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Abstract

Ship resistance issues are related to fuel economy, speed, and cost efficiency. Air lubrication is a promising technique for
lowering hull frictional resistance as it is supposed to modify the energy in the turbulent boundary layer and thereby reduce hull
friction. In this paper, the objective is to identify the optimum type of air lubrication using microbubble drag reduction (MBDR)
and air layer drag reduction (ALDR) techniques to reduce the resistance of a 56-m Indonesian self-propelled barge (SPB). A
model with the following dimensions was constructed: length L =2000 mm, breadth B=521.60 mm, and draft 7= 52.50 mm.
The ship model was towed using standard towing tank experimental parameters. The speed was varied over the Froude number
range 0.11-0.31. The air layer flow rate was varied at 80, 85, and 90 standard liters per minute (SLPM) and the microbubble
injection coefficient over the range 0.20-0.60. The results show that the ship model using the air layer had the highest drag
reduction up to a maximum of 90%. Based on the characteristics of the SPB, which operates at low speed, the optimum air
lubrication type to reduce resistance in this instance is ALDR.
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1 Introduction

According to the Energy Efficiency Design Index (EEDI) and
the Ship Energy Efficiency Management Plan (SEEMP), con-
ventions of the International Maritime Organization (IMO) in
2011 were made mandatory for ships to enhance operational
energy efficiency which is expected to significantly reduce the
amount of CO, emissions from international shipping. The
growth of world trade represents a challenge to facing a future
target for emissions required to achieve stabilization in global
temperatures and slowing down the climate change.

Active and passive methods are applied to achieve drag
reduction in marine vehicles. The active method is achieved
by improving drag reduction through surface characteristics
such as follows: applying antifouling materials and coatings,
air lubrication techniques, and the use of riblets. Passive
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methods include improving the shape of the vessel by appli-
cation of modern hull forms or hull form optimization tech-
niques (Makiharju et al. 2012), outrigger hull form of
pentamaran ship (Yanuar et al. 2017).

Air lubrication presents one of the most promising methods
for the reduction of hull friction resistance. The economic and
environmental effects of successfully implemented air lubri-
cation could be significant, as a ship’s fuel consumption can
be reduced by 5% to 20% (Ceccio and Makiharju 2012).
Within the field of air lubrication, there are variety of tech-
niques that have been suggested since the nineteenth century
(Latorre 1997). Air lubrication can be divided into three main
types: bubble drag reduction (BDR) (Yanuar et al.
2012; Kodama et al. 2000; Madavan et al. 1985); air layer
drag reduction (ALDR) (Elbing et al. 2008); and partial cavity
drag reduction (Butuzov 1967; Butuzov et al. 1999). One of
the first drag reduction techniques was the application of
electrolysis-induced microbubbles, reported by McCormick
and Bhattacharyya (1973). Other common techniques used
to inject air through the boundary layer are slot and discrete
hole injection, which may include porous media. Elbing et al.
(2008) applied two different types of injector and the results of
their BDR experiments indicated that a porous plate injector is
more efficient than a slot injector at higher flow speeds. Fully
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Fig. 1 Experimental set-up

developed ALDR is considered to be present when the persis-
tent friction drag exceeds 80% (Ceccio and Makiharju 2012).

This study presents comparative results from an Indonesian
self-propelled barge (SPB) model with and without
microbubbles and air layers under the hull surface by identi-
fying the effect of injected microbubbles and air layers on total
resistance reduction.

2 Experimental Set-up

The experimental method was a ship model towing tank test in
the Indonesian Hydrodynamic Laboratory, Surabaya,
Indonesia. The following full-scale parameters were used to
produce a 1:28 scale-model: L=56 m, B=15m, T=1.5 m.
Figure 1 illustrates the experimental set-up.

The ship model in this experiment is an SPB made from
fiberglass at a scale of 1:28 as presented in Table 1. The main
parameters are found in Table 1:

Figure 2 illustrates the ship model.

