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Abstract: Considering that slow steaming requires low engine power, which impedes
maneuverability under severe sea conditions, the International Maritime Organization
(IMO) provides guidelines for the minimum propulsion power (MPP) required to maintain
ship maneuverability in adverse conditions. This study focused on the characteristics
of self-propulsion factors in the context of MPP assessment to enhance MPP prediction
accuracy. Overload tests were conducted at low speeds of advance, considering added
resistance in adverse conditions. Moreover, propeller open-water tests were conducted
corresponding to propeller flow with low Reynolds numbers to investigate their effect on
self-propulsion factors. In addition, computational fluid dynamics (CFD) simulations were
conducted to analyze physical phenomena such as the flow field and pressure distribution
under model test conditions. The results indicated that the thrust deduction factor was
lower than that given in the guidelines, whereas the wake fraction was higher at the
required forward speed of 2 knots. The MPP assessment in this study revealed that the
required brake power was 4-5% lower than that given in the guidelines, indicating that the
guidelines need reviewing for a more reliable assessment.

Keywords: minimum propulsion power; self-propulsion factor; adverse conditions;
overload test; low Reynolds number

1. Introduction

Owing to an increase in interest in ocean environmental issues over the recent years,
the International Maritime Organization (IMO) has enforced regulations on CO; by apply-
ing the Energy Efficiency Design Index (EEDI) and Energy Efficiency eXisting Index (EEXI)
to existing and new ships. The 62nd Maritime Environment Protection Committee (MEPC)
adopted the EEDI regulation, beginning with Phase 1 in 2013, and then being extended to
Phases 2 and 3 [1-4]. The EEXI regulation, adopted by the 76th MEPC, has been in effect
since 1 January 2023 [3,5].

Several approaches have been proposed to reduce exhaust gas emissions from ships
to comply with these regulations. One such approach is slow steaming with reduced
engine power, which lowers fuel consumption and exhaust emissions [6-8]. However,
slow steaming may negatively impact maneuverability, particularly in maintaining course
stability and navigating under severe sea conditions.

The MEPC has suggested certain guidelines for the minimum propulsion power
(MPP) to ensure compliance with EEDI requirements while retaining a main engine with
sufficient power to maintain reliable maneuverability in adverse conditions. The guidelines
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were ratified at the 65th MEPC, with the third revision approved at the 76th MEPC [9,10].
The guidelines suggest two assessment levels: Level 1 based on a minimum power line
assessment and Level 2 based on a minimum power assessment. These assessments apply
to bulk carriers, tankers, and combination carriers with sizes equal to or greater than
20,000 DWT and should not be used for ships with non-conventional propulsion systems,
such as pod propulsion. The suggested MPP requirement is considered acceptable if either
assessment is met. A Level 2 assessment includes a minimum power evaluation and
provides detailed methods for calculating the MPP at a required forward speed of 2 knots.

Sung and Ock [11] reviewed the MPP guidelines and associated MEPC documents.
They investigated the Level 1 assessment using data on bulks and tankers built since
2000 and verified the results based on variations in parameter values. The Level 2 as-
sessment was also investigated for the KRISO Very Large Crude Oil Carrier 2 (KVLCC2):
the effect of variations in the definition of adverse weather conditions, estimation meth-
ods of added resistance due to waves, and variations in self-propulsion factors (wake
fraction and thrust deduction factor) on the results were evaluated. Gerhardt et al. [12]
assessed MPP guidelines using KVLCC2. In particular, the effects of the added resis-
tance, induced by waves and self-propulsion factors, on the results were subjected to a
Level 2 assessment; the results were compared for varying wave periods and self-
propulsion factors. Holt and Nielsen [13] subjected different DWT tankers to a Level
2 assessment. The added resistance induced by waves was investigated using three semi-
empirical methods (STAwave-2, SHOPERA, and the DTU design tool). Moreover, the effect
of reduction in the light-running margin of the propeller was analyzed. Feng et al. [14]
studied the assessments of MPP guidelines using a new 310 K Very Large Crude Oil Carrier
(VLCCQ), focusing on the impacts of different prediction methods for added resistance in-
duced by waves and different propellers and engines on the results. Liu et al. [15] analyzed
the effect of different prediction methods for added resistance induced by waves using
data on bulks and tankers and evaluated the MPP guidelines using KVLCC2.

