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ABSTRACT

The recently completed collaborative EC-H2020-
funded project, GATERS, successfully demonstrated
the first retrofit exploitation of the novel energy-saving
device (ESD), the Gate Rudder System (GRS). The
retrofitting was achieved on a full-scale 90m general
cargo vessel, M/V ERGE, and demonstrated through
dedicated sea trials and voyage performance monitoring.
The eighteen expert project partners achieved the
exploitation task through their design, manufacturing,
and operational efforts, supported by comprehensive
numerical and model test analyses. Since her entry into
service with the retrofit GRS in the summer of 2023,
M/V ERGE has been successfully operating in European
and Mediterranean waters, achieving more than 30%
fuel savings compared to her previous configuration
with the Conventional (flap) Rudder System (CRS).

This paper summarises the highlights of the GATERS
project, including comparative sea trials and voyage
performance results for M/V ERGE with CRS and GRS
configurations, by focusing on speed-power, underwater
radiated noise (URN), and manoeuvrability trials, as
well as voyage monitoring. Furthermore, the impact of
GRS retrofitting on lifecycle costs and current
compliance with IMO and EU regulations is discussed.
The paper also reports on the drydock inspection of M/V
ERGE after 2 years in service. Finally, it provides the
latest update on the worldwide progress of this ESD with
a focus on the increasing size of commercial vessels.
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1 INTRODUCTION

Since its first introduction on the 450 TEU container
vessel “Shigenobu” in 2017, based on an EU patent
secured by a small Japanese consortium, the Gate
Rudder System (GRS) has established itself as a
promising energy-saving and steering device for ships
(e.g., Sasaki et al 2018; EPS 2020). As described in
numerous papers, the conventional rudder system (CRS)
behind the propeller is replaced in the GRS by two
asymmetric, independently controllable rudder blades
on each side of the propeller (e.g., Sasaki et al 2016).
This novel rudder arrangement provides a vessel with
the GRS’s attractive propulsive efficiency gain, superior

manoeuvrability, and quieter propulsion. The title “Gate
Rudder System (GRS)” refers to a propulsion and
steering system, including the combined effects of the
rudder blades and the propeller, rather than to the rudder
blades alone. The additional thrust generated by the
duct-like rudder blades, which replace the CRS’s rudder
drag, and the favourable interaction with the hull and
propeller result in reduced thrust demand from the
propeller.  Reduced  propeller thrust enables
improvements in propeller design, thereby enhancing
efficiency and vibration characteristics. The GRS also
provides the vessel with enhanced directional stability,
which not only improves manoeuvring characteristics
but also reduces wave-induced motions and,
consequently, the added wave resistance, thereby further
boosting energy efficiency (e.g., Koksal et al 2024).

Following the first newbuild vessel GRS application on
“Shigenobu”, there are now 13 vessels in service with
diverse missions and increasing sizes. Until recently,
i.e., during 2017-2024, GRS applications were mainly
for coastal vessels, including 4 container ships, 3 general
cargo vessels, and 1 training ship. However, the last
three applications involved a 150m, 24.6K DWT ocean-
going bulk carrier, “Pacific Esperanza”, in 2024, and
two 225m, 93.1K GT PCTCs, “Grande Shanghai” and
“Grande Tianjin”, in 2025, with the 3rd and latest,
“Grande Svezia”, in 2026. By the time this paper is
written, the first 40K DWT chemical tanker, “Bow
Erikson”, with GRS, will have entered service.
Currently, a major Japanese ship operator’s three-year
fleet renewal programme involves more than fifty new
vessels to be built with GRS (Sasaki & Atlar, 2025).

While the above is a brief review of GRS developments
so far, all these applications were on newbuild ships and
mostly in Japan. However, the main objective of this
paper is to report and discuss the results of the first
retrofit application of the GRS on an existing 90m
general cargo vessel, “M/V ERGE”, through the
collaborative EU-H2020 project, GATERS, “GATE
Rudder System as a Retrofit for the Next Generation
Propulsion and Steering of Ships” (GATERS, 2021). By
the time GATERS started, there was only one vessel in
service, i.e., “Shigenobu”, a 110m, 450 TEU Japanese
container vessel that demonstrated 14% fuel savings in
trials compared to her counterpart, “Sakura”, with CRS.
While in service, Shigenobu’s saving figure could reach



33% (e.g., Sasaki et al., 2020). Therefore, the Innovation
Action (IA) project GATERS was the first retrofit
application of the GRS worldwide, conducted over 3
years (2021-2024) by its 18 partners and with a budget
of 6M EUR.

In the following sections of this paper, the experiences
with the GATERS project’s target vessel, “M/V ERGE”,
are presented and discussed, focusing on its retrofit
design, trials, and in-service performance, including
speed-power, cavitation, underwater radiated noise
(URN), and manoeuvrability. The paper also discusses
the impact of GRS retrofitting on lifecycle costs and on
current IMO and EU regulatory compliance, and reports
on the drydock inspection findings for M/V ERGE after
2 years in service. Finally, the latest update on
worldwide progress of the GRS in new buildings and
retrofitting, with a focus on the increasing size of
commercial vessels, is included.

2 THE TARGET SHIP “M/V ERGE” AND SEA TRIALS

2.1 The Target Ship M/V ERGE

M/V ERGE (Ex-JOERG N) is one of eight sister multi-
purpose dry-cargo ships originally commissioned and
owned by a German Consortium. Designed by a German
firm and built by a Chinese shipyard in 2010-11, the
ships were fitted with conventional rudder systems
(CRS) with flaps and 5-bladed, left-handed, fixed-pitch
propellers. In 2015, one of the GATERS project partners
purchased two of these vessels: “M/V ERGE”, which
was selected as the “Target Ship” for the GATERS
project. Later, M/V ERGE’s capacity increased from
4500 DWT to 5500 DWT, raising her draft by
approximately 0.65 m. The change was approved by the
vessel’s classification society. The main particulars of
M/V ERGE after the capacity increase are given in
Table 1, while the main engine and gearbox details are
listed in Table 2.

