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Abstract

The cost evaluation for voyage route planning in an ice-covered sea is one of the major topics among ship owners. Information of the ice
properties, such as ice type, concentration of ice, ice thickness, strength of ice, and speed-power relation under ice conditions are important for
determining the optimal route in ice and low operational cost perspective. To determine achievable speed at any designated pack ice condition, a
model test of resistance, self-propulsion, and overload test in ice and ice-free water were carried out in a KRISO ice tank and towing tank. The
available net thrust for ice and an estimation of the ice resistance under any pack ice condition were also performed by I-RES. The in-house code
called ‘I-RES’, which is an ice resistance estimation tool that applies an empirical formula, was modified for the pack ice module in this study.

Careful observations of underwater videos of the ice model test made it possible to understand the physical phenomena of underneath of the
hull bottom surface and determine the coverage of buoyancy. The clearing resistance of ice can be calculated by subtracting the buoyance and
open water resistance form the pre-sawn ice resistance. The model test results in pack ice were compared with the calculation results to obtain a
correlation factor among the pack ice resistance, ice concentration, and ship speed. The resulting correlation factors were applied to the
calculation results to determine the pack ice resistance under any pack ice condition. The pack ice resistance under the arbitrary pack ice
condition could be estimated because software I-RES could control all the ice properties.

The available net thrust in ice, which is the over thrust that overcomes the pack ice resistance, will change the speed of a ship according to the
bollard pull test results and thruster characteristics (engine & propulsion combination). The attainable speed at a certain ice concentration of
pack ice was determined using the interpolation method. This paper reports a procedure to determine the attainable speed in pack ice and the
sample calculation using the Araon vessel was performed to confirm the entire process. A more detailed description of the determination of the
attainable speed is described. The attainable speed in 1.0 m, 90% pack ice and 540 kPa strength was 13.3 knots.
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1. Introduction

Few reports regarding safe speed in an operation prospec-
tive are available. John Dolny et al. (2013) presented their
research on the safe speed of a structure prospective and Kim
et al. (2016) presented a new approach for evaluating the
attainable speed in pack ice. They separated the clearing and

buoyancy components in pack ice resistance and derived a
regression formula for the Araon vessel based on the model
test results.

The attainable speed is one of special speeds that is used for
operation in ice-covered sea with a designated power level.
Several definitions of speed can be discussed in an operational
point of view. The first is the attainable speed in ice. This is
defined as the speed that is possible to achieve in certain ice
types and properties if the ship power level is fixed. To deter-
mine the attainable speed, the relationships between the thruster
and resistance in ice and ice-freewater were compared carefully
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in a propulsion performance prospective. The second speed
definition is the safe speed. The hull is not safe if the vessel is
passing through heavy or severe ice conditions at a critical
speed. Therefore, to determine the safe speed of a structure, the
hull stress and collision effect of ice should be evaluated. The
third is limitation speed in ice passport. The authorities permit a
limitation of the operating speed in ice passport based on the
vessel's speed-power performance in ice, operating method,
routes, season, and ice thickness. Three different speeds affect
the voyage route system and the lowest onewill be the operating
speed by authority.

This paper describes the procedure to determine the
attainable speed. Model test results in ice and ice-free water
were used and the calculation methods by the empirical for-
mula will be mentioned. Both results will be compared to
determine the correlation factor, which will be applied to all
pack ice conditions. Finally, the calculated attainable speed in
certain pack ice concentrations and properties will be
evaluated.

2. Flow chart to get attainable speed

Kim et al. (2016, IAHR) attempted to separate the buoy-
ancy and clearing resistance based on precise observations of
the underwater video and still photographs. Their goal was to
determine the coverage of the vessel's underwater surface area.
Unfortunately, separation of the clearing and buoyancy resis-
tance in pack ice resistance is difficult because the relationship
among ice concentration, velocity of vessel, and pack ice
resistance is complicated. Another approach was applied in the
present study, which involved comparing the total pack ice
resistance directly without separating the clearing and buoy-
ancy resistance. To do this, the model test cases are increasing
much more compared to previous work but many useful model
test results can be stored. Fig. 1 presents a flow chart of the
attainable speed evaluation used in this study. To obtain the
attainable speed, the model test result in ice and ice-free water
were obtained and the ice resistance was calculated using I-
RES. The correlation factor was detected using the optimi-
zation function of MATLAB software. All the model test re-
sults and calculation results were compared directly to
determine the correlation factor and those factors were applied
to other ice conditions and properties. The available net thrust
was calculated based on the model test results and engine
characteristics. Kim et al. (2015, POAC) described a method
to calculate the available net thrust using a self-propulsion test,
including the wake fraction and thrust deduction factor and
engine characteristics. The mean wake fraction and thrust
reduction factor used were 0.03 and 0.14, respectively.