Assessments of the MPP guidelines were analyzed in previous studies, which mostly
noted a lack of consistent results. In addition, it is difficult to achieve consistent results
because of the low speed (low Reynolds number), which introduces inconsistencies in
the extrapolation of the added resistance and self-propulsion factors suggested in the
MPP guidelines. Bose and Molly [16] reported high measurement uncertainty in model
tests under low-speed conditions and highlighted the need for improving the accuracy of
power performance prediction by reducing the uncertainty associated with resistance and
self-propulsion factors. Therefore, additional studies are required for more reliable and
accurate MPP predictions.

This study focuses on the characteristics of self-propulsion factors corresponding to
the Level 2 assessment of the MPP guidelines and their effects on the required brake power.
To this end, resistance components were calculated in adverse conditions using methods in
the MPP guidelines. Self-propulsion tests were conducted under overloaded conditions,
considering the added resistance and forward speeds ranging between 2 knots and the
design speed. Propeller open-water (POW) tests were conducted at low Reynolds numbers
under self-propulsion conditions to investigate the effect of the Reynolds numbers on
the self-propulsion factors. Based on the results of the aforementioned model tests, the
characteristics of self-propulsion factors were analyzed, and computational fluid dynamics
(CFD) simulations were conducted to investigate the physical phenomena related to the
self-propulsion factors. Finally, the MPP assessments were evaluated considering the
self-propulsion factors derived from the model tests, with the results compared with
those obtained using the default values of the self-propulsion factors suggested in the
MPP guidelines.
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2. Methods
2.1. Assessment in Adverse Conditions

Wind and waves affect ship maneuverability significantly in adverse conditions. A
higher thrust is required under such conditions to maintain any given speed compared to
that in calm-water conditions, as illustrated in Figure 1. In the MPP guidelines, adverse

conditions are defined in terms of ship length between perpendiculars, i.e., ship size, as
listed in Table 1.
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Figure 1. Changes in resistance and thrust in adverse conditions.

Table 1. Definition of adverse conditions.

Ship Length Lpp [m]  Significant Wave Height Hg [m] Peak ",‘r’a"[‘;]Pe“"d Mean Wind Speed Vyy [m/s]
P
Less than 200 45 7.0to0 15.0 19.0
200 < Lpp <250 Parameters linearly interpolated depending on the ship’s length
More than 250 6.0 7.0to0 15.0 22.6

The Level 2 assessment defines the forward speed as 2 knots, with the resistance
components of the ship calculated using the formulas given in Table 2. Additionally, the
assessment suggests fixed values for certain self-propulsion factors, e.g., 0.1 and 0.15 for
the thrust deduction factor and wake fraction, respectively.

Table 2. Formulas for resistance components.

Resistance Component Formula Explanation
. o Xg: calm-water resistance
Total resistance Xt =Xs+Xa Xa: maximum added resistance, X, = Xy + Xgq + X¢
. — _ Cg
k: form factor, k = —0.095 4 25.6 (Tpp/B) VBT
) . 5 Cy: frictional resistance coefficient
Calm-water resistance Xs = (14k) x C¢ x 308U p: sea water density, 1025 kg/m?
S: wetted surface area of the hull
U: forward speed, 2 knots
Xiy (¢): non-dimensional aerodynamic resistance coefficient, assumed to be 1.1
€: apparent wind angle
. A ; 3
Wind resistance w = 05X,/ (€) X py x Vwr? x Ag Py air density, 1.2 kg/m

Vr: relative wind speed, Vyr = U + Vi, cosp
Vy: absolute wind speed
Ag: frontal windage area of the hull and superstructure

Lpp: length between perpendiculars
Wave resistance Bxd\07 ,  B:breadth of the ship
Xq = 1336(5.3+U) ( Tpp ) xhg  d: draft at the specified condition of loading
hs: significant wave height

Ter: propeller thrust excluding, X; from T,
Rudder resistance Xy = 0.03 X Ter Ter = (Xs +Xg + X)) /(1 —t)
t: thrust deduction factor, 0.1
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2.2. Qverload Test

An overload test was conducted to investigate the effect of added resistance induced
in adverse conditions. To this end, the propeller rotation rate varied from a near-idling
condition to near or above the maximum rotation rate while keeping the speed constant.
The overload test procedure was configured following an International Towing Tank
Conference (ITTC) procedure—the propulsion test in ice [17], which has been used for
many model tests in ice conditions [18-21]. An overload test is conducted under the
extended range of load conditions of the ITTC 1978 load variation test [22].

