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a b s t r a c t

To investigate the morphology characteristics of air layer in the air cavity, a numerical method with the
combination of RANS equations and VOF two-phase-flow model is proposed for a plate with air cavity.
Based on the model above, the dynamic and developmental process of air layer in the air cavity is
studied. Numerical results indicate that the air layer in the plate's air cavity exhibits the dynamic state of
morphology and the wavelength of air layer becomes larger with the increasing speed. The morphology
of air layer agrees with the Froude similarity law and the formation of the air layer is not affected by the
parameters of the cavity, however, the wave pattern of the air layer is influenced by the parameters of the
cavity. The stable air layer under the air cavity is important for the resistance reduction for the air layer
drag reduction.
© 2018 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Over the past few decades, the Air-Cavity Ship (ACS) concept has
been researched as one of the most promising concepts for
reduction of the friction drag on ships and to reduce CO2 emissions.
For a large low-speed ship, the arrangement of air cavity is an
important way to the resistance reduction design by air layer
(Butterworth et al., 2015; Kumagai et al., 2015; Murai, 2014; Park
et al., 2016; Ahmadzadehtalatapeh and Mousavi, 2016).

A large number of experimental studies have been carried out
(M€akiharju et al., 2012; Slyozkin et al., 2014; Kawakita et al., 2011;
Matveev, 2015). At the same time, more attention is paid to the
numerical calculation of ship resistance reduction by the air layer.
For the high-speed bubble vessel, the two-dimensional and three-
dimensional linear theories were developed to simulate the resis-
tance reduction effect by Butuzov et al. (Butuzov, 1967, 1994),
whose result showed that there was a limit length of air layer if the
ship was advancing with a uniform speed and the air layer could
not theoretically remain the stable state if air layer length exceeded
the limit one. To explore the air layer behaviors at the ship bottom,
the boundary element method and UN-RANS (Unsteady Reynolds

Averaged Navier-Stokes equation) method were proposed by Choi
et al. (Choi et al., 2007; Choi and Chahine, 2010), whose numerical
method is used to establish trends of the total resistance and its
dependence on the Froude number and the numerical results were
inclusive of the ship wave resistance, viscous resistance and the
influence regularity of air layer distribution. Direct Numerical
Simulation method was applied to simulate the unsteady air layer
shape of bottom-stepped ship by Kim et al. (Kim and Moin, 2010),
whose numerical result agreed well with the experimental data. Of
particular note is that the Direct Numerical Simulation method is
too time-consuming to ship form optimization for the ejected-air
resistance reduction research. On the basis of the experiment for
a large flat plate, numerical study was carried out to the air layer
performance by M€akiharju et al., 2013a, 2013b, which indicated
that the porosity ratio at the ship bottom exerted great influence on
the resistance-reduction rate. By using a singularity distribution
method, the waveform of air layer at the three-dimensional plate
air cavity was explored by Matveev et al. (Matveev, 2010), whose
focus was primarily on the air layer characteristics by the air cavity
shape at ship bow and wedged plate angle before the stepping.

The study of the above scholars is mainly concerned with the
calculation method of the drag reduction of the air layer, and the
formation and overflow process of the air layer in the air cavity are
simplified greatly, which makes the research result have the limi-
tation. In order to further understand the physical characteristics of
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the air morphology in the bottom of the large bubble vessel, this
paper a numerical method is proposed based on the RANS equation
and VOF model in present paper. Further, the dynamic and devel-
opmental process of air layer in the bottom air cavity is analyzed in
detail. According to the present study, the morphology difference
between the two-dimensional and three-dimensional air layers is
made clear and the similarity law of air layer morphology is
revealed definitely.

2. Numerical simulations

2.1. Calculation model

The studied object is a flat plate in present study. Fig.1 illustrates
the general view of the plate with air cavity, whose principal
dimension is 8.19m� 1.71m� 0.06m. The air cavity is arranged at
the bottom of the flat plate, whose length Lh is¼ 7.59m andwidth B
is 1.70m, the depth of air cavity is h. The distance from the plate's
bow to the air cavity is 0.3m and the depth of air cavity is changing
over the course of present study. A slope structure with back angle
13.13� is set at the aft air cavity. The area ratio between the air
cavity and plate bottom is 0.921 and the area ratio between the air
cavity and wetted area of the plate is 0.461.

