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MESSAGE FROM THE CHIEF PATRON

It is my distinct pleasure to extend my warmest greetings as we launch the second issue of the
Journal of Engineering and Technology, proudly published by Maritime University Bangladesh.
As Vice Chancellor of the university and Chief Patron to this esteemed journal, I take immense
pride in witnessing the continued growth and impact of our scholarly endeavors in the fields of
engineering and technology.

Our university has always been at the forefront of fostering academic excellence and innovation,
and this journal serves as a testament to our commitment to advancing knowledge and addressing
global challenges through rigorous research and scholarly inquiry. The articles featured in this
issue represent a diverse array of topics and perspectives, reflecting the dedication and expertise of
our faculty, researchers, and contributors.

I commend the editorial team for their meticulous efforts in ensuring the quality and relevance of
each published work. Their dedication to maintaining the highest standards of academic integrity
is commendable and critical to the success of our journal.

As we move forward, I encourage our esteemed faculty, researchers, and students to continue
engaging actively with the Journal of Engineering and Technology. Your contributions not only
enrich our academic community but also contribute significantly to the advancement of our
respective fields and beyond.

I extend my heartfelt appreciation to all authors who have contributed their valuable research,
reviewers who have provided insightful feedback, and the editorial team for their unwavering
commitment to excellence. Together, we will continue to elevate our university's profile as a hub
of innovation and intellectual discourse.

I look forward to the continued success and growth of the Journal of Engineering and Technology
and eagerly anticipate the impactful contributions that lie ahead.

Warm regards,

\

Vice Chancellor and Chief Patron

Rear Admiral Mohammad Musa, OSP, NPP, rcds, afwce, psc, PhD,
Vice-Chancellor

Maritime University Bangladesh
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EDITOR’S NOTE

It is a matter of great honor for me to welcome you to the second issue of the Journal of
Engineering and Technology, published annually by the Faculty of Engineering and Technology at
Maritime University Bangladesh. As Chief Editor, I am delighted to present this collection of
research articles and contributions that showcase the latest advancements in our fields of study.

This journal serves as a vital platform for scholars, researchers, and practitioners to share their
innovative ideas and discoveries across various disciplines of engineering and technology. Our
mission remains steadfast: to promote high-quality research that contributes to the academic
community and addresses real-world challenges.

Since our inaugural issue, we have made significant strides in consolidating our position as a
reputable scholarly journal. The second issue builds upon the success of its predecessor, featuring
a selection of meticulously reviewed articles that exemplify excellence in research and
scholarship. Each submission has undergone rigorous peer review, ensuring that only the highest
quality work is presented to our readers.

I extend my sincere gratitude to the authors who have entrusted us with their work, the reviewers
whose expertise and dedication uphold our standards, and the editorial team whose commitment
ensures the smooth operation of the journal. Your contributions are instrumental in maintaining the
academic rigor and integrity of our publication.

Looking ahead, I am excited about the future of our journal. We are committed to expanding our
scope, fostering interdisciplinary collaborations, and exploring new avenues for impactful
research. I encourage all members of our academic community, both within Maritime University
Bangladesh and beyond, to consider the Journal of Engineering and Technology as a platform for
sharing your research findings and insights.

Thank you for your continued support and enthusiasm. Together, let us propel the Journal of
Engineering and Technology towards greater heights of excellence and innovation.

Warm regards,

/_\‘

Cdre Md Zakirul Islam, (E), ndc, psc, BN
Chief Editor

Dean, Faculty of Engineering and Technology
Maritime University Bangladesh
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INVESTIGATION OF RELATIVE PERFORMANCE OF
HIGH-SPEED PLANING VESSELS OF 62, 65-A AND 65-B SERIES

Md. Sadiqul Baree**, Hafizur Rahman Himel®

ABSTRACT

High-speed marine vessel design is now recognized as one of the most popular field of naval
architecture. Higher speed makes these vessels more efficient and useful for military, economic, or
leisure activities. The planing hull is specifically designed to achieve relatively high speed on the
water surface. The speed of the vessels operating on the water surface is proportional to its size
and installed power. The Savitsky method has been employed here for resistance prediction. This
method is well-known as a reliable alternative to CFD hull resistance analysis. Three different
planing hull series models (Series 62, Series 65-A, and Series 65-B) have been used to evaluate the
performance. MATLAB code has been developed to create a computer program based on
Savitsky's method. The program first reads some key parameters such as projected chine length,
beam, volumetric displacement, LCG, volumetric Froude number, deadrise angle, and so on, and
then calculate hull resistance using Savitsky's empirical planing equation. However, some
parameters that are needed in the empirical equations are only available in graphical form,
making automation computation challenging. A digital plotting system has been used to extract
data from a nomogram. As a result, the value of the wetted length-beam ratio can be calculated
directly from the input of initial variables, automating the resistance calculation and removing the
need to manually plot secondary variables such as P/b and other coefficients. Furthermore, an
equilibrium check for trim angle was performed to verify porpoise stability. Finally, performance
of different hull models was evaluated and a relative ranking of the models has been done based
on performance.

Keywords: Planing vessels performance; Savitsky’s Method; Series 62; Series 65; MATLAB
Code;

1. INTRODUCTION

Naval architects and designers have worked to better understand and improve the design and
performance of high-speed marine vessels. High-speed marine vessels are becoming increasingly
popular among the world's navies. The hull forms of these vessels are typically chosen to achieve
the desired performance and seakeeping characteristics based on the operating environment.
Unlike the other two types (Displacement and Semi-Displacement), planing hulls are lifted by
hydrodynamic pressure rather than hydrostatic pressure. However, when cruising at low speeds, all
three types are considered displacing. Hydrodynamic lift increases in proportion to speed. The
buoyant force, on the other hand, decreases as the hull lifts out of the water, resulting in less
displaced volume. When the vessel reaches a certain speed, lift becomes the dominant upward
force on the hull, and planning begins.

@ Professor, Department of Naval Architecture and Offshore Engineering, Maritime University Bangladesh
b Department of Naval Architecture and Offshore Engineering, Maritime University Bangladesh
" Corresponding Author: Email- sadiqul.naoe@bsmrmu.edu.bd
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To evaluate the performance of a high-speed marine vessel, it is usually necessary to review some
previously published research papers. Clement [1] investigated the resistance and performance of
Series 62 models. Savitsky [2, 4] and J. B. Hadler [3] worked on predicting the performance of
planning hulls. The development of the Blount factor [5], which modified the Savitsky method, for
better prediction of Series 62 model resistance, is reviewed.

Gerritsma et al. [6] used high-speed model tests to predict the resistance and stability of several
planing vessel. D. Clarke et al. [7] evaluated Geritsma et al. method's accuracy and found it
adequate for design purposes.

Later, Savitsky created a formula for calculating the resistance of warped planing hulls [8]. S.
Brizzolara and F. Serra [9], T. T. O'Shea et al. [10], and C. Judge et al. [11] all compared the
Savitsky method to CFD calculations of planing hull resistance. Azim Hosseini et al. [12] analyzed
the performance of a hard-chine planing hull using various CFD models. Andi Trimulyono et al.
[13] investigated the effect of a double step position on planing hull performance.

The primary goal of this research paper is to assess the resistance thus performance of various
models of different series, such as Series 62, 65-A and 65-B, and then draw relative ranking of the
models. A computer code is developed in MATLAB to predict the performance during the
preliminary design phase.

2. Methodology

The hull resistance was estimated from the following equation:

Rr=Wtant+ % V2 2 b’ Cro/ (cost cos3) (1)
Where,

W = weight displacement, (KN) = pgV

V = volume of displacement, m?

T = trim angle of planing area (degree)

p = mass density of water, kg/m* = 1.025 kg/m’

A = mean wetted length-beam ratio

V = ship velocity, m/s

b = beam of planing surface

Cro = Friction coefficient = 0.075 / (log Rup — 2)?

R = Reynolds Number, Considering V| & b = V{Ab/v

B = angle of deadrise of planing surface (degree)
In the above equation, A was obtained from nomogram provided by Koelbel [14] on the basis of
p/b ratio and speed coefficient, Cy. The following formula was then applied to determine the trim
angle, 1.

Cup = 77 (0.0120NA + 0.00551°7/C)7) 2)
Where,
Crb, = Equivalent flat lift coefficient and was obtained from:
___pgv
Cu = 05pbIVZ 3)
Effective power of the vessel now estimated from:
Pr = Rr*V 4)
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To analyze the performance of a planing hull with different hull models, a huge set of data had to
be generated to evaluate the performance of different hull models. To get values of these
parameters, especially A, we need to go through the nomogram (Koelbel) manually, which is a
cumbersome job. For this reason, the entire procedure of calculating resistance, and intermediate
parameters using Savitsky's approach was coded using MATLAB. In this respect, the nomogram
(Koelbel) for determining the mean wetted length-beam ratio, ) and trim angle, t was digitally
plotted in MATLAB code using Origin Pro (2019), a plot digitizer software. First, the nomogram
image was imported into the software. The curve lines were then created over the nomogram
(Koelbel) plot's curves, and data from each curve was extracted individually. This extracted data
was then saved in an Excel sheet, and MATLAB code was written to read the Excel sheet data and
build a separate digitally viewable Figure. This graphing was then compared to the actual
nomogram to ensure total accuracy. The saved data points were used as a source for further
computations. The developed automated nomogram is shown below.

