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Abstract

The reduction of CO2 emissions has been a key target in the marine industry since the IMO's MEPC published its findings in 2009. Air
lubrication method is one of the mature technologies for commercialization to reduce the frictional resistance and enhance fuel efficiency of
ships. Air layer is formed by the coalescence of the injected air bubbles beyond a certain air flow rate. In this study, a model ship (l ¼ 33.33) of a
50,000 ton medium range tanker is equipped with an air lubrication system. The experiments were conducted in the 100 m long towing tank
facility at the Pusan National University. By selecting optimal air injector configuration and distribution ratio between two injectors, the total
resistance of model RTM was able to be reduced down to 18.1% in the model scale. Key issue was found to suppress the sideway leakage of
injected air by appropriate injection parameters.
Copyright © 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/).
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1. Introduction

The main components of ship resistance consist of resis-
tance due to wave resistance, pressure resistance, and fric-
tional resistance. With the improvement of hull form
optimization techniques, the wave and the pressure compo-
nents could be less than 20 percent of the total drag in most
modern ships. Therefore, the advantage from the reduction of
the remaining frictional drag would be enormous. The CO2

emission from international marine bunkers in 2014 was
estimated 626.1 million tons (IEA2016). Considering the
conversion ratio 3.17 between CO2 emission and fuel con-
sumption (Corbett et al., 2009), this amounts to 197.5 million
tons of fuel consumption, which corresponds to approximately
60 billion US$/year. Thus, 10% reduction of frictional drag
would lead to saving of 4.7 billion US$/year.

Air lubrication method is one of the mature technologies
for commercialization to reduce the frictional resistance. Drag
reduction using air can be categorized by Bubble Drag
Reduction (BDR) and Air Layer Drag Reduction (ALDR). In
BDR, small bubbles are injected into the boundary layer. The
dispersed bubbles act to reduce the bulk density and to modify
the turbulent momentum transport, depending on the shape
and distribution of air bubbles. Initial report on BDR was by
McCormick and Bhattacharyya (1973). It was observed
experimentally that drag reduction increases with gas (bubble)
flow injection rate (Merkle and Deutsch, 1992).

In ALDR, a seemingly continuous air layer is created be-
tween liquid and the hull surface. It reduces the frictional drag
on the area covered by the air layer (Sanders et al., 2006;
Elbing et al., 2008; M€akiharju et al., 2012). Elbing et al.
(2008) investigated the transition from BDR to ALDR on
flat plate test in large circulating water channel. Fig. 1 shows
the percentage of drag reduction with the air flux (M€akiharju
et al., 2012). As observed in BDR, for the lower-range of
gas injection rates, drag reduction rate is less than 20%.
However, above a critical gas injection rate, the ALDR with
volumetric air flux being approximately 50 percent greater
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than BDR gives rise to drag reduction rate over 80 percent.
The net energy saving rate expected for ALDR in Fig. 1 be-
comes higher than that for BDR. The net energy saving rate is
given by subtracting the energy required to inject the air from
the energy saving due to drag reduction. In order to implement
air lubrication method in ocean-going vessels, the amount of
net energy saving rate becomes significant.

In this study, a model ship based on a 50,000-ton medium
range tanker (l ¼ 33.33) was tested in the towing tank using
an air lubrication method. This ship kind had been selected
from the viewpoint of the ratio of skin friction out of the entire
resistance, the operation profile with shallow draft and the
production volume in consideration of future implementation.
In order to prevent air leakage, an air fence system was
installed at the bottom of the model ship. The model ship was
tested in the towing tank to assess the frictional drag reduction
and the efficiency of the air lubrication method. It is worth-
while to point out that no attempt is made toward extrapolating
measured model resistances in various air injection configu-
ration to full scale resistance performance in this study. This is
because no relevant scaling law for the air injection parame-
ters, for instance the equivalent air film thickness tL, has yet
been proposed.

