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Abstract
This study focuses on the shaft power at the neutral angle of a controllable pitch propeller to analyze the change in the 
required power due to propeller fouling. It is named and defined as a power for keeping propeller’s rotation (RP) because 
a propeller does not generate the net thrust to push the hull but dissipates the power to keep its constant speed. Statistical 
analysis was conducted using a decade of the observed data from a research vessel. This study assumed that the change in 
RP can be considered as an indicator showing the state of propeller fouling. In addition, the state of fouling on the hull can 
be estimated indirectly based on RP because the data correlated the shaft power under several operating conditions with RP 
on the same voyage. The fouling state was classified into three conditions based on RP. The comparison of shaft power at the 
same ship speed between the clean condition and the serious fouled condition showed that the shaft power was increased by 
35% on average due to fouling. When the ship navigates under 10 knots, propeller fouling has a larger impact on the increase 
in shaft power than hull fouling.
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1  Introduction

Biofouling has a significant impact on the propulsion effi-
ciency of all vessels. It is the build-up of microorganisms, 
plants, algae, or small animals on the surface of the hull and 
the propeller. Biofouling increases the surface roughness of 
the hull and the propeller, which leads to an increase in the 
frictional resistance. Consequently, an increase in resistance 
causes the required shaft power to be increased to maintain 
a constant ship speed, or ship speed is decreased at a con-
stant power [1]. These factors affect fuel consumption and 
GHG emissions [2]. According to a report that summarizes 

studies on fouling on a hull [3], biofouling as thin as 0.5 mm 
covering up to 50% of a hull surface can trigger an increase 
in GHG emissions in the range of 20–25%. For more severe 
biofouling conditions, GHG emissions can be increased by 
up to 55%.

In addition, some studies indicate that biofouling causes 
the issue of Invasive Aquatic Species (IAS) [4]. Some 
aquatic species attaching to a vessel are transported by ships 
to non-indigenous habitats and seriously affect ecosystems. 
IAS are considered one of the greatest threats to marine eco-
systems [5]. To control biofouling, almost all vessels have 
an antifouling (AF) paint coating over their underwater hull 
[1, 6]. However, AF paint cannot completely prevent the 
marine organisms on a ship. Thus, biofouling has become 
a serious problem for GHG emissions and protection of the 
marine environment.

International Maritime Organization (IMO) adopted 
Chapter 4 of MARPOL Annex VI in 2013, which estab-
lished Ship Energy Efficiency Management Plan (SEEMP) 
and called for substantial improvements in propulsion effi-
ciency [7, 8]. In the Guidelines of SEEMP [9], hull mainte-
nance is referred to as one of the practices for the fuel-effi-
cient operation of ships. This guideline states that docking 
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intervals should be integrated with ship operators’ ongo-
ing assessment of ship performance. SEEMP also suggests 
that propeller cleaning and polishing or even an appropriate 
coating may significantly increase fuel efficiency, and the 
need for ships to maintain efficiency through in-water hull 
cleaning should be recognized and facilitated by port states. 
The purpose of these maintenance works on the hull and the 
propeller is to remove biofouling and reduce the negative 
influence of fouling on propulsive performance. To approach 
the issue of biofouling, the Glofouling Partnerships Project 
was initiated by IMO, United Nations Development Pro-
gramme (UNDP), and Global Environment Facility (GEF) 
in December 2018. Hull cleaning and propeller polishing 
are recommended to control biofouling appropriately [3].

Biofouling had been recognized as having a negative 
impact on propulsion performance since the early 20th 
century. Several experimental and numerical methods that 
predict the fouling influence had been developed in many 
studies [10–14]. Some studies have investigated the influ-
ence of hull fouling [10–13] and propeller fouling [14] based 
on model-scale experiments. However, few studies have 
applied the results of model-scale experiments to fouling 
on an actual ship because the surface roughness increased 
by biofouling cannot be scaled up or down [15].

Since the 1950s, the influence of fouling has been pre-
dicted using the boundary layer similarity law [16–18]. This 
similarity law can predict the influence of full-scale rough-
ness on an arbitrary length of a body with the same rough-
ness. Reference [18] attempted to predict the fouling influ-
ence using the boundary layer similarity law. This research 
confirmed good agreement between the simulated result 
based on the model-scale experiment and the result of a sea 
trial on an actual ship. In addition, the influence of fouling 
in several fouling situations was estimated in the simulation. 
However, this method can only calculate the influence of a 
given roughness on the frictional resistance of a flat plate 
of a ship length. Demirel [19] argued that it is still worth 
investigating the phenomenon by means of a fully nonlinear 
method, such as Computational Fluid Dynamics (CFD), to 
study how the roughness caused by biofouling affects the 
resistance of the ship in detail.