Model tests often yield less accurate performance predictions under low-speed condi-
tions due to transient flow around the propeller and ship hull in such situations. Compared
with calm-water conditions, the self-propulsion point in adverse conditions requires a
higher propeller rotation rate to overcome the added resistance. Consequently, more re-
liable predictions can still be obtained at low speeds because the propeller generates a
greater thrust in overload conditions, which induces a more turbulent flow (i.e., a higher
Reynolds number) compared with normal calm-water conditions.

2.2.1. Resistance Derived from the Overload Test

Resistance can be obtained based on the results of the overload test by analyzing
the linear relationship between the thrust (T) and towing force (Fp). The towing force
is regarded as the resistance when the thrust becomes zero (Fp rhrust=0), as illustrated in
Figure 2. The resistance obtained from the overload test is usually larger than that obtained
from a resistance test performed in calm-water conditions (R 1) because of the interaction
between the propeller and hull (negative pressure around the stern region is induced by
the propeller): that is, Fp Thrust=0/Rcaim is larger than 1 [23].

/\T

T=axXF,+b

Figure 2. Resistance considering the correlation between the thrust and towing force.

2.2.2. Self-Propulsion Point Considering the Added Resistance

The skin friction correction (SFC) was modified for the overload test by considering
added resistance (Equation (1)). The self-propulsion point in adverse conditions was higher
than that in calm-water conditions (Figure 3).

SFC* = SFC — AR, (1)

where

SFC is the skin friction correction force;
AR is the added resistance at the model scale, AR = X, (pm/ps)/ A3,
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Figure 3. Self-propulsion point considering added resistance in the overload test.

2.3. Model Tests and CFD Simulations
2.3.1. Target Ship and Propeller

Well-known ship models—KVLCC2 (300,000 DWT class tankers) and KSUPRAMAX
(66,000 DWT bulk carriers)—were selected as target ships owing to their suitability for
application in MPP assessments. The scantling draft was selected because the MPP assess-
ment was performed in maximum-load conditions. The principal dimensions are listed
in Table 3.

Table 3. Principal dimensions of target ships.

Parameters KVLCC2 KSUPRAMAX
Scale ratio 39.44 24
Length between perpendiculars, Lpp [m] 320.0 192.0
Breadth, B [m] 58.0 36.0
Draft, T [m] 20.8 13.0
Block coefficient, Cg 0.8098 0.8539
Propeller diameter, D [m] 9.86 6.00
Number of blades 4 4

The calculated resistance components for the target ships are summarized in Table 4
and depicted as a stacked bar chart in Figure 4. The proportion corresponding to added
resistance was much larger than calm-water resistance on both target ships: 34.3-times for
KVLCC2 and 35.3-times for KSUPRAMAX.

Table 4. Resistance components of target ships at 2 knots (kN).

Target Ship Xs Xw X4 X; Xt Xa/Xs
KVLCC2 35 339 824 40 1238 34.3
KSUPRAMAX 15 188 334 18 555 35.3

| mXs =Xw mXd WXt

I
KVLCC2 339

KSUPRAMAX 188 _

0 300 600 900 1200 1500
Resistance [kN]

Figure 4. Stacked bar chart of resistance components for target ships at 2 knots (kN).
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2.3.2. Model Tests

Model tests were conducted in a KRISO towing tank (L x B x D :200m X 16 m X 7 m,
Figure 5). The model ships and propellers used in the model tests are illustrated in Figure 6.

End beach Towing lcarriage Wave maker
\

:fﬁ (1 ‘

200m

-l

(b) KSUPRAMAX

Figure 6. Model ships and propellers of target ships.

The conditions of the overload tests, summarized in Table 5, were determined
based on the maximum engine revolutions per minute (RPM) selected based on similar
DWT ships.

Table 5. Overload test conditions.

KVLCC2 KSUPRAMAX
Draft Design draft * Scantling draft
Speed 0 (Bollard), 2-14 knots (Interval: 1 knot)

Propeller rotation rate 2-9 rps (Interval: 1 rps) 1.5-12 rps (Interval: 1.5 rps)
* KVLCC2 has the same design and scantling drafts.