2. Experimental setup

2.1. Ship models

A model ship is manufactured after a 50,000-ton medium
range tanker (l ¼ 33.33). Table 1 provides the principal par-
ticulars of the ship used. The bottom of the model was
installed acrylic windows to observe dynamics of air lubrica-
tion. Fig. 2 shows the photographs of the model ship (Bare
Hull). The model tests in this study were conducted based on
the Froude's similarity. Although this is a widespread
convention in scaled model test for ships, the appropriate
scaling for air layer has not been clarified yet.

2.2. Expected effective air lubrication area

The injected air separates the water from the bottom of the
hull thus reducing friction. Fig. 3 shows the model ship's flat
surface area for air lubrication. Expected effective lubrication
area can be divided into air injection device area (denoted “A”
in Fig. 3), air lubrication control area by fence (“B” in Fig. 3)
and downstream area (“C”). It corresponds to 33% of the total
wetted surface area.

A: air injection device area: 2.83%
B: air lubrication control area: 23.84%
C: downstream area: 6.24%

ALMax ¼ AþBþC ¼ 2:375m2ð32:91%Þ

2.3. Control device and lubrication air flux

In this study, an MFC (Mass Flow Controller) was used to
measure and control the air injection flow rate. The capacity of
the MFC in this study was 1000[/min and the settling time,
which is time taken until the mass flow rate reaches within
±1% of desired value, was approximately 2 s. As depicted in

Fig. 1. Change of drag reduction regime with varying air flux (M€akiharju et al.,
2012).

Table 1

Principal particulars of medium range tanker.

Designation Symbol (unit) Design Load Draft

Ship Model

Scale Ratio l 33.33

Design Speed VS (kts) 15.10 N.A.

VM (m/s) N.A. 1.345

Length Overall LOA(m) 183.0 5.491

Length of Waterline LWL(m) 177.9 5.338

Breadth B(m) 32.2 0.966

Draft

Forward TF(m) 11.0 0.330

After TA(m) 11.0 0.330

Wetted Surface Area WSA (m2) 8018 7.218

Bilge Keel Area SBK(m2) 64.4 0.058

Transverse Area above WL AT (m2) 672 0.605

Displacement Volume DISV(m3) 48,890 1.320

Fig. 2. Photographs of the model ship (Bare Hull).
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Fig. 4, air chambers were installed at the bottom of the ship
model.

To create effective air lubrication, the air fences were
attached to prevent injected air from leaking aside. The height
and the thickness of the air fences were 12 mm and 5 mm,
respectively. Fig. 5 illustrates the initial configuration of air
fences. As seen, four fences, two middle and two side fences,
were considered. Preliminarily experiments showed that there
was little air diffusion in the central part. Since the two middle

fences would hardly contribute to blocking air leakage, only
two side fences were employed in the subsequent experiments.
It is worth mentioning that installation of those fences caused
an appendage resistance which amounts to several % of bare
hull resistance. In spite of such increase, the drag reduction
effect for all cases with air lubrication described in the sub-
sequent sections are all compared with the “barehull” case
without air fences.

Air lubrication flux is quantified in terms of the equivalent
air film thickness tL in this study as follows;

tL ¼ QL

B�VM

ð1Þ

where QL is the air injection flow rate, B is the breadth of
model ship and VM is the model ship speed. This is an
equivalent thickness of air layer under the assumption that the
injected air fills the whole width of model ship with the speed
being same as that of water speed. According to Elbing et al.
(2008), this thickness was found to give a reasonable collapse
between percentage drag reduction among various test cases.

Fig. 4. Schematic and photos of lubrication air supply.

Fig. 5. Initial configuration of air fences.

Fig. 3. Flat bottom surface area of model ship for air lubrication.
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A further survey on relevant patents regarding the air lubri-
cation reveals that the appropriate value for tL is recommended
to range from 4 mm to 8 mm (JP 2008-120246, JP 2012-
166704). This was derived mainly for the smooth surface
and needs to be increased for rough surface, considering the
arguments of Elbing et al. (2013) who stated that larger air flux
is required to maintain the air layer for rough surface. Table 2
lists the air injection flow rate QL corresponding to each

predetermined level of tL at varying model ship speed VM. As
seen, tL was varied from 1 to 10 mm in this study.

