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ABSTRACT 
 

The paper proposes new evaluation criteria for the container ship stability based on computer calculations. As it 
know when sail through heavy weather a vessel is exposed to a significant variation of stability in waves and lead to 
loss of intact stability. Understanding the dynamic stability in waves is a big challenge because ship’s behaviour cannot 
be framed in clear mathematical and physical rules. For this reason any effort in order to assess the stability of the 
vessel is welcomed. One solution to evaluate the response of the vessel in heavy seas according to some parameters 
variations could be the OCTOPUS program developed by AMARCON. 
 
Keywords: parametric resonance, surf-riding and broaching, ship’s stability 
 
1. INTRODUCTION 
 

As per the last UNCTAD 2015  report, seaborne 
shipments have increased by 3.4 per cent in 2014, that is 
the same rate as in 2013. Additions in volumes exceeded 
300 million tons taking the total to 9.84 billion tons. The 
containerised trade was estimated to have increased by 
5.3 per cent and reached 171 million TEUs. Slow 
steaming, implemented as a response to oil and bunker 
fuel increasing price, is estimated to have resulted 
equivalent of 7.0 per cent of the global container fleet 
capacity. Despite the lower and bunker fuel costs, slow 
steaming remain a practice in container shipping and 
nothing seems to change in this aspect. Meantime, 
shipowners continue to order very large new vessels, 
very recent ordering being of 11 second generation of 
Triple-E container vessel with a capacity of 19,630 
TEUs each. In order to realize the economies of scale, 
the average vessel size for all new orders by top 15 
companies, is above 10,000 TEUs which is double 
compared to the current average size of vessels in the 
existing fleet of each company.[1]  

These trend have produced significant changes in 
the design and operation of the commercial ships over 
the last several decades. An aspect of the operation of 
such vessels is sailing in rough seas. Increase of 
containers space and transport efficiency could not have 
been achieved without a parallel development of 
sophisticated hulls with very high form stability, 
combined with slender lines and low resistance. These 
new hull forms show a significantly larger variation in 
stability during a wave passage compared to more tradi-
tional forms. The wide beam of many container vessels 
usually results in large GM values. In some cases where 
the vessel is partly loaded, the GM appear to have been 
excessive. This can become very problematic if the 
vessel is caught in heavy weather causing cargo-securing 
arrangements to break and containers to fall overboard. 
Ship’s stability in following and heading seas may be 
also equally dangerous due to an unexpected roll motion, 
caused by parametric resonance. Parametric resonance 
can arise for modern container carriers due to the 
particular hull forms used to achieve an optimal trade-off 
between high service speeds and maximum container 
payload above deck. These changes, and their impact on 

the intact stability performance of ships, have motivated 
the development of the intact stability criteria by the 
IMO. In 1995 the Maritime Safety Committee approved 
the Guidance to the master for avoiding dangerous 
situations in following and quartering seas. From the 
beginning the Guidance was to be reviewed and 
improved, in respect to large ships, and on the basis of 
new technical developments and in the light of 
experience gained from its application. Also for the ships 
which are equipped with on-board computer, the 
Administrations are encouraged to use specially 
developed software which would take into account the 
main particulars, actual stability and dynamic 
characteristics of the ship in real voyage conditions.[2]  
After many years, in 2008 was adopted the International 
Code on Intact Stability which presented mandatory and 
recommendatory stability criteria and other measures for 
ensuring safe operating of ships. 

 
2. LARGE CONTAINER SHIP BEHAVIOUR  
AND DANGEROUS PHENOMENA IN HEAVY 
SEAS 
 

The current large container ships have a specific 
hull shape, the submerged part; due to hydrodynamic 
efficiency has a narrow bow and aft parts. But then, the 
upper part of the hull, due to cargo stowage 
considerations, is usually wide. Unlike the large bulk 
carriers or tankers, the large container ships has about 
half of hull wall-sided and this is a challenge for 
dynamic stability of the ship in rough seas.[3]  

As per Swedish Club report, half of the cost of total 
claims was for container vessels. When a container 
vessel sails through heavy weather the container stacks 
will be under a lot of stress and damage to the hull or 
cargo are not uncommon. In some cases where the vessel 
is partly loaded, the GMs appear to have been excessive. 
This can become very problematic if the vessel is caught 
in heavy weather because can causing cargo-securing 
arrangements to break and containers to fall overboard. 
The reason why hull damage occurs when vessels sail in 
heavy weather is the same as the reason for cargo 
damage. If crews do not slow down or alter course to 
avoid large waves, there is risk of the hull damage. It is 
not surprising that 33% of all H&M heavy weather 



Constanta Maritime University Annals                                                                     Year XVI, Vol.24 
 

14 
 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

claims happen in the Atlantic and Pacific oceans. Of 
these claims 48% are for container vessels, 27% for 
bulker vessels and 15% for RoRo vessels .[4]  

The effect of stability variation in waves has been 
an expanding research in the last decades. After some 
vessels have experienced dangerous and unexpected 
rolling, the investigations have shown that these motions 
are based on phenomena known as parametric resonance 
(synchronous and parametric roll resonance). There can 
be additional dangers by reduction of intact stability 
caused by riding on the wave crest on successive high 
wave or surf-riding and broaching in following seas.[5] 
The phenomena described in Table 1 can occur when a 
ship is sailing in high seas and  meets the conditions.The 
phenomena can be separated or combined. 
 

Table 1. Dangerous phenomena, terms of appearance 
and ship’s behavior in heavy seas 

 
The dynamic behaviour of a ship in following and 

quartering seas is very complex. Ship motion is three-
dimensional and various detrimental factors or 
dangerous phenomena such as additional heeling 
moment due to deck in water, water shipping and 
trapped on deck or cargo shift due to large roll motions, 
may occur in combination with the above-mentioned 
phenomena simultaneously or in a sequence. New 
research have been made in the last years leading to  
IMO 2008 Code of Intact Stability where mandatory and 
recommendations relating to intact stability was 
introduced.  Parametric roll resonance, pure loss of 

stability, and broaching-to are among the primary modes 
of stability failures which are being addressed. It was 
recognized that in view of a wide variety of types, sizes 
of ships and their operating and environmental 
conditions, problems of safety against accidents related 
to stability have generally not yet been solved.[6] 
 In particular, the safety of a ship in a seaway involves 
complex hydrodynamic phenomena which up to now 
have not been fully investigated and understood.  
Motion of ships in a seaway should be treated as a 
dynamical system and relationships between ship and 
environmental conditions like wave and wind excitations 
are recognized as extremely important elements. Based 
on hydrodynamic aspects and stability analysis of a ship 
in a seaway, stability criteria development poses 
complex problems that require further research.[7] 
Nowadays are working on the Second Generation of 
Intact Stability Criteria based on principle of increasing 
complexity by multi-tiered approach. The working group 
on intact stability criteria concentrated to the level 2 
formulation for the parametric roll and pure loss of 
stability.[8] 
 
3. MATEMATICAL BACKGROUND OF 
PARAMETRIC RESONANCE 
 

The Mathieu equation is the simplest mathematical 
model of parametric roll and it has been used to analyse 
this phenomenon. Considering a ship in longitudinal seas 
and there is no wave heeling moment: 

 
�I� � A��� 	�  B��  �� ΔGM�t� � 0.  
 

Here, B44 is the linear damping coefficient, ∆ is the 
weight displacement of a ship, Ix is the transverse 
moment of inertia, A44 is the added mass in roll and GM 
is metacentric height. The variation of GM at wave 
through in time can be written as: 
 

GM�t� � GM� � GM�cos � �t�, 
 

Here, ɷe is the encountered wave frequency, GMm is the 
mean value of GM and GMa is the amplitude of GM 
changes in waves: 
 

GM� � 0.5�GM��� � GM����; 
 

GM� � 0.5�GM��� � GM����. 
 

GMmax and GMmin are the maximal and minimal 
instantaneous values of GM for a number of wave crest 
positions along the ship hull. Substitution of the 
definition of (2) into the roll equation (1) and its division 
by the inertial coefficient result the following equation 
for roll motion: 
 

 	� 2� �� �  ! �  "! cos� #$�� · $ � 0. 
 

Here: 
 

 � � & '·()*
 +,- .// ;   � � & '·()0

+,- .//  ;  δ �  2
!

3//
+,- .// ; 

 

Phenomena Condition 1 Condition 2 
Ship’s 

behavior 
Surf-riding 
and 
broaching-
to 

Following 
and 
quartering 
seas 

Wave speed 
is critical 
between 
1,8√L and 
3√L and L = 
ship’s length 

Large 
heeling, 
ship’s 
head 
changing 
and 
capsizing 
danger 

Reduction of 
intact 
stability 
caused by 
riding on the 
wave crest at 
midship 

Following 
and 
quartering 
seas 

Wave length 
is larger than 
0.8 x ship 
length and 
wave height 
is larger than 
0.04 x ship 
length 

Intact 
stability 
decreases 
substantia
lly  

Synchronous 
rolling 
motion 

All 
directions 

Encounter 
wave period 
is nearly 
equal to the 
natural 
rolling period 
of ship 

Large 
rolling 
motions 

Parametric 
rolling 
motion 

Head and 
bow wave  

Encounter 
wave period 
is nearly half 
of the natural 
rolling period 
of ship 

Unstable 
and large 
roll 
motions 



Constanta Maritime University Annals                                                                     Year XVI, Vol.24 
 

15 
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(9) 

(7) 

(10)

(11)

(12)

For transforming (5) into standard form of Mathieu 
equation dimensionless time is introduced: 
 

τ �  �t 5 t � 6
 7. 

Substitution (7) into roll equation (5) :  
 

d! 
dτ! � 2µ d 

d τ �  �! �  �!cos �τ�� ·  � 0. 
 

The coefficients of equation (8) are the dimensionless 
quantities: 
 

µ � δ
 � ;  � �  �

 � ;  � �  �
 �. 

 
The next substitution eliminates damping by introducing 
new variable x: 
 

 �τ� � x�τ� · exp��µt�. 
 

The finally expresses roll in the form of the Mathieu 
equation by substitution equation (10) into (8): 
 

d!x
dτ! � =p � qcos�τ�? · x � 0. 

 
Here:  
 

@ � � �! � A!�; B �  �!. 
 

The Mathieu equation is a linear differential 
equation with variable coefficients. It solution cannot be 
expressed in elementary functions. As is known, the 
Mathieu equation (11) may have two type of solutions or 
Mathieu functions: bounded or “stable” (Figure 1) and 
unbounded or “unstable” (Figure 2), depending on 
combination of coefficients p and q. 
 

 
 

Figure 1 Bounded Solution of the Mathieu Equation 
p=0.1; q=0.2 

 
 

Figure 2 Unbounded Solution of the Mathieu Equation 
p=0.15; q=0.2 

 
The Ince-Strutt diagram (Figure 3) show the 

relation between combinations of coefficients p and q, 
and the solutions bounded or unbounded. The shaded 
areas correspond to unbounded solution and blank area 
to bounded. As parameter q reflects the level of GM 
change in waves, the diagram can be considered in terms 
of amplitude of parametric excitation vs the square of 
non-dimensional frequency. The first zone of instability 

is for p = 0.25 and the frequency ratio of 2 means that 
the excitation frequency is twice the natural roll 
frequency at this point and the unbounded motion in this 
zone is known as principal parametric resonance. 
 

 
 

Figure 3  Ince-Strutt Diagram 
 

The Mathieu equation (11) has a bounded solution 
because the damping was excluded (10) therefore, the 
corresponding roll, ɷ(τ), decays with the damping 
decrement, µ if x(τ) is a periodical solution of the 
Mathieu equation, as shown Figure 1. An unbounded 
solution of the Mathieu equation, x(τ) (as in Figure 2), 
does not necessarily mean that rolling will be unbounded 
because the exponential term exp(-µτ) might undo the 
effect of boundlessness by damping the solution back to 
a decaying form. It also means that there is a threshold 
value for roll damping for each pair of Mathieu 
parameters, p and q. If roll damping is less than the 
threshold value, roll will be unbounded as the solution of 
the Mathieu equation. If the roll damping is larger than 
the threshold, roll is still bounded, even if the Mathieu 
equation is unbounded.[9] 
 
4. COMPUTER ANALYSIS OF SHIP’S 
OSCILATIONS USING OCTOPUS PROGRAM 
 

Nowadays, one of the vessels cacteristics is the 
seakeeping performance because the ship’s beahviour 
has an important influence in safety. Actually static 
stability criteria are based on dynamic roll behaviour. It 
was observed that a considerable reduction of the 
transverse stability and very large roll angles can result 
when we compare a ship’s stabilty in still water and 
following waves.[10] 

This can happen for fast ship in following waves 
with waves length egual to ship length. It is a big 
challenge for sea-fastenig of containers at deck due to 
large accelerations because of combined sway and roll 
motions. In the past, dynamic efects caused by ship 
motions were accounted for in a very simple way, even 
were ignored in a lot of cases. The increased ship size 
and its speed have lead to an extension of these standard 
calculations, consideration of the hydrodynamic loads on 
the hull, vertical accelerations. Large local loads can 
appear when the vertical relative acceleration of the 
forefoot of the ship exceeds a threshold value, when 
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hitting the wave surface at re-entrance after bow 
emergence (slamming). Very high peak pressure (7 times 
atmospheric pressure or more) have been measured and 
can cause damage to the bottom. Slamming also can 
cause an increase of bending moment due a vertical 
vibration of the ship’s hull. In the last decades, research 
on ship’s maneuverability was stimulated strongly by 
increasing the ship size problems, example for container 
vessel and enormous developments in the computer 
industry related new possibilities for computer 
simulations and the performance of dedicated motion 
analyses is not only required but also beneficial. 
Sometimes, the vessel and cargo have their own specific 
limitations and restrictions on maximum allowable 
accelerations and motions. Traditionally, maritime 
transports are engineered to satisfy design criteria in 
terms of allowable wave heights. The allowable wave 
height depend on the wave parameters like period, 
spectrum shape and spreading but also operational 
parameters like vessel heading and speed which have a 
major effect on the response level in certain sea state. A 
general procedure for the calculation of the design values 
for motions, accelerations or leg bending moments 
includes: 

• Vessel stability analysis to derive the proper 
mass and stability parameters 

• Assessment of environmental conditions which 
may be encounterd 

• A motion response analysis resulting in design 
motions, accelerations or other responses in 
critical locations on the vessel and cargo. 

Our research for this kind of analysis was done with 
the sofware OCTOPUS Office 6 (AMARCON).[11] 
The analysis sequence applied by this program is showed 
in Figure 4. 
 

 
 

Figure 4  Analysis sequence for calculating design value 
with Octopus software 

 

Motion transfer functions (called RAO or Response 
Amplitude Operators) in six degrees of freedom are the 
basis for the calculation of transport design values. In 
order to observe the ship behaviour simulation, we chose 
a Panamax vessel with the main features as follow: 
Length 285 m,  
Beam 32.2 m,   
Draft 15m 
Mass 41050 T 
GM 3m 
We chose also a voyage through Nord Atlantic 
(Hamburg – New York) and bellow are presented the 
systematized results. 

The Response Amplitude Operator (RAO) of the 
wave loads shown in Figure 5. The critical zone for roll 
(Amplitude) is between 70°and 85° (heading means the 
direction of the waves counted from aft, anticlockwise). 
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Figure 5  RAO – Roll (Amplitude)
 

The moment is showed depending on wave 
frequency as in Figure 6 were maximum amplitude 
(1.03E+05 kNm/m) coresponding to a frequency of 0.80 
rad/s. 

In the same way we can check all the six motions 
(surge, sway,heave, roll, pitch and yaw) for the various 
drafts and speeds of the vessel.  

 

 

Figure 6  RAO – Roll (Amplitude)
 

We can see also the variation of the transverse 
moment for one point at amidship on the main deck, X 
point as in Figure 7 or the accelerations in same 
due to roll motion like in Figure 8. Is well to know 
values because we can cross check the fastening system 
allowance for the containers for example. We can easy 
observe the critical heading (135°) for specific wave 
frecquency (0.37 rad/s) but we have the whole spectrum 
of wave direction meaning that we alter the ship’s course 
to resonable value of parameters.  

The maximum value of acceleration’s amplitude of 
X point is as RAO figure, 1.65 deg/s
vessel keep an approximate same course and 
long period, we can generate an envelope of the Sea 
States responses, where the values are calculated for the 
selected speed and heading and let us at least to make an 
idea about the most possible extreme (MPE) parameter.
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Roll (Amplitude) 

The moment is showed depending on wave 
frequency as in Figure 6 were maximum amplitude 
(1.03E+05 kNm/m) coresponding to a frequency of 0.80 

In the same way we can check all the six motions 
pitch and yaw) for the various 

 

Roll (Amplitude) 

We can see also the variation of the transverse 
moment for one point at amidship on the main deck, X 
point as in Figure 7 or the accelerations in same point 
due to roll motion like in Figure 8. Is well to know 
values because we can cross check the fastening system 
allowance for the containers for example. We can easy 
observe the critical heading (135°) for specific wave 

e the whole spectrum 
of wave direction meaning that we alter the ship’s course 

The maximum value of acceleration’s amplitude of 
X point is as RAO figure, 1.65 deg/s2/m. When the 
vessel keep an approximate same course and speed for a 
long period, we can generate an envelope of the Sea 
States responses, where the values are calculated for the 
selected speed and heading and let us at least to make an 
idea about the most possible extreme (MPE) parameter. 