2.2. Governing equation of viscous flow

In this study, the resistance of the plate was simulated by the
RANS based codes of the commercial software FLUENT. RANS
equation is the governing equation for the kinematical and hy-
drodynamic problem of viscous flow, which is mainly inclusive of
the continuity equation and momentum equation. The specific
formulas of the two equations can be written as following.
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Where r is the fluid density, m is the fluid viscosity, p is the static
pressure, fi is the mass force at unit, dij is the unit tensors, u0i is the
pulse of ui and ui is the velocity component of x direction
respectively.

2.3. Numerical calculation methods

Based on previous research by Wu et al., 2016a, 2016b, in pre-
sent paper, the turbulence model is chosen as the RNG k-ε model
and the flow pattern of the air layer is solved by the VOF model.
Using the VOF model can effectively simulate the air-liquid strati-
fied flow formed at the bottom cavity of the plate. The VOF model
relies on the fact that the two fluids, air and liquid do not inter-
penetrate each other in each control cell. The sum of the volume
fractions of air and liquid is one. At this point, as long as the volume
fraction of different components in the local cell is known, the
parameter values of the flow field in the cell can be obtained. The
density and viscosity in the transportation equation can be cor-
rected by using the volume fraction. The turbulent kinetic energy
equation and the volume fraction equation for the air and water are
expressed below.
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Where mt ¼ rCmk
2=ε, Pk ¼ mtS2, S ¼
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p
Sij, Sij ¼ 0:5ðvui=vxj þ

vuj=vxiÞ, Rε ¼ Cmrh3ð1� h=h0Þε2=kð1þ bh3Þ, h ¼ Sk=ε, Cm ¼ 0:0845,
h0 ¼ 4:38, b ¼ 0:012, C

ε1 ¼ 1:42, C
ε2 ¼ 1:68, turbulent number for

k and ε are sk ¼ 1:39, sε ¼ 1:3. aq and y!q is the volume fraction,
density and velocity of the q phase respectively. In addition, Saq is
the source item, _mpq is the mass transformation from p phase to q
one and _mqp is the mass transformation from the q phase to p one.
Visualization of the air-water interface was achieved by the set
reconstructing method, specific related parameters can refer to
user guide for FLUENT (Ansys-FLUENT, 2017).

2.4. Boundary conditions and meshes

The accuracy of numerical computation is strongly dependent
on the mesh quality. It is very important to choose a suitable size of
domain firstly, which affects the solution accuracy and calculation
cost. Too large domain will increase the computational time and
cost. On the other hand, a small domain would adversely influence
the solution. Fig. 2 shows the numerical mesh and boundary con-
ditions for the three-dimensional flat plate with air cavity. Based on
the two-phase flow theory, the boundary conditions of present
problem are set as follows. The inlet is 0.6 times plate length, which
is corresponding to the velocity-inlet boundary condition. The
distance is 1.4 times plate length from the plate's aft to the outlet,
which is set as the outflow boundary condition. The top, bottom
and side surface of the computational domain are all free slip wall
boundary condition.

The air injection is located at the bow part of the air cavity and
the air is ejected towards the air cavity bottom vertically. In the
calculation, the water and air are set to incompressible fluid. Due to
the continuous supply of air, the air-liquid stratified flow formed at
the bottom cavity of the plate. As the air flows to the tail of the
cavity, the air is spilled due to buoyancy of air bubble. In order to
accurately capture the stratified flow of air-liquid, the three-
dimensional domain is discretized by the structured grid andFig. 1. Plate with air cavity.
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refined in the region within 0.5m distance from the plate bottom.
The interpolation is used to transfer the mass or energy between
the refined area and external flow field. The total number of mesh is
about 1.6 million. Time step adopted in each simulation is 0.0025 s,
the governing equations are discretized by a second order upwind
scheme, and the coupling of speed and pressure is the SIMPELC
algorithm. In the process of convergence accuracy of 10�4 calcula-
tion, the flow field in the non-air injection state is first solved. After
the flow field is stabilized, the air injection is opened and injected
into the air until a stable air layer formed.

3. Verification and validation for CFD simulation

The uncertainty analysis method proposed by Stern (Stern et al.,
2006), which was used to evaluate the uncertainty of the numerical
calculation results and verify the reliability of the numerical
calculation method.

Dimensionless parameters in present study are mainly the
Froude number Fr and air-flow coefficient Cq, which are defined as
following:

Fr ¼ Vffiffiffiffiffi
gL

p (6)

Cq ¼ Q
Vbh

(7)

Where g is the gravity acceleration, L is the length of plate, h is the
air cavity depth, b is the air cavity width, V is the flow velocity and Q
is the air flow respectively.

