014) to overcome the drawbacks of the traditional
WAIP device. The opening holes are on the upper surface of the
hydrofoil instead of the hull surface as shown in Fig. 2. The air can
be introduced to the upper surface of the hydrofoil through an air
induction pipe as arranged in the experiment by Kumagai et al.
(2014). Another option could be that the hydrofoil acts as air
chamber with both ends in spanwise exposed to the air. The
detailed techniques won't be addressed here since they are not a
main concern of this study. This device is applicable to the available
shipwithoutmodification to the hull. To understand drag reduction
mechanism and maximize its performance, parametric study is
performed with validated numerical method in this study. This
preliminary investigation could provide a clue to better understand
underling mechanism of drag reduction and the feasibility of the
present WAIP device.

The paper is organized as follows: Section 2 briefly introduces
the numerical method used to predict multiphase flow and capture
evolution of the free surface. The Reynolds Averaged Navier-Stokes
equations (RANS) are solved on the unstructured grid to obtain

approximation of the multiphase flow. The Volume of Fluid (VOF)
method is used to capture evolution of the free surface. The open-
source CFD toolbox OpenFOAM is used to discretize derivatives in
the governing equations and to obtain the numerical solution of the
multiphase flow and free surface. Section 3 describes validation of
the present numerical method and predicts the performance of the
WAIP device on its reduction rate of the frictional resistance. Effects
of submerged depth of the hydrofoil, diameter of the hole, position
of the hole, and number of holes on the formed air layer and drag
reduction are investigated numerically. Section 4 summarizes the
conclusion of this study.

2. Numerical method

A number of solvers are available in the fully developed open-
source CFD toolbox OpenFOAM for some specific problems of
fluid mechanics. The package interFoam is used in the present
study to solve the multiphase flow and evaluation of the free sur-
face with VOF method.

2.1. Velocity field and tubulence model

Three-dimensional (3D), transient, viscous, incompressible, and
two-phase immiscible fluid flow is numerically solved by dis-
cretizing RANS equations,

V$U ¼ 0 (1)

vrU
vt

þ V$
�
rUUT

�
¼ �Vp* þ V$ðmVUÞ þ V$ðrtÞ þ S (2)

where U ¼ ðux þ uy þ uzÞ is the velocity vector. t is time. V is vector
differential operator. p* is relative pressure. r and m are fluid
properties the density and the dynamic viscosity, respectively. t is
Reynolds stress tensor for turbulence flow. Closure of the turbu-
lence model for t is k-u Shear Stress Transport (SST) (Menter, 1993;
Menter et al., 2003). The turbulence kinetic energy k and specific
dissipation rate u are estimated from the boundary condition of
turbulence quantities turbulence intensity I and length scale l
(ANSYS Fluent User guide),

k ¼ 3
2
�
UavgI

�2 (3)

u ¼ k
1 =

2

C
1 =

4
m l

(4)

where Cm is constant and is equal to 0.09, Uavg is the averaged ve-
locity. S in Eq. (2) is the source termwhich includes body force and

Fig. 1. (a) The WAIP device installed on the surface of the hull, (b) side view of the device air chamber and pipe, and (c) cross-sectional view of the WAIP device and its working
principle (Kumagai et al., 2015; Takahashi, 2012).

Fig. 2. The hydrofoil with opening hole on the upper surface (Kumagai et al., 2014).

J. Zhang et al. / International Journal of Naval Architecture and Ocean Engineering 10 (2018) 629e643630



interfacial force Fs in the present study:

S ¼ rg þ Fs (5)

2.2. Interface solver

Interface of multiphase flow is implicitly captured by VOF
method on the fixed grid. A review on this method was given by
Scardovelli and Zaleski (1999). VOF method has the advantage of
superior volume or mass conservation of each fluid over other
methods, for example, level-set method (Liu et al., 2009, 2011).
Additionally, the evolution of the interface is computed on the fixed
grid instead of the dynamic grid, so the grid distortion problem is
avoided. In the VOF method, a function z is introduced to represent
the discontinuous volume fraction and is defined for each grid cell
throughout the whole computational domain. Values of z fall be-
tween 0 and 1. Its value is 1 for cells occupied by phase 1 and
0 otherwise. The interface lies within the grid cells with values of
0< z <1. The evolution of the interface of a multiphase flow system
is governed by the advection equation (Afkhami and Renardy,
2013):

vz

vt
þ ðU$VÞz ¼ 0 (6)