 

Figure 7  RAO for X Moment Amplitude
 

 

Figure 8  RAO for X Roll acceleration
 

For example in Figure 9 the maximum roll angle 
could be 37 degree for a wave heading of 70
“cut” the curve to the maxim value of 25 degree if we 
can keep the waves in headings between 150
means that we have to alter the course only to fulfil the 
above condition. 

Of course if we increase the speed we slightly 
improve the response resulted, only right decisions 
should be taken into account. We can chose all th
five response (pitch, yaw, surge, sway, heave), matches 
to the six degree of freedom for ship motions and also 
different speeds for others navigational areas.[12]

 

Figure 9  Envelope of Roll Motion (headings)
 

 
Very useful information about ship behaviour and 

dangerous phenomena are revealed, accessing the short 
term sea statistic of the program (Figure 10). The 
diagram is for different sea state and of course most 

                Year XVI, Vol.24 

 
Moment Amplitude (kNm/m) 

 
Roll acceleration (m/s2/m) 

For example in Figure 9 the maximum roll angle 
could be 37 degree for a wave heading of 700 but we can 
“cut” the curve to the maxim value of 25 degree if we 

headings between 1500 and 2100, 
means that we have to alter the course only to fulfil the 

Of course if we increase the speed we slightly 
the response resulted, only right decisions 
taken into account. We can chose all the other 

five response (pitch, yaw, surge, sway, heave), matches 
to the six degree of freedom for ship motions and also 
different speeds for others navigational areas.[12] 

 
Envelope of Roll Motion (headings) 

Very useful information about ship behaviour and 
dangerous phenomena are revealed, accessing the short 
term sea statistic of the program (Figure 10). The 
diagram is for different sea state and of course most 
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possible extremes (MPE) are in beams seas (wave 
direction from around 900 and 2700). 

 

 
 

Figure 10  Roll Motion MPE [deg] 
 

The polar diagram is very close to other programs 
dealing with parametric rolls as we can see in Figure 11. 
It is very easy to observe the dangerous areas in which 
the combination between vessel speed and wave 
direction (heading) can introduce parametric resonance 
with some or all the components. We can simulate the 
variation of these parameters and observe the significant 
or not response of the ship motions. (The diagram is 
available for all six response motions). 
 

  
Figure 11  Roll Motion Diagram 

 
4. CONCLUSIONS 
 

Container ship is optimized to carry a large quantity 
of cargo but the design requirements for this purpose, 
lead to specific behaviour of the vessel in heavy seas. It 
is already known that container ship has a vulnerability 
to stability failures in waves, especially for parametric 
roll and pure loss of stability. The research revealed 
some aspects regarding state of art in stability criteria 

proposed by IMO and the latest physical and 
mathematical interpretation of the dynamic stability of 
the ship. It is also proposed a way to help all those 
interested in using a computer program – OCTOPUS for 
a better assessment of the ship stability in different sea 
conditions. 
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ABSTRACT 
 

The paper presents the importance of ship’s intact stability. It is evidenced the factors that contribute to correlation 
between ship’s stability with safety of ship and safety of navigation. Ship stability failure is presented as a threat to 
safety of navigation and this aspect is presented in a form of casualties involved in loss of ship stability in severe sea 
conditions in order to emphasis the causes that leads to ship stability loss. A study of various ship stability casualties in 
heavy weather conditions is presented and the causes are analysed. The actual intact ship stability criteria are analysed 
and the importance of a new generation of stability criteria for preventing ship stability loss in severe sea conditions is 
highlighted.  
 
Keywords: safety, stability, casualty, navigation, criteria. 
 
 
1. INTRODUCTION 
 
 The paper presents important considerations 
regarding the ship stability loss problem with special 
emphasis on stability loss in severe sea conditions and 
the correlation with safety of navigation. The connection 
between the factors that affect intact ship stability in 
severe sea conditions and the modes of stability failure 
in such situations are illustrated. Moreover, the analysis 
of intact ship stability regulations in force revealed the 
fact such modes of stability failures are not covered and 
thereafter can not be prevented by the ship’s officers on 
board vessel.   
  
2. SHIP STABILITY CASUALTIES A SERIOUS 
THREAT TO SAFETY OF NAVIGATION 
 
 Ship survivability against capsize in severe sea 
conditions has become one of the reasons of the areas of 
primary concern among ship stability researchers and 
designers in recent years [11]. When a ship is subjected 
to the effect of large waves it may capsize according to a 
number of different scenarios, depending on the 
magnitude and direction of the wave excitation and the 
ship’s own capability to resist such excitations [11]. 
Resonant or breaking waves approaching a ship from the 
side (“beam seas”) have a potential to excite large rolling 
which could result in capsize, especially if the intensive 
oscillation of the ship causes shift of cargo or, if a 
considerably quantity of water is shipped on the deck 
[11]. 
 In practice, the ships could loose intact stability 
under the impact of waves and wind in several ways. 
Typically, it is a chain of events rather than a single 
event. For example, due to high or abnormal waves, a 
ship could sustain rudder failure or even more could 
loose power, which might then cause it to heavily rolling 
in beam seas, thus in turn leading to shift of cargo and 
dangerous list of the vessel. Moreover, huge amount of 
water is shipped on deck and the worst result is 
capsizing.  

 Another frequent scenario is when the wave 
produce important damage to ship structure, for example 
to hatch covers and/or coamings, deck equipment or the 
hull itself  and the result is flooding of cargo holds or 
other compartments, loss of freeboard and eventual 
sinking. Failure of structural integrity is common to 
many loss scenarios so it is of paramount importance to 
find out the order of magnitude of stresses imposed by 
large waves. 
 More dangerous can be a group of steep and 
relatively long waves approaching a ship from the bow 
(“head seas”) or from the stern (“following seas”), as 
waves of this kind are known to incur significant 
reductions in roll restoring capability for many types of 
vessels and they instigate dangerous coupled motions 
[11].  
 As part of the ship stability assessment, a study of 
casualties investigated by different maritime 
administrations related to ships stability failures has been 
undertaken and relevant accident scenarios are presented 
in this chapter.  
 The casualties presented here are the only real case 
incidents happened in the last decade and for which 
investigations were carried and reports issued by 
different maritime administrations. However, in this 
period the number of casualties involved was greater but 
was not reported, nor investigated by maritime 
administrations. 
  
3. ANALYSIS OF SHIP STABILITY 
CASUALTIES IN SEVERE SEA CONDITIONS 
  
 A thorough study of research has been undertook on 
a number of 37 ships involved in real casualties related 
to intact ship stability failure in severe sea conditions in 
the last 10 years.. 
 The results of the undertaken research of the 
casualties revealed the following relationships between 
different factors involved:  
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3.1 Relationship between casualties and type of ship 
 
 In all 37 casualties analyzed the ships concerned 
were container ships, general cargo ships, Ro-Ro ships 
and passenger ships. The distribution is shown in figure 
1. 
 Although there were not many major casualties in 
terms of loss of lives, resulting from casualties involving 
containerships, this particular ship type has more of its 
fair share of losses due to incidents involving cargo 
damage, stability and structural failure.  
 Major accidents in the last decade include the loss 
of the container vessels “MSC Carla” in 1998, and 
“MOL Comfort” in 2012, which broke into two and the 
extensive damages suffered by the container vessel 
“APL China” in 1999 due to severe sea conditions. 
Statistics indicate that incidents involving containerships 
account up to about 7% of the total [10]. 
 In terms of incident categories, containerships differ 
from most other ship types in that share error accounts 
for a high percentage of all major incidents. 
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Figure 1  Distribution of casualties by types of ships 

analyzed 
 
 The result is an equally high percentage of cargo 
damage. Although containerships follow the same 
pattern as the majority of cargo vessels, as far as the 
types of damage are concerned, they do differentiate in 
various aspects. The statistics available show that the 
percentage of incidents is higher in newer 
containerships, decreasing as they age, while in other 
cargo ship types, higher incidents rates occur at their 
middle age [10].  
 
3.2 Relationship between casualties and type of cargo 
  
 The types of cargo, carried on board vessel at the 
time of casualty occurrence, are shown in figure 2. 
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Figure 2  Distribution of casualties by type of cargoes  

  
 Although was not a great variety of cargoes, it may 
be noted, however, that in all cases of general cargo 
ships, included here the timber and logs carried on deck, 
the secondary effect of intact stability failure was 
shifting of cargo, both on deck as well as inside cargo 
holds. Moreover, in one case, the shifting of cargo led to 
capsize and sinking of vessel. 
 
3.3 Relationship between casualties and length of ships 
 
 According to casualties analyzed it can be noted 
that more than half number of casualties, i.e. 25 
casualties, occurred in ships over 200 m in length. 
Moreover, 17 casualties occurred in ships between 260 
m and 340 m and all of these ships were container 
carriers. Distribution of casualties by ship’s length is 
shown in Figure 3.  
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Figure 3  Distribution of casualties by ship’s length 
  
 It can be concluded that as the length of the ship 
increase, this is more vulnerable to dangerous situations 
in severe sea conditions. 
 
3.4 Relationship between casualties and geographical 
distribution 
 
 The result of the analysis, for the area where the 
casualty occurred, are illustrated in Figure 4. 
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Figure 4  Distribution of casualties by geographical area 
 
 Figure 5 implies that the majority of marine 
accidents occurred in open seas, up to 70%, while in 
coastal waters was of 30%. This is understandable 
because the adverse weather conditions, like wind and 
waves, are more intensive and at a high grade at open 
seas. 

DISTRIBUTION OF CASUALTIES BY LOCATION
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Figure 5  Distribution of casualties by location 

 
3.5 Relationship between casualties and period of the 
year 
 
 The distribution by geographical area can be 
correlated with the period of the year when the casualties 
occurred, as illustrated in figure 6. 
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Figure 6  Distribution of casualties for the period of the 
year 

 
 From the analysis of the period of the year when the 
casualty occurred, it can be seen that most dangerous 
period is winter, although some casualties occurred in 
months attributed to summer period, but in south 
hemisphere. 
 
 
 
3.6 Relationship between casualties and wind 

  
 For weather condition the wind is an important 
factor affecting navigational safety of ships. From Figure 
7 it could be seen that all casualties occurred in a sea 
state equal to or higher than very rough sea, where 
according to Beaufort scale, wind speed is between 15 
and 19 m/s (30 to 37 knots). 
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Figure 7  Sea and wind condition during casualty 

 
3.7 Relationship between casualties and wave height 
  
 The wave height is another important factor 
affecting navigational safety of ships and has important 
influence on occurrence of marine casualties. From 
figure 8, it could be seen the probable wave height 
during casualty (according to Beaufort scale).  
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Figure 8 Wave heights during casualty 

 
3.8 Relationship between casualties and encountered 
wave direction 
  
 In Figure 9 is represented the encountered wave 
direction of ship during casualties. 
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Figure 9  Encountered wave directions during casualty 

 
 Analyzed ships were sailing most often in head seas 
(including here also the head quartering seas) and less 
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often in following and following quartering seas. 
However, regardless the encountered wave direction all 
ships had difficulties in severe seas and developed large 
rolling angles and heavily pitching motions. 
 Based on the analysis presented, it can be concluded 
that the casualties involved listing or capsizing occurred 
in severe sea conditions are generated by the phenomena 
which are fully influenced by the design (hull form) of 
the ship and environmental characteristics, especially 
direction, height and speed of the waves. Thus, 
phenomena like parametric rolling, pure loss of stability 
or broaching can be the causes that lead to loss of ship 
stability in severe sea conditions. 
 What is important to be mentioned is the fact that 
all these possibilities for loss of ship intact stability in 
waves are not governed by any mandatory regulations or 
Codes and they are only vaguely presented in form of 
guidance which in our opinion is very little in 
comparison with the importance of the problem.  In this 
respect we are of the opinion that a rethinking of the 
intact ship stability problem from the dynamic point of 
view is of major importance. The impact of ship’s intact 
stability assessment on seaworthiness and safety of 
navigation is revealing the importance of the problem 
that can lead to precious information for understand the 
stability failure causes. 
 
4. ANALYSIS OF ACTUAL INTACT SHIP 
STABILITY CRITERIA AND REGULATIONS  
 
 The General Stability Criteria of IS Code 2008 
reveals that the regulations are still based on the same 
assumptions, according to which the ship indicator of 
stability safety is the righting arm curve on calm water. 
 The assumed Weather Criterion of the same Code, 
is simply to use, it is based on physical phenomena / 
modelling but was adjusted with capsizing casualties in 
the form of the wind velocity. In other words, the wind 
velocity in the weather criteria does not represent the 
actual sea state and has rather empirical meanings. Since 
the weather criteria involve such an empirical factor, it is 
not easy to improve the criteria [1]. However, the 
simplified modelling takes into account only beam 
waves and wind, why no internal degree of freedom, like 
shifting of cargo or water on deck, was introduced [7]. In 
fact, it concerns only one mode of ships loss and the 
level of safety is largely unknown. 
 Adoption of the described prescriptive requirement 
and structural model was possible only because it was 
based on statistical evaluation of data for ships capsized 
and operated safely during the long time of the first 
formulation of criteria in 1948 in Register of Shipping of 
USSR [8]. The crucial element of the criterion, the value 
of wind pressure, was adopted in such a way, that the 
resulting critical KG value would correspond to average 
KG values of the population of vessels existing at the 
time of development of the criterion, that were 
considered safe in operation (trial calculations showed 
that the majority of existing ships at that time satisfied 
adopted weather criterion) [8]. 
 The Weather Criterion is the only amongst all of the 
IMO criteria taking into account the influence of waves 
and only one being based on a balance between heeling 

and righting levers. Although it considers the dynamics 
of ship roll motions, at least in a simplified way, this 
prescriptive scenario is not suitable to assess phenomena 
endangering ships in head, following and quartering 
waves and it also never was intended to be used in such a 
way [4]. 
 The safety level guaranteed to the ships by the 
compliance with stability criteria, however, is in general 
unknown and it is still a big open problem. It is indeed 
typical to open the way to alternatives by stating that “a 
level of safety has to be guaranteed, as a minimum, by 
any alternative assessment” [9]. Statements like this are 
often used to try to avoid excessive relaxation of safety 
standards, but in fact are less meaningful than they could 
appear [9]. Of course, ship safety at sea was greatly 
improved by the development and implementation of 
present stability criteria, as contained in IS Code 2008, 
and other measures (for example the assignment of 
freeboard), although being these measures 
recommendatory in nature or not so widely adopted. 
 In addition, it is clear that the safety level is 
unequally distributed among different ship typologies 
and, even inside a given ship typology, it appears to be 
strongly dependent on ship size. This is particularly true 
for the General Criterion, which is the result of a global 
re-active approach. It mixes indeed in the same pan good 
and bad designs in a set of standards most of which not 
having a clear physical relation with the phenomena they 
are trying to avoid [9]. In addition, the present version of 
Weather Criterion, due to its relatively poor, although 
physical, modelling spreads unevenly the safety level 
among ship types [2]. 
 From the point of view of ship’s safety this is 
however, not the final solution. The evidence is given by 
the stability casualties that continue to occur despite the 
fact that those ships meets the existing IMO stability 
criteria [1].  
 The existing stability criteria may also be not 
applicable to some type of modern ships incorporating 
novel design features especially because original criteria 
as resolution A.167 developed more than forty years ago 
were based on casualty statistics that included mainly 
vessels under 100 m in length [6]. With many modern 
ships there is no previous experience in relation to safety 
and stability and satisfying existing criteria may not 
assure required level of safety [6]. 
 In order to achieve sufficient level of safety with 
respect to stability, all elements creating stability system 
have to be taken into account [5]. Taking into account 
the fact, that only part of the casualties are caused by 
faulty or bad design of the ship, the safety requirements 
that refer mainly to design features of the ship cannot 
ensure sufficient level of safety, in particular with regard 
to ships having design features [7]. 
 What is much more important to be mentioned is 
the fact that current intact stability criteria do not cover 
all the dynamic instabilities of ships in waves. 
Phenomena like pure loss of stability, parametric rolling, 
broaching and surfriding, which are presently 
encountered by ships, especially in severe sea 
conditions, are not treated.  
 Part of those phenomena are presently addressed by 
the MSC.1/Circ.1228 [3] but does not provide any ship-
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dependent information concerning the considered failure 
mode. IMO has given in this guidelines [3], a diagram 
(fig. 10) highlighting the potential occurrence of high 
wave group encounters; however, the information is 
given in a dimensionless format only by a ratio of ships 

speed sV  and wave periodTw , whilst α  is the 

encounter angle.  

