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ARTICLE INFO ABSTRACT

Handling Editor: Prof. A.L Incecik A ship performance model is an important factor in energy-efficient navigation. It formulates a speed—power
relationship that can be used to adjust the engine loads for dynamic energy optimisation. However, currently
available models have been developed for sea-going vessels, where the environmental conditions are signifi-
cantly different from those experienced on inland waterways. Inland waterway shipping has great potential to
become a mode of transport that can both improve safety and reduce emissions. Therefore, this paper presents
the development of an energy performance model specifically for inland waterway vessels (IWVs). The holistic
ship energy system model is based on empirical methods, from resistance to engine performance prediction,
established in a modular code architecture. The resistance and propulsion prediction in confined waterways are
captured by a newly developed method, considering a superposing of shallow water and bank effect. Verification
against model tests and high-fidelity simulations indicate that the selected empirical methods achieved good
accuracy for predicting ship performance. The resistance prediction error was 5.2% for single vessels and 8% for
pusher-barge convoys based on empirical methods. The results of a case study investigating the performance of a
self-propelled vessel under dynamic waterway data, indicate that the developed model could be used for onboard
power monitoring and energy optimisation during operation.
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1. Introduction

The transport sector accounts for a significant part of Europe’s
greenhouse gas emissions (Eurostat, 2023),with road transportation
comprising a dominant part of the European Union’s freight shipping
network for the past few decades. With increased restrictions on emis-
sions and congestion on the roads, a practical solution must be found to
ease the pressure on road-based transportation in an efficient and sus-
tainable manner. One solution with significant potential involves Eu-
ropean inland waterways, which have a total length of over 40,000 km
and connect hundreds of major cities and ports. Nevertheless, these
rivers and canals have been underused for goods transportation during
recent decades. Compared to other transport modes, inland waterways
comprise only 6% of the EU’s inland freight transport (Eurostat, 2022).

A shift from road-based to inland waterway transportation would
result in more energy-efficient transportation and reduced emissions.
The increased use of inland waterways should, however, be planned to
meet future expectations and demands for sustainable, efficient, and
reliable modes of transport. Fossil-free transport options with a high
degree of automation or autonomy are considered as future solutions.
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The EU-funded project AUTOBarge (European Commission, 2020),
which is studying these issues, aims to build a smart waterborne trans-
portation network by utilising autonomous inland vessels for intelligent
shipping. Thus, it needs numerical simulation models to capture and
analyse different inland waterway vessels’ (IWVs) characteristics and
performance, to determine whether new designs are needed and how
they should be safely operated, navigated, and routed. Such a model
should include a vessel power prediction tool, a manoeuvring model and
a routing or voyage planning model.

Existing ship performance models have been developed for sea-going
vessels, where the environmental inputs are different from those expe-
rienced on inland waterways. The current study presents the develop-
ment of a new power prediction model specifically developed for inland
vessels. To improve the competitiveness of inland shipping regarding
energy efficiency and emissions reduction, an accurate estimation of
energy consumption with computational efficiency is a critical factor. A
ship performance model provides an effective method of simulating and
studying a ship’s energy system by considering the desired sailing speed
and the interaction with dynamic water conditions, the so-called
speed—power relationship.
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Nomenclature

Awp Ship waterplane area [m?]

B Ship beam [m]

C Duct chord length [m]

Cg Block coefficient [-]

Cr Frictional resistance coefficient [-]
CFD Computational fluid dynamics

Cw Wave resistance coefficient [-]

D Propeller diameter [m]

d Distance between vessel and bank [m]
DoF Degree of freedom [-]

ETA Estimated time of arrival [h]

FCopj Objective function of fuel consumption
Fry, Depth Froude Number [-]

Frpq Depth Froude Number (deep water) [-]
H Water depth [m]

WV Inland waterway vessel [-]

k Ship form factor [-]

L Ship length overall [m]

Tprop Number of propellers [-]

Pp Delivered power [kW]

P Effective power [kW]

Pg Service power [kW]

Ppax Engine limits [kW]

Q River discharge rate [rn3/s]

Raw Added wave resistance [kN]
Rpank Bank-induced resistance [kN]

Ry Squat-induced resistance [kN]

Ry Total resistance [kN]

Ry Wind resistance [kN]

SFOC Specific fuel oil consumption [g/kWh]
Sw Wetted surface area [m?]

T Ship draft [m]

t Thrust deduction factor [-]

UKC Under keel clearance [m]

Vs Ship speed [km/h]

Uc Speed of currents [m/s]

We River channel width [m]

Wg Effective wake [-]

Yinfl Influence distance of bank effect [m]
Ny Hull efficiency [-]

1, Propeller open water efficiency [-]
g Relative rotative efficiency [-]

R Shaft transmission efficiency [-]
Prw Fresh water density [kg/rn3]

Psw Sea water density [kg/m°]

T Propeller thrust ratio [-]

1.1. Categories of ship performance models for open water conditions

The currently available ship performance models discussed in the
literature can be divided into two types: (i) white box models, which
consider the physics and engineering properties of the ship, and (ii)
black box models (or data-driven machine learning models), which
utilise large amounts of field data from measuring ship parameters and
environmental inputs to build a regression model to predict energy
consumption during dynamic operation.

Regarding the performance of ship energy systems-based models
(white box models), active research has been focusing on conventional
ocean-going vessels. Calleya (2014) developed the Ship Impact Model
(SIM) for the quick prediction of standard commercial ships’ energy
performance with different techniques for reducing carbon during the
early design stage. Lu et al. (2015) designed a semi-empirical perfor-
mance prediction model which aims to estimate ship fuel consumption
at corresponding sea states and encounter angles. Tillig et al. (2017)
proposed a holistic ship energy performance model that can systemati-
cally estimate a ship’s energy consumption by integrating sub-models
that represent the key parameters of the entire energy system. The
model can either be used in the early design phase for energy prediction
with limited input or for analysing the performance of existing vessels
using detailed hull parameters and environmental data. Similarly,
Huang et al. (2021) developed a whole ship model with an extended
method for ice resistance estimation, enabling the use of the model for
ships travelling Arctic routes.

In addition to these empirical formula-based models, several data-
driven models, based on ample measured data from different ship hull
types and journeys, have also been developed in recent years to predict
ship performance (Hu et al., 2019; Karagiannidis and Themelis, 2021;
Lang et al., 2022; Parkes et al., 2018). Gupta et al. (2022) proposed a
machine learning (ML) method to predict the hydrodynamic perfor-
mance of commercial vessels using collected service data. Bui and Perera
(2021) developed an ML-based framework to quantify the best ship
performance under local operational conditions, such as trim-draft and
corresponding engine modes. Yuan et al. (2021) proposed a data-driven
model for predicting the instant ship fuel consumption based on data

collection from various onboard sensors, and a heuristic optimisation
algorithm was utilised to optimise the engine speed for reducing fuel
consumption. In these black box models, researchers established
training sets from full-scale trial data and considering the impact of
parameters such as hull form, sailing speed, weather input and engine
limits. These prediction models have demonstrated good generalisation
ability, allowing for their onboard adaptation as a rapid prediction tool
during navigation.

