Analyze Performance of Double Acting Tanker While Running Astern in Ice Condition 


Efi Afrizal,a and Jaswar Koto,a,b,*
a)Faculty of Mechanical Engineering, Universiti Teknologi Malaysia, Skudai, Johor, Malaysia
b)Ocean and Aerospace Research Institute, Indonesia

*Corresponding author: jaswar.koto@gmail.com & jaswar@utm.my 




	Journal of Subsea and Offshore
-Science and Engineering-, Vol.9
	March 30, 2017




	14
	JSOse | Received: 20-February-2017 | Accepted: 30-March-2017 | [(9) 1: 14-23]
Published by International Society of Ocean, Mechanical and Aerospace Scientists and Engineers, www.isomase.org., ISSN: 2442-6415



Paper History

Received: x
Received in revised form: x
[bookmark: _GoBack]Accepted: x


ABSTRACT

The increasing of shipping activities through the Northern Sea Route (NSR) and growth of oil and gas activities in Arctic and Sub-Artic regions require suitable design of ice-going ships and planning operations in ice. In 2002, Sumitomo Heavy Industries has built advanced ice-ship called “Double Acting Tanker”. This paper discussed application of new method to determine ice resistance of Double Acting Tanker running astern in ice condition. The simulation was carried out at 1 m ice thickness in unfrozen and frozen channels and 0.5 m ice thickness in level ice condition. The simulation results were compared with experimental results.
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1.0 INTRODUCTION

Ice–going ships have been developed called as Double Acting Tanker (DAT) which can be travel more efficient in astern than ahead at ice conditions as shown in Figure 1 [1]. A lot of researches have been developed to find the optimum hull design of double acting tanker while operating in sea ice as astern mode. Recent development is by optimization diesel-electric power plan concept combine with an azipod on the propulsion system of DAT. Sasaki et al. (2004) reported experimental result at the full-scale Double Acting Tanker "Mastera" and "Tempera" with 106000 DWT of weight and 16 MW of powering [2]. The experiment had been done at Sagami Bay, Japan for Mastera and at route between Porvoo to Primorsk, Rusia for Tempera. Improvement on performance was obvious when ship could be sailing at the astern mode in the frozen seas where it does not need escort anymore by icebreaker ship.

[image: ]
Figure 1: Double Acting Tanker in ice condition [1]

Based on previous findings, the special design was required for ships to be operated in open water and ice conditions. The phenomenon of interaction between ice and ship has been carried out by researchers through empirical mathematical simulation such as Chen and Lee (2003), Lee (2006), Islam et al (2007) and Tan et al. (2013, 2014). In the phenomenon, there are two forces acting at the same time that compressed by the hull and sucked by the propeller. Jaswar (2005) has developed an empirical mathematical model to predict resistance of Double Acting Tanker (DAT) without taking into account the impact of suction force caused by the propeller as the ship walked toward the rear. This paper discusses mathematical model to predict the strength of the suction force caused by the propeller of DAT during sailing astern.
The uniqueness concept of double acting ship is that could be operated ahead mode if ship was sailing in the open water or to be operated astern mode when the ocean was covered by ice. The performance could be achieved because the DAT ship is using a podded propulsion system which has ability to rotate 360 freely on its axis. The podded propulsion system so that can always be in a state of pulling even when the ship is sailing at ahead or astern modes. “Mastera and Tempera” are examples of ships which were developed with this concept. They had been operating since 2002 and 2003 (Sasaki et al. 2004). Efi Afrizal et al (2013, 2014) have discussed Double Acting Tanker while running in ice condition.  Below of this, it would be discussed fundamental concept of Double Acting Tanker and application of proposed method called “Efi-Koto Method” on Double Acting Tanker running ahead. This method was developed based on Koto theory (Jaswar, 2002, 2005).  


