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Abstract 

This article presents operational evaluation of piston ring wear in large marine diesel engines based on inspection 
through cylinder liner scavenge ports. It contains a description of verification methods of piston rings based on  visual 
inspections, clearance measurement of piston rings in piston grooves and piston rings gap measurement. Moreover, it 
is indicated that piston ring gap measurements can lead to an evaluation of piston ring wear and by calculating into 
running hours can be treated as a reference parameter at  next inspections and a parameter determining wear trends. 
Furthermore, application of chromium layers on working surfaces of piston rings enforces the need to  control 
chromium layer wear by measuring the layer thickness by induction and eddy current methods. Concluding, the 
authors discussed constructional – operational methods of improvement between tribological pair – liner and piston 
rings in working conditions . 

Keywords: large marine diesel engines, tribological pair, wear,  piston rings, chromium layer, piston gap  

1. Introduction 

Global economy crisis and continuous growth of fuel prices have forced ship owners to look 
for drastic reduction of operation costs. It can be achieved by ship’s speed reduction to 
Economical or Slow Steaming Speed. However, the reduction in ship’s speed and thus the 
reduction of the engine load leads to the possibility of  various operational difficulties which can 
include, among others increased wear of cylinder liners and piston rings. 

Piston rings in large marine diesel engines rated 6000 kW by cylinder are under significant 
mechanical and thermal loads as an effect of action of mass (inertial) forces and combustion 
pressure changes. Besides, due to engine operation, reduction of cylinder oil feed rate in relation to 
load and extension of maintenance periods for piston’s overhauling, the technical condition, 
correct fitting to liner’s circumference and existence of chromium layer on working surfaces 
increasing resistance for abrasion and thermal resistance, are the significant factors in safe and 
economical operation of diesel engines and have decisive influence on their reliability.

Therefore, operational evaluation of wear and technical condition in tribological pair cylinder 
liner - piston rings is a highly important factor in maintaining proper maintenance schedule. Due to 
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the size of the problem authors limited this issue to operational evaluation of wear and technical 
condition of piston rings. 

2. Visual evaluation of piston ring wear and condition through scavenge ports 

The first and primary step in assessment of piston ring wear and condition is a visual 
inspection through scavenge ports in which the following issues are evaluated: 

- amount of deposits on the top of the piston crown and skirt; 
- elasticity of piston rings (if not broken) and their contact with the liner (there is no blow-by); 
- movement of  piston rings into the grooves on the motion TDC-BDC; 
- condition of working surfaces, fig. 1. 

a

b

c

d

Fig. 1 Inspection through scavenge ports: Instruction for evaluation of piston rings [1] 

Running surface of piston rings is the indicator of the cylinder condition in general. “Polished 
mirror surface”, smooth, clean and without scratches is a normal good running condition, fig. 1a & 
2a. Piston rings surfaces with vertically scratches caused by sharp, hard abrasive particles that 
have the source in fuel oil, e.g. catalyst particles and in air e.g. sand, are presented in fig 1b. These 
hard grains wear down the surface by continuous ploughing and scratching. With higher levels of 
abrasive wear, the surface displays vertical scratches, the size of which depends on the dimensions 
of the particles involved. These particles can also affect the sides of the rings as they jam in the 
ring groove, thereby causing "pitting" of the surface. When particles pass down the ring pack, via 
the ring joint gaps, they will cause a “sand blasting” effect on the upper edge of the ring below, 
which protrudes from the piston ring groove and “the trumpet-shape” scratches on run-in surface. 
In this situation, fuel oil and turbocharger intake filter have to be maintained clean and piston rings 
condition has to be monitored with temporary increased cylinder oil feed rate.

Corrosive wear on piston rings and cylinder liners is caused by chemical attack on the metallic 
surface caused by sulfuric acid formed through a chemical reaction in the combustion chamber. 
Alkaline lubricating oils make it possible to keep the corrosive wear within tolerable limits, 
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despite the use of heavy fuel oil. Observations of corrosive attacks on piston ring running surfaces 
are very rare, as there is a continuous abrasive polish, which is normally more severe than the 
corrosion.

Micro-seizures (new – still active, fig. 1c and old – restoration has begun, fig.1d) and mild 
adhesive wear is the "normal" wear that takes place mostly at the top dead center where the oil 
film is not sufficiently thick to completely separate the piston ring from the liner surface. Severe 
adhesive wear or scuffing takes place when the temperature, the sliding speed or the load exceeds 
a critical value. This usually starts at a very small part of the contact surface but spreads rapidly 
due to the significant deterioration of the surface. The friction is so intense that the surface is 
melted and forms the so-called "white layers", which are very hard and brittle. When they crack, 
small, hard particles flake off and plough the surface, producing the typical scuffing appearance, 
fig. 4a & d. If it covers ¼ circumference of piston ring, it should be replaced. 

The presence of combustion deposits (carbon) is the results of gases blow-by through piston 
rings caused by loss of seal due to excessive ring breakage, lost of piston ring movement – 
sticking/ sluggish in groove, fig. 2b or due to broken piston ring, fig. 3a. However, a partially 
broken piston ring, fig. 3b can still hold the seal. In the mentioned circumstances, piston rings 
should be replaced at the earliest opportunity. 

               a      b 

Fig. 2 Piston rings inspection through scavenge ports: 
a  – perfect condition 384 running hours Mitsubishi 7UEC85LII, b – blow-by through piston rings no. 1 & 2 

which have stuck into ring groove, gas seal is completely broken, Hitachi B&W 6S80MC-C 

          a                  b 

Fig. 3 Piston rings inspection through scavenge ports: 
a  – broken piston ring opposite ring gap Mitsui 7S80MC, b – broken off part of piston ring near gap 

 Mitsubishi 7UEC85LII 

The Chrome-ceramic coating is a lifetime coating [2]. However, the actual wear depends on piston 
running conditions. A partially worn CC-coating does not necessarily mean that the piston ring has 
to be changed immediately. If the remaining chrome layer is intact, it is still fit for continued 
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service. Obviously the scuffing resistance of the ring will decrease accordingly. If the chrome 
layer is damaged i.e. pieces of coating broken out, or patches of coating peeling off, the ring 
should be replaced at the earliest opportunity, fig. 4b & c. 

a

b

c
d

Fig. 4 Examples of piston rings wear [2]

2. Estimation of piston ring wear amount by piston ring gap measurement 

During inspection through scavenge ports the following wear amount measurements of piston 
rings can be carried out: 

- measurement of radial wear in piston ring carried out by the measurement of piston ring gap; 
- measurement of axial wear in piston ring carried out by clearance measurement of piston 
rings in piston grooves. 

a

b
Fig. 6 Measurement of piston ring  gap: a – types of piston ring gaps, b –  piston ring gap  dimensions [4] 
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To measure the piston ring wear amount, it is customary to remove a piston ring and measure 
its width by using a gauge. This is costly and time consuming because of the necessity of piston 
withdrawal. Therefore, a method in which the wear amount can be estimated indirectly by ring gap 
length is applied hereinafter, fig. 6. However, the diameter near liner ports is a mere assumption, 
which may cause wide variation of the estimated wear amount, so this method should be regarded 
as just a rough criterion of the necessity of ring replacement. 
With the piston brought near the bottom dead center using the turning gear, the ring gap length (t) 
is measured through the liner ports. For the cylinder liner diameter near ports (d) the diameter 
measured last or the initial diameter near ports shown in the shop test result should be used. By 
substituting these data in the equation (1) the estimated piston ring wear  amount (h) is calculated. 

� �� �
�

����
�

2
o Ddtth      (1) 

where:
h:  estimated piston ring (radial) wear amount (mm) 
t:   ring gap length measured (mm) 
to: initial ring gap length specification in manual, e.g. in Tab. 1  (mm) 
d:  liner diameter near scavenge ports  (mm) 
D: liner diameter nominal size  (mm) 

Table 1: Data of initial ring gap lengths and allowable wear amount for new piston rings 

Engine Type Cyl. Liner Dia. 
Nominal [mm] 

Initial ring gap 
length to [mm] 

Ring width
b [mm] 

Allowable wear 
amount [mm] 

Wärtsilä RTA 84 840 6.18 26.5 +/- 0.2 5.3 
B&W MC-C 80 800 9.4 25.2 4.2
UEC 85LS II 850 7.0 27.2 4.7

Piston ring wear amount (h) can be also calculated using the calculating chart, fig. 7 that 
allows to check wear limits for the measured gap.  

Fig. 7 Calculating chart for piston rings wear and gap measurement [6] 
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A piston ring gap can be obtained by the so called “finger prints” and measured with a ruler, 
or measured with special vernier calipers [5]. 

Another measurement of piston rings (radial) wear amount is carried out by measuring  
groove depth in piston relief groove rings (CL ring) carried out with special vernier calipers, fig. 
9b. Usually, CL piston rings are applied on top piston rings and their presence confirms the 
usefulness to further operation.
In the next step, the obtained results of the piston ring gap are entered into tables with formulas to 
calculate overall wear and wear rate per running hours, fig 8. 

Fig. 8 Piston rings gap measurement report for Mitsubishi 7UEC85LII 

Measuring of piston rings (axial) wear amount is carried out by clearance measurement of 
piston rings in piston grooves by utilization of special vernier calipers or feeler gauges. Next, the 
results are subject to analyses by comparing to previously obtained results and calculating wear 
rate per 1000 running hour at the reference groove depth of 2mm, fig. 9. 
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Fig. 9  The part of cylinder condition report – groove profile for HHI MAN B&W 6S90MC-C 

3. Alternative Methods of Piston Ring Wear Amount 

Other methods of assessing the condition and wear of piston rings rely on measurement of 
run-in coating on their surfaces, fig. 10 & 11. The following coatings are presently applied on 
piston rings in large marine diesel engines: 

- top coating (outer layers) for initial run-in property and high scuff resistance, soft 
plasma thermal sprayed coating of graphite, Cu or Sn to reduce the run in period at 
initial running. After app. 500 hours this coating is being worn out and it can be 
evaluated visually; 

- undercoating to increase wear resistance, plasma thermal sprayed coating of Mo/ NiCr/ 
Cr-C – wear-resistant coating that can be measured by lepto-scopes with utilization of 
electro-magnetic (induction) methods of layers measurement on ferrous base.  
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Fig. 10 Chromium layer measurement: a – Mitsubishi 7UEC85LII, b – Mitsui B&W 7S80MC-C 
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The wear-resistant coating loses its thickness together with the number of hours worked out by the 
piston rings. The results of such measurements for Mitsubishi, Mitsui B&W and Wartsila engines 
are presented in fig. 10 and 11. The measurements for Mitsui B&W engine (fig. 10b) were taken 
before and after dry docking when all piston rings were replaced. 

Fig. 11 Chromium layer measurement: Wartsila 7RTA84T 

Conclusions
Contemporary requirements of main engine condition  maintenance lead to the need to 

prolong the periods of its satisfactory operation between shipyard overhauls. The basis to perform 
main overhauls are the trends in changes of the measured operational and condition parameters of 
main engines. In such a case the role of  periodical inspections, in which the measurement of 
piston ring gaps and ring wear amount take place, increases in importance. Visual evaluation 
through scavenge ports is sufficient for the purpose of decision making referring to the need of  
shipyard overhaul. This decision depends on the following:

� wear of piston rings (increased gap clearance, achieved limits in dimensions of relief 
grooves CL - Groove); 

� achieving maximum clearance in the piston ring groove; 
� cracked, broken or "stuck" ring; 
� loss of seal tightness rings - "blow-by"; 
� active, deep scoring - abrasive wear on working surfaces, piston rings on the surface of 

the circuit more than a quarter of the ring; 
� total loss of chromium layer; 
� loss of material of size greater than half the height of the piston ring. 

Based on authors’ practical experience with operation of large marine diesel engines, the 
following the constructional – operational methods of improvement in working condition between 
tribological pair – liner and piston rings have been mentioned as a countermeasure plans against 
ring/ liner inconvenience and its safety and economical aims [ 3, 7, 8]: 

- applying gas control rings as top rings (controlled pressure relief ring – CPR ring) – 
reduced variations in gas leakage from the ring gap and gas seal property in long time 
use in accordance with increase wear of ring or liner; 

- applying as top rings relief groove ring – CL ring, to improve the thermal deformation 
of ring ends, gas seal performance; 

- applying oval rings – reduction in local gas leakage from around the ring gap; 
- applying of run-in coating – improved cooling effects from the liner that act on the ring 

at initial running-in period; 
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- applying of undercoating to increase wear resistance (chromium coating ring CCring); 
- piston cleaning/ anti-polishing rings – PC and APR rings; 
- increased jacket cooling water temperature (80-85�C) – reduction of corrosive wear; 
- liner insulation – insulated water cooling channels inside cylinder liner; 
- increased chromium layer in piston ring grooves; 
- adding lubricating groove to liner (multi level lubrication) – reduction of wear caused by 

poorly permeated cylinder oil; 
- applying electronically controlled cylinder oil feed rate (MAN B&W Alpha Lubrication 

System, Wartsila RPLS: Retrofit Pulse Lubrication System, Mitsubishi SIP System); 
- honing of cylinder liner to remove the hard layer on the running surface and to create a 

good surface profile with oil pockets and roughness 
- installing pre-catcher guide plate for water mist catcher to increase total efficiency in 

separation of condensed water droplets are generated in hot and high humidity areas. 
Analyzing constructional and operational solutions used by engine’s manufacturers in order to 

increase durability and resistance to wear of engine components it can be observed that they seek 
similar directions, deal with the same issues and the differences between them are negligible. 
However, a common denominator for the benefits arising from their use, which include: 

- reduced wear of engine components, in particular the piston rings and the cylinder liner; 
-  reduced cylinder oil feed rate and consequently reduction in consumption; 
-  extended Time Between Overhauls - TBO. 
Investment costs are quickly offset during operation and changes to existing structures do not 

require complex operations. In addition, all new engines are built based on these solutions. 
Summarize the mentioned in this article issues it can be stated that the present economical 

situation in shipping industry can meet operational requirements including extension of time 
between overhauls under the following conditions: 

-  application of new constructional and operational solutions to reduce wear of piston 
rings and the use of an electronically controlled engine cylinder liner lubrication; 

-  performing a complete inspection involving not only visual methods but also a 
comprehensive measurement, archiving and identification of wear trends; 

-  maintaining properly functioning fuel and air exchange systems. 
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Abstract 

This paper presents the principles of selecting drive engines for dredge pumps, formulated by this author. In order 
to formulate them influence of drive engines on dredge pump characteristics and dredger effectiveness, have been 
analyzed.  Also, an analysis of results of the author’s operational investigations concerning energy consumption 
and parameters of excavated soil transport on board dredgers has been performed. 
 
Keywords: dredgers, dredge pumps, drive pump 
 
1. Introduction 
 

The problem of selection of dredge pumps is widely described in the literature [2,7,9, 
10,11]. It is different case with selection of drive engines for such pumps. The influence of drive 
engines on characteristics of dredge pumps is already described in [7,9,10], but 
recommendations as to their selection are still lacking.   

The dredge pumps, in contrast to typical pumps, operate in the systems in which water- soil 
mixture is forced through. The mixture is characterized by different density and granulation of 
soil grains that greatly affects characteristics of both pumps and piping.  The most important 
feature of working conditions of dredge pumps is a wide range of pipeline length (e.g. for 
medium – size cutter suction dredger its pipeline length may be contained in the range from a 
few hundred to several thousand meters). Power of dredge pumps depends on their function and 
design assumptions and first of all on dredger’s size. It is contained in the wide range from 
several hundred kW to even a dozen or so thousand kW [1,2,7,9]. 

Power of dredge pumps and their working conditions show that the problem of correct 
selection of their drive engines is very important. The selection principles for drive engines 
should take into account: assumptions as to dredger’s capacity as well as changeability of 
operational parameters which characterize operation of a dredging installation in question.   

This paper is an attempt to formulating the selection principles for drive engines of dredge 
pumps, which take into account the above specified factors.   
 
2. Design capacity of dredger  
 

In owners design assumptions the so called design capacity of a dredger is usually 
specified. In the case of the dredgers fitted with dredge pump (pumps) the capacity is dependent 
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on possible mining the soil by loosening devices (dredging wheels, cutterheads, excavating 
dragheads etc) and possible soil transporting by the dredge pump. In the case of pumping the 
soil the design capacity of dredger decreases along with increasing the pipeline length that 
results from limitations of the selected engine – pump.  

For driving the dredge pumps combustion engines and electric motors are used.  Type and 
size of drive engine seriously affects pump characteristics; therefore we have to speak then 
about characteristics of the entire engine-pump system. The permissible operational area of 
diesel engine is limited by the maximum torque line and the limitation resulting from engine – 
turbo-compressor interaction as well as the maximum rotational speed line (i.e. characteristics of 
rotational speed governor). In Fig. 1a is presented the permissible operational area of the diesel 
engine, and in Fig. 1b – the characteristics of the diesel engine – dredge pump [7,9]. 

The characteristics of electric motor – dredge pump system is somewhat different. It results 
from that the permissible operational area of electric motor is limited in the range of higher 
values of rotational speed by maximum power line and the line of maximum torque - in the 
range of lower values of rotational speed [7,9,10]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Limitations imposed on characteristics of dredge pump driven by diesel engine ; a) permissible 
operational area of diesel engine, b) characteristics of diesel engine – dredge pump 

The influence of the selected pump driving engine on the dredger design capacity is 
exemplified by IHC 175-37,5-75 pump. The rated parameters of the pump are: 

rpmnatsmQkPaH WW 320/3,2,590 3 ���  - where: WH  - the dredge pump lifting height 
determined for water, WQ  - the dredge pump volumetric rate of delivery determined for water. 

The characteristics of the pump and pipeline are determined for medium-cohesive, grainy 
soil (medium grainy sand of 0,2 mm mean diameter grains and 1950 kg/m3density in its 
deposition site ). To determine the pipeline characteristics the dredging depth mz 10�  was 
assumed. And, 1300 kg/m3density was assumed for the water-soil mixture. The determined 
characteristics are presented in Fig. 2. The range of the dredge pump operation (Qmin - Qmax) was 
determined by calculating: the critical speed associated with sedimentation of the winning on 
the piping bottom (Qmin=1,5m3/s), as well as the disposed pump suction head (Qmax=2,5m3/s). 
The diesel engine drive was assumed. Three values of pump drive power were proposed as 
follows (pump shaft power): N1=1460kW (Line 1 is that of constant torque value of M1=N1/�, 
where � – pump angular speed), N2=1840 kW (Line 2 is that of constant torque value of 
M2=N2/�), N3=2180 kW (Line 3 is that of constant torque value of M3=N3/�). For the values 
dredger design capacity characteristics were determined (Fig.3).  
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From the characteristics presented in Fig. 3 results that drive engine of a lower output will 
cause, at a given range of pipeline length, the decreasing of the design capacity of the dredger. 
In the considered case the engine of 1840 kW power output (line 2) will cause the decrease of 
the dredger design capacity at the pipeline length range of 700÷1300 m, and the engine of  1460 
kW power output (line 1) – at the pipeline length range of  500÷1500 m.   
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Fig. 2. Interaction between the drive engine - IHC 175-37,5-75 pump system and the pipe lines of 
different length values ; 1- the system with 1460 kW engine, 2- the system with 1840 kW engine, 3- the 

system with 2180 kW engine 

0

1000

2000

3000

4000

5000

0 500 1000 1500 2000 2500 3000

 

][mLP

1 
3	

2

 
Fig. 3. Characteristics of dredger design capacity for three drive power values for IHC 175-37,5-75 pump 
 
3. Operational parameters of dredge installation fitted with dredge pump  
 

The results of operational investigations carried out by this author [3,4,5], dealing with 
capacity of dredgers have shown important differences between real capacities of dredgers and 
assumed design ones. The operational capacities of cutter suction dredgers amount to about 50-
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60% of their maximum design capacities [4] that obviously resulted in respectively lower loads 
exerted onto dredge pumps. 

Below, in Tab. 1 are collected the basic rated parameters of the dredge pumps installed on 
the investigated dredgers as well as the parameters of operational load distributions for the 
pumps, namely: the average values and standard deviations ( av

DPN , DP
 ), the relative loads av
DPN  

as well as the values of the coefficient nom
DPDP NN /max  defined as the ratio of maximum operational 

power of pump and its rated power. 
All the results deal with the case of pumping-over the mixtures of water and medium-

cohesive grainy soils.  
Tab. 1 

The basic rated parameters of the dredge pumps installed on the investigated dredgers as well as the parameters of operational 
load distributions for the pumps

Dredger 

Basic rated parameters of 
the dredge pumps 

Parameters of operational load distributions 
for the pumps 

w
DPP w

DPQ eff
DPN av

DPN av
DPN DP


nom
DP

DP

N
N max

kPa m3/s kW kW - kW 
TSHD 300 370 0,55 203,5 216,5 0,666 29,6 0,894 
TSHD 400 490 0,5 245 189,4 0,451 20,9 0,597 

TSHD 1600-1 385 1,6 2�616 832,9 0,757 101,4 0,956 
TSHD 1600-2 385 1,6 2�616 828,3 0,753 90,9 0,923 
TSHD 7200 430 3,0 2�1290 1815,9 0,769 178,4  
TSHD 9900 560 3,0 2�1680 2194,5 0,708 240,6 0,894 

TSHD 13700 1240 4,1 5084 3861,9 0,434   
CSD 1600 600 1,0 600 544,1 0,544 114,1 0,865 
CSD 1500 530 0,95 503,5 433,9 0,517 50,4 0,685 

UB 750 1160 1,75 2�2030 1204,5 0,371 300,3 0,668 
UB 500 440 0,7 308 240,5 0,445 29,5 0,574 

BLD 325 410 0,4 164 158,4 0,634   27,1 0,884 

w
DPP  - rated dredge pump pressure for water pumping conditions, 

w
DPQ  - rated dredge pump capacity for water pumping conditions,  
eff
DPN  - effective dredge pump power for water pumping conditions. 

The performed calculations of the load distribution parameters of dredge pumps during 
pumping-over the water-soil mixture showed that for particular dredgers the relative mean loads 
were contained within the interval of 0,371�0,769. It manifests that operational conditions of 
dredgers are very different and they depart from those assumed nominal (design ones). The 
calculated values of the variation coefficient of pump load distribution av

DPDPDP N/
 �  are 
contained within the interval of 0,1÷0,25, where the lower values dealt with suction hopper 
dredgers and the higher values - with suction-cutter and silting-up ones [3]. The magnitude of 
the coefficient suggests that pump load variability is relatively high. It results from variability of 
pipeline length. As results from the performed investigations the maximum pipeline length max

pipeL  

amounted on average to min46,4 pipeL  (where: min
pipeL  – minimum pipeline length). It’s interesting that 

maximum values of pipeline length amounted to only 70-80% of those specified in the design 
assumptions [3]. 

The data presented in the above attached table were used for elaboration of the method for 
determining operational load distributions of dredge pumps [6]. The following relations were 
examined: 

��

�
�
�

�

�
nomeff

DPDP

nomeff
DP

av
DP

Nf
NfN

)(
)(



    (1) 
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The calculation results are given in Tab. 2. The relationships presented in the table are 
statistically significant. The permissible intervals of independent variables for the equations 
given in Tab. 2 result from the data contained in Tab. 1.  

 
 

Tab. 2 

Linear regression equations which determine mean loads of dredge pumps 

Relations
Statistical evaluation 

R 
 t krt m

43,2)(712,0 ��� eff
DP

av
DP NN 0,993 136,7 26,6 2,23 12 

01,22)(076,0 ��� eff
DPDP N
 0,868 49,5 5,24 2,23 12 

where:    R   - the coefficient of correlation, 
   - the standard deviation, t    - the value of the 
test t-Student, m   - the sample number. 
 
4. Formulation of principles for selection of drive engines of dredge pumps 
 

The above presented data were used to formulate principles for selection drive engines of 
dredge pumps. The general conclusion drawn from Ch. 3 is that drive engine for dredge pump 
should not be selected for the conditions of maximum pipeline length and design values of 
water- soil mixture density. As it will lead to selection of an engine of a high power output 
which will not be practically utilized during dredger operation.  

This author has proposed to make use of the results of the above presented operational 
investigations. On the basis of the data contained in Tab. 2, predicted loads for pumps in 
operation can be determined; the loads should be then transformed into drive engine loads with 
taking into account the reduction gear efficiency TM

DP� :  

�
�
�

�
�
�

�

�

�

TM
DP

DP
DE

TM
DP

av
DPav

DE
NN

�




�
)(

     (2) 

where: av
DEN  - the mean values of loads of drive engines, DE
  - the standard deviation of load 

distribution of drive engines. 
In the case of one - engine propulsion system, value of the design (computational) rated 

power output of drive engine can be determined from the following relationship [3]: 

  designav
DE

av
SGdesignnom

DE N
NN

)(
)( �    (3) 

The value designnom
DEN )(  in Eq. (3) is determined on the basis of operational values of av

DEN  for 
the investigated dredge pumps (Tab.1) with accounting for values of the ratio nom

DEDE NN /max and 
assuming an appropriate value of the drive engine power margin DEN� .Value of the margin 
depends on operational conditions and character of load changeability of power consumers 
driven by the engine in question. For pumps of a low changeability of instantaneous loads the 
margin may be assumed on the level of DEN� =(10÷15)% nom

DEN  [8]. Taking this into account 
one should assume the value of 65,06,0)( ��designav

DEN  for cutter suction dredgers and silting-up 
ones, and 7,065,0)( ��designav

DEN for trailing suction hopper dredgers.  
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The other way of determining the value of design rated power output of main engine is to 
use the following relation: 

                              DEDEDE
av
DE

designnom
DE NNN ����� )()( 
�      (4) 

where: DE�  - the relative maximum load range coefficient; by assuming 3�� it is possible to 
estimate maximum load value with the probability of 0,997;  

So selected drive engine for dredge pump ensures that it will operate with the highest 
operational efficiency. Obviously, it is possible to assume other parameters of predicted load 
distribution for dredge pump than those determined on the basis of Tab. 2.   

Coming back to the example presented in Ch. 2 and applying the above given 
recommendations concerning selection of pump drive engine we obtain the following values of 
design rated power output of drive engine for IHC 175-37,5-75 pump : 

� kWN designnom
DE 16351490)( ��  - acc. Eq. (3); 

� kWN designnom
DE 15651495)( ��  - acc. Eq. (4). 

On this basis we are able to select a diesel engine of power output value contained within 
the above specified intervals, e.g.  8L20Wartsila diesel engine of 1600 kW rated power output 
and 1000 rpm rotational speed, as well as an appropriate reduction gear of the ratio 
n1/n2=1000/320.  

Examining Fig. 2 we can observe that the selected engine will impose limitations onto 
pump characteristics, between the lines 1 and 2. The design capacity of the dredger will be also 
placed between the lines 1 and 2 (Fig. 3). 
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Abstract 

The article provides a discussion on the studies and analysis of directional distribution of vibrations generated by 
the combustion engine. The engine is one of the sources of the vibrations in vehicles. The analysis of the vibration 
propagation from source should take into account the directions of the propagation and the dynamics of the vibration. 
The experiment was conducted on the vehicles combustion engine and the orthogonal axes vibrations were measured. 
Analysis of the results allows comparing the values and frequencies of the vibration propagation.  
 
Keywords: engine vibration, directional distribution of the vibration 
 
1. Introduction 
 

Road surface roughness often acts as a major source that excites the vibration of the vehicle 
running on the ground through the tire/wheel assembly and the suspension system [9,10]. There 
are many of different vibration sources in vehicles as well. One of those is motor-car engine. The 
engine vibrations are strongly random processes because there are many of different source of 
vibration in engine. They can have different mechanism of generation and different values and 
frequencies of vibration. The engine block mainly is characterised by the low coefficient of 
dumping. The vibrations of low and medium frequencies up to a few kHz are only slightly 
absorbed. Higher vibration absorbing effects appear only for frequencies of 10 kHz or more [6]. 
Those parameters are determined by materials used in engine construction. There are a lot of novel 
materials used in engine with modern production technologies. Thus the optimal material 
parameters can be obtained [3,7]. 

Vibration processes in combustion engine are unwanted effects but at the same time the can be 
very useful. There are many publications on application of vibration signal in diagnostic 
[1,2,4,5,6,8]. This paper take into account influence of the vibration as the detrimental effect on 
the safety and comfort in mean of transport. The human response to vibration is depending on the 
values, frequencies and directions. Perceptibility of the same frequencies and values of vibration in 
exposure in different directions can be diametrically different.   
 
2. Engine as the source of vibration 
 

The suspension system is very important for reduction of vibration transfer to car body. Before 
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attempting to reduce the vibration levels in a machines or structure of the vehicles by increasing its 
damping, every effort should be made to reduce the vibration excitation at its source. Motor engine 
should be considered as one of the vibration generators. Rotating machinery such as motors can 
generate disturbing forces at several different frequencies such as the rotating speed and blade 
passing frequency. Reciprocating machinery such as compressors and engines can rarely be 
perfectly balanced, and an exciting force is produced at the rotating speed and at harmonics. There 
are two basic types of structural vibration: steady-state vibration caused by continually running 
machines such as engines, air-conditioning plants and generators either within the structure or 
situated in a neighbouring structure, and transient vibration caused by a short-duration disturbance 
such as a lorry or train passing over an expansion joint in a road or over a bridge. 

Consider the vibroacoustics analysis of an internal combustion engine one should take into 
account the fact, that a high level of nominal vibrations is generated, resulting from the target 
function realisation. Internal combustion engine is an object under the influence of internal and 
external inputs. Among them there are mainly: burning pressure, the movement of the piston-crank 
mechanism, inputs from the timing gear system, inputs resulting from the work of the fittings of 
the engine, inputs transmitted from the motor-car body and the drive transmission system. One of 
the most important inputs during the work of the piston-crank mechanism are the impacts of the 
piston by the change of its work direction [4]. 

 

 
 

Fig. 1. Motor engine as the vibration generator 
 

 
3. Research 

 
The research goal was analysis of directional distribution of vibrations generated by the 

combustion engine. The acceleration of vibration sensors type ADXL were used. The ADXL are 
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complete acceleration measurement systems on a single, monolithic IC. It was used the dual-axis 
accelerometer. The acceleration converters are characterised by big direction selectivity, the proper 
sensor placement enables the spatial selection of the diagnostic signal. The studies were block of 
the combustion engine. Under the studies in question, active experiments were undertaken 
featuring measurements of vibration accelerations in a three directions. It were recorded the 
vibration in three orthogonal axes (X,Y,Z). The position and directions of measurements has been 
depicted in Fig. 2.  

 

 
 

Fig. 2. Measurement of vibration of combustion engine in 3 directions 
 

The recorded signals for idle gear of engine load have been depicted in Fig. 3-5.  
 

 
 

Fig. 3. Vibration signal recorded in X axis 
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Fig. 4. Vibration signal recorded in Y axis 
 
 

 
 

Fig. 5. Vibration signal recorded in Z axis 
 

Based on the analysis of the acceleration of vibration in time dimension it can be assumed that 
the vibrations acceleration in vertical direction (Z axis) are the larger value of amplitude. The 
longitudinal vibrations (X axis) have smallest amplitudes. For the analysis the dynamics of the 
vibration in directions the spectrum of the signal can be very helpful. The Fast Fourier 
Transformations (FFT) of the recorded signals were done. The results of the FFT for signals in 3 
directions have been depicted in Fig. 6-8.  
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Fig. 6. Spectrum of the vibration signal recorded in X axis 
 

 
 

Fig. 7. Spectrum of the vibration signal recorded in Y axis 
 

 
 

Fig. 8. Spectrum of the vibration signal recorded in Z axis 
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4. Conclusion 
 

In the spectrum of the signals the characteristics frequencies can be identifying. The ca. 32 Hz 
frequency is correlated with rotation velocity of the idle gear of the engine. The vertical vibrations 
have the largest amplitude but the signal is most stationary. The frequencies not correlated with 
rotation velocity of the idle gear of the engine (1-3 harmonics) are very low energy. The horizontal 
vibration have more frequencies, especially in the spectrum of the X axis vibration can be 
identified many of different frequencies. The directional distribution of vibration can be resulted 
from the elements and systems of the suspension and the mounting of engine. It can be resulted of 
the unbalance of the rotating elements of the engine or other defects.   

The received signal is strongly interfered by various vibration sources and that is why there is a 
necessity to use advanced methods of signal selection and observation in time-frequency domains. 
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Abstract 

Testing of production quality and control of assembly operation requires test of each engine. The paper presents 
results of statistical analysis of maximum power for chosen engines. There were tested 40 the same type engines in 
engine test house.  

Keywords: engine, maximum power, statistical analysis   

1. Introduction 
 

In order to unify methods of measuring engine power produced within the European Union and 
to prevent technical barriers to trade, the European Council introduced the EWG type-approval 
procedures [2,3,4]. Directive related to research engines determines what documentation that must 
be submitted to the authorities. It also defines "netto power", the "maximum netto power," 
"standard equipment ". This document includes also accurate measurements of power, torque, 
engine speed, fuel consumption, inlet air temperature to the engine, barometric pressure, exhaust 
manifold pressure, pressure in the exhaust pipe of the vehicle. There are also listed the components 
that are necessary to conduct a reliable test. 

All these ensure the quality of manufactured engines. Nominal parameter values that 
characterize the type of engine as the power and maximum torque are given as a specific value. 
This is a generalization because the actual values of both maximum power and torque are within 
specified tolerances.  

Typical parameters of the engine are used for the monitoring system. The authors conducted 
some research on vibroacoustics signals application for monitoring the engine [5,9]. 
 
2. Types of engine tests  
 

Testing of production quality and control of assembly operation requires test of each engine 
Presented results of engine testing apply to company (name couldn’t  be presented) where are 
tested all produced engines in engine test house, checking the assembly operation for 100% 
producing population. Moreover this company had special engine test house for characteristics 
test, COP (Conformance of Production), LOK (Lublication Oil Consumption), durability test, and 
other tests to be commissioned by the company or on client’s request [1,6,7,8]. 
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Every engine, which is taken off the line is sent to a separate stand of the so-called 
subassembly. There passes the leak test, which consists of introducing air under pressure into the 
cooling system, then the pressure measurement is made. In this stand, the engine is flooded with 
oil, coolant and fuel. The so-called cold test is made. It involves the simulation of engine work by 
turning the crankshaft. This process is designed to distribute the fuel, oil and coolant throughout 
the system, as well as validation of the submission an assembly of crankshaft, pistons and 
connecting rods .  

Hot tests are made on the working engine (a few minutes). Nearly 90% of the engines are 
tested for short time while the remaining 10% are tested longer (the longest tests are designed for 
prototype engines). The main task of this type of testing is to validate the correctness of the 
assembly and operation of the engine. Sealing elements are controlled, and the visible water or oil 
leaks are being checked.  

It is only when the engine passes through a hot test can be taken to another test that is made for 
a randomly selected engines. The frequency of these tests is changed depending on the number of 
engines produced. 

During the hot test are checked and recorded: numbers: the engine and its model, etc., oil 
pressure and fuel injection temperature for a selected speed, idle speed, engine management 
system diagnostics, automatic assessment of the turbocharger noise, vibration, beating the 
flywheel and crankshaft pulley, exhaust fumes, leaking coolant, oil, fuel, unusual noises). 

Characteristics test - during the test, speed range is tested and on its basic a characteristic of the 
engine (power and torque) is formed. It is also verified: fuel flow, torque, maximum power, 
smoke, characteristics of the controller, specific fuel consumption, oil pressure, the maximum 
exhaust temperature, boost pressure.  

COP test (Conformance of Production) is carried out based on customer requirements. 
Preparation is the same as for the characteristics test. The first step is the automatic warm-up, 
which is used to determine the required parameters of the engine (coolant temperature, air pressure 
and exhaust gas). Then characteristics test is made. The next step is a few hours test of engine 
operation at given parameters with variable load, then re-test characterization is carried out with 
the assessment that is reported to the client. 

Test LOC Lublication Oil Consumption test is performed during by tens of hours the test 
duration is a few hours. During this test, every 30 minutes are monitored and recorded torque, fuel 
flow, the cooling temperature at the inlet and outlet, the oil parameters (temperature and pressure), 
exhaust temperature, exhaust pressure, boost pressure. The test is made at a constant speed. The 
purpose of this test is to measure the oil consumption. Oil consumption is evaluated by the ratio of 
oil used during the test to the duration of the entire test. 

Durability test continues until about tens of hours. The engine is prepared identically to the 
characteristics test. The first step is the automatic warm-up, which is to identify all the engine 
parameters (temperature, etc.). After this test, the engine is disassembled into pieces, with a precise 
measurement of torque on each connection. These parts are to be reviewed. There is checked the 
wearing of all components. After that the engine is assembled and re-passes the characteristics test.  
 
3. Engine parameters  
 

Figure 1 presents a sample graph of the torque and power from the diesel engine. The 
maximum power output value is determined for the assumed speed (which in this case is 4500 
rpm). Similarly, the torque value is determined for a speed of 2300 rpm.  
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Fig.1. Power and torque characteristic for Diesel engine :pink line-torque; blue line-power 

 
4. Statistical analysis  
 

Table 1 presents the results of measurements of maximum power for a sample size of 40 
engines. 
 

Tab.1 Results of measurement 

Maximum Power  Maximum Power 
No. kW No. kW 
1 73,84 21 73,36 
2 73,32 22 73,22 
3 73,39 23 73,91 
4 74,37 24 71,61 
5 73,32 25 72,22 
6 71,51 26 71,67 
7 73,08 27 72,94 
8 73,43 28 71,94 
9 70,21 29 73,52 

10 71,94 30 72,64 
11 71,91 31 71,91 
12 72,01 32 71,72 
13 72,76 33 73,08 
14 72,68 34 72,64 
15 70,92 35 73,53 
16 72,36 36 73,14 
17 71,54 37 69,92 
18 71,78 38 73,86 
19 71,93 39 72,21 
20 72,85 40 72,4 
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The statistical analyzes were made in Statistica. In order to conduct a statistical test procedure 
the distribution of the data in Table 1 was grouped into six classes (fig. 2). Due to the similar 
values of mean, median and dominants it was hypothesized that the normal distribution describes 
the values of maximum engine power.  
 

K-S d=,09154, p> .20; Lilliefors p> .20
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Fig.2. Maximum power grouped in classes 
	

Figure 3 presents the median, lower and upper quartile of maximum power.	 Median and 
average values are similar and provide a symmetrical distribution. It also confirms the low value of 
the kurtosis. 
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Fig.3. Median, lower and upper quartile 
	

N = 40,000000 
% valid=100,000000 
mean= 72,514750 
confidence interval -95,000%= 72,199031 
confidence interval 95,000= 72,830469 
Median = 72,640000 
Sum=2900,590000 
Minimum= 69,920000 
Maximum= 74,370000 
lower quartile 71,910000 
upper quartile 73,320000 

Percentile 10,00000= 71,525000 
Percentile 90,00000= 73,685000 
range=  4,450000 
quartile range =  1,410000 
variation=  0,974544 
standard deviation=  0,987190 
confidence interval of standard deviation. -
95,000%=  0,808667 
confidence interval of standard deviation 
+95,000%=  1,267587 
kurtosis=  0,277375 
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The next figure (4) shows the empirical distribution function for the cumulative value of the 
maximum engine power with the curve representing the normal distribution and confidence 
intervals. 
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Fig.4. Empirical distribution 
	
	
5. Summary  
 

Presented results of statistical analyses show the extent of the real values for the analysed 
maximum power Diesel engines. Narrow range of the standard deviation of the order of 1 kW 
proves the high quality of our engines. The mean value is lower by 1.5 kW from the nominal 
value. It is worth to give by the nominal value with tolerance limits allowable by manufacturer of 
engines. 
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Abstract  

The paper presents a failure model of main elements of the crankshaft-piston assembly,  based on failures of
crankshaft-piston assembly and timing gear system of the Sulzer RD engines, retrieved from the equipment reliability 
data of selected ships.   

Keywords: reliability, durability, failures  

1. Introduction  

 Reliability and durability of piston engines used on ships is an immensely important problem 
as the engines are objects of a very complex structure operating in difficult marine conditions. 
Therefore, extensive engine failures can cause ship disasters. Those failures are of a random event 
character. The available world statistics give only information on damage caused by the disasters 
and not the failure event data, although such information could be obtained from properly lined 
diagnostic parameter measurements. Such measurement lines have already been developed and 
used in diagnostic systems, e.g. by the big ship engine producers – German-Danish MAN Diesel 
and Finnish-Swiss Wärtsilä companies. Those companies have developed such diagnostic systems
as CoCoS (MAN Diesel) and CBM (Wärtsilä) [10,11,15,16].
 In Poland [5], in the years 1972-1977 more than 96000 data were collected on failures and 
inefficiency of selected engines (e.g. 58 Sulzer RD engines) installed on 105 ships owned by the 
Polish Ocean Lines and Polish Steamship Company. From those data indices were calculated 
allowing to detect weak points of the engines.  

