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Abstract

Energy Saving Devices are considered as a solution to improve propulsive efficiency in marine vessels.
However, performance prediction of ESD presents many challenges; both for full-scale CFD simulation
and for empirical methods used to scale-up the power prediction in model test. This paper evaluates
practice of power gain prediction for the well-known KVLCC2 with an energy saving device. A duct
with pre-swirl stator was designed and studied in a workshop with full-scale CFD simulation using
different commercial codes. Model scale tests were performed, and full-scale power gain was predicted
using ITTC recommendations. The comparison between different CFD codes and numerical techniques
which was used to setup a self-propulsion simulation showed that reliable power prediction with CFD
requires further improvement. On the other hand, the Reynolds number scaling of the small appendages
with complicates flow regime, put forward many questions on model test prediction practices for ESD
efficacy. Despite these issues, combining the existing tools, full-scale CFD and model test, should be
the base for ESD design and could be confirmed only with sea-trial. Today, especially in industry,
automated mesh generation are used to decrease the cost of setup and meshing in CFD simulations.
Most of these methods are developed for resistance prediction in vessels. This paper discusses the
considerations in evaluating the quality of simulation method for the purpose of ESD power gain
estimation.
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1. Introduction

EEDI requirements and global warming pushes the transportation industry to employ every measure for
reducing CO2. Fuel price volatility also incentivizes ship owners to investigate all possible methods to
decrease fuel consumption of their fleet. In addition to hull performance enhancement of new vessels
designed by using combined computational and experimental tools, there is always an interest in further
improvement of existing vessels by retrofitting and additional appendages.

For hull designers and model test basins, evaluating a new energy saving device, requested by costumer,
is a challenging task. An ESD designed to operate with a particular hull might deliver different
performance for a similar, but not identical, vessel depending on how well optimized the initial hull
design is. Therefore, it is imperative to evaluate ESD performance with reference to the specific hull.

Principal mechanisms of Energy Saving Device are explained in several references, including Terwisga
(2013), Wald (1965) and Dyne (1995), investigate the role of momentum manipulation components in
the flow as energy loss or gain. The summation of these gains and losses presents system performance.
This method of investigation discusses optimization of components (like PSS) separately and disregards
the interaction of components.

Kim et al. (2014) described in detail that designing the appendage like ESD requires the complete
information about full-scale wake region and boundary layer flow which is not provided by model scale
test and simulations. They concluded that in full-scale hull, the effect of ESD is less significant
compared to model scale due to Reynolds number dependency and ESD design should always be based
on the full-scale wake flow. Studies by Broberg and Orych (2013) and Kim et al. (2012) follow similar
approach by investigating the performance of different pre-swirl and ducted ESDs using SHIPFLOW
viscous flow solver combined with Lifting-line propeller modeling of the full-scale hull.
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As described by Carlton (2012), Energy Saving Devices are the appendages on hull for propeller thrust
augmentation. In a conventional propulsion-hull system, the regions in which hydrodynamic power loss
occur are divided into three zones (See Figure 1). In zone I, ESD manipulates the boundary layer flow
and reshape the wake behind the skeg to increase the uniformity of the inflow to the propeller (increase
Relative Rotative Efficiency ng). Pre-swirl fins and wake equalizing ducts are examples of the ESD
used in this zone. Ducted propeller and boss fin in zone Il attempt to modify the slipstream of the
propeller and increase Propeller Efficiency (n,). In Zone 111, Rudder-Bulb operates behind the propeller
to reduce the hub vortex and recover the energy loss due to propeller rotation.

The overall effectiveness of the ESD presents itself in different components of Quasi-Propulsive
Coefficient:
Pg
QPC = E=77077H77R
where the ratio of effective power (Pg) to delivered power (Pp) depends on propeller efficiency (1),
relative rotative efficiency (nz) and hull efficiency (ny)
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Figure 1 - Propeller thrust enhancement regions.

New guidelines are proposed in 29" ITTC by the specialist committee on ESD for scaling wake fraction
for vessels with pre-swirl device (see Lee et al. 2021) which includes Pre-Swirl Stator (PSS) and Pre-
Swirl Duct (PSD) installed at zone I. Two approaches are discussed in the guideline. First method
considers PSS — Propeller system as a combined propulsor which should be tested in open-water and
self-propulsion tests as one unit. The common scaling problem of laminar flow on model device occurs
in this method and needs to be addressed.