Since the performance of computers has improved, the 
influence of fouling on full-scale models has been estimated 
using CFD. In studies using CFD, the fouling influence was 
simulated by changing the representative roughness heights 
of the hull and propeller. Several studies focusing on the hull 
fouling have been conducted, for example, by Demirel [19], 
Song [20, 21], and Farkas [22, 23]. Furthermore, the influ-
ence of propeller fouling was studied by Song [15].

Reference [24] approached the issue of how self-propul-
sion characteristics are affected by the fouling in four sce-
narios: 1. Clean hull and fouled propeller; 2. Fouled hull and 
clean propeller; 3. Both hull and propeller are clean; 4. Both 

two are fouled. The simulation was applied to over 200  m 
long container ship which goes on 24 knots. The simulation 
results showed that the fouling has a stronger impact on the 
hull than on the propeller in terms of the required power to 
maintain constant ship speed. However, these studies still 
have significant challenges that need to be evaluated using 
actual ship data.

On the other hand, several studies have investigated the 
fouling influence on an actual ship. As the old study, the 
towing experiment of the ex-destroyer Yudachi was con-
ducted to examine the influence of hull fouling by Izubu-
chi [10, 11, 25] in 1934. 1st-class destroyer Sagiri towed 
Yudachi which was moored for a year to grasp the relevance 
between ship speed and resistance. The experiment showed 
that the resistance of the ship was increased approximately 
twice. Recently, onboard monitoring systems that measure 
ship performance have been developed, and some studies 
have analyzed the influence of fouling on ship performance 
based on onboard monitoring data [26–29]. However, no 
study has evaluated the influence of fouling by separating the 
propeller and hull based on actual ship data. It was not pos-
sible to figure only the biofouling influence of the propeller 
from the observed data because the ship performance was 
affected by both hull roughness and propeller roughness.

This study evaluates the influence of biofouling on the 
propeller by analyzing the observed big data recorded in an 
actual research vessel for 10 years. The ship that this study 
focused on had controllable pitch propeller (CPP) as its main 
propeller. By investigating the propeller’s operation, the 
influence of biofouling on the propeller was extracted when 
it operated in a specific condition that it did not provide any 
thrust force by tuning its blade angle in neutral. Through the 
analysis using long-term observations, the influence of the 
propeller fouling on the required shaft power was clarified.

Second, the change in propulsion performance affected 
by fouling is analyzed during ship navigation in Chapter 4. 
Finally, comparing the results of Chapters 3 and 4, the influ-
ence of propeller on the total power change by biofouling is 
evaluated in Chapter 5.

2 � Monitoring data of the ship performance

The data this paper focuses on were observed from 2011 
to 2020 on the research vessel “ship A”. Ship A used to 
navigate Tokyo Bay. A middle-speed diesel engine and 
4-blade CPP were equipped to provide propulsion power. 
Table 1 lists the specifications of ship A. The ship data were 
obtained using an onboard monitoring system. The observed 
data including ship speed, shaft power, shaft speed, pro-
peller blade angle, rudder angle, heading course, true wind 
speed, and true wind direction were observed and recorded 
every second. Specifically, the log speed was measured by 
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an electromagnetic (EM) log sensor, and the shaft power 
was obtained using a torque sensor equipped with the inter-
mediate shaft.

3 � Power for keeping propeller’s rotation 
(RP)

3.1 � Definition of RP

To observe the influence of propeller fouling, this study 
focuses on the shaft power under a specific condition in 
which CPP does not provide any net thrust force to push 
the hull while it is driven at the rated speed of 300  min−1 . 
Generally, CPP is driven at the rated speed, and its blade 
angle is changed to control the thrust force. Fig. 1 shows 
the relationship between the shaft power (SP) and blade 
angle � on CPP. These data were observed in the steady 
state. As is clear from the figure, the propeller requires 
the power to some extent for keeping its constant speed, 

even if its blade angle is neutral. This power is not used 
effectively, and is dissipated only. The root cause of this 
power loss can be attributed to several main factors [30]. 
For instance, the frictional resistance of the blades, power 
loss due to stirring sea water, and accelerating loss to push 
the water forward and backward, although no net thrust 
force is generated. This power loss is defined as the power 
for keeping propeller’s rotation (RP) in this paper.

