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INTRODUCTION

In the 1990s, the American Bureau of Shipping (ABS) 
proposed a shipping engineering design method called the 
dynamic load approach, or DLA, which uses the results of 
the direct wave load analysis to evaluate a ship’s structural 
strength. At the same time, ABS also submitted the concept 
of an equivalent design wave. Combining this concept with 
DLA provides a very effective method for designing the hull 
structure [1]. The principle of an equivalent design wave is to 
use extreme values to simulate regular waves with equivalent 
wave frequencies, incidence angles, and amplitudes in random 
waves in a ship design. Thus, it leads to a simple cosine wave 
and a suitable time instant for extracting a set of concurrent 
load components to be applied to the structural models of 
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ABSTRACT

To determine the loading conditions considering the action of both bending and torque moment for a passenger 
catamaran moving among waves, a method for calculating equivalent design waves under multiple load control 
parameters was derived based on wave load prediction results using three-dimensional potential flow theory. The 
method was developed by defining the wave amplitude discrepancy factors between the primary and second load of 
the combined bending and torquing equivalent design wave. The primary goal was to find a reasonable design wave. 
Finally, the design waves of a target passenger catamaran ship were calculated using the proposed method, and each 
load component of every design wave for the target hull was recalculated. The average error compared with the object 
load component was less than 1%, which verifies the effectiveness of the method and offers an effective engineering 
evaluation method for a catamaran.

Keywords: catamaran, load prediction, equivalent design wave, multiple load control parameters

ships [2]. Because this approach converts actual irregular waves 
into an equivalent regular wave, it is called the equivalent 
design wave approach (hereinafter referred to as the design 
wave approach) [3]. A set of dynamic load control parameters 
(hereinafter referred to as load control parameters, or DLP) is 
used in this approach to define any response processes (e.g., 
vertical bending moment, shear force, and vertical acceleration 
at the centre of gravity). When one DLP is at its maximum, 
a critical load is established for the hull structural analysis. The 
equivalent design wave is defined based on the extreme value 
of the DLP in long-term prediction.

The design wave approach can reflect the maximum 
wave loads on ships in their sailing lines more accurately 
and determine the maximum loads of longitudinal bending 
moment, torque, and other forces acting on the hull girder. 

* Corresponding author: zengji@shmtu.edu.cn (J. Zeng)
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Therefore, it can be applied to ship structures of various types 
and scales, and is not restricted by the calculation methods for 
the load employed by each classification society. 

In the calculation of the equivalent design wave, the extreme 
value of the DLP in long-term prediction is the key factor in 
ship structure analysis. Ochi [4] and Stiansen and Chen [5] 
pointed out that long-term extreme loads can be predicted using 
short-term statistical analysis of dynamic loading parameters in 
worst-case sea conditions. Prior to this, Ochi [6] calculated the 
extreme values for ships with various dynamic load parameters 
by applying a wave spectrum. Later, Buckley [7] analysed 
ship structure strength by applying the extreme load value 
under various sea conditions. Because of the popularisation of 
commercial software for hydrodynamic analysis, this technology 
has been widely used in ship wave load analysis.

In a study on the application of a design wave of a catamaran, 
Pu et al. [8] utilised a method to study the structural system 
reliability of a SWATH. The load was derived from the direct 
calculation using three-dimensional potential flow theory. 
Heggelund et al. [9] analysed the transverse strength of 
a catamaran with a cargo hold model. In this study, two kinds 
of local loads and four kinds of global loads were considered 
in the strength analysis. However, in the analysis of global ship 
loads, the distributions of the vertical bending, torque, and 
transverse bending moment were calculated and loaded on the 
model independently. Xu et al. [10] used experimental and finite 
element methods to analyze the ultimate strength of an inland 
catamaran. The objective ultimate load was the vertical bending 
moment. These studies all performed structural analysis under 
a single load or a single DLP. Sun and Zou [11] studied the 
hydrodynamic response of a slender catamaran in regular waves 
only in a head sea. However, compared with conventional cargo 
and passenger ships with a single hull, the loading form of 
catamaran ships is unique and more special and complex. In 
waves, catamaran ships are affected not only by the combined 
load of global longitudinal bending and the transverse bending 
moment, but also by the transverse bending moment and torsion 
moment [12-13]. When a single load acts on the hull structure 
alone, it does not necessarily place the hull structure in the most 
dangerous state. Moreover, these global loads cannot act on the 
hull structure at their maximum values at the same time. The 
intermediate state, where the bending moment and torque both 
make a certain contribution, is a dangerous condition for the 
hull structure. From this point of view, Lin et al. [14] confirmed 
that catamaran structures are in dangerous conditions with 
oblique wave directions of 30° or 120°. Therefore, this loading 
condition must be evaluated during the structural strength 
analysis of the catamaran. In all the aforementioned references, 
the torque, transverse bending moment, and vertical bending 
moment were applied to the structure in the form of a single 
force separately, and then the stresses were superimposed for 
the strength evaluation, rather than loading the design wave 
obtained by direct analysis on the hull structure for evaluation.

In this study, a passenger catamaran is used as an example, 
and an approach that is suitable for design wave calculation 
in multiple load control parameters is derived. This approach 
can be applied to the objective bending–torsional combination 

conditions effectively, which can find the reasonable wave 
parameters in one design wave reaching both the objective 
bending and torsional moment. Compared with the object 
loads, the error is less than 1%.

PROBLEM FORMULATION

WAVE LOAD PREDICTION

Short- and long-term prediction
The response of a ship hull under various load control 

parameters in regular waves with unit amplitude is generally 
called the wave load transfer function (RAO), i.e., the 
amplitude–frequency response operator.

The effect time of the wave load short-term prediction is 
half an hour to several hours, at which time the ship’s speed, 
heading angle, and sea condition can be considered to be 
stable. Therefore, short-term prediction can be regarded as 
a stationary stochastic process with zero mean value; that is, 
the effect of the wave and the response of the ship is a smooth 
linear system. Through spectrum analysis, the response of the 
hull can be obtained as follows:

Sy (ω) = |H (ω)|2 Sω (ω)     (1)

where Sy (ω) is the response spectrum of the hull under a wave 
load, |H (ω)|2 is RAO, and Sω (ω) is the wave spectrum.

The effect time of wave load long-term prediction is on the 
scale of several years or the entire life of the hull, and the ships 
speed, heading angle, and sea condition all change; hence, it 
can no longer be regarded as a stable random process. Thus, 
a weighted combination of a series of short-term probability 
distributions is employed:

Qy(x) =  =   (2)

where Q is the exceeding probability level; n is the number of 
responses in a given sea state and ship condition per unit time; 
Pi is the probability of occurrence of a sea state described by 
significant wave heights and periods (wave parameters that 
are taken from a scatter diagram); and Pj, Pk and Pl are the 
probabilities of the wave direction (heading to wave), ship speed, 
and loading condition respectively; F*(x) = 1–exp[–x2/(2σ2)], 
which is the cumulative distribution function of the Rayleigh 
probability distribution; and N is the number of wave load cycles 
during the ship life, N =108.

Using the principle of long-term prediction, the extreme 
wave load can be obtained at the expected exceeding probability 
level.

DESIGN WAVE CALCULATION METHOD

Single load control parameter
The design wave approach is based on the calculation results 

of long-term prediction; however, a design wave is used instead 
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of a random wave. Thus, the maximum load that the ship may 
encounter in the entire life cycle is obtained, after which the 
wave is loaded onto the hull structure for strength analysis. 

Based on the regular wave linear theory, the amplitude 
of the designed wave can be calculated using the following 
equation under single load control parameters:

Aω =       (3)

where Aω is the amplitude of the design wave, RAOj is the 
extreme value of the target load control parameters in regular 
waves, and Lj is the extreme value of the target load control 
parameters under long-term prediction. 

Multiple load control parameters
By determining a single load control parameter, one or 

several of the most dangerous design wave loads (such as 
maximum longitudinal bending moment or maximum 
transverse torque) can be determined. However, in some sea 
conditions, especially in oblique sea conditions, a catamaran 
is always affected by both longitudinal bending moment and 
transverse torsional moment or transversal bending moment 
at the same time, and the worst load condition for the hull 
structure does not necessarily reach the maximum bending and 
torsional moments simultaneously. Hence, at this point, if only 
a single load control parameter is used to determine the design 
wave, it is not accurate. At present, major classification societies 
have already considered the combined influence of bending and 
torsional moment for a catamaran in oblique sea conditions 
[15-16]. In the structural analysis of a catamaran using the 
China Classification Society (CCS) method, the combined 
loads should be considered, including the longitudinal bending 
moment with torque and the transverse bending moment with 
torque, which are calculated as follows:

Oi = ηi1Mby + ηi2Mty    (4)

Oj = ηj1Mbx + ηi2Mty    (5)

where Oi and Oj are the objective loads on the hull girder; 
ηi1, ηi2, ηj1, and ηj2 are the coefficients of each load control 
parameter component, respectively; Mby is the longitudinal 
bending moment for the hull girder; Mbx is the transverse 
bending moment for the hull girder; Mty and is the transverse 
torque for the hull girder (Fig. 1).

Calculating the aforementioned wave bending moment and 
torque using an empirical formula is convenient for calculating 
the objective loads. However, it is difficult to find the wave load 
required to reach multiple objects in complex sea conditions 
using the design wave approach. Therefore, a design wave 
calculation approach is proposed in this paper that takes 
the objective design wave of Eq. (4) as an example. Before 
calculating the design wave in this study, three principles 
should be noted:
(1)  For each objective design wave load, the two load 

components must reach their maximum values (i.e., the 
product of the objective value and component coefficient 
η under a single load control parameter); moreover, the 
calculated profile of the objective load is determined by 
the single load control parameter.

(2)  The calculation of the design wave should be as large as 
possible to make the evaluation of the structural strength 
relatively safe. However, the load component should not 
exceed the objective value to any great extent; otherwise, 
the load applied to the finite element model will be too 
conservative, and the structural strength will also be too 
conservative.

(3)  Based on the principle of the design wave approach, the 
amplitude of the designed wave is obtained at the maximum 
RAO; hence, design waves that are seriously inconsistent 
with the actual wave amplitude under a single load control 
parameter can be eliminated.
In the calculation of RAO, the information concerning 

the various RAOs includes the amplitude response at each 
frequency and corresponds to a phase value εb. This phase εb  
is the phase of the maximum value of each load at a certain 
frequency, which varies with the cosine rule; hence, it can be 

Fig. 1. Definitions of Mby, Mbx and Mty in drawings
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regarded as a reference moment for the load, denoted as the 
“reference phase”. 

In the combined condition of Eq. (4), each component load 
is calculated by multiplying a set of coefficients ηi1 and ηi2, 
based on long-term prediction. Assuming ηi1 ≥ ηi2, we call the 
load with the larger coefficient ηi1 the “major control load”, 
whereas the load with the smaller coefficient ηi2 is called the 
“minor control load”.

During the calculation of the design wave, it is first 
considered that the major control load needs to reach the 
objective values ηi1 Mby. Assuming that the RAO of the ith 
wave direction and jth circle frequency is defined as RAOby,ij, 
the reference phase is defined as εb,by,ij. Hence, to achieve its 
objective value, the wave amplitude should reach the following 
value:

Aby,ij =       (6)

Then, the transient phase of the design wave is satisfied with 
εby,ij= εb,by,ij.

Because of the phase difference between the major and 
minor control loads, when the major control load reaches its 
maximum value, the minor load cannot reach its target value. 
Instead, a certain reduction is made on the objective value, 
and the reduction coefficient is expressed as 

cos (εby,ij – εb,ty,ij) = cos (εb,by,ij – εb,ty,ij)  (7)

According to the cosine equation of wave motion, the 
transfer function RAOty,ij of the minor control load ηi2 Mty 
can also be used for a similar reduction; hence, the effective 
transfer function can be expressed as

RAOe,ty, ij = RAOty, ij ∙cos (εb,by,ij – εb,ty,ij)  (8)

Then, to achieve the objective value for the minor control 
load, the wave amplitude reaches the following value:

Aty,ij =  =  (9)

For each design wave, there is only one amplitude; hence, 
only when the amplitudes of the major and minor control loads 
are equal can the design wave be considered to be successful. 
The design wave can be determined by filtering the wave 
direction and frequency, which makes Aby,ij ≈ Aty,ij; the closer 
these values are to each other, the more successfully the design 
wave can be calculated. Therefore, a difference factor fij for the 
wave amplitude level between the major and minor control 
loads is defined in this paper as follows:

fij = |  –1|      (10)

By calculating all the wave directions and frequencies, all 
fij can be obtained. In engineering applications, the design 
wave can be considered reasonable with values of fij ≤ 0.05, 
and if the value of fij is very small and closer to 0, the design 
wave will be more consistent with the requirements of the 

objective design wave load. In addition, if all the difference 
factors of the wave amplitude level are large, some additional 
wave directions and frequencies should be calculated near the 
minimum value of fij; then, the new fij should be compared to 
obtain the most reasonable design wave.

In the process of searching for design waves, it is necessary 
to eliminate the design waves that do not conform to reality, 
according to principle (3). By calculating the design wave under 
the major and minor load control parameters, two design wave 
amplitudes can be obtained. Usually, ships travelling in the 
China Sea area encounter wave heights that are generally less 
than 11.5 m [3]. Therefore, waves with design wave amplitudes 
larger than 11.5 m should be excluded; hence, the search 
process for the design wave in this study is limited as follows:

 < 23 /2    (11)

If a combination case of the ith wave direction and jth frequency 
exceeds the aforementioned limitation, it will be skipped and 
the wave search will be continued until the minimum fij is 
found. The wave angle and circular frequency corresponding 
to this minimum fij are the required ones.

Finally, according to principle (2), the amplitude of the 
designed wave is determined as follows:

A = max (Aby,ij , Aty,ij)      (12)

The flow of this approach is shown in Fig. 2. Input is defined 
in terms of catamaran geometry, mass distribution, mass 
moment of inertia, scantlings, speed, sea state, and so on. 
Output is defined as the parameters of the objective design 
wave. The various analysis steps are detailed in the following 
sections.

Fig. 2. Load calculation and strength analysis process
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REAL SHIP CALCULATIONS

The main parameters of the passenger catamaran under 
study are listed in Table 1. The target catamaran cruise ship 
primarily sails back and forth on fixed routes in the coastal 
area of the Greater Bay Area (GBA) in China, as shown in 
the area in the red box in Fig. 3. The appearance of the entire 
ship is shown in Fig. 4. This ship has four structural decks 
and one artistic modelling deck (it does not contribute ship 
strength); various cabins, such as restaurants, theatres, bars, 
and conference halls, are distributed on each deck. 

Wave load prediction
Based on the three-dimensional potential flow theory, the 

hydrodynamic calculation software WALCS, developed by 
the China Classification Society and Harbin Engineering 
University, was used in this study to predict the wave load of 
the target catamaran passenger ship. 

Transfer function (RAO) calculation 
WALCS was used to build the hydrodynamic wet surface 

model of the catamaran passenger ship, as shown in Fig. 5, 
which has a total of approximately 6500 elements. In the 
load calculation, the ship speed was 0 kn, and the heading 
angles of the wave were from 0°‒180° at intervals of 10°. 
Thus, there were 19 wave directions in total, including the 
following wave, beam wave, oblique wave, and heading wave. 
The incident wave frequency range was 0.2–2.5 rad/s, with 
a step of 0.1 rad/s. Thus, there were 24 circular frequencies in 
total. In the setting of the load integral section, 19 transverse 
sections were set in the longitudinal direction from stern to 
bow, and 9 longitudinal sections were set in the transverse 
direction from port to starboard. Moreover, the transverse 
sections in the longitudinal direction were distributed evenly, 
whereas the longitudinal sections in the transverse direction 
were denser at the cross-structure because the strength of the 
cross-structure connecting the catamaran body is the main 
problem in structural evaluation. 

The mass distribution of the catamaran was adopted in the 
form of mass blocks; the entire ship was divided into 38 mass 
blocks by transversal and longitudinal cutting. The centre of 
gravity of each section was adjusted according to the actual data.

Through calculation, the RAOs of the loads under the full-
load condition were obtained as shown in Fig. 6.

Short- and long-term prediction
China’s coastal water and the northwest Pacific are divided 

into several regions in the Northwest Pacific Ocean Wave 
Statistics set, and the navigable area for the target catamaran 
is S1 [17]. Therefore, the wave statistics data of this region were 
selected as the input data for the long-term calculation. In the 
calculation, the P-M double parameter spectrum was selected 
as the wave spectral density function.

According to the principle of long-term prediction, it is 
calculated at the level of 10-8 exceeding probability for the target 

Tab. 1. Parameters for target catamaran

Fig. 3. Main navigation area of target catamaran

Fig. 5. Hydrodynamic wet surface model

Fig. 4. Appearance of target catamaran

Principles Value

Design water line Lwl 66.67 m

Moulded breadth B 18.70 m

Moulded depth D 5.20 m

Design draft T 2.55 m

Displacement Δ 1325.9 t

Sailing area – Coastal/inland of China

(a) Front view

(b) Trimetric view
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catamaran, and extreme wave loads acting on the hull girder 
are obtained as shown in Fig. 7. The maximum longitudinal 
bending moment is 42050 kNm, the maximum transverse 
bending moment is 12950 kNm, and the maximum transverse 
torque is 49720 kNm.

DESIGN WAVE DETERMINATION

Based on the method above, the design waves under 
combined bending–torsion conditions were calculated, and 
the design wave calculation under the following condition was 
taken as the research object for detailed analysis: 

Oi = 0.8Mby + 0.6Mty

The load control parameters of the design wave under 
this formula are the longitudinal bending moment and 
transverse torque. Based on the long-term prediction results, 
the maximum value of Mby is 42050 kNm, and the maximum 
value of Mty is 49720 kNm. Therefore, the target values of the 
major and minor load control parameters were 33640 kNm 
and 29832 kNm, respectively. 

Then the design wave amplitude under the major load 
control parameters and the minor load control parameters 
are calculated in every wave direction and frequency. After 
eliminating design waves that did not conform to the actual 
wave, the difference factor of the wave amplitude level was 
calculated as shown in Table 2, where the minimum value of 
fij was 0.00. The wave amplitude, circle frequency and wave 
direction angle corresponding to this value are the wave 

amplitude, circle frequency and wave direction angle of the 
required design wave. The phase was 329.2°, corresponding to 
the major load control parameters. According to the results 
of the design wave, the hull structure reaches the objective 
load in the 140° oblique wave state. It can be seen that the 
objective combination wave condition of bending and torsion 
was generated. 

The rule requires eight combined bending–torsion design 
waves, as follows: 

O3 = 0.8Mbx–in + 0.6Mty  O9 = 0.8Mby–hog + 0.6Mty

O4 = 0.8Mbx–out + 0.6Mty  O10 = 0.8Mby–sag + 0.6Mty

O5 = 0.6Mbx–in + 0.8Mty  O11 = 0.6Mby–hog + 0.8Mty

O6 = 0.6Mbx–out + 0.8Mty  O12 = 0.6Mby–sag + 0.8Mty

(13)

These design waves were calculated based on the 
aforementioned methods. All the parameters of the eight 
design waves are shown in Table 3.

DISCUSSION AND CONCLUSION

To verify the accuracy of the design wave calculation 
method under multi-load control parameters in this study, 
a load analysis of the aforementioned eight bending–torsional 

Fig. 6. Pure response in regular waves (RAO)

Fig. 7. Extreme wave loads on hull girder for long-term prediction

(a) Longitudinal bending moment

(a) Longitudinal bending moment

(b) Transverse bending moment

(b) Transverse bending moment

(c) Transverse torsional moment

(c) Transverse torsional moment
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Tab. 2. Difference factor for wave amplitude level 

Tab. 3. Parameters of design waves

fij

ω/β 0° … … 90° 100° 110° 120° 130° 140° 150° … … 180°

0.20 0.28 … … –– –– –– –– –– –– –– … … ––

… … … … … … … … … … … … … … … … … … … … … … … …

0.65 0.28 … … –– –– –– –– –– –– 0.13 … … ––

0.70 0.30 … … –– –– –– –– –– 0.70 0.09 … … ––

0.75 0.32 … … –– –– –– –– 1.61 0.64 0.05 … … ––

0.80 0.35 … … –– –– –– –– 1.48 0.57 0.00 … … ––

0.85 0.39 … … –– –– –– –– 1.33 0.48 0.06 … … ––

0.90 0.45 … … –– –– –– 2.49 1.13 0.36 0.15 … … ––

0.95 0.52 … … –– –– –– 1.95 0.86 0.19 0.26 … … ––

1.00 0.62 … … –– –– –– 1.39 0.56 0.00 0.39 … … ––

1.05 0.73 … … –– –– –– 0.89 0.25 0.21 0.53 … … ––

1.10 –– … … –– –– –– 0.51 0.03 0.41 0.67 … … ––

1.15 –– … … –– –– 0.91 0.24 0.26 0.59 –– … … ––

1.20 –– … … –– –– 1.02 0.10 0.42 0.73 –– … … ––

1.25 –– … … –– –– 1.21 0.06 0.52 –– –– … … ––

1.30 –– … … –– –– 1.46 0.08 0.58 –– –– … … ––

1.35 –– … … –– –– 1.62 0.15 0.62 –– –– … … ––

1.40 –– … … –– –– 1.08 0.24 0.69 –– –– … … ––

1.45 –– … … –– 3.01 0.04 0.30 –– –– –– … … ––

1.50 0.40 … … –– 3.44 3.09 –– –– 0.46 –– … … ––

1.55 –– … … –– 3.47 2.45 –– –– –– –– … … ––

1.60 –– … … 1.65 3.73 1.68 –– –– –– –– … … ––

1.65 –– … … 1.82 3.26 1.26 –– –– –– –– … … ––

1.70 –– … … 2.50 2.54 0.54 –– –– –– –– … … ––

… … … … … … … … … … … … … … … … … … … … … … … …

2.00 –– –– –– –– –– –– –– –– –– –– ––

Note: “--” indicates that the difference factor is not calculated for wave amplitudes that do not conform to the actual situation

Case Amplitude
A(m)

Heading angle
θ (°)

Phase
 ε (°)

Frequency
ω (rad/s)

3 8.43 110 329.2 1.80

4 8.43 110 149.2 1.80

5 5.03 110 42.7 1.15

6 5.03 110 –138.3 1.15

9 4.75 140 330.5 1.00

10 4.75 140 150.5 1.00

11 6.79 40 6.6 0.75

12 6.79 40 –173.40 0.75
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combination design waves was carried out on the target hull, 
and the component loads obtained are shown in Table 4. By 
comparing each component load under every condition, it was 
found that the errors were very small, and the average error of 
each loading condition was within 1%. Therefore, the actual 
design wave load is almost the same as the object, which is 
sufficient to show that the method described in this paper 
can effectively calculate the design wave parameters under 
multi-load control parameters.

Based on the calculation of the aforementioned design waves 
and the strength analysis of the entire ship, the structural 
strength assessment of the target catamaran has been 
recognised by the China Classification Society. In addition, 
this target ship was delivered in June 2021, and it has received 
good feedback and acquired a good reputation. Fig. 8. shows 
aerial photographs of the actual ship sailing. 

Above all, this paper proposes a design wave calculation 
approach for catamarans under multiple load control 
parameters. By defining the difference factor of the wave 
amplitude level in this study, the design wave for the catamaran 
can be calculated effectively under multiple load control 
parameters; the average error is less than 1% compared with 
the objective load components. Hence, a reasonable design 
wave can be obtained using this approach. 
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ABSTRACT

The development of modern lithium batteries and propulsion systems now allows the use of complex propulsion systems 
for vessels of various sizes. As part of the research and implementation project, a parallel hybrid drive system was 
designed, built and then tested in the laboratory. The experimental studies conducted allowed for the measurements 
of power, fuel consumption and electric power distribution in various operating modes of the propulsion system. The 
research proves that in the analysed case, the hybrid parallel system meets the demand for electric energy during 
a typical cruise scenario, and thus there is no need to install a power generator on the yacht.

Keywords: sail catamaran, green shipping, zero emission, hybrid propulsion

INTRODUCTION

A huge number of recreational vessels of various sizes sail 
on the seas of the world, from quite small yachts, just 6‒7 
metres in length, to luxury catamarans several dozen feet 
long. It is difficult to obtain reliable data on their number, as 
a significant number of them are built by enthusiasts, so often 
a certain scope of work is performed independently, and only 
some tasks are entrusted to specialised shipyards. In addition, 
historic vessels are being rebuilt, including several dozen-
year-old yachts often made of wood or steel. They appear in 
registers, then disappear for years to reappear sometimes 
under a changed name.

The latest data from the Polish Economic Institute (PIE) 
shows that Poland is the eighth in the world and the fifth in 
Europe exporter of yachts and other recreational and sports 
vessels. The global pandemic has not changed the market 
situation. In 2018, Polish exports accounted for 60% of the 
overall value of yacht exports across the EU. Moreover, it 
doubled between 2014 and 2018, rising from 184.8 million 
to just under 396 million euro.

The data quoted by PIE show that in the first half of 
2021, Poland’s share in global yacht exports increased by 1.2 
percentage points, to 4.7%. Polish shipyards annually produce 
approx. 22 thousand motor and sailing yachts - these are both 
luxury yachts and watercraft for beginner sailors, 95% of which 
are exported. They specialise mainly in motor yachts up to 9 
metres long, numbering over 20 thousand. Seventeen thousand 
yachts built in Poland belong to this category. Polish shipyards 
also carry out contracts under specific orders and develop 
their own structures. Polish specialties, apart from small 
motor yachts, are luxury motor yachts up to 24 metres long, 
luxury sailing yachts up to 15 m, and luxurious personalised 
catamarans up to 30 m. An example of such a unit is the 
catamaran described below.

The styles and expectations of shipowners have changed 
over the years. There is no doubt that the growing public 
awareness means that especially wealthy shipowners look 
for technical solutions that will meet their expectations, i.e. 
in addition to obtaining an appropriate level of comfort, they 
expect reliability and safety. At the same time, today it is said 
that the vessel should be environmentally friendly throughout 

* Corresponding author: wlitwin@pg.edu.pl (W. Litwin)
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its entire life from design to utilisation. Often, it can be difficult 
to find reliable data on, for example, the environmental impact 
at the stage of building a yacht’s hull made of classic polyester 
or epoxy composite. For the shipowner, fuel combustion is 
a measurable negative impact on the environment, which he 
perceives as operating costs. Interestingly, even for large sea-
going vessels, the environmental impact is assessed on the 
basis of the amount of fuel used, and emission measurement 
installations are rarely found on board the ships. Therefore, 
it can be said that the shipowner is interested in the amount 
of fuel consumed by the engine for at least two key reasons: it 
is the source of operating costs and, additionally, it results in 
the emission of substances harmful to the environment. It can 
also be mentioned that the noise of the combustion engine, 
especially at night, is difficult to accept on recreational vessels, 
especially on rented boats. It is also ensured that the exhaust 
gases blown by the wind do not end up in the area where 
passengers are present. This applies to both the operation of 
the drive engine and the power generators.

Therefore, various types of propulsion have been worked 
on for a long time, which would allow exhaust emissions to be 
reduced and vibration [1] and noise pollution to be minimised 
on vessels of various sizes [2][3][4][5] The ideal would be 
a zero-emission ship [6], although it is said today that the 
production of synthetic or even natural fibre sails also has 
a negative impact on the environment, so there is no absolutely 
clean technology. The literature more and more often shows 
research on the effects of the product during the entire life 
cycle of the product, from its construction to its disposal [7]

When looking for propulsion system solutions and 
environmentally friendly sources of electricity to power the 
devices on the vessel, one is quickly pointed to photovoltaic cells, 
miniature wind turbines, energy recovery through generators 
submerged in water while sailing on sails, or finally fuel cells 
powered especially by hydrogen. Other solutions, such as the 
use of a Stirling engine [8], are also considered. In practice, 
however, various types of hybrid drives are currently widely 
used, in which electric and combustion engines are used [9]. 
A significant limitation in the widespread use of electric motors 
on vessels is the significant price of lithium batteries and fuel 
cells. The price of lithium batteries has dropped significantly 
in recent years, but this technology remains expensive and the 
acquisition of raw materials, production and finally disposal 
of batteries is not indifferent to the environment. Data on this 
subject can be found in the literature [10][11]. Fuel cells are an 
amazing source of electricity. Ecologically obtained hydrogen 
can be used to generate electricity. However, such systems are 
rarely used on vessels due to very high costs [12][13][14].

