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Abstract: The International Maritime Organization (IMO) Guidelines for Determining Minimum
Propulsion Power to Maintain the Maneuverability in Adverse Conditions is the sole regulation
imposed on the routine design and approval of all new-built ships as a part of EEDI requirements.
This study reviews the development of the guidelines and summarizes the recent amendments of
MEPC76(2021). The present assessment is conducted for a new VLCC design following the new
guidelines aiming at investigating the influence of alternative wave added resistance evaluation
methods and the propeller design features on the assessment results. It is found that the most simple
empirical formula method proposed by MEPC76 is not conservative enough, as could have been
expected. On the other hand, spectral analysis methods based on empirically obtained and properly
validated wave added resistance responses can produce consistent results. Moreover, discussions are
made from the perspective of propeller design to meet the regulatory requirements. It is pointed out
that the light running margin is a key design parameter, and propellers with larger light running
margins are more advantageous for satisfying the minimum propulsion power regulation, thus
ensuring the navigation safety in adverse conditions. These obtained insights and know-how can
support the engineers in obtaining optimal design solutions.

Keywords: minimum propulsion power; maneuverability in adverse conditions; safe navigation of
energy efficient ships; added resistance in waves; tank wall effect; light running margin

1. Introduction

In the course of development of IMO’s framework for the Energy Efficiency Design
Index (EEDI) regulations to reduce GHG emissions from shipping, serious concerns were
expressed by the maritime industry that when the EEDI regulations came into force, the
safety of ships when operating in adverse conditions may be compromised, namely, design-
ers and shipowners may opt for a reduction of ship’s design speed to achieve the required
EEDI, which in turn would result in a reduced installed power. However, these ships may
have insufficient power to navigate safely in adverse conditions. As safety should have
priority, provisions ensuring ship’s safety should be, and were finally, established within
the EEDI regulatory framework. On this background, the International Association of
Classification Societies (IACS) proposed that a ship should be able to maintain a minimum
speed (and have a minimum power) to maintain the maneuverability for safe navigation
in adverse conditions as a necessary safeguard [1,2]. This concept was further developed,
and, finally, several practical methods were recommended to form the 2013 Interim Guide-
lines as IMO’s important instrument to ensure the navigational safety of newly designed
EEDI-compliant ships [3].
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The 2013 interim minimum power guidelines address tankers and bulk carriers, as
these ship types normally have a low design speed (thus relatively low installed power)
and are most at risk when optimized for even lower EEDI values. As the scientific problem
of maneuverability in waves is highly demanding, further, in-depth research efforts were
devoted to the subject to examine the new guidelines as well as to enhance the understand-
ing of the complex problem [4–8]. The most extensive study should be credited to projects
SHOPERA and JASNAOE [9], which led to the draft revisions for the 2013 interim guide-
lines [10,11]. At MEPC 71 in 2017, the validity of the 2013 Interim Guidelines was extended
to EEDI phase 2 [12]. As the Interim Guidelines were the only regulation imposed on the
routine design and approval of all new-built ships as a part of EEDI requirements, it was
urgently required to be finalized, while the planned extension to all existing ships poses
additional problems in view of the industry’s tendency to use engine power limitation
as the main method to meet the EEXI requirement [13]. Thus, an intersessional working
group was formed by IMO-MEPC to work on the guidelines based on the submission of
SHOPERA [14]. After extensive discussions, this working group recently submitted the
proposed amendments to the guidelines [13]. MEPC 76 (2021) approved these amendments
to the guidelines for determining minimum propulsion power to maintain the maneu-
verability of ships in adverse conditions [15]. At this stage, as the guidelines are being
finalized, case studies based on proven engineering designs can be conducted following
the newly amended guidelines, to provide timely feedback to the regulators to further
validate the regulations and revise them if necessary.

