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ABSTRACT

The prediction of fuel consumption and resulting transportation costs is a crucial stage in ship design, particularly for
conditions involving motion in waves. This study investigates the real-time fuel consumption of a container ship when sailing
in waves. The overall ship performance is evaluated using a novel non-linear coupled hull-engine-propeller interaction
model. A series of towing tank experiments for hull resistance in waves and propeller performance are conducted. The
ship engine is mathematically modelled by a quasi-steady-state model equipped with a linear Proportional-Integrator (PI)
governor. Various scenarios of shipping transportation are studied, and the resulting instantaneous fuel consumptions and
their correlation to other dynamic particulars are demonstrated. Additionally, daily fuel consumption and fuel cost per
voyage distance are presented. It is also shown that the controller can effectively adjust the fuel rate, resulting in minimum
fuel consumption. The study concludes that there is no correlation between fuel consumption and the frequency of fuel
rates. The present framework and mathematical model can also be employed for ship design and existing ships to predict

the total required energy per voyage.
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INTRODUCTION

More than 80 per cent of all goods transferred are carried
over the seas [1]. This results in the consumption of millions
of tonnes of fuel every year, costing several million dollars.
Higher levels of fuel consumption lead to more gas emissions.
Additionally, the expense of shipping is generally governed
by the fuel cost for large ships [2]. Therefore, accurate
estimates of ship fuel consumption are required. Researchers
widely investigate the prediction and reduction of ship fuel
consumption. Generally, various methods can be categorized
into three distinctive models consisting of white-box models
(WBMs), black-box models (BBMs), and grey-box models

(GBMs) [3]. In WBMs, or deterministic models, all parameters
or determinants are known in advance. The most important
parameters are hull resistance, characteristics of the propulsion
system, weather conditions, and engine performance [4]. In
contrast, BBMs, or machine learning models, are based on the
onboard measurement of data during voyages. The system trains
on data and becomes more precise with increased data input
[5]. The primary apparatus of these models (WBMs and BBMs)
is an artificial neural network [6]. The GBMs use some known
parameters and start training with data recorded onboard, but
are usually established on a statistical approach [7].

The fuel consumption of any vessel is dependent on all its
operational parameters, such as ship speed, hull resistance,
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draft, trim, loading condition, weather, and sea condition
[8]. Once an accurate estimation of fuel consumption is
acquired, different methods to reduce this consumption can
be investigated. Shipping companies concentrate on two
separate methods of reducing fuel consumption, either the
design of new ships or retrofitting and operational techniques
for existing ships. [9]. The former method, which requires
more investment, investigates hulls with lower drag, lighter
materials, hybrid engines with improved performance, etc. This
method certainly has a stronger contribution to the reduction
of fuel consumption compared to operational techniques for
existing ships. However, this comes at a higher expense [10].
The latter method is available for all ships which are already
built and come at a lower price. This method of reducing fuel
consumption does not introduce any major modifications in
the main ship systems and mostly emphasizes the optimal
use of fuel onboard and voluntary and involuntary speed
loss. These techniques include but are not limited to, slow
steaming [11], weather routing [12], optimized speed [13],
trim optimization [14], and voyage optimization [4]. Using
these techniques usually increases the shipping time but
reduces fuel consumption. The ship owner should always make
a balance between shipping time and consumed fuel in total
shipping expenditures. Moreover, there are other criteria,
for example, general strength, that should be combined with
energy efficiency to select the final solution [15].

Engine dynamics also have a significant impact on
fuel consumption. Larsen et al. [16] investigated different
configurations of two-stroke, diesel-based machinery
systems for large ships. They used uncoupled analytical
models of the ship’s subsystems, such as engine dynamics,
propulsion system, and hull resistance. Yin et al. [17]
designed an accurate real-time fuel consumption monitoring
system based on the engine speed, its power, and the ship
speed. A correlation between generated power and consumed
fuel was established. A similar interesting study was also
carried out by Sandvik et al. [18], with the results of their
simulation found to be in reasonable agreement with
onboard full-scale measurement of a cargo ship. Different
determinants involving engine dynamics, fuel consumption,
speed, position, and wind speed are measured on this ship.
Degiuli et al. [19] showed that fuel consumption is increased
for a container ship as a function of different speeds and
wave frequencies. Engine or propeller dynamics were not
included in this study. Tilling and Ringsberg [20] employed
a4-DOF (surge, drift, yaw and heel) model for the prediction
of fuel consumption, which considers added resistance. The
proposed model incorporates important determinants, but
not as a coupled system. It is worth mentioning that the fuel
pre-injection and injection processes and systems also have
a significant influence on fuel consumption, particularly in
unsteady states [21-23].