It is predicted that “green shipping” will not be complete 
without routing and the automation of certain navigation 
and decision-making processes [15]. Optimising the route 
and speed profile as well as the desired time in which the 
destination will be achieved is often a task for optimisation 
processes based on artificial intelligence or fuzzy logic.

The work carried out at the Gdańsk University of Technology 
has for years focused on low-emission propulsion systems, 
especially for smaller vessels [16][17]. In later years, various 

designs of hybrid drive systems were developed, which were 
subjected to laboratory tests [18][19][20][21]An extraordinary 
challenge was to design a new ferry with a plug-in hybrid 
[22][23], based on the example of which research was 
undertaken on the energy management of a vessel operating 
in undetermined states – on a short route [24].

Based on the experience gained earlier, the task of designing 
a completely new, 50’ long sailing vessel with a hybrid diesel-
electric drive was taken up (Table 1). One of the important 
utility values of the vessel for the yacht manufacturer was 
to obtain a certain energy autonomy, enabling the use of an 
electric drive, for example, for sailing in sheltered waters or 
within the port, and in particular to obtain at least eight hours 
of energy autonomy under conditions of anchor or sailing with 
sails at night when the passengers are asleep and the operation 
of the generator is not recommended due to the noise.

The presented unit has been designed from scratch. The 
yacht has a vinyl ester glass and carbon fabrics structure 
(Fig. 1, 2)

Tab. 1. 50’ long catamaran ‘Wave’ main data

Fig. 1. Drawing of 50 ft long catamaran Wave 50’

1. Length 49 ft 1 in / 14.95 m

2. Beam 27 ft 4 in / 8.34 m

3. Draft 4 ft 9 in / 1.4 m

Displacement 21.84 tons

Sails: main sail / genoa / 
gennaker / spinnaker 70 m²/ 69 m² / 185 m² / 220 m²

Engines / motors (parallel 
hybrid) 2 x 60 HP / 2 x 18.5 kW

Fuel tanks 2 x 420 litres

Lithium battery energy storages 
(battery bank) 2 x 21.6 kWh

CE categories A

Catamaran design team – 
WAVE CATAMARANS

Designer
Technical Designer

Naval Architect
Constructor

Agnieszka Bona
Andrzej Chmielewski
Agata Kowalska-Strycharz
Radosław Michalik
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METHODS

The catamaran hull design was the result of a complex 
design process [25] and flow analysis in specialised CFD 
software. Based on the calculations, the characteristics of the 
catamaran’s towing power as a function of speed, which is 
crucial for the design of the propulsion system (Fig. 3), were 
determined. Assuming the typical values of the efficiency of 
the serially produced propeller with folded wings ηpropo = 0.4, 
the angular gear in the power transfer system ηgear = 0.95 and 
the bearings and reduction gear ηpropo = 0.9, the forecast of 
the power on the shaft connected directly to the drive motor 
was obtained (Fig. 3).

Initial calculations show that a catamaran equipped with 
two combustion engines with a power of 60 HP each (44 kW) 
will possibly be able to achieve a maximum speed of about 
9 knots, which is sufficient for a sailing vessel for which the 
mechanical propulsion system is an auxiliary system.

The catamaran is equipped with 2 parallel hybrid 
propulsion modules designed at the Polytechnic, which 
include combustion engines and electric motors, one set 
per hull (Fig. 4).

The drivetrain can operate in four different operating 
modes:

the electric motor operates in generator mode and charges 
the batteries,

the electric machine is in the mode of supporting the 
internal combustion engine; the power steering system 
is activated when the engine load increases, which results 
in a reduction of the rotational speed,

off,

the electric motor operates in generator mode and 
charging of batteries is possible.

Interestingly, the capacity of the batteries was not selected 
for electric navigation. The catamaran is a sailing vessel and 
the mechanical drive serves as an auxiliary. The capacity of the 
batteries is selected to meet the demand for electricity at night, 
so that it is not necessary to start the combustion engine. It is 
also worth noting that the catamaran does not have a power 
generator. This is quite a bold solution, and the batteries can 
be charged while the drive motor is running, when the electric 
machine is in generator mode or while sailing on sails. The 
saving of space on the unit resulting from abandoning the 
power generator has an important consequence that could 
be used by shaping the unit. This allows a recreational deck 
at the bow, which usually does not exist as this space is taken 
up by a power generator (Fig. 2).

During the stay in port, the catamaran can be powered 
from the shore, and then there is no need to start the electricity 
generation system.

Fig. 2. Photograph of Wave 50’ during tests

Fig. 4. Parallel hybrid propulsion system of Wave 50’; a – schematic of the system, 
b – test rig drawing; 1 – combustion engine, 2 – electric motor, 3 – belt gear, 

4 – main gear with reverse, 5 – sail drive unit, 6 – torque meter, 
7-load – hydraulic pump 

Fig. 3. Towing power and expected powered demand based on CFD studies
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RESULTS

The tests were carried out in the laboratory by conducting 
an experiment on the object at the real scale (Fig. 4).

Measurements of the mechanical power on the propeller 
shaft and the fuel consumption of the combustion engine 
(Fig. 5.a) were also carried out for the conditions when 
the electric machine was operating in the generator mode 
(Fig. 5.b). It must be remembered that the mechanical power 
was measured on the output shaft where the propeller 
is mounted, so the engine power is reduced by the losses 
resulting from the operation of the power transmission 
system (two gears, bearings and seals). Measurements for 
the operation of the generator-loaded system were made in 
the range from 650 to 800 rpm as this is the predicted, typical 
rotational speed of the propeller during the voyage.

The measurements prove that the total energy efficiency 
of a conventional drive system, manufactured by one of 
the renowned global manufacturers, which includes the 
combustion engine, the main gear with a reverse and the 
bottom of the drive with the gear, is from 22 to a maximum 
of 30% (Fig. 5.a). This value is small but typical for small 
drive systems with piston engines. The low overall efficiency 
also results from energy losses in the power transmission 
system, especially in the right-tooth bevel gear installed in 
the lower case.

At the design stage, it was anticipated that the recreational 
unit, which is a catamaran, would charge the batteries when 
sailing when the internal combustion engine was running. 
As the range of rotational speeds of the combustion engine 
between 1400 and 1800 rpm (650‒800 of the output shaft) is 
optimal in terms of fuel consumption (Fig. 5a) and the low 
noise and vibration level, the gear ratio of the belt transmission 
was selected so that the electric machine would work in this 
speed range effectively as a generator (Fig. 5b) with a power 
of about 9.5 kW. It is also worth noting that in such a case 
the global energy efficiency of the entire system increases, 
especially at lower rotational speeds.

As mentioned before, the priority function of the electric 
motor operating with the combustion engine was to work 
in the generator mode. The propulsion and power supply 
system also allows the electric motor to power a vessel, for 
example, during manoeuvres in a port, a protected area where 
internal combustion engines cannot be used, or during sails 
work, when the unit is purposefully kept upwind thanks 
to the propulsion system. Thus, the drive functionality of 
the designed hybrid system is very useful because during 
the voyage it is less often necessary to start the internal 
combustion engine. The global energy efficiency of the drive 
system powered by an electric motor reaches 75% (Fig. 6), 
which is a value almost twice as high as during the operation 
of an internal combustion engine. The time necessary to 
charge the batteries is up to 3 hours and depends on the 
degree of discharge of the batteries and the current energy 
consumption.

The propulsion system of the vessel and the DC/AC 
converter that controls the operation of the electric motor also 
has a significant advantage, namely it provides the possibility 

Fig. 6. Power and efficiency of the system in electric motor mode

Fig. 5. Test rig measurements of the operational parameters of the propulsion system when the whole of the power is transferred to the propeller (a), 
and when additional load is applied by the generator (b)
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of generator operation in the area of   lower power and shaft 
rotation speed when the sails are used to drive the vessel 
and the propellers act as hydrogenerators. The results of the 
calculations show (Fig. 7) that during navigation, when the 
conditions are favourable, i.e. the wind speed allows sailing 
at higher speeds, it is possible to meet the energy needs of 
the vessel and turning on the combustion engine may be 
unnecessary. Whether it will be possible to use this method 
in practice is not known because, as shown by practical 
experience, on some units the noise associated with the 
propeller’s generator operation is so significant that such 
a possibility is excluded, especially at night. The consequence 
of regenerative operation can also be an intense cavitation 
process that can quickly damage the propeller.

CONCLUSIONS

performance of tests of the designed and constructed 
propulsion system. What is extremely important, at 
the stage of experimental tests in the laboratory, it was 
possible to perform initial tests of the hybrid drive and 
supply system in terms of durability and reliability. 
Performing measurements of the mechanical power and 
electrical parameters allowed for the determination of 
real work parameters.

the generator system in parallel to the combustion 
drive. Within the typical cruising speed, by loading the 
combustion engine with the power necessary to charge 
the batteries, the energy efficiency of the entire system is 
improved in the range of 12 to 5% (which corresponds to 
an increase of 40 to 10%). Such an operational scenario 
helps to increase the overall efficiency of the system 
compared to the individual generator and combustion 
modes The gain can be up to 34% of saved fuel although 
this decreases with the increase of the power of the 
combustion engine, which is due to the decreasing excess 
power of the combustion engine that can be used by the 
generator.

an attractive task for scientists and engineers, such as 
“design – build – test”. It enables the acquisition of new 
knowledge and skills, which are also used in the didactic 
process.

award in the category of multihull of the year (www.
multihulloftheyear.com).

It will be an attractive phase of works for scientists and 
engineers, when it will be possible to verify whether the 
assumed operating parameters have been achieved.
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ABSTRACT

This paper proposes a navigation situation assessment method for autonomous surface vehicles (ASVs) in a cooperative 
hunting environment. By virtue of the repulsion function expressed in the artificial potential field, the navigation 
situation of hunting ASVs and target ASVs is firstly described. And the hunting situation is also constructed to describe 
the cooperative hunting. Based on the navigation situation and the hunting situation, a navigation situation assessment 
method for cooperative hunting of multiple ASVs is designed, where the number of hunting vehicles and the hunting 
radius can be successfully computed. Simulation results show that this proposed situation assessment method can give 
an optimised formation pattern and provide an effective reference for cooperative hunting of ASVs.

Keywords: autonomous surface vehicles; navigation situation; situation assessment; cooperative hunting

INTRODUCTION

In the past two decades, the cooperative manoeuvring 
of autonomous marine vehicles, including autonomous 
surface vehicles (ASVs) and autonomous underwater vehicles 
(AUVs), has attracted extensive interest [1, 2]. Successful 
applications can be found in military missions, such as bee-
swarm warfare, countermeasure equipment and saturation 
attacks. Fruitful cooperative manoeuvring methods have 
been proposed, ranging from cooperative trajectory tracking 
[3, 4], and cooperative path following [5, 6], to cooperative 
hunting [7].

The objective of cooperative hunting is to make a fleet of 
hunting vehicles surround the target vehicle with a circular 

formation. In this context, the number of hunting vehicles 
and the hunting radius are topics of concern in academic 
and engineering circles. These problems are discussed and 
studied in the research of pursuit-evasion. Utilising the 
‘differential game’, the cooperative hunting problem of two 
low-speed hunters and one target was investigated by [8]; 
the boundary gate analysis was completed and the relative 
positions of the agents were determined. On this basis, 
amethod of explicit policy was proposed in [9, 10], where 
the optimal hunting strategies in the minimum time were 
designed and the trajectories of hunters delineated. In [11], the 
Apollonius circles formed by the hunters and the target were 
applied to cooperative hunting, and the hunters cooperatively 
contained the target by enclosing the target inside a convex 

* Corresponding author: quxingru@dlmu.edu.cn (X. Qu) 
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polygon. Besides this, in [12], the hunting region and the 
positions of the hunters were defined using the Apollonius 
circle mechanism, thus guaranteeing that the hunters were 
distributed around the target and avoiding collisions between 
hunters. However, the minimum number of hunters has not 
been explored for cooperative hunting.

Under a complex and ever-changing marine environment, 
it is necessary to enable multiple hunting vehicles to sail 
safely and complete missions successfully, by implementing 
a situation assessment method. In this context, the artificial 
potential field (APF) becomes a powerful tool for assessing 
risk, and various assessment methods have been proposed, 
based on the APF [13, 14]. It should be noted that the results 
of situation assessment can provide an effective reference 
for path planning and collision avoidance [15]. With the 
aid of the APF, the concept of a driving safety field was first 
proposed in [16, 17], in order to assess the degree of safety of 
vehicles. In [18], a driving safety based manoeuvring model 
was constructed, giving a risk assessment for drivers. In [19], 
an improved APF was proposed for the safe manoeuvring of 
ASVs, where appropriate functions and safety requirements 
are added. In addition to the APF, the supporting vector 
computer-based assessment method was employed in [20], 
to obtain the collision risk via vehicle states. 

In the literature, situation assessment methods include 
qualitative assessment and quantitative assessment. Within 
the qualitative assessment, the changes of situation can be 
shown and the assessment results for risk and safety cannot be 
quantified. Within the quantitative assessment, the situation 
value of each position can be calculated. In [21], a visual 
analysis-based situation assessment was proposed, using a set 
of safety indicators which can assess the current states and 
the efficiency of the current protection mechanism. In [22], 
the hierarchical Bayesian networks-based adaptive situation 
assessment method was presented, using information from 
sensors, thus improving the robustness of the assessment 
system. Using dynamic Bayesian networks and odourless 
variance transformation, a situation assessment method is 
proposed for the tactical behaviour planning of lane changing 
[23]. By combining the analytic hierarchy process and fuzzy 
assessment, a fuzzy comprehensive assessment model was 
constructed for describing the degree of safety and integrating 
the effective data [24]. In [25], an improved fuzzy neural 
network-based situation assessment method was proposed for 
multiple vehicles, improving the intelligence and accuracy of 
assessments in a complex environment. However, the situation 
assessment research for cooperative hunting of multiple ASVs 
is still open for study. 

Motivated by these observations, this paper investigates 
the situation assessment problem of ASVs in a cooperative 
hunting environment, where one target vehicle is surrounded 
by multiple hunting vehicles. A novel navigation situation 
assessment method is proposed for cooperative hunting. 
Firstly, the navigation situation is constructed based on the 
potential field, which can describe the degree of difficulty for 
an object to reach a certain position. Then, by virtue of the 
circular hunting formation, the interception benchmark angle 

and the interception positions of hunting vehicles are designed. 
By iteratively computing the navigation situation and hunting 
situation, as well as the hunting radius, the navigation situation 
assessment under different initial conditions is completed, 
where the number of hunting vehicles and the hunting radius 
are optimally determined. Finally, simulations are studied 
by using the proposed situation assessment method and the 
results show an optimised hunting formation pattern for 
ASVs in a cooperative hunting environment.

The structure of this paper is as follows. Section II describes 
the navigation situation. The navigation situation assessment 
method under cooperative hunting is presented in Section 
III. Section IV provides simulation results to validate the 
proposed assessment method. Finally, Section V discusses 
the conclusions of this research and the direction for further 
work.

NAVIGATION SITUATION DESCRIPTION

If we consider a network of hunting ASVs, labelled 1 to 
n, and a target vehicle (as shown in Fig. 1), then each vehicle 
sailing on the ocean produces a single navigation situation 
that acts in a certain range. The situation values of a hunting 
vehicle and a target vehicle are usually different. By combining 
the single navigation situations, the whole navigation situation 
generated by all ASVs can be generated.

ir

gr

Y

X

O

p

ip

gp

Fig. 1. Navigation situation of two hunting vehicles and one target

With the aid of APF [26], the navigation situation for any 
point in the earth-fixed inertial frame can be described as

1
( ) ( ) ( )

n

n ci g
i

T p T p T p  (1)

where 1,...,i n ; [ , ]Tp x y  is the position of any point in the 
earth-fixed inertial frame; ( )ciT p  and ( )gT p  denote the single 
navigation situation generated by the ith hunting ASV and 
the target ASV, respectively. To be specific:
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where cik  and gk  are positive constants; ip  and gp  are the 
positions of the hunting vehicles and the target vehicle, 
respectively; civ  and gv  are vehicle velocities; ir  and gr  are 
the situation detection ranges of ASVs; ( , )i ir p p p p  
denotes the distance between the ith hunting ASV and the 
point p ; and ( , )g gr p p p p  denotes the distance between 
the target ASV and the point p .

It should be noted that the relationship of hunting ASVs 
and the target ASV is confrontational and, because of this, 
the situation value in (2), generated by the hunting vehicles, 
is positive and the value in (3), generated by the target vehicle, 
is negative. 

It can be seen that the navigation situation has similar 
properties with the APF [27]. When the situation value of 
the point p  is positive, it indicates that the target vehicle is 
subject to resistance and the effects become stronger if the 
situation value becomes larger. When the situation value of 
the point p  is negative, it means that the hunting vehicles 
are subject to resistance and the effects will become stronger 
if the situation value becomes smaller.

Moreover, the navigation situation also describes the 
sailing safety range and the safety degree of hunting and/or 
target ASVs. Using Eq. (1), the sailing safety degree can be 
expressed from a global perspective. The position where the 
situation value is positive indicates that the target ASV is in 
danger and the higher the situation value is, the higher the 
degree of threat. The position where the situation value is 
negative indicates that the hunting ASVs are in danger; the 
smaller the situation value, the higher the degree of threat.

In order to describe the cooperative hunting, the hunting 
situation hT  is defined as

22

1 0

1 2

1max 2max max max

1 1 1 1 1 11 1
2 ( , ) 2 ( , )

( , )( , )( , ) ( , )min , ,...,

( , )

n
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i i g g
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n g

g

k v k v T
r p p r r p p r

r p pr p pr p p r p p
v v v v

r p p R

 (4)

where v  is the vehicle’s velocity after cooperative hunting; 
1max 2max max, ,..., nv v v  are the maximum velocities of hunting 

ASVs; maxgv  denotes the maximum velocity of target ASV; 
and R  denotes the hunting radius.

It should be noted that, for the point p  satisfying ( )n hT p T  
the hunting vehicles can arrive in advance and generate 
positive situation values. Because of this, the target vehicle 
is forced to stop and the cooperative hunting is achieved. 
After cooperative hunting, a circular formation pattern will be 
generated and maintained by the hunting ASVs, and the target 
ASV will be located at the centre of the circle. All vehicles 
have the same velocities and maintain a relatively static state.

NAVIGATION SITUATION ASSESSMENT 
UNDER COOPERATIVE HUNTING

In this section, a navigation situation assessment method 
for cooperative hunting of multiple ASVs is proposed, where 
the number of hunting vehicles and the hunting radius can be 
efficiently computed. Firstly, cooperative hunting parameters 
are designed, including the interception benchmark angle and 
the interception positions. Then, the navigation situation-
based assessment method and assessment process are 
presented, respectively.

COOPERATIVE HUNTING PARAMETER DESIGN

If we consider different types of hunting ASVs and define 
ASVj as the jth type, where 1,...,j m , the interception angle 
of ASV1 is 1  and the interception angle of ASVm is m . For 
the circular hunting formation, the interception positions of 
ASVs can be solved by the ratio of these interception angles. 
In this context, we define the proportional coefficients as 

1
1

m

s 2
2

m

s 1
1

m
m

m

s (5)

and the interception benchmark angle is defined as

1 1 2 2 1 1

2
......r f f f f

m n ns a s a s a a
 (6)

where f
ia  denotes the numbers of hunting vehicles of different 

types and 1,...,i n .

By virtue of the benchmark angle (Eq. (6)) and the 
circular hunting formation, vehicles’ interception angles 
can be computed as follows. The interception angle of ASV1 
is expressed by 1 rs  and that of ASVm-1 is expressed by 1m rs .

Furthermore, interception positions can be employed 
using the interception angles. The position of ASV1 is

cos , sing gx R x R , where is the initial 
angle and the neighbouring vehicles’ positions can be 
expressed as follows. Using the ASV1, the position is

1cos ,g rx R s 1sing rx R s ; using the ASV2, 
the posit ion is 1 2cos 0.5 ,g r r gx R s s x

1 2sin 0.5 r rR s s ; and using the ASVm, the position 
is 1cos 0.5 ,g r rx R s 1sin 0.5g r rx R s . 
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NAVIGATION SITUATION ASSESSMENT DESIGN

To ensure the safety requirements of hunting ASVs and 
target ASVs, the safety situation range is defined as gR . Within 
this range, the navigation situation value of target ASVs is 
less than zero. The minimum hunting radius is defined as 

minR , which satisfies 

2 2

min max
1 min

min max min max

1 1 1 1 1 11  1 0,  
2 2

 = ,  

n

ci g
i g i g g

k v k v R R
R R r R r

R R R R  (7)

where maxR  denotes the maximum hunting radius.

In this context, the navigation situation assessment 
conditions are as follows. (a) A circular hunting formation 
pattern is constructed and the situation value satisfies 

( )n hT p T ; (b) the hunting radius satisfies minR R .
It should be noted that, the smaller the number of hunting 

ASVs, the higher the efficiency of cooperative hunting. In 
addition to the number of vehicles, the hunting radius is 
also important. The smaller the hunting radius, the higher 
the hunting efficiency. 

Considering a hunting ASV, with an interception angle of 
i  when intercepting the target ASV alone, if the interception 

distance is d , then the position of the ith hunting vehicle is 

,i g gp x d y  (8)

and the interception angle i  is solved by

22

tan
2

1 1 1 1 1 11 1
2 ( , ) 2 ( , )
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ci g h
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y x

k v k v T
r p p r r p p r
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After completing the cooperative hunting, the number of 
hunting ASVj is jA , which satisfies

 
1 1 2 2 min

1 1 2 2

... 2

... 2
m m

m m

A A A
A A A (10)

where A N  and min 1 2min{ , ,..., }m .

Then, we define a set 1 2, ,..., mD d d d  as the solution 
to Eq. (10), and it can be concluded that

1 2, ,...,f f f
f md a a a  (11)

where fd D .

The proposed navigation situation assessment method is 
employed to solve the optimal cooperative hunting formation. 
By iteratively computing the navigation situation and hunting 
situation, the hunting radius and the number of hunting 
ASVs can be obtained by using the available information 
regarding hunting vehicles and target vehicles. Fig. 2 shows 
the assessment process, thus:

Step 1: Using Eq. (9) and Eq. (10), the set 1 2, ,..., mD d d d  
and the number of ASVs can be determined. Let 1f  and 

1 2 ...f f f f
ma a a a . The initial conditions of ASVs can 

be determined by 1 2, ,..., sH h h h .

Step 2: Under zh  with 1z , the positions of vehicles 
are initialised using Eq. (5) and (6). Number the vehicles 
ranging from 1 to 

fa  and save the current information into 
the set A .

Step 3: Remove the vehicle labelled j  and compute 
minR  using Eq. (7). Renumber the vehicles and save the 

current information into the set B . If fj a , then let 
1f fa a ; otherwise, let 1j j .

Step 4: If assessment conditions are satisfied, save the set 
A  into the set C  and reset set A  and set B .
Step 5: if z s  and f m , then the cooperative hunting 

formation is available; otherwise, Step 1 is re-executed.
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End

1 2Get , ,...,  using Eq. (9) and Eq. (10) mD d d d

1 2Let , ,..., sH h h h

Initialise vehicles' positions using Eq. (5) and Eq. (6)

1 z

1 j

1 f

Number vehicles' positions and save into the set A

minRemove ASV  and compute  using Eq. (7)j R

Compute vehicles' positions and save into the set B

minR R

fj a
No

Yes

Satisfy assessment 
conditions

No

Save the set  into  the set  A C

z s

Yes

No

f m

Output cooperative hunting formation

Yes

No

Let 1z z Let 1f f

Let 1j jLet 1f fa a

Yes

Fig. 2. Assessment process
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SIMULATION RESULTS

In this section, simulation studies are conducted to verify 
the proposed navigation situation assessment method. Two 
types of hunting ASVs and one target ASV are considered in 
a cooperative hunting environment. The parameters of the 
hunting vehicles are as follows: 1 60k , 1max 8v , 2 80k , 

2max 10v . The parameters of the target vehicle are as follows: 
60gk , max 8gv , where standard SI units are denoted.

The parameters of cooperative hunting are as follows: 
max 15R , 3.5gR , 80ir , 80gr , 5v  and the 

position of the target ASV is 0,0gp . Using Eq. (5) 
and (6), one can conclude that 1 72.2  and 2 81.6 . 
Moreover, the set 1 2 30,5 ,  1, 4 ,  2,3 ,D d d d

4 5 63, 2 ,  4,1 ,  5,0d d d  is also computed. 
The navigation situation generated by the hunting ASV 

and the target ASV is shown in Fig. 3. The target vehicle is 
located at the origin of the earth-fixed inertial frame. The 
colour presents the strength of navigation situation. Fig. 3 (a) 
shows that the nearer to the hunting vehicle, the larger the 
situation value becomes. Fig. 3 (b) shows that the nearer to the 
target vehicle, the smaller the situation value becomes. The 
navigation situation value of the target ASV is less than zero.

(a) The hunting ASV (b) The target ASV

Fig. 3. Navigation situation of ASVs

With the aid of the proposed assessment process, 
the hunting radius and the number of hunting ASVs are 
successfully computed for different initial conditions. The 
assessment results are shown in Table 1.
Tab. 1. Assessment results

Initial 
conditions

The number of 
ASV1

The number of 
ASV2

The hunting 
radius (m)

1 0,5d 0 3 8.00

2 1, 4d 0 3 8.00

3 2,3d 0 3 8.00

4 3, 2d 3 1 8.30

5 4,1d 4 0 7.84

6 5,0d 4 0 7.84

Under the initial conditions of D1, D2 and D3, the optimal 
hunting formation pattern is constructed by three ASV2s, 

where the hunting radius is 8.00 m. The cooperative hunting 
results are shown in Fig. 4, including the global situation 
and the local situation. Under the initial condition D4, the 
optimal hunting formation pattern is constructed by three 
ASV1s and one ASV2 and the hunting radius of the circular 
formation is 8.30 m. The cooperative hunting results are 
shown in Fig. 5, including the global situation and the local 
situation. Under the initial conditions D5 and D6, the optimal 
hunting formation pattern is constructed by four ASV1s, 
where the hunting radius is 7.84 m. The cooperative hunting 
results are shown in Fig. 6. Within the region near to the 
target vehicle, the situation value is negative and is described 
by the green area. The region in deep yellow denotes where 
the navigation situation value is greater than or equal to 
the hunting situation value, indicating that the cooperative 
hunting is successful.

(a) The global situation (b) The local situation

Fig. 4. Cooperative hunting results under D1, D2 and D3

(a) The global situation (b) The local situation

Fig. 5. Cooperative hunting results under D4

(a) The global situation (b) The local situation

Fig. 6. Cooperative hunting results under D5 and D6

When the number of hunting ASVs and the hunting radius 
are considered simultaneously, the cooperative hunting results 
shown in Fig. 4 are optimal, where three ASVs are used and 
the hunting radius is 8.00 m. Three vehicles achieve the even 
distribution on the circle.
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CONCLUSIONS

This paper investigates the navigation situation problem of 
ASVs in a cooperative hunting environment, where multiple 
hunting ASVs and one target ASV are considered. The concept 
of navigation situation is proposed, which can describe the 
degree of difficulty for an object to reach a certain position; 
the navigation situation of hunting ASVs and target ASVs 
is also proposed. Then, a navigation situation assessment 
method for cooperative hunting of ASVs is proposed and 
the cooperative hunting parameters are designed, including 
the interception benchmark angle and the interception 
positions. Besides this, the number of hunting vehicles and 
the hunting radius are successfully computed under six initial 
conditions. Simulation results show that under the given 
hunting environment parameters, three ASVs are used and 
the hunting radius is 8.00 m.

In our future work, multiple targets with different hunting 
situations will be accommodated within the proposed 
navigation situation assessment method. With the aid of 
task allocation and navigation situations, multiple hunting 
ASVs and multiple target ASVs will be researched. 
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ABSTRACT

Although the International Maritime Organization (IMO) introduced the energy efficiency requirements for ships more 
than a decade ago, to date, inland navigation has not been affected by corresponding regulations at all. Therefore, 
inland waterway vessels are left with no mandatory requirements that could push their technology into more energy 
efficient design. Fortunately, there are certain pioneering attempts to define energy efficiency criteria for inland vessels. 
This paper tries to gather and provide a review of such methods. Moreover, a typical Danube cargo inland vessel’s 
data are used to evaluate their current energy efficiency levels with respect to provisional criteria. Consequently, 
two methods are found and used here. They are both based on IMO’s energy efficiency concept but modified for the 
inland waterway vessels. The methods delivered a significant difference in applicability and were difficult to compare. 
Moreover, shallow and deep-water effects are explored in the same regard but provided unsound conclusions. The 
final results displayed discrepancies in energy efficiency levels for the same vessels and so the methodology should be 
improved and harmonised, if it is to be introduced as mandatory for inland waterway vessels. The analysis provided 
a glimpse into the current condition of the traditional design of the Danube inland fleet, with respect to the emerging 
energy efficiency policies.