The results of the overload tests are presented in Figure 7. As mentioned previously,
there is a linear relationship between the thrust and towing force. The absolute slope of the
relationship was observed to decrease slightly with decreasing speed.

The Reynolds number for the flow around the propeller should be held constant
for self-propulsion and POW tests to ensure an identical viscous effect (scale effect), as
reported by Bose and Molly [16]. However, performance prediction is generally performed
based on the results of the POW test, in which the propeller rotation rate is assumed
to be as high as possible to ensure complete turbulent flow. Moreover, the flow around
the stern region is usually more turbulent than the uniform flow observed under POW
conditions if the Reynolds number is held constant. This method (i.e., considering different
Reynolds numbers between POW and self-propulsion tests) can be used to predict full-scale
ship performance reliably because full-scale correlation factors such as C, Cp, and Cn
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(ITTC 1978, [22]) address the issue of accuracy. However, owing to the absence of model-
ship correlation factors for MPP assessment, the self-propulsion factors should be obtained
as accurately as possible.
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Figure 7. Overload test results of target ships.

In this study, POW tests were conducted considering low Reynolds numbers for the
flow around the propeller relative to those at the self-propulsion points. The conditions
used in the POW tests are presented in Table 6.

Table 6. RPS and Reynolds numbers considered for the POW tests.

Target Ship RPS Reg7r Target Ship RPS Reg7r
KVLCC2 16 439 x 10° KSUPAMAX 17 6.26 x 10°
9 2.55 x 10° 12 431 x 10°
7 1.98 x 10° 9 3.24 x 10°
5 1.42 x 10° 7 2.52 x 10°
3 0.85 x 10° 5 1.80 x 10°
2 0.57 x 10° 3 1.08 x 10°

The results of the POW tests are presented in Figure 8. Referring to Heinke et al. [24],
the propeller open-water efficiency (n,) was verified to decrease with decreasing Reynolds
numbers at a constant advance ratio (J).

1 1
\

08— Srps 0.8
—=o—— 3rps
[ —e— 21ps I
06 06

Kp 10K [

K. 10Kamo [

04 / F o4
b
.
/ 2 o g

[ & P 3 S o %
02} Skog 02f g
i K 3 SN - K T3 S5
| NS L & &
CO 02 0.4 ‘ 0?6 0.8 CU 0I2 0.4 06 0.8
JE JEH
(a) KVLCC2 (b) KSUPRAMAX

Figure 8. POW results of target propellers.
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2.3.3. CFD Simulations

The CFD simulation was conducted using commercial software Star-CCM+ ver.17.04,
and an incompressible Reynolds-averaged Navier-Stokes equation was used as the govern-
ing equation. The y-Ref (gamma-Re-theta) transition model was combined with the SST
k-w turbulence model for the laminar-turbulence transition, considering the low Reynolds
number of the model scale. The transition model was based on the work of Kim et al. [25],
and a grid system incorporating a wall function with a y+ value of approximately 0.5 was
constructed. The sliding mesh method was employed to simulate propeller rotation, with
the time step calculated once per 10 degrees of propeller rotation. Grlj et al. [26] compared
the simulation results with and without the free surface, and the simulation considering the
free surface was in a little better agreement with model test. However, since the wave effect
is so small at low speeds, the double-body simulations were applied in this paper. The
numerical domain, boundary conditions, and grid system were assumed to be identical for
both target ships, as illustrated in Figure 9. The grid system comprised a polyhedral mesh
in the propeller region and a trim mesh in other areas.

Figure 9. Numerical domain, boundary conditions, and grid system.

The verification of grid dependency based on the grid number was conducted, and
the results are illustrated in Figure 10. The total grid count was approximately 2.2 million
for KVLCC2 and 2.7 million for KSUPRAMAX.

110 110
Model test result Model test result

100 100 —eeeeee
—_ —
2 -2.08 2 -1.38
— =
[
% 92 gJD 90
< ]
-~ -~
5 80 g
2 g %
i 1
v VU
~ ~

70 70

Coarse Medium Fine Fine
4.8M 22M 1.5M 1.6M
60 60
(a) KVLCC2 (b) KSUPRAMAX

Figure 10. Verification results for grid dependency.