Most of the mentioned studies cannot simulate the ship
dynamics and sea conditions as an integrated system. Thus,
the suggested models cannot be easily studied if one of the
determinants is changed or generalized for use in other ships.
Therefore, their applications are restricted and are also difficult
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to develop further. To remove this weakness, the present
research focuses on establishing a white-box, or deterministic,
model, for the prediction of fuel consumption in displacement
ships, with a further goal of reducing this fuel consumption
to meet the UN’s sustainability goals (items 7, 12, and 13) [1].
The ship dynamics and sea conditions are simulated through
anon-linear coupled hull-engine-propeller interaction model
and all influencing parameters are investigated simultaneously.
Ship motion in waves is of more importance due to higher
resistance and therefore higher fuel consumption, rather than
motion in calm waters.

FORMULATION

The main determinants in this study are hull geometry,
engine dynamics, propeller performance, and sea conditions.
Although it is complicated to capture this coupled problem in
an exact manner, it can be presented with some assumptions
[24] using the following 1-DOF (surge) system of equations:

T,(1) = Re(u(?)) - Ry(u(t)) = (A + x,)u(t)

Qp(t) — Qp(t) = (Ip + Ip, + Iy + L) (2)

™M

where Rc, Ry, T, A, and x; are the total ship resistance in
calm water, as a function of surge speed, u(t); mean added
resistance; net generated thrust; ship mass; and the ship
added mass, respectively. The second equation is the engine-
propeller interaction stated as the law of angular motion
where Qg(t), Qp(t), Ip, Ips, Ir, Is, and w are the delivered engine
torque; required propeller torque; propeller moment of
inertia; propeller added moment of inertia; engine moment
of inertia; shaft moment of inertia; and shaft angular speed,
respectively. The proposed system of equations introduces
five sets of determinants:

1. Ship resistance (both in calm water and sea waves);

2. Propeller characteristics (thrust and torque);

3. Engine dynamics (torque, angular velocity, and controller);

4. Vessel specifications (moments of inertia, mass, and

added mass);

5. Ship dynamics (surge speed).

All of these determinants are time-dependent variables,
excluding vessel specifications. Thus, the solution of this system
of equations results in instantaneous ship response.

SHIP RESISTANCE

When ships sail in waves, the total resistance increases by up
to 15-30% compared with calm water sailing [25]. The added
resistance considerably influences the ship’s motion and its
attainable speed, resulting in an increased power requirement
and higher fuel consumption. The proposed governing system of
equations are capable of estimating additional fuel consumption
due to added resistance. The ship resistance in calm waters can be
computed using different formulas, such as those recommended
by International Towing Tank Conference (ITTC). However,


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

the calculation of the added resistance is not straightforward
because of its dependency on several influencing parameters,
such as ship speed, hydrostatic trim, wave frequency, heading
angle, wave period, draft, radii of gyration, etc.

To obtain an accurate estimation of added resistance, a series
of model test experiments are conducted in a towing tank for
a Series 60 with Cg = 0.6. The added resistance of the model is
computed with a known value of calm water resistance using
the following equation:

RAm (t) = RTm (t) - RCm (t) (2)

and usually presented as time-averaged added resistance, Rapw
or mean added resistance:

. 1 re
R, = ATft: R, dt 3)

Here, the subscripts A, m, T, and C stand for the added
resistance; model; the total resistance; and calm water resistance,
respectively. The full-scale ship added resistance is related to the
measured value for model by applying Froude’s law of similitude:

Ry (1) =1° X Ry, (1) @)

Hence, Ry, and A are the ship added resistance and model
length scale, respectively. Table 1 indicates the setup of the
model tests.