The model was towed by adjusting the speed. The test used
a load cell transducer, with a maximum capacity of 10 kg,
located 0.35L (length overall) after midship. The ship’s resis-
tance was shown in a data acquisition component connected to
the load cell transducer. The specification for the data acqui-
sition was the Emant 380 series, bridge sensor application
adaptor, and notebook.

A 30-cm-wide porous medium was used as a microbubble
injector to generate bubbles and layers under the hull surface.
The mean diameter of the holes in the porous medium was
100 um and it was custom-built by providing the required

Table 1 Ship model

main parameters Main parameters Dimension/mm
Length overall Loa 2000
Breadth B 521.60
Height H 120
Draft T 52.50
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Fig. 2 Self-propelled barge ship model

hole size to the manufacturer. Figure 3 shows the porous
medium.

The air injection chambers were connected to a compressor
via a 1/4-in.-diameter pipe. Air flow rate was measured using
an air flow meter located between the compressor and the
injection chambers. The maximum air flow meter capacity
was 100 standard liters per minute (SLPM). Figure 4 shows
a schematic of the air injection system.

Table 2 represents the Froude number variation in the ship
model test.

The microbubble characteristic was obtained from the in-
jection coefficient (). Five different injection coefficients (o)
were applied: 0.20, 0.30, 0.40, 0.50, and 0.60. Equation (3)
was used to obtain the air flow injection rate under the hull
surface. Table 3 shows the air flow rate in the microbubble
configuration.

For the air layer characteristic, the air flow rate injection
under the hull surface was varied under three different

Fig. 3 Porous media
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Fig. 4 Air supply schematic for air injection

conditions: 80, 85, and 90 SLPM at an elevation close to sea
level and under standard atmospheric pressure (1 atm and
25 °C). The air flow rates were obtained from the experimen-
tal test in which the air flow injection rate had to be higher than
the air flow rate for microbubbles. The air layer characteristic
was determined from the air layer thickness. Air layer thick-
ness can be determined by Eq. 5 and is presented in Table 4.

The experimental configuration was carried out at the same
location as the porous injector, for both microbubble and
ALDR. The air injector was located in 0.35L (length overall)
after midship. The air injector is illustrated in Fig. 5.

3 Test Analysis

Total ship resistance was obtained from the towing tank test.
This study was conducted to determine the effectiveness of
drag reduction between microbubble drag reduction (MBDR)
and ALDR.

From the experimental towing tank test results, the total
resistance coefficient (Cr) of the ship model can be calculated
as follows (Harvald 1983):

Ry

— 1
0.5pSV? m

Cr
where p is water density and S the wetted surface area of the
ship’s hull. The Froude number is defined as follows:

Fr=—— (2)

where V is the ship model speed, L is the length of the ship
model, and g is gravitational acceleration. The microbubble
characteristics can be determined by the following formula
where the injection coefficient « is defined as the ratio of air
flow injection rate divided by the water flow rate within the
boundary layer: (Sayyadi and Nematollahi 2013)

_ 9
=0, 3)

Table 2  Froude number

Vimss™') 0.50 056 0.67 0.83 1.00 1.I1 125 1.30 133 138
Fr 0.11 0.13 0.15 0.19 023 0.25 0.28 0.29 0.30 031

Table 3  Air flow rate (LPM)

Fr 0.11 0.13 0.15 0.19 023 025 028 029 030 0.31

«a=020 10 10 10 11 12 13 14 15 16 16
a=030 11 12 13 15 18 19 21 22 23 23
a=040 13 15 18 20 24 26 29 30 31 3l
a=050 17 19 22 26 30 33 36 37 38 38
a=0.60 21 23 26 31 36 40 43 45 46 46

where O, is the injected air flow rate and O,y is the water flow
rate within the boundary layer. O, can be calculated by
(Sayyadi and Nematollahi 2013):

0, = 0.293.108.,02.y08. (4)

where L is length, W is width, and V is the speed of the ship
model. Using this formula, boundary flow can be considered.
The air layer characteristics can be determined by the follow-
ing formula: the air layer thickness is (Jang et al., 2014)

Qair

Vin flow 'Bair

IaL = (5)
where Oair, Vinflows and Ba;, are the volume flow rate of
injected air, the inflow speed, and the width of the air injection
slit, respectively. Drag reduction is obtained by:

%HOO% (6)

where Cro is the total coefficient of resistance without air
injection and Cr is the total coefficient resistance with air
injection.

