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Summary

Recently severachangeshhave been observed iThisishlse Eart
applicable to the ocean environmerite concept of weather routing Haeen applied for ship
navigation for a long timeMany service providers offer weather routing serwdgth the
availability of highquality satellite dataunfortunately, not much information is available in
the pulic domain as to how much the recent mfa inthe weather pattern has affected ship
navigation. The purpose of this paper is to fill this information g&ye investigate the
influence of recent changes time ocean environment on ship navigatiéeattrer data from
ECMWEF, namely ERANterim, isused for this purpos&he ECMWF data for the last 27
years is analyse®Ve computehe statistical characteristics of this data for the first 10 gyear
last 10 yeas, and 27 yea The statistical charactenis$ of the data are determined based on
Asumme and Awintero zones as def i Biedfferbny i nt e
worldwide commercial ship routes are selected covering all the ocean regions. Navigation on
great ellipse wittwaypointis consideredMMG type ship maoeuwing model fo 3 different
ship types (DTMB 5415, PCC, VLCC) is uséthe added resistance duewave wind and
the effort of keeping the ship on the desired course using autopilot in the rough ocean
environment is inelded in the MMG modelThe fuel consumption anthé duration of each
one of the voyagarecomputedBased on the analysis and simulation results it is shown that:

0] The mean wave height, wave period, and wind speed has increased imcane
zonesand decreased in other ocean zoifeany change hasccurred, it is uniform for both
seasons (summer and winter).

(i) In which ocean regions thereagerceptible change in fuel consumptiererage ship
speedand voyage time due to the changesmweather pattern.

(i)  The changing weather patterm different ocean zones affsceach ship type
differently.

Key words: Added resistanceECMWEFE ERAinterim; fuel consumptiongreat ellipse
sailing; ship navigationweather effects
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1. Introduction

Nearly 90% of the wor |l dos ortsone dfethesedradesar r i e
there is no alternative to transporting cargo by ships. In recent years, the incidence of loss of
ships (mostly bulk carriers) is increasing due to change in the wavengditeEffects of
rough wether areloss of ship, damage to the shipcreased deck @tness,propeller
emergence, slammingyertical/ horizontal bending and torsion, worsened stability and
manoeuvrability, and/or additional dynamic loads of the hulk risky to sail inaroughsea
and strong wind. Hence, prior knowledge of weather itimmd isimportantin the study of
path optimization and ship routind recent study has confirmeaccurrence ofextreme
waves with a typical significant wave height of up to 30 md&rsUsing the meteorological
and wave models, numerical simulations of the weather and sea state were conductbt for eig
rough sea cases using the grid point value datasetSNCER-FNL and ERAInterim. Model
results were validated by shipboard measurements and ship motion calculations. Results show
a better performance of NCHRNL on generating high ocean surface wipeed of heavy
weather than that of the ERlAterim. On theother handthe ERAInterim tends to perform
better forpredictionof wind direction[3].

Nowadaysthe shipping industry igocusing orthe reduction of fuel consumption atpn
with the safety of the vessel. To reduce fuel consumptstimation of resistance/ added
resistance due to wave and speed loss during the voyage should be accurate. Therefore,
oceanographic parameters, which affect the speed and course keepingbshactdirately
considered. The speed of the ship depemwave height, wave period, wave directiand
wind speed and directigdi 7]. Added resistancaffectss h i rpadosuving and results in a
dropin ship speed Addedresistance, which is the difference between the total resistance in
waves and calm water resist& causes an increase in fuel consumptiBwaluation of
increased fuel consumption is made based on estimated added resistance for different speeds
and wave frequencie8]. The concept of EED(introduced by IMQ, requiresthe ship
designer/ship builderto calculate the resistance due to waves and wind with reference to
resistance in calm ater. The resistance due to wave and windtHeiKVLCC2 madel was
calculated experimentally and numerically in four different draft conditions: full load, ballast,
and two intermediate conditions between the full load and ballast conditidns.
experimatal and numerical results for the added resistance wemnpased for the four draft
conditions[9]. A comparison of two methods for added resistanckeadwaves by the
Faltinsen method and the Salvesen method is studied for four different ships: two
containerships, a bulk carrier and aroovessel Both methods givéhe added resistance in
head seas wht similar accuacy in the longer waves regiofiO]. The additional fuel
consumption is approximated in relation to the increased resistance, i.e. the difference
between the ship resistance in calratev and resistance while operatingheadwavesfor
different Froude numberfl1]. Tank tests in longrested irregulaheadwaves for VLCC
model and®CC modehave been conducted, and added resistance in irregular waves has been
measured and compared with the estimated results by Bewmapproximationl2]. The
resistance and propulsion characteristics in regular head waves of ®/Ilt@ve been
predicted utilizingthe experimental methofl3]. Model of DTMB 5415 is validated for twin
propeller twin rudder andiind forces and momenégtingon the shipwere estimated14,15]
The MMG method was proposed fanalysingthe steady sailing condition and the course
stability of a ship under external disturbances due to wintveawves. The steady sailing
conditions and the course stability of a PCC ship are calculated using the proposed MMG
method under external disturbances in deep and shallow JEér3 his paper suggests that
MMG model simulates the mano@&ing response of the PCC ship accuratélgnce,the
same PCC model is used for our simulation sti&lgnulation on speégower relations is
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performed by a performance prediction method for a tanker. From the simulation, a correction
formula for quartering and following waves of the added resistance in waves is suggested, and
the effect is studied and validat¢t7]. A physical modelling method, in which the ship
resistanceoropellerengine model is developed by using available ship information and basic
hydrodynamics; for the analysis of operational scenarios in realistic environmental eenditio
in three voyagesThe added wave resistance is calculated for different wave angle. The
results implies that the resistance of wave for lower wave angle is ven|lkBssThe
collective effects of wind speed, significant wave height, and currents on the vessel routing
are evaluatedn addition the impact of typhoons on vessel navigation is asseskeddrift
of the vessel mainly depends on the wind spgé&8]. Decrease of the ship speed in real
conditions is a consequence of the added resistance due to the impact of weather conditions
(waves and wind) and due to aggravated working camditof the propelléengine system
[20]. A container ship, a car carrier and a bulk carriereasnined and the decrease of ship
speed in actual seas are discug2&gl The highers h i gpeed produces more emissidhe
implications of various maritime emissions reductions policies for maritime logistic are
studied[22]. Maki et al. used a reabded genetic algorithm technique for weattwrting of
the ship for the voyage along the gremtle route to avoid maritime accidents due to
parametric rolling23]. Two types of optimized routing strategiég, minimum travel ime
and minimum fuel consumption, with different constraints, such as land boundaries,
significant wave heights, engine revolution speeds and roll responses have been studied
[24,25]