Tab. 1. Configuration of the model test experiments

Model specification
Hull offset Cs LOA A
Series 60 0.6 4.57 m 1:40
Wave dynamics
Heading Height Period Length
180 deg 8cm 1.6 sec 4.0m

The dominant parameter in added resistance studies is
the characteristic wavelength, which is defined as the ratio
of the wavelength to the ship length. In practice, this is about
0.8-1.1 for long waves [26]. This non-dimensional length is set
to A/L = 4/4.57 = 0.88 for the present experiments. Resistance,
heave and pitch motions, and wave profile are recorded in each
run. The measured data is scaled using the law of similarity
for a real full-scale ship with the main particulars presented
in Table 2.

Tab. 2. Main particulars of the full-scale ship

LOA Beam Draft Cs Speed v

23.8 [Kn] | 26245.4 [m’]

1829 [m] | 24.4[m] | 9.8 [m] 0.6

Fig. 1 depicts the calm water resistance and time history
of the added resistance for the fullscale ship, scaled from the
measured data with a length scale of 1:40.
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Fig. 1. Full-scale ship resistance, (a) variation of calm water resistance
at different surge speeds, (b) time history of the added resistance

PROPELLER CHARACTERISTICS

Additional important determinants are the propeller
dynamics, including shaft angular velocity; propeller thrust;
and propeller torque. A series of experiments has been
conducted for the measurement of the open water performance
of the selected propeller. The selected propeller is a fully
submerged 5-blade B-Wageningen with a diameter of 25 cm.
The experimental setup and measured characteristics are
shown in Fig. 2.

04 0.6 0.8 1 12
Advance number

Fig. 2. Propeller open water performance, experimental setup
and measured data

The thrust coefficient, Ky, torque coefficient, Ky, and open
water performance, 7, are measured for different advance
numbers, /. Table 3 introduces the geometrical specification
of the full scaled propeller based on the selected length scale

of 1:40.
Tab. 3. Specification of full-scale propeller

. Area Pitch
Geometry Type | Diamete | Blades ration ration
B-Wageningen | FPP 7.6 m 5 0.58 1.00

To compute the generated thrust of the full-scale propeller,
the required torque, and corresponding efficiency, one can use
the following set of equations:

T,=(1-1t) Krpw;, D} (5)
Qp = Kopw; Dj ®)

calculated at different advance numbers, Jp,

POLISH MARITIME RESEARCH, No 1/2024 87


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

Limitations

}

- Speed Controller ; ; ;
w N Command Signal + P} E & + : ; Engine Dynamics & Ship w
Interface - =1 (G(goe;zz; gl:‘i'r)ﬂle Fuel Supply Actuator (The Plant) .

Disturbance (incl.
Ship’s Resistance)

| v

Disturbance

Measuring Device g

Fig. 3. Block diagram of the control system

_ u(l-w)
o=, (7)
Here, t and w are thrust deduction and wake fraction factors,
respectively.

ENGINE DYNAMICS

The key set of determinants in this research are the diesel
engine dynamics. The dynamics of marine diesel engines has
been studied using different models with various levels of
detail, such as zero-dimensional, steady-state delayed response,
mean value first principle (MVFP), and discrete-events models
(DEM) [27,28]. A complete understanding of the diesel engine
performance needs adequate knowledge of the in-cylinders
thermodynamic processes. However, once the diesel engine
is investigated as a subsystem of a larger system, i.e. in a ship,
an in-cylinder model is neither practical nor necessary due
to unsatisfactory real-time capability and inappropriate
adaptability with the unsteady operating conditions [29]. Quasi-
steady delayed engine dynamics are employed in this study,
which is governed by the following differential equation [30]:

TpQe(t- 1) + Qu(t - 1) = K X;(1) (®

where T, 7, Ki, and X are engine time constant; response
delay; gain factor; and fuel flow rate in kg/s, respectively. The
time constant reflects the inertial behaviour of the engine
for generating torque after receiving the necessary fuel for
combustion and is approximated as 90% of the time between
two successive ignitions in one cylinder.