This study first summarizes the major amendments of the newly approved guidelines.
Then, the minimum propulsion power assessments are conducted for a VLCC to show
the impact of the new guidelines on the ship powering requirement. For this new design,
the impact of using different methods for predicting added resistance, and of selecting
different propellers and engines, are discussed. The insights gained from the assessment
results are also presented and discussed.

2. Major Amendments

The amendments are detailed in MEPC 76/5/1 (2021) [13]. The major revisions are
summarized as follows:

A. Revised definition of adverse conditions (wave and wind conditions).
The definition of “adverse conditions” for the assessment of ship of different sizes has

been strengthened, as shown in Table 1.

Table 1. Definition of the ship-size-dependent adverse conditions.

Ship Length Lpp, m Significant Wave
Height hs, m

Peak Wave Period
TP, s

Mean Wind Speed
Vw, m/s

Less than 200 4.5 7.0 to 15.0 19.0
200 ≤ Lpp ≤ 250 Parameters linearly interpolated depending on ship’s length
More than 250 6.0 7.0 to 15.0 22.6

B. The “simplified assessment” method in the 2013 Interim Guidelines is discarded
and is replaced by a new “minimum power assessment” method, which is built upon the
methodology of “maximum total resistance in the longitudinal ship direction over wind
and wave directions from head to 30 degrees off-bow”, rather than the previous level 2
methodology of “course-keeping of the ships in waves and wind from all directions”. For
this reason, the navigational speed of the ship for assessment is defined to an even-lower
2 knots.

C. Default conservative estimates of thrust deduction factor t and wake fraction w.
In the new guidelines, default conservative estimates are t = 0.1 and w = 0.15, respec-

tively. In contrast, the default conservative estimates given in the 2013 Interim Guidelines
were, for CB > 0.8, the wake fraction w = 0.35, and the thrust deduction fraction t = 0.245.



J. Mar. Sci. Eng. 2021, 9, 1287 3 of 12

This change of t will lead to significant change of the required thrust, and apparently it will
also change the resultant hull efficiency ηH = 1−t

1−w .
D. New methods recommended for the prediction of added resistance in waves.
In the finalized guidelines, several practical methods are recommended to facilitate

the minimum propulsion power assessment.
(1) A simple formula is defined in Article-15.1, herein it will be denoted as Method-A:

Xd = 1336(5.3 + U)

(
B·d
LPP

)0.75
·h2

s (1)

where d (m) is the draft at the maximum summer load condition; B (m) is ship breadth;
U (m/s) is ship speed.

(2) Spectrum method as defined in Article-15.2. This method requires the use of
added resistance in regular waves of various headings, which can be supplied either by
conducting experiments or applying the recommended numerical methods.

Xd = 2
∫ ∞

0

∫ 2π

0

Xd(U, µ′,ω′)
A2 Sςς(ω′)D(µ− µ′) dω′ dµ′ (2)

where
Xd
A2 (N/m2) is the quadratic transfer function of the added resistance in regular waves and

A is the wave amplitude.
Sςς(ω′) is the seaway spectrum specified as JONSWAP spectrum with the peak

parameter 3.3.
D(µ− µ′) is the spreading function of wave energy with respect to mean wave direction

specified as cos2-directional spreading.
ω′ (rad/s) is the wave frequency of component.
µ (rad) is the encountered angle between ship and wave.
µ′ (rad) is the direction of the wave component.

(3) The new guidelines recommend a semi-empirical formula for determining the
quadratic transfer functions of added resistance in regular waves Xd

A2 .
(4) The range of peak wave periods TP applied in the assessment is from 3.6

√
hs to

the greater one of 5.0
√

hs or 12.0 s. For a ship with LPP > 250, hs = 6.0 m, this results in the
range of TP to be [8.82, 12.25] s.

(5) The guideline also allows experiments in regular waves to be conducted to derive
the mean value in irregular waves. The extent of the experiments varies from head wave
condition only, to head waves and up to 120 degrees off-bow.

(6) Table 2 summarizes the methods for calculating the mean added resistance used
for the assessment.