In this paper, the analysis of ERAterim data is carried oVave height, wave period,
wind speed and wind direction from 1992 to 2018 are studimkt, the effects of
environmental factors (waves, wind) on vessel resistance are calculated. Then the fuel
consumption of the vessel on different routes in different weather conditions is evaluated.
Furthermore, the PCC and VLCC vessel simulation igda#did with engine power and rpm
of theactual tanker and PCC ship.

2. Oceanwind and wave data analysis

The study of ocean parametaessimportantfor the safe sailing of the vesserhis is
becausaoughweatherc ondi t i ons i n t he aliengpeformandeeTot t he
confirm the satellite data we do a small exercise. Two examples of damage to the ship are
checked. Satellite data is used to gather wave information at the accident site. The first
example is th&akhodka, a Russian oil tankéna was loaded with 19,000 tonnes oftype
heavy oil. It broke up into sections and submerged off Oki Island, Shimane Prefecture, Japan
on 2" Januaryl997.The consequent heavy oil spill contaminated the amil seanear OKi
Island. It also adversely adicted the ecosystem of the oc¢26,27] The variation of mean
wave height near Oki Island whetlge accidenthappeneds shown in Fig. 1. The average
wave height shown on that day is 7.3 m dhd average wind speed is 16.5 m/s. The
statistical analysis of wave height implies that peak wave heights during the accident could
haveexceeded’.3 m. Similarly, statisticalanalysis of windspeed mdicatesthat peak wind
speed during the accident could haxeeeded 6.5 m/s.
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Fig. 1 Variation of mean wave height (in m) at the Oki Island on 2nd January 1997

The ®cond example is that of the merchahipsEl Faro which sank east of the
Bahamason 15t October2015 due to rogue wave conditions during Hurricane Jod@8in
The wave height data from 06:00 to 12:00 UGICT* October2015, as recorded by ECMWF
satellite datas shown in Fig. 2. In this figure, the area near the Bahamas shows an increase
in wave heightThe average wave height during 6 howes observedsa4.78 mThis implies
that peak wave heights during the accident could lexeeeded.78 m.Fedele et al[28]
estimated the probabilitgf EI Faro encountérg a rogue wave having crest height greater
than 14 m while drifting over a time interval of hfinutesas 1/400 anaver a time interval
of 50 minutesas 1/130 respectivelyThe above two examples show that the wave height,
wave period, wave direction, wind speed and wind direction available from satellite data can
be reliably used for statistical analysis of safety and route planning of the ships.
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Fig. 2 Variation of mean wave height (in m) at the east of the Bahama¥October2015

Scientists are using oceanographic satellite data for more than 34 years since the launch
of GEOSAT in 1985. Following the conclusion of the GEOSAT mission in1889, there
was a brief interruption until the launch of the ERSatellite in midl991. Satellite offers
uninterrupted data of wave height and wind speed with weidé exposure. Such records
are being used in a variety of applications like ship rgutffshore engineering design, wind
and wave climatology, etc. oceanographic satellites do not directly measure either wave
height or wind speed. They measure properties of the water surface, which consequently, after
postprocessing, gives either wave igi@g or wind speed. Altimeters, radiometers,
scatterometers, and synthetic aperture radars are the main four instruments that provide global
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wave height and wind speed. Out of these instruments, the radar altimeter gives the long
duration dataset. ECMWF quuces a thirdjeneration global reanalysis of meteorological
observations, known as ERIAterim. ERAInterim is a global atmospheric reanalysis from

1979. The model data is archived six hour intervalswi t h 0. 75A spatial
Voluntarily observig vessels, buoys, and satellite scatterometers give the ocean wind speed
dataset. Satellite altimeter wave heights were also considered since 1994ntEfiRA

provides superior data than buoy observat[@8833].