ﬂ, Vs Cv
5 ——pb=3.0
——plb=2.8
45 plb =2.6
— /b = 2.4
4k e plb = 2.2
plb=2.0
—p/b=1.8
35 . D/ = 1.6
e 0l = 1.4
3l plb=12
e p/b0 = 1.0
.E e pIb = 0.8
S 251 plb=0.6
N
2 -
o \
1 -
05
0 Il Il Il Il Il Il Il Il J
0 1 2 3 4 5 6 7 8 9
cv = Vi/(g*b)

Figure 1: Digital Plotting of Nomogram (Koelbel), Curves for Avs CV.
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The above procedure has been shown in the following flow-diagram:

Given Lp,b, B, V,LCG <——| Constant g, p, u

v

Assumptions
1.FnV(1.5,2,3,4)
2. All Forces on The Hull Pass Through
CG, p/b=LCG/b

v

Calculate V, Cv, CrLb and CLp

v

Determine Value of A from the Developed
Automated Nomogram(Koelel)

v

Calculate 1, Vi, Rnb, Cro, W

v

Estimate Rt

Figure 2: Flow Chart for Planing hull resistance calculation.

3. Validation

In order to validate the procedure mentioned before, results from the developed codes for a hard
chine hull boat were compared with the results for the same boat given in the textbook “Principles

of Naval Architecture, Second Revision (Volume-2, page-105)”, The hard chine hull has the
following particulars [14]:

Lp=25m (82 ft)

b = 7.5m(24.6ft) (maximum chine beam)
B=15° (deadrise at mid-chine lenth)
V=90m? (3175 cu ft) (displacement volume)
LCG = 10m (32.8 ft) from the transom
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The computations for mean wetted length-beam ratio, (A), trim (t), resistance, (Rr) and effective power,
(Pg) for the above boat were carried out at different volumetric Froude number, (Fnv) and the results are
shown below:

The comparisons are shown in Figures (3 to 6).

From the Figures (3 to 6), it is seen that the errors are very negligible and hence the computed results can
be regarded as satisfactory. After verification, the data sets are stored in an Excel sheet for further analysis
to evaluate the performance of different hull models of high-speed marine vessels.

A Vs FnV TVsFnV

3.4 3

PNA 44% PNA
—%— MATLAB —¥— MATLAB
- /o

.25%

w
w )
2

NG
©

INg
>

Mean Wetted Length-Beam Ratio, 1
IN) N
N o

§.69%
Overall Error: 2.97%|
s 2 25 3 35 4 “is 2 25 3 35 4
Volumetric Froude Number, FnV Volumetric Froude Number, FnV
Figure 3: Comparison of Mean Wetted Length- Figure 4: Comparison of Trim, t° to Volumetric
Beam ratio, A to Volumetric Froude Number, Fny Froude Number, Fny (PNA with MATLAB Code)
(PNA with MATLAB Code)
RT Vs FnV 1.96% P Vs FnV
o5 . . . - - 2600 96%
Overall Eror: 15 /) 2400 Overall Error: 1.9 2
90
2200
_.85 2000
g =
'E_ 80 ; 1800
g ‘.} 1600
s H
k) 75 & 1400
&
70 1200
1000
65
[« 800
soR : . : : 600%~
1.5 2 2.5 3 3.5 4 1.5 2 2.5 3 3.5 4
Volumetric Froude Number, FnV Volu metric Froude Number, FnV
Figure 5: Comparison of Resistance, Rt (KN) to Figure 6: Comparison of Power, P (KW) to
Volumetric Froude Number, Fny (PNA with Volumetric Froude Number, Fny (PNA with
MATLAB Code) MATLAB Code)

4. Results and Discussion

Savitsky's method has been employed here for performance prediction for the planing hull Series.
Following hull models of Series 62, Series 65-A and Series 65-B were considered. The primary
parameters include length, volumetric Froude number, displacement, deadrise angle, LCG, and so
on. For computation purpose, 2 models from each of the Series, i.e., 6 models in total are
considered for the study. For each model, computations were carried out for three different lengths
(25m, 32m and 38m), three different volume displacement (90 m?®, 102 m?, and 135 m?), two

5
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different deadrise angles (15° and 20°) and four different volumetric Froude numbers (1.5, 2, 3,
and 4). The parametric values taken from [14] for the models of each series are shown in Table 1.
Here the models have been divided into two sets depending on the value of L,/B, . However, it
may be noted that all the Figures (7 to 15, 17 to 22 and 29 to 34) are for L, = 25m and deadrise
angle P=15°. The detailed results for all the models including all variations are given in ref. [16].

Table 1: Planing Hull Different Model Particulars.

SET SERIES MODEL L (m) A (m) B (m) L /B o (Degree)
65-A 5198 2.226 0.769 0.477 4.66 22.1

A 65-B 5184 1.872 0.55 0.399 4.69 28.7
62 4667-1 2.438 1.189 0.596 4.09 13
65-A 5251 1.861 0.761 0.564 33 16

B 65-B 5240 1.872 0.779 0.564 3.32 21.2
62 4666 1.825 0.903 0.596 3.06 13

4.1.Influence of volumetric Froude Number, Fnvon mean wetted length-beam ratio, A

Figures 7, 9, 11 have been plotted for demonstration of the results for A vs Fny at three different LCG positions (46%,
50% and 54%) for Set-A.

In a similar way, Figures 8, 10 and 12 have been plotted for Set-B, for A vs Fnv at three different LCG positions like
set-A.

Set-A, Lp =25m, B= 15°, LCG at 46% from the transom (1 Vs FnV) Set-B, Lp =25m, B= 15°, LCG at 46% from the transom (Vs Fnv)
I I [ —E— Model 5198 (Series 65-A) [ [ [ —E— Model 5251 (Series 65-A)
—— Model 5184 (Series 65-B) [ —E3— Model 5240 (Series 65-B)
Model 4667-1 (Series 62) 36 Model 4666 (Series 62)

Mean Wetted Length-Beam Ratio, 1
IS
Mean Wetted Length-Beam Ratio, 4

15 2 25 3 3.5 4 15 2 25 3 35 4

Volumetric Froude Number, Fnv Volumetric Froude Number, Fnv
Figure 7: A vs Fny, for Set-A, LCG at 46% from the Figure 8: A vs Fny, for Set-B, LCG at 46% from the
transom transom
Set-A, Lp =25m, B= 15°, LCG at 50% from the transom (4 Vs Fnv) " Set -B, Lp =25m, P=15°, LCG at 50% from the transom (1 Vs Fn V)
¢ —O— Model 5198 (Series 65-A)) —O— Model 5251 (Series 65-A)

~—E3— Model 5184 (Series 65-8) —HE—Model 5240 (Series 65-B)
Model 4667-1 (Series 62)

Model 4666 (Series 62)

® W @ w
w v A o »

Mean Wetted Length-Beam Ratio, 1
&
N
©

Mean Wetted Length-Beam Ratio, 1

g
o

2.4

3 22

1.5 2 25 3 35 4 1.5 2 2.5 3 3.5 4
Volumetric Froude Number, Fnv Volumetric Froude Number, FnV
Figure 9: A vs Fny, for Set-A, LCG at 50% from the Figure 10: A vs Fny, for Set-B, LCG at 50% from the
transom transom
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From Figures 7, 9 and 11, it is seen that with the increase of Fnv, the A decreases for all the three positions
of LCG for all Models. However, results of A for series 65-A and series 65-B are very close to each other
and varies from 5.3 to 3.5 for LCG position of 46%, from 5.6 to 3.9 for LCG position of 50% and from 5.8
to 4.4 for LCG position of 54%, while series 62 of set-A has reasonably less values of A and varies from
4.7 to 2.9 for LCG position of 46%, 5.2 to 3.3 for LCG position of 50% and 5.5 to 3.7 for LCG position of
54%. From Figures 8, 10 and 12, similar trends can be seen in set-B models, where set-B of series 62 has
considerably less values of A compared to series 65-A and 65-B and varies approximately from 3.3 to 2.1
for LCG position of 46%, from 3.8 to 2.3 for LCG position of 50% and from 4.2 to 2.51 for LCG position
of 54%.