The CFD simulation was validated under the conditions summarized in Table 7,
with the results illustrated in Figure 11. Good correspondence was observed between the
model tests and CFD simulations, with KSUPRAMAX corresponding to a closer agree-
ment. CFD simulations were primarily used for qualitative analysis rather than predicting
absolute values.
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Table 7. RPS and speeds for CFD simulations.

Target Ship Usg [knots] Uwm [m/s] RPS
KVLCC2 2468 0.164, 0.328, 0.498, 0.655 3,6,9
KSUPAMAX T 0.210, 0.420, 0.630, 0.840 3,7.5,12
100 '4-9@ 100 po LT 0 —%@ 200 0.420m/s
7 i 7 . 10 _ 150 ©. i
z 3 z z ®. 2 ‘e,
T;': 50 . g 50 .. E 100 e, E 100 .
£ €. £ 8 E S =z
= “o = E © E 9,
25 25 . 50 “ 50
“"-Q ““'»f.‘ c,,__. -.___.
0 K 0 0 0 N
100 -60 -20 20 -100 -60 =20 20 -200 -120 -40 40 -200 -120 -40 40
FpIN] FpIN] FpIN] FpIN1
o0
75 o 75 "-?___ 150 ' _ 150 Q
z - z “a g Y =
% 50 o % 50 i 2 100 % 10 LS
Z ® £ E .. £ ‘o,
S s “u s Q--.' s 9, L Q@
. ‘e °.
0 L 0 'y 0 A N LY
-100 -60 =20 20 -100 -60 - 20 -200 -120 -40 40 -200 -120 -40 40
FpIN] FpIN] FpIN] FpIN]
(a) KVLCC2 (b) KSUPRAMAX

Figure 11. Validation results compared with model test results (e: model test; O: CFD simulation).

3. Results
3.1. Characteristics of Self-Propulsion Factors

The self-propulsion factors (thrust deduction factor and wake fraction) proposed in
the MPP guidelines were analyzed using a model test and CFD simulation. The ITTC
1978 extrapolation method [22] was applied to the model test results to obtain full-scale
prediction results. The SFC in adverse conditions was calculated using Equation (1), with
the results at the self-propulsion point considering the SFC* illustrated in Figure 12. The
added resistance in adverse conditions, as defined in the MPP guidelines, varied depending
on the speeds. However, the added resistance at 2 knots, i.e., the required forward speed,
was applied uniformly at all speeds in this study.

150 e KVLCC2 « KSUPRAMAX i 15 i e KVLCC2 « KSUPRAMAX
120 12
Z o .. -9 .
% [ o ¢ .
5 .
.E 60 g 6 . o1
= . eee’
30 Ceeee® ° 3
.
0 0

0.0 0.2 04 0.6 1.0 12 14 1.6 0.0 0.2 0.4 0.6 1.0 12 14 1.6

0.8 0.8
Ulm/s] Ulm/s]

Figure 12. Thrust and speed of revolution at the self-propulsion point considering the SFC*.

3.1.1. Thrust Deduction Factor

The thrust deduction factor was obtained in terms of the difference between the
propeller thrust and hull resistance, as given by Equation (2). It could also have been
obtained using the linear relationship between the thrust and towing force, as given by
Equation (3). Saettone et al. [23], Molly [27], and Hadler [28] used linear relationships to
obtain the thrust deduction factor.

@)

AFp 1 1
t AT (AT/AFp) Slope ©)
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Under the bollard condition (U = 0), the thrust deduction factor was obtained us-
ing Equation (3), and the self-propulsion factors corresponding to different speeds as
obtained via the model test are illustrated in Figure 13. The thrust deduction factor was
observed to decrease with decreasing speed, and its values at the required forward speed of
2 knots were lower than that given in the MPP guidelines (t = 0.1) for both target ships.
Degiuli et al. [29] also confirmed that the thrust deduction factor decreased with decreasing
speed. Although the speeds examined in their study were higher than those considered
in this paper (with the lowest being 10.5 knots), the values remained lower than the MPP

guideline threshold.
04 04
- -
g 2
=] =]
H £
g 03 2 0.
k] & 0.3
§ 5
g 0.2 ks 0.2
< . 3
B o1 L t=01 % 01 . t=01
A Z
=) =)
0 0

o
»

6 8 10 12 14 16 6 8 10
Ulknots] Ulknots]

(a) KVLCC2 (b) KSUPRAMAX

Figure 13. Thrust deduction factor in adverse conditions.

