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ABSTRACT  
Long-term full-scale measurements of stern flow fields 
provide valuable information for the design of propellers 
and energy-saving devices and for the validation of 
computational fluid dynamics (CFD), yet reported cases 
remain limited. In this study, long-term automatic 
measurements of the stern flow field on a VLCC were 
conducted using Multi-Layered Doppler Sonars (MLDS). 
Three MLDS units were installed on the port side of the 
stern, enabling unattended acquisition of beam-directional 
velocity distributions. Following manual measurements 
during the sea trial, automatic measurements were 
continuously conducted for approximately two years in 
service. 
Analysis of the large measurement dataset shows that ship 
speed and sea state have little influence on the stern flow 
field, whereas changes in draft cause noticeable variations, 
which are well reproduced by CFD. Although long-term 
deterioration of propulsive performance was observed, the 
overall stern flow field showed only minor changes, 
indicating that the designs based on new-build condition do 
not lead to significant issues. The CFD results generally 
agree well with the measurements, with remaining 
discrepancies in regions with strong spatial flow gradients. 
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1 INTRODUCTION 
The demand for decarbonization remains very strong, 
despite the decision at MEPC/ES.2 in 2025 to postpone 
adoption of the International Maritime Organization (IMO) 
Net-Zero Framework (IMO 2025). In the coming years, 
further tightening of emission regulations and a transition 
toward more expensive alternative marine fuels are 

expected. Consequently, it is natural for stakeholders in the 
marine industry to pay increasing attention not only to 
performance at the design or newbuilding stage, but also to 
in-service performance throughout the vessel’s operational 
life. 

Accurate assessment of in-service performance is the first 
step toward performance improvement, and onboard 
monitoring has therefore been widely carried out for this 
purpose. ISO 19030 (2016) was established as a 
standardized method for measuring and assessing changes 
in ship hull and propeller performance based on in-service 
data. Various software tools and services have been 
developed to support smart voyage operation and to 
determine appropriate timing for propeller and/or hull 
cleaning (e.g., Yoshida et al. 2013; NAPA 2025; Mitsui 
E&S 2025). More recently, studies combining onboard 
monitoring with machine learning techniques have further 
enhanced the efficiency of voyage planning (e.g., Lee et al. 
2025). 

However, the data used in many of the studies mentioned 
above mainly consist of macroscopic parameters, such as 
engine power, ship speed, and propeller rotational speed, 
as described in ISO 19030 (2016). While such parameters 
are useful for global performance assessment, more 
detailed information is clearly desirable for further 
improvement of hydrodynamic performance. In particular, 
an accurate understanding of the stern flow field, where the 
propeller and/or energy-saving devices are installed, is of 
primary importance. 

Although the number of available studies is still limited, 
several researchers have attempted to measure the stern 
flow field under actual sea conditions. In the 1970s, 

 

 



measurements using five-hole Pitot tubes were reported 
(Yokoo et al. 1971; Namimatsu et al. 1973). From the 
1980s to the 1990s, Laser Doppler Velocimetry (LDV) was 
applied to full-scale measurements as a more promising 
technique, enabling investigation of the flow field in the 
vicinity of the propeller in several projects (Kux et al., 
1982; Lammers et al., 1987; Tanibayashi et al., 1990). In 
the 2010s, Particle Image Velocimetry (PIV) was 
introduced as an emerging measurement technique 
(Kleinwächter et al. 2015; Sakamoto et al. 2020). Among 
these efforts, the large-scale joint research project “JoRes” 
(2019), involving more than 40 organizations worldwide, 
represents a major milestone. In this project, full-scale PIV 
measurements were conducted to validate CFD, and the 
resulting datasets were later used as benchmark cases for 
the CFD Workshop 2025. 

