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Abstract: The Energy Efficiency Design Index (EEDI) has been applied to ship carbon emission
standards since 2013, ice ships subject to the Finnish Swedish Ice Class Rules (FSICR) also need to
meet the requirements of EEDI. In this study, the engine power requirements by EEDI at different
stages for the considered ice class ships with different ice classes (1C, 1B, 1A, 1A Super) are compared
with engine power requirements obtained from the resistance calculated by FSICR or Lindqvist
method. Three different bow shapes for the considered ice class ships and different pack ice coverage
are studied. The results from FSICR or Lindqvist formula show that 1A Super ice classes for all
considered bow shapes cannot meet the requirement by EEDI at Phase 2 and 3; For 1B and 1A class,
some bow shapes can meet the EEDI requirement for all stages, but some cannot; For 1C class, all
bow shapes can meet the EEDI requirements for all stages. The ship main engine power requirements
under different pack ice concentration are studied and compared to EEDI requirements.

Keywords: EEDI; ice-classed vessels; ship main engine power; pack ice concentration

1. Introduction

With global warming, the Arctic sea ice coverage is gradually decreasing, and the
open water area is increasing. Based on the existing observation data, some experts predict
that the summer sea ice of the Arctic Ocean will disappear completely in 2040 [1]. The
decrease in the area of Arctic sea ice has improved the navigability of the Arctic waterway.
Thus, ice classed vessels are in demand for Arctic and also in other ice-covered waters such
as Baltic Sea. But on the other hand, the navigability of the Arctic waterway and other
ice-covered water will also have an impact on the ecological environment of these regions
and the global climate.

According to the “IMO Second Greenhouse Gas Study”, the total CO2 emissions of
the world’s shipping industry in 2007 were 1.054 billion tons, accounting for about 3.3%
of the total global CO2 emissions. Among them, the emissions of international shipping
vessels were 870 million tons, accounting for 2.7% of the total global emissions, which
was 0.9% higher than the estimated data in 2000, indicating the rapid growth of emissions
brought by international shipping in the past 10 years [2]. Different methods are used
to reduce ship’s greenhouse gas emission. Farkas [3] studied ships operating at sea and
found that antifouling coating can reduce greenhouse gas emissions. Balcombe [4] and
Xing Hui [5] studied the reduction of CO2 emissions from ships in terms of policy and
technology. If effective control measures are adopted to improve the energy utilization rate
of ships, emissions can be reduced by 25% to 75% [6].

IMO’s overall strategy for CO2 emission reduction includes technical measures, oper-
ational measures and market-based measures. At present, mandatory requirements have
been formulated for technical measures (Energy Efficiency Design Index (EEDI) require-
ments). It uses the ratio of CO2 emissions carrying capacity as an indicator to measure the
energy efficiency of ships.

J. Mar. Sci. Eng. 2021, 9, 1241. https://doi.org/10.3390/jmse9111241 https://www.mdpi.com/journal/jmse

https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://doi.org/10.3390/jmse9111241
https://doi.org/10.3390/jmse9111241
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jmse9111241
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse9111241?type=check_update&version=2


J. Mar. Sci. Eng. 2021, 9, 1241 2 of 16

The EEDI [7] has been applied to ship emission regulation since 2013. EEDI is to limit
the maximum engine power for the considered ship. The EEDI requirements will tighten
in three phases: Phase 1 from January 2015, Phase 2 from January 2020 and Phase 3 from
January 2025 and onward. In ice covered water such as Arctic and Baltic Sea, ice classed
ships are needed for safe navigation. Ice classed ships need more engine power to travel
in ice. EEDI requirements will have impact on the ice classed ships engine power since
EEDI requirements will reduce the maximum allowed power. Ice-class ships subject to the
Finnish-Swedish Ice Class Rules (FSICR) [8] need to meet the requirements of EEDI. For ice
class ships, EEDI provided correction factor so that the maximum allowed engine power
can be increased for ships navigating in ice.

A number of EEDI related research projects for ice classed ships, funded by the Finnish-
Swedish Winter Navigation Research Board, have been carried out. These include statistical
studies on the effect of ice class correction factors for various ship hull forms [9,10] and a
statistical study on the effect of EEDI on the need for icebreaker assistance [11]. Some results
from these projects have been implemented in new IMO guidelines for the calculation of
EEDI (IMO 2018).