The dataset for the significant wave height, mean wave period, wind speed, wave
direction from 1992 to 2018 is downl oaded
netCDF format. Uninterrupted satellite data is availdlden 1992 to 2018. This paper
shows the changes in oceanographic parameters in the first and last ten years and all 27 years.
Hence, analysis is done from 1992 to 2001, from 2009 to 2018 and from 1992 to 2018. The
ocean region is divided as per the seabanne specified in loadline regulatioj®!]. Mean
and variances are calculated for the wave height, wave period, wave direction and wind speed.
The season (summer or winter)disfinedwith respect to the northern hesphere. Therefore
"summer 0 means “summer " in the Northern He
Hemisphere. The mean is calculated for summer and winter zone separately. This is done
based on thealendardates specified in the loadline regulati®@DO software is used for
calculating mean and variance of weather parame@®© is a commandine suite for
manipulating andnalysingclimate data. CDO is used for calculating the mean and variances
of netCDF files.

The resultant wind speedasalysedrom wind speed W and Vio. Wind speed is given
at a height of 10 nfrom the surfaceAlso, the direction of the wind ianalysedor each zone
and each season. Resultant wind speed and wind areglalculated as shown in Egs. 1 and

2.
U, = \)U102 '}‘/102 1)

Yy, =tant Uy, V) 2)

The load line rules considered in this paper are for vessels halengthof more than
100 m Furthermore, the mean and variances g%, HAWP, wind speed, wind direction and
wave direction of loadline zoseas per season is evaluatéithe purposef loadlinerules is
to ensure thaa ship has sufficient freeboard, adequate reserve buoyancy and bow3wight
The necessity for minimum freeboard and bow height is torentat heavy seas do not
capsize/ damage the ship or floating offshore structuree loadline chart represents the
seasonal zones, areas, and periods in a particular sea area at a given time af theFygar
3, the international loadline zones aselasons are shown. Loadline rules suggestthigat
tropical zone is the safest zone for a ship or floating offshore strudtumdition it shows
that the winter zone is dangerous for a ship or floating offshore struchuréhis analysis,
zones arelivided into summer, winter, and tropical. Seasonal zones are either combined with
winter or summer zone based on the seas@wvofage as shown in Appendix A.herefore,
in winter analysis, zones considered for analysis are winter and trofiaailarly, in summer
analysis, zones considered for analysis are summer and tropical. Occasionally sudden changes
in the pattern of wave height, wave period or wind speed can be observed in the flgnises.
is due to the loadline zone boundary. Across aosehzone boundary, the calendar months
for which averaging are carried out are different.
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The mean ofisignificant wave heiglat imeanwave period, fiwind speed and fiwind
directiorois showninFigs4 ~ 7. The t & & m7idphesmeardof aweathern ¢
parametefor 10 years (1992 to 20Gdr 2009 to 2018 ) or 27 years (1992 to 2018 fig. 4,
the mean of significant waugeight of winter and summer zones for the years 1992 to 2001,
2009 to 2018 and 1992 to 2018 is presentédhows that wave heights in the recent decade
have increased in the Southern Oceanrantkice near Antarctica has meltedrecent years
as compred to 1992 Generally wave height are higheiin the Southern Ocean, North
Atlantic Ocean and\orth Pacific Ocean.In Fig. 5, the mean wave period for summer and
winter for 1992 to 2001, 2009 to 2018 and 1992 to 2018 is shdWiP is less near to lah
and the polar region as shown in Fig. Gverall, mean wave period decreasedhe period
2009 to 2018 as comparedtte periodl992 to 2001 In Fig. 6, the mean wind speed of 10
years for summer and winter from 1992 to 2001, 2009 to 2018 andethre wind speed of 27
years for summer and wintéiom 1992 to 2018reshown It implies that windspeed ha
increasedn the Southern Ocean and North Atlantic Ocean regidhe wind direction of
winter and summer zones for tperiod 1992 to 2001, 2009 2018 and 1992 to 2018 is
illustrated in Fig. 7. This figure is shown in the colour insteathearrow becauséhe data
downl oaded is of 1A spati al resol ut iTemn and
variance of significant wave height for wentand summer zones for theriod1992 to 2001
and 2009 to 2018 is shown in Fig. 8. It can be observed that variance is more in the Southern
Ocean, North Atlantic Ocean region and North Pacific Ocean relgidfig. 9, the variance
of the waveperiod fo summer and winteseasongor the periods 19920 2001and2009 to
2018 isshown The variance is more near to the coastal.afégures 8 ~ 10 showsthatthe
27-year variances greater than both the first 4@ar (1992- 2001) variance and the lasd-1
year (2009- 2018) varianceThis showsthat the change in wave heightyave periodand
wind speedn recent yearas compared to previous ye@ssignificantly high The variance
of wind speeddr winter and summeseasongor the periods1992 to 200land 2009 to 2018
is shownin Fig. 10. The variance of wind spead different for the summer and winter
seasons. The variance is more towards the poles and less in the tropical Thisés
important becausenisomewind spectrum model, variance neet be input for calculating
the gustwind. A higher variance will mean higher peaks in the time series of gust wind.
However, higher variancen case of wave height and wave period will mean new wave
spectrum model nesdo be developed.
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Fig.4 Meanofsi gni fi cant wave height ( i-200InWintea(b) 29922601 Ear t hd s
Summer (c) 20092018 Winter (d) 20092018 Summer (e) 1992018 Winter (f) 1992 2018 Summer.
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3. Manoeuvring mathematical modé of ships