1.2. Performance models for inland waterways vs open water

In general, there are many available ship performance models that
work well for ships on open water. However, the sailing conditions on
inland waterways differ considerably from those on open waters. As an
example, the confinement effect of waterways significantly impacts a
ship’s propulsion power. Further, course keeping and manoeuvring is
more important on inland waterways due to the constrained space of
rivers and canals. Consequently, the models developed for sea-going
vessels become less applicable on confined waterways as they do not
consider the shallow water and bank effect but focus instead on the
added resistance from wind and waves, which are less significant on
inland waterways.

For a ship sailing on inland waterways, the decreased water depth
and confinement due to channel geometry can have a significant impact
on the flow field around the ship. The accelerated water around the
ship’s hull leads to a sinkage and trim of the vessel and thus increase
hydrodynamic forces. Therefore, an accurate prediction of shallow
water resistance and propulsive factors is critical for power estimation
and computation of energy consumption. Several empirical models have
been proposed for the prediction of inland water resistance based on
experimental results (Aztjushkov, 1968; Geerts et al., 2010; Karpov,
1946; Landweber, 1939; Schlichting, 1934). Such methods use empirical
formulas for deep water resistance and include a speed correction in
shallow water. However, Raven (2016) investigated these methods and
uncovered their various shortcomings due to their lack of a physical
basis and oversimplification of the problem in real inland water sce-
narios. In addition, these formulas were derived based on data from
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conventional sea-going vessels, whose hull forms are distinctive from
inland vessels; thus, the formulas become less applicable when used for
rivers and canals.

In recent years, an increasing number of model tests have been
conducted to collect benchmark data with a special focus on inland
vessels (Friedhoff et al., 2019; Mucha et al., 2017, 2018; Zeng et al.,
2018). Friedhoff et al. (2019) conducted an experiment using a Particle
Image Velocimetry (PIV) test to investigate the effect of water depth on
the wake fraction of a large Rhine vessel in different stern shapes. In
addition, Zentari et al. (2022) conducted systematic model tests to
investigate the resistance and propulsion of different arrangements of
pusher-barge convoys to study the confinement effect on inland vessels.

Along with the model test development for inland vessels, research
over the past decade has used computational fluid dynamics (CFD) to
investigate the effect of restricted waterways. Extensive studies (Du
et al., 2020; Islam et al., 2021; Linde et al., 2017; Zeng et al., 2019; Zou
and Larsson, 2013) have been performed to predict resistance and pro-
pulsive factors in shallow or confined waterways. Campbell et al. (2022)
utilised the RANS-based CFD method to investigate the influence of
changing trim and squat on total resistance on confined waterways,
followed by a study on dynamic trim optimisation and the effect of
various sailing speeds. In addition, Du et al. (2021) analysed the un-
steady hydrodynamic behaviour of a pushed convoy passing bridge
piers, and their computation of resistance squat and ship-generated
waves from CFD showed good agreement with their experimental re-
sults. With the help of mature simulation methods and computing
power, CFD can accurately predict hull forces for a ship on confined
waterways. However, both model tests and CFD simulations can only
predict a single operating condition (single water depth condition,
constant ship speed for a specific hull form) during each trial. The inland
vessels may encounter dynamic conditions in actual operation, such as
varying water depth, river width, current angle, and speed. Therefore,
the solution needs to build a regression model that considers the effects
of changing these parameters to cover real sailing conditions. However,
this approach requires numerous trials, which can be expensive and
time-consuming, and when the vessel type changes, the model may
become less applicable.

1.3. Objective and outline of the study

Regarding the power prediction methods for inland vessels, most
existing research focuses on the hydrodynamics of a particular ship type
in shallow or fully confined waterways (see, e.g., Du et al., 2020; Islam
etal., 2021; Linde et al., 2017). In contrast, the propeller and the engine
normally use simple equations with constant propulsion coefficients.
Besides, these methods are limited to a specific vessel type and thus lack
of applicability for generic application.

To the authors’ knowledge, there is no currently available study that
has developed a physics-based (White box) model for the performance
prediction of IWVs including the holistic energy system (combining hull,
propeller, and engine model). Therefore, this study presents a new
generic ship performance model for IWVs. It is computationally efficient
(rapid) with acceptable accuracy and only requires limited input pa-
rameters to model a vessel and simulate a voyage. Thus, it can be used
for multiple scenario simulations and Monte Carlo simulations to assess
energy consumption, compare operating conditions, and consider dy-
namic/optimised route planning, for example.

The model is an extensive development of the ship energy prediction
model ShipCLEAN (Tillig and Ringsberg, 2019), which was originally
developed for sea-going vessels. Due to the different characteristics of
inland vessels and sea-going ships, the new model presented in this
study has incorporated many changes to the major modules of the
ShipCLEAN model, such as ship hull modelling, resistance prediction,
propeller design and power prediction. Hence, it includes all the factors
needed for a IWV to represent its energy system and hydrodynamics. The
study performed and presented a validation against model tests on
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different inland vessel types to investigate prediction accuracy.

The remainder of this article is organised as follows: Section 2 out-
lines the energy performance model and identifies the major challenges
for ship performance prediction in inland waterways. Subsequently,
Section 3 presents an overview of the new model, called ShipCLEAN-
IWV, including a detailed discussion of each sub module, which also
presents the important factors for the entire energy system. After that,
Section 4 demonstrates the simulation and validation against the model
tests, followed by case studies of single vessels and pushed convoys with
different loading conditions to analyse energy consumption during
operation. Finally, Section 5 summarises the development of the model
and presents the conclusions of the study.

2. Holistic ship energy system modelling

The new ShipCLEAN-IWV model presented in this study is an
extension and modification of the ShipCLEAN model developed by Tillig
and Ringsberg (2019). Section 2.1 gives a short presentation of the
original ShipCLEAN model, Section 2.2 highlights new features that
have been modelled in the new ShipCLEAN-IWV model, followed by
Section 2.3 that the presents applicability of the new model.

2.1. ShipCLEAN for sea-going vessels

ShipCLEAN was originally designed for commercial vessels on open
water. The model follows a modular concept of a ship’s energy system,
in which each module represents a critical component of the entire ship
for energy systems analysis, such as the hull form, resistance prediction,
propeller, engine modelling and units for wind-assisted ship propulsion.
The model development process can be found in detail in Tillig et al.
(2017, 2018) and Tillig and Ringsberg (2020). One advantage of such
modular-based architecture is that modules can be modified or added
depending on their purpose within the ship’s energy system. The Ship-
CLEAN model consists of two major parts, one for static power predic-
tion called ShipPOWER and the other for dynamic operation with
routing and weather data called ShipJOURNEY.

The overall objective of the generic ship energy model is to use
limited input parameters to perform power predictions and energy
consumption estimations. During the early design stage in particular, the
geometry and detailed hull form data are normally unavailable. As a
result, ShipPOWER uses basic parameters such as ship type, main di-
mensions (length, beam, draft, displacement), propeller arrangement
with rpm, and design speed to estimate static power and energy con-
sumption using a combination of empirical formulas and interpolation
methods. Since it is based on empirical approaches, the computational
time is quite short compared to CFD simulation. Moreover, the model
considers various kinds of ships, and its input parameters can be easily
modified to represent a specific vessel type. The output of ShipPOWER
includes.