Eq. (6) can be also derived as

vz

vt
þ V$ðUzÞ ¼ 0 (7)

V$ðUzÞ ¼ ðU$VÞz since V$U ¼ 0. In Fig. 3, it shows a typical dis-
tribution of the function z. The geometrical reconstruction method
with linear is used to identify position of the interface in the
computational domain, which assumes interface has a linear slope.

To solve convection term in Eq. (7), the challenge is to guarantee
the physical volume fraction distribution and the sharpness of the
interface. The used lower order scheme can smear the interface due
to the numerical diffusion, while the higher order scheme can lead
to numerical oscillations. In the reference (Rusche, 2003), an arti-
ficial compression term is added to Eq. (7) to alleviate interface
smearing problem. The new advection equation can be written as,

vz

vt
þ V$½Uz� þ V$½Urzð1� zÞ� ¼ 0 (8)

where U ¼ zU1 þ ð1� zÞU2 is a weighted averaged velocity vector.
Ur ¼ U1 � U2 is the relative velocity vector. Subscripts 1 and 2
represent phase 1 and phase 2, respectively. An artificial
compression term V$½Urzð1� zÞ� ¼ 0.

The local fluid properties the density r and the dynamic vis-
cosity m across the interface are calculated by formulas,

r ¼ r1zþ r2ð1� zÞ (9)

m ¼ m1zþ m2ð1� zÞ (10)

Fluid properties are assumed to be constant for each phase.
Gradient takes place at the interface region.

The pressure jump across the interface contributes the interfa-
cial force which is the source term in the momentum Eq. (2). The
interfacial force is calculated using Continuum Surface Force (CSF)
model (Brackbill, 1992; Liu et al., 2011; Rusche, 2003):

Fs ¼ �skdn (11)

k ¼ �Vn; n ¼ V∅
jV∅j (12)

s is constant interfacial tension. k is curvature, n is the unit normal
to the interface, ∅ is normal distance to the interface, and
dð x!� x!f Þ is delta function that is zero everywhere except at the
interface (Liu et al., 2009). The CSF model treats the interfacial
tension to be continuous across a finite thickness interface. Inter-
facial force is treated as a body force acting on the interface in this
model. It is typically applied in the low Weber number (Brackbill,
1992; Deshpande et al., 2012). In the present study, both capillary
number andWeber number are less than 1. It is the interfacial force
mainly dominant the solution. It is crucial to accurately obtain the
solution of volume fraction z as it determines value of interface
curvature, and thereby the interfacial force. Small error may accu-
mulate to significant error of the interface properties, consequently
divert the solution of Eqs. (1) and (2). The accuracy of the
approximated interface is quite sensitive to the grid resolution.
Normally, the finer grid, the more accurate the interface solution.
But the accuracy of solution sacrifices the CPU cost and computa-
tional time. In the present numerical simulation, the experimental
results are used to verify the grid resolution and the present nu-
merical method.

2.3. Discretization method

The governing Eqs. (1), (2) and (8) are written in a form of
standard transport equation which can be discretised with FVM
(finite volume method) (Versteeg and Malalasekera, 2007). They
are solved simultaneously on the same fixed grid system. Thus,
extra dynamic grid is alleviated to deal with complicated trans-
portation and deformation of the interface. Therefore, the
computing storage and CFU costs are dramatically reduced. In the
present study, Two-dimensional (2D) solution is obtained to
describe physical phenomenon. So a pseudo-3D mesh was gener-
ated using commercial software ICEM CFD with only one element
thickness in the z-direction of the Cartesian coordinate system. The
first order Euler implicit differencing scheme is used for temporal
discretization. Time step is self-adaptive based on maximum Cou-
rant number CFL <0.5 in order to ensure stability and convergence
of the computing iteration. Pressure-velocity coupling is handledFig. 3. Distribution of volume fraction function z.
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with the Pressure Implicit with Splitting of Operators (PISO)
method for transient flows.