Total resistance reduction ratio h and friction resistance reduc-
tion rate hf are defined as following.

h ¼ Rair with cavity � Rwithout air and cavity

Rwithout air and cavity
(8)

hf ¼
fwithout air and cavity � fwith air and cavity

fwithout air and cavity
(9)

Where Rwithout air and cavity is the total resistance without ejected air
and bottom air cavity, Rair with cavity is the total resistance with
ejected air and bottom air cavity, fwithout air and cavity is the friction
resistance without ejected air and bottom air cavity and
fwith air and cavity is the friction resistance with ejected air and bot-
tom air cavity respectively.

3.1. Verification

A verification study was carried out to assess the numerical
uncertainty USN. A situation that the air layer completely covered
the bottom of the plate were selected for the verification study
when Fr¼ 0.173 Cq¼ 0.112 and B¼ 0.2Lh, the verification parame-
ters are the total resistance reduction ratio h and the percentage
that area covered by air layer under the plate 2air .

For the selected numerical calculation conditions, the verifica-
tion process includes the verification of the convergence of the grid
and the convergence of the time step. The grid convergence study
was carried out on a small time step t¼ 1/400 with three calcula-
tions in which the grid size was systematically coarsened by a
uniform refinement ratio of rG¼

ffiffiffi
2

p
in each direction, while the

time step convergence study was carried out with a time step
refinement ratio of rT¼

ffiffiffi
2

p
on the fine grid. Themedium and coarse

mesh was generated by changing the base size of grid according to
the mesh refinement ratio. Meanwhile, the size of prism layers
around the plate was kept fixed, so the values of y plus on the plate
surface remained the same for different mesh configurations. The
majority of y plus on the plate are between 15 and 30 as shown in
Fig. 3. The final coarse, medium and fine grid numbers are illus-
trated in Table 1. The final coarse, medium and fine meshes around
the mid plate are shown in Fig. 4.

The results of the grid and time step convergence studies are
shown in Tables 2 and 3, rG is the grid ratio, S1、S2 and S3 represent
the numerical results of fine grids, medium grids, and coarse grids.
RG is the convergence factor of numerical results in the mesh
convergence study. SC is the corrected simulation value d* is the
corrected value. UC is the corrected uncertainty.

As shown in Tables 2 and 3, monotonic convergence was ach-
ieved for h and 2air . The grid uncertainty UG(5.12%) and the time
step uncertainty UT(3.84%) are relatively large for the 2air , however,
these values reduce to 2.62% and 2.11% respectively, when the
corrected uncertainties UGC and UTC are estimated. The time step
uncertainties UT for h and 2air are generally smaller than those of
the grid uncertainties UG, which implies that the numerical results
are relatively more sensitive to the grid resolution.

3.2. Validation

In order to evaluate the numerical results, a comparison with
the results of experiment is carried out. Fig. 5 shows the compari-
son of air layer shape under the bottom cavity of the plate between
numerical calculations and experimental conditions at Fr¼ 0.173
and Cq¼ 0.112. In the Fig. 5, (a) is the experiment result (Hao, 2017),
(b) is the interface of air-water and (c) is the volume fraction of air
under the plate. It can be seen that the air layer can cover the cavity
at the bottom of the plate both in the numerical calculation and
test, which indicate that VOF model can simulate the shape of air
layer effectively.

Fig. 6 provides a comparison of the calculated and the experi-
mental of the plate's drag reduction with bottom air layer at

Fig. 2. Meshes and boundary conditions.

Fig. 3. Y plus distribution on the plate surface.
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Fr¼ 0.173. It can be seen that the drag reduction effect of the flat
plate with air layer by the VOF model can be accurately predicted,
with the maximum error within 4%. Therefore, validity of this nu-
merical method is approved. On the basis of the confirmation of the
numerical calculation method, the following numerical calculation
uses the fine mesh.

4. Characteristics of air layer

Fig. 7 illustrates the air layer evolution in the air cavity of plate at
the condition of Fr¼ 0.207, Cq¼ 0.148 and h¼ 0.46%Lh. If the air is
ejected to the bow part of air cavity, a local air layer is quickly
formed at the air injection, which is slowly propagating backwards.
With the continuing ejection of air, the air layer extends to the aft
air cavity and the average thickness of air layer is gradually
increasing. At the same time, the interface of air layer shows the
obvious form. If the air layer in the air cavity remains stable, some
air would overflow from the end of air cavity.