(i) hull form, based on standard series with remaining dimension
parameters such as wetted surface and superstructure,
(ii) resistance curve in calm water,
(iii) power prediction based on sea states and wind,
(iv) propeller properties,
(v) engine performance with energy consumption prediction, and
(vi) linear hydrodynamic parameters.

These predictions become a critical input for the second part of the
model, ShipJOURNEY, which focuses on the dynamic prediction of ship
energy performance during operation. The input parameters consist of
the output from ShipPOWER, routing data, weather information and
operation conditions, such as loading rate, design speed and sailing
mode (e.g., constant speed, constant power, estimated time of arrival
(ETA)). ShipPOWER estimates the power demand, energy consumption,
speed and ship attitude (yaw and heel angle) at each waypoint in the
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route to predict the ship’s performance during dynamic operations.

ShipCLEAN was validated against model tests and full-scale mea-
surements for different ship types, and the results showed good agree-
ment between the model’s predictions and actual measurements (Tillig,
2020).

2.2. ShipCLEAN-IWYV for inland waterway vessels

The empirical methods in ShipCLEAN were selected for conventional
sea-going vessels, for which the effects of shallow and confined water-
ways were not considered. Many researchers have confirmed that such
effects are critical for resistance prediction and power estimation on
confined waterways and must be included in a model for IWVs (Kulczyk,
1995; Millward, 1989; Mucha et al., 2018; Raven, 2016). Additionally,
the sailing conditions for IWVs differ significantly from open water
conditions. Moreover, the properties of IWVs (hull type, propulsion
units, rudder arrangement and engine parameters) differ from those of
ships sailing in open water. Therefore, based on the modular architec-
ture of the original ShipCLEAN, this study proposed a new model aiming
at capturing the characteristics of IWVs, which is called
ShipCLEAN-IWV.

Like the original model, the objective, and characteristics of the
ShipCLEAN-IWV developed in this study are to propose a simulation
model that enables performing a fast and accurate prediction on pro-
pulsion power and energy consumption for inland vessels. Therefore, the
model utilises a modular architecture and is developed based purely on
empirical methods.

For the resistance prediction module, this model includes the effect
of changing water depth by an integration of empirical methods in
shallow water, and the results were validated against experimental data.
In addition to the shallow water resistance, the model also includes an
estimation of the bank effect from a collection of publicly available
model test results. To give an accurate prediction on propeller efficiency
for IWVs, the study modified the previous propeller module using the
blade section details of classical inland propellers and incorporated a
duct design. Besides, the engine module was proposed from a regression
analysis of diesel engines with different power range. The development
of these modules, modification of empirical formulas and methods used
are presented in Section 3 in detail.

2.3. Applicability and limitations of the model

The model was designed for conventional IWVs on European inland
waterways, such as tankers, container ships and self-propelled barges.
Therefore, the propulsion system modelling only considers commonly
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used devices (such as screws or ducted propellers and diesel/gas en-
gines). As a result, the model mainly focuses on classical vessel types,
propulsion units and engine systems. Novel equipment, such as water-
jets, electrical engines, and hybrid engines, are not included in this
paper.

For the bank-effect estimation, the channel wall is assumed to be
vertical, and thus the impact of detailed parameters, such as bank slope
and geometries, are not included in the present study. Moreover, since
the model was designed for normal sailing conditions on inland water-
ways, the ship’s hydrodynamic behaviour while crossing locks and
bridge piers is out of scope. In addition, the current model does not
include the effects of neighbouring ships passing the target ship at close
distance, which may affect the resistance or manoeuvrability of the
target ship.

3. Performance model ShipCLEAN-IWV
3.1. Model overview

Fig. 1 presents the overall structure of the developed model. The
simulation input parameters include vessel dimensions, propeller char-
acteristics, engine limit and the desired operational water depth. The
model output includes the prediction of the propulsion power and en-
ergy consumption under dynamic conditions encountered on inland
waterways, including speed of the river currents Uc and varying water
depth.

The major components of the ShipCLEAN-IWV energy system model
are represented by the following modules: i) the geometry estimation
calculates the wetted surface area and superstructure dimensions from
the basic model’s input; if the studied vessel’s details are available, the
module output can be easily replaced by the actual ship wetted surface
and wind resistance coefficient; ii) resistance prediction represents a
critical factor which includes the confinement effect of inland water-
ways; iii) the propulsive factors consider the effective wake and thrust
deduction including effects from the varying water depth, and the re-
sults become important factors in the subsequent propeller design; iv)
the propeller is modelled using OpenProp with blade section details of
commonly used ducted propellers for inland ships; this module aims at
providing detailed propeller open water curves rather than using
equations only to determine propeller efficiency; v) the engine model
can predict fuel oil consumption based on the model’s inputs and results
from previous modules; and vi) the dynamic operational analysis uses a
defined route with water depth, bank width and current speed at each
waypoint for the total fuel consumption calculation. The following
subchapters describe how these modules were developed or revised

s N\

IWV Geometry
*  Super structure
*  Wetted surface
*  Wind resistance

Propeller Design

Engine Modelling

Output

Resistance Prediction

5 P %

Input coefficients
+ Dimensions — \ J \_ J Speed-Power
lationshi
+ Propeller D, rpm . :‘arlons ip
+ Engine limits o .
+ Water depth 7~ consumption at

Propulsive Factors
*  Wake fraction

+  Thrust deduction * Pg/Puax
+  Varying H/T + SFOCcurve
+  Ship speed
J J

FC Estimation each waypoint

Dynamic H/T, U,

Inland Waterway Vessel (IWV)

Fig. 1. Overview of the ship performance model ShipCLEAN-IWV.
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based on the modules in ShipCLEAN (Tillig, 2020).

3.2. Process and units for performance prediction

3.2.1. Resistance prediction with confinement effect

Resistance prediction is a critical part of the energy system model
since the estimated total resistance Ry has a direct impact on the demand
power prediction as well as the energy consumption results. In the
original ShipCLEAN model, the resistance formula in open sea water is
given as:

Ry =0.5p5, Vs*Sw ((1 +k)Cr + Cr) + Ry + Raw (€]

where pg,, is the density of sea water, V; is the ship speed, Sy is the
wetted surface area, k is the form factor, Cr is the frictional resistance
coefficient, Cg is the residual resistance coefficient, Ry is the added
wind resistance and Ry is the added wave resistance, respectively.
Nevertheless, the sailing environment of inland waterways is signifi-
cantly different from open water conditions, an inland vessel might not
encounter ocean waves and rarely suffer from strong wind during daily
operation (Pompée, 2015). Therefore, the ShipCLEAN-IWV mainly fo-
cuses on the modification of the left term (calm water resistance) as the
confinement effect (e.g., shallow water and bank effect) can have huge
impact on the static power prediction. As shown in Fig. 1, the function
for wind resistance prediction is remained in the current model but will
be neglected during the simulation unless field measured wind data is
available. Previous studies (Linde et al., 2017; Raven, 2012, 2016)
proved that conventional speed correction methods in shallow water
involve significant limitations due to a lack of physical basis and over-
simplification. Therefore, this study developed a new resistance pre-
diction module that includes the shallow water and bank effect to
capture the characteristics of inland waterways.