2. Analysis of failures  
  

Mechanisms of the marine engine failures in operation can be different but are always 
connected with forcing factors, e.g. load force and torque, vibration, temperature changes etc.  
 In references [1,8], failure is defined as an event whose occurrence causes the element to cease 
(totally or partly) performing its functions.  

The Sulzer RD engine crankshaft-piston assembly and timing gear system consist of many 
elements, so failure of one element need not cause inefficiency of the whole respective assembly. 
One of the results of an element failure in a complex system may be deterioration of the properties 
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of other elements. This can lead to a “failure avalanche”. The second result may be deterioration of 
the technical condition of another element, which can lead to shorter life of the remaining system 
elements.   
 In references [1,7] a classification of failures is used depending on the extension of their effects 
(Table 1). 

Table 1. Classification of failures [1,7] 

Failure form Immediate cause Typical symptoms 

Wear of surface layer Wear due to sliding friction, 
contact loads and thermal wear 

Change of dimensions, shape and 
surface smoothness, increased 
clearances, contacts, motion 

discontinuity, change of trajectory 

Fracture, break or cracks of 
elements 

Insufficient tensile, fatigue or 
impact strength 

Loss of coherence, loss of 
functional properties, inefficiency 

of the whole assembly, loss of 
rigidity 

Plastic strain, deformation of 
elements 

      Exceeded admissible loads Change of shape or form, local 
indentation, elongation 

Deregulations Variable loads, vibrations Slackened connections, knocks, 
loss of functional properties 

Leakage Immediate or variable loads, 
sliding friction wear, ageing 

Loss of liquid or gas medium, loss 
of functional properties 

Burnings Excessive thermal loads System inefficiency, loss of 
functional properties 

Fouling, choking Chemical and physical phenomena System inefficiency, worsening of 
work parameters 

Other 
Ageing of elements, erosion, 
corrosion, scale, destroyed 

protective coatings 

Change of colour, smoothness and 
lustre, unesthetic appearence 

Failure investigations consist, among other actions, in collecting information on operation of 
the crankshaft-piston assembly and timing gear system by means of questionnaires and processing 
the information in the SONUS system [6]. The following indices have been adopted for reliability 
estimation: 

� SCPU – mean time to failure, in hours; 
� INU – standardized per 1000 hours index of the reparable equipment failure 

development speed; 
� CZU – index of the equipment reparable failure structure. 

 Various engine systems were subjected to failure analysis and results are presented in tables.  
For instance, an analysis is shown of the Sulzer RD engine type crankshaft-piston assembly and 
timing gear system failures in the years 1972-1974 (Table 2) [12,13,14] and the subsystem failures 
that occurred in 1974 are listed (Table 3) [14]. 
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 It can be estimated from the failures (Table 2) that most of the 17 forms of failure were 
caused by linear wear (friction, adhesion, corrosion) or volumetric wear (e.g. cracks). In the 
Sulzer RD engine crankshaft-piston assembly and timing gear system they made up: in 1972 - 
60%, in 1973 – 66%, in 1974 – 71% of all failures. Additionally, from the share in the CZU 
overall failure structure: 1972 – 0.42; 1973 – 0.42; 1974 – 0.54 the increasing number of 
failures with increasing engine age can be seen. Therefore, Table 3 presents failures occurred 
in 1974. 

Cracks, fractures and breaks, which may lead even to engine stoppage, took the second 
place in the registered failure forms. Table 3 shows that these type of failures occur most 
often in the piston-rings subsystem (21%) and the piston rod-crosshead subsystem (51%). 
Such subsystem failures require comprehensive analysis of the failure event causes as well as 
laboratory examinations in order to verify the operational experience conclusions.   

3. Model of the piston-rings and piston rod-crosshead subsystem failures  

 Analysis of the Sulzer RD engine crankshaft-piston assembly and timing gear system 
failures indicates that subsystems requiring the most thorough examination are piston with 
rings and piston rod with crosshead – parts of the crankshaft-piston assembly. The two 
subsystems are considered operational when respective characteristics of the subsystem 
component elements are contained within limits defined by their work character. When one of 
the work characteristics [2,3,4,5,9] (e.g. working medium parameters) exceeds the admissible 
limits and for instance the crosshead bearing begins to work defectively, then it is treated as 
inefficiency. 
The work characteristic of any main element of the crankshaft-piston assembly (Fig.1) gets 
monotonically worse under the impairing relaxation stimuli. It may be assumed that the 
subsystem inefficiency occurs when one of its elements exceeds the admissible limits given in 
the specification. The element trouble-free operation time “T” is counted until the moment 
when the work characteristic exceeds the assumed limit value. Fig.1 presents also a situation 
when single stimuli of a determined value occur at randomly selected moments. After “r” 
such occurrences the element as a whole appears nonoperational (inefficient). Action of a 
single stimulus appears as stepwise decrease of the element efficiency by a certain value “y” 
[2,3].      
            

Fig. 1. Action of impairing relaxation stimuli: �(t) – operating characteristic of a crankshaft-piston element; t –
time; T – trouble-free operation time, element durability; r – number of stimuli necessary to cause element 

ineffeiciency; y – stepwise wear 

The failure model may be considered useful when it describes a stable (or normal) period 
of the impairing stimulus action. Then the probability of an increase of the number of failures 

T

Limit level
r

�(t)

t

y
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in the time interval from ”t” to ”t+∆t” does not depend on the number of such increases in the 
time interval from 0 to t.  

It may be concluded from the results of failures of the piston with rings and piston rod 
with crosshead assemblies that usefulness of the presented wear model may be accepted and 
that the wear model is well described by the gamma distribution [2,4,5,9]. Then the value of 
the subsystem trouble-free operation probability for time t can be determined in a simple way 
from the nomogram presented in Fig.2 [3].

Fig.2. Nomogram for reliability R(t)=P(T>t) determination in accordance with the gamma distribution:
r*=r-1 [3]

The above presented considerations allow to estimate the probability values of trouble-free 
operation of the piston with rings and piston rod with crosshead assemblies. From data given 
in Table 3 the � (i.e. the failure intensity) and r (i.e. the number of stimuli necessary for 
inefficiency to occur) parameters can be estimated [2]. Probabilities of trouble-free operation 
during t1 = 1 year (8760 h) and t2 = 3 years (26280 h) determined by means of the nomogram
in Fig.2 are presented in Table 4.

Table 4. Probabilities of trouble-free operation 

Subsystem P(T>8760h) P(T>26280h)
Piston with rings 0,7 0,2

Piston rod with crosshead 0,9 0,5

Conclusions regarding the failures indicate that the most important elements are piston with 
rings.   

4. Conclusions  

1. The analysis of failures and the constructed wear model have shown that the main 
elements (piston and rings) belonging to the crankshaft-piston assembly should be 
investigated in the laboratory conditions by the accelerated wear methods in order to 
determine the causes of crack, fracture or break.  
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2. The reliability investigation statistical data are useful for increasing the reliability 
level of the crankshaft-piston assembly and timing gear system elements in the design and 
manufacture phase.  
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Abstract 
	
The paper presents a novel device, a special buoy, for capturing the energy of sea-waves and the design of its 
model for conducting test in a towing-tank. The paper also presents the research program and general analyses 
on selecting the turbine and hull form, systems of anchoring and propulsion. In addition, it includes some chosen 
results of model tests and numerical calculations. Model of the buoy at the scale of 1:5 was tested in the towing 
tank for some range of wave height and its frequency and for two value of column length, a few states of ballast 
and tension of the anchor ropes. Numerical calculations were conducted for the same conditions and 
additionally for several anchor systems as well. 
	
Keywords: sea- wave energy, wave power device, hydrodynamics model tests  

1. Introduction 
 
Presently over 80% of world production of electric power comes  from fuel power station. 

In view of forecasted farthest increment of  request for this kind of energy and shrinking 
stocks of traditional fuels and threat of adverse climatic changes evoked of their intensive 
expenditure there is urgent requirement of new finding and improvement of existing methods 
of utilization of renewable energy sources.  

Energy of sea and ocean wave is one of such renewable source. There is enormous energy 
potential, but diffused on big surface and because of it practically not exploited until now. It is 
valued for European Union, modestly counting, on 120 – 190 TWh/year for opened reservoirs 
and additional 34 – 46 TWh/year for coastal zone [1]. Average Atlantic wave bears on meter 
of width about 70 kW. Somewhat Baltic waves bear less. According to estimates of Marine 
Institute in Gdansk these capabilities are considerably smaller for polish coastal zone and they 
amount to 3 – 5 kW /m [5]. 

Problems of capturing of sea-wave energy are new relatively and investigated during last 
some tens years mainly by scientific and research centres of seaside highly economically 
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developed countries only. However, it is necessary to note, that last time interest grows this 
topic fastly. Along with growing request for renewable energy and development of new 
technology perfecting of existing and working out of new methods of capturing of sea-wave 
energies are processed. Designing of the objects for commercial use of this kind of energy 
requires exact researching and knowledge and solutions of many difficult problems [7], [8]. 
Especially it concerns such problems as hydrodynamics of wavy motion and, in case of 
floating object, its movement trajectory on wave also so, in order to convert this changeable 
and spread over sea-wave energy to electric power most effectively. 

Mentioned problems have been captivated in topic of research in the Faculty of Ocean 
Engineering and Ship Technology of Gdansk University of Technology [2,3,4]. From about 
three years there are conducted research project which title is: Experimental and numerical 
research of the buoy for capturing of the sea-waves energy. The paper presents an original 
method of winning of sea-wave energy by means of rolling buoy and it’s construction 
solution based on the general concept contained in the patent of Mr. S�awomir Klukowski [6], 
and also some chosen results of model research and numeric calculations. 

 
2. Design requirements assumptions 

 
Prior to starting to design any novel structure, especially one mean to work under marine 

conditions, it is necessary to conduct analysis of the forecasted atmospheric and sea 
conditions which may occur during operation with emphasis on extreme weather scenarios. 
Such analysis allows for assessing the character and value of acting loads, as well as of the 
various hazards and technical problems, allowing for greater accuracy in establishing 
technical requirements assumptions of the structure and its equipment.  

In case of the presented power buoy it was decided that the prototype would be meant to 
operate on the Baltic Sea in the Polish coastal zone at the depth of about 20 meters. It was 
also determined that the design and construction of the prototype should be proceeded by 
model based research in a towing-tank. The decision was made to build at least two models of 
the buoy at the scale of 1:5.The scale was selected based on the possibility of conducting 
research tests of the models on the large towing-tank located in the Ship Design and Research 
Centre in Gdansk, where it is possible to create model conditions close to those found at sea. 
This fact has significant impact on generalizing the measurement results and employing them 
for the verification of calculations. The towing-tank has the dimensions of L x B x H = 260 x 
12 x 6 m and is equipped with a wave generator, as well as a towing carriage with measuring 
equipment. The tank allows for conducting tests for a wide range conditions with waves up to 
0.7 m in height and 14 m in length for regular wave and even greater height for irregular 
waves. The large towing-tank dimensions significantly decrease the influence of wall 
deflection and creation of a shallow-water wave, allowing for conducting longer measuring 
sessions. 

Taking into account the above factors, the following general model buoy design 
requirements were set: 

- transverse buoy hull dimensions – 2.0 to 2.5 m; 
- total draught of turbine column – up to 3.5 m; 
 

3. Construction solutions 
 
There were prepared two designs of the buoy models which differed mostly in the shape of 

the hull, power transmission system, the type of power generator and the buoy anchoring 
system.   
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The first designed solution of the model buoy, which more precise description is presented 
in the paper [3], is shown in fig. 1.  

       
Fig. 1. Conceptual design of the buoy model for towing-tank tests: 1 – buoy body , 2 – column in form of tube, 3 
– turbine, 4 – anchoring chain or line, 5 – buoy body cover, 6 – slidable weight for controlling buoy's centre of 
gravity, 7 - shaft, 8 – unidirectional clutch with bearing system, 9 – main gear , 10 – generator. 
 

The second variant of the buoy was created at a later date following a more extensive 
theoretical analysis of the behavior of objects a top a wave, as well as after taking into 
account realistic technical and financial capabilities of the research. In comparison to the 
previous solution a number of significant changes were introduced. The axially symmetrical 
hull shape was abandoned in favor of form somewhat similar to “Salter’s duck” with a 
markedly elongated front and cylindrical rear part, as can be seen in Fig. 3. It was decided that 
such a shape allows for better use of waves’ kinetic and potential energy. This stems from the 
fact that the significant power of the hydrostatic lift of the water below acting on the 
elongated bow part of the hull should increase the angle of buoy’s deflection. In addition, 
after the crest of the wave passes the bow part above the water surface will increase the torque 
of the returning motion due to the longer arm of its centre of gravity in relation to the axis of 
the roll.            
Assumed following general model buoy geometric parameters: 
- transverse buoy hull dimensions – LxB = 2,03 m x 2,0 m; 
-  draught of the turbine: - variant 1 – T1 = 2,3 m; - variant 2 – T2 = 3,1 m; 
- nominal displacement: - variant 1 – D1 = 0,67 m3; - variant 2 – D2 = 6,9 m3; 

 

47



Sw

7

 
Fig. 2. Construction solution of the buoy: a) – longitudinal section, b) – cross section and on left side – 3 D 

longitudinal section 
 

Sw

 

Fig. 3. Power transmission from the turbine shaft to the generator.  Nomenclature: 1 – buoy hull,  
2 – turbine shaft, 3 – head of column, 4, 5 – tapered roller bearings, 6 – roll bearing, 7 – hub of flywheel, 8 – 

torque meter, 9 – bracket, 10 – unidirectional clutch, 11 – casing of the clutch with  
two horizontal rods, 12 – vertical rods, 13 – flywheel, 14 – bolts, 15, 16 – 1st stage chain pulley, 
 17 – upper shaft journal, 18 – roll bearing, 19 – sleeve, 20 – transmission casing, 21 – 2nd stage  

chain pulley transmitting power to located above generator 
 

The shaft 1 is placed inside the column on roller bearings. Turbine is attached to the lower 
end of the shaft. Blades of the turbine are semi-spherical in shape. This  shape  ensures turbine 
spin in only one direction independently of any lateral motion of the turbine. Number and 
diameter of the blades and diameter of their localization was established  after  model tests of 
turbines in towing–tank with different number and configuration of the blades. The mentioned 
parameters are following:  
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Fig. 4. Photographs of the turbine model  tests in the towing tank 

 
- number of blades  – Ncup = 3 
- diameter of blade  – Dcup = 0,36 m 

- diameter of turbine  – DT = 1,08m 

The new buoy hull also required changes to the anchoring system. Two anchoring strands 
were attached to the flat sidewalls of the hull. Proper selection of the attachment point of the 
anchoring strands was of high importance. In opinion of the authors’ of this paper the 
attachment point should be located somewhat in front of and at the same time above the 
buoy’s uplift centre. Such location is characterized by a very favorable course of the righting 
moment in the function of the buoy’s angle of deflection. This moment is very small for low 
deflection angles due to the short arm of the force acting in the anchoring strand and does not 
interfere with hull’s deflection. It increases to large values with high deflection angles, as a 
result of the uplift center and roll axis shifting away from the point of anchoring strand 
attachment, which to some degree protects the buoy from turning over and facilitates its 
returning motion. 

The lower ends of anchoring strands are attached to a sinker resting on the bottom which in 
turn is connected by a separate strand to the bottom anchoring element. The sinker has the 
form of a box filled with heavy elements. The width of the sinker is substantially larger than 
the buoy width which protects the turbine from catching onto the anchoring strands during its 
rolling atop waves. The weight of the sinker in the water is appropriately smaller than total 
hull displacement, so that in the event of a very high wave the buoy would remain on the 
surface lifting only the sinker. The length of the anchoring strands was set as the approximate 
straight line distance between the points of their attachment to the buoy and the sinker. This 
means that in a certain foreseen range of wave height, the buoy not being able to float freely 
on the water surface will as the waves swell increase its draught. In doing so it will create 
increasingly large resistance, taking on growing amounts of wave energy which will manifest 
itself in increased amplitude of its roll which translates into greater efficiency. 
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4. The buoy model tests  
 
The buoy model presented above was tested in the towing-tank. The apparatus installed on the 
model allowed measuring and recording the following parameters:  

- linear acceleration in three directions, 
- buoy rolling angles, 
- heaving height, 
- torque on turbine shaft, 
- rotation speed and current parameters of the generator. 

The measuring system allows for collecting data with constant rotation speed and variable 
torque or with constant torque and variable rotation speed of the generator.  

The prepared program encompassed the following research tasks: 
� Establishing favorable shape of the buoy hull depending on the chosen variant of defined 

or undefined wave direction. 
� Preparing efficient anchoring system for both of the above mentioned variants of wave 

motion. 
� Establishing the impact of the location of buoy's centre of gravity and moment of inertia on 

its rolling characteristic and power generation efficiency. 
� Investigating the impact of the moment of inertia of the rotating elements of the system 

transmitting power from the turbine to the generator, as well as the influence of the 
gyroscope effect on the effectiveness and parameter stability of the generated electrical 
power..  

� Setting outermost wave parameters:  
- the minimum necessary for starting the process of power generation,  
- the maximum where danger of mechanical or electrical damage appears - if possible to 
obtain in the towing-tank.  

� Setting the general efficiency characteristic of generating power as function of wave 
parameters. 

� Preparing a mathematical model and calculating program for simulating operation of the 
power buoy. 

Verification of calculation results with data obtained during the model-based research phase. 
Two photographs of the model buoy are presented in Fig.5 below - before launching in the 
towing-tank and during tests in regular wave conditions.  

Fig. 5. Photographs of the power buoy model - on the left during preparation for launching, on the right during 
tests in the towing tank 

 
The first series of model tests was conducted for the buoy with short column. Depth of dip 

of the turbine was 2,3 m.	There were measured angles and displacements of  the buoy’ hull as 
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well as rotary speed and torque of the turbine’s shaft for assumed ranges of wave height H wM 
= 0,35 – 0,5m and it’s frequencies fM = 0,3 – 0,44 Hz. Obtained power and angles of pitch of 
the buoy for two values of wave height converted on real parameters are presented in fig. 6a 
and fig. 7a. 

Remaining model tests were carried for the buoy with the column extended about 0,8 m. 
Extension of the column has caused change of mass and dips of draught of the hull about 
0,006 m, and consequently displacement in bottom direction of a mass centre of the buoy and 
change of moment of inertia in respect to pitch movement. After measurements conducted in 
the same way as in first series the tests were repeated for boosted mass of ballast in the hull 
about 100 kg, what caused increase draught  of the buoy about far 0,032 m and next - for 
eased anchor ropes about 0,08 m. 

Results of this  series of the tests are show in fig. 6b and fig. 7b. It is possible to see 
distinct influence of increase of the column length as well as moment of inertia of the buoy 
pitch movement on displacement of extremes of pitch angle and power in direction of lower 
values of  wave frequencies  

 
Fig. 6. Power of the buoy: a) – with short column, b) – with long column 

 
Fig. 7. Pitch of the buoy: a) – with short column, b) – with long column 
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There is visible also an advantageous influence increased rigidity of the anchoring system 

on efficiency of tasted device’s action. It should be mentioned that received results 
considerably differ from expected, especially in value of power. These values are smaller than 
in case of buoy with short column. Reason of this could be for example some technical fault 
committed during exchange of the column on longest one or any error in measurements. 
Because of high cost of the model tests and limited financial means on this purpose the tests 
could not be repeated. Further research of  the buoy for different anchoring systems and 
geometric parameters were conducted with use of numerical simulations only.  

 
5. Numerical simulation 

 
 Theoretical model has been developed based on rigid body motion in six degrees of 

freedom. Forces and moments acting  on the buoy are caused by hydrodynamic external 
reactions according  to wave, anchoring system and gravitation. Hydrostatic forces are 
calculated by integrating the static pressure of the submerged area of hull surface of the buoy. 
Buoy hull is modelled using quadrilateral panels. During calculation of the hydrostatic forces, 
acting on the panel, it is checked by algorithm whether the panel is fully immersed. If the 
panel is immersed partly,  the force is calculated only for the wetted area. Hydrodynamic 
reaction is a sum of two components of frictional resistance and pressure resistance. The 
resistance of appendages is calculated based on its drag coefficient. 

In the presented method water wave motion is modelled using a linear theory of waves. In 
addition, corrections have been introduced taking into account the impact of the free surface 
deformation on the value of hydrostatic pressure. Hydrodynamic pressure is calculated from 
the Bernoulli equation. Impacts, related to the presence of water added masses, is modelled 
using a simplified method based on the strip theory. Buoy hull is divided into strips with a 
specified thickness. Each section is associated a mass of water which causes hydrodynamic 
reaction during accelerated motion. Mass 
of water around frame depends on its  
shape and direction of motion. 

To calculate the total hydrodynamic 
reactions the buoy acceleration ought to 
be known. The acceleration, in turn, 
depend on the sum of the forces acting 
on the hull. Therefore, calculation of the 
forces due to  added masses shoud be 
done by successive approximations. 

The first version of anchoring system 
of the buoy consist of two main ropes and two auxiliary lines. Main ropes are (almost) 
vertical. The ropes are strained to increase draft of the boy. Auxiliary lines are horizontal, their 
role is to prevent yawing. The stiffness of vertical ropes is high to prevent heave motions. 
However horizontal lines are flabby, in order to minimize yawing without reducing pitching. 
The sketch of the anchoring system is presented at Fig. 8.  

The buoy turbine is moving progressive (due to pitch motion) and rotating.   
Hydrodynamic reaction on rotor is calculated as the sum of forces induced on canopies and 
additional elements to which the canopies are attached. Hydrodynamic reaction induced on 
singular (isolated) canopy were calculated after defining and evaluation of the characteristics 
of drag and lift coefficients using RANSE-CFD method. The total torque of the turbine is the 
difference between hydrodynamic interactions and torque response to the generator. Torque 

Fig. 8. Sketch of the modelled anchoring system 
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on the generator is a function of turbine  rotational speed. In this model, we have assumed that 
this is a linear function. 

Below some results of chosen examples of numerical calculations for a two variants of the 
buoy’s anchoring systems are presented. The calculations were conducted for following 
common parameters according to fig. 9: 

 

 
Fig. 9. View of the anchored system of the buoy with shown basic geometrical parameters 
A = 2,0 m; B = 2,0 m; C = 0,162 m; L = 1,84 m; E = 0,370 m; H = 6,0 m; �1; �2; b = 18˚

- T0 = E = 0,320 m – draught of the buoy’s hull before tensioning of the anchor wire;  
- Tk = 0,370 m – draught of the buoy’s hull after tensioning of the anchor wire;  
- d = 0,005 m diameter of the anchor wire; 
- Hw = 0,4 m – height of wave; 

 
Variant 1 of the anchoring system shown in fig. 2  is the same which was tested in the towing 
tank. It contains only two anchor wires which, in an end view, in calm water look like vertical 
line. It means   �1 =  �2 = 0�. Captured power, pitch, horizontal and vertical displacement of 
the buoy calculated for real scale for the same range of the wave angular speed are presented 
in fig. 10, 11, 12 and 13.   
    

Power on the turbine shaft  P = f(omega)
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Fig. 10. Power on the turbine shaft calculated for the buoy with a short column (L = 1,84 m) on left side and 

with a long column (L=2,64 m) on right side. 
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Pitch of the buoy Teta = f(omega)
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Pitch of the buoy  Teta = f(omega)
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Fig. 11. Calculated pitch of the the buoy: with the short – on the left and long column on the right side. 

 
Horizontal displacement Xa = f(omega)
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Horizontal displacement Xa = f(omega)
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Fig. 12. Calculated pitch of the the buoy: with the short – on the left and long column on the right side. 
 

Heaving Za = f(omega)
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Heaving  Za = f(omega)
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Fig. 13. Calculated heaving of the the buoy: with the short – on the left and long column on the right side. 

 
Comparing the results of model tests shown in Figure 6 with the results of calculations 

presented in Fig. 10, one can see significant differences in the values. In autor’s opinion the 
results of model tests of the buoy with the short column are the most reliable. It means that 
theoretical model of calculations gives understated results of captured power by more than 
half. So it can be concluded that shown below values of calculated power under the real 
conditions will be more than twice bigger. 

Variant 2 of the anchoring system is shown in fig. 9. It consists of four anchor wires, which 
position are defined by dimensions C,E, H and angles �1 and �2. Values of the rest mentioned 
geometrical parameters are the same as in variant 1. It is possible to create some variation of 
the system depending on the values of angles �1 and �2. Figures 14 ÷ 16 present power, 
torque and rotary speed on the turbine shaft in function of the wave angular velocity of the 
sea-wave, calculated for four different configurations of anchoring system. These anchoring 
configurations differ only by values of angles  �1 and �2. Presented results are calculated for 
buoy with long column and 2m of wave height. 
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Fig. 14. Power on the turbine shaft calculated for the buoy with a long column:  

Serie 1 - �1= �2 =0˚;  serie2 - �1 = �2 = 15˚;  serie 3 - �1 = �2 =30˚;  serie 4 - �1 = 15˚; �2 = 45˚
 

 
Fig. 15. Rotary speed of  the turbine calculated for the buoy with a long column:  

Serie 1- �1 = �2 =0˚;  serie2 - �1 = �2 = 15˚;  serie 3 - �1 = �2 =30˚;  serie 4 - �1 = 15˚; �2 = 45˚
 

 
Fig. 16. Torque on the turbine shaft calculated for the buoy with a long column: 

 Serie 1- �1= �2 =0˚;  serie2 - �1 = �2 = 15˚;  serie 3 - �1 = �2 =30˚;  serie 4 - �1 = 15˚; �2 = 45˚
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6. Conclusions  
 
The design solution of the device for capturing the sea-wave energy as well as the model 

tests in the towing tank and numerical simulations presented in the paper are the first stage of 
this subject study, which started over two years ago at the Faculty of Ocean Engineering and 
Ship Technology of the Gdansk University of Technology. Even if these studies are not 
completed yet it allowed to determine the impact of various structural and geometrical 
parameters on the quality and effectiveness of device. Right now we can say, that as expected, 
one of the most important is the anchor buoy system. The system applied to the model tests 
was not the most preferred, but was a compromise between the desirable and feasible in the 
existing technical conditions of the towing tank. With the developed method of calculation it 
was possible to perform simulations of the device for several variants of this system. Selected 
results of these simulations are shown in Figures 10 - 15 and they indicate that by changing 
the anchoring system several times more power from the same device operating in the same 
sea conditions may be received. 

When submitting the paper for publication there are conducted further simulations of the 
device operating, for determining the influence of other geometrical parameters and the buoy 
hull shape. We hope that the results of these studies are interesting enough that they were 
suitable for further publication. 
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Abstract 

The paper provides justification for that the scientific research on empirical systems, particularly machines as 
well as other power systems, should take into account randomness and unpredictability of events which exist in their 
operation. The reference is made to achievements of the quantum mechanics, pointing the emerging postulate that the 
quantities called complementary have an important property consisting in that simultaneous and accurate 
measurement of their values is impossible. It has been shown herein that from the quantum mechanics it follows that 
by repeating empirical researches, whether they are observations, experiences or experiments, we cannot expect the 
same results, but we can expect the same frequency of acquiring the individual results. This indicates that acquirement 
of a particular research result is a random event. Additionally, the attention is paid that discovery in science,  of the 
principle of ambiguous causality has led to oppugning the former belief of existence of unequivocal determinism (i.e.
unequivocal effect from each cause) and adopting the ambiguous determinism that is determinism resulting from the
probabilistic laws of the quantum mechanics, which allows (as known) the existence of choice.

Considering the achievements of the quantum mechanics as well as the empirical research results acquired in
the phase of operation of machines and other power systems, it has been proposed to take the achievements into 
account for the empirical research.

Keywords: decision, diagnostics, probability, reliability, diagnosing system 

1. Introduction 

During operation of any machine, as well as any other power system, regardless of the type of 
the applied measuring system, the information on energy properties is obtained as a result of 
initiating and sustaining the operating process that leads to the performance of measurement. This 
process is [2, 5, 6] a two-dimensional stochastic process {D(t, �): t � 0, � � 0}, which is composed 
of the process {B(t): t � 0} of operating the measuring devices and the process {C(�): � � 0} of
acquiring information by the devices, which is the result of measurement.

Publications referring to metrology [eg. 18, 19] say that the measurement means an action 
where it can be stated that at a given time and under defined conditions and by using defined 
methods and the related measuring devices, a determined  measured quantity (w) is a value from 
the numerical interval [a, b], i.e. that
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bwa ��       (1) 
where 
b – a = 2	, where 2	 - threshold. 

The process {B(t): t � 0} is a process that results from use of measuring devices when a tested 
machine (or other power system) is under operation performing a specific task, thus, is a process 
considered in a long time, which may but do not have to involve the following: 

� repeated or various momentary measurements leading to obtaining the momentary values 
(xi, ti), i = 1, 2, …, n as well as 

� elaborated results of the tests and developed reasoning that results from them. 
This process has a significant impact on reliability of the results of empirical studies [7, 8, 9,

17, 23]. However, the process {C(�): � � 0} is a process connected with performing
measurements of physical quantities (energy parameters of machines) and with conducting a
reasoning (inductive, deductive) at a defined time called a short time, so at operating (working)
time of measuring devices, within which the final information (diagnosis) on energy state of the 
machine is obtained. Thus, the process {C(�): � � 0} is made by the following realizations:
diagnostic testing which consists in measuring a physical quantity characterizing the machine and
reasoning which leads to development of a diagnosis on energy state of the tested machine (power
system). Thus, an output of completion of the process {C(�): � � 0} is a diagnosis, whose the 
reliability is the greatest when the measuring devices worked reliably during the course of the
process, and disturbances resulting from interaction of the environment were of small scale due to 
resistance of these devices to such disturbances.

However, each inference about energy state of a machine is characterized by uncertainty 
because some mistakes can (and generally do) happen while making measurements.

Each measurement is performed with a defined accuracy which depends on the applied 
measuring methods and measuring devices (means), and testing conditions and qualifications of 
the staff doing the measurements. Thus, it arises a problem of existing inaccuracy in each 
measurement. This inaccuracy results from both: errors of the applied methods and measuring 
devices as well as changes in properties (characteristics) of the tested machine, proceeding while 
making the measurements. The cause of the inaccuracy is mainly a limited resolution of the 
measuring devices (which results from their threshold, randomness of the studied phenomena) and 
such errors as: quantization error, aperture error and sampling time error in case of using a digital 
signal for measuring [18]. Thus, the empirical studies of each machine or other power system
involve measurement uncertainty which should be explained at least to the extend to be able to
determine the main cause, i.e. whether the inaccuracy is mainly the result of [18, 19]:

� errors of measuring methods and measuring devices which, as known, depend largely on 
accuracy, sensitivity of measuring transducers or sensors, inaccuracy of the devices, which
is defined by the inaccuracy class, as well as on stability and reliability of measuring 
devices – or

� changes in the characteristics of the machine while making measurements.
A correct explanation for the reasons of these inaccuracies in measurements is necessary to be 

able to estimate rightly the inaccuracies of the machine properties (power systems) and to make 
the right choice of proportion between the inaccuracy in measuring devices and the current 
inaccuracy in the properties of a machine as well as other power systems. The difficulty in 
determining the measurement uncertainty connected with the properties of the measuring methods 
and measuring devices, and the properties of diagnosed machines (and other power systems) is the 
quantum nature of their changes that causes randomness and unpredictability of events in 
empirical research. Therefore, it is necessary to consider this issue.
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2. Randomness and unpredictability of events in empirical research

The measurement technique is dominated by a deterministic approach to identification of 
energy state of machines, however, more and more often the probabilistic aspects of empirical 
studies are noticed [6, 13, 16, 22, 23]. This is due to the traditional perception of the changes in
energy state of machines and other power systems, which assumes that randomness and 
unpredictability in empirical research when making the measurements can be, in general, omitted.
For this reason, an analysis of results is limited to the use of the classic account of errors and 
sometimes this account of errors is omitted without thorough justification of its uselessness for
empirical research. One of the important reasons for this approach in diagnostics of machines was 
the fact that from the early years of the twentieth century, in science, there was in force a
deterministic theory for describing phenomena, events and processes, finally developed by 
marquis Pierre Simon de Laplace. In the theory, P.S. de Laplace made an assumption that there 
were similar laws in both the macro- and micro-world, according to which all the changes proceed.
In compliance with these laws every phenomenon occurs, lasts and disappears, all events (facts)
proceed and any processes are realized. Following this theory, the entire universe is completely
determined in both macro-and micro-scales. This vision of changes proceeding in space and time,
was the basis for development of the science of those days, also the basic methodological
assumption of physicists, until the early twentieth century. This view has led to development of the 
mechanics known today as classical (i.e. non-quantum, before quantum). Also it caused an 
emergence of belief that the laws of motion and any other changes can be expressed in the form of 
differential equations that have unequivocal solutions. This determinism is expressed in

� the principles formulated by Isaac Newton, describing the laws of nature,
� partial differential equation proposed by Erwin Schrödinger (1926), whose the solution is 

the wave function determining the quantum state of a micro-particle at any time in 
deterministic aspect,

� Albert Einstein's equation regarding the photoelectric effect as well as in the equation 
which describes, also in the deterministic aspect, the relationship between energy, mass and 
its velocity. 

These equations are not only deterministic, but also reversible over time [14, 20]. It turned
out, however, that despite the efforts of many mathematicians, they did not succeed to prove the 
existence of uniqueness of the solutions to differential equations. This situation caused an 
eagerness to seek a probabilistic concept for interpretation of the reality. An example for this can 
be a probabilistic interpretation of the wave function obtained from the said Schrödinger’s wave 
equation, which was proposed by Max Born (in 1926), who could not accept the fact that this 
function represented the "real" electron wave, even though other physicists accepted this equation 
as a tool for solving the problems of the quantum mechanics. In this interpretation the wave 
function (
) is such a product with values which are complex numbers [4, 11], that 2Ψ  is a 
measure of the probability of finding a micro-particle in a given space area (point). That means 
that you cannot be sure where such a micro-particle as an electron is located, but you can calculate 
the probability that it finds itself in a given point in space, if the aforementioned wave function is 
known. This corresponded to Niels Bohr’s believes, who accepted the partial and wave theoretical 
models of existence of micro-particles. Also he believed that it was impossible to predict a specific 
outcome of empirical studies, and it was only possible to calculate the probability that the outcome 
of e.g. the given experiment would be such this and no other. But the final blow to the 
deterministic theory of P.S. de Laplace was done by Werner Heinsenberg’s uncertainty principle
(1926), which together with the Max Planck’s quantum hypothesis (1900), explaining the essence 
of the radiation of hot bodies, became one of the fundamental elements (achievements) of the 
quantum mechanics. This theory is nowadays the basis of the modern science and technology. It
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was established in the twenties of the last century by Werner Heinsenberg, Erwin Schrödinger,
Paul Dirac, and also Wolfgang Pauli, Niels Bohr. Albert Einstein and Richard Feynman (creator of 
nanotechnology, considered by physicists as a genius No. 2 after A. Einstein) made their 
contributions to this theory, too. Its rules explain functioning of e.g. transistors and integrated 
circuits, thus one of the most important components of electronic devices, without which there are 
no modern measuring instruments. These rules apply to modern chemistry (quantum chemistry), 
cryophysics (quantum liquid) and biology. Among the physical sciences only the theory of 
gravitation and cosmology are not yet fully agreed with the quantum mechanics [12]. However, it 
should be expected that one day this will happen. The general theory of relativity describes well 
the observations because in ordinary conditions there exist weak gravitational fields. However, 
from the singularity theorems it follows that the gravitational field is very strong in at least two 
situations: in the area of black holes and during the Big Bang, as well as just afterwards [12]. In 
the fields of this kind, the quantum effects cannot be omitted [12, 20]. Therefore, it can be 
expected that the classical theory of relativity should fall due to the mentioned space-time
singularities. Currently, the efforts are focused on developing a quantum theory of gravity. The 
classical (non-quantum) mechanics fell down because it assumed that the atoms should be brought
to the state of infinite density. According to the assumptions of the theory, a hot body should 
radiate electromagnetic waves with the same intensity at all wave frequencies. This would mean 
that the inference that the total energy emitted by the body is infinite, is true. This inference is,
however, wrong and that is why Max Planck formulated the hypothesis saying that 
electromagnetic waves cannot be emitted at any free rate, but only in specific portions which he 
called the quanta (hence the name of quantum hypothesis).

Moreover, from the quantum mechanics it follows that such physical quantities as energy, 
angular momentum (rotational momentum) can change only in steps. It also results that the 
quantities called complementary have an important property which consists in that impossible is 
simultaneous and accurate measurement of their values. For instance, the more accurate 
measurement of the micro-particle position we get,  the less precisely its momentum, and thus - its 
velocity, is determined. This proceeds in compliance with the mentioned Heinsenberg's 
uncertainty principle which determines the degree of inaccuracy in the measurements of the basic 
physical quantities (position and momentum of a particle, and also energy and time) and this has 
nothing in common with the accuracy of the measuring methods nor the accuracy of the measuring 
devices (instruments) [4, 11, 12]. From this it follows that in the micro-world it is not possible to 
predict accurately the future position of the particle being smaller than the atom, which is 
important for example for controlling the electron beam in a cathode ray tube. Thus, it is justifiable
that the models of the atom, first by Joseph John Thompson, then by Lord Ernest Rutherford and 
N. Bohr (though the Bohr’s model explained quite well the structure of the simplest atom, a 
hydrogen atom) have been replaced by a model of the atom based on the quantum mechanics. In
this model, the electrons in atoms do not move on any specific orbits, but in so-called the orbitals 
considered as the areas of space around the nucleus, where the probability of existence of (finding) 
an electron at a given time has a strictly defined value. As proposed by Richard Feynman it is
assumed that a particle does not move on one track, but on all the possible trajectories (available 
orbits) [1, 12]. The available orbits called the orbitals of the electrons in atoms, are understood as 
the areas of space around the nucleus where an electron can appear at a defined time, with a 
determined probability [1].

Transferring these findings into the field of macro scale research, it can be assumed that from 
W. Heinsenberg's uncertainty principle it results that by repeating empirical research, regardless of 
whether they are observations, experiences or experiments, you cannot expect the same results.
Thus, the question arises: how different can the results be expected? The answer is as follows: this
depends on the taken testing method, accuracy of the used measuring instruments, conditions of 
the tests, and possibility of their repeatability, experience of the person conducting the tests, the 
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number of performed measurements, duration of the tests, etc. This means that by repeating the 
empirical tests, especially experiments, under given conditions, we should always expect different 
results. This indicates that acquirement of a specific test result is a random event. Thus, the
measured values must be considered as random variables. Of course, if the variability of results is 
small, it can be omitted, but in any such case the reasonability for such proceeding must be 
justified. The most important phases of empirical research include performance of measurements
[3, 6, 13, 16, 22, 23]. Each measurement has got a feature that the acquired measurement results
(values of physical quantities) involve the said uncertainty and errors arising from the existence of 
different disturbances. It must, therefore, be assumed that the randomness of each measurement 
result is its integral attribute.

Thus, the quantum mechanics based on W. Heinserberg's uncertainty principle, introduces the 
unavoidable randomness and unpredictability into the science and practice.

More general uncertainty than the said uncertainty principle is introduced by a phenomenon 
known as deterministic chaos [21]. This phenomenon can be observed if the studied model is a 
system of differential equations, especially nonlinear equations of the second, third and fourth 
order. It is known that the solution to a deterministic system of differential equations takes the 
form of very complicated oscillations, of which the cause is not a large number of degrees of 
freedom or local disturbances, but the increasing instability dependent on the precision in
determining the initial state which depends on the initial conditions connected with time and also 
on the coefficients of the time-dependent equations. The deterministic chaos is closely related to
occurrence of so-called attractors that are usually non-periodic trajectories attracting other 
trajectories from their environment [1, 21]. Detection of the attractors enables better prediction of
appearing random events. Thus, making an allegation that the empirical system develops 
chaotically may simplify the study of its evolution. This means that chaos is not always a negative 
phenomenon. Adding the noise with random properties to the non-disturbed empirical system, can 
lead to statistical stabilization or periodicity in the evolution of the system. This requires a new
approach to the relationships existing among deterministic and statistical and probabilistic
methods for empirical studies on machines and other power systems.

Another source of chaos may be inaccuracy in defining the parameters in the model. This fact
is connected with the phenomenon of bifurcation (splitting into real test results acquired when
testing the empirical systems and the expected (supposed) ones).

Discovery of the principle of ambiguous causality in science has led to oppugning the old 
belief of unequivocal determinism (i.e., unequivocal effect from a cause) and adopting an 
ambiguous determinism that is determinism resulting from the probabilistic laws of the quantum 
mechanics, which allows (as known) the existence of choice.