T, =092 ©)

The time delay is determined as half of the time needed for

two successive ignitions:
r=1.20 (10)
2 Zpwg

where wy and Zy are angular shaft velocity and the number of
engine’s cylinders, respectively. The transfer function of the
engine dynamics is directly used in the speed control system.
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QeS) _ Kp o
X(S) = T3S © (1

The recommended model requires that the time constant of
the engine is higher than the time constant of the exciting force
fluctuation, e.g. added resistance. Therefore, the engine can be
effectively simulated using this quasi-steady model and can be
directly included in a general system of equations as follows:

T,(t) = Re(u(t)) = Ry(u(t)) = (A + x,)u(t)
Qe(t) — Qp(t) = (Ip + Ip, + I + Iy (1)

TpQu(t-17) + Qu(t—-1) = K X,(t)

(12)

Regarding the selected full-scale ship and the corresponding
propeller, a MAN-B&W 8S65ME-C8.5 low-speed diesel
engine is chosen as the prime mover with a Service Maximum
Continuous Rating (SMCR) of 19,433 kW at 92.8 RPM. The
steady state specification of the selected engine is publicly
accessible [24].

Controller implementation

Engines exhibit an immediate response as feedback of
any changes in the rate of injected fuel, even for rapid and
small changes. Thus, the primary component which controls
diesel engines is the fuel rate. The fuel rate in diesels engines
is controlled using different techniques, but primarily with
speed governors. The selected engine in the present study is
also assumed to be equipped with a governor. Different control
strategies are available for controlling the diesel engine. Captains
usually prefer to maintain a constant shaft speed while sailing.
Thus, the controller is designed based on this strategy, with
a schematic of the control system block diagram shown Fig. 3.

The controller receives a set-point signal which is defined
as the shaft speed corresponding to the steady state operating
condition of the engine, @. This set-point forces the engine
to continuously operate at its Maximum Continuous Rating
(MCR) condition regardless of the sea conditions. The controlled
signal, w, is the instantaneous shaft speed and is designed as the
feedback signal. Thus, the error signal, E, is defined as
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Fig. 5. The internal subsystem of computing unsteady engine dynamics

E=0w-w (13)

The obtained error signal is then amplified and filtered for
noise reduction. The processed error signal is fed into the speed
governor. The present governor is modelled as a proportional-
integral type (PI-action) controller based on the concept of the
common diesel engine governors [31]. A proportional-integral-
derivative (PID) block with zero derivation gain is employed for
the simulation of the governor’s performance. The proportional
and integrator gains are tuned using a varied Ziegler-Nichols
method [32] to account for different sailing scenarios. The
output of the governor block is the instantaneous fuel rate of the
engine. According to this produced fuel rate signal, the engine
performance is adapted for reducing the error signal at each
time step. To simulate the ship performance as an integrated
system in general, other subsystems apart from the engine
and its controller should also be modelled. These subsystems
involve the hull resistance, propeller characteristics, and the
interconnecting signals. The architecture of the subsystems and
the coupling techniques are determined using the governing
system of equations and related subsystem formulas as depicted
in control block diagram of Fig. 4.

The ship resistance and propeller characteristics are evaluated
using given data at the current time step. These characteristics
stand as the initial conditions for estimation of the engine
dynamics. The results are specified as the input signals of the
controller. The controller computes the required fuel rate based
on the value of input and error signals. Once the fuel rate is
computed by the controller, this rate is fed back to the engine.
This loop continues at each time step to reach a converged
result. Computation of the engine torque is performed at two
other subsystems defined as “Engine Dynamics” shown in
Fig. 4. At the first step, the steady torque of the engine, e.g.
quasi-steady torque, is interpolated from the engine steady-
state performance. This quasi-steady torque is then called by
another internal subsystem to evaluate its unsteady value based
on Eq. (10) as depicted in Fig. 5.

RESULTS AND DISCUSSIONS

To investigate the performance of the governor, two
simulations were conducted. The first involved activating the
governor so the fuel rate is determined by the controller and
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in the second the governor was deactivated with manually
forced fuel rates.