Raven (2016) showed that the corrections for shallow water should
focus on the relationship between viscous resistance and water depth
ratio (%) in addition to a speed correction. A comparison of model test
data demonstrated that the results represent a significant improvement
over the conventional methods. However, this method only works for
I 2.0 (where H is the water depth and T is the ship draft), and the ship
types are mostly sea-going vessels. Zeng et al. (2019) subsequently
proposed an improved method for shallow water resistance prediction.
It is divided into the estimation of frictional resistance Cr, form factor k
and wave-making resistance Cy with the effect of £ and the functions of
hull forms; this method is especially useful for extremely shallow water
conditions (i.e., ? = 1.2). Since IWVs normally sail at relatively low
speeds, this study utilises the method from Zeng et al. (2019) only for
viscous resistance correction, and Cy remains the same in deep water.
Moreover, estimating k in shallow water requires detailed parameters
and is sensitive to specific ship types. Therefore, to make the model work
for a wide range of inland vessels, this study only uses Zeng et al. (2019)
formula for deep water k estimation and incorporates the more generic
method proposed by Millward (1989) for form factor correction.

Total resistance in the model is formulated as:

Ry =0.5p,, Vs’ SwCr + R + Rpanx (2

where pp,, is the freshwater density, Vs is the ship’s speed, Sw is the
wetted surface area, Rs is the additional resistance due to squat in
shallow water, Rganx is the additional resistance due to bank effect, and
Cr is the total resistance coefficient, which is computed as follows:

Cr = (1+ (kgeep + 2NK))Cr + Cyy 3)

where kg, is the form factor in deep water, Ay is the form factor
correction to shallow water from Millward (1989), and Cj is the fric-
tional resistance with the effect of water depth. The A, and Cj, are given
as:

Ocean Engineering 287 (2023) 115731

—-1.72
A\k=0.644 (?) C))

0.08468 H\
)
(logjoRe — 1.631) log,gRe + ¢, \ T

where c;, ¢ and c3 are determined by ship type. Zeng’s (2019) study
investigated three types of ships with different hull fullness, and Table 1
lists these parameters in detail, among them the Rhine Ship 86, is a
typical inland vessel and its parameters are thus selected as the baseline
for the simulations in this study. In contrast to the ITTC correlation lines,
the frictional resistance depends not only on Re but also on hull type and
%. Zentari et al. (2022) also concluded that Cr increases when the water

depth decreases, especially when ’% < 2.0, thus indicating that the con-
ventional ITTC method might underestimate frictional resistance in
shallow water. For the vessels whose hull shapes differ from the refer-
ence significantly, a “virtual ship method” is utilised to include the effect
of shape changes on resistance, as shown in Fig. 2. The draft of the
virtual ship is represented by T, which is computed by:

where the y is the equivalent factor, which indicates the fullness of hull
(see Appendix A).

The effect of dynamic sinkage is also considered in the prediction of
resistance. Raven (2016) proposed a sinkage prediction method based
on ship fullness and depth Froude Number Fry, given as:

Y
Asinkage /L:CZE

where ¢, is a coefficient depending on hull fullness with an average
value of 1.46 (Hooft, 1977), and Frps = —“— is the depth Froude

/0.3¢L
Number in deep water. Therefore, the sinkage-induced resistance is
computed as follows:

Fr/lz Frhdz
\/lfFth \/lfFrh,,Z

)

Rs / Ry = (AsintageAwr / V) 7 (8)

This equation suggests that the sinkage results in an increased wetted
surface area and, correspondingly, an increased hull resistance.

In addition to the shallow water effect, the hull resistance can also be
affected by the presence of banks in inland waterways. Lataire et al.
(2009) proposed a mathematical model for predicting the bank effect
based on systematic model tests, which use an influence distance y;yq to
determine the effective region for bank-induced force. If the distance
between the ship and the bank exceeds this value, no significant bank
effect is found on the hull forces and moments. The y;q is given as:

Ymﬂ = SB(Frh + 1) (9)

Further experiments and simulations concluded that resistance only
increases significantly if the ship is close enough to the bank wall. Mucha
et al. (2018) and Du et al. (2020) similarly observed that an obvious
resistance change occurs when the ship wall distance d decreases from
approximately 2.5 B to 1.0 B, where B is the beam of vessel. Therefore,
this study considered that strong bank effects would occur within this
region; and the bank wall distances of less than 1.0 B is not considered in
this paper due to the extreme difficulty and high uncertainty involved in
this additional resistance prediction. The study assumed the channel to

Table 1

Constants c1, ¢z and cg for different ship types (Zeng et al., 2019).
Vessel Cp [ C2 C3
Wigley hull 0.445 0.3466 —0.4909 —1.461
KCS 0.651 1.2050 —0.5406 —1.451
Rhine Ship 86 0.860 1.1680 —0.5238 —1.472




C. Zhang et al.

Ocean Engineering 287 (2023) 115731

Target ship

A

Fig. 2. Equivalent draft T, of the virtual ship, reproduced from Zeng (2019).

be rectangular with a flat bottom and vertical wall, as shown in Fig. 3.

The results of the bank-induced effects from Linde et al. (2017),
Mucha et al. (2018) and Du et al. (2020) (see Appendix B) are sum-
marised in Fig. 4. The figure shows that Rgank is affected by Fr, and
relative ratio of ship-bank distance and beam (d/B); if the ship sails at
high speed close enough to the channel wall, the additional resistance
can reach 30%. Based on the experimental measurements, Rganx can be
interpolated based on ship speed, position in the channel, and encoun-
tered water depth data collected during dynamic operation. According
to the experimental data in the aforementioned literature, the applicable
range for the total resisatance prediction is Fry varies from 0.1 to 0.75,
which covers the typical speed range of inland vessels.

3.2.2. Propeller design and propulsive factors

The propeller design is based on a parametric standard series defined
in OpenProp (Epps et al., 2009), if detailed geometry data is unavailable
during the early design stage. Due to waterway restrictions, ducted
propellers with nozzles are commonly used on inland ships to improve
the efficiency of propellers with a limited diameter. Therefore, this study
utilises the most used Ka-series propellers with nozzles to analyse the
performance of the propulsion units.

OpenProp uses basic input data, such as propeller diameter, disc

A

[y F
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v
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* Duetal. (2020)
40% o Muchaetal. (2018) / k
* Lindeetal. (2017) /
30%
&~
&
g
= 20%
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-
o
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Fry,

Fig. 4. Experimental and simulation data from Linde et al. (2017), Mucha et al.
(2018) and Du et al. (2020).
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>

A

Fig. 3. Channel cross section of the rectangular fairway used in this study.
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ratio and chord length at each blade section, as well as duct dimensions
for the propeller design and performance estimation. The propeller
thrust is computed from the resistance results divided by the number of
the propellers (nprp), and the propeller open water efficiency curve is
generated accordingly, which can be used to the dynamic power pre-
diction.