2.0 ICE RESISTANCE WORKING ON SHIP SAILING IN ICE CONDITION

Some important points of the Double Acting Ship concept as reported by Jones (2008) have been rewritten in this study to make clear the readers. Significant contribution begin by Jansson (1956[a] and 1956[b]). He discussed in detail the history of icebreaking ship from what he considered the earliest true icebreaker, Eisbrecher 1. The ice–breaker was operated between Hamburg and Cuxhafen, it was built in 1871 and in 1956 it was began to use bow propeller while penetrated on ice. Jansson also discussed the science of icebreaking. He quoted the values for the physical properties of freshwater ice, at -3oC, as shown in Table 2.1:

Table 2.1 Properties of Freshwater Ice [15]
	Description
	Values

	Elastic Modulus
	70,000 kg/cm2 (6,900 MPa)

	Tensile and bending strength
	15 kg/cm2 (1.5 MPa)

	Compressive strength
	30 kg/cm2 (2.9 MPa)

	Shear strength
	7 kg/cm2 (0.7 MPa)



There was not mentioned of details experiments including that value, some addition information were only for coefficient of friction between ice and metal as 0.10 to 0.15 for fresh or Baltic ice and 0.20 for salt water or polar ice. He gave a simple formula for the total ice resistance as described in Equation (2.1):

	
	
	(2.1)



Where;  and  are experimental constants,  is ice thickness,  is vessel speed and  is breadth of vessel at waterline.
After that, Jones (2008) in his report said credited to Kashteljan et al. (1968) whom the first detailed attempt to analyse level ice resistance by breaking it down into components. Where on the paper, it was appeared like an Equation (2.2) to determine the total of ice resistance, :

	
	
	(2.2)



Where;  is ice strength,  is ship beam,  is ice thickness,  is ship speed, and  is the density of ice.   and  are related to Shimansky’s ice cutting parameters, and , , , ,  are coefficients experimentally determined (0.004, 3.6, 0.25, 1.65, and 1.0 respectively). 
In the Equation (2.2), that compose of several parts like, first component R1 =  is resistance due to breaking the ice, second component represented of R2 = , is resistance due to forces connected with weight (such as submersion of broken ice, turning of broken ice, change of position of icebreaker, and dry friction resistance) and third is component of  for determined of  resistance due to passage through broken ice 
Lewis and Edwards (1970) gave a good review of previous work and derived the Equation (2.3);

	
	
	(2.3)



Where;
	
	
	=
	mean resistance excluding water

	
	
	=
	acceleration due to gravity

	
	=
	non-dimensional coefficients to be determined experimentally



The first term represents ice breaking and friction, the second accounts for all resistance forces attributable to ice buoyancy, and the third accounts for all resistance forces attributable to momentum interchange between the ship and the broken ice. They conducted non-dimensional analysis by dividing by  to obtain the Equation (2.4):

	
	
	(2.4)



Where;

	
	
	, non-dimensional mean ice resistance

	
	
	, non-dimensional beam

	
	
	, volume metric number

	
	
	, inertial number



Crago et al. (1971) describe a set of model test in “wax-type” ice on 11 icebreakers. By considering a simple bow geometry and the vertical force acting on the ice sheet, they derived Equation (2.5) for the ice thickness,  ;

	
	
	(2.5)



Where;
	
	
	=
	ice tensile strength

	
	
	=
	Thrust

	
	
	=
	stem angle 

	
	 ;   is the coefficient of friction



Enkvist (1972) made a major addition to the literature of ship performance in level ice. On the article narrated of experimental on model tests for three ships; Moskva-class, Finncarrier, and Jelppari, and was able to compare his results with limited full-scale data from all three. From a combination of analytical work, dimensional analysis, and a few assumptions, they derived a semi–empirical Equation 2.6 where defined ice resistance based on three terms:

	
	
	(2.6)



Where;

	
	
	=
	draft of ship

	
	
	=
	density of water

	
	
	=
	Density of ice

	
	



Milano (1973) made a significant advance in the purely theoretical prediction of ship performance on ice. He considered the energy needed for a ship to move through level ice, which varied somewhat with ice thickness. For example, for very thick ice the ship moves through the ice-filled channel  , impacts the various bow and cusp wedges causing local crushing , climbs onto the ice   until sufficient force is generated to cause fracture, at which time the ship falls   , and moves forward, forcing the ice downward . The total energy loss due to ship motion can be calculated using Equation (2.7);

	
	
	(2.7)



Vance (1975) obtained an “optimum regression equation” from five sets of model and full-scale data, of the Mackinaw same data as used by Edwards et al. (1972), Moskza, Finncarrier, Staten Island, and Ermak. Equation (2.8) was resulted by regression to define ice resistance:

	
	
	(2.8)



Where;  is the resistance due to ice,   is length of vessel, and  ,  ,   are empirically determined values. The first term is a submergence term, the second a breaking term, and the third term is a velocity dependent resistance.
An example of a fit to his equation is shown in Figure 4.1 in which the Mackinaw full-scale data (label FS) are shown fitted to his equation above (label FSR) and a model-scale regression to his equation (MSR) is also shown. Good agreement is found between the model and full-scale results.