From the presented considerations it results that by organizing and conducting empirical tests 
of machines and other power systems, the attention should include the following laws (rules) of:

� ambiguous causality, i.e. existence of randomness of events (including the event which is a 
diagnose about a machine's state), and therefore, it is necessary to recognize at least the
ambiguous determinism,

� uncertainty formulated by W. Heinsenberg,
and also such facts as: 

� existence of general randomness of nature as its indispensable feature, resulting from its
infinite complexity,

� existence of deterministic chaos resulting from the so-called sensitivity of models of 
empirical systems, especially machines, to their initial state,

� limited (always) accuracy of measuring methods and measuring devices, thus also of the
measurements performed with these devices,

� inaccuracy of the machine being an empirical system,
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� unreliability of the measuring systems (instruments) adopted to perform the measurements 
and thus to identify the energy state of the machines.

The measurements refer to specific test procedures during which when implemented there can 
be made many mistakes as a consequence of:

� performance of empirical tests in highly disturbing conditions,
� improper performance of measurements and calculation of errors (e.g. not taking into

account the quantization error and aperture error, and time sampling error), because of 
using the measuring devices with insufficient (inadequate) accuracy and/or omitting some 
measurements,

� wrong recording the results of measurements being properly performed and signaled by
measuring devices,

� incorrect interpretation of measurement results at the stage of their acquisition and
subsequent inferences about the state (energy, technical) of the machine due to inaccurate
(incorrect) readings of indications by gauges (measuring devices) and adoption of
inaccurate data processing algorithms,

� improper identification of machine's energy state, even though proper performance of 
measurements and disposal of the correct results from empirical tests.

This all makes that in empirical research where measuring methods and measuring devices are 
applied, there exists a problem of measurement uncertainty that results from changes in properties 
of the machine being an object of empirical studies, which takes place when performing the 
measurements, as well as from errors of the measuring methods and measuring means [12, 13] . 
Consequently, uncertainty arises which has to be explained in the research. The explanation should 
include at least a formulation of the main cause for this uncertainty, mainly whether it is the result 
of:

� changes in properties of the machine being an object of empirical research, which proceed 
at the time of measurements, or

� errors of the measuring methods and measuring devices (instruments, means).
Therefore, for this type of studies, it is important [19]:

1) to estimate the value of uncertainty for the object of empirical studies which is the 
machine,

2) to estimate the value of uncertainty for the measuring technique (measuring methods and
measuring devices),

3) to select appropriate proportion between the uncertainty of measuring technique and the 
existing uncertainty of the studied object (machine).

In this situation, elaboration of a specific information (diagnosis) on the energy state of the 
machine or any other power system, requires application of the mathematical statistics, calculus of 
probability and stochastic processes.

3. Indications for quantum aspects of empirical studies on machines and other power 
systems

During empirical studies of machines and other power systems there exists a research situation 
that causes randomness and unpredictability of the recorded events. Therefore, [5, 7, 9, 10, 13, 16, 
18, 19, 22, 23]:

� for empirical studies of machines and other power systems there is a degree of uncertainty
in the test results, connected with all the examined phenomena and events involving wear,
damage, generation of energy signals, etc.),

� it is not possible to predict precisely the changes in technical and energy characteristics of 
machines and other power systems under operation,
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� there are changes in state of machines and other power systems (being the objects of 
empirical studies) when making measurements, as well as errors of the applied measuring 
methods and measuring devices,

� negligible variability can be determined as a result of application of the calculus of errors
that does not lead to defining a real value,

� significant variability requires an application of the statistical estimation,
� real value (correct value) is an abstract term,
� it is necessary to assume that the value of the arithmetic mean, obtained from the 

measurements, is different than the real value of the measured physical quantity,
� one cannot expect the same results, but can expect the same frequency of obtaining the

given result.
The considerations demonstrate that in empirical studies of machines and other power systems 

an uncertainty arises in the results acquired during performance of measurements. Therefore, a 
necessity occurs to identify the reasons of the uncertainty in the results. The most important 
reasons for the uncertainty in the results include among others [4, 8, 9, 10]:

� quantum changes in the properties of machines and other power systems (their energy and 
wear), that lead to quantum dissipation of their energy

(2) 
                    

where:
Ei (i = 1, 2,..., n ) – energies determined due to recording by the measuring system the 
subsequent drops in energy (E) of the machine (mechanism) in a form of portions (quanta) e;
Emax – maximum energy that can be generated by a machine (mechanism) at the time of 
correct operation, possible to be recorded by the measuring system, Emin – minimal energy 
that can be generated by a machine (mechanism) at the time of failure (recording this energy
by the measuring system does not have to be possible),

� quantum symptom of changes in physical quantities which characterize: the flow of heat or 
electricity, energy radiation in the form of a stream of particles or electromagnetic waves, 
radioactive decay, etc.,

� in metrology, the term of  “quantum of time” was implemented instead of the term of 
"time",

� digital signal is a quantized and sampled quantity involving errors of quantization and
aperture and the error of the sampling time,

� a set of tensions generated by the analog-to-digital transducer is discrete, the successive 
voltage values differ by the quantum "q",

� there are programs used for generating the reference voltage (Uw), named „quantum by 
quantum programs”, which in the successive „i” steps generate the voltage
Uw = i� q, q – value of the voltage quantum,

� frequency is quantized by nature over time,
� essence of the measurement bwa �� � b – a = 2	 is quantized,
� measured values are random variables,
� conditions that cause variability of measures are variable,
� there is uncertainty of the applied measuring methods and measuring instruments,
� time of measuring is different due to the need of repeating the measurements,
� there are different experiences of the persons performing the measurements,

Emax = E1 � E2 � ... � En2 � En1 � En = Emin
                  

e e             e      e
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� there is uncertainty of the properties in the power systems being the objects of studies,
� recording the momentary values is a stochastic process,
� ambiguous causality implies ambiguous determinism, that is determinism resulting from 

the probabilistic laws of the quantum mechanics,
The considerations present that changes in energy state of machines and other power systems 

will have a quantum nature. These changes considered during operation of the systems will be 
realizations that can be regarded as continuous-time discrete-state stochastic processes. An 
exemplary realization of such a process depicting changes in dissipated (dissipation) energy of any 
marine power system is shown in Fig. 1.

Fig. 1. Interpretation of the process of accumulating dissipated energy Er for a machine (power system): e – portion of 
energy (quantum), by which the energy Er decreases,

Erg – boundary dissipation energy

The presented research situation shows that the empirical studies on machines and other power 
systems have to include uncertainty of test results. This is necessary, because it means that such 
studies require determining the consequences of the uncertainty. Thus, while performing empirical 
tests of machines and other power systems it is worth to keep in mind the achievements of the 
quantum mechanics.

The general premises that induce to take advantage of the achievements of the quantum 
mechanics for empirical studies on mechanisms in a machine and other power systems can include 
the following [3, 4, 11, 15]:

1) the quantum theory is considered to be one of the most perfect theories being applied for
various domains of physics,

2) no incompatibility has been noted between the quantum theory and the results of 
empirical studies in the areas of knowledge wherever used,

3) the quantum mechanics tends to describe the relationships among macroscopic
phenomena, events and processes, that have been initiated by micro-objects,

4) a knowledge of surveying, which like the quantum mechanics uses quanta for the 
measured values, is applied for empirical studies,

5) properties of the power systems are expressed by physical quantities of a random nature.
Therefore, due to the existing randomness and unpredictability of events, including acquiring 

the same momentary values of different physical quantities, the test results obtained from 
empirical studies of machines and other power systems must be considered in the probabilistic 
approach by using the calculus of probability theory, mathematical statistics and the theory of 
stochastic processes. A deterministic approach can be applied for analysis of the test results for the 
mentioned empirical systems only in cases justified by the assumed purpose of the studies.
However, this approach have to be precisely argued by providing adequate explanation for its

e t

Er

Erg
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validity by employing the methods of inductive reasoning, deductive reasoning and reasoning by 
analogy.

4. Summary – remarks and conclusions 

The empirical studies of machines and other power systems have to take into account the 
randomness and unpredictability of events which exist in their operation. The operating practice of
the machines and other systems as well as the quantum mechanics show that by repeating 
empirical tests, regardless of whether they are observations, experiences, or experiments, we 
cannot expect the same results, but can expect the same frequency of acquiring the particular 
results. It means that that acquirement of a specific test result (measurement result) is a random 
event. This shows the need of regarding in this type of research the calculus of probability,
mathematical statistics and the theory of the stochastic processes.

The principle of ambiguous causality has to be considered in the empirical studies of machines 
and other systems, which means the need of assuming the ambiguous determinism, so determinism
resulting from probabilistic laws of the quantum mechanics, allowing (as known) existence of 
choice.
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Abstract 

The paper presents statistic method of preliminary determination of main propulsion power and total power 
of onboard electric power station for AHTS (Anchor Handling Tug Supply Vessel) type ships servicing oil rigs. 
At the beginning a characteristic and classification of AHTS vessels was presented. Also analysis of AHTS main 
propulsion plants and onboard electric power station was executed. Conventional and diesel-electric propulsion 
plants were taken into consideration as well as propulsion plants equipped with fixed pitch and controllable 
pitch propellers. Statistic methods elaborated in Marine Power Plants Department of Gdynia Maritime 
University make possible in quick and simple way to determine parameters of ship energetic system. Good 
accuracy of methods is confirmed by coefficients of regression determination and coefficients of correlation. 
Statistic methods also make possible to forecast the development trends in energetic systems construction of 
ships, which can be built in the future. Elaborated dependencies of main propulsion power and total power of 
onboard electric power station are not universal and should be determined separately for every type of ships. In 
this paper results concerning AHTS tugs servicing oil rigs are presented. 

Keywords: oil rig service tug AHTS, main propulsion power, electrical power, statistics  

1. Introduction 

Tug boats are seagoing vessels designed for towing marine objects not equipped with 
propulsion plant, assisting seagoing vessels during berthing and leaving harbours, assisting 
vessels during manoeuvres, towing and protecting defected ships, participating in rescue 
operations etc. Tug boats are commonly driven by diesel engines. Usually the tug boat is 
equipped with high power engines (from a few to a dozen or so thousand kW) 
incommensurate with tug boat dimension. It makes possible to achieve very high towing force 
(from a dozen to even above hundred tons). A serious development of tug boats group has 
been observed in last years. New types of tugs were constructed according to new tasks often 
very specialized, for example AHTS (Anchor Handling Tug Supply) vessels used for oil rigs 
maintenance. Objects of analysis are AHTS vessels used for oil rigs servicing. These vessels 
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are fitted for operation at open sea mainly for oil rigs general service. However their 
versatility make possible also other marine objects service and assistance. The main task of 
AHTS vessels is oil rigs and other marine objects high accuracy anchor handling (about a few 
meters). Oil rigs can be fitted with 4 to 12 anchors. AHTS vessels are equipped with two main 
winches – towing and anchor handling as well as a number of smaller winches and auxiliary 
capstans. The majority of these vessels are also equipped with dynamic positioning system 
DP, which makes possible precise approach to objects and keeping a long stay at one position. 
Many of them are additionally equipped with special deck and engine equipment for example 
heavy cranes for heavy constructions handling, flat cargo deck, helicopter landing platform, 
deep water robots, high capacity firefighting pumps, cargo tanks etc. This equipment can 
perform many additional tasks as follows: 
� firefighting, 
� heavy objects transport, 
� supply of oil rigs and other objects with solid materials (e.g. cement, special mud used as 

lubricant in drilling works etc.), 
� supply with liquid or gas stock (oil, fuel, fresh water, liquid chemicals etc.). 
 

Supplied materials are carried on deck in containers, on pallets, in baskets, in potable tanks 
and in bulk, whereas oil, fuel, cement, water, drilling mud etc. are carried in built in tanks. 

 
AHTS vessels are usually equipped with multi-engine conventional diesel and diesel-

electric propulsion plants. In conventional diesel propulsion the main engine power is 
delivered to propeller and often also to shaft generators and firefighting pumps. 

 
All AHTS vessels are fed with diesel oil so there the steam is not used and boiler rooms are 

not installed. Some heaters used on AHTS are electrical type.   
 
2. Analysis of AHTS vessels energetic systems 
 
 The target of this research is analysis of main propulsion plants and onboard electric power 
stations of AHTS vessels servicing oil rigs and elaboration of formulas describing 
dependencies of main propulsion power and onboard electric power station on basic 
dimensions of vessel by using statistic methods. 
 
To fulfil these requirements the “reference list” of 28 of AHTS vessels was prepared where 
basic construction parameters were listed. From construction parameters these ones were 
analysed which are logically and functionally tight with energy demand for ship main 
propulsion and ship electric network. 
  

The executed analysis of “reference list” shows that basic construction parameters of 
AHTS vessels are: 
� overall length 65 � 85 m, 
� breadth 14 � 18 m, 
� draught 4,5 � 7 m, 
� bollard pull 100�200 tons, 
� designed towing winch pull usually is two times higher than bollard pull and amounts 

150�500 tons, 
� maximum sailing speed when at sea 13�17 knots, 
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� main propulsion usually consists of two powerful medium speed diesel engines 2000�5000 
kW each; on the largest 4�6 medium speed diesel engines are installed; engines drive 
propellers via reduction gear or operate in diesel-electric system, 

� AHTS vessels usually are driven by two controllable pitch propellers (sometimes fixed 
pitch propellers) working in Kort nozzle, 

� due to high power anchor handling winches AHTS vessels are equipped with high power 
onboard electric power stations; usually they consist of two shaft generators 1500�2500 
kW each and additionally 1�3 diesel generators 200�800 kW each; if shaft generators are 
not installed there are 2�3 diesel generators; each AHTS vessel is equipped with 
emergency diesel generator, which is used as port generator when berthing, 

� when diesel-electric propulsion system is used 4�6 main diesel generators are installed 
2000�3000 kW each and one auxiliary generator about 400 kW; each diesel-electric 
propulsion driven AHTS is equipped with emergency generator about 175 kW. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1. AHTS vessel CBO Chiara sailing at sea 

Typical AHTS vessel CBO CHIARA is shown in figure 1 [9]. The vessel overall length is 
80 m, breadth 18 m, draught 6,6 m, sailing speed at open sea 13 knots. The vessel is equipped 
with two medium speed diesel engines driving two controllable pitch propellers working in 
nozzles, two shaft generators 1200 kW each, two diesel generators 350 kW each, one 
harbour/emergency diesel generator 120 kW, two firefighting pumps capacity 3600 m3/h 
each. Dynamic positioning system DP consists of one bow thruster, one rudder propeller and 
two stern thrusters shown in fig. 2. 

 
 

Fig.  2. Longitudinal section of AHTS vessel CBO Chiara. 
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3. Analysis and determination of main propulsion power
 

 One of the basic parameters of AHTS vessel is bollard pull. During the analysis of AHTS 
vessels construction it was confirmed that main propulsion power Nw [kW] is the function of 
bollard pull U [tons] as well as product of hull main dimensions L*B*T [m3]. Analysis were 
executed according to linear regression pattern using least squares method. Results are shown 
in figure 3. High values of regression determination coefficient and correlation coefficient are 
to be noticed. 
 

As a result of calculations the following formula was obtained:  
 

                                          Nw = 751,9 + 36,15*U [kW]                                             (1) 
                                           r2= 0,6908,  r=0,8311 
 

where:  Nw [kW]  –  main propulsion power, 
    U[ton]    –  bollard pull. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 3. Linear regression of dependency of main propulsion power on bollard pull Nw=f(U) for AHTS vessels 
 
The second part of analysis was executed to determine dependency of main propulsion 

power on hull main dimensions. Also in this case analysis were executed according to linear 
regression pattern using least squares method. Results are shown in figure 4. Also here high 
values of regression determination coefficient and correlation coefficient are to be noticed. 

 

Fig. 4. Linear regression of dependency of main propulsion power on hull main dimensions Nw= f(L*B*T) 
for AHTS vessels 
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During calculations the following formula was obtained:  
 

Nw = 611,5 + 1,161 * (L*B*T) [kW] (2)
r2= 0,7026,  r=0,8382 

 

where:  Nw [kW] –  main propulsion power, 
        L [m]     –   overall ship length, 
        B [m]    –   ship breadth, 
        T [m]    –   draft. 

4. Analysis and determination of onboard electric power station 
 
 During the determination of electric power demand for AHTS vessels it was assumed that 
total power of electric generators (total power of onboard electric power station) is linear 
function of hull main dimensions. Thus analysis were executed according to linear regression 
pattern using least squares method. 23 vessels from reference list were taken into 
consideration. The following formula was obtained as a result of calculations: 
 

                                         � Nel = -2189 + 0,839*(L*B*T) [kW]                                         (3) 
          r2=7393,    r =0,8598 

where: � Nel [kW] –  total electric power of generators, 
L [m]     –   overall ship length, 

        B [m]    –   ship breadth, 
        T [m]    –   draft. 

 

Graphical solution of formula (3) is shown in figure 5. High values of regression 
determination coefficient and correlation coefficient confirm good accuracy of formula (3) 
and its usability in preliminary calculation of onboard power station.  
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Fig. 5. Linear regression of dependency of onboard electric power station on hull main dimensions 

�Nel = f(L*B*T)  for AHTS vessels 
 

The electric power described by formula (3) does not consist emergency generator. All 
AHTS vessels are equipped with emergency generator 65÷150 kW frequently used as harbour 
generator during vessel berthing.  

 
5. Conclusions 

Last years due to development of offshore oil industry the demand for AHTS vessels 
increases. These vessels are also built in Polish shipyards mainly in Remontowa Shipbuilding 
S.A. Gda�sk. 
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Contemporary AHTS vessels are examples of vessels equipped with complicated energetic 
systems including main propulsion and onboard electric power station. Main propulsion 
engines and electric power generators have incommensurable high power in relation to hull 
main dimensions. That is why formulas concerning other ship types can not be adopted. In 
contrary to other ship types in case of AHTS vessel the relation between main propulsion 
power and ship sailing speed was not observed. It is the result of situation that many 
additional machines besides thrusters are driven by main engines e.g. shaft generators, 
winches, dynamic positioning devices, pumps etc. During the operation near oil rig at vessel 
stay full power of main engines is supplied to these machines. 

 
With reference to onboard electric power station it is not possible to state that total electric 

power depends on main propulsion power. It is the result of supply of bow and stern thrusters, 
winches, cranes and many other electric energy large consumers. Main engines also drive 
many machines, which are not driven by electric motors. 
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Abstract 

It was presented the main switchboards’ configurations of multi-mode ship power plants. It has dominated diesel-
electric propulsion systems. The development of main switchboards has an aim the increasing of power system 
reliability from main engines, through generators and electrical network to electric motors of main propulsion and 
dynamic positioning thrusters. This is a way of increasing redundancy and reliability of  propulsion system. The 
superior aim is the fulfillment of DP class 2 and DP class 3 dynamic positioning requirements.  

Keywords: multi-mode ship, main switchboard, configuration, propulsion system, diesel-electric propulsion
                  
1. Introduction 

All ships ought to have minimum two electric generators driven by two independent engines. 
One of them has been reserved generator and one has covered the maximum demand for electric 
energy in the all exploitation conditions. Often it would be met more complicated electric network. 
In that case the main switchboard may be made in different configurations. The solution of 
switchboard configuration may influence on many other power elements.  

The distribution system is the vital link connecting the generators that produce electric power 
to the equipment that uses it. It transmits electric power from the power source to the power user. 
The distribution system also protects (by means of circuit breakers and fuses) itself, and its 
generators from damage that might otherwise be caused by faults in the system or connected 
equipment.  

The simple switchboard configuration is presented on Fig.1. 

Fig.1. An example of simple switchboard configuration with parallel work of generators 
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There are three auxiliary and one emergency generators. During parallel work of auxiliary 
generators the overloading or other failures may result in the domino effect. The trip-out of one 
generator working on electric network may cause the overloading of the other generators, 
following the trip-out of next generator and black-out in all electric network. This is a dangerous 
situation for ship safety. For this reason an emergency generator is installed on ships. It gives the 
electric energy in time maximum 30 seconds after black-out but supplies only receivers from the 
emergency switchboard. It allows to recover the electric energy in main switchboard. 

2. The development of ship main switchboards 

A main switchboards (MSB) is a switchboard directly supplied by the main source of electrical 
power or power transformer and intended to distribute electrical energy to the unit’s services or 
switchboards not being directly supplied by the main source of power will be considered as main 
switchboards when this is found relevant from a system and operational point of view [2,4]. 

The electric energy distribution system can be divided into feeder side and the load side. The 
feeders are the generators, the loads are various ship’s consumers. 

Due to reliability of supplying in electric energy and an avoidance of fully black-out it may be 
met more complicated configurations of main switchboards (Fig.2). In normal condition the all bar 
bus-ties are in closed position. In a necessary it may work on electric network more than one 
auxiliary generator. It needs the parallel work of them. In case of necessity the bus bus-ties may 
stay in opened position and each the auxiliary generator works only on a part of receivers 
(consumers). In this situation only partially black-out might occur. 

Fig.2. Main switchboard configuration with parallel or independent work of generators 

The configuration presented on Fig.2 gives only a few possibilities of generators work on 
electric network. The partially black-out might occur and in that case it is impossible to supply the 
chosen section of receivers from the other generator. This is a serious imperfection. On ships with 
dynamic positioning DP class 2 it is used as requisite the ring switchboard configuration like 
presented on Fig.3. Due to ring (possible two smaller rings on Fig.3) there are possible 
configuration where all consumers may be supplied when a section of bars in the switchboard is 
out of order (a failure or other system faults). The failure of any single circuit or bas-bar section 
shall not endanger for the services necessary for the offshore unit’s maneouvrability. For DP class 
2 it is accepted that the bas-bar sections are arranged in one switchboard. The bas-bar control and 
protection system shall be designed to work both open and closed bus-tie breakers [5]. 
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Fig.3. An example of the ring configuration of main switchboard 

In DP class 2 or above, any single failure must not render the system inoperable. The 
philosophy is applied throughout the vessel design including the switchboards, propulsion and 
power generation. On ships with DP class 3 it is required that each bas-bar section is isolated from 
other by watertight A-60 partitions. There shall be a bas-tie breaker on each side of this partition 
[1,5]. Class 3 of DP provides triple redundancy in terms equipment failure and must also remain 
operable in case of fire and flooding. The vessel with minimum two engine rooms has A60 
bulkhead separation. The power and propulsion system must be design such that adequate power 
and thrust is available even under failure conditions [4,5,6]. An example of switchboard 
configuration for DP class 3 was presented on Fig.4. 

Fig.4. An example of the ring configuration of main switchboard with watertight bulkhead for ships with DP3 

An example of existing ship mv. Solitaire with two separated engine rooms, eight main 
generators, eight thrusters and switchboard configuration is presented on Fig.5. This is ship with 
DP class 3 for pipe-laying.
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Fig. 5. Power system configuration with two engines rooms of mv. Solitaire [7] 

The thrusters driven by electric motors have each nominal power of 4300 kW, but in a 
necessary the power may increase to 5550 kW, of course with load limiting time up to 5 minutes 
for that thruster. It was used a synchroconverter with parameters: current strength AC 1225 A, 
voltage 2*1454 V and frequency 35 Hz, 520 RPM of thruster propeller. 

3. Control arrangement 

Engine control power is typically 24V DC. It may be derived from a DC power supply (battery 
backup, UPS, voltage converter). Switchboard control supplies 24V DC and sometimes other DC 
power. The engine control and safety system should have separate power supplies. It ought to be 
from separate sources, sometimes may accept separate fuses from the same distribution. The 
normal source of supply should be the main power system. 

Electrical protection schemes are designed to prevent the uncontrolled release of energy 
associated with power system faults, thus protecting life and limiting damage to equipment [1,3]. 
For DP vessels with DP class 2 and 3 the power system protection scheme must also ensure 
continuity of supply to essential consumers such as thrusters and other auxiliary systems. The 
primary protection function is over current protection, which is intended to prevent excessively 
high currents causing cables to catch fire. 

The overall electrical protection scheme can be divided into three following sections: 
� generator protection; 
� bus-bar protection; 
� feeder protection. 
Due to costs many ship-owners try to resign with the bus-bar protection. This fault has very 

small probability of event but gives very serious damage and/or fire if occurs. Bus-bar protection 
is designed to isolate the effects of short circuits and earth faults acting directly to bus-bars or their 
connections. Bus-bar protection can take the following forms, depending on the number of bus 
sections that have to be protected: 

� over current protection; 
� differential protection; 
� directional over current protection; 
� optical arc detection; 
� pressure detection; 
� earth fault protection. 

When electric propulsion is utilised (popular solution on multi-mode vessels), the electric 
power generation and distribution system shall be equipped with an automatic control system 
having at least the following functions [1]: 
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� ensure adequate power for safe manoeuvring is available at all times; 
� ensure even load sharing between on-line generators (to protect over load); 
� execute load tripping and/or load reduction when the power plant is overloaded; 
� execute that adequate power for safe manoeuvring is available also if one running generator 

is tripped (for example: by way by tripping of non-essential consumers); 
� control the maximum propulsion motor output; 
� if the automatic system fails, in that case that is no start or stop of generators shall occur as 

an effect of a failure, so no changes in available power shall occur. 

4. Control power arrangement 

The power management systems (PMS) or energy management systems (EMS) are used to 
avoid the ship’s electric network before the partially or fully black-outs. These systems are still 
developed and fulfill more functions. 

A power system is in a fault if any of its critical parameters are out of tolerance for more than 
an acceptable time period, also during expected power system transients. The parameters which 
must remain within tolerance include: voltage, current, frequency, levels of harmonic distortion, 
line current balance, phase voltage balance. 

The basic faults conditions on three phase system are [1,3]:
� short circuit – on one or more phases; 
� open circuit – on one or more conductors; 
� earth fault; 
� over/under frequency; 
� over/under voltage; 
� over load – rating of engine exceeded; 
� over current – rating of alternator, bus-bar, cables, motors, transformer or other consumer 

exceeded; 
� severe active power sharing imbalance; 
� severe reactive power sharing imbalance; 
� excessive regeneration of power; 
� severe waveform distortion; 
� loss of synchronization or crash synchronization. 
On Fig.6 is presented typical control power arrangement with separate sources of supply: DCA 

and DCB. If the emergency distribution is from UPS – the UPS battery endurance should be a 
minimum of 30 minutes. On Fig.6 all engines (generators) on one bus share a control power 
supply.

Fig.6. Typical control power arrangement [1] 
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Losing multiple generators as the result of a single failure (causing black-out) is extremely 
destructive and dangerous to the power system. On Fig.7 was shown the alternators with 
permanent magnet generator system. There is only one source of control power but each generator 
is independent of the external control power source. 

Fig. 7. Engine control power with permanent magnet generator (PMG) backup [1] 

These solutions are unsatisfactory for power system of multi-mode and electric propulsion 
ships. Alternatively each generator can be supplied from its own power system (Fig.8).  

Fig.8. Independent engine control supplies [1] 

The redundancy concept of using only two control supplies is presented on Fig.9 with diode 
isolated system. It is not recommended for multi-mode vessels due to a voltage dip associated a 
fault in one control power system shall be seen by all control systems. It is not recommended as a 
way of improving reliability too. 

Fig.9. Diode isolated dual supplies [1] 
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If the voltage dip ride through is insufficient then all running engines may malfunction. The 
second problem is dependent on the selectivity of the fuses at the generator and power supplies to 
ensure a fault in one engine supply does not blow the main fuses at each DC supply output. 

5. Basic requirements of the generators control 

A typical malfunction generator protection relay is shown in Tab.1. and on the other way the 
requiring generator protective functions for ships with DP systems.  

Tab. 1. Generator protective functions [1](X – yes, N –  no) [1] 

Function Generator 
trip 

Quick trip 
of bus-tie 

Excitation 
trip 

Start all 
generators 

Generator
lockout 

Alarm  

Phase current differential X N X N X N 
Negative current sequence X X N X N X 
Under voltage  X X N X N X 
Over voltage  X X X N N X 
Reactive power X N N X N X 
Phase reversal X N N N N N 
Under frequency X X N N N X 
Loss of excitation X N N N N N 
Reverse power X N N X N X 
Phase over current X N N N N N 
Over frequency X X X N N X 
IAS/PMS E-stop X N X N X X 
IAS PMS CB open X N N N N X 
High set over current N X N N N N 
Trip coil monitor N N N X N X 
VT fuse failure N N N X N X 
Diode failure N N N X N X 
Generator winding high temp. N N N X N X 
Generator bearing high temp. N N N N N X 
Field current N N N X N X 
Relay fault N N N X N N 
ESD emergency shut down X N N N X X 
Earth fault X X N X N X 

IAS – Integrated Automation System 

The rules and requirements of classification societies for ships with DP systems are similar. 
Presented in Tab.1. generator protective functions are implemented as a standard.  

6. Accumulators of energy 

The main reason of black-outs is overloading when the accessible power from working 
generators is less than the power demand from consumers. The possibility of accumulating energy 
in AC network is limited. The UPS battery endurance should be a minimum of 30 minutes but 
only for control power. 

A global and marine industry exists for Uninterruptible Power Supply (UPS) systems. It was 
needed a source of high energy in the emergency situations: inefficiency, failure, peak of power 
demand, etc. For multi-mode vessels the needed energy storage is about 100-250 kWh with 
possibility of feeding during 1-2 minutes with the power up to 5 MW. This is a challenge for 
energy storage devices. It was presented in the Tab.2 the storage devices and theirs basic 
parameters. In marine appliances only the first three would be taken into consideration but only 
flywheels are the best for high cyclic and high power applications. 
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Tab.2. Energy storage devices and basic parameters [8] 

type storage mechanism common duration cycles 
capacitor electrical charge seconds or minutes 100,000’s 
flywheel kinetic energy seconds or minutes 1000’s-100,000’s 
battery electro-chemical minutes or hours 100’s-1000’s 

pumped hydro potential energy hours 1000’s 
thermal ice, molten salts hours 1000’s 

A large number of applications (ship power plant as well) exist that collectively can be 
categorized under “peak power support”. For example, drilling vessels and drilling platforms 
maintain a number of diesel engines as D-E systems to meet the peak power needs. The generators 
working parallel loads the engines at idles or at low capacity factor due to irregular power 
demands of drilling units and/or DP operations. A flywheel system could augment the capacity of 
the diesel generators, making possible to meet the peak power demand requirements with smaller 
number of working gensets. In that case it will be the ability to reduce needed investment cost due 
to application of smaller total number of installed gensets. The added value of that application may 
derive from reduced wear and tear on generating equipment and reduced air emissions, especially 
important on ECA areas (mandated air pollution limits or taxes). 

The dimensions of 100 kWh ARPA-E flywheel and mass (about fifteen tons) are convenient 
for marine appliances (omitting small ships below 60 m of length). The Beacon POWER 
proposition was given to naval ships with smaller units. The biggest one is a flywheel of 10MW 
power with the energy storage of 27.8 kWh. 

7. Final remarks 

The development of main switchboards configuration and marine power plant protection have 
been made in recent years. The greatest improvement has come in the form of protection systems 
for example able to identify which generator is responsible for causing a severe active or reactive 
imbalance. The system faults in functions of generator protective system are common in multi-
mode vessels. In fact the incorrect response of traditional generator protection is usually 
responsible for causing the black-out. The protection system are now available from several 
sources.

Now new functions of advanced generator protection (AGP) system are coming into use like: 
core protection functions, predecessors of modern AGP and two basic principles of operation: 
voting system and conformance to predicted generator behavior [1]. 
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Abstract 

 
A new method of organization of working cycle of device of direct transformation of heat in the located work of 
compression of air, based on principle of cascade exchange by pressure, is exposed; the results of pre-selection of 
basic dimensional and structural  parameters of thermal compressor of cascade exchange by pressure are adduced; 
some special features of its working process are considered; main  directions of perfection of working cycle of thermal 
compressors of cascade exchange of pressure are shown. 
 
Key words: compressor, cascade exchange 
 
1. Introduction 
 

Development of pneumatic transport of granular freights and technological pneumatic sets of  
road-building and special machinery supposes the reduction of manufacturing cost of the 
compressed air. Air injection by expensive  and complex on design piston or vane-type  
compressors  particularly with self-contained, for example, diesel drive is characterized by high 
power expenditures. The efficiency of compressor with a diesel engine taking into account the 
losses of transformation of initial thermal energy into mechanical one in a diesel and mechanical 
energy in the located work of compression of air does not exceed the values  of 0,2 …. 0,21 in the 
best  specimens. 

 
2. The feature of the cascade pressure exchangers  

 
Considerable reserve of reduction of power expenditures of production of the compressed air 

and simplification of design of supercharger associates with the use of devices of direct 
transformation of thermal energy in the compressed air on the base of cascade pressure exchange 
(CPE). The sets realizing the cascade compression are a new variety of  pressure exchangers, in 
particular applied in the systems of supercharging of  internal combustion engines. Compression of 
air in  CPE as well as in wave pressure exchanger of the known supercharging system of 
«Comprex» is carried out as a result of direct contact with compressing gases, however with the 
substantial distinction of organization of working process. Principle of the action of CPE is 
described in works [1, 2, 3]. 
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Typical construction of exchanger (fig. 1.) is the rotor with longitudinal head-exchanging 
cells, revolved in stator. Mass-changing channels as well as the window of admission and rejection 
of compressing gas are located in one of end face covers of stator (A), but the window of 
admission and rejection of compressed gas are located in other of end face covers (B). The rotor is 
driven to the rotation with rotational speed of 2000…3000 min-1 by means of an electric motor or 
other drive of small power.   
The still pictures of basic units of one of the CPE construction are shown on the fig. 2. 

 

 
 

Fig.1. Principal view of cascade pressure exchanger (CPE) 
 
 

                       
                �             b �                     d 

 
Fig. 2. Basic elements of construction of the experimental model of the CPE: 
a – stator;  b – rotor;   c – body;  d – end face cover from the side of admission and rejection of 

compressing gas 
 
The high efficiency of the CPE is confirmed by the stand tests on the base of the engine 

6FSch12/14. So, at the parameters of the compressing gas Tg1=800 K, Pg1=0,25 MPa the efficiency 
of. pilot plant of the CPE achieves 0,84 and on the mode of Tg1=850 K, Pg1 =0,25 MPa – 0,86. 

Power perfection of working process of cascade exchanger is realized in the considerable 
exceeding of expense of the compressed air of relatively compressing medium, and the 
temperature of the medium is higher, the in a greater degree. 

 
3. Application of the cascade pressure exchangers in compressors of heat compression 

 
The noted property of cascade exchangers is fixed in the basis of creation of compressor of direct 
transformation of thermal energy in the located work of the compressed air. A part of the forced 
air is discharged to the user in the simplest chart of the thermal compressor, and other part of air is 
heated in the source of admission of heat and is directed in the window of admission of high 
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pressure of exchanger, where is used as a compressing medium. Unique simplicity and rather high 
efficiency of single-stage  
thermal compressor stipulate attractiveness of its application in the systems of air supply with 
maximal pressure of supercharging to 0,4…0,5 MPa depending on the maximal temperature of the 
working cycle Tz.  

Substantially high pressure head and power efficiency has been realized by the double-stage 
compressor of cascade exchange by pressure. The chart of the modernized compressor of the CPE  
thermal compressor with the intermediate cooling and preliminary heating of the compressed air 
and compressing medium is shown on the fig. 3. 

Pumping of air in the given device is carried out as a result of successive compression of cold 
air and thermal expansion of hot air in aggregates of the CPE of the first and second  stages. Thus, 
the relations of degrees of compression of air in the first and second stages I� , II�  are not 
arbitrary, as, from one side, it is subordinate to the condition of balance of charges of working 
mediums in the lines of high pressure of the first stage and low pressure of the second stage, with 
other side – to the condition of providing of blowing out and ousting of working medium in the 
cells of both CPE rotors  in the indicated lines. 

 

 
 

Fig. 3. Flow diagram of the double-stage thermal compressor  of the CPE  
1, 2, 5, 6 – windows of admission and removal of high pressure (AHP and RHP) according to 

CPEI and CPEII; 
3, 4, 7, 8 – windows of removal and admission of low pressure (RLP and ALP) accordingly  

CPE I and the  CPE II; 
9 – branch pipe of the compressed air bleed-off;  10 – rotor of the  CPE II;  11 – rotor of the  

CPE I;  12 – positive-displacement fan of the second stage;  13 – positive-displacement fan of the 
first stage; 14 – scavenger fan; 15 – heater; 16 – cooler 

 
In such a case the relations I� and II�  depend on total pressure head of the thermal compressor 

� and maximal temperature of the working cycle Tz. 
Gas dynamic analysis of double-stage thermal compressor of the cascade change of pressure is 

enough labor-consuming in spite of the structural simplicity of device of the CPE thermal 
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compressor. The analysis includes the search of the modes of joint operations of CPE aggregates 
of the first and second stages. Therefore  the pre-selection of basic dimensional parameters of 
elements of the system,  
meeting the condition of realization of the productivity of compressor, must precede to the more 
precise computation of working cycle of the CPE thermal compressor. 

The results of calculations of dimensional relations of frontal sizes of rotors of  exchangers of 
the first and second stages are below brought on the example of compressor by the productivity 
Gb= 0,1 kg/sec with different total pressure head �, with the maximal temperature Tz of the cycle 
and differential pressures created by the scavenger fan �PB. 

 

 
 

Fig. 4. Combination of structural and regime parameters of the CPE compressor by productivity 
Gb=0,1 kg/sec for different conditions of its work. 

a – at pressure head of scavenger fans of the first and second stages �P�I=�P�II=15 kPa; 
b – at pressure head of scavenger fan of the first and second stages �P�I=�P�II=20 kPa; 
FPI - channel part area of the CPEI rotor; FPII - channel part area of the CPEII, nI - rotational 

speed of the CPEI rotor, nII - rotational speed of the CPEII rotor, �c - power efficiency of the 
compressor,  

 
The principal method of reduction oft overall sizes of the CPE thermal compressor is an 

increase of the pressure head of scavenger and positive-displacement fans 14, 13, 12 (see the Fig. 
3.).Main purpose of these fans is the- realization of circulation of working mediums in the 
contours of low and high pressure of both exchangers. As seen from .the histograms resulted on a 
fig.4, even the insignificant rise of pressure head of scavenger fans allows considerably to decrease 
the channel part areas (FPI and FPII) of 
rotors of both CPE. At the same time, rise of �P�I and �P�II is accompanied by the increase of 
consumptions of mechanical energy on the drive of fans. Thus, the pressure differentials created 
by circulation fans, are essentially the key parameters of varying at the search of the trade-off 
between sizes and efficiency of the. thermal compressor. 
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It should be noted, however, that since some moment relying on a general dimensionality and 
feature of structural execution of compressor, further reduction of �P�I  and �P�II is not 
accompanied by the rise of �c because of strengthening of losses through the end face interfaces of 
rotors in view of the increase of sizes of the lasts. 

 

 
 

Fig. 5. Load characteristic of the CPE double-stage compressor: 
 – without regulation; 
 – with regulation of rotational speed nPI of the CPE rotor and pressure head �P�I of 

scavenger fan of the first stage 
 
The maximal temperature Tz of the cycle exerts highly noticeable influence on the indexes of 

working process. The Tz increase is not only the instrumental in the substantial increase of 
efficiency but also provides the lowering of frontal dimensions of the exchangers of both stages. 
Thus the Tz influencing on �c. does increase as far as the rise of general compressor pressure head 
�. In its turn, the lowering of sizes of the exchangers at the Tz rise is related to reduction of 
relative expenditure of compressing medium on the compression of the compressed air. 

At the temperature Tz=900K on the mode �=12, the calculation value of efficiency �c. makes 
0,32. In the real cycle of the pilot plant of thermal compressor, created in the laboratory of the 
DVS of EUNU named after V.Dahl, an index of efficiency �c=0,28 is attained already on the stage 
of preliminary tests. Possibility to carry out the working cycle of the CPE with Tz=900K is 
conditioned by the cyclic cooling of the rotors of the CPE in the process of the periodic filling of 
pressure head-changing cells of the CPE rotor by an air charge. The level of power efficiency 
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realized by the thermal compressor is unattainable on today , even in the theoretical cycle for the 
off-line units of transformation of thermal energy in the located work of compression of air, as far 
as the authors know. 

The positive feature of working cycle of the double-stage thermal compressor with the 
intermediate cooling of the compressed air and intermediate heating of  the compressing medium 
consists in the declivity of its hydraulic characteristic (fig. 5.). 

Thus in the case of the simultaneous regulating of rotational speeds nPI and nPII of the CPE and 
pressure head �P�I of scavenger fan depending on total pressure head � of the compressor, the 
expenditure Gk of the forced air and compressor efficiency �c are subject to the insignificant 
influencing of hydraulic resistance of user in the range of the operating modes of work of the set, 
saving substantial dependence only on the maximal temperature Tz of the cycle. 