The experiments were conducted in the 100 m long towing
tank facility at the Pusan National University. Total resistance
of the model RTM was measured by a dynamometer (100 N)
for the baseline case without air injection as well as various air
injection cases. In addition, five cameras inside the model hull
and an underwater camera were installed to observe the air
lubrication shapes.

Uncertainty estimates for the total resistance of the model
RTM were made by the standard procedure of Moffat (1982).
Total uncertainty of this system mainly consisted of the un-
certainties from the force gages (max ±0.25%) and the pre-
cision index of the force measurement. The measurement
uncertainty in RTM ranged ±2.94 to ±3.40%.

3. Experimental results

3.1. Multiple injection scheme with varying injector type

Preliminary experiments prior to this series of experiments
were conducted with the injector located near the 17th station
(area “A” in Fig. 3). This position was set as upstream as
possible. It was initially considered that more upstream is the
injector located, the longer would the air layer persist. The

Table 2

Air injection flow rate QL ([/min) for varying ship speed and equivalent air

film thickness; volume of injected air calculated at standard atmospheric

pressure.

VS (kts) VM (m/s) QL ([/min)

tL ¼ 1 mm tL ¼ 3 mm tL ¼ 5 mm tL ¼ 7 mm

8.0 0.71 33 98 163 228

9.0 0.80 37 110 183 257

10.0 0.89 41 122 204 286

11.0 0.98 45 135 225 314

12.0 1.07 49 147 245 343

13.0 1.16 53 160 266 372

14.0 1.25 57 172 287 401

15.0 1.34 61 184 307 430

16.0 1.43 66 197 328 459

17.0 1.51 69 208 346 485

Table 3

Nozzle types and test conditions for single injection scheme.

Series# Injector Configuration Injection Condition

130422 Longitudinal slots

Injection location: Window 0 through 5

Equivalent air film thickness: No, 7, 10 mm

Flux distribution: 5:5, 6:4, 7:3

130423 Spanwise slots þ air fences

Injection location: Window 1 & 3

Equivalent air film thickness: No, 7, 10 mm

Flux distribution: 5:5, 7:3, 3:7

130424 Porous plates

Injection location: Window 0 through 5

Equivalent air film thickness: No, 7, 10 mm

Flux distribution: 5:5, 7:3, 3:7

130425 Porous plates þ air fences

Injection location: Window 0 through 5

Equivalent air film thickness: No, 7, 10 mm

Flux distribution: 5:5, 7:3, 3:7

130427 Longitudinal slots þ air fences

Injection location: Window 0 through 5

Equivalent air film thickness: No, 7, 10 mm

Flux distribution: 5:5, 7:3, 3:7
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“single” air injection was made, i.e., the air supply was
concentrated at the “first” upstream injector. It was observed,
however, that most of the injected air escaped the bottom
surface sideways without having flown downstream along the
bottom surface. Consequently, drag reduction effect was
minimal. In this series of experiment, the height of air fences
was increased up to 50 mm and “multiple” injection was
adopted. In Fig. 5, there are one smaller window in the area
“A” and five windows in the area “B”, respectively. These
windows are denoted as Window 0 through Window 5 from

the front. In this multiple injection scheme, air is injected at
multiples windows, as depicted in Table 3. For instance, the
injection scheme named 130422 had two longitudinal slots
installed at every window, while the 130423 scheme had only
two injection slots at window 1 and 3. Three types of injectors
were installed; longitudinal slot, spanwise slot and porous
plate. The six windows are grouped into two; the forward
group (Window 0, 1, 2) and the aft group (Window 3, 4, 5).
Each group of windows are connected to the MFC so that the
air flow rate supplied to each group is controlled
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Fig. 6. Resistance of model ship RTM at each speed for the single injection scheme; (a) all cases, (b) series 130422, (c) series 130423, (d) series 130424, (e) series

130425, (f) series 130427.
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Fig. 7. Resistance ratio RTM=RTM0 at each speed for the single injection scheme; (a) all cases, (b) series 130422, (c) series 130423, (d) series 130424, (e) series

130425, (f) series 130427.