In terms of the propulsive factors, effective wake fraction (wg) and
thrust deduction factor (t) in inland waterways become difficult to
predict since most of the empirical methods were designed for open
water and do not include the interaction between hull and waterway
bottom. Model tests that include wake measurements in shallow water
are relatively few among the existing studies. The decreasing water
depth affects the flow field in the vicinity of the propellers, and stronger
flow separation may contribute to higher wake and thrust deduction in
limited water depths (Friedhoff et al., 2019; Kulczyk, 1995; Kulczyk and
Tabaczek, 2014; Rotteveel et al., 2017). Kulczyk (1995) indicated that
the difference between nominal wake and effective wake becomes
obvious in shallow water because the working propeller can suppress the
flow separation. Moreover, an accurate prediction of the thrust deduc-
tion depends on the stern geometry and the position of the propeller and
the rudder. Conventional methods, such as those used by Harvald
(1992), do not include the effect of water depth and stern tunnel and
thus may provide an incorrect estimation in inland waterways. There-
fore, to avoid overestimating the propulsive coefficients and to achieve
an accurate power prediction, this study used the wg and t from the
model test by Kulczyk and Tabaczek (2014), who designed their
experiment for inland ships with stern tunnels under different speeds
and water depths. Table 2 lists the values of these coefficients in detail.
The demand service power (Ps) can be computed using:

RrVs

Cs— (10)
NaMloMrNs

where P; is the propulsion power output of the engine, 5 is the hull
efficiency (ny =1 —t/1 — wg), 1, is the propeller open water efficiency,
ng is the relative rotative efficiency, set to 1.0 in the current study, and 7
is the transmission efficiency including the combination of gear box and
shaft loss, which is 0.97 in this study.

3.2.3. Engine modelling

Based on the power prediction at the design speed, an engine module
was developed according to the dynamic fuel consumption estimation.
This study adopts the engine MAN D2862 as a reference type, which is a
commonly used four-stroke diesel engine for inland commercial vessels.
According to the engine model, the instant fuel consumption can be
derived by the ratio between Ps and engine limits from the specific fuel
oil consumption (SFOC) curve, as shown in Fig. 5.

Apart from using the actual SFOC curve for the specific engine type,
this study also includes method to predict engine performance. Espe-
cially during the early design stage, the exact engine type is generally
unknown due to the limited available parameters. Therefore, the design
propulsion power is typically the only input. Under such conditions, the
highest value of power P, is determined by the R under the shal-

Table 2
Propulsive coefficients for twin propeller IWVs corresponding to varying water
depths (data can be found in Kulczyk and Tabaczek (2014)).

H Wg t

T

>3.0 Kristensen and Liitzen (2012) Schneekluth and Bertram (1998)
2.7 0.22 0.20

2.0 0.27 0.24

1.8 0.23 0.27

1.6 0.20 0.27

1.4 0.26 0.29

1.2 0.32 0.30
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lowest water depth (£ = 1.2) at the design speed and corresponding
propulsive coefficients from the open water curve. The SFOC prediction
is based on a mathematical model from Hidouche et al. (2015), which
used a single input parameter (power ratio Ps/Ppq) for the SFOC
calculation. The regression analysis was conducted using SFOC data
from marine engine manufactures, such as Cummins, MAN, Caterpillar
and Wartsila, with various power ranges. The equations of the model can
be found in Table 3 in detail.

Therefore, the vessel’s SFOC can be computed using either the actual
engine curve or a regression model depending on whether a specific
engine detail or just an estimation of the generic power limit was
available. The final fuel consumption (FC) is then determined based on
the aforementioned factors, which can be expressed as:

FC=SFOC(0.5pp,SwCr V5 +Rs + Rgang) Vs / 1y [ 110 / 1z [ s an
4. Results and discussion

This section presents example of simulation results, model verifica-
tion study and investigation on the energy consumption of inland ves-
sels. The purpose is to evaluate the applicability of the empirical
methods within the ShipCLEAN-IWV model when applied to confined
waterways and demonstrate its ability for dynamic monitoring of power
demand and energy consumption. Section 4.1 and 4.2 show the verifi-
cation of the resistance prediction module for single self-propelled vessel
and pusher-barge systems, the results are compared to model test data
under varying speed and water depth conditions from publicly litera-
tures. Section 4.3 discusses the power estimation and how it is verified
using full-scale measurement. The sensitivity analysis is presented in
Section 4.4, which aims to investigate the impact of individual param-
eters on the entire vessel energy system. Besides, Section 4.5 presents an
example study on the ship energy consumption under varying water-
ways data, vessel loading conditions (draft), and bank effect.

4.1. Single vessel: verification of resistance prediction

Fig. 6 shows the verification of the resistance prediction from the
model developed in this study using the experimental data from Mucha
et al. (2018). The figure indicates that in the case of deep water (when
% = o0), the estimated ship resistance Ry matched the experimental
values perfectly. With decreasing water depth, a significant increase in
resistance could be observed, and the comparison demonstrated that the
overall prediction results from the developed model agreed well with the
experimental data. Specifically, even for the shallowest case (I% =1.2),
the model still worked at low speeds (V < 0.9 m/s). When the ship’s
speed increased, the resistance difference became larger, such difference
might because the model did not consider a correction for the
wave-making component in shallow water and thus the total resistance
was underestimated. However, the shallowest case is relatively rare for
inland ships during daily operation, and high-speed sailing should be
avoided for safety when under keel clearance (UKC) is too small. In
general, the developed model provided an accurate prediction resistance
at different water depths despite being solely based on empirical
formulas.

4.2. Pushed convoy: verification of resistance prediction

In addition to the single self-propelled inland vessel, the study also
investigated resistance prediction for pushed convoys using the ship
model test results from the literature; the hull geometry and detailed
experimental data is available in Zentari et al. (2022). This experiment
included three types of barge arrangements: Convoy 1:1, Convoy 2:1,
and Convoy 2:2. The two digits represent the longitudinal and transverse
arrangements of the barges, respectively, as seen in Fig. 7. The water
depth, ship speed and total wetted surface area of each configuration



C. Zhang et al.

Ocean Engineering 287 (2023) 115731

T T T 1
— full load curve
propeller curve ||

1 1 1

190 1 1 1
400 600 800 1000 1200

1400 1600 1800 2000 2200 2400
Speed [rpm]

Fig. 5. SFOC curve of MAN D2862 marine diesel engine, reproduced from MAN Technical data sheet.

Table 3
SFOC prediction against Ps/Ppqy, from Hidouche et al. (2015).