The other approach, which is selected by this study, assumes ESD as a part of hull and two sets of
resistance and propulsion test are carried out for hull with and without ESD. Open Water test is
performed on propeller without appendages. The scaling process for the wake uses this formula (Lee et
al. 2021):

FM
The role of PSS is mainly considered as increasing in the angle of attack for propeller blades and viscous

effects of the ESD is neglected. Therefore, Relative Rotative Efficiency is assumed to be scale
independent, but Pre-Swirl devices create tip vortices and might generate local separation zones along
the fins.

There are some attempts by Kim et al. (2017) to improve pre-swirl device prediction by introducing
correction factors separately for axial and tangential velocity components. The study is based on limited



studies on selected hulls. All these studies indicate that more effort is required to scale model test results
of hull with ESD. Full-scale CFD computation of a self-propelled ship, if performed properly, might
offer a better alternative.

Nowadays ESDs are designed by evaluating the wake flow either in model test or full-scale CFD
simulation. CFD simulation of a vessel, free to heave and pitch in two-phase viscous flow with free
surface, have improved in recent years and hull resistance computed for model scale hulls are very close
to model test measurements. However self-propulsion simulations with the same setup still requires
validation. More specifically when we are dealing with the effectiveness of the appendages near a
working propeller.

Many studies like Shin et al. (2013), Nielsen (2019) and Kim et al. (2013) evaluate the performance of
a particular ESD design by comparing CFD result in model scale with a test performed in towing tank.
As most commercial CFD solvers are validated for model scale resistance, applying the same setup,
such as mesh refinement scheme, wall function and acceptable range of Y+, for simulating full-scale
hull with ESD appendages can raise some questions. Isolated studies of a particular hull with and
without ESD might show improvement in required power, but a general methodology for evaluation is
not available yet.

Karsilnikov (2019) studied the effect of turbulence model and free surface simulation on nominal wakes
and Kim et al. (2014) performed full-scale self-propulsion simulation on various ESDs using Lifting-
Line propeller model. Study by Andersson et al. (2022) includes hull roughness as a contributing factor
in full-scale simulation comparisons. Much of the CFD simulations nowadays are performed using
commercial softwares and although some are dedicated marine hydrodynamic codes, there is a verity
of numerical models to select from.

The miniscule power gain from ESD and lack of accurate sea-trial measurements always bring the
reliability of the full-scale CFD into the question. Therefore, naval architects and model test basins are
faced with these choices to estimated ESD performance:
1. Using model test result and collect enough sea-trial measurements to find correction factors
and translate the ESD effectiveness into the full-scale performance.
2. Perform full-scale CFD simulation.
3. Combined CFD and EFD.

Strategy one is the approach presented in ITTC (see Lee et al. 2021) which is highly design dependent
and hard to be employed as a general guideline for all different types of ESDs. Second strategy has the
benefit of correct Reynolds number scaling and is the method being used in many current studies but
the problem of reliability of CFD models are still an open question. Until we reach a point that accurate
computations are available with reasonable computational costs, there should be a solution to combine
CFD and model test result and achieve a better estimation for ESD performances.

This paper presents our effort to define a test case for both model test investigation and computations
using state of the art CFD codes. The KVLCC2 test case was selected for a benchmark study organized
by SSPA Sweden and Chalmers University with 10 participants. Result of the workshop was published
in the paper by Andersson et al. (2022).

2. Test Case

We selected a vessel equipped with energy saving device in zone 1. The vessel is a single skeg KVLCC2
tanker with the length (Lep) of 320 meter. SSPA has designed a ducted PSS for this vessel to be installed
before propeller. Main particulars of these the vessel is listed in Table 1.



Table 1 - Main Particulars of the hull

Main particulars (Full Scale) KVLCC2
Length between perpendiculars Lpp (M) 320.0
Length at waterline Lwe (m) 325.48
Beam at waterline B (m) 58.0
Draft T (m) 20.8
Displacement A (m®) 312 784
Wetted area hull without ESD/Rudder S, hull (m?) 27 249
Wetted area rudder Sw Rudder (m?)  273.3
Wetted area ESD Sw ESD (m?) 81.8
Propeller Diameter Dp (M) 9.860
Hub Diameter Db (M) 1.528
Number of blades N 4
Expanded blade area ratio Ae/Ao 0.426
Propeller Pitch P/D, 0.70R 0.721

2.1 Pre-Swirl Stator with Duct - KVVLCC2

KVLCC2 is the second variant of tanker developed by MOERI to be used as a test case for CFD
investigations. This hull is used in several numerical studies including Gothenburg 2010 Workshop
(Larson et al. 2014). Along with computational simulations, extensive model tests were caried out on
this hull (Kim et. al 2012, SIMMAN 2014 workshop). The vessel has a short skeg with a sharp gradient
of hull-lines toward propeller hub. Pre-conditioning of the wake flow into the propeller using duct and
pre-swirl stators was a good choice of ESD for KVLCC2. SSPA designed a ducted PSS (Figure 2 -
Combined Duct/PSS designed by SSPA for KVLCC2.Figure 2) and manufactured a hull model in scale of
1:45.714 with and without ESD for testing in towing tank.