Table 2. Methods for wave added resistance calculation.

METHOD COMMENTS

1 Empirical Expression (Article 15.1) Simple to Calculate

2

Spectral Method

Maxima of mean value in
Short-crested bow waves head to

30o off-bow (Article 16)

RAO from recommended
formula (a)

RAOs in regular waves
of all directions (not

possible in towing tank)RAO from tank tests (b)

3
Maxima of mean value in

Short-crested head waves(Article 17)

RAO from recommended
formula (a)

RAO in regular waves of
all directions (not

possible in towing tank)RAO from tank tests (b)

4
1.3 ×maximum mean value in

long-crested head waves (Article 18)

RAO from recommended
formula (a)

RAOs in regular head
waves (can be done in

towing tank)RAO from tank tests (b)
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E. Introduction of maximum added rudder resistance due to maneuvering in seaway
Xr = 0.03·Ter, where Ter is the propeller thrust excluding Xr from T.

F. Modified requirements on the determination of aerodynamic resistance coefficient
X’w for the calculation of added resistance due to wind, as specified by Articles 13 and 14.

3. On the Recommended Methods for Added Resistance Prediction

One major amendment is the introduction of numerical methods for the prediction of
added resistance in waves. This is in contrary to the previous version interim guideline,
which requires the execution of seakeeping tests.

For the Method-1, only the main particulars L, B, and d are involved in calculation,
and its execution is straightforward. This is not unusual in a preliminary assessment, as
long as the simple method delivers a conservative result.

For the Methods 2–4 in Table 2, a semiempirical method is recommended to generate
the quadratic transfer function of the added resistance in regular waves. Figure 1 shows
the predicted added resistance of the VLCC design in regular head waves at several low
speeds, together with available experimental results at 5.6 knots, which is the required
ship advance speed for minimum propulsion assessment according to the previous version
interim guideline, which was still in effect when the test was performed. The experiment
is performed in the towing tank of MARIC (280 m long, 10 m wide, and 5 m deep) using
a ship model of about 4 m in length. At the speed of 5.6 knots, the agreement between
numerical and experimental results is, in general, satisfactory. More validations of the
semi-empirical method can be found in previous publications [16].

Figure 1. Added resistance of the VLCC design at low speeds in regular head waves at scantling
draft, T = 22 m.

Figure 2 shows the predicted added resistance of the VLCC design in regular waves
of various directions at 2 knots, which follows the newly amended guidelines. From this
graph, it is observed that the maximum of the wave added resistance responses does not
correspond to the head wave direction (180 deg case), which is in line with the guidelines
(Article 18).

Figure 3 shows the transfer functions of the added resistance in regular head waves of
the ship at 2 knots plotted against 2 JONSWAP spectra of unit significant wave height but
of different peak periods. When these quantities are plotted against wave frequency, the
importance of the prediction of the added resistance in short regular waves (high-frequency
region) for estimating the total mean added resistance in seaways represented by a spectrum
is clearly demonstrated, particularly for smaller peak frequency. The contribution of
relatively short, or higher frequency waves, is very important for the accurate prediction
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of the mean added resistance in a seaway, as discussed by Minsaas et al. [17], Liu and
Papanikolaou [18], and Liu et al. [19], particularly for this low-speed problem, where
the resonance is shifted to higher frequency region, when compared with the problem at
service/design speed.

Figure 2. Added resistance of the subject VLCC at 2 knots in regular waves of various directions.

Figure 3. The added resistance in regular head waves together with two spectra.

