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This article shows that it necessary nearly constant icebreakers operation in creating of marine transportation systems directed at export of 

hydrocarbon row materials eastward. The main approaches for heavy-tonnage vessels escorting by icebreakers have been considered. The specific 

features of these approaches have been described. 
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Introduction. Economic analysis of the effectiveness 

of almost any marine transport system intended for 

transporting cargo in the Arctic regions shows that achieving 

high performance is possible only when heavy-tonnage ice 

vessels are used as part of such systems [1,2]. Currently, the 

most developed marine transport systems in the Arctic are 

those meant for transportation of liquefied natural gas (LNG) 

from the areas where it is produced, and, accordingly, these 

are heavy-tonnage LNG vessels that are now most frequently 

navigating in the Arctic waters. This is confirmed by the 

analysis of the structure of the transport fleet in the waters of 

the Northern Sea Route [3,4]. 

Theoretically, there are several scenarios for using 

heavy-tonnage vessels in freezing waters in marine transport 

systems, including in the Arctic seas. The main difference 

between these scenarios is the degree of independent 

navigation of a heavy-tonnage vessel in ice. It is possible to 

imagine a transport system based on the almost constant 

independent navigation of a heavy-tonnage vessel in ice 

conditions. It is also quite likely that the transport system, 

which is based on the powerful icebreaker fleet, and the 

movement of a heavy-tonnage vessel in ice conditions is 

mainly carried out while piloted or escorted by an icebreaker. 

The choice of a particular transport system largely determines 

the requirements for design of the heavy-tonnage vessel. 

The main directions of LNG export from the Russian 

Arctic. When choosing a concept and, consequently, 

approaches for the design of a heavy-tonnage ice vessel, an 

important role is played by the strategy for the development 

of the transport system in which it is supposed to be used. 

Currently, the main shipping terminals for hydrocarbon raw 

materials are located in the bays of the Kara sea. Possible 

directions of transportation of the extracted products are 

shown in Fig. 1. 

 
Fig. 1. The marine transport system of Russia 

For the LNG transport systems that were considered 

until recently, the Western direction of transportation was the 

main one, focused on the European gas terminals. This 

orientation of transport systems imposed several 

requirements for the ice worthiness and seaworthiness of 

heavy-tonnage ships carrying LNG. The main requirements 

were: 

- maximum enhancement of the possibility of 

independent navigation of heavy-tonnage vessels in ice 

conditions; 

- ensuring high performance on clean water. 

These requirements were determined by two major 

factors. This was a relatively short navigation distance of a 

heavy-tonnage vessel in ice conditions, and this navigation 

should not be carried out in the most severe seas of the 

Western sector of the Russian Arctic. The greatest ice 

difficulties could occur only when crossing the Kara sea 

during the high period of ice cover development from March 

to May. It should be noted that the seas of the Western sector 

are the most studied in terms of hydrology and ice regime, 

they have satellite information about the distribution of ice, 

and reliable forecasting methods have been also developed. 

The thickness of the thermal ice cover rarely exceeds 1.5 m. 

All this is superimposed by the general decrease of the Arctic 

sea ice, which has been observed recently. The analysis of 

combination of all these factors gave some reason to hope that 

the regime of independent navigation of heavy-tonnage 

vessels in the Western sector would be the main one. 

The second important factor is the relatively short 

length of the route from the ice edge to the European ports, 

such as Rotterdam, for example. This allowed to hope for the 

economic feasibility of transporting hydrocarbons by one 

vessel to the port of destination without intermediate 

transshipment and ensuring the necessary rhythm of 

deliveries cycle. In case of possible violations of the schedule 

of movement of heavy-tonnage vessel in ice conditions, it is 

almost always possible to make up for lost time on clean 

water, using the available power reserve. 

An attempt to meet the above requirements led the 

Finnish specialists to create the concept of double-acting 

ships (DAS), which were supposed to show good economic 

performance when navigating both on clean water and in ice. 

From the time of proclamation and until present moment, the 

concept of double-acting ships has undergone quite 

significant changes and is now practically reduced to 

providing increased icebreaking capability when astern 

moving. We are no longer talking about good indicators for 

clean water [2]. The first heavy-tonnage Arctic vessels 
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created to meet the above requirements have already started 

operating in the Arctic as part of the Yamal LNG project 

(Fig.2). In total, 15 gas carriers will be built at the Daewoo 

Shipbuilding and Marine Engineering shipyard in South 

Korea to serve the needs of this Yamal LNG project. The 

vessels have the same deadweight of 85 thousand tons, a 

length of 295 m and a width of 50 m. The capacity of 

Yamalmax class gas carriers is 172.6 thousand cubic meters 

of gas.  