To calculate the power requirement for ships traveling in ice, the ice resistance is
needed. Ice resistance can be obtained by ice tank model tests [12], numerical simula-
tion [13] and empirial formulas [14]. For quick calculation, empirical formula are more
suitable for EEDI analysis. There are many empirical formulas for calculating ice-going
resistance [15], such as: Lindqvist [16], Riska [17] formulas, etc. Compared with other
formulas, Lindqvist formula considers more details of the bow hull form and also the
ship’s speed, and more widely used for ice-going resistance calculation [18]. In this study,
Lindqvist and FSICR formula are used for ice resistance calculation for ships traveling in
brash ice since FSICR requires ships to operate in brash ice channel opened by escorting
ice-breaker. EEDI allowable maximum power requirements are calculated for considered
ice class ships at different EEDI stages and for different ice classes (1C, 1B, 1A, 1A Super).
Three different bow forms and different pack ice concentration are considered to calculate
ship main engine power requirements, which are compared to EEDI.

2. Methods

When the ship is sailing in open water, the power of the main engine mainly depends
on the open water resistance value at the maximum speed. When considering the influence
of ice navigation, the ship is mainly affected by the ice resistance when navigating in the
ice area. The ice resistance is the largest influencing factor of the ship design main engine
power. Different hull form can produce different open water and ice resistance, thus affects
the ship’s allowable main engine power.

2.1. Maximum Power of the Main Engine in Open Water Area

The maximum power of the ship’s main engine in open water is calculate from the
total resistance in open water at the maximum speed as in Equation (1). The calculation
methods of ship open water resistance mainly include either towing tank measurements
or Computational Fluid Dynamics method (CFD). Nowadays, the ship resistance can
be predicted accurately using CFD. This paper uses the CFD method to calculate the
resistance of the ship model, and uses the conversion Equation (1) to calculate the ship’s
main engine power.

MCR =
R·V
1000

(1)

where Marine Continuous Rating (MCR) is the effective power of the main engine (kW), R
is the open water resistance (kN), and V is the ship speed (m/s).



J. Mar. Sci. Eng. 2021, 9, 1241 3 of 16

2.2. Main Engine Power Calculation in Ice Area

The main engine power in ice area depends on the ice resistance. In FSICR, the
required main engine power is derived from the ice resistance as Equation (2):

P = Ke
(RCH/1000)3/2

DP
[kW] (2)

where RCH is ice resistance, P is engine output power, DP is diameter of the propeller [m].
Ke is a factor related to ship’s propellers, which shall be taken as in Table 1:

Table 1. Calculation parameter value (Ke).

Propeller Hull Form or
Machinery

CP or Electric or Hydraulic
Propulsion Machinery FP Propeller

One propeller 2.03 2.26
Two propellers 1.44 1.6

Three propellers 1.18 1.31

The ship used in this paper is a single-spindle ship, and the main engine is a con-
ventional diesel engine, so Ke takes as 2.26 and the propeller diameter DP is 7 m. FSICR
provided the formula to calculate ice resistance RCH, but also accept alternative method for
RCH, such as model tests, CFD simulation, or other effective formulas [19]. In this study, for
the calculation of ice resistance RCH, the Lindqvist empirical formula method (Equation (4))
and the FSICR rules formula (Equation (5)) are used. Both of these two methods contain
bow characteristics to predict the ice resistance of different bow forms. Since we only
consider the Baltic ice classes (1C-1A Super) and FSICR requires icebreaker escorting, the
brash ice in icebreaker-opened channel is considered in this study.

(1) Lindqvist empirical formula method:

Rice = (Rc + RB)

(
1 + 1.4V√

ghice

)
+ Rs

(
1 + 9.4v√

gL

)
(3)

where Rice is the ice breaking resistance, V is the ship velocity, Rs is the submersion
resistance, Rc is the crushing resistance, RB is the bending resistance, hice is the ice thickness,
v is the ice’s Poisson’s ratio, g is the gravitational acceleration. While Equation (3) is usually
applied to level ice breaking, Lindqvist formula is modified as in [20] to calculate the ice
resistance in brash ice (Crushing and bending strength of ice were assumed to be zero in
broken brash ice) as shown in Equation (4).