Keywords: Inland vessels, Energy efficiency, Energy efficiency of inland vessels, EEXI, EEDI

INTRODUCTION

The reduction criteria for greenhouse gas emissions (GHG), 
issued by the International Maritime Organization (IMO), 
have been mandatory for newly built sea-going ships over 400 
gross tonnage (GT) since 2013. In the case of existing ships, 
the corresponding requirements are set to start from 2023. 
These regulations, in the form of energy efficiency indices, are 
being implemented as a short-term measure and are intended 
to be strengthened over time to achieve the final long-term 
goal reductions. Therefore, the IMO introduced a set of 
energy efficiency indices through its Marine Environment 
Protection Committee (MEPC). The indices were intended 

to measure a ship’s energy efficiency level. The first one, 
energy efficiency design index (EEDI), was first introduced 
in 2011 and applied two years later for new ships [1], while 
incrementally strengthening the criteria every five years. 
The EEDI value (attained EEDI) corresponds to the grams of 
carbon dioxide (CO2) emissions per ship’s capacity-mile and 
is to be calculated for each ship. Attained EEDI must be lower 
than the required EEDI, which is the criterion also imposed 
by IMO. Furthermore, following the Paris Agreement and 
the global need for GHG emission reduction, IMO presented 
a strategy for shipping. In general, it can be summarised as 
being: to strengthen requirements for EEDI over the years, to 
reduce the carbon intensity of ships (CO2 per transport work 

* Corresponding author: nmomcilovic@mas.bg.ac.rs (N. Momčilović)
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to at least 40% by 2030, reaching a 70% reduction by 2050) 
and to reduce GHG emissions to at least 50% by 2050, when 
compared to 2008 levels [2]. Moreover, IMO addressed the 
efficiency of existing ships in the same manner as in the case 
of EEDI, i.e., by introducing EEXI, which stands for ‘energy 
efficiency of existing ships’. This requirement is set to start 
applying from 2023 [3].

In the meantime, ships are mostly fighting against the 
indices’ criteria by slow steaming, while technological 
improvements like energy saving devices (ESD) and alternative 
fuels (and optimisation of the hull) still need some time to 
become fully applicable. Nevertheless, some authors have 
investigated the relation between fleets of existing ships 
and emerging indices: in cases of fleets of multi-purpose 
ships [4] and in cases of various ship classes [5]. Others have 
even recognised the ‘energy efficiency gap’ [6], labelling the 
industry’s reluctance to address the use of novel technologies 
in order to reduce emissions.

Contrary to sea-going shipping, inland waterway vessel 
(IWV) regulations are much less unified. Depending on their 
navigation and cargo, IWV rely on various interconnected 
national, regional and international regulations. 
Unfortunately, these are not fully consolidated. However, 
the UN and EU are, indeed, trying to harmonise regulations 
on an international level [7, 8]. The EU inland fleet consists of 
10,000 vessels registered in countries interfacing the Rhine, 
while an additional 3500 and 2300 vessels are registered along 
the Danube and in other EU countries, respectively, according 
to [9]. However, there are innovations that include energy 
efficient inland vessel designs. Reduced fuel consumption, 
air pollution and improved overall efficiency (considering 
specific waterway conditions) were investigated for merchant 
river vessels in [10]. Moreover, a high energy efficiency inland 
ferry concept was developed in [11], using hybrid propulsion. 
Similarly, the research in [12] explored hybrid propulsion 
as well, in addition to potential hull shape modification, to 
design a more energy efficient small inland passenger vessel. 

Still, no mandatory requirements are available for the energy 
efficiency of IWV in any form. An explanation could be found 
in the much lower total GHG emissions of IWV transport 
when compared to road transport (in EU member states) 
and a conservative IWV industry. Yet industries that are not 
pursuing decarbonisation politics are risking exposure to social 
discontent.

Therefore, this paper aims to present a review of proposed 
and provisional methods for the calculation of energy efficiency 
indices for IWV. Furthermore, energy efficiency indices are 
calculated for typical Danube vessels. The results are expected 
to provide a perspective on current IWV designs regarding 
the initial energy efficiency criteria. 

ENERGY EFFICIENCY INDICES FOR 
INLAND WATERWAY VESSELS

Although no energy efficiency regulations have been 
developed for IWV, overall efficiency indices are available 

in a non-regulatory form. They are mostly related to the 
hydrodynamic performance of the vessels and transport 
efficiency, but not directly to the energy efficiency from an 
environmental point of view, as in the case of EEDI or EEXI. 
Proposed energy efficiency indices, in particular, (explored 
for IWV and EU waterways) have already been systematically 
presented in [13], while the original research was delivered 
in [14, 15]. There are very few studies available regarding EU 
waterways but there is a study on this topic for waterways 
outside the EU, see [16, 17]. 

Proposed energy efficiency methods are based on the EEDI 
concept. Accordingly, the calculated or estimated so-called 
‘attained EEDI’ should be lower than the required EEDI value. 
When evaluating energy efficiency performance with respect 
to the IMO’s EEDI approach, it should be considered that IWV 
usually have larger engines than they need for the designed 
speed. This is because of the additional operations of IWV, 
compared to sea-going vessels. For instance, IWV are intended 
to push barges and to be coupled with other vessels. Therefore, 
using just the IMO procedure for IWV would not be suitable, 
since the EEDI formula for sea-going ships considers 75% of the 
engine power in still water. Moreover, inland vessel operations 
heavily depend on navigation conditions. This accounts for 
large variations of the draught between deep and shallow-
draught vessels. The draught governs the propeller diameter 
and, thus, the installed power, which directly influences energy 
efficiency index. In addition, it should be noted that vessels 
use less power when operating downstream, compared to 
upstream. Consequently, IWV energy efficiency indices cannot 
just be transferred from the maritime sector.

MODIFIED EEDI

One of the first attempts to define the energy efficiency 
of IWV can be found in [13]. The method is based on IMO’s 
EEDI approach and labeled as modified EEDI or EEDI*. It 
was developed at the Department of Naval Architecture 
(University of Belgrade). The method presents a procedure 
for the calculation of attained EEDI* and required EEDI*. It 
can be used for existing vessels as well. The proposal presents 
the benchmark study, that can be comparable to phase 0 of 
the EEDI requirement, delivered for sea-going ships built 
after 2013, see [1]. The summary of the method, referred to 
here as Method 1, is presented in Table 1. 

DST EEDI

DST (Development Centre for Ship Technology and Transport 
Systems), a Duisburg based institute, proposed equations for the 
assessment of energy efficiency of IWV, see [15]. The method 
classifies four vessel types: dry cargo/container self-propelled 
vessels, tankers, pushed convoys and passenger vessels. It also 
differentiates equations according to the navigation zones. Here, 
the procedure is given for cargo vessels carrying dry bulk or 
containers, considering the navigation in deep and shallow 
water. The method is presented in Table 2 and referred to as 
Method 2. Deep water corresponds to a water depth of 7.5 m 
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and above, while shallow water (which is defined as Zone 3 of 
the navigation conditions in EU inland waterways) accounts 
for the lower water depths. 

ON MODELS AND THEIR APPLICABILITY

Proposed indices for inland vessels are not (formally 
speaking) energy efficiency indices for new vessels, as far as they 
correspond to those considered in IMO regulations for sea-going 
ships. They are, rather, indices for existing vessels, although they 
are labelled as EEDI here and could be used as such. 

In this paper, a database consisting of 44 vessels was taken 
from the database in Method 1, published in [14] and used 

as a starting point for the analysis. The database contains 
hydrodynamic characteristics of self-propelled river cargo 
vessels obtained during the navigation and in model testing. 
Firstly, in order to evaluate energy efficiency indices for both 
methods, it was necessary to estimate the delivered power – 
speed curve for the vessels. Estimation of the delivered 
power – speed curve can be performed using the complex 
mathematical model developed in [14], via an artificial neural 
network approach. Respective input variables include: waterline 
length (Lwl), breadth (Bwl), draught (T), volumetric displacement 
( ), ship speed through water (V), hydraulic radius (Rh), 
waterway breadth (b) and waterway depth (h). The output of 
the mathematical model is a coefficient of delivered power 
(CD) which is then used for the calculation of the delivered 

Tab. 1. Method 1

Tab. 2. Method 2

Indices Attained EEDI* Required EEDI*

Equation EEDI* = PBref . SFC . CF / (mDWT . V) EEDI*Req = a . mDWT c

Ranges 10 km/h ≤ V ≤ 22 km/h; 0.4 ≤ Fnh ≤ 0.65; 100 t ≤ mDWT ≤ 3000 t

Explanations 
and 

coefficients

EEDI* – Modified energy efficiency design index [gCO2/gFuel];
PBref – Reference engine power for achieving V [kW];
SFC – Specific fuel consumption, assumed 200 [g/kWh];
CF – carbon emission factor, 3.206 [gCO2/gFuel];
mDWT – mass of deadweight [t];
V – actual vessel speed through water [km/h].

Deep water:
a = 0.39554 . V2-11.27833 . V+111.69043
Shallow water:
a = 93.712 . Fnh

-3-516.38 . Fnh
-2 +886.54 . Fnh

-1 -414.86
Deep water:
c = -0.00114 . V2-0.05177 . V+0.70843
Shallow water:
c = -0.4181 . Fnh

-3+2.5716 . Fnh
-2 -5.2767 . Fnh

-1 +3.3485

Notes

-  V is not governed on 75% of MCR like in IMO’s EEDI approach, 
but poses an actual speed with reference to the water;

-  PBref is reference power, not based on MCR like in IMO’s EEDI 
approach;

-  EEDI* is to be assessed for all vessels in the same speed 
and river constraints (for instance: shallow water) to allow 
comparison.

-  Benchmarking level formula is based on more than 10 year old 
vessels, but it is proposed that data should be collected from 
vessels built in the past 10 years;

-  a, c are functions of vessel type and V or Froude number Fnh in 
case of shallow water, h = 5 m;

-  The formula is proposed to be strengthened over the years for 
10%, 20% and 30% like in the case of IMO’s EEDI.

Indices Attained EEDI (EEDIIWV) Required EEDI (EEDIReq)

Equation

Deep water:
PD = α1 . mDWT
PD measure, Vs calculate EEDIIWV
EEDIIWV = CF . SFC . PD / (Vs . mDWT)

Deep water:
EEDIReq = α4 + β2 . exp(mDWT/- γ2) + υ1 . exp(mDWT/-δ1)

Shallow water:
PD = (α6 + β4 . exp(-γ4 . B)- δ2 . exp(h/-ε1)) . mDWT
PD measure, Vs calculate EEDIIWVEEDIIWV = CF . SFC . PD /(Vs . mDWT)

Shallow water:
EEDIReq=(α7 + β5 . Vc + γ5 . Vc

2)+(δ3+ ε2 . Vc – ζ1 . Vc
2 + η1 . Vc

3) 
. exp(mDWT/- θ1)

Ranges
Deep water: T = 1.5D; T = 2.0-3.2 m

Shallow water: T = 1.5D; h = 3.5-7.5 m; T = 2-2.8 m; L = 40-135 m; B = 5-17 m; mDWT = 250-6000 t; Vc = 2-8 km/h; min(h/T) = 1.4

Coefficients

Deep water:

α1 α3 α4 β1 β2 γ1 γ2 δ1 υ1

0.262 0.146 10 0.25 13 11 470 4500 8

Shallow water:

α6 α7 α8 α9 β4 β5 β7 β8

0.375 21 18 0.375 0.0625 0.7 0.0625 2.5

γ4 γ5 γ7 δ2 δ3 δ5 δ6 ε1

0.13 0.28 8 0.5 11 0.5 0.75 2.8

ε2 ε4 ε5 ζ1 ζ3 η1 η3 θ3

0.78 2.8 0.25 0.46 0.375 0.154 3100 800

Explanations
D – propeller diameter [m]; B – vessel breadth [m]; h – river depth [m]; SFC – specific fuel consumption, assumed to be 220 [g/kWh];

CF – carbon emission factor, 3.206 [gCO2/gFuel]; PD – delivered power [kW]; EEDIIWV – attained (estimated energy  
efficiency design index [gCO2/tkm]; EEDIReq – required energy efficiency designed index [gCO2/tkm].

Notes For dry bulk and container vessels; For deep water (h>7.5m) and shallow water (zone 3) navigation;
The method is proposed to be strengthened over the years for 15% and 25%.
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power according to: PD = CD . (ρ . g .   . V). However, the 
mathematical model could not be applied for all cases because 
of the applicability limitations of the methods. Therefore, for the 
vessels that are ‘out’ of the limit and, moreover, their power – 
speed curve is not available as a part of the documentation, new 
river trials should be performed to obtain such dependency. 
Nonetheless, input variables for the required index are much 
less complex to acquire and include: Froude number based on 
water depth (Fnh) and deadweight (mDWT) for Method 1; and 
speed of the river (Vc) and deadweight (mDWT) for Method 2.  

River speeds considered in the assessments were 2, 4 and 
6 km/h, as this range corresponds to the applicability of the 
methods. The authors did not have all the parameters of the 
fleet that were required. Therefore, empirical equations given 
in [14] and recommendations from [18] were used to estimate 
missing data, which mostly concerned the deadweight values 
for some of the vessels. 

Consequently, Method 1 can be applied to 32 vessels from 
the original database of 44, considering an upper boundary level 
of 3000 tons of DWT. In contrast, Method 2 only applicable 
for draught T = 1.5 . D (where D is the propeller diameter), 
which is very restrictive. Therefore, an original database 
consisting of 44 vessels was reduced to only one vessel, when 
Method 2 was considered. Hence, the vast difference between 
the methods’ limitations was obvious from the start. Generally 
speaking, the draught required for Method 2 is not a design 
draught and, thus, a corresponding DWT will not be directly 
available for the analysis, in order to evaluate EEDI (attained 
and required). Therefore, this method commonly requires 
additional documentation, such as Trim and Stability Booklet 
for each specific vessel, where necessary input parameters for 
EEDI assessment can be found. Method 2 provides a limit of 
6000 tons of DWT and covers all vessels in the database, when 
just a DWT is considered. 

However, in order to achieve a  comparison under an 
applicability limit for both methods, the assessment is 
performed for the vessels having an equal draught of 1.5D, 
taking into account the aforementioned, more restricted draught 
constraint of Method 2. This does not mean that the design 
draught of vessels is 1.5D, since it is quite the opposite for almost 
all the vessels except one, as previously mentioned. Despite the 
implication that the draught of all the vessels is, indeed, defined 
as 1.5D, for the purpose of the analysis and the corresponding 
volumetric displacement it is obtained according to the linear 
interpolation between parameters available for other draughts. 
Volumetric displacement is necessary for DWT evaluation and 
presents an input for EEDI calculations. Finally, after applied 
limitations and interpolation corrections, four cargo vessels 
remained for assessment, see Table 3. 

The analysis of energy efficiency was performed according 
to the following constraints: 

Waterway depth - h = 5 m (for shallow water) and waterway 
breadth - b = 400 m;
Waterway depth - h = 8 m (for deep water) and waterway 
breadth - b = 400 m.

RESULTS

In the following, the calculation of energy efficiency indices 
and the comparison of both methods are presented, based on 
the procedures described in previous sections.

METHOD 1 

Attained energy efficiency index is dependent on brake 
power, not on delivered power. Hence, a  shaft efficiency 
coefficient of 0.98 was applied to estimate the brake power of 
the vessels. Attained and required EEDI* are not expressed 
as one value (as is the case for sea-going ships, where EEDI is 
calculated for 75% of main engine power). Here, both values 
of (attained and required) EEDI* are estimated for a range 
of speeds. Therefore, various speeds (10, 12, 14, 16, 18 and 
20 km/h) were applied, considering the method’s limits of 
applicability. The comparison between attained and required 
energy efficiency index for shallow water was assessed 
according to Method 1, as shown in Table 4 and Fig. 1. Grey 
cells represent the cases in which the energy efficiency criteria 
are not satisfied – see 12 km/h and 14 km/h for vessels no. 1. 
At 18 and 20 km/h, corresponding Froude numbers exceed 
the applicability criteria, and so the consequent results are 
not shown. Moreover, results for the deep water condition 
are shown in Table 5 and Fig. 2, with grey cells representing 
the failed criteria.

The results show that all four vessels satisfy the 
requirements for a lower speed range when a deep water 
condition is considered. For higher speeds, attained EEDI* 
values are significantly above the required limit, making their 
navigation less efficient. Therefore, it seems that, according to 
the results, vessels navigating deep-water conditions would 
be less effective than in shallow-water conditions, which is 
quite unsound. 

Tab. 3. Vessels’ main particulars

Tab. 4. Energy efficiency for shallow water (Method 1)

No. Lwl [m] Bwl [m] T[m]  [m3] DWT [m]

1 109.3 14.00 2.78 3530.9 2771.8

2 110.0 11.40 2.40 2578.4 2024.0

3 82.9 9.50 2.32 1607.1 1261.6

4 93.3 11.5 2.40 2206.0 1607.0

No.
Attained EEDI* Required EEDI*

10 
km/h

12 
km/h

14 
km/h

16 
km/h

10 
km/h

12 
km/h

14 
km/h

16 
km/h

1 3.74 4.98 7.39 11.45 3.80 4.65 7.14 11.93

2 3.27 4.50 6.39 9.58 4.14 5.05 7.74 12.78

3 3.66 4.88 7.41 11.76 4.71 5.72 8.73 14.16

4 3.93 5.25 7.84 12.18 4.41 5.37 8.21 13.43
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METHOD 2 

Energy efficiency indices assessed according to Method 2 
are given in Table 6, for shallow and deep water, with grey cells 
representing the failed criteria. Note that river trial results 
(speed – power curves) have to be available prior to the EEDI 
estimation in order to evaluate the vessel’s speed. Since the 
river trials results are not offered in the database, the delivered 
power was obtained using the mathematical model described 
and offered in [15]. Required EEDI is a function of the speed of 
the water, so the calculation was performed for 2, 4 and 6 km/h. 
However, the method is not able to consider the dependency 
between EEDI and the vessel speed, so the corresponding 
diagrams, as in the case of Method 1, could not be produced. 
Thus, this method allows calculation of energy indices for just 
one value of speed.

Method 2 appears to be less conservative than Method 1, 
when results for shallow water are considered, since attained 
EEDI values are approximately 40% less than required ones, 
on average. In the case of deep water, required EEDI values for 
all three water speeds are unchanged for each vessel, because 
they are only a function of DWT and not the speed of the river. 
Therefore, as the speed of the water is increased, an attained 

Tab. 5. Energy efficiency for deep water (Method 1)

Tab. 6. Energy efficiency for shallow and deep water (Method 2)

Fig. 1. Energy efficiency for shallow water (Method 1)

Fig. 2. Energy efficiency for deep water (Method 1)

No.
Attained EEDI*

10 
km/h

12 
km/h

14 
km/h

16 
km/h

18 
km/h

20 
km/h

1 3.74 4.98 6.63 8.88 11.98 16.35

2 3.27 4.50 6.06 8.06 10.69 14.30

3 3.66 4.88 6.53 8.75 11.78 16.02

4 3.93 5.25 7.02 9.41 12.67 17.24

No.
Required EEDI*

10 
km/h

12 
km/h

14 
km/h

16 
km/h

18 
km/h

20 
km/h

1 3.80 4.65 7.74 7.05 8.67 11.31

2 4.14 5.05 6.24 7.64 9.36 12.13

3 4.71 5.72 7.06 8.62 10.51 13.47

4 4.41 5.37 6.63 8.10 9.91 12.77

Shallow water Deep water

No.
Speed of water – 2 km/h

Vs
Attained 

EEDI
Required 

EEDI Vs
Attained 

EEDI
Required 

EEDI

1 14.23 14.93 23.89 14.97 12.34 14.36

2 14.79 14.56 24.47 15.50 11.92 15.28

3 14.21 15.35 25.99 15.11 12.23 16.93

4 14.08 15.35 25.12 14.73 12.55 16.02

Shallow water Deep water

No.
Speed of water – 4 km/h

Vs
Attained 

EEDI
Required 

EEDI Vs
Attained 

EEDI
Required 

EEDI

1 12.23 17.37 28.80 12.97 14.25 14.36

2 12.79 16.84 29.60 13.50 13.69 15.28

3 12.21 17.87 31.71 13.11 14.10 16.93

4 12.08 17.87 30.51 12.73 14.52 16.02

Shallow water Deep water

No.
Speed of water – 6 km/h

Vs
Attained 

EEDI
Required 

EEDI Vs
Attained 

EEDI
Required 

EEDI

1 10.23 20.77 36.29 10.97 16.85 14.36

2 10.79 19.96 37.86 11.50 16.07 15.28

3 10.21 21.37 41.97 11.11 16.63 16.93

4 10.08 21.41 39.63 10.73 17.22 16.02
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EEDI is closer to the required limit. Hence, an attained EEDI 
is larger than that required for the 6 km/h speed of the river, 
for vessels no. 1, 2 and 4.

COMPARISON BETWEEN METHOD 1 
AND METHOD 2

Method 1 gives a range of attained and required energy 
efficiency indices for various speeds of the vessel. However, 
Method 2 would provide the specific (one) attained and 
required energy efficiency value at delivered power for 
a specific speed. In order to compare the two methods, the 
specific attained and required EEDI values were obtained by 
applying the required speed (one value) derived from Method 2 
into Method 1. This procedure was performed for three water 
speeds, while including shallow and deep-water conditions, 
see Table 7 (grey cells represent failed criteria). The difference 
between the two methods is illustrated in Fig. 3. 

Since Method 1 is scaled to Method 2, both methods can be 
compared (Fig. 3): Method 1 (Table 7) vs. Method 2 (Table 6). 
Vessel No. 1 does not comply with the required EEDI in 
both shallow and deep-water conditions, in specific cases in 
Method 1. Despite this, the same vessel satisfies Method 2 in 
all cases, except deep water conditions where the water speed 
is 6 km/h. Furthermore, vessel No. 3 met the requirements in 
all cases and methods. Vessels No. 2 and No. 4 did not satisfy 
the Method 2 requirements for deep water conditions at a river 
speed of 6 km/h, but did comply with the requirements for the 
same river speed if Method 1 was considered. Nonetheless, for 
the same method, both vessels did not meet the required EEDI 
for 2 km/h of river speed, while vessel No. 4 did not even comply 
with the criterion when considering 4 km/h of river speed. 

In general, as seen from the diagrams in Fig. 3, Method 2 
provides two to five times larger values of energy efficiency 
indices (attained and required) than Method 1, for the river 
speeds of 2, 4 and 6 km/h and the same navigation conditions. 
Nonetheless, it should be noted that a different specific fuel 
consumption (SFC) was used in each method: 200 g/kWh for 
Method 1 and 220 g/kWh for Method 2. And yet, 10% of SFC 
difference could not lead to such a significant difference in 
energy efficiency indices.

CONCLUSION

Method 1 gives attained and required energy efficiency 
indices for a  range of speeds and within less sensitive 
constraints than in Method 2. Therefore, such rigid limitations 
pose a great disadvantage in Method 2. This drawback is 
expressed through the draught requirement, which should 
be defined as 1.5D in order to use the method. Therefore, new 

Fig. 3. Comparison between methods in shallow water conditions (left) and deep water conditions (right): 1 – specific Method 1 and 2 – Method 2

Tab. 7. Energy efficiency for shallow and deep water (specific Method 1)

Shallow water Deep water

No.
Speed of water – 2 km/h

Vs
Attained 

EEDI*
Required 

EEDI* Vs
Attained 

EEDI*
Required 

EEDI*

1 14.23 7.73 7.53 14.97 7.64 6.35

2 14.79 7.28 9.30 15.50 7.51 7.27

3 14.21 7.70 9.15 15.11 7.68 7.91

4 14.08 7.96 8.36 14.73 7.81 7.14

Shallow water Deep water

No.
Speed of water – 4 km/h

Vs
Attained 

EEDI*
Required 

EEDI* Vs
Attained 

EEDI*
Required 

EEDI*

1 12.23 5.20 4.85 12.97 5.72 5.15

2 12.79 5.20 5.90 13.50 5.63 5.92

3 12.21 5.11 5.95 13.11 5.73 6.43

4 12.08 5.34 5.45 12.73 5.84 5.80

Shallow water Deep water

No.
Speed of water – 6 km/h

Vs
Attained 

EEDI*
Required 

EEDI* Vs
Attained 

EEDI*
Required 

EEDI*

1 10.23 3.82 3.81 10.97 4.30 4.18

2 10.79 3.64 4.28 11.50 4.16 4.79

3 10.21 3.69 4.71 11.11 4.30 5.22

4 10.08 3.95 4.41 10.73 4.37 4.72
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speed-power tests (river trials) should be conducted at this 
specific draught for the application of the method. Nonetheless, 
a potentially available speed-power curve would not be useful 
here. Although Method 1 is not so restrictive, it does not take 
into account the speed of the water. Moreover, there is a 10% 
difference in specific fuel consumption input between the 
methods, but this could not lead to a significant difference 
in the results. Furthermore, the results differ when both 
methods become comparable. It is interesting that, according 
to Method 2, shallow water required EEDI is quite large. In 
general, in a considerable number of cases, the vessels appear 
to be more energy efficient in shallow water than in deep water. 
This is quite improbable in practice, so the next step would be 
to address such a drawback within the methods.

Regarding the persistent issue arising from the power-
speed curve estimation as an input, a real-time engine power 
measurement could be introduced during the navigation 
instead; followed by installation of an engine power limiter. 
Both could manage and optimise the real-time engine power 
to achieve energy efficiency under the limitations during 
the navigation. Therefore, in order to address the reliable 
navigation condition, attained energy efficiency should be 
measured rather than calculated.

It seems that the proposed regulations would not be able to 
induce the development of technology with respect to energy 
efficiency in years to come. The vessel designs considered 
here are the same as they were decades ago. This means 
that, according to the results, most of them do not need any 
improvements in terms of energy efficiency. 

Nonetheless, the obvious conclusion is that inland waterway 
vessels’ energy efficiency methods need to be harmonised when 
addressing the issues reported in this paper. Inland waterway 
authorities should provide more ‘easy to use’ solutions, such 
as in the maritime industry. 
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ABSTRACT

The article presents a design of a floating platform for offshore wind turbines. The concept is a modification of the Spar 
design and consists of three variable section columns connected to each other by a ballast tank in the lower part of the 
platform. This solution makes it possible to influence the position of the centre of buoyancy and the centre of mass of the 
structure. Compared to the classic Spar platform structure, the centre of buoyancy can be higher than mid-draft, which 
will provide the platform with greater stability. At the same time, this concept is better, in terms of technology, because 
of its modular structure and smaller bending radii.On the basis of the model testing performed, the hydrodynamic 
coefficients of the designed platform and its response to a given regular wave were determined (the transfer functions 
for heave and pitch motion were determined). Then, based on the damping coefficients, the platform was modelled 
in the ANSYS AQWA program and the results were very similar. 

Keywords: 3-column spar platforms, damping coefficient, Floating Offshore Wind Turbines (FOWTs), RAO, AQWA

INTRODUCTION

Interest in offshore wind energy has not waned over the 
years. Initially, fixed structures were installed but Floating 
Offshore Wind Turbines (FOWTs) are becoming more 
common. There are different concepts for wind turbines 
based on various types of supporting structures. The design 
of a turbine based on a jack-up platform was described by 
Dymarski [1] and a design based on a tension leg platform 
was presented by Żywicki [2]. Most often, however, due to 
the large depths of the planned installation areas, offshore 
wind turbine designs are based on spar-type platforms, as 
presented by Dymarski [3]. This paper presents the concept 
of a Spar-type platform consisting of three columns with 
a variable cross-section, connected by a ballast tank at its 
base (Fig. 1).

Fig. 1 The concept of the three-column spar platform

* Corresponding author: eweciba1@pg.gda.pl (E. Ciba)
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The designs for Spar platforms for offshore wind turbines 
are, of course, based on conclusions drawn from research 
carried out in the oil industry. There are many examples of 
platform simulations based on the diffraction method in 
the literature. However, experience shows that, in order to 
be compatible with these experiments, the methods should 
be extended to include damping due to the viscosity of the 
water. It is common practice to divide the structure into larger 
elements, calculated by the diffraction method, and smaller, 
slender elements calculated by the Morison method. The 
Morison method also applies to damping plates; taking into 
account the damping of the viscosity is extremely important.