In a similar context, the authors developed a novel flow-
field measurement system called the Multi-Layered 
Doppler Sonar (MLDS) (Inukai et al. 2018; Inukai 2019; 
Wakabayashi et al. 2019; Inukai et al. 2020). MLDS is a 
Doppler sonar–based system capable of measuring relative 
water velocity at multiple arbitrary points along ultrasonic 
beams. The system was installed on a 14,000 TEU 
container ship, and its capability was successfully 
demonstrated through onboard measurement campaigns. 

However, all of these full-scale flow-field measurements, 
including those in the authors’ previous studies, were 
conducted over relatively short periods. Given that ships 
are operated continuously over long service lives, it is 
important to clarify how the flow field varies with 
operating conditions such as draft and ship speed as well 
as the progression of hull and/or propeller fouling. 
Sakamoto et al. (2020) investigated the effects of hull 
surface roughness, which can be regarded as a 
representation of hull fouling, on the inflow to an energy-
saving duct installed upstream of a propeller. Their results 
showed that the inflow angle to the duct changes 
significantly depending on whether hull surface roughness 
is taken into account in the calculation. This implies that 
the energy-saving effect of such a duct may vary over time 
as hull fouling progresses, and that duct design accounting 
for time-dependent variations in inflow conditions should 
be considered at the design stage. 

In addition, measurements conducted in actual sea 
conditions inherently involve large uncertainties due to 
environmental disturbances. Accumulating measurement 
data over long periods is therefore essential to reduce these 
uncertainties and to obtain statistically reliable 
characteristics. 

Accordingly, in the present study, the MLDS measurement 
system was further developed to enable automatic long-
term measurements and was installed on a VLCC. 
Measurements were conducted over approximately five 
years, including sea trials and in-service operation. To the 
authors’ knowledge, this represents the first attempt 
worldwide to perform such long-term full-scale stern flow-
field measurements. The effects of ship speed, draft, and 

sea state on the stern flow field, as well as its long-term 
temporal variation associated with hull condition, are 
investigated, and comparisons with CFD results are 
presented. 

2 Multi-Layered Doppler Sonar (MLDS) 

2.1 Measurement principle and features 
The measurement principle and main features of the MLDS 
are briefly described here; further details can be found in 
Sudo et al. (2017) and Inukai (2019). MLDS was 
developed by Furuno Electric Co., Ltd. (FURUNO) and 
MTI Co., Ltd., based on FURUNO’s commercial Doppler 
speed log, Model: DS-60 (FURUNO, 2025), with revised 
signal-processing algorithms. 

MLDS measures flow velocity using the acoustic Doppler 
effect at nine arbitrary points along each ultrasonic beam. 
Ultrasonic beams can be emitted in six directions at 60° 
intervals, as shown in Figure 1. To avoid interference 
between the beams and surrounding structures, such as the 
hull, propeller, or duct, the beam directions can be adjusted 
in 20° increments by rotating the transducer from inside the 
ship.  

Figure 1: Schematic of ultrasonic beam of the MLDS. 

Figure 2: Schematic overview of the system configuration. 



The measurement accuracy of MLDS has been validated 
by Inukai et al. (2020), who demonstrated good 
reproducibility and small standard deviations in repeated 
measurements. Furthermore, because the DS-60 has been 
widely used as a ship speed log, MLDS offers significant 
advantages in terms of ease of installation and operation 
compared with other flow-measurement techniques, such 
as LDV and PIV. 

2.2 Automation of the measurement system for long-
term operation 
The MLDS system was upgraded in this study to enable 
automatic long-term measurements. Figure 2 shows a 
schematic overview of the system configuration consisting 
of three MLDS units.  

The computers connected to each transducer (Laptop Nos. 
1, 2, and 3) control the transmission and reception of 
ultrasonic signals according to predefined measurement 
parameters, such as beam direction, depth range, 
measurement interval, and signal pulse length. An 
additional computer (Laptop No. 0) was newly installed to 
send control commands to these computers, thereby 
enabling the automatic switching among multiple sets of 
measurement parameters. 