The guideline also permits experiments to be conducted in regular waves. As nu-
merical methods are already recommended, experiments are required only when a design
does not pass the assessment using available methods, which will be a very challenging
scenario. This can be due to a very innovative design, so that existing empirical methods
do not accurately capture the added resistance, and experiments are expected to provide
some gain. It may also be due to the selection of a relatively small engine. However, the
execution of tank tests at low speeds is not an easy task. Technically, added resistance
in waves is obtained by measuring the still-water resistance at speeds of interest and the
resistance in waves at the same speeds, and finding the difference between them [20]. For
both resistance and seakeeping tests, the setup of the tests must be carefully designed to
avoid significant blockage or tank wall effect [21,22]. These requirements are not easy to
meet. Figure 4 shows the two points corresponding to λ/LPP = 0.2 and λ/LPP = 2.0 regular
wave condition of a 5 m long model to be tested at 2 knots for the seakeeping experiments
in a 10 m wide tank. Apparently, these points are well below the ITTC recommended
boundary for avoiding tank wall effect. The tank wall effect during measuring added
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resistance at low speeds has been well reported [7,23]. Besides, as shown in Figure 3,
for the spectrum with Tp = 9 s, most of the contribution is from relatively short waves,
where the target measured value is rather small and much uncertainty is involved in the
experiments [24,25]. The error may lead to significant difference in dimensional values.
Lastly, if only head wave tests are conducted and the mean wave added resistance value
is calculated in long-crested head waves, then a factor of 1.3 should be multiplied to the
result value. This is rather conservative, thus is not expected to provide much “gain” to
the designer. When conducting testing in various headings, extensive resources must be
allocated, and the cost can be rather high.

Figure 4. Frequency at which tank interference occurs in head waves.

4. Minimum Propulsion Power Assessment (MPPA) Following the Newly
Adopted Guideline

In this session, we follow the amended IMO guideline to determine the minimum
propulsion power. A new 310 kTon VLCC design of MARIC is chosen in this case study.
Two alternative engine selections are subject to the assessment:

SMCR = 22,000 kW at 62.5 rpm

SMCR = 18,600 kW at 59.0 rpm

4.1. Minimum Power Lines Assessment

The “minimum power line” method uses deadweight and ship type as input. The
minimum power line values of total installed MCR are calculated as

MCRmin = a·DWT + b (3)

where DWT is the deadweight of the ship in metric tons, and a and b are two coefficients
recommended by the guideline:

a = 0.0652 kW/t (4)

b = 5960.2 kW (5)

For the concerned VLCC, which features a 310,000 t deadweight,

MCRmin = a·DWT + b = 26,172.2 kW

The selected two engines are both below the minimum power line value. The require-
ment according to the “minimum power lines” method is not fulfilled.
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4.2. Minimum Power Assessment

The new minimum power assessment is based on the solution of a one-degree-of-freedom
maneuvering equation in longitudinal direction to demonstrate that the ship can move with
the speed of 2.0 knots through water in wind and wave directions from head to 30 degrees
off-bow for a situation of weathervaning.

The maximum total resistance is defined as sum of the resistance in calm water at the
2.0 knots forward speed U, and the maximum added resistance in seaway Xa over wind
and wave directions from head to 30 degrees off-bow.

The calm-water resistance Xs of the VLCC at 2.0 knots is calculated by

Xs =
1
2
ρSV2

S·(1 + k)CFS (6)

where ρ is density of seawater, S is the wetted surface area, vs. is the ship speed, k is the
form factor, and CFS is the frictional coefficient of the ship according to the ITTC-1957
ship-model correlation line.

For the subject ship, the form factor k is estimated empirically using hull form param-
eters, including the block coefficient CB, draft at midship TM, etc., as follows:

k = −0.095 +
25.6CB

(LPP/B)2√B/TM
= 0.3225 (7)

Xs = 37.0 kN

Using the recommended aerodynamic resistance coefficient of X′w = 1.1, and the wind
speed of Vw = 22.6 m/s, the maximum wind resistance of the VLCC advancing at 2.0 knots
is predicted as follows:

Xw =
1
2

X′wρaAFV2
w,rel= 394.3 kN (8)

where ρa is the density of air, AF is the frontal windage area of the hull and superstructure,
and Vw,rel is the relative wind speed.