And finally, it is impossible not to note the failure-free operation of the CPE set exposed in the 
process of tests of the pilot construction of compressor and row of pre-production models of the 
aggregates of the CPE. It is due to the absence of mechanical displacers, discretely controlled gas-
distributing organs, as well as because of relatively low rotational speed of the CPE rotor. 

 
 

4. Conclusions 
 
High power efficiency and propitious hydraulic characteristic of discharge under pressure of 

the CPE double-stage thermal compressor in combination with reliability of its construction 
exposes prospects of its application as an aggregate of air supply of  wide class of thermal power 
plants. 

The principal reserve of the further increase of the compressor efficiency consist in the rise of 
maximal temperature Tz of the cycle by means of application of new high-temperature materials 
(for example, carbon-fibrous polymers) for manufacture of channel running elements of device, 
and also due to reduction of losses of working medium through the end interfaces of co-rotors. 

 
 

References 

[1] ���� �.�., ������� �. �., �������� �. �. The principle organization of work process unit 
of cascade compression and its application// scientific journals Maritime University of Szczecin. 
Szczecin. – 2008 – 14(86). –C. 25-29. 
[2] ������� �. �., �������� �. �., ����!�� #. �. ��$<���$�\^ ��<$_�`$ |�$!����  
�����~�$`$ $<����^�� ~�����^�// ����. ���~�$���. ��!. ��-\� ����� �$�$~^�^�� ����.- 
��`�����.- 2005.- � 8(90).- �. 176-179. 
[3] ���_�\ ^ ��<$� $��$���� |�����\�$� �����~�$`$ $<����^�� ~�����^�/ �.�.�������, 
�.�.�������, �.�.��������, #.�.����!��// ��^`�\��^ ���\�����`$ �`$���^�: ���_�$-
\���^_���^� ������. �����$�: ��� “���”.- 2007.- �1.- �. 57-62. 
 
 

86



THE CASCADE EXCHANGER AND NEW PRINCIPLES OF THE 
ORGANIZATION OF WORKING PROCESS OF THE GAS-TURBINE 

ENGINE

Aleksander Krajniuk1, Oleh Klyus2

 
 1East-Ukrainian National University named after V. Dal, Molodyozhny blo�k, 20a, Lugansk, 

91034, Ukraine,  
e-mail: ljagar@rambler.ru 

Maritime University of Szczecin, str. Waly Chrobrego 1-2, 70-500 Szczecin, Poland 
e-mail: olegklus@o2.pl 

 
Abstract 

Main trends of perfection of gas-turbine engines (GTE) by application of principles of the cascade pressure exchange 
(CPE) for air compression in the working cycle of gas-turbine plant have been analyzed. The results of computational 
investigation of four variants of the GTE working process organization on the basis of the two-staged compression 
assembly with intermediate cooling and heating of air-gas medium have been adduced. Possibility and reserve of 
raise of power efficiency of GTE with the CPE at the expense of increase in the maximum temperature of the cycle and 
recuperation of the residual heat of compressing gases have been shown. 

Key words: gas-turbine engines, cascade pressure exchange, thermal compressor, working cycle, temperature, power 
efficiency, performance, load characteristic 

1. Introduction 

The basic obstruction of gas-turbine engines (GTE) wide integration in ground transport is high 
sensitivity to change of almost all operating conditions of the plant that is peculiar to blade 
machines. It is resulted in a decline of traction and economic characteristics even at an 
insignificant deviation of regimes of its work from the nominal. Acceleration characteristics and 
fuel economy at idle stroke are especially unsatisfactory for variable service conditions of the 
GTE. The turbine-driven units have the restricted resource and demand high level of maintenance 
in view of a high rotational speed of the rotor. Insignificant unbalance of rotors, for example, 
caused by pollution or blade breakage, generates an extreme reinforcement of vibrating and 
dynamic loads. 

Despite high thermal efficiency of theoretical cycle, in practice the possibility of raise of power 
efficiency of the GTE (by increase in the maximum temperature of the cycle) is restricted by 
thermo-strength properties of materials applied in turbine construction. One of known directions of 
possible increase in the relation of boundary temperatures of a cycle at restriction of temperature 
of gases in front of the turbine is connected with the use of wave rotors as topping stage for gas 
turbine [1, 2, 3, 4, 5, 6].  
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The idea of using wave-rotor topping cycle has been first proposed by Claude Seippel of Brown 
Boveri Company (BBC) in Switzerland in 1942 [7, 8]. Now BBC is Asea Brown Boveri (ABB) 
and its pressure wave supercharger termed as the Comprex has been used commercially for 
passenger car and heavy diesel engines [9, 10, 11, 12, 13]. 

The general advantage of using a wave rotor consists in possible increase in thermodynamic 
efficiency of the cycle by raise of its maximum temperature at restriction of temperature of gases 
in front of the turbine.  

At the same time, use of wave rotor in the capacity of top stage of the gas-turbine engine does 
not eliminate, and in some cases aggravates the main deficiency of the gas-turbine engine – 
unsatisfactory efficiency on transitive and partial regimes. Strongly expressed wave character of 
exchange processes in wave rotor predetermines the sensitivity of its consumed characteristics to 
thermodynamic parameters of working mediums in gas-distributing windows and to rotor 
rotational speed. The deviation of operating mode of the GTE from design conditions is 
accompanied by a sharp decline of parameters of wave rotor work as owing to both an error signal 
of the moments of connection of cells to gas-distributing windows, and owing to increase in 
incompleteness of displacement of compressed air in the combustion chamber [14]. 

Considerable jump in performance and operating characteristics of transport gas turbine engine 
can be achieved by applying the principles of the cascade exchange of pressure for realization of 
compression of gas-air working mediums in the running cycle of the plant. The units realizing 
such compression are the cascade pressures exchangers (CPE). They represent new generation of 
exchangers of pressure with mainly static character of interacting of the compressing and 
compressed mediums [15, 16]. 

Power effectiveness of the CPE working cycle is realized in considerable excess of the 
consumption of compressed air concerning the compressing medium, in the greater degree, the 
higher temperature of the last (see fig. 3). Noted property of "charge multiplication» opens a 
prospect of creation of basic new installations of heat transforming multipurpose machines on the 
CPE baseline, such as : thermal compressors [17], gas-turbine engines, air refrigerating machines 
[18, 19], gas generators [20], and supercharging systems of high forcing Internal Combustion 
Engines (ICE) also [21, 22]. 

 

Fig.3. Effect of temperature of the compressing medium Tg1 on the efficiency �cpe. and the 
ratio of consumptions of the compressed and compressing medium Gair/Gg1 in the CPE 

In the paper main trends of development of transport GTE on the basis of units of the cascade-
recuperative compression of working mediums are analized.  
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2. Use of principles of the cascade exchange by pressure in systems of compression of air 

In the elementary circuit design of the thermal compressor (fig.4,a) on the basis of the cascade 
pressure exchanger 1, the input window of a high pressure 2 is connected with the outlet window 
of a high pressure 3 by means of the channel 4 with the source of heat supply 5 (internal 
combustion or an external heat supply) placed in the channel 4. The connecting pipe 6 of 
compressed air outlet to a user is connected to the channel 4 between the window 3 and heat 
supply 5. The part of air discharged under pressure by the exchanger 1 through a connecting pipe 6 
is taken away to the user, another part through the channel 4 goes to the heat supply 5 where it is 
heated, and further is brought to the window 2 in the capacity of compressing medium. 

 

Fig.4. Principal schemes of the thermal compressor (�) and the gas generator (b) 

The overall performance of the thermal compressor is evaluated by power efficiency (�k) 
according to expression: �k= (G·H)/Q,  where G – the compressed air charge; � – adiabatic heat 
drop; Q – the supplied heat.  

From the point of view of transformation of the primary thermal energy, the experimentally 
confirmed values �k of the thermal compressor efficiency are highly enough. On regimes of Tz 
=1000 … 1100 K for � =3.9 … 4.2 �k = 0.2 … 0.215. The pressure head of the thermal 
compressor depends on the relative charge of compressed air G out.. G out represents the ratio of the 
consumption of air which has been taken away to the user to mass carrying capacity of the rotor. 
The maximum degree of raise of pressure � and optimum value of G out by criterion of power 
inputs increases considerably with raise of the maximum temperature �z of the cycle. Unique 
simplicity of the one-stage thermal compressor stipulates attractiveness of its application in 
systems of air supply with the maximum discharge pressure up to 0.4... 0.5. The design of the 
thermal compressor is easily converted to the gas generator by connection of the connecting pipe 
of the working medium outlet to the channel 4 between the heat supply 5 and the window 2 of the 
compressing medium input (see fig.4,b). The characteristics of productivity of the gas generator 
are analogous to parameters of the thermal compressor, but have higher values of power 
efficiency. 

Higher pressure head  and power efficiency is realized by the two-staged thermal compressor of 
the CPE with intermediate cooling of compressed air and heating of the compressing medium (fig. 
5) [11]. 
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Fig.5. The principal scheme and indexes of operation of two-staged thermal compressor the 
CPE 

Application of the CPE units in the capacity of compressor stage of the GTE allows to carry out 
working medium compression mainly at the expense of direct transformation of brought heat as a 
result of internal redistribution of an indicator work of the cascade power interchange with 
insignificant derivation of mechanical energy from the power take-off shaft. And due to it the 
power turbine of the gas-turbine engine of the cascade pressure exchange (GTE - CPE) has several 
times smaller sizes concerning the turbine of the baseline GTE of equivalent power.  

3. Parameters of gas turbine engines with the compressor stage of the cascade type 

There is a large variety of possible schemes of designs of GTE plants of the cascade pressure 
exchange. In this work four variants of the GTE working process organization on the basis of the 
two-staged compressor of the CPE with intermediate cooling of compressed air and reheating of 
expanding gases are analyzed. (Fig. 6, 7, 8, 9). 

 

Fig.6. Circuit design of the GTE with two stage cascade pressure unit 
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In the circuit design on fig. 6 (variant I) two stage cascade pressure unit with direct flow of 
working mediums is used in the capacity of the gas generators directly connected to the power 
turbine. The circuit design on fig. 7 (variant II) differs from the circuit design of variant I by the 
presence of a regenerator of the residual heat of the compressing gases leaving the first stage of 
cascade pressure unit. In the circuit design on fig. 8 (variant III) two stage cascade pressure unit is 
used in the capacity of a source of the compressed air which is discharged under pressure in the 
power turbine after heating in the regenerator by the residual heat of compressing gases. In the 
circuit design on fig. 9 (variant IV) the mixture of the air and gas flows which are discharged 
under pressure by two stage cascade pressure unit is used in the capacity of working medium of 
the power turbine.  

The results of calculation determination of effective indexes of these variants of the GTE - CPE 
with various parameters of working process are completed in tab. 1, 2, 3, 4. According to circuit 
designs on fig. 6,7,8,9 the designations are specified: �GTE, NGTE  - overall efficiency and power of 
engine correspondingly; ��, �1, �2 — degrees of raise of pressure, the general in two-units of the 
CPE, in units of the CPE of 1st and 2nd stages correspondingly; QCC1, QCC2, Qreg – power of 
thermal flows in the high pressure combustion chamber, in the intermediate pressure combustion 
chamber, in the regenerator of heat of the burnt (exhaust) gases correspondingly; G6 and �6 - 
accordingly the air charge (consumption) and air temperature through the window of  high 
pressure of the CPE of 2nd stage; G\ - the consumption of gases through the power turbine; �z — 
the maximum temperature of the cycle; �\ - working medium temperature in front of the power 
turbine; �3- temperature of compressing gases on the outlet from the second stage.  

At calculation of performance of the GTE - CPE the turbine politropic efficiency is taken equal 
0.81. 3% pressure drop is assumed in combustion chamber also (combustion pressure ratio 
comb=0.97). Geometrical sizes of the CPE units of both stages are invariable for various variants 
of circuit designs and conditions of the working processes organization of the GTE with the CPE. 
(outer diameters of rotors are accordingly 200 and 160 mm). The methodology of performance 
calculation is similar to the one introduced in the works [13] with some modifications. 

 
Table 1 Parameters of working process and performance of the GTE by the variant I of circuit 

design (fig.6) 

�GTE NGTE, 
�W �� �1 �2 

QCC1, 
�J/sec

QCC2, 
�J/sec

Qreg, 
�J/sec

G\, 
�g/sec

G6, 
�g/sec 

T\, 
K 

T6 
� 

�3 
� 

Tz=900K 
0.233 46.2 6 2.63 2.28 149 30.3 0 0.160 0.3 900 406 666
0.253 48.8 8 3.01 2.65 142 36.4 0 0.150 0.3 900 430 639
0.262 49.7 10 3.35 2.98 136 42.6 0 0.143 0.3 900 449 618
0.265 49.9 12 3.66 3.28 131 46.3 0 0.136 0.3 900 466 602

1100K 
0.256 64.8 6 2.62 2.29 209 30.2 0 0.185 0.3 1100 407 816
0.279 69.5 8 3.00 2.66 202 36.3 0 0.178 0.3 1100 431 782
0.292 72.1 10 3.34 2.99 196 42.6 0 0.171 0.3 1100 450 756
0.299 73.5 12 3.65 3.28 191 46.3 0 0.166 0.3 1100 466 736
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Fig.7. Circuit design of the GTE with two stage cascade pressure unit and regeneration of the 
residual heat of the compressing gases 

It should be noted that relationship of compression degrees of air in first I and second stages II 
is not arbitrary. On the one hand the relationship  is subordinated to  condition of balance of 
charges of working mediums in lines of a high pressure of the first stage and low pressure of the 
second stage, on the other hand– to the condition of providing of scavenge and displacement of 
working mediums in  the cells of rotors of both CPE. Generally the relationships I and II depend 
on the general pressure head of the thermal compressor � and the maximum temperature Tz of 
working cycle. The coordination of design values I and II for each investigated variant of a 
combination of parameters was attained by respective alteration of carrying capacity of the rotor of 
the CPE of the second stage by change of its rotational speed within the range from 1700 to 2800 
min-1. 

 
Table 2 Parameters of working process and performance of the GTE by the variant II of circuit 

design (fig. 7) 

�GTE NGTE, 
�W �� �1 �2 

QCC1, 
�J/sec

QCC2, 
�J/sec

Qreg, 
�J/sec

G\, 
�g/sec

  G6, 
 
�g/sec 

T\, 
K 

T6 
� 

   
�3 
�

Tz=900 K 
0.279 46.2 6 2.63 2.28 120 30.3 29.4 0.160 0.3 900 406 666
0.295 48.8 8 3.01 2.65 117 36.4 25.1 0.150 0.3 900 430 639
0.298 49.7 10 3.35 2.98 114 41.6 21.4 0.143 0.3 900 449 618
0.295 49.9 12 3.66 3.28 113 46.3 17.9 0.136 0.3 900 466 602

Tz=1100 K 
0.304 64.8 6 2.62 2.29 171 30.2 37.8 0.185 0.3 1100 407 816
0.327 69.5 8 3.00 2.66 167 36.3 34.6 0.178 0.3 1100 431 782
0.337 72.1 10 3.34 2.99 164 41.6 31.7 0.171 0.3 1100 450 756
0.341 73.5 12 3.65 3.28 162 46.3 29.1 0.166 0.3 1100 466 736

 
The analysis of results of the GTE - CPE performance with the gas power turbine (tables 3 and 

4) shows that the working process organization at the circuit design of variant II provides 
combination of high values of overall efficiency (�GTE) and modular power (NGTE). (Parameters 
�GTE =0.314, NGTE=73.5�W are attained on regime Tz=1100�, �� =12). Due to heating of the 
compressed air in the regenerator decrease of heat addition in the combustion chamber of the 
second (top) stage on this regime makes 15.2 %. 
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Advantages of a recuperative cycle are manifested in the greater degree, the higher the 
maximum temperature of cycle Tz and the lower the general compression ratio ��. So, at 
parameters Tz=1000�, �� =6 the regeneration provides a raise �GTE at 19% (from 0.256 to 0.304), 
while at parameters Tz=800�, �� =12 raise �GTE makes 7 % at the expense of regeneration (with 
0.234 to 0.251). At the same time, at choice of the GTE – CPE rational parameters we need to 
have in view the following regularities of working process:  

1. Modular power increases with raise of ��  the GTE – CPE at the expense of increase in 
quantity of heat of an intermediate stage brought in the intermediate combustor, despite decrease 
of quantity of the heat brought in the top stage combustor; 

2. The value ��, optimum by criterion of power inputs, depends on the maximum temperature 
of the cycle Tz. With raise of Tz an extreme overall efficiency is displaced in a direction of great 
values of ��, and at Tz.> 950� is in area of ��> 12. We notice that implementation of cycles with 
��> 12 is interfaced to constructive complication of the GTE because of negative effect of leaks in 
rotors of the CPE and necessity of application of the multistage turbine. 

3. For fixed values of Tz., the extreme overall efficiency of the GTE with regeneration (fig. 7) 
corresponds to smaller values of �� relatively to the GTE - CPE without regeneration (fig. 8).  

 

 

Fig.8. Circuit design of the GTE with two stage cascade pressure unit and with air power 
turbine 

Table 3 Parameters of working process and performance of the GTE by the variant III of circuit 
design (fig. 8) 

�GTE �GTE NGTE,
�W �� �1 �2 

QCC1,
�J/sec

QCC2,
�J/sec

Qreg, 
�J/sec

G\, 
�g/sec

G6, 
�g/sec

T\, 
K 

T6 
� 

Tz=900 K   
0.248 25.9 6 2.63 2.28 56.0 30.3 29.4 0.160 0.3 503 406 666 
0.255 27.8 8 3.01 2.65 58.1 36.4 25.1 0.150 0.3 513 430 639 
0.251 28.8 10 3.35 2.98 60.1 41.6 21.4 0.143 0.3 520 449 618 
0.243 29.1 12 3.66 3.28 61.9 46.3 17.9 0.136 0.3 525 466 602 

Tz=1100 K   
0.294 31.7 6 2.62 2.29 65.6 30.2 37.8 0.185 0.3 532 407 816 
0.305 34.9 8 3.00 2.66 68.2 36.3 34.6 0.178 0.3 545 431 782 
0.305 36.8 10 3.34 2.99 70.5 41.6 31.7 0.171 0.3 555 450 756 
0.300 38.1 12 3.65 3.28 72.6 46.3 29.1 0.166 0.3 563 466 736 

Tz=1300 K 
0.320 36.1 6 2.60 2.30 73.1 30.1 43.6 0.203 0.3 552 407 965 
0.334 40.2 8 2.99 2.67 76.2 36.3 41.1 0.196 0.3 567 431 925 
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0.337 42.9 10 3.34 3.00 78.9 41.6 38.9 0.191 0.3 579 450 894 
0.335 44.8 12 3.65 3.29 81.3 46.3 36.9 0.186 0.3 589 467 870 

 
Decrease in effect of regeneration at raise of �� is explained by approach of temperature of air 

compressed in the CPE to the maximum temperature of cycle �z and by decrease of quantity of 
utilized heat. Therefore, the expediency of application of regeneration, in the final analysis, 
depends on the relationship of the maximum temperature of a cycle to ambient temperature. On 
the other hand, regeneration application, due to decrease in values of ��, allows to simplify the 
design of the power turbine and to lower working medium leaks through mobile conjugations of 
the flowing elements of the GTE. 

Let's notice that the increase in the relation of boundary temperatures of the GTE – CPE cycle, 
as well as in classical GTE with the vane compressor is the key factor of raise of NGTE and �GTE. 
Possibility of essential raise of the maximum temperature Tz of cycle at conservation of rather 
sparing temperature working conditions of the power turbine is put in the circuit design on fig. 3. 
Here the working medium of the power turbine is the air compressed in the cascade exchanger and 
heated in the regenerator. The maximum temperature of the cycle is realized in a contour of the 
cascade exchanger high pressure, promoting raise of the GTE overall efficiency on the whole 
while the working medium temperature in front of the turbine does not exceed the values of the 
residual temperature of gases which have been expanded in the CPE and have gone in the 
regenerative heat exchanger (see tab. 3). Overall efficiency of the GTE - CPE with the air power 
turbine at Tz=1300� comes nearer to parameters of the GTE - CPE with the gas turbine and 
regeneration on regime Tz=1100� (tab. 2), however, it concedes the last on modular power. In the 
same time the air temperature in front of the power turbine in the circuit design of variant III 
makes only 589� even at ��=12. Such appreciable decrease in thermal stress level of the flowing 
elements of the power turbine in the circuit design of variant III promotes decreasing the cost of 
the GTE plant and raise of a resource of its operation. 

 

 

Fig.9. Circuit design of the GTE with two stage cascade pressure unit and with mixing the gas 
and air flows in front of the power turbine 

Perhaps the best circuit solution of the GTE - CPE by criterion of power efficiency is a 
combination of variants II and III, as in the circuit design of variant IV shown on fig. 9. In this 
plant for the purpose of the further raise of the GTE economic operation the working medium 
temperature in front of the turbine is increased in addition and supported practically constant on 
the basic operating conditions of the GTE, within the restrictions of thermal stability of applied 
materials. Such regulating is carried out by a suitable diluting of hot gases with the compressed air 
by means of the by-passed channel with controlled lock body.  
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Table 4 Parameters of working process and performance of the GTE by the variant IV of circuit 
design (fig. 9) 

�GT

E 
�G

TE 

NGT

E, 
�
W 

�� �1 
�

2 

QCC

1, 
�J/s
ec 

QCC

2, 
�J/s
ec 

Qreg,
�J/s
ec 

G\, 
�g/s
ec 

G6, 
�g/se
c 

T\, 
K 

�3 
� 

Tz=1100 K   
0.3
01 

53.
0 6 2.6

2 
2.2
9 

13
4 30.2 37.8 0.18

5 0.3 900 40
7 816 

0.3
21 

56.
9 8 3.0

0 
2.6
6 

13
2 36.3 34.6 0.17

8 0.3 900 43
1 782 

0.3
28 

59.
0 10 3.3

4 
2.9
9 

13
0 41.6 31.7 0.17

1 0.3 900 45
0 756 

0.3
30 

60.
1 12 3.6

5 
3.2
8 

12
9 46.3 29.1 0.16

6 0.3 900 46
6 736 

Tz=1300 K   
0.3
12 

57.
3 6 2.6

1 
2.3
0 

14
4 30.2 43.6 0.20

3 0.3 900 407 965 

0.3
34 

62.
1 8 2.9

9 
2.6
7 

14
2 36.3 41.1 0.19

6 0.3 900 431 925 

0.3
44 

65.
0 10 3.3

4 
3.0
0 

14
0 41.6 38.9 0.19

1 0.3 900 450 894 

0.3
48 

66.
8 12 3.6

5 
3.2
9 

14
0 46.3 36.9 0.18

6 0.3 900 466 870 

Tz=1300 K   
0.31
2 

70.
1 6 2.6

0 
2.3
0 

18
5 30.1 43.6 0.20

3 0.3 110
0 407 965 

0.33
7 

75.
9 8 2.9

9 
2.6
7 

18
1 36.3 41.1 0.19

6 0.3 110
0 431 925 

0.35
0 

79.
4 10 3.3

4 
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0.35
6 

81.
6 12 3.6

5 
3.2
9 

17
7 46.3 36.9 0.18

6 0.3 110
0 467 870 

 
Forcing of the GTE - CPE working cycle on Tz with simultaneous optimization of temperature 

of air-gas medium in front of the power turbine allows to realize the highest power and economical 
parameters of the plant. So, at T\.= 900� raise of the maximum temperature Tz from 900� (tab. 3) 
to 1100� (tab. 4) promotes increasing �GTE on 11.8 % (with 0.295 to 0.33) and to raise NGTE on 
20% (with 49.9 to 60�W), and at raise of Tz from 900� to 1300� the rise of �GTE and NGTE 
accordingly makes 18 % and 33 %. On regime of Tz.= 1300�, ��=12, T\=1100� the GTE - CPE 
overall efficiency with mixing the gas and air flows in front of the power turbine attains the value 
0.356. 

4. Comclusions 

Thermodynamic efficiency of the GTE - CPE is based on higher efficiency of transformations 
of heat in the combustion chamber to energy of compressed air concerning the working process of 
the classical GTE where air compression is carried out in the conditional turbo-compressor which 
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is consisting of the vane compressor and part of the power turbine equivalent on power. In 
analyzed GTE - CPE installations rather insignificant power of an external source is spent for the 
drive of both CPE. The work of compression of air is carried out at the expense of internal 
redistribution of energy of gas flows in the flowing elements of the CPE units. Only the part of gas 
from the combustion chamber goes to the power turbine which, as a result, has essentially smaller 
sizes and developed power at equivalent power of the GTE. With decrease of the charge of gases 
(Gout) through the turbine the absolute power losses are reduced in it, therefore, imperfection of 
working process of the turbine including, on off-design conditions influences the GTE overall 
efficiency to the lesser degree. And, at last, noted above the insensibility of the working cycle of 
the CPE to incompleteness of displacement of compressed air from rotor cells at a deviation of its 
rotational speed and thermodynamic variables of working mediums from design values stipulates 
essential expansion of field of effective work of the GTE with the CPE.  

Application of principles of the cascade compression of air-gas medium in the gas-turbine 
engine working cycle allows to improve significantly the traction and economic characteristics of 
the GTE and opens a prospect of wider application of the GTE in the capacity of ground transport 
power plants 
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Abstract 

The article presents the basic assumptions of the research project aimed, as the main scientific purpose, an 
identification of the slow-changeable energy processes surrounding the high-cycle fatigue of constructional materials 
within the plain mechanical system, especially the marine one, for diagnostic purposes. There is foreseen an application 
of alternative diagnostic methods based on energetic observations of the multi-symptom, continuous and irreversible 
alterations of the fatigue state within the material and construction of the elements transmitting the stream of 
mechanical energy from the propulsion engine to the propeller. Such methods will represent an essential supplement of 
already existing diagnosing systems of marine engines as well as marine propulsions. Only then an implementation of 
the condition based maintenance within the marine propulsion operation can be seen fit to approve.  

Second part of the paper demonstrates the results of preliminary experimental investigations conducted on the 
Schenck fatigue machine. The machine has been especially adapted for the purposes of the planned energy research and 
equipped with measuring apparatus of vibration, acoustic emission and thermal emission. 

Keywords: mechanical system, high-cycle fatigue, diagnostics.  

 

1. Introduction 

Within the period of intensive works engaged upon the improvement of reliability, durability 
and economy of marine combustion engines’ action, a problem of the effective diagnostic methods 
gets  the more and more larger meaning - especially, because last several years there was observed 
getting off the engines’ planned maintenance operation instead of their operation according to the 
actual technical state ( MAN Diesel&Turbo - „CoCoS-EDS - Computer Controlled Surveillance - 
Engine Diagnostic System", Wärtsilä - „CBM - Condition-Based Maintenance", General Electric - 
„ICAS - Integrated Condition Assessment System"). This is a desirable activity especially in case 
of the unforeseen damage inputs the large hazard degree. It also concerns fatigue damages within 
the engine's mechanical system and its driving line where possibilities of early recognizing the 
diagnostic symptoms are extremely limited because of the very little supervisory susceptibility. 

Hence, despite hearing more and more often about implementation into operation system a so-
called complex (defined in such a way with a decidedly excessive, exaggeratedly manner), 
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multisymptom diagnostic systems of the marine engines they still involve the working spaces 
mainly or the fuel fed systems eventually.  Furthermore, a key diagnostic problem concerning an 
evaluation of the fatigue state of the elements within the engine’s mechanical system (and within 
the whole propulsion system) still remains unsolved.  These elements being exposed to cyclic, 
changeable loads undergo fatigue failures (cracks) [Hebda and Wachal, 1999]. This kind of failure 
seems to be foreseeable which results from a clear interdependence between the failure formation’s 
intensity and the engine’s worktime. Additionally, a dispersion of the occurring failures is contained 
in the narrow time interval - Fig. 1. However numerous deviations from this rule occur. They result  

t[h]

f(t)

1 2

3

4

 
Fig. 1. Characteristic time courses of a probability density function of the worktime up to the failure for the marine 

combustion engines basic functional systems [Czajgucki, 1984].  
1 – thermal-flow system (working spaces), 2 – mechanical system, 3 i 4 – control system. 

 
 
most often from the post technological lattice defects within the constructional material, and also, 
what happens more often, from the long-lasting usage of the ship’s propulsion system in conditions 
of a stability loss within the mechanical system and consequently, the resonance vibrations [Cudny, 
1976; Drganantchev, 2000; Korczewski and Rudnicki, 2012]. 

Then, the occurring maximum amplitudes of changeable internal tensions cause a 
considerable limitation of the load alterations cycles’ number, at which the elements transmitting a 
torque from the engine to the propeller undergo the accelerated fatigue wear and tear, up to  the 
irreversible damages (cracks, deterioration of the constructional material’s mechanical properties 
etc.) - Fig. 2. What is interesting, the fatigue state, in a sense of dislocations within the lattice, 
caused by amplitudes of the cyclically changeable tensions, is “memorized” by the constructional 
material and in spite of removal of the primary reasons extorting vibrations a spontaneous 
restoration of the primary mechanical properties does not follow. On the contrary, a fatigue 
weakening constructional structure becomes more sensitive to strenuous load alterations because 
the initial Wöhlera curve moves in the direction of more and more lower values of the transferred 
tensions as well as the smaller cycle number at which a fatigue cracks initiation follows, and so the 
smaller fatigue durability. 

The  problem of fatigue consequences of vibrations, as an energy “microdynamic” 
phenomena (quickchangeable), occurring within the material microstructure related to one cycle of 
the changeable load, has been represented in numerous publications within the range of the 
Materials’ Strength for many years now [Koca�da and Szala, 1997; Kaleta, 1998; Boro�ski and 
Szala, 2008;  Maciejewski et al., 2003]. However, there is still noticeable the lack of bibliographic 
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positions presenting this issue in an aspect of identification of the "macrodynamic” processes 
(slowchangeable), describing the material behavior in a macroscopic scale, during a continuous, 
transient flow of the mechanical energy flux (along with the energy’s dissipation and accumulation) 
from the engine to the propeller. 

 
 
 
 

a)                b) 

   
Fig. 2. Fatigue failures of the shaftings’ elements within the marine propulsion unit:  

a) broken propeller shaft of the marine propulsion unit as a consequence of the structural material’s high-cycle 
fatigue (mechanical), b) rubber flexible element of the Vulkan RATO coupling along with fatigue wear traces  

[Korczewski, 2008]. 
 

In an ideal marine propulsion unit the whole energy delivered to the propulsion engine is 
transformed into the effective, basic rotational motion of the propulsive line’s mechanical system. 
As the result of the progressive technical state degradation of the line’s constructional elements 
accompanying motions are generated additionally. They are undesirable from the efficiency 
viewpoint of energy transformation and transmission processes within the whole propulsion unit. 
Moreover they represent a reason for the kinetic energy’s dissipation of the masses within the 
rotational motion as well as the internal energy’s accumulation within the constructional materials. 
After crossing the critical values of these energies the fatigue damage follows. Its course is 
characterized with residual energy processes: vibroacoustic and thermal that induce the observable 
diagnostic symptoms of technical state alterations. 

Therefore, how to estimate quantitatively a current fatigue state of the constructional material 
of elements transmitting a torque within a simple mechanical unit of the marine propulsion system 
in operation condition? More and more perfect measuring apparatus unlocks completely new 
horizons in this regard. Its application in diagnostic investigations enables the user to observe 
precisely the course of residual energy processes within the mechanical unit. It aims to evaluate the 
measures’ patterns (estimators) of diagnostic signals (vibration, acoustic and radiant emission) for 
the given high-cycle fatigue of the constructional elements’ material.  Consequently, this is also 
possible to evaluate a diagnostic inference method about the technical state of the simple 
mechanical units within the marine propulsion systems, and not only, in their operation conditions. 
This is the main aim which shone the Author of the present article during planning the investigative 
project.   
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2. Research test stand 

 In the first stage of diagnostic investigations of the real marine propulsion mechanical 
arrangements at high-cycle fatigue conditions it was necessary to built, in a certain scale, a physical 
model of the simplified mechanical system. The model preserving essential dynamic features of the 
real object enables an observation of the realized energy processes' course. There were good reasons 
for the decision to apply Schenck fatigue machine to this aim. The Schenck machine is mainly 
designed to evaluate the fatigue boundary of the constructional materials at the double-sided 
bending - Fig. 3a. During the standard fatigue test a standardized sample of the constructional 
material is subject to the clear bending-torsion moment of the constant value, on its whole length. It 
means, that the same fatigue stress exists in its every section. In this way, by relating the conditions 
of the laboratory fatigue test to the real running conditions of the marine propulsion unit shafts 
misalignment or deflection might be simulated. Such undesirable malfunctions take the effect on the 
growing trust forces in bearings and therefore a growth of the mechanical losses moment for 
overcoming friction forces within the mechanical system takes place. The alterations of the 
driveline’s rotational speed represent an observable result of the unestablished balance of the 
system’s mechanical energy. Transverse vibrations generated in the bearing nodes, acoustic 
emission of disappearing springy waves as well as thermal emission (infra-red radiation) of the 
system’s elements accumulating the internal energy, increasing as a result of the work executed 
over the system stand for the additional consequences of the sample’s enforced springy and plastic 
deformations. A manner of the measuring apparatus sensors’ assembly on the test stand is shown in 
Fig. 3b.  

a)             b) 

Rys. 3. Schenck fatigue-testing machine designed to exam a fatigue boundary of the constructional materials at the 
double-sided bending  

1 – propulsion engine (shunt direct-current motor), 2 – silent-block flexible disk coupling (pins along with rubber 
pads), 3 – rev-counter worm gear (transmission ratio 1:100), 4 – spring-actuated flexible coupling, 5 – immovable 
rolling bearing (ball bearing), 6 – self-aligning rolling bearing (ball bearing), 7 – sample under investigation.  

 
 

During a fatigue test completion there are registered diagnostic signals reflecting energy 
consequences of the progressive degradation process of  the sample's structure material which is 
subject to rotatory bending, in successive stages of the fatigue process: from an appearing the first 
slips in grains, across an initiation and development of the mikro- and macro-cracks, until to the 
total fatigue destruction.  A flow of energy streams within of the considered mechanical system 
illustrates Fig. 4.  
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After starting-up a propulsion engine and getting-out the mechanical system from the 
standstill to the settled rotational speed 2000 rev/min the sample's loading with the bending moment 
follows. The sample's cyclic sinusoidal load induces cyclic fatigue deformations and stresses in it. 
An initial growth and subsequent fall of the system's rotational speed, as a measure of appropriate 
alterations of the accumulated kinetic energy of the masses in rotatory motion, represents, among 
other things, their observable diagnostic symptoms - Fig. 5.  

An initial growth of the system's rotational speed might be explained with the transitional, 
intensive reinforcement of the sample's material structure in the result of slips' incubation in some 
grains of the lattice that are unfavorably-oriented in relation to the load direction. Then an equally 
intensive decrease of the sample's deflection might be observed. In the next phases of the process a 
thereinafter, moderated reinforcement of the sample's material follows. It results from the plastic 
deformations extorting the evolution of the lattice's defects along with the mutual blocking 
dislocations that are moving in different, intersecting slips' planes. Then the sample's deflection is 
also equally moderate. A continuous growth of temperature and trust forces in bearings causes the 
anti-torque's growth in the mechanical unit's rotational motion, i.e. the propulsion engine's load 
torque (shunt direct-current motor).  

 
 

 

Fig. 4. Mechanical system of the Schenck fatigue-testing machine along with a flow of energy streams  
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According to the right of angular momentum alterations for the considered propulsion unit a 

kinetic energy dissipation in its mechanical system and decrease in rotational speed follows. In case 
of a shunt direct-current motor for the reduced rotational speed, at unchanged magnetical stream, 
responds the smaller counter-electromotive force which counteracts against the voltage. In such a 
situation the larger current flows through the engine's armature enlarging a turning moment 
generated in the engine. The unsteady process will be lasted till the balance between breaking 
torque from the mechanical system (moment of mechanical losses) and the engine's propulsion 
torque. Considering this process in an aspect of electric energy transformation into mechanical one 
what is worked out in the propulsion engine it goes without saying that the more is the load torque 
the more is the current's amount consumed by the propulsion engine from the electric net (the larger 
feed electric energy stream to the engine). 

An alteration of the temperature field in a deformed material as well as the permanent growth 
the sample's averaged temperature stands for the thermal consequence of the mechanical fatigue. 
Observable distribution temperature alterations on the sample's surface (learning on the infra-red 
radiation detection) represent, on a macroscopic level, the adequate diagnostic symptom of 
microscopic phenomena setting within the material's crystalline structure. The phenomena are 
mainly associated with the dislocations' movement as well as their interaction (an influence of the 
point defects is negligible small) [Boro�ski and Szala, 2008]. According to the first law of 
thermodynamics an alteration of the internal energy amount that is accumulated during the fatigue 
test realization is calculated as a sum of the heat flux emitted to surroundings and the power needed 
on the sample's material deformation handiwork. Taking into considerations energy hypotheses of 
the fatigue damages, presented in publications of scientific teams directed by S. Koca�da and J. 
Szala as well as J. Kaleta a constructional element undergoes the fatigue destruction, when a total 
internal energy accumulated in its material reaches the critical value [Koca�da and Szala, 1997; 
Kaleta, 1998].  

A measurement and analysis of the vibration generated by the mechanical system's bearing 
nodes stands for the particularly complex metrological aspect of the high-cycle fatigue process's 
energy consequences in the conditions of growing lattice's defects of the material sample. This is 
also very complex to investigate impulses of disappearing springy waves of the acoustic emission 
that are locally freed, from the intermolecular bonds' energy release. What, in turn, is caused by the 
lattice's deformations and its defects' displacements (pointwise and linear). Then, the root-mean-
square value (rms value) of the registered amplitude spectrum constitutes the basic diagnostic 
parameter, as a measure of dissipated kinetic energy of the mechanical system in rotational motion 
devoted to the vibration and acoustic emission enforcing. Within L. Rogera publications presenting 
the comparative analyses of both the methods in an aspect of the fatigue cracks identification of the 
rolling bearings you can find unequivocal conclusions confirming a decidedly larger efficiency of 
observation of the acoustic emission phenomenon, which is more tender and unambiguous in the 
material defects evaluation [Roger, 1979 and 2001].  

Because of the continuous alterations of the lattice structure as well as temperatures of the 
getting warm material sample follow the suitable alterations of the natural vibration frequency 
follow. This frequency gets smaller along with the sample temperature, as a result of the material 
stiffness's decrease (a value of the material's longitudinal modulus of elasticity gets smaller). It 
results, from the conducted calculations, that in a range of the material temperature's changeability 
of the sample and bearing nodes, the natural vibration frequencies change in the range of a dozen or 
so, or even tens percentage during realization of the accelerated fatigue test. It can lead to the 
considerable "wander” of resonance frequencies. Hence, a frequency analysis of the registered 
amplitude spectrum does not bring in essential diagnostic information.  

The representative time courses of the observed control parameters registered during the pilot 
fatigue test execution on the Schenck test stand were introduced in Fig. 5. 
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Fig. 5. Time courses of the observed control parameters registered during the pilot fatigue test execution on the 
stainless-steel sample (unalloyed, fine-grained, weldable steel of S355N type) 

tp – sample’s temperature, np – sample’s rotational speed, UG – sample’s deflection, a – vibration acceleration, aRMS –
root-mean-square value of the vibration acceleration, N – cycle number. 

 
  

3. Physical model of energy processes  

 A creation of the adequate mathematical model represents one of key execution conditions for 
a quantitative evaluation of the energy consequences of the sample constructional material's high-
cycle fatigue making up the mechanical system's element. Only a set of the differential non - linear 
equations of partial derivatives delivers the precise movement description of such a system 
[Cannon, 1973; Cichy, 2001]. The influences of accidental factors were omitted within the 
elementary, necessitating approach to the issue of modelling processes. Moreover, the physical 
model of analysed energy processes, possessing the essential dynamic features characterizing an 
energy streams' flow in unsteady states, was maximally simplified (idealized). Assuming, that the 
state parameters of dynamic processes change only in relation to the time and that they do not alter 
their values in relation to the position, the simplest, zero-dimensional model (of the concentrated 
parameters) was accepted in the initial stage of investigations. It was adjusted, that the zero-
dimensional model fulfils the assumed particularity requirements of the real object functioning's 
mathematical description (a fatigue machine of the Schenck product), for the established modelling 
purposes - a creation of the diagnostic simulation model of the plain mechanical system. It was 
additionally adjusted, that a period of the neck creation in the sample, while the spatial stresses state 
begins affecting, will be neglected.  