Table 1: Main particulars of MVERGE with CRS

Symbol Ballast Load Full Load
Loa (m) 89.95

Lap (m) 84.95

B (m) 15.40

T (m) 3.30 6.46
Ta (m) 3.80 6.46
Tr (m) 2.80 6.46
A (ton) 3585 7280
Cs 0.806 0.859
Cp 0.823 0.862
Cm 0.994 0.997
Cwr 0.854 0.944
LCB (m, +fwd.) 43.363 43.495
LCF (m, +fwd.) 44.128 40.495
LCG (m, +fwd.) 43.006 43.036
VCG (m) 3.230 6.095
Vs (knots) 12

Table 2: Gearbox particulars of M/V ERGE with CRS

Parameter Value
Main Engine Type 8L38/32A
Rated Power (kW) 1960
Rated Main Engine Speed 775
(RPM)

Gear Box Ratio 5.263:1
Propeller Speed (rpm) 147.25

The original propeller of M/V ERGE was cropped
during the initial trials. This was done to reduce the
propeller’s torque so it would match the main engine’s
power rating, although no clear evidence was available.
The main characteristics of the cropped propeller are
given in Table 3.

Table 3: Propeller main particulars of M/V ERGE with

CRS
Parameter Value
Propeller Type FPP
Propeller Rotational Direction Left handed
Propeller Diameter (m) 3.42
Blade Number 5
Pitch Diameter Ratio (mean) 0.83
Blade Area Ratio 0.61
Skew (mm) 26.05
Rake (mm) 5.5

The original flap rudder (CRS) details of the vessel are
also shown in Table 4, including its arrangement at the
aft end, as illustrated in Fig. 1.
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Figure 1: Original Stern gear arrangement of M/V
ERGE with CRS

2.2 New Build M/V ERGE with CRS and Delivery Sea
Trials

Following her build, the initial (delivery) trials of M/V
ERGE were conducted in the Yellow Sea off the coast
of China in Feb 2010. The sea trial campaign included
the measurements of ship speed, shaft power, hull
performance and manoeuvring tests. The weather-
related environmental and vessel-loading conditions
during the trials are shown in Table 4, while the speed-
power data are shown in Table 5 (Insel et al 2024).



Table 4: M/V ERGE with CRS delivery sea trials,
loading and environmental conditions.

Parameter Value

Location Yellow Sea
Weather Fine

Wave Condition DOUGLAS 3

Air Pressure (mbar) 1020

Air Temperature (°C) 2

Water Temperature (°C) 4

Draught Forward (m) 2.80

Draught mean (m) 3.30

Table 5: M/V ERGE with CRS delivery sea trials data.
Run MCR Vs (kn) Ps (kW) n(rpm)
1-1 75 (%) 123 1348 132.89
1-2 75 (%) 11.0 1352 133.11
2-1 85 (%) 11.4 1518 138.51
2-2 85 (%) 12.6 1482 138.86
3-1 100 (%) 12.8 1695 144.42
3-2 100 (%) 12.1 1720 145.30
4-1 75 (%) 123 1348 132.89
4-2 75 (%) 11.0 1352 133.11

2.3 Gate Rudder System (GRS) and its Retrofit on
M/V ERGE

One of the main objectives of the GATERS project is to
design, manufacture, and retrofit an effective GRS for a
coastal ship and to demonstrate its effectiveness
throughout the project’s lifetime. To this end, a
preliminary retrofit GRS was designed for M/V ERGE,
and the main particulars of the GRS are presented in this
section to provide a basis for the model tests and CFD
analysis and to initiate detailed design and
manufacturing activities.

The preliminary design work involved the combination
of the approaches, including (i) Initial trial data of M/V
ERGE; (ii) Speed-Power data collected during her
service; (iii) Geometrically similar hull R&P model test
data available; (iv) Accumulated design knowledge
from the Japanese vessels with GRS; (v) Low-fidelity
and high-fidelity CFD studies conducted with the model
and full-scale versions of M/V ERGE (Atlar et al 2023).

While the above approach was used to determine the
size of the GRS components (i.e., rudder blades,
propeller, and shafting), an important decision was made
regarding the reference design data for M/V ERGE’s
current propeller. The propeller was cropped from the
initial design diameter of 3.6m to 3.42m at delivery. The
project partners believed that this reduction was not
justified by the available data for this vessel and that the
ship was therefore underperforming. Accordingly, the
GRS design was carried out as optimally as possible
(i.e., aiming for a 3.6m diameter) to compare the
vessel’s performance with the retrofit GRS, based on an
enlarged (near-optimum 3.6m) propeller. Based on the
initial design activities, the main dimensions of the gate
rudder system (GRS) for the twin blades and the
associated propeller are shown in Tables 6 and 7,
respectively.

Table 6: M/V ERGE’s GRS (rudder) main particulars.

Parameter Value
Rudder Post from AP (m) 1.60
Rudder Post from CL (m) 0.80
Top Height from BL (m) 4.20
Middle Height (m) 3.10
Bottom Height (m) 0.50
Top Chord (m) 1.30
Top Chord (in) (m) 0.70
Middle Chord (m) 2.20
Bottom Chord (m) 1.55
Rudder Area (Upper) (m?) 1.925
Total Rudder Area (m?) 6.800
Aspect Ratio 2.013

Table 7: M/V ERGE’s GRS (propeller) main particulars.