Song [15] conducted a simulation to analyze how foul-
ing on the propeller affects its characteristics in two com-
ponents: the pressure component and shear (frictional) 
component. The simulation shows that the pressure torque 
component is decreased slightly when the surface fouling 
of the propeller is increased. On the other hand, the fric-
tional torque component is raised significantly. As a result, 
the required power to maintain its speed increases when 
the propeller is fouled. In the case of an actual ship, the 
propeller torque is related to the hull condition, because 
the propeller generates a force to push the hull. However, 
RP values are not influenced by the hull resistance and 
ship speed because the propeller does not consume power 
to push the hull while it runs in a neutral angle. Needless 
to say, fouling of the hull does not influence RP values. 
Hence, it is assumed that the increase in RP indicates that 
the propeller fouling is proceeding. By analyzing RP, it is 
expected to illustrate how fouling affects frictional loss of 
the propeller.

3.2 � Method to obtain RP value from observed data

The RP values were extracted from the observed data just 
before the start of navigation. Fig. 2 shows a sample of 
the observed main engine speed, shaft speed, CPP blade 
angle, rudder angle, shaft power, and ship speed. Before 
starting the voyage, the main engine runs under the idling 
condition for a while so that engineers check all operat-
ing statuses in the propulsion system and the power plant. 
In this figure, the operation can be classified into three 
periods as follows: 

(1)	 The main engine is running, but the shaft is not rotating 
because the clutch is not engaged;

(2)	 The main engine drives the shaft and the propeller; 
however, the net thrust force is not provided because 
the propeller blade angle � is neutral;

(3)	 The propeller blade angle goes up, and the ship starts 
its navigation.

In the second period, SP is not converted into the thrust force 
at all. RP is determined by averaging the value of SP in the 
second period. Hence, RP was obtained from the data that 
satisfied the following criteria. 

Table 1   Specifications of ship A

Items Specification

Length over all 49.9 m
Shaft speed 300 min

−1

Rated power of the main engine 1000 kW
Maximum ship speed at sea trial 14.5 kn
Propeller 4-blade CPP

θ

θ

θ
θ

θ

θ
°

°

°

°

Fig. 1   Relation between SP, ship speed, and blade angle of a CPP
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(a)	 Shaft speed is over 290 min−1 . The data with shaft 
speed under 290 min−1 were filtered to exclude the 
transient data from low to the rated speed.

(b)	 Propeller blade angle is between −2.5 and −1.0 deg. 
The neutral blade angle of the propeller varies for each 
vessel. The neutral angle of the propeller is approxi-
mately −1.8 deg. for ship A. In the second period, the 
value of blade angle has some variation because seafar-
ers tune it manually. However, judging from the long-
term observation, there was no big difference in SP in 
the range of −2.5 and −1.0 deg.

(c)	 Rudder angle is under ±1.0 deg. The rudder angle may 
affect the current flow around the propeller, which may 

have some impact on the value of SP in the second 
period. To avoid these potential risks, the data when 
the rudder is at the midship position were extracted. 
The average of RP was calculated on each voyage and 
recorded as a representative value, respectively.

While a propeller is operating, the frictional forces acting 
between the fluid and propeller may remove fouling on the 
propeller. RP may have decreased during the voyage for this 
reason. Since the amount of decrease in fouling on a pro-
peller may vary depending on a variety of factors, includ-
ing ship speed, propeller speed, and voyage time, it is not 
possible to estimate the amount of change in RP during the 
voyage. Therefore, assuming that the variation in RP during 
the voyage is sufficiently small, this study used RP measured 
just before starting a voyage as a representative value for 
each voyage for the subsequent analysis.

3.3 � Trend of RP

Long-term observations were implemented to trace the trend 
of RP. Fig. 3 shows the data of RP for the decade from Sep-
tember 2011 to September 2020. The orange lines indicate 
the timing that the ship docked in. Ship A used to go to the 
dock every summer season and to have a service for remov-
ing fouling from its hull and propeller. Fig. 4 shows the trend 
of the RP value for one year after leaving the dock each year. 
The legend in this figure shows the year the ship docked 
out. For example, "2011" includes the data from September 
2011 to August 2012. RP at just the docking-out has similar 
values of approximately 150 kW each year. It increased by 
approximately 30% to 50% every year over time after leav-
ing the dock. In addition, observing these trends closely, it 
is obvious that RP is increased in the period of 0–90 days 
since the ship left the dock. Furthermore, it peaked in the 
remaining period after 270 days. These periods coincide 
with the summer season. In general, aquatic species such as 
barnacles reproduce while seawater temperature is warm. 
In Japan, several studies have shown that some species of 