6 Set -A, Lp =25m, =15°, LCG at 50% from the transom (4 Vs FnV ) 5 et B, Lp =25m, B=15°, LCG at 54% from the transom (4 Vs Fn V)

—EO—Model 5251 (Series 65-A)
—E—Model 5198 (Series 65-A),
—H— Model 5240 (S 65-B)
g T o o164 (Seres 659 Model 4665 Serics62)
~5.5 ~
g g
g &
£ E
£ £
© =
k1 Q
= 2
c 5
@ Q
2 =
4 4
35 25
1.5 2 25 3 35 4 1.5 2 25 3 35 4
Volumetric Froude Number, Fn V Volumetric Froude Number, FnV
Figure 11: A vs Fny, for Set-A, LCG at 54% Figure 12: A vs Fny, for Set-B, LCG at 54% from the
from the transom transom
4.2. Influence of LCG on A

In order to show the influence of LCG on A, Figure 13 has been prepared for series 62 for a particular value
of Fnv = 3 for set-A and set-B. From this, it is seen that with the increase of LCG, the value of A increases.
However, in case of set-A, the value of A are greater than that of set-B.

LCG Position vs 1 for Sets A and B, Series 62 at Fnv=3
4.5 T

IS

w
33}

Mean Wetted Length-Beam Ratio, 1
w

N
(4]
T
L

2 1
46% LCG 50% LCG 54% LCG
LCG Position (%)

Figure 13: LCG position (%) vs A for set-A and set-B, Series 62 at Fny=3
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4.3. Influence of Lr on Rt/W at different deadrise angle,  and LCG positions

Figures 14, 15 and 16 have been prepared to show the influence of Lp, on resistance per weight
displacement, R1t/W at two different deadrise angle, B for different positions of LCG (46%, 50% and 54%).
It may be noted that all these figures (14, 15 and 16) are for series 62, model (4667-1) and Fnv = 4. It is
seen that, with the increase of projected chine length, Lp, values of resistance per weight displacement also
increases. Detailed results for other models including all variations are given in ref. [16].

o1 Lp vs RT/W at LCG 46%, Series 62, Model (4667-1), Fn V=4, B = 15° & 20° 018 Lp vs RT/W at LCG 50%, Series 62, Model (4667-1), Fn V=4, p=15° & 20°

i —o—p=15 | g o p- 15
= —E—p=20° z —F—B=20
= 017 = 017
x o
E’ 0.16 g 0.16
E 015 2’ 0.15
g 0.14 i'-' 0.14
§ 013 § 013
g 012 g 0.12
k] k]
£ om £ o
-3 -3

0.1 = L 0.1 L

Lp=25 Lp=32 Lp=38 Lp=25 Lp=32 Lp=38
Lp (m) Lp (m)
Figure 14: Lp vs Rt/W at LCG 46%, Series 62, Figure 15: Lp vs Rt/W at LCG 50%, Series 62,
Model (4667-1), Fny = 4, p = 15° & 20° Model (4667-1), Fnv =4, p = 15° & 20°

Lp vs RT/W at LCG 54%, Series 62, Model (4667-1), Fn V=4, f= 15° & 20°

0.19
—o—p=15
: —=—B=20
g oasf
-4
0.17

o
a
o

and weight displ
o
o

0.14

® 013}

-

o

2

£ 0.12F

(-3

0.11 L L
Lp=25 Lp=32 Lp =38
Lp (m)

Figure 16: Lp vs Rt/W at LCG 54%, Series 62, Model (4667-1), Fnv =4, = 15° & 20°

4.4. Influence of Fnyon Rt/W

Now in order to examine the influence of Fnv on the Rt/W, Figures 17, 19 and 21 should be studied for
set-A, while Figures 18, 20 and 22 are for set-B. From these figures, it is seen that, with the increase of

Fnv, R1/W increases, irrespective of LCG positions and this is true for all the models that are considered
in the study.
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Set -A, Lp =25m, p=15°, LCG at 46% from the transom (RT/W Vs Fn V)
1 T T

—O— Model -5198 (Series 65-A
—E—Model 5184 (Series 65-8
o1 Model -4667-1 (Series 62)
0.09
H
= 008
-4
0.07 /,'-,/
0.06
0.05
15 2 3

Volumetric Froude Number, Fn V7

Figure 17: Rt/W vs Fny, Set-A Models, LCG
46% from the transom

) Set -A, Lp =25m, =15°, LCG at 50% from the transom (RT/W Vs Fn V)

—E— Model -5198 (Series 65-A)
—E+— Model -5184 (Series 65-8
o Model -4667-1 (Series 62)
01
= 0.09
E
4
0.08
0.07
2
0.06
¢
0.05
1.5 2 3

Volumetric Froude Number, Fn V

Figure 19: Rt/W vs Fny, Set-A Models, LCG at
50% from the transom

Set -A, Lp =25m, B =15°, LCG at 54% from the transom (RT/W Vs Fn V)
2

—EO— Model -5198 (Series 65-A)
—E+— Model -5184 (Series 65-8)
01 Model -4667-1 (Series 62)

0.04

2 3
Volumetric Froude Number, Fn V

Figure 21: Rt/W vs Fny, Set-A Models, LCG
54% from the transom
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Set-B, Lp =25m P=15°, LCG at 46% from the transom (RT/W Vs Fn V)
"

—EO—Model -5251 (Ser\es 65-A) j
~—E3— Model -5240 (Series 65-B)
Model -4666 (Series 62)
01F
009 ,
E 008} -
4 ~
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@
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005
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Volumetric Froude Number, Fn V

Figure 18: Rt/W vs Fny, Set-B Models, LCG
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012

—E— Model -5251 (Series 65-A)

—E— Model -5240 (Series 65-8) b
ok Model -4666 (Series 62) a

0.05
15 2 3 4

Volumetric Froude Number, FnV

Figure 20: Rt/W vs Fny, Set-B Models, LCG at
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4.5. Relative Performance

In order to assess the relative performance of different models, Figures 17 to 22 may be studied
again. As mentioned before, with the increase of Fnv, R /W increases for all the models that are
considered in the study. However, from Figures 17, 19 and 21, it is seen that for set-A models, at
lower volumetric Froude numbers, approximately (1.5 to 2.25), the values of R /W are less for
series 62 than that for series 65-A and series 65-B, while at higher volumetric Froude numbers,
approximately (2.5 to 4), the values of R /W are more for series 62 than that for series 65-A and
series 65-B, irrespective of LCG positions.

On the other hand, for set-B models, it is seen from Figures 18, 20 and 22, that at lower volumetric
Froude number, approximately (1.5 to 2.25), the value of R /W remains very much close for all
three series (62, 65-A and 65-B). However, at higher volumetric Froude number, approximately (3
to 4), the values of R,/W are more for series 62 than that for series 65-A and series 65-B,
irrespective of LCG positions.

Among all the models that are considered here, Series 62 models [Model 4667-1 and Model 4666]
of set-A, irrespective of LCG positions, show less value of R./W, thus more efficient in the range
of lower volumetric Froude number (1.5 to 2.25). But if the hulls are designed to operate in the
higher range of volumetric Froude number (2.25 to 4), other models of the series (65-A and 65-B)
show less value of R /W, thus more efficient, irrespective of LCG positions.

4.6. Digitization of Porpoising Limits Graph

Furthermore, an equilibrium check for trim angle was performed to verify porpoise stability.
Porpoising is defined as the sustained or increasing amplitude oscillations of a craft in pitch and
heave while lanning on smooth water. It may, however, cause structural damage to a high-speed
lanning hull if the motions become so severe that the hull is thrown completely out of the water.
Day et al. [15] created a graph that depicted the relationship between trim angle and lift coefficient,
which defined the start of porpoising. This graph of Day et al. [15], is reproduced here in Figure 23.

Porpoising Stability Limit Graph (r° vs~/CL 3/2)

—p=0 e 7
— REGIME OF - = p=10°
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- =
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B[ pe20
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Figure 23: Porpoising Limits for Planing Hull at Figure 24: Developed Digitize Graph for
Different Deadrise Angle. Porpoising Limits at Different Deadrise Angle.

10



JET, Vol-2, 2024 ISSN 2959-6602

4.7 Development of Digitized Graph and Equation for Porpoising Limits

For quick assessment of porpoise stability, initially data were extracted from Figure 23, using graph
digitization software. MATLAB code was then developed and using these extracted values, graphs
were generated as shown in Figure 24. The accuracy of the graphs was checked and a further
division of the graphs of Figure 24, are shown in Figures 25 to 28. From these graphs, equations
were also developed using 3rd degree polynomials. These equations are shown in Table 2.