Fig. 8 gives the stable state of air layer shape in the air cavity, in
which hw is the wave height, l is the wave length and d is the
thickness of air layer respectively. The thickness of air layer is

Table 1
Grids for mesh convergence study.

Mesh Configuration Base size (m) Grid number(million)

Fine 1 1.64
Medium 1.414 1.12
Coarse 2 0.79

Fig. 4. Meshs around the middle section of plate.

Table 2
Results of grid convergence study.

Parameter rG Fine (S1) Medium (S2) Coarse (S3) RG d*Gð%S1Þ U*
Gð%S1Þ U*

GCð%S1Þ SC EFD(D)

h
ffiffiffi
2

p
0.302 0.308 0.299 0.756 0.153 0.73 0.46 0.308 0.319

2air
ffiffiffi
2

p
0.998 0.989 0.986 0.735 �0.532 5.12 2.62 12.833 1

Table 3
Results of time step convergence study.

Parameter rT dt1 (S1) dt2 (S2) dt3 (S3) RT d*T ð%S1Þ U*
T ð%S1Þ U*

TC ð%S1Þ SC EFD(D)

h
ffiffiffi
2

p
0.302 0.302 0.293 0.751 �0.21 0.64 0.24 0.301 0.319

2air
ffiffiffi
2

p
0.998 0.976 0.985 0.762 �0.53 3.84 2.11 12.873 1

Fig. 5. Comparison of air layer shape between numerical calculations and experimental at Fr¼ 0.173 and Cq¼ 0.112.
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defined as the distance from the ceiling of the cavity to the mean
free surface level. From the figure below, the interface of air layer
firstly goes downward, then extends backward with the sinusoidal
shape and forms a closed cavity at the aft of the air cavity. There-
fore, the lower surface of the air cavity is completely isolated from
the water flow.

The three-dimensional air layer in the air cavity at the condition
of Fr¼ 0.173, Cq¼ 0.029 and h¼ 0.46%L is demonstrated in Fig. 9.

Ejected air for a long time would lead to a long air layer. At the
action of incoming flow, the air layer fluctuates backward, covers
the whole bottom surface and spillovers from the end of air cavity.

Fig. 10 shows the wave pattern of air layer in the air cavity at
Fr¼ 0.173. From the figure below, there are obvious coherence
phenomena of air layers with the action of interference and
reflection effects at the side walls of air cavity and the whole wave
pattern is symmetric about the central lateral plane of the air cavity.

At the condition of Fr¼ 0.147e0.207, the wave pattern of air
layer in the air cavity is given as Fig. 11. The coherent wave pattern
of air layer is related to the velocity of incoming flow. With the
increasing of velocity, the coherence phenomena are gradually
obvious. In addition, the secondary superposition of coherent wave
pattern is forming if the air layer reflects from the side walls of air
cavity.

Figs. 12e15 illustrate the wave-pattern comparison between the
two-dimensional and three-dimensional air layers at different
incoming flow velocity. The origin in these figures is the initial
position of the air layer, which is corresponding to the bottom edge
of the stepped bow air cavity. za/h is the ratio of wave amplitude to
air layer depth and X/Lh is the ratio of the air layer length to the air
cavity length. It can be seen that the three-dimensional air layer at
central lateral plane of the air cavity is different from the two-
dimensional one. For the interference and reflection effects of
wave pattern, the average wave height of three-dimensional air
layer is lower than the two-dimensional one. The positions of first
crest and trough are relatively forward to the bow part of air cavity
for the three-dimensional air layer. The wave height of two-
dimensional air layer is gradually decreasing along the flow di-
rection. However, the average wave height of three-dimensional air
layer would increase at the aft air cavity due to the reflection and
superposition effects. The three-dimensional coherence phenom-
ena of air layer morphology and variation curve of wave height at
the central lateral plane of the air cavity are shown in Fig. 16.

The transversal section of air layer in the air cavity at Fr¼ 0.173
is demonstrated in Fig. 17, where X/Lh is the relative position of the
transversal section in the flow direction. Section 1 and section 2

Fig. 6. Comparison of air layer drag reduction between numerical calculations and
experimental at Fr¼ 0.173.

Fig. 7. Evolution of air layer in the air cavity.

Fig. 8. Stable state of air layer shape in the air cavity.

Fig. 9. Three-dimensional air layer in the air cavity at saturation air injection and
Fr¼ 0.173.
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correspond to the first trough and crest of the air layer respectively.
Section 3 is the position of side-wall reflection and section 4 shows
the last trough of air layer. The red part is the air layer, because the

air layer is very thin, the outline of the air layer is enlarged and
shown by the blue lines for the transverse wave. From Figs. 16 and
17, the first trough of air layer protrudes outside the air cavity and
the first crest depresses inward. Additionally, the air layer thickness
is changing in the width direction, which exerts little impact on the
property of long air layer.