3. Numerical results and discussion

3.1. Validation of the numerical method on multiphase flow

Non-breaking wave produced by a steady horizontally moving
hydrofoil in a water towing tank is used to validate the present
numerical method for solving multiphase flow problem. Associated
experiment has been conducted by Duncan in a towing tank that is
24 m long, 61 cm wide and 61 cm deep (Duncan, 1983). The hy-
drofoil profile is NACA0012 with a chord c ¼ 20.3 cm and an angle
of attack a ¼ 5�, which is submerged 18.5 cm deep (0.91c). The
hydrofoil span is 60 cm with a gap of 2e5 mm between the hy-
drofoil edge and the tank sidewall along the towing distance. 2D
effect were obtained with such small gap in the experiment as
stated by Duncan. Therefore, a two-dimensional numerical simu-
lation is sufficient to capture elevation of the free surface in the
same experimental conditions. The towing speed of the hydrofoil is
0.8 m/s. But in the numerical simulation, the hydrofoil is stationary
and water is moving instead based on relative motion theory.
Froude number is less than one and non-breaking wave is produced
due to disturbance of hydrofoil. The computational domain is 5c in
the upstream and 10c in the downstream. x/c ¼ 0 is the centre of
the hydrofoil, and y/c ¼ 0 is the initial level of the still free surface
which is 4c away from the upper boundary as shown in Fig. 4(a). It
has to be pointed out that the distance between the hydrofoil and
the tank bottom is 17.5 cm in the experiment, but this distance is
121.8 cm (6 c) in the simulation as did in another reference (Lyu

et al., 2015). This is to guarantee the convergence of the
computing iteration. As illustrated in Fig. 4(a), velocity inlet
boundary condition is applied in the inlet, and pressure outlet
boundary condition is applied in the outlet. Symmetry boundary
condition is specified for both upper and lower boundaries. No-slip
condition is applied on the solid wall of the hydrofoil. In the inlet,
turbulence intensity is 1% and turbulence length is 1 c. The hybrid
grid was generated in the computational domain, that is, the
rectangle grid was created in the vicinity of the free surface and the
triangle grid was created in the remaining domain as shown in
Fig. 4(b).

Grid independence study was firstly carried out in order to
obtain grid converged solution of the free surface dynamics. Three
grids were considered: M0 ¼ 105693, M1 ¼ 179994, and
M2¼ 319697. Fig. 5(a) shows normalized free surface elevation. It is
clear that the results of M0 and M1 are identical except the last
wave crest. By comparing with the experimental results (Duncan,
1983), a good agreement is achieved in term of wave length,
about 2c. However, the wave amplitude decreases faster for the
second and third crests of the experimental results than that of the
CFD results. This could be the influence of the tank bottom in the
model test as mentioned by Duncan (1983). The hydrofoil is 17.5 cm
above the tank bottom. The resistance of the floor could exhaust
part of wave energy and lead to a faster damped wave. On the
contrary, the influence of the floor bottom is eliminated in the CFD
simulation as the hydrofoil is 121.8 cm far from the lower boundary
where the symmetry boundary condition is applied (Fig. 4 (a)).
Thus, wave amplitude is still relatively higher after the first crest in
the numerical results as shown in Fig. 5 (a). Coefficient of lift (CL) of
the hydrofoil versus number of grid cells is plotted in Fig. 5(b). The

Fig. 4. (a) Computational domain, free surface, and boundary conditions, and (b) zoomed in view of computational grid used in the CFD simulation.
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flow is responsible for the pressure difference which accounts for
the lift and drag on the hydrofoil. The difference between grids M0
and M1 is less than 2%. Therefore, grid M0 is fine enough to carry
out numerical simulation on the multiphase flow system with the
hydrofoil involved.