MMG type manoeuvringmathematical modedf a shipis used for the simulation. To
see the influence of the environmental condition on the ship type and size, three different ship
types araused for simulationThe ship types DTMB 541R4], PCC[35] and VLCC[36] are
used for simulationThe VLCC [17] modelis slected to match the dimensions of recent
commercial VLCC ship design®TMB 5415 ship has twhpropeller twin rudder system
while the PCC and VLCC ships havengle propeller single ruddesystem. The fulscale
particulars of the threship types are shown Tablel.

Table 1 Principal particulars of the DTMB 5415, PCC and VLCC ships

Particular DTMB 5415 |PCC VLCC
Loa(m) 153.3 200 333
Lep (M) 142.0 190.0 319.0
Bwi (M) 19.06 32.20 60.0

T (M) 6.15 8.20 21

Cs 0.507 0.547 0.817
m' 0.1361 0.1854 0.3073
P 0.0085 0.0116 0.0192
J,0 0.0072 0.0098 0.0163
| pp (kg.NP) 26414 40535 300234
Jop (Kg.1mP) 6604 10134 75058
Ser (M?) 2972 5051 26583
Dp (M) 6.15 6.7 10

Ar (m?) 368.36 1044.75 1209
AL (M?) 1143.43 5971.49 4520
Design Speed (knot{18 20 15.7
C1 1 2 1.8

Cz 1 5 0.1

The coordinate system is shown in Fig. 11. The MMG type 4 DoFemesed for
representinghes h i p Gosuvimganotiong[14] is shown in Eq. 3.

(m+m)u{m +) rv AT mxpr X= X+ X +X X[
(Mem)v€m ) ur mz p( mx N-T Y=Y 4y & 1
(1,430 4mx, N)V mgur Ni N+ N, +N, + u“ O
(L,+3)p Mz K)V KT K-p mzgur K =K « + }
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Earth Fixed Frame

Fig. 11 The coordinate system for ship motions

The 4 DoF considers surge, sway, roll and yaw motiongewhe 3 DoF considers
surge, sway and yaw motion. For all the simulations, the pitch and heave motion components
are ignored. The body planof ships used for simulatioms shown in Fig. 12 The
hydrodynamic hull force model for the DTMB 5415 slii@] is shown in Eq. 4, PCC ship
[35] is shown in Eqg. &nd VLCC shig36] is shown in Eq. 6.

Xp =X X,V X P %/ X

Y, =Y VHY,V Hr ¥T Y M+ Y Vi Y+ XA Y S
N, ME+Y, P EHY 1 f YV OY¥r Yip

N, =N, v +N,V Nr N, F N#*r+N, v N+ N, ¥ N, \3;%"4)
N, M2P+N PPN § A NV ONT

— = — = —>

)
)
Ky= mgGZ #X(v)y W Kni K+ FK %7K # £
+K, Ff2 Ky K Kip Kb y
Xy =X %07 (X, m) o Xu? X g, X 4,50
Ye=Yo £Y )t M, WP (Yab Y} v ouw
NH:Nbb +Nr‘rl N'bbﬁ I\'&ir—r r'3 (N.i—rbbb N'rr+rl) rlb J{]
Xy = X,V 4 i
Y=o Y X b o i (Y, oY 4 T G ®)
A
y

N, =N, b N Kb (6 Nr|r] (N, N ) 1
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Fig. 12 Body plan of VLCC (left), PCC(middle)andDTMB 5415(right) shipmodek

The rudder model is shown in Eq. 7. The rudder model shown is fomptepeller
twin rudder system. For single propeller segidder system, the subscripts{S, P} will be

deleted.