In this study, the appropriate parameter settings were 
determined through trial and error during the sea trial. 
Particular attention was paid to the signal pulse length, 
which is related to the duration of transmission, because it 
strongly affects signal quality and spatial resolution. Once 
the settings were finalized, fully unmanned long-term 
measurements became possible. 

2.3 Installation on the subjected ship 
Three MLDS units were installed on the port side of the 
stern of a VLCC equipped with an energy-saving duct, the 
Super Stream Duct (SSD®), located in front of the 
propeller. The installation locations, shown in Figure 3, 
were selected to cover a wide flow-field region upstream 
of the SSD®. Figure 4 shows the ultrasonic beam directions 
and depth ranges emitted from each transducer (TD1 - 
TD3) as solid lines. Contours of the axial velocity 
estimated by CFD, described in the next section, are also 
shown. The spatial measurement range was set to a 
maximum depth of approximately 7 m from the 
transducers, covering most of the hull boundary layer.  

Figure 5 schematically illustrates the ultrasonic beam 
directions of the MLDS. The reference direction of each 
transducer is defined as Beam 1, which was initially set 
parallel to the ship’s centerline and facing forward. After 
evaluating interference between the ultrasonic beams and 
surrounding structures during the sea trial, the reference 
direction of TD2 was rotated anticlockwise by 20 degrees 
to minimize interference. Consequently, the beam 
directions of TD2 during the in-service measurements 
differed from those used in the sea trial, as indicated by the 
dotted lines in Figure 5.  

TD1 was arranged to measure the flow field in the 
immediate vicinity of the SSD🄬. However, as shown in 
Figure 4, some of the beams directly impinged on the 
SSD®, resulting in unstable measurements and strong noise 
contamination in the beam signals. Therefore, only the 
measurement results obtained from TD2 and TD3 are 
discussed in this paper.    

Figure 3: Locations of the MLDS transducers 
installed at the stern of the VLCC. 

Figure 5: Schematic of ultrasonic beam directions of 
the MLDS. 

Figure 4: Ultrasonic beam directions, depth ranges and 
CFD-predicted axial velocity contours. 



3 CFD  
For the purpose of discussing the measurement results, 
computational fluid dynamics (CFD) simulations based on 
the Reynolds-averaged Navier–Stokes (RANS) equations 
were performed using the commercial software ANSYS 
Fluent v17.0. The k–ω SST turbulence model and wall 
functions were employed. A body-force propeller model 
based on the infinite-blade-number theory was used, and 
the free-surface effect was not taken into account. Grid 
generation was carried out using Hexpress 11.2. 

To assess the quality of the simulations, a grid dependency 
study of the estimated flow field was conducted using three 
different grid resolutions, as summarized in Table 1. The 
number of divisions of the initial Cartesian mesh was 
increased by a factor of √2 for the medium grid and by a 
factor of 2 for the fine grid relative to the coarse grid. The 
wall y+ value was set to approximately 50, and the 
minimum cell spacing of the prism mesh was kept identical 
for all grid resolutions. 

Figure 6 shows the velocities in the beam direction, 
normalized by the ship speed, for TD2 and TD3. The beam 
numbering corresponds to that shown in Figure 5. The 
results indicate that the velocities obtained with all grid 
resolutions are almost identical, demonstrating that the grid 
resolution is sufficient for the estimation of the flow field. 

To reduce computational cost, all subsequent calculations 
were therefore performed using the coarse grid. 

4 Full scale measurement on the vessel 
Full-scale measurements were conducted on a VLCC built 
by Japan Marine United Corporation. During the sea trial 
carried out in March 2020, the flow field was measured 
manually, and measurement settings suitable for the vessel, 
such as the ultrasonic beam transmission interval and pulse 
length, were investigated. Subsequently, the measurement 
system was upgraded to the automated configuration 
described in Section 2.2 during the first dry-docking in 
February 2023, and continuous measurements were 
conducted over a period of approximately two years, until 
March 2025, when the second dry-docking was carried out. 