Wang [4] presented Respone Amplitude Operator (RAO) 
and irregular wave analysis for the Cell-Spar concept for 
an offshore wind turbine platform. However, the presented 
results are based solely on the diffraction method and do not 
take into account the influence of viscosity. This is too much 
of a simplification in this case because four heave plates are 
used. Diffraction methods underestimate the values of both 
water added mass and damping for heave plates. Hence, the 
maximum resulting RAO value for heave was 4, while the 
expected value in this case is approximately 2.2. Similarly, Li 
[5] presented a simplified analysis of the offshore wind turbine 
platform, obtaining a fairly good agreement of the results for 
surge RAO. However, larger discrepancies were observed for 
heave and pitch. The most likely reason for this is probably 
because the vertical force from the wave and the damping 
factors in this direction have not been taken into account, 
hence the model is too simplified for the determination of 
heave and pitch.

Zhang [6] presented a numerical study on the hydrodynamic 
behaviour of a new cell-truss spar for the oil industry. The 
calculations for the main part of the structure were based on 
the diffraction method and the truss elements were calculated 
based on the Morison equation. The additional damping for 
heave plates was not included, which may be too simplistic 
in this case. Sinsabvorodom [7] presented innovative designs 
for a  three and four-column cell-truss spar, compared to the 
classic truss spar used in the oil industry. The analysis was 
carried out mainly in terms of hydrostatic stability, however, 
hydro-responses were also investigated. The analyses were 
carried out in the ANSYS AQWA program. The wave forces 
on the beam-column and truss elements were calculated using 
the Morison equation, the diffraction method being used on 
the remaining elements. The calculations confirmed that the 
applied solution is better than a classic truss spar, showing 
less surge displacements but not in the heave direction. Pitch 
values were not shown. The inclusion of additional damping 
due to viscosity could change these results significantly.

Li [8] designed and analysed the New Deep Draft Platform 
for the oil industry. A high order boundary element method, 
based on potential theory and modified Morison equations, 
was used to predict the hydrodynamic and viscous effects of 
this new concept platform. The use of three heave plates and 
reduced ballast gave very good results for the carry function 
compared to the traditional truss spar - max Heave RAO = 
1.6 (truss spar 2.2) and max Pitch RAO = 1 (truss spar 7). The 

same author [9] analysed the damping effects for an innovative 
deep daft multi-spar platform for the oil industry. Particular 
attention was paid to the problem of Mathieu instability, 
which causes significant pitch, due to loss of stability during 
heave. The structure was divided into those elements solved 
using diffraction theory and those of the Morison type. The 
analysis showed that significant heave damping reduces the 
risk of Mathieu instability. Heave plates and hydrodynamic 
damping at mooring lines have a significant influence here. 
The damping effect of the plates was analysed in the next 
article by Li [10]. This paper provided extensive analyses for 
a deep draft multi-spar for the oil industry, with damping 
plates in various configurations. The program AQWA was 
used to predict the frequency-dependent hydrodynamic 
coefficient and wave forces, noting and taking into account 
that a correction for viscosity was required. Damping 
factors were applied separately to the various elements of 
the structure. This showed that the use of constant damping 
gives much larger maximum displacements at the resonance 
point than the Optimized Scheme used by him and confirmed 
by experiment.

In order to determine the values of the hydrodynamic 
coefficients of the structure (the added water mass coefficient 
and the damping coefficient), tests were carried out on the 
models. Such a procedure is common practice and has 
been described, for example, by Messi [11]. The research 
on hydrodynamic coefficients was also described by Ciba 
in [12] and [13]. The determination of the hydrodynamic 
coefficients allows them to be compared, to assess the quality 
of the applied structure modifications and, based on linear 
models, to quickly predict the behaviour of the structure on 
a wave. Their values also allow the influence of viscosity to 
be taken into account in programs based on the diffraction 
method, e.g. ANSYS AQWA.

Many other researchers have studied the hydrodynamic 
coefficients of oscillating structures. Holmes [14] counted 
the added mass and drag coefficient using the least-mean 
squares method to fit Morison’s equation to the force resultant 
histories predicted by the Computational Fluid Dynamics 
(CFD) solutions. The studies confirmed that the results of 
the direct solution of the Navier- Stokes equation can be an 
efficient and effective supplement to Morison type simulations 
in platform design. 

The next step was to carry out model tests of the platform 
on a regular wave. The results were compared with the results 
of the analysis performed in the ANSYS AQWA program, 
obtaining a very good convergence. 

Similar analyses were carried out by Sethuraman [15] for 
the stepped-spar offshore wind turbine. The conducted free 
oscillation tests allowed the model to be calibrated in the 
OrcaFlex program. As a result, very good agreement with 
the experimental results was obtained. The results allowed 
for the creation of amplitude characteristics of the heave and 
pitch motion of the platform, depending on the frequency 
of the exciting wave. Liu [16] presented the validation of 
the calculation results obtained through the use of the 
(widespread) FAST software for the Spar-type platform. 
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Th e calibration of the Spar-type platform model in the FAST 
program, using the results of free oscillations, was performed 
by Browning in [17].

Th e study of the amplitude characteristics was also 
presented by Shin [18] for the assessment of various 
modifi cations of the Spar type structure. Th e research shows 
the benefi ts of using damping elements.

MATHEMATICAL DESCRIPTION OF ISSUE

When submerged, under the infl uence of the initial force, 
the cylinder makes an oscillating motion relative to the 
equilibrium position, with the amplitude of the movement 
decreasing with time. A mathematical description of the issue 
can be found in the literature [11].

It is assumed that the moving body is rigid and the surface 
and volume forces are replaced by the movement of the point 
associated with the origin of the coordinate system. It is also 
assumed that the coeffi  cients of the equation are constant 
over time, which causes the equation to become linear. Th is 
assumption is only true for a small amplitude of motion. In 
this case, the defl ection is not more than 6 cm, so it can be 
used. Th e cylinder motion equation is given as:

 (1)

where:
z – vertical displacement [m]
m – solid mass of cylinder [kg]
a – hydrodynamic mass coeffi  cient [kg]
b – hydrodynamic damping coeffi  cient [kg/s]
c – restoring spring coeffi  cient [kg/s2]

Equation (1) can be written as:

 (2)

where the damping coeffi  cient and the undamped natural 
frequency are defi ned as:

 (3)

A non-dimensional damping coeffi  cient κ is defi ned as:

 (4)

Knowing the results of the free decay tests, we can calculate:

 (5)

Depending on the averaged displacement amplitude:

 (6)

Th e hydrodynamic added mass coeffi  cient is calculated as:

 (7)

In the case of initial displacement za, Eq. (2) takes the form:

 (8)

Due to the fact that, for the frequency of free oscillations, 
ωz

2= ω0
2−υ2 and when the damping is small, υ<0.20, υ2<< ω2, 

we can skip υ2 and write that ωz≈ω0.

DETERMINATION OF HYDRODYNAMIC 
COEFFICIENT BASED ON MODEL TESTS

Th e photo of the tested model is shown in Fig. 2.

Fig. 2 Photograph of the model on the towing tank

Th e model tests were carried out in a 40x4x3 m model 
pool at the Gdańsk University of Technology, equipped with 
a plate and an 8-segment regular and irregular wave generator 
(with a given spectrum of waves) with a maximum height of 
0.25 m, designed and made by Edinburgh Design.
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Structural displacements were measured by a system 
based on high-speed cameras, to determine the position of 
the 6D object, named Qualisys. Measurements were made 
with an accuracy of 0.4 mm. Displacements and rotations 
were measured relative to the origin of the coordinate system 
assumed on the free surface. 

Four series of measurements of the free heave and pitch 
were carried out, the typical course of which are shown in 
Fig. 3 (heave) and Fig. 4 (pitch).
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Fig. 4 Free Decay test – pitch

Then, the amplitudes of successive deflections were read 
and the dimensionless damping coefficient was calculated 
using Eq. (4). The results are presented in the graphs in Fig. 
5 (heave) and Fig. 6 (pitch). 
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Fig. 5 Non-dimensional damping coefficient – heave

Since the tests were carried out for small amplitudes, in 
relation to the expected displacements on the wave, the graph 
is marked with the curve of the expected increase in the value 
of the coefficient (dashed line). 
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 Fig. 6 Non-dimensional damping coefficient – pitch 

Due to the significant differences in the obtained values, 
the approximate average value of the dimensionless damping 
coefficient is plotted on the graph (Fig. 6) with a dashed line.

Based on Eq. 7, the added water mass and the added water 
mass coefficient were determined, which are presented in the 
graphs in Fig. 7 (heave) and Fig. 8 (pitch).
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MODEL PREPARATION AND 
CALIBRATION IN ANSYS AQWA

For the purpose of calculations in the ANSYS AQWA 
program, a surface model of the platform was prepared, the 
most important dimensions of which are shown in Fig. 9. 

Fig. 9 Platform model

In accordance with the program requirements, the position 
of the centre of mass in the coordinate system related to the 
free surface and the moments of inertia, the values of which 
are presented in Table 1.

Tab. 1 Mass properties

Mass 71 kg

Centre of the mass [0.0, 0.0, -0.555] m

Moment of inertia [35, 35, 1.4] kg m2

The anchor system was modelled as a Nonlinear Catenary 
type, which allowed reproduction of the used anchor chain 
with a mesh diameter of d = 0.004 m. 

Then, for the given geometry, the damping coefficients 
and the added water mass were determined in the ANSYS 
AQWA program. The results depended on the frequency of 
the forcing wave and are presented in the diagrams in Fig. 10 

(the attenuation coefficient for heave), Fig. 11 (the attenuation 
coefficient for pitch), Fig. 12 (the added water mass coefficient 
for heave) and Fig. 13 (the added water mass coefficient for 
the pitch).
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The predicted maximum amplitude of vertical 
displacements was ~ 0.06 m. The values of the dimensionless 
damping coefficient (Fig. 5) for this amplitude, approximated 
on the basis of model tests (FDT), for this amplitude were 
κ = 0.55, which gave the damping coefficient b33 = 32 [N / (m/ s)]. 
Maximum pitch values were expected to be 40. However, 
model tests were carried out for much smaller angles. The 
obtained plot of the dimensionless damping coefficient (Fig. 6) 
appears to flatten for the value of κ = 0.008, which gives the 
damping coefficient b55 = 1 [Nm / (deg / s)]. As noted, these 
are the values determined on the basis of free oscillation tests, 
i.e. for the fixed frequencies of natural oscillations; in this 
case, free heave ω33 = 3 [rad / s] and pitch ω55 = 1.7 [rad / s].

Because the value of the damping coefficient determined 
on the basis of the diffraction method at the frequency 
of free heave ω33=3 [rad/s] was b33diffractive=6[N/(m/s)] , and 
the pitch damping coefficient at the free-pitch frequency 
ω55=1.7 [rad/s] was b55diffractive=0[Nm/(deg/s)], the added values 
b33additional=26[N/(m/s)] and b55additional=1[Nm/(deg/s)] were in 
accordance with Eq. (9).

 (9)

The ANSYS AQWA program also takes into account the 
effect of the additional weight of added water. It is very useful, 
for example, for additional damping elements, such as the 
damping plates analysed by the authors and mentioned in 
the introduction, for which the diffraction method gives 
underestimated results. In this case, however, a high 
agreement of the coefficients determined by the program 
and those obtained from the experiment results was found, 
therefore this option was not used.

RESPONSE TO REGULAR WAVE

The prepared model was then used to determine the 
structure’s response to a given regular wave. Waves of 
amplitude ζa=0.02 m were applied at different frequencies. 
Heave amplitudes were measured and used to build the 
Response Amplitude Operator (RAO) and pitch graphs 
presented in Fig. 14 (RAO heave) and Fig. 15 (pitch). The 
results of the calculations were compared with the results of 
model tests, obtaining a fairly good convergence. 
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CONCLUSIONS AND FURTHER WORK

Viscous damping is of great importance for the tested 
structures and cannot be ignored. Supplementing the ANSYS 
AQWA program with the coefficients determined from model 
tests allows for a fairly good approximation to predict the 
behaviour of the structure on a regular wave. However, the 
value of the hydrodynamic coefficients change, depending 
on the frequency of the forcing wave, and the program only 
allows the addition of a constant value which is independent of 
it. Free oscillation tests, although convenient to carry out, only 
allow the calculation of the coefficients for one frequency of 
free oscillation. Forced oscillation tests should be performed 
to obtain a fuller knowledge of the structure. The authors 
plan to carry out such calculations using the RANSE-CFD 
code.. The results may well explain the discrepancy between 
the results obtained in the ANSYS AQWA program and the 
values measured from the experiments.
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The platform model was made at a 1:50 scale. For a wave 
with an amplitude ζa=1m and period T=13.5 s, this gives the 
amplitude of the displacement as za~3 m, which is a significant 
value. To prevent this, future work is planned to assess the 
impact of additional damping elements on the platform 
movement.
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ABSTRACT

The dynamics of the installation process of marine risers subjected to shoal/deep seawater is studied. The riser is assumed 
to be a cantilevered Euler‒Bernoulli beam. The upper end of the riser is clamped on the vessel or the drilling platform. The 
lower end of the riser is connected to the Blowout Preventer Stack (BOPs) and Lower Marine Risers Package (LMRP). The 
lateral fluid forces induced by the sea wave and sea current are introduced into the governing equations of motion. The 
lateral displacement and stress distributions of the riser are obtained by solving the governing equation of the riser via 
Galerkin’s discretisation scheme and a fourth-order Runge‒Kutta algorithm. The results indicate that the riser exhibits 
different behaviours under various depths because of the different distributions of the flow velocity ranging from the sea 
surface to the seabed. In the case of shoal water, the dynamics of the riser are dominated by the sea wave, while in the 
case of deep water it is affected mainly by the sea current velocity and sea surface wind velocity.

Keywords: sail catamaran, green shipping, zero emission, hybrid propulsion

INTRODUCTION

Marine risers have been shown to have importance in 
ocean engineering, such as the connection between the 
subsea wellhead and the floating vessel or drilling platform. 
To maintain the good condition of the riser during its lifetime, 
correct installation has become more and more important 
in recent years [1-4]. The cross-flow velocity of the seawater 
generally consists of three parts, i.e., the sea wave, the sea 
current, and the sea surface wind [5, 6]. When the riser is in the 
installation process, it will experience lateral and axial forces 
in which the former is generated by the cross-sea water and the 
latter is induced by the gravity of the riser and BOPs/LMRP. 
The two types of force vary with the depth of the seawater and 
the length of the riser [7, 8]. 

A large number of papers on the mechanics of marine risers 
have been published in the past five decades. Chakrabarti [9] 
obtained the velocity potential expression in the cylindrical 

polar coordinate system and determined the dynamic pressure 
on the surface of the cylinder. The total horizontal wave 
forces on the cylinder were also determined in an equivalent 
form of the inertial part of J.R. Morison’s equation. The 
dynamic behaviours of two kinds of marine riser systems 
were compared by Wang [10]. One is an air can system and 
the other one is a syntactic foam system, compared under 
different operating conditions, such as the installation and 
retrieval, normal weather drilling, heavy weather standby 
and free-standing storm survival conditions. A computer 
program was developed by Azpiazu et al. [11] to establish 
the performance of heave compensator systems under actual 
at-sea working conditions. The vertical dynamics of marine 
riser-load systems were studied by Azpiazu and Nguyen [12], 
in order to determine the amplitude of dynamic forces and 
displacements caused by heave action. Trim [13] derived the 
governing equation of axial motion and explored several load 
cases in practical engineering, which focused mainly on deep 

* Corresponding author: heu_qt@163.com (T. Qin)
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Nomenclature
Ai  inner side area of the riser
Ao  outer side area of the riser
Ar  cross-section area of the riser
CD  drag coefficient
CM  inertial coefficient
c  distributed viscous damping coefficient of the riser
D  outer diameter of the riser
dt  thickness of the riser
E  Young’s modulus of the riser
Ek  kinematic energy of the system
Ep  potential energy of the system
f (x, t)  distributed lateral force
fD(x, t)  drag force induced by the sea wave and current
fI(x, t)  inertial force induced by the sea wave and current
fi(qj , qj)  column vector of the discretised lateral force
д  gravitational acceleration
H  wave height of the sea wave
I  rotational inertia of the riser cross-section
k  wave number of the sea wave
L  length of the riser
Lall  total length of the seawater
Lw  wave length of the sea wave

My(x, t)  bending moment of the riser
me  mass of the BOPs/LMRP
N  number of truncating modes
T  wave period of the sea wave
qj (t)  jth generalised coordinate
T(x)  axial tension of the riser at position x
t  time variables
υ  total velocity of the sum of sea current, surface wind and sea 

wave
υc  velocity of the sum of sea current and sea surface wind
υw  horizontal velocity of the sea wave1
υ1  velocity of the sea surface wind2
υ2  velocity of the sea surface current
W  virtual work done by the lateral force and damping force
x  axis of the horizontal direction
y  axis of the vertical direction
y(x, t)  lateral displacement of the riser
ρa  density of the seawater
ρr  density of the riser
φj(x)  jth eigenfunction of a cantilevered beam
λj  jth eigenvalue of a cantilevered beam
συon  Von Mises stress
σ1, σ2, σ3  three principal stresses

water conditions. The results showed that for water depths of 
several thousand feet or more, the vertical motions and forces 
following disconnect and during hang off can be large. Two 
alternatives of the coupling oscillations between axial and 
lateral vibrations were discussed by Johnson and Roesset [14], 
in which the possibility of uncoupling the analysis for axial and 
lateral vibrations is explored. Good results could be provided 
via the scheme whereby the values of the axial forces resulting 
from the uncoupled axial analysis at each step are employed for 
the lateral analysis. Burrows et al. [15] used rigid and flexible 
forms of the Morison equation to determine the drag and 
inertial force under random wave excitation. They found that, 
for nondeterministic analyses, Morison’s equation reproduces 
well the probability distribution of loading associated with 
given sea state conditions. A  detailed illustration of the 
determination of drag and inertial force coefficients was 
presented. The differential equation was derived by Moe and 
Larsen [16] to describe the motions of a marine riser with an 
asymptotic solution, in which the riser is subjected to wave 
forms travelling away from the excited zone. Possible causes 
for the unexpected large discrepancies are discussed in the 
analyses. Kogure et al. [17] proposed several operational aspects 
to ensure the safety of marine risers in deep water, mainly 
concerning the time required to pull the drilling riser in the 
case of an emergency. For more details, the interested reader 
can refer to the review article related to marine risers [18]. 

In the early 21st century, another wave of researchers 
conducted studies on the dynamics of marine risers from new 
aspects that may occur in practical engineering. For instance, 
the variation approach was presented to explore the two-
dimensional large strain static mechanics of marine risers [19]. 

Strain energy due to bending and axial stretching, virtual work 
induced by hydrostatic pressures and other external forces 
were involved in the governing equation. Yazdchi and Crisfield 
[20] considered the full three-dimensional analysis of pipes in 
which bending stiffness was included. The equation of three-
dimensional oscillation of marine risers was formulated in the 
case of large elastic deflections using Kane’s formalism [21]. 
Mathelin and de Langre [22] explored the vortex-induced 
vibration based on a wake oscillator model, and theoretical 
analysis was conducted to predict the wave-packets’ amplitude 
and distribution. A finite difference method was proposed to 
address the dynamic equilibrium problem of 2D marine risers 
by Chatjigeorgiou [23] and particular attention was given to the 
transversal motions and the associated bending moments. Dai 
et al. [24] focused on the global analysis of drilling risers, which 
includes two aspects: an operability analysis and a hang-off 
analysis used to check the design of the risers. The flexible risers 
were modelled as slender elastic structures by Santillan et al. 
[25]. The nonlinear boundary value problem was illustrated, 
which can be solved numerically with appropriate boundary 
conditions. A new method was proposed to suppress the 
riser’s vibration by using two actuators in the transverse and 
longitudinal directions [26]. The control problem of a marine 
riser during the installation process was studied [27]. Based 
on Lyapunov’s direct method, the top and bottom boundaries 
were adapted to position the subsea payload to the desired 
set point and suppress the riser’s vibration. A time-domain 
analysis tool was developed to predict the vortex-induced 
vibration of marine risers based on a forcing algorithm [28]. 

The above-mentioned studies are related to marine risers 
that have been connected to a subsea wellhead. Influences 
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generated from the fluid around the risers are also important 
in the investigation of the dynamics in its installation, such 
as the damping effect, impact between the risers and coupled 
vibrations of the axial and lateral direction. The differential 
equation for axial vibration was deduced in [29] by considering 
the influence of damping on the vibration in its installation. 
A  static analysis was conducted to analyse the lateral 
displacement, deformation and stress in its installation [30, 31]. 
The effects of vessel motion and movement of the sea wave were 
involved. Hu et al. [32] obtained the static lateral displacement 
and Von Mises stress of the riser in its installation through 
numerical simulation. Chang et al. [33] investigated the in-line 
and cross-flow coupling vibration response characteristics of 
a marine viscoelastic riser subjected to two-phase internal 
flow. The numerical results demonstrated that appropriate 
viscoelastic coefficients are very important to effectively 
suppress the maximum displacements and stresses of the 
risers. Liu et al. [34] studied the dynamics of cross-flow tubes 
in consideration of initial axial load and distributed impacting 
constraints. The bifurcation diagrams were constructed in 
relation to boundary conditions and structural parameters. 
Buckling, fluttering and chaotic oscillating are observed from 
the numerical calculations. 

The purpose of this paper is to investigate the dynamics 
during the installation process of marine risers subjected to 
shoal/deep seawater. The aforementioned works focused either 
on the case of shoal water or on deep water in which the water 
depth is ideally assumed to be equal to the length of the riser. 
In this paper, the depth of the seawater is fixed to be 1500 m. 
Shoal water should be in the range of 0 m to 200 m, and the 
depth of deep water is greater than 200 m. In the installation 
process, the riser will penetrate from shoal water to deep water, 
such that the flow velocity of the seawater at the bottom of the 
riser is not zero unless the riser reaches the seabed. From this 
point of view, the definition of shoal water and deep water in 
this paper is different from the foregoing research. Wang et al. 
[31] have proved that the actual riser vibration response is 
the linear superposition of the vessel motion and riser lateral 
vibration under the action of the sea wave and current. Thus, 
for simplicity in this paper, the vessel or the drilling platform 
is assumed to be a fixed platform. The riser is regarded as 
a cantilevered Euler‒Bernoulli beam. The upper end of the 
riser is clamped onto the vessel or the drilling platform, and 
the lower end of the riser is connected to the BOPs/LMRP. 
The lateral displacement and stress distributions of the riser 
will be obtained by solving the governing equation of the 
riser via Galerkin’s discretisation scheme and a fourth-order 
Runge‒Kutta algorithm.

MODEL DESCRIPTION

We assume that the vessel or drilling platform has no 
horizontal and longitudinal vibration [31]. The top of the 
riser is clamped onto the vessel or the drilling platform. The 
Euler‒Bernoulli beam theory is adopted. The riser has constant 
density and a uniform cross-section. The BOPs/LMRP at 

the free end of the riser are considered as mass blocks. The 
lateral force by the sea wave and sea current is distributed 
along the riser axis. The axial tension force is induced by 
the self-weight of the riser and BOPs/LMRP, and buoyancy 
force in the installation process. The lateral force imposed 
on the riser is generated by the sea wave and sea current. It 
should be mentioned that, during the calculation process, the 
fluid forces are neglected initially and the length of the riser 
extends quasi-statically. When the length of the riser reaches 
the corresponding stages, as shown in Fig. 1, the fluid forces 
will be activated immediately. 

The clamped end is taken as the origin of the coordinate, 
the gravity direction as the  axis and the direction of current 
flow as the  axis. The four stages of the risers in the installation 
are presented. Stage 1 reflects the shoal water of the riser in the 
installation, stages 2 and 3 are the transition from the shoal 
water to deep water and stage 4 involves the riser completing 
its installation and reaching the seabed.

The governing equation of the riser will be derived through 
a variation approach. The kinematic energy Ek of the system 
is given by

Ek =  (ρr Ar + ρaAi)( )2 dx,   (1)

where L is the length of the riser, ρr and ρa are the density of the 
riser and seawater, respectively, Ar and Ai are the cross-section 
area and the inner side area of the riser, respectively, x and t 
are the independent spatial and time variables, respectively 
and y(x, t) is the lateral displacement of the riser. The potential 
energy Ep

Ep =  [ EI( )2 +  T(x) ( )2]dx,   (2)

where E is the Young’s modulus of the riser, I is the rotational 
inertia of the riser cross-section and T(x) is the axial tension 
of the riser at position x. As mentioned previously, the axial 
tension includes the self-weight of the riser and BOPs/LMRP, 
and buoyancy force of the riser. Thus, T(x) can be obtained 
by [30]

T(x) = [me + (ρr – ρa)Ar (L – x)]д    (3)

Fig. 1. Schematic diagram of the riser in the installation process
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where me stands for the mass of BOPs/LMRP, and д is the 
gravitational acceleration. The virtual work W done by the 
distributed lateral force and damping force is

W =  [ f(x, t)y – c  y]dx,    (4)

where f(x, t) is the distributed lateral force and c is the distributed 
viscous damping coefficient of the riser. Substituting Eq. (1), (2) 
and (4) into the extended Hamilton’s principle and applying 
the variation operation leads to

(δEk – δEp + δW)dt = 0     (5)

Thus, the governing equation can be obtained from Eq. (5), 
expressed as follows:

(ρr Ar + ρaAi)  + c  – [T(x) ] + EI  = f(x, t)
 (6)

According to the mechanical model, the boundary 
conditions of Eq. (6) are

y |x=0 = 0,  |x=0 = 0,  |x=L = 0,

 |x=L = T(x)  |x=L + me  |x=L   (7)

Zhu [5] proposed a modified form of the Morison equation 
to describe the lateral force generated by the sea wave and sea 
current, which includes the relative velocities and accelerations 
of the seawater and the marine riser. The lateral force that 
contains the drag force fD(x, t) and inertial force fI(x, t) caused 
by the sea wave and sea current can be expressed as [6]

f (x, t) = fD(x, t) + fI(x, t)     (8)

The drag force and inertial force are given by 

fD(x, t) =  ρaAo(υ– )|υ– |+  ρaAo υ2,  (9)

fI(x, t) = CMρaAo  – CmρaAo  ,   (10)

where CD is the drag coefficient; CM is the inertial coefficient 
and Cm = CM– 1; D is the outer diameter of the riser; A0 is the 
outer side area of the riser; υ = υw+ υc, υw and  are the sea 
wave horizontal velocity and its acceleration, respectively; υc 
is the sum of the sea current and sea surface wind velocity. 
According to the Airy wave theory [5], the horizontal velocity 
of the sea wave in deep water can be obtained as follows:

υw =  e–kx cos(ky –  t),     (11)

where H is the wave height, T is the wave period, k is the 
wave number, which can be calculated by k = 2π/Lw, Lw refers 
to the wave length, which can be obtained using Lw = T2д/2π. 
A small difference can be observed in the velocity distribution 
between this work and those by Zhu [5], which is the negative 

sign in front of the wave number k in Eq. (11). The origin 
of the coordinate by Zhu [5] is at the sea surface and the 
direction of the x axis is opposite to gravity, such that the 
value of x is negative. In this paper, the direction of the x axis 
is in accordance with gravity, and thus a negative sign should 
be indicated in front of the wave number k in Eq. (11). The 
approximate expression of the sea current velocity is given 
according to the equation recommended by the American 
Bureau of Shipping [35] as follows:

υc = υ1(1 – )  + υ2(1 – ),    (12)

where υ1 and υ2 in Eq. (12) are the sea surface wind velocity 
and sea surface current velocity, respectively and Lall is the 
total depth of the seawater. 