A third resistance component refers to the maximum mean added resistance due to
waves, for which the guideline specifies several options, as elaborated in the previous
section. Figure 5 shows the predicted mean added resistance using three alternative
methods. For Method-1, the maximum value is 866.9 kN. For Method-3a, the maximum
value is 959.9 kN, observed at the peak period of 12.0 s. For Method-4a, the maximum
value is 1008.4 kN, observed at the peak period of 12.25 s.

Figure 5. Predicted mean added resistance using recommended methods.
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The maximum additional rudder resistance due to maneuvering in seaway Xr may be
calculated for practicality in a simplified way, as

Xr = 0.03 · Ter (9)

where Ter is the propeller thrust, excluding Xr from T.
Following the guideline to set thrust deduction fraction t = 0.1, the following expres-

sion is obtained:
T= 1.148(XS + XW + Xd) (10)

Figure 6 shows the obtained maximum resistance of the VLCC in adverse conditions
using alternative methods. With the amendments referring to higher sea states and lower
ship speed, the mean added resistance due to waves is the most significant component,
and the wind resistance secondary, while the resistances in calm water and due to rudder
action are rather minor. In the next section, the required thrust T for the case study is
calculated, as shown in Table 3. With the new default value of thrust deduction factors
t = 0.1, the required propeller thrust estimated is lower than what would be estimated by
2013 Interim Guidelines.

Figure 6. Components of the total resistance of the VLCC design at 2 knots in adverse conditions as
defined by the IMO Guideline.

Table 3. Resistance components and required propeller thrust (kN)

XS XW Xd Xr Xtotal T

37.0 394.3 866.9 (M-1) 43.1 1341.3 1490.3
37.0 394.3 959.9 (M-3a) 46.2 1437.4 1597.1
37.0 394.3 1008.4 (M-4a) 47.8 1487.5 1652.8

It is demonstrated from Table 3 that using different wave added resistance evaluation
methods will lead to different required thrust T, which is the key input for the assessment.
For this VLCC, the empirical method is not conservative at all, which offers the smallest
value among the three studied methods. The values from the other two methods are close,
with method M-4a producing the largest value of 1652.8 kN.

Considering that the empirical method (M-1) violates a basic principle of regulatory
developments, namely that recommended simpler methods should be the most conserva-
tives, it proves that (M-1) may not be appropriate, or it needs adjustment. On the other
hand, experiments in a towing tank at very low speed are inherently influenced by the
tank wall effect, and the accuracy of such tests is very hard to ensure; hence, spectral
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analysis methods M3-a and M4-a should be preferred. Between the two, M4-a is easier
to implement, while M3-a can consider the characteristics of wave added responses in
all directions.

Figure 7 above shows the open-water characteristics of the two candidate propellers.
For the required thrust T, the operational point of the propeller can be read off from the
KT, ship/J2 ∼ J or be determined by plotting the KT, ship = T

ρu2
aD2

P
J2 parabolas into the

open-water characteristics and finding the intersect.

ua = VS(1−w) (11)

Figure 7. Open-water characteristics of two candidate propellers.

Then, the propeller rotational speed is calculated as

nP = ua/(J ·DP) (12)

The delivered power of the propeller is calculated as

PD = 2πρn3D5
P ·KQ(J) (13)

Finally, the required minimum break power can be obtained by considering the
transmission efficiencies:

Preq
B = PD/ηSηgηR (14)

The concerned VLCC has a stern-engine type without gearbox, thus, ηS = 0.98, and
ηg = 1. The relative rotative efficiency is assumed to be unit.

Finally, the required engine power and speed using two candidate propellers can
be calculated, as shown in above Tables 4 and 5. These operational points are plotted in
Figure 8, together with torque limit of the selected engines [26]. When using #2 propeller,
the three operational points, obtained using alternative methods, are below the torque
limit of both engines. When using #8 propeller, the three operational points are below
the torque limit of the larger engine but are rather close to the torque limit of the smaller
engine. Subsequently, the larger engine is preferred if #8 propeller is used.
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Table 4. Prediction of required propulsion power using #2 propeller.