In this section, an overview of the data processing is first 
presented. The influences of ship speed, draft, and weather 
conditions on the flow field, as well as its long-term 
temporal variations, are then discussed. Finally, 
differences between the measurement results and the CFD 
predictions are addressed. 

4.1 Data processing 
The sea trial was conducted off the Hyuganada Sea, east of 
Kyushu, and flow-field measurements were carried out 
during the speed trial. For each beam direction, 200 
ultrasonic pings were emitted at intervals of 2 seconds 
(approximately 7 minutes in total), and the averaged values 
over this period were used for the analysis. 

During in-service operation on the India–North America 
and India–Asia routes, 800 pings were emitted at intervals 
of 1.5 seconds (approximately 20 minutes), and 
statistically processed results were output as statistical data 
files at 5-minutes intervals. It should be noted that, 
although MLDS has the capability to emit three beams 
simultaneously, the ultrasonic beams for each direction of 
TD2 and TD3 were emitted sequentially to avoid 
interference among beams. Therefore, the measurement 
results in the six beam directions presented in this section 
do not strictly represent simultaneous measurements. 

To extract data under steady-state conditions, only data 
satisfying the following criteria were considered, unless 
otherwise noted: ship speed of 10 knots or higher, main 
engine revolution of 30% MCR or higher, revolution 
fluctuation of 2 rpm per 5 minutes or less, rudder angle 
within ±5°, and heading angle variation of 5° per 5 minutes 
or less. In addition, MLDS incorporates a function to detect 
abnormal data based on the quality of the received 
ultrasonic frequency. Only statistical data sets for which 
normal data accounted for 40% or more of all measurement 
data within a statistical interval were included in the 
analysis. 

Measurements could not be conducted under ballast 
conditions because the transducers were exposed above the 
water surface. Therefore, data were acquired only under 
laden conditions. Although unexpected troubles, such as 
PC failures, occurred for certain periods during voyages, 
the extracted 5-minutes statistical data nevertheless 
amounted to 103,115 cases in total for all beams, and the 

case initial cartesian mesh number of cells 

coarse 60*24*24 7,278,272 

medium 84*34*34 13,179,174 

fine 120*48*48 24,811,266 

Table 1: Number of cells. 

Figure 6: Beam-direction velocities. 

(Solid line: coarse, Dashed line: medium, Dotted line: 
fine) 



total number of emitted ultrasonic pings reached 
20,623,000. As a result, an extremely large volume of data 
was successfully collected. 

Figure 7 shows the standard deviation of the velocities in 
the beam direction normalized by the ship speed, Vb, for 
TD2 and TD3 over the entire measurement period. The 
ship speed used for normalization was the speed through 
water measured by the “Model: DS-60” installed at the 
bow. The standard deviation is approximately 5% of the 
ship speed. According to Type A uncertainty evaluation 
(JCGM, 2008), uncertainty is defined as the standard 
deviation divided by the square root of the number of 
samples. Therefore, considering the large amount of data 
used in this study, the uncertainty of the mean values 
obtained by the automatic measurements can be regarded 
as sufficiently small. 

4.2 Ship speed effect on the flow field 
The effect of ship speed on the velocity distribution was 
investigated by comparing the results at three main engine 
outputs, i.e., 75%, 85%, and 100% of MCR, during speed 
trials. The corresponding ship speeds ranged from 
approximately 13 to 17 knots. The weather conditions 
during the trials were favorable, with absolute wind speeds 
below 10 m/s and a maximum wave height of 1.5 m. 

According to ISO 15016:2015, speed trial analysis requires 
a minimum duration time of 10 minutes for each run. In the 
present study, however, since the ship speed had already 
reached a steady state before this interval, the flow-field 

measurements were conducted from 20 minutes prior to the 
start of the speed run until immediately after its 
completion. 

Figure 8 shows the velocities in the beam direction 
normalized by the ship speed for each run, plotted with the 
distance from the transducer on the horizontal axis. CFD 
results at ship speeds of 13.5, 15.0, and 16.5 knots are also 
included for comparison. Both the measurement and CFD 
results indicate that the normalized velocities exhibit little 

Figure 8: Comparison of normalized velocities in the beam 
direction at different ship speeds. 