Rice = Rs ·
(

1 + 9.4 · v√
gL

)
= (ρw − ρs)ghiceB ·

[
T · B+T

B+2T + µ

·
(

0.7L− T
tan(ϕ)

− B
4 tan(α)

+T cos(ϕ) cos(ψ)
√

1
[[(sin]]ϕ)2 +

1
(tan α)2

)]
·
(

1 + 9.4 · v√
gL

) (4)

where Rice is the ice resistance, Rs is the submersion resistance, hice is the ice thickness, v is
the ice’s Poisson’s ratio, g is the gravitational acceleration. ρw is the density of sea water, ρs
is the density of sea ice, T is the ship draught, L is the ship length between perpendiculars.
B is the ship breadth, ψ is the normal angle, ϕ is the stem angle, α is the waterline entrance
angle, µ is the coefficient of friction.
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(2) FSICR rules formula:

RCH = C1 + C2 + C3Cµ(HF + HM)2(B + Cψ HF
)
+ C4LPARH2

F + C5

(
LT
B2

)3 Aw f

L
(5)

C1 = f1
BLPAR

2 T
B + 1

+ (1 + 0.021ϕ1)( f2B + f3LBOW + f4BLBOW) (6)

C2 = (1 + 0.063ϕ1)(g1 + g2B) + g3

(
1 + 1.2

T
B

)
B2
√

L
(7)

C3 = 845kg/
(

m2s2
)

(8)

C4 = 42kg/
(

m2s2
)

(9)

C5 = 825kg/s2 (10)

Cµ = 0.15 cos ϕ2 + sin ψ sin α (11)

Cψ = 0.047 · ψ− 2.115 (12)

HM = 1.0 for ice classes IA and IA Super
= 0.8 for ice class IB
= 0.6 for ice class IC

(13)

HF = 0.26 + (HMB)0.5 (14)

where RCH is ice resistance; C1, C2, C3, C4, C5, Cµ, HM, Cψ, HF are coefficients; B is ship
beam (m); LPAR is the length of the parallel midship body (m); T is actual ice class draughts
of the ship (m); Awf is the area of the waterline of the bow (m2); L is the length of the
ship between the perpendiculars (m); f1 = 23 N/m2; f2 = 45.8 N/m2; f3 = 14.7 N/m2;
f4 = 29 N/m2; g1 = 1530 N/m2; g2 = 170 N/m2; g3 = 400 N/m2; LBOW is the length of the
bow (m); α is the angle of the waterline at B/4 (◦); ϕ1 is the rake of the stem at the centerline
(◦); and ϕ2 is the rake of the bow at B/4 (◦). The characteristic parameter values of specific
length and angle are shown in Figure 1.
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In this study, when applying Lindqvist and FSICR formulas, the same calculation
parameters are used. The specific parameters used to calculate ice resistance in this paper
are shown in Table 2.
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Table 2. Calculation parameters of different bow forms (Linqvist method and FSICR method).

Name Traditional Icebreaker Bow
Specific Value

Semi Bow Specific
Value

EEDI Type of Bow
Form Specific Value

ϕ1 40.15 90.00 80
ϕ2 33.38 32.41 48.26
α 28.98 30.92 46.23
v 0.3 0.3 0.3
ρs 900 kg/m3 900 kg/m3 900 kg/m3

2.3. Main Engine Power Calculation Based on EEDI Stages

The EEDI [21] is calculated using Equation (15), and the effect of ice class is added to
the calculation. The allowable EEDI value of each phase is calculated, and then the main
engine power at different EEDI stages is calculated. The power obtained by the attained
EEDI value is used as the criterion for the ship’s main engine power in ice area.

(
n
∏
j=1

f j

)(
nME
∑

i=1
PME · CFME(i)SFCME(i)

)
+ (PAE · CFAESFCAE) +

((
n
∏
j=1

f j ·
nPπ

∑
i=1

PPπ(i) −
ne f
∑

i=1
fe f (i)PAEe f (i)

)
· CFAESFCAE

)
−
(

ne f
∑

i=1
fe f (i)Pe f (i) · CFMESFCME

)
fi · fc Capacity. Vre f · fw

(15)

For the explanation of the specific parameters of Equation (15), please refer to [22]; it
is mainly composed of the following parts:

Main Engine(s)+Auxiliary Engine(s)+Auxiliary Energy Saving Technology(s) −
Main Engine Energy Saving Technology(s)

Transport Work
(16)