5. Similarity law of the air layer

Fig. 18 shows the air layer shape at the condition of
Fr¼ 0.153e0.180 and h¼ 0.46%Lh. With the increasing velocity of
incoming flow, the air layer wavelength in the air cavity is getting
larger and the first crest of air layer gradually moves backward.

Fig. 19 illustrates the variation of average wavelength lwith the
velocity of incoming flow (average wavelength here is the average
value of the wavelengths except the first wave and last one). From
the figure below, l is increasing with the increasing velocity of
incoming flow. The relationship between l and V2 can be obtained
by the linear regression, whose result is shown as formula (10).

l ¼ 0:636V2 (10)

According to the wave theory for the surface ship, the wave
length can be expressed as following.

l ¼ 2p,Fr2,L ¼ 2p
g
,V2z0:636V2 (11)

From the formula above, the variation of the air layer wave-
length is basically the same as that of ship generated wave.

According to formula (11), the stable wavelength of air layer
must meet the following relationship for two geometrically similar
air cavities, which are indicated by the subscripts 1 and 2

l1 ¼ 2p
g
,V1

2 ¼ 2p,Fr1
2L1 (12)

Fig. 10. Wave pattern of air layer in the air cavity at Fr¼ 0.173.

Fig. 11. Wave pattern of air layer in the air cavity at different velocity.

Fig. 12. Comparison of 3D and 2D wave patterns at Fr¼ 0.147.

Fig. 13. Comparison of 3D and 2D wave patterns at Fr¼ 0.173.

Fig. 14. Comparison of 3D and 2D wave patterns at Fr¼ 0.187.

Fig. 15. Comparison of 3D and 2D wave patterns at Fr¼ 0.207.
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l2 ¼ 2p
g
,V2

2 ¼ 2p,Fr2
2L2 (13)

If Fr1 equals to Fr2, then

l1
l2

¼ L1
L2

(14)

According to formula (14), the average wavelengths of air layers
in the two geometrically similar air cavity meet the geometric
similarity at the identical Froude number.

The wave patterns of air layers in three kinds of scaled air cavity
are calculate by the viscous flow method. The lengths of the air
cavity are 7.59m, 15.18m and 30.36m, which are corresponding to
the scale ratio a¼ 1, 2 and 4. The initial condition is Fr¼ 0.173 and
Cq¼ 0.112 for the original plate. The numerical results of air layer
parameters and the conversion results by geometric similarity law
are listed in Table 4 when the dimensionless air-flow coefficient Cq
is identical. From the table below, the air layer parameters by the
viscous flow method and the wave-pattern data in terms of geo-
metric similarity are basically consistent with the error less than 1%
if the air cavity dimension is magnified by several times.

Fig. 20 demonstrates the non-dimensional wave patterns of air
layer at different scale ratios. It can be concluded that the air layer
wave patterns are basically the same with the identical Fr and Cq in
the geometrically similar air cavity. Fig. 21 shows the air layer shape
in similar air cavity with different scale ratios (To show the air layer
clearly, the longitudinal lengths of air cavity are reduced as 1/5 in
size and the depth direction unchanged). From the Fig. 21, it can be

Fig. 16. 3D coherent waveform and variation curve of wave height at the central lateral
plane of the air cavity at Fr¼ 0.173.

Fig. 17. Transversal section of air layer at several longitudinal locations for Fr¼ 0.173.

Fig. 18. Typical air layer shape at different velocity of incoming flow.

Fig. 19. Variation of average wavelength with the velocity of incoming flow.
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seen that the air layer morphology in similar air cavity are almost
identical and the wave pattern parameters meets the geometric
similarity law well.

6. Effect of air cavity parameters on air layer morphology

6.1. Width of the air cavity

The influence of wave pattern by the air cavity width at
Fr¼ 0.187 and Cq¼ 0.029 is illustrated in Fig. 22, in which B/Lh
represents the ratio between the air cavity width and its length. If B/
Lh is from 0.05 to 0.2, there is always a stable air layer, which in-
dicates that B/Lh exerts little influence on the formation of air layer.
However, B/Lh has great impact on the air layer forms. If the ratio B/
Lh is relatively small, the number of air layer reflection would in-
crease in the air cavity. Additionally, the number of crests and
troughs would also increase because of the interference and
reflection at the side walls of air cavity.