Method T KT,ship/J2 J n 10KQ PB

M-1 1490.3 16.9 0.1237 40.0 0.29181 7614.3
M3-a 1597.1 18.1 0.1193 41.5 0.29306 8524.6
M4-a 1652.8 18.8 0.1171 42.3 0.29368 9033.3

Table 5. Prediction of required propulsion power using #8 propeller.

Method T KT,ship/J2 J n 10KQ PB

M-1 1490.3 16.9 0.1335 37.1 0.34475 7156.5
M3-a 1597.1 18.1 0.1286 38.5 0.34611 8037.6
M4-a 1652.8 18.8 0.1258 39.4 0.34679 8603.2

Figure 8. The operating points in adverse conditions predicted using alternative methods, shown in
the engine load diagram.

In this case, the #2 propeller’s light running margin (LRM) is 9.6%, while the #8 pro-
peller’s LRM is only 4.2%. From the minimum propulsion assessment point of view, the
#2 propeller is more favorable. This leads to a very important design insight, i.e., propellers
with larger LRM are more advantageous in terms of satisfying the minimum propulsion
power regulation.

5. Conclusions

This study first reviews the development of the IMO guidelines for the minimum
propulsion power assessment and summarizes recent amendments of MEPC76, including
the definition of the adversity of the weather conditions and of the navigation speed used
in the assessment, the recommended methods for predicting the added resistance in waves,
the recommended thrust deduction fraction and wake fraction, etc. From the view of the
completeness of the guideline, it shows that:

1. With the introduction of recommended numerical methods for calculating added
resistance, the assessment can now be conveniently conducted by engineers without
the necessity of carrying out experiments, which makes the design and approving
processes smoother.

2. The navigational speed used in the assessment changed from 4–9 knots to 2 knots.
This change makes the execution of experiments in a towing tank very challenging
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due to the wall effect. Note that the ITTC guideline for avoiding tank wall effect has
been derived for design/service speed only. Its validity at such low speed needs to
be re-examined.

3. Carrying out experiments to predict the added resistance in short-crested head waves
also requires the tests in regular head to beam waves. This cannot be executed in a
towing tank, but only in an ocean basin. Besides, such experiments are very costly.

4. The method of calculating Xr is not clearly defined, while its influence on the results
is consider minor due to its limited contribution to the total resistance.

A minimum propulsion power assessment was conducted following the new guideline
for a new VLCC design. From the point of view of ship design to meet the requirement:

1. The calm-water resistance at 2 knots is very small and its influence on MPPA is negligible.
2. The newly introduced item, namely, the rudder resistance, is small.
3. A ship’s hull form at the ends is important in the calculation of the added resistance

in short waves and it may be effectively considered in empirical formulas through
the use of lengths of entrance and run. For the added resistance in long waves, main
dimensional ratios are more important.

4. Higher resistance leads to higher thrust, which can be supplied by the propeller at a
lower advance coefficient J, where lower propeller efficiency is observed.

5. For the studied VLCC, the employed empirical method proves not conservative
in comparison to available model experiments, while the maximum wave added
resistances evaluated by methods M-3a and M-4a are close.

6. As demonstrated in the case study, propeller design with larger light running mar-
gin is an effective way to improve the propulsive performance of a ship in ad-
verse conditions.

The problem of ship maneuverability in adverse conditions is an extremely compli-
cated and highly demanding subject. Recommended future studies include the further
validation of the wave added resistance prediction methods, especially in non-head waves
and in short waves conditions, the determination of limiting parameters of tank wall effect
for performing the wave added resistance tests under the extreme low speed condition,
and more detailed studies concerning the flow interactions between the propeller and the
hull, the wake and thrust deduction fractions under wave actions, etc.
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