 

Fig. 2. "Vladimir Rusanov", the Yamal Max type heavy-tonnage vessel 

for LNG transportation (photo by D.V. Labuzov, dmitry-v-ch-

l.livejournal.com) 

Recently, there has been an active discussion of the 

possibility of creating the marine transport system focused on 

the export of hydrocarbon raw materials from production 

areas in the Eastern direction to the Asia-Pacific region. The 

functioning conditions of the marine transport system in the 

Eastern sector of the Arctic are significantly more complex 

than the ones in the Western sector [5]. This circumstance 

imposes certain requirements on the composition of such 

transport system. First of all, it seems that the previously 

existed requirement for the possibility of active independent 

navigation of a heavy-tonnage gas carrier during year-round 

operation should be put off. This follows from the comparison 

of the length of route sections in ice conditions in the Eastern 

and Western directions. In addition, in all respects, the ice 

conditions in the Eastern sector of the Arctic are more severe. 

When moving eastwards, the probability of a dangerous 

situation occurring when a heavy-tonnage LNG vessel sails 

alone increases dramatically even in seasons with a light type 

of the Arctic navigation. Therefore, despite the high 

icebreaking capacity of modern gas carriers and successful 

examples of their independent navigation on the NSR, the 

involvement of icebreakers for the organization of year-round 

LNG transportation is one of the main tasks in the 

development of the marine transport system. In this case, 

there is an additional requirement for ensuring the average 

speed of ships during navigation. It must be at least 10 knots 

to ensure the rhythm of deliveries cycle [6]. 

Reorienting the export direction of products from West 

to East imposes certain requirements on the ice quality of 

icebreakers and heavy-tonnage vessels being the part of the 

transport system. For icebreakers, this is the ability to move 

at the specified speeds in ice with a thickness of 1.5 – 2.0 m. 

A new requirement is also imposed on heavy-tonnage vessels 

– the ability to move at the specified speeds in the channel 

behind the icebreaker. At the same time, depending on the 

ratio of the width of the hull of a heavy-tonnage vessel and an 

icebreaker, this channel can be "wide" or "narrow". A "wide" 

channel is formed when the icebreaker is leading, and its 

width is more than or approximately equal to the width of the 

vessel being piloted. In this case, the heavy-tonnage vessel 

practically does not interact with the edges of the channel, and 

its ice resistance is determined by the interaction with small-

sized ice in the channel. A "narrow" channel occurs when the 

width of an LNG tanker is more than the width of the 

icebreaker piloting it. In this case, the ship is forced to break 

the edges of the channel with its hull. It is obvious that during 

this movement, part of the ship's hull interacts with solid ice, 

and part with broken ice, which, in the channel, is behind the 

icebreaker. It can be expected that the hull shape of the heavy-

tonnage vessel, which was designed for independent 

navigation, will not be optimal for operating conditions in 

"wide" or "narrow" channels. 

Interest in the use of heavy-tonnage vessels in the 

Eastern sector of the Arctic also arises from the problem of 

organizing a transport corridor linking Europe and Asia. 

Table 1 shows data from the Federal State Unitary Enterprise 

“Atomflot” on the distance and time spent on moving cargo 

from Murmansk to the main ports of the Pacific region, which 

demonstrate the attractiveness of such transportation. Further, 

we will discuss in more detail the features of navigation of 

heavy-tonnage vessels in ice when moving independently and 

under pilotage of icebreakers. 

 
Table 1 - Distance and time spent on cargo transportation (at an 

average speed of 14.0 knots) 

From 

Murmansk 

Via the Suez 

Сanal 

miles/days 

By the Northern Sea Route, 

miles/days 

Kobe (Japan) 12291/36,6 6010/17,9 

Busan (Korea) 12266/36,5 6097/18,1 

Ningbo 

(China) 
11848/35,3 6577/19,6 

Methods of piloting heavy-tonnage vessels by 

icebreakers. The influence of the LNG export direction on 

the composition and operation of the marine transport system 

was discussed above. The sea transport systems, oriented to 

export LNG to the West, have been repeatedly analyzed (see, 

e.g., [2] and the given references), so it appears most relevant 

to consider in more detail the transport system, oriented to 

export LNG to the East.  