Prax [KW] X = Ps /Ppax[%)] SFOC = f(X) [g/kW/h] Error [%]
100-300 0-20 398.89X 01987 1 8.945 10
20-100 242.51 — 0.810X + 0.0065X> 7
300-500 0-20 342.077X 01361 10
20-100 237.84 — 0.5957X + 0.0040Xx> 7
500-1000 0-20 327.708X 01262 1 1.984 15
20-100 230.192 — 0.4496X + 0.0033X> 10
1000-2000 0-20 296.346X 0093 _ 1,06 10
20-100 236.786 — 0.7577X + 0.0064X> 10
2000-10000 0-20 265.583X 09570 _ 1,743 7
20-100 240.204 — 0.9639X + 0.0064X> 5
>10,000 0-20 218.92X 00570 _ 1.4368
20-100 198 — 0.7945X + 0.0053X?
60 T T T . T
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Fig. 6. Ship resistance prediction compared to model test data from Mucha
et al. (2018).

were taken as the input, and the estimated resistance values are shown
in Fig. 8. A comparison of the results showed that the model prediction
fell within the range of experimental measurements for each
pusher-barge configuration. Thus, the resistance prediction module
could predict a generic ship’s shallow water resistance even with very
limited input. However, the results also reveals that the difference be-
tween the simulation and experimental values of resistance became
noticeable when the convoy speed increased with decreasing water
depth; this might be due to the interaction of the gap flow between the
barges and the pusher, which become stronger when the ship’s speed
increases in shallow water. However, such a change in resistance could
not be modelled with such limited input parameters, so this is out of

scope for this paper. In general, the verification against the experimental
data for single IWV and pusher-barge convoys indicated that the model
performed well for a fast and accurate prediction of shallow water
resistance.

4.3. Static and dynamic power prediction

The design of the propulsion units was based on the combination of a
heavy-load propeller with a nozzle since it is mostly used in inland ships.
The bladed section detail for the propeller was taken from the classical
Ka-470 type. However, for the duct design, only a few airfoil types are
available in OpenProp. Therefore, the duct was developed by incorpo-
rating the NACA 4315 mean line, which has a very similar sectional
profile to the N19A nozzle. The desired thrust ratio for the propeller was
80% of the total thrust. The propeller geometry is shown in Fig. 9,
showing a constant decrease in the thrust coefficient of the duct from the
OpenProp design.

The power prediction was verified using full-scale data from the
model test results in Friedhoff et al. (2019). The propulsive factors and
demanded power for four inland vessels with different stern shapes and
propeller configurations were investigated at three water depths (7.5 m,
5.0 m, and 3.5 m corresponding to full-scale). The results for two double
crew vessels were selected for this study as their propeller diameters are
identical; Table 4 lists the vessels’ dimensions. The wetted surface area
of each vessel was estimated based on the DTU and Holtrop—-Mennen
methods since these were not given in the literature. In addition, the
mean value of the two vessels’ results was selected (wetted surface area,
effective and delivered power) to mitigate the impact of a specific hull
shape, such as a flat stern or tunnelled aft. Because the aim was to
perform a power prediction with limited parameters, the influence of the
detailed hull shape could not be modelled with these inputs.

The power prediction at 7.5 m (£ = 2.68) is shown in Fig. 10, in
which the effective power P was computed using total resistance and
ship speed, and the delivered power Pp was then computed using the
hull coefficient 7, and an interpolation of 7, from the propeller open
water curve according to sailing conditions. The proposed model pro-
vided a very good prediction of the ship’s power demand at this water
depth. When the vessel operated at 18 km/h, a difference in P, between
the simulation and experimental values could be observed, but it was
still within 20%. Overall, the power prediction agreed well with tests
under most conditions.

The results when the water level decreased to 5.0 m are shown in
Fig. 11. The model was found to generate satisfactory predictions for
ship speeds of less than 14 km/h. The magnitude of power differences
became noticeable as the ship’s speed increased further. This might be
due to a stronger wave resistance when the ship sails in shallow water.
Nevertheless, a correction for the wave induced part of the resistance
was not included because a systematic method requires extensive model
test experiments or CFD simulations, and it strongly depends on the
vessel type, ship speed and water depth conditions (Du et al., 2020; Zeng
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Fig. 7. The pusher-barge configuration in the experiment (Zentari et al., 2022).
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Fig. 8. Resistance prediction for pushed convoy for different barge arrangements using experimental data from Zentari et al. (2022).

et al., 2020). Similarly, as seen in Fig. 12, the proposed model under-
estimated the propulsion power at the shallowest water level. However,
such a low under keel clearance made the calculation of wake field as
well as thrust deduction extremely difficult, which contributed to high
uncertainty in the estimation of delivered power. In general, the pro-
posed model matched the generic operational conditions of inland ves-
sels as it had good accuracy under most of the test conditions.

It also should be considered that the estimated wetted surface area
might also have had some effect on the power prediction. An accurate
wetted surface can easily be computed if the detailed hull shape is given,
which can improve the resistance and power estimations.

4.4. Sensitivity analysis

A sensitivity analysis was performed to investigate the influence of
the individual parameters on the energy performance of the entire ship.
The goal is to determine the most important factors according to the
magnitude change of the objective function with a small perturbation of
each input. The objective function is defined as ship FC,,; here, and the
sensitivity analysis focused on the gradient change of the FC, which can

be described:

oFC,
00;

FCObj(H,- + 80,’) — FCobj(H,» — 80,’)
2¢e0;

bj

(12)

where 0; represents the target parameter for the entire ship’s energy
system and ¢ is a small perturbation, which is set according to the
properties of each parameter. To mitigate the magnitude effect among
the parameters, the partial derivative is normalised accordingly:

S()‘ = lim
AG;—0

where Sy, is the sensitivity index for the FC variation with respect to the
individual parameters. The vessel used in the sensitivity analysis has a
length of 135 m, a beam of 11.45 m and a design draft of 3.2 m with a
total displacement of 4450 t (90% loaded condition). These dimensions
are typical for a large, self-propelled vessel (class type CEMT Vb) in
European inland waterways (CEMT, 1992). The vessel is assumed to
have twin screw ducted propellers with a diameter of 1.6 m, working ata
target water level of 6.4 m (}T’ = 2.0) and ship-bank distance of (d = 2.0

(13)

AFCi [FCo\ _OFCoy 6;
A, /0; T 00; FCuy
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Fig. 9. Propeller geometry (a), (b); and open water curve (c).

Table 4

Hull dimensions of the studied vessels in Friedhoff et al. (2019).
Parameters Unit M2053 M2054
L [m] 110 110
B [m] 11.44 11.44
T [m] 2.8 2.8
v [m®] 3162 3129
CB [-] 0.90 0.89
TNprop [-1 2 2
D [m] 1.6 1.6
Sw (estimated) [m?] 1799.27 1786.16

B) with a designed speed of 16 km/h, and the maximum engine limit is
approximately 2000 kW. Table 5 lists the target parameters and corre-
sponding initial values.

The results of the sensitivity analysis are shown in Fig. 13. The pa-
rameters which directly affect the FC calculation, namely Sw (6s), 7,
(013) and engine SFOC (6:14), has the highest sensitivity index. Four pa-
rameters (6, to 0,) for the propeller and duct design were investigated,
and the results shows that duct length is less sensitive than the other
factors. In terms of resistance, c; is the most sensitive, accounting for the
largest proportion among the resistance components, yet a rather
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straightforward method is commonly used to estimate it with high ac-
curacy. Besides, within the given bank distance, it is found that the
Rpank (represented by 6;9) become important as it causes more than
10% additional resistance, a small perturbation can have a certain
impact on fuel consumption estimation. In addition, the form factor k
and propulsive coefficients w, and t should be considered carefully since
they all had a sensitivity index above 0.25, which are considered as very
important parameters.