Parameter Value
Propeller Diameter (m) 3.6
Blade Number 5
Pitch Diameter Ratio (at 0.7 1/R) 0.77
Blade Area Ratio 0.45
Skew (mm) 25.0
Rake (mm) 0.0
Boss Ratio 0.185
Boss Length (mm) 0.70

Having determined the initial geometric details of the
GRS, these changes were incorporated into the general
arrangement of M/V ERGE, and the preliminary design
details of the GRS are shown in Figure 2.
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Fig. 2 M/V ERGE’s GRS installation arrangement.

Due to limitations in the steering gear room, it was
decided that the two steering gears would be located aft
of the gate rudder stocks, with an additional 1.6 m
spacing between the two gate rudder stocks, as shown in
Figure 2. The new design arrangement, with the
introduction of the GRS, was intended to ensure a
smooth flow to the propeller at the stern tube. Based on
the design activities conducted, the GRS would be
shifted further back than the original propeller position
with the CRS. By keeping the CRS (stock) axis as the
reference frame (i.e. AP), the gate rudders’ axes were
located 1.4 m forward of AP. This also implied that the
propeller shaft with the GRS would be extended; hence,
a suitable stern tube cover had to be a main component
of the newly designed retrofit GRS. The main



components of the new retrofit GRS are shown in Figure
3, rendered in different colours.

Figure 3: Main components of M/V ERGE’s retrofit with
GRS in different colours.

2.4 M/V ERGE with CRS and Sea Trials

First, sea trials of M/V ERGE with the existing
conventional rudder system (CRS), shown in Fig. 4,
were conducted in January 2023. Full details of the trials
are provided in Insel et al. (2024).

Figure 4: M/V ERGE it the CRS (flap type)
configuration.

retrofit.

During these trials, the ship’s propeller and rudder were
cleaned, but the hull was not. The ship was drydocked
after the sea trials, and roughness measurements were
then conducted. The modifications to the ship were
made for the GRS retrofit described earlier. These
included changing the propeller, dismantling the

existing rudder and steering gear machinery, installing
two new steering gears and twin-gate rudder blades, and
making alterations around the stern tube, as shown in
Figure 5.

Following the retrofit, sea trials with GRS were
conducted in May 2023, with the cleaned and painted
hull. The sea trial area before and after the retrofit was
limited to the Marmara Sea, as the shipyards used for the
retrofit and final retrofit details are in Yalova. As shown
in Fig. 6, the “Cinarcik” area of the Marmara Sea was
chosen as the specific trial location for the following
reasons:

1. Marine traffic is limited in the area; it was
considered  beneficial for the URN
measurements.

ii. The wind and wave conditions are better than

those in the western Marmara Sea

iil. The water depth is 100-200 meters

iv. The current is weaker than in most of the
Marmara Sea.

Figure 6: Sea trials area, “Cinarcik”, in the Marmara
Sea (white encircled area).

The sea trials of M/V ERGE with CRS were conducted
on 23 Jan 2023. Ship loading was carried out to achieve
full-ballast conditions, with the corresponding draughts
given in Table 8.

Table 8: The ship loading for the sea trials with the CRS.

Position Value
Draught AP (m) 3.8
Draught Midship (m) 33
Draught FP (m) 2.8
Trim (m) 1.0

The sea trials began with manoeuvring; circle and zig-
zag tests were performed. Speed-power trials following
these tests were conducted at 50%, 60%, and 75% of the
MCR in double runs, as in the original sea trials
conducted in 2010. Nevertheless, engine exhaust
temperatures limited the ship to no more than 75%
MCR.

The data were collected using the ship’s monitoring
system and additional equipment. Wind and waves were
recorded during the sea trials. Wind speed and direction
were measured using a shipboard anemometer, and
relative wind direction and speed were recorded. Waves
were recorded by a wave buoy left in the sea trial area.
The associated wind and wave data are shown in Table
9.



Table 9 Wind and wave conditions during speed trial of

Aged M/V ERGE with CRS.
Run RWS! RWD? WD3 SWH* AWPS
1-1 2230 17.5 0 0.37 3.1
1-2 3.00 276.5 180 0.38 3.0
2-1 24.50 27.0 0 0.42 3.0
2-2 3.50 275.5 180 0.44 32
3-1 25.10 235 0 0.44 32
3-2 2.80 323.0 180 0.43 3.1
4-1 2230 17.5 0 0.37 3.1
4-2 3.00 276.5 180 0.38 3.0

Three sets of power settings were used in double runs.
A maximum of 75% power was achieved at a shaft speed
of 134 rpm (704 rpm engine speed). Higher RPMs could
not be achieved because the engines’ exhaust
temperatures were high. The sea trial results were
corrected in accordance with ISO 15016 for the
prevailing weather conditions, including wind and
waves. The analysed results are presented in Table 10.

Table 10 Aged M/V ERGE power performance trial
results with the CRS.

Run MCR Vs (kn)® Ps (kW)  n (rpm)
1-1 50 (%) 8.6 823.6 110.6
1-2 50 (%) 10.2 748.5 110.9
2-1 60 (%) 10.2 1092.1 120.8
2-2 60 (%) 11.1 1074.2 120.7
3-1 75 (%) 10.1 1540.3 133.9
3-2 75 (%) 12.5 1492 .4 133.8

2.5 M/V ERGE with GRS and Sea Trials

The sea trials of M/V ERGE with GRS were also
conducted under similar loading conditions, as given in
Table 11, in the same trial area of the ship with CRS on
1 May 2023.

