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INTRODUCTION

When operating a ship, one of the most important tasks is to forecast the ocean route.

When forecasting the ocean route, the most common criteria are (Wisniewski, 1991):

— minimization of the time voyage,

— minimizing of the fuel consumption,

— minimization of the fuel consumption with the prescribed time voyage.

Regardless of which of these criteria is used, when sailing in particularly difficult

weather conditions (storm waves and high wind speed, tropical cyclones), while

forecasting the navigation route, the safety of the ship, cargo and crew are also taken

into account.

Forecasting of ocean routes is performed by specialized institutions using appropriate

computer systems for this purpose, such as: SPOS (SPOS Program, 2009) (Ship

Performance Optimization System), BON VOYAGE (Bon Voyage System, 2016,

Szymanski and Wisniewski, 2016). In these systems, in addition to calculating the

speed of the ship (or speed decrease) in real weather conditions, daily fuel

consumption is calculated, as well as for the entire sailing route. Nowadays,

forecasting fuel consumption and related exhaust emissions is very important for

environmental protection and current IMO regulations (MEPC, 2009). Many

publications deal with issues of fuel consumption in changing weather conditions

(Geertsma et. all, 2017, Biatostocki and Konovessis, 2016, Myung-Il R, 2013). Most

often in the publications simple algorithms are used that use fuel characteristics to

calculate fuel consumption. They do not take into account different criteria for the

operation of the propulsion engine to calculate the point of the propulsion system in

changing weather conditions, on which depends the total resistance of the ship on the

ocean route, its speed and fuel consumption.

The article presents a mathematical model for calculating fuel consumption in real

weather conditions during a voyage of a ship on an oceanic route, using:

— actual, for a given drive engine, specific fuel consumption characteristics,

— various engine control options (by changing the fuel dose) in order to find the
optimum working point in changing weather conditions.
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GENERAL MATHEMATICAL MODEL FOR CALCULATING FUEL CONSUMPTION
DURING VEHICLE SHIPPING

During a voyage in real weather conditions on a given route on the ship, apart from
the resistance on calm water, there act additional forces from wind, waves and
possibly from surface sea currents, Fig. 1.
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Fig. 1 An example of a shipping rout.é ahd direcfions of the impact of the marine
environment on the ship
(v, —wind speed, Hs — significant height wave, V. — current speed)

1

The total resistance of the ship in real weather conditions is equal:

Ry = Ry, + AR, (1)
where:

Rvx — ship resistance in calm water,

AR — additional resistance to wind, waves, surface sea currents and to the deflected
fin rudder keeping the course of the ship at the oblique impacts of the marine
environment.

Vg operating velocity with which the vessel can floating results from the balance

between the total resistance Ry and the thrust force T of the propeller:

=% )
where:

t is the suction coefficient (the value of the suction coefficient may depend on the
vessel speed t(V).

Torque is generated on the working propeller Q:
Q = KopuwDpny, (3)

where:
Ko — torque coefficient on the propeller,
pw — water density,

D, — diameter of the propeller,
n, — rotation speed of the propeller.
Between the moment Q on the propeller and the power applied to the propeller Py
is the following relationship:
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Py = Q- 2mn,, (4)
between power P, and the power of the drive motor N:
___Pp
N - UG'US'URT, (5)

where:

ne — gearbox efficiency, if used,

ns — the efficiency of the shaft line,

ngr — rotational "efficiency" (rotational "efficiency" may vary depending on the speed
of the ship nzr(V).

The article (Szelangiewicz and Zelazny, 2006) presents equations describing the total

resistance of the ship during a voyage along the ocean route. Propeller thrust results

from the speed of the ship and possible motions of the ship on the wave (mainly when

the propeller emerges), and from the position of the equilibrium point between Ry

and T in the field of operation of the propulsion engine (Fig. 2).
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Fig. 2 The load area of an example low-speed propulsion engine
M, - nominal torque, A — continuous rating area (marked green),
B — engine overloading area (red), C — engine sea trial operation area (deep blue),
D — engine optimum still-water operation area (blue),
E - engine instantaneous operation area (yellow)

Fuel consumption: hourly B, or daily B, depends on the specific fuel consumption
g and on the power N and engine speed n, resulting from the position of the
operating point in the field of engine work, Fig. 2.