(a) 130425 without injection (b) 130425-7mm-3:7

Fig. 8. Photos of the stern waves generated by buoyant air bubbles.
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independently. The total air flow rate, sum of the air flow rate
for forward and aft group, gives the air injection flow rate QL

to quantify the equivalent air film thickness tL. Flux distribu-
tion described in Table 3 indicates the proportion between air
injection rates for the forward group and that for the aft group.

Fig. 6 compares the total resistance of model ship from
various air injection cases with respect to ship speed. Fig. 6 (a)
present all cases involved, while Fig. 6 (b) through (f) plots the
data from each injection configuration. The solid red line is the
resistance of bare hull case. The “Max” and “Min” legends
indicate the maximum RTM and the minimum RTM of all cases
plotted in Fig. 6 (a), respectively. Fig. 6 (b) through (f) gives an
insight into how the air film thickness tL and the flux distribution
could affect the RTM for the particular injector configuration

considered. Fig. 7 plots resistance ratio RTM=RTM0 with RTM0

being the resistance for the bare hull case. The ratio smaller than
1 implies resistance reduction, vice versa. This helps to under-
stand which cases are more effective than other.

A maximum drag reduction of 19.23% (�3.02 N) was
obtained in the case of 130425-10 mm-3:7 (11.0 kts). The case
of '130427-10 mm-3:70 had a drag reduction of 8.95%
(�2.51 N) at the design speed. When the flux of lubrication air
is concentrated on near the bow, most of the injected air is
leaking from the fence at near the 14th station in these cases,
leading to small drag reduction effect. In the cases of 130425-
7 mm-3:7 and 130425-10 mm-3:7 at 17.0 kts, the drag
reduction of the flow rate for 7 mm is 10.79% (�4.16 N) and
the flow rate for 10 mm is 3.61% (�1.39 N). Both cases had
no air leaks from the fence. The flow rate of the lubricating air
increased, but the drag reduction ratio decreased. This is
attributable to the wave generation by buoyant air bubbles near
the ship stern. In Fig. 8 (b), such waves are found near AP at
17.0 kts for the case of condition 130425.

In most cases, there is a larger drag reduction when the air
fence is installed than in the cases without the fence. Fig. 9
shows lubrication shape images at 15.0 kts when the fence
is installed. These images were sketched based on the captured
images from the cameras installed in the model hull. Cases
130423 and 130427 had a partial air layer. Case 130425 had
the shape of large size bubble (cloud shape).

This series of experiments confirmed that it was more
effective to distribute the air injection at multiple locations
than single injection. However, there was not sufficient drag
reduction and net-energy saving. This is partly owing to the
drag increasing contribution of air fences employed in this
study. The typical value for the power required for the air
injection is estimated about 7% of effective power of bare
hull case, so the drag reduction ratio needs to exceed that
value to give net energy saving. A closer inspection of Figs.
6 and 7 suggests that the net energy saving effect at the
design speed of 15.10knots would be marginal, e.g., around
1%, provided that the maximum reduction in RTM is only
8.95%. Therefore, even larger drag reduction effect would
become economically significant, let alone the cost-

Fig. 9. Sketches of air lubrication shape at 15.0 kts.

Fig. 10. Schematic and photo of air injection nozzle.
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effectiveness of the air lubrication system including instal-
lation and maintenance.

3.2. Dual injection scheme with varying injection
flowrate distribution

Before proceeding further, it is worthwhile to mention that
the equivalent air film thickness tL is not scaled down to the
model scale in this study. This is because no relevant scaling
law for the air injection parameters has yet been proposed. For
instance, the equivalent air film thickness tL was set to 3

e7 mm for the full-scale performance trial of Yamatai, the
most notable full-scale test bed constructed by MHI (Mitsu-
bishi Heavy Industry) with maximum net energy saving ratio
of 12% (Mizokami et al., 2010). Furthermore, the previous
model test research by Jang et al. (2014) also adopted similar
range of tL, ranging from 4 to 5 mm. Therefore, the volume of
injected air and consequent stern wave generation due to the
buoyant bubbles in the model study would be greatly exag-
gerated one compared with the full scale case. In other words,
this phenomenon is considered as an artifact in model scale
only. In order to suppress buoyant bubbles and consequent

Table 4

Test conditions for double injection scheme.