 
 

Figure 10  Diagram Indicating Dangerous Zone due to 
High wave group encounters [3] 

 
5. A NEW GENERATION OF STABILITY 
CRITRERIA AS A POSSIBLE SOLLUTION FOR 
ASSESSMENT OF SHIP STABILITY IN SEVERE 
SEA CONDITIONS 
 
 Methods that can be used for the assessment the 
vulnerability of ships in front of the new modes of 
stability failures in severe sea conditions, from the 
beginning of the voyage, as a measure of safety, has to 
be developed in a form of stability criteria and to be 
integrated in the actual intact ship stability regulations. 
 Within the recent years, IMO through his Sub-
Committee on Stability and Load Lines and on Fishing 
Vessels Safety, start working on a framework for 
development of New Generation Intact Stability Criteria, 
with the scope of issuing an assessment methodology to 
identify the ships vulnerable to dynamic instabilities in 
severe seas. However, the methodology is very complex 
and is still under development being far away from 
application in practice.   
 The reality proved that these few steps are not 
enough to ensure safety of ships and therefore it is very 
important that extensive researches and studies for 
assessment the dynamic instabilities of ships have to be 
carried out. 
 Due to new designs of the ship’s hull, the dynamic 
characteristics of new ships can differ considerably from 
conventional ships. This aspect provides also new 
necessities in respect of ship safety and put the ships 
owners in front of new challenges regarding the 
guidance for operation.  

Hence, today the assessment of ship stability in 
waves, based on dynamic criteria, became an important 
task among researchers. This is because the ship 
response to large waves is associated with significant 
nonlinearities.  
 Based on the analysis presented it can be concluded 
that presently, the assessment of intact ship stability is 

confined to the fulfilment of empirical criteria related to 
the static lever arm curve for still water condition only. 
The IMO stability criteria are prescriptive rules based on 
practical experiences quite many years ago. In this 
respect, it is obvious that new approaches must be 
implemented in order to issue valid, simple and 
trustworthy methodology to provide the shipmaster with 
a decision support tool to prevent ship’s stability loss in 
different conditions encountered in severe sea conditions 
during the voyage. 
 The lack of an existing intact dynamic stability 
criteria (into present stability criteria) for the phenomena 
covering the stability variation in waves creates some 
doubts and could entail that all ships may be susceptible 
to stability loss in this conditions [2], i.e. parametric 
rolling, pure loss of stability, broaching, surf-riding. 
Therefore, the development of dynamic stability criteria 
for such particular situations can become a top priority 
for the maritime community 
 
6.  CONCLUSIONS 
 
 In order to be assessed correctly the casualties of 
intact stability, regularities noticed in the course of 
statistics analysis, regarding for example the influence of 
some hydrodynamic phenomena as well as types of 
cargoes carried on board ships, must allow formulating 
the causes of failures. 
 Like in any accident type, for the purpose to adopt 
the relevant safety measures and regulations to prevent 
such an accident in the future or to minimize the losses, 
in ship stability casualties it is essentially to keep a 
strictly statistic of those casualties. Hence, intact ship 
stability failure casualties have to be taken into 
consideration like separate events in the statistics. 
 An important lesson can be learned from the 
presented casualties, that the intact ship stability failure 
is in many cases a chain of events, especially on those 
related to design, operational and environmental factors. 
The events must be analyzed separately and ideally 
would be that the solutions to be integrated into a single 
framework.   
 The above study indicates that the occurrence of 
ship stability casualties in the last 10 years has its 
statistical laws and has different relationship with 
conditions of ships and some influent factors, which is 
valuable for the officers of maritime safety 
administrations and seafarers to consider, because that 
accident data from above study is reliable data from 
official resources. But it is also suggested that the 
findings of above study should be properly referenced 
and used by consideration of local environments, 
practical conditions and individual experiences.   
 The findings of above study can be beneficial to the 
maritime safety administrations to adopt decision-
making on maritime safety management, but is also 
important to carry out statistics and analysis of marine 
casualties to help to adopt proper safety management 
measures.  
 Moreover, the study can be a useful guidance for 
masters and officers on board vessel in order to 
understand the factors that contribute to ship stability 
failure during the voyage and to take preventive 
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measures to avoid putting the ship in such dangerous 
situations. 
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ABSTRACT 

 
The midship section is subject to a long-term claim caused by an increased number of containers on the unit area. 
The fatigue is playing a determinant role in this work, but in order to assess the fatigue, the normal, shear and Von 

Mises stresses on the midship section should be determined using the finite element method.  
 
Keywords: fatigue, CAD, finite element method, stress, midship section. 
 
1. INTRODUCTION 
 

The cargo ships are the most employed ships in the 
naval transport. With those help, containerized goods 
are carried over the seas. [1]. 

The present paper is treating a cargo ship with 
heliport, designed with the help of the CAD software 
and the NX Software from Siemens. 
 

 
Figure 1  Cargo ship with heliport 

 
This type of cargo ship is used mostly for 

transportation of dangerous goods and that is why the 
red area signalling as it is shown in the Fig.1, occurs.  

In the next figure the top view is presenting the 
heliport area, the surface on deck of the ship, where the 
helicopters are landing.  

 

   
Figure 2  Top view 

 
In order that the ship designed is in accordance 

with the current standards, we have studied various 
documentations and we have consulted naval field 
experts [2]. 

2. DESCRIPTION OF DRAWINGS  
 

The NX Software from Siemens is well known for 
its rapid and complex Computer Aided Design [3].  

A great deal of execution drawings have been used 
for this computer aided design of the ship.  
 

 
Figure 3  Original execution drawing 

 

 
Figure 4  Side-view of the original drawing  

 
The main equipment of the ship, such as the 

propeller, the rude, the funnel and the wheelhouse as 
well as the radar and signaling equipment etc, have been 
also taken into consideration.  

 

 
Figure 5  Bottom-view. Original drawing 
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Figure 6  Top view. Original drawing 

 
As it can be observed, it is rather hard to see in the 

original drawing, that is why we have used the Hidden 
Command in order to hide the execution layers, 
execution dots and execution lines.  

 

 
Figure 7  Side view using the Command: Hidden  

 

 
Figure 8  Front view using Hiden command  

 
Using the command Hide, the ship can be now 

easily seen. In all presented views (lateral, front, 
bottom), details can be now easily observed (ex. 
SAFETY FIRST).  
 

 
Figure 9  Back view using the command Hide 

 

 
Figure 10  Bottom view without layers 

 
3. THE INNER OF THE STORAGE AREA  
 

Although many software programs exist in the field 
of the naval building, very few of them are helping their 

users to “enter” the inner of the ship. Though the NX 
Software from Siemens, is not a dedicated software for 
the shipbuilding, it can be very helpful to analyse the 
loading of the ship.   

Let’s suppose that the ship is to be unloaded in the 
harbour and in the storage area of the main warehouse 
of the ship are existing 4 containers (Figure 11).  

 

 
Figure 11  Ship loaded with containers 

 
In the Figure 12 the thickness of the hull can be 

also read. In order to observe the containers more easily, 
the thickness of the hull and the double bottom we have 
carried out a cross section of the ship.  

 

 
Figure 12  Cross section of the loaded ship 

 
Later, we will show the ship after the unloading of 

the four containers, has been made. 
 

 
Figure 13  Top view of the unloaded ship 
 

 
Figure 14  Cross section of the unloaded ship 
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Figure 15  Longitudinal section of the unloaded 

ship 
 

 
Figure 16  Midship and double bottom section  

 
3. THE ANAUSIS OF A SMALL UNIT 

AREA FROM THE MIDSHIP SECTION  
 
Due to the fact that the midship section is subject 

to high pressures because of the containers, we have 
chosen to analyze the stresses occurred using the finite 
element method.  

Because of the high dimensions of the midship 
sections, sections that are carried out by welded joints, 
we have decided to analyze only a small area of the 
midship section.  

 

 
Figure 17  Midship section (A) with its unit area (dA) 

 

 
Figure 18 Unit area (dA) 

 
We are starting by meshing the unit area dA 

(length 6000 mm, breadth 2000 mm and thickness 400 
mm) with elements of CETRA Type (10), and then we 
are loading it with a pressure of 100 Mpa.  

The unit area dA is made out of AISI Steel 1005, 
having the Suprafata dA este realizata din otel tip AISI 
Steel 1005, having the Young’s Modulus of 2.1 105 

MPa, Poisson’s Ratio of 0,25 and density of 7.872e-006 
kg/mm^3.  

But before loading with the pressure of 1000 MPa 
(figure 19) , it is recommended to check the formability 
(mouldability) of the material. As already known, the 

formability is the ability of a given metal workpiece to 
undergo plastic deformation without being damaged. 
The plastic deformation capacity of metallic materials, 
however, is limited to a certain extent, at which point, 
the material could experience tearing or fracture 
(breakage) [4]. 

 

 
Figure 19  Analize formability – one step 

 

 
Figure 20  Area loaded with a pressure  

 
Consequently to the pressure applied on the area 

dA, using the finite element method, we have obtained 
following results: 

Von Mises stress (σechV or σv) according to the 
Strength of Materials Vth Theory, from failure theories, 
the maximal shear stress (τmax)  and the maximal normal 
stress (σmax) [5]. 

 

 
Figure 21  Von Mises stress  

 

 
Figure 22  Maximal shear stress 
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As it can be seen in the Figures 21, 22 si 23 low 
values of the stresses are recorded in the middle and 
increased values are recorded at the edges of the plate, 
meaning that the sheet is considerably more stressed at 
their margins.  
 

 
Figure 23  Maximal normal stress  

 
5. CONCLUSIONS 
 

The determination of the stresses have been carried 
out using finite element method in order to obtain an 
advanced durability. In the frame of the advanced 
durability take part: fatigue life, strength safety factor 
and fatigue safety factor [6].  

The fatigue of the materials is a phenomenon 
regarding the materials’ modifications of the properties 
due to the variable amplitude loadings, thus most of the 
materials failing under the cyclic loading. An effect of 
the fatigue is the occurrence of micro cracks and the 
progressive fracturing of the material while in service. 
Materials’ fatigue is also important in transport and the 
marine industry [5]. 
 

 
Figure 24 Fatigue life 

 
In the Figure 24 it can be observed that the values 

of the fatigue life are decreasing at the margins, with the 
only exception of the value of the maximal fatigue, the 
rest of the fatigue life’s values being more increased in 
the middle of  the steel plate.  
 

 
Figure 25  Strength safety factor 

 
In the Figure 25, the values of the strength safety 

factor are very small inside the plate of steel, excepting 
the minimal value and some higher values at the 
margins of the unit area dA, the maximal values being 
recorded at the corners. Thus it can be concluded that 
the strength safety factor has high values only in the 
corners. 
 

 
Figure 26  Fatigue Safety factor 

 
It can be remarked that in the Figure 26 the values 

of the fatigue safety factor are very small in the inside, 
excepting the minimal value and some higher values 
together with the maximal values in the corners, the 
conclusion being that the safety factor is high only in 
the corners.  

Consequently, the midship sections should have a 
higher strength in time, at different variable strains; 
their fatigue is to be checked by means of the finite 
element method analysis. 

The midship section is extremely important for the 
safety of the naval transports, because when broken due 
to heavy weights, the deep floor and the keel could be 
also broken, thus eventually causing the flooding of the 
ship. The conclusion of our work is that the midship 
section, thus calculated could withstand high pressures, 
even in bad wheather conditions causing high pitch and 
high rolling. 
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ABSTRACT 
 
 Main ideea of this paper is not only the study of the Energy Efficiency Design Index for a crude oil super tanker 
ship, witch is a mandatory technical measure for the new ships, but also the study of Energy Efficiency Operational 
Indicator whitch is a voluntary mesurement for ships in service. 
  
Keywords: energy efficiency design index, energy efficiency operational indicator, technologies. 
 
 
1. INTRODUCTION 
 

This paper aims is to improve the energy 
performance of a crude oil super tanker ship of 305000 
dwt, by studying the possibility of introducing 
alternative energy sources and improving existing 
equipment onboard. 

Initialy, the ship has no energy efficiency 
technologies but, for this paper, our purpose is to 
introduce alternative technologies on board like shaft 
generators and motors, wind turbines and photovoltaic 
pannels. After that we calculate efficiency operational 
index and indicator for both states of ship and conclude 
the results. 

 
2. CONSIDERATIONS ON ENERGY 
EFFICIENCY OPERATIONAL INDEX - EEOI 
AND ENERGY EFFICIENCY DESIGN INDEX - 
EEDI 
 
2.1.Energy Efficiency Design Index - EEDI 

 
Energy Efficiency Design Index (EEDI) is a 

measure of ships energy efficiency (g/t·nm) and is 
calculated by the following formula [1]: 
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       (1) 
 
CF - is a non dimensional conversion factor for fuel 

consumption, measured in g and CO2 emission, 
Vref  - is the ship speed, measured in nautical miles 

per hour (knot), 
Capacity – is deadweight of the ship, 
P - is the power of the main and auxiliary engines, 

measured in kW, 
PME(i) - is 75 per cent of MCR for each main engine, 
 

������ 0 0.75 5 �6�7��� � ���8��;          (2) 
 
PPTO(i) - is 75 per cent of nominal power of each 

shaft generator,  

PPTI(i) - is 75 per cent of the rated power 
consumption of each shaft motor divided by the 
weighted average efficiency of the generators, 

Peff(i) - is the output of the innovative mechanical 
energy efficient technology for propulsion at 75 per cent 
main engine power, 

PAEeff(i) - is the auxiliary power reduction due to 
innovative electrical energy efficient technology 
measured at PME(i), 

PAE - is the required auxiliary engine power to 
supply normal maximum sea load including necessary 
power for propulsion machinery / systems and 
accommodation [4], 

For the reference crude oil super tanker, main 
engine has a power up to 10000 kW, and PAE  is written: 

 
�����9:��;�<<<< =>� 0 �0.025 5 ∑ 6�7������

�
� � � 250    
                 (3) 

SFC  - is the certified specific fuel consumption, 
measured in g/kWh, of the engines, 

fj - is a correction factor which for the crude oil 
super tank is written: 

 

�� 0 <.@�ABCCD.EF

∑GHDGIJ
KIJC

                                 (3’) 

 
fw - is a non-dimensional coefficient indicating the 

decrease of speed in representative sea conditions of 
wave height, 

feff(i) - is the availability factor of each innovative 
energy efficient technology, 

fi - is the capacity factor for any technical / 
regulatory limitation on capacity, and should be assumed 
to be one (1.0) if no necessity of the factor is granted: 

 

�� 0 <.<<��@BCCL.LM

NOPON�QR .                                                         (4) 

 
2.2. Energy Efficiency Operational Indicator - EEOI 

 
The Energy Efficiency Operational Indicator is 

defined as the ratio of mass of CO2 (M) emitted per unit 
of transport work. 

The Energy Efficiency Operational Indicator is 
calculated with this formula: 
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SSTU 0 �V WXYKZ[\]GYK9^_`aYK
9O-bc]`_KZ\Y`]def�gQO�N .                (4’) 

 
The unit of EEOI depends on the measurement of 

cargo carried or work done, e.g., tonnes CO2/(tonnes · 
nautical miles), tonnes CO2 / (TEU  nautical miles), 
tonnes CO2/(person · nautical miles), etc 

 
3. CALCULATION OF ENERGY 
EFFICIENCY INDICATORS FOR TWO KIND OF 
POWER  SYSTEM  CONFIGURATIONS 
 
3.1.Calculation of Energy Efficiency Design Index for 
crude oil super tanker in design version 

 
To calculate the EEDI will adopt a number of 

parameters for the main engine, auxiliary engines, 
innovative technology and  transport parameters 
according to the formulas below. 

 
 Parameters for main engine: 
 

1. Conversion factor for heavy fuel oil: 

 
���� 0  3.1144.                         (5) 

 
2. Main engine power: 
 

��� 0 0.75 5 �6�7��� � ���8�� 0  0.75 5
�27020 � 0� 0  20265 lm.                      (6) 

 
2. Specific fuel consumption: 

 
������ 0 163.6 b

=>n                  (7) 

 
 Parameters for auxiliary engines: 
 

1. Necesary power for auxiliary engines; 

 
�����9:��;�<<<< =>� 0 �0.025 5 ∑ 6�7������

�
� � �
250 0 0.025 � 27020 � 250 0 925.5 lm.      (8) 

 
2. Conversion factor for marine diesel oil: 

 
���� 0  3.20.                              (9) 

 
3. Specific fuel consumption: 

 
������ 0 190 b

=>n.                   (10) 

 
4. Corection factor: 

 

�� 0 <.@�ABCCD.EF

∑ �GIJKIJ
GHD

 0  <.@�A�pqrD.EF

qs<q< 0 0.945.       (11) 

 
5. Power for shaft generator (for design ship there is no 
shaft generators): 

 
���� 0 0 lm.                              (12) 

 
6. Availability factor of each innovative energy efficient 
technology. 

At design ship there is no efficiency technology. 
 

� 		 0 1 .                              (13) 
 

7. Auxiliary power reduction due to innovative electrical 
energy efficient technology.  

At design ship there is no efficiency technology. 
 

��� 		 0 0 lm.                       (14) 
 

Parameters for inovatie technology: 
 

At design ship there is no efficiency technology. 
 