The thrust deduction factor, primarily affected by changes in the pressure distribution
on the hull surface owing to propeller suction, increased significantly as the pressure
drop increased around the stern region, as expected. The change in the distribution of
the pressure coefficient at the stern was analyzed using CFD simulations, as depicted in
Figure 14. With decreasing speed, the effect of propeller suction on the stern region was
observed to decrease, and consequently the reduction in pressure decreased. This tendency
was identical to that observed in the model test results for both the target ships.

155t |_-300 -260 -220 -180 140 -100 60 20 20 60 100 155t -850 700 -550 -400 -250 -100 50 200

(I) 8 knots (I)8knots

(II) 6 knots

(II) 6 knots

(I) 4 knots (1) 4 knots

(IV) 2 knots

(IV) 2 knots
(a) KVLCC2 (b) KSUPRAMAX

Figure 14. Distribution of the pressure coefficient at the stern.
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3.1.2. Wake Fraction
The wake fraction is defined in terms of the difference between the velocity of the ship
and flow into the propeller. The wake can be divided into four components, as given by
Equation (4).
W = Wp + Wp + Ww + Weor 4)

The frictional wake, wr, is primarily induced by viscosity and depends on ship speed.
As aresult, as the speed was decreased, the boundary layer increased, and wg was observed
to increase accordingly. The potential wake, wp, refers to the component induced by the
movement of the ship in an ideal fluid and remains constant irrespective of the speed
and direction of movement. The wave wake, wyy, denotes the component induced by the
stern wave and is negligible because of the rarity of waves at low speeds, as mentioned
by Harvald [30]. Finally, weor is induced by the propeller-hull interaction, and propeller
loading has little influence on the wake fraction under the same conditions [31]. Depending
on its presence or absence, weor is classified as the effective wake (wg) or nominal wake
(WnN)- In this study, the wake fraction refers to the effective wake. Therefore, because the
reference speed in the MPP guidelines is a low speed of 2 knots, the boundary layer was
observed to become larger, and the wake fraction increased accordingly.

The overload test was conducted using two different POW results: normal POW
results with a high Reynolds number (Method A) for the propeller flow and those with a
lower Reynolds number (Method B) that matched with that of the self-propulsion point.
The estimated wake fraction results for the target ships are depicted in Figure 15. With de-
creasing speed, the wake fraction corresponding to Method B exceeded that corresponding
to Method A; this trend was more apparent for KVLCC2.

08 ] < Method A+ Method B || 08 ] ¢ Method A +MethodB [T |

e

Y
e
N

S
=

........
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o
<
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.
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.
.
o
-

e

)
e
N

o
o

00 02 04 06 0 12 14 16 00 02 04 06 08 10 12 14 16
Ulm/s]

(b) KSUPRAMAX

038
Ulm/s]
(a) KVLCC2

Figure 15. Wake fraction for Method A and Method B at the model scale.

Owing to the difficulty of obtaining the wake component induced by the propeller—
hull interactions (wcor), several studies have been conducted to estimate the effective
wake [32-36]. In addition to Equation (4), the wake can be obtained by subtracting the
propeller-induced velocity from the flow field induced by the propeller operating in the
propeller plane. The flow field was analyzed using CFD simulation, as illustrated in
Figure 16.

The propeller-induced velocity was calculated using momentum theory, which consid-
ers the propeller an actuator disk, as given by Equations (5) and (6). Although this method
overestimated the propeller-induced velocity [37], this value was used to investigate the
tendency of the velocity variation in the flow field.

T = pAV(V] — V), ()

V =1/2(Vi + Va), (6)

where

T is the thrust at the self-propulsion point.
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V is the velocity at the propeller plane, propeller-induced velocity.
V1 is the velocity far upstream.
V, is the velocity far downstream.
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(IV) 2 knots

(b) KSUPRAMAX

Figure 16. Flow field induced by the propeller on the propeller plane.

The wake results are depicted in Figure 17: the wake increased with decreasing
speed, and the tendency was identical to that obtained based on the model test results
corresponding to Method B.