Xg= Al &o )(Frygsind Fgyscosd F & psin aF g o cos

Yo= {1 &) (FRygcosd Fyyssind Fg pcos dF 5 o sin )
Ng= {Xz & %)(Fey gC0Sd  FgyyssSin d Fgy cos dF g oSin
Yrg Egg SiNd+Fqy g cOs d-F

+(1t

R(E}

KR = 'ZRYR

RY} P

sin aF gy p COS

o

o= =

(7)

<

The hull, propeller and rudder interactiopefficients &, a, , X,, etc) are taken

from the existing mathematical model for the respective ships. The propeller model is shown

in Egs. 8 ~ 9. We consider the hull propeller interactiooefficientst, ,w,,, /1, constant

for different wind/ wave conditionSpeed reduction is one of the solutiduesng proposed at
IMO to reduce emissions in the immediate future. Reducing speediggestedas an
important means to reduce emissions from international commercial shippingg]
In this paper, only

Voluntary speed reduction has human dedionrmaking element.
involuntary speed reduction due to constant main engine torque is considered for simulations.

Therefore, the propeller revolution willary asits thrustloading changed-or eg. when the
resistance of the ship suge direction increases due to wind, wave and rududsiors, the

propellerbecoms overloaded. Thisresultsad r o p
speed. Therefore, the propeller thrust and torareecoupledwi t h

maneiveling model
Xp =(1 ,) rn’DEK i

Ke=A A,

ALy

20(Jep+ Dop) it METEK, =Qf
u

Ke=B 8B,

B

Y

n

propell er

spbedip 6us

(8)

(9)

rpm

The added moment of rotary inertia of propelierwateris taken as 25% of the

propel |l er ds

mo m e thetair [80]. The@ropellerytorguenneodet shaavn in Bq.

9, introduces an additional degree of fremdm the system, i.e. the propeller revolution

variation.

Besides the propeller and hull characteristics, the propeller revolution variation

also depends on the characteristics of the pnmaeer. We consider the prime mover tosbe

diesel engine workingn constant torque operating condition.
prime mover is directly connected to the propeller through the shaft. There is no reduction
Therefore, the propeller and engine revolutions are the same. The constant engine

gear.
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torqueis fixed based on the design calm water speed of the respective vessels. When added
resistance due to wave/ wind is considered, the engine torque remains the same while the
propeller revolution and the shgpeed vaes as per the ship and propelleharacteristics.

The fuel consumption is computed as shown in

g
TFC=f{ SFOC2p nQ* df (10)
0

The SFOC is specified by the main engine manufacturer. In this paigeroitsidered
thesame for all the threshipmodds i.e. 170 g/kW.hr. Resistance due to the wind acting on

the hull and superstructure depends on the ¢
superstructure characteristics. This resista
andthecrosss ect i onal area of the vessel above thi

divided into different components like hull resistance, added wave resistance, wind resistance
etc. Calm water resistander the 3 ship models shown in Fig. 3. Holtropd formulais
used forcalculatng the form factor of the hull.

6
25 x10
—DTMB
PCC
2; —vLee |
= 1.5
=
I
¢ 1
0.5
0 1 Il
0 5 10 15 20

Speed (knots)
Fig. 13 Calm watesresistance of DTMB 5415, PCC and VLCC ship types

During the voyagethe ship experiences added resistance due to two wave systems: the
reflection of short waves on the hull, and the wav#uced heave and pitch motions of the
vessel.The magnitude of added resistance depenrd various parameteigke the vessel
dimension and wave factors likeyil MWP, and wave direction.The wave speatm is
calculated for each significant wave heigintan wave periodThe wave spectrum foriHd =
5 m and, MWP = 11.88 sec is shown in Figl. 1This resistance component is created by the
loss of energy to both, radiated waves caused by vessel matiddjffraction of incident
waves on vessel hull8,40]. The RAO (Relative Amplitude Operator) of added wave
resistance of the vessel is calculated using Mid>software[41]. The variation of RAO of
added wave resistance for wave headibeag angl
sea)is shown in Fig. 15 The nature of the added wave resistance curve is simildf {42]

The RAO of added wave r esAfdowingseaisferytessaiO A (b
hence it is neglected in this stuf\8,44] The Salvesen method is used for calculating RAO

as it is more suitable for oblique waves and-Epeed shipsAlso, the Salvesen method is

more accurate thathe Gerritsma and Beukelman method for a wide range of hull shapes

[41]. Bretschneider wave spectrum used for analysis is shown in Eq. 11. The wave
encounter angle is calculatedtive ship coordinate system from wave heegdangle and ship

heading angle as shown in Eq. 12. The wave encounter frequency and encounter gpectrum
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computed using Eqgs. 12 ~ 13 respectively. The added wave resistance is calculated from
RAO and wave energy spectrum by multiplying and integgathe contribution of all the
individual wave frequencies. The added resistance due to wave at a geographical location is
computed by Eq. 14. The wave spectruna gieographicdlocation is determined based on

the averaged values of the significant wéregght and mean wave period obtained from the
satellite data as described in the previous section.