	[image: ]

	Figure 2.1 Result using optimum Regression [23]



Edwards et al. (1976) presented full-scale data for the Louis S. St. Laurent collected by analysing ramming type tests using Equation (2.9). The equation is in non-dimensional form.

	
	
	(4.9)



Kotras et al. (1983) in his paper proposed an equation based on Nagle’s thesis (Nagle, unpublished) which describe yet by another semi-empirical approach. In his proposed equation the total ice resistance is given by

	
	
	(2.10)



Where ;
	
	
	=
	total ship ice resistance

	
	
	=
	normal and frictional resistance due to breaking of level ice

	
	
	=
	normal and frictional resistance due to broken ice floes

	
	
	=
	normal and frictional resistance due to submerging broken ice



Since 1985, development of new icebreaking forms has been having significant value which was more scientific approach had been used such as modelling of ships in ice with extensive model testing and, most recently, numerical methods. Canadian Arctic oil exploration and development led to new designs such as the Kigoriak, and Terry Fox, while other activities led to the Oden, double acting tankers (DAT) with Azipods, FPSO’s in ice, and research ships such as the Nathaniel B. Palmer, USCGC Healy, and the converted CCGS Franklin now called CCGS Amundsen.
An interesting development in the middle 80’s, Zhan et al. (1987) was made a full-scale resistance trial of the Mobile Bay in uniform level ice. Denny (1951) had been reported the same term, in the principle the experiment method is parallels with the open water trials of the Greyhound (Froude, 1874) and Lucy Ashton. While such tests are clearly difficult to perform, in theory they provide a direct measurement of full-scale resistance. They also conducted full scale propulsion tests. They found the best fit to their towed resistance results was with the Equation (2.11):

	
	
	(2.11)



Where;
	
	
	

	
	
	



Lindqvist (1989) had included submersion component in the Equation (4.12) to determine ice resistance working. Based on his observation from the full scale experimental, he conclude that ice would be fractured in the one continue cycle including rotating and sliding of broken ice floes.  

	

	
	(2.12)


  
Where;  is the density difference between the water and the ice,  is the acceleration of gravity,  is ice thickness,  , , and   are the length, breadth and draft of the ship,  is the frictional coefficient,  is the stem angle,  is the waterline entrance angle,  is the ship speed in ice and  is the angle between the normal of the hull surface and the vertical vector and can be define by ;

	
	
	



Tan et al. (2013) has rearranged formula of Lindqvist and present coefficients that were applied to represent each step on the ice breaking including crushing, braking and submersible. That is showed in Equation (2.13):

	
	

	
	
	(2.13)




3.0 HULL RESISTANCE IN OPEN WATER
The performance of a ship related to resistance loading at the ship. Total resistance,  at the open water is the force required to make the ship traveling in the certain speed. Resistance working at the ship consists of several components. Commonly, general measured are pressure resistance and friction resistance  (Frisk and Tegelhall, 2015). Other components often used in analysis performance of ship are viscous resistance () and wave resistance (). If vessel traveling through open water, some resistance can be in form of shear force is known as viscous resistance. In addition, the resistance also could be found in a form of wave resistance due to water wave. Besides, other resistance could be working on the up side of vessel caused by air specified as minor resistance. The total resistance of ship in open water can be expressed as Equation (3.1).

	
	
	(3.1)



The total resistance coefficient () is a dimensionless quantity which can be defined as Equation (3.2). This coefficient used to characterize total resistance in the different hulls.

	
	
	(3.2)



Where;  is the total resistance,  is density of water,  is hull speed and  is the wetted surface area.