The available net thrust under a certain pack ice condition
was converting to a power from the relationship between the
bollard pull test and thruster characteristics, as shown Fig. 12.
This is also converted to the vessel speed using the relation-
ship between the available net thrust and speed, as shown
Fig. 11. The achievable speed can be calculated using the
linear interpolation method based on the I-RES calculation
results.

3. Ice resistance estimation program I-RES

A detail explanation for the I-RES In-house software is
reported elsewhere. For example, Kim et al. (2014) and Ryu
et al. (2013) defined the three components of ice resistance

Fig. 1. Flow chart of the attainable speed calculation.

Fig. 2. Total ice resistance comparison between the experiment and

calculation.
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as follows. Eqs. (1)e(3) show the breaking, clearing, and
buoyancy resistance in ice.
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The breaking resistance follows the idea of Shimanskii
(1938). The clearing resistance is based on the Poznyak and
Ionov (1981) and the buoyance resistance is based on
Enkvist's idea (1972). Ryu et al. (2013) explained how the I-
RES works and what types of information are needed for the
input and what is the output of the I-RES etc. Some of the
validation results were also proven. They slightly modified the
original ideas. For the buoyance resistance, they applied each
immersion depth of ice pieces instead of the mean depth and
defined a new clearing plane according to the hull form ge-
ometry using the normal vector of the node points.

Park and Kim (2014) explained the operating direction. The
I-RES program made it possible to calculate both the forward
and backward directions and some of the merchant vessels
validation results were compared with the ice model test. The
I-RES is the changeable draft of a ship and the accuracy of the
estimation results for the draft variation was shown.

Kim et al. (2015, ISOPE) explained the I-RES software and
the introduced application skill of the I-RES. They used the
weighting function for the component of ice resistance, and
correction factor with the model test was also used. They
mentioned that the merit of the I-RES was the easy access and
fast calculation time. The hull form designer could be calcu-
lated easily with their designed file. They compared the su-
periority directly among their designed vessels in the initial
design stage and selected a superior design. The calculation
results and model test results of AARC for Arctic LNGC were
compared and evaluated.

Kim et al. (2015a,b), Ryu et al. (2013), and Park and Kim
(2014) showed that the difference in the ice resistance be-
tween the calculation and model test was less than 10%. The
accuracy of the In-house code (I-RES) was checked under a
level ice condition. Fig. 2 compares the in-house code results
and model test results. The range of difference was less than
±8% but one point has 13% gaps at 5 knots in case II
(See Table 2).

4. Model test in KRISO ice tank and towing tank

The Korean Ice breaking Research vessel, Araon, was used
for the model test in this paper. Table 1 provides brief infor-
mation of Araon. Kim et al. (2011) presented the ice sea trial

Fig. 3. Photograph of the level ice test.

Fig. 4. Photograph of the pre-sawn ice (underwater view).

Fig. 5. Photograph of the pack ice at 6/10 concentration.

Fig. 6. Photograph of the pack ice at 9/10 concentration (under water view).
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results of Araon and more detailed information of the ship.
The readers can obtain some of the speed-power performance
of Araon in a tried ice field and ice properties.

The model tests were carried out with three different ice
thicknesses, speeds, and concentrations. Table 2 lists test
matrix of the model tests. Figs. 3 and 4 show photographs of
the model at the level ice and pre-sawn ice (underwater view)
and Figs. 5 and 6 show photographs of the pack ice at a
concentration of 6/10 and 9/10 respectively.

5. Correlation factor tracing between the calculation and
model test

The pre-sawn ice resistance can be calculated using the
following formula.