Full-scale wake estimation was performed using the results corresponding to Method
B, as depicted in Figure 18. The full-scale wake fraction decreased with decreasing speed;
this trend was more apparent for KSUPRAMAX. This tendency was contrary to that
observed in the model scale case. Even though the observed wake fraction decreased at
low speeds, that reported in the MPP guidelines (w = 0.15) at the forward speed of 2 knots
was still significantly lower than the observed values for both target ships.
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Figure 17. Wake fraction obtained by subtracting the propeller-induced velocity from the flow field
induced by the propeller operating in the propeller plane.
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Figure 18. Wake fraction at full-scale.

3.1.3. Analysis of Self-Propulsion Factors with Respect to Propeller Load

The overload test was performed in a manner similar to the self-propulsion test, except
with a higher rotation rate (i.e., higher propeller load). Therefore, the non-dimensional
coefficient Ct (thrust loading coefficient) was used to analyze the change in self-propulsion
factors with respect to the propeller load. The Cr is given by Equation (7): it was observed
to increase with decreasing speed or increasing rotation rate (thrust).

Cr=T/ (o.5pA0V2) )

Figure 19 depicts the self-propulsion factors of the target ships obtained from the
overload tests, including the self-propulsion points. The logarithmic scale was used to
account for the wide range of the Ct. Although the two target ships differed in size, the
trends of dependence of the self-propulsion factors with respect to the loading coefficients
were observed to be similar. The overload tests were conducted corresponding to iden-
tical rotation rate conditions at different speeds. Under these conditions, the thrust was
observed to increase with decreasing speed, resulting in an increase in the Ct. Overall,
with increasing Cr, the self-propulsion factors tended to decrease.

The quadratic regression was performed to analyze the correlation between self-
propulsion factors and the loading coefficient. The results are depicted in Figure 20.
The wake fraction was derived via full-scale wake prediction (correction using other
coefficients) [19]; however, the thrust deduction factor was assumed to be the same as that
for the model scale. Therefore, the distribution of the thrust deduction factor was observed
to be more scattered than that of the wake fraction, which was further verified based on the
R-squared value (coefficient of determination). Further, the smaller the Cr, the more severe
the data scatter (especially thrust deduction); therefore, it is necessary to find a filtering
method to remove outliers.
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Figure 20. Regression analysis of self-propulsion factors.

The self-propulsion factors were observed to vary significantly with respect to the load-
ing coefficient. Thus, a more accurate analysis of the correlation between self-propulsion
factors and the loading coefficient could yield improvements for the MPP guidelines.

3.2. Results of the Minimum Propulsion Power

The obtained self-propulsion factors are summarized in Table 8 and compared with
those suggested in the MPP guidelines. The self-propulsion factors calculated using the
regression formula were similar to those obtained from the overload test because the
formula was derived from the results of the overload test.

Table 8. Self-propulsion factors for MPP assessment.

Target Ship Guideline OLT Regression
. KVLCC2 0.268 0.252
Wake fraction, Ws KSUPRAMAX 0.150 0.246 0.252
. KVLCC2 0.075 0.081
Thrust deduction factor, t KSUPRAMAX 0.100 0.074 0.079

The results obtained in this study were compared with the values suggested in the
MPP guidelines, and this comparison is summarized in Tables 9 and 10, where the relative
rotative efficiency (ng) was assumed to be 1.0. Owing to the difference between the self-
propulsion factors, the hull efficiency (ny) derived in this study was larger than that
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suggested in the MPP guidelines. However, the open-water efficiency (1p) was smaller
owing to the shift in the advance ratio (J) induced by the difference in the wake fraction.
Consequently, the derived quasi-propulsive efficiency (np) was higher than that derived in
the MPP guidelines, and the required brake power derived in this study was less than that
derived in the MPP guidelines by 4-5% for both target ships. These results indicate that for
more reliable and accurate MPP assessments, the self-propulsion factors suggested in the
MPP guidelines should be reviewed.

Table 9. MPP assessment for KVLCC2.

Item [Unit] Guidelines OLT Diff. [%]  Regression  Diff. [%]
EHP kW] 1274 1273 1273
w [-] 0.150 0.268 0.252
T -] 0.100 0.075 0.081
] [-] 0.123 0.109 0.111
1o [-] 0.193 0.171 0.174
Ny [-] 1.059 1.264 1.229
1R [-] 1.000 1.000 1.000
D -] 0.205 0.216 0.214
RPM [rev/min] 43.1 422 —22 424 -1.6
T [kN] 1375 1337 -238 1346 -21
Qe [kN—m] 1391 1347 —32 1356 -25
Pyl (kW] 6282 5949 —53 6017 —42

Table 10. MPP assessment for KSUPRAMX.