To further validate the accuracy of grid M0 and the associated
numerical method, other two different incoming flow speeds U
were simulated further, namely 0.6 m/s and 1.0 m/s. The corre-
sponding Reynolds numbers Re are 1.2 � 105 and 2 � 105, respec-
tively. Here, Re is defined as,

Re ¼ rUc
m

(13)

The obtained normalized wave length was compared with the
experimental results as shown in Fig. 6. There is maximum 5.5%
difference at a speed of 0.6 m/s, which further proves that grid M0
and the present numerical method are effective in capturing free
surface and sufficient to be used in the following WAIP numerical
investigation of another multiphase flow system.

3.2. WAIP device

3.2.1. Problem description and parametric study
In this section, numerical simulation was performed to inves-

tigate reduction rate of drag of the WAIP device. Hydrofoil profile
NACA653618was employedwith a chord c¼ 40mmand an angle of
attack a ¼ 12�. Its distance to the plate is h. The opening hole is on
the upper surface of the hydrofoil. A schematic of the WAIP device
and 2D computational domain are illustrated in Fig. 7. The
computational domain is 55 c long and 25 c high. Water is flowing
from the left to the right with a speed of 1 m/s corresponding to
Re ¼ 0.4 � 105. Velocity inlet and pressure outlet conditions are
applied to the inlet and outlet, respectively. The upper right corner
of the domain is the air outlet with the pressure of 49.05 Pawhich is
equivalent to the plate submerged 5 mm deep in the water. In the
inlet, turbulence intensity is 1% and turbulence length is c. Un-
structured triangle grid is generated throughout the computational
domain and fine grid is used around the hydrofoil as shown in
Fig. 8. The same numerical method stated in section 2 was used to
obtain solution of multiphase flow system. It is assumed that there
is no air pressure loss at the opening hole where static gauge
pressure 0 Pa is applied in the present study. The simulation of the
air flow inside hydrofoil is neglected. So the whole hydrofoil is solid
body. To obtain the air pressure loss, 3D simulation is recom-
mended in order to simulate air flowing through the air induction
pipe as arranged in the experiment by Kumagai et al. (2014). This
can be future research. The aim of 2D case study in the present
paper will focus on the effect of properties of the opening holes on
mechanism of drag reduction and associated underlying physics of
the air lubrication method. 2D case can give a qualitative trend of
drag reduction and narrow down research parameters for WAIP
optimization.

Parametric study was performed with different submerged
depth of the hydrofoil h (0.1375c, 0.15c, 0.1875c, 0.25c, 0.5c),
diameter of the opening hole (0.025c, 0.05c, and 0.075c), its
different positions as shown in Fig. 9, and number of holes (1, 2, 3,
4). Case study matrix and numerical results are tabulated in Table 1.
Drag coefficient is defined as CD ¼ F=ð0:5rU2SÞ, where F is the
frictional drag on the downstream plate, the incoming flow speed
U ¼ 1 m/s, and S is the reference area, namely c in the present two-
dimensional case. Frictional drag is due to viscous shear stress. Drag
coefficient is a function of Reynolds number and roughness of the
plate surface in the present turbulent flow as Re ¼ 0.4 � 105. Wall
function was applied in the CFD simulation to treat near-wall
sublayer instead of creating very fine mesh near the wall region.
This treatment can save computational time without significant
scarifying the accuracy of the solutionwhich has been proved in the
validation case as given in Fig. 5 (b). For case 17 without the hy-
drofoil, CD is 0.1295, the highest one over all the cases. DCD is the
relative reduction rate of dragwith respect to case 17, and is defined
as drag coefficient difference between with and without hydrofoil
divided by drag coefficient without hydrofoil.

In order to have a blind study of the WAIP device, case 1 was
studied firstly. The air pressure at the opening hole is static gaugeFig. 6. Wave length versus different incoming flow speeds.