Parameters for ship transport work: 
 
1. Capacity factor: 

 

�� 0 <.<<��@BCCL.LM

NOPON�QR 0 <.<<��@�pqrL.LM

p<@p<� 0 1.025.       (15) 

 
2. Factor for decrease of speed in representative sea 
conditions of wave height: 

 
�+ 0 1.                                 (16) 

 
3. Ship speed: 

 
,- 	 0 15.38.                          (17) 

 
3. Ship deadweight: 

 
'%&%'()* 0 305301 )uv.             (18) 

 
After these parameters, we can calculate Energy 

Efficiency Design Index for crude oil super tanker in 
design version: 

 

SSwU 0 	Gx�IJx9yIJxz�9yIJ{�|Jx9y|Jxz�9y|J
	Gx	}x~`d�xNOPON�QR ;      (19) 

 

SSwU 0 <.�r@xq<qA@xp.��rrx�Ap.A{�q@.@xp.q<x��<
�.<q@x�x�@.p�xp<@p<� ;      (20) 

 

SSwU 0 �s@srrr.��{@Aqs<r
@qq@���.�A 0 2.14 b

Q � l��)�.     (21) 
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Figure 1  Value and interpretation of EEDI for ship initial design 
 

 
After calculation is concluded that value of EEDI 

are within the tier 1 and tier 2 (figure 1). So, for design 
ship we have a good result. 
 
3.2. Parameters for calculation of Energy Efficiency 
Design Index for crude oil super tanker with energy 
efficient technologies. 
 

For crude oil super tanker ship we adopt three type 
of energy efficient technologies onbord [5]: 

• shaft generator; 
• wind turbines;  
• photovoltaic pannels. 
Against 1.1 paragraph we have some parameters for 

efficient ennergy: 
 

1. Power for shapt motor: 
 

���� 0 0.75� ��I
��I

0 812.5 lm;              (22) 

 
�z� 0 976 lm.                       (23) 

 
2. Power for shaft generator: 
 

���8 0 0.75��z� 0 731.25 lm;            (24) 
 

�z� 0 976 lm.                     (25) 
 

3. Availability factor of each innovative energy efficient 
technology (we have the same factor for wind turbines 
and photovoltaic pannels) [2]. 

 
� 		 0 1.                          (26) 
 

4. Auxiliary power reduction due to innovative electrical 
energy efficient technology.  

This time, we have wind turbines ennergy and 
photovoltaic pannels ennergy like electrical energy 
efficient technology [3]: 
 

��� 		QV-��� 0 250 lm;            (27) 
 

��� 		PO�� Wg 0 15 lm.            (28) 
 

3.3. Calculation of EEDI (option 1, we use shaft motor, 
wind turbines and photovoltaic pannels) 
 

SSwU 0
	Gx�IJx9yIJxz�9yIJ{��|J{	Gx�C���	d��x�|Jd���x9y|Jxz�9y|J

	Gx	}x~`d�xNOPON�QR
                                            (29) 
 

SSwU 0 �s@srrr.��{��A�p.p��qA@�xp.qx��<
@qq@���.�A .           (30) 

 

SSwU 0 �s@srrr.��{�A�r�r
@qq@���.�A 0 2.03 b

Q � l��)�.      (31) 

 
 At point 3.3. we had a value of 2.03 g/t � knots 
(figure 2). 
 So, like result, was a drop with 0.11 g/t � knots. 
 



Constanta Maritime University Annals                                                                    Year XVI, Vol.24 
 

32 
 

EEDI g/t* noduri

2.03

 
 

Figure 2  Value and interpretation of EEDI for ship with efficient energy and shaft motor 
 
3.4. Calculation of EEDI (option 2, we use shaft 
generator, wind turbines and photovoltaic pannels) 
 

SSwU 0
	Gx�IJx9yIJxz�9yIJ{��|J�	d��x�|Jd���x9y|Jxz�9y|J

	Gx	}x~`d�xNOPON�QR   (32) 

  

SSwU 0 �<<q�@�p.r{��q.<Axp.qx��<
@qq@���.�A              (33) 

 

SSwU 0 �<<��Ar@.��
@qq@���.�A 0 1.93 �/) � l��)�         (34) 

 
 At point 3.4. we had a value of 1.93 g/t � knots 
(figure 3), so like result  was a drop with 0.21 g/t �
knots. 
 

EEDI g/t* noduri

1.93

 
 

Figure 3  Value and interpretation of EEDI for ship with efficient energy and shaft generator 
 

 
3.4. Calculation of Energy Efficiency Operational 

Indicator  for crude oil super tanker without 

efficiency energy technologies 

 
To calculate  EEOI we will adopt a ship voyage of 

30 days. So, we have parameters below. 
 

1. Fuel consumed (tones): 
 

����Nc�gV� � 0 977.20 � 52.30 0 1029.5 )���� ��T,  
(35) 

 
����Nc�gV� � 0 143.2 )���� 6wT.         (36) 

2. Carbon factor for each type of fuel: 
 

�9O-�c� 0 3.1144 ��� ��T;             (37) 
 

�9O-�c� 0 3.20 ��� 6wT.              (38) 
 

3. Crude oil transported: 
 

�%���Q-O�gPc-Q � 0 250000 )����.       (39) 
 

4. Distance during ship vayage (miles): 
 

w(�)%�'� 0 6506 �(���;             (40) 
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SSTU 0 �<q�.@xp.��r{�rp.qxp.q<
q@<<<<xA@<A 0

2,253 10�A Q98q
Q � �(���.                         (41) 

In conclusion we observe that EEOI value is 2.253 
gCO2/t x mile. In figure no. 4 we had good result. 

 

 
 

Figure 4  Interpretation of EEOI for ship without efficient technologies 
 

3.5. Calculation of Energy Efficiency Operational 
Indicator  for crude oil super tanker with efficient energy 
technologies 

 
We calculate EEOI for a voyage of 30 days. To 

calculate the operational index we adopt the parameters 
below. 

 
1. Fuel consumed (tones): 

 
����Nc�gV� � 0 977.20 � 3.5 0 980.25 )���� ��T;  

(42) 
 

����Nc�gV� � 0 143.2 )���� 6wT.          (43) 
 

2. Carbon factor for each type of fuel: 
 

�9O-�c� 0 3.1144 ��� ��T.               (44) 
 

�9O-�c� 0 3.20 ��� 6wT                    (45) 
 
3. Crude oil cargo: 

 
�%���Q-O�gPc-Q � 0 250000 )����              (46) 

 
4. Distance during ship travel (miles): 

 
w(�)%�'� 0 6506 �(���                    (47) 

 

SSTU 0 ��<.q@xp.��r{�rp.qxp.q<
q@<<<<xA@<A 0 2,15 10�A )�T2/

) � �(��                              (48) 
 
In conclusion we observe that EEOI value is 2.15 

gCO2/t x mile. In figure no. 5 we had a very good 
results. 

 

 
 

Figure 5 Interpretation of EEOI for ship with efficient technologies 
 
 

4. COMPARATIVE ANALISYS OF ENERGY 
EFFICIENT TECHNOLOGIES RESULTS 

 
4.1. Comparative analisys of Energy Efficiency Design 
Index. 
 
 In conclusion, comparative results for the values of 
EEDI are: 

 1.for option no.1 with shaft motor, wind turbines 
and photovoltaic pannels, we had a value of 2.03 
g/t � knots, against 2.14  g/t � knots with ship without 
energy afficient technologies. So, was a drop with 0.11 
g/t � knots; 
 2.for option no.2 with shaft generator, wind turbines 
and photovoltaic pannels, we had a value of 1.93 
g/t � knots, against 2.14  g/t � knots with ship without  
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energy efficient technologies. So, was a drop with 0.21 
g/t � knots. 

 

 
 

Figure 6  Interpretation of EEDI 
 
4.2. Comparative analisys of Energy Efficiency 
Operational Indicator 

 
Calculating EEOI, we observe that value is 2.15 

gCO2/t x mile against the ship voyage without efficient 

ennergy technologies with value of 2.253 gCO2/t x mile. 
So was a drop of 0.10 gCO2/t x mile. 

 
 
 
 

2.25 2.15

 
 

Figure 7  Interpretation of EEOI for ship with efficient technologies 
 
 

5. CONCLUSIONS 
 

By calculating energy efficiency indicators for two 
kind power configuration of a crude oil super tanker 
ship, we try to show witch is the difference between a 
ship with and without inovative technologies onboard. 

In design state, power configuration of ship was 
only the main engine, auxiliary engines and boiler. 

Also, we adopt efficient technologies onboard like 
shaft motor and generator, wind turbines and 
photovoltaic pannels [6]. 

In modern state, power configuration of ship was 
the main engine, auxiliary engines, boiler, shaft motor or 
shaft generator, wind turbines and photovoltaic pannels. 
 After calculation of energy efficiency indicators we 
had results with a difference of  0.11 g/t � knots and 
0.21 g/t � knots for Energy Efficiency Design Index - 
EEDI and 0.10 gCO2/t x mile for Energy Efficiency 
Operational Indicator - EEOI. 
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ABSTRACT 
 

The concept of energy efficiency (or energy optimization) has become, today, one of the main concerns of 
humanity to the whole world. 

In recent decades, the maritime industry, has strived to optimize the fuel consumption of ships through the 
development of engines and propulsion systems, improved hull design, or using alternative energies, this way making a 
reduction in the amount of CO2 released to the atmosphere. 

Main ideea of this paper is to improve the energy performance of a crude oil super tanker ship of 305000 dwt, by 
studying the possibility of introducing alternative energy sources onboard. 

 
Keywords: shaft generator, wind turbines, photovoltaical pannels, efficiency. 
 
 
1. INTRODUCTION 
 

This paper consist in concepts modernization of a 
very large crude carriers of 305000 dwt.  

In this work, we have included the reconfiguration 
of ship power system, introducing new generation 
systems like shaft generators, wind turbines and 
photovoltaical pannels.  

Initialy, the ship has no energy efficiency 
technologies included, but, for this paper, our purpose is 
to introduce alternative reconfigurations technologies 
onboard to make the ship more efficient. 

 
2. CURRENT STATUS OF ALTERNATIVE 
ENERGY DEVELOPMENT ONBOARD OF SHIPS 
 

One of the main problems of ship industry is to 
reduce CO2 emission. 

Several alternatives are proposed to reduce or 
replace fossil fuels onboad ships like: sails, kites, 
electricity for shore supply, biodiesel, wind turbines, 
photovoltaic pannels or hydrogen fuel cells [1]. 

These sources of energy can be used on its own or in 
connection with, what are called, hybrid systems for 
power generation onboard a ship. These are systems for 
generating energy that is actually green renewable. 

Along time is been developing several concepts of 
eco ships. 

One of the projects is Aquarius MRE System which 
use a lot of rigid sails and solar panels to form a vessel 
based on a system of renewable energy. On large vessels 
can be installed up to 20 rigid sails, while smaller ships 
will require only one or two sails (figure 1). 

Aquarius MRE system is not intended to be the 
main source of propulsion of ships. Instead, the system is 
designed to work with other technologies, in order to 
reduce fuel consumption by up to 20% and emissions of 
toxic gases.  

On this kind of ship, the total installed solar power 
could be 500 kW or more. 

 
 

 

 
 

Figure 1  Aquarius MRE concept 
 
Another concept is Fery Medaka Solar (solar ferry 

Medaka – Figure 2).  
Eco Marine Power is leading a project to develop an 

eco ship designed to operate as a ferryboat for urban 
areas. 

Medaka is a ferryboat that not only uses solar power 
as a renewable energy source, but will also use a range 
of other features that will be more softly with 
environment than traditional models of existing ferries. 

 For example, will be used a hybrid electric 
propulsion system, which will be much easier to 
maintain and have a lower cost than diesel. 

 

 
 

Figure 2  Solar Medaka ferryboat 
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Finally, a new concept which bring
sources of renewable energy, is the ship E / S Orc
(Figure 3), produced by Wallenius Wilhelmsen.

Orcelle will have an optimal cargo loading capacity 
of 85000 m2, equivalent to 14 football fields. This 
represents a 50% increase in space avail
ships carry cars, being able to carry 6500 vehicles.
 

 

Figure 3  Orcell eco ship
 
3. ESSENTIAL CONSIDERATIONS O
POWER SYSTEM  RECONFIGURATION FOR A 
VERY LARGE CRUDE CARRIERS OF
DWT. 
 

In first state the ship is not equipped with innovative 
technologies to enhance energy efficiency. This is why 
on I will propose some measures to equip
innovative technology, like: one shaft generator, five 
wind turbines and photovoltaic pannels.
 
3.1. Power system reconfiguration using a shaft 
generator 

 
There are two type of operating modes for

energy system of the ship equiped with shaft generators.
 

1. Power Take Off Operation 
In power take-off (PTO) operation, the shaft 

generator operates as a generator (figure 4)
generator drive can operate in island mode (single 
generator) or in parallel mode with other auxiliary 
generators. 

Shaft generator drive uses droop control to adjust 
voltage and frequency when operating paralle
generators. The shaft generator drive is seen as one of 
the generators in the system. 

In addition to basic features, the shaft generator 
drive includes extra functionality. The shaft generator 
drive can compensate unbalanced loads in the grid and 
also provides reactive power compensation.

 

 

Figure 4  Power Take Off Operation
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Finally, a new concept which bring together all 
the ship E / S Orcell 

, produced by Wallenius Wilhelmsen. 
e an optimal cargo loading capacity 

, equivalent to 14 football fields. This 
represents a 50% increase in space available in modern 

500 vehicles. 

 

Orcell eco ship 

CONSIDERATIONS ON 
POWER SYSTEM  RECONFIGURATION FOR A 
VERY LARGE CRUDE CARRIERS OF 305000 

equipped with innovative 
technologies to enhance energy efficiency. This is why 

equip the ship with 
, like: one shaft generator, five 

wind turbines and photovoltaic pannels. 

Power system reconfiguration using a shaft 

perating modes for the 
energy system of the ship equiped with shaft generators. 

off (PTO) operation, the shaft 
gure 4). The shaft 

can operate in island mode (single 
generator) or in parallel mode with other auxiliary 

uses droop control to adjust 
voltage and frequency when operating parallel with other 

is seen as one of 

In addition to basic features, the shaft generator 
lity. The shaft generator 

drive can compensate unbalanced loads in the grid and 
also provides reactive power compensation. 

 

Power Take Off Operation 

2. Power Take In Operation 
In power take-in (PTI) operation mode, the shaft 

generator functions as a motor. The power is taken from 
auxiliary generators and the 
operates the motor (figure 5). 

The take-me-home feature can be used if the main 
engine has malfunctioned. The main engine can be 
decoupled from the shaft line so that
can operate independently, allowing the main engine to 
be repaired. 

The motoring power of the shaft generator can be 
used to boost main engine power. The 
drive can drive the shaft generator/motor in 
synchronization with main engine.

 

Figure 5  Power Take 
 
There are three type of shaft generators if we refer 

to frecvency. 
To illustrate the variation, the electric power 

diagrams (Figure 6) are shown for the CFE
frecvency electrical), RCF (renk cons
GCR (gear constant ratio) principles. The diagrams are 
shown for basic layouts, but it is im
other shaft generator layout ranges based on a particular 
engine load profile could be selected to ensure that the 
electric power from the shaft generator is av
most preferred main engine load conditions.

 

 

Figure 6  Electric power vs main engine power
 
Analyzing above, for the reference ship

choose a shaft generator CFE 
constant frecvency electrical functioning

 

                                          Year XVI, Vol. 24 

in (PTI) operation mode, the shaft 
ns as a motor. The power is taken from 

auxiliary generators and the shaft generator drive 
 

home feature can be used if the main 
engine has malfunctioned. The main engine can be 
decoupled from the shaft line so that the shaft generator 
can operate independently, allowing the main engine to 

The motoring power of the shaft generator can be 
used to boost main engine power. The shaft generator 

can drive the shaft generator/motor in 
main engine. 

 

Power Take In Operation 

There are three type of shaft generators if we refer 

To illustrate the variation, the electric power 
are shown for the CFE (constant 

nk constant frecvency) and 
principles. The diagrams are 

for basic layouts, but it is important to note that 
tor layout ranges based on a particular 

engine load profile could be selected to ensure that the 
power from the shaft generator is available for 
ferred main engine load conditions. 

 

Electric power vs main engine power 

for the reference ship, we will 
CFE type, because of its 

electrical functioning. 
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PTO shaft type generator / CFE (figure 7) is able to 
produce constant frequency electricity with changes of 
main engine speed. If this type of generator uses a speed 
reducer, the alternator may have an embedded electronic 
converter, which provides correction for various speed of 
main engine, and therefore correction the speed of the 
alternator. As an alternative solution, and very usual one, 
electricity is produced with variable frequency and after 
is converted into electrical energy with constant 
frequency by thyristors. 

CFE shaft generators are capable of operating in 
parallel mode with other generators when the main 
engine power is between 75 % and 100 %. Between 40 
% and 75 % of main engine power, electric power 
produced by the generator is reduced in proportion to 
main engine load. Such generators are commonly used 
than those directly fitted on the engine because there is 
no limitation on the installation onboard [4]. 