The operation of such transport system, as well as 

system oriented in the Western direction, implies the 

possibility of independent navigation of heavy-tonnage 

vessels in the Eastern sector of the Russian Arctic. The 
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difference is that such navigation is almost impossible during 

the period of maximum development of the ice cover. In 

addition, in seasons of hard and extreme type of navigation, 

independent navigation of heavy-tonnage vessels is likely to 

be impossible all year round. Thus, when using heavy-

tonnage vessels in the Eastern sector of the Arctic, the role of 

the icebreaker fleet in the functioning of the marine transport 

system increases significantly.  

The interaction of an icebreaker and a heavy-tonnage 

ice vessel is a new problem for marine ice engineering [7], 

which has become actively studied only recently. For a long 

time, the vast majority of experts believed that the main mode 

of movement of a heavy-tonnage vessel in ice was 

independent navigation, which was carried out when astern 

moving (double-action technologies, see, for example, work 

[8]). Therefore, most research was focused on the study of 

independent navigation of heavy-tonnage vessels in ice, 

including the mode of astern movement (see works [9], [10], 

etc.). A relatively small number of research works is devoted 

to the interaction of icebreaker with heavy-tonnage vessel. 

A channel in the ice for piloting heavy-tonnage vessel 

can be made by one or two icebreakers. The features of 

interaction between a heavy-tonnage vessel and one 

icebreaker are determined by the ratio of the width of the 

vessel BS and the width of the channel made by icebreaker BС 

≈ 1.1÷1.2B1, where B1 -is the width of the icebreaker. If BS ≤ 

BС, then the movement of a heavy-tonnage vessel does not 

formally differ from the movement of any vessel in the ice 

channel. Let us call this situation as the movement of the ship 

in a "wide" ice channel. In case BS  > BС, a heavy-tonnage 

vessel has to destroy the edges of the channel with its hull 

during the movement. This movement is called a "narrow" 

channel movement.  

When laying the ice channel with two icebreakers, a 

sufficiently wide channel can be formed, through which a 

heavy-tonnage vessel can freely move (Fig. 3). Such a 

channel can be created if the following condition is met: 

1.1(B11 + B12) ≥ BS, i.e. the total width of the channels behind 

the two icebreakers must exceed the width of the vessel being 

piloted. Otherwise, the heavy-tonnage vessel will have to 

further expand the channel with its hull.  

 

 
Fig. 3 – Simulation of heavy-tonnage tanker pilotage by two 

icebreakers                       (bottom right – channel formed by two 

icebreakers) 

 

Features of movement of heavy-tonnage vessel 

through the "wide" channel. It should be noted that 

currently there are no technical means to create the "wide" ice 

channel for the heavy-tonnage vessels. The third-generation 

nuclear icebreakers of project 22220, which are now under 

construction, and the head icebreaker "Arctic", will be able to 

create ice channels with a width of BС ≤ 35 ÷ 36m, which is 

clearly not enough for existing vessels of the "Christophe de 

Margerie" type. Currently, a nuclear-powered icebreaker 

leader with a capacity of 120 MW is being designed [11] to 

be capable of laying a channel in the ice with a width of 50 ÷ 

52 m, enough in width for piloting most heavy-tonnage 

vessels. Russian experts have been proposed with the concept 

of creating a multi-hull icebreaker that can create an ice 

channel with the width of more than 50 m [12]. The 

preliminary study of this proposal so far confirmed the high 

ice qualities of the multi-hull icebreaker and showed the 

principal possibility of its creation. 

Currently, research on the movement of heavy-tonnage 

vessels through "wide" channels is carried out mainly to 

ensure the design of new technical means for creation of such 

channels. Nevertheless, the results of the performed works 

allow us to draw some conclusions about the features of 

movement of heavy-tonnage vessels through "wide" 

channels. Despite the external similarity of the processes of 

movement along the "wide" ice channel of ordinary and 

heavy-tonnage vessels, there is one extremely important 

difference between them. This difference lies in the fact that 

an ordinary ship always has a width less than the width of the 

channel, and there is enough distance between the edges of 

the channel and the shipside. The presence of this distance 

affects the way the ship's hull interacts with the broken ice in 

the channel. This ice is partially compacted during the 

movement of an ordinary vessel and moves apart to the edges 

of the channel. The presence of channel edges has almost no 

effect on the nature of the interaction of the hull with broken 

ice. Sinkage of broken ice by the hull is extremely rare in the 

presence of ice compressions and strong ice movements. 