Rpre�sawn ¼ RBuoyancy þRClearing þRopen water ð4Þ

Rpre�sawn ¼ Rpack ice at 100%concentration ð5Þ

where R means Resistance and all subscripts have the name as
the ice resistance.

Fig. 7 compares the experimental and calculated pre-sawn
ice resistance. The difference was less than ±8% but one
point was 9.7% when the speed was 5 knots in case I. Fig. 7
shows good agreement between the calculation and model
test among three cases in Case II.

Fig. 8 shows the error range with a bar chart. A relatively
large variation was observed at 5 knots and those trends just
follow the model test results.

Fig. 9 shows the model test results of the pack ice (three
types of ice concentration) and pre-sawn (100% concentration)
results when the ice thickness was 1.06 m of full scale. The
relationship among the variation of speed, ice concentration,
and pack ice resistance showed a reasonable tendency.

Based on the above results, the authors tried to find the
correlation factor among the ice concentration, pack ice
resistance, and ship speed. MATLAB was used to determine
the plane of those relationship. Fig. 10 presents the MATLAB
results. The merit of MATLAB is that it can generate a
formulation and find the RMS (Root Mean Square) value
among the variables. The RMS was 0.9359 and the formula is
shown in Eq. (6).

f ðx;yÞ ¼ aþ bxþ cyþ dx̂ 2þ exy ð6Þ
Where,

a, b, c, d, and e are constants
x and y are the pack ice concentration and velocity,
respectively.

The ranges of speed in Eq. (6) were applied between zero
and the maximum speed of the vessel from the open water
results. This formula can calculate the pack ice resistance in
arbitrary given ice properties using a correlation factor.

Fig. 7. Comparison of the calculated and experimentally determined pre-sawn ice resistance.

Fig. 8. Comparison of the calculated and experimentally determined pre-sawn

ice resistance comparison.
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6. Calculation of the available net thrust and converting
to the power or speed

Fig. 11 presents the bollard pull test results along with the
rpm & power relation and power & thrust relation. Fig. 12
shows the calculation results of the available net thrust. Kim
et al. (2015a,b) provided more details of procedure for deter-
mining the available net thrust.

Fig. 9. Pack ice resistance at different ice concentrations.

Fig. 10. 3D surface plane among the velocity, ice concentration, and pack ice

resistance.

Fig. 11. Bollard pull test results of Araon.

Fig. 12. Available net thrust of Araon (two thruster).

Table 1

Principle dimension of Araon.

Length,

B. P. (m).

Length,

B. P. (m)

Design

draft (m)

Propulsion

motors (kW)

95.0 19.0 6.8 2 set of 5000
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Based on the pack ice model test results performed with
different ice properties (concentration, thickness and flexural
strength), the bollard pull test results and self-propulsion test
results to determine the wake fraction and thrust deduction
were used to calculate the available net thrust. The over-thrust
or available net thrust means that thrust is available to over-
come a certain ice resistance at a maximum engine power of
10MWor designated power level. The available net thrust can

produce a formulation as a function of the ship speed in
Fig. 12. Over thrust or the attainable net thrust was converted
to power using the relationship between the power and resis-
tance in Fig. 12 and was calculated using Eq. (7).

TANT ¼ ð1� tÞTMCR �ROW ð7Þ
where t is the thrust deduction factor; Row is the open water
resistance; TANT is the Available net thrust; and TMCR is the
maximum thrust at the maximum continuous rating.

Fig. 13 shows the relationship between the resistance and
power. The available net thrust needs to be calculated again if the
power level is changes to a Normal Continuous Rating (NCR),
etc. The suitable available net thrust can be calculated at a certain
power level in Fig. 13, even though the power has changed.

Those procedures explained that the attainable speed can be
calculated if the designer has their own hull form, model test
results of the resistance and self-propulsion tests in ice and
ice-free water, and the engine characteristics, because the pack
ice resistance can be calculated using arbitrary pack ice
properties if the correlation factors are applied.

7. Sample calculation of attainable speed

Fig. 9 presents an example calculation of the attainable
speed with Araon. Fig. 11 shows the model test results in pack
ice, and Fig. 12 shows the bollard pull test results and the
available net thrust calculation results.