Fig. 2   Measuring period of RP before starting navigation

Fig. 3   Change in RP from 2011 to 2020
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barnacles grow at seawater temperatures of approximately 
20–30◦ C [31–33]. The sea water temperature in Tokyo Bay 
is above 20◦C from late May to mid-October [34]. Thus, the 
propeller fouled while the seawater temperature was high, 
which made RP larger owing to the increase in frictional loss 
on the propeller’s surface. Additionally, in the previous stud-
ies [13, 35], steel plates were exposed to seawater for one 
year, and the amount of fouling attaching to the plates was 
observed. The weights of the fouling material on the plates 
increased during the summer season from May to November. 
In contrast, the weights increased slightly during the season 
when seawater temperature was low. These trends are simi-
lar to the increase in RP in this study, as shown in Fig. 4. 
Therefore, one may say that RP is increased by biofouling 
on the propeller, and the value of RP can be considered as 
an indicator of the propeller fouling.

In addition to biofouling, another factor that may affect 
the RP is the deterioration of the shaft bearing and propel-
ler. Fig. 5 shows the median values of a whole year of RP 
and the RP values which can be observed for the first time 
after leaving the dock. The median values for each year, as 
well as the values immediately after docking, showed some 
variations. However, no apparent trend has been observed 
over the decade. Hence, the influence of deterioration was 
not considered in this study.

4 � Correlation between SP and RP

4.1 � Filtering and extracting data

To clarify the correlation between power for keeping pro-
peller’s rotation (RP) and the fouling, big data acquired in 

long-term observation was analyzed. It was necessary to 
remove variations in data that were caused by the environ-
mental condition and the navigation state so that static data 
were extracted out of the big observed one. Several filters 
were developed: 

1)	 Filters for obtaining stable navigation data,
2)	 Filters for variations caused by environmental condi-

tions, and
3)	 Filters for the influence of displacement.

After applying these filters, data from several operating con-
ditions were selected to analyze the change in propulsive 
performance due to fouling.

4.1.1 � Filters for obtaining stable navigation data

When the ship is accelerating, the propeller requires a larger 
power than the state with a constant ship speed. Changing 
the heading course affects SP even if the propeller speed and 
propeller blade angle are constant. Fig. 6 shows a sample 
of the observed data relating to the ship speed and SP on a 
certain day. Blue round dots are observed SP in a single-day 
voyage. As is clear from this figure, SP has a large variation 
because the ship is accelerating and changing its heading 
course, although the locus is expected to follow a single line 
if only steady-state data are collected, generally.

To figure out a correlation between SP and RP from the 
observed data, the filter was applied to eliminate variations 
in the ship speed, shaft power, shaft speed, propeller blade 
angle, and rudder angle [36]. The coefficient of variation 
(CV) filter was implemented as following schemes: 

Fig. 4   Comparison between RP and elapsed days since ship A left a 
dock Fig. 5   Median values and values at 1st voyage after leaving a dock 

each year
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1.	 Averaging these values for a set period respectively,
2.	 Choosing data that satisfied the threshold values,
3.	 CV was calculated from the chosen data. CV was used as 

the threshold value to extract data that could be regarded 
as a quasi-steady state.

All of these schemes were applied to the observed data 
including ship speed, shaft power, shaft speed, propeller 
blade angle, and rudder angle. The extracted data were 
served for statistical analysis. The purple dots indicated in 
Fig. 6 represent the extracted data in the quasi-steady state.

4.1.2 � Filters for variations caused by environmental 
conditions

To exclude the influence of sea and weather conditions from 
the data to be used for statistical analysis, environmental 
data that were observed in the monitoring system of the ship 
were utilized. Observed data relating to wind and waves are 
useful for assessing environmental conditions. Wind speed 
and direction were logged on the monitoring system, but 
there were no recorded data relating to waves, such as wave 
height, direction, and frequency. Beaufort scale (BF) was 
used to assess the environmental conditions for estimating 
the influence of waves. This value was calculated based on 
the observed wind speed (shown in Table 2). ISO19030-1 
[37] recommends that the data can be regarded as calm sea 
conditions with Beaufort scale, which is less than BF 4 

(wind speed 7.9 m/s). In this study, to severely filter the 
data on rough sea conditions, the data set under BF 3 or 
less (wind speed 5.4 m/s or less) was extracted. The orange 
dots in Fig. 6 show the results that satisfy BF 3 or less. 
In this sample, less than 200 points of data were extracted 
from over 20,000 points of data to analyze the relationship 
between ship speed and SP.