(Mark: measured, Solid line: CFD,  

Blue: 70%MCR, Green: 85%MCR, Red: 100%MCR) 

Figure 7: Standard deviation of the velocities in the beam 
direction normalized by the ship speed. 

Figure 9: Effective wake fraction, 1-wS, versus 
ship speed during sea trial. (Yellow circles: 

subject vessel, Crosses: sister vessels)  



dependence on ship speed, and no significant differences 
are observed among the cases. 

This tendency is consistent with the results of the speed 
trial analysis based on ISO 15016:2015 (2015), shown in 
Figure 9, in which the effective wake fraction, i.e., 1−ws, 
obtained using the torque identity method shows only 
minor variation with ship speed. Since the vessel is 
operated predominantly within this speed range during 
service, the influence of ship speed on the stern flow field 
under actual operating conditions can be considered 
negligible. 

4.3 Draft effect on the flow field 
Figure 10 shows the variation of the aft draft during laden 
voyages from the first dry-docking to the second dry-
docking. In most voyages, the vessel was operated within 
a range of ±1 m relative to the voyage-averaged laden draft 
over the entire period. It has been confirmed by CFD 
calculations (not shown here) that within this range, no 
significant difference is observed in the velocity 
distribution of the stern flow field. 

However, the aft draft during voyage number 14 (period-
14) was approximately 5 m shallower than the average 
draft, which is far outside the typical operating range. 
Therefore, the stern flow field in period-14 was compared 
with that in period-15. Period-15 was selected because it 
was the voyage closest in time to period-14, operated on 
the same route, and had nearly the same average ship 
speed, and thus was expected to have a similar degree of 
hull fouling. To reduce the influence of weather conditions, 
only data obtained under Beaufort scale 4 or lower were 
extracted. After extraction, the numbers of 5-minutes 
statistical data sets for period-14 and period-15 were 8,088 
and 7,647, respectively, which provide statistically 
sufficient sample sizes. 

Figure 11 shows the averaged normalized velocities in the 
beam direction for both voyages, plotted against the 
distance from the transducer. As seen in the figure, the flow 
velocities are generally lower in period-14, which 
corresponds to the shallower draft. This tendency is well 
reproduced by the CFD results. In addition, as shown in 
Figure 12, the values of 1−ws are also smaller under the 
shallow-draft condition. This indicates that a reduction in 
draft leads to a deceleration of the overall stern flow field 
and affects the inflow to the propeller and SSD®. 

Therefore, for vessels whose operating draft varies over a 
wide range, it is recommended to consider draft effects at 
the design stage. Full-scale CFD is a very useful tool for 
estimating changes in the stern flow field under different 
draft conditions.  

4.4 Sea state effect on the flow field 
Next, the influence of sea state was investigated. For this 
purpose, data from voyage number 5 (period-5), which 
sailed on the long route between India and North America 
over a period of approximately 1.5 months, were analyzed. 
A total of 13,949 five-minute statistical data sets were 
extracted from this voyage.  

Figure 10: Variation of aft draft during laden voyages. 

Figure 12: Comparison of 1-wS of each draft. 

(Gray: Period-14, Black: Period-15) 

Figure 11: Comparison of normalized velocities in the 
beam direction between period-14 (shallow draft,×) 

and period-15 (deep draft, ●). 

(Dotted line: CFD for period-14, Solid line: CFD for 
period-15) 



Figure 13 shows the normalized velocities in the beam 
direction for TD2 and TD3, averaged for each Beaufort 
scale, while Figure 14 presents the corresponding standard 
deviations. As can be seen from these figures, the velocity 

distributions almost overlap for all Beaufort scales 
throughout the voyage. Although relatively large standard 
deviations are observed in some regions as indicated by the 
dotted circle, particularly in the flow near the SSD® at 
approximately 4–6 m from TD3, no systematic dependence 
on sea state can be identified.  