Table 11: The ship loading for the sea trials with the

GRS.
Position Value
Draught AP (m) 3.8
Draught Midship (m) 3.275
Draught FP (m) 2.75
Trim (m) 1.05

In the first stage, speed-power trials, together with
underwater radiated noise trials, were conducted at
50 %, 60 %, 75 % and 85 % of the MCR, based on the
original sea trials conducted in 2010. In the second stage
of sea trials, manoeuvring tests, including the circle and
zig-zag, were conducted. Crabbing and stopping tests
were also conducted at the end. Sea trials were
conducted in calm water with Beaufort less than 2;
hence, a wave buoy was not employed, and no
corrections were applied to sea trial measurements. The

! Relative wind speed (knots)

2 Relative wind direction (degree)
3 Wave direction (degree)

4 Significant wave height (m)

5> Average wave period (s)

associated wind data are shown in Table 12, while power
performance data are tabulated in Table 13.

Table 12: Wind and wave conditions during power
performance trials of M/V ERGE with GRS.

Run RWS’ RWD? WD°
1-1 5.5 246 180
1-2 17.0 325 0
2-1 5.9 347 180
2-2 18.1 22 0
3-1 8.8 332 180
3-2 18.6 24.5 0
4-1 6.4 9 180
4-2 17.5 27 0
Table 13: M/V ERGE trial results with the GRS.
Run Vs (kn)!? Ps (kW) n (rpm)
1-1 10.324 629.9 107.1
1-2 9.964 638.3 107.1
2-1 11.1 808.6 116.9
2-2 10.516 807.6 116.9
3-1 12.136 1125.6 130.5
3-2 11.728 1137.7 130.4
4-1 12.497 1277.6 136.7
4-2 11.951 1287.1 136.6

3 SPEED AND POWER TRIAL RESULTS
3.1 M/V ERGE with CRS

Three sets of power settings were used in double runs
during the January 2023 trials. A maximum of 75%
power was achieved at a shaft speed of 134 RPM (704
RPM engine speed). As noted earlier, higher RPMs
could not be achieved because the engines’ exhaust
temperatures were high. A comparison of sea trials
conducted in January 2023 and 2010 is shown in Figure
7.
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Figure 7: M/V ERGE speed-power sea trials with the CRS.

Both measured and corrected power are shown in Figure
7. Corrected power results from the Jan 2023 sea trials
are about 18 % higher than the 2010 sea-trial results.
Although some difference is expected from sea trials 13
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years after delivery, 18% is considered significant.
However, roughness measurements taken during
drydocking after the sea trials indicated an average of
300 mic, significantly higher than the original ship
roughness practice. To investigate this increase further,
the voyage monitoring data collected in May 2022 were
also plotted in Figure 8. The Jan 2023 sea-trial data
agree with the monitoring data, except at the highest
speed, where no voyage monitoring data were available.
The results of the Jan 2023 and 2010 sea trials do not
agree well. The scatter in the Jan 2023 results is also
visible, originating from weather conditions at Beaufort
4-5, which were relatively high for a 90m ship.
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Figure 8: M/V ERGE speed-power sea trials with CRS

3.2 M/V ERGE with GRS and comparison with CRS

Four engine loadings were used in the sea trials. In
contrast to the CRS trial case, the 85% engine loading
was achievable without excessive exhaust temperatures.
It was clear at the beginning of the sea trials that ship
speed was considerably higher in comparison with the
CRS sea trials. The speed-power relation shown in
Figure 9 indicates that the GRS arrangement presents
22% less power than the delivery sea trials conducted in
2010 and 33% less power than the CRS sea trials. As the
roughness of both the CRS and GRS configurations was
similar, the difference is due to the replacement of the
rudder systems.
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Figure 9: M/V ERGE with CRS and GRS Power
performance comparison.

High power savings were also verified using fuel
consumption data collected from the flowmeters. Figure
10 shows fuel consumption as a function of ship speed
for both CRS and GRS configurations. The fuel
consumption rate of M/V ERGE with the GRS
configuration is about 30% lower than with the CRS
configuration at the same speed. As there were no fuel
consumption values for the new-build case, no
comparison was possible with the delivery sea trials in
2010.
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Figure 10: M/V ERGE with the CRS and GRS fuel
consumption comparison

4 UNDERWATER RADIATED NOISE (URN) TRIAL
RESULTS

4.1 Description of Trials

As stated earlier, the URN trials were carried out at the
same time and place as the speed-power and
manoeuvring trials, both conducted on the aged M/V
ERGE with CRS in January 2023, and again following
her retrofit with GRS in May 2023. These were
conducted through dedicated double runs, in accordance
with BV’s rule note NR 614 DT R02 E (BV, 2018).

The measurements were taken at 50%, 60%, 75%, and
85% of the MCR in the GRS configuration, whilst the
engine exhaust temperatures did not allow operation
above 75% MCR in the CRS configuration, as stated
earlier. Table 14 presents the operating conditions and
the closest point of approach (CPA) distances
(start/finish: -/+45 deg.) for M/V ERGE with the CRS,
while Table 15 presents the same data for the vessel with
the GRS arrangement. Further details of the trial data
and analysis can be found in Koksal et al. (2023).

Table 14: The URN measurement conditions in CRS.
NOrun n (rpm) Vs (kn) MCR (%) CPA (m)

0lo1-01 111.51 09.42 50 87.43
0201-02 111.02 09.21 50 48.09
0302-01 120.37 10.52 60 237.75
0402-02 120.33 09.85 60 53.52
0503-01 132.11 10.64 75 53.21
0603-02 132.24 11.43 75 236.52
0704-01 132.24 11.43 75 128.81
0804-02 132.22 10.52 75 137.98




Table 15: The URN measurement conditions in GRS.
NOruN n(pm) Vs(kn) MCR (%) CPA(m)

0To1-01 107.16 10.15 50 153.54
0201-02 107.15 09.95 50 193.55
0302-01 116.95 10.95 60 172.55
0402-02 116.98 10.60 60 183.89
0503-01 130.61 12.00 75 114.99
0603-02 130.61 11.71 75 141.21
0704-01 136.80 12.35 85 111.89
0804-02 136.76 12.09 85 160.23