4.1.3 � Filters and correction for the influence 
of displacement

The draught of a ship changes with a displacement. If the 
draught increases, the area of the wetted hull surface also 
increases, which leads to the high resistance of the hull. To 
filter the influence of the displacement change, some studies 
that analyzed the monitoring data of a cargo ship extracted 
the data within small changes in draught from the refer-
ence values, such as full load condition or ballast condition. 
Investigating the draught based on the logbook of ship A, 
which this paper focuses on, the change in displacement is 
extremely smaller than these cargo ships because ship A is 
a research ship. All observed data were considered to be 
under the trial condition because the draught of all data were 
within 15 cm of the trial condition. Therefore, the data were 
not eliminated owing to the draught level.

Additionally, the influence of displacement was modified 
based on the admiralty coefficient which defines the relation-
ship between ship speed, shaft power, and displacement [39] 
as follows:

where Cadm is the admiralty coefficient; ▿ is displacement; 
Vs is ship speed; SP is shaft power.

Each vessel has an eigenvalue of the admiralty coeffi-
cient. From Eq. 1, if a vessel navigates at a constant ship 
speed, displacement and shaft power satisfy the following 
relationship:

(1)Cadm =

▿

2

3V3
s

SP
,

Fig. 6   Comparison of power-speed performance between observed 
raw data and filtered data

Table 2   Beaufort scale (Excerpt from [38])

Beaufort
number

Description Wind speed
(m/s)

Prob-
able
Wave 
height 
(m)

0 Calm 0–0.2 –
1 Light air 0.3–1.5 0.1
2 Light breeze 1.6–3.3 0.2
3 Gentle breeze 3.4–5.4 0.6
4 Moderate breeze 5.5–7.9 1
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where ▿
(trial) is displacement at the trial condition; ▿ is dis-

placement of the observed data; SP
(trial) is shaft power at the 

trial condition; SP is observed shaft power.
The shaft power under the trial condition ( SP

(trial) ) can 
be estimated based on Eq. 3. In this analysis, the displace-
ment on each day was estimated from the value of draught, 
and the change in shaft power affected by displacement was 
corrected using the admiralty coefficient. This modification 
corrected the shaft power by up to 5%.

4.1.4 � Operating conditions

Generally, ship officers determine ship speed by ordering 
several simple steps, such as “slow ahead”, “half ahead”, 
and “full ahead”. Therefore, it is important to focus on these 
specific conditions for statistical analysis. This paper chose 
three conditions with a blade angle of 9.3 deg., 13.4 deg., 
and 17.3 deg. (within ±0.2 deg.)

The median values of SP at each operating condition 
were calculated from the extracted data on each voyage and 
regarded as a representative value of each voyage.

4.2 � The correlation between SP and RP

By implementing the filters mentioned above, quasi-steady-
state data were extracted from the big data and the correla-
tion between RP and SP was analyzed. In Fig. 7, the data 

(2)Cadm =

▿

2

3V3
s

SP
=

▿

2

3

(trial)
V3
s

SP
(trial)

,

(3)SP
(trial) = SP ×

(
▿
(trial)

▿

) 2

3

,

at three operating conditions are color-coded. Additionally, 
regression lines at each condition were obtained using the 
linear least squares method. Assuming a linear correla-
tion between SP and RP, the following regression model is 
suggested:

where a and b are the coefficients of regression. The coef-
ficients were determined using the linear least squares 
method, and these are presented in Table 3. The regression 
lines for each operating condition are shown in Fig. 7. From 
a statistical viewpoint, RP and SP have a linear positive cor-
relation, regardless of the propeller blade angle.

If the value of slope “a” is 1.0, the increase in RP is equal 
to the increase in SP. This means that the change in SP is 
affected only by the propeller fouling because it is consid-
ered that the value of RP is influenced by the propeller foul-
ing as we discussed in Chapter 3. However, the values of “a” 
were greater than 1.0. The increase in SP was larger than 
that in RP. Thus, it is considered that SP is influenced not 
only by the propeller fouling but also by the change in hull 
resistance due to the hull fouling. In addition, the increase in 
SP was proportional to the increase in RP. Consequently, one 
may assume that the value of RP can be regarded as an index 
showing not only the propeller fouling, but hull fouling.

4.3 � Change in power‑speed performance due 
to biofouling

Fouling on the surface of the hull and propeller increases 
the frictional resistance, which leads to an increase in the 
shaft power. To simplify the influence of fouling on the shaft 
power, the observed data were classified into three groups 
based on the value of RP, as follows. 