Galerkin’s method is applied to calculate the dynamic 
behaviours of the marine riser. The mechanical model is 
regarded as a cantilevered Euler‒Bernoulli beam, and thus 
eigenfunctions of a cantilevered beam can be adopted to 
discretise the governing equations. Suppose φj(x) is the jth 
eigenfunction of the cantilevered beam and qj(t) are the 
generalised coordinates, then 

y(x, t) =  φj(x)qj(t)     (13)
and

φj(x) = {cosh(λj ) – cos(λj ) – 

[sinh(λj ) – sin(λj )]}  (14)

where N is the number of truncating modes taken into the 
calculations and λj is the jth eigenvalue of the cantilevered 
beam. Substituting Eq. (13) into the governing equation (6) and 
boundary conditions (7), multiplied by φi(x) and integrating 
along the riser axis, leads to

mij j + cij j + kij qj+ fi(qj , j ) = 0,   (15)

where mij, cij, kij are the elements of the mass, damping and 
stiffness matrix of the system, fi(qj , j ) is a column vector whose 
elements represent the lateral force. The values of these matrix 
and column vectors can be calculated by

mij = (ρrAr + ρaAi + CmρaA0) φi(x)φj(x)dx +

me φi(x)φj(x)δ(x – L)dx,     (16)

cij = c  φi(x)φj(x)dx,     (17)

kij = me д φi(x)φ'j(x)δ(x – L)dx + 

(ρr – ρa)Ar д φi(x)φ'j(x)dx – me д φi(x)φ''j(x)dx –

(ρr + ρa)Ar д φi(x)φ''j(x)(L – x)dx +

EI φi(x)φ''''j(x)dx,      (18)
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fi = –  ρaAo φi(x)(υw– )|υw– |dx – 

 ρaAo φi(x)υ2
cdx – CM ρaAo φi(x) wdx (19)

Eq. (15) can be rewritten in the form that can be programmed 
using the fourth-order Runge‒Kutta method, as is used by Ni 
et al. [36]. The high-order vibration mode has the characteristic 
of strong attenuation, and thus, in this paper, the first six modes 
are applied to approximate the lateral displacement of the 
riser [8, 31]. The lateral displacement, deformation and Von 
Mises stress can be obtained. The Von Mises stress can be 
expressed as

σvon = ,  (20)

where σ1, σ2, σf from axial tension and positive bending stresses. 
Thus, the Von Mises stress equals the tensile stress, which is 
the resultant force of the axial tension stress generated by the 
self-weight of the riser and BOPs/LMRP, the buoyancy force 
and the axial bending stress generated by the bending of the 
riser. The maximum positive bending stress can be used to 
reflect the stress state of the riser. The mathematical form of 
the Von Mises stress for the riser can be expressed as follows:

σvon (x) = σ1 =  +  D,  (21)

where My(x, t) is the bending moment as a function of time 
and axis along the riser.

RESULTS AND DISCUSSION

PRACTICAL PROBLEM DESCRIPTION 

The parameters of the seawater and riser are given in Table 1. 
The values of these parameters are constant if not mentioned 
separately. It must be noted that this is one of the load cases 
in the actual installation process according to Zhu [5]. In this 
paper, it represents an analytical calculation of the dynamics of 

the marine riser in the installation process. The mathematical 
and analysing schemes may be helpful for other installation 
environments. 

If the terms related to time are neglected in Eq. (11) and 
superposed by Eq. (12), the distributions of seawater velocity 
in the shoal and deep water in the vertical direction are as 
shown in Fig. 2. The figure shows that if the riser is installed 
in shoal water, the dynamics of the riser are dominated by 
the sea wave. The riser will oscillate back and forth with the 
sea wave. If the riser is installed in deep water, it is influenced 
mainly by the sea current. In this case, however, part of the 
riser is still immersed in shoal water. The dynamics of this 
segment of the riser are dominated by the sea wave.

NUMERICAL VALIDATION

The mathematical model and numerical scheme will be 
validated in this section. The water depth and weight of the 
BOPs/LMRP are selected as the parameters. Wang et al. [8] 
investigated the dynamics of the installation process of marine 
risers under various water depths, riser lengths and sea water 
parameters. The lateral displacements of the riser are calculated 
via the mode superposition method. The vibration modes are 
assumed as a set of sinusoidal functions that correspond to 
the boundary conditions of the riser. 

In this paper, the equations of motion of the riser are 
discretised via Galerkin’s scheme. The eigenfunctions of 
a cantilevered beam are adopted, which correspond to the 

Tab. 1. Parameters for numerical simulation

Fig. 2. Distribution of seawater velocity in the vertical direction: (a) shoal water; (b) deep water

CD 0.5 Lall 1500 m

CM 1.5 me  200 T

c   0.2 T  13 s

D  0.5334 m υ1  0.6 m/s

dt  0.015875 m υ2  0.3 m/s

E   206 GPa ρa  1030 kg/m3

д   9.8 m/s2 ρr  7850 kg/m3

H  15 m
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boundary conditions of the riser. The maximum lateral 
displacements of the riser are calculated and compared with 
those in [8] by changing the values of the water depth and 
weight of BOPs/LMRP, as shown in Fig. 3. It can be easily 
observed that the shapes of the riser under the calculating 
load cases are in qualitative agreement with Fig. 4 and Fig. 6 by 
Wang et al. [8], except that the values show some discrepancies. 
This demonstrates the validation of the mathematical model 
and numerical scheme, which will be used in the following 
analysis.

INSTALLATION IN SHOAL WATER 

As is discussed earlier, the behaviours of seawater in shoal 
water are different from those in deep water. The influence of 
the sea surface wind and current flow is relatively small. The 
lateral force is generated mainly by the wave. Hence, the riser’s 
vibration is forced back and forth following the oscillation 
of the sea waves. According to the parameters, the period of 
the sea wave is 13 s, which is also the frequency of the forced 
vibration of the riser induced by the sea wave. The amplitude of 
the first six truncating modes may differ with various lengths. 
Fig. 4 presents the maximum displacement of the riser at three 
values of the length of the riser. L = 80 m and L = 150 m are 

in the range of shoal water and L = 300 m can be seen as the 
transition from shoal water to deep water, whose behaviour 
can be explained with the same scheme as that in shoal water. 
It can be inferred from Fig. 4 that the marine riser vibrates 
mainly in its first mode with L = 80 m; with L = 150 m, the riser 
oscillation is dominated by its first two modes. For the case of 
L = 300 m, the vibration consists of the first three modes. From 
this point of view, for numerical simulation in shoal water, the 
first four modes are accurate enough to obtain reliable results.

The responses of the lateral deflection and Von Mises stress 
in time and space with the lengths of L = 80 m, L = 150 m, 
and L = 300 m are presented in Fig. 5. The vibration mode can 
be observed through the deflection of the riser with various 
lengths, and the performance of Von Mises stress along the 
riser can also be observed. The tip of the riser (x = L), which 
is connected by BOPs/LMRP, has the maximum displacement 
and vibrates periodically in a specific behaviour as depicted 
by Fig. 6. The offset and vibration amplitude at x = L are listed 
in Table 2.

Fig. 5 implies that the stress concentration position occurs 
at the clamped end (x = 0), which varies with the oscillation of 
the riser. This means that at the clamped end, the Von Mises 
stress is affected mainly by the bending moment. The other 
part of the riser is subjected to axial extension and tension 
stresses generated by the bending moment. The time trace of 
the maximum Von Mises stress at the clamped end is shown 
in Fig. 7. According to the DNV-OS-F101 standard [37], the 
material of the offshore drilling riser is API 5L X80 pipeline 
steel and the minimum yield strength is 555 MPa, which means 
that, for this paper, the riser installation process is safe enough. 
If the load cases are more complicated and adverse, the offset 
and Von Mises stress can be obtained through the scheme 
used in this paper. Fig. 4. Maximum displacement of the first six modes at x = L

Fig. 3. Maximum lateral vibration displacement with (a) water depth and (b) weight of BOPs/LMRP

Tab. 2. Offset and vibration amplitude at x=L with various lengths of the riser

Riser length L = 80 m L = 150 m L = 300 m

Offset (m) 0.1342 0.4918 1.8055

Vibration 
amplitude (m) 0.3975 0.1818 0.1335
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Fig. 5. Deflections and Von Mises stresses during the installation in shoal water

Fig. 6. Time trace of displacement at x = L Fig. 7. Time trace of Von Mises stress at x = 0
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The vibration shapes in the installation process for the 
maximum and minimum Von Mises stress at the clamped 
end are shown in Fig. 8. The deflections of the riser for the 
three lengths exhibit considerable differences. The first mode 
dominates for the case of L = 80 m as can be seen in Fig. 8. 
When the length of the riser increases to L = 150 m, the second 
mode deflection takes part in the flow-induced vibration. The 
offset of the riser is larger than those with L = 80 m. With the 
length increasing to L = 300 m, the stiffness is significantly 
less than the risers with a short length. Hence, the offset of the 
riser with L = 300 m is much larger than those with a smaller 
length. Higher modes of deflection can be observed in Fig. 8.

INSTALLATION IN DEEP WATER

Let us change our view to the case of installation in deep 
water. As depicted in Fig. 2(b), the velocity of the seawater 
is dominated by the sea surface wind and sea current. If the 
riser is installed in deep water, the clamped end of the riser 
is affected by the sea wave and the lower end of the riser is 
affected by the sea surface wind and sea current. The lateral 
force is a periodic force in the shoal water and a steady force in 
deep water. From this perspective, the behaviours of the riser 
consist of a steady deflection and a small amplitude vibration 
superposed on the steady deflection. Under this load case, 
the contribution of the first six modes is expressed in Fig. 9. 
For , the dynamics of the riser is influenced mainly by the 
first and second modes. For , the first four modes show high 
involvement in its vibration, and the third mode is the most 
significant one. For , the second and fourth modes dominate 
the dynamics of the riser. 

The lateral deflection and Von Mises stress distribution in 
time and space are illustrated in Fig. 10. The frequency and 
amplitude of vibration decrease with the increase of the riser 
length, but the values of the Von Mises stress increase with 
the increase of length. The variation of the Von Mises stress 
is smaller and smaller in time and space. It can be explained 
in this way: Eq. (6) shows that the self-weight of the riser has 
a large influence on the dynamics of the riser. The inertial force 
of the system in the vertical and lateral directions increases 
because the riser is very long. The behaviours of the riser in 

deep water are affected mainly by the sea surface wind and 
sea current. The effects of the sea wave can be neglected in 
deep water. Thus, the deflection and Von Mises stress become 
increasingly stable as the riser becomes increasingly long. 

Time traces of the displacement at x = L and Von Mises 
stress at x = 0 are shown in Fig. 11 and 12, respectively. The 
time traces differ slightly compared with Fig. 6 and 7. In deep 
water, due to the existence of drag force generated by the sea 
surface wind and sea current, the riser is dragged downstream 
of the sea current. At the same time, the part of the riser in the 
shoal water is forced into vibration by the sea wave, and this 
behaviour is transmitted along the riser axis. Thus, we can see 
in Fig. 11 that the tip of the riser vibrates at a small amplitude. 
The offset and vibration amplitude at x = L are listed in Table 3. 
The lateral displacements of the riser installed in deep water are 
obviously larger than those installed in shoal water, as shown 
in Table 2. However, the vibration amplitudes in deep water are 
smaller than those installed in shoal water. It can be explained 
that the fluctuation fluid forces induced by the sea wave are 
more severe than the drag force induced by the sea current 
when installed in deep water, while in deep water the effect of 
the drag force is more obvious than the fluctuation fluid forces. 
From this point, when the riser is installed in the stage of shoal 
water, the offset at x = L is smaller and the vibration amplitude 
is larger than those installed in deep water. 

Fig. 12 gives the time trace of Von Mises stress at x = 0, from 
which the maximum and minimum stress of the riser can 
be obtained. According to the DNV-OS-F101 standard [37], 
the riser installation process is safe enough in the case of 
installation in deep water. 

The vibration shapes in the installation process for the 
maximum and minimum Von Mises stress at the clamped 
end are shown in Fig. 13. The responses differ from those of 
a riser installed in shoal water. The offset of the riser is much 

Fig. 8. Riser shape for maximum and minimum Von Mises stress at x = 0 Fig. 9. Maximum displacement of the first six modes at x = L

Tab. 3. Offset and vibration amplitude at x=L with various lengths

Riser length L = 500 m L = 1000 m L = 1500 m

Offset (m) 4.255 10.945 14.44

Vibration 
amplitude (m) 0.327 0.175 0.07
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Fig. 10. Deflections and Von Mises stresses during the installation in deep water

Fig. 11. Time trace of displacement at x = L Fig. 12. Time trace of Von Mises stress at x = 0
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larger, while the vibration amplitude is much smaller compared 
with the risers installed in shoal water. This difference can 
be explained by the dragging force generated by the sea 
current acting on the riser installed in deep water, which is 
dominated by the sea current, instead of the sea wave, which 
exhibits a quasi-static force. Hence, the small periodic exciting 
force generated by the sea wave introduces a small vibration 
amplitude of the riser in deep water. 

CONCLUSIONS

The mechanics of a marine riser in an installation subjected 
to shoal water and deep water is discussed in this paper. The 
mathematical model is considered as a cantilevered Euler‒
Bernoulli beam clamped on a fixed vessel or drilling platform. 
The riser suffers from the axial extension force induced by the 
self-weight of the riser and BOPs/LMRP, and the buoyancy 
forces of the riser, as well as lateral fluid forces generated by 
the seawater. Considering the two types of external force, 
equations of motion and boundary conditions are derived via 
the variation approach. Galerkin’s scheme and fourth-order 
Runge‒Kutta integrating method are adopted to discretise and 
solve the governing equations. 

The velocity distribution of the seawater is depicted in 
shoal water and deep water. The results show that the effect 
of sea waves is more obvious in shoal water. In deep water, 
sea surface wind and sea current velocity are more significant 
in the installation process. In shoal water, the lateral force 
is dominated by the sea wave, such that periodicity is 
obvious. The riser is forced by the sea wave into vibrating 
back and forth. The deflection and Von Mises stress also vary 
periodically with the sea wave. In deep water, the lateral force 
is influenced by the sea surface wind and sea current velocity. 
The sea wave effect is weak compared to the two velocities. 
Under this load case, the participation of higher-order modes 
is evident, whose vibration amplitude is small. The results of 
the deflection and Von Mises stress distribution reveal that if 
the riser is installed in deep water, the oscillating phenomena 
will decrease with the increase of the riser length. The time 
traces of tip displacement illustrate that the offset increases 
and vibration amplitude decreases with a longer marine riser. 

The results of this paper are helpful to realise safe and quick 
installation of marine risers.
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ABSTRACT

The use of computational fluid dynamics (CFD) to predict internal and external flows has risen dramatically in the past 
decade. This research aims to use the commercial software, ANSYS Fluent V.14.5, to illustrate the effects of the rudder 
and blade pitch on the hydrodynamic performance of the marine propeller by experimenting with propellers and 
rudders of the M/V Tan Cang Foundation ship, which has designed conditions as follows: diameter of 3.65 m;  speed 
of 200 rpm; average pitch of 2.459 m; boss ratio of 0.1730. Using CFD, the characteristic curves of the marine propeller 
and some important results showed that the maximum efficiency of the propeller is 0.66 with the open water propeller 
and 0.689 with the rudder‒propeller system at the advance ratio of 0.6. The obtained outcomes of this research are 
a significant foundation to calculate and design an innovative kind of propulsion for ships with high performance.
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INTRODUCTION

At present, Computational Fluid Dynamics (CFD) plays 
an important role in simulating and calculating flow fields 
around different geometries using established algorithms. In 
recent years, considerable advances in the area of computer 
science have led to the decrease of the computational costs of 
CFD simulations, making them more accessible for practical 
applications, especially in the process of designing and 
optimising the ship and propeller.

Simulating the aforementioned experiments provides 
the opportunity to obtain desired results by analysing 
the calculated flow characteristics. This can be a practical 
way of obtaining valid results at relatively low costs and in 

a reasonable time compared with real experiments [1]. Since 
self-propulsion test simulation is still quite expensive and 
time-consuming, the common practice is to simulate only 
the open water test and to use its results to determine the self-
propulsion characteristics. This can be done without taking 
into account factors including the interaction between the 
ship hull and the propeller. In 2003, Takayuki [1] used ANSYS 
Fluent software to study unsteady cavitation on a marine 
propeller. In his research, the Reynolds Averaged Navier‒
Stokes (RANS) model was solved to calculate and analyse the 
flow around a propeller with cavitation and non-cavitation. 
He found from his research that the CFD simulation results 
were in good agreement with the experiment [1]. Five years 
after his research, Bosschers also used the RANS method 
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and a boundary element method in which the acoustic 
wave equation is solved to examine the sheet cavitation 
of the propeller and the propeller‒ship interaction. Th e 
achievements of the research were that the computational 
procedure can give reasonable and good results for the 
nominal wake fi eld, the cavitation area, and the pressure 
fl uctuation on the ship hull. Th e prediction of fl uctuation 
on the ship hull for the model scale was more accurate than 
for the full-scale model [2]. Various numerical methods 
have been proposed based on the potential fl ow theory for 
the analysis of propellers. For instance, the combination of 
a panel method, which is also known as the Boundary Element 
Method (BEM), with a vortex lattice method was utilised to 
model the propeller [3]. Following Kinnas’ project, in 2015, 
Chen used the RANS method to study the eff ect of scale 
on the hydrodynamic performance of a propeller and the 
results obtained are relatively appropriate to the experimental 
outcomes [4]. Th e RANS method combined with the k-ε 
turbulent viscous model was used to study the unsteady 
cavitating turbulent fl ow around a full-scale marine propeller 
[5]. In 2017, at the 10th International Conference on Marine 
Technology - MARTEC 2016, Banik got some results relating 
to the computation of the hydrodynamic characteristics of 
marine propellers using the induction factor method based 
on the normal induced velocity [6]. Th e signifi cant results 
were that the normal induced velocity of a propeller can be 
obtained simply and accurately using the induction factor. 
Th e vortical theory based on Biot‒Savart law [7] is used to fi nd 
the induction factor, then the hydrodynamic characteristics 
of the propeller are estimated [6]. In addition to this area, the 
important results of simulating, analysing, and optimising the 
characteristics of a marine propeller were presented [8-10].

Th e results obtained from studying the eff ects of the 
geometry confi guration on the hydrodynamic performance of 
a propeller suggested an innovative way to design a propeller 
including the eff ects of the wake fl ow and skew angle on 
the propeller’s features [11-14]. Other authors found the 
eff ects of the rudder shape on the propeller’s hydrodynamic 
characteristics in the propeller‒rudder system, from which 
they suggested a useful way to improve the hydrodynamic 
performance of the propeller [15-16].

In addition, the propeller’s hydrodynamic performance 
is also infl uenced by the shape and type of the rudder as 
well as the blade pitch. However, the number of studies on 
the performance of propellers due to the impact of these 
two factors is not great. Studying the impact of these two 
factors will be an important foundation to calculate and 
design a controllable pitch propeller whose blade pitch can 
change in operation, increasing the stability of the ship’s 
manoeuvring.

MATHEMATICAL FOUNDATION

PARAMETERS OF PROPELLER’S HYDRODYNAMICS 

According to the theory of the wing, the blade is divided 
into a large number of elementary strips, as seen in Fig. 1. 
Considering a blade element of the propeller’s blade as shown 
in the fi gure, each of these elementary strips can then be 
regarded as an airfoil subject to a resultant incident velocity 
W. Th e resultant incident velocity is considered to comprise 
an axial velocity V together with a rotational velocity, which 
varies linearly up the blade.

Fig.1. Blade element of the propeller’s blade

Th e section will therefore experience lift  and drag forces 
from the combination of this incidence angle and the section 
zero-lift  angle, from which one can deduce that, for a given 
section geometry, the elemental thrust and torques are 
given by:

21 . ( .sin .cos )
2 l ddQ ZcW c c rdr

21 . . . ( .cos .sin )
2 l ddT Z cW c c dr

(1)

Th erefore, the thrust and torque of a propeller can be found 
by integrating the formula:
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where:
Z and c are the number of blades and the chord length of the 
section respectively.
cl, cd are the lift  and drag coeffi  cients of the profi le at the 
specifi ed radius. 
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From Formula (2), we fi nd the characteristic coeffi  cients of 
a propeller such as the thrust, torque, and effi  ciency coeffi  cient. 
Th ese coeffi  cients can be defi ned as follows [7], [17-18]:
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THE HYDRODYNAMIC FORCE ACTING ON THE 
RUDDER

Th e horizontal sectional shape of the rudder is symmetric 
and, just the same as the wing sections of an airplane, the 
rudder generates force by the steered angle shown in Fig. 2. 
Th e force is usually defi ned as the normal force N acting 
on the rudder’s symmetrical plane and is shown as follows:

21 . .
2 NN c V A  (4)

Here:
α is the incident angle of infl ow to the rudder that is made up 
of the rudder steered angle and the resultant fl ow of propeller 
slipstream and ship turning motion.
cN is the normal force coeffi  cient of the rudder section as 
a wing, being the function of the incident angle of infl ow α.
A is the acting area of the rudder.
V is the infl ow velocity coming up the rudder.

Fig. 2. Th e hydrodynamic force acting on a rudder

THEORETICAL CFD BASIS

A large number of problems related to fl uid fl ows can be 
described by solving transport equations [19]. Transport 
equations are modelled in diff erent ways, depending on 
the phenomenon that is considered, and so their form may 
diff er. However, the behaviour of the dependent variables 
in all such equations is described with the same set of 
operators, which allows the formulation of the generic scalar 
transport equation. In the moving reference frame, the law 
of conservation of mass that was expressed by Euler is as 
follows [20]:

Conservation of mass

. 0rv
t

(5)

Conservation of momentum
Newton’s second law states that the rate of change in mass 

momentum of the fl uid is equal to the net external force 
acting on the mass. Th erefore, the equation of momentum 
conservation in the rotating frame is written as follows:

( ) .( . ) (2 )r r r rv v v v r a r a p F
t

(6)

where 
da
dt  

and tdva
dt

Th e stress tensor  is given by

2
3

T
v v vI  (7)

Turbulence model k–ε
Although turbulent fl ow is fully described by Navier‒

Stokes equations, it is characterised by a wide range of time 
and length scales, while the interactions between vortices 
are extremely non-linear. Such properties make turbulence 
hard to describe statistically, which certainly contributes 
to the complexity of predicting turbulent fl ow. To close the 
Navier‒Stokes equation, in this research the authors use the 
turbulent model k-ε. Th e equation form of the k-ε turbulence 
is written as follows [20]:

( ) ( )i k ef k b M k
i i i

kk ku G G Y S
t x x x

 (8)

and 
2

1 3 2( ) ( ) ( . )i ef k b
i i i

u C G C G C R S
t x x x k k

(9)     

where: Gk represents the generation of turbulence kinetic 
energy due to the mean velocity gradients, Gb is the generation 
of turbulence kinetic energy due to buoyancy, YM represents 
the contribution of the fl uctuating dilatation incompressible 
turbulence to the overall dissipation rate. Th e quantities k  

 are the inverse eff ective Prandtl numbers for k and ε, 
respectively. Sk and Sε are user-defi ned source terms. Th ey 
are defi ned as follows:
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Th e other constants of the model are evaluated: 

1 21, 44, 1,92, 0,09, 1, 1,3kC C C

CALCULATION AND SIMULATION

THE STUDIED CASES

Th is research aims to illustrate the eff ects of the rudder 
and blade pitch on the hydrodynamic performance of the 
marine propeller, and the authors analysed the specifi c cases 
as follows: 

Th e fi rst case: To cope with the eff ects of the blade pitch on 
the propeller’s hydrodynamic features, the team calculated 
and simulated the open water with advanced ratio J changing 
from 0.1 to 0.75 and the attack angle of the blade in the range 
of -7 to +7 degrees.

Th e second case: To study the eff ects of the rudder on the 
hydrodynamic characteristics of the propeller, the authors 
calculated and simulated open water and the propeller in the 
rudder‒propeller system with an advanced ratio changed 
J from 0.1 to 0.75.

MODEL, FLUID DOMAIN, AND MESH

Th e propeller and rudder studied in this article are 
those fi tted in the M/V Tan Cang Foundation. Th e crucial 
parameters of the propeller and rudder are given in Tables 1 
and 2 below. Th e rudder is installed on the aft  side of the 
propeller and the position between the rudder and propeller 
is displayed in Fig. 3.

Tab. 1. Propeller detail parameters

No Parameter Value Unit

1 Diameter 3.650 m

2 Pitch 2.459 m

3 Design rate of revolutions 200 rpm

4 Number of blades 4

5 Rake 10 deg

6 Skew 25 deg

7 Blade thickness ratio 0.049 10

8 Blade section NaCa 66, a = 0.8

Tab. 2. Rudder detail parameters

No Parameter Value Unit

1 Rudder height 4,8 m

2 Chord length of the top section 3,45 m

3 Chord length of the bottom section 2.45 m

4 Rudder area 12 m2

5 Rudder profi le NaCa 0018

Th e three characteristic curves of a propeller consist of 
the thrust, torque, and effi  cient curves corresponding to the 
diff erent advanced velocities of its ship. To construct these 
curves of the investigated propeller by the numerical method, 
the fi rst step in the process is to build a suitable fl uid domain 
covering the propeller. In this work, the domain is a cylinder, 
as shown in Fig. 3, with a length of 13 times the propeller’s 
diameter and a diameter of seven times the propeller’s 
diameter, divided into two components: the static domain 
and the rotating domain. In the third step, the domain is 
imported, meshed, and refi ned in the ANSYS meshing ICEM 
tool. All domains are meshed by using tetra mesh, in which 
the rotating domain is modelled with smooth mesh, and the 
static domain takes coarse mesh, which is then converted 
into polyhedral mesh to save calculation time and improve 
the accuracy of the simulation results.

Fig. 3. Th e propeller, rudder, and computed fl uid domain

MESH VALIDATION

Th e quality of the computational grid plays an important 
role and directly aff ects the convergence and results of 
numerical analysis. To determine the mesh’s independence 
of the calculation results, the team employed calculations 
for nine diff erent mesh numbers to specify the most suitable 
number. Th ese calculations are carried out at the advance 
ratio J of 0.2, and the dependence of the mesh number on 
the calculation results in the two cases, the open water, and 
the rudder‒propeller system, is shown in Fig. 1. To ensure 
accuracy, the mesh number for all calculations has to be 
larger than 325000 polyhedral elements, as shown in Fig. 1. 
Th erefore, the team fi nally selected the fi ve cases in which the 
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mesh element number in the two cases is 631646 and 682736 
elements respectively for all calculations. Th e investigated 
geometry domain and mesh are presented in Fig. 4 and Fig. 5. 

Tab. 3. Detailed mesh for computation

Open water (free 
propeller)

Propeller‒rudder 
system

Domain Elements Polyhedra Elements Polyhedra

Dynamic fl uid 326437 326437 326437 326437

Static fl uid 305209 305209 356299 356299

All domains 631646 631646 682736 682736

Fig. 4. Mesh independence for all domains

Fig. 5. Mesh on the propeller, rudder, and investigated domain

BOUNDARY CONDITION

To solve the problem in this article, the turbulent RNG 
k ε model is chosen as the turbulence model to close the 
Reynolds averaged equations. Th e velocity inlet, which is 
axially uniform, has a magnitude equalling the ship’s advance 
velocity and is selected as an inlet boundary condition 
[20-22]. The pressure outlet is specified as the outlet 
boundary condition, and the gauge pressure on the outlet 
is set to 0 Pa. With wall boundary conditions, the no-slip 
condition is enforced on the wall surface and the standard 
wall function is also applied to an adjacent region of the 
walls. A moving reference frame (MRF) is used to establish 
the moving coordinate system rotating with the propeller 
synchronously and the stationary coordinate system fi xed 
on the static shaft  of the propeller, respectively. Th e fi rst-
order upwind scheme with numerical under relaxation is 
applied for the discretisation of the convection term and 

the central diff erence scheme is employed for the diff usion 
term. Th e pressure‒velocity coupling is solved through the 
PISO algorithm. Th e convergence precision of all residuals 
is under 0.0001. 

RESULTS AND ANALYSIS

CHARACTERISTICS OF OPEN WATER PROPELLER

Fig. 6 shows the pressure distribution on the back and 
pressure face of the studied propeller at the advance ratios 
J of 0.1 and 0.6. Th e principle of distribution pressure on the 
two faces of the blade satisfi es the theoretical law of the axial 
turbomachinery. Th ere is a pressure diff erence between the 
pressure face and the back face of the propeller in operation, 
and that diff erence makes the propeller thrust to overcome 
the ship hull resistance. Th e pressure distribution on the 
two faces of the blade mainly depends on the advance ratio 
J or velocity inlet; the smaller the advance ratio, the higher 
the thrust. At the operating condition of the ship J = 0.6, 
on the pressure face, most of the area of the blade has the 
pressure value of about 2‒4×104 Pa, while most of the area of 
the suction face has a pressure around 4×104 Pa. Th is means 
that the fl uid accelerates as it approaches the propeller due 
to low pressure in the front of the propeller and the water 
continues to accelerate when it leaves the propeller.