Figure 2 - Combined Duct/PSS designed by SSPA for KVLCC2.

The device is a combination of a duct and PSS which has three blades; two are located on the port side
and one on the starboard side (see Figure 3). The additional wetted surface of 82 m? is considered in the
evaluation. Hull geometry was slightly modified for the purpose of manufacturing. Propeller was
manufactured based on propeller KP458 designed by MOERI provided in SIMMAN workshop.

Towing tank tests were performed on a manufactured model in SSPA facility. Propeller open water test,
resistance test, self-propulsion test and wake measurements were performed for model with and without
ESD installed. Tests were performed in free to heave and pitch condition with loading at design draft
equivalent to 20.8m in full-scale and a range of speed from 12kn to 16kn.



Figure 3 - KVLCC2 model hull with propeller and ducted PSS installed.

The design of ESD was based on full-scale simulations performed by SHIPFLOW viscous RANS
solver. The predicted power saving for full-scale ship according to SHIPFLOW computation was 2.9%
in 15kn speed with 2% RPM reduction. Total Wake Fraction in full-scale, without working propeller,
is shown in Figure 4 for hull with and without ESD.
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Figure 4 — SHIPFLOW simulation, Total wake fraction for Full-scale KVLCC2 in 15kn and design draft, with and
without ESD.



Result of the full-scale prediction from model test based on modified ITTC78 method is presented in
Figure 5. The prediction presents nearly 5% power reduction in speed of 15kn with the ESD. The total
wake fraction measured for design draft in 15kn speed is presented for the hull with and without ESD
in Figure 6. For the comparison, wake fraction simulated by SHIPFLOW is presented for model scale
in Figure 7.
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Figure 5 - Full-Scale prediction from model test KVLCC2 (modified ITTC 1978 evaluation)

Looking forward. Looking forward.

Radii in mm. Radii in mm.

Dashed circles are propeller- o°
and hub diameter.

Dashed circles are propeller- 0°
and hub diameter.

330° 30° 330° 30°

270° 90° 270°

o0°
o
240 240° 120°
o o
210 150° 210° 150°
Ship speed V =15.0 kn Ship speed V, = 15.0 kn
—_— me 180° — 180°
—_ o
Total wake fraction w Total wake fraction w
T T T 3
0 0.1 02 03 0.4 05 06 0.7 0.8 09 ! o ST 02 03 04 05 06 07 0.8 09
a. Barehull b.  With ESD

Figure 6 - Total wake fraction for KVLCC2 model in 15kn and design draft, with and without ESD.
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Figure 7 — SHIPFLOW simulation, Total wake fraction for K\VLCC2 model in 15kn and design draft, with and
without ESD.

3. Numerical Method

Not all the CFD methods have the same reliability when it comes to evaluating the effectiveness of the
ESD. Some modeling techniques are not capable of capturing the complicated flow regime created by
the ESD appendages. On the other hand, simulating a full-scale ship with working propeller and hull
motion in free surface is very challenging and costly. Meshing strategy should aim to simultaneously
satisfy the necessary resolution for propeller and ESD and at the same time simulate the full-scale
boundary layer flow over large hull surface.

For designing the Ducted PSS on KVLCC2 hull, we used SHIPFLOW 6.5 together with lifting line
approach for propeller thrust simulation. Wave resistance and sinkage and trim of the hull was simulated
by potential flow solver in SHIPFLOW and added to the double-body viscous self-propulsion
simulation. For turbulence model, EASM was used on a structured mesh with 28 million cells and y+
equal to 1. Average Hull Roughness was considered aa AHR=100 micron. The transverse projected
area above the water line of the KVLCC2 hull was assumed Ar=1200m? and was included in the
resistance estimation using ITTC empirical formula.