1.	 Clean condition: RP = 150 ± 5kW

2.	 Fouled slightly condition: RP = 180 ± 5kW

3.	 Fouled seriously condition: RP = 210 ± 5kW

Data with RP values within ±5 kW from the values of 
the above conditions were extracted from the observed 
data to conform to each condition. Furthermore, as shown 
in Fig. 8, the data were grouped into three by the blade 

(4)SP = a ⋅ RP + b,

Fig. 7   Correlation between SP and RP at three operating conditions

Table 3   Coefficient values expressing correlation between SP and RP

Operating Condition Number of 
samples

a b

17.3 deg. 27 1.482 410.83
13.4 deg. 134 1.485 176.57
9.3 deg. 61 1.190 82.18
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angle with the same colors as in Fig. 7. The blue plots 
states operating at 17.3 deg. of the CPP, green color indi-
cates 13.4 deg., and orange one indicates 9.3 deg., respec-
tively. For instance, the green cross mark shows SP under 
the following conditions: 

(1)	 The state is fouled seriously,
(2)	 The propeller blade angle is 13.4 ±0.2 deg., and
(3)	 The data are at the steady state and not significantly 

affected by environmental factors.

Additionally, Fig. 8 shows the approximated curve of the 
performance during the sea trial which was conducted just 
before the delivery of ship A. The data from the sea trial 
shows an initial performance because the hull and propeller 
were clean and new, and the weather conditions were calm 
at that time.

Ship A was built in 1987. Therefore, this ship was already 
an old vessel when this monitoring and logging began in 
2010. Hence, it was concerned about the influence of aging 
degradation. Comparing the extracted data to the approxi-
mated curve at the sea trial, the data in the clean condi-
tion, which is shown in the circle plot, indicates that the 
performance is close to that of the sea trial. It means that 
the propulsion performance did not suffer aging degradation 
significantly. The ship speed decreased by more than 1 knot 
at a constant shaft power compared to the performance curve 
at sea trial. The shaft power was increased by more than 100 
kW at constant ship speed as well. In the worst case, shaft 
power was raised by 50% from the sea trial level. As a result, 
data on voyages with high RP show a decrease in ship speed 
and an increase in the shaft power compared with data on 
voyages with low RP. Therefore, the assumption that the 

fouling progress could be estimated from the change in RP 
was proven.

5 � Biofouling influence on shaft power

As shown in Section  4.3, biofouling has an impact of 
increasing shaft power and decreasing ship speed. This sec-
tion focuses only on the changes in shaft power under several 
fouling conditions. To clarify the correlation between the 
change in shaft power and fouling condition, it is neces-
sary to compare the value of shaft power at a constant speed 
between clean and fouled conditions. For this reason, it was 
attempted to formulate the relationships between ship speed 
and shaft power under each condition and fit the power-
speed curves using Ordinary Least Squares (OLS).

5.1 � Pre‑processing of analysis data

In Chapter 4, several filters were implemented to reduce the 
scattered data caused by environmental conditions and the 
navigation state. To extract purified data from the observed 
data, additional filters were implemented for eliminating the 
scattered data due to the error of the speed measurements in 
Section 5.1.1 and the disturbance by wind in Section 5.1.2.

Additionally, the analysis data were concentrated within 
a narrow range of ship speeds. To estimate the power-speed 
curves with good accuracy, the correction for imbalanced 
data in terms of the number of data was performed using the 
oversampling technique in Section 5.1.3.

5.1.1 � Filter for log speed error

Vessels have two types of ship speed: speed through the 
water (Log speed) and speed over the ground (OG speed). 
Generally, the propulsive performance of a vessel is evalu-
ated using the log speed. On the other hand, a log speed 
measuring device often has errors due to fouling on the sen-
sor and floating matters underwater. The following equation 
was used as an additional criterion to clean the data comply-
ing with ISO19030-1 [37]:

where vl is Log speed in knot; vg is OG speed in knot.

5.1.2 � Correcting the change in power due to wind 
resistance

Wind disturbance was estimated based on the observed wind 
speed and wind direction. The correction method for wind 
resistance was based on ISO19030-2 [36], as shown below:

(5)|vl − vg| ≤ 0.2,

+

+

+

Fig. 8   Comparison of power-speed performance with data from clean 
condition, two fouled conditions, and sea trial
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where SPcorr is the corrected shaft power in W; �PW is the 
increase in shaft power due to wind in W; Rrw is the wind 
resistance due to relative wind in N; R0w is the air resistance 
in no-wind condition in N; vg is the ship speed over ground 
in m/s; vwr is the relative wind speed at reference height in 
m/s; �wr_ref is the wind direction of relative wind; Crw is the 
wind resistance coefficient depending on �wr_ref ; C0w is the 
wind resistance coefficient for head wind (0◦ wind direc-
tion); �a is the air density in kg/m3 ; A is the transverse pro-
jected area in current loading condition in m2 ; �O is the open-
water efficiency of the propeller; �H is the hull efficiency; �R 
is the relative rotative efficiency; �M is the mechanical effi-
ciency considering the mechanical loss of the shaft bearing.