Fig. 6. Pressure distribution on the faces of the propeller at J of 0.1 and 0.6

Fig. 7 illustrates the hydrodynamic performance curves 
of the propeller corresponding to the diff erent advanced 
ratios J. As can be seen from Fig. 7, it was tracked by numerical 
simulations, the changing principle of the thrust and torque 
coeffi  cient decreases gradually when the advance ratio J 
rises, and the maximum thrust and torque coeffi  cients are 
0.283, 0.032 respectively at the advance ratio J of 0.1. Th e 
effi  ciency curve is slightly diff erent in that it conforms to the 
linear principle with a small advance ratio in the range of 
0.1‒0.4, and the maximum effi  ciency is 0.66 with an advance 
ratio J of 0.6 at the initially designed optimal point.
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Fig. 7. Th e propeller characteristic curves

EFFECTS OF THE RUDDER ON HYDRODYNAMIC 
PERFORMANCE OF THE PROPELLER

In this section, the eff ects of the rudder in the rudder‒
propeller system on the hydrodynamic performance of the 
propeller are investigated by using the numerical method. 
Th e two models of the propeller with and without a rudder 
are computed in the same condition to compare the 
hydrodynamic performance. Fig. 8 shows the CFD results 
of the pressure distribution on the propeller’s faces at an 
advance ratio J of 0.6.

Fig. 8. Pressure distribution on two faces of the propeller in both cases 
at J = 0.6

Fig. 8 reveals the pressure distribution on the back face and 
pressure face of the propeller in both cases at the advance ratio 
J of 0.6. As can be seen, the pressure distribution on the back 
face of the propeller in both cases is relatively similar, while 
the distribution pressure of the pressure face of the propeller 
in the propeller‒rudder system and the open-water propeller 
is slightly diff erent, especially in the region of the propeller 
hub. In the propeller‒rudder system, the propeller thrust goes 
up compared with the open-water propeller because the low-
pressure area on the hub decreases, and the pressure face’s 

high-pressure area near the blade tip increases. Th e pressure 
value in this region is about 1‒2×10-4 Pa. Th e propeller’s thrust 
in this case also increases; however, the rise of the propeller 
thrust is higher than the increase of the torque acting on the 
propeller. As a result, the propeller effi  ciency in the propeller‒
rudder system increases slightly. 

Fig. 9 reveals the characteristic curves of the propeller in the 
two cases. From Fig. 9, we can recognise that the effi  ciency of 
the propeller in the propeller‒rudder system is slightly higher 
than the effi  ciency in the open water. Th e higher the advance 
ratio of the vessel, the greater the effi  ciency of the propeller. 
At the designed optimal point of the propeller corresponding 
to the exploited velocity of the vessel, the propeller’s effi  ciency 
in the propeller‒rudder system increases by about 4.8 %.

Fig. 9. Th e propeller’s characteristic curves in both cases

EFFECT OF THE PROPELLER ON THE RUDDER’S 
HYDRODYNAMIC FEATURES

Fig. 10 presents the vector velocity going out of the propeller, 
and the pressure distribution of the rudder’s faces. It can be 
seen from this fi gure that the velocity fi eld on the aft  side of 
the propeller is not uniform, and the fl ow’s vector inclines 
with the rudder’s symmetry plane at any angle. Th is makes 
the pressure distribution of the rudder faces asymmetric and 
the maximum pressure reaches about 6×104 Pa in the region 
corresponding to the propeller’s blade tips. As a result, it is 
not only the drag on the rudder but also the vertical force 
appearing on the rudder. Th e rudder’s drag changes in a nearly 
linear function of advance ratio J, and the maximum drag 
of the rudder is 16 kN at the advance ratio J of 0.75. On the 
other hand, the vertical force is a curve of advance ratio J, 
and reaches a maximum value of about 4 kN, corresponding 
to J of 0.5. At a small velocity, it increases dramatically, while 
at the advance ratio J in the range of 0.5‒0.75, it decreases 
slightly. Th e changing principle of the forces is given in Fig. 10.
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Fig. 10. Pressure distribution on the rudder and fl ow’s velocity vector on the aft  
side of the propeller and the forces on the rudder

EFFECTS OF BLADE PITCH ON THE PROPELLER’S 
HYDRODYNAMIC PERFORMANCE

In this section, the numerical method is used to investigate 
the eff ects of the blade pitch on the hydrodynamic performance 
of the propeller. From the results of the comparison of various 
models with diff erent blade pitch angles, the eff ects of the 
blade pitch angle on the hydrodynamic performance of 
the propeller are shown. In this research, the blade pitch 
angle of the propeller is changed from -7 to +7 degrees. Th e 
computational condition is the same for all models. Fig. 11 
shows the results of the pressure distribution on faces with 
diff erent blade pitches at the advance ratio J of 0.4.

As can be seen from Fig. 11, the blade pitch has a signifi cant 
impact on the distribution pressure of the propeller blade’s 
surfaces. At the pitch of -7 degrees, on the pressure face, the 
maximum pressure is 7.2×104 Pa at the trailing edge, and the 
minimum value is 1.2×105 Pa at the leading edge. At the back 
face, the maximum value reaches 1.2×105 Pa at the leading 
edge, and the minimum value is 1.2×105 Pa at the blade’s tip. 
On the contrary, at the pitch of 7 degrees, there is a dramatic 
change in the pressure distribution of the blade’s faces. Th e 
maximum pressure value on the back face is 1.2×105 Pa at 
the leading edge, and the minimum value is 1.2×105 Pa on 
the small area at the blade’s tip. On the back face, these are 
4×104 Pa and 1.2×105 Pa at the trailing edge and leading edge. 
As a consequence, the propeller thrust increases steadily when 
the blade pitch rises.

Fig. 11. Pressure distribution on propeller’s faces with diff erent blade pitches 
of -7, -5, 5, and 7 degrees at J = 0.4

Fig. 12 presents the thrust and torque coeffi  cients of the 
investigated propeller at diff erent blade pitches. It can be 
seen from this fi gure. that the thrust and torque coeffi  cient 
decreases gradually when the blade pitch goes down. Th e 
maximum thrust and torque coeffi  cients are 0.41 and 0.06 
respectively, corresponding to the blade pitch of 7 degrees. 
Th e minimum thrust and torque coeffi  cients are 0.0075 and 
0.0038, corresponding to the blade pitch of -7 degrees.

Fig. 12. Th e propeller’s thrust coeffi  cient at diff erent attack angles

Fig. 13 shows the propeller’s effi  ciency at diff erent pitches. 
We can see from this fi gure that the propeller’s effi  ciency 
changes to the principle of the axial turbomachinery 
and it is a function of the advance ratio J at each pitch. 
In the investigated pitches, the propeller’s effi  ciency rises 
dramatically when the blade pitch increases. Th e maximum 
effi  ciency of the propeller is 0.72, corresponding to the 
advance ratio J of 0.8 at the blade pitch of 7 degrees. However, 
at the specifi c pitch, the propeller’s effi  ciency always has the 
extremum corresponding to the specifi c advance ratio J. Th is 
is signifi cant with controllable pitch propellers, in which 
their blade pitch can change to adjust to the load acting on 
a vessel in operation. With a propeller of this type, the general 
characteristic curve is a set of characteristic curves at diff erent 
pitch ratios, so in each specifi c operating condition of a ship, 
the propeller can change the blade pitch to achieve high 
effi  ciency without altering the revolutions of the engine shaft .

Fig. 13. Th e effi  ciency of the propeller at diff erent attack angles
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CONCLUSION

In this paper, the propeller, and rudder of the M/V Tan 
Cang Foundation ship are analysed at different advance ratios 
to construct the hydrodynamic performance curves. The 
effects of the rudder and blade pitch angle of the propeller are 
investigated and some of the obtained results are presented 
in the paper.

This paper covers the process of CFD used to construct 
the propeller’s characteristic curves, from which the team 
investigates the effects of the blade pitch and rudder on the 
hydrodynamic features of the marine propeller.

The simulation results achieved, such as the pressure, 
velocity distribution, and characteristic curves, are appropriate 
to the turbomachinery theory and have reasonable accuracy.

The characteristic propeller curves are constructed by 
using the MRF and RNG k-ε model in ANSYS Fluent 14.5. 
The maximum efficiency of the propeller is 0.66 with the open 
water propeller and 0.689 with the rudder‒propeller system 
at an advance ratio of 0.6.

The results obtained reveal that the rudder has a slight 
effect on the propeller’s hydrodynamic characteristics. At the 
designed optimal point of the studied propeller, the efficiency 
in the rudder‒propeller system rises by about 4 % compared 
with the open-water propeller. On the contrary, the propeller 
also has a significant impact on the hydrodynamic features 
of the rudder. The interaction between the propeller and 
the rudder creates a horizontal force on the rudder in the 
ship operation, this force reaching the maximum value of 
4.5 kN corresponding to the advance ratio J = 0.4. The force-
generating in this interaction reduces the stability of the 
ship’s manoeuvring.

The blade pitch also has important effects on the 
hydrodynamic characteristics of the propeller. When the 
blade pitch rises, in the investigated pitch, the thrust, and 
torque coefficient of the propeller increase dramatically. 
This is an important foundation to calculate and design 
a controllable pitch propeller in which its blade pitch can 
change in operation. The general characteristic curves of 
this type of propeller are a set of curves at different pitches, 
so a ship equipped with a controllable pitch operating in 
the specific condition usually achieves high efficiency when 
compared with a fixed propeller having the same geometry 
characteristics
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ABSTRACT

This article is devoted to the investigation of the characteristics of a low-emission gas turbine combustion chamber, 
which can be used in Floating Production, Storage and Offloading (FPSO) vessels and operates on a mixture of natural 
gas and hydrogen. A new approach is proposed for modelling the processes of burning out a mixture of natural gas with 
hydrogen under preliminary mixing conditions in gaseous fuel with an oxidizer in the channels of radial-axial swirlers 
of flame tubes. The proposed kinetic hydrocarbon combustion scheme is used in three-dimensional calculations for 
a cannular combustion chamber of a 25 MW gas turbine engine for two combustion models: the Finite-Rate/Eddy-
Dissipation and the Eddy Dissipation Concept. It was found that, for the investigated combustion chamber, the range 
of stable operations, without the formation of a flashback zone in the channels of radial-axial swirlers, is determined 
by the hydrogen content in the mixture, which is less than 25-30% (by volume). For the operating modes of the chamber 
without the formation of a flashback zone inside the swirler channels, the emissions of nitrogen oxide NO and carbon 
monoxide CO do not exceed the values corresponding to modern environmental requirements for emissions of toxic 
components by gas turbine engines.

Keywords: Gas turbine, Low-emission combustion chamber, Ecological parameters, Emission of toxic components   

INTRODUCTION

Research on the use of a mixture of natural gas and 
hydrogen, hydrogen-containing gases, and pure hydrogen in 
energy systems is relevant and promising. This is especially true 
of gas turbine technology, which is the basis of gas-transport 
networks, stationary energy systems, and marine energetics 
(its use in Floating Production, Storage and Offloading (FPSO) 
vessels in particular). The issue of converting gas turbine 
engines to alternative fuels, including a mixture of natural 
gas and hydrogen, synthesis and associated gases with high 
hydrogen content and pure hydrogen, has long been in the 
spotlight of researchers. 

Note that the role of gas turbine engines in future low-
carbon energy systems depends on achieving increased 
thermal efficiency and the ability to operate on fuels 
such as hydrogen. According to the International Energy 
Agency (IEA), the development of hydrogen-powered gas 
turbine technology could become the future carbon-neutral 
technology that supports society [1]. It should be noted that 
well-known world manufacturers of gas turbines (GE Power, 
Mitsubishi Heavy Industries, Siemens Energy, Rolls-Royce, 
Ansaldo Energia, etc.) have long been working fruitfully in this 
direction [2, 3]. In [2], Mitsubishi Heavy Industries presented 
the main stages of development of combustion chambers of 
gas turbine engines operating on hydrogen-containing gas 
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and hydrogen.  An important aspect of the operation of gas 
turbine combustion chambers is the presence of thermo-
acoustic instability during the combustion of hydrogen-
containing gases. In [3], the destabilising effect of hydrogen on 
the combustion dynamics of premixed mixtures was revealed. 
In [4] it was noted that the known combustion systems for 
gas turbine engines cannot be directly used for low-emission 
hydrogen combustion; it is recommended that special Micro-
Mix technology is used with several diffusion-type burners to 
prevent flashback. Note that flashback usually occurs when 
the flame propagates towards the fresh gases upstream, at 
a velocity higher than the incoming flow velocity. The study 
by [5] considered the current state of mutual substitution 
of natural gas with a mixture of gases, with the addition 
of hydrogen to the flow of natural gas or methane. In [6], 
a combustion chamber operating on a mixture of methane 
and hydrogen was modelled to determine the optimal 
geometric configurations and operating conditions.

Preliminary computational f luid dynamics (CFD) 
modelling in [7] showed that the basic design scheme of 
a combustion chamber cannot safely operate on hydrogen 
fuel, as the flame propagates into the premix channel, which 
is not sufficiently protected from high temperatures. A new 
fuel injection system and a new geometry of the combustion 
chamber’s front device are proposed. The study in [8] was 
devoted to the development of an analytical model for 
calculating the energy characteristics of a gas microturbine 
with power of 30 kW; a mixture of natural gas and hydrogen 
(0 to 10% by volume) was used as fuel. It was concluded 
that the use of up to 10% hydrogen in the mixture did not 
significantly change the behaviour of the gas microturbine. 
It was concluded in [9] that the low-emission combustion 
chambers (Dry Low NOx – DNL) available for natural gas 
burning in gas turbines cannot be directly applied to hydrogen 
combustion. Therefore, to significantly reduce emissions of 
nitrogen oxides (NOx), a new method for burning hydrogen 
fuel (DLN Micromix) has been proposed. This combustion 
principle is based on cross-flow mixing of air and gaseous 
hydrogen, which reacts in multiple miniaturised diffusion-
type flames. The influence of various geometrical parameters 
on the flame structure and NOx emissions, as well as the 
determination of the most important energy characteristics of 
a chamber with the Micromix device operating on hydrogen, 
was considered in [12]. Parametric studies of a burner with 
a  high energy density have shown that it is possible to 
positively influence the flame shape acting on the stabilising 
vortices. An adequate choice of the geometry of the front 
burner device allows one to adjust the flame length and the 
length of the inter shear layer, to suppress the formation of 
nitrogen oxides. 

In [11], using numerical CFD methods, the parameters of 
a combustion chamber of a small-power gas turbine operating 
on pure methane and hydrogen were determined. There were 
significant differences in operating processes when burning 
different fuels, indicating possible problems and damage 
to burning components when operating on pure hydrogen. 
A new swirl injector design was proposed, which made it 

possible to partially solve the problem of overheating of the 
combustion chamber’s elements. The CFD modelling method 
was also used in [12], to study the processes of combustion of 
a hydrogen–air mixture in a microchamber. The separation 
of the hydrogen supply along a combustion chamber made it 
possible to significantly reduce the maximum wall temperature 
and reduce the non-uniformity of the temperature field at 
the outlet. CFD modelling of the reacting flow of air and 
hydrogen inside the flame tube of a diffusion-type combustion 
chamber of a single-shaft gas turbine is presented in [13]. Of 
interest are the calculations of the wall temperatures of the 
combustion chamber elements and the unevenness of the 
temperature field at the turbine inlet, since these parameters 
affect the reliability of components originally designed to 
operate on natural gas. To confirm the numerical results, data 
from full-scale experimental tests are used. Using the Ansys 
Fluent software package, 3D calculations of a simple geometry 
combustion chamber operating on methane or hydrogen 
were carried out in [14]. It was indicated that there are no 
carbon monoxide (CO) emissions during the combustion of 
hydrogen, in contrast to the combustion of methane. Large 
temperatures and velocities were observed in the combustion 
zone when hydrogen was used as a fuel.

Therefore, although the mechanisms of hydrogen fuel 
combustion are sufficiently developed, when converting real 
gas turbine engines to hydrogen-containing fuel, there are 
several problems. These are primarily associated with the 
thermophysical properties of hydrogen, such as: an increase 
in the flame propagation velocity and the possibility of 
the formation of a flashback zone (this is especially true 
for combustion chambers with preliminary mixing of 
components), an increase in the temperature of the flame 
tube walls due to an increase in heat release, and possible 
growth in nitrogen oxide emissions due to an increase in 
the maximum combustion temperature. These problems are 
especially typical for low-emission gas turbine combustion 
chambers with preliminary mixing of fuel with an oxidizer, 
which requires a significant modification of the combustion 
chamber’s burner devices. However, especially in the early 
stages of work related to the conversion of gas turbine engines 
from natural gas to hydrogen-containing fuels and pure 
hydrogen, it is necessary to assess the possibility of the reliable 
operation of basic fuel-burning devices when operating on 
mixtures of natural gas with hydrogen, to determine the 
ecological characteristics of serial combustion chambers and 
find operating modes, ensuring stable combustion of fuel 
without flashback phenomena into the pre-mixing devices.

The scope of this article is to investigate the energy and 
ecological characteristics of a low-emission gas turbine 
combustion chamber with pre-mixing of fuel with an 
oxidizer, which can be used in FPSO vessels and operates on 
mixtures of natural gas with hydrogen. This paper also aims to 
determine the operating modes of a 25 MW gas turbine serial 
combustion chamber without flashback into the channels of 
the radial-axial swirlers of the front device.
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OBJECT OF INVESTIGATION

The low-emission combustion chamber of a 25 MW gas 
turbine engine, manufactured by the ‘Zorja-Mashpoekt’ Gas 
Turbine Research & Production Complex, has a cannular 
counterflow structure with 16 flame tubes (Fig. 1), and 
implements the principle of dry combustion of a partially 
mixed lean mixture [15]. 

Fig. 1. Low-emission combustion chamber of a 25 MW gas turbine engine: 
1, 2 – fuel collectors of the first and second channels; 3, 4 – fuel supply pipes;  

5 – compressor casing; 6 – burner device; 7 – retainer; 8 – combustion 
chamber casing; 9 – flame tube; 10 – power casing; 11 – diffuser;  

12 – inner casing

The main element of such a chamber is the burner device, 
consisting of two radial-axial swirlers of the first and second 
channels (the inner and outer swirlers, respectively), behind 
which are located annular mixing chambers. The portion of 
the air entering the inner swirler is approximately 12% of the 
total air flow through the flame tube, and the amount of air 
coming through the outer swirler is about 61% [15]. Fuel gas 
(natural gas) is supplied through a series of holes made in 
the blades of the radial-axial swirlers of the first and second 
channels. To sharply reduce the number of nitrogen oxides 
in a combustion chamber, partial preliminary mixing of fuel 
with air in the swirler channels is provided, and the resulting 
swirling fuel-air mixture is fed into the primary zone of the 
chamber. In the paraxial region of a combustion chamber, 
under the influence of swirling flows, a sufficiently extended 
recirculation zone is formed, which ensures reliable ignition 
of fresh portions of fuel and stabilisation of the lean mixture 
combustion.

The serial combustion chamber was designed for natural 
gas burning with low emissions of products of incomplete 
combustion and nitrogen oxides. It is supposed to be used for 
burning mixtures of natural (associated) gas with hydrogen 
as part of the project to create low-carbon energy systems.

MATHEMATICAL MODELLING

The modelling of physical and chemical processes in a low-
emission gas turbine combustion chamber is based on the 
solution of differential equations of mass, impulse, and energy 
conservation for the multi-component, turbulent, chemically 
reacting system. 

A mass conservation equation or the continuity equation 
for compressible and incompressible media can be represented 
as follows [16]:

��

��
+ ∇(��⃗) = 	
, (1)

where ρ is flow mass density,  υ�⃗   is a local flow velocity vector, 
and Sm is a source term which defines the mass supplied to 
the flow.

The momentum conservation equation in a fixed system 
of reference may be formed as follows [16, 17]:

�

��
(ρυ�⃗ ) + ∇(ρυ�⃗ υ�⃗ ) = −∇� + ∇ ⋅ (���) + � g�⃗ + �,���⃗  (2)

where p is the static pressure, τst is the stress tensor, and 
� g�⃗    and �⃗   are the gravitational body force and external 
body forces, respectively.In a generalised form, the energy 
conservation equation is written as follows: 

�

��
(ρ�) + ∇ ⋅ (υ�⃗ (ρ� + �)) = ∇ ⋅ �����∇� − ∑ �⃗��  + (τ��� ⋅ υ�⃗ )� + 	�, 

⃗

(3)

where E is the total energy, keff is the effective conductivity, 
�⃗�   is the diffusion flux of species j, and τ���  is the effective 
viscosity coefficient. The term Sh includes the heat of the 
chemical reaction.

If there is aIf there is a need to consider the equations 
for chemical substances, then it is possible to obtain the 
concentration of each component Yi by solving the equation 
for its convection-diffusion transfer. In general, this equation 
has the following form [18]:

�

��
(ρ��) + ∇(ρυ�⃗ ��) = −∇ ⋅ �⃗� + !� + 	�, (4)

where Ri is the rate of forming the i-th component as the result 
of a chemical reaction, Si is the level of additional forming of 
the i-th component from different sources, and �⃗�  is mass 
diffusion of the ith component.

The net source of the i-th chemical component, which 
is obtained via the reaction , is calculated as the sum of the 
reaction sources over the NR Arrhenius reactions in which 
the component takes part [19]: 

!� = "#,� ∑ !�,$
%&
$'* ,  (5)

where Mw,i is the molecular weight of species i and Ri,r is the 
Arrhenius molar rate of formation/decomposition of the i-th 
component in the reaction r.

Let us consider the chemical reactions r, formed as follows:
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where N is the number of chemical species in the system;  
-�,$

.  is the stoichiometric coefficient for the i-th reactant in 
the reaction r, -�,$

..   – is the stoichiometric coefficient for the 
i-th product of the reaction r, Mi is the symbol denoting the 
i-th chemical component, kf,r is the forward rate constant 
for the reaction r, and kb,r is the backward rate constant for 
the reaction r.

The molar rate of formation/decomposition of the i-th 
component in reaction r may be defined as follows [20]:

!�,$ = Γ6-�,$
.. − -�,$

. 7 ⋅ 8��,$ ∏ :;�,$<
>?,3

@
%
�'* − �A,$ ∏ :;�,$<

>?,3
@@

%
�'* B, (7)

where Cj,r is the molar concentration of each j-th reagent and 
product in the reaction r,  η�,$

.   is the rate exponent of the 
direct reaction for the j-th reagent and product in the reaction 
r, η�,$

..   is the rate exponent of the reverse reaction for the 
j-th reagent and product in the reaction r, and Γ represents
the net effect of third bodies on the reaction rate and is defined 
as follows:

Γ = ∑ γ�,$;�
%
� , (8)

where γ�,$  is the third-body efficiency of the j-th component 
in the reaction r.

The forward rate constant for the reaction r is calculated 
using the Arrhenius expression:

��,$ = E$�F3GHI3/KL, (9)

where Ar is a pre-exponential factor, βr is the temperature 
exponent, Er is the activation energy for the reaction, and R 
is the universal gas constant.

In this investigation, two combustion models were 
implemented in the Ansys Fluent software, which is 
supposed to be used to determine the energy and ecological 
characteristics of a low-emission gas turbine combustion 
chamber: 1) the Finite-Rate/Eddy-Dissipation (FR/ED) 
model, which computes the rates of chemical reactions using 
Arrhenius expressions and compares them to the overall 
rate of reaction controlled by turbulent mixing, and 2) the 
Eddy Dissipation Concept (EDC) model, in which detailed 
Arrhenius chemical kinetics can be incorporated in turbulent 
flames.

According to the FR/ED model, the reaction rate is 
calculated considering both the Arrhenius (7) and Magnussen 
and Hjertager turbulent mixing models [21]:
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where k is the turbulence kinetic energy, ε is the dissipation 
rate of the turbulence kinetic energy, A and B are the empirical 
constants, YR is the mass fraction of a particular reactant R, 
and YP is the mass fraction of any product species P.

The reaction rate is taken to be the smaller of the expressions 
(7) and (10). This FR/ED chemistry-turbulence approach 
is used because there are regions within the combustion 
chamber where the turbulent mixing rate is faster than the 
chemical kinetics (low-temperature regions in the vicinity 
of the flame tube walls, air inlets, etc.). 

To determine the values of k and ε, the standard k-ε 
turbulence model [16] or its modification, the RNG-based 
k-ε -turbulence model [22], was used.

According to the EDC combustion model, the detailed 
Arrhenius chemical kinetics in flames is incorporated with 
turbulent fluctuations [23, 24]. The EDC model assumes that 
reaction occurs in small turbulent structures, called fine scales. 
Species react in fine structures over a timescale. Reactions 
proceed over the timescale, governed by Arrhenius rates, and 
are integrated numerically using a special algorithm. So, to 
calculate the net source of species i by the chemical reaction, 
it is necessary to find the volume fine-scale and time scale.

The molar velocity of formation/decomposition of the i-th 
component in the reaction is:

!� =
V(W∗)Y

Z∗[*H(W∗)\]
(� ^

∗ − ��), (11)

where ξ∗ = ;W �
`a

1Y�

b

c
  is the size of a fine-scale reactor [23] 

which depends on the kinematic viscosity v, the turbulence 
kinetic energy k and the dissipation rate of the turbulence 
kinetic energy ε, ;W = 2.1377 is the constant, τ∗ = ;Z �

`

a
�

b

Y
 i is 

the time within which a reaction takes place, Cτ=0.4082 is 
the constant, and ��

∗  is the fine-scale mass fraction  after 
reacting over time τ∗ . 

The proposed mechanism for the oxidation of a mixture of 
methane (replacing natural gas) with hydrogen, which makes 
it possible to predict the emission of carbon monoxide CO, 
is presented in Table 1.

The system of mass transfer equations (which includes 
convection, diffusion, formation, and decomposition of NO 
and related compounds) was used to simulate the nitrogen 
oxide emissions [25]:

d

d�
(��NO) + e ⋅ (��⃗�NO) = e ⋅ (�fe�NO) + 	NO,  (12)

where YNO is the NO mass concentration, D is the diffusion 
coefficient, and SNO is the source term, depending on the NOx  formation mechanism.
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Tab. 1. Mechanism of fuel oxidation

Reaction A Е, J/kg mole β Reaction order

1 2 CH4 + 3 O2 → 2 CO + 4 H2O 4.64е+09 1.17е+08 -0.062 СН4 0.5 О2 1.066

2 2 CO + O2 → 2 CO2 3.97е+11 7.68е+07 0.215 О2 1.756 СО 1.258

3 2 CO2 → 2 CO + O2 6.02е+05 1.31е+08 -0.108 СО2 1.357

4 2 H2 + O2 → 2 H2O 9.87e+08 3.1e+07 0 H2 1.0 О2 1.0

The boundary conditions in the inlets, symmetry axes, walls, 
and outlet from a combustion chamber were set following 
the operating mode’s conditions and recommendations for 
modelling the turbulent burning processes. The method for 
the system solution, the finite difference scheme, and the 
solution stability analysis were explained in detail in [26]. 

To verify the proposed mathematical model and the kinetic 
mechanism of fuel oxidation, we calculated the formation 
of nitrogen oxides in a serial low-emission gas turbine 
combustion chamber (as shown in Fig. 1), operating on natural 
gas. The calculations were compared with the experimental 
data obtained on the single-burner section of a combustion 
chamber at a pressure of 0.15 MPa [15]. Bench tests were 
carried out to determine the temperature and environmental 
parameters of the flame tube of the low-emission combustion 
chamber. The experimental aparatus was equipped with the 
necessary heat engineering equipment; the Testo-350 gas 
analyser was used to determine the content of nitrogen oxide 
at the outlet of the single-burner compartment. The tests 
were carried out in seven operating modes, with different 
parameters of air and fuel at the inlet and the distribution of 
fuel consumption between the fuel channels of the swirler.

The comparison results for various operating modes, 
differing in the total fuel flow rate through the burner device 
Gf, are shown in Fig. 2. A satisfactory correlation is seen 
between the calculated and experimental data over a wide 
range of fuel flow rates. At a fuel flow rate of 20.9 kg/h, 
there is a fairly significant deviation of the calculated and 
experimental data. This is explained by the possibility of the 
occurrence of unstable modes of operation of the combustion 
chamber on lean mixtures, which was observed in a number of 
cases in the experiment. The instability leads to fluctuations in 
the temperature regime of the primary zone of the combustion 
chamber and an increase in emissions of nitrogen oxides.
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Fig. 2. Content of nitrogen oxides depending on natural gas flow rate

In addition, a comparison was made between the calculated 
and experimental values of the gas temperature in the outlet 
section of the flame tube (at 25 points and for seven operating 
modes), which showed the maximum error in determining 
the integral temperature at the outlet of a chamber of no 
more than 3%. These data indicate the possibility of using 
the above mathematical model to predict the characteristics 
of the combustion chamber of a gas turbine engine with 
partial preliminary mixing of gaseous fuel in the channels 
of radial-axial swirlers.