In this article, we mainly consider the attained EEDI calculation under the main
engine power: (

n
∏
j=1

f j

)(
nME
∑

i=1
PME · CFME(i)SFCME(i)

)
fi · fc Capacity. Vre f · fw

(17)

where Vre f is ship speed, Capacity is ship’s load weight, SFCME is certified specific fuel
consumption [g/kWh], CFME is non-dimensional conversion factor between fuel consump-
tion and CO2 emission, f j is correction factor to account for ship specific design elements,
e.g., ice classed ships, shuttle tankers, fi is capacity factor, fc is cubic capacity correction
factor for certain ship types, fw is non-dimensional coefficient indicating the decrease of
speed in representative sea conditions, PME is rated installed power (MCR) for each main
engine [kW].

3. Calculation Model Description

The ship proto hull form used in this paper is “MV Xue Long”. The shape of the
midbody and stern of the ship is kept unchanged, and three different ship hull forms are
established by changing the bow forms.

The ship has a displacement of about 21,025 tons and a maximum speed of 17.9 knots
in open water. However, in order to meet EEDI requirements, the actual speed must be
less than 15 knots [21]. Therefore, this paper uses 15 knots as the calculation base when
calculating the main engine power in open water (the power required in open water is
estimated based on maximum continuous rating (MCR) of 85%).

The bow forms used in this article were mainly:

1. Traditional icebreaker bow (it had higher icebreaking performance when navigating
in an ice area).

2. Semi bow (it had good resistance performance when sailing in the scattered ice area
and open water area).
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3. EEDI type of bow form (its original intention was to reduce the resistance when
sailing in open water).

Semi bow and EEDI type of bow form were designed on the basis of [23]. In the
design, the actual bow form model, which is a traditional icebreaker ship, was used as the
mother model [24], and semi-parametric modeling method was used for deformation to
obtain the other two bow forms.

3.1. Traditional Icebreaker Bow

For traditional icebreaker bow form (Figure 2), the bow shape has good ice-going
capabilities and is capable to break level ice. The stem angle is quite moderate being about
30 degrees. The main dimensions of this bow form are shown in Table 3.
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Figure 2. Ship model of traditional icebreaker bow. (a) Front view, (b) Top view and side view.

Table 3. Ship parameters of traditional icebreaker bow.

Name Value

Length between perpendicular (Lpp) 141.84 m
Width (B) 22.6 m
Depth (D) 13.5 m
Draft (T) 9.0 m

3.2. Semi Bow

The new bow shape (Figure 3) is designed to accommodate some open water char-
acteristics with a little ice breaking capability. This is a typical bulbous bow. The main
dimensions of this bow form are shown in Table 4. It is to be noted that the draft is to be
set so that the bulb is submerged under waterline to avoid impact with ice, since bulb is
not suitable for ice impact.
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Table 4. Ship parameters of semi bow.

Name Value

Length between perpendicular (Lpp) 141.84 m
Width (B) 22.6 m
Depth (D) 13.5 m
Draft (T) 9.0 m
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3.3. EEDI Type of Bow Form

The EEDI type of bow form (Figure 4) is mainly designed to deal with energy saving
and emission reduction issues for open water. However, this hull form of bow is almost
always a vertical bow. When encountering sea ice, it does not have the ability to sustain ice
load damage, so it is a bow form with poor ice-going capability. The main dimensions of
this form are shown in Table 5.
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Figure 4. Ship model of EEDI type of bow form. (a) Front view, (b) Top view and side view.

Table 5. Ship parameters of EEDI type of bow form.

Name Value

Length between perpendicular (Lpp) 143.42 m
Width (B) 22.6 m
Depth (D) 13.5 m
Draft (T) 9.0 m

4. Calculation Results
4.1. CFD Calculation
4.1.1. CFD Numerical Verification

In this paper, DTMB5415 ship hull form was used for numerical verification, and all
comparative experimental values were from the INSEAN [25] ship model experiment. The
ship hull form of DTMB5415 is shown in Figure 5, and the ship hull form parameters are
shown in Table 6.
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Table 6. Main parameters of DTMB5415 ship model (scale ratio α = 22.832).

Name Value

Length between perpendicular (Lpp) 5.72 m
Draft (T) 0.248 m

Width (BWL) 0.768 m
Wet area (S) 4.824 m2

Displacement (∆) 0.551 t
Barycentric coordinates (2.89 m, 0 m, 0.2475 m)

First, the numerical uncertainty analysis is carried out, and three sets of grids are
tested respectively. The numbers of grids are 5 × 105, 7 × 105 and 9 × 105. The incoming
flow velocity during calculation is the design speed (Fr = 0.28).