RIOS [40] was used as a platform to calculate the wind 
resistance coefficient based on Fujiwara’s method [41]. The 
transverse projected area, the relative rotative coefficient, 
and the hull coefficient of ship A were referenced from the 
design documents of ship A. In addition, the open-water 
efficiency of the propeller was estimated from the design 
diagrams of the AU-CP propeller [42].

5.1.3 � Correction for imbalanced data

Figure 9 shows the distributions of the data on ship A ver-
sus the rounded ship speed. Ship A often navigated at the 
full ahead state which realized around 11 knots. Therefore, 
50–70% of all the data exist at approximately 11 knots at 
each fouled condition. From this result, the dataset had an 
uneven distribution in terms of ship speed. To figure a proper 
approximated curve out of the filtered data, an imbalanced 
distribution of data may lead to an over-fitting issue. In 
this case, this dataset may cause over-fitting, which brings 
good accuracy around 11 knots, whereas fitting curves may 
not match the observed other speed range. To avoid over-
fitting, the dataset was classified into four groups as shaft 
power, and Synthetic Minority Oversampling Technique 
(SMOTE) was used to equalize the number of data in each 
group. Table 4 lists the classification conditions used in this 
study. It shows the number of data points before and after 
the oversampling for each condition. Additionally, consider-
ing the error rate of the sensors and measurement devices 

(6)SPcorr = SP − �PW,

(7)�PW =

(Rrw − R0w) ⋅ vg

�D�H�R�M
,

(8)Rrw =

1

2
⋅ �a ⋅ v

2
wr

⋅ A ⋅ Crw(�wr_ref),

(9)R0w =

1

2
⋅ �a ⋅ v

2
g
⋅ A ⋅ C0w(0),

at low speed, data under 8 knots were excluded from the 
analysis data [37]. After these pre-processing steps were 
implemented, the correlation between the shaft power and 
the ship speed was formulated, and the power-speed perfor-
mance curves were estimated.

5.2 � Estimation of power‑speed performance curve

Performance curves of each fouling condition were esti-
mated using the OLS method. The regression model between 
the ship speed and SP suggested by ITTC [43] is as follows:

where a, b, and c are the coefficients of regression; vl is log 
speed in knot; SP is shaft power in kW. Unknown constant 
"c" is the intercept of the performance curve. In the case 
of a ship equipped with a fixed pitch propeller (FPP), the 
propeller does not require power while the ship speed is 
zero because the FPP is not rotating. Hence, intercept "c" is 
often set to zero as specified in ISO19030-3 [44]. However, 

(10)SP = a ⋅ vb
l
+ c,

Fig. 9   Distribution of ship speed in observed data

Table 4   Classification for oversampling in the clean condition 
( RP = 150 ± 5kW)

Label SP (kW) Number of
original data

Number 
of data
after 
compen-
sation

0 <250 46 368
1 250–350 197 368
2 350–550 368 368
3 550< 49 368
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as described in Section 3, a CPP requires power to some 
extent even if the ship speed is zero, because it is driven at 
its rated speed in seawater even if the net thrust force is zero. 
It is considered that SP equals RP at vl = 0 knot . Thus, RP 
can be substituted as the intercept "c" for (10). Therefore, 
Eq. 10 can be expressed as follows:

where RP is a constant value determined for each fouling 
condition in kW. To use the linear least squares method, the 
model is linearized by taking the logarithms of both sides as:

The coefficients were determined using the linear least 
squares method, and are presented in Table 5. To evaluate 
the accuracy of estimated curves, R2 coefficients were cal-
culated using the following formula:

where R2 is a coefficient of determination; y is an observed 
value before oversampling; ŷ is an estimated value based on 
the linear least squares method; ȳ is an arithmetic mean of 
observed value. Table 5 shows that R2 values are over 0.8 
in every conditions. This result indicates that the regression 
models have good accuracy. In addition, the performance 
curves were drawn based on the coefficients, as shown in 
Fig. 10.

5.3 � Power increasing ratio due to the propeller 
fouling

From the estimated curves, the changes in shaft power at 
constant speed were calculated in the interpolated inter-
val between ship speeds of 8 and 12 knots. Fig. 11 shows 
the required shaft power to maintain a constant speed at 
each fouling condition. The results indicated that SP was 
increased as fouling progressed under all ship speed con-
ditions. SP was increased by 20% on average in a slightly 
fouled condition ( RP = 180 kW ) and by 35% on average in 
a serious fouled condition(RP = 210 kW ) compared to SP in 
a clean condition ( RP = 150 kW ), respectively. In addition, 

(11)SP = a ⋅ vb
l
+ RP,

(12)log (SP − RP) = log a + b log vl.