4 Results and Discussion

Figure 6 shows the relationship between total ship resistance
and Froude number and Fig. 7 shows the relationship between
the total resistance coefficient and the Froude number for a
ship model with and without air injection.

The ship model with injected microbubbles was subjected
to five variations of injection coefficient (a). This model
showed higher total resistance than the one with air layer
injection under low Froude numbers until around 0.27 where
the air layer showed better drag reduction. Under a low Froude

Table 4  Air layer thickness (mm)

Fr 0.11 0.13 0.15 0.19 023 0.25 0.28 0.29 0.30 0.31

80 SLPM 890 8.00 6.70 5.30 4.40 4.00 3.60 3.40 3.30 3.20
85 SLPM 940 8.50 7.10 5.70 4.70 430 3.80 3.60 3.50 3.40
90 SLPM 10.00 9.00 7.50 6.00 5.00 4.50 4.00 3.90 3.80 3.60
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Fig. 5 Microbubble drag reduction configuration

number, there were some injection coefficients (o) with a
higher total resistance than the ship model without injection
at a 0.50 and 0.40. At a high Froude number, there was no
total resistance as the ship model with injection had a higher
value than that without. Figures 11 and 12 show a visualiza-
tion of the characteristic microbubbles.

This phenomenon also appears in the total resistance coef-
ficient relationship with Froude number. Some of the total
resistance coefficients in the ship model with microbubbles
had higher values than the model without injection, and as
the Froude number increased, no coefficients of the models
with injection had higher value than those without. The max-
imum reduction rate of microbubble injection occurred at an
injection coefficient (o) of 0.20 and Froude number 0.11.

The size of the microbubbles sprayed from the porous me-
dium was in the 200-500 um mean diameter range, slightly
higher than the porous injector size, as it can be seen from the
scale bar bubble size in Figs. 11 and 12.

The phenomena occurring at injection coefficients (c) 0.50
and 0.40 are caused by a pilling up effect. Excessive flow rate
at low speeds makes small bubbles stick together forming
larger bubbles and air cavities. These bubbles move along
the boundary layer and bring about some hydrodynamic drag
where each bubble moves in the wake of another. Oversize air
cavities can disturb the current boundary layer and even en-
large the wake range. The wake range also reduces the drag
reduction effect. Sometimes, the size of the bubbles seems
bigger on the aft. side due to the interaction between different

injection rates and different model speeds. The essential thing
is the microbubbles are still of micro size when they discharge
from the porous medium.

In the ship model with injected air layers, it is clear that
under low Froude numbers, the total resistance is favorable.
With air layer injection, the total resistance increased signifi-
cantly after reaching a Froude number around 0.30. The air
layers with a flow rate of 90 SLPM that show higher total
resistance than the ship model without injection at Froude
number around 0.3 and 0.31 might be due to excessive injec-
tion rates at high speed. At low Froude numbers, the differ-
ence in Ry between ship models with and without air layers
seems to be significant. Yet, as the Froude number increases,
the air layer’s total resistance approaches the total resistance of
the ship model without air layers. Microbubble injection
shows more constant characteristics at either low or high
Froude number even though it does not reduce drag as much
as the air layers.

From the total resistance coefficient in the air layer, a graph
was produced showing an inversely proportional relationship
between the ship models with and without air layers. The
pattern is similar to that of the total resistance graph. When
the Froude number increases further, over a certain range of
total resistance, the coefficient gets closer to the ship model
without air layers. The maximum reduction occurs at a flow
rate 85 SLPM and Froude number around 0.15. Type B un-
certainty measurement evaluation components based on sci-
entific judgment and using all of the relevant information
available show the resistance data error bar at 5% with a con-
fidence interval 95% as presented in Figs. 6 and 7.