A heavy-tonnage vessel has its hull width that is 

comparable to the width of the channel BS ≈ BС. At the same 

time, the edges of the ice channel prevent the processes of ice 

spreading. Heavy-tonnage vessel compacts and partially 

pushes the broken ice in the channel in front of it. The only 

way to remove the broken ice that interferes with its 

movement is to cover it with the ship's hull and pass it under 

the hull. This process is quite energy-intensive, which leads 

to an increase in the ice resistance of a heavy-tonnage vessel 

when moving along the "wide" channel. The results of model 

tests performed in the ice basin of the Krylov research center 

[13] show that interaction with broken ice in the channel is 

the main obstacle to increasing the speed of a heavy-tonnage 

vessel in the "wide" channel. Well-powered vessels of the 

Yamal Max type cannot develop their speed equal to the 

speed of channel laying. There was no significant gain in 

trying to apply some optimization of the shape of the hull 

contours of a heavy-tonnage vessel, aimed primarily at 

improving the movement performance in the "narrow" 

channel (see table 2).  
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Table 2 – Speed of the Arc7 gas tanker with the original and optimized 

hull shape in the fresh channel, knots 

Thickness 

of flat ice, 

m 

Channel behind 

leader icebreaker 

(B=47,5 m), 

channel width 52 

m 

Channel behind 

icebreaker LK-

60YA (B=33 м), 

channel width 35 

m 

Comparison of the 

width of the channel 

Channel 

behind 

icebreaker 

LK-40 

(B=28,5 

m), 

channel 

width 31 m 

Channel 

behind 

icebreaker 

“50 years 

of Victory” 

(B=28 m), 

channel 

width 30-

31 m 

original optimized original optimized original optimized 

1,5 9 9,2 4,8 8,5 4,9 7,5 

2,1 7,1 7,5 2,3 6,2 2,4 6,0 

Movement of heavy-tonnage vessel through the 

"narrow" channel. Currently, using one icebreaker to pilot 

a heavy-tonnage vessel in ice leads to its movement along the 

"narrow" channel. For a long time, when considering the 

possibility of such movement, it was assumed that a heavy-

tonnage vessel moved symmetrically relative to the axis of 

the channel [2]. However, in recent experiments with self-

powered models in the Krylovsky center ice basin, a 

previously unknown effect of breaking the symmetry of such 

movement was found out. The model of the ship was placed 

spontaneously in the channel so that one of its sides destroyed 

the edge of the channel to the required width, and the other 

rubbed against the opposite edge. Later it was found that a 

similar pattern of movement of heavy-tonnage vessels was 

observed in full-scale conditions (see, for example, Fig. 4 

[14]). 

 
Fig. 4 . “Propontis” tanker piloted by the “Taimyr”-type nuclear 

icebreaker 

The detected effect was studied experimentally in the 

ice pool and theoretically. Tests in the ice pool showed that 

the effect was significantly affected by the slope of the ship's 

side in the area of the parallel middlebody. When the angle of 

inclination was zero, the effect was rather vivid. When the 

angle of inclination was 10º, the effect could be realized or 

not. To find out the nature of the effect, a simple mathematical 

model of the observed phenomenon was developed, which 

allowed to calculate the longitudinal and transverse forces 

acting on the ship's hull when its midship line deviated from 

the channel axis [15, 16]. The results of the calculations 

showed the following. 

– The ship's position symmetrical to the channel axis is 

stable. However, this stable position can be easily violated by 

relatively small external influences, such as local changes in 

the thickness or strength of the ice.  

– After displacing relative to the channel axis by a 

certain amount, the vessel is constantly affected by an 

increasing disturbing force, which leads it to the asymmetric 

position. The appearance of the disturbing force is due to the 

peculiarity of the shape of the hull of heavy-tonnage vessels 

in the area of transition of forebody entrance into a parallel 

middlebody with straight-walled sides. 

– The asymmetric position of the vessel is stable, and a 

significant effort must be made to remove the vessel from this 

position using the controls. 

– A heavy-tonnage vessel that has a 10º side slope in 

the area of the parallel middlebody,  has a more optimal hull 

shape. Therefore, the symmetrical position of the ship in the 

channel is not so easily disturbed. This can only happen with 

very strong random influences. The value of the disturbing 

force is smaller and the exit from the asymmetric position is 

easier. 