Furthermore, the values of 1−ws shown in Figure 15 also 
exhibit almost no significant variation with Beaufort scale. 
From these results, it can be concluded that, from an 
averaged perspective, the influence of sea state on the stern 
flow field is small. Therefore, for the design of propellers 
and stern-located energy-saving devices, it is sufficient to 
use the stern flow field under calm-water conditions as the 
design condition, as is commonly assumed in conventional 
design practice.   

4.5 Long-term temporal variation 
Figure 16 shows the long-term variations, over 
approximately five years from the sea trial to the second 
dry-docking, in the deviation of ship speed from the 
planned power curve, the propeller light running margin 
(LRM), and the 1-ws. To minimize the influence of sea 
state, wind and wave corrections were applied to data 
obtained under Beaufort scale 4 or lower, and outliers were 
removed using the interquartile range. Compared with the 
sea trial condition, the ship speed eventually decreased by 
approximately 1.5 knots, the LRM by about 4%, and the 1-
ws by approximately 0.05. These changes are considered 
to be attributable to hull and/or propeller fouling. 

Figure 17 shows the averaged normalized velocities in the 
beam direction measured during the sea trial, voyage 
number 5 (period-5), approximately six months after the 
first dry-docking, and the final voyage, voyage number 16 
(period-16). The draft conditions were nearly identical for 
all voyages. As described in Subsection 2.3, the beam 
direction of TD2 differs between the sea trial and the in-
service measurements; therefore, only the results for TD3 
are presented. CFD results for both smooth and rough hull 
surfaces are also included. Surface roughness was modeled 
using the embedded roughness function in FLUENT v17.0, 
with the equivalent sand roughness height selected to 
reproduce the observed reductions in LRM and ship speed. 

Figure 14: Averaged standard deviation of 
normalized velocities in the beam direction for each 

Beaufort scale. 

Figure 15: Histogram of 1-ws for each Beaufort scale. 

Figure 13: Averaged normalized velocities in the 
beam direction for each Beaufort scale. 



Solid lines indicate smooth-surface results, while dotted 
lines represent rough-surface results.  

Despite the significant degradation observed in the LRM 
and ship speed, as well as that predicted by CFD, changes 
in the stern flow field over the different periods are 
relatively small. The largest difference appears in the 
region approximately 5–6 m away from the MLDS along 
Beam 6, as indicated by the dotted circle. This region 
corresponds to area (3) in Figure 19, where a strong bilge 
vortex develops in front of the SSD®. Although local 
velocities change in this region, variations in the overall 
stern flow field are much smaller than would be expected 
from the degradation in LRM and ship speed. 

Figure 18 shows photographs of the propeller and hull 
taken after the vessel entered the second dry-docking. 
While slime and partial attachment of marine organisms 
can be observed on the hull surface, the observed degree of 
hull fouling is not considered to significantly affect the 
stern flow field. The reductions in LRM and ship speed are 
therefore more likely attributable to propeller fouling. 
Even if hull fouling was present, it may have been confined 
to regions outside the measurement area.  

Although a general conclusion applicable to other vessels 
cannot be drawn, it can be stated that, for the vessel 
investigated in this study, the stern flow field did not 
change to an extent that would affect the inflow to the 
propeller and the SSD® throughout the in-service period.  
4.6 Comparison with CFD 
The differences in velocities in beam direction between the 
measurements and the CFD results are visualized in Figure 
19, where the diameter of each sphere represents the 
magnitude of the difference. Although the CFD results 
generally agree well with the measurements, as shown in 
the previous subsections, relatively large discrepancies are 
observed in the following regions: (1) the vicinity of the 
hull at TD3, (2) the regions where the wake contour is 
highly skewed, and (3) the regions where strong bilge 
vortices form around the hull. 