The calculation results and comparison with INSEAN’s experimental values are shown
in Table 7 for different mesh sizes. By comparison, it can be found that the error between
the resistance values calculated by the three sets of grids and the experimental values are
within 5%. Then hull grid number of 7 × 105 is used to calculate the open water resistance
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of the ship at three speeds (Fr = 0.21, 0.28, 0.35), and compared with INSEAN’s experimental
value (Table 8). The error at all speeds was within 5%. This grid set 7 × 105 is used for later
actual calculation, as this grid set can balance simulation accuracy and efficiency.

Table 7. Comparison of calculated resistance and experimental Value (Fr = 0.28).

Grid Quantity RT (N) RT-EXP (N) Error/%

5 × 105 43.41 45.13 −3.81%
7 × 105 43.65 45.13 −3.28%
9 × 105 44.02 45.13 −2.46%

Table 8. Resistance value of the ship at each speed (number of grids was 7 × 105).

Fr RT (N) RT-EXP (N) Error/%

0.20 21.29 21.56 −1.25%
0.28 43.65 45.13 −3.28%
0.35 76.23 80.61 −4.90%

4.1.2. CFD Calculation Result

In this paper, CFD calculations are performed on three hull forms of bows, their open
water resistance values are obtained and the MCR value is calculated.

This paper use unstructured hexahedral mesh, grid encryption is performed at water
plane: target cell sizes of height is 0.006 m, the max aspect ratio is 200. A boundary layer
grid is set on the hull surface, first layer thickness is 0.00148 m, stretching ratio is 1.2, y+ [26]
is 10, and the wall function is used. Finally, the watershed grid is obtained in Figure 6. In
the calculation settings, the time step value is 0.014 s and the time step number is 1500.
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The parameters and results for the traditional icebreaker bow are shown below as
example. The ship hull form parameters are shown in Table 9. The calculated water surface
wave height map under static water conditions is shown in Figure 7.



J. Mar. Sci. Eng. 2021, 9, 1241 9 of 16

Table 9. Main parameters of traditional icebreaker ship model (scale ratio α = 40).

Name Value

Length between perpendicular (Lpp) 3.546 m
Draft (T) 0.225 m

Width (BWL) 0.565 m
Wet area (S) 3.05 m2

Displacement (∆) 0.349 t
Barycentric coordinates (1.7688 m, 0 m, 0.1889 m)
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The open water resistance value under 15kn of different bow forms are shown in
Table 10. The results from ship model simulation are converted to the actual ship following
the method of [27]. These values are used to calculate the ships’ MCR values in next section.

Table 10. Numerical resistance calculation.

Bow Form Traditional
Icebreaker Bow

EEDI Type of
Bow Form Semi Bow

Ship model
(Velocity = 1.22 m/s) Rtm 22.5 N 19.5 N 20.24 N

Real ship
(Velocity = 7.716 m/s) Rts 1,215,214 N 1,018,334 N 1,065,580 N

4.2. Main Engine Power Calculation Results

The MCR, EEDI allowed power (Phase 2 and 3), required power calculated by
Lindqvist method and FSICR of class 1C-1A Super ice class (Speed is set at 5 knots as
required by FSICR) are calculated following the methods described above. Lindqvist
and FSICR formula are used for the ice resistance calculation for main engine power and
compared with the EEDI requirements in Figures 8–11 (a, b, c for different bow forms) for
different ice classes. Figures 8–11 (d) are the comparisons for power requirements obtained
from Lindqvist formula and EEDI requirements. In these figures, when the ratio is greater
than 1, shown as green, EEDI requirement are satisfied for the considered ice classes and
bow forms; when the ratio is less than 1, shown as red, then the EEDI requirement is not
satisfied. In Figures 8–11 (d), “I2 (I3)” represents EEDI Phase 2 (Phase 3) for the traditional
icebreaker bow, “S2 (S3)” represents EEDI Phase 2 (Phase 3) for the semi bow, “E2 (E3)”
represent EEDI Phase 2 (Phase 3) for the EEDI bow form.
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It is to be noted that for the semi bow, the bulb is assumed to be submerged under
waterline to avoid direct contact with ice, thus the influence of the bulb to the ice resistance
is not considered.