During URN trials, background noise was recorded for
at least 2 minutes before and after each sea trial. M/V
ERGE’s route was set to a straight-line course to achieve
the CPAs shown in the tables above. Data were recorded
for approximately 5 minutes before and after the CPA
and were analysed by dividing them into multiple data
windows spanning a +45-degree arc in 5-degree
increments. The data window length (DWL) for each
window was at least 100 metres. The linear average
background noise level (LN) was calculated to obtain
the net noise level (LS), which was corrected for
background noise; no correction was applied if the
difference between LN and LS exceeded 10 dB. If the
background noise was sufficiently stationary, within 3-
10 dB, a correction was applied. The transmission loss
for sound propagation in water was accounted for to
obtain underwater sound pressure levels at a reference
distance of 1 metre from the vessel. The sound pressure
levels were power-averaged across the three
hydrophones, then linearly averaged across all data
windows and all runs. The measurement setup and the
resulting average noise spectra were arranged to
minimise the Lloyd’s Mirror effect; therefore, the
traditional 5 dB extra correction was applied.

4.2 URN Measurement Results

To present the URN-level difference between the two
rudder arrangements more precisely, the differences in
the URN spectra (i.e., A: CRS — GRS) were obtained for
the net noise levels (ALS) as categorised (i.e., ALS >0,
ALS <0, ALS > 5, ALS < -5, ALS > 10 and ALS <-10
dB) and presented for the corresponding ship speeds
(Vs) over the analysed frequency range, as shown in
Figure 11.

The net URN levels are then expressed in percentage
(%), e.g., the number of frequency lines greater than 0
(ALS > 0, divided by the total length of frequency lines
[(ALS > 0) + (ALS < 0)]x100, and listed in Tables 16
and 17 for a range of (100Hz-1kHz) and that of (100-
10kHz), respectively.

Table 16: The categorised net URN differences (ALs)
within the range of 100Hz — 1kHz
ALs (%): (CRS — GRS, 100-1K Hz)

>0 <0 >5 <-5 >10  <-10
01 5440 4560 5.03 5.37 0.46 0.34
02 7281 2719 1697 1.69 2.13 0.00
03 66.63 3337 1056 2.92 0.56 0.11
04 83.78 16.22 1956 1.22 1.11 0.00
05 8222 17.78 18.00 1.44 0.78 0.00
06 5533 44.67 533 2.78 0.11 0.22

Table 17: The categorised net URN differences (ALs)
within the range of 100Hz -10kHz
ALs (%): (CRS — GRS, 100-10K Hz)

>0 <0 >5 <-5 >10  <-10
01 8225 17.75 3645 0.81 5.25 0.04
02 85.13 14.87 3827 0.46 4.40 0.00
03 7330 26.70 02.08 0.31 0.05 0.01
04 96.55 0345 3518 0.12 0.21 0.00
05 93.00 07.00 1621 0.18 0.08 0.00
06  72.10 2790 00.52 0.33 0.01 0.02

From the measurement results, URN levels increase
with ship speed in both rudder configurations,
particularly in the high-frequency range. Overall, the
vessel with the GRS configuration exhibits a significant
reduction in URN compared with the CRS case. As
shown in Table 16 and Figure 11, the GRS configuration
decreases the URN level by up to 13.30 dB across
96.55% of spectra; reductions of 5 dB or more occur
across 35.18% and 10 dB across 0.21% of spectra, for
the most proximate ship speed. Under the same
conditions, the GRS configuration increases the URN
level by up to 9.18 dB across 3.45% of spectra; the
increment exceeds 5 dB across 0.12% and is always less
than 10 dB compared with the CRS. Also shown in
Table 17 and Figure 11, the GRS configuration
decreases the URN level by up to 12.75 dB across
93.00% of spectra; the reduction is over 5 dB across
16.21% and 10 dB across 0.08% of spectra, considering
the nearest propeller speed. Under the same conditions,
the GRS increases the noise level by up to 8.86 dB
across 7.00% of spectra; the increment is over 5 dB
across 0.18% and is always less than 10 dB compared
with the CRS.

The above reduction in URN level with GRS can be
attributed mainly to a decrease in propeller load and,
potentially, to a decrease in the extent of cavitation, if
structure-borne noise, such as engine firing and
crankshaft rotation, is disregarded.

To illustrate this phenomenon, Figures 12 and 13 present
comparative torque measurements for CRS and GRS at
the same ship speed and shaft speed, respectively. As
shown in these figures, the torque reduction with GRS
is clear, with reductions of 28.42% and 17.20% at the
identical ship speed and shaft speed, respectively,
supporting the reduction in measured URN noise levels.
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Figure 11: Measured differences of the averaged and corrected net URN levels (ALs) of M/V ERGE with CRS and GRS.
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Figure 12: Comparison of the torque measurement in the Figure 13: Comparison of the torque measurement in the
same ship speeds (CRS: Vs=10.88 kn, n=127.88 rpm, Q: same shaft speeds (CRS: n=131.41 rpm, Vs=11.15 kn, Q=
94.91 kN-m; GRS: Vs=10.88 kn, n=117.70 rpm, Q= 67.94 100.94 kN-m; GRS: n=131.41 rpm, Vs=11.98 kn, Q=

kN-m). 83.58 kN-m).

In addition to the reduction in the propeller load and 5 MANOEUVRING TRIAL RESULTS
associated cavitation, the reduction in propeller tip speed,

the wake-flow improvement from the GRS, and the duct- 5.1 Description of Trials

like cover of the GR blades can be other factors
contributing to the URN reductions with the GRS (Sasaki
& Atlar 2024).