RESULTS AND DISCUSSION

To calculate the characteristics of the working process 
in a low-emission gas turbine combustion chamber with 
the preliminary formation of a fuel-air mixture in the 
channels of the radial-axial swirlers of the flame tubes, the 
corresponding three-dimensional calculations were carried 
out using the Ansys Fluent software. The initial parameters 
of the working media were: air pressure at the combustion 
chamber inlet =1.505 MPa, air flow rate through a combustion 
chamber = 52.96 kg/s, temperature = 759 K, gaseous fuel 
inlet temperature = 310 K, and flow rate when operating on 
natural gas = 3696.2 kg/h. With the addition of hydrogen, the 
flow rate changed, in proportion to the change in the lower 
calorific value of the mixture of natural gas and hydrogen.

Since the gas turbine combustion chamber consists of 
16 flame tubes, the calculations were carried out for 1/16 of 
its total parts. Natural gas and a mixture of natural gas and 
hydrogen were supplied through two separate pipelines and 
two channels of the burner installed in the flame tube’s front 
part (Fig. 3).

Furthermore, the fuel was fed through rows of small holes 
in the blades of the radial-axial swirlers (inner and outer) 
into the flow path of said swirlers, where it was mixed with 
air to form a homogeneous fuel-air mixture. This mixture 
was supplied to the primary zone of a combustion chamber, 
where it was reliably ignited due to the high temperature of 
the recirculating gases and completely burnt out before the 
dilution of the air supply cross-sections. A constant ratio 
of fuel flow rate through the inner and outer swirlers was 
maintained, equal to 0.242. This value was chosen to take 
into consideration the recommendations of the work by [15].
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Fig. 3. Flame tube of a combustion chamber: 1 – burner; 2 – inner swirler;  
3 – outer swirler; 4 – cooled shells; 5 – dilution air holes;  

6 – flame tube diffuser; 7 – flame tube outlet  

Figure 4 shows a graph of the effect of fuel mass flow rate 
through the inner Gf1 and the outer Gf2 radial-axial swirlers 
on the volume content of hydrogen in a mixture with natural 
gas, for one flame tube.
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Fig. 4. Dependences of fuel mass flow rate through the inner and outer swirlers 
on the volume content of hydrogen in the mixture

It should be noted that the decrease in the total mixture 
flow rate was calculated as a proportion of the increase in 
the lower calorific value of the mixture with a growth in the 
amount of hydrogen in the fuel mixture. The average gas 
temperature at the combustion chamber outlet was about 
1518 K (Fig. 5) and remained almost constant with a change 
in the amount of hydrogen in the gas mixture, as well as 
when using different combustion models (FR / ED or EDC). 
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Fig. 5. Dependence of gas temperature at the outlet of a combustion chamber 
on the volume content of hydrogen in the mixture: EDC - Eddy Dissipation 

Concept, FR/ED - Finite-Rate/Eddy-Dissipation 

To determine the influence of the EDC and FR/ED 
combustion models on the temperature distribution in the 
cross-sections of a low-emission combustion chamber, the 
corresponding calculations were carried out, the results of 
which are shown in Figs. 6 and 7, respectively. 

(a) (b)

(c) (d)
Fig. 6. Contours of temperature, K, inside a combustion chamber for different volume contents of hydrogen in the mixture: 0% (a), 20% (b), 30% (c),  

and 40% (d) for the EDC combustion model
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(a) (b)

(c) (d)

Fig. 7. Contours of temperature, K, inside a combustion chamber for different volume contents of hydrogen in the mixture: 0% (a), 10% (b), 20% (c),  
and 25% (d) for the FR/ED combustion model

It can be seen that when the EDC combustion model is 
used in the calculations, the initial combustion centres in the 
volume of the inner radial-axial swirler occur at a hydrogen 
content of 30% in the mixture. With 40% hydrogen, the 
flashback zone occupies the volumes of both swirlers with 
intense fuel burn-out in the cavity of the inner swirler. 

When using the FR/ED combustion model in the 
calculations, chemical reactions in the inner swirler already 
take place at a hydrogen content of 25% in the mixture. 
It should be noted that these phenomena (flashbacks) are 

unacceptable during the operation of a gas turbine engine 
because combustion within the burner channels leads to 
overheating of metal surfaces, melting, and warping, as well 
as mechanical damage to the turbomachine parts. These 
operating modes, of course, must be excluded from the 
turbine operation.

Significant changes in the heat release curve along the 
length of the flame tube in these cases, lead to a sharp 
change in the distribution of velocities over the sections of 
a combustion chamber (Figs. 8 and 9).

(a) (b)
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(c) (d)

Fig. 8. Contours of velocity magnitude (m/s) inside a combustion chamber for different volume contents of hydrogen in the mixture: 0% (a), 20% (b), 30% (c), 
and 40% (d) for the EDC combustion model

(a) (b)

(c) (d)

Fig. 9. Contours of velocity magnitude (m/s) inside a combustion chamber for different volume contents of hydrogen in the mixture: 0% (a), 10% (b), 20% (c), 
and 25% (d) for the FR/ED combustion model

If there is no flashback zone, then the maximum velocities 
in the characteristic sections of a combustion chamber do 
not exceed 170 m/s (Fig. 8a-b and Fig. 9a-c). When there is 
inflammation in the radial-axial swirlers of the burner device, 
the velocities of the working fluid in the narrowest sections 
of the swirlers increase sharply and reach maximum values 
of 300–350 m/s (Fig. 9d and Fig. 8d). This fact, along with an 
increase in the temperature level of the blade material, also 
leads to an increase in total pressure losses in a combustion 
chamber and an increase in the specific fuel consumption 
of the engine.

Figure 10 shows the distribution of mass fractions of 
nitrogen oxides NO in the sections of a combustion chamber 
for various hydrogen contents in the mixture and different 

combustion models. It should be noted that the percentages of 
hydrogen (30% and 40% for the EDC model, and 20% and 25% 
for the FR/ED model) were chosen taking into consideration 
the transition from the mode without a flashback to the mode 
with a flashback in the burner’s radial-axial swirlers. The 
presence of inflammation areas inside the swirlers leads 
to the initial formation of air nitrogen oxides, according 
to the Zeldovich thermal mechanism, directly inside the 
burner (Fig. 10b and Fig. 10d). In this case, as a result of an 
increase in the residence time of the working fluid in the 
high-temperature zone, the total length of the region where 
nitrogen oxides are formed also increases, which implies an 
increase in their content at the combustion chamber outlet.
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(a) (b)

(c) (d)

Fig. 10. Contours of NO mass fraction inside a combustion chamber for different volume contents of hydrogen in the mixture and different combustion models: 
30%, EDC (a), 40%, EDC (b), 20%, FR/ED (c), and 25%, FR/ED (d) 

Figure 11 shows the distribution of mass fractions of 
NO in the flame tube outlet section for various hydrogen 
contents in the mixture and different combustion models. 
We note a sharp increase in the maximum concentration of 
nitrogen oxides in the combustion chamber outlet section 
in the presence of a flashback zone due to the elongated total 

length of the burning fuel. When inflammation zones appear 
inside the radial-axial swirlers (with just a slight increase in 
the hydrogen content in the mixture), the maximum mass 
fraction of nitrogen oxides in the outlet section increases by 
a factor of 2.7–4.2. This is observed at practically the same 
average temperature of the combustion products at the outlet.   

(a) (b)
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(c) (d)

Fig. 11. Contours of NO mass fraction at the flame tube outlet for different volume contents of hydrogen in the mixture and different combustion models:  
30%, EDC (a), 40%, EDC (b), 20%, FR/ED (c), and 25%, FR/ED (d) 

An additional explanation for this phenomenon is 
shown in Fig. 12. This figure shows the distribution of gas 
temperature T, velocity magnitude v, mass fraction of carbon 
monoxide CO along the flame tube length l (for the FR/ED 
combustion model), and two values of the hydrogen content 
in the mixture: 20 and 25%. It can be seen that even a slight 
excess of the critical value of 20% of the hydrogen content 
in the mixture (for a given design of a combustion chamber) 

leads to a sharp rise in temperature, flow rate, and CO content 
(red lines), in sections located at a distance of 0.05-0.06 m 
from the beginning of the front device. Furthermore, in the 
sections located behind the swirler’s outlet, the processes 
of fuel burn-up level off and, at l > 0.1 m, they change 
insignificantly with a change in the hydrogen content in 
the mixture. 
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Fig. 12. Distribution of gas temperature (a), velocity magnitude (b), and mass fraction of CO (c) along the length of the flame tube for the FR/ED  
combustion model
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Figure 13 shows the distributions of the average emissions 
of the main pollutants (CO and NO) at the combustion 
chamber outlet at various hydrogen contents in the mixture 
for different combustion models.

In all cases, an increase in the hydrogen content in the 
mixture leads to a decrease in emissions of carbon monoxide due 
to the intensification of combustion of the main fuel-air mixture 
and some increase in the maximum combustion temperature 
in the chamber volume (Fig. 6 and Fig. 7); this decrease is most 
significant when using the EDC combustion model.
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Fig. 13. Distribution of mole fractions of CO and NO at the flame tube outlet for different volume contents of hydrogen in the mixture and different combustion 
models: EDC (a), FR/ED (b)

For the investigated operation modes, in all cases, the 
calculated CO content does not exceed 16 ppm, which 
corresponds to the European requirements for emissions 
from gas turbine engines [27]. Without the presence of 
a flashback into the radial-axial swirlers, the calculated 
emissions of nitrogen oxide do not exceed 20 ppm, which 
also meets the requirements of [27]. When transferring 
to the flashback mode (when the hydrogen content in the 
mixture changes from 30% to 40% for the EDC combustion 
model and from 20% to 25% for the FR/ED combustion 
model), a sharp increase in nitrogen oxide emissions (up 
to 34-57 ppm) is observed. This is unacceptable, not only 
from the point of view of environmental requirements, but 
also from the conditions for ensuring the functionality of 
a combustion chamber itself.

It should be noted that the calculations performed 
showed that a combustion chamber with preliminary 
mixture formation in the channels of radial-axial swirlers 
is very sensitive to the hydrogen content in the mixture. The 
maximum predicted hydrogen content in the mixture, at 
which the formation of combustion centres in the swirler 
channels will not occur, does not exceed 25-30% by volume. 
This must be taken into consideration when modernising 
gas turbine engines with a combustion chamber of this type, 
when they are converted to a mixture of natural gas with 
hydrogen, hydrogen-containing gases, or pure hydrogen 
[28]. Further theoretical and experimental investigations are 
needed to expand the range of stable combustion without 
flashback, for fuel mixtures with a high hydrogen content, 
providing: a) optimisation of the geometry of radial-axial 
swirlers to increase the velocity of fuel-air mixture outflow 

CONCLUSIONS

A mathematical model has been developed to determine 
the influence of hydrogen content and its mixture with natural 
gas on the characteristics of a low-emission gas turbine 
combustion chamber with preliminary mixing of fuel and 
with an oxidizer in the channels of radial-axial swirlers. A 
simplified kinetic scheme for the combustion of a mixture of 
natural gas and hydrogen is proposed, which makes it possible 
to predict the energy and ecological characteristics of a low-
emission gas turbine combustion chamber, which can be used 
in FPSO vessels. When analysing processes in a combustion 
chamber, two models of gaseous fuel combustion were used: 
1) the Finite-Rate/Eddy-Dissipation, which computes the 
rates of chemical reactions using Arrhenius expressions and 
compares them with the overall rate of reaction controlled by 
turbulent mixing, 2) the Eddy Dissipation Concept, in which 
detailed Arrhenius chemical kinetics can be incorporated in 
turbulent flames. The nature of a parameter’s distribution 
over the sections of the combustion chamber, when using 
these two combustion models, is similar; however, the FR/ED 
model gives a narrower range of operation of a combustion 
chamber without the formation of a flashback zone into the 
radial-axial swirlers of the burner device.

It should be noted that, an increase in the hydrogen 
content in the mixture with natural gas for the investigated 
combustion chamber with premixing leads to a decrease in 
carbon monoxide emissions, due to improved combustion 
conditions of the fuel-air mixture in the combustion 
chamber’s primary zone and some increase in the maximum 

into the primary zone of the flame tube, b) redistribution 
of the amount of fuel gas supplied to the inner and outer 
swirlers, and c) studying the possibility of steam supplied 
to the burner.
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temperature of the working fluid in the chamber volume. 
For the investigated operation modes, the CO content at the 
combustion chamber outlet does not exceed 16 ppm, which 
corresponds to modern European requirements for emissions 
from gas turbine engines. The nitrogen oxide content at the 
combustion chamber outlet in operating modes, without the 
formation of a flashback zone, does not exceed 20 ppm and 
sharply increases to 34-57 ppm when combustion centres 
appear into the radial-axial swirlers of the flame tubes. 
Further investigations are required to expand the area of 
stable operation of a low-emission gas turbine combustion 
chamber of this type and to eliminate the flashback formation 
at increased hydrogen contents in the mixture with natural 
and associated gases.
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VIBRATION SIGNALS
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ABSTRACT

The vibration signals on marine blowers are non-linear and non-stationary. In addition, the equipment in marine 
engine room is numerous and affects each other, which makes it difficult to extract fault features of vibration signals 
in the time domain. This paper proposes a fault diagnosis method based on the combination of Ensemble Empirical 
Mode Decomposition (EEMD), an Autoregressive model (AR model) and the correlation coefficient method. Firstly, 
a series of Intrinsic Mode Function (IMF) components were obtained after the vibration signal was decomposed by 
EEMD. Secondly, effective IMF components were selected by the correlation coefficient method. AR models were 
established and the power spectrum was analysed. It was verified that blower failure can be accurately diagnosed. 
In addition, an intelligent diagnosis method was proposed based on the combination of EEMD energy and a Back 
Propagation Neural Network (BPNN), with a correlation coefficient method to get effective IMF components, and the 
energy components were calculated, normalised as a feature vector. Finally, the feature vector was sent to the BPNN 
for training and state recognition. The results indicated that the EEMD-BPNN intelligent fault diagnosis method is 
suitable for higly accurate fault diagnosis of marine blowers.

Keywords: Fault diagnosis, Marine blower, EEMD, Correlation coefficient, AR spectrum, BPNN

INTRODUCTION

As an important equipment in the marine engine room, 
the blower is responsible for transporting air required by the 
entire ship and ensuring the normal operation of the ship.  
Inadequate machinery maintenance will increase equipment 
failure, posing a threat to the ocean environment, affecting 
performance, having a great impact in terms of business 
losses by reducing ship availability, increasing downtime 
and moreover increasing the potential for major accidents 
occurring and endangering lives on board [1]. In the past, 
this work was accomplished through condition-based and 
time-based maintenance, which depends heavily on human 
cognition and experience [2,3]. It is difficult to meet the 

development needs of large-scale, intelligent and unmanned 
ships. Especially, subsystems in marine machinery are coupled 
with each other, and a minor fault may bring a chain effect 
to related subsystems, thus amplifying the damage caused 
by the fault [4]. Consequently, it is necessary to diagnose 
blower faults and carry out condition-based maintenance. The 
maintenance measures have important practical significance 
– they ensure the safe operation of mechanical equipment 
and reduce the rate of occurrence of significant accidents [5].

The traditional fault diagnosis method includes over-
current detection and over-voltage detection. There are 
also new methods including Short-time Fourier Transform 
(STFT) [7], Wavelet Transform (WT) [8], Empirical Mode 
Decomposition (EMD) [9], and Artificial Neural Networks 
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(ANN) [10]. The classical Fast Fourier Transform (FFT) can 
only reflect the overall characteristics of a vibration signal. 
The short-time Fourier transform obtains the relationship 
between time and frequency by adding a narrow window 
function, but it still cannot meet the requirements of high 
frequency resolution in the low-frequency region and high 
time resolution in the high-frequency region. Non-intrusive 
vibration measurement is used for effective identification 
of journal bearing operation in rotating machinery [11,12], 
but the vibration signal is a nonlinear and non-stationary 
signal, which is not suitable for analysis with the Fourier 
transform. Although WT and EMD are effective in processing 
nonlinear and non-stationary signals, they also have some 
problems. For example, in the wavelet transform method, 
the suitable wavelet bases should be pre-set, meaning that it 
lacks self-adaptability. On the other hand, empirical mode 
decomposition is a type of adaptive time–frequency analysis 
algorithm [13]; Ensemble Empirical Mode Decomposition 
(EEMD) [14] can overcome the modal aliasing effect of EMD 
effectively [15]. However, EEMD still has two issues that need 
to be addressed. First is how to pick out the IMF(s) which 
contains sufficient fault feature information. Second, in the 
case of strong background noise and for early failure, EEMD is 
not ideal to extract the fault feature [15]. The AR model is the 
most basic and most widely used mathematical model in time 
series analysis. It condenses the characteristics and working 
status of the system. It can not only diagnose faults, but also 
predict potential faults early. Table 1 shows the advantages 
and disadvantages of several typical fault feature extraction 
methods for fault diagnosis.

Method Advantages Disadvantages

FFT It can reflect the overall characteristics of the signal (time 
domain or frequency domain)

1. Not suitable for non-stationary and non-linear signals
2. Inability to reflect the relationship between time and frequency

STFT No cross-terms interference and overlaps [16] Poor time–frequency resolution [17]

WT
1. Time-frequency windows with different sizes at different 

times and frequencies
2. Suitable for non-stationary and non-linear signals

Limited by Heisenberg’s uncertainty principle

EMD [18]
1. The signal analysis turns out to be adaptive
2. Suitable for non-stationary and non-linear signals

1. Mode mixing problem
2. Boundary effect
3. Lacks support of mathematical theory

EEMD
It can effectively suppress mode mixing 1. It is difficult to pick out effective IMF(s)

2. In the case of strong background noise and early failure, EEMD is 
not ideal to extract the fault feature [15]

Schoen et al. used Fast Fourier Transform (FFT) to extract 
the most pertinent information for motor fault diagnosis, and 
the results show that they can accurately extract fault features 
[19]. Wang et al. proposed a novel intelligent fault-diagnosis 
method based on generalised composite multiscale weighted 
permutation entropy (GCMWPE), and this method was able to 
correctly diagnose bearing faults [13]. Khelil et al. used ANN 
to monitor engine health and diagnose faults. Experiments 
indicated that the fault can be detected instantaneously at 
its early stage [20]. Jia et al. combined integrated EEMD and 
grey theory to remove noise in the vibration signal, and the 
denoising effect was better than wavelet denoising and other 
methods, but the time required was longer, which limits its 
application [21].

Several classifiers have been used in the fault diagnosis 
of marine equipment, such as expert systems [22], Artificial 
Neural Networks [10], and Support Vector Machines 
(SVM) [23]. Although SVM can handle small samples and 
nonlinear and non-stationary data very well, the SVM 
classifier performance is greatly affected by selecting the 
penalty parameter (c) and kernel parameter (g). Incorrect 
selection will directly affect the diagnosis accuracy and its 
generalisation ability [11]. In recent years, BPNN has been 
comprehensively exploited in intelligent fault diagnosis 
because of its predominant self-adaptation and input‒
output nonlinear mapping [24]. It is necessary to find a novel 
intelligent method for fault diagnosis in marine blowers.

Tab. 1. Comparative classic studies of fault feature extraction methods
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RELATED FAULT DIAGNOSIS METHODS

EEMD

EEMD mainly reduces modal aliasing by adding several 
sets of white noise to the signal x(t). The EEMD process is 
briefly explained below:
1)  Add different white noise sequences nj(t)(j=1,2,3,...,M) to 

the signal x(t).

xh(t) =  x(t) +  nh(t)  (1)

where xj(t) represents the signal after adding white noise for 
the j-th time; j represents the number of times white noise 
is added.
2) EMD decomposition is performed for each group xj(t), and 

I intrinsic mode function (IMF) components are obtained 
for each group, which are recorded as Ci,j(t)(i=1,2,3,...,I; 
j=1,2,3,...,M), where Ci,j(t) represents the i-th IMF obtained 
by EMD decomposition after adding white noise amplitude 
for the j-th time.

3) If j<M, let j=j+1 and repeat process 2;
4) The above IMFs are calculated by the overall average, and 

the final IMF is

Ck(t) =
1

M
p Ck,h(t) 

q

h'*

(2)

where Ci(t) represents the i IMFs obtained by EEMD, and M 
represents the number of averages.
5) The original signal is

x(t) =  Ck(t) + Res  (3)

where Res is the residual component of EEMD.AR MODEL
The power spectrum estimation based on AR model 

parameter modelling can effectively improve the frequency 
resolution. Due to its extension, it can effectively analyse 
short-sample signals, overcome the windowing effect of 
Hilbert’s separation algorithm, and the resulting spectrum 
is smoother and different. The spectrum in this case is easier 
to distinguish. The basic idea of AR spectrum estimation is: 
first to establish an AR model for the time-series signal, and 
then to use the model coefficients to calculate the signal’s 
self-power spectrum. The general expression of the AR(N) 
model is

y(n) = B(n) − p azy(n − k)

|

z'*

 

(4)

where y(n) is the autoregressive time series; B(n) is the finite 
bandwidth white noise with a normal distribution with zero 
mean and variance σ2; N is the order of the model.

CORRELATION COEFFICIENT METHOD

EEMD can decompose a time-domain signal into a series 
of IMF components and a residual component from high to 
low frequencies [25]. The actual collected vibration signal 
contains some noise, the existence of which affects the 
accuracy of signal analysis. Using only EEMD to decompose 
the signal cannot remove the noise. Singh et al. calculated 
the correlation coefficient between each IMF and the original 
signal, and selected the most correlated IMF components 
for recombination, so as to achieve the purpose of removing 
the noise in the signal [26]. The calculation formula of the 
correlation coefficient between signal A and B is as follows:

P(t) =
~��(�,�)

��(�)��(�)
  (5)

where P(t) is the correlation coefficient, COV(A,B) is the 
covariance of signal A and signal B, and �D(A)  and �D(B)  
are the variance.

The larger the P(t), the higher the correlation between A 
and B. According to the value of the correlation coefficient, 
the interference component in the signal can be removed.

ENERGY PRINCIPLE

After a fault of the marine blower occurs, the energy 
contained in its vibration signal will also change. According 
to the different energy distribution under different working 
conditions, the fault type can be identified [27]. After the 
vibration signals under different working conditions are 
decomposed by EEMD, the energy of each IMF is different, 
which can be used as a fault feature. 

EXPERIMENT AND ANALYSIS

EXPERIMENTAL SETUP

A test bench is used to simulate some typical blower faults in 
the laboratory. The experimental system is mainly composed 
of the blower test bench, vibration sensor, photoelectric speed 
tester, National Instruments(NI) data acquisition module 
and computer. 

Three kinds of motor faults were simulated: an inter-rotor 
short circuit (the U-phase short circuit ratio is 18.6%), a rotor 
bar breaking fault and a bearing abrasion fault; There were 
four kinds of faults: unbalanced blades, blocked air outlets, 
loose motor bolts, and combined faults with loose bolts and 
unbalanced blades, as shown in Fig. 1. The short circuit is the 
most serious failure of the blower, whereas bearing wear is not 
serious, but will increase the power loss [28]. The vibration 
sensor was installed above the end cover of the motor output 
bearing as shown in Fig. 2. The rotating speed of the blower 
was measured by a hand-held speed detector irradiating the 
reflective strip pasted on the blower, as shown in Fig. 1. The 
sampling frequency was 2048 Hz and the sampling time length 
was 2s. The main parameters of the blower are shown in Table 2.
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Fig. 1. Blower imbalance fault setting Fig. 2. Blower test bench

Tab. 2.The main parameters of the blower

Rated power 1.1 kW Rated speed 1430 r/min

Capacity 1500~2200 m3/h Power factor 0.89

Motor type Three-phase cage 
asynchronous motor Rated current 4.6 A

EXPERIMENTAL RESULTS

EEMD is used to decompose the vibration signals. The 
standard deviation of auxiliary white noise is 0.3 times that of 
the original signal, and the number of white noise integration 
m is 100. Taking the normal condition vibration signal of the 
motor as an example, 16 IMF components and one residual 
component are obtained after EEMD decomposition, as 
shown in Fig. 3.

Fig. 3. EEMD decomposition of motor vibration signal under normal condition

As described above, the correlation coefficients between all 
IMFs and the original signal are calculated, and the results 
are shown in Table 3.

Tab. 3. Correlation coefficients of each IMF and the original signal under 
normal conditions

IMF1 IMF2 IMF3 IMF4 IMF5 IMF6 IMF7 IMF8

0.5838 0.2929 0.7493 0.5013 0.0973 0.0692 0.5013 0.0974

IMF9 IMF10 IMF11 IMF12 IMF13 IMF14 IMF15 IMF16

0.0838 0.1003 0.0383 0.0117 0.0025 0.0010  0.0004 0.0005

It can be seen from Table 3 that IMF1~IMF4 and IMF7 
have relatively large correlation coefficients with the original 
signal, which can be considered as the effective component 
of the signal. These five IMFs components are selected for 
reconstruction to achieve signal noise reduction.
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FFT ANALYSIS

After the noise reduction of the vibration signals, the 
traditional FFT analysis method is used to analyse them, 
taking the normal condition and short-circuit fault of the 
motor as an example. When the motor has a short-circuited 
fault, the grid frequency is 50 Hz, the measured speed is 1458 
r/min, and the slip rate s is 0.028. The FFT analysis results 
under normal and short-circuit faults are shown in Fig. 4.

As can be seen from the spectrum diagram in Fig. 4, the 
amplitude of the spectrum with a motor short-circuit fault 
at 50 Hz is larger than that with the normal condition, but 
there is almost no difference at 75 Hz, where it is difficult 
to distinguish. In both cases, the amplitude reaches the 
maximum at 100 Hz, and the amplitude of the motor short-
circuit fault is much larger than the normal condition. The 
motor is a 4-pole asynchronous motor, so the amplitude 
reaches the maximum at four times the rotation frequency. 
Due to the stator short-circuit fault of the motor, the short-
circuit phase current increases, which destroys the magnetic 
field balance and causes imbalance of the electromagnetic 
force. The final amplitude is larger than the normal 
condition at twice and four times the frequency, and the 
fault characteristics are obvious. Therefore, the motor short-
circuit fault can be diagnosed by FFT. By analysing other 
blower faults, the results show that this method can also 
distinguish them effectively.

FAULT DIAGNOSIS

MOTOR FAULT DIAGNOSIS BASED ON EEMD-AR 
SPECTRUM

The AR model is mainly used for stationary processes, 
while EEMD decomposes complex nonlinear non-stationary 
signals into a number of single-component signals with zero 

mean and which are locally symmetrical with respect to the 
time axis, which is equivalent to linearising and smoothing 
the original signal. Therefore, a diagnostic method combining 
EEMD and the AR spectrum is proposed, which can combine 
the advantages of both. That is, the signal is first decomposed 
by EEMD, and then the correlation between each IMF 
component and the original signal is calculated, and the 
IMF with the largest correlation coefficient is selected to 
establish the AR model.

ck(t) + p φ
kz

�

z'*

ck(t − k) = ek(t) (5)

where ci(t) is the IMF component that satisfies the condition; 
φik is the model parameter of the AR model; ei(t) is the residual 
of the AR model; m is the model order of the AR model. The 
diagnosis process based on the EEMD spectrum is shown 
in Fig. 5.

Fig. 4. FFT Analysis of motor in normal condition and stator short circuit
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Start

 Input original data x(t)

Use EEMD for decomposition

Calculate the correlation coefficient 
of each IMF and x(t)

Select the IMF with the largest correlation 
coefficient

AR spectrum analysis

End

Fig. 5. Diagnosis process based on EEMD spectrum

The four working conditions of the motor are analysed 
according to this method. For each work situation, we select 
the 4 largest correlation coefficients to establish an AR model, 
then calculate the power spectrum. The EEMD-AR spectrum 
obtained is shown in Fig. 6.