Overall efficiency of such a system is between 84 % 
and 88%. 
 

 
 

Figure 7  CFE type shaft generator 
 
For reference ship we choose a Cumins HCM 6 type 

shaft generator (figure 8). 
 

 
 

Figure 8  Cummins type shaft generator 
  

 
 

Main parameters of HCM6 shaft generator are: 
-power: � � 976 ��; 
-nominal voltage: 	
 � 440 
; 
-speed: � � 600 ���; 
-frecvency: � � 60 �� 
-phase number: � � 3; 
-power factor: ���� � 0.8. 
 

The shaft generator HCM6 is CFE type (Figure 9) 
and reaches rated power when the main engine has a 
load between 40% and 110 %. Because of during the 
ship voyage the turbogenerator is operating at more than 
50 % main engine load, and because we want as much 
fuel economy, the shaft generator is a very good 
solution. 

 

Figure 9  CFE type shaft generator 
 

Also, during the ship voyage it can be used in 
paralel mode, both, turbogenerator and shaft generator. 

From the experience of voyages, ship needs no more 
than 900 kW of electrical power, so, a shaft generator 
power of a 976 kW is a good choosen. 

Finally, we have the ship electric power system 
configuration: 
- two diesel generators YANMAR type, of 1700 kW 
each, 
- one turbogenerator of 1100 kW, 
- one emergency generator of 620 kW, 
- a shaft generator of 976 kW. 
 
3.2. Power system reconfiguration using photovoltaic 
pannels 

 
The new solar cells with spherical shape and narrow 

dimensions, could revolutionize the field of photovoltaic 
solar energy application. 

Japan, leader in photovoltaic technology, has 
developed new solar cells with tiny spherical shape  
between 1 mm and 1.5 mm diameter as opposed to the 
traditional 72 mm flat cells. 

A negative electrode and a positive one, opposite 
each other, are positioned in the center of the surface "p" 
type and " n" type (Figure 10).  

This positioning of the electrodes makes the cell to 
be non - directed and may occur even distribution of the 
generated amperage. Sensitive cell which can take light 
from any direction is called three-dimensional light 
capture. 
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Figure 10  Spheral cell 
 
We will study the possibility of placing solar 

onboard reference ship.  
The panels are formed of spherical cells with PV 

module witch comprise a number of 12 spheral cells. 
Spheral cells can be conected in paralel or series (figures 
11, 13, 14) to produce voltage power and high amperage. 
Lights is concentrated four times more with a hight 
efficiency [2]. 

Depending on available ship space,we calculate the 
number of solar modules, the number of photovoltaic 
pannels and the hence area to be located. 

 

 
 

Figure 11  Pannels with spheral cell 
 

We put solar panels on port and starboard platforms 
uppon bridge. We calculated the areas of location and 
got the following results as shown in Figure 12: 
- we have two areas, on top, of 52 squere meters each, 
making a total area of 104 square meters for placement 
of solar panels [3], 
- we have two areas, on the bow, of 50 square meters 
each, making a total area of 100 square meters for 
placement of solar panels, 
- on the aft area we have two of 50 square meters each, 
making a total area of 100 square meters for placement 
of solar panels, 

Finally, we have a total of 304 square meters for 
placement of solar panels. 

 

 
 

Figure 12  Areea for placement of solar panels 
 

A modul area: 
 

S = 24 x 15 mm = 360 mmp = 0.00036 m2 .             (1) 
 

Number of modules: 
 

Nm = 304 / 0.00036 = 844444 pieces,            (2) 
  
Number of cells: 
 
Nm = 844000 pieces = 844000 x 12 =10128000 cells.(3) 

 

We put cells on photovoltaic pannels as to supply 
batteries of 48 V. So, we will have 126600 cells in 
paralel mode and 80 cells în series mode. 

 
Total electric voltage: 

 
	 � 	���� ����!"#"��� � 0.6 $ 80 � 48 
.         (4) 

 
Total electric amperage: 

 
% � %���� ����&�#'�& � 0.025 $ 126600 � 316.5 +.      (5) 
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Total electric power: 
 

� � %	 � 48 $ 316.5 � 15.192 ��.         (6) 
 

 
 

Figure 13 Series mode of cells 
 

 
 

Figure 14  Paralel mode of cells 
 

3.3. Power system reconfiguration using wind turbines 
 
The wind turbine is device that converts kinetic 

energy from wind in mechanical energy. If the 
mechanical energy is used to produce electricity, the 
device may be called wind generator. 

Advantages of vertical axis wind turbine against 
horizontaly one: 
-they are easier to maintain because moving equipment 
are placed closer to the ground platform, 
-propeller blades are vertical, so there is no need a 
rudder for the propeller orientation, 
- vertical turbines have increased aerodynamic efficiency 
at high and low pressure, 
-for the same diameter of the propeller blades vwrtical 
turbine has a larger diameter than the turbine with 
horizontal axis, 
-vertical turbines are more efficient in areas with wind 
turbulence because the propeller blades are placed close 
to the ground, 
- propeller blades have a lower rotational speed, so can 
resist stronger winds than horizontal-axis turbines, 

Lentz wind turbines have type cup blades which 
provides efficiency at low wind speed, safe operation 
and low noise. It is recommended to operate in parallel 
with photovoltaic panels thereby ensuring greater energy 
security. 

For reference ship we choose a Lentz wind turbines 
with dimensions below. 

  
Table 1.  Wind turbines dimensions 

 

Power 50 kw 
Rotor diameter 10 m 
Number of blades 12 
Electric voltage 96 V 
Nominal wind speed 12 m/s 
Minimum wind speed 2.5 m/s 
Maximum wind speed 30 m/s 
Hight  20 m 
 

 

Figure 15  Lentz wind turbine dimensions 
 

The ship will be equipped with five turbines wind 
turbines, with a total power of 250 kW (figure 15, 16). 

 

 
 

Figure 16  Ship equiped with wind turbines 
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4. OPERATIONAL COMPARATION  
BETWEEN FIRST AND RECONFIGURATED 
POWER SYSTEM    

 
In table below we have real operation parameters for 

very large crude carriers of 305000 dwt [5].  
This is a operation comparation between first power 

system (auxiliary engines and turbogenerator) and 
reconfigurated system (auxiliary engines, turbo 
generator, shaft generator, wind turbines, photovoltaic 
pannels). 

We can observe that reconfigurated system cover 
required ship energy only if the main engine has a load 
bigger than aproximatly 30%. 

The table contains different speed of ship and 
different load of main engine.  

Also, we can amphasize that innovative energy 
cover energy required by the ship in 95% of cases from 
table [6]. 

This things also means a fuel economy. 
Maximum power produced by innovative technlogy 

onboard is 981 kW witch means o very good efficiency. 
 
 

Table 2. Comparation between first ship power system and reconfigurated power system (real operation parameters)
 

knots % MT MT MT KW KW KW KW If KW KW 

Speed MCR ME ME AE Boiler AE TG T T Efficient SG (0.75 PTO) WT+PP 
12.04 32.33 38.9 3.70 8.50 676 274 950 981 Y 731.25 250.00 
11.29 31.62 35.6 3.50 8.00 668 259 927 981 Y 731.25 250.00 
12.52 32.06 37.6 3.80 8.60 719 272 991 981 N 731.25 250.00 
12.33 32.60 36.7 3.70 7.90 691 271 962 981 Y 731.25 250.00 
12.46 31.98 36.0 4.20 8.90 1232 792 2024 981 N 731.25 250.00 
12.42 30.82 34.7 4.90 10.70 893 269 1162 981 N 731.25 250.00 
12.79 31.27 35.2 4.00 7.50 765 276 1041 981 N 731.25 250.00 
13.21 31.98 36.0 3.90 7.20 681 259 940 981 Y 731.25 250.00 
11.79 30.24 30.2 3.90 8.10 594 277 871 981 Y 731.25 250.00 
13.00 38.09 36.1 3.80 7.60 663 272 935 981 Y 731.25 250.00 
13.63 32.42 36.5 3.70 7.60 648 261 909 981 Y 731.25 250.00 
14.16 32.32 37.9 4.90 10.00 1191 776 1967 981 N 731.25 250.00 
13.29 32.78 36.9 4.90 10.50 691 257 948 981 Y 731.25 250.00 
13.32 31.12 36.5 4.20 8.10 678 267 945 981 Y 731.25 250.00 
16.33 79.14 89.1 0.40 0.60 0 828 828 981 Y 731.25 250.00 
16.92 83.91 98.4 0.00 0.00 0 901 901 981 Y 731.25 250.00 
16.25 82.25 92.6 0.00 0.00 0 813 813 981 Y 731.25 250.00 
16.20 82.20 96.4 0.00 0.00 0 749 749 981 Y 731.25 250.00 
12.27 76.74 29.7 0.90 9.00 0 747 747 981 Y 731.25 250.00 
14.41 52.76 41.1 2.31 7.70 681 277 958 981 Y 731.25 250.00 
10.49 30.11 25.1 3.90 7.30 681 276 957 981 Y 731.25 250.00 

  HFO MDO        
Total: 

 
977.2 52.3 143.2 12152 9373 21525 20606 

 
15356.25 5250.00 

 
Table legend: 
ME- main engine; 
AE – auxiliary engine; 
TG – turbo generator; 
SG – shaft gennerator; 
WT – wind turbine; 
PP – photovoltaic pannels. 
 
5. CONCLUSIONS 
 

Refference ship economic speed is 15 knots. If 
during a voyage the ship operate at economic speed, 
result that auxiliary engines are not used and required 
electrical power will be covered only by the innovative 
technology system. 

Also, fuel consumed will be only heavy fuel oil by 
the main engine. 

This paper treat not only theoretical aspects but also 
real operational parameters for power systems onboard. 
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ABSTRACT 
 

A modern ship design procedure can be seen as an iterative process where requirements, regulations and rules 
including, amongst others, analysis of seakeeping and intact stability criteria issued by the International Maritime 
Organization and ship design solutions are compared in order to achieve an optimum solution. The combination of the 
ever growing population together with high demand for goods and increasing oil prices have resulted in the design of 
merchant ships that are optimized for minimum resistance and maximum load capacity. Certainly, prediction of ship 
motion can be done in many different ways. Testing several full scale ships would unquestionably give the best 
estimate, but would of course be too costly and practically impossible. Another way of analysing ship motion is by 
testing ship models in wave basins. Although a better option than testing full scale ships, it is often time consuming and 
costly. A third option is the prediction of ship motion by computer simulation. Computer simulations are done with 
respect to simplified models. These models represent physical reality to a degree that depends on the simplifications and 
assumptions made. The aim of this paper is to determine via numerical methods with Ansys CFX the motion of a Cargo 
vessel involving modeling the ship seakeeping for 2 DOF. The paper is showing how, by using advanced numerical 
simulation techniques, one may describe accurately the ship motion due to the marine environment conditions like 
waves and wind. This simulation was done in order to have the input data for further studies like the sloshing effects of 
liquid freight inside the hold of the cargo ship; study to be described inside some subsequent articles. As the sloshing 
effect take place, the structure of the ship is loaded and in some points of the structure the stress may become critical. 
By using the motion curves calculated, all these intricate simulations may be successfully developed. 

Keywords: Ship motion; CFD, Finite Volume Analysis 
 
 

1.  INTRODUCTION 
 

A modern ship design procedure can be seen as an 
iterative process where requirements, regulations and 
rules including, amongst others, analysis of seakeeping 
and intact stability criteria issued by the International 
Maritime Organization and ship design solutions are 
compared in order to achieve an optimum solution 
[5][8]. The combination of the ever growing population 
together with high demand for goods and increasing oil 
prices have resulted in the design of merchant ships that 
are optimized for minimum resistance and maximum 
load capacity.  

Modern merchant ships, seen today, differ however 
significantly from the ships that were used in the 
statistical studies upon which the IMO criteria are based, 
both in size and hullform [3].  

Certainly, prediction of ship motion can be done in 
many different ways. Testing several full scale ships 
would unquestionably give the best estimate, but would 
of course be too costly and practically impossible. 

Another way of analysing ship motion is by testing 
ship models in wave basins. Although a better option 
than testing full scale ships, it is often time consuming 
and costly. A third option is the prediction of ship 
motion by computer simulation. Computer simulations 
are done with respect to simplified models. These 
models represent physical reality to a degree that 
depends on the simplifications and assumptions made 
[7].  

 

 
During the last decades, several unified models 

describing ship motion due to maneuvering in waves 
have been developed. A nonlinear unified state-space 
model for ship manoeuvring and control in seaway, 
where the unified model is obtained by superimposing a 
maneuvering and seakeeping model [1]. The potential 
and viscous damping terms in the model established by 
Fossen  are presented by a so called state-space approach 
where instead of using the convolution integral which is 
used to derive the damping forces in classic theory a 
linear reduced-order state-space model is used to 
approximate the damping forces [1]. Thus, achieving the 
standard representation used in feedback systems. 

Regarding the wave excitation forces, they include 
the Froude-Krylov and diffraction forces (1 order wave 
loads) as well as the wave drift force (2 order wave 
loads). Hua and Palmquist describe a time domain ship 
motion simulation program (SMS) where two 
mathematical models, a wave induced model and a 
manoeuvrability model, are incorporated into a unified 
model [2]. The unification of the models is obtained by 
assuming that no interference between the turning 
motion introduced by ship maneuvers and the velocity 
potential, diffraction or radiation waves is attained, thus 
making it possible to superimpose the given models.  

The damping forces, in contrast to the method 
described in Fossen are derived to the time domain 
through the convolution integral [1]. As to the wave 
exciting forces, only the Froude-Krylov and diffraction 
(first and second order wave loads) are included, where 
the Froude-Krylov force is treated nonlinearly.  
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Furthermore, Min-Guk and Yonghwan  introduced 
a unified model for ship maneuvering in waves where 
the interaction between the manoeuvring and seakeeping 
model is done similar to the unified models presented 
above [6]. That is, the seakeeping and manoeuvring 
problems are coupled and solved simultaneously. The 
emphasis of the program is on the 2nd order wave drift 
obtained by using a direct pressure calculation method 
which is seen as an important factor in the ship trajectory 
calculations [4]. 

The aim of this paper is to determine via numerical 
methods with Ansys CFX the motion of a Cargo vessel 
involving modeling the ship seakeeping for 2 DOF. 
 
2. CAD AND FINITE VOLUME ANALISYS 

(FVA) MODEL OF THE SHIP 
 

In order to achieve the goal stated above, the ship 
under consideration is the one given in the figure 1 
having the following characteristics: 

• Length-290 m 
• Heigth-32 m 
• Draught-11.1 m 
• DW-57.700 t 
• Engine type MAN B&W 6S50MC-8.200 kW 
• Thickness of the steel plate-22 mm 
• Steel density-7800 kg/m3. 
The geometry of the ship is developed by using the 

software SolidWorks 2015 as seen below: 
 

 
 

Figure 1  Cargo vessel under consideration 
 

After the generation of the geometry some 
geometrical properties are to be automatically calculated: 

• Ship mass-29212771.5516 kg 
• Ship body volume-3745.2271 m3  
• Ship area-102516.6000 m2  
• Center of mass coordinates [m] including the 

freight : X = 155.3927;  Y = 17.6088;   
              Z = -11.9597. 

• Calculated moments of inertia [kg/ m3]: 
o Ixx = 16830893681.8206  
o Ixy = 155000920198.2467  
o Ixz = -104240912271.1265 
o Iyx = 155000920198.2467  
o Iyy = 2751913141157.2334  
o Iyz = -6430523122.9927 
o Izx = -104240912271.1265  
o Izy = -6430523122.9927  
o Izz = 2756311538962.6108 

The ship is having 5 storage hold carrying alumina 
inside the hold 1, 3 and 5 filled 50%. 

The strategy of ship modeling is that the body will 
be treated as a rigid body with the entire mass 
concentrated inside the center of gravity following with 
the study of the ship motion as heave (Oz axis) and pitch 
(around Oy axis). 

The action and reaction of the sea upon the ship will 
be carried out using the Fluid Structure Interaction (FSI) 
of the fluid and the vessel body. 

Inside ANSYS CFX software module the Beta 
option will be activated allowing the direct calculation of 
the ship motion. The rigid body is encompassing a fluid 
domain to which the OZ motion (Oz) and pitch motions 
are permitted. 

The Beta option of the software is supposing that 
the ship is not changing the shape during its evolution 
inside the fluid domain and this is a simplified case of 
FSI with the benefit of tremendously reducing the 
computing power needed for solving the numerical 
problem. In this approach all the forces and moments are 
supposed to act only upon the center of mass of the 
structure and as per the Charles theory the entire motion 
of the body will be described only by the center of mass 
motions. 
 

 
 

Figure 2  The ship seen as a rigid body 
 

In order to simulate the air above the sea, the sea 
itself and their interface the multiphasic option of the 
fluid will be activated. When using the multiphasic 
option of the fluid model there are a sum of phenomenon 
which are interacting as the buoyancy, the impulse and 
momentum exchange in between phases, mass exchange, 
superficial tension etc. that are involved. In our case the 
interface is separating two distinct phases, the gaseous 
one (air)  and the liquid one (sea water). At that interface 
both phases are moving with the same speed and the 
flow is free. The mass fractions inside any fluid or 
gaseous phases is equal to 1 but the interface is defined 
by the mass fraction of 0.5. 