4.5. Example study for energy consumption with waterway data

To investigate the ship’s power demand and energy consumption
during dynamic operation, water depth data for a reach of the Seine
River with a total length of 153 km was selected from Linde (2017), and
corresponding channel width data was acquired from the MERIT Hydro
database (Yamazaki et al., 2019). The current speed U; was computed
according to two river discharge rates (Q = 500 m®/sand Q = 200 m3/s),
and the waterway profile can be found in Figs. 14 and 15. The vessel
described in section 4.4 was used for the simulation, in which four
loading conditions (40%, 60%, 80% and fully loaded) were simulated
using the waterway data mentioned above. The detailed dimensions for
each loading rate are listed in Table 6.

All the simulations were conducted assuming that the vessel

1000

Delivered Power Pp [kW]

8 10 12 14 16 18
Vs [km/h]

Fig. 10. Effective and delivered power prediction (% = 2.68).
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Fig. 11. Effective and delivered power prediction (2 = 1.78).
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Fig. 12. Effective and delivered power prediction ({ = 1.25).

Table 5
Parameters for the sensitivity analysis.

1d. Parameters Unit Initial value ¢

% Propeller diameter (D) [m] 1.60 0.10
0o Propeller speed (rpm) [n/min] 300 0.10
03 Duct chord length (C) [m] 0.80 0.10
04 Propeller thrust ratio () [-] 0.80 0.10
Os Wetted surface area (Sw) [m?] 2299.68 0.05
O Frictional resistance (Cr) [-] 1.77e-3 0.01
97 Form factor (k) [-1 0.47 0.05
Og Wave resistance (Cy) [-1 3.94e-4 0.01
2 Resistance due to squat (Rs /Rr) [-] 0.027 0.01
610 Resistance due to bank effect (Rgank/ [-1 0.138 0.01

Rr)
011 Effective wake (wg) [-1 0.40 0.10
612 Thrust deduction (t) [-] 0.30 0.10
013 Open water efficiency (1,) [ 0.45 0.10
614  Engine SFOC [g/kW/ 208.75 0.10
h]

constantly operates at its design speed of V; = 16 km/h. Fig. 16 shows
the influence of the loading rate on power and energy consumption
along the route. Compared to the average water depth, the shallowest
water causes a 70% power increase at 40% loading, and up to a 100%
increase in power under fully loaded conditions. The additional power
results in a significant increase in the fuel consumption rate. In the plot
of the bank effect, shown in Fig. 17, the dashed line does not show a
huge difference from the solid one along most of the route, which means
sailing at a distance 25% of the channel width to the bank has a limited
influence on overall energy consumption. However, the figure also in-
dicates that if the channel becomes narrow enough, the impact of the
bank effect will increase instant fuel consumption by 30% (indicated by
the blue box). The simulations for the bank effect on the accumulative
fuel consumption under various loading conditions and river discharges
are summarised in Fig. 18, where fuel consumption under 40% loading
at the centre of the river was selected as the reference (red dashed line).

11

6 7 8 9 10 11 12 13 14
Parameter Id

1 2 3 45

Fig. 13. Sensitivity analysis for the target parameters; the black and red dashed
lines represent [-0.1 0.1] and [-0.25 0.25] sensitivity index ranges,
respectively.

First, the ship draft influenced fuel consumption significantly: even
though the fully loaded condition increased the wetted surface area S,,
by 23% compared to the reference, the additional accumulative fuel
consumption is even higher than 69%, as shown in the right column of
Fig. 18 (a). Moreover, at a low discharge rate, the vessel consumes 6%
more fuel oil compared to when Q = 500 m>/s for upstream sailing at the
same speed, even though the average depth H only decreased by 0.3 m
(from 6.0 m to 5.7 m) and the current speed was considerably lower, as
seen in Figs. 14 (c) and Fig. 15 (c). Therefore, during daily operation,
either loading optimisation or speed optimisation including water depth
data should be considered to minimise energy consumption.
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Fig. 14. Waterway profile of the selected reach (Q = 500 m>/s).
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Fig. 15. Waterway profile of the selected reach (Q = 200 m®/s).

4.6. Discussion

Table 6

Vessel profile under different loading conditions. This paper has developed an integrated model to evaluate the energy
Loading rate [-] Displacement [t] T [m] Sw [m?] performance of IWVs. The modular-based model represents critical
40% 2590 1.85 1859.01 factors for the holistic propulsion system, and the overall goal was to
60% 3390 2.40 2014.94 provide a fast and accurate prediction of the demand propulsion power
80% 4190 2.94 2169.12

and energy consumption under dynamic inland waterway conditions.
The study investigated empirical methods with a specific focus on the
ship’s hydrodynamic properties in confined waterways. The accuracy of
the resistance prediction module was verified using the model test data
in the published literature. The results proves that the model could
capture the variation of the total hull resistance in restricted water.

100% 4990 3.50 2323.83
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Fig. 16. The effect of loading rate on propulsive power and fuel consumption rate when the ship is sailing downstream at a constant desired speed of 16 km/h, under

the discharge rate Q = 500 m>/s.
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Fig. 17. The bank effect on power and instant fuel consumption when the vessel is sailing downstream under 80% loading.

However, the model might have underestimated the drag force when the
ship’s speed increases in extremely shallow water. Therefore, a correc-
tion in terms of wave resistance should be considered in future work
using systematic CFD simulations.

The ducted propeller was designed to analyse the open water char-
acteristics of the propulsion unit. Through this, the propeller open water
efficiency could be derived according to the vessel’s speed and thrust
demand. The target is to give dynamic feedback on the propulsive

13

factors with respect to the operational conditions (ship speed, water
flow speed and geometry of the encountered waterways) instead of only
using an estimated constant. A comparison with the full-scale experi-
mental measurements indicates that the overall power estimation
agreed with most of the operating conditions, and the model is capable
of relatively accurate predictions using limited input parameters. In the
future, the power prediction will be further validated for different ship
types using experimental or even full-scale data.
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Fig. 18. Prediction of the accumulative fuel oil consumption under various distances to the bank and vessel loading rates.

The example study investigated an inland vessel’s accumulative
energy consumption under different loading conditions. Hydraulic data
from a small reach of the Seine River with a length of 153 km was
selected from the published literature. Four loading conditions for the
vessel, namely 40%, 60%, 80% and fully loaded, were studied under two
river discharge rates (200 m%/s and 500 m3/s). The results suggests that
the vessel’s draft has the highest impact on the fuel consumption under a
limited water depth. The fully loaded condition contributes more than
60% of the accumulative fuel consumption compared to low draft (40%
loading), even though the wetted surface area only increases by less than
25%. Then, the bank effect was investigated for a closer ship-bank
distance (Wic = 0.25); compared to water depth confinement, the bank

effect has a lower overall impact on the power increase. However, it
could still become significant if the fairway becomes narrow enough.
However, this study only considering the constant speed operation of a
single vessel. Varying speeds and pusher-barge convoy systems should
be included with a more detailed hydrodynamic model in future work.