_5 W, ST Ui
756 g, T (11
Y wave = Ywavee = YV ,FI
W/vaveu*cos(ywav u 12
M/e = l/%ave e)|, ( )
9 y
S
S(n,) = (W)* (13)
1- (2Wwaveu /g) Cos(ywave)
R = 2350,) R d
AW nS(We) ‘/2 714 (14a)
0
XAW = RAW COS(J/ Wavg (14b)
Vaw = RSN vard (14c)
57
4-
¥,
E -
32
()] -
1
Oi—v—\\\‘\i\\|\|w[| ——— ™
0 1 2 3 4 5

w, [rad/s]

Fig. 14 Bretschneider wave spectrum for =5 m and modal period = 11.88 sec
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Fig. 15. Variation of added wave resistance for different wave direction. Top: DTMB, MiBdI€ and
Bottom: VLCC ship at 1&not speed

The expressions of the forces and the moment induced by wind are shown in Eqgs. 15 ~

18.
Xy =1 AULC (V)12 (15)
Yu = AAULC( V)12 (16)
N, =7 AULLC( YA/ 2 (17)
K, =7 AUC ()2, (18)

The wind force coefficientS, (v ,), C,(V »), Cy(V o), C« (v ») are computed based on
the above water area characteristics of the individual vessels. The regressiola foy
Fujiwara et al]45] was used to estimate the aerodynamic drag coefficients. The wind speed
and direction at 1A latitude/ | ongi tude i nt
described irthe previous section. The effective wind speed and wind angle of attdok in
ship fixed coordinate system is computed as shown in Eq. 19.
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2 ¥

The aerodynamic forces and moment induced by gust wind are considered indghis stu
Gust wind time series is generated using the Harris spe@tinas shown in Eg. 20. Harris
spectrum is used because it has the wind speed variance as one of the model parameters
besides the mean wind spee#igher variance for the same mean wind speed will mean
higher peak in the gust wind time seriedMean wind speed and wind speed variance from
satellite dataare used for simulations The gust wind velocity is obtained by Eq. 21. The
amplitude of the't wind component is determined under a linear theory as showa 22

(19)

—él—) i Oy

it
S, =5,° UV{U ; (20)
1+70.8 5
( ﬁw)z
UM =2 b s Q
=a sin(urt +a)b 21)

Usw =Uy Y(1) 3"/

b =28 (W) Dy (22)

Here Dw is the discretized interval of theth wind component. To avoid repeating

patterns of guswind, norrevenly distributed discrete frequencies were ugedmall interval
Dw is taken for higher accuracy of integration. The phase amgls generated as a random

number during simulations. Formar ti cul ar zone (1A | atitude
speed and its variance is assumed as constant, the same seed is used for random number
generation. The wind speed used for simulation is in the range 0 ~ 15 m/s and the effective
frequency range fahis wind speed is observed to b = 0 ~ 10 radians/s.

The voyage simulations are carried out for long distances on the surface of the Earth.

The Earth is considered to be an ellipsoid surface for this purpfaseget thevoyage length
and time, we need to transform the ship dynarffiten MMG model)from the Cartesian
coordinate system tthe ECEF coordinate systemAdditionally, the weather information
(wind and wave characteristics) is received with respect to the EG&#HEinate system. A
set of auxiliary equations are required to carry out this transformation. First, the ship
dynamics are transformedto NED (North East Down) coordinate system. This is shown in
Eqgs. 23 ~ 24. In BAheseceg@d)iong A)sEAY an (
degree of freedom model. The ship dynamics in the NED frame are transformed to latitude,
longitude and depth systef#7] as shown in Eq. 25The different parametersn Eq. 25are
calculated as shown in Eq. 26.

EX; gy sy 0@ 0 sglged Ou

vy € Une V- PR
Yo Fgy ¢y 0305 1 0 Q& -sfy (23)
(7, ;,/@ 0 1y4 Oqg Q@sgf chd
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At the beginning of the voyage simulation, the latitude, longitude, depth, Euler angles,
ECEF coordinates, etare inputin the model. This is based on the port from where the
vessel commences its voyage. Thereatfter, the time series of theveteasas generated by
integrating the motion equations. The desired voyage trajectory is generated beforehand
based on the great ellipse navigation systen
latitude/ longitudenterval [48]. It may be natd that a ship has to traveelonger distance for
covering 1A longitude ithePolRgarea.t Rue to windesurged s ¢c 0
sway forces and yaw moment act on the vessel. Due to wave, surge and sway force act on the
ship. Due to this reas, the vessel tends to drift off its desired course. An autopilot is
required which will automatically generate suitable rudder angle command to keep the ship in
its desired trajectoryTheshipis guidedthrough the waypointsy using a courskeepingPD
autopilot as shown in Eq. 27. The gain settings C1u€e@ for differenship types are shown
in Tablel. The gain setting€1 and C2 are calculatdxy the trial and error methadThis
means the gain coefficies are varied and the ship response to the rudder command is
checked manually. The gain coefficient where the ship response is satisfactory is .selected
The desied waypoints are given as inpuEhe waypoints are given in the sequence in which
we want theship to navigate. The bearing angle between the initial position of the ship (point
1) and first waypoint (point 2) is calculated using Eq. 28. This bearing angle becomes the
desired heading anglg’( ). As the ship navigateppints 1 and 2getautomaticallyupdated.