GOVERNOR ACTIVATED

The simulations are systematically carried out for separate
scenarios, as summarized in Table 4. Fig. 6 indicates the results
of the simulations for Scenarios #1 and #3.

Tab. 4. Different scenarios of fuel consumption at the present study

Engine
Scenarios Sea conditions operating point Objective
#1 Calm 100% Max. speed
# Calm 10%-~100% Ship
performance
#3 Calm-Waves 100% Sailing in waves
#4 Calm-Waves-Calm 100% Controller
response
#5 Calm-Waves-Calm | 80% in waves Speed reduction
#6 Calm-Waves-Calm Varies Sustain speed
#7 Calm Varies Max.
acceleration
#8 Waves Varies Governor
performance
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Fig. 7. Overall ship performance for different engine operating points.

a) time history of ship speed, b) instantaneous fuel rate, c) overall consumed
fuel, and d) variation of ship speed and fuel rate versus different
operating points. The operating points reduce from 100% to 10%

downward in figures a, b, and ¢

20 100

80
60
10 z

= 40

Power [MW]

20

o 20 40 60 80 100 0 20 40 60 80 100
Operating Point (%) Operating Point (%)

T
 Scemario#l————— W, o T """ T T T oo mmm————————— oo
——Scenario #3

T

w
E 11 T T T T T T B
= 16l
H
2 10— 4t i
&
2 . . .
N gD s00 e o | 00 o0 wo | oo 1200
0 200 400 600 800 1000 1200

1.2 T T
— - -Scenario #1
enario #3

0.0 L I L I L
o 200 400 600 800 1000 1200

Time [Sec]

Consumed Fuel [Tonne]

Fig. 6. The overall ship response for scenarios #1 and #3

In the first scenario indicated by the dashed line in Fig. 6, the
ship starts with an initial speed of 8.9 m/s and attains a steady
state speed of 11.7 m/s. More than 95% of this speed increase
occurs in the first 200 seconds. This is clear evidence of the
controller performance. The ship consumes about 1.1 tonnes
of fuel at the rate of 0.88 kg/s, i.e., 76 MT/day. The ship meets
the waves at a speed of 11.74 m/s in the third scenario after
500 seconds of sailing in the calm waters and the speed reduces
to 11.4 m/s 300 seconds later. This speed reduction is called
involuntary speed reduction. Fuel consumption is essentially
identical in both scenarios because of the identical OPs. Fig. 7
shows the results obtained from Scenario #2 when investigating
ship performance under different operating conditions.

The ship speed decreases from 11.7 m/s to 6.1 m/s when the
operation point reduces from 100% to 10%. Furthermore, the
engine power and shaft speed reduce from 19 MW to 1.9 MW
and 92.8 RPM to 43.1 RPM, respectively. Fig. 8 illustrates the
performance of the engine at different operating conditions.
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Fig. 8. Engine performance at its different operating points

Fig. 9. shows the response of the controller for different
sea conditions in the fourth scenario. The results show that
the speed of the ship before and after the waves is the same,
indicating the successful trace of different sea conditions by
the controller.
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Fig. 9. Controller response for different conditions studied in Scenario #4

The stimulated structural load on the ship hull during sailing
in waves is a function of the ship speed. Therefore, captains
commonly decide to decrease the ship speed in waves, usually
between 0.5 to 4 knots slower than the service speed, in a process
known as voluntary speed reduction. This prevents excess loads
on the hull. Scenario #5 studies a 20% reduction in engine
operating point once the ship encounters waves which cause
a 0.5 m/s speed reduction, as shown in Fig. 10. To compare
the performance of the controller between Scenarios #3 and
#5, the fuel rates are also reported. The patterns of both rates
are similar but with different magnitudes.
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Fig. 10. Simulation results of Scenario #5 defined as voluntary speed reduction
in waves compared with the results of Scenario #3. a) Ship speed,
b) consumed fuel, and c) fuel rates reported for a typical interval of 20 seconds