4.0 ICE SHIP SAILING IN ICE CONDITION
The first model of ice basin was built in the Soviet Union by AARI, 1955. That was needed to observe either of hull form or propulsion could be effect to ice–breaking ship performance. In ice model test, Froude scaling law is using to associate ice model test and full scale situation. Wilkman (2015) revealed that total resistance is the summation of ice resistance and open water resistance. Ice resistance is an amount of resistance to breaking ice, resistance of some component sink ice under hull and resistance velocity due to dynamic working. Experiment in ice model scale test can be contributed to reducing huge investment before the real ship was manufactured.  
Performance ship on ice was measurable in capability of ship to break ice and to manoeuvre in ice condition. That could be confirmed through achieved speed by ship when sailing in uniform or certain ice thickness, ice ridges or in the level ice condition (Wilcox, 1994). The velocity of ship on ice condition can be determined through thrust of propeller available to overcome the ice resistance. Performance of propulsion system can be improved thru modification on hull shape and some change into propulsion design, both of that could minimize an effect of resisting forces and maximize the propulsive forces. The ice resistance is assuming linear to ship speed which composed of three components, like described in Equation (4.1):

	
	
	(4.1)



Each component, and , successively are breaking, submersion and friction components. The breaking component is related to break the ice such as crushing, bending and turning of ice. The submersion component is concerned to push the broken ice down along the ship hull. The friction component is connected to slide the broken ice along the ship hull. In general velocity of the ship depends on working ice resistance associated to friction component. The total resistance working on ice,  is the sum of ice resistance,  and open water resistance, , as expressed in Equation (4.2):

	
	
	(4.2)



Figure 4.1 describe interaction happening between hull and ice including crushing, bending, submersion and friction of ice at bow hull.
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	Figure 4.1 Hull and ice interaction (Wilcox, 1994)



4.1 Ice-Ship Sailing Astern in Ice Condition
4.1.1. Ice-Ship Sailing Astern in Ice Condition – Unfrozen Channel

The double acting ship has capability to voyage either in the open water or in the sea ice as ahead or astern mode. As has described previously, in the open water ship would voyage in the ahead mode. In the ice, the ship would be traveling as an astern mode. That was possible due to being supported by podded unit an electric pod in the propulsion system. In the next section would have been explained a method which was being applied to investigate the performance of ship when sailing astern in the sea ice.
Total resistance occurred at the astern mode is sum of component positive and negative contribution. Positive contribution came from water resistance, submersion resistance, friction resistance, and momentum resistance. That are the same part which appeared in the ahead mode. Other contribution that was highlight in this study at the proposed method promotes to be called as “Suction” equation. This equation was handling negative contribution of propeller in total resistance happening. Because in the astern mode propeller will be sucking the ice and at the same time stern of the hull will be compressing the ice till breaking it. So in the astern mode propeller would reduce total ice resistance occurrence. Full representation can be seen in the Equation (4.3) which called as “Unfrozen Channel Efi-Koto” method.   

	
	

	
	
	(4.3)



Where :

	
	
	is the astern unfrozen channel resistance

	
	
	is water friction resistance

	
	
	is submersion resistance

	
	
	is friction resistance

	
	
	is the momentum resistance

	
	
	is suction of the propeller




a. Water Friction Resistance ()
Water friction resistance in astern unfrozen was developed base on William Froude’s approach which is used also in ahead condition at the turbulent flow but in the difference of coefficient like showed in Equation (4.4).

	
	
	(4.4)



Where :
	
	
	is astern unfrozen water friction resistance

	
	
	is astern unfrozen waster friction coefficient 



b. Submersion Resistance ()
Submersion resistance which was conducted in the astern unfrozen condition can be defined using Equation (4.5), while  to be submersion coefficient at that condition.   

	
	
	(4.5)



Where: 

	
	 is astern unfrozen submersion resistance

	
	 is astern unfrozen submersion coefficient




c. Friction Resistance ()
To determine friction resistance at the astern unfrozen condition, Equation (4.6) can serve for its. It can be deduced that   is the main factor to be act as coefficient in this condition.
  
	
	
	(4.6)



Where:
	
	  is astern unfrozen frictional friction resistance

	
	  is astern unfrozen friction coefficient




d. Momentum Resistance ()
Nevertheless it was unfrozen condition, there are still finding some floating fragment ice so the ship would have loss some momentum when passing its. Equation (4.7) can be used to calculate momentum resistance loss at the astern unfrozen condition which  has a role as momentum coefficient to handle that situation.
 