Y=axr®+bx’ +cx+d

Where, x = VCpp,2 and y = 1° (max allowable trim angle)

T° Vs VCLB/2
T T

12 12
———p=0° p=10°
~ = Polynomial Equation - = Polynomial Equation
10 y = -338.4889x" + 298.3312x? + -30.8076 + 0.7190 o y =-277.3766x° + 267.8117x? + -32.8647x + 2.9744 |
ok
E =
P P
g 2
<6 <
£ £
£ £
A
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o . . . . . )
0.1 0.15 0.2 0.25 03 0.35 0.1 0.15 02 0.25 0.3 0.35
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Figure 25: Porpoising limits for planing hull, for
p=0°

T° Vs VCLp/2
T T

E——mrry

- ~_Polynomial Equation
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Trim Angle, T°

. . . .
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Figure 27: Porpoising limits for planing hull, for
B=15°
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T T
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Figure 26: Porpoising limits for planing hull, for
p=10°

T° Vs VCLp/2
T T

=200
-~ - _Polynomial Equation

1or y =-249.3182x° + 234.9844x*

3.1651x +2.9464 7

Trim Angle, 7

. . .
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Figure 28: Porpoising limits for planing hulls, for
B=20°

Table 2: Porpoising Limit checking polynomial Equation.

Deadrise angle, ° Equation for Maximum Trim Angle R?
0 -338.4889x> + 298.3312x2 + (-30.8076x) + 0.7190 1
10 -277.3766x> +267.8117x% + (-32.8847x) + 2.9744 1
15 -257.2609x> + 247.6695x% + (-27.3100x) + 2.9179 1
20 -249.3182x> + 234.9844x2 + (-23.1651x) + 2.9464 1
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4.8. Porpoising Stability Limits Check for Models of Different Series

In order to check the porpoise stability, Figures 29 to 34 have been prepared. These Figures show
the curves for maximum allowable limit of trim angle as per automated curves generated from Day
et al. [15] and curves of the estimated trim angle for the present models taken for the study. It may
be noted that various values of trim angles for the models were determined from previous
computations using the Koelbel nomogram and equation (2) and (3) as mentioned in the
methodology in section 2. Further it may be noted that estimated trim angles are for four different
volumetric Froude number (1.5, 2, 3 and 4) and three different LCG positions (46%, 50% and 54%).
As can be seen, LCG positions have significant effect on trim. From Figures 29 to 34, it can be seen
that, the computed trims, t° are found to be below the range of maximum allowable porpoising
limits for all the models that have been taken for the study. Trims are found maximum when
positions of LCG are at 46% and minimum at LCG position of 54%.

Set -B, Lp =25m, $=15°, Model - 4666 (Series 62)(r°VsvCLf/2)

—E—LCG at 50% from transom
—FE—LCG at 46% from the transom

LCG at 54% from the transom
—— Maximum Allowable Limit

Trim, T°

1
0.05 0.1 0.15

VCLp/2
Figure 29: 1° vs VCrg/2, Model 4666 for
different LCG Position
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45r LCG at 54% from the transom
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2'. -
15 //e\@ ]
1
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Figure 31: t° vs VCp/2, Model 5251 for
different LCG Position
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Figure 30: t° vs VCr/2, Model 4667-1 for
different LCG Position

Set -A, Lp =25m, B=15° Model - 5198 (Series 65-A)(r°VsvCLf/2)

—E—LCG at 50% from transom
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451 LCG at 54% from the transom
—%— Maximum Allowable Limit
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Figure 32: t° vs VCrp/2, Model 5198 for different
LCG Position
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Set -A, Lp =25m, =15°, Model - 5184 (Series 65-B)(r°VsvCL{/2) Set -B, Lp =25m, $=15°, Model - 5240 (Series 65-B)(r° Vs vCL[2)
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Figure 33: 1° vs VC1p/2, Model 5184 for different Figure 34: 1° vs VC1p/2, Model 5240 for different
LCG Position LCG Position

From this study, trim angles for different LCG positions have been found to be smaller than the
maximum allowable trim angles for porpoising limit stability. As a result, the porpoise stability of
high-speed marine vessels with various hull forms that have been taken for study are found
satisfactory.

4.9. Forming a Table of Ranking of Different Series

Finally, on the basis of R,/W and porpoise stability, a table of ranking for different series can be
formed for different range of Fnv. The ranking has been made by designating numbers 1 and 2 in
different groups, and is shown in Table 3 below:

Table 3: Table of Ranking of Different Series

Range of Fnv
15-2 2-3 2-4 3-4
1. Series 62 1. Series 62, | 1. Series 65-A and | 1. Series 65-A and
2. Series 65-A and Series 65-A and 65-B 65-B
65-B 65-B 2. Series 62 2. Series 62
Condition: Condition: Condition: Condition:

Applicable for all | Applicable for LCG | Applicable for LCG | Applicable for all
LCG positions (46%, | position of 46%. positions of 50% and | LCG positions (46%,
50% and 54%). above. 50% and 54%).

5. Conclusions

A computer program was developed based on MATLAB code and the Savitsky method for prediction of
total resistance. Graph digitization software was used to automate the Koelbel nomogram and digitize the
porpoising stability limit. This has simplified graphical data handling, with accuracy. This approach of
evaluation of high-speed hull models (Series 62, 65-A, and 65-B) is expected to be useful for better naval
architecture design decisions. Influences of several parameters have been studied. Assessing hull
performance and ranking them yields valuable insights. Useful conclusions can be drawn as follows:
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I. X decreases with the increase of Fny forall models. Series 62 models have the minimum values of
A with respect to other two series.
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Parameter Meaning Formula
Fnv Volumetric Froude Number VA (g*V'?)
p/b Center of Pressure Forward of Transom to LCG/b
Beam Ratio
Co Lift Coefficient | -
Vi Average Bottom Velocity, m/s _ _ 0.01207™ 4 5
Vi V(l VACost )
Rup Reynolds Number, Considering Vi & b ViAb/v=V*Lm/v
A Displacementintons | -
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HYDRODYNAMIC PERFORMANCE ANALYSIS OF THE KP505
PROPELLER IN OPEN WATER: A COMPUTATIONAL
APPROACH

Md Ashraful Islam Opi**, Md. Mahedi Hasan Bappy®, Dr. SM
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ABSTRACT

Marine vessels depend on propellers to create the necessary thrust force for propulsion. The design
and analysis of the propeller's hydrodynamic performance are crucial for optimizing marine
operations. The marine propeller KP505 is a propeller design that has comprehensive
experimental data available. This study investigates the hydrodynamic analysis of the KP505
propeller's performance in open water circumstances using computational fluid dynamics (CFD)
simulations. The NMRI model of the KP505 propeller is utilized for analysis, and the numerical
simulation results are compared with the NMRI test results of the KP505 propeller in open water.
The propeller performance in open water was analyzed by simulations using the RANS model. The
study utilizes simulations and analysis to assess various hydrodynamic parameters along the
propeller blades, including thrust and torque coefficients, static and dynamic pressure
distribution, and flow patterns. The disparity between the experimental and numerical values for
thrust coefficient (K,) and torque coefficient (K Q) is minimal. The percentage differences (¢ %)
display a limited range, ranging from -4.81% to 6.61%. This suggests a positive agreement
between the Experimental and Numerical results. This research enhances our comprehension of
the hydrodynamics of the KP505 propeller and provides useful insights for improving marine
propulsion systems.

Keywords: Propeller; Thrust; Torque; Hydrodynamic performance; Computational fluid
dynamics

1. INTRODUCTION

Propellers serve as essential elements in marine propulsion systems, holding a vital role in
ensuring the effective functionality of various watercraft, ranging from small recreational boats to
large ocean vessels. A thorough comprehension of the hydrodynamic characteristics of propellers
is imperative for optimizing their design, improving performance, and guaranteeing safe and
dependable operation. The efficiency of propulsion systems directly affects operational expenses
for maritime companies. Factors such as design and performance significantly impact fuel
consumption, maintenance requirements, and overall operational effectiveness. Additionally, ship
propulsion carries notable environmental implications, particularly concerning emissions and fuel
usage. As the shipping sector aims to diminish its environmental impact and adhere to increasingly
rigorous environmental standards, the advancement of cleaner and more efficient propulsion
technologies becomes imperative.

«b Department of Naval Architecture and Offshore Engineering, Maritime University Bangladesh
¢ Assistant Professor, Department of Naval Architecture and Offshore Engineering, Maritime University Bangladesh
* Corresponding Author: Email- ashraful.islam.opi. 99@gmail.com
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Because of the extensive range of commercial CFD software choices and the progress in
computing capabilities, namely High-Performance Computations, CFD has become a highly
dependable and efficient method for tackling flow issues in various industrial sectors. Over the
past two decades, Computational Fluid Dynamics (CFD) has made considerable progress in ship
hydrodynamics, particularly in ship propulsion [1]. KP505 was specifically engineered by the
Korea Research Institute of Ships and Ocean Engineering (KRISO) for the exclusive purpose of
being utilized in the KRISO Container Ship (KCS). In this research, the numerical simulation
represents the real-world scenario of the propeller and its characteristics in open water. The
findings of this study are expected to contribute significantly to the understanding of the
hydrodynamic behavior of the KP505 propeller in open water conditions. By providing detailed
insights into its performance characteristics, the research aids propeller designers, naval architects,
and marine engineers in optimizing propulsion systems for various marine applications. Moreover,
the computational approach adopted in this study offers a cost-effective and efficient alternative to
experimental testing, thereby facilitating the design process and reducing development time and costs.