Fig. 6. EEMD-AR spectrum in four conditions

It can be seen from the AR spectrum of the IMF1 
component in Fig. 6 that in the frequency band of 0‒550 Hz, 
the energy of the motor in the normal condition, with a short-
circuit fault and a broken bar fault decreases slowly and has 
little difference, while the amplitude of the bearing wear fault 
first increases and then decreases, and reaches the maximum 
value at the frequency of 400 Hz. The motor bearing wear 
fault can be clearly identified in this frequency band. In other 
frequency bands it is difficult to distinguish between the four 
conditions. In the AR spectrum of the IMF2 component, the 

energy of the four conditions increases slowly in the analysed 
frequency band without intersection. Therefore, the four states 
can be accurately judged by analysing the energy of the IMF2 
component. In the AR spectrum of the IMF3 component, the 
energy of the normal state and short-circuit fault are almost 
the same in the whole analysed frequency band, which makes 
it difficult to judge the two states. Although the energy of the 
motor bearing wear and broken bar fault increases slowly 
in this frequency band and has no intersection, the energy 
is similar and the diagnosis effect is not ideal. In the AR 
spectrum of the IMF4 component, in the frequency band of 
0‒300 Hz, the energy of the short-circuit fault and broken bar 
fault increases slowly but gets closer and closer, but the two 
states can still be distinguished. The energy of the other two 
states is too close to distinguish. Other frequency bands have 
serious waveform overlap, so it is impossible to distinguish 
the working conditions of the motor.

Based on the analysis above, the AR spectrum of the 
IMF1 ~ IMF4 components can be used to identify four 
motor conditions, among which the AR spectrum of the 
IMF1 component has the best effect on identifying bearing 
wear fault, but only this fault can be identified; the IMF2 
component can identify four states, and the effect is the best; 
the AR spectrum of the IMF3 component makes it difficult to 
identify the fault; the AR spectrum of the IMF4 component 
can only identify two faults in the inherent frequency band, 
which is limited in diagnosis.

FAULT DIAGNOSIS BASED ON BPNN

Back Propagation Neural Network
BPNN has been comprehensively exploited in intelligent 

fault diagnosis because of its predominant self-adaptation and 
input‒output nonlinear mapping. BPNN usually consists of 
an input layer, several hidden layers and an output layer [29].

The sample enters from the input layer and passes through 
the network structure layer by layer to the output layer. If 
the output value and the expected value are within the error 
range, it ends. Otherwise, the error between the actual value 
and the expected value is adjusted layer by layer in reverse and 
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each layer’s weight is repeatedly modified until convergence 
[30]. The basic structure of the BPNN is shown in Fig. 7.

Fig. 7. The basic structure of the BPNN

Fault feature extraction
The IMF component contains the current operating status 

information of the blower, and the energy of the four IMF 
components with correlation coefficients ranging from large 
to small and greater than 0.2 is selected as the fault feature, 
and then normalised to constitute a 4-dimensional feature 
matrix as the input of the BPNN. The energy calculation 
steps are as follows:

Step 1: Select effective IMFs components by the correlation 
coefficient method

Step 2: Calculate the energy of each IMF selected

Ek = ∑ Ckz
� (t)  (7)

where Cik is the amplitude of discrete points of each IMF 
component.

Fault diagnosis expected output
The blower has eight different working conditions, so the 

output is 8 nodes. The expected values of the different fault 
output nodes are shown in Table 4.

Tab. 4. BPNN expected output

State Expected output

Normal 0000 0001

Broken rotor bar 0000 0010

Stator short circuit 0000 0100

Bearing abrasion 0000 1000

Unbalanced blades 0001 0000

Blocked air outlets 0010 0000

Loose motor base bolts 0100 0000

Coupling faults 1000 0000

BPNN main parameters
The learning rate, the number of hidden layers and the 

number of hidden layer nodes determine the performance 
of the BPNN, but these parameters can only be determined 
by experience or empirical formulae. A large number of 
experiments and formula calculations show that the correct 
rate is the highest when the hidden layer structure is 4 layers 
[31]. The main parameters of the BPNN are shown in Table 5.

Tab. 5. The main parameters of the BPNN

Number of nodes in the input layer 4

Number of nodes in the output layer 8

Number of hidden layer 4

Number of hidden layer nodes 8,16,32,8

Learning rate 0.05

Training function trainlm

Training goals 0.00001

Maximum number of iterations 300

BPNN diagnostic results
We collect 160 groups of data of vibration signals of the 

blower under normal conditions and motor short-circuit, 
broken bar and bearing wear faults; and 120 groups of blade 
imbalance, loose motor base, blower air outlet blockage and 
looseness plus unbalanced coupling fault. Each group has a 
sampling time of 2 seconds, and a total of 1120 groups of data 
are collected. 70% of them are used for training the BPNN and 
30% for testing. The training results are shown in Fig. 8, and 
it can be seen that when the iteration reaches 113 times, the 
value of training error meets the accuracy requirement. The 
diagnostic accuracy of the BPNN is shown in Table 6 where it 
is seen that the comprehensive and accurate recognition rate 
of the test samples using the BPNN reached 96.5%. Therefore, 
the combination of the EEMD energy and the correlation 
coefficient method can effectively extract the characteristic 
information of the marine blower, and reliably realise fault 
identification through the BPNN.

Fig. 8. Training results of the EEMD-BPNN
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Tab. 6. Diagnostic accuracy of the BPNN

Type
Number 

of training 
samples

Number of 
test samples

Number of 
misjudgments

Correct 
rate

Normal 110 50 0 100%

Stator short circuit 110 50 4 92%

Broken rotor bar 110 50 2 96%

Bearing abrasion 110 50 1 98%

Unbalanced blades 84 36 0 100%

Blocked air outlets 84 36 3 88.9%

Loose motor base 
bolts 84 36 1 97.2%

Coupling faults 84 36 0 100%

Total 776 344 12 96.5%

CONCLUSIONS

Aiming at the non-linear and non-stationary characteristics 
of the vibration signal of a marine blower, and the problem 
of large engine room vibration and noise interference, this 
research proposes a fault diagnosis method based on EEMD, 
the AR model and the correlation coefficient method. This 
method can not only extract the effective components in the 
signal, but also combine the advantages of the EEMD and AR 
models. Through the analysis of the experimental data of the 
blower test bench, the method can accurately identify faults.

The energy contained in the vibration signal of the blower 
under different working conditions is different. This research 
proposes a fault feature extraction method of the marine 
blower based on the EEMD energy and correlation coefficient 
method. The effective components of the vibration signal are 
selected by the correlation coefficient method, and the energy 
of the IMF components of different frequency bands is used to 
construct the feature vector and as input into the established 
BPNN fault recognition model after normalisation. Verified 
by a large number of test samples, the fault identification 
results show that the EEMD-BPNN method can effectively 
extract the fault characteristic information of the marine 
blower, and accurately identify the fault type.

Future work will aim to optimise the BPNN to reduce the 
impact of inherent defects of its own structure, for example, 
by using an adaptive learning rate method to reduce the 
BPNN training time and increase its accuracy. Finally, an 
intelligent fault diagnosis system with higher accuracy for 
marine blowers is designed.
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ABSTRACT

This paper describes the architecture of a weather routing system consisting of two key elements: onboard monitoring 
and route optimiser sub-systems. The former is responsible for collecting various onboard measurements, such as 
current ship position or ship motion variables. These data, when gathered and processed, are then used for fine-tuning 
a ship model. The model, together with weather forecasts, is utilised by a multi-objective route optimiser to estimate 
forecasted ship responses during the voyage. The route optimiser has been developed in a client-server architecture to 
reallocate all necessary high-tech resources to the server side and keep the client software as simple and light as possible. 
The system also includes a module responsible for optimising transmission costs, to reduce onboard transmission 
during the voyage. The entire solution has been deployed onboard the demonstrator ship ‘Monte da Guia’ and tested 
during its operations at sea.

Keywords: system architecture, weather routing, onboard data monitoring, route optimisation, data transmission optimisation

INTRODUCTION

The optimisation of planned shipping routes based on 
forecast ship responses to weather conditions is the aim of 
ship Weather Routing (WR). However, the goal functions 
may very during the optimisation procedure. Historically, the 
first approach was to minimise voyage time by the isochrone 
method [1], where routes were determined manually. Computer 
implementations of this method were then developed [2]. 
However, the isochrone method had a single objective and 
struggled to deal with dynamic constraints. Other approaches 

to WR include dynamic programming [3–5]such as waves, 
tidal currents, and wind are important factors for safe and 
economic ship navigation. In previous papers of Xia et al. 
(2006a, 2006b. Graph algorithms have also been applied, as 
described in [6] and [7]which is modified using a directional 
resolution of less than 27 degrees. The shortest path is recovered 
using a modified Dijkstra’s algorithm. Safety restrictions for 
avoiding surfriding and parametric rolling according to the 
guidelines of the International Maritime Organization (IMO 
(for motor-driven vessels) and in [8] and [9] (for sailing vessels). 
Lately, multi-objective approaches to WR have been tried, either 

* Corresponding author: j.szlapczynska@wn.umg.edu.pl (J. Szłapczyńska)
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by the aggregation of the objectives to a single criterion (as in 
[10]) or by maintaining the most promising solutions (as in 
[11]). Dynamic programming and evolutionary algorithms have 
become more popular, allowing the return of a set of favourable 
solutions in the form of Pareto-optimal sets [12]–[14]reliable 
and economical ship operation. The more reliable the weather 
forecasts and the performance simulation of ships in a seaway 
become, the better they serve to identify the best possible route 
in terms of criteria like estimated time of arrival (ETA. 

A major problem for contemporary WR is the stochastic 
behaviour of oceanic and atmospheric processes, making 
weather forecasts uncertain. Considering all of the above, 
both uncertainty handling and multi-objective optimisation 
were the priorities of the research started in [15], where the 
system’s outline was provided. Unlike the outline, this paper 
is focused on the architecture of the already designed and 
deployed system. It is quite common to find research papers 
describing the architecture of various systems supporting ship 
navigation, e.g. [16] and [17]. Unfortunately, the other state-of-
the-art WR solutions are often parts of commercial systems 
and so even a rough description of their system architecture is 
not available in the public domain. This paper aims to fill this 
gap by providing the necessary system design and architecture 
description of a weather routing system created during the 
course of the ROUTING (MarTERA-1) project.

The rest of the paper is organised as follows. The system’s 
overview is given in the next section, followed by descriptions of 
the system’s main components. i.e. the onboard monitoring sub-
system and client-server route optimiser. This is then followed 
by a description of the module responsible for optimisation of 
the onboard data transmission. Finally, the system’s deployment 
process is presented and the research conclusions are stated. 

SYSTEM OVERVIEW

When designing the system, the authors assumed that the 
optimisation of weather route planning should be based on ship 
modelling, fine-tuned by data gathered onboard ship. Another 
important requirement was to design a distributed (onboard 
and shore) system, offering the best possible efficiency but also 

prone to technical disturbances. To fulfil these requirements, 
a system was built, as presented in Fig. 1.

The system comprised two key elements: a monitoring 
sub-system and route optimisation sub-system. The former 
is responsible for collecting various onboard measurements, 
such as current ship position and ship motion variables. These 
data, when gathered and processed were then used to fine-tune 
the ship model. Since the demonstration ship ‘Monte da Guia’ 
features equipment for the reduction of fuel consumption, 
the ship meta-model was split into ‘shaft-on’ and ‘shaft-off’ 
sub-modules. The updated ship model was then utilised 
in route optimisation, to estimate forecast ship responses 
during the voyage. The optimisation system was designed 
in client-server architecture to separate user data collection 
and the results visualisation layer (WR Client) from the core 
optimisation procedures (WR Server), which are time and 
resource consuming. This two-tier system architecture allowed 
the processing of an unlimited number of route optimisation 
requests sent by different users (various instances of WR 
Client). The serialisation of upcoming parallel user requests 
was carried out according to the First In – First Out (FIFO) 
processing scheme on the server-side. 

WR Server is additionally supported by a weather forecast 
collector server, providing constant access to up-to-date weather 
(wind, wave and sea current) forecasts for the research area 
(the Azores and Portuguese coast). The server gathers selected 
forecasts from various sources (NOAA and Copernicus), unifies 
file formats (converting to GRIB2, when necessary), trims the 
data to the area of interest and packs all the files into a single 
ZIP archive, available for upload via an HTTPS static link.

The following subsections elaborate on the architecture 
of the key sub-systems, namely the onboard monitoring and 
client-server (WR Client and WR Server) route optimiser.

ONBOARD MONITORING SUB-SYSTEM

The demonstration container ship ‘Monte da Guia’ was 
equipped with a  system to monitor and record several 
parameters of interest. The system was installed in 2021 and has 
been recording data since then. Fig. 2a shows the GPS plots for 
an 11-day trip. The route starts in the port of Leixões in north 

Fig. 1. ROUTING system overview
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Portugal, crosses the Atlantic Ocean (to supply several islands 
in the Portuguese Azores archipelago (lags between islands 
may vary)), and heads back towards continental Portugal, 
stopping in Lisbon and then returning to Leixões.

The onboard layout of the sensors and equipment were as 
shown in Fig. 2b. A GPS antenna and a weather station were 
placed on the highest deck over the bridge (Fig. 2c). An Onboard 
Desktop Computer (ODC), an Inertial Measurement Unit 
(IMU) (Fig. 2c), data receivers for GPS and weather stations, 
and a Long Range (LoRa) with GSM gateway were installed 
on the bridge. The ultrasonic flowmeter and LoRa Terminal 
were installed in the machine room and the strain gauges were 
distributed along the ship’s hull structure, in the proximity of 
the main deck. The dataset was recorded and integrated on 
the ODC and automatically sent ashore to a server, through 
a 4G communication network (when available). This system 
was an upgraded version of the one installed in [18].

IMU OCTANS was installed, and this is a fibre-optic survey-
grade IMO-certified gyrocompass and Motion Reference Unit 
for marine applications (Fig. 2c). It provides true-heading, roll, 
pitch, yaw, heave, surge, sway, rates of turn and accelerations 
with a resolution of 0.01 degrees and can find True North. Its 
position relative to the ship’s centre of gravity was recorded 
for online corrections.

The weather station (Fig. 2c) was a Vantage Pro2™ (VP2) 
wireless weather station from Davis Instruments© which 
consisted of the following: a  rain collector; temperature, 
humidity, and barometric sensors; and an anemometer to read 
the relative wind speed and direction. Along with the ship speed, 
estimated from the GPS data and the heading measurements 
from the IMU, the data were used to estimate the absolute 
wind speed and direction relative to true north, respectively. 
A Weather Envoy (WE) data receiver was placed on the vessel’s 
bridge. which sent the outside weather data to the ODC [19, 
20] via a data logger. The VP2 was configured to record the 
averaged and not-averaged weather data in 1-minute intervals 
and to automatically download it to a text file on the ODC 
every 5 minutes [21]. 

A  KATflow 100 ultrasonic f lowmeter was based on 
two clamp-on sensors (Fig. 2d), with a datalogger for the 
measurement of liquids in fully enclosed pipes [22]. The sensors 
were installed on the outer surface of the fuel intake pipe of 
the propulsion engine in the machine room, to measure the 
fuel consumption in real-time. The data was sent from the 
datalogger to the ODC through a wireless LoRa terminal.

The F8L10T LoRa terminal (from Four-Faith©) connected to 
the flowmeter was a wireless data transmission device based on 
LoRa Spread Spectrum Communication Technology [23]. The 
terminal sent the data at intervals of 1 second, to the F8926-L 
LoRa and GSM gateway [24], connected via ethernet to the 
onboard desktop computer, which saved the data as .txt files. 

Two SM-5A surface-mounted Vibrating Wire Strain Gauges 
(VWSG) (from SMARTEC©) were welded on structural 
reinforcements on the main deck close to midship (port and 
starboard) and two others near one third and three-thirds of the 
lengths of the ship (portside only), to monitor the global hull 
stresses and deformations (Fig. 2b). The VWSG were connected 

to a four channel RT-VLOG datalogger from ROCTEST© by 
long cables which, and this, in turn, communicated with the 
ODC through a 50 m USB – UTP extender. The changes in the 
resonant frequency of the vibrating wires were proportional 
to the strain changes on the surface under study [25]. The 
datalogger worked in conjunction with the Logger Manager 
software [26 and 27].

The system provided a thorough quantitative insight into 
the ship’s typical operating conditions and performance. The 
dataset was initially processed to validate and tune the ship 
model used, via route optimisation software. At a second 
stage, the measured data allowed the development of a grey-
box model which was continuously updated in real-time, 
accounting for factors such as fouling and equipment ageing, 
to reduce model uncertainties and improve the overall quality 
of the predictions. 

(a)

(b)

(c)

(d)

Fig. 2. (a) Example of 11-day itinerary of the ship, 
(b) Distribution of sensors onboard ship, 

(c) Monitoring system on the bridge, 
(d) Flowmeter clamp-on sensors in the machinery room
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CLIENT-SERVER ROUTE OPTIMISER

The route optimiser system comprised two elements: Weather 
Routing (WR) Client and Server. WR Client is an end-user 
software, providing a Graphical User Interface (GUI) for the 
route optimiser (data input and resulting route presentation), 
whereas WR Server is a server-side application, providing 
business intelligence of weather routing (performing tasks of 
route optimisation, including multi-objective optimisation 
with constraints, loading weather forecast data, etc.). The data 
exchanged between WR Client and WR Server was stored in 
a database (DB) on the server side. The special plain-text data 
exchange interface allows for smoothly sharing route requests 
and route results between the client and the server. Additional 
weather forecasts required for server-side computations were 
obtained from the weather forecast collector server (https://
martera.navsim.pl/rawdata). 

A weather routing client-server data exchange protocol 
was implemented in both WR Client and WR Server software 
for efficient two-way communication. The communication 
between client and server was as follows (Fig. 3):

1.  WR Client sends data as a new request to the server 
database (DB);

2.  WR Server fetches data from the DB and updates the 
status of the request in DB;

3.  WR Server fetches weather forecast data from local files 
and starts the computations;

4.  Client checks the status of the request. The current 
request can be cancelled or the results can be obtained 
after waiting (by checking later on) for the computation’s 
progress;

5.  WR Server (when handling the request has finished) saves 
the results of the computations in DB;

6.  WR Client (when the status of the current request is 
‘100%’) gets the results of the computations from DB;

7.  Script periodically gets weather forecast data from the 
service (every 6 hours);

8.  Script unpacks the archive and saves weather forecast 
grib2 files in the local repository. 

The WR Client connects to the WR Server multiple times 
per one route optimisation request: the first time to send 
a new request and then to refresh its status (progress). Such 
an asynchronous approach is necessary due to the time-
consuming calculations, the uncertainty of the transmission 
quality and possible high transmission costs (in the case of 
a satellite onboard data transmission).

In the next subsections, a more detailed description of WR 
Client and WR Server applications are presented. 

CLIENT-SIDE APPLICATION (WR CLIENT)

In general, WR Client is an ENC-class software, installed on 
a local PC located on the ship’s bridge, and it is able to present 
to the user (the shipmaster or navigator) candidate ship routes, 
sea charts, and weather forecast parameters, etc. in a graphical 
way. This is why NaviWeather software (by NavSim) is utilised 
as the ENC-class container. A separate plug-in to NaviWeather 
was implemented (in C++, utilising the NaviAPI interface) to 
provide the functionality expected by the end ROUTING user. 
Fig. 4 shows the basic elements of the WR Client application 
(in a Use Case diagram).

Setting up new route optimisation parameters can be done 
in three steps, in a set of configuration windows (Fig. 5). In 
the first step, the user selects the departure and destination 
positions. In the second step, the user sets the departure time, 
ship’s draft (AP and FP), metacentric height (GMt) and option 
Shaft generator ON/OFF. In the third step, the user selects 
voyage objectives from the so-called checklist (passage time, 
total fuel consumption, risk index), the constraints (lateral 
accelerations, motion sickness incidence, rolling amplitude, 
slamming probability index, green water probability index, 
propeller emergence probability index, and excessive wave 
height) and advanced settings (setting the range of minimum 
and maximum values for the objectives and boundary thresholds 
for the constraints). After setting the route optimisation 
parameters, the user approves and sends a request by clicking 
the ‘Finish’ button. Before sending the request, the availability 
of the Internet connection is checked. If there is no connection, 
an error message will be displayed. Then the user waits for 
a response from the optimisation server (WR Server). The 
server responds to the WR Client with a set of candidate ship 
routes, depending on the weather forecast being considered. 
All the candidate routes are automatically saved on a local PC. 
The requested results are displayed in the form of a table and 
a navigation chart. In this table, users have access to information 
about the details of each candidate shipping route, including 
the objective values (passage time, fuel consumption and risk 
index) among others. The user can display the selected route 
on the map by clicking on the selected row from this table. 
The user always has access to previous inquiries through the 
“History of request” sub-menu.

Fig. 3. WR client-server data exchange protocol

Fig. 4. WR Client - Use Case diagram
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SERVER-SIDE APPLICATION (WR SERVER)

WR Server is a  server-side console application that is 
responsible for handling route optimisation requests sent 
by WR Client via the client-server data exchange protocol. 
Evolutionary multi-objective optimisation (with constraints) is 
applied to solve the optimisation problem defined by the given 
request. The MultiObjective Evolutionary Algorithm based on 
Decomposition (MOEA/D) [28] was implemented as the core 
evolutionary optimiser and the w-dominance [29] method was 
additionally applied to limit the number of resulting routes. 
W-dominance allows the shaping of the policy of finding non-
dominated routes (in the Pareto sense) by using w_min and 
w_max coefficient boundaries, defined for each optimisation 
objective by the user in the WR Client application. 

WR Server continuously monitors the database and reacts 
as follows:

–  if there is a new request: it handles it, sends the results back 
to the database and gets back to check for new requests; 

–  if there is no new request: it waits idly for a predefined 
(configurable) amount of time and then gets back to check 
for new requests. 

It is crucial for WR Server to have the recent weather 
forecast for each request handled. Thus, a mechanism has 
been developed to automate downloading weather forecasts 
by a Windows PowerShell script. The script is run periodically 
(every 6 hours) using the Microsoft Windows Server 2016 task 
schedule. The most important element of this algorithm is 
a token that controls file processing. The token is used to avoid 
WR Server using forecasts that are just being downloaded or 
overwritten by the script). 

OPTIMISATION OF ONBOARD DATA 
TRANSMISSION

The primary role of the vessel’s hybrid communication 
module is to provide cost-effective and redundant data 
communication services for the exchange of weather data. 
To compare onboard transmission means, Table 1 presents 
the communication costs per 10 MB, using the prices as of 
December 2021, based on airtime contracts offered by local 

internet providers. The values for Wi-Fi and GSM are based 
on internet subscription contracts for Poland, while satellite 
communication costs are based on global MSRPs airtime rates. 
The wi-fi connection is unmetered (unlimited bandwidth 
for a flat fee). GSM internet connection is metered but with 
a relatively high inclusive data packet of 5 GB. The satellite 
connection is metered at 200 KB intervals, with an inclusive 
1.5 GB monthly allowance. 

When designing the communication system, the objective 
was twofold. First, the aim was to minimise communication 
costs, setting the highest connection priority for the least 
expensive means (i.e. Wi-Fi) and the lowest priority for the 
most expensive (i.e. satellite communication). Besides assigning 
the lowest priority to the satellite communication node, we also 
used real-time network monitoring and strict firewall rules to 
pass through only whitelisted communications. The second aim 
was to minimise the recovery time needed to restore Client/
Server online communication. Because Ethernet does not allow 
rings or loops in the network (as this would result in network 
flooding), the developed network infrastructure had to account 
for that particular setback to maintain the default data path.

The hybrid nature of the onboard communication module 
combines the three following communication sub-modules 
(Fig. 6): 

(i)  satellite broadband communication in the 1525-1661 
MHz band (Inmarsat broadband services); 

(ii)  global system for mobile communication (GSM) in the 
700-4000 MHz band (3G/4G network);

(iii)  wireless network protocols at 2.4 GHz (Wi-Fi network). 

All three communication sub-modules are connected to 
the central controller unit, which manages, switches and 

Fig. 5. WR Client - route optimisation wizard: step 1 – step 3

Tab. 1. Communication costs per 10 MB for Wi-Fi, GSM, and satellite 
communication modules

Communication 
module

Estimated coverage / 
range (in meters) Cost of 10 MB

Wi-Fi (2.4 GHz) 100 m < $0.01

GSM (3G/4G LTE) 5000 m < $0.05

Satellite 
communication 

(Inmarsat I-4 
Fleetbroadband)

global ~= $100.00
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prioritises each of the sub-modules. The central controlling 
unit firmware is based on embedded Linux. One of the core 
features developed for this project was the implementation of 
the WAN standby and fail-over mechanism to a secondary 
and tertiary network connection. Data exchange between the 
Client and the Server is based on TCP/IP, which accounts for 
the retransmission of lost packets and the correct sequencing 
of Ethernet frames.

Based on pre-determined priorities (1 = Wi-Fi; 2 = GSM, 
3 = satellite communication; the lower number assigned, 
the higher the priority), the central controller unit performs 
cyclical fail-over tests to verify the Online/Offline status for 
each of the WAN interfaces. The fail-over detection is based on 
a health-check test using the ping method, which is initiated 
every 10 seconds for each of the WAN interfaces. To increase 
test reliability, WAN interfaces are tracked against three well-
known IP addresses. The health-check ‘while loop’ breaks 
when one of the tracked IPs is offline (pingTestResults=False 
for a given IP address). Five consecutive health-check test 
breaks for a WAN results in a switch to a lower connection 
priority (e.g. from GSM to satellite communication), while one 
successful health-check is required to switch back to a higher 
priority (e.g. from satellite communication to GSM). 

As the Client/Server communication in this application 
is less time-critical, the implemented solution is oriented at 
minimising data transmission costs. Therefore, in practice, 
the vessel’s hybrid communication system uses:

–  Wi-Fi sub-module in harbour and harbour vicinity areas;
–  GSM communication sub-module in coastal and approach 

waters;
–  satellite sub-module when navigating open seas. 
Such a functional and technical approach to the problem of 

data communication at sea enabled us to develop a relatively 
affordable ship-to-shore communication system, capable of 
providing weather data continuously, regardless of the vessel’s 
geographical position.  

DEPLOYMENT OF THE SYSTEM ONBOARD 
A DEMONSTRATION SHIP

The system was installed onboard the demonstration ship 
‘Monte da Guia’ in 2021. Deployment of the system was divided 
into stages driven by the technical aspects, ship accessibility 
in Portuguese ports and ongoing COVID-19 restrictions. At 
first, elements of the monitoring sub-system were installed 
and run element-by-element. In June 2021, when the onboard 
monitoring was almost fully operational, a module minimising 
data transmission costs was installed onboard, together with 
the client side of the route optimisation (WR Client). For the 
first few months, WR Client was working onboard ‘Monte da 
Guia’ in a limited offline mode, focusing on collecting user 
preferences and operational ship data, in order to tune the 
ship’s modelling on the server-side. After the ship model was 
updated with some necessary modifications to the server-
side software (WR Server), the remote route optimisation 
procedure was available by the end of 2021. The system was 
then operational until the end of the presentation period (the 
end of February 2022), with short breaks caused by the external 
unavailability of onboard Internet (both GSM and Inmarsat). 
An example of the results obtained by the route optimiser for 
the demonstration ship model are presented in Fig. 7. 

Fig. 7 Example results (displayed in WR Client) of route optimisation: Leixões – Praia da Vitória, departure 23th Feb 2022

Fig. 6 Key elements of the hybrid communication system
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CONCLUSIONS

The architecture of a computer-based system primarily 
describes its structure, intercommunication procedures, 
data sources and (possibly) storage strategies. It can heavily 
influence how the system would cope with typical, as well as 
unexpected, technological difficulties. Furthermore, it supports 
or limits the possible further development of the system. 

As for the system being described here, its modular 
structure enables the possibility of development by improving 
or replacing selected modules. Client-server architecture in 
the route optimiser primarily reallocates all of the necessary 
high-tech resources (fast and robust processors, a significant 
amount of memory, large weather forecast files, etc.) needed 
for multi-objective optimisation on the server-side, leaving 
the onboard client with only simple software for collecting 
a request and displaying the optimisation results. Moreover, it 
allows for operational server-side updates and restarts without 
disturbing the system or the end-user.  

In the current version of the system, the ship’s model is 
updated via onboard collection and processing of data and 
semi-manual tuning of the meta-model. In future, this 
approach should be replaced by a fully automatic ship model 
update, utilising Artificial Neural Networks (ANN). The first 
attempts towards this goal have already been documented in 
[30] and [31]. 
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