	
	
	(4.7)



Where:

	
	  is astern unfrozen momentum resistance

	
	  is astern unfrozen momentum coefficient




e. Propeller Effect on Resistance ()
In an article published by Kuiper (1992), announced including some series of propeller performance such as Ka series, Kcp series and Wageningen B-series which was restricted to open water only. The manuscript spelled out combining manner both of diagram and coefficients polynomial of thrust and torque to find the optimum performance operating for the propeller. Oosurveld et al. (1975), had also declared previously that coefficient of thrust and coefficient of torque were a function of pitch ratio, blade area ratio, advance coefficient and numbers of blade especially in the range above of Reynold number 2 x106.
The thrust and torque coefficients can be expressed as functions of the blade number, blade area ratio, pitch ratio, and advance coefficient, like described using Equation (4.8) and Equation (4.9):

	
	
	(4.8)



	
	
	(4.9)



Where:

	
	 is the regression coefficients of the thrust

	
	 is the regression coefficients of the torque

	
	  is the exponents of advance coefficient, 

	
	    is the exponents of pitch ratio, 

	
	    is the exponents of pitch ratio, 

	
	   is the exponents of blade area ratio, 

	
	   is the exponents of number of blade, 




The values of these coefficients are all shown in Table 4.2. The performance characteristics of thrust T, and torque Q can be calculated using these values and from the Equations (4.10) and Equation (4.11) can be written by:

	
	
	(4.10)



	
	
	(4.11)



Where:

	
	 is astern unfrozen suction propeller resistance

	
	 is astern unfrozen suction propeller thrust coefficient 

	
	 is astern unfrozen suction propeller torque resistance

	
	 is astern unfrozen suction propeller torque coefficient
























Table 4.2 Regression coefficient and exponents of   and , which use in this empirical equation to programming this application.