Fig. 23 shows the influence of B/Lh on the wave pattern at the
central lateral plane of the air cavity, which indicates that the form
of air layer would intensify with the increasing B/Lh.

The influence of average wave height at the central lateral plane
by the air cavity width is shown in Fig. 24, inwhich hw/h is the ratio
between the average wave height and air cavity depth. From the
Fig. 24, the air layer wave height would decrease with the longi-
tudinal partition arrangement and the small air cavity width, which
is advantageous to the air layer stability.

Fig. 25 illustrates the variation of air layer thickness with the air
cavity width, where d is the thickness of air layer and h is the air
cavity depth. From the Fig. 25, it is obvious that air layer thickness
fluctuates slightly with the increasing air cavity width for the
variation range of d/h is 0.85e0.95, which implies that the air cavity
width exert little influence on the air layer thickness.

6.2. Depth of the air cavity

Fig. 26 shows the air layer distribution in the different depths of
air cavity at Fr¼ 0.187 Cq¼ 0.124 and B¼ 0.2Lh. For the depth range
in present simulation, the air layer can cover up the whole air
cavity. Of particular note is that the ejected air mainly overflows
from the aft part of air cavity. If the air cavity depth is relatively
small (h¼ 0.13%Lh), part of air would overflow from the first trough
position. When the air flow rate is fixed, the spillover of the air is
different, which leads to the difference in the shape of the air layer
in the cavity. This difference inwave patternsmay also be caused by
different pressure in the cavity. The work remains to be studied and
verified in the future.

Fig. 27 demonstrates thewave pattern of air layer at longitudinal
section in center plane of different depth air cavity at Fr¼ 0.153
Cq¼ 0.42 and B¼ 0.2Lh. Obviously, the air cavity depth has great
influence on thewave pattern andwave height of the air layer. If the
air cavity depth is relatively small, there is a large trough in the
front of air cavity and the wave height decreases rapidly. If the air
cavity depth increases, the air layer exhibits the stable wave pattern
and the wave height gradually decreases along the longitudinal
direction. However, the wave height at some position would in-
crease because of the combined action of local reflection and

Table 4
Air layer parameters in different scaled air cavity.

Scale ratio a¼ 1 a¼ 2 a¼ 4

Viscous flow method Viscous flow method Conversion result Error Viscous flow method Conversion result Error

Average wavelength (m) 1.653 3.330 3.305 �0.75% 6.671 6.611 �0.90%

Fig. 20. Non-dimensional wave patterns in different scaled air cavity at the same Fr
and Cq.

Fig. 21. Air layer wave patterns in different scaled air cavity.

Fig. 22. Influence of B/Lh on the wave pattern in the air cavity.

Fig. 23. Influence of B/Lh on the wave pattern at central lateral plane.
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superposition.
The change of the average wave height at longitudinal section in

center plane with the air cavity depth is shown in Fig. 28, where hw

denotes the average wave height. It is obvious that the average
wave height hw is increasing with the air cavity depth firstly and
then decreasing gradually. Therefore, there is a maximum for the
wave height hw.

Fig. 29 illustrates the variation of air layer thickness with the air
cavity depth at longitudinal section in center plane of the cavity, in
which d is the average thickness of air layer. As it can be seen that
the ratio of average thickness to air cavity depth is greater than 0.8,
which indicates that most area of the air cavity is filled with the
ejected air. h/L¼ 0.001 corresponds to d=h ¼ 1.004, which implies
that the small-depth air cavity is completely filled with air and
some air is easy to overflow form the air cavity sides. With the
increasing air cavity depth, d=h is gradually decreasing and the
ejected air is limited in the internal air cavity, which is advanta-
geous to the anti-interference ability of air layer.

7. Mechanism of air layer drag reduction

The total resistance of the model consists of two parts, frictional

Fig. 24. Influence of air cavity width on the average wave height at longitudinal sec-
tion in center plane of the cavity.

Fig. 25. Influence of air cavity width on air layer thickness at longitudinal section in
center plane of the cavity.

Fig. 26. Influence of air cavity depth on the air layer distribution.

Fig. 27. Influence of air cavity depth on the wave height at central lateral plane.
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resistance and residual resistance. Through numerical calculations,
we can obtain the total resistance and frictional resistance of the
model, and the residual resistance can be obtained by subtracting.
When calculating no air cavity, set the depth of cavity to zero.
Fig. 30 shows the variation of total resistance with the advancing
speed for the flat plate with no air cavity, with the air cavity and no
ejected air and with both the air cavity and saturated air flow rate.
Compared to the plate with no air cavity, the total resistance of the
plate with air cavity is relatively larger for the no air-ejecting state
and dramatically smaller for the air-ejecting state.