Series# Nozzle Shape Injection Condition

130807 Injection location: Window2

Injection Flux: No, 1,3,5,7 mm

Flux distribution: All

130808 Injection location: Window2&3

Injection Flux: No,5,7 mm

Flux distribution: 5:5, 6:4, 7:3

130809 Injection location: Window1&3

Injection Flux: No,5,7 mm

Flux distribution: 2:8, 3:7, 4:6

130812 Injection location: Window1&2

Injection Flux: No,5,7 mm

Flux distribution: 3:7, 2:8, 1:9

130813e1 Injection location: Window1&2

Water-repellent coating

Injection Flux: No, 7 mm

Flux distribution: 3:7, 2:8, 1:9

130813e2 Injection location: Window1&3

Water-repellent coating

Injection Flux: No, 7 mm

Flux distribution: 4:6, 3:7, 2:8

130814 Injection location: Window1&2

Water-repellent coating

Air Collected: On/Off

Injection Flux: 7 mm

Flux distribution: 1:9
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stern waves generation, an air collection device was installed
above the Window 5 to draw in the injected bubbles, thereby
preventing them from rising up to the surface. Air supply
control device was installed each nozzle to be controlled by
each MFC. In order to prevent the collection chamber from
being flooded by water, air supply to the collection chamber
was maintained by a solenoid valve installed in the return line.

Among the nozzle types considered in the previous series,
the spanwise slot (designated “B” in Table 3) was found to be
the most advantageous. In this series of experiments, the
spanwise slot has been slightly modified to the spanwise array

of holes. This was for the sake of installation convenience in
full-scale ships. Fig. 10 is the photograph of the injection
nozzle used in the present series of experiments. The nozzle
was designed as an array of 163 2 mm-diameter-holes with the
spacing and the injection angle being 4 mm and 12�, respec-
tively. The air injection velocity increased as the cross-
sectional area of nozzle reduced. Table 4 summarizes the
experimental conditions.

Fig. 11 compares the total resistance of model ship from
various air injection cases with respect to model ship speed.
The corresponding resistance ratio RTM=RTM0 is presented in
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Fig. 11. Resistance of model ship RTM at each speed for the double injection scheme; (a) all cases, (b) series 130807, (c) series 130808, (d) series 130809, (e) series

130812, (f) series 130813 & 130814.
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Fig. 12. Table 5 lists the values of RTM and the percentage of
drag reduction (DR%) for all cases considered. Here, the
negative DR% means drag increase. The solid red line is the
resistance of barehull case. A maximum drag reduction of
18.13% (�5.36 N) was obtained in the case of 130812-7 mm-
3:7 near the design speed (15.0 kts). Fig. 13 depicts air
lubrication shape image at 15.0 kts, which was sketched based
on the captured image from the cameras. In the case of

130812-7 mm-3:7, the lubrication has the shape of a large size
bubble at window1 and a stable air-layer was formed at from
window2 to window3. It then divided into “<” shape at
window4. Use of the air collection device resulted in
approximately 6% additional resistance reduction at the
design speed (15.0 kts). The additional reduction in resistance
from the air collection device improves with increasing ship
velocity.

Fig. 12. Resistance ratio RTM=RTM0 at each speed for the double injection scheme; (a) all cases, (b) series 130807, (c) series 130808, (d) series 130809, (e) series

130812, (f) series 130813 & 130814.
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4. Conclusions

A variety of experiments have been performed with the
application air lubrication method on a tanker model ship. The
first series of experiments with single injection confirmed that
it was more effective to disperse the injected air lubrication
than single injection. A maximum drag reduction of 18.13%
(�5.36 N) was obtained in the case of 130812-7 mm-3:7 near
the design speed (15.10 kts). Considering the estimated power
required for the air injection to be about 7% of effective power
of bare hull case, the reduction of model scale total resistance
RTM would be large enough to give the net energy saving.
Using the air collection device resulted in about 6% resistance

reduction at the design speed (15.10 kts). The additional
reduction in resistance from the air collection device improves
with increasing ship velocity.
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