	n
	KTn
	ajn
	rn
	an
	zn
	n
	KQn
	ajn
	rn
	an
	zn

	1
	 0.010213754
	0
	0
	0
	0
	1
	 0.003720841
	0
	0
	0
	0

	2
	-0.23728264
	1
	0
	0
	0
	2
	 0.008695018
	2
	0
	0
	0

	3
	 0.19296716
	0
	1
	0
	0
	3
	-0.03162197
	1
	1
	0
	0

	4
	 0.18341224
	0
	2
	0
	0
	4
	 0.003381583
	0
	2
	0
	0

	5
	-0.17119396
	2
	0
	1
	0
	5
	-0.04009618
	0
	1
	1
	0

	6
	-0.55853652
	1
	1
	1
	0
	6
	-0.10593523
	1
	1
	1
	0

	7
	 0.42981112
	0
	2
	1
	0
	7
	-0.08454503
	2
	1
	1
	0

	8
	 0.014902689
	0
	0
	0
	1
	8
	 0.180056899
	0
	2
	1
	0

	9
	-0.05483939
	2
	0
	0
	1
	9
	-0.00354145
	1
	0
	0
	0

	10
	 0.014844544
	0
	1
	0
	1
	10
	 0.004905283
	0
	1
	0
	1

	11
	 0.062782218
	1
	1
	0
	1
	11
	 0.020000285
	1
	1
	0
	0

	12
	-0.02219134
	0
	0
	1
	1
	12
	 0.002917536
	2
	1
	0
	0

	13
	 0.01933488
	1
	0
	1
	1
	13
	-0.00444968
	2
	0
	1
	1

	14
	-0.23566946
	0
	3
	0
	0
	14
	 0.002696525
	1
	1
	1
	1

	15
	 0.0112532
	0
	6
	0
	0
	15
	-0.01657098
	0
	2
	1
	1

	16
	-0.00233942
	2
	6
	0
	0
	16
	 0.055914236
	3
	0
	1
	0

	17
	 0.161486566
	3
	0
	1
	0
	17
	 0.016219358
	0
	3
	1
	0

	18
	-0.04861139
	0
	0
	2
	0
	18
	 0.003186904
	1
	3
	1
	0

	19
	 0.081900935
	2
	0
	2
	0
	19
	 0.015926202
	0
	0
	2
	0

	20
	-0.04834888
	3
	0
	2
	0
	20
	 0.042380133
	1
	0
	2
	0

	21
	 0.005412498
	1
	6
	2
	0
	21
	 0.017634065
	3
	0
	2
	0

	22
	-0.00335286
	2
	6
	2
	0
	22
	-0.04516993
	0
	1
	2
	0

	23
	-0.00435342
	0
	3
	0
	1
	23
	-0.02700141
	3
	1
	2
	0

	24
	 0.027082579
	1
	3
	0
	1
	24
	 0.041687173
	2
	2
	2
	0

	25
	-0.00164492
	3
	3
	0
	1
	25
	-0.03974834
	0
	3
	2
	0

	26
	-0.05110079
	0
	3
	1
	1
	26
	-0.00349814
	0
	6
	2
	0

	27
	 0.015737124
	1
	
	2
	1
	27
	-0.00871501
	3
	0
	0
	1

	28
	-0.00347494
	0
	2
	2
	1
	28
	 0.000904525
	3
	3
	0
	1

	29
	-0.00051333
	0
	0
	0
	2
	29
	-0.00025603
	0
	6
	0
	1

	30
	-0.00421419
	1
	0
	0
	2
	30
	 0.002934937
	3
	0
	1
	1

	31
	 0.00620604
	2
	0
	0
	2
	31
	-0.00149625
	0
	6
	1
	1

	32
	-0.00133882
	3
	0
	0
	2
	32
	-0.00403893
	1
	0
	2
	1

	33
	-0.00390883
	1
	2
	0
	2
	33
	 0.01334982
	0
	2
	2
	1

	34
	-0.00037676
	1
	6
	0
	2
	34
	-0.00243833
	2
	3
	2
	1

	35
	 0.0001335
	2
	6
	0
	2
	35
	 0.002560827
	0
	6
	2
	1

	36
	 0.000791707
	0
	0
	1
	2
	36
	-0.00140572
	1
	1
	0
	2

	37
	 0.012362728
	0
	3
	1
	2
	37
	 0.000158601
	3
	2
	0
	2

	38
	 1.66E-04
	3
	6
	1
	2
	38
	-4.19E-05
	3
	6
	0
	2

	39
	-0.00429623
	0
	3
	2
	2
	39
	 0.000380175
	1
	0
	1
	2

	
	
	
	
	
	
	40
	-7.8103E-05
	2
	0
	1
	2

	 
	 
	
	
	
	
	41
	-0.0001457
	0
	2
	1
	2

	
	
	
	
	
	
	42
	-2.8392E-05
	0
	6
	1
	2

	 
	 
	
	
	
	
	43
	-0.00036807
	0
	0
	2
	2

	
	
	
	
	
	
	44
	-0.00084956
	0
	3
	2
	2

	 
	 
	
	
	
	
	45
	 1.74E-04
	3
	3
	2
	2

	
	
	
	
	
	
	46
	 0.000105433
	0
	6
	2
	2

	 
	 
	
	
	
	
	47
	-1.25E-05
	1
	6
	2
	2




Figure 6.5 showed relationship between ice resistances acting on Double Acting Tanker to the velocity of the ship when the ship is sailing astern in unfrozen condition at 1 m ice thickness.
The full scale experimental result for ship sailing astern at the unfrozen conditions is showed in Figure 6.5. From the figure, it shows that the ice resistance acting on the vessel at ship speed of 2.2 m/s and 2.7 m/s are 495 kN and 720 kN respectively. If it was confronted with simulation result, it can be seen for every each value of ship speed then value of ice resistance was obtained 510 kN and 590 kN respectively, with tendency still coincide with the line of total resistance. Coincide tendency indicates that there are almost no influence of wave resistance due to movement of water. From simulation results, it is observed that the value of ice resistance only does not rather correspond at a speed 2.7 m/s and the difference of between simulation result and experiment result is around 18%, but it still in closing range

	
[image: ]


	Figure 4.2: Ice resistance of DAT at unfrozen channel Ice  [1 m Ice Thickness], Astern condition



	
[image: ]


	Figure 4.3: Breakdown ice resistance of DAT at unfrozen channel Ice  [1 m Ice Thickness], Astern condition




4.1.2. Ice-Ship Sailing Astern in Ice Condition – Frozen Channel

When the ship sails astern mode in the frozen channel in ice condition resistance acting on the hull was summation form of some working resistance, as expressed in Equation (4.12) which called as “Frozen Channel Efi-Koto” method. That looked similar with Equation (4.3) because was composed by the same factor but every part having in the difference of coefficient. , in here is the suction force generated by propeller which contribute negative to reduce total resistance because propeller could be sucking to break the ice block. 