Fig. 31 illustrates the change of the absolute drag reduction in
the air-injection state and the added resistance in the no air-
injection state. For the air cavity with no ejected air, the added
resistance is about 16%e20% calmwater one but changes little with
the increasing speed of flat plate. For the air cavity with saturated
air flow rate, the absolute resistance reduction rate is up to 30%,
which is varying very little with the increasing speed.

The friction resistance of flat plate with and without the ejecting
air is shown in Fig. 32. Fig. 33 illustrates the changing situation of
the friction resistance reduction rate at the condition of saturated

air flow rate. From the figures below, saturated air flow rate at the
bottom air cavity leads to the stable air layer and the reduction of
friction resistance, whose rate is up to 45%e50%. The friction
resistance reduction rate here is comparable to the area ratio be-
tween the air cavity and wetted area of the plate (46.1%), which
indicates that the air layer can significantly reduce the friction
resistance of the air cavity.

Fig. 34 illustrates the variation of plate's residual resistance with
the advancing speed. As a matter of fact, the viscous pressure
resistance is the main part of residual resistance at the no air
ejecting condition. Fig. 35 demonstrates the change rule of the
increase of residual resistance with the advancing speed at the no
air ejecting condition, in which DRv=Rv is the ratio between the
increase of residual resistance caused by the air cavity and the re-
sidual resistance of the bare plate. From the two figures below, it is
obvious that the residual resistance is relatively large if the air is not
ejecting at the air cavity. In the air-ejecting state, the residual
resistance seems relatively low, which is still greater than that if the
air cavity is not arranged. A possible reason is that the air layer is
leading to the increase of wavemaking resistance.

By combining all the analysis results above, the resistance
reduction mechanism by air layer lies in that the friction resistance

Fig. 28. Influence of air cavity depth on average wave height of air layer.

Fig. 29. Influence of air cavity depth on average thickness of air layer.

Fig. 30. Influence of bottom air cavity and air layer on the total resistance of flat plate.

Fig. 31. Change of added resistance and absolute resistance reduction rate.

Fig. 32. Influence of air cavity and ejected air on friction resistance of plate.

Fig. 33. Influence of velocity on the friction resistance reduction rate by air layer.
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is dramatically reduced if the air is ejected into the air cavity at the
large flat bottom of low-speed ship form. The wavemaking resis-
tance of the ship may be increasing at the action of air layer form,
which also exerts some impact on the residual resistance.

8. Conclusions

Based on the RANS equations and VOF two-phase flow model,
present work is focused on the dynamic development, morphology
property and resistance-reduction mechanism of air layer in the air
cavity bottom. New findings and conclusions are summarized as
follows:

(1) Air layer in the air cavity presents the morphology charac-
teristics. With the increasing speed, the wavelength of air
layer increases and the first crest position moves backward.
There are coherent waves at the sidewalls of air cavity for the
interference and reflection of air layer, which lead to the
change of air layer wave height and local thickness.

(2) Themorphology of air layer agreeswith the Froude similarity
law. With the identical Fr and identical Cq, the wave pattern
of air layer is basically consistent in the geometrically similar
air cavity. That is to say, the wave pattern of air layer and its
parameters all satisfy the geometric similarity.

(3) The width and depth of air cavity exert little impact on the
formation and development of air layer. However, the wave
pattern, wave height and thickness of air layer are greatly
influenced by the width and depth of air cavity. If the air
cavity width is increasing, the average wave height at the
central lateral plane of air cavity would increase. Small width
of air cavity is advantageous to reduce the form and improve
the stability of air layer. The average wave height of air layer

increases firstly and then decreases if the air cavity depth is
increasing. Therefore, there is a maximum value corre-
sponding to the average wave height. Additionally, the ratio
between the average thickness of air layer and air cavity
depth gradually decreases and flatten out at last with the
increasing air cavity depth.

(4) Mechanism of air layer resistance reduction is that the stable
air layer at the bottom air cavity is beneficial to reduce the
friction resistance and even form resistance of the flat plate.

Acknowledgments

This research is supported by the Ministry of Industry and High
Technology Marine scientific research projects (Grant No.2011530)
and the High PerformanceMarine Technology key laboratory of the
Ministry of Education open fund (Grant No.2013033102).