4.1 Drag Reduction of Microbubble and Air Layer
Configuration

A plot of drag reduction versus Froude number is shown in
Fig. 8. This plot was used to determine the optimum type of air
lubrication between MBDR and ALDR.

The maximum drag reduction rate in the air layer config-
uration occurs at Froude numbers 0.11-0.15. This result
shows that the maximum rate of drag reduction decreases

Fig. 6 Total resistance of ship 16, = =020 16
; . s e =030 MBDR 4 ALDR
with and without air injection 14} . a=040 2 : 14 « 80 SLPM 3 '
12} v a=050 ) 12 «85SLPM 128
ol ¢ a=0.60 -_vi! 10} 490SLPM 747
z g » Without IH_FCC1I0:1 ; i ! Y z g * Without injcclinlx Y y i
S 6 i l I = 6 ¥ : ]
£ a L . . .
4 = | 4 = .
2t & § 2l &* 1
L] - b -
0 L i A i s 0 - L L . i
010  0.15 020 025 030 035 010  0.15 020 025 030 035
Fr Fr
(2) MBDR (b) ALDR
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as the Froude number increases. In other words, the drag
reduction effect slows at higher Froude numbers. The max-
imum drag reduction rate of 90% occurred at a flow rate of
85 SLPM and Froude number of 0.15. From the other air
layer flow rates, the optimum drag reduction rate from all
Froude numbers was achieved with 80 SLPM. The mini-
mum drag reduction rate that occurred was about 20%,
while the other flow rates had a minimum drag reduction
rate of almost 0%. The minimum drag reduction rate, which
is almost 0%, occurred at a flow rate of 90 LPM and Froude
number around 0.30-0.31.

This result is inversely proportional to the microbubble
results. At low Froude numbers, some injection coefficients
() are not efficient enough to reduce the total ship resistance,
caused by the pilling up effect. As the Froude number in-
creases, the drag reduction of the microbubbles tends to be
constant at 20%—30%. The maximum drag reduction at injec-
tion coefficient (o) 0.20 with Froude number 0.11 is about
50%. It is obvious that with a low Froude number, the drag
reduction is greater.

Bz 30 S1.PM
B 85 SLPM
I 90 SLPM
N =020
[ «=0.30
[1a=0.40
B o=0.50
1 0=0.60

100

80

60

Drag reduction/%
(]
=

|

|

I ! J i i | |

A1 013 0.15 0.19 0.23 0.25 028 0.29 030 0.31
Fr

Fig. 8 Drag reduction and Froude number for microbubble drag

reduction and ALDR

Overall, at Froude numbers 0.29-0.31, the intersection of
drag reduction between microbubbles and air layer occurs; the
drag reduction of the air layers tends to decrease and that of
the microbubbles tends to remain constant. Therefore, it is
more efficient to use ALDR at low Froude numbers and the
MBDR at high Froude numbers in this case.

Figure 12 shows the different characteristics of air injected
under the hull surface at a high Froude number. Microbubble
propagation seems to move over the entire hull compared with
the air layer. It is noticeable that the rate of drag reduction in
the microbubbles is higher than that in the air layer at high
Froude numbers.

4.2 Air Layer Thickness on Air Layer Configuration

The other important factor affecting total resistance in the air
layers is air layer thickness at each injection flow rate. The plot
of drag reduction versus thickness is shown in Fig. 9.

The result shows that drag reduction is relatively higher
with a thick air layer. This means that, the thicker the air
layer, the higher the ALDR effect. Even at a 90 SLPM flow
rate, the minimum air layer thickness that occurs could not
decrease the ship’s total resistance. However, as the air
layer becomes thicker, the drag reduction is not efficient

= Drag reduction 80 SLPM
+ Drag reduction 85 SLPM
100 +— Drag reduction 90 SLPM
90 2 .
80 j—
70 A."'. .
60 / N\
50 Y - A -
40 o-e 4
30 . &
20
or
0 F
-10—
3 4 5 6 7 8§ 9
Thickness/mm