(13)R2
= 1 −

∑
(y − ŷ)

2

∑
(y − ȳ)

2
,

the increase in power owing to fouling can be achieved by 
the following calculation:

where �SP is the change in shaft power (SP) in kW; �RP 
is the change in power for keeping propeller’s rotation (RP) 
in kW. Fig. 12 shows the correlation between �SP and �RP 
under the two fouled conditions. This study assumed that 
�RP was caused by fouling on the propeller. Fouling on the 
propeller affects the propulsion performance not only in the 
RP state with a neutral blade angle but also during normal 
navigation. Hence, �SP has to include �RP . If the data are 
on a linear line with a slope 1, �SP can be attributed only to 

(14)�SP = SPfouled − SPclean,

(15)�RP = RPfouled − RPclean,

Table 5   Coefficient values expressing regression models

Condition Number of
Samples

a b c R
2

Clean 1104 0.010 4.199 150 0.980
Fouled slightly 8968 0.036 3.728 180 0.851
Fouled seriously 1512 0.018 4.098 210 0.839

Fig. 10   Comparison between power–speed estimated curves and 
observed raw data

Fig. 11   SP and RP at five estimated points of ship speed
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the propeller fouling. However, all plotted data are above the 
line with a slope of 1. It means that �SP consists of �RP and 
an increase of the other in SP. Another factor that led to an 
increase in SP is assumed to be the hull fouling. The break-
down of �SP can be expressed using the following equation:

where �Pother is the increase in shaft power due to another 
factors other than the propeller fouling in kW. Fig. 13 visu-
alizes the breakdown of �RP and �Pother in a bar chart. The 
entire bar shows �SP . Figs. 12 and 13 indicate that �RP 
occupied over one-third of �SP below 11 knots. In addition, 
�RP occupied slightly more than half of �SP below 9 knots. 
As the results, the ratio of �SP due to the propeller foul-
ing is changed with ship speed, and when the ship speed is 
lower, the influence of propeller fouling tends to have a large 
impact in �SP.

The rotational speed of the propeller blade is faster than 
its advanced speed. It is thought that the increase in shaft 
power caused by the fouling on the propeller is strongly 

(16)�SP = �RP − �Pother,

influenced by not the propeller’s advanced speed which is 
approximately proportional to the ship speed but the pro-
peller’s rotational speed. CPP is driven at a constant speed 
under all ship speed conditions. Thus, RP and �RP can be 
regarded as constants. On the other hand, it is thought that 
the increase in shaft power caused by fouling on the hull is 
sensitive to the ship speed. From these considerations, as 
is clear from Fig. 13, the propeller fouling has an impact 
on the increase in shaft power when the ship speed is low, 
especially. In the cases of the coastal liners with CPP, such 
as ship A, they often navigate at low ship speeds, and the 
CPP is driven at its rated speed. Therefore, the shaft power 
and ship speed are significantly affected by fouling on the 
propeller.

6 � Conclusion

In this study, the influence of fouling was analyzed based 
on the observed data on an actual ship. This study focused 
on shaft power (SP) at the neutral blade angle of a CPP to 
observe the increase in SP due to fouling on the propeller. 
This power was defined as the power for keeping propeller’s 
rotation (RP) in this paper. In the case of the investigated 
ship A, RP was increased from 30 to 50% after leaving a 
dock for a year. Specifically, RP was raised significantly 
when sea temperature was high in the summer season. The 
fouling influence affecting the ship speed and SP was ana-
lyzed by extracting quasi-steady data from the observed 
data. The observed data from a voyage with a high value 
of RP showed a decrease in ship speed and an increase in 
shaft power at the same driven conditions. Considering these 

Fig. 12   Correlation of increase in power between SP and RP 

Fig. 13   Comparison between �RP and �P
other

 as a percentage of �SP
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results, one may conclude that the change in RP indicates the 
state of fouling on the propeller and hull.

To analyze the increases in SP and RP under the same 
fouling conditions, the required shaft power to navigate at 
a constant speed was estimated, and the fouling on the ship 
was classified into three conditions based on the values of 
RP. The influence of fouling on the required shaft power 
is affected by the ship speed. In the case of ship A, which 
has a CPP, fouling on the hull has a larger influence than 
the propeller fouling when the ship navigates at high speed. 
However, when the ship runs at low speed, the fouling on 
the propeller has a more serious impact to increase the shaft 
power than the hull fouling.

Data availability  The raw data had been generated on ship A. The 
authors have no right to redistribute the data.
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