The next series of CFD simulations were performed using NUMECA/FineMarine 9.2. Unsteady RANS
simulation with free-to-heave and pitch, full-scale hull was performed. Sliding mesh was used for the
rotating propeller in self-propulsion simulation. The modelling approach for free-surface was Volume
of Fluid (VoF) and SST k-o was selected as turbulence model. Equivalent sand grain height of 90um
was considered as equal to the AHR=100um and for all the surfaces (except deck), No-Slip boundary
condition was used with wall-function.

Hexpress 8.2 was used to create two domains belong to hull and cylindrical sliding mesh around
propeller. In total 16 million unstructured cells were used in the computation which consisted of 6.5
million cells for propeller domain. The wall function was used with Y+ value equal to 250. Figure 8
shows cross-section of the mesh, including sliding mesh around the propellers.



Figure 8 - HEXPRESS mesh for KVLCC2 hull with propeller sliding mesh

For self-propulsion simulation, initial quasi-static time-marching simulation was performed to ramp the
hull speed and allow the hull motion to stabilize. Then computation continued with unsteady, rotating
propeller with much smaller time steps to balance the resistance and thrust forces. A built-in PID
controller was responsible for automatically changing the propeller RPM to achieve the force balance.

4. Simulation Results for KVLCC2

FineMarine simulation for the full-scale hull without propulsion provided hull resistance, sinkage, and
trim values. Axial velocity component contour is presented in Figure 9 — Full-scale resistance simulation of
KVLCC2 with and without ESD at 15kn.Figure 9 for hull with and without ducted PSS. The azimuthal
distribution of hull wake is modified with the stators and duct.

a.  KVLCC2 hull with ESD b.  KVLCC2 hull



Figure 9 — Full-scale resistance simulation of KVLCC2 with and without ESD at 15kn.

The self-propulsion FineMarine simulation result over-predicted the adjusted RPM and ESD showed
adverse effect on delivered power required for self-propelled hull. Surface roughness value selected for
hull played an important role on full-scale self-propulsion computation in which it directly increased
thrust required to overcome the hull resistance.

Figure 10 is a snapshot of the axial velocity field with the working propeller with and without ESD at
speed of 15kn. Transverse cross-section contour is located after ESD and before propeller. Modified
wake has a balanced distribution of velocity on the entire circumference of the propeller. The
computational results were submitted to a workshop and published in Andersson et al. (2022).

a.  KVLCC2 hull with ESD b. KVLCC2 hull

Figure 10 — Full-scale self-propulsion simulation of KVLCC2 with and without ESD at 15kn.

6. KVLCC2 Benchmark Study and Conclusion

The result of KVLCC2 simulation using FineMarine was presented in a workshop organized together
with Chalmers university where in total 10 different participants submitted their computations for the
hull with ESD designed in SSPA (Andersson et.al 2022). Eight different CFD codes were used in the
study and power difference predictions are presented in Figure 11. The submitted results included some
outliers, but even the rest of computations were not conclusive in providing performance enhancement
for the hull with ESD.

Scatter in the result suggests the influence of different propulsion models, either a fully modelled
propeller with sliding mesh (blue dots) or simplified potential-flow based models (red dots). Participant
were asked to consider full-scale hull roughness equivalent to AHR=100um, there was also different
approach on implementing the roughness effect, either directly in CFD computation or by empirical
correction. As roughness plays and important role on wake field formation, different approaches might
have predicted the performance of ESD differently.

Overall, the workshop result showed important factors to be considered while performing direct full-
scale self-propulsion CFD simulation. There are direct links between assumed roughness, correct trim
angle and sinkage and propulsion model with the required hull thrust. Self-propulsion simulation uses



PID controller and adjust propeller RPM to compensate for the total hull resistance. The inflow and
outflow conditions of the propeller would augment the flow condition for ESD therefore makes it
difficult to compare ESD efficiency in different simulations.
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Figure 11- Delivered Power difference for the 22 computations by 11 participants submitted in the workshop.

A propeller is designed or selected for specific hull with a given resistance and hull wake. Since
propeller re-design is not included for the ESD evaluation process, additional appendages change the
hull resistance and required thrust. Using the same propeller constitute a change in the propeller RPM
to deliver the thrust, which is reflected in delivered power change as rotational speed directly correlates
with the delivered power (P, = Q X w). This closed feedback loop affects the simulation result
independent of the computational quality of the simulation or CFD model selection. Clearly, we need a
well-defined strategy for full-scale CFD simulation to reduce inter-dependent parameters for comparing
the results.
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