References

Ahmadzadehtalatapeh, M., Mousavi, M., 2016. A review on the drag reduction
methods of the ship hulls for improving the hydrodynamic performance. Int. J.
Marit. Technol. 4, 51e64.

Ansys-FLUENT, 2017. User Guide FLUENT Version 17.0.
Butterworth, J., Atlar, M., Weichao, S., 2015. Experimental analysis of an air cavity

concept applied on a ship hull to improve the hull resistance. Ocean. Eng. 110,
2e10.

Butuzov, A.A., 1967. Artificial cavitation flow behind a slender wedge on the lower
surface of a horizontal wall. Fluid Dynam. 3, 83e87.

Butuzov, A.A., 1994. Three-dimensional linearized problem of flow around a plan-
ning artificial cavity ship. In: Problem of Ship Hydrodynamics. Krylov SPI,
St.Peterburg.

Choi, J.K., Chahine, G.L., 2010. Numerical study on the behavior of air layers used for
drag reduction. In: 28th Symposium on Naval Hydrodynamics Pasadena,
California.

Choi, J.K., Hsiao, C.T., Chahine, G.L., 2007. Numerical studies on the hydrodynamic
performance and the startup stability of high speed ship hulls with air plenums
and air tunnels. In: Ninth International Conference on Fast Sea Transportation
FAST2007, Shanghai, China, pp. 476e484.

Hao, W., 2017. Experimental Study and Numerical Analysis of Air Layer Drag
Reduction on Large Displacement Ships. Naval University of Engineering.

Kawakita, C., Takano, S., et al., 2011. Experimental investigation of the behavior of
injected air on the ship bottom and its influence on propeller. J. Jpn. Soc. Nav.
Archit. Ocean Eng. 12, 43e50.

Kim, D., Moin, P., 2010. Direct numerical study of air layer drag reduction phe-
nomenon over a backward facing step. In: Center for Turbulence Research
Annual Research Briefs, pp. 351e363.

Kumagai, I., Takahashi, Y., Murai, Y., 2015. Power-saving device for air bubble gen-
eration using a hydrofoil to reduce ship drag: theory, experiments, and appli-
cation to ships. Ocean. Eng. 95, 183e194.

M€akiharju, S.A., Perlin, M., Ceccio, S.L., 2012. On the energy economics of air
lubrication drag reduction. Int. J. Nav. Architect. Ocean Eng. 4, 412e422.

M€akiharju, S., Perlin, M., Ceccio, S.L., 2013. Time resolved X-ray densitometry for
cavitating and ventilated partial cavities. Int. Shipbuild. Prog. (60), 471e494.

M€akiharju, S., Ceccio, S.L., et al., 2013. Time-resolved two-dimensional X-ray
densitometry of a two-phase flow downstream of a ventilated cavity. Exp. Fluid
54 (7), 1561.

Matveev, K.I., 2010. Transom effect on the properties of an air cavity under a flat-
bottom hull. Ships Offshore Struct. 7 (2), 143e149.

Matveev, K.I., 2015. Hydrodynamic modeling of semiplaning hulls with air cavities.
Int. J. Nav. Architect. Ocean Eng. 7, 500e508.

Murai, Y., 2014. Frictional drag reduction by bubble injection. Exp. Fluid 55 (7), 1773.
Park, H.J., Oishi, Y., et al., 2016. Void waves propagating in the bubbly two-phase

turbulent boundary layer beneath a flat-bottom model ship during drag
reduction. Exp. Fluid 57 (12), 178.

Slyozkin, A., Atlar, M., et al., 2014. An experimental investigation into the hydro-
dynamic drag reduction of a flat plate using air-fed cavities. Ocean. Eng. 76,
105e120.

Stern, F., Wilson, R., Shao, J., 2006. Quantitative V&V of CFD simulations and cer-
tification of CFD codes. Int. J. Numer. Meth. Fluid. 50 (11), 1335e1355.

Wu, Hao, Dong, Wencai, Ou, Yong-peng, 2016. Numerical method investigation of
drag reductionwith air layer at bottom of ship. J. Nav. Univ. Eng. 28 (03), 70e75.

Wu, Hao, Ou, Yong-peng, Dong, Wencai, 2016. Numerical study of method of flat
plate viscous flow field with bubble. Ship Sci. Technol. 38 (15), 47e51.

Fig. 34. Influence of advancing speed on residual resistance of plate.

Fig. 35. Influence of advancing speed on the increment of residual resistance.

W.U. Hao, O.U. Yongpeng / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 510e520520