In Scenario #6 the ship is initially moving in calm waters
and then in waves. The controller’s mission is to increase the
operating point so that the ship’s speed is constant across
travelling in waves and in calm waters, as presented in Fig. 11.
This shows that the ship speed can be sustained by increasing
the engine power by just 4%.
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Fig. 11. Sustaining the ship speed in waves introduced in Scenario #6

Fig. 12 shows the simulation results for Scenario #7. Two
separate accelerating and decelerating manoeuvres with
the same extremums are defined. The results show that the
ship speed increased from 6.1 to 11.74 m/s in 300 seconds
with an acceleration of about 0.02 m/s>. However, the ship
deceleration takes three times longer with a deceleration of about
0.006 m/s*. This scenario is a classic study of a controller
response to a step function.
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Fig. 12. Evaluation of the ship performance in successive accelerating motions

The voyage distance for different scenarios can be used for
the estimation of fuel consumption as a function of travelled
distance, which is defined by the parameter I" and is depicted
in Fig. 13. Once the fuel price per unit volume and the voyage
distance are known, the crucial fuel cost of shipping can be
readily estimated.
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Fig. 13. Instantaneous values of for different shipping scenarios

GOVERNOR DEACTIVATED

The governor is deactivated in the second series of the
results. The fuel rates are set to predefined profiles to find
any possible reduction in fuel consumption while moving in
waves. These rates include constant, sinusoidal, and square
rates. Fig. 14 displays the first attempt. Here, the fuel rate is
defined as a constant function, with the time averaged rate of
0.902 kg/s used, as obtained from Scenario #4. The solver uses
this rate as an initial value and changes it to find the same ship
speed in waves. Fig. 15 depicts the results of this simulation
via the reported fuel rates. The solver finds the constant value
0f 0.905 kg/s to attain the same speed, namely 0.4% more than
timeaveraged value.
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Fig. 14. a) Instantaneous fuel-rate for scenario #4 and its time averaged
in waves, b) the magnified view
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Fig. 15. Comparison of fuel rates, a) controlled by governor,
b) forced constant rate

The results show that the governor can be completely turned
off during motion in waves. However, it is crucial to note that
this does not imply that the controller can be removed from
the system. Without a proper controller, the fuel consumption
is dramatically increased under different ship operating
conditions. A synchronized presentation of the fuel rate and the
total resistance is illustrated in Fig. 16. Once the controller finds
any local oscillation is the resistance, it immediately changes
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the fuel rate to keep the propeller shaft speed constant. The
controller responds to the resistance excitation with a very
short time delay, as defined by Eq. (12).
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Fig. 16. Synchronized representation of time histories of the fuel rate
computed by the controller and the total resistance

Other rates with sinusoidal and square behaviour are also
generated with the same peaks and the same time-averaged
rate according to those shown in Fig. 14. However, different
frequencies are used to find any possible correlation between the
fuel consumption and the frequencies, as presented in Fig. 17.
The computed fuel consumption is normalized using the steady
state fuel consumption that is evaluated at the end of motion
in waves in scenario #4, defined as #. It is shown that there is
no correlation between these parameters.
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Fig. 17. Different forced fuel rates, a) Typical fuel rate profiles, b) normalized
fuel consumption for forced periodic fuel rates with different frequencies

CONCLUSION

The overall ship performance, particularly real-time
fuel consumption, is investigated using a new hull-engine-
propeller interaction model under different sea conditions.
Various voyage scenarios are studied to identify any correlation
between fuel consumption and ship dynamics. The results
show that the employed controller successfully responds to
different challenging scenarios with reasonable performance.
Additionally, the benefit of a constant forced fuel rate is
illustrated in comparison with the high oscillating response
of the governor during motion in waves. Voluntary and
involuntary ship speed reductions in waves are introduced,
and it is concluded that the proposed model can accurately
simulate such speed reductions. Moreover, the capability of
the recommended model and simulation framework to predict
the instantaneous and total cost of consumed fuel per voyage
is also noted. This work offers a practical tool which can be
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utilized in all stages of ship design and can be implemented to
help manage the energy efficiency of existing ships.
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