1.1 Literature review

Computational fluid dynamics (CFD) simulations were used to analyze the hydrodynamic
performance of the KP505 propeller under open water conditions. The simulations examined the
thrust and torque coefficients, along with the propeller's efficiency [2], [3]. Various findings
indicated that the efficiency of the propeller is influenced by several aspects, including the
existence of a pre-swirl stator, cavitation, and scale effects. The augmentation in blade quantity
from 3 to 5 led to an augmentation in thrust and torque coefficients, while simultaneously causing
a reduction in efficiency [4]. The simulations also conducted a comparison of several meshing
procedures and determined that they had a significant impact on the propeller's performance,
specifically in relation to thrust and torque [5]. The study examined the performance of propellers
in sinusoidal pitch motion with constant tilt angles and concluded that the motion of the ship in
waves had an impact on the propulsion performance of the propeller [6]. The computational fluid
dynamics (CFD) simulations yielded useful insights into the hydrodynamic characteristics of the
KP505 propeller under open water circumstances.

1.2 Research gap

Despite the advancements in computational methods for propeller analysis, there remains a need
for comprehensive studies focusing on specific propeller designs under various operating
conditions. The KP505 propeller, although widely used in marine applications, lacks detailed
computational analysis in open water conditions. Therefore, the primary research problem
addressed in this study is to conduct a thorough hydrodynamic analysis of the KP505 propeller in
open water using computational techniques.

Existing research might provide overall thrust and torque values, but a deeper understanding of the
pressure distribution and flow patterns around the blades is often missing. This study will use CFD
to visualize and analyze these details, offering insights into the mechanisms behind the propeller's
performance.

1.3 Objectives

The main aim of this study article is to examine the fundamental hydrodynamic factors related
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to the KP505 propeller's performance in open water circumstances. The study's specific objective
is to analyze the propeller's thrust and torque coefficients, which are essential measures of its
performance and efficiency. Furthermore, the research aims to analyze the pressure and velocity
distributions surrounding the propeller blades, offering valuable insights into the fluid dynamics
and flow patterns produced by the propeller.

1.4 Scope of the Study

This study provides in-depth insights into the hydrodynamic performance of the KP505 propeller,
which can enhance the design, efficiency, and operational reliability of marine vessels. The
detailed computational fluid dynamics (CFD) analysis offers a comprehensive understanding of
the flow dynamics around the KP505 propeller, including thrust, torque, and efficiency metrics.
These insights can guide the optimization of propeller designs, leading to the development of more
efficient and effective propulsion systems. By incorporating the findings from this study, engineers
can design propellers that maximize performance while minimizing fuel consumption and
emissions, contributing to more sustainable maritime operations.

2. Governing Equations

The Reynolds averaged Navier Stokes (RANS) equations, along with the continuity equation, are
used in a three-dimensional computational framework to model the flow of an incompressible
fluid. These equations can be expressed in tensor notation as indicated below:

aui -0
axi B

2 )+a( - ap a
ot P T G PN T T Tk,

ou, ow\| 9, __ ¢h)
(3 )| g o

The variables x; represent the Cartesian coordinates, u; represent the velocity components, and p, p, and p
represent the static pressure, density, and molecular viscosity, respectively. The quantity pu;u; represents
the Reynolds stress. In order to solve the governing equation, it is necessary to represent the Reynolds stress
using a suitable turbulence model. To solve these equations, a turbulence model is necessary to represent
the Reynolds stress. In this study, the SST (Shear Stress Transport) k-® model is employed, as proposed
by [7]. The governing equations are solved using a second-order discretization method for both time and
space. The pressure-velocity coupling is achieved using the SIMPLE (Semi-Implicit Method for Pressure-
Linked Equations) method.

The efficiency and performance of a propeller can be evaluated based on its behavior in undisturbed,
uniform flows under constant loads [8]. The thrust (T) and torque (Q) can be mathematically represented
using dimensionless coefficients.

T

KT = pn2D4 (2)
Q

Q= pn2D5 @)

These coefficients, Kt and Kq, are determined by the propeller's diameter (D), water density (p), and
rotations per second (n), as well as the advance coefficient (J), which quantifies the ratio of forward velocity

(Va) to rotational speed and diameter.
Va

]ZE 4)
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The propeller's open water efficiency, denoted as 1o, is defined as the ratio of thrust coefficient (Kr) to
torque coefficient (Kq), normalized by J/2m.
— ﬁi (5)
To =Ky 2m
3. Methodology

The research methodology is depicted as a sequential process comprising several key stages
(Figure 1). These stages include making preliminary assumptions for the analysis, creating a
model of the system, conducting an in-depth analysis of the system, and drawing conclusions
based on the findings.

Furthermore, the governing equations and geometric characteristics of propeller under analysis are
thoroughly elaborated upon in subsequent sections of this portion.

Geometry Preparation

A\ 4

Model Generation

'

Domain Creation

A 4

Boundary Condition Application

v

Mesh Generation

v

Analysis of Propeller in Open Water Condition

-

Comparison with Experimental Result

Figure 1: Methodology Flowchart of the Research.

4. Geometry Preparation

The hydrodynamic performance of a propeller, specifically the KP 505 model designed for use
with the KCS hull as depicted in Figure 2, is analyzed in this study. The National Maritime
Research Institute (NMRI), Tokyo, developed a scaled model at a ratio of 75.5 for experimentation
purposes. This paper utilizes the NMRI model to examine the hydrodynamic characteristics of the
KP505 propeller in open water through computational fluid dynamics (CFD) simulations
conducted with ANSYS Fluent software. The obtained results are then compared with NMRI
model test results for the KP505 propeller. Figure 3 illustrates the geometry of the KP505
propeller model from two different angles, while Table 1 provides details regarding the principal
particulars of KP505 propeller model. Additionally, Figure 4 presents a sketch depicting the
geometry and dimensions of a single blade of the KP505 propeller.
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Figure 2: KCS Hull with KP505 Propeller [9].

Table 1: Principal Particulars of KP505 Propeller

Model NMRI
Scale ratio 75.5

Hub ratio 0.18
Expanded area ratio 0.8
Propeller Type Fixed Pitch
Diameter (m) 0.105

No. of blades 5

P/D (0.7R) 0.997
Rotation Right hand

Figure 3: KP505 Propeller Model.
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Figure 4: Sketch of KP505 Propeller Blade [9].
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5. Computational Domain and Mesh Generation

An overview of the computational domain is shown in Figure 5. The propeller, which is totally
immersed in an endless ocean, is represented by the boundary conditions of the simulations. The
outside zone, which is fixed, and the inner zone, which is rotating, comprise the computing
domain.

Figure 5: Computational Domain

The computational domain for propeller open water simulations is a rectangular shape with
dimensions that are 4, 8, and 4 times the diameter of the propeller in the x, y, and z directions,
respectively. The rectangular block was split into six boundary surfaces named inlet, outlet, top,
bottom, left side and right side. Table 2 shows the size and boundary condition of the
computational domain. The downstream section of the propeller has a length of 5 diameters, while
the upstream section has a length of 3 diameters (Figure 5). The coordinate system is positioned
at the precise midpoint of the propeller. The y-axis is directed towards the upstream, whereas the x
and z axes are directed laterally and vertically, respectively. In relation to the boundary conditions,
the velocity and direction of the inflow approaching the propeller are specified at the inlet
boundary. This represents the water flow entering the computational domain, simulating open
water conditions. At the outlet boundary, pressure outlet is applied to ensure that fluid leaving the
computational domain does not introduce spurious reflections or disturbances back into the flow
field as well as to maintain a consistent flow regime.

Table 2: Size and boundary condition of the computational domain

Boundary Name Direction Location Boundary Condition
Inlet y direction 3D Velocity inlet

Outlet y direction -5D Pressure outlet

Top z direction 2D Wall

Bottom z direction -2D Wall

Left Side x direction 2D Wall

Right Side x direction -2D Wall
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In this analysis meshes are created using the built-in ANSYS Meshing Tool. The unstructured
triangular prism grids are applied in meshing the domains shown in Figure 6. Element quality
mesh metrices are maintained while the total number of elements and nodes are 2.4M and 0.4M,
respectively.