Drag reduction/%

Fig. 9 Drag reduction and air layer thickness
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and tends to decrease. Further research needs to be con-
ducted into the relationship between air layer thickness
and drag reduction. The optimum air layer thickness ob-
tained from this study is about 7-8 mm and is the optimum

(e) @=10.6 (355 um)

Fig. 12 Microbubble visualization at Froude-8 (/7= 0.29), microbubble
size at porous injector

combination of air flow injection rate and ship model
speed, which shows favorable drag reduction. With this
air layer thickness, the drag reduction rate can achieve a
maximum of 90%. It also mentioned in the literature that
the thickness range 7-8 mm is the perfect combination of
: " speed and air injection flow rate to effectively reduce the
resistance in ALDR. Mizokami et al. (2010) show that the
N maximum net energy-saving effect is obtained at 7-mm air
thickness. Jang et al. (2014) also mentioned that the maxi-
mum reduction rate was achieved at 8.2-mm air thickness.
A plot of air layer thickness versus Froude number is
shown in Fig. 10.
Another result that need to be considered is the Froude
number, which is inversely proportional to air layer thick-

(b) &= 0.30 (400 pm) (d) &= 0.50 (465 pm)

() @=0.60 (510 pm) ness. As the Froude number increases, the air layer become
Fig. 11 Microbubble visualization at Froude-3 (F7=0.15), microbubble thinner. It is noticeable that the drag reduction rate
size at porous injector achieved in the air layer is related to air layer thickness.
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(b) 90 SLPM

Fig. 13 Air layer visualization at Froude-8 (F£r=0.29), ALDR
Configuration

Visualizations of layer thicknesses from particular Froude
numbers are presented in Fig. 13.

Figure 9 shows the relationship between thickness and drag
reduction. Figure 10 shows each air layer thickness for a cor-
responding Froude number. The results show that maximum
drag reduction is achieved at the optimum air layer thickness
(7-8 mm) and occurs at a low Froude number. The optimum
air layer thickness is 7-8 mm, which occurs at Froude num-
bers 0.13-0.15.

4.3 Visualization of Microbubble and Air Layer
Characteristics on the Ship Model

This experiment used a high-speed camera fixed in an under-
water towing carriage below the hull to capture the
microbubble propagation.

The ship model was towed in calm water and in a fixed
draft condition, with no trim or sink. From the figures in
Figs. 11 and 12, the ship model seems to slightly trim or sink
but this may be due to different instantaneous images captured
by the camera.

Some of the figures in Figs. 11 and 12 make it look as
though air preferentially flows slightly to one side of the mod-
el; this may be due to small disturbances in the flow after
midship. However, the ship model was towed following the
proper method with a carriage and course keeper to ensure a
straight line and even keel (Fig. 13).

In Figs. 11 and 12, the microbubbles leave the injector
uniformly as the compressed air is supplied to the injection
chamber and injected into the porous medium with micro-
scale precision.

5 Conclusions

Based on the experimental results performed with and
without microbubble and air layer injection, the following
conclusions can be drawn: the maximum drag reduction
rate achieved by the microbubble configuration at an in-
jection coefficient () of 0.2 and Froude number of 0.11
was around 50%. It is noticeable that at lower Froude
numbers, the maximum reduction rate was higher; for
the air layer configuration, the maximum drag reduction
rate at a flow rate of 85 SLPM and Froude number of 0.15
was around 90%. The drag reduction rate achieved from
air layer injection is related to air layer thickness and the
optimum thickness obtained in this study was about 7—
8 mm. The air injected under the hull surface shows dif-
ferent characteristics in the microbubble and air layer con-
figurations. Under low Froude numbers, the air layer con-
figuration has greater advantages than the microbubbles,
yet, under high Froude numbers, microbubble propagation
seems to move over the entire hull compared to the air
layer. It is noticeable the rate of drag reduction from
MBDR is higher than that from ALDR under high
Froude numbers. Therefore, from this experiment based
on the characteristics of an SPB operating at low speed,
the optimum air lubrication method for reducing hull fric-
tion resistance is ALDR.
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