During navigation, the ship may or may not drift from its course. Desired heading gngle (

in Eq. 27 is updated at each time instant using Eq. 28 during ship navif#ion This

generates the commanded rudder angle as per autopilot shown in. Bdag@um rudder

angl 25 AdNimum rudder angl¢NO . 04AWd maxi mum rudder rate
PCC and VvLCC and, N 9 A/sec for DTMB 5415)
rudder angle is generated As soon as the ship reaches within the radius of twice thehlengt

of a ship of point 2, point 2 is updated with the next waypoint from the input [a0]e At

each time instant, the geodetic distance between the present position of the ship and point 2 is
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calculated using Vincenty's formuld9] shown in Eq. 29. The details of Eq. 29 are given in

Appendix B.Thetermfids 6 i s a functi on o ftion28tsisdvedde an
iteratively. The iteration is stopped when the distance is computed within 1 m accuracy. This
way the numeri cal simulation and shipbds aut

for the waypoint navigation simulation, it is nesay to compute the instantaneous latitude/
longitude position of the ship. This entails extra computation effort.

dControI = Cl( JI/D - )/ G:ZrI (27)
Y, =atan2(y, x) (28)
ds= R, * AA(s, - B (29)

Where,
y=cosU, *sin D
X =cosU,*sinU,, - sinU, *cosU, *cos[D
tanUl)= @-f )*tar}i1 tanUz): @-f )*tar}iz f :(REQ 'RDL)/ F%Q

The track length travelled by ship at each time step during simulation is computed using
Eq. 30. The discrete track lengths obtained by Eq. 30 when added together gives the total
tradk length traversed by the ship between the origin and destination points. This track length
will be usually longer than the great ellipse trajectory length, between the origin and
destination point, which is computed by Eq. 29. This is becausigthe actual voyage, the
vessel keeps drifting off its desired trajectory due to wind and wave. The autopilot tends to
bring back the ship to the desired trajectory/ course. The resistance increment is not only due
to wind/ wave force but also due to rudd&mip motions. The time and fuel consumption for
the entire voyage is known from the simulation output. It may be noted that this procedure is
different from optimal ocean routing. In ocean routing, an optimal trajectory path is
generated based on a geéined criterion, minimizing time of travel or fuel consumption or
constant engine torque condition, etc. Several sets of trajectories are generated and the
optimal amongst them is selected. A suitable algorithmasratiditional set of simulations
needto be carried out for this purpose.

ds=/(dX* £ dy’ (30)

4. Ship Simulation and Validation

Engine torqueused for the simulations is validated with #etualshipds data[51]. The
typical main engine power and RPM of tankers and PCC shipRownin Fig. 16. This
figure illustrates, that tankers (of length 320 mrappnately)hawe enginepower in the range
of 24000 ~ 32000 kW at 66 ~ 78 rpm. Similarly, PCC ship (of length 190 m approximately)
hawe engine power in the range of 13000 ~ 16000 kW at 100 ~ 130 rpm. The engine power
and rpm selected for PCC aNtLCC shipin this study igndicatedin the figurein blue and
red colour circle respectively.
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Fig. 16 Variation of main engine power with rpm existing VLCC and®CC shipg51]

For validation of the maneuvering mathematical model, autopilot, zigzag and turning

circle simulations at design speed are carrietd Bloe output is showm Figs. 17 ~ 19 for
DTMB 5415, PCCand VLCC ships respectivelimportantly, the engine rpm variation could
be capturedlt is observed that themmaneuvering motionrajectories are similato those of
respectiveship types[6,36,52] It may be noted thamnodel maneuvering tests are usually
carried out with constant propeller revolutiohhe Mercatormap for different oceanic
voyages is shown in Fig20. Thetrajectory is discretized into waypoints and thistance
betweerthe successive waypoints is calculated usirig n ¢ efarmwaf9g].
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Fig. 20 The trajectory of some GES voyage on Mercator Chart

The engine power of VLCC is 26400 kW at 76 rpm, which is within the range of power
and rpm of the VLCC tankers operating commercially. iy, the engine power of PCC is
13600 kw at 105 rpm, which is within the range of power and rpm of the PCC ships
operatingcommercially. The power ofa singleengine of DTMB 5415 is 2450 kW at 72 rpm.
As per the change in resistance, the speed of $taipges and hence it impliaschange in
rpm as shown in Fig.12 The engine power and RPM variation for the en8sglneyi
Valparaisovoyage of DTMB 5415, PCC and VLCC ship is shown in Fid. Zhis figure
indicates the power and rpm range during thgage is predicted accurately by our
simulation model Due to wind and wave effect, rpm changes continuoushgine rpm
changes due to change in wave height and wind speed. It resaittkange in ship speed. In
the southern ocean, NortAtlantic Oceanand North Pacific Oceanwave height and wind
speedarehigher. Hence,it results inlarger reductionn ship speed in this ocean.