ANSYS Fluent utilizes the implicit solver RANSE. The k- SST turbulence model with wall
function formulation is employed for turbulence closure. The velocity-pressure coupling is
managed using the pressure equation formulation known as SIMPLE, which employs a face-based
approach.

6. Result and Discussion

To conduct the numerical simulation for the propeller's open water convergence test, a specific
type of mesh consisting of 2.4 million cells is generated. The analysis investigates different values
of advance coefficients (J) spanning from 0.2 to 0.8. Table 2 displays the results of this study,
comparing experimental (EFD) and computational (CFD) data for the performance characteristics
of the KP505 propeller under various operational conditions. The

Figure 6: Grid System
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Figure 7: Static Pressure Distribution

analysis focuses on two key performance metrics: thrust coefficient (KT) and torque coefficient
(KQ), observed across different advance coefficients (J) ranging from °2 to °.5. For the thrust
coefficient (KT), the experimental results (EFD) show values ranging from °.44¢° to °.'44, while the
computational results (CFD) range from °.#*7* to °.'34, Overall, the CFD results exhibit slightly
lower values compared to the EFD results across all advance coefficients. The percentage
differences (¢ %) between the EFD and CFD results range from -*.3% to -*.#'%, indicating a slight
underestimation of thrust coefficient by the CFD method compared to experimental
measurements. Similarly, for the torque coefficient (KQ), the EFD results range from °.6°3 to ©,2805,
while the CFD results range from °.¢% to °.2°®° In this case, the CFD results tend to be slightly
higher than the EFD results across all advance coefficients. The percentage differences (¢ %)
between the EFD and CFD results range from *.%% to ¢.¢'%, indicating a small overestimation of
torque coefficient by the CFD method compared to experimental measurements. Overall, the
comparison between experimental and computational results suggests reasonably good agreement
between the two methods for predicting the performance characteristics of the KP** propeller.
However, some discrepancies are observed, with the CFD method tending to slightly
underestimate thrust coefficient and slightly overestimate torque coefficient compared to
experimental measurements. These differences could be attributed to numerous factors, including
modeling assumptions, numerical approximations, and experimental uncertainties, which warrant
further investigation and validation.

Table 3: EFD and CFD comparison of the open water propeller performance coefficients.

Kr 10%Ko
J 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
EF 0.446 0.342 0.240 0.141 0.653 0.531 0.409 0.280
D 7 4 4 0
CF 0.427 0.356 0.251 0.134 0.690 0.566 0.415 0.298
D 9 6 5 8
£ % -4.36 4.00 4.65 4.81 5.54 6.61 1.66 6.42
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The numerical simulation of propeller in open water also includes both the static and dynamic
pressure distribution across the different region of the propeller. Figure 7 shows the variations in
pressure gradients which indicate areas of high and low pressure determining the forces acting on the
propeller blades. Peaks in the pressure distribution correspond to regions of increased flow resistance
or compression occurring near the leading edges of the propeller blades and in the areas of flow
separation. The figure also illustrates pressure recovery downstream of the propeller, where the static
pressure gradually returns to ambient levels as the flow re-establishes itself in the wake region.

The dynamic pressure distribution is one of the most important parameters in analyzing the
propeller in open water condition for assessing the performance and efficiency of the propeller
design. Regions of high dynamic pressure experience increased drag or load, potentially affecting
propeller efficiency and inducing structural stresses. Conversely, regions of low dynamic pressure
indicate areas where cavitation or flow separation could occur, impacting performance negatively.
Figure 8 illustrates how dynamic pressure varies along the span of the propeller blades. Higher
dynamic pressures indicate regions where the fluid flow exerts greater force on the blade surfaces,
while lower dynamic pressures correspond to regions with less force exerted by the fluid. The
illustration depicts a notable trend in dynamic pressure across the propeller blades, where the
pressure increases gradually from the central region towards the edges. At the

= L e

——

Figure 8: Dynamic Pressure Distribution

outermost edges of the blades, the dynamic pressure peaks, reaching its maximum value. This
observation suggests that the outer edges of the propeller blades experience the highest force
exerted by the flowing fluid, indicative of significant hydrodynamic loads in those areas.

7. Conclusion

This research paper has presented a comprehensive hydrodynamic analysis of the KP** propeller
operating in open water conditions using a computational method. Through detailed simulations
and analysis, the contributions of key parameters including thrust and torque coefficients, as well
as pressure and velocity distributions are investigated along the propeller blades. The variations in
thrust and torque coefficients are observed under different operating conditions which influences
the propeller's efficiency and performance characteristics. In some cases, there's a slight
discrepancy between the EFD and CFD values for both KT and KQ. The percentage differences (e
%) are generally small,
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ranging from -4.81% to 6.61%, which is relatively good agreement between the EFD and CFD
results. However, there are a few instances where the percentage difference exceeded 5% while
determining torque coefficient under different operating conditions.

The minor variation between experimental and computational results indicates the differences of
principle setup in these two methods. This research primarily focused on computational
simulations. Real-world factors like hull interaction and wave effects are not explicitly
incorporated in this study. Additionally, the accuracy of the CFD results depends on the chosen
turbulence models and mesh generation techniques. Future studies could explore the combined
effects of propeller-hull interaction and waves on the overall performance. Moreover, the scope of
the study is limited to the KP505 propeller, and the findings may not be directly applicable to other
propeller designs without appropriate validation and verification. Further investigation and
refinement of the computational model can be warranted for those specific operating conditions
where the deviation of computational results is slightly higher than the experimental results.
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ABSTRACT

The emergence of autonomous vessels in the shipping industry presents promising opportunities
and significant challenges. This systematic review aims to explore and summarize the current
landscape of opportunities and challenges associated with autonomous vessels in shipping. By
synthesizing existing literature, this review provides insights into the potential benefits of
autonomous vessels, such as improved safety, efficiency, and environmental sustainability,
alongside the various hurdles to their widespread adoption, including technological limitations,
regulatory frameworks, and societal acceptance. Stakeholders in the maritime sector need to
understand the complex connection between opportunities and challenges to pursue autonomous
shipping effectively. By employing autonomous vessels and effectively addressing the related
challenges, the marine industry will move towards safer, more efficient, and environmentally
sustainable operations. This will bring about a new era of innovation and advancement on the high
seas.

Keywords: Autonomous vessel; Shipping industry; Opportunities; Challenges; Systematic review.

1. INTRODUCTION

In the maritime context, shipping specifically pertains to transporting products via ships across the
ocean. It encompasses the movement of goods between ports, including the arrival and departure
from the ports. Over the past fifteen years, the shipping industry has encountered various obstacles,
including the 2008 financial crisis, the sluggish economic recovery, excess shipping capacity, and
the bankruptcy of a major company in 2017. Furthermore, the current shift towards energy sources
less reliant on fossil fuels may impact the demand for shipping. The sector is seeking new ways to
enhance demand and reduce operational expenses.

In recent years, the maritime industry has witnessed a paradigm shift with the integration of
autonomous vessels, heralding a new era in shipping. Autonomous shipping is the capability of a
ship to autonomously govern its actions during the transportation of commodities between ports
[1]. Autonomous vessels, also known as unmanned surface vessels (USVs) or autonomous surface
ships (ASVs), represent a groundbreaking advancement in maritime technology. They promise
enhanced efficiency, safety, and sustainability in the transportation of goods across the world's
oceans. As the global demand for maritime transportation continues to grow, fueled by expanding
international trade and the need for efficient logistics solutions, the integration of autonomous
vessels into shipping operations presents both unprecedented opportunities and formidable
challenges.
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In 2017, the International Maritime Organization (IMO) initiated a regulatory scoping exercise to
address the potential problems associated with Maritime Autonomous Surface Ships (MASS), as
documented in the work [2]. Considering the increasing demands of international legislation, there
is a growing interest in maritime alternative fuels that offer safer, more environmentally friendly,
and more efficient ships [3]. Autonomous shipping is being considered and investigated for several
reasons, as outlined by Porathe et al. [4]. These include the desire to improve working conditions
for crews and address the potential shortage of seafarers. Additionally, there is a focus on reducing
transportation costs, meeting global emissions reduction goals, and enhancing safety in the
shipping industry.

Ships are increasingly employing sensors and artificial intelligence (Al) systems to navigate, steer,
and avoid collisions, although this technology is still in its early development. Like cars, these
developments should improve safety and efficiency while using cleaner fuels and engines to
reduce environmental impact.

Autonomous vessels could leverage advanced algorithms to meticulously plan routes that
minimize fuel consumption. This translates directly to lower emissions of greenhouse gases and
other pollutants that plague the maritime sector. Furthermore, without the need to prioritize crew
comfort or fatigue, unmanned ships could operate at slower speeds, which naturally translates to
burning less fuel and producing fewer emissions. An even more significant environmental benefit
emerges when considering the possibility of integrating cleaner energy sources. The absence of a
crew opens the door to exploring alternative propulsion systems like hydrogen fuel cells or wind
power. These cleaner options have the potential to drastically reduce emissions compared to the
traditional reliance on fossil fuels.