With regard to the extensiveness and complexity of the energy processes mathematical 
modelling  of the considered mechanical system in unsteady states, the worked out physical model 
was limited only to the simplified flow of input and output signals among dynamic modules during 
the fatigue test realization - Fig. 6. Such a model stands for an introduction to the further, wider 
issue analysis. 
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Fig. 6. Physical model of the energy processes worked out within the mechanical system of the Schenck fatigue 
machine  

b – damping coefficient, FG – loading force, Fod�r – centrifugal force, FN� – trust forces in bearings,  I, U – 
respectively: current intensity and voltage, k – rigidity coefficient, mobc – loading mass,  Mi – driving torque 

developed on the engine shaft, Mm – torque of the mechanical losses, MG – bending moment, Ug – deflection,  � 
– angular speed, �G – amplitude of the changeable deflection stresses, otw QQ �� , - heat flux, respectively:  

released and convected to external environment, yyy ��� ,, - respectively: vibration displacement velocity and 
acceleration. 

 
In the next modelling stage one should to execute a classification of the distinguished 

dynamic modules on inertial and inertialess ones as well as to accept assumptions simplifying 
equations of the process's state. Time constants of the energy processes worked out during the 
system's unsteady working states will constitute the basis of the conducted considerations, with 
special regard of masses' inertia in a rotational movement (kinetic energy accumulation and 
dissipation) as well as transportation inertia of the released heat from the studied material sample 
(internal energy accumulation). 
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4. Conclusions and final remarks
 

The conception introduced within this scientific study concerns a diagnostic application of the 
energy investigations of the slow-changeable unsteady processes that go with the high-cycle fatigue 
of materials and constructions of the plain mechanical systems. It represents for an introduction to 
elaborate a diagnostic method of their technical state evaluation in real operating conditions. There 
is foreseen, that the method will supplement a lacking link of the existing diagnosing systems of the 
marine engines and propulsions.  
 The presented physical model of the energy processes worked out within the Schenck fatigue 
machine stands for an initial stage of these processes' mathematical modeling for the qualitative and 
quantitative identification of the developing fatigue defects' impact on time courses of the observed 
unsteady process's state variables. 
  
 
References 

[1] Boro�ski D., Szala J.: Ocena stanu zm�czenia materia�u w diagnostyce maszyn i urz�dze�. 
Biblioteka Problemów Eksploatacji, Bydgoszcz 2008.  

[2] Cannon R.H.: Dynamika uk�adów fizycznych. WNT, Warszawa 1973. 
[3] Cichy M.: Modelowanie systemów energetycznych. Wydawnictwo PG, Gda�sk 2001. 
[4] Cudny K. Linie wa�ów okr�towych. Wydawnictwo Morskie, Gda�sk 1976. 
[5] Czajgucki J.Z.: Niezawodno�� spalinowych si�owni okr�towych. Wydawnictwo Morskie, 

Gda�sk 1984. 
[6] Dragantchev H.: Control and Diagnostics of Ship Shafting. Proceedings of the IMAM 2000, 

Ischia, April 2-6, 2000, Session L, 115-122. 
[7] Hebda M., Wachal A.: Trybologia. WNT Warszawa 1999. 
[8] Kaleta J.: Do�wiadczalne podstawy formu�owania energetycznych hipotez zm�czeniowych. 

Oficyna Wydawnicza Politechniki Wroc�awskiej. Wroc�aw 1998. 
[9] Koca�da S., Szala J.: Podstawy oblicze� zm�czeniowych. PWN Warszawa 1997. 
[10] Korczewski Z., Rudnicki J.: Stability evaluation of the marine propulsion unit’s mechanical 

system by means of vibration measurements and their analysis. 5th International Conference, 
Maritime Transport 2012, Barcelona, 27-29 June 2012. 

[11] Maciejewski �., Myszka W., Zi�tek G.: Zm�czeniowe hipotezy energetyczne dla obci��e� 
pseudolosowych: symulacja i eksperyment. II Sympozjum Mechaniki Zniszczenia Materia�ów i 
Konstrukcji. Augustów, 4-7 czerwca 2003. 

[12] Roger L.M.: The application of vibration analysis and acoustic emission source location to on-
line condition monitoring of antifriction bearings. Tribology International, 1979, p. 51-59. 

[13] Roger L.M.: Structural and engineering monitoring by acoustic emission methods – 
fundamentals and applications. Lloyd’s Register Technical Investigation Department. UK 2001.  
 

107



 

 

108



LABORATORY STUDY ON INFLUENCE OF THE EXHAUST DUCT 
THROTTLING ON EXHAUST GAS COMPOSITION IN MARINE  

FOUR-STROKE DIESEL ENGINE 

Jerzy Kowalski 

Gdynia Maritime University  
Department of Engineering Sciences 

Morska Street 81-87, 81-225 Gdynia, Poland 
tel.: +48 58 6901434, fax: +48 58 6901399 

e-mail: jerzy95@am.gdynia.pl 

Abstract 

Presented paper shows results of laboratory tests on the relationship between the throttling of a cross area of an 
exhaust outlet duct and the composition of exhaust gas from the marine engine. The object of research is a laboratory 
four-stroke diesel engine, worked with a load from 50kW to 250kW at a constant speed equal 750rpm. During the 
laboratory tests over 50 parameters were measured of the engine with technical condition recognized as a "working 
properly" and with simulated the exhaust outlet duct throttling. The simulation consisted of changing the angle of the 
barrier mounted in the exhaust duct after the turbine, limiting duct cross-sectional area. Results of laboratory 
research confirm that the best indicator of the throttling of the exhaust gas duct among considered thermodynamic 
parameters of the engine is pressure of exhaust gas after turbine. Unfortunately mentioned pressure is usually very 
little and for this reason technically difficult to measure during on-board operation. In the case of measuring the 
composition of exhaust gas, the throttling of the exhaust gas duct causes visible changes of the oxygen and carbon 
oxide quantity in the exhaust gas. Other measured gaseous components changed not significant during the throttling 
of the exhaust gas. The conclusion is that the results of measurements of the composition of exhaust gas may contain 
valuable diagnostic information about the technical condition of the exhaust gas duct of the marine engine. 

Keywords: marine diesel engine, exhaust gas composition, toxic emission, laboratory investigation, exhaust gas duct 
throttling 

1. Introduction 

Diesel four-stroke engines used in marine applications must complying requirements of 
economic operation and environmental regulations. Necessary for this purpose is the preparation 
and delivery to the engine cylinders homogeneous combustible mixture in the whole engine load. 
Operation of the engine causes, in time, the deterioration of its work efficiency, due to various 
kinds of disability. These failures result in deterioration of the combustion process in engine 
cylinders. The effect of this situation is increased fuel consumption and changes in exhaust gas 
composition emitted from the marine engine [1 – 3]. Due to not effective combustion process of 
mixture in cylinders the composition of exhaust gas is changed [4 –7]. 

The fuel dose injected to the engine cylinder is fragmented and evaporated. After mixing the 
evaporated fuel with air the combustion process is started. Burning process causes changes in the 
air-fuel mixture with rotation of the crankshaft, the engine load and speed, and the technical 
condition of engine components and systems. Solid particles contained in the air and soot from the 
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exhaust gas can cause damage to the turbine blades, the exhaust gas duct and other components of 
the engine charging system. This causes the exhaust gas duct throttling and changes in the 
parameters of the combustion process. The effect of these may be change composition of exhaust 
gas also. 

The paper presents results of experimental studies on the effects of the throttling the cross area 
of the engine exhaust gas duct on the composition of exhaust gas.  

2. Laboratory stand 

The object of study is 3-cylinder, four-stroke, laboratory engine type AL25/30 Cegielski-Sulzer 
manufacturer, installed in the Laboratory of Internal Combustion Engines in Gdynia Maritime 
University. This engine is loaded with generator, electrically connected to the water resistance and 
supercharged by VTR 160 Brown-Boveri turbocharger. During tests the engine was fuelled by 
diesel oil and worked at a constant speed, equal to 750rpm. There were measured 56 parameters of 
the laboratory stand including the engine load and speed, parameters of the turbocharger, systems 
of cooling, fuelling, lubricating, and air exchange. The composition of exhaust gas was also 
recorded using electrochemical gas analyser. Pressure, temperature and humidity of air were 
recorded by laboratory equipment also. All mentioned results were recorded with a sampling time 
of 1 second. Injection pressures and pressures of combustion in all cylinders of the engine were 
also collected. Scheme of the laboratory stand is presented in Fig.1 and the engine parameters are 
presented in Tab.1. 

Fig.1. Laboratory stand scheme. 1 – generator, 2 – water resistance, 3 – gas analyser, 4 – computer, 5 – A/C 
converter, 6 – combustion pressure indicator, 7 – injection pressure indicator, 8 – exhaust gas duct 

Tab.1. Parameters of the Al25/30 engine 

Parameter Value Unit 
Max Power 250 kW 
Rotational speed 750 rpm 
Bore diameter  250 mm 
Piston stroke 300 mm 
Compression ratio 12,7 – 
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During each start of observation, the engine was loaded to maximum load equal 250kW, and 
after stabilizing temperature of exhaust gas after the turbine, engine operating parameters were 
recorded for 3 to 5 minutes. After this the load of the engine was decreased by 10kW and after 
stabilizing temperature of exhaust gas after the turbine, engine operating parameters were recorded 
again. Observation was continued with loads up to 50kW. The engine did not work with a load of 
190kW due to resonance vibrations. 

3. Results and discussion 

Fig.2. Thermodynamic changes during the throttling of the exhaust duct: a. Exhaust gas pressure after turbine, b. 
Speed of turbocharger, c. Air pressure after air cooler, d. Fuel consumption, e. Exhaust gas temperature before 

turbine, f. Temperature of exhaust gas after turbine 

Presented laboratory study consists of 3 stages: 

a. b.

c. d.

e. f.
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- first stage consists of 4 observations during operation of the engine assumed as “working 
properly”,

- second stage consists of 3 observations during operation of the engine with the throttling of 
the cross area of the exhaust gas duct by changing the barrier angle mounted in the exhaust 
gas duct after the turbine by 21 degrees,

- third stage consists of 3 observations during operation of the engine with the throttling of 
the cross area of the exhaust gas duct by changing the barrier angle mounted in the exhaust 
gas duct after the turbine by 71 degrees. 

Scheme of the throttling of the cross area of the exhaust gas duct is presented in Fig. 2. 

Fig.3. Scheme of the throttling of the cross area of the exhaust gas duct 

Presented results are average values for individual engine loads and observations. 

3.1 Thermodynamic changes 

The throttling of the cross area of the exhaust gas duct decreases pressure of exhaust gas after 
turbine and increases its temperature before and after turbine. Fig.2a shows visible changes of 
exhaust gas pressure. According to results presented in Fig.2e and Fig.2f temperature of exhaust 
gas before and after turbine increases average of 2% for the throttling with angle 21deg. and 5% 
for the throttling with angle 71deg. Changes in temperature and pressure of exhaust gas are so 
insignificant that there do not affect the speed of turbocharger. Mentioned speed is presented in 
Fig.2b. Lack of changes in speed of turbocharger takes effect no changes in pressure of air, 
delivered to the engine. Pressure of air after air cooler is presented in Fig.2c. Abnormalities in the 
combustion process causes growth of fuel consumption. Figure 2d shows measured fuel 
consumption for all considered states of the engine. The throttling of the exhaust gas duct by 
change of the barrier angle by 21deg. causes average increase of fuel consumption by 3,7% and 
8,2% for changing the barrier angle by 71deg respectively. It should be noted that the fuel 
consumption is very important parameter from an economic point of view but in a practical marine 
applications very difficult to measure. 

Assuming the measuring thermodynamic parameters are not enough to indicate abnormal 
throttling of the exhaust gas duct. According to presented results best indicator of the throttling of 
the exhaust gas duct among considered thermodynamic parameters of the engine is pressure of 
exhaust gas after turbine. Unfortunately mentioned pressure is usually very little and for this 
reason technically difficult to measure during on-board operation. 

3.2 Exhaust gas composition changes 

Figure 4a presents oxygen mole fraction in exhaust gas. According to presented results 
increasing the throttling of the exhaust gas duct decreases mole fraction of oxygen in exhaust gas.
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Fig.4. Exhaust gas composition: a. Oxygen fraction, b. Air-fuel excess ratio, c. Carbon oxide fraction, d. Carbon 
oxide emission, e. Carbon dioxide emission, f. Nitric oxide fraction, g. Nitric dioxide fraction, h. Corrected nitric 

oxides emission

a. b.

c. d.

e. f.

g. h.
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It means that though not changed pressure of air after air cooler (Fig.2c) and turbocharger 
speed (Fig.2b) the quantity of air delivered to the engine decrease. The reason of this situation is 
increasing temperature of air. Simultaneously with this phenomenon the quantity of delivered fuel 
is increase. The effect of this is combustion richest mixtures in cylinders. The confirmation of this 
state of affairs is decreasing of air-fuel excess ratio. Figure 4b presents dependences between 
calculated air-fuel excess ratio and the load of the engine in the different throttling of the exhaust 
gas duct. 

The air-fuel excess ratio was calculated according to the following dependence: 

2O2

2

UO%21
O%21
�

�� , (1) 

where:
�   – air-fuel excess ratio [-], 
21%O2 – mole fraction of oxygen in air, 
UO2  – mole fraction of oxygen in exhaust gas. 

 Similarly to earlier presented results the air-fuel excess ratio decreases average by 1,8% for the 
21deg. angle of barrier in the exhaust gas duct. The 71deg. angle of barrier in the exhaust gas duct 
causes decreasing of the air-fuel excess ratio average by 4,5%. The effect of the throttling is more 
apparent in high load conditions. Decreasing among of air delivered to engine cylinders causes the 
combustion process of a mixture consisting of more fuel. This situation promotes extension of the 
combustion process in time [8]. The effect of this is increasing the exhaust gas temperature after 
and before the turbine (Fig.2e and Fig.2f). 

As mentioned earlier during the throttling of the cross section area of the exhaust gas duct the 
richest mixture is combusted in engine cylinders. This phenomenon takes effect of deteriorations 
in the combustion process and changes with carbon oxide fractions in exhaust gas. Figure 4c 
shows dependences between the mole fraction of carbon oxide in exhaust gas and load of the 
engine and the throttling of the exhaust gas duct. The exhaust gas duct throttling causes increasing 
of mole fraction of carbon oxide in low loads of the engine. The maximum load of the engine 
decreases of mentioned mole fraction. The effect of decreasing of carbon oxide mole fraction is 
most visible during the little throttling. It means that the efficiency of the combustion process is 
changed with the load of the engine [9]. Figure 4d presents a level of carbon oxide emission from 
the engine for all considered loads of the engine and all considered states of malfunctions. Levels 
of emission of all mentioned chemical compounds of exhaust gas are calculated according to ISO 
8178 standard regulations [10]. According to presented results the low throttling of the exhaust gas 
duct take effect low increase of carbon oxide emission in low loads of the engine. Average 
increase is 4,5%. Working the engine in loads from 140kW to 250kW decreases the carbon oxide 
emission level average by 14%. It should be noted that the throttling of the exhaust gas duct takes 
effect of changing the shape of both the carbon oxide mole fraction and the emission from the 
engine according to results from the “worked properly” engine. It means that the high throttling of 
the exhaust gas duct causes increasing of the carbon oxide emission level average for 5,1% for 
very low and very high loads of the engine and average for 26% for loads of the engine between 
80kW and 210kW. 

Increasing the dose of fuel delivered to the combustion process increases carbon dioxide 
fraction in exhaust gas [9]. Decreasing of the engine load and increasing of the throttling of the 
exhaust gas duct increase the carbon dioxide emission from the engine. Fig.4e presents the 
calculated emission level of carbon dioxide from engine. According to presented dependences the 
low exhaust gas duct throttling increases the level of carbon dioxide emission average by 3% in all 
considered loads of the engine. More appearance effects are in the higher throttling conditions. 
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The high throttling causes increasing of the carbon dioxide emission level average by 7%. 
Obtained results are compatible with results of increasing fuel consumptions (Fig.2d).  

Figures 4f and 4g present dependence of the engine load on the mole fractions of nitric oxide 
and nitric dioxide in exhaust gas respectively. Low load of the engine take effect minimal fraction 
of nitric oxide and maximum fraction of nitric dioxide. During increasing load of the engine nitric 
dioxide mole fraction decreases but nitric oxide mole fraction increases. The relation between 
nitric oxides and nitric dioxides is like 8 to 1 in low loads of the engine and increases to 1 to 40 for 
high loads of the engine. Obtained results are qualitatively consistent with other results [6]. 
According to presented dependences the 21deg. throttling of the exhaust gas duct increases both 
the nitric oxide and nitric dioxide mole fraction in exhaust gas. Observed average increasing is 
4,3% for nitric oxide and 21,4% for nitric dioxide respectively. The 71deg. throttling of the 
exhaust gas duct take different effect. During the high throttling nitric oxide increases average by 
4% (similar to the 21seg. throttling) but at the same time mole fraction of nitric dioxide decreases 
in exhaust gas by 10% average for all considered loads of the engine. The explanation of this 
phenomenon is great changes in the combustion process. It’s possible that changes of the throttling 
of the exhaust gas duct causes changing in chemical reactions during the combustion process. It 
should be noted that mole fractions of chemical compounds in exhaust gas not depends on an 
exhaust gas flow rate. 

Fig.4h shows dependences between a corrected nitric oxides emission and the load of the 
engine and the throttling of the exhaust gas duct. The nitric oxides emission, calculated from a sum 
of nitric oxide and nitric dioxide mole fractions, depends not only on parameters of the working 
engine but on parameters of surrounded the engine air. Mentioned parameters are temperature, 
pressure and humidity of air. According to ISO 8178 standard regulations measured parameters of 
air for the nitric oxides correction are: 

- pressure – 101,3kPa, 
- temperature – 25°C, 
- humidity – 10,71gH2O/kg of air. 

According to mentioned European Standard all emissions of nitric oxides from diesel engines 
measured in other air conditions must be corrected to standard parameters by using the correction 
formulas. The dependencies from Fig.4h show that, despite results presented in the Fig.4f and 
Fig.4g, increase the throttling of the exhaust gas duct increases the emission level of nitric oxides 
for all considered loads of the engine. Increasing of the load of the engine decreases the level of 
corrected nitric oxides emission. Changes of the nitric oxides emission with the throttling of the 
exhaust gas duct are little visible. For the 21deg. throttling the average increase of the nitric oxides 
emission is 2,7% and for the 71deg.% throttling the nitric oxides emission increases average by 
6,7%.

Presented results show that the throttling of the exhaust gas duct causes visible changes of the 
oxygen and carbon oxide quantity in exhaust gas. Other measured gaseous components changed 
not significant during the throttling of the exhaust gas. 

4. Conclusions

The paper presents results of laboratory tests carried out on the four-stroke diesel engine for 
marine applications. The study consisted in determining the impact of the throttling of the exhaust 
gas duct on the engine operating parameters including the composition of exhaust gas. The 
obtained results allow concluding that the measuring thermodynamic parameters are not enough to 
indicate the abnormal throttling of the exhaust gas duct. According to presented results best 
indicator of the throttling of the exhaust gas duct among considered thermodynamic parameters of 
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the engine is pressure of exhaust gas after turbine. Unfortunately mentioned pressure is usually 
very little and for this reason technically difficult to measure during on-board operation. 

Presented results of exhaust gas composition show that the throttling of the exhaust gas duct 
causes visible changes of the oxygen and carbon oxide quantity in exhaust gas. Other measured 
gaseous components changed not significant during the throttling of exhaust gas. 

Obtained results allow concluding that the composition of exhaust gas can give with its image 
important diagnostic signals about the technical condition of the engine exhaust gas duct.  
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Abstract

The article presents the test stand dedicated to research the cooling system of elevated coolant  temperature. The 
test stand was developed in the software simulation AmeSim and the corresponding model was built. The temperature 
of this liquid was increased to the temperature of boiling water, as a basic compound of the cooling liquid. This 
system was designed for the four cylinder diesel engine 4CT90 with indirect fuel injection system. Intensity of the 
cooling, protected against too higher pressure, were changed by switching short and large liquid circulation and one 
or two fans of the cooler. Overpressure inside the cooling system was limited to 0,2 MPa, the temperature inside the 
cooling system was increased to 125°C. It was shown that it is possible to maintain the assumed constant pressure in 
the system and obtain at the elevated temperature of the liquid, leading to increased economic efficiency of the engine. 
The control algorithm to use of specific control procedures of cooling intensity in the pressure cooling system was 
developed. In the software simulation and the model stand liquid temperature and pressure course in selected points 
of system were determined. The characteristics obtained in the simulation software, and the model stand were 
designated using the developed algorithm. The software simulation was used electronic controls, while the model 
stand manually was controlled. 

 
Keywords: : algorithm, combustion engines, cooling systems, higher coolant temperature, simulation 

 

1. Introduction 
 

Internal combustion engines, which are characterized by low efficiency, are still commonly 
used for vehicle propulsion. Work is currently underway on the introduction of hybrid vehicles, 
but due to technical difficulties, their use is still the matter of the future. Therefore, research on the 
development of internal combustion engines in the direction of increasing efficiency and reducing 
toxic exhaust are still being carried [7].  

In the piston internal combustion engines, the most popular means of cooling is the cooling 
liquid, which provides a more uniform temperature around the combustion chamber than direct 
cooling air. In case of exceeding the boiling point must be a corresponding increase of pressure [3 
- 5]. 

Efficiency of liquid cooling systems can be improved by use of electronic control unit, as well 
as less intense cooling of the engine and thus reduction the heat loss [2]. 

 
2. Test stands for testing the cooling system at elevated coolant temperature  

In AMESIM software was developed the model stand scheme expressed with the help of 
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flowcharts and was performed calculations and simulations showing the courses of pressure and 
temperature for the assumed parameters of pressure [8]. The model of the cooling system was 
made on the basis of test stand solutions designed and built using the original components of diesel 
engine 4CT90 (Fig. 1). The primary source of heat of the test stand are three heating elements with 
different electrical power adjacent to the walls of each cylinder. 

�
Fig. 1. Model stand scheme of cooling system developed  in AMESIM software 

In the presented model are elements which represent the engine block along with the system 
responsible for removing heat from the walls and transferring it to the coolant. The control system, 
through the change of power of heating, enables regulation of heat which is discharged by the 
cooling system. Electrically driven centrifugal pump with adjustable speed was used. Because of 
that, cooling intensity was not related to the assumed engine speed. The flow of liquid between the 
short and large circulation was controlled by pressure regulated solenoid valves. In order to 
perform the calculation of the cooling circuit parameters (temperature and pressure of liquid, 
coolant pump flow, operational characteristics of pumps and valves),  was necessary to introduce a 
large amount of data including, first of all, the liquid properties, material properties of the engine, 
environment parameters, the volume of liquid in a small and a large circulation, the mass of the 
engine, etc. Detailed information was introduced according to the requirements of the program. 

The experimental stand was built  using original elements and units of the 4CT90 engine (Fig. 
2a). Thermal energy of combustion process was simulated by units of electric immersion heaters, 
installed in every cylinder, fed from the electric network (Fig. 2b). Immersion heaters had a length 
of the stroke of the piston and were divided into three segments with different power: the highest 
of any segment of the heater power had 2,5 kW, central one had 1,5 kW, and the lowest one had a 
power of 1 kW. The test stand was equipped with thermoelements located in the engine block and 
the head, as well as into thermoelements placed in the system of heat exchange with the 
environment. 

Two cooling fans placed in the channels with the sensors to enable measurement of the 
temperature and the rate of air flow. Channels of cooling liquid during measurements were 
shielded with foam reducing losses of the heat.  The centrifugal water pump was driven with the 
electric motor, which the rotation speed was controlled with the programmed inverter what 
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turn on and off the fan or fans, the pressure course was characterized by a relatively high 
homogeneity and stability throughout the heating cycle lasting about 100 minutes. 
 

b) 

 
Fig. 3. Courses characteristics at the overpressure of  0,2 MPa and 80% of the coolant filling level: a) pressure: 1 - 

short circuit, 2 - large circuit, b) temperature: 1 - entrance to the radiator, 2 - out of the radiator, 3 - out of 
the cylinder block 

 
3.2. Results on the model stand 
 

Experimental research was carried out on a model of diesel engine 4CT90 at the overpressure 
of 0,2 MPa and 80% filling of liquid system. The courses characteristics of coolants temperature 
before and after the radiator and the output from the engine, moreover the courses characteristics 
of coolants pressure in the small and large circulation were made.  

The cooling system was heated up in the small system about 24 minutes when the pressure in 
the system received established value, the system switched from small to large circulation, 
resulting in pressure reduced to about 0,17 MPa, and its value ranged 0,17 ÷ 0,22 MPa (Fig. 4a). 
The temperature dropped about 10°C, but it was possible to achieve maximum value at 120°C 
(Fig. 4b).  

Analyzing graphs of the simulation and experimental research, it is noted that the results are 
very similar, which indicates that the properly constructed simulation model mimics the action of 
the corresponding experimental engine cooling system. The characteristics show some differences, 
which may also derive from the fact that the mathematical model used an electronic control of all 
processes, whereas in studies of actual control takes place by hand. 

As in the case of simulation characteristics courses result coming from switching between 
the short and full circulation, change the water pump speed, and turn on and off the fan or fans. 

 
a)  
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b) 

Fig. 4. Courses characteristics at the pressure of 0,2 MPa and 80% of the filling with coolant: a) pressure: P1 
- small circuit, P2 - large circuit, b) temperature: 35 - out of the cylinder block, 36 - entrance to the 

radiator, 37 - out of the radiator 
 

4. The working algorithm of the pressure cooling system  
 

Cooling intensity at the model stand was controlled manually. Based on experience gained 
during this control, the algorithm was developed which enables the construction of the automatic 
control of cooling system [1]. 

Given control algorithm ensures the maintenance of assumed pressure, resulting in a rise in 
temperature. In a logical and efficient use of the individual controls on the engine cooling 
intensity, depending on the needs of the moment. 

The algorithm assumes gradual of the various methods of changes in cooling intensity in the 
system until the moment when at all operating levels of cooling system, the pressure reaches a 
critical value in large circulation (Fig. 5). 

When power is turned on the cooling liquid flows in the short circuit, after reaching assumed 
pressure, the system switches to a large circuit. 

When the pressure drops below a set, the system switches back to the small circulation. When 
the system operates on the large circulation, the pressure control is done by increasing or 
decreasing the speed of the coolant pump. 

Another level of control the intensity of cooling is switching on and off one or two fans. 
Despite work of two fans at the same time, still will be a further increase in pressure to achieve the 
critical pressure, the control system will give a signal to the decrease in load until the engine stops 
completely (in this case the electric heaters will be turned off). 

The algorithm assumes a step regulation of the pump speed in order to simplify the algorithm. 
Modulating control (smooth) inverter operation is also possible, but requires the use of the 
controller with the possibility of analyzing the analog signal. If you need an easy way, by 
multiplying the number of blocks increase the speed of decision-making or to build a pump control 
algorithm continuously with appropriate parameters. 

Marked pressure parameters can be determined depending on the physical properties of the 
system and therefore the algorithm is not given a specific value. These values can be stored in a 
separate table without having to type them into the algorithm. 
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Fig. 5. The algorithm controls the cooling intensity  
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Tab. 1. Description of signs used in the algorithm 

No. DESIGNATION DESCRIPTION 
1 Blue color The algorithm applies to control solenoid valves 

(switching between circuits, large and short) 
2 Green color The algorithm applies to the pump regulation at a speed of 

V1 and open valve of the large circuit  
3 Purple color The algorithm applies to the pump regulation at a speed of 

V2 and open valve of the large circuit 
4 Brown color The algorithm applies to the pump regulation at a speed of 

V3 and open valve of the large circuit 
5 Yellow color The algorithm applies to the fan control No 1 with working 

pump on high speed and open valve of the large circuit 
6 Orange color The algorithm applies to the fan control No 2 with working 

pump and fan No 1 and open open valve of the large 
circuit 

7 Red color The algorithm applies to the system critical pressure 
control  

8 P1, P2 Pressures measured in the short (P1) and large (P2) system 
9 PMOG Established upper value of the pressure maintained in the 

short system 
10 PDOD Established lower value of the pressure maintained in the 

large system 
11 PDOG Established upper value of the pressure maintained in the 

large system 
12 PP1D Established lower value of the pressure maintained in the 

large system at V1 speed pump  
13 PP1G Established upper value of the pressure maintained in the 

large system at V1 speed pump 
14 PP2D Established lower value of the pressure maintained in the 

large system at V2 speed pump 
15 PP2G Established upper value of the pressure maintained in the 

large system at V2 speed pump 
16 PP3D Established lower value of the pressure maintained in the 

large system at V3 speed pump 
17 PP3G Established upper value of the pressure maintained in the 

large system at V3 speed pump 
18 PW1D Established lower value of the pressure maintained in the 

large system with working fan No 1 
19 PW1G Established upper value of the pressure maintained in the 

large system with working fan No 1 
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No. DESIGNATION DESCRIPTION 
20 

 
PW2D Established lower value of the pressure maintained in the 

large system with working fan No 2 
21 PW2G Established upper value of the pressure maintained in the 

large system with working fan No 2 
22 NO Normally open valve 
23 NZ Normally closed valve 
24 V1-:-V3 The pump speed  
25 PK The critical pressure above which should reduce the load 

on the engine or turn off the engine 
26 OBC Engine load 

 
5. Conclusions 

 
As a result of simulation studies was found that temperatures can be maintained at nearly 

constant level in the block and head, and at the entrance and exit of the engine in this field of 
research. This means that one can control the system so it is possible to maintain the pressure and 
temperature at a given level and within acceptable limits. 

During the studies the algorithm, which will allow to construct the automatic control of cooling 
system was developed.	The algorithm ensures the sustaining of assumed pressure, resulting in a 
rise in temperature. In a logical and efficient use of the individual controls on the engine cooling 
intensity, depending on the needs of the moment. 

The algorithm assumes gradual of the various methods of changes in cooling intensity in the 
system until the moment when at all operating levels of cooling system, the pressure reaches a 
critical value in  the large circulation. 

Adopting developed control algorithm of cooling intensity requires designing and building from 
scratch some bands of the pressure cooling system, for a very difficult and sometimes impossible 
task was to find existing standard components to the target system (eg pumps, flow meters, 
solenoid valves with adjustable bandwidth etc.). 
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Abstract

This paper presents a model test stand for testing the cooling system with increased coolant temperature. On the 
model stand, as a result of the research, determined the characteristics of temperature and pressure courses coolant. 
The study was preceded by the determination of the intensity of the liquid flowing out of the engine block and flowing 
through the radiator as a function of the opening of the valve throttling the flow of liquid and  as a function of speed 
water pump. An adjustable valve was located in the water outlet duct of the engine. During the test the cooling system 
was filled with coolant at 90%. After preliminary studies, the degree of filling of the liquid was found to be optimal, 
because the greater the amount of water in the system observed difficulties in obtaining elevated temperature, whereas 
at lower amounts of liquid vortex centrifugal pump had problems with the rib. Then, the characteristics of the two 
ways of controlling the pump capacity were made, ie by throttling the discharge and change in speed. The 
characteristics indicate that the first way to adjustment of the pump flow rate and thus cooling intensity was less 
effective, because a small amount of throttling was not affect the change. The second way to adjustment of the liquid 
flow rate with changes in the speed of the water pump was more efficient, because it was easier to maintain the 
pressure established in the cooling system. 

Keywords:  internal combustion engines, cooling system, model research, pump capacity 
 
1. Introduction 
 

Piston internal combustion engines are still widely used for the propulsion of vehicles and 
work on their development are carried out, inter alia, to increase their efficiency. It is now widely 
used method of cooling is liquid cooling. 

One way to improve the efficiency of the currently used internal combustion engines is a more 
accurate control of individual motor units, reducing heat loss resulting from the cooling and heat 
escaping from the exhaust (turbine drive air compressor) [5, 7]. 

So far, the known ways of reducing the loss of cooling and radiation was the use shielding of 
the engine and the so-called adiabatyzation, the shielding walls of the combustion chamber with 
ceramic liners. So far, this is the way expensive, and used in piston engines are unreliable and 
ineffective [1, 3]. In the case of direct engine cooling air, which allows the maximum increase in 
temperature of the engine components, there are also problems of uniform cooling of the 
individual cylinders of the engine and the head of a wide range of engine speed and engine load 

For this reason, the most popular and widely used method of cooling is the cooling liquid, 
which provides a more uniform temperature around the combustion chamber, although the 
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properties of the water is limited by the maximum temperature of the coolant. 
Efficiency of liquid cooling systems as a comprehensive unit of energy management in 

vehicles, can be improved by the electronic control unit work, as well as the less intense cooling of 
the engine and thus reducing heat loss [2, 4]. 

The aim of this study was to determine the effect of adjustment performance of cooling water 
pump on the intensity of the heat transfer in the pressure cooling system. 

 
2. The research object 

The model test stand was built using original components and assemblies, where are used the 
cylinder block and head diesel engine 4CT90 (Fig. 1). 

 

 

Fig. 1. The stand to research the influence of the regulation 
method of cooling pump performance 

Fig. 2. View of the radial centrifugal coolant pump 
of the engine 4CT90 

 The cooling system was designed to operate with increased internal pressure, and consisted of 
the following components: 

- radiator with two fans, 
- flowmeter for measuring the flow of water in the system, 
- unit thermocouples inside the block and cylinder head, 
- water pump drive unit, 
- engine block heaters, 
- gauges to measure the pressure inside the system. 
Inside each cylinder was placed heaters of different power. The test stand was equipped with a 

thermocouples located in the engine block and head, as well as the thermocouples placed in the 
heat exchange system with the environment. Thermocouples were connected to the computer 
temperature meter with three analog-to-digital measurement cards APCI-3200. Two fans provided 
in the channels with sensors to enable measurement of the temperature and air velocity. Water 
centrifugal pump was driven by an electric motor whose rotational speed was controlled in a 
programmed inverter, allowing control of cooling intensity by changing the coolant flow rate [6, 
8]. The flow of liquid between large and small circuits was controlled by solenoid valves. 

Electronic manometer with pressure transducer A-10 Danfoss and needle manometer the extent 
of 0,147 MPa were used to measure the pressure in the cooling system. Electronic pressure 
transducers connected to the measurement cards with special software that allows the 
configuration and execution of measurement. 

126



3. The results of the cooling system as a model stand 
Research of the effect of adjustment performance of cooling water pump on the intensity of the 

heat transfer was preceded by determining the intensity of the liquid flowing out of the engine 
block and flowing through the radiator as a function of the opening of the throttle valve and fluid 
flow as a function of speed water pump. As a measure of valve opening the number of valve 
rotation was assumed from the fully open position to the closed valve position. The total 
adjustment range was 6 rotation dial valve. Changes in flow rate as a function of the number of the 
valve revolutions and rotational speed of the water pump shown in Fig. 3 

 
Fig. 3. The effect of the number of valve revolutions on the flow rate of coolant from the engine block at different speeds 

of the liquid pump 
 

During the first cycle tests were performed with capacity control coolant flow by means of the 
throttle valve setting. The impact of this control method on the ability to maintain and stability of 
the pressure in the cooling system and its effect on the control of the intensity of cooling was 
checked. The water pump speed was set to n = 500 rev/min and was maintained at a constant level 
throughout the test. The valve at the water outlet from the engine was set in six positions, including 
a fully open position.  

 
Fig. 4. Overpressure courses in the cooling system at 90% of the system filling in the coolant 

with flow control by a valve: p1 - overpressure at the outlet from the engine, p2- overpressure behind the radiator (the 
upper description - tap number of revolutions, the description of the bottom - time throttling settings) 
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After the warm-up and fully open the water valve, control the intensity of cooling takes place by 
switching on and off one or two fans at the same time so that the overpressure in the large 
circulation was about 0,3 MPa. In this way, you could keep the overpressure established between 
0,28 ÷ 0,31 MPa (Fig. 4). In the figure, courses pressure of transducer placed at the liquid outlet 
from the engine P1 and behind the radiator P2. 

After warming up the system and reducing the flow of coolant to the fourth rotation tap water 
valve, throttling growth generally did not affect the overpressure courses in the system (Fig. 4). 
Fluid overpressure behind the engine block was slightly higher than the overpressure behind the 
radiator. At the the liquid flow fans were switched on at the same time for several seconds at about 2 
minutes regardless of throttling the flow of liquid, and the temperature inside the fan channels 
changed in the range 30 ÷ 58°C (Fig. 5). The air temperature was below in the channel of the lower 
fan. 

 
Fig. 5. Temperature courses in the fans channel at 90% of the system filling in the coolant 

with flow control by a valve: 44 -  top fan, 47 - bottom fan 
 (the upper description - tap number of revolutions, the description of the bottom - time throttling settings) 

Try to turn on individual fans reduced the response time of the system and cause an excessive 
increase in overpressure in the cooling system. The difference between the temperature of the 
liquid at the inlet and outlet of the radiator was on average about 15 ÷ 20oC (Fig. 6). Coolant 
temperature changes in the engine block were smaller, and their amplitude changes in the range of 
valve opening was about 5°C near the inlet to the engine block (head before 1 cylinder) and head 
on the other side of the engine block (head behind 4 cylinder). Temperature of the liquid for the 
fourth cylinder was about 5°C higher than that of the head from the side of the coolant flow (Fig. 
7). 

Reducing the liquid flow of 5 (3840 seconds) and 5,5 rotation of tap valve (4300 seconds) 
resulted in an excessive throttling of the flow and as a result it was necessary to extend the cooling 
time of the liquid in the radiator to reduce the pressure, as shown in temperature courses in the fans 
channels (Fig. 5). Temperature of the cooling liquid behind the cooler in period of cooling  was 
much lower and reached values of about 75°C at 5 rotations of valve, and spin of the valve of 5,5 
rotation even reached 55°C (Fig. 6). 
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Fig. 6. Temperature courses in the cooling system at  90 % of the system filling in the coolant 
with flow control by a valve: 36 – flow of the liquid to the cooler, 37 – outflow of the liquid from the cooler 
(the upper description - tap number of revolutions, the description of the bottom - time throttling settings) 

Moreover, with such a large flow throttling was difficult to obtain reproducible courses 
pressure and temperature, as can be seen between 4000 and 6000 second of measurement. Range 
overpressure changes in the cooling system increased significantly and overpressure changed in 
the range 0,26 ÷ 0,37 MPa (Fig. 4), and temperature changes in the cylinder head ranged from 
110°C to nearly 130°C (Fig. 7). 

The characteristics that were presented to show that method of adjustment the coolant flow by 
throttling valve located in the the water outlet channel of the engine, and thus the intensity of the 
cooling is not efficient, because small changes of throttle do not affect the changes in operating 
parameters of the system, while at increased throttling is overcool of the liquid in the radiator and 
a growing range of overpressure changes. 
 

 
Fig. 7. Temperature courses in the cooling system at  90 % of the system filling in the coolant 

with flow control by a valve: 1 – engine head before 1 cylinder,  5 – engine head behind 4 cylinder 
(the upper description - tap number of revolutions, the description of the bottom - time throttling settings) 

The second way to control the flow of liquid through the cooling system was control by 
changing the flow rotation speed of the water pump. The rotational speed of the electric motor 
which drives the pump was varied from 200 to 800 rev/min, the ratio of i = 2,4 gave the change of 
speed of the pump impeller 480 to 1920 rev/min. 
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Fig. 8. Overpressure courses in the cooling system at 90% of the system filling in the coolant 

with speed control of the water pump: p1 – overpressure at the outlet from the engine, p2- overpressure behind the 
radiator 

(the upper description – pump engine speed, the description of the bottom – rotation speed change time) 

Figure 8 shows characteristic of the overpressure course which changed initially between  0,25 
÷ 0,35 MPa, and then between  0,27 ÷ 0,32 MPa. In Figure 9 it can be seen also the appearance of 
spontaneous circulation in the cooling system water after about 1000 seconds. When the water 
pump is turned off, it was caused by a phenomenon called thermosyphon, which is caused by a 
tilted heated water, due to its lower density and fall of cold water. After reaching the assumed 
overpressure (0,35 MPa) launched successively lower and upper fan. 

 
Fig. 9 . Temperature courses in the fans channel at 90% of the system filling in the coolant with speed control of the 

water pump: 44 – upper fan, 47 – lower fan  
(the upper description – pump engine speed, the description of the bottom – rotation speed change time) 

The next level of intensity of the cooling when the operating fan was not able to maintain the 
established pressure, was to start the engine of the water pump, initially at a speed of 200 rev/min 
(pump speed was np = 480 rev/min), and then the speed was increased to n = 500 rev/min (np = 
1200 rev/min) and after some time, pump engine speed reduced to n = 300 rev/min (np = 720 
rev/min). In about 4200 seconds to maintain established overpressure require increased engine 
speed drive the water pump to n = 800 rev/min (np = 1920 to rev/min). 