The particular areas are limited by the engine performance characteristic curve in the
following from:

N =k, -n™, (6)



370 Multidisciplinary Aspects of Production Engineering — MAPE vol. 2, iss. 1, 2019

where:
N - engine output power,
k., — coefficient for a given characteristic curve,
n - engine rotational speed,
m — exponent depending on a type of engine of a given producer.
Hourly fuel consumption is as follows:

B, = g(N,n) - N, (7)
and daily:

Bp = X1* By, (8)

where:

— g(N,n) the specific fuel consumption depends on the instantaneous power N and
the rotational speed n of the drive motor,

— Ninstantaneous power of the drive motor.

Therefore, in order to calculate hourly or daily fuel consumption, it is necessary to

know for a given engine the position of the operating point and the characteristics

9(N,n) of specific fuel consumption for this work point (Yuankang and Shipyard, 1993).

The working point depends on the adopted criterion of engine control and on the

momentary weather parameters on which the temporary, total resistance of the ship

depends.

Working field and characteristics propulsion

For the designed ship, the engine power is selected so that the operating point of the
drive system for the contractual speed on calm water is about 0,90 N,, (nominal
power of the engine). In real weather conditions, when the ship is affected by wind
and waves, and there is additional resistance AR from atmospheric conditions, the
operating point of the drive system will change its position in the working field of the
propulsion engine.

By controlling the fuel dose (and thus the engine and screw speed), the operating
point can be in the continuous work area (green field — Fig. 2) or in the area limited
by motor overload (yellow or red field — Fig. 2).

The propulsion characteristics of the ship are power curves, thrust, efficiency and
torque on the propeller, fuel consumption presented as a function of the rotational
speed of the propeller (engine) and as a function of the ship's speed for various
resistance characteristics resulting from wind, wave and sea currents.

Fig. 3 contains exemplary, calculated propulsion characteristics for a constant wind
speed in an arbitrary direction in relation to the ship's direction of movement (in this
case, the ship sail upwind — propulsive characteristics can be represented for any
wind directions and/or wave). Such characteristics enable the correct choice of the
operating point of the propulsion system in changing weather conditions or prediction
of eg the maximum speed of the ship, which can be achieved with the deteriorating
sea conditions.
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Fig. 3 Characteristics of the ship's constant speed
(container ship: L =140.14 m, B=22.3m, d =8.25m, V = 17290 m3),
constant thrust T propeller and constant wind speed V,

Possibility of changing the operating point of the propulsion system (fixed pitch
propeller) caused by the increase of additional resistance, in this case from the wind
(the ship is sailing upwind), shown in Fig. 4.

1. constant rotational speed of the propeller 2. constant speed of the ship

3. constant of the engine power

4. constant unit fuel consumption

constant unit fuel
consumption

Fig. 4 Examples of changing the operating point of the propulsion system
as a result of an increase in additional resistance due to weather conditions
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In this example, the vessel is in calm water in the starting position (point B) with Vg
speed and propeller speed nz and wind speed V, =0 m/s. Then an additional
resistance arises from the up wind at the velocity V, = 10 m/s from the bow. The
following paths are possible from the current work point (point B) to the new operating
point (point C) of the propulsion system (Fig. 4):

1. while maintaining the constant speed ng, the fuel dose increases (the engine
power increases) until reaching the C point on the V, characteristic, the speed of
the ship drops to the value V;

2. while maintaining the constant speed of the V; ship, the fuel dose increases
(engine power increases and the rotational speed is increased to n.) until reaching
the C point (the constant speed of the ship can be maintained up to the limit curve
for a given engine);

3. maintaining the constant engine power, the point C is reached, the ship speed to
V. and engine speed to the ship are reduced ng;

4. by maintaining a constant unit fuel consumption until reaching point C, the speed
of the ship and the engine speed are reduced.

The aforementioned 4 possibilities of achieving a new work point of the propulsion

system of the ship with increasing resistance — in this case — wind velocities may be

used with various other assumed criteria for forecasting the ship's route, e.g.: constant
speed of the ship, maximum possible speed of the ship, minimum wear fuel or
constant or maximum efficiency of the propeller.

RESULTS OF THE CURRENT FUEL CONSUMPTION CALCULATIONS FOR A

FLOATING VESSEL IN VARIABLE WEATHER CONDITIONS

Calculations of instantaneous fuel consumption in changing weather conditions have

been made according to our own algorithm for:

e a container ship with parameters:
- L =140.14m, B =223 m, d =8.25m, V= 17290 m3
- N, =6930kW, n, =2.331/s, Dp =5.20 m

e using the characteristics of the specific fuel consumption of the propulsion engine
installed on the ship (Fig. 2),

e various criteria (variants) of engine control by changing the fuel dose (Fig. 4) in
changing weather conditions (markings of directions of the marine environment
and ship's course — Fig. 5).