4.2.1. Ice Class 1A Super

Ice class 1A Super is assumed for 1m thickness ice with 10 cm thickness consol-
idated layer as specified in FSICR. The maximum power allowed by EEDI Phase 2 is
6100–6300 kW, and the EEDI Phase 3 allowed power is 5400–5600 kW. As shown in
Figure 8d, by comparing the power calculated by the Lindqvist method of different bow
forms, it can be seen that none of the three bow forms meet the requirements under this ice
class and the EEDI type of bow form has the worst ice navigation capability.

4.2.2. Ice Class 1A

FSICR defines the 1 m ice thickness for the 1A ice class. The maximum power allowed
by EEDI Phase 2 is 5400–5600 kW. By comparing the power calculated by the Lindqvist
method of different bow forms, it can be seen that the traditional icebreaker bow and semi
bow just meet the power requirements for this phase.

The allowed power for EEDI Phase 3 is 5400–5600 kW. None of the three bow forms
meet the EEDI Phase 3 requirements under this ice class and the EEDI type of bow form
has the worst ice navigation capability.

4.2.3. Ice Class 1B

FSICR defines 0.8 m ice thickness for the 1B ice class. The maximum power allowed by
EEDI Phase 2 is 4800–5000 kW. By comparing the power calculated by the Lindqvist method
of different bow forms, it can be seen that all three bow forms meet the power requirements.
The EEDI allowed power of Phase 3 is 4200–4400 kW. The traditional icebreaker bow
and semi bow meet the requirements, but the EEDI type of bow form does not meet the
requirements.

4.2.4. Ice Class 1C

FSICR defines the ice thickness of 0.6 m for 1C ice class. The max allowed power by
EEDI Phase 2 is 4400–4600 kW, and the EEDI allowed power of the Phase 3 is 3900–4000 kW.
By comparing the power calculated by the Lindqvist method of different bow forms, it can
be seen that the all three bow forms meet the requirements under this ice class.

The results show that 1A Super ice classes for all considered bow shapes cannot meet
the requirement by EEDI at Phase 2 and 3; For 1B and 1A ice class, some bow shapes can
meet the EEDI requirement for all stages, but some cannot; For 1C class, all bow shapes
can meet the EEDI requirements for all stages.

For the four ice classes, the power requirements when using the FSICR equation is on
average higher than that of the Lindqvist method. Whether it meets the requirements of
the EEDI Phases is demonstrated by red and green in Table 11 (The red area indicates that
the power requirement is not met, and the green area indicates that the power requirement
is met). It is to be noted that the power requirement calculated by FSICR formula is usually
over-rated for large ships and alternative reduced power can be accepted with proper ice
resistance calculation [19].
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Table 11. Power comparison.

Phase2 EEDI Allowed Power Required Power Installed

1A Super 1A 1B 1C 1A Super 1A 1B 1C

FSICR Lid FSICR Lid FSICR Lid FSICR Lid
Ice bow 6172.50 5425.33 4833.48 4460.77 7572.66 7344.07 5847.66 5414.04 4744.18 3563.17 3759.74 3703.58 9376.59

Semi bow 6145.26 5401.39 4812.15 4441.08 8330.58 7339.42 5802.20 5411.94 4687.89 2863.89 3695.41 3542.95 8222.02
EEDI bow 6289.29 5530.44 4928.77 4549.71 10,260.42 54,369.31 7690.13 38,285.35 6078.66 4868.00 4657.35 3591.88 7857.47

Phase3 EEDI Allowed Power Required Power Installed

1A Super 1A 1B 1C 1A Super 1A 1B 1C

FSICR Lid FSICR Lid FSICR Lid FSICR Lid
Ice bow 5400.93 4747.16 4229.30 3903.17 7572.66 7344.07 5847.66 5414.04 4744.18 3563.17 3759.74 3703.58 9376.59

Semi bow 5377.10 4726.21 4210.63 3885.95 8330.58 7339.42 5802.20 5411.94 4687.89 2863.89 3695.41 3542.95 8222.02
EEDI bow 5503.12 4839.13 4312.67 3981.00 10,260.42 54,369.31 7690.13 38,285.35 6078.66 4868.00 4657.35 3591.88 7857.47

4.3. Main Engine Power under Different Pack Ice Concentration

In the above, the main engine power of ships sailing in ice regions is estimated under
the EEDI rules for brash ice channel opened by escorting icebreaker. However, there may be
also changes in pack ice concentration when ship traveling in ice covered water. Therefore,
this paper needs to consider the main engine power variation values of three kinds of bow
under different pack ice concentrations (9/10th and 7/10th). Because the EEDI type of bow
form has poor ice-breaking ability, this section only calculates the Semi bow and traditional
icebreaker bow. This article uses the DuBrovin [28] empirical formula.