Adjusting with variable speed water pump was more effective than control performance by 
throttling the discharge, because it was easier to maintain established overpressure. System quickly 
reacted to changes in pump speed, temperature and pressure courses were generally characterized 
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by greater uniformity. In paragraphs 44 and 47 has changed nature of the courses between 3000 
and 4000s and 4200 and 4800 s, because intensity control was tested with a single cooling fan to 
maintain a temperature of the coolant escaping from the radiator to the highest possible level. 
During this time, the work change or one fan, or two at a time. In the 4000 second worked two 
fans, but despite this it was necessary to increase the pump motor speed to 800 rev/min to maintain 
the established overpressure in the cooling system. Next cooling intensity control was done by 
means of fans. Temperature of the air flowing through the radiator changed within 23 ÷ 50°C (T44 
and T47), and at the end of the cycle, the temperature in the upper fan channel even temporarily 
increased to 60°C (Fig. 9). 

 
Fig. 10. Temperature courses in the cooling system at 90% of the system filling in the coolant with speed 

control of the water pump: 36 – flow of the liquid to the cooler, 37 – outflow of the liquid from the 
cooler 

(the upper description – pump engine speed, the description of the bottom – rotation speed change time) 

 
Fig. 11. Temperature courses in the cooling system at 90% of the system filling in the coolant with speed 

control of the water pump: 1 – engine head before 1 cylinder,  5 – engine head behind 4 cylinder 
(the upper description – pump engine speed, the description of the bottom – rotation speed change time) 

The temperature of the coolant flowing to the radiator (T36) changed within the limits of 110 ÷ 
130°C throughout the study period, while the temperature of the coolant flowing (T37) from the 
radiator was lower and was at the level of 70 to 105°C and increased up to 112°C (Fig. 10). 
Courses temperature in the cylinder head are characterized by relatively high uniformity, and the 
temperature measured in the head at point T1 and T5 varied in the range 120 ÷ 130°C (Fig. 11). 
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The characteristics show that the method of adjustment by changing the intensity of the cooling 
speed, and thus the water pump flow rate, it is much more effective way to maintain required 
pressure and temperature. Courses of both temperature and pressure, as compared to the intensity 
of the throttle, are more uniform, and moreover is relatively easy to control the intensity of the 
cooling system. 
 
4. Conclusions 
 

During the test the cooling system was filled with coolant at 90%. The degree of filling of the 
liquid was recognized for the optimum preliminary studies because the greater amount of water in 
the system to cause difficulties in obtaining high temperatures, but with a smaller amount of liquid 
vortex centrifugal pump had problems with the rib.  

During the study checked two ways to adjust the pump capacity, ie, by throttling the discharge 
and change of speed. The first way of pump flow control, and thus the intensity of the cooling is 
not efficient. Small throttling does not affect the change. Large throttling of flow causes significant 
the disorder, and work of water pump, similar to those that occur during the filling of a small 
liquid. 

The second way to control the flow of liquid by means the pump speed changes of water is 
more effective than the control efficiency by throttling of the discharge. It is easier to maintain the 
pressure established. In addition, system more responsive to changes in pump speed, causing a 
corresponding change in the liquid flow rate. Therefore, the control flow by changing the speed of 
rotation was used in further studies.  
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Abstract 

The paper presents simulation calculations for a ship’s power transmission system and the associated exhaust gas 
boiler with the aim of assessing the boiler’s efficacy. Increasing prices of marine fuels force ship owners to limit the 
cruising speed of ships. This has negative impact on the operation of an exhaust gas boiler powered with exhaust 
fumes from the main engine. The boiler’s capacity decreases, seriously limiting the tasks ascribed to vapour.
Simulation calculations were conducted for the most typical system used on sea ships, i.e. a multi-turn engine and the 
associated exhaust gas boiler which generates saturated vapour. Adopting several values of ship cruising speed, 
which were smaller than the nominal speed, was a starting point for the calculations. Main engine powers were 
calculated with partial loads. Next, relevant values of excess air number were assigned to those powers and classic 
combustion calculations were conducted with the use of stochiometric combustion equations. For assumed fumes 
temperatures in front of and behind the boiler drops in fumes enthalpy were noted. It enabled to calculate the values 
of heat fluxes released by the fumes in the boiler. After adopting relevant vapour parameters boiler capacities were 
evaluated as appropriate. Results of those calculations are shown in tables and on the graphs. The summary of the 
paper includes conclusions and suggestions which may be helpful as far as designing waste heat recovery systems is 
concerned.

Keywords: thermodynamics, heat transfer, marine power plants, marine steam boilers, marine diesel engines

1. Introduction

In recent years a systematic, or at times even a sudden, increase of marine fuels has been 
observed. With varying intensity, this phenomenon occurred before as "fuel crises" in the years 
1973, 1979 and a number of subsequent years. It was characteristic that when fuel prices 
increased, ship owners resorted to recovery systems to increase power plant's efficiency and thus 
reduce the consumption of ever more expensive fuel. Over time, more and more advanced, and 
hence more expensive, deep waste heat recovery systems were introduced. Amortization period for 
such systems is calculated not in months but in years, sometimes even many years. The systems 
have been developing mainly towards recovering waste heat generated by fumes from the main 
engine.

The recent fuel crisis in the first decade of the 21st century caused unprecedented reaction 
among the majority of ship owners. Expensive deep waste heat recovery systems were replaced by 
another method of reducing operating costs, that is reducing the cruising speeds of ships. In effect, 
efficiency of all waste heat recovery systems has deteriorated, and in some cases the systems have 
been fully or partly exempt from operation.
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Exhaust gas boilers are being matched with an engine operating at a nominal load or with any 
partial load as indicated by the ship owner [1,2].

Below, simulation calculations are presented, which were made for the assumed main engine 
cooperating with the most typical exhaust gas boiler, i.e. the boiler generating saturated vapour for 
heating and technological purposes. Those calculations are based on the assumption that the boiler 
was matched with the nominal load of the main engine to ensure the nominal speed of the ship.
Subsequent calculation points reflect decreasing cruising speeds, and thus a decreasing power of 
the main engine.

2. Combustion calculations

Calculations were made for engine 8S50MC by MAN Diesel & Turbo. It is a dual stroke, 
crosshead, supercharged engine operating at low-speed, with the following technical parameters 
[6]:

- number of cylinders………………………….….8,
- nominal power……………………………….....11,140 kW,
- nominal rotational speed……………….............127 rpm 

The engine, coupled with a screw by a shaft line, constitutes a direct power transmission 
system. An assumption was made that while working at a nominal power and nominal rotational 
speed the engine powers the ship at a speed of 20 knots.

Simulation calculations were made for the following six cruising speeds of the ship: 20 k, 19 k, 
18 k, 17 k, 16 k, 15 k. It was assumed that when the ship’s speed is being gradually decreased, 
sailing conditions remain the same, which means that all the time the power screw is operating at a
fixed value of advance coefficient. Therefore, the ship's forward speed is proportional to the 
screw's rotational speed. It was assumed that the power developed by the engine is proportional to 
the rotational speed of the engine (screw) to the third power. Table 1 shows relevant powers for 
adopted cruising speeds.

Tab.1. Relationship between power of the main engine and the ship's speed

No. V [k] N [kW] N [%]
1 20 11,140 100
2 19 9,551 85,7
3 18 8,121 72,9
4 17 6,840 61,4
5 16 5,703 51,2
6 15 4,678 42

where:
No. – ordinal number,
V – ship's speed,
N – engine’s power.

For combustion calculations, heavy fuel with the following working composition was used 
(mass contents): C=85.44%; H=10.85%; O=0.39%; S=1.18%; N=1.14%; W=1.00%.
where:

C – coal content,
H – hydrogen content,
O – oxygen content,
S – sulphur content,
N – nitrogen content,
W – humidity content.
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When calculating fumes enthalpy, a change in the excess air number λ, which occurs when the 
engine load is changed, was taken into account. Experimental data obtained in the combustion 
engine laboratory in the Department of Maritime Power Plants in the Gdynia Maritime University 
were used. The relationship shown in Figure 1 was created based on the balance of carbon dioxide 
contained in fumes.

Fig. 1. Relationship between excess air and engine power

For further calculations, it was assumed that the nature of excess air number λ changes is as 
shown in Figure 1. Relevant values λ were calculated based on the experimental data 
approximating equation. Λ values reflecting relevant cruising speeds of the ship were show in 
Table 2.

Tab.2. Relationship between excess air number λ and the ship’s speed

No. V [k] λ
1 20 2,11
2 19 2,22
3 18 2,35
4 17 2,49
5 16 2,64
6 15 2,80

To calculate the values of heat fluxes allowing for utilization, fumes enthalpy graphs in the 
function of fumes temperature were developed for six λ values as specified in Table 2. Fumes 
enthalpy was calculated based on equation (1) [3]. 

I = VCO2iCO2 + VSO2iSO2 + VN2iN2 + VO2iO2 + VH2OiH2O [kJ/kg fuel],                      (1)
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where:

I [kJ/kg fuel] – fumes enthalpy produced by using up one kilogram of fuel,
V [Nm3/kg fuel] – volume of one fumes component,
i [kJ/Nm3] – enthalpy of a given fumes component.

Volume of each fumes component was calculated based on stoichiometric combustion 
equation. Results of fumes enthalpy calculations in the function of fumes temperature for six 
different values of excess air number are shown in Figure 2.

Fig. 2. Relationship between fumes enthalpy and fumes temperature for selected values of excess air number

3. Heat transfer calculations

Engine specifications provided by manufacturers and numerous performance measurements [5] 
made on ships point out that within the 50% - 100% range of engine load changes fumes 
temperature behind the turbocharger is very stable. Based on specifications of a given engine [6] 
the adopted value of fumes temperature behind the turbocharger was ts=230 oC, The same 
temperature was adopted for further calculations as temperature at the front of the boiler.

It was assumed that the boiler produces saturated vapour with working pressure pr=0.7 MPa.
This pressure corresponds to the temperature saturated vapour tn=170 oC. It was assumed that the 
minimum temperature discrepancy between heat transferring factors (pinch point) is 10 oC. Thus, 
temperature of exhaust fumes released by the boiler (behind the last heating surface) is twyl=180 
oC. Decrease in the fumes temperature in the boiler is: Δtsp = ts - twyl = 230 – 180 = 50 oC.

On the I = f(t) graph relevant values of fumes enthalpy were read for temperatures ts i twyl.
Table 3 shows relevant values of fumes enthalpy and discrepancies for individual values of excess 
air number.
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Tab.3. Fumes enthalpy for fumes temperatures in the front of and behind the boiler, with different values of excess air 
number λ

where:

Is – fumes enthalpy in front of the boiler,
Iwyl – fumes enthalpy behind the boiler,
ΔI  – difference between fumes enthalpy in front of and behind the boiler.

The next stage of calculations is to calculate fuel consumption with relevant forward speeds.
Unit fuel consumption was adopted based on specifications [6]. Relevant values of fuel 
consumption are shown in Table 4.

Tab.4. Fuel consumption for individual cruising speeds

where:

ge – unit fuel consumption,
B – fuel consumption per hour,
Bs – fuel consumption per second.

Heat flux released by fumes in exhaust gas boiler was calculated based on equation (2).

Qsp = Bs ΔI [kW]                                  (2)

where:

Qsp – heat flux released by fumes in the exhaust gas boiler.

Relevant values of heat fluxes Qsp are show in Table 5. 

Tab.5.Heat fluxes released by fumes in the boiler at individual cruising speeds

No. λ Is
[kJ/kg fuel]

Iwyl
[kJ/kg fuel]

ΔI
[kJ/kg fuel]

1 2.11 7,180 5,588 1,591
2 2.22 7,532 5,862 1,670
3 2.35 7,957 6,194 1,763
4 2.49 8,404 6,542 1,861
5 2.64 8,885 6,918 1,967
6 2.80 9,401 7,319 2,081

No. V [k] ge[g/kWh] B[kg/h] Bs[kg/s]
1 20 171 1,956 0,5433
2 19 170 1,666 0,4627
3 18 169 1,409 0,3913
4 17 170 1,194 0,3316
5 16 171 1,001 0,2780
6 15 172 702 0,1950
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Heat received by water in the boiler reduced by losses of heat released to atmosphere. That loss 
is accounted for by heat keeping coefficient φ. The adopted value was φ=0,9. Therefore, fluxes of 
heat intercepted by water Qw may be calculated based on equation (3).

Qw = φ Qsp [kW]                            (3)

Relevant values of heat fluxes Qw are show in Table 6.

Tab.6. Fluxes of heat intercepted by water at individual cruising speeds

  
     

The boiler’s capacity, with relevant heat fluxes Qw may be calculated based on equation (4).

                                     [kg/s]                                 (4)

where:

D[kg/s] – boiler’s capacity per second.
ip[kJ/kg] – vapour enthalpy,
iwz[kJ/kg] – enthalpy of the water powering the boiler.

The boiler’s capacities for relevant cruising speeds are shown in Table 7. 

Tab.7. Boiler’s capacity at individual cruising speeds.

No. V [k] Qsp[kW]
1 20 864
2 19 772
3 18 689
4 17 617
5 16 546
6 15 405

No. V [k] Qw[kW]
1 20 855
2 19 764
3 18 682
4 17 610
5 16 540
6 15 401

No. V [k] D[kg/s] Dh[kg/h]
1 20 0.350 1,264
2 19 0.313 1,130
3 18 0.280 1,080
4 17 0.250 902
5 16 0.221 789
6 15 0.164 593
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where:

Dh[kg/h] – hourly capacity. 

Capacity per second, taken directly from equation (4) is provided here, along with the so called 
hourly capacity, in other words capacity provided by the manufacturer in specifications. The 
results are shown in tables and on the graph in Figure 3. The graphic representation of data 
involves only hourly capacity, which is often used to show boiler performance. 

Relationship between the boiler’s capacity and the cruising speed is shown in Figure 3.

Fig.3. Relationship between boiler’s capacity and cruising speed

4. Summary

Results of simulation calculations point out that even the slightest decrease in cruising speed 
leads to significant decrease in the boiler’s capacity. So, reducing the speed by 5 knots, from 20 to 
15, i.e. by 25%, causes a drop in the boiler's capacity by as much as 53%.

Such a serious drop in vapour production may be associated with the necessity to launch a fired 
boiler. This is an completely normal procedure during manoeuvres, river or canal crossing, or in 
other situations where the time is limited, which may be encountered by a sea ship. Nevertheless, 
during long-term sea or ocean cruises, such a situation may be considered pathological.

A power plant designed for a contemporary sea ship equipped in waste heat recovery system 
should account for emergency situations when sometimes even for long periods of time a ship will 
be cruising at lower speeds that the nominal speed. To maintain the appropriate efficiency of waste 
energy recovery processes, possibilities of heat recovery from other sources, e.g. by cooling 
powering air, should be considered. Such solutions may be autonomous or may be closely 
connected with a classic exhaust gas boiler, ensuring production of required amount of vapour on a 
ship.
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Abstract 

Angular momentum pumps are very often applied onboard ships. These pumps are used in cooling circuits of 
medium and high power engines ,  power plant boilers and in bilge, ballast and fire installations. Very extensive use of 
angular momentum pumps on board is connected with their numerous advantages. During operation the wear of 
marine hull, the rotor and shaft seals takes place. The research attempts to increase the service life of shafts. The 
article presents the research results referring to the analysis of the influence�of finish treatment (lathing, grinding and 
burnishing) on the geometric structure of the surface of steel applied to marine pump shafts. The research was 
performed on a roller of 40 mm in diameter made of  X5CrNi18-10 (AISI 304 L) stainless steel. The lathing process 
was carried out by means of a WNMG WF 080408 Sandvik Coromant cutting tool with replaceable inserts. The 
grinding process was performed by grinding attachment for lathes. The 1 - 80x10x32 - 99C 80-N V grinding wheel 
was used for the process. The process of burnishing was done by SRMD burnisher by Yamato. In addition, the 
influence of the burnisher passes number on the geometric structure of the surface properties was determined. The 
paper will present the results of research related to roughness parameters, material ratio and surface waviness.  

Keywords: angular momentum pump, stainless steel, burnishing, surface layers, surface geometric structure.  

1. Introduction 
 
Centrifugal angular momentum pumps are utilized in the cooling system of high and medium 

speed engines, for supplying boilers, in bilge systems, ballast systems and in fire fighting 
installations. During their service the pump body, rotor ,sealing and shaft wear out. The research 
works made efforts to improve the shafts service durability and was based on carrying out tests for 
contact fatigue, friction wear and electrochemical corrosion. Due to hard service conditions marine 
pumps working in sea water environment are made of corrosion resistant materials. In spite of the 
fact that pump shafts are made of an expensive material, it is not possible to avoid service damage. 
This damage includes cracking, plastic deformation, excessive wear of pins in places of mounting 
rotor discs and sealing chokes, corrosive wear, friction wear, erosive wear and splineways knock 
outs. During service experience the most common problem that is observed is excessive wear of 
pins causing their diameter decrease as well as exceeding the permissible shape deviations in place 
of chokes mounting. 

Technology used in the production process has a vital influence on the reliability and service 
life of machine parts. The final formation of surface layer, that is the dimensions and  service 
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properties, is achieved during finish treatment of a given element. The fundamental aim of 
burnishing is to reach suitable properties of a surface layer which will considerably affect the 
machine parts durability. The burnishing technology allows to eliminate traditional finish 
machining such as:  grinding, super finishing, honing and polishing. Therefore the final formation 
of dimensions and service propertied by means of burnishing becomes a chipless and dustless  
treatment which qualifies burnishing for ecological treatment method. In industrial environment 
this process is carried out on universal machine tools as well as on CNC but belongs to plastic 
tooling. Burnishing process enables surface working at high dimensional precision (accuracy class 
7 and 6 ) which  gives the following advantages [8, 9]: 

� ability to achieve high smoothness (Ra = 0.32 – 0.04 μm)of the surface and  high bearing 
surface of roughness profile (90%), 

� increasing the surface hardness, 
� increasing resistance to surface as well as volumetric fatigue, 
� increasing resistance to abrasive and mashing wear, 
� lack of abrasive grain , chips, sharp and hard built-up edge fragments on burnished surface, 
� possibility of using burnish tools on universal lathes ( the concept of one stand working ), 
� eliminating or limiting the time consuming operations such a: honing, lapping, grinding 

and polishing, 
� ability to eliminate heat treatment in specific cases, 
� high process efficiency ( one working transition of a tool) and reduction of production 

costs, 
� high durability of burnishers, 
� decreasing the expenses related to machine parts production. 
The main limitation of burnishing is the material condition. Burnished objects must be made of 

materials enabling their tooling at ambient temperature, and in case of steel burnishing tools - they 
must have a limited hardness. The above mentioned criteria have  different meanings for particular 
burnishing methods. Other limitation results from OUPN system (working tool, fixture, object, 
tool) and its rigidity which should be the highest as it determines the measurement accuracy of the 
object tooled. 

Many scientific centres all over the world deal with burnishing treatment,  and the research 
programs comprise, among others, matters related with burnishing of cast iron, some heat resisting 
alloys and stainless steels, copper and aluminium alloy, titanium and its alloys,  composite and 
intermetallic coatings [4, 5, 10,] and padded coatings as well as parts produced by sintering metal 
powders.  

The surface layer of material is specifically subjected to various degradable factors. However it 
is not possible to avoid adverse phenomena of surface degradation during working conditions as 
well as corrosive influence of work environment. Therefore the aim of the paper is to obtain proper 
technological quality and suitable service properties of angular momentum pump shaft pins 
applied in sea water systems in marine engines. Within the research, the optymalization of 
burnishing technological parameters was carried out and the influence of the number of burnishing 
tool passes on the hardness and stereometric parameters of angular momentum pump shaft pins 
was defined [1, 2, 3, 6, 7]. Therefore burnishing should be performed on account of the 
minimization of Ra surface roughness factor as well as maximization of Su surface layer relative 
hardness level. The article will present the results of the research on roughness parameters, surface 
waviness, material ratio and frequency profile. 

2. Samples preparation 

Finish tooling of shafts pins was carried out on a CDS 6250 BX-1000 universal centre lathe. 
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Shafts pins � 40 mm in diameter and made of X5CrNi18-10 stainless steel were machined. The 
process of finish lathing was conducted by a knife with replaceable plates WNMG 080408 WF 
type (super finishing plates) by Sandvik Coromant (Fig. 1). Owing to appropriate geometry of  a 
corner the Wiper plates ensure high efficiency of finish lathing. The possibility of applying  two 
times more feed does not change the quality of the surface obtained in relation to traditional plates. 
During the process of  lathing the following machining parameters were applied: machining speed 
Vc=112 m/min, feed f=0.27 mm/obr, machining depth ap=0.5 mm. In order to perform finish 
lathing, a Wiper knife was also utilized. During the operation, the machining parameters were the 
same as for roughing, only feed was decreased and was equal to f=0.13 mm/rev. 

 

 
 

Fig.1. General view of OUPN tooling system (machine, grip, object, tool) - finish lathing 
 

The grinding process was performed by grinding attachment for lathes (Fig.2). The 1 - 
80x10x32 - 99C 80-N V grinding wheel was used for the process. The process was carried out at 
the following grinding parameters: shaft speed n=80 rev/min, feed  f=0.08 mm/rev, grinding depth  
ap=0.05 mm and the pressure of 0.8 MPa which allowed to reach the grinding wheel speed of 8000 
rev/min. 

 
Fig. 2. General view of OUPN tooling system (machine, grip, object, tool) – grinding. 
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The process of burnishing  (Fig. 3) was conducted by SRMD one roll burnish by Yamato   
(Fig. 4).  The technological process parameters applied for surface plastic treatment are shown in 
Table 1.The influence of the number of burnishing passes on surface roughness was determined 
within the research. A shaft journal after three applications of burnishing tool was used for the test 
experiment, with the technological parameters included in Table 1. 

 
 

Fig. 3. General view of OUPN tooling system (machine, grip, object, tool): burnishing 
 

 
Fig. 4. Burnishing tool 

 
Table 1. Technological parameters of burnishing process 

 
Parameter Values 

Burnishing force - F [kN] 1.1 
Burnishing speed – Vn [m/min] 35 

Feed - f [mm/rev] 0.13 

3. Research methodology 

The surface roughness was measured by HOMMEL TESTER T 1000 profile meter. The 
measuring length of test sample amounted to 4.8 mm, while the sampling length was 0.08 mm. 
The evaluation of  surface geometric structure was conducted on the basis of the commonly used 
parameters for surface roughness, waviness and material ratio : Ra, Rq, Rz, Rt, Wt, Wz, Wa, Mr1, 
Mr2, Rpk, Rvk, Rk [11, 12, 13]. 

  
4. Research results

 
The application of the unchanged technological parameters of the preliminary machining 
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treatment led to the achievement of diversified results of roughness tests of the examined shafts. 
The value of the mean arithmetic roughness profile deflection in the optimalization analysis ranged 
from 0.5 to 1.18 μm. The mean value of the Ra roughness coefficient reached 0.83 μm. The tables 
show the exemplary profile (Fig.5) as well as material ratio ( Fig.6 ) for the shaft surface, whose 
value of  Ra parameter amounted to 0.83 μm. The results of the basic statistic analysis were shown 
in Table 2. 

 
Fig. 5. Exemplary shaft surface profile  after preliminary lathing 

 

 
Fig 6. Exemplary material ratio curves and frequency profile after preliminary lathing 

 
Tab. 2. The basic results of Ra parameter statistic analysis (number of measurements 48)  

 
Mean Median Minimum Maximum Stan.Deflection Stan. Error 
0.83 0.79 0.50 1.18 0.14 0.02 

 
Shaft pins underwent traditional finish lathing after preliminary machining. The results 

obtained from the surface geometric structure measurements were presented in the tables below. 
The roughness measurements results for the marine pumps shaft pins finish machining were given 
in Table 3, the material ratio measurements results in Table 4, whereas surface waviness results in 
Table 5. 

Tab. 3. The mean values of  surface roughness parameters for finish treatment 
 

Parameter Ra [μm] Rq [μm] Rt [μm] Rz [μm] 
Grinding 0.28 0.36 2.66 2.07 

Finish lathing 0.35 0.42 2.47 2.03 
Burnishing 0.07 0.09 0.85 0.59 

3 burnisher passes 0.06 0.09 0.95 0.53 
 

Tab. 4. The mean values of  material ratio parameters for finish treatment   
 

Parameter Mr1 [%] Mr2 [%] 100%-Mr2 Rpk [μm] Rvk [μm] Rk[μm]
Grinding 9.03 86.63 13.37 0.34 0.46 0.86 

Finish lathing 6.47 87.73 12.27 0.25 0.49 1.17 
Burnishing 7.6 90.1 9.9 0.09 0.14 0.24 

3 burnisher passes 8.2 87.6 12.4 0.08 0.13 0.21 
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Tab. 5. The mean values of surface waviness parameters for finish treatment 
 

Parameter Wt [μm] Wa [μm] Wz [μm] 
Grinding 0.93 0.14 0.65 

Finish lathing 1.58 0.31 1.26 
Burnishing 0.42 0.08 0.25 

3 burnisher passes 0.45 0.08 0.26 
 
The shaft pins surface that underwent burnishing are characterized by really favourable 

roughness parameters. It signifies honing of surface roughness peaks by burnishing tool and 
reaching a surface of a relatively low surface roughness. The process of finish grinding and lathing 
allowed to obtain surfaces of a definitely worse surface compared to plastic treatment application. 
The values of the main parameters that were found were three or even four times higher than after 
burnishing.  

Low values of Rk and  big differences in  Mr1 and Mr2 values make it possible to conclude that 
the surfaces show high load, resistance to mashing as well as resistance to abrasive fatigue. The 
mean values of the material ratio parameter curve for burnishing are characterized by several times 
lower Rpk, Rvk and Rk parameters values when compared with traditional finish treatment. The 
same situation occurred for surface waviness parameters. Therefore the surface after burnishing 
and consequently after plastic deformation of surface peaks reaching low surface roughness should 
be characterized by higher resistance to tribologic wear. Moreover it should also show higher 
resistance to  electrochemical corrosion and contact fatigue. 

Figures 7, 8, 9, 10 presents exemplary profiles for shaft pins, whereas Figure 11 presents 
material ratio curves as well as frequency profiles of the results shown in the tables above. 

 
Fig. 7. Exemplary shaft surface profile  after grinding  

 

 
 

Fig. 8. Exemplary shaft surface profile  after finishing lathing 
 

 
 

Fig. 9. Exemplary shaft surface profile  after burnishing  
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Fig. 10. Exemplary shaft surface profile  after 3 passes of burnisher tool  
 

a) 
 

 
   
b) 
 

 
   
c) 
 

 
   
d) 
 

  
 

Fig. 11. Exemplary material ratio curves and frequency profile after: 
 a) grinding b) finishing lathing, c) burnisching d) after 3passes of burnisher tool  

5. Conclusions 

The analysis of the results obtained in the research proved that the burnishing process allows to 
achieve surface geometric structure with more favourable parameters of roughness, material ratio 
and surface waviness than after traditional finish treatment of shaft pins. Subjecting marine pumps 
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shaft pins to burnishing process made it possible to produce surface which should show higher 
resistance to tribological wear, electrochemical corrosion as well as contact fatigue. 
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Abstract  

 
Environmentally conscious activities performed in, among other things, motor transport facilities are of 

considerable importance for the environmental protection. Unfortunately, the analysis of the situation confirms that 
environmental protection in this kind of facilities is put at the bottom of the agenda. The economic effect of the sale of 
services, backed up with the expenditure on marketing and oriented to the maximization of profits and not to the 
environmental protection still prevails. This paper discusses the choice of an environmental strategy for motor 
transport facilities using a taxonomic method. It provides the purpose for using this method to assess environmental 
issues and describes its determinants. Basic taxonomic equations an algorithm for the calculations are also presented. 
The taxonomic method is characterized on the example of harmfulness of generated waste. The paper presents the 
calculation results and their interpretation in respect of the choice of a suitable technology to be applied. The data 
pertaining to the nuisance from generated waste were collected from 15 companies offering motor transport services. 
In order to ensure credible results, we adopted the data for defined parameters collected during consultation meetings 
with the technical inspectors of the companies under study and with the employees assigned to specific jobs. 
 
Keywords: ecology, managing environmental problems, motor transport,  technical facilities, taxonomic method 
 
1. Introduction 
 

The development of motor transport and its consequence in the form of the growing number of 
vehicles used as well as easy access to such transport means cause considerable risks to this sector 
of economy. The main motor transport problems would include the environmental damage and the 
lack of technical facilities functioning appropriately in terms of inspections, repairs and diagnostic 
testing [8]. 

The solution of the most essential motor transport problems in Poland depends on quick 
investment and organizational decisions aimed at making the Polish transport system equal to the 
logistic systems used in EU countries.  

The issues addressed in this article include a proposal of a logistic system strategy for motor 
transport facilities with respect to waste management by using a taxonomic method [1,6]. The 
taxonomic method enables comparison and choice of the most favourable solutions from among 
the considered technologies that are described by various parameters and units of measure. The 
ordering of technologies as factors according to defined criteria is closely related to systematics, 
on the basis of which the taxonomy functions.  
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2. Basic equations used in the taxonomic method and the algorithm for the calculations 
 

The taxonomic method relates to theoretical principles, procedures and rules of classifying 
technical objects from an analytical perspective. The method allows for graphic presentation of an 
affinity between the operations based on the example of selected logistic management strategies 
that are considered in comparison with the distance within a multidimensional metric space. For 
the purpose of this paper, each coordinate means a specific parameter assigned to a strategy for 
managing environmental parameters. Dendrites for the selected parameter group are depicted in 
graphic form to enable search for the smallest average difference between these parameters. This 
method is used to search for a so called effective parameter group based on specific assumptions 
[2,3]. 

The parameters for a specific environmental management technology for motor transport 
facilities are physical and chemical quantities. In the taxonomic model, it is necessary to normalize 
parameters so that they take non-dimensional values. During the normalization it is important not 
to disrupt the correlations in particular technologies. Another important problem is the so called 
correspondence between parameters. It is important to make such limitations where all the 
covariance matrices of the technologies in question are identical. 

The modelling algorithm for logistic processes in motor transport facilities can be presented in 
the following order [4,6]: 
1) The vector for the management of environmental problems, comprised of n elements, has the  
     following form:  

                                                 (1)  
 

The above relationship is a time function but not in an evident way because each of the subsequent 
stages of the logistic process is a function of logistic indices for the management of environmental 
problems (eg WN1, ... ,WNn ). So, this can be written as follows:  

                                     (2)  

 
There are as many indices for the management of environmental problems as the system elements. 
They are chosen from among the system indices WN1 - WNn, defined separately for each element. 
Each of the WNi indices can take various values within a definite time period (0, T) and can 
influence the management procedure xi as well as other procedures.   
2) It is possible to digitize the time within the bracket of (0, T) by dividing the period into K short  
    lengths of time, �t long each:  
                                                              

K
Tt ��                                                       (3) 

 
Determining the value of the i-th index for the management of environmental problems with ki, the 
equation (2) can be at k-th time written as follows:  
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This equation presents the dependence of the vector for the logistics of the management of 
environmental problems from the digitized system indices.   
3) Given the values of the system indices at times k (k = 1,..., K) it is possible to determine the  
     value of the vector for the logistic system by using for this purpose a multidimensional discrete- 
     time nonlinear model:  
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where: F - vector function with independent variable being a vector for the logistic system.  
4) The equation (5) can be written in a way that enables iterative determination of the vector for  
     the logistic system.    
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where: f1, ... ,fn - functions describing the correlation between logistic procedures.  
5) The logistic system vectors defined in the above way can be analysed by determining the spatial  
     positions of the coordinates (the indices for the logistics of the management of environmental  
     problems) in relation to the other, and thus determining the place in the entire sample. This in  
     turn gives the ability to order and classify them. The indices for the management logistics are  
     expressed in various units and cannot be added up directly. In this case one can use the method  
     for relative mean differences expressed by the below formula:  

                                                  (7)  

 
where: 
R1,2    - sum of the differences between the technologies, 
WN1j - value of the index for the logistics of the management of environmental problems of 

characteristic j of technology 1, 
WN2j - value of the index for the logistics of the management of environmental problems of 

characteristic j of technology 2, 
WNsrj - mean value of the index for the logistics of the management of environmental problems of  
            characteristic j.  
6) The logistic system technologies can be ordered by dendrite method. The dendrite of the  
      smallest differences between the indices for the logistics of the management of environmental  
      problems, obtained as result of such ordering, graphically depicts the system clusters.   
7) Given the sums of the differences between the indices for the management logistics, it is  
      possible to construct a metric square matrix (by Czekanowski’s method) that allows for  
      verification of the dendrite ordering:  

 
 

                                                 (8) 
 
 
 

 
3. Taxonomic analysis of harmfulness of generated waste  
  

As mentioned in the introduction to this paper, environmental problems related to the waste 
generated in motor transport facilities were assessed using the taxonomic method. The method 
allows for dendrite ordering that is better to reproduce the positions of the examined factors in the 
multidimensional parameter space, as opposed to all kinds of optimization method that allow for 
only linear ordering of selected indices [5]. 
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For the taxonomic assessment of environmental threats resulting from the waste generated in 
motor transport facilities, their general harmfulness to the environment was chosen. The data 
pertaining to the nuisance from generated waste were collected from 15 companies, with the range 
of 0 or 1 (0 - least nuisance, 1- biggest nuisance) adopted. All the selected companies offer motor 
transport services. And all the motor transport companies under study are called “technologies” 
because, when making their documents and materials on generated waste available to us, some of 
them did not give their consent to their names and affiliations to be disclosed. The data adopted for 
the defined parameters were repeatedly consulted with the companies’ technical inspectors and 
employees assigned to specific jobs to ensure that credible results are obtained [6,7]. 

The choice of the most favourable variant in respect of the adopted comparison criteria 
necessary to carry out an analysis by taxonomic method required three additional parameters 
correlated with environmental issues in those companies (i.e. model parameters) to be defined. Our 
in-depth analysis has allowed us to define the following: CO2 emissions to the environment 
(WP1), total amount of waste material (WP2), and power demand in respect of environmentally 
friendly works (WP4). The fourth model parameter is the general harmfulness of generated waste 
(WP3). Table 1 includes the model parameters selected for calculations and their corresponding 
units of measure. 
 

Tab. 1. Parameters for the environmental assessment of the technical facilities, chosen for the analysis 

No PARAMETER 
SYMBOL PARAMETER TYPE MEASUREMENT 

UNIT 
1. P1 Emission of carbon dioxide (CO2) to atmosphere [kg/rok] 

2. P2 Total quantity of material waste [kg/rok] 

3. P3 General “harmfulness” of generated waste (in terms of toxicity)  [0-1]* 

4. P4 Energy demand with reference to pro-ecological projects [kWh/m-c] 
          * 0 - lowest, 1 - highest 
 
3.1. Study results 
 

The results obtained by taxonomic method have been additionally verified in this paper by 
Czekanowski’s matrices. In the case of similarity of the results it can be concluded that the 
procedure adopted for the calculations was correct. The order of the connected points and the 
values of the mean differences between those points matter greatly when drawing the conclusions. 
The closeness and the clustering of specified technologies show that the parameter concerned is 
similar, which allows selection of an optimal quantity. 

The research results have been collated in tables and presented graphically in the form of 
dendrites and Czekanowski’s matrices, including: 
� table 2 - collation of the analysed parameters for all the companies under study, 
� table 3 - parameter values determined by taxonomic method for the least troublesome waste 

with respect to environmental protection, in 5 of the companies under study, 
� table 4 - mean differences between the technologies under study (according to table 3), 
� table 5 - Czekanowski’s diagonal matrix (verification: Fig. 1), 
� table 6 - parameter values determined by taxonomic method for moderately troublesome waste 

with respect to environmental protection, in 5 of the companies under study, 
� table 7 - mean differences between the technologies under study (according to table 6), 
� table 8 - Czekanowski’s diagonal matrix (verification: Fig. 2), 
� table 9 - parameter values determined by taxonomic method for the most troublesome waste 

with respect to environmental protection, in 5 of the companies under study, 
� table 10 - mean differences between the technologies under study (according to table 9), 
� table 11 - Czekanowski’s diagonal matrix (verification: Fig. 3), 
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� Fig. 1 - dendritic differentiation of the technologies according to harmfulness of the waste for 
the 5 lowest values, 

� Fig. 2 - dendritic differentiation of the technologies according to harmfulness of the waste for 
the 5 medium values, 

� Fig. 3 - dendritic differentiation of the technologies according to harmfulness of the waste for 
the 5 highest values. 

 
 

Tab. 2. Analysed parameters for the 15 companies under research (including the model parameters) 
               Parameters 
Technology P1 P2 P3 P4 

1 929 58 518 0,35 800 

2 1 328 63 372 0,72 900 

3 1 679 55 846 0,27 950 

4 1 000 31 982 0,26 600 

5 2 647 113 516 0,13 975 

6 1 221 48 288 0,49 740 

7 3 017 106 424 0,31 250 

8 1 921 84 961 0,87 1000 

9 1 395 62 282 0,59 430 

10 896 55 423 0,70 740 

11 1 093 63 230 0,18 800 

12 4 329 161 326 0,19 940 

13 2 247 57 013 0,64 800 

14 1 444 65 510 0,25 850 

15 2 309 124 893 0,13 900 

WP1 672 41 568 1 555 

WP2 750 23 987 1 450 

WP3 1 441 63 721 1 750 

WP4 2 262 79 818 1 187,5 

  
Tab. 3. List of parameters according to harmfulness of the waste for the 5 lowest values                                                 

from among the companies under study 
                  Parameters 
Technology P1 P2 P3 P4 

8 1 921 84 961 0,87 1000 

2 1 328 63 372 0,72 900

10 896 55 423 0,70 740

13 2 247 57 013 0,64 800

9 1 395 62 282 0,59 430

WP1 672 41 568 1,00 555

WP2 750 23 987 1,00 450

WP3 1 441 63 721 1,00 750

WP4 2 262 79 818 1,00 188

 
Tab. 4. Mean differences between the technologies under study (according to table 3) 

Technology 8 2 10 13 9 WP1 WP2 WP3 WP4

8 2146,98 2885,16 2694,37 2244,01 4220,54 5896,81 2060,95 1091,67 

2 2146,98 836,40 931,81 542,67 2127,11 3803,37 357,72 1812,33 
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10 2885,16 836,40 615,15 1044,95 1342,40 3019,58 893,54 2626,04 

13 2694,37 931,81 615,15 900,94 1623,59 3238,84 802,90 2539,55 

9 2244,01 542,67 1044,95 900,94 2121,03 3682,79 550,84 1883,30 

WP1 4220,54 2127,11 1342,40 1623,59 2121,03 1689,32 2163,82 3809,71 

WP2 5896,81 3803,37 3019,58 3238,84 3682,79 1689,32 3837,11 5411,25 

WP3 2060,95 357,72 893,54 802,90 550,84 2163,82 3837,11 2001,91 

WP4 1091,67 1812,33 2626,04 2539,55 1883,30 3809,71 5411,25 2001,91 
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Fig. 1. Dendritic differentiation of the technologies according to harmfulness of the waste for the 5 lowest values 

 
 

Tab. 5. Czekanowski’s diagonal matrix (dendrite verification according to Fig. 1) 

        

WP1 
WP2 

WP4 
WP3 

0 - 8594     8595 - 19954 

    19955 - 24835 > 24835 

 
 

Tab. 6. Parameters according to harmfulness of the waste for the 5 medium values                                                  
from among the companies under study 

               Parameters 
Technology P1 P2 P3 P4 

6 1 221 48 288 0,49 740

1 929 58 518 0,35 800

7 3 017 106 424 0,31 250

3 1 679 55 846 0,27 950

4 1 000 31 982 0,26 600

WP1 672 41 568 1,00 555

WP2 750 23 987 1,00 450

WP3 1 441 63 721 1,00 750

WP4 2 262 79 818 1,00 188
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Tab. 7. Mean differences between the technologies under study (according to table 6) 
Technology 6 1 7 3 4 WP1 WP2 WP3 WP4

6 1319,63 5704,15 1195,88 1572,25 970,27 2352,95 1677,59 3221,37 

1 1319,63 4774,70 819,90 2548,44 1707,93 3320,58 1080,33 2371,91 

7 5704,15 4774,70 5034,81 7215,07 6315,27 7981,52 4214,46 2577,86 

3 1195,88 819,90 5034,81 2358,06 1568,22 3105,89 989,99 2590,46 

4 1572,25 2548,44 7215,07 2358,06 1009,37 783,42 3058,33 4645,56 

WP1 970,27 1707,93 6315,27 1568,22 1009,37 1689,32 2163,82 3809,71 

WP2 2352,95 3320,58 7981,52 3105,89 783,42 1689,32 3837,11 5411,25 

WP3 1677,59 1080,33 4214,46 989,99 3058,33 2163,82 3837,11 2001,91 

WP4 3221,37 2371,91 2577,86 2590,46 4645,56 3809,71 5411,25 2001,91 
     

                       

 
                       783,42                                            1009,37 
 
 
                                                                          970,27 
 
 
 
               2577,86                                                            1195,88                     
                                                                                                                   819,90 
 
                                                2001,91                  989,99 
 

W 
P3 

W 
P4 3 

7 

6 1 

W 
P1 

W 
P2 

4 

 
Fig. 2. Dendritic differentiation of technologies according to harmfulness of the waste for the 5 medium values 

  
Tab. 8. Czekanowski’s diagonal matrix (verification: Fig. 2) 

        

WP1 

WP2 
WP3 

WP4 

 0 - 13134     13135 - 24835

    24836 - 36624 > 36624 

 
 

Tab. 9. Parameters according to harmfulness of the waste for the 5 highest values                                        
     Parameters 

Technology P2 P13 P14 P21 
14 1 444 65 510 0,25 850

12 4 329 161 326 0,19 940

11 1 093 63 230 0,18 800

15 2 309 124 893 0,13 900

5 2 647 113 516 0,13 975

WP1 672 41 568 1,00 555 

WP2 750 23 987 1,00 450 

WP3 1 441 63 721 1,00 750 

WP4 2 262 79 818 1,00 188 
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Tab. 10. Mean differences between the technologies under study (according to table 9) 

Technology 14 12 11 15 5 WP1 WP12 WP3 WP4

14 9277,03 1264,60 5865,67 5021,38 2335,36 4011,45 745,66 1824,96 

12 9277,03 9510,66 3703,76 4645,04 11609,48 13285,65 9450,61 7901,15 
11 1264,60 9510,66 5941,20 4989,51 2251,43 3776,22 912,86 1757,25 

15 5865,67 3703,76 5941,20 2029,78 8037,54 9714,72 5919,93 4383,47 

5 5021,38 4645,04 4989,51 2029,78 7041,35 8650,23 5360,95 3710,97 

WP1 2335,36 11609,48 2251,43 8037,54 7041,35 1689,32 2163,82 3809,71 

WP2 4011,45 13285,65 3776,22 9714,72 8650,23 1689,32 3837,11 5411,25 

WP3 745,66 9450,61 912,86 5919,93 5360,95 2163,82 3837,11 2001,91 

WP4 1824,96 7901,15 1757,25 4383,47 3710,97 3809,71 5411,25 2001,91 
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Fig. 3. Dendritic differentiation of technologies according to harmfulness of the waste for the 5 highest values 

 
Tab. 11. Czekanowski’s diagonal matrix (verification: Fig. 3) 

        

WP1 
WP2 
WP3 

WP4 

 0 - 20466 20467 - 45944 

  45945 - 69072 > 69072 

 
 
4. Conclusions 
 

Ordering of environmentally conscious technologies by taxonomic method in a motor transport 
facility is an effective way of finding an appropriate solution. The taxonomic method can also be 
used to effectively choose a logistic system for environmental threats occurring in a motor 
transport facility. Czekanowski’s matrices can be employed to additionally verify the 
differentiation results for environmentally conscious technologies and logistic systems. 