This is extremely crucial: Maritime channels convey around 11 billion tons annually, accounting
for around 80% of global trade. The shipping industry accounted for almost 3% (roughly 1,000
million tons) of worldwide carbon dioxide emissions in 2018. The International Marine
Organization (IMO) has committed to achieving a 50% reduction in greenhouse gas emissions
from the marine industry by the year 2050 [5].

Remote & Autonomous timeline

2018

MLLEDL SUPCRLT, CPLRA TN 0
CENTAS FUPICTION

Figure 1: Ultra-low emission, smart and autonomous vessels of the future [6].
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Autonomous uncrewed or self-navigating vessels represent a transformative leap in the maritime
industry. The market for autonomous ships was estimated to be valued at USD 3.9 billion in 2022.
It is expected to grow to USD 8.2 billion by 2030, with a compound annual growth rate (CAGR)
0f 9.6% from 2022 to 2030 [7]. The concept of autonomous vessels encompasses a wide range of
capabilities, from remotely controlled ships to fully autonomous vessels capable of navigating and
making decisions without human intervention. These vessels leverage innovative technologies
such as artificial intelligence (AI), machine learning, advanced sensors, and satellite
communication systems to perceive their environment, plan routes, and execute complex
maneuvers autonomously. By reducing human error and fatigue, autonomous vessels have the
potential to improve safety at sea, mitigate the environmental impact of shipping, and optimize the
utilization of resources.

Despite the growing body of literature examining the opportunities and challenges of autonomous
vessels in shipping, there is a notable absence of comprehensive review papers synthesizing
existing research on this topic. While individual studies provide valuable insights into various
aspects of autonomous shipping, there is a need for a systematic review that consolidates and
critically evaluates the findings across multiple disciplines. Such a review would help identify key
themes, gaps, and inconsistencies in the literature, as well as provide a more nuanced
understanding of the overall state of knowledge on autonomous vessels in shipping.

This systematic review seeks to thoroughly examine the opportunities and challenges related to
autonomous vessels in the shipping industry, taking into account the aforementioned issues. By
analyzing existing literature and empirical evidence on autonomous vessels, this study aims to
provide policymakers, industry stakeholders, and researchers with valuable insights into the future
of marine transportation.

1.1. Advancing towards autonomous shipping

The emergence of autonomous shipping is an ongoing narrative, with its origins dating back
several decades. It was fueled by technological advancements and a desire to improve efficiency,
safety, and environmental impact within the maritime industry.

1.1.1 Early Inception (1950s-1980s)

The mid-20th century witnessed the early exploration of automation concepts in shipping.
Autopilots for course control emerged, laying the foundation for more sophisticated automation
technologies. Limited remote-controlled ship operations were attempted, primarily for military
applications. These early endeavors provided valuable insights into the potential of remote control
and its associated challenges.

1.1.2. Technological Advancements (1990s-2000s)

The widespread adoption of Global Positioning Systems (GPS) and improved communication
infrastructure provided a critical foundation for autonomous navigation and data exchange.
Advancements in sensor technology, including radar, lidar, and cameras, enabled the development
of more sophisticated perception systems for autonomous vessels. Research projects and concept
designs for autonomous ships emerged, showcasing the potential for unmanned operations in
controlled environments.
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1.1.3. Shifting Focus and Growing Interest (2010s-Present)

As technology matured, feasibility studies explored the economic viability of autonomous ships
for commercial applications. Potential cost savings and efficiency gains garnered significant
industry interest.

Collaborative efforts between governments, maritime companies, and research institutions
accelerated the development and testing of autonomous ship prototypes.

The concept of varying degrees of autonomy gained traction, from automated functions on manned
vessels to fully autonomous operations. International Maritime Organization (IMO) discussions
commenced addressing regulatory frameworks and safety standards for autonomous vessels.

1.1.4. Current Landscape

Real-world testing of autonomous vessels in controlled environments is underway, with various
prototypes undergoing trials to gather data and refine technology.

The marine industry has recently demonstrated a growing inclination towards creating
autonomous solutions to enhance operational efficiency, punctuality, and safety [8], [9]. For
instance, the MUNIN (MUNIN is the abbreviation for Maritime Unmanned Navigation through
Intelligence in Networks is a project that aims to create technology for a ship that can navigate
without human intervention) research project examined safety and autonomy in a dry bulk carrier
used for deep-sea shipping [10]. Additionally, DNV showcased its ReVolt concept to investigate
crewless short-sea shipping [11]. In addition, Rolls Royce presented a self-driving boat in Finland,
demonstrating its ability to combine sensor data, identify impediments, prevent collisions, and
dock automatically [12]. The objective of the AUTOSHIP (The Autoship project has successfully
revolutionized the maritime industry by testing and developing fully autonomous navigation
systems, intelligent machinery systems, self-diagnostics, prognostics, and operation scheduling. It
is all about pushing the boundaries of what is possible on the high seas) research project was to
construct, evaluate, and operate two self-governing vessels equipped with the ability to navigate in
both short-sea shipping and inland waterway situations [13]. The Suzaku, a commercial vessel in
Japan, recently underwent a 790-kilometre trial to assess its ability to navigate autonomously. This
trial specifically focused on the ship's navigation capabilities utilizing a container ship [14].

In January 2022, the Soleil, a car ferry from Japan, achieved the distinction of being the inaugural
large-scale vessel to operate autonomously without any human interference. The 220-meter-long
vessel autonomously docked and undocked, changed direction, reversed, and navigated itself for
240 km across the Iyonada Sea, starting from Shinmoji in northern Kyushu. These operations are
often considered difficult even for experienced human operators [15].

Currently, small, fully autonomous boats less than 10 meters long are being used for specific
purposes, such as monitoring water quality and infrastructure in the open sea. These boats also
serve as test platforms for modern technology. However, there will be a significant transformation
in the coming years, as the first major 'maritime autonomous surface ships' are scheduled to
commence commercial operation.

The pilot projects encompass the Yara Birkeland, an 80-metre-long container ship from Norway. It
is projected to transport fertilizer independently and without any emissions from a production
facility to a shipping port by 2024 [16]. A 120-meter-long electric container ship, Zhi Fei, has been
showcased in China. It operates under remote and occasionally autonomous supervision as it
travels between two ports in Shandong province [17].
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Figure 2: The Norwegian container ship Yara Birkeland.

Within a decade, autonomous vessels could potentially engage in mutual interactions. An example
is the Vessel Train, a pilot initiative supported by the European Union and managed by the
Netherlands Maritime Technology Foundation in Rotterdam. The Vessel Train employs a manned
lead vessel to lead a group of smaller automated vessels, allowing them to navigate tiny waterways
near ports efficiently. Ultimately, groups of autonomous vessels might be supervised from onshore
maritime traffic-control centers.

The autonomous shipping revolution is a complex journey with immense potential and significant
hurdles. As technology continues to evolve and collaborative efforts progress, autonomous vessels
have the potential to reshape the maritime landscape, leading to a future of efficient, safe, and
sustainable shipping. While the exact timeline for widespread adoption remains uncertain, the
voyage towards an autonomous shipping future has begun.

1.1.5. Classifications of Autonomy Levels

The International Maritime Organization (IMO), Lloyd’s Register, and Rolls-Royce have each
established frameworks to define and categorize the levels of autonomy in maritime operations.
These frameworks provide a structured approach to understanding the progression of autonomy,
from manual control to full autonomy, with varying degrees of human involvement and computer
decision-making capabilities.
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Table 1: Autonomy levels defined by different international organizations.

Levels of Autonomy by
IMO [18]

Levels of Autonomy by
Lloyd’s Register [19]

Levels of Autonomy by Rolls-Royce
[20]

MASS 1.0 — Ship with
automated processes and
decision support.

MASS 2.0 — Remotely
controlled  ship  with
seafarers on board.

MASS 3.0 — Remotely

controlled ship without
seafarers on board.
MASS 40 - Fully

autonomous ship.

AL 0 — Manual steering.

AL 1 — On-board decision
support.

AL 2 — On and off-board
decision support.

AL 3 —“Active” human in the
loop.

AL 4 — Human in the loop.
AL 5 — Autonomous.

AL 6 — Fully autonomous.

L 1 — The computer does not assist
humans in charge of all decisions and
actions.

L 2 — The computer provides a complete
set of decision alternatives.

L 3 — The computer narrows alternatives
down to a few.

L 4 — The computer suggests a single
alternative.

L 5 — The computer executes the
suggested action if the human approves.