As in the speed-power trials, three sets of trial data are
presented in this section for comparison. These data sets
were obtained: (i) during her delivery trials when M/V



ERGE was new in February 2010; (ii) during trials in the
Marmara Sea, Turkey, with CRS before the GRS was fitted
in January 2023; and (iii) in the same trial area of the
Marmara Sea after the vessel was fitted with GRS in May
2023. Further details of these manoeuvring tests, which
mainly involved the circle and zig-zag tests, as well as the
special crabbing manoeuvres with the GRS, are given in
Insel et al. (2023). In the following, the comparative results
are presented with associated supporting details.

5.2 Circle Test Results

Figure 14 shows the comparative port and starboard
turning circles of the M/V ERGE. Each figure compares
the vessel's turning circle performance with the CRS when
she was new (in 2010), when she was aged (in January
2023), and when she was retrofitted with GRS (May 2023).
As shown in these figures, the circle tests with CRS in
January 2023 are similar to the turning recorded during the
delivery trials (in 2010). The difference can mainly be
attributed to weather conditions. The tests with CRS were
conducted at a rudder angle of 35 degrees at about 12 knots.

——With CRS 35degres  ——With GRS 20 degres  —— Original Trials

450

——With CRS 35degree  —— With GRS 20 degree  ———Original Sea Trial
450

-50 0 50 100 150 200 250 300 350

Figure 14: (Top) M/V ERGE stbd turn comparison with
CRS and GRS. (Bottom) M/V ERGE port turn comparison
with the CRS and GRS.

Circle tests of M/V ERGE with GRS (in May 2023) were
conducted at rudder helm angles of 7°/ 31° (Port turn) and
7°/27° (Stbd turn), with the Autopilot synchronising twin
blades of the GRS at about 12 knots. The Autopilot
responded to the 20° commands for the starboard and port

turns with the synchronised twin blades of the GRS, as
shown in Figure 14. Therefore, the vessel’s turning
performance with CRS and GRS was not directly
comparable, as the vessel with CRS was at a 35° rudder
angle and the vessel with GRS was at a 20° helm angle.
Although the IMO manoeuvring criteria do not apply to the
ballast loading conditions and require a tactical diameter of
4.5 ship lengths for the full load condition, M/V ERGE
with GRS displayed 4.11 ship lengths for the port turn and
3.55 for the starboard turn at a synchronised 20° rudder
angle, indicating a favourable trend. To support this
observation, recent circle tests conducted with the
24kDWT bulk carrier Pacific Esperanza under the ballast
and full-load conditions are compared in Figure 15.

1

d/d(scantling)

1
i
2 o i
2 0 |
e e _=:= IMO
@
g . © i
i 0] O(@ — Pacific Esperanza
Z :
= * | Pacific Esperanza e T (full load trial)
L (ballast trial) ‘
3 \
&
|
|
|

0
30% 40% 50% 60% 70% 80% 90% 100%

5
S

110%

Figure 15: Comparative circle test data for the ballast and
full load conditions of a 24kDWT bulk carrier “Pacific
Esperanza” against the IMO criteria

It is also a well-known observation that ships with GRS
have a larger tactical diameter than those with CRS
because of the replacement of the appendage drag of the
CRS by the thrust of the GRS. This also provides the ship
with a GRS, enabling faster turning manoeuvres than with
a CRS, as shown in Figure 16, which displays the turning
approach speed (Vo) to final speed (Vs) ratio, which is
almost doubled for GRS at 20° rudder angle.

5

Vo/Vs

Figure 16: Turning circle approach speed (Vo) to final speed
(Vs) ratio for M/V ERGE with the GRS & CRS



5.3 Zig-zag Test Results

The 10/10 and 20/20 zig-zag tests were also performed at
about 12 knots on both the port and starboard sides. Figures
17 and 18 show the comparative 10/10 and 20/20 zig-zag
test results for the vessel with the CRS and GRS,
respectively, from the 2023 trials. As shown in these
figures, the first and second overshoot angles of the ship
with the GRS are clearly larger than those of the vessel
with the CRS, which is a significant advantage of the ship
with the GRS.

40
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Figure 17: M/V ERGE 10/10 zig-zag test comparison with
CRS and GRS
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Figure 18: M/V ERGE 20-20 zig-zag test comparison with
the CRS and GRS

In the 10/10 zig-zag tests, the 1% overshoot angle is
5.1°/2.7° in the port/stbd directions, respectively, during
the starboard turn. In contrast, the 2" overshoot angle is
7°/2.4° for the port/stbd directions, respectively. According
to IMO criteria, the minimum required angles are
12.03°/18.04° for the 1%/2" overshoots, respectively;
hence, M/V ERGE easily met these requirements.

The initial turning of the ship is 23s; meanwhile, yaw
checking is 15s/10s for the port/stbd zig-zag, respectively.
IMO criteria require that the ship should not travel more
than 2.5 ship lengths for the initial turning, i.e., a 10°
heading angle change. The advance for the port/stbd zig-
zag is 130m/145.6m, respectively, and thus meets the IMO
criteria without issue.

In 20/20 zig-zag tests, the 1*' overshoot angle is 12.6° on
average and lower than the required 1* overshoot angle of
25° by the IMO criteria. The rudder angle set after the 1
overshoot is not well adjusted, likely due to the autopilot
system, and was therefore not included in Figure 18 for the
ship with the GRS.

5.4 Crabbing Test Results

Another advantage of the GRS is its excellent thrust
vectoring at zero speed, which helps the vessel approach
and leave a quayside with ease, even without a stern
thruster. During the May 2023 trials, the crabbing
performance of M/V ERGE was tested using GRS with her
bow thruster, demonstrating excellent results, as shown in
Figure 19.

Figure 19: M/V ERGE with GRS is performing
a “Crabbing” manoeuvre

6 M/V ERGE’S PERFORMANCE IN SERVICE

Following its GRS retrofit and sea trials, M/V ERGE re-
entered service on 5 May 2023 and remained in operation
until June 2025, when she was drydocked for special
maintenance. During this period, no adverse feedback was
received from the captain or the owner, except for her
excellent fuel-saving performance and ease of
manoeuvring in ports.