Fig. 5. Numerical results with different numbers of grid cells compared to the
experimental results: (a) free surface propagation; (b) coefficient of lift.
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pressure 0 Pa. The hydrofoil is placed 0.375 c below the plate. One
opening hole H4 with 0.025 c in diameter was considered (Fig. 9).
Numerical results of VOF are shown in Fig. 10. The red region rep-
resents water and the blue region represents air, VOF ¼ 0.5 is the
air-water interface obtained with interface reconstruction algo-
rithm. At the angle of attack a ¼ 12�, negative pressure region is
formed above the upper surface when the hydrofoil is moving in
the water. So the air layer is formed from the hole due to greater
pressure difference between inside and outside the hole as illus-
trated in Fig. 10. It was observed that the bubbles were shedding
frequently from tail of the air layer with a period of 0.05 s.

Instantaneous VOF results within one period is shown in Fig. 11. In
this process, shear stress drives the air layer to grow while the
interface resists this growth until bubbles are formed. The formed
bubbles shed off from the tail of the air layer and travel to the
downstream, which is attributed to the strong turbulence fluctua-
tion as shown in Fig. 12. Effective bubbles rise into the turbulent
boundary layer of the plate wall due to buoyancy. This leads to 20%
reduction rate of drag in this case. The air volume flow rate Q
through the pipe is 4.25 � 10�4 m3/s as given in Table 1. Here,
Q ¼ vD, v is averaged velocity of air flow, D is the diameter or the
length of the hole in the present two-dimensional case. It is

Fig. 9. Schematic view of different positions of the holes.

Fig. 7. Schematic view of the hydrofoil and the computational domain used in the WAIP device simulation.

Fig. 8. Zoomed in grid around the hydrofoil.
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assumed to be 1 m in the z-direction of the Cartesian coordinate
system. The influence of characteristics of the WAIP device on the
reduction rate of drag will be explored in the following sections.

3.2.2. Effect of depth of the hydrofoil
Numerical results of VOF by varying submerged depth of the

hydrofoil h (0.15 c, 0.1875 c, 0.25 c, 0.375 c, 0.5 c) are presented in
Fig. 13. Applied flow conditions are the same as case 1 in the nu-
merical simulation. As shown in Fig. 13(a), if the gap between the
hydrofoil and the plate is very narrow, it is unfavourable for bubble
formation due to high interfacial force and viscous force and low
initial force. It prevents the air lay from breaking. Only few bubbles
are visible in the downstream. When the gap is increased to
h ¼ 0.1875 c (Fig. 13(b)), the initial force increases high enough to
overcome the constraints of the interfacial force and the viscous
force. Plenty of bubbles break-off in the effect of the Kelvin-
Helmholtz instability due to high shear near the interface. As
shown in Fig. 13(b), the plate surface is covered by many large
bubbles. In this situation, reduction rate of drag reaches the highest
as presented in Fig. 14, the trend of Q and DCD versus different h.
When the hydrofoil is moved further deep, the total initial force
increases with h, and the interfacial force is not high enough to
resist breaking, then the bubbles break-off more frequently and
bubble size becomes smaller (Fig. 13(c)). Almost all bubbles rise to
the turbulent boundary layer due to buoyancy in the downstream.

However, in contrast to the situation of h¼ 0.1875 c, both Q andDCD
decrease at h ¼ 0.25 c as shown in Fig. 14. When h ¼ 0.1875 c, the
hydrofoil is close enough to the plate and the formed bubbles can
immediately enter the turbulent boundary layer. But at h ¼ 0.25 c,
the formed bubbles require a certain travelling distance before
entering the turbulent boundary layer, which is ineffective to
reduce drag. When h ¼ 0.375 c and 0.5 c, the formed bubbles
become much smaller and irregular. Most bubbles already cannot
reach plate surface as initial force is high enough to drive bubbles
move straightly rather than rise to the plate surface. As a result, the
drag reduction rate DCD is dramatically reduced as shown in Fig. 14.
But the air flow rate is consistant for h ¼ 0.375 c and 0.5 c.