In order to generate the waves inside the fluid 
domain we’ll simulate a moving wall or Flapper. The 
fluid domain is parallelipipedic (like a testing 
hydrodynamic tank) providing enough space ahead and 
behind the ship in order the waves to develop like in the 
figure below: 
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Figure 3  Fluid domain 
 

Once this strategy established the CFX model is 
generated like in the figure below (along with the 
boundary conditions): 

 
 

 
 

Figure 4  CFX Model and the boundary conditions 
 

There are established three monitoring points in 
order to have the at the end of the simulation the graphs 
for ship motions: 

• WaveHeight is placed ahead of the ship body 
and is measuring the wave height impacting the 
ship. 

• Bowpt is monitoring the vertical displacement 
of the ship. 

• COMpt is monitoring the vertical displacement 
of the center of mass of the ship. 

The pitch is calculated from geometrical 
considerations and displacements of points Bowpt and 
COMpt with a new variable defined in Ansys as follows: 
 
 
 

appxPitch=atan2(probe(Total Mesh Displacement 

Z)@Bowpt -probe(Total Mesh Displacement 

Z)@COMpt,2.49[m]) 

The simulation is done as transient with steps of 0.1 
sec within an interval of 10 seconds. 
 
3. CFD SIMULATION RESULTS 
 

After 500 iterations the software is automatically 
calculating the ship motion as below. There are two 
zones: the first one corresponds to transitory behavior of 
the forming waves somehow stochastic, and a second 
stabilized zone where the waves get their shape and the 
ship motion is stabilized. 
 

 

 
 

Figure 5  Motion curves and the seakeeping ship 
 

For the final time step (10 sec) there are some other 
calculated parameters of interest to be shown as in 
Figure 9. 
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Figure 6  Pressure fields distribution on the ship body 
 

The pressure distribution fields as seen above, is 
revealing an maximum value of 5257 Pa at the bowsprit.  

Below is shown the sea water velocity along to the 
ship vessel with a maximum of 0.25 m/s in the same 
bowsprit region. 
 

 
 

Figure 7  Water velocity fields distribution on the ship 
body 

 
The water buoyancy force (BForce) is almost 

constantly distributed along the body with an average of 
9766 kg/(m2s2). 

On the other hand the flow parameters of the fluid 
domain were calculated as well. 

For instance the pressure distribution onside the 
fluid is like in the figure below: 
 

 
 

Figure 8  Pressure distribution inside the fluid domain 
 

The maximum pressure of 5.88e4 Pa is placed on 
the bottom of the sea due to the hydrostatic pressure see 
in Figure 9. 

 
 

Figure 9  Fluid velocity distribution inside the fluid 
domain 

 
The air velocity is having the maximum value of 

11.4 m/s above the ship. 
The interface parameters are calculated as well. For 

instance the wave velocity is to be seen below.  
 

 
 

Figure 10 FE Mesh velocity 
 

The maximum Finite Elements mesh velocity is to 
be recorded near the Flapper with its maximum of 58.8 
m/s. 

The waves are exerting a certain pressure as below 
with an maximum of 319 Pa due to the wave height in 
Figure 11. 
 

 
 

Figure 11  Wave pressure 
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Thus the water velocity will be max. 1.59 m/s due 
to the interaction to the structure in Figure 12. 
 

 
 

Figure 12  Water velocity 

4. CONCLUSIONS 
 

The target of this paper was to show how, by using 
advanced numerical simulation techniques, one may 
describe accurately the ship motion due to the marine 
environment conditions like waves and wind.  

This simulation was done in order to have the input 
data for further studies like the sloshing effects of liquid 
freight inside the hold of the cargo ship, study to be 
described inside some subsequent articles. 

As the sloshing effect take place, the structure of 
the ship is loaded and in some points of the structure the 
stress may become critical.  

By using the motion curves calculated and given in 
Figure 5, all these intricate simulations may be  

successfully developed. 
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ABSTRACT  

The shipbuilding industry is a segment of a continuous engineering development facing many problems generated 
by flexible environment that induces considerable force in the resistance of ship structures. Determination of stresses 
and strain of shipbuilding plate is done with commercial software ANSYS for five study cases. Shipbuilding has 
changed since building the training ship in 1939 and all rivet bonding are replaced by weld plates. 

Keywords: shipyard intervention, structural analysis, stress, deformation. 

1. INTRODUCTION 

In recent years, structural analysis has emerged as a 
means of checking the current buildings eligible low-
cost technique, including shipbuilding. In the current 
analysis were considered normal stresses occurring on 
the surface of the sheet plus alter those caused by waves. 
In this article we studied the use of rivets in the laps shell 
and use or disposal seams. Examples of research is the 
Training Ship “Mircea”, a ship built in 1938 in Germany 
whose structure is combined resistance based riveting. 
Removal of rivets and sheet applications will affect 
vessel flexibility, while welds will induce internal 
stresses in the material without it being subjected to 
external forces. To perform the test it was used a CAD 
environment. CAD environment used is ANSYS, and the 
method of calculation was "Finit Element Method" 
(FEM). The results from the analysis are compared with 
the limit values of stresses and displacements 
accepted.[4,5] 

2. PROBLEM DESCRIPTION 

The article is focused on shipyard repairs related to 
frame plates for ships that were built using both rivets 
bonding and fixing their plates on truss elements. Fixing 
riveting work using doubling the tables over a distance 
of 200 mm, and current technology runs by welding the 
front, sheet in the middle area (area riveting) will lose 
weight and will also influence the deformation and stress 
as shown next in ANSYS simulations. 

 

Figure 1  Training Ship “Mircea” shipyard intervention 

3. NUMERICAL INVESTIGATION 

Methods for solving problems by FEM 
The main stages of the application of finite element 

calculation are: 

1. The finite element discretized structure in 
which only the nodes to be interconnected, 
whose movements are chosen as unknowns. 

2. Choose interpolation functions and is 
calculated for each element matrix B. 

3. Determine the matrices of rigidity and 
stiffness matrix elements of the mesh. 

4. Determine the nodal forces vector, write the 
system of equations, and determine the 
unknowns. 

5. Calculate movements of the points of interest 
on any item and then tensions. 

6. Given the tensions and movements in the 
required check points of strength and stiffness 
conditions. 

Accuracy of results depends on the fineness of the 
mesh and how the conditions of continuity on the sides 
of the elements. Their fulfillment is influenced by the 
interpolation functions in areas with high gradient 
variation must be taken to a higher degree, which leads 
to higher order elements. Construction subjected to 
analysis is modeling in a CAD environment, ANSYS, 
meeting the specifications of construction distance 
between 600mm truss elements, tin is used A32 12mm 
thick and yield strength of 315 N / mm2. [9,12,15] 

The current analysis is performed for five cases, 
varying the length of the sheet metal replacement joint 
area, the riveted with the welded. 
 

4. INPUT DATA FOR MESHING AND 
SOLUTION 
 

The study uses FEM for displacement and stress in 
various cases as presented in geometry built in 
DesignModeler component of ANSYS (Figures 2,6). 

Data collected for computational purposes is based 
in measurements and observations onboard Training 
Ship “Mircea”. The fluid pressure used is,  
Pz = 4.353x106Pa for a wave action in the area of 
intervention. 

 

Figure 2  CAD geometry on DesignModeler Case #1 
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Figure 3  CAD geometry on DesignModeler Case #2 

 

Figure 4  CAD geometry on DesignModeler Case #3 

 

Figure 5 CAD geometry on DesignModeler Case #4 

 

Figure 6  CAD geometry on DesignModeler Case #5 
 

Before being analyzed according to the FEM shaft 
is meshed in elements by ANSYS meshing procedure 
according to Figures 7 and 8: 

 
 

Figure 7  Meshing connections inside solver 

 

Figure 8  Automatically generated mesh for finite 
element analysis 

5. NUMERICAL RESULTS AND DISCUSSION 

Stress Study  
 
The stress study on surface was done on the table 

with a equivalent wave force uniformly 
distributed.[10,11] 

After the simulation in case #3 is observed the 
following results: 

 

Figure 9  Stress Study 

Figure 9 shows that the stress concentration area 
adjacent to the riveting and tension peaks occur at the  
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transition from riveting to the welded area, so this is a 
vulnerable area. However it notes that areas where there 
is less tense riveting stress and focus the remaining area. 

Vibration Study 

In what follows, the element in all five cases 
defined above is subjected to vibration frequency 
between 15Hz and variations of 105Hz. 

 

Figure 10  Vibration study at 15Hz 

 

Figure 11  Vibration study at 23Hz 

 

Figure 12  Vibration study at 48Hz 

 

Figure 13  Vibration study at 51Hz 

 

Figure 14  Vibration study at 64Hz 

 

Figure 15  Vibration study at 105Hz 

Deformation Study 

The total deformation of the application of the 
pressure force uniformly distributed wave, as presented 
for static force in Figure 16. 

 

Figure 16  Deformation Study in Static Structural 

It is noted that the movements are influenced by the 
overlapping plates and the modified mass/thickness of 
the studied area. A solution will be valid when any point 
of material will present stress values according to theory 
guides [13,14]. Collected data will be presented in table 
1. 

All presented values indicate that total deformation 
and stress are modified in all five cases according to 
Figures 17 and 18. Presented values indicate a high 
difference in all simulated situations and these results are 
usable in shipyard repairs and other technical studies 
regarding impact on old ships with modern technology. 
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Table 1. Solution values for all 5 cases 
 

Study case 

Mising 
belt 

length 
[metres] 

Total deformation in 
Total deformation 

Study 
[micrometres] 

Total 
deformation 

in Total 
deformation 

Study 
[N/m2] 

Case #1 2.4 12.1 52145 

Case #2 1.8 8.35 34778 

Case #3 1.2 6.41 26873 

Case #4 0.8 4.44 12080 

Case #5 0 2.42 4897 

 

Figure 17  Total deformation variation 

 

Figure 18  Stress variation according to case 

6.  CONCLUSIONS 

This work has reviewed the influence of modern 
technology in shipyard repairs over an old riveted hull 
built in 1938 based on forces generated real working 
environment. In this analysis we have shown that 
different configuration influences the deformation in 
ANSYS software analysis. This work has presented five 
different cases and results for each case in figures and 
tables. The analysis performed in this article has studied 
the impact of the shipyard intervention using current 

technology. It was observed that the area removed has a 
role in reducing deformation and stress. The advantage 
is that there riveted plates induce less internal stresses in 
the material as presented in case 5. 

The results of this study may help the shipbuilding 
industry in future hull repairs by optimizing the dynamic 
behaviour of the hull and reducing the costs over these 
types of repairs. 
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ABSTRACT 
 

The paper presents an approach to collocations in Maritime English for their manual extraction and classification 
using one of the Admiralty publications – Sailing Directions (Pilot Books). Firstly, collocations are defined in general. 
Secondly, the field of Maritime English, in the broader sphere of English for Specific Purposes (ESP) is stated and then 
Pilot Books are described. Finally, classification of the collocations is given. 
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1. INTRODUCTION 
 

The topic presents a particular research interest 
because in all special terminologies the respective terms 
collocate (typically combine) with certain words 
(adjectives, nouns, verbs, etc.) forming the so-called 
terminological collocations.  

Dealing with collocations (terminological 
collocations in particular) the research calls for their 
definition.  

A collocation can be defined as “a sequence of two 
or more consecutive words, that has characteristics of a 
syntactic and semantic unit, and whose exact and 
unambiguous meaning or connotation cannot be derived 
directly from the meaning or connotation of its 
components”[Choueka 1988]. 

Some examples of collocational expressions as 
given in [Choueka 1988] are the following: 
personal nouns (names of specific, individual, unique 
entities): e.g.  
Ronald Reagan 
President Reagan 
United Nations 
common nouns: e.g.  
ice cream 
high school 
artificial intelligence 
idiomatic expressions: e.g.  
change mind 
sit down 
hit and run 
research and development 
 and idioms like:  
once upon a time 

Thus, it generally assumed that a collocation 
consists of two or more words which have a strong 
tendency to be used together. For example, in English 
you say:  
turn off the light, 
not  
close the light 
strong coffee, 
not  
powerful coffee 
She was attacked in broad daylight, 
not 

She was attacked in bright daylight 
The WorldNet gives five definitions of 

‘collocation’. Here we present two of these: 
• Phrases composed of words that co-occur for 

lexical rather than semantic reasons, for 
example, a heavy smoker is one who smokes a 
great deal, but someone who writes a great deal 
is not a heavy writer. This seems to be a lexical 
fact, not related to the meanings of smoker or 
writer. 

• The frequency or tendency some words have to 
combine with each other. For instance, the 
phrases "tall person" and "high mountain" 
seem to fit together readily without sounding 
strange. A non-native speaker might talk about 
a "high person" or "tall mountain," and this 
construction might sound slightly odd to a 
native English speaker. The difference is in 
collocation. 

 
Collocation is an intuitive ability of competent 

English speakers to put words in correct combinations. 
Such “an arbitrary and recurrent word combination” 
[Benson 1990] proves to be an obstacle to most ESL 
learners who are already too busy with the other rules of 
the English language when they use the language. 

There are two types of collocations, namely 
grammatical and lexical [Benson 1985a, 1985b]. 
Grammatical collocations are those which consist of a 
“dominant word” such as a verb, a noun or an adjective 
followed by a grammatical word, in most cases a 
preposition, as can be seen in examples like sought after, 
deal with, take care of, and so on. As to lexical 
collocations, they are usually formed by two “equal” 
lexical components in combinations like adjective 
+noun, noun +verb and verb +noun [Benson 1985a:62].  

It is this interlingual incongruence which can give 
rise to second-language learning difficulties and 
problems of translation equivalence. “Collocations 
constitute a key component in the lexicon of natural 
language. Translators and/or interpreters should, 
therefore, possess a high syntagmatic competence 
alongside their paradigmatic competence. Unnaturalness 
comes as an immediate consequence of the 
translator’s/interpreter's inability to call up the relevant 
collocations in the target language.”[Abdullah Shakir & 
Mohammed Farghal, 1992-3]. 
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2.  ENGLISH FOR SPECIFIC PURPOSES (ESP) 
 

We are interested in collocations in the domain of 
shipping that is why we have to define the scope of 
English for Specialized Purpose. We take the definition 
of Dudley-Evans [1998] which points out that ESP has 2 
characteristics: 

Absolute Characteristics  
1. ESP is defined to meet specific needs of the 
learners  
2. ESP makes use of underlying methodology 
and activities of the discipline it serves  
3. ESP is centered on the language appropriate 
to these activities in terms of grammar, lexis, 
register, study skills, discourse and genre.  
Variable Characteristics  
1. ESP may be related to or designed for 
specific disciplines  
2. ESP may use, in specific teaching situations, 
a different methodology from that of General 
English  
3. ESP is likely to be designed for adult 
learners, either at a tertiary level institution or in 
a professional work situation. It could, however, 
be for learners at secondary school level  
4. ESP is generally designed for intermediate or 
advanced students.  
5. Most ESP courses assume some basic 
knowledge of the language systems  

 
 Having defined ESP in general we have to pay 
special attention to give a definition of  ME as part of  
ESP. There are many versions of  the English language 
in the world today. The most well-known variants are 
separated by large expanses of ocean. Maritime English 
is a product of life on the ocean itself. 
 There are at least three reasons for its appearance: 
  - the need for clear communication: 
  - the development of a set of terms to refer to 
the parts of ships, and the procedures involved in sailing 
them. 
  - the globalisation of the shipping industry. 
 
3. MARITIME ENGISH AND 
TERMINOLOGICAL COLLOCATIONS 
 

Among the specialists, working in the field, there is 
consensus regarding the name of the language for 
specialized purposes used among the professional 
discourse community as Maritime English Language. 
[Trenkner, 2002]. 

This calls for its defining and description. Defining 
the aims, the subject, and the field of the Specialized 
English Language and the Maritime English in 
particular. The development of linguistics as a whole 
influences upon the approaches of defining and 
describing these fields. Different theoretical approaches 
have different definitions, defining the language for 
specialized purposes. 

There are specialized spheres which refer to the 
professional differentiation of the human activity. The 
research in the field of language for specialized purposes 

(ESP) started in the 60’s of the last century but the idea 
exists even a century ago.  

There are three main divisions in the research of the 
ESP: 1) linguistic description (characteristics),  

2) cooperation with other disciplines, 3) researches 
in the field of methodology of teaching [Prichard 2000].  

There are specialized fields in every language and 
they comply with the professional division in the human 
activities. The well defined research in the field of 
language for specialized purposes started in the 60’s of 
the past century but the idea of Fachsprache and  langue 
de specialite exists even a century before. 

Sager et al define languages for specialized 
purposes as “semi- autonomous, complex systems based 
on and extracted from the general language.” [Sager et 
al. 1980] 

According to the same authors [Sager et al. 1980] 
the specialized language is “subdivision of the language 
from pragmatic as well as extra-linguistic point of view”. 
Sager defines what levels of the language. 
system of the specialized languages are influenced by 
this division. 