	

	
	(4.12)



Ice Breaking Resistance ()
Some force was needed to make the frozen ice breaking for the ship pass through its. Equation (4.13) can be introduced to define ice resistance acting on the structure of ship while breaking its.

	
	
	(4.13)



Where :

	
	  is astern frozen ice-breaking resistance

	
	  is astern frozen ice-breaking coefficient



Water Friction Resistance ()
Other resistance to be considered contributes in the total astern frozen resistance is water friction resistance. That would be coming from friction of shape of the ship below of water level to water and Equation (4.14) can be using to calculate its.   

	
	
	(4.14)



Where:
	
	 
	is astern frozen water friction resistance

	
	  
	is astern frozen water friction coefficient




Submersion Resistance ()
Equation (4.15) was using to define resistance of submersion when the ship was sailing astern at the frozen condition and it was described as a coefficient take a place in that condition.   

	
	
	(4.15)



Where:

	
	 is astern frozen submersion resistance

	
	 is astern frozen submersion coefficient




Friction Resistance ()
To calculate friction resistance occurs at the astern frozen condition, Equation (4.16) could be using. In this term specific factor was applied to approach like as , that is coefficient to confirm frozen ice condition.   

	
	
	(4.16)



Where:

	
	  is astern frozen friction resistance

	
	    is astern frozen friction coefficient




Momentum Resistance ()
Momentum was being loss when hull structure of ship interacting with ice. Equation (4.17) could be used to determine of momentum resistance with coefficient momentum, for astern frozen condition.

	
	
	(4.17)



Where:

	
	  is astern frozen friction momentum resistance

	
	    is astern frozen momentum coefficient




Propeller Effect on Resistance ()
As to be explained in the section of propeller effect occurs at the astern unfrozen previously or refers to Equation (4.46). Now the same way was repeated to determine effect of propeller at the frozen condition, it can be observed in the Equation (4.18) and Equation (4.19).

	
	
	(4.18)



	
	
	(4.19)



Where:
	
	  is astern frozen suction propeller resistance

	
	  is astern frozen suction propeller thrust coefficient



Figure 6.6 showed relationship of velocity of the ship to the ice resistance acting on Double Acting Tanker when the ship is sailing astern in frozen condition and ice thickness equal to 1 m
Figure 6.6 contains simulation result of ice resistance and total resistance at same tendency like to be showed in Figure 6.5 which still coincide, and Figure 6.6 is including experimental full-scale data too in frozen condition while sailing astern. Compare the simulation result to full scale experimental result; ice resistance at the ship speed 1.6 m/s and 3 m/s predicted by both the methods are almost similar. The ice resistance predicted by experimental method at the particulars speed are 570 kN and 780 kN respectively while simulation results obtained at the similar speed are 470 kN and 670 kN respectively. 
By comparing the Figure 6.6 (frozen condition) to Figure 6.5 (unfrozen condition), this can obtain that the ice resistance acting on ship is higher when environment become frozen. But it is difficult to compare every each data of experimental full scale because there did not use the same variables speed working on experimental full-scale the different condition. Nevertheless, overall comparison result of experimental full-scale in the different conditions showed an increasingly in the ice resistance because ice has been consolidated into frozen
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	Figure 4.4: Ice resistance of DAT at frozen channel Ice [1 m Ice Thickness], Astern condition.
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	Figure 4.5: Breakdown ice resistance of DAT at frozen channel Ice [1 m Ice Thickness], Astern condition.




4.1.3. Ice-Ship Sailing Astern in Ice Condition –Level Ice
Completely setup must be doing when ship was sailing in the astern mode at the level ice condition. Entirely all parameter which was involved in this event had been considered in the Equation (4.20) which called as “Level Ice Efi-Koto” method. There are result additions of water friction resistance adding up to some parameters including submersion resistance, friction resistance, momentum resistance, ice–breaking resistance and minus suction of propeller due to ship run in astern.