Distribution of wall shear stress in the downstream of the plate
is shown in Fig. 15. The relative lowest value is at h¼ 0.1875cwhere
reduction rate of drag is maximized as depicted in Fig. 14. It is the
contribution of the air bubble lubrication as aforementioned
reason. When h ¼ 0.25c, wall shear stress is slightly higher than
h ¼ 0.1875c but lower than h ¼ 0.15c, 0.375c, and 0.5c. So drag
reduction is still efficient. In a word, lower wall shear stress leads to
higher reduction rate of drag and lower drag on the plate.

3.2.3. Effect of diameter of the hole
Three different diameters of the hole were considered D¼ 0.025

c, 0.05 c, and 0.075 c. Submerged depth of the hydrofoil is 0.375 c.
Numerical results of VOF are shown in Fig. 16. Air bubbles are

Table 1
Numerical results of parametric study on the submerged depth of the hydrofoil h and the properties of the holes.

Case h/c D (nun) Hole Q (�10�4) (m3/s) CD (plate) DCD (%)

1 0.375 0.025c H4 4.25 0.1030 20.23
2 0.15 1.83 0.0954 26.33
3 0.187 5 8.33 0.0754 41.78
4 0.25 6.31 0.0765 40.93
5 0.5 4.27 0.1130 12.74
6 0.375 0.05c 4.65 0.1024 20.93
7 0.075c 5.18 0.1024 20.93
8 0.025c H1 3.10 0.1080 16.60
9 H2 3.99 0.1011 21.93
10 H3 4.10 0.1025 20.85
11 H5 4.0 0.1044 19.38
12 H6 3.70 0.1089 15.91
13 H7 5.78 0.1010 22.01
14 H2, H4 9.53 0.0816 36.98
15 0.375 0.025c H2, H4, H6 1.57 0.0580 55.20
16 H2, H4, H6, H7 1.97 0.0481 62.85
17 / / / / 0.1295 /

Fig. 10. Contour of volume of fluid of case 1.

J. Zhang et al. / International Journal of Naval Architecture and Ocean Engineering 10 (2018) 629e643 635



shedding from tail of the air layer when D ¼ 0.025 c. In Fig. 17, it
shows that air volume flow rate is linearly proportional to the size
of the hole, the blue curve. However, reduction rate of drag has only
0.7% improvement (the orange curve) when diameter of the hole
increases from 0.025c to 0.075c. Although more bubbles are

generated with enlarged D, less ones enter the turbulent boundary
layer. Fig. 18 shows the normal velocity in the outlet of the opening
hole. The air speed increases after x/D > 0.6 for D¼ 0.025 c and 0.05
c because of the higher shear stress in the downstream. But reverse
flow occurs for D ¼ 0.075 c.

Fig. 11. Instantaneous VOF results within one period of bubble formation.

Fig. 12. Contour of turbulence intensity of case 1.
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Distribution of wall shear stress on the plate in the downstream
is shown in Fig. 19. There is no significant difference for the
different diameters of the opening holes. This is consistent with
only 0.7% increase of reduction rate of drag with increase of the

diameter from0.025c to 0.075c as shown in Fig.17.Wall shear stress
is still high between x/c¼ 5 and 20, in contrast to Fig. 15 wherewall
shear stress is reduced to about 10 N/m2 at h ¼ 0.1875c and 0.25c,
the situation of the highest reduction rate of drag.

Fig. 13. Results of volume of fluid by varying submerged depth of the hydrofoil: (a) h ¼ 0.15 c; (b) h ¼ 0.1875 c; (c) h ¼ 0.25 c; (d) h ¼ 0.375 c; (e) h ¼ 0.5 c.