Item [Unit] Guidelines OLT Diff. [%]  Regression  Diff. [%]
EHP [kW] 571 571 571
w (] 0.150 0.246 0.252
t (-] 0.100 0.074 0.079
] (-] 0.114 0.103 0.102
no -] 0.171 0.155 0.153
M (-] 1.059 1.228 1.231
nR (-] 1.000 1.000 1.000
D (] 0.181 0.190 0.189
RPM [rev/min] 76.6 75.0 —2.1 75.2 -18
T [kN] 617 599 -2.9 602 —24
Qe [kN—m] 398 386 -3.0 388 -25
Pyl [kW] 3191 3031 ~5.0 3054 —43

4. Conclusions

In this study, the Level 2 assessment of the MPP guidelines was analyzed using a
model test and CFD simulation. To this end, an overload test was conducted for forward
speeds ranging from 2 knots to design speed. KVLCC2 (300 K DWT) and KSUPRAMAX
(66 K DWT), which are suitable for application in MPP assessments, were considered the
target ships. The characteristics of self-propulsion factors and physical phenomena were
analyzed using the results of the model tests and CFD simulations. The required brake
power calculated using the self-propulsion factors suggested in the MPP guidelines was
compared with those derived in this study. The conclusions are summarized as follows:

e Inadverse conditions, with decreasing speed, the proportion of the added resistance
becomes larger than that under calm-water conditions. At the required forward speed
of 2 knots for the MPP assessment, it increased by more than 30 times.

e POW tests were conducted for low Reynolds number conditions for the propeller
flow matching those of the self-propulsion point; the propeller open-water efficiency
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decreased with a decrease in the Reynolds number when the advance ratio was
held constant.

e  The characteristics of the self-propulsion factors corresponding to Method A (POW
results with a high Reynolds number) and Method B (POW results with a Reynolds
number matching the self-propulsion point) were analyzed.

e The overload test revealed that the thrust deduction factor decreased with decreas-
ing speed. The wake fraction decreased slightly corresponding to Method A with
decreasing speed, whereas it increased corresponding to Method B.

e  The physical phenomena in adverse conditions were analyzed using CFD simulations
at the model scale. The thrust deduction factor decreased with decreasing speed,
attributed to the reduction in propeller suction induced by the decrease in speed, as
clearly demonstrated by analyzing the pressure distribution on the hull surface using
CFD simulations.

e  The flow field induced by the propeller operating on the propeller plane was obtained
using CFD simulations. The propeller-induced velocity was calculated using momen-
tum theory, and the effective wake fraction at the model scale was derived indirectly
by subtracting it from the flow field. Consequently, the wake fraction increased with
decreasing speed, consistent with the trend indicated by the model test results when
Method B was considered.

e  Full-scale estimation of self-propulsion factors was performed using the results corre-
sponding to Method B. The thrust deduction factor was lower than that given in the
MPP guidelines (t = 0.1), whereas the wake fraction was higher (w = 0.15).

e  Regression analysis was performed on the self-propulsion factors using the thrust
loading coefficient. Self-propulsion factors were demonstrated to decrease with in-
creasing propeller load under full-scale conditions. A more accurate analysis of the
correlation between self-propulsion factors and the loading coefficient could lead to
an improvement in the MPP guidelines.

e  MPP assessments were conducted for the target ships, with the derived self-propulsion
factors compared with those in the MPP guidelines. Although the self-propulsion
factors were different from each other, some compensation owing to the shift in the
advance ratio was observed in the quasi-propulsive efficiency. Consequently, the
required brake power derived in this study for the target ships was approximately
4-5% less than that given in MPP guidelines.

e  For more reliable and accurate MPP assessments, the self-propulsion factors suggested
in the MPP guidelines should be reviewed in more detail to address the absence of
model-ship correlation factors in MPP assessment.

The MPP guidelines apply to specific ship types, sizes, and propulsion systems, with
the required assessment speed set at 2 knots, which is significantly lower than a typical
design speed. The limited research on this topic under low-speed conditions, in contrast to
the abundance of studies on near-design speed conditions, necessitates further investigation
to ensure the reliability of MPP guidelines. Future studies should conduct additional model
tests on MPP assessments for various ships.
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