According to him they can be looked upon as 
individual systems on grammatical, semantic and 
pragmatic level or as a combination of some of them. 

He finds it sufficient to establish a separate 
pragmatic level, as a separate group of users, different 
topics, and different situations. 

Not so clearly recognizable are the signs of 
separation on lexical and grammatical level. Therefore 
research in specialized language should be made both in 
terms of differences in the modes of expression and in 
relation to the field of use. 

M. K. Halliday [1993] called these subdivisions of 
the language variants of the language, adopting the term 
register. According to Halliday, the term used for the 
first time by Reid in 1956 and later developed by Er [Er, 
Ellis 1977]. He defined register as a variant of the 
language "depending on its use" - what we say, 
determined by what we do (the nature of the social 
activity in which we are involved) and expresses the 
diversity of social processes of a particular situation. 

The important question for him is: What kind of 
situational factors determine the choice that will be made 
in the language system. Halliday separates specialized 
languages as a special case register. The register shall be 
determined by the "linguistic features that are usually 
associated with the configuration of situational factors – 
with certain grades of field of discourse, tenor of 
discourse, mode of discourse " [Halliday, Hasan 1976: 
22]. 

1. Field of discourse - refers to the institutional 
environment of the implementation of the 
communicative act. 

2. Tenor of discourse - refers to the 
relationships between participants in the 
communicative act. 

3. Mode of discourse – refers to the agreed 
channel of communication. 

 
In this sense, B. Pritchard (2001) noted that 

Maritime English is mainly determined by the field of 
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discourse, but can be influenced by the tenor of 
discourse and the mode of discourse. 

The register used will depend mainly on the 
situational constraints set by the adequacy of the 
communicative situation. Therefore, according to him, 
Maritime English can be treated as a "set of registers" 
[Pritchard 2000], for example, navigation, technical, 
legal, commercial, spoken, written, limited etc. i. e. "All 
means of the English language that are used for 
communication by the international maritime 
community, contribute to the safety of shipping and 
support maritime business." [Trenkner 2000]. According 
to P. Trenkner "... specialized language must be viewed 
in the context of human activities linked to the specific 
objectives of certain activity, which for Maritime 
English refers to be considered in the context of the 
activities carried out by seafarers in shipping" (2002 
Trenkner 1). Maritime English is seen as a variant of the 
commonly used English and has all its characteristics of 
a national, multinational or supranational language, i.e. 
as a lingua franca and can be described as a flexible, 
dynamic, multifunctional system or means of 
communication. 

We accept the definition of P. Trenkner [2002: 2], 
delimiting Maritime English. 
"Maritime English language is a combination of all 
those possibilities of the English language to be used 
as means of communication by the international 
maritime community, contribute to the safety of 
shipping and support maritime business." 

This definition was adopted by the maritime 
community and has served as a leading one in many 
researches related to the efforts to improve 
communications at sea and the developments related to 
the standardization of the language used in maritime 
communication. 

Our research work is focused on some maritime 
collocations extracted from pilot book.  

 
3.1 Definition of ‘Terminological Collocation’ 
 
WorldNet does not provide any definitions of the phrase 
‘terminological collocation’. Therefore, if we take the 
first definition of ‘collocation’ cited above, namely, “a 
phrase composed of words that co-occur for lexical 
rather than semantic reasons”, and make the necessary 
changes by adding the terminological component, then 
we can propose the following definition of 
terminological/specialized collocation’: 

A terminological phrase composed of a 
base term and other words that co-occur 
for lexical rather than semantic reasons.  

Marie-Claude L’Homme and Claudine Bertrand [2000] 
distinguish between specialized lexical combinations and 
collocations. Specialists usually agree on the fact that 
both collocations and specialized lexical combinations 
(SLC) conform to a conventional usage within a 
community. Mel’čuk et al [1995] mention that 
collocations cannot be accounted for in terms of regular 
syntactic or semantic rules. Bergenholtz & Tarp [1995] 
claim that special language users with insufficient 
linguistic knowledge will not be able to know whether a 
given word combination is correct in a particular field 

(e.g. in the field of Shipping), which sequence among the 
following is correct: ……rock + verbs….). L’Homme & 
Bertrand contend that “collocations are conventional 
within a given linguistic community; specialized lexical 
combinations are conventional within a group of 
specialists.” Learners of a language or a special language 
must acquire them as such since they are unpredictable. 
This “unpredictability” justifies their insertion in a 
reference tool and has largely determined our choice of 
topic and aim of this thesis. 
 
4. ADMIRALTY PUBLICATIONS. PILOT 
BOOKS 
 

A pilot book or Admiralty sailing directions is one 
of the most important navigational publications 
published by the British hydrographic office. Each pilot 
book refers to a specific area. Its limits are given on the 
cover of the pilot book e.g. North Sea (East) Pilot NP 55. 

 
4.1 Structure and contents of the pilot book 

 
Each pilot book consists of diagrams, illustrations 

and explanatory notes. It also includes short glossary of 
foreign names and terms, a few chapters referring to 
description of the regions, some appendices and 
panoramic pictures of shore landmarks, lighthouses, 
mountain peaks etc.  

Pilot books provide the required information for 
performing safe navigation which cannot be provided by 
the charts or some other nautical publications. Therefore 
pilot books should be read together with the charts given 
in a particular pilot book. Supplements to pilot books are 
published annually. The more important changes are 
published in the Notices to Mariner. 

The first part, called “Navigation and regulations” 
comprises: 

• Limits of the book 
• Navigational dangers and hazards 
• Traffic and operaqtions 
• Charts 
• Aids to navigation 
• Pilotage 
• Radio facilities 
• Ragulations 
• Signals 
• Distress and rescue 

 
The second part, called “Countries and ports” 
consists of: 
 

• Principal ports, harbours and anchorages 
• Port services 
The third part, named “Natural conditions”, gives 
information about: 

• Maritime topography 
• Currents and tidal streams 
• Sea level and tides 
• Sea and swell 
• Climate and weather 

We have to make our research on the follow terms 
and we found the word that they collocate with:  
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• Bank - The rising ground bordering a lake, 
river or sea. Underwater plateau that rises up 
from the ocean floor, creating shallow water 
where fish feed.  

• Bar - An obstruction under the sea made of 
rocks, mud or sand which would prevent certain 
deep draught vessel from entering a port. 
Shallow water usually made of sand or mud, 
usually running parallel to the shore. Bars are 
caused by wave and current action  

• Flat - A place covered with water too shallow 
for navigation with vessels ordinarily used for 
commercial purposes. The space between low 
and high water mark along the edge of an arm 
of the bay, tidal river;a container with two end 
walls and open sides.  

• Reef - To reduce sail spread or area by rolling 
or folding that portion adjacent to a yard or 
boom and making it fast thereto. In square sails 
this reduction is made in the head, while in 
fore-and aft sails it is done in the foot  

• Rock - An isolated Rocky formation or a single 
large stone, usually one constituting a danger to 
navigation. A "pinnacle Rock" is a sharp-
pointed Rock rising from the bottom.  

 
The following table presents the words which 

collocate with the term under research. There is the 
percentage of their occurrence in the pilot book. 

Bank: 
 

Word In 
text 

+ Bank percentage 

North 285 42 14,7% 

Shallow 74 17 23% 

River  225 11 5% 

Sand 693 23 3% 

Drying 157 61 39% 

Narrow 184 3 2% 

    

 
Bar: 
 

Word In text + Bar percentage 
Inner 204 5 2,4% 
Sand 693 12 1,7% 

Flat: 
 

Word In text + Flat percentage 
Tidal 591 10 1,6% 
Mud 31 2 6% 
Sand 693 6 0,8% 

 
We classified the collocations as: 

• Collocate noun + Base noun: For example – 
Extensive area of flat sand,  

• Collocate verb + Base noun: to wind the bar 
• Base noun + Collocate verb: For example - 

Rock rises above the seabed 
• Collocate adjective + Base noun: For example - 

Narrow Bank  

In conclusion it must be pointed out that 
collocations in ESP and in Pilot books have their own 
peculiar characteristics. They are not arbitrary and they 
must be treated in cohesive clusters. This is actually 
helped by the very nature of these collocations being 
knowledge items in the domain of specialists and 
trainees in navigation. Organizing the collocations of the 
particular domain will help the specialists and the 
trainees organize the knowledge in the domain for the 
purposes they aim at.  
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ABSTRACT 
 

The article proposes study of the frazzle of the portal crane during in the motion of braking.  In specifically the 
study is  refers to highlight the phenomen of "stick - slip". The mechanic phenomen is achieving in the numerical 
modeling of contact between wheel and rail during braking. The numerical modeling will be done using the computer 
program Matlab Simulink and FEM software ANSYS. When friction occurs then an intermittent slippage it's hearing a 
acoustic phenomenon. This explains why the sounds is generated by the bow moving on the wire of the violin or the 
squeal during braking of the wheels on the rail. 
 
Keywords: stick and slip effect, coefficient of friction, partial slip. 
 
 
1. INTRODUCTION 
 

In the most shipyards are using the lifting 
equipment moving on rails. This paper present a study of 
the movement of portal cranes. 

It highlights one of the issue of Mechanics contact 
and Physics friction, namely the slipping intermittently 
phenomenon called "stick-slip" between a wheel crane 
and the rail. In the first figure it is presented a 3D model 
of the rail-wheel. This model was made in 3D design 
software NX 7.5. Also it is represented the calculation 
scheme during braking the wheel on the rail. 

 

 
 

Figure 1  3D model rail-wheel 
 
The friction force is oppose to the relative motion of 

two surfaces in contact or of two elements sliding 
against each other. 

The phenomenon of "stick-slip" includes two 
problems. First the problem   the contact and second is 
the dependence of the coefficient of friction with the 
relative velocity between the two surfaces. In first 
problem we have the Hertzian contact theory. And in the 
second problem we have unhertzian theory with the 
friction contact [1]. 

This phenomenon of intermittent slipping occurs is 
the most engineering applications and also in nature. For 
example the vibrations produced by the bow on the wire 
of the violin or harp, produce the sounds. That high-

frequency sound is given by the intermittent friction. 
Same happens with the sound of crickets and other 
locusts [2]. 

Earthquakes occur because of this phenomenon. At 
the time when two tectonic plates are in contact and a 
relative movement occurs between them, a tension arises 
then is followed by a strain producing vibration in the 
earth crust. 

 
2.  DESCRIPTION OF DYNAMIC MODEL OF 
THE STICK-SLIP PHENOMENON.SIMULATION 
OF THE EFFECT USING MATLAB SIMULINK 
 

To full fill the conditions of static friction tangential 
force must be less than the product of the coefficient of 
friction and normal force (T<µP). Meanwhile the contact 
area is divided into a ”stick” area and a “slip” area. 
Sizing those depends on the ratio of tangential force and 
normal force [2]. Once tangential force size exceeds 
normal force size, generates relative motion between 
those two bodies and thus begins dynamic friction. 
Stick-slip phenomenon encountered in a variety of 
engineering applications but also in other domain, shows 
both types of friction, both static and dynamic. There is a 
variation of friction force that causes intermittent 
slipping called "stick – slip". 

 

 
Figure 2  Dynamic model of “STICK-SLIP” 

phenomenon 
 
Figure 2 presents the dynamic model of the "stick-

slip" phenomenon for wheel-rail. In figure 2 we have the 
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following notation: k - modulus of elasticity of the 
surface, G- force of gravity pressing a wheel and Vs- 
velocity brake. Was considered the following idea: 
braking occurs when the wheel is stationary and has a 
track relative motion [4]. The wheel stays glued to the 
rail and when it is pulled by the rail track tends to restore 
because of elasticity [3]. This phenomenon produces 
vibrations in the system. Vibrations are followed by 
sounds with frequencies between 0.6 and 2 kHz. 

The dynamic system proposed it is with one degree 
of freedom and has the following equation; 

 

( , , , ,..)f nmx cx kx F x x t F+ + =&& & & ,                 (1) 

and  

f nF Fµ=
.
 

 
3.  CASE STUDY. NUMERICAL MODELING OF 
“STICK-SLIP” EFFECT 

 
In the case of numerical modelling we will solve the 

differential equation (2) using Matlab Simulink 
computer software. To resolve we will rewrite equation 
(2) in a form suitable for inserting in Matlab Simulink 
blocks.  

 
 
 

 
 
 
 
 
 
 

Processing the differential equation (1) we get a 
final shape for the sliding intermittent movement "stick-
slip";  

0

( )

( )
Vs x

V
s k kmx kx e G Gµ µ µ

−−
+ − − =

&

&& .        (2) 

 

In differential equation (2) sµ  - represent 

coefficient of static friction and kµ  - represent the 

coefficient of kinetic friction.  
These coefficients are determined experimentally 

and taken into standards tables [5].  
For example, steel-steel friction coefficient of static 

friction is 0.4 and kinetic coefficient is 0.2. 
 
Rewriting equation is found in relation (3): 

0
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V
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&& .        (3) 

 
Figure 4  The scheme of solving the equation of slick-slip motion 
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In Figure 4 you can see the block scheme for 
solving differential equations in relation (3). To obtain 
the results  we will introduce the following initial data  
reprinted in table 1.4. 

 
Table 1. Initial figures 
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Following the numerical modelling will be obtained 
results for the movement variation and velocity braking 
variation. And we deduce from these two the “slick-slip” 
effect [6]. 
 

 
Figure 5  Motion graphic 

 
In Figure 5 can be seen the graphic motion during 

rail wheel slip. In the studied case we have a maximum 
displacement of 0.55 mm. As seen, slipping is flashing 
for 5s.The effect of stick-slip as seen, last for 5 seconds. 

In Figure 3 we see the sliding velocity variation. 
We note that it has positive and negative value. In 
sliding phase maximum velocity is 0.9 mm/s. When the 
bonding occurs, the velocity has a negative value 
because the stick effect tends to restrain the movement. 
As you seen in the picture the vibration is a damped one. 
The vibration occurs within 0 and 5s. 

 

 
Figure 6  STICK-SLIP graphic 

 
In Figure 7 can be observed the variation of the 

acceleration under stick-slip effect.  
 

 
Figure 7  Acceleration graphic 

 
 

In sliding phase we have an accelerated movement 
with a 4mm/ s2 value.  

When the mechanical system is falling under the 
stick effect a slowdown tends to hold back the sliding 
movement.  

But due to the large inertia wheel continues to slide. 
In a period of 10s stick-slip effect occurs three times.  

We have a varied accelerated movement.  
The stick-slip effect produce this variation of the 

movement. 
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4. DETERMINATION OF WHEEL STRESS 
UNDER THE STICK-SLIP EFFECT 
 

To determine the stress that occurs during braking 
has been used the ANSYS software.  
 It has been used the calculation scheme of figure 8 
in which was framed the rail on the lower base, has been 
defined the friction contact using the coefficients of 
friction from Table 1, has been applied a force pressure 
and a velocity. 
 The analysis has been made in "Transient 
Structural" module. 
 

 
 

Figure 8  Calculation scheme 
 

The 3D model was meshed in 5717 tetrahedral 
finite elements and 1,380 nodes. Mesh network can be 
seen in figure 9. 

 

 
 

Figure 9  The Meshing of 3D model 
 
This FEM analysis determine the stress of wheels 

during braking.  
The analysis results can be seen in figure 10. Under 

the effect of brake the stress of the wheel range from 0 to 
13.7 Mpa.  

Maximum stress appears at the end of the contact 
surface, in the corners of the wheel. The stress are not so 
high because the speed of the wheel it is very small 
during braking operation. 

 
 
 
 

 
Figure 10  The distribution of stress in the wheel 

 
5. CONCLUSIONS 
 

In this paper work was presented the stick-slip 
effect of the system of brake.  
     - The Stick-slip effect produces vibrations and 
acoustic phenomen in the mechanical system  
    - The results of simulation demonstrate that this effect 
is quite dangerous because the mechanical vibrations 
caused by this phenomenon can resonate with the 
mechanical system, with devastating effect. 
     - The simulation has been done on a specific case and 
in normal operating conditions.  
     - From the FEM analysis, the mechanical system is 
functioning in safe operating conditions.  
     - The stress from the wheel are well below the 
allowable limit of the material. 
      - This calculation can be used for any type of wheel 
out during braking. 
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THE R32 REFRIGERANT - A SOLUTION FOR SHIP REFRIGERATION PLANT 
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ABSTRACT 
 

The paper concentrates on a theoretical investigation on the performance of the vapour compression refrigeration 
cycle. Generally, the refrigeration plants on merchant vessels play a vital part in carrying refrigerated cargo and 
provisions for the crew on board and also air conditioning for accommodations. In reefer ships, the temperature of the 
perishable or temperature sensitive cargo such as food, chemical, or liquefied gas, is controlled by the refrigeration 
plant of the ship. The work presents a comparative study between the new R32 refrigerant and R22, R407C and R134a. 
 
Keywords: cooling capacity, R32 refrigerant, GWP, ODP, refrigeration plant. 
 