Fig. 14. Air flow rate and reduction rate of drag at different submerged depth of the hydrofoil.
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3.2.4. Effect of the position of the opening hole
Effect of different positions of the opening holes on reduction

rate of drag of the WAIP device is studied in this section, the case
8e13 (Table 1). Positions of the holes are indicated in Fig. 9. VOF
results are shown in Fig. 20. The holes H1 to H3 are positioned in
the region of lowest pressure (Fig. 22). So more air can be sucked
into this region and reduction rate of drag is fairly higher as shown
in Fig. 21. However, not many formed bubbles are visible in the VOF
results of Fig. 20 (a)e(c). It could be the formed bubbles are too
small to be captured or are invisible soon because of numerical
diffusion. For the holes near the trailing edge of the hydrofoil, air
layers from the holes become bigger (Fig. 20 (d)e(g)). However, in
Fig. 21, it shows that the volume flow rate of the air is reduced from
H4 to H6. It could be attributable to the high negative pressure near
trailing edge of the hydrofoil as presented in Fig. 22, where the
variable pressure p_rgh represents subtraction of static pressure

and hydrostatic pressure. The water flow speed at the positions of
H4-H6 is lower than that of H1-H3. Thus big bubbles can be formed.
For case H7, both air flow rate and drag reduction rate increase
again significantly. The vortices near the trailing edge are indicated
in the red curve region in Fig. 23. Air can be driven by the vortices to
move out from the hole easily. In a conclusion, the hole near the
trailing edge of the hydrofoil could enhance drag reduction.

3.2.5. Effect of number of the opening holes
Numerical results of VOF with different number holes are given

in Fig. 24. Number of the formed bubbles increases with number of
holes. Especially for 3 and 4 holes (Fig. 24(c) and (d)), the plate
surface is covered by plenty of bubbles in the turbulence boundary
layer. Fig. 25 shows that both air flow rate and reduction rate of
drag almost linearly increase together with number of opening
holes.

Fig. 15. Distribution of wall shear stress of the plate at the different submerged depth of the hydrofoil.

Fig. 16. Numerical results of volume of fluid with different diameters of the opening hole: (a) D ¼ 0.025 c; (b) D ¼ 0.05 c; and (c) D ¼ 0.075 c.
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Fig. 17. Air flow rate and reduction rate of drag with different diameters of the opening hole: (a) D ¼ 0.025 c; (b) D ¼ 0.05 c; and (c) D ¼ 0.075 c.

Fig. 18. Normal velocity at the opening hole position.

Fig. 19. Distribution of wall shear stress on the plate for different diameters of the opening holes.
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4. Conclusions

The present paper numerically investigated a novelWAIP device
for possible use on the hull of ship. The open source CFD toolbox
OpenFOAM was employed to do parametric study. The RANS
equations and VOF method were used to solve multi-phase flow
and precisely capture air-water interface. The numerical results
were validated with the published experimental results. A good

agreement proves the accuracy of the present numerical method on
the calculation of the air-water interface evolution. After that,
parametric study was carried out to investigate the WAIP device
about the effect of the submerged depth of the hydrofoil and
properties of the opening holes on reduction rate of drag. The un-
derlying physical was explored numerically based on fluid dy-
namics. It is found that reduction rate of drag has the similar trend
as the air flow rate. Bubble-mixed flow in the region of the

Fig. 22. Pressure distribution in the flow field without holes on the upper surface of the hydrofoil.

Fig. 23. (a) Velocity vector around the hydrofoil with the opening hole at H7 and (b) zoomed in view of the region near the opening hole.
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turbulent boundary layer is able to benefit drag reduction. The
numerical results reveal that reduction rate of drag significantly
depends on the submerged depth of the hydrofoil and number of
the opening holes on the upper surface of the hydrofoil. 62.85%
reduction can be achieved with 4 holes. The hole near the trailing
edge can also enhance drag reduction. It has to be pointed out that
the specific position of the hole should depend on the angle of
attack of the hydrofoil to achieve optimal DCD. Effect of diameter of
the hole H4 is negligible. For future research, 3D simulation is
recommended to further study effect of the size of hole at different
positions and explore the air pressure loss at the opening hole.

Declaimer

The conclusions drawn in this paper reflect the views of those of
authors and not those of the institutions within organizations.
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