The calculation was performed using I-RES. The ice
thickness was changed from 0.5 to 1.4 m at 0.1 m intervals; the
flexural strength was varied from 540 kPa to 800 kPa at 20 kPa
intervals, and the velocity of the vessel was varied from 1 knot
to 16 knots. Based on above model test results, correlation
factors a, b, c, d, and e in Eq. (6) were �0.5794, 0.0172,
0.00349, 0.00248, and �0.0009, respectively.

Fig. 14 shows the relationship between the ice thickness
and over-thrust in pack ice at a 5 knot speed and 540 kPa
flexural ice strength. The graph was plotted with different pack

Fig. 13. Relationship between pack ice resistance and power.

Table 2

Test matrix of the ice model test.

ID of

test.

Ice thickness(m)

full scale

Ice strength

(Kpa)

full scale

Speed of

ship (knots)

full scale

Pack ice

concentration (%) &
ice type

Case I 0.49 750 1,3,5 60, 80, 90,

Pre-sawn ice,

level ice

Case II 1.06 750 1,3,5 60, 80, 90,

Pre-sawn ice,

level ice

Case III 1.49 750 1,3,5 60, 80, 90,

Pre-sawn ice,

level ice

Fig. 14. Relationship between the ice thickness and available thrust at 540 kPa and 5 knots pack ice condition.
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ice concentrations. The results show that the over-thrust at
1.4 m pack ice was approximately 350 kN at a 90% concen-
tration. This means that a 10MW powered vessel can operate
at 5 knots at 1.4 m, 90% pack ice, and have a margin of 350 kN
thrust and 4.5 MW power.

Figs. 15 and 16 show the attainable speed. The symbol
marked on Fig. 15 at 15 knots and a 90% concentration was
40 kN. This value shows the residual thrust after overcoming
the pack ice resistance including the open water resistance.
The attainable speed means a zero thrust in Fig. 15 at each
concentration. Different ice concentrations were considered in
the calculation and the attainable speeds in Figs. 15 and 16
were determined at 0.5 m and 1.0 m ice thickness, respectively.

Table 3 lists the final attainable speeds at 0.5 m and 1.0 m
ice thickness, 540 kPa ice strength, different ice concentra-
tions, and 10MW power.

Attainable speed under any pack ice condition can be ob-
tained using the interpolation method, as shown in Figs. 15
and 16, if the ice properties (flexural strength, thickness,
concentration) are given. Different ice properties (type,
thickness, strength, concentration) are mixed in a real opera-
tion ice field and the pack ice size is another major factor for
calculating the pack ice resistance. The pack ice resistance
will increase if the size of the pack ice piece increases, even
though the pack ice concentrations are the same because of the
breaking resistance of pack ice. The piece size of pack ice was

Fig. 15. Attainable speed calculation at a 0.5 m ice thickness and 540 kPa strength pack ice.

Fig. 16. Attainable speed calculation at a 1.0 m ice thickness and a 540 kPa strength pack ice.
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not considered because the developed in-house software is
unable to consider the ice piece size.

This study is very useful for determining the ship speed and
estimated time to arrival under pack ice conditions and these
results are also helpful in making voyage route planning in ice
field. The attainable speed can be calculated if the operator
decides the certain power level and ice properties.

8. Conclusions

This paper focused on the achievable speed calculation.
The open water resistance and self-propulsion performance,
characteristics of the propulsion system, performance at
different pack ice concentrations, and calculations of the In-
house code (I-RES) were used. The procedure was devel-
oped and will be useful in a voyage route planning system.

Araon's performance in pack ice was evaluated in this
paper. The model test and analysis results showed that Araon
can operate at 13.3 knots at a 1.0 m ice thickness, 540 kPa ice
strength, and 90% pack ice concentration This attainable speed
is not the final operating speed. The operator must check the
safe speed in structure prospective and limitation of the ice
passport carefully. The lowest speed among these three speeds
will be the operating speed.

For future work, the ice piece size of pack ice will be
studied, the brash ice performance will be checked, and the
attainable speed in brash ice will be studied using a similar
approach.
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Attainable speed at 0.5 & 1.0 m depending on the ice concentration.

Pack ice concentration (%) 60 70 80 90

Attainable speed (knots) at 0.5 m 15.73 15.61 15.49 15.32
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