	

	
	(4.20)



Ice Breaking Resistance ()
Ice is having in the state of highest flexural strength in the level-ice so it need more powering for the ship breaking ice to make a channel and pass through its. Equation (4.21) can be used to determine resistance of ice breaking with the  as the astern level ice coefficient.  

	
	
	(4.21)



Where :

	
	  is astern level ice an icebreaking coefficient

	
	  is ice flexural strength




Water Friction Resistance ()
Below of this will show Equation (4.22) that could be used to determine occurrence of water friction resistance when ship was sailing astern at the level ice condition. When compared with Equation (4.50) for astern condition at frozen condition now in term of level ice was put on  as the coefficient representing of astern level ice water friction condition.   

	
	
	(4.22)



Where :

	
	 
	is astern level ice water friction resistance

	
	
	is astern level ice water friction coefficient 




Submersion Resistance ()
To determine submersion resistance occurs at the level ice condition when ship was being voyaged as astern mode the Equation (4.23) can be used for. This equation was exist with coefficient submersion resistance,  to handle stage condition.

	
	
	(4.23)




Where: 

	
	 is astern level ice submersion resistance

	
	 is astern level ice submersion coefficient




Friction Resistance ()
Equation (4.24) could have been used to determine friction resistance happening especially when ship was sailing astern in the level ice condition. It can be observed thru this equation that  was confirmed as the valid coefficient in certain condition. 

	
	
	(4.24)



Where:

	
	  is astern level ice friction resistance

	
	  is astern level ice friction coefficient




Momentum Resistance ()
Momentum loss when the ship was sailing astern at the level ice condition can be computed thru Equation (4.25). It is seen that  take task as coefficient which will be working in term of specific condition   

	
	
	(4.25)



Where:

	
	  is astern level ice momentum resistance

	
	  is astern level ice momentum coefficient



Propeller Effect on Resistance ()
One most important thing that was proposed in this study is the propeller effect. When ship is sailing astern, propeller still being operate in pulling position but unlikely any others involved parameter propeller was conduct to reduce total resistance. Some variable coefficient was needed in the interpolation process to find coefficient thrust and torque that could be referred to Table 4.2. Equation (4.46) and Equation (4.47) were supported for unfrozen environment and Equation (4.54) and Equation (4.55) that was working in the frozen condition. For level-ice situation, suction of propeller can be determine using Equation (4.26) to (4.27). 

	
	
	(4.26)



	
	
	(4.27)



Where:
	
	  is astern level-ice suction propeller resistance 

	
	  is astern level-ice suction propeller thrust coefficient

	
	 is astern level-ice suction propeller torque resistance

	
	 is astern level-ice suction propeller torque coefficient



Figure 6.7 showed the ice resistance acting on Double Acting Tanker in relationship with velocity of the ship when the ship is sailing astern in level ice condition at ice thickness 0.5 m.
Ice resistance acting on ship is slightly larger at level ice when the ship is sailing astern,  From Figure 6.7 the full-scale experimental results show that the ice resistance acting on ship when the ship speeds are 1.65 m/s, 2.47 m/s and 2.6 m/s are 1490 kN, 2100 kN and 2300 kN respectively.  Besides, the figure also shows that the ice resistance and the total resistance predicted by simulation are similar between each other at the range of ship speed simulated. Result of simulation has predicted 1780 kN and 1890 kN repectively for speed 1.65 m/s and 2.6 m/s. That means, it still shows a tendency to coincide like as depicted in the early figure. 
If result from simulation was verified to result from experimental full-scale data then seen a quite striking difference in term of gradient line supposing that three points of experimental full-scale are connected by a linear line. Gradient line of simulation result is seen lower as illustrated in Figure 6.7 tend to slope down when compared to experimental full scale
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	Figure 11: Ice resistance of DAT at level ice [0.5 m Ice Thickness], Astern condition
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	Figure 11: Ice resistance of DAT at level ice [0.5 m Ice Thickness], Ahead condition




5.0 CONCLUSION

In conclusion, this paper has discussed new method to determine performance of Double Acting Tanker operated in ice conditions such as: unfrozen and frozen channels and level ice conditions in running astern. The obtained results using the proposed method were compared with the experiment data. 
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