1. INTRODUCTION 
 

According to the CIA's The World Factbook, there 
were about 38,000 registered merchant ships in the 
world in 2010, out of which about 920 were designed as 
refrigerated cargo ships. There are about 1100 merchant 
ships, with HCFC-22 being the main refrigerant. In 
addition, there are approximately 30,000 merchant ships 
which have refrigerated systems for crew food supply, 
again, mainly using HCFC-22. Because of the 
proliferation of self-contained refrigerated container 
systems on container ships, there are many more ships 
than those designed for only refrigerated cargo that are 
also carrying some refrigerated cargo. There are more 
than 500,000 such containers that have individual 
refrigeration units of about 5 kW cooling capacity. 
Refrigerants in this sector are transitioning from CFC-12 
to HFC-134a and R-404A/R-507A. 

The main purpose of the refrigeration plant of the 
ship is to avoid any damage to the cargo or perishable 
material. Refrigeration prevents the growth of micro-
organisms, oxidation, fermentation and drying out of the 
cargo. 

Refrigeration is required to prevent natural 
decomposition. In chemistry, a common agent of 
decomposition is heat, which can reduce both inorganic 
and organic compounds to their natural constituents. 
Refrigeration is applied to goods in order to minimize 
this process. For fruit cargo (living cargo), the cooling 
process is used to reduce the metabolic processes that 
would normally lead to ripening.  
The refrigeration and air conditioning industry has made 
tremendous progress over the past two decades in 
reducing the use of ozone depleting refrigerants [6]. The 
original targets of the Montreal Protocol, established in 
1987 to reduce emissions of ozone depleting substances, 
are being met and exceeded. Another consequence of 
these initiatives is that during the 1990s and the early 
part of the present century, there was a considerable 
uncertainty regarding future refrigerant options. 
 
2. ANALYZED REFRIGERANTS  
 

In view of the Ozone depletion and Global 
Warming phenomena, Montreal and Kyoto Protocols 
restrict the use of CFCs and HCFCs in the refrigerating 
systems. The Montreal protocol has given a phase out 

schedule for the removal of R22 refrigerant from usage 
[7]. 

An ideal refrigerant should be energy efficient and 
require small system dimensions. It should be chemically 
and thermally stable, compatible with all relevant 
construction materials and compressor lubricants, non-
toxic, non-flammable and with no detrimental effect on 
the global environment [1]. At the same time, it should 
be non-expensive and easily available. 

In order to compare the theoretical data, we have 
chosen the following refrigerants: R32, R22, R407C and 
R134a. 

The refrigerant R32 demonstrates very good heat 
transfer characteristics [3]. R32 has excellent  
thermodynamic properties as a refrigerant. In terms of 
refrigeration characteristics, it is similar to the 
refrigerants R502 and R22. R 32 is toxicologically safe 
and extremely stable thermally and chemically. 

R22 is the most commonly used refrigerant in the 
world. The refrigerant R22 has been used in residential 
and commercial air-conditioners due to its excellent 
chemical and thermodynamic properties [2]. R22 
contains Cl, and when it escapes contributes to the ozone 
depletion in the atmosphere. The ozone depletion 
potential of R22 is approx. 5% of R12 or R11. R22 is a 
medium pressure refrigerant like ammonia, although it 
has the advantage of a smaller pressure ratio. From 
January 1st 2010, import, produce, sell and / or use virgin 
R-22 is prohibited, according to Regulation (EC) No 
2037/2000 on substances that deplete the ozone layer, 
although reclaimed R-22 can still be used until 2015. 
The refrigerant R407C is a zeotropic mixture of R125, 
R32 and R134a (25/23/52% by weight) with a 
temperature glide of approx. 7 K. It is a long-term 
alternative to R22 in certain applications [7]. The choice 
of heat exchangers is of critical importance for the use of 
R 407C. When an R22 plant with shell and tube heat 
exchangers on the condenser side and on the evaporator 
side is converted to R 407C, it may result in a reduction 
of the refrigerating capacity by 10% and a reduction in 
the coefficient of performance of up to 18%. 
Compatibility with metals is comparable to that of R22 
 

All standard materials used in refrigeration machine 
construction may be used. 

R134a was introduced as the first refrigerant 
substitute. It may replace R12 in practically all 
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applications, such as in household refrigerators, 
automobile air conditioners, heat pumps and commercial 
refrigeration. R134a is non-flammable and 
toxicologically safe. 

R134a is thermally and chemically stable. Its 
compatibility with metals is comparable to that of R12. 

All metals and metal alloys standardly used in 
refrigerating machine construction may be utilized. 
In Table 1 we have shown the physical, safety and 
environmental data of the refrigerants [1]. 

 
Table 1.  The physical, safety and environmental data of the refrigerants 

 
Critical values ASHRAE 34 

Safety group 
 

ODP GWP Refrigerant Chemical 
formula or 
composition 

Boiling point 
at 1.013 bar 

0C 
Temperatures 

0C 
Pressures 

bar 
   

R22 CHCIF2 -40.8 96.1 49.9 A1 0.05 1700 
R32 CH2F2 -51.7 78.1 57.8 A2 0 650 

R407C R32/125/134a -43.8 86.0 46.3 A1 0 1530 
R134a CH2FCF3 -26.1 101.1 40.6 A1 0 1300 

 
3. METHOD OF ANALYSIS  
 

The study concentrates on a theoretical 
investigation on the performance of the vapour 
compression refrigeration cycle [4]. The refrigerants 
R22, R134a, R407C were used as the working fluid for 
the comparison with the R32 refrigerant. 

The simulation has been done on a single-stage 
process with internal heat exchanger.  The conditions 
for the ideal refrigeration cycle are: 

• the evaporating temperature t0 = -30, -20, -10, 0, 
10 0C. 

• the condensing temperature tk= 40 0C. 
• the system capacity  = 50 kW. 
• the compressor isentropic efficiency  = 1. 
• the sub-cooling temperature  = 5 0C. 
• the superheating  temperature = 10 0C. 
The main parameters of performance analysis such 

as refrigeration capacity, mass flow rate, compression 
work, volume flow, pressure ratio, evaporating pressure, 
volumetric refrigeration capacity, compression  
discharge temperature are  investigated for various 
evaporating temperatures ranging between  
-30 0C and 10 0C and a constant condensation 
temperature of 40 0C. 
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Figure 1  Pressure ratio Vs.  evaporating  
temperature 
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Figure 2 Evaporating  pressure Vs. 
evaporating  temperature 

 

E
va

po
ra

tin
g 

 p
re

ss
u

re
   

[b
ar

]
 

0

50

100

150

200

250

300

350

-35 -30 -25 -20 -15 -10 -5 0 5 10

R22
R134a
R407C
R32

Evaporating  temperature [0C] 
 

Figure 3 Volume flow Vs.  evaporating  
temperature 
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4. CONCLUSIONS 
 

Looking at Figures 1 and 2, we can see that 
although the evaporating pressure of R32 refrigerant is 
the largest, the pressure ratio of the same refrigerant is 
one of the lowest, which leads to the conclusion that, 
from the energetic point of view, R32 is very good to be 
used in refrigeration systems. 
In Figure 3, we have presented the volume flow versus 
the evaporative temperature. From this figure, it can be 
seen that, for the same refrigerating capacity, R32 
presents the lowest volume flow rate. This graphic is in 
accordance with Figures 4 and 5. This is an advantage 
for using R32 like refrigerant, because it leads to a 
smaller amount of refrigerant in the refrigerating system. 
Because R32 has a large refrigeration capacity, the mass 
flow rate (and the volume flow rate) will be small 
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Figure 4  Mass flow rate Vs.  
evaporating  temperature 
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Figure 5  Refrigeration capacity Vs.  
evaporating  temperature 
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Figure 6  Compression work Vs.  
evaporating  temperature 
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Figure 7  Compression discharge 
temperature Vs.  evaporating  
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Figure 8  Volumetric refrigeration capacity Vs.  
evaporating  temperature 
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Consequently, the pipes diameters will be smaller 
and, at the same time, the heat transfer surface area of 
the heat exchangers (evaporator and condenser) will be 
smaller. 

In Figures 6 and 7, the compression work and the 
compression temperature discharge versus the 
evaporative temperature are presented. The R32 
compressor has higher compression work and 
compressor discharge temperature compared to other 
refrigerants. We can see that the compression discharge 
temperature is too high. An acceptable discharge 
temperature could be set by controlling vapour injection 
flow rate. The liquid injection into the compressor 
suction line is an alternative to control discharge 
temperature; however, by using liquid injection, the 
performance will decrease, as power consumption will 
increase and efficiency will decrease. The figure 8 shows 
the volumetric refrigeration capacity variation versus the 
evaporating temperature. The volumetric refrigeration 
capacity represents the ration between refrigeration 
capacity and the suction volume flow rate and is in 
accordance with Figures 3 and 5. 
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ABSTRACT 
 

The aim of this study is to simulate the reduction of NOx emissions by using different reduction technologies, the 
effect of combination between the use of EGR and injection timing on the formation of NOx emissions will be 
discussed and illustrated. The first strategy of NOx reduction is the combination between 10% EGR and to retard the 
start of injection 3 degrees. The second strategy is the combination between 5% EGR and to retard the injection 6 
degrees. The study uses ANSYS ICE program to predict the reduction in NOx emissions.  
 
Keywords: Diesel engines, NOx, NO, EGR, injection timing. 
 
 
1. INTRODUCTION 
 

In this study the influence of using two reduction 
technologies at the same time on the formation of NOx 
will be discussed and illustrated. Due to the strict 
regulations of NOx emissions, diesel engines companies 
and developers are seeking to meet the new strict 
regulation of NOx by developing new feasible 
technologies [3]. The excess using of one method for 
reducing NOx emissions leads to negative results in 
terms of fuel consumption and the formation of 
particulate matters [9-10]. Hence, the combination 
between more than one method of NOx reduction at 
moderate level can lead to increase the NOx reduction 
with less negative effects on other engine parameters. 
This study discusses only the effects of combining EGR 
with injection timing on the formation of NOx. 

 
2. THE STEPS OF SIMULATION  
 

The simulation is applied on naturally aspirated 
direct injection DI diesel engine. Engine operation 
regime is speed 1440 rpm, and engine torque 150 N.m. 
the designed geometry is illustrated in figure 1. ANSYS 
ADM program was used for decomposing the sector 
geometry as it can be seen in Figure 2. ANSYS ICEM 
was used for dividing the sector geometry into a small 
cells this step designated mesh step. FLUENT program 
was used for calculating the solution. 

 
 

Figure 1  The geometry 

 
 

Figure 2  The sector geometry 
 

The simulation was performed between 330 CAD 
and 485 CAD. The initial pressure, temperature, and 
composition of in-cylinder gases at the start of the 
simulation were computed using a MATLAB code 
which calculates the parameters of cylinder gases during 
the compression stroke. Other boundary conditions such 
as the temperature of cylinder walls were set to in a good 
agreement with temperature in the literature. 

 
3.  RESULT DISCUSSION 
 
3.1 First strategy of NOx reduction: 
 

The influence of combination of 10% EGR and 
retarding the start of injection 3 degrees on the formation 
of NO is illustrated in figure 3. It can be seen the 
combination between the EGR and the injection timing 
at these rates leads to a big reduction in Volume-
Average mole fraction of NO. The combination between 
EGR and injection timing results in the reducing the rate 
of rise of NO mole fraction due to the reduction in the 
temperature of cylinder gases and due to the reduction in 
the ignition delay period. 

Figure 4 shows Mass-Average mass fraction of NO 
at different methods of NOx reduction, it can be seen 
that recirculating 10% of exhaust gases leads to higher 
reduction in mass fraction of NO than the reduction by 
retarding the injection 3 degrees. The level of reduction 
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in mass fraction of NO by the combination of both 
methods is significantly higher than the use of only one 
method of reduction. 

 
 

Figure 3  Volume-Average mole fraction of NO as a 
function of crank angle 

 

 
 

Figure 4  Mass-Average mass fraction of NO as a 
function of crank angle 

 
The NO density is illustrated in figure 5 as a 

function of crank angle degrees at three cases of NO 
reduction methods. It can be seen that the type of method 
affects the peak value of NO density. Figure 6 shows the 
Volume-Average rate of NO as a function of crank angle 
degree. It can be noticed the effect of each method of 
NO reduction on the peak value of the rate of NO. It can 
be seen that by using 10% EGR, the peak value of NO 
rate decreases 46.41%, while the NO reduction is 
24.04%by retarding the start of injection 3 degrees, and 
when the both method are combined the rate of NO is 
reduced by 62.49%. 

It can be noticed in figure 6 that the sharpness of the 
curves of Volume-Average rate of NO is linked with the 
amount of formed NO and the time of NO formation. 
Hence, the reduction in the formed NO leads to lower 
sharpness in the curve which represents the Volume-
Average rate of NO, and vice versa. 

 
 

Figure 5  Mass-Average NO density as a function of 
crank angle [kg/m3] 

 
 

Figure 6 Volume-Average rate of NO as a function 
of crank angle [kgmol/m3-s] 

 
Figure 7 shows the Volume-Average rate of prompt 

NO. It is obvious how the shape of the curves varies 
according to the method of reduction. It can be seen that 
using 10% EGR reduces the peak of prompt NO and 
reduces the amount of Prompt NO when it compared 
with retarding the injection 3 degrees. The use of both 
reduction methods lead to higher reduction in prompt 
NO which will lead to a relative small reduction in the 
total formed NO. 

 

 
 

Figure 7  Volume-Average rate of prompt NO as a 
function of crank angle [kgmol/m3-s] 

 
3.2 The second strategy of NOx reduction: 
 

The second strategy depends on reducing the EGR 
rate to 5% and to retard the start of injection for 6 
degrees. It can be seen in figure 8 that the influence of 
10% EGR rate on the Volume-Average mole fraction of 
NO is less than the influence of retarding the start of 
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injection 6 degrees. Hence, the shape of the curve of 
total volume-average mole fraction of NO is similar to 
the shape of the curve of NO that presents retarding the 
start of injection more than the shape of the curve of NO 
which presents 5% EGR, in terms of where the peak 
value of mole fraction occurs. Figure 9 shows mass-
average mass fraction of NO, it is obvious as well how 
the use of EGR with retarded start if injection by 6 
degrees leads to a significant reduction in mass fraction 
on NO. 
 

 
 

Figure 8  Volume-Average mole fraction of NO as a 
function of crank angle 

 

 
 

Figure 9  Mass-Average mass fraction of NO as a 
function of crank angle 

 
Figure 10 shows the curves of NO density, it can be 

seen that the curve of total NO density is similar to the 
curve of NO density with 6 degrees of retarding the start 
of injection more than the curve of NO density with 5% 
EGR, because of the contribution of retarding the start of 
injection in the reduction of NO is greater than the 
contribution of 5% EGR in the reduction of NO. Figure 
11 shows the Volume-Average rate of NO as a function 
of crank angle degrees. It is obvious how the second 
strategy of no reduction leads to a significant reduction 
in the peak value of the rate of NO. On the other hand 
figure 12 shows the influence of different methods of 
NO reduction on the Volume-Average rate of prompt 
NO.  

 
 

Figure 10  Mass-Average NO density as a function of 
crank angle [kg/m3] 

 
 

Figure 11  Volume-Average rate of NO as a function of 
crank angle [kgmol/m3-s] 

 

 
 

Figure 12 Volume-Average rate of prompt NO as a 
function of crank angle [kgmol/m3-s] 

 
The influence of each strategy on the formation of 

total NO is shown in figure 13. The first strategy is at the 
left side and the second strategy is at the right side. By 
comparing the results of first and second reduction 
strategies, it can be noticed that using the first strategy 
leads to 44.93% and by using the second strategy the 
reduction in NOx emissions reaches 47.77%. 
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Figure 13  NO fraction at different reduction cases 
[ppm] 

 
4. CONCLUSIONS 
 

After comparing the results of first and second 
reduction strategies, it can be concluded that the rate of 
NO reduction by using the both strategies is almost the 
same. Hence, fuel consumption is the main factor that 
determines which of these strategies is the best to be 
used. The second strategy is the preferable strategy for 
reducing NO. Since the effect of EGR on increasing the 
BSFC [4] is less than the effect of retarding start of the 
injection, and because of the limited ability to reduce NO 
by changing the injection timing [10]. 
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Figure 11 Volume-Average rate of Prompt NO as a 
function of crank angle [kgmol/m3-s] 

 
6. CONCLUSIONS 
 

NOx emissions were predicted by the use of eddy 
dissipation model (EDM) and computational fluid 
dynamics (CFD) method. The result of simulation is in 
good agreament with the experimental result, the 
difference between the simulated result and the 
experimental result is 9.83% which is considered a very 
accurate result for this complicated kind of simulation.  

The shape of the curves of Volume-Average mole 
fraction and Mass-Average mass fraction of NO is in 
good agreement with the shape of these curves in the 
literature. It can be seen how the curve of mass fraction 
of NO freezes after several degrees from the top dead 
centre, and how the curve of mole fraction of NO 
decreases slightly after reaching its peak value. Hence, it 
can be concluded that EDM model is a good model to be 
used in the process of diesel engines development for 
reducing the NOx emissions.  
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