The possibility of an asymmetric location of a heavy-

tonnage vessel in the channel must be taken into account 

when organizing its pilotage, for example, when assigning a 

safe distance between ships during the piloting. 

Table 2 shows the results of model studies of 

movement of heavy-tonnage vessels along the "narrow" 

channels laid by various icebreakers. During the research, we 

studied the interaction with ice channels of two models that 

were very similar in main dimensions. The main difference 

between the models was that one of them had a side slope in 

the area of the parallel middlebody, which was equal to 10º. 

In table 2, this model was called optimized. The peculiarity 

of the tests was that the ice channel was laid by the 

corresponding self-propelled model of the icebreaker, which 

were performed on the same scale as the models of heavy-

tonnage vessels. In Fig.5 one of the episodes in the course of 

the model experiment is presented. 

 
Fig. 5. Model studies: movement of a heavy-tonnage vessel model along 

the channel laid by an icebreaker model. 
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The results presented in table 2 allow us to draw the following 

conclusions. 

– Received data confirm that the speed of a heavy-tonnage 

vessel in the channel significantly depends on its width, 

which, in its turn, depends on the width of the leading 

icebreaker. When a ship moves in a channel with width equal 

to or slightly greater than its width, the resistance is 

determined by the interaction of the hull with broken ice and 

individual interactions with the protrusions of the channel.  

– Experimental data of the work convincingly show that it is 

possible to significantly increase the speed of a heavy-

tonnage vessel in the "narrow" channel by purposefully 

optimizing the shape of its hull. In the experiments carried 

out, the increase in the speed of the optimized model was 2-

2.5 knots. 

Piloting by two icebreakers. This method of piloting heavy-

tonnage vessels was the first to be used in the freezing seas of 

the Arctic type (Fig.3). This tactic allows to pilot in ice a 

vessel of almost any width. The only requirement is that the 

total width of the icebreakers exceeds the width of the vessel 

under pilotage. 

When laying the wide channel in ice, icebreakers move 

stepwise, this way they are able to reduce the total energy 

consumption (Fig.6). When icebreakers move stepwise, the 

second icebreaker splits and shifts relatively large fragments 

of ice cover into the channel formed by the first icebreaker. 

Therefore, heavy-tonnage vessel does not move in small-

broken ice, as in a normal channel, but in large-broken ice 

with characteristic size of 20-100 m. In order to determine the 

speed of the vessel's movement along the wide channel, it is 

necessary to have information about its ice resistance in these 

conditions. The Krylov State Research Centre developed 

effective methods for experimental and theoretical determina-

tion of ice resistance of heavy-tonnage vessel when moving 

in large-broken ice and in fragments of ice fields [2, 17]. 

 
Fig. 6. Piloting heavy-tonnage vessel with two icebreakers 

Piloting by two icebreakers is also preferable for 

overcoming areas of compressed ice. Even with very strong 

compressions, the probability of vessel jam in ice is small. 

There may be a situation where a part of the ship's hull can 

interact with compressed ice (Fig.7), however, in this case the 

vessel will be able to continue moving [18]. 

 
Fig. 7. Partial interaction of the vessel with the channel edges when 

being piloted by two icebreakers under compression conditions 

There is no doubt in the efficiency and safety of 

piloting heavy-tonnage vessels by two icebreakers. However, 

due to the increased cost of pilotage and due to the lack of the 

necessary quantity of icebreakers for mass transport, this 

piloting tactic cannot be considered as the main one. 

Conclusion. 

The results presented in this research show that the 

icebreaking fleet, primarily nuclear-powered, is one of the 

main components of any marine transport system designed to 

operate in the Eastern sector of the Arctic. In order to 

significantly improve the efficiency of such transport system, 

it is necessary to create new technical means that can lay the 

"wide" channel in ice for heavy-tonnage vessels.  

When designing new heavy-tonnage vessels intended 

for year-round operation on the entire route of the Northern 

Sea Route, it is necessary to consider the peculiarities of their 

interaction with piloting icebreakers. As shown by the results 

of studies already performed, by optimizing the shape of the 

hull of a heavy-tonnage vessel while maintaining its cargo 

capacity and power consumption, it is possible to achieve a 

significant increase in the speed of movement in the "narrow" 

channel.  

The widespread introduction of new technical tools 

that create "wide" channels in ice will also require the search 

for new solutions for the shape of the hull of heavy-tonnage 

vessels. These solutions will have to minimize losses on 

overcoming the ice resistance of broken ice in the "wide" 

channel.
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