5. Conclusions

This paper has presented the development of a holistic energy per-
formance model for inland vessels. The aim is to provide a fast and ac-
curate prediction of the ship’s resistance, power demanded and fuel oil
consumption with limited input parameters. The model was developed
based on an existing ship performance model, ShipCLEAN, which was
designed for open water. The objective is, first, to improve the resistance
prediction module and to enable it to consider the shallow water and
bank effect in restricted waterways. Second, a ducted propeller design
was conducted to capture the propeller efficiency and characteristics of
conventional IWVs. Then, the engine model was applied to dynamic
waterways data contains varying channel dimensions and ship positions
to analyse the impact of operation and encountered waterway condi-
tions on fuel oil consumption.

The resistance predictions were verified using published model test
data for single self-propelled vessels and various pusher-barge configu-
rations. The average model prediction error was approximately 5.8%,
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which showed good agreement with the experimental measurement.
The greatest resistance difference occurred with the ship sailing at the
highest speed under the shallowest water conditions (£ = 1.2). Thus, the
correction for wave making resistance in shallow water will be investi-
gated in a future study. For the resistance prediction for the pusher-
barge convoys, the overall model error was 8.7%. The increased dis-
crepancies were likely due to the complex interaction at the gaps be-
tween the pusher and the individual barges. Although the error was
slightly higher than the error for the single vessel, the predictions still
fall within the range of experimental measurement. The power estima-
tion indicated the model’s capability under generic operating condi-
tions, except for high-speed sailing in very shallow water, as the model
underestimated the delivered power significantly. Finally, the study
used a reach of Seine River data to analyse fuel oil consumption in dy-
namic inland waterways. The accumulated fuel consumption showed
that the vessel-bank distance had a limited impact on total fuel con-
sumption compared to the draft (loading rate) and water depth. How-
ever, sailing at 25% of the channel width still contributed 5% additional
fuel oil consumption compared to sailing at the centreline of the studied
waterway.

In conclusion, the model presented in the study is an effective
method for estimating the power demand and fuel oil consumption of
inland vessels. While the employed methods are primarily derived from
previously published studies, their combination and integration into a
single tool for predicting the energy consumption of inland water ves-
sels, without the need for extensive testing or computations and without
detailed knowledge of ship characteristics, represents a novel approach.
This results in a unique ship performance model.

The combination of empirical methods showed its advantages in
terms of computational efforts, accuracy, and robustness for generic
vessel operating conditions. However, several shortcomings of this study
should be addressed in future work. First, while the paper only
addressed longitudinal hull force, the hydrodynamic behaviour of the
vessel during steering (especially when the vessel makes a sharp turn in
curved channels) is also important in terms of fuel oil consumption. The
ship performance model should thus be extended with a three-degree of
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freedom (3-DoF) manoeuvring model to gain a better understanding of
the horizontal force and moment and their impact on energy con-
sumption. Second, the correction for wave resistance in shallow water
should be addressed to improve the model’s accuracy. Third, the effect
of ship generated waves is neglected due to model simplification; this
effect can be significant when the vessel sails in very narrow channel,
lock operation and crossing the bridges. However, to investigate wave
patten is complicated and requires experiment or high-fidelity CFD
simulation. In addition, the propeller performance should be investi-
gated thoroughly, such as the influence of the duct geometry, inflow
angle and axial speed since open water efficiency is critical to the power
prediction. Finally, this study assumed the channel cross section to be
rectangular (flat bottom with vertical walls); therefore, detailed ba-
thymetry data and current field should be utilised to analyse the effect of
channel geometry on the ship’s routing selection and energy consump-
tion in a future study.
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If the hull of the target inland vessel differs much from the references, e.g. the pusher barge train in Fig. 7, a virtual ship method is then applied
(Zeng, 2019). The equivalent factor y to compute the draft of the virtual ship is given as:

a —(H/T)%

r=- (log,yRe —2) tae

(A1)

where a; = 5.7472Cp — 1.2989 and a, = 0.5738¢!8493Cs_ It indicates that, the y depends on hull fullness (Cg), Re and water depth ratio (H/ T). With
the factor y, the frictional resistance of the target vessel is computed as:

S, S
Cr=Cro+ CFbl

A2
Sw Sw (A.2)

where S, is the vertical area (S, = 2LyT), S is the flat bottom (S, = LB), Cp, is the frictional resistance coefficient of vertical area, Cp, is the frictional
resistance coefficient of the flat bottom, the formulaes are given as:

0.08468
(log,oRe — 1.631)°

Fv

103 (a3
Co — 0.08169 14 0.003998 (9)
7 (logjoRe — 1.717)? log,gRe —4.393\ L
where D is the distance between the flat bottom to channel bed.
Appendix B. Collected data for Rgank estimation
Source H/TI[-] d/B [-] Fry [-] Ry [N] Ry (ref) [N] ARy [%]
Mucha et al. (2018) 1.2 3.537 0.474 17.55 17.44 0.63
1.2 3.537 0.561 27.69 27.50 0.68
1.2 3.537 0.605 36.48 36.10 1.05
1.2 3.537 0.648 51.28 49.48 3.63
1.2 2.358 0.474 18.40 17.44 5.50
1.2 2.358 0.561 29.63 27.50 7.74
1.2 2.358 0.605 39.32 36.10 8.91
1.2 2.358 0.648 52.60 49.48 6.30
1.2 1.179 0.474 21.16 17.44 21.3
1.2 1.179 0.561 33.88 27.50 23.2
1.2 1.179 0.605 43.86 36.10 21.5
1.2 1.179 0.648 66.92 49.48 35.2
Du et al. (2020) 6.0 3.684 0.287 1.637 1.633 0.23
6.0 3.684 0.439 3.541 3.535 0.18
6.0 3.684 0.515 5.052 5.002 1.05
6.0 3.684 0.594 6.861 6.820 0.60

(continued on next page)
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(continued)

Source H/ T[] d/B [-] Fry [-] Rr [N] Ry (ref) [N] ARt [%]
6.0 2.105 0.287 1.786 1.633 9.38
6.0 2.105 0.439 3.921 3.535 10.91
6.0 2.105 0.515 5.381 5.002 7.62
6.0 2.105 0.594 7.645 6.820 12.09
6.0 1.316 0.287 1.948 1.633 19.28
6.0 1.316 0.439 4.551 3.535 28.73
6.0 1.316 0.515 6.558 5.002 31.15
6.0 1.316 0.594 9.468 6.820 38.82

Linde et al. (2017) 5.0 2.5 0.181 1.129 1.078 4.73
5.0 2.5 0.271 2.354 2.201 6.95
5.0 2.0 0.181 1.161 1.078 7.69
5.0 2.0 0.271 2.427 2.201 10.26
5.0 1.5 0.181 1.215 1.078 12.69
5.0 1.5 0.271 2.560 2.201 16.31
5.0 1.0 0.181 1.325 1.078 2291
5.0 1.0 0.271 2.806 2.201 27.50
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