L 6 — The computer provides human
beings with limited time to veto before
automatic execution.

L 7 — The computer operates
automatically, when necessary,
informing humans.

L 8 — The computer informs humans
only if asked.

L 9 — The computer informs humans
only if it decides so.

L 10 — The computer does everything
autonomously, ignoring humans.

The IMO's framework, known as the Maritime Autonomous Surface Ships (MASS) framework,
outlines four levels of autonomy: MASS 1.0, MASS 2.0, MASS 3.0, and MASS 4.0. These levels
represent different degrees of automation, ranging from ships with automated processes and
decision support to fully autonomous ships.

Lloyd’s Register defines autonomy levels (AL) across six stages, from AL 0 to AL 5, with an
additional level, AL 6, for fully autonomous operations. These levels encompass manual steering,
onboard decision support, onboard and offboard decision support, "active" human involvement,
human-in-the-loop, and autonomous operations.

Rolls-Royce provides a more detailed breakdown of autonomy levels (L) from L 1 to L 10. These
levels delineate the extent of computer assistance and human involvement, with L 1 representing
no computer assistance and complete human control and L 10 indicating full autonomy where the
computer autonomously performs all tasks without human input.

2. Methods

This review employs a systematic approach to gather and analyze relevant literature on
autonomous vessels in shipping. A thorough search of academic databases (secondary data),
industry reports, and grey literature was conducted using predetermined search terms related to
autonomous shipping. The selected studies were screened based on inclusion and exclusion criteria
to ensure relevance and reliability. The synthesized findings were categorized into opportunities
and challenges, providing a structured analysis of the current landscape.
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2.1. Literature Search

In this study, we used a systematic literature review to identify relevant research articles on
Autonomous vessels in Shipping.

SCOPUS, launched in 2004 by the academic publisher Elsevier, is a database that contains
abstracts and citations. It was used as the primary database for keyword searches as this is one of
the largest globally used databases.

All papers available on SCOPUS were reviewed. Searched terms included “Autonomous vessels
in Shipping,” “Autonomous Shipping,” “Challenges,” or “Opportunities.” The time frame,
application areas, country, or journal did not limit the search.

2.2. Inclusion and Exclusion Criteria

The current study specifically examines Autonomous Vessels in Shipping and, as a result, excludes
articles that discuss conventional shipping technology and other technological advancements in
regular shipping that are irrelevant to the study's purpose. The current systematic literature review
(SLR) only included original research publications undergoing peer review. Review articles, book
chapters, notes, short surveys, letters, thesis, and editorials were excluded from consideration. In
addition, the selected articles were only written in English, without any restrictions on the country
of publication.

2.3. Data Extraction

A total of 2,330 articles were obtained from the Scopus Database during the initial database search.
While there were no specific limitations on the timeframe, scholars have primarily focused on the
works published from 2020 forward. Hence, particular articles were written within the last 5 years.
Subsequently, the inclusion and exclusion criteria were applied, resulting in 52 publications that were
selected for further examination of their titles, abstracts, and keywords. Reviewing the titles and
abstracts, we excluded 17 articles irrelevant to our research. Following the comprehensive evaluations
of the entire texts, 35 publications were determined to fall within the parameters of our study. Most
research has been disregarded since it prioritized autonomy in other technical and engineering aspects
of shipping. Thus, 35 papers were chosen for the systematic literature review (SLR) (Figure 3).
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Records identified from: i i, Review articles, book chapters, notes, H
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open access and open archive;
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Figure 3: Search strategy. The figure shows the search strategy, including the database assessed for this study.
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3. Contribution of Autonomous Vessels in Shipping Industry

3.1. Advance usage of technology

The fourth industrial revolution (Industry 4.0) refers to the ongoing transformation of traditional
manufacturing and industrial practices through a fusion of advanced technologies.

Accomplishing shipping 4.0 the industry is rapidly evolving towards autonomous shipping. These
ships are equipped with a myriad of sensors including radar, lidar, cameras, GPS, sonar, and
Automatic Identification System (AIS), Route Optimization with Al, providing comprehensive
situational awareness crucial for navigation and collision avoidance [21].

Conventional shipping relies heavily on human expertise and experience to navigate and operate
vessels. Autonomous ships, on the other hand, leverage a suite of modern technologies to achieve
independent operation. Autonomous vessels can be operated directly or using artificial
intelligence, machine learning (ML), advanced sensors, and computer systems. The advantages of
autonomous ships are enormous. They are safer, more efficient, and less harmful to the
environment because they help decrease the chance of accidents, human error, and fuel
consumption. The prospect of autonomous ships transforming the maritime business is both
exciting and terrifying.

3.2. Reduction in operational cost

Marine automation and autonomy offer substantial cost-saving benefits for ship owners and
operators. Predictive maintenance systems in Maritime Autonomous Surface Ships (MASS) lead
to reduced crewing costs, lower insurance premiums due to improved safety records, and
decreased maintenance expenses [22], [23]. Autonomous ships can operate at slower speeds
without considering crew comfort, thus lowering fuel consumption and costs [24].

While advanced onboard technologies may increase initial capital expenditures (CAPEX) for
comparable-sized ships, smaller vessels enhance flexibility and customer satisfaction in
autonomous shipping. Larger fleets benefit from increased resilience, as the failure of one ship has
less impact on the entire fleet, resulting in fewer disruptions to cargo operations [24], [25].

The maritime sector is increasingly drawn to autonomous operations, primarily to reduce crew size
and enhance operational efficiency. By employing advanced ship designs and automation
technologies, vessels can potentially operate with fewer crew members or even entirely unmanned.

In autonomous shipping, crew reduction opportunities are significant, with potential cost savings
and operational efficiencies. The emergence of autonomous ships will inevitably result in a
decrease in crew levels or potentially even fully unmanned ships. There are numerous advantages
associated with sailing with a diminished crew size. Studies suggest that crew costs can be a
substantial portion of operational expenses, making crew reduction a promising avenue for cost
reduction [26]. Different concepts, such as replacing open water navigation or mooring tasks with
automation, can substantially reduce crew costs and operational efficiencies [27]. Additionally, the
transition to autonomous shipping involves scenarios where autonomous systems gradually
replace crew members, improving maritime operations' safety, efficiency, and cost-effectiveness
[28]. These crew reduction opportunities offer economic benefits and enhance safety and
operational performance in autonomous shipping [29].
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Crew-related operational costs for basic vessels include salaries and consumables (50%),
management (32%), and maintenance and repairs (18%). With autonomous operations, staff costs
can be reduced by 60-80% [27]. Overall, autonomous vessels can cost 12%-34% less than
conventional ships, offering significant savings under various scenarios.

3.3. Safety Enhancement

Autonomous ships are anticipated to enhance maritime safety by reducing the risk of accidents
caused by human error, which is a significant factor in most maritime incidents. Studies suggest
that up to 90% of accidents at sea are attributed to human errors [30]. By removing the human
element from navigation, autonomous vessels can potentially mitigate these risks and improve
safety outcomes. Efforts to automate tasks like berthing and mooring procedures, both at ports and
onboard ships, are expected to further enhance safety and streamline operations. Additionally,
automation can simplify administrative processes at seaports, reducing expenses and delays
associated with cargo imports and exports. Overall, the adoption of autonomous technology in the
maritime industry holds promise for safer and more efficient operations.

3.4. Environmental Sustainability

Autonomous shipping brings significant environmental benefits, including reduced emissions and
improved energy efficiency [31]. By employing energy-efficient technologies and optimizing
operational processes, Maritime Autonomous Surface Ships (MASS) can decrease carbon
emissions and enhance vessel performance [32]. Additionally, innovations like hydrogen or green
ammonia propulsion contribute to lowering emissions, aligning with global climate goals and
sustainable development objectives in the maritime sector. Autonomous underwater dredging can
save 66% energy by reducing ship resistance and vacuum [33].

Advanced autonomous technologies, such as intelligent route planning and hybrid power plants,
further improve fuel savings, emissions reduction, and system reliability. Hybrid designs, with
multiple power sources, not only enhance reliability but also significantly reduce pollution and fuel
consumption.

By having many power sources and customers, hybrid power plants increase system reliability and
reduce pollution and fuel consumption. The hybrid construction saves 17% more gasoline than the
standard diesel engine-powered setup [34]. Moreover, autonomous ships' intelligent operations
lead to notable reductions in CO2 and NOx emissions compared to traditional vessels, making
them key players in promoting marine industry sustainability. Using less auxiliary power reduces
Transition Autonomous Ship (TAS) CO2 and NOx emissions by 3.6% to 3.9% and 3.9% to 4.2%,
respectively. The Next Generation Autonomous Ship (NGAS) reduces CO2 and NOx emissions by
8.3—-11% and 8.2-10% [27].

4. Challenges of Autonomous Vessels in Shipping