As part of the GATERS project objectives, the voyage
performance of M/V ERGE was monitored before and after
the GRS retrofit during the project period. While the
project allowed reasonably large-scale performance data
collection for the vessel with CRS, the time available for
collecting performance data with GRS was limited to the
last six months of the project. However, this still allowed
us to make a reasonable comparison of voyage
performance.

Figure 20 compares the vessel’s fuel consumption
(ton/day) in service at comparable full-load conditions
(5250t) and average service speed (10.5 knots) for the CRS
and GRS configurations. As shown in Figure 20, the fuel
saving in the service condition also confirms a similar
amount of saving to that in the trial conditions (i.e., about
30%), and even greater with scattered data at increased sea-
state conditions (Sasaki & Atlar 2023).

The drydock inspection of the vessel after two years of
operation showed no adverse remarks on the GRS
components, as shown in the photos in Figure 21. These
include images of the vessel at the drydock in a fouled
condition, later sandblasted for coating, and finally coated
with a foul-release type coating.
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Figure 20: Comparative fuel consumption per day for M/V
ERGE with CRS and GRS based on the data from her
voyage monitoring system at full-load.

her special service, including foul-release coating

7 IMPACTS OF GRS ON LIFE CYCLE COST AND
REGULATORY COMPLIANCE

7.1 Life cycle cost

Based on the cost analysis conducted in GATERS, the total
cost of retrofitting M/V ERGE with GRS was 1.43M EUR,
comprising 0.276M from design activities, 0.502M from
“production”, 0.561M from the removal and fitting of
CRS/GRS, and 0.09M from the off-chartering cost of M/V
ERGE during the retrofitting period (Farag et al., 2024).
The entire retrofitting task at the drydock/quayside was
completed over almost three months, from 7 February 2023
to 1 May 2023. However, this period also included other
scheduled maintenance activities on the vessel, e.g., the
installation of a new water ballast system.

To determine the dedicated cost and time for retrofitting of
a GRS for a coastal vessel of similar size, further analysis
was conducted in GATERS. These analyses indicated that
the rationalised total cost of retrofitting would be 0.95M
EUR with 3.5 weeks of drydocking/quayside time at a

yard. During the retrofit activities, drydock time was kept
to a minimum. Most CRS removal and GRS retrofitting
were carried out at the shipyard quayside, with minimal use
of the drydock, which was required only for propeller/shaft
removal/retrofitting and for the aft-end modifications. This
was an important cost-cutting measure for the retrofitting
and should be noted (Gursoy et al 2024).

Regarding the cost-benefit analysis, the GATERS project
analysed the return on investment for the M/V ERGE GRS
retrofit (Farag et al 2024). These analyses were conducted
for three payback scenarios as “Optimistic”, “Moderate”
and “Pessimistic” based on 30%, 22% and 15% fuel
savings with corresponding chartering day ratios of 95%,
93% and 88%, respectively. These three scenarios
presented the corresponding 1.2yrs, 1.6yrs, and 4.8yrs
“Payback Periods”, respectively, based on a rationalised
total retrofit cost of 0.95 M EUR, 6.2 t/day fuel
consumption at a rate of 550 US$/t, and a 5K EUR
chartering rate (TC).

7.2 Regulatory compliance

In analysing GRS’ impact on regulatory compliance,
IMO’s EEXI criteria would not be met by M/V ERGE with
the CRS unless an engine/shaft power limitation is applied,
as (EEXI)crs = 16.225 exceeds the required (EEXI)required
= 15.525. By contrast, the vessel with GRS easily satisfied
the criteria, with (EEXI)grs = 14.75 (Saydam et al., 2024).

The IMO’s Carbon Intensity Index (CII) compliance is not
applicable to M/V ERGE due to its small size (< 5000 GT).
However, if it were applicable, the GRS configuration
would comply with the CII regulation for 5 to 9 additional
years compared with the CRS case. Similarly, “EU-ETS”
(Emission Trading System) and “EU-FuelEU Maritime”
(Renewable & Low Carbon use) are not applicable to M/V
ERGE due to its small size. However, if these regulations
were applied, the cost of M/V ERGE with GRS would be
approximately 23% lower under both regulations (Saydam
et al., 2024).

8 CURRENT TRENDS AND FUTURE APPLICATIONS OF
GRS

8.1 Current trends

Although this paper highlighted the significant potential of
the GRS as a retrofit, its applications on new-build ships
have been growing not only for small coastal vessels but
also for large commercial vessels. The GATERS project
paved the way not only for the retrofit application of the
GRS on small coastal vessels but also for raising awareness
among European manufacturers and shipowners with
serious commercial investments.

Further desk studies in GATERS with large container ships
(e.g., 4250 TEU, 245 Lgp) and bulk carriers (e.g., 210K
DWT, 300 Lgp) have already indicated that applying the
GRS as a retrofit or newbuild will offer more attractive
payback periods compared to coastal vessels due to their
large cargo capacity. The current trend in newbuilds,
particularly in Japan, with 50+ newbuild orders of



increasing size, confirms this projection (Sasaki & Atlar,
2025).