All of these regions are characterized by large spatial 
gradients in the flow field, and the CFD results in such 
areas are considered to be sensitive to modeling choices, 
including the turbulence model. In future work, 
improvements in CFD accuracy, such as refinements to the 
turbulence model and the computational grid, will be 
investigated to reduce these discrepancies. 

Figure 18: Pictures of hull surfaces and propeller at 
second dry docking. 

Figure 16: Variations in ship speed deviation from 
the planned power curve (upper), LRM (middle) and 

1-ws (bottom) from the sea trial to the second dry-
docking. 

Figure 17: Comparison of normalized velocities in 
the beam direction among the sea trial(×),  

period-5 (●) and period-16 (▲). 

(Solid line: CFD, smooth hull; Dotted line: CFD, 
rough hull) 



Finally, several points should be noted when comparing 
CFD results with measurement data. Figure 20 shows the 
velocity distribution for period-5 without averaging. 
Although outliers were removed using the interquartile 
range in addition to the data selection criteria described in 
Subsection 4.1, a certain degree of scatter remains. 

This scatter may be attributable to measurement conditions 
such as drift, steering, and ocean currents, as well as 
uncertainties in the ship speed used for normalization. 
When the measurement period is short and the number of 
samples is limited, the reliability of the data decreases, 
potentially making it unsuitable for CFD validation. 

Therefore, as demonstrated in the present study, 
accumulating a large volume of data over an extended 
period and reducing measurement uncertainty through 
statistical averaging are essential for reliable comparison 
and validation of CFD results.  

5 Conclusion and future work 
Using MLDS, long-term stern flow-field measurements 
were conducted on a VLCC through automatic continuous 
operation over a period of two years. When measurements 
performed during sea trials are included, the total 
measurement period extends to approximately five years. 
To the best of the authors’ knowledge, this represents the 
first attempt worldwide to measure the flow field around a 
full-scale ship over such a long duration. The main findings 
obtained in this study are summarized as follows. 

・ Variations in the stern flow field with respect to ship 
speed and sea state are small, whereas draft has a 
noticeable influence. CFD reproduces this draft 
effect well, indicating that such changes can be 
predicted in advance at the design stage. 

・ With regard to hull fouling, although its influence is 
expected to depend on the extent of fouling, no 
significant impact on the stern flow field was 
observed for the vessel investigated in this study. 
Accounting for flow-field variations under actual 
operating conditions is important in the design of 
propellers and energy-saving devices. However, 
unless hull fouling progresses to a severe extent, 
conventional design conditions remain valid. 

・ Although CFD results generally show good 
agreement with the measurements, further 
improvements in accuracy are required in regions 
where strong spatial variations in the flow field 
occur. 

In full-scale measurements under actual sea conditions, 
measurement errors inevitably arise due to various factors. 
Analyses based on short-term measurements may therefore 
lead to erroneous conclusions. The authors have 
experienced cases in previous studies where, despite 
measurements being conducted under nearly identical 
conditions, the resulting flow-field distributions differed 
significantly. It was later found that the ship’s drift angle 
differed between the two measurements. This example 
illustrates the difficulty of eliminating all sources of error 
and highlights the importance of accumulating large 
volumes of data and reducing uncertainty through 
statistical processing. 

Full-scale flow-field measurement cases remain limited, 
and expanding the number of target vessels is essential for 
further validation of full-scale CFD. As described in 
Section 2, MLDS offers advantages in terms of ease of 
installation and operation, and the authors therefore plan to 
continue increasing the number of vessels subjected to 
measurement. 

To make more effective use of full-scale CFD as a design 
tool, quantitative validation of hydrodynamic force 
prediction accuracy is essential. For this purpose, in the 

TD2 

①  

③ 

② 

TD3 

Figure 19: Differences in velocities in the beam direction 

between measurements and CFD predictions. 

(Contours represent axial velocities.) 

Figure 20: Normalized velocities in the beam 
direction during period-5 (unaveraged data). 



next project currently in progress, pressure measurements 
using Fiber Bragg Grating (FBG) sensors will be 
conducted in addition to flow-field measurements. 
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