30000 -
--DTMB 5415
25000 1 % Pcc
vLce
20000 -
=
=< 15000 -
[=]
of p—
10000 -
5000 -
0

50 55 60 65 70 75 80 85 90 95 100 105 110
RPM
Fig. 21 Engine power/ RPM variation for the entire voyage

Six different voyages are selected foe thimulation. The voyages are (1) Sydney
(Australia) - Valparaiso (Chile), (2) Yokohama (Japan)alparaiso (Chile), (3) Newport
(USA) - Cape Town (South Africa), (4) Yokohama (Japan)os Angeles (USA), (5)
Charleston (USA) Le Havre (France), (6) Slohn Por{Canada} Stornoway (UK). Figures
22 ~ 27 show the simulation results of the DTMB 5415, PCC, and VLCC ships respectively.
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The to and fro voyage of above mentioned six roatesshown incontrastingcolours for
easyidentification Fuel conamption and voyage time in calm water conditayethe same

for to and fro voyageddence,the first histogrambar shovg the same valuesi92-016, 09

180 andi92-180 represent results of 1992001, 2009 2018 and 1992 2018 respectively.
Thelettes6 S6 and O Y¥amnrerzoped andwinter zone respectively. Figures22

~ 24 showsthat the fuel consumption of ships depends upon the Loadline zone (Season). The
results show that both the fuel consumption and travel time is higher in winterazone
compared to the summer zone. This is due to higher wave height/ wave period and wind
speed in winter as compared to summer zone. The fuel consumption in summer and winter
varies in voyage 1, 4, 5 andghis is kecause wave and wind pattern varieswstimmer and

winter season in this regionfuel consumption in summer and winter in voyage 2 and 3 is
nearly the same.This is lecause vogge 2 and 3 arm the tropical zone wherewave and

wind pattern remainthe same throughout the year. The differemc fuel efficiency between
Asummer 0 and Awintero voyages i S more sighni
and North Pacific Oceans/oyage numberl, 2, 3, 5 and 6 show the increase in fuel
consumption inthe recent 10 years. Only voyage 4 shothere isa decrease in fuel
consumption irtherecent 10 years. The difference has become more prominent in the recent
decade as compared to previous years. Significantly, for all the 6 voyages, the fuel
consumption is diff er eThis highlights the timpostanae ofdvindi f r o 0
and wave direction and shows that these must be considered for optimal ship fhisng.

will have a significantimpact on thessue ofenvironmentapollution reduction.
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Fig. 22 DTMB 5415 Fuel Consumption (in tonnes)
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Figures25 ~ 27 sow the time of travel (in days) of ghip sailingfrom one port to
arother. Itwas shown in Fig. 3, that waueeightsvary significantly between summer and
winter seasong the Southern Ocean and North Atlariceanregion. Therefore, the time
required to complete the voyagis different in summer and winter seasoAsdditionally,
increased wavéeightand windspeedhave been observad the recent few years inese
regiors. Typically, wave heights are moretime Southern Oceaand North Atlantic zonas
compared to other ocean are#gaveheightand windspeedchang marginally in a tropical
zone as shown in Figs310. Hence, tropical zones are suitable for voyages in all seasons.
St. Johndés port to Stornoway (i .e. Voyage
the difference in voyage time for summeand winter seasons is significant for this route.
During this short voyage, a ship has to pass through the North Atamgwherethe sea is
usually roughduring winter Voyages 1, 2, 3, 5 and 6 show the increase in voyage duration in
therecent 10 yes. Only voyage 4Yokohama Los Angeles)showsthatthere isa decrease
in voyage duration irthe recent 10 yearddDTMB 5415 takes nearl2.5 days more fora
voyagefrom Sydney toValparaisothana voyage from Valparaiso to Sydney. Thisnsinly
becauseof wave and wind directiorDuring Sydney to Valparaiso voyagthe ship mainly
encountershead waves While during Valparaiso to Sydney voyagehe ship mainly
encounterghe following waves.This implies that wave and wind direction is also important
while ship routing.
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Fig. 25 Variation of voyage time for different navigation routes for DTMB 5415 ship (in days)
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Numerical simulation of ship navigation reRatil Pinayak,
in rough seas based on ECMWF data Chelladurai Sree Krishna Prabu,
Nagarajan Vishwanath, Sha Om Prakash

Fig. 26 Variation of voyage time for different navigation routes for PCC ship (in days)

Fig. 27 Variation of voyage time for different navigation routes for VLCC ship (in days)
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