The evaluation of the results treated in this paper allows for their interpretation with respect to 
the usefulness of the technologies in question. The list covering the harmfulness of the waste for 
the group of 5 companies characterized by the slightest impact on the environment shows that the 
company behind the number 2 is in the most favourable situation in this respect. Moreover, 
taxonomic differentiation allows us to state that technology no. 2 is also in a favourable situation 
with respect to power consumption (the model technology WP4 is also close to technology no. 8). 
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The same dendrite also reveals that the desirable technology can be company no. 13 which is close 
to WP3 in the taxonomic space. 

In the group of companies ordered according to the mean harmfulness of the waste, the 
technology behind no. 3 has the lowest value which means that it is in the most favourable 
situation in terms of its impact on the environment. Technology no. 6 is close to the model 
technology WP1 which is not insignificant on account of CO2 emissions (the greenhouse effect). 
This is revealed by dendritic differentiation of the technologies and confirmed by Czekanowski’s 
diagram.  

In the group of 5 companies that are the most troublesome to the environment in terms of 
harmfulness of the waste they generate the best technologies are numbered 11 and 14. Technology 
no. 14 that is closest to the model value WP3 in the taxonomic space is characterized by the lowest 
value of parameter P3 in this group of companies. Dendrite ordering is verified by Czekanowski’s 
diagonal matrix which shows similar results. 
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Abstract 

 
The waste energy utilisation degree in the marine Diesel power plants grows as the exhaust gas boiler exhaust 

gas temperature decreases. The limitation in this case is not only a likelihood of sulphur corrosion occurrence in the 
boiler and exhaust gas ducts, but also the obtainment of too little, or altogether negative values of so called pinch 
point. 

The article presents the analysis of the limitations related with the pinch point and minimum boiler exhaust gas 
temperature which are possible for the acceptance at the stage of the preliminary design in terms of the system correct 
operation and its energetic effectiveness. The possible negative results of the exhaust gas boiler exhaust gas 
temperature reduction and the methods to prevent the results have been presented. In the effect of conducting the 
calculations for the selected thermodynamic parameters of a model waste energy recovery system there has been 
presented the graphic course of the changes in the achieved power of the steam turbine generator and the pinch point 
in exhaust gas boiler in relation to the boiler exhaust gas temperature, the generated steam pressure, recovery system 
feedwater temperature and the main engine exhaust gas temperature. The data presented in the article are but of 
general nature and reflect the relations between the selected thermodynamic parameters that characterise the model 
of the waste energy recovery system in the marine Diesel power plant. 

 
Keywords: marine power plants, waste energy recovery systems, design limitations 
 
1. Introduction 

The obtainment of the high energetic effectiveness ratios on the Diesel powered ships [also 
referred to as the ‘motor ships’] is possible owing, inter alia, to the application of the complex 
waste energy recovery systems. One of the methods to make it possible to improve the 
effectiveness of the use of this energy is the application of the possibly low temperature of the 
exhaust gas boiler outlet exhaust gas that characterises the waste energy deep recovery systems. It 
is universally assumed that the limit values of this temperature result chiefly from the level of 
water dew point temperature of the exhaust gas directed to the exhaust gas boiler and the heat 
transfer surface in the boiler possible to be accepted from the economic point of view. However it 
should also be noticed that there are some other limitations resulting from the physical phenomena 
occurring in the exhaust gas boilers which are present during the operation of the waste heat 
recovery systems. The tendency of the boiler heating surface to get contaminated is, among others, 
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of significant importance. This phenomenon in the exhaust gas boilers is related with the 
adherence of the soot particles contained in the exhaust gas to the heating surface. The dominating 
mechanisms during this process are the inertial collision of those particles with the heat transfer 
surface and their tearing away as well as thermoforesis (Soret effect), resulting from the difference 
in the temperatures between the heating surface and the exhaust gas [9]. The inertial collisions of 
the solid particles form the prevailing mechanism for the particles exceeding 10 μm [9]. The 
presence of the asphaltenes in fuel significantly increases the contents of those particles in the 
exhaust gas. It should be noted that the effect of the thermoforesis decreases as the heat transfer 
surface in the boiler grows [2, 3]. The other unfavourable phenomenon is the generation of the 
sulphur trioxide in the exhaust gas in the effect of the reaction occurring both in high and low 
temperatures. 

The sulphur oxide and water content in the exhaust gas significantly influences the value of the 
dew point temperature for the water in exhaust gas. This temperature is related with the water dew 
point temperature decreased by the value related with partial pressure values of acid and water. 
The adequate formulae to allow to determine this temperature have already been elaborated within 
the 1950’s of XX century [7]. On account of relatively high general air excess factor in Diesel 
engines the water dew point temperature in the exhaust gas is relatively low. For the air 
temperature of 45°C and RH 100% the water dew point temperature amounts to approximately 
48°C [3, 4]. The higher the fuel sulphur content, the higher exhaust gas water dew point 
temperature [8, 11, 12]. The presence of the sulphur oxides in the exhaust gas causes the 
generation of the sulphuric acid and thus the sulphur corrosion of the boiler elements and exhaust 
gas ducts. The remaining acid becomes isolated by condensation on the boiler heat transfer 
surface, if this has the lower temperature than the exhaust gas water dew point temperature. In case 
of the majority of the exhaust gas boilers the temperature of the heat transfer surface external walls 
is slightly higher than he temperature of the medium flowing inside the piping due to the high heat 
transfer coefficient at the side of this medium. Thus the temperature of the heat transfer surface in 
the boiler – instead of the temperature of the exhaust gas itself – is the decisive factor for the acid 
condensation and the corrosion intensity. The high-concentration acid gets deposited on cool 
surface just below the exhaust gas dew point temperature [7] and is not as aggressive to the steel as 
a diluted acid which occurs at the water dew point temperature [2, 7]. Therefore the exhaust gas 
boiler is supplied with water of adequately high temperature, exceeding the temperature of the 
condensate supplied by the recovery system feedwater pump. 

It is worth emphasising that the exclusive application of the natural and forced LNG 
evaporation product as the fuel is characterised by low emission of the harmful engine exhaust gas 
(according to Wärtsilä the reduction is as big as the tenfold in relation to the emission of the 
harmful exhaust gas emitted by slow-speed Diesel engines supplied with liquid fuel [5]). It should 
be noted that the application of the natural gas as the fuel, particularly in the marine Diesel and gas 
turbine power plants, provides large potential for the heat recovery from the engine exhaust gas 
[4]. However, a limitation in this case might be the significantly large heat transfer surface in the 
boiler and the value of the minimum difference in the temperature of the exhaust gas and saturated 
steam (�Tmin) in the exhaust gas boiler referred to as the “pinch point”. The need to maintain the 
positive value of this parameter may influence significantly the limitations in relation to the 
apparently big possibilities of the usage of the exhaust gas heat by way of lowering its temperature 
at the outlet from the exhaust gas boiler. 

 
2. The Specification of the Object of the Analysis 

The object of the analysis are the selected working parameters of a model recovery system of 
the heat contained in the ship’s main engine exhaust gas. The schematic diagram of the system is 
presented in figure 1. The figure 2 shows the course of the changes in the working media 
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temperatures – exhaust gas and water as well as steam in the exhaust gas boiler. The table 1 shows, 
on the other hand, the basic input data for the calculations of the thermodynamic parameters of the 
analysed system. The calculations have been conducted, inter alia, basing on the method 
determined in [6]. 

 

 
 

C – condenser, CP – circulating pump, EGB – exhaust gas boiler, FWP – feedwater pump, SD – steam drum, 

STG – steam turbine generator 

SD 
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saturated steam superheated steam feedwater
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Fig 1. The simplified schematic diagram of the outlet exhaust gas heat recovery system 
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E – economizer, S – superheater, SG – steam generator 

Fig 2. The courses of the changes of the thermodynamic parameters in exhaust gas boiler 
 

Tab. 1. Calculation Input Data 
Main engine exhaust gas stream 20,28 kg/s 
The specific heat capacity of exhaust gas 1,069 kJ/kgK 
Exhaust gas temperature after main engine 275 °C 
Exhaust gas temperature after exhaust gas boiler 180 °C 
Exhaust gas temperature drop after main engine 5 °C 
Exhaust gas boiler efficiency 0,98 - 
Steam turbine generator efficiency 0,675 - 
Steam consumption coefficient for the needs of steam turbine generator 0,07 - 
Recovery system feedwater temperature 60 °C 
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Generated steam pressure 0,7 MPa 
Steam pressure drop before steam turbine generator 0,015 MPa 
Steam temperature drop before steam turbine generator 2 °C 
Steam pressure in condenser 0,005 MPa 
Heat flux for heating purposes 600 kW 

The research covered the influence of the changes of the exhaust gas temperature after exhaust 
gas boiler, the pressure of the generated steam in the exhaust gas boiler, the temperature of the 
recovery system feedwater and the temperature of the main engine exhaust gas on the value of the 
power output of the steam turbine generator and the value of pinch point in the boiler. The values 
of the remaining parameters shown in table 1 have been meanwhile maintained. 

The analysis did not include, inter alia, the change of the steam turbine generator efficiency 
ensuing from the change of its power output and the steam parameters at the turbine inlet and 
outlet. The inclusion of this value does in fact influence the value of the turbine generator power 
output whereas it does not have any influence on the value of the pinch point in boiler which has 
been the basic object of the conducted analysis. The research has not covered either the influence 
of the thermodynamic parameters on the size of the heat transfer surface in the boiler and 
condenser and operation parameters of the other auxiliary equipment of the waste energy recovery 
system. 
 
3. The Analysis Results Specification 

The graphic results of the analysis conducted are shown in figures No 3 to 10. The increase of 
the temperature of the exhaust gas leaving the exhaust gas boiler leads to decrease in the power 
output of the steam turbine generator which is the evident effect of the reduced amount of the heat 
recovered in the exhaust gas boiler. This is shown in figure 3. The assumption of the low value of 
this temperature allows to achieve the bigger power output of the steam turbine generator, but it is 
also likely to cause that the pinch point value shall become negative. As shown in figure 4, for the 
set of the data determined in table 1, the zero value of the pinch point has been reached at the 
exhaust gas temperature of approximately 143°C. Below this value �Tmin shall be already 
negative. Thus the excessive reduction of the temperature of the exhaust gas at the exhaust gas 
boiler outlet, even if the exhaust gas water dew point temperature is not exceeded, may turn 
unacceptable from the technical point of view. 
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Fig 3. The relation of the STG power output and the temperature of the of the exhaust gas at the boiler outlet 
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Fig 4. The relation of the boiler minimum temperature and the boiler outlet exhaust gas temperature 

 
The course of the value �Tmin is also influenced by the pressure of the steam generated in the 

boiler. The increase of the steam pressure favourably influences the steam turbine generator power 
output (provided that the constant effective efficiency is assumed), because this increases the 
efficiency of Clausius-Rankine cycle. This is shown in figure 5. However, with the steam high 
pressure values the value of �Tmin decreases, which is shown in figure 6. Thus the assumption of 
the high steam pressures with the simultaneous reduction of the exhaust gas at the exhaust gas 
boiler outlet is likely to accelerate significantly the moment of reaching too low values of pinch 
point. 
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Fig 5. The relation of the steam turbine generator power output and the steam pressure 
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Fig 6. The relation of the minimum temperature in the boiler and steam pressure 
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A significant parameter influencing both the reached power output of the steam turbine 
generator and the pinch point value is the temperature of the feedwater supplied by pump to the 
recovery system. Its value results from the balance of the condensate mass stream and the heat of 
the heating steam condensate returning from the heaters and the condensate mass and the heat of 
the turbine outlet steam condensate. The bigger steam turbine generator power output corresponds 
to the higher temperature of this water (figure 7). 
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Fig 7. The relation of steam turbine generator power output and the recovery system feedwater temperature 

 
As shown in figure 8 the pinch point value decreases however as the recovery system 

feedwater temperature grows. From this point of view it becomes favourable to reduce the steam 
pressure in condenser owing to which the steam condensation temperature in the condenser is 
reduced which in turn leads to reduction of the recovery system feedwater temperature. While 
striving to maintain the possibly high energetic effectiveness of the recovery system, this 
temperature might be increased within certain limits by the application, inter alia, of the complex 
recovery of the engine waste energy where the heat contained in engine charging air or the 
remaining waste heat of low energetic potential are used [1]. 
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Fig 8. The relation of the boiler minimum temperature and the recovery system feedwater temperature 

 
The exhaust gas temperature after main engine, thus the temperature of the exhaust gas at the 

inlet to the exhaust gas boiler, has the similar influence on both the steam turbine generator power 
output and the value of the pinch point. The courses of the changes of these parameters are shown 
in figures 9 and 10, respectively. They reflect the increase of their value accompanying the 
increase of the temperature of the exhaust gas after main engine. The outlet exhaust gas 
temperature of the engine assumed as the main propulsion, however, depends on its 
characteristics/specification data and may only constitute a constant input value for the 
calculations. 
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Fig 9. The relation of the steam turbine generator power output and the main engine exhaust gas temperature 
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Fig 10. The relation of the boiler minimum temperature and the temperature of the main engine exhaust gas 

4. Conclusions 
 

While striving to improve the ship’s energetic effectiveness one should tend to adopt the 
marine power plant arrangements characterised, inter alia, by the high degree of the utilisation of 
the chemical energy contained in the fuel burnt. This can be achieved, apart from the improvement 
of the primary engine efficiency, by way of the complex and deep recovery of the waste energy. 

The waste energy utilisation degree grows as the exhaust gas boiler outlet exhaust gas 
temperature decreases. The limitation in this case is not only the likelihood of the occurrence of 
the sulphur corrosion in the boiler and exhaust gas ducts, but also the obtainment of too low or just 
altogether negative values of so called pinch point value. 

Several other parameters also influence the pinch point value. They include, among others, the 
generated steam pressure or the recovery system feedwater temperature whose higher values allow 
to increase the theoretical efficiency of the steam cycle, however, at the same time causing the 
reduction of the pinch point value. 

The data presented in the article are but of general nature and reflect the relations between the 
selected thermodynamic parameters that characterise the model of the waste energy recovery 
system in the marine Diesel power plant. 
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Abstract 

 
The paper presents test results of the course of fatigue damage of the GX12CrMoVNbN9 in conditions of the 

constant-amplitude loadings. As the parameter of fatigue damage there was assumed the change of mechanical 
properties which was determined in various stages of fatigue life. Three stages with a different rate of growth of the 
fatigue damage parameter were distinguished in the course of fatigue damage. It was stated that the critical value for 
the fatigue damage parameter depends on the level of loading and temperature. 

 
 
Keywords: cyclic properties, fatigue life, fatigue damage, martensitic cast steel     
1. Introduction 

 
Description of the course of fatigue damage cumulation and decrease of the mechanical 

properties of structural materials caused by the cyclic loading makes an essential engineering 
problem for many years [1, 2]. Studies on fatigue damages development were always connected to 
the searching for applicable measure of the fatigue damage. Various methods were used (direct 
and indirect): optical, changes of the electric or magnetic field, temperature, acoustic emission, 
mechanical properties, etc. [3, 4, 5, 6]. Mentioned methods are not for all-purposes and they are 
chosen dependently of the character of the fatigue damage development. 
In this paper the change of the material reaction to the cyclic loadings was assumed as the fatigue 
damage parameter. This paper attempts to verify the methods for measuring fatigue damage 
parameter under low cycle fatigue (LCF) conditions. 
 LCF tests can be carried out under controlled loading or strain. Under controlled loading 
testing machine keeps the amplitude of the loading constant (
a=const). During the tests changes 
in the total strain (&ac) or plastic strain (&ap) may occur. It may be caused due to the fatigue 
damage. During the tests under controlled strain the amplitude of total strain (&ac=const)  or plastic 
strain (&ap=const) is kept constant which afterwards may result in changes of the amplitude of the 
loading (
a).  
In Fig. 1 there is presented a scheme of possible changes of control parameters of the testing 
machine and measured parameters for the mentioned tests. 
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Fig. 1. Controlled parameters of testing machine and measured values 

 
During LCF tests softening or hardening of material often takes places, followed by so called 
stabilization. Changes of the analysed hysteresis loop parameters after the stabilization can be 
ascribed to the progressive process of the fatigue damage.   
Damage parameter can be defined in various ways [7, 8, 9]. In case of loading control (
a=const) 
the damage parameter D
'may be described as follows: 
 

&
&


 �
�

�� 01D                      (1) 

 
where: �&(''�'the range of total strain during the stabilization period 
   �&'''�''the range of total strain during the damage period 
 
Whereas for the tests with the total strain control (&ac=const) the damage parameter D
'may be 
described as follows: 
 






& �
�

�� 01D                     (2)  

 
where:  �
(''�'the range of stress during the stabilization period, 
    �
''�'' the range of stress for the damage period, 
 
 
The aim of this work is the analysis of the influence of the temperature and level of total strain on 
the critical value of the damage parameter and its course during loadings.  

 
2.  Description of tests
 

Specimens for the tests were made of GX12CrMoVNbN9-1 martensitic cast steel. The shape 
and dimensions of the specimens were in agreement with the standard [12] PN-84/H-04334. 
Chemical composition of the cast steel is collected in table 1.  

 
Tab. 1. Chemical composition [%] 

 
 
 

 

C Mn Si P S Cr Mo V Nb N 
0.12 0.47 0.31 0.014 0.004 8.22 0.90 0.12 0.07 0.04 
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At first static tensile tests were carried out in order to determine levels of total strain for the fatigue 
tests. There were used specimens for the fatigue tests. The specimens underwent increasing 
loading with the rate of machine piston displacement speed of 0.05 mm/s. Specimen’s elongation 
was measured by a 12.5 mm gauge length axial extensometer with measuring range of 3.75 mm 
which was fixed to the specimen. The static tensile tests were carried out under temperatures of 20, 
400, 600oC. Strength properties are collected in table 2.  
 

Tab. 2. Strength parameters of cast steel for the three temperatures 
 

Parameter 
Temperature, �C 

20 400 600 
Re, MPa 503 418 303 
Rm, MPa 663 535 338 
El.12.5, % 36.3 38 63.5 

A, % 63.4 71 87.3 
E, MPa 206870 180234 150120 

 
After analysing static tensile tests five levels of total strain &ac were accepted in low cycle tests 
according to table. 3. 
 

Tab. 3. Parameters of loading programs 
 

Course of loading Parameters'
 & 

& a
c 

t
 

&ac1=0,25%  
&ac2=0,3% 
&ac3=0, 35% 
&ac4=0,5% 
&ac5=0,6% 
'f=0,2 Hz 

 
 
Tests consisted in cyclically loading specimens until the specimens break. Procedure of measuring 
strain employed for LCF tests was the same as for static tensile test. Test temperature of 20oC and 
frequency of 0.2 Hz were employed. Accepted sampling frequency of force signal and strain signal 
allowed to describe loading cycles with set of 200 points. As the end criterion of the fatigue test, 
the deformation of hysteresis loop (during semi cycle of compression) is accepted. During the tests 
momentary values of loading force and strain for selected loading cycles were recorded. 
 
3. Test results and discussion  

 Recorded momentary values of the loading force and strain for loading cycles allowed to plot 
the hysteresis loop in stress 
 - strain & coordinate system. Stresses in the specimen under tensile 
loading were calculated by dividing momentary value of loading force by cross-sectional area 
before the specimen was loaded. Exemplary hysteresis loops for the two levels of total strain 
(&ac=0,25 % and &ac=0,6%) obtained for the two levels of temperature (T=20�C and T=600�C) 
were shown in Fig 2 and 3. 
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Fig. 2. Hysteresis loops for the level of total strain of &ac=0,25%: a) T=20 ºC, b) T=600 ºC 
 
 

 

Fig. 3. Hysteresis loops for the level of total strain of &ac=0,6%: a) T=20 ºC, b) T=600 ºC 
 
On the basis of analysis of hysteresis loop shape it can be stated that tested material cyclically 
softens. With increasing of the number of cycles the range of stress decreases �
 and the range  
of plastic strain �&ap increases. The above changes were observed at room temperature and at 
elevated temperatures. In order to illustrate the changes of the mentioned parameters there were 
shown exemplary courses of changes of the range of stress �
'in the function of number of 
loading cycles obtained for the two temperatures (Fig. 4). 
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Fig. 4. Changes of stress �
'in the function of loading cycles: a) T=20ºC,  b) T=600ºC 
 
On the basis of the performed curves it can be stated that during LCF tests there was lack of the 
stabilization period. In the courses of �
 three distinctive stages can be drawn with various 
intensity of softening. These stages were widely described in the work [10, 11]. 
Values of the range of stress �
 from different period of fatigue life were employed to calculate 
the damage parameter D
+ Due to lack of the stabilization period, the value of �
, determined in 
equation (2) was assumed from the first loading cycle. 
Exemplary results of changes of the damage parameters D
 in the function of cycles obtained for 
the five levels of total strain at temperature of 20 and 600 ºC were shown in Fig. 5. 
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    Fig. 5. Changes of damage parameter D
'in the function of number of cycles: a) T=20ºC,  b) T=600ºC 
 
After comparative analysis of curves of damage parameter D
 it can be stated that their course 
depends on the level of total strain. On the diagrams of this parameter three characteristic stages 
can be distinguished. The stage of quick growth of the damage parameter (stage A), steady growth 
(stage B) and once again quick growth (stage C). These stages occurred for all levels of total 
strain. The largest rate of growth of D
 occurred in the stage A. The rate of growth of D
 in this 
stage is influenced by the level of total strain &ac and temperature of the tests. In order to evaluate 
the influence of the temperature on the changes of the D
 parameter in Fig. 6 there was shown 
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exemplary courses of this parameter for the three levels of total strain and three temperatures (20, 
400, 600 �C). 
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Fig. 6. Influence of the temperature on the damage parameter D
': a) &ac=0,25%, b) &ac=0,35%, c) &ac=0,6% 
 
According to the diagrams in Fig 5 and 6 it can be stated that the value of the D
  parameter at the 
moment when damage of specimen occurs is not constant. The value is influenced by the level of 
total strain and temperature of the tests. In Fig. 7. there were presented diagrams which illustrate 
the influence of the level of total strain and temperature on the critical value of the damage 
parameter D
. 
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Fig.7. Influence of total strain and temperature on critical value of damage parameter D
  
 
On the basis of performed curves it can be stated that the critical value of the damage parameter 
decreases with the increase of total strain &ac. Decrease in the damage parameter with the increase 
of the total strain is not large and equals from 11% for the temperature of T=20�C to about 14% at 
the temperature of T=600�C. The temperature of tests is very important. The lowest values of the 
D
 parameter occurs at the room temperature (T=20�C). The highest values occurs at the 
temperature of T=600�C. The critical value of the D
 at the temperature of T=600�C is almost 2 
times higher than its values at the temperature of T=20�C. 
 

 
4. Conclusions 

Tested material softens during LCF with no significant stabilization period. Lack of this period 
makes difficult an analysis of the D
 damage parameter during LCF test as its value covers the 
changes of properties caused by the softening of material and also course of the damage. In order 
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to formulate applicable conclusions it is necessary to perform tests with using another parameters 
of hysteresis loop which would be insensitive on changes of cyclic properties e.g. plastic strain 
energy �Wpl. It was shown in the work [10, 11]. 
 The course of D
 damage parameter is influenced by the level of total strain and temperature of 
test.  On the basis of analysis  of diagrams with damage parameter in the function of loading cycles 
three characteristic stages can be determined with various rate of growth of the damage parameter. 
Critical value of this parameter when the material breaks is not a constant value and it depends on 
the test temperature and slightly on the level of total strain. 
 Minor influence of the level of total strain on the critical value of the damage parameter 
confirms the reports in the literature, where this parameter is considered to be in use in scientific 
research or in engineering to control the level of damage of technical object. A drawback of the 
method of measuring the level of damage is a destructive character of the tests which hast to be 
performed in order to obtain the information about momentary values of the damage parameter. 
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Abstract 

In the paper, the torsional vibrations of marine power transmission system's nonlinear method have been 
presented. Short presentation of marine propulsion system evolution (and its influence on ship's vibration level) in the 
last 30 years was included in the introduction. Some aspects of the modeling method of the elements of propulsion 
system have been shown. Comparison between one-degree model and 3-D Finite Element Method model was 
discussed. Short description of advantages and disadvantages of the undercritical and overcritical propulsion system 
was presented. Modeling method of propeller's mass characteristics and damping recalculation method have been 
shown as an example. Specialised software, for the marine power transmission system torsional vibration’s analysis, 
made by the author, has been performed as an iterative process. Also example of torsional vibration analysis, for 
tanker ship, was presented in the paper. A discussion about calculation results was included in the final part of the 
paper. Overcritical power transmission system is better for typical ship (with slow-speed main engine and directly 
driven propeller). 

 
Keywords: torsional vibration, marine propulsion system, FEM procedure, damping, added water mass 

 
1. Introduction 

 
Two-stroke, slow speed main engines are mostly installed on merchant ship since the late 

70-ties (oil crisis). The engines are connected to a directly driven propeller by a relatively short 
shaft line. A typical marine propulsion system is presented on Fig. 1. 

 
Fig. 1. Typical power transmission system 
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In the same time, the power from one engine's cylinder has been increased. Therefore engines 

have less cylinders and the engine room is shortened (cargo space is larger). Described type of 
propulsion system has a lot of advantages (e.g. efficiency) but is a source of relatively high 
vibrations level. Vibrations may have dangerous influence on crew comfort and ship's equipments 
strength and then on the ship safety.  

The ability to predict a propulsion system operating parameters by numerical analysis is very 
important. During the design process all changes are possible and cheap, but when the ship is built 
they become nearly impossible. One of the most important parameter is torsional vibrations of the 
power transmission system. Torsional vibrations of the marine power transmission system are 
usually the most dangerous for the shaft line and the crankshaft [3]. 

Torsional vibrations are the result of the pulsing torque of the reciprocating combustion engine 
as well as reciprocating propeller's power output, and the torsional elasticity of the power 
transmission system. All system components like the crankshaft, intermediate shaft, propeller shaft 
and optional couplings and gears have to transmit the static and additionally dynamic torque. 
Research methods of torsional vibrations have been developed since the 1950s [9, 10]. Despite so 
intense research, still several elements needs to be investigated; for instance: propeller damping, 
cylinder damping, moment of inertia of propeller's added water mass, and characteristics of 
specific shaft line elements like dampers, gears, elastic clutch. All those elements may have 
nonlinear characteristics. On the other hand, torsional vibrations are one of the main source of 
coupled longitudinal vibrations and dynamic excitations (on the thrust bearing) of the ship hull and 
deckhouse.  

 
2. Modeling method 

 
For calculation purposes, the reciprocating and rotating masses of the engine including the 

crankshaft, the intermediate shaft(s), the propeller shaft and the propeller are, modeled as a system 
of rotating masses (inertias) interconnected by the torsional spring. An example of model for 
torsional vibration analysis, of propulsion system with 6th cylinder main engine is shown on Fig. 2. 
A power transmission system’s model with one degree of freedom in each node is used. In general, 
the multi-node, unbounded vibration form is interesting. There is no problem with any boundary 
conditions. Therefore, more detailed model of the power transmission system is not required in 
typical analysis. For instance, detailed FEM model of the crankshaft (see Fig. 3) is used, by the 
author, only for determining coupling effects between torsional and longitudinal vibrations [7] or 
some special case of shaft line bending vibrations [8]. The gas pressure and mass forces of the 
engine act through the connecting rod mechanism on each crank, exciting torsional vibration in the 
system. Excitations have different frequencies therefore torsional frequencies are complex. The 
couplings influences on the torsional vibration as opposed to other vibration types are negligible. 
The torsional vibration is the source of longitudinal vibration excitations but not inversely. 

The first question is where the main natural frequency of a system should be situated 
(obviously: away from the normal operating speed range). This can be achieved by changing the 
masses and/or the stiffness of the system so as to give a much higher, or much lower natural 
frequency, called undercritical or overcritical running, respectively. In the undercritical case one-
node resonance vibration with the main critical order should occur about 35�45% above the 
nominal engine speed. Such undercritical conditions can be realised by choosing a rigid shaft 
system, leading to a relatively high natural frequency. The characteristics of an undercritical 
propulsion system are normally: a relatively short shafting system, probably with no tuning wheel, 
a turning wheel with relatively low inertia and large diameters of shafting. The main advantage of 
undercritical propulsion is that the system does not have a barred speed range. But, the highest 
torsional stress level in the nominal main engine speed is a disadvantage. When running 
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undercritical, significant varying torque at nominal conditions of about 100�150% of the mean 
torque is expected. This torque (propeller torsional amplitude) induces a significant varying 
propeller thrust. Changed propeller thrust might be a source of high level of longitudinal vibrations 
on the power transmission system and then double bottom and ship hull and deckhouse. For those 
reasons the undercritical propulsion system is quite rarely applied. 

 
Fig. 2. Model of the power transmission system for the torsional vibration calculation 

 

 
Fig. 3. Natural torsional vibrations of crankshaft of 10 K98 MC main engine 
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In the overcritical case one-node natural vibration frequency is placed about 30�70% below the 
nominal engine speed. Such overcritical conditions can be realised by choosing an elastic shaft 
system, leading to a relatively low natural frequency. The characteristics of an undercritical 
propulsion system are a tuning wheel necessary on the crankshaft fore end, a turning wheel with 
relatively high inertia and shafts with relatively small diameters (requiring shafting material with a 
relatively high ultimate tensile strength). A barred speed range is expected in this propulsion 
system. Excessive torsional vibrations in overcritical conditions may have to be eliminated by the 
use of a torsional vibration damper. Overcritical layout is normally applied for engines with more 
than four cylinders.  

Specialised software, for the marine power transmission system torsional vibration’s 
calculations, has been made by the author. The algorithm is based on the Finite Element Method, 
written in Builder Borland C++. In each node only one, torsional degree of freedom is active. All 
characteristic matrixes (masses, dampings and stiffnesses) are related to a rotational degree of 
freedom. There are no geometrical stiffness matrix and gyroscopic effects. Some untypical 
algorithms are applied in the software; for instance elements, with nonlinear characteristics, 
depended on shafts rotational speed, like elastic coupler's stiff and damping characteristics, 
propeller and cylinder damping. Therefore the calculations have been performed as an iterative 
process.  

There are several formulas describing propeller inertia of added water mass value [4]. The best 
one, in author opinion, has been derived on the basis of Parson’s theory (the equation no. 1 and 
Tab. 1). 
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where: 
 
JH – inertia of entrained water [kgm2], 
D – propeller diameter [m], 
3 – specific mass of sea water (usually 1025 kg/m3), 
CJi – coefficients given in table 14, 
Ae/A0 – expanded area blade ratio, 
P/D – propeller pitch ratio. 
 

Tab. 1. Coefficients for propeller inertia of entrained water 
 

No. of 
blades

CJ1 CJ2 CJ3 CJ4 CJ5 CJ6

4 3.0315E-3 -8.0782E-3 -4.0731E-3 3.4170E-3 4.3437E-4 9.9715E-3 

5 2.7835E-3 -7.1650E-3 -3.7301E-3 3.0526E-3 4.6275E-4 8.5327E-3 

6 2.3732E-3 -6.2877E-3 -3.0606E-3 2.7478E-3 2.9060E-4 7.3650E-3 
 
Damping characteristics are the most difficult data to determine, when a reliable damping value 

is lacking. What is more, there are several different methods of characterising damping 
phenomena. A conversion method of different damping definitions is shown in Tab. 2. On the 
other hand damping has no real influence on natural frequencies. Forced vibration (especially in 
resonance range) is strongly depended on damping. Damping can be described by a vibration 
magnifier on the basis of measurements. These magnifiers may be used on a similar mechanism. In 
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the ship construction a typical vibration magnifier is between 20�25. Some manufacturers (mostly 
engine factories) give us damping factors corresponding to their products.  

 
Tab. 2. Conversion table of different damping values 
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where: 
 
c – linear viscous damping [Nms/rad], 
& – undimensioned damping factor, 
4 – ratio of damping energy, 
Q – vibration magnifier, 
5 – phase velocity of vibration [rad/s], 
k – stiffness [Nm/rad]. 

 
Beside the engine cylinder’s damping (received from the producers), usually only the 

propeller’s dampings are significant. During torsional vibration analysis other dampings are 
negligible, except elastic couplings and torsional dampers, if applied. Some authors (the Archer 
theory) make the propeller’s damping dependant on torque and revolutions. But more popular 
formulas, and better in author opinion, make the propeller’s damping dependant on its geometry. 
An advanced formula has been worked out by H. Dien and H. Schwanecke [4] (equation no. 2). 

 

         ]/[0231.0
0

2
5 radNms

A
A

D
PDc e

p ��-
.
/

0
1
2��

�
�

�
53     (2) 

 
where: 
 
D – propeller diameter [m], 
3 – specific mass of sea water (usually 1025 kg/m3), 
5 – angular frequency [rad/s], 
Ae/A0 – expanded area blade ratio, 
P/D – propeller pitch ratio. 
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3. Example of torsional vibration calculations 
 
Analysis of the power transmission system torsional vibrations was performed by the author’s 

specialised FEM software. Propulsion system of the tanker ship (245 m length, 104 000 DWT) 
was analysed. The propulsion system is based on a slow-speed, two-stroke, six-cylinder main 
engine: MAN B&W 6 S60 MC-C type. The engine main parameters are as follows: power – 
13600 kW and nominal speed – 105 rpm. The propulsion system was equipped in five-blade 
propeller: diameter 7.2 m and mass in air – 28400 kg. Propulsion system has been designed as 
overcritical - main torsional resonance (43.8 rpm) is placed 58% below nominal main engine 
speed. The FEM model of the power transmission system is presented in fig. 2. The first five 
modes and frequencies of the natural vibrations were determined. One and two-node mode is 
presented on Fig. 4. In that case, only the first of the natural vibration mode (with one node in the 
intermediate shaft region) is significant. In the intermediate shaft region minimal torsional 
amplitudes and maximal torsional stresses are expected. Therefore, torsional vibrations verifying 
should be performed by strain/stress measurements (by strain gauges or optical FBG sensors). 
Torsional amplitudes measurement (laser method) is not good method in that case. Maximal 
torsional amplitudes are expected in propeller and crankshaft free-end.  

 
 

Fig. 4. Power transmission system's natural torsional vibrations 
 
Torsional vibration amplitudes (comes from forced vibration analysis) of a propeller are 

presented on Fig. 5. The amplitudes are equal to 2.5� in torsional resonance region (43.8 rpm). The 
revolutions range between 33 and 55 rpm should be forbidden (barred speed range) for normal 
continuous work. Torsional vibration amplitudes in nominal main engine speed are very low; 
about 0.03�. In case of undercritical propulsion system amplitudes equal to 0.5� will be expected in 
the nominal revolutions. Therefore, overcritical power transmission system is better for analysed 
ship. For this engine type (two-stroke, six-cylinder) the most dangerous is the 6th harmonic 
component. But in some revolutions over components might be dominant. For instance 3rd stress 
harmonic component is the highest in the 87.5 rpm. Torsional stresses for all significant harmonic 
components are presented on Fig. 6. The diagram is prepared for intermediate shaft because the 
highest stress level. Similar figure for stresses expected in crankshaft is presented on Fig. 7. 
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Calculated torsional vibration stresses are located below permissible stress levels in whole 
range of main engine speed except barred speed range. Therefore the following limitation of the 
propulsion system is necessary: “a main engine speed range: 33-55 rpm has to be prohibited for 
continuous running in all conditions of operation; it is permitted to pass this range as quickly as 
possible”.  

 

 
Fig. 5. Torsional vibrations amplitudes of a propeller  

 

 
Fig. 6. Torsional vibrations stresses of an intermediate shaft  
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Fig. 7. Torsional vibrations stresses of an crankshaft  

 
Similar calculations have to be performed for an engine with one cylinder misfiring [2, 5, 6]. 

Calculations were made for two conditions of main engine operation: cylinder no. 1 and no. 6 were 
not firing. After this analysis the next preliminary limitation is necessary: “a main engine speed 
reduction to 85 rpm is needed in the misfiring condition”. Confirmation of these limits has to be 
done by measurements during a ship sea trial. 

The calculations presented above have been performed to verify the author’s algorithm. The 
results have been compared with the analogical calculations made by independent numerical 
programs [1] in an independent design office. The results conformity is very good – the 
differences were less than 1%. 
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Abstract 

Ethylene as a cargo is more and more popular in maritime transport. Its temperature approx. -104°C during 
discharging requires sufficient efficiency of reliquefaction plant. Short description of that gas plant is shown 
including cascade system and processes are described. Based on Mollier diagram and ethylene mass flows, 
refrigeration capacity of the system is calculated when some changes in the cargo economizer are done. Some of 
these changes are carried out by crew members of gas carriers in order to reduce second stage discharge 
temperatures of reciprocating compressors. These losses of refrigeration efficiency are calculated to assess its 
influence on Ethylene temperature in the cargo tanks. On the other hand some assumptions are used to improve 
refrigeration capacity by Ethylene compression process. 

 
Keywords: refrigeration cycle, reliquefaction plant, thermodynamic analysis, Ethylene gas carrier 

1. Introduction 

Ethylene is one of the primary petrochemical building blocks. It is used in the manufacture of 
polyethylene plastics, ethyl alcohol, polyvinyl chloride (PVC), antifreeze, polystyrene and 
polyester fibres. It is obtained by cracking either naphtha, ethane or LPG. About 85 million 
tonnes of ethylene is produced worldwide each year but, because most of this output is utilised 
close to the point of manufacture, only some 2.5 million tonnes is moved long distances by sea 
on semi-pressurised carriers [5]. 
     Boiling point of Ethylene at atmospheric pressure is �103.8°C means that cooling processes 
are not belong to cryogenics e.g. below 111.1 K when at the same pressure Methane has boiling 
point [2]. However temperatures below �100°C achieved in Ethylene carriers cargo tanks 
require using cascade systems, because cooling down the cargo between �60°C till �100°C with 
multi-stages cycles is very difficult or even impossible [4]. Of course, Ethylene is not only one 
grade of cargo for these ships [6,7]. 