8.2. Future applications in large bulk carriers

Inspired by robust foundational studies and current
industry developments, research at the University of
Strathclyde is exploring the application of the GRS to
large, full-form bulk carriers (BCs), not only for retrofit but
also for newbuild designs. BC design has been dominated
by the economic imperative to maximise the vessel’s
DWT, with little regard for hydrodynamic optimisation. As
a result, these vessels are characterised by high Cg and
large dimensions, which pigeonhole them into a specific
class segment that defines operational constraints and
creates a DWT ceiling for that class. The industry
prioritised construction cost, ease of production, and
maximum cargo capacity, while accepting known
hydrodynamic inefficiencies as a mere operational cost.
However, the introduction of MARPOL Annex VI has
shifted the perspective of BC operators and charterers. It is
now clear that past designs are no longer fit for EEXI and
CII ambitions and will soon cost owners more to operate
and maintain. The solution is the rapid adoption of ESDs
within the bulk fleet, as shown in Figure 22 (LR 2025).
While many owners and operators have opted for passive
devices such as PBCF and Mewis Ducts, current research
at the University of Strathclyde is exploring the utilisation
of the GRS, a truly active ESD, on board Newcastlemax
BCs.

Bulk carrier orderbook showing EST uptake (Mo. vessels)

Stator Fin - Pre Swirl

Bow Enhancement 7.93% 249

Rudder Bulb

PBCF - Propeller Boss Cap Fin

Propeller Duct

Hull Fin
1,389

Rudder Fin Orderbook vessels

Flettner Rotor

No. of ESTs No ships % of total

Panel

2) 4-5 tech types 77 5.54%
3) 2-3 tech types 356
4) 1 tech type 159 1N.45%

Air Lubrication System 2563%

WHRS - Waste Heat Recover System

5) Zero tech types 797 57.38%

Kite | 0.07

Suction Wing

Variable Compression Ratie | 0.07

42.62% of orderbook fleet have at-least one EST installed

Figure 22: Bulk Carrier orderbook and various ESD
adoptions

The Newcastlemax BC is well placed as a candidate for the
GRS retrofit. Large bulk carriers suffer from inherent
instability in live ocean environments due to their full form,
a phenomenon known as the “large bulk carrier trilemma”.
Poor calm-water efficiency, inherent manoeuvrability
deficits due to the L/B ratio, and seakeeping penalties in
waves resulting from erratic rudder inputs to maintain
course combine to characterise the BC trilemma.
Conventional ESDs can improve calm-water efficiency;
however, they rarely address seakeeping or

manoeuvrability. As shown in earlier studies, the gate
rudder has proven capable of addressing all three aspects
of this trilemma, albeit on smaller vessels. Mewis Ducts,
PSS, and PBCFs are undeniably successful, mature, and
effective technical solutions, having proven to save a
significant percentage of the global fleet’s fuel
consumption, designed to augment the propulsive
efficiency as a whole; however, they omit explicit regard
for the operation of the vessel in adverse sea states.

As reported in the GATERS project (e.g., Koksal et al.,
2023) and in full-scale experiences with Shigenobu and
others (e.g., Sasaki & Atlar, 2024), the GRS advantage
increases under real-sea conditions, driven by higher
propeller loading from waves, wind, and hull fouling. The
harsher and more variable the environment, the more
pronounced the comparative benefit appears to become.

The CFD study of the Kamsarmax bulk carrier offers a
physical explanation for this behaviour. The effectiveness
of a conventional rudder is tightly bound to the strength of
the propeller slipstream. When propeller loading is
reduced, whether due to wave-induced speed fluctuations
or partial ventilation, the conventional rudder’s capacity to
generate lift and side force is degraded. However, the GRS,
by contrast, operates outside the main slipstream and is
largely decoupled from instantaneous propeller loading.

In heavy seas or when hull fouling is present, the GRS
maintains a more stable level of control authority, allowing
the ship to hold course and speed with fewer, less extreme
steering interventions. Taken together, these mechanisms
suggest that the overall operational benefit can be
conceptualised as the sum of three contributions, as shown
in the following equation, which directly counteract the BC
trilemma.

GainOperational ~ GainPropulsive + GainManoeuvring + GainSeakeeping'
B, A% k% s
Not only can the GRS be considered for retrofit on large
BCs, but current research is also exploring its impact on
newbuild design cases. The newbuild case presents an
opportunity to increase cargo-carrying capacity while
realising the GRS's fuel-saving potential.

Conventional rudder systems require the rudder to be
situated directly aft of the propeller, within the propeller's
slipstream. The GRS, in contrast, requires the rudders to
flank the propeller, essentially aligning them with the AP
along the same X coordinate. This means that anything
after the AP is no longer essential, as it serves no function.
This section is then removed; instead of shortening the
vessel, it is proposed to elongate the parallel midbody by
the same distance, thus preserving the original principal
dimensions to fulfil port requirements while increasing
cargo capacity, as shown in a representative sketch in
Figure 23.

Preliminary results have shown that, for a Newcastlemax
BC, this leads to a 6.41m elongation of the parallel
midbody, resulting in a 2.52% increase in DWT.
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Figure 23: Elongation of the parallel middle body
by means of the GRS application
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9 CONCLUSIONS

e The EC-H2020 GATERS project successfully
achieved its primary objective, i.e., to design,
build and demonstrate the first retrofit application
of the GRS on a commercial coastal vessel,
through dedicated sea trials and voyage
monitoring.

e The Power-Speed trials of M/V ERGE with GRS
showed approximately a 30-33% reduction in
shaft power and a 30% reduction in fuel
consumption at the same speed compared with the
ship’s trial results with CRS. Voyage monitoring
of M/V ERGE with GRS at full load further
confirmed this, yielding even greater fuel savings
in rougher sea conditions. This power saving also
includes a change due to the propeller.

e The manoeuvrability characteristics of M/V
ERGE also confirmed the major advantages of the
GRS, including reduced overshoot angles, higher
turning-circle speed, and the GRS’s trademark
crabbing capability. A further substantial
reduction in the measured URN levels also
complemented the GRS’s energy-saving and
manoeuvrability advantages.

e The experiences and knowledge gained through
the GATERS project, along with current and
future trends in GRS development, confirm and
suggest that the GRS may be the best ESD for
ships on the market, promising a step change in
ship propulsion and steering.
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