Yo
Fig. 5 Directions of the current, wind, wave and speed of the ship with the drift angle
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Calculation results of hourly fuel consumption (7) for variable weather parameters
determined by Beaufort number (BN) and for four criteria, Fig. 4, are presented in
Table 1.

Table 1
Hourly fuel consumption in variable weather conditions for various engine control
criteria

Weather Operation o . o _—
parameters  parameters  OTSTOn}  Grienonz  Grtenons - Citerond
(BN) of the ship

Vg [m/s] 16.32 16.32 16.32 16.32
0 Ng [kW] 6046.35 6046.35 6046.35 6046.35
ge [9/KWh] 173.096 173.096 173.096 173.096

By, [kg/h] 1046.6 1046.6 1046.6 1046.6

Vg [m/s] 16.30 16.32 16.31 16.31

1 Ng [kW] 6054.37 6082.63 6046.35 6011.11
gr [9/KWh] 173.087 173.091 173.099 173.096

By, [kg/h] 1047.9 1052.8 1046.6 1040.5

Vg [m/s] 16.28 16.32 16.30 16.29
2 Ng [kW] 6065.37 6132.63 6046.35 5976.08
ge [9/KWh] 173.078 173.088 173.102 173.096

By, [kg/h] 1049.8 1061.5 1046.6 1034.4

Vg [m/s] 16.21 16.32 16.28 16.25
3 Ng [kW] 6093.92 6263.64 6046.35 5961.25
gr [9/KWh] 173.070 173.088 173.105 173.096

By, [kg/h] 1054.7 1084.2 1046.7 1031.9

Vg [m/s] 16.12 16.32 16.26 16.19
4 Ng [kW] 6129.17 6427.61 6046.35 5926.62
ge [9/KWh] 173.052 173.139 173.107 173.096

By, [kg/h] 1060.7 1112.9 1046.7 1025.9

Vg [m/s] 15.94 16.32 16.22 16.10
5 Ng [kW] 6192.59 6728.40 6046.35 173.096
ge [9/kKWh] 173.017 173.269 173.114 5892.20

B, [kg/h] 1071.4 1165.8 1046.7 1019.9

Vg [m/s] 15.44 15.77 15.79 15.11
6 Ng [kW] 6409.11 6881.14 6046.35 173.096
ge [9/kWh] 173.000 173.304 173.177 5871.88

By, [kg/h] 1108.8 1192.5 10471 1016.4

Vg [m/s] 12.93 12.93 14.53 14.30
7 Ng [kW] 6702.75 6702.75 6046.35 173.096
ge [9/kKWh] 173.391 173.391 173.800 5892.40

B, [kg/h] 1162.2 1162.2 1050.9 1020.0

Vg [m/s] 8.19 8.19 11.66 11.60
8 Ng [kW] 4332.62 4332.62 4232.45 174.113
gr [9/KWh] 174.704 174.704 174.585 4332.50

By, [kg/h] 756.9 756.9 738.9 754.3

CONCLUSIONS

1. The results of calculations included in Table 1 have been made for variable
weather parameters (wind, wave) assuming that the ship is going upwind and
wave. Such calculations can also be made for any wind, wave and sea current
directions relative to the ship’s heading (Fig. 5).

2. Calculations of fuel consumption, ship speed and engine power are carried out
assuming that the operating point of the propulsion system is located in the field of
continuous operation (green field — Fig. 2) or on its limit (between green field and
red — engine overload).
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3. The calculations made (Table 1) show that the unit fuel consumption gg, as well
as the hourly B h fuel consumption, do not change to a large extent under different
weather conditions (BN). However, the speed of the ship changes to a large extent.

4. Changes in the speed of the ship, using different criteria (Fig. 4) cause that the
total fuel consumption for the whole route (Fig. 1) may be different depending on
the criterion used to select a shipping route.
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Abstract. During ship operation, one of the most important tasks is forecasting the
ocean route. One of the criteria for forecasting is the minimum fuel consumption. Fuel
consumption and associated emissions are also very important for other criteria. In
common use, as well as in various publications, the results of calculations of fuel
consumption obtained from simplified algorithms are presented. The article presents
a mathematical model for calculating fuel consumption for a floating vessel in various
weather conditions. In this model different criteria for controlling the propulsion engine
were used by changing the fuel dose. The results of the calculations included include:
fuel consumption, power of the propulsion engine and operating speed of the ship in
varying weather conditions

Keywords: fuel consumption, engine control criteria, engine power, ship speed, wind
and wave effects