In 1970, DuBrovin summarized and deduced the calculation formula for ice tank test
data between 1950 and 1955. According to the empirical formula, the ice received in the
ship model ice resistance calculation formula is:

Rice = p1 A + p2ΦFn · n (18)

where Rice is the ice resistance of the ship; p1 and p2 are empirical coefficients, which
depend on the distribution density of broken ice and the width of the broken ice channel;
Fn is the Froude number; n is the power coefficient, which depends on the hull form of
ship; A and ϕ are defined as:

A =
1
4

B2
√

rhiceρice

(
1 + 2

L
B

f0αH

)
(19)

Φ = rhicρiceB
[

f0 + tan α0

(
αH +

L
B

tan α0

)]
(20)

where ρice is the density of sea ice; r is the density of broken ice, respectively; f0 is the
friction factor between the hull and the sea ice; α0 is half of the incident angle of the
water surface; and αH is the rhomboid coefficient of the ship precursor. DuBrovin derived
empirical coefficients p1 and p2 on the basis of the experimental data of different ice tanks
ship model. All the parameters required by the empirical formula of the ship model in this
paper are shown in Tables 12 and 13.

Firstly, the ice resistance under different ice thickness is calculated by DuBrovin
formula, and then the power of ship’s main engine is calculated by Equation (1). As shown
in Figure 12, the main engine power and power reduction rate of different ice concentration
are obtained. By comparison, the main engine power required for 7/10 ice concentration is
greatly reduced. Compared with the reduction of two bows, traditional icebreaker bow
has greater advantages in energy saving.
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Table 12. DuBrovin calculation parameters selected for this ship model (traditional icebreaker bow).

Parameter Hull Form Value Parameter Hull Form Value

Ship width, B (m) 22.6 Length, L (m) 150.25

Distributed intensity of
crushed ice, r 0.9/0.7 oefficient of friction, f0 0.04

Ice thickness, hice/(m) 0.2–1.2 Half of the incident angle,
α0/(◦) 20.075

Crushed ice density,
ρice/(kg/m3) 917 Precursor rhomboid coefficient, αH 0.7176

Power factor, n 1.5

Table 13. DuBrovin calculation parameters selected for this ship model (Semi bow).

Parameter Hull Form Value Parameter Hull Form Value

Ship width, B (m) 22.6 Length, L (m) 150.25

Distributed intensity
of crushed ice, r 0.9/0.7 Coefficient of friction,

f0
0.04

Ice thickness, hice/(m) 0.2–1.2 Half of the incident
angle, α0/(◦) 20.075

Crushed ice density,
ρice/(kg/m3) 917 Precursor rhomboid

coefficient, αH
0.7039

Power factor, n 1.5
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5. Conclusions

In this study, minimum required power for three different bow form derived from a
typical icebreaker was calculated for 4 different Baltic ice classes, using the ice resistance
from FSICR and Lindqvist formulas. The results are compared with EEDI maximum
al-lowed power for Phase 2 and 3. The results show that the hull forms used in this paper
cannot meet EEDI Phase 3 requirement for higher ice classes (1A and 1A super). Depending
on the bow hull form, EEDI Phase 2 requirement may be met for these two ice classes.
For lower ice classes (1B and 1C), EEDI Phase 2 and Phase 3 requirements are most likely
to be achieved for these hull forms. Minimum power requirements for different pack
ice concentration were calculated with different ice thicknesses and two bow forms. The
results show that the reduced ice concentration makes EEDI requirements more easily
satisfied for ice class ships.
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In future research, first, the main engine power under the influence of auxiliary
engine and main engine energy saving technology can be considered for EEDI requirement
evaluation. Second, with parametric modeling of the bow, taking EEDI requirements as
optimization target, an optimized bow form with energy saving suitable for ice navigation
could be achieved.
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