2. The gas plant of Ethylene carrier 

      General principles of cargo gas plant operation are being described by using as an example 
simplified layout of reliquefaction and cascade systems, whereas processes parameters are 
shown on Mollier diagrams [3]. The layout and parameters of processes of gas plant described 
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in this paper are taken from real ship, and are different from those one which can be found in 
some references [9].  
      Reliquefaction system with reciprocating compressor is shown on Fig. 1. The characteristic 
points of system and processes are marked by figures 1 to 10. The same figures denote 
thermodynamic processes drawn on Mollier diagram (Fig. 2). Values of the parameters are taken 
from compressor data sheet of real ship with Ethylene as a cargo [8]. When Ethylene vapour is 
sucked from the cargo tank by first stage of cargo compressor (point 1 –  
temperature  t1= �35°C), vapour has already left suction drum, where liquid phase could be 
separated from compressor suction line ( to avoid liquid hammering). After discharging by 
interstage absolute pressure p2 = 5 bar (point 2) and temperature t2 = 85°C, before compressing 
in the compressor second stage, vapour is cooled down by mixing with saturated vapour  after 
its vaporization (from point 9 to 10) in the cargo economizer: 
 
 h3 = (m1*h2+m2*h10) / m1+m2, (1) 

where: 
m1,m2 � Ethylene vapour mass flows, kg/s,  
h1,h3,h10 � specific enthalpy of Ethylene vapour, kJ/kg. 

 
Fig. 1. Layout of reliquefaction plant 
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By this way vapour temperature in compressor second stage suction is decreased from t2 to t3 
= 50°C. Second stage compression increases vapour temperature up to t4 = 130°C, by pressure 
p4 = 18.5 bar and Ethylene is directed to LPG condenser. There is no any Ethylene condensing 
process in this heat exchanger, but only cooling down of vapour from t4 to temperature t5 = 30°C 
by using sea water as a cooling medium. Condensing process 5-6 takes place in Ethylene 
condenser. In this heat exchanger are connected two systems: reliquefaction (Fig. 1) and 
refrigerant (Fig. 3), because Ethylene condensing process is carried out by vaporization of 
refrigerant R404A in Ethylene condenser, common heat exchanger of both systems: 
reliquefaction and refrigerant, as a one cascade system. By high gauge pressure p4 = 18.5 bar is 
possible to condense Ethylene and cooling down to temperature t6 = �30°C by means of R404 of 
which evaporating temperature is �40°C. In next step, flowing through the cargo economizer 
coil Ethylene condensate is subcooled in process 6-7 to temperature t7 = �63°C with the use of 
Ethylene, which evaporates (process 9-10) by interstage pressure p2 = 5 bar and temperature t9 = 
�72°C in the cargo economizer.  

 
Fig. 2. Mollier diagram of reliquefaction plant 

 
Total refrigeration capacity Q of Ethylene in the cargo tank is equal: 
 

 Q = m1* (h1-h8) [kW]. (2) 
  
Subcooled in the cargo economizer Ethylene condensate is expanded to the cargo tank pressure 
where evaporates by temperature t8= �103°C. 

Second part of gas plant called refrigerant system is shown on Fig. 3 and its Mollier 
diagram on Fig. 4. General aim of using refrigerant system is to achieve temperature �40°C in 
the Ethylene condenser and enable condensing of Ethylene vapour. As a close system – 
refrigerant R 404A does not mix with cargo. 

After vaporization in Ethylene condenser by temperature t7 = �40°C and increasing 
temperature for superheat to t1 = 0°C (Fig. 4), R404A is sucked by first stage of screw 
compressor. By interstage pressure, before second stage compression this flow of refrigerant 
connects with another after subcooling process in the refrigerant economizer according to 
equation: 

 
 m1*h2 + m2*h9 = (m1+m2)*h3. (3) 
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Fig. 4. Mollier diagram of refrigerant system 

 
Above on Fig. 4 real parameters of refrigerant system are shown. In comparison with cycle 

shown on Fig. 2 it looks very similarly, but it has to be emphasized that increasing part of mass 
flow m2 (Fig. 2) used to cool down Ethylene vapour from temperature t2 to temperature t3 
(suction of second stage compression) decreases refrigeration capacity of reliquefaction plant, 
whereas increasing mass flow m2 of refrigerant system increases refrigeration capacity of this 
system. 

3. Optimization of Ethylene compression 

Taking into account reciprocating compressor Sulzer- Burckhardt 2K160-2H with 580 rpm, 
it may be assumed that with 1.5 bar absolute pressure of Ethylene on first stage suction its 
suction volume is approx. 700m3/h. Specific volume of Ethylene under this pressure and 
temperature �35°C is v1 = 0.5 m3/kg (Fig. 5). 

 
Fig. 5. Compression processes 
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It very easy to calculate [1] that mass flow m1 (Fig. 2) of Ethylene is equal m1 = 0.4 kg/s. It 
means that total refrigeration capacity of reliquefaction plant may be calculated according to 
equation (2), after finding enthalpies h1 and h8 on Mollier diagram (Fig. 3): 

h1= 465 kJ/kg 
h8= �10 kJ/kg 

total refrigeration  capacity is equal: 
 
 Q = m1* (h1-h8)= 0.4*( 465+10)=190[kW]. (4) 

 
Part of  mass flow m2 is used to cool down Ethylene vapour after first stage e.g. from 

temperature t2 to t3. By this process required refrigeration capacity Q1 (Fig. 2, Fig. 5):  
 

 Q1 = m1* (h2-h3)= 0.4*( 650-590)=24[kW] (5) 
 

is excluded from total refrigeration capacity, only to reduce discharge temperature of  the 
compressor second stage. At the ships temperature t3 is reduced by crew member even to 
t3’=0°C (discharge t4’=80°C) , see point 3’ on Fig. 5. Then enthalpy of point 3’ is decreased to 
h3’= 510 kJ/kg and necessary refrigeration capacity Q’1 increases to value: 

 
 Q’1 = m1* (h2-h3’)= 0.4*( 650-510)=56[kW]. (6) 

 
To asses  a part of mass flow m2, which is used to achieve this refrigeration capacity, this 

Q’1  has to be used  in equation (Fig. 2): 
   
 Q’1 = m2* (h3’-h9),  
   
 (7) 
 m2 = Q’1 / (h3’-h9) =56 / (510-80) = 0.13 [kg/s]. (8) 
 

It means that second stage of Sulzer-Burckhardt type 2K160-2H is loaded with 30% higher  
mass flow of Ethylene only for reducing second stage suction temperature t3’. Of course the best 
way to achieve most efficiency cycle of reliquefaction plant is not use interstage cooler at all, as 
shown on Fig. 6. 
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Fig. 6. Compression processes without intercooling 

Process 2-4’’ ensures the best efficiency of reliquefaction cycle from thermodynamic point 
of view (exergy!). Of course high discharge temperature t4’’=170°C causes some limitations 
regarding cargo or compressor. 

Below is shown a list of typical cargoes carried by gas carriers with description of cycles 
which may be used in the reliquefaction plant: 

� Ammonia: single stage, 2 stage NIC, 2 stage LSC; 
� isoButane: single stage, 2 stage NIC; 
� Butadiene: single stage, 2 stage NIC (included); 
� Butylene: single stage NIC, 2 stage NIC (included); 
� n-Butane: single stage (included), 2 stage NIC (included); 
� Propane: single stage, 2 stage NIC, 2 stage LSC; 
� Commercial Propane (2.5 mole% ethane): single stage, 2 stage NIC, 2 stage LSC; 
� Propylene: single stage, 2 stage NIC, 2 stage LSC; 
� Vinyl Chloride Monomer – single stage, 2 stage NIC; 

where: 
2 stage NIC – denotes 2 stage compression without using intercooler, 
2 stage LSC – denotes 2 stage compression with liquid subcooling and using the cargo 
economizer as interstage cooler. 
      It should be noted, that LSC cycle is not used, if some another limitations do not appear. It  
has to be realized that  cooling down +80°C hot Ethylene vapour in the interstage cooler by 
minus 70°C liquid is not efficient process from exergy point of view. Sea water temperature for 
cooling LPG condenser of reliquefaction plant, is also some condition, which allow for example 
by its low temperature to employ for VCM (Vinyl Chloride Monomer) single stage cycle with 
higher refrigeration capacity, instead of 2 stage cycle.  
      The last issue is volume efficiency of reciprocating cargo compressor. When pressure ratio 
between discharge and suction of the compressor exceeds 6, then 2 stage compression is 
recommended because of decreasing performance of compressor. It means that volume losses 
during compression are too high and less mass flow of cargo decreases total refrigeration 
capacity of the gas plant. 
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Conclusions

Unnecessary cooling down the cargo vapour in the interstage cooler always decreases 
refrigerant capacity of reliquefaction plant. During cargo gas plant operation second stage 
discharge temperature from thermodynamic point of view should be as high as possible. 
Ethylene example presented and calculated in this paper is based on real parameters taken from 
the ship during operation at sea. Calculations show that cooling down vapour in the interstage 
cooler and reduction second stage discharge temperature from 130°C to 80°C, increases loss of 
refrigeration capacity from 24kW (equation 5)  to 56 kW (equation 6) e.g. from 13% to 30% of 
total reliquefaction plant refrigeration capacity. 

Using the cargo economizer (Fig. 1) for decreasing compressor discharge temperature 
without reason, always causes either reduction of refrigeration capacity or increasing of fuel 
consumption for the compressor driving. 
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Abstract 
 

Sustainable economic and industrial growth requires safe, sustainable energy resources. Unfortunately, first-
generation biofuels are fuels produced from organic matter, which can also be used to produce food or feed. Only 
second-generation fuels are based on the need for sustainable development and are produced using processes such as 
pyrolysis, Fischer-Tropsch synthesis or hydrotreating. This paper presents the method for obtaining the first- and 
second-generation biofuels. Also discussed the possibility of their application. 

 
Keywords: biomass, liquid first- and second-generation biofuels, biodiesel, bioethanol, pyrolysis 
 
1. Introduction 
 

Under the name of biofuels lie all fuels that are produced from biomass. As biomass and, in 
accordance with the applicable European Directive 2009/28/EC [4], it is biodegradable fraction of 
products, waste and residues of biological origin from agriculture, forestry and related industries, 
including fisheries and aquaculture, as well as the biodegradable fraction of industrial and urban 
areas. For the production of biofuels used primarily sugar beets, grains, corn, sugarcane, oilseeds 
such as rapeseed, palm or jatropha and straw and wood waste, sewage sludge, compost, garbage or 
food scraps. Biomass plant, from which biofuels are produced, is a storehouse of solar energy. 

The use of biofuels is a way to reduce imports and consumption of fossil fuels and reduce 
carbon dioxide emissions into the atmosphere [8,15]. This is achieved through a closed loop cycle 
of carbon dioxide that is emitted during the combustion of biofuels, but also absorbed by plants 
during photosynthesis. 
 
2. First-generation liquid biofuels 
 

First-generation biofuels are fuels produced from organic matter that can be used also for 
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production of food or feed. First-generation biofuels are produced using conventional methods do 
not require large energy inputs (such as fermentation, esterification). The use of raw materials such 
as sugar cane, wheat or corn sugar beets, which can produce food for human and pet food makes 
its production competes with food production and do not always have enough material for both 
processes [10]. Tab. 1. shows the transformation of biomass into first-generation liquid fuels. 

Tab. 1. The transformation of biomass into first-generation liquid fuels 
 

 BIOMASS

conversion processes 
cold pressing and 

extraction 
transestrification enzyme hydrolysis 

fermentation 

product pure vegetable oils 
(PVO) 

Biodiesel Bioetanol 

 
2.1. Conversion processes for first-generation liquid biofuels 
 

Biodiesel (rapeseed oil methyl esters (RME) or methyl esters (FAME) and ethyl (FAEE), 
higher fatty acids other oil crops) is obtained by cold-pressing process, the extraction and 
transestrification [12]. Esterification can be carried out in a homogeneous or heterogeneous phase. 
Raw materials for the transestrification of vegetable oils are homogeneous, used vegetable oils, 
fatty acids, animal fat and methanol or ethanol. The catalyst may be alkaline (sodium hydroxide, 
potassium hydroxide) or acid (sulfuric acid). 

As a result of esterification of fatty acids are derived fatty acid methyl esters [12]. It was 
created in the process of the concentration of the glycerin can be sold as a technical glycerin 
(80%), which is widely used the pulp industry, the synthesis of dyes, nitroglycerin, dynamite, and 
also in pharmaceutical and food industries. The resulting fatty acid methyl esters are subjected to 
neutralization treatment and drainage. They can then be formulated into diesel or, after processing 
with special additives, used as a self-contained biofuel. 

Esterification in a heterogeneous phase with a catalyst, which is zinc oxide on alumina allows 
to obtain fatty acid methyl esters of high purity and pharmaceutical grade glycerine. Esterification 
process is as follows:  

 
CH OCOR2

1

CH OCOR2
3

CHOCOR2 + 3 CH OH3

CH OH2

+

CH OH2

CHOH

CH OCOR3
1

CH OCOR3
2

CH OCOR3
3

  (1) 
 

The solid acid catalyzed biodiesel production by simultaneous esterification and 
transesterification of low quality oil containing high FFA (free fatty acid) was performed by 
Kulkarni et al. [9]. The reaction mechanism of simultaneous esterification and transesterification 
using Lewis acid takes place between free fatty acids (RCOOH) and methanol (CH3OH) whereas 
transesterification takes place between triglyceride (RCOOR') (taken as representative of 
triglycerides in this case) and methanol adsorbed on acidic site of catalyst surface. The interaction 
of the carbonyl oxygen of FFA or monoglyceride with acidic site of the catalyst forms carbocation. 
The nucleophilic attack of alcohol to the carbocation produces a tetrahedral intermediate. During 
esterification the tetrahedral intermediate eliminates water molecule to form one mole of ester 
(RCOOCH3). The transesterification mechanism can be extended to tri- and di-glyceride. It is well 
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known that transesterification is a stepwise reaction. In the reaction sequence the triglyceride is 
converted stepwise to di- and monoglyceride and finally glycerol. The tetrahedral intermediate 
formed during reaction eliminates di-, monoglyceride and glycerol when tri-, di- and 
monoglyceride come in contact with the acidic sites, respectively, to give one mole of ester 
(RCOOCH3) in each step. In cases, esterification and transesterification produce methyl ester, the 
same final product. Also the catalyst is regenerated after the simultaneous esterification and 
transesterification reactions. Use of excess alcohol favors forward reaction and thus maximizes the 
ester yield [9]. 

The speed of the above reaction is dependent on process temperature, pH and substrate quality. 
The advantages of this type of fuel are very good lubricating properties and the lack of sulfur in 
the flue gas, and the disadvantages: the possibility of dissolving the seals and hoses made of 
certain types of rubber and plastic, not very good low temperature properties, and problems with 
the proper metering of fuel to the engine which is connected with the changing of some physical 
properties of esters with increasing temperature. 

Bioethanol is ethanol derived from plant products containing sugar (sugar cane, wheat, sugar, 
fruit, juice, palm, etc.) or starch (wheat, barley, rice, corn, potatoes, cassava) can be used as fuel in 
specially adapted engines or the as an additive to gasoline [14]. Ethanol, CH3CH2OH has in its 
structure, in addition to carbon and hydrogen, the oxygen atom, so that addition of ethanol to 
gasoline increases the octane of fuel and reduces the concentration of hydrocarbons and carbon 
monoxide in the exhaust. 

Ethanol production relies mainly on the fermentation and distillation. Production of fuel in this 
way carries with it high costs of production. Reduce production costs can be achieved using other 
substrates such as cellulosic wastes (lignocellulosic) - fuel derived from this process is the second-
generation biofuels. 

Basically, for the production of ethanol by fermentation in anaerobic conditions, are used by 
enzymes produced in yeast. The enzymatic hydrolysis proceeds in two steps. Chemical structure of 
starch consists of long chain polymer of glucose. The macromolecular starch cannot be directly 
fermented to ethanol by conventional fermentation technology. The macromolecular structure first 
broke down in to simpler and smaller glucose. In this process, starch feedstocks are grounded and 
mixed with water to produce a mash typically contained 15–20 % starch. The mash is then cooked 
at or above its boiling point and treated subsequently with two enzyme preparation. The first 
enzyme hydrolyzes starch molecules to short chains to glucose. The first enzyme is amylase, 
amylase liberates "maltodextrin" ligosaccharides by liquefaction process. The dextrin and 
oligosaccharides are further hydrolyzed by enzyme such as pullulanase and glucoamylase in a 
process known as saccharification. Saccharification converts all dextrans to glucose, maltose and 
isomatose. The mash is then cooled to 30 ºC and yeast is added for fermentation [11]. 

For first-generation liquid biofuels are among the so-called PVO - pure vegetable oils - pure 
vegetable oils obtained from cold pressing process and the extraction of oilseeds. These oils can be 
used both as a food and fuel applied directly (without esterification) cannot be used in normal 
diesel engines. Their destiny is determined mainly by quality. Those with better quality are used 
for cooking. In most vegetable oils are used as an intermediate for the production of biodiesel. 

 
3. Second-generation liquid biofuels 

 
Raw first generation, which is produced biofuels compete with food, so the ideal solution is 

cellulosic products such as wood, straw, long grass or wood waste. Fuels produced from these raw 
materials are called second-generation biofuels [6, 22]. They can meet the demand for fuel in a fair 
and environmentally beneficial way. The advantage of second generation biofuels is the ability to 
use the whole plant (including stem, leaves and peels), and not just its parts (for example grains), 
as is the raw material first generation. Second-generation fuel can also produce, with plants of 
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which no part is edible, such as jatropha and switchgrass (a type of tall grass growing in South 
America), cereal grains contain very little, waste from wood processing and pulp of the fruit. 

The main problem in the production of second generation biofuels are processes to break down 
the structure of lignocellulose and the release of simple sugars. 
 
3.1. Conversion processes for second-generation liquid biofuels 
 

Liquid biofuels from biomass can be obtained through thermochemical processing or by 
chemical treatment. Thermo-chemical treatment comprises thermal decomposition and chemical 
transformation of substrates by the action of the temperature in the presence of various 
concentrations of oxygen. The advantage of thermal treatment in relation to the chemical is able to 
convert all organic ingredients, not just the polysaccharides, as is the case with chemical treatment 
[6]. Tab. 2. shows the transformation of biomass into liquid biofuels second generation. 

 
Tab. 2. The transformation of biomass into second-generation liquid biofuels 

 

 BIOMASS

type of 
biomass

forest residue lignocellulosic vegetable oils, 
fatty acids 

conversion
processes

extraction of 
valuable chemical 

gasification pyrolysis enzyme 
hydrolysis 

hydrotreating 

condensation fermentation 

distillation 

product Bio-oil FT-oil Bio-oil Bioetanol Green diesel 

 
The physical transformation of raw materials into liquid biofuels include [14, 20]: 
- mechanical extraction - crude vegetable oils are recovered from the oil seeds by applying a 

mechanical pressure using screw press (expeller). Screw press can be applied in two ways: 
prepressing and full pressing. In pre-pressing, only part of the oil is recovered and the partially de-
oiled meal (cake with 18–20% oil) is further treated by solvent extraction. Combined pre-pressing 
and solvent extraction is commonly applied for oilseeds with high oil  content (30–40%). Full 
pressing requires 95,000 kPa to squeeze out. as much oil as possible; 

- briquetting of biomass - compaction of waste biomass from agricultural production or forestry 
residues takes place in closed chambers compression process combining crushing and maceration; 
Some time these two processes are combined, in pressing there is a close correlation of an increase 
in density with an increase in applied pressure in the early stage of compression, but the rate of 
increase in density fall rapidly as the density of pressed material approaches the density of water. 
There is no such close correlation of density change and degree of maceration, which may be 
chopping, grinding, and pulverizing. A coarse chopping of some materials may be as effective as 
ultrafine grinding. 

- distillation - the most important method for extracting essential oil and relies on the 
evaporation of the more volatile constituents of a blend to separate them from the nonvolatile 
parts. Biomass is first crushed, then the distillation of essential oils evaporate and are condensed 
and condensed back into liquid.  
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Biomass can be converted into energy during the process of thermo-chemical or biological. 
Thermochemical processes include direct combustion, gasification, liquefaction and pyrolysis. 
Heating biomass in a lack of oxygen leads to the production of synthesis gas which consists 
primarily of hydrogen and carbon monoxide. This gas can either be burned directly or converted to 
other products of gas or liquid. 

Direct combustion of biomass is to produce heat and leads to obtain carbon dioxide and water. 
Combustion of this should be done in well ventilated areas. Emissions of sulfur is in this case 
lower than for conventional fuels and combustion is at a level of 0.05 - 0.2% (m/m) [11]. 

Gasification of biomass is in the creation, in an atmosphere of oxygen, air or water vapor, the 
gas mixture (H2, CO, CO2, CH4 and N2) called synthesis gas or syngas and residual mineral in the 
form of ash. Gasification can be conducted in the presence of a catalyst at about 900 °C or without 
catalyst at a temperature of about 1300 °C. During the implementation process can also create by-
products - tar. Syngas can be converted into electricity and heat or, using the Fischer-Tropsch 
process, to convert synthesis gas to aliphatic hydrocarbons and water [2]. The resulting product is 
free from sulfur and nitrogen. The FT reaction is given below: 
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where: 

n average length of hydrocarbon chain 
m  the number of hydrogen atom per carbon. 

 
All the reactions are exothermic and the product is a mixture of different hydrocarbons in that 

paraffin and olefins are main parts. In FT one mole of CO reacts with two mole of H2 in the 
presence of catalyst to form a hydrocarbon chain: 
 

CO +H2 ¢ �CH2� + H2O  �H = -165 kJ/mol   (3) 
 

Depending on the process and especially the used catalyst in the FT process can get synthetic 
diesel oil (cobalt catalyst), synthetic gasoline (catalytic iron) and biomethanol (copper-zinc 
catalyst supported on alumina). 

The pyrolysis is thermal degradation of biomass by heat in the absence of oxygen, which results 
in the production of charcoal (solid), bio-oil (liquid), and fuel gaseous products. Properties of the 
products depend upon temperature, process time, the atmosphere of the process as well as the 
characteristics of the material subjected to pyrolysis. During the process of biomass pyrolysis is a 
thermal conversion, in the absence of oxygen. Depending on the conditions of this process can be 
divided into conventional pyrolysis, fast and flash [13]. 

Conventional pyrolysis occurs under a slow heating rate (0.1–1 K/s) and residence time is 45–
550 s and massive pieces of wood. In the first stage of biomass decomposition which occurs in 
between 550 and 950 K is called pre-pyrolysis. During this stage, some internal rearrangement 
such as water elimination, bond breakage, appearance of free radicals, formation of carbonyl, 
carboxyl and hydroperoxide group take place. The second stage of solid decomposition 
corresponds to the main pyrolysis process. It proceeds with a high rate and leads to the formation 
of pyrolysis products. During the third stage, the char decomposes at a very slow rate and it forms 
carbon rich solid residues. 

In the process of fast pyrolysis of biomass, fine particles (<1 mm), low humidity are heated 
with a heating rate of 10 to 200 K/s to a temperature of 850 ÷ 1250 K. The duration of fast 
pyrolysis is 0.5 to 10 s. The result of this process is liquid product - Bio-oil with calorific value of 
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about 16 to 19 MJ / kg. Small amounts are also formed gas and charcoal, which are immediately 
burned and provide heat for the pyrolysis process.  
Fast pyrolysis produced 60–75 % of Bio-oil, 15–25 % solid char and 10–20 % non-condensed 
gases depending upon feedstocks [18]. 

Bio-oil is a dark brown viscous, corrosive and sour liquid with a characteristic "smoky" smell, 
which can be used as fuel in furnaces, gas turbines and diesel engines. The Bio-oil includes, 
among other things: aliphatic alcohols/aldehydes, furans, benzene and pyrene derivatives, fatty 
acids and hydrocarbons of high molecular weight. These compounds can be extracted from Bio-oil 
by means of selective solvents. 

Flash pyrolysis it differs strongly from that of conventional pyrolysis, which is performed 
slowly with massive pieces of wood. It occurs in the temperature range of 1050–1300 K, fast 
heating rate (>1000 K/s), short residence time (<0.5 s) and very fine particle (<0.2 mm). The 
conversion of biomass to crude oil can have an efficiency of up to 70 % for flash pyrolysis 
process. The so called bio-crude can be used in engines and turbines. Its use as feedstocks for 
refineries is also being considered [3]. 

Rich in isoparaffins "Green diesel" produced in the process of hydrotreating raw materials 
containing triglycerides and fatty acids in the presence of a cobalt-molybdenum or nickel-
molybdenum. Isomerization resulting "Green diesel" has a composition similar to the composition 
of a typical diesel fuel, has a high cetane number, good low temperature properties and a sulfur 
content below 1 ppm. Compared to FAME's properties do not depend on the quality of raw and 
hydrogenated biodiesel is readily miscible with diesel [7]. 

Conversion of lignocellulosic biomass to ethanol is a more involved process than obtaining 
bioethanol from starch and consists of pretreatment, acid or enzymatic hydrolysis, fermentation 
and distillation.  

Lignocellulosic biomass is mainly composed of cellulose (crystalline biopolymer of glucose), 
hemicelluloses (amorphous polymers of xylose and arabinose) and lignin or large poly-aromatic 
compounds. Enzymatic hydrolysis of cellulose is slower than the hydrolysis of starch due to the 
presence of bonds ¤-1 ,4-glucosidic linkages in the molecule of the biopolymer (starch present in 
the binding of ¥-1 ,4-glycosidic bonds). 

The pretreatment processes separate xylose and lignin from the crystalline cellulose. The steam 
explosion process is an efficient pre-processing method for converting lignocellulosic biomass. In 
this process biomass sample is placed in a pressure vessel (i.e. digester) and vaporized using 
saturated steam for a short time at a temperature 473–543 K and high pressure 14–16 bar. The 
pressure in digester is then dropped quickly by opening the steam and the material is exposed to 
normal atmospheric pressure to cause explosion which disintegrate lignocellulosic biomass [19]. 

Steam explosion causes the hemicellulose and lignin from the wood to be decomposed and 
converted into low molecular weight fractions which can be easily extracted. Therefore most of the 
water soluble fraction of hemicellulose can be removed by water extraction. At the same time, a 
part of the low molecular weight fraction of lignin is also extracted. The xylose can be fermented 
to ethanol and the lignin can be further processed to produce other fuels. The crystalline cellulose 
remains solid after the pretreatment and later break down to glucose by enzymatic hydrolysis 
process. The glucose is further fermented to alcohol and the hemicellulose fraction is converted to 
xylose. The conversion of xylose to ethanol is a difficult process, therefore, pretreatment is 
necessary to reduce the crystallinity of cellulose to lessen the average polymerization of the 
cellulose and hemicellulose–lignin sheath that surround the cellulose and to increase available 
surface area for the enzyme to attack [19]. 

Ethanol can be blended with gasoline to produce an oxygenated fuel with lower hydrocarbon 
and greenhouse gas emissions, certain aldehydes are increased. Automobiles can be operated on 
ethanol/gasoline blends from 5% to 25% without any alterations in engine equipment's or setting. 
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The major engine operation issue with alcohol blended fuels is fuel quality, volatility, octane 
number, cold start, hot operation, and fuel consumption. 

In order to extract bio-oil from oil seeds solvent extraction can be done (usually as the solvent 
used is hexane) followed by distillation. Extraction refers to a process in which the desired 
substance is selectively removed from the raw materials by allowing the desired substance to 
dissolve into the solvent, and subsequently recovering the substance from the solvent. To remove 
the particular substance from biomass, extraction and separation are both essential.  

Typically biomass (wood, wheat straw, aromatic grasses, etc.) contains high volume of 
macromolecular compounds (polysaccharide, cellulose, hemicellulose, and lignin) called primary 
metabolite. The other low volume and high value biochemical molecules like terpenoids, waxes, 
resins, sterols, and alkaloids are known as secondary metabolites or extractive biomass. In the 
biorefinery process these chemicals are initially extracted from biomass by using solvent 
extraction or supercritical fluid extraction. 

The extraction can also be performed using CO2 or supercritical water. A supercritical fluid is 
defined as a substance that is at temperature and pressure conditions which are above its vapour 
liquid critical point (for water it is 644 K and 22 MPa; for CO2 it is 304 K and 7.4 MPa) [16]. At 
supercritical conditions a fluid is neither liquid nor gas as it can not be made to boil by decreasing 
the pressure at constant temperature, and it would not condense by cooling at constant pressure. 

Supercritical fluid processing of biomass to chemicals represents an alternative path to acid 
hydrolysis, enzymatic hydrolysis of cellulose to sugars. With acid hydrolysis acid recovery is a 
costly and polluting issue. Enzymatic saccharification needs pretreatment of lignocellulosic 
biomass. Supercritical water can quickly convert cellulose to sugar and convert biomass into a 
mixture of oils, organic acids, alcohol and methane. In supercritical and near critical state acid 
(H+) and base components (OH-) of water are separate and dissolve in the biomass. The dissolved 
supercritical water breaks the bonds of cellulose and hemicellulose rapidly to produce small sugar 
molecules, glucose, xylose and oligosaccharide [17]. 

 
4. Opportunities and plans to use liquid biofuels in the industry (including military) 
 

In December 2009, AltAir Fuels entered into a memorandum of understanding with 14 
commercial airlines (including Delta, United, US Airways, Mexicana airlines, Air Canada) for the 
purchase of up to 750 million gallons of sustainable jet fuel over a 10 year period. In the same year 
AIR FRANCE KLM Group, North Sea Group and Spring Associates, after test flight, create 
consortium - Sky Energy, which is responsible for the development of aviation biofuels. SkyRND 
(research and development) develops sustainable jet fuel for the global aviation market based on a 
unique low cost operating model. Sky Energy has a proven track record; it has so far supplied 
sustainable jet fuel to more than 15 airlines around the world on all continents apart from Africa. 

The 2007 National Defense Authorization Act (NDAA 2007) required that U.S. Department of 
Defense produce or procure 25 percent of all energy from renewable sources by 2025 [21]. The 
military has in fact, moved beyond this type of broad mandate toward the creation of a new energy 
strategy with each service branch developing its own energy strategic plan. For example, the U.S. 
Air Force, the largest consumer of liquid fuels in the military, has a stated goal of acquiring half of 
its domestic aviation fuel from domestic, synthetic (i.e., non-petroleum) sources by 2016 [5]. U.S. 
Air Force also plans to test flying B-52 bomber and a transport C-17 Globemaster fed a mixture of 
kerosene and biofuel derived from FT synthesis (in the ratio 50:50. 

The Navy (in US), which consumes daily approximately 80,000 barrels of oil at sea and 20,000 
MWh of electricity on shore, has set a goal of making half of its bases net-zero energy facilities by 
2020. By 2016, the U.S Navy also plans to sail the “Great Green Fleet,” a carrier strike group 
composed of nuclear ships, hybrid electric ships running on biofuels, and aircraft flying on 
biofuels [1]. 
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In Poland the production of biofuels is mainly obtained FAME and Green diesel, which are then 
added to a mixture of diesel fuel. 

 
5. Conclusions 

 
National governments strongly support the development of refineries producing biofuels on a 

commercial scale. The European Union aims to meet the objectives set out in Decree 20/20/20, 
which is to increase energy efficiency by 20 percent, reduce greenhouse gas emissions by 20 
percent and ensure that 20 percent of the total energy production will come from renewable 
sources by 2020. This opens up tremendous opportunities for the biofuel market. From the 
standpoint of limiting carbon dioxide emissions reduction is an important resource pool for biofuel 
production to areas where effective control is possible (i.e. the European Union countries), because 
otherwise the use of biofuels could lead to an increase in its emissions. 

According to many analyzes of second-generation biofuels could soon completely replace the 
first-generation biofuels made from food materials. Before doing so, we need to address the 
problem of very high production costs of biomass. The solution may be optimization of processing 
technology of various raw materials for production of biofuels and more efficient use of by-
products. 

Increasingly popular to enjoy the start of the third generation biofuels based on algae derived, 
which are not only restrict the emission of greenhouse gases during combustion, but also allow the 
capture of CO2 from coal particles, and even directly from the air, and thus contribute to further 
increase the reduction greenhouse gas emissions. However, while the algal culture is relatively 
easy to have the oil extracted from them difficult. 

6. References 
 

[1] A Navy Energy Vision for the 21st Century, http://greenfleet.dodlive.mil/files/2010/10/Navy-
Energy-Vision-Oct-2010.pdf, 2012. 

[2] Balat, M., Sustainable transportation fuels from biomass materials, Energy Education Science 
Technology, No 17, pp. 83-103, 2006. 

[3] Demirbas, A., Green Energy and Technology – Biorefineries For Biomass Upgrading 
Facilities, Springer-Verlag London Limited, 2010. 

[4] Directive 2009/28/EC of The European Parliament and of The Council of 23 April 2009 on 
the promotion of the use of energy from renewable sources and amending and subsequently 
repealing Directives 2001/77/EC and 2003/30/EC, 2009. 

[5] F-22 Raptor flown on synthetic biofuel, www.af.mil/news/story.asp?id=123248331, 2012. 
[6] Gomez, L.D., Clare, G.S., McQueen-Mason, J., Sustainable liquid biofuels from biomass: the 

writing's on the walls, No 178, pp. 433-85, New Pytol 2008. 
[7] Kalnes., T., Marker, T., Shonnard, D.R., Green diesel: a second generation biofuels, 

International Journal of Chemical Reactor Engineering, No 5, pp. 748-750, 2007. 
[8] Kamm, B., Gruber, R.P., Kamm, M., Biorefinery industrial processes and products, 

Ullmann's Encyclopedia of Industrial chemistry, Willey-VCH Verlag GmbH8Co. KGaA, 
2007. 

[9] Kulkurni, M., Gopinath, R., Meher, L.C., Dalai, A.K., Solid acid catalyzed biodiesel 
production by simultaneous estrification and transestrification, Green Chemistry, No 8, pp. 
1056-62, 2006. 

[10]Laursen, W., Students take a green initiative, Chemical Engineering, pp. 32-34, 2006. 
[11]Lee, S., Speight, J.G., Loyalka S.K., Handbook of alternative fuel technologies, CRC Taylor 

and Francis Group, 2007. 

198



[12]Meher, L.C., Vidyasagar, D., Nail, S.N., Technical aspects of biodiesel poduction by 
transestrification – a review, Renewable Sustain Energy Reviews, No 10, pp. 248-68, 2006. 

[13]Mohan, D., Pitman, C.U., Steele, P.H., Pyrolysis of wood/biomass for bio-oil: a critital 
review, Energy Fuel, No 20, pp. 848-89, 2006. 

[14]Naik, S.N., Goud, V., Rout, P., Dalai, A.K., Production of first and second generation 
biofuels: A comprehensive review, Renewable and Sustainable Energy Reviews, No 14, pp. 
578-597, 2010. 

[15]Osama, K., Carl, H.W., Biomass Handbook, Gordon Breach Science Publisher, 1989. 
[16]Saka, S., Ehara, K., Sakaguchi, S., Yoshida, K., Useful products from lignocellulosics by 

supercritical water technologies, Proceedings of The Second Joint International Conference 
on Sustainable Energy and Environment, pp. 485-489, 2006. 

[17]Sasaki, M., Kabyemela, B., Malaluan, et al., Cellulose hydrolysis in subcritical and 
supercritical water, Journal of Supercrit Fluid, No 13, pp. 261-268, 1998. 

[18]Shafizadeh, F., Introduction to pyrolysis of biomass, Journal of Analytical and Applied 
Pyrolysis, No 3, pp. 283-305, 1982. 

[19]Shelley, M.: Alcoholic fuels, CRC Taylor and Francis Group, 2006. 
[20]Stevens, C.V., Verhé, R., Renewable bioresources scope and modification for non-food 

application, John Wiley8Sons Ltd., England, 2004. 
[21]U.S. Congress. National Defense Authorization Act for Fiscal Year 2007, 

http://www.govtrack.us/congress/bill.xpd?bill=s109-2507, 2012.  
[22]Zabaniotou, A., Ioannidou, O., skoulou, V., Rapeseed residues utilization for energy and 2nd 

generation biofuels, Fuel, No 87, pp. 1492-1502, 2008. 
 

199



 

200



EVALUATION OF COMPRESSION REALIZATION IN DIESEL ENGINE 
BASED ON PERFORMANCE INDICATOR CHANGES 

Jacek Rudnicki 

Gdansk University of Technology 
ul. Narutowicza 11/12, 80-233 Gdańsk, Poland

tel.: +48 58 3472973, fax: +48 58 3471981 
e-mail:jacekrud@pg.gda.pl

Abstract

In the article a method of evaluation of a diesel engine during the realization of processes 
of working circuit on the example of compression is described. The method is based on the use of  
the quantity called performance indicator in the description of the engine’s work, which contains 
the information on the energy values, which may be disposed using the engine and the time at 
which it can be delivered. Theoretical information has been supplemented with  information 
processed, in accordance with the proposed procedure, experimental results, which helped to 
illustrate the essence of this method. 

Keywords: operation, working circuit, diesel engine 

1. Introduction 
An objective assessment of the reliability of any marine diesel engine forces the evaluative 

(quantitative) approach to this problem and the search for such measures, which are the most 
reliable in describing this feature of the engine. 

On the other hand, the precise definition of the task except for the conditions of performance, 
requires specifying the duration as well. This issue is so important that the specific tasks in 
maritime transport is generally associated with the necessity of long-term operation of essential 
equipment of the vessel, especially its main drive. 

Thus, it becomes particularly important, not only what the amount of energy which can be 
disposed using the main engine, but also the time in which it can be delivered. 

Therefore, it is sensible to consider engine’s operation (it’s functional systems) in such an 
approach, so it could be described simultaneously by both energy and time. 

Operation (D) in the time interval [0, t] can in this case be interpreted as a product of the 
physical quantity determined as the ratio of the time variable energy E = f (�) � and time:

� ���
t

dED
0

��       (1) 
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Method of processing of the engine in such a way as has been described inter alia in thesis 
referred to[1, 2, 4, 5, 6]. 

Because the concept of operation is also used e.g. in mechanics theory, to prevent the 
discussion, the D value described with general relation (1) it was decided to describe it as the 
performance indicator.  

Description of the engine operation in the references above pertains to the time scale of the 
operation, which results from the fact that tasks duration in maritime transport can reach very high 
values and hence the value of the definite integral (1), which, for the assumptions taken is a 
measure of the engine operation, will also be very high . 

Thesis [6] was, therefore, an attempt to answer the question, if one can “move” the considered 
performance assessment in a micro scale, that is to reduce the considered time - up to a maximum 
execution time of a single working circuit of the engine. This study is presented to verify and
expand the considerations presented there and analyzes based on the results of experimental tests 
on in laboratory conditions with diesel engine. 

2. The description of the test bench and measurement equipment
The study was carried out on a laboratory engine „Farymann Diesel” type D. It is a single 

cylinder diesel engine, four-stroke, naturally aspirated, fuel-injected into the pre-swirl of the 
combustion chamber, cooled by evaporation.   

Tab. 1 Basic information about Farymann Diesel type D engine 

Rated power 6 kW

Bore 100 mm

Nominal speed 1500 rpm

Displacement volume 765 cm3

Compression ratio 22

The engine has a manual start and decompression valve for easy starting a cold engine. It also 
has a casting ignition paper screwed in the cylinder head. Threaded hole of the paper cast ignition 
has scored thread M14x1, 25 which was used to install the valve cylinder pressure.  
a) b)

Fig. 2 View Farymann Diesel engine type D (a) and slot indicator assembly (b) at the ignition paper holder 

For the measurement of pressures inside the cylinder electronic indicator PREMET C, XL 
version was used (http://www.lemag.de/premet_c.0.html).
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Tab. 2 Basic information about electronic indicator PREMET C XL 

Ignition pressure range 0 – 25 MPa
Speed range 40 – 1800 rpm
Max. number of cylinders 20
Max. number of measurements/cylinder 30
Manufactured according to ISO 9001
Compensation of temperature
PC connection USB
Stainless steel housing with isolated thermogrip

High resolution colour display

Accuracy better than 1,6

a) b)

Fig. 2 Indicator valve installed in a place of holder of ignition paper (a) an electronic indicator PREMET C on a 
laboratory stand (b) 

The set of experimental results, which were used to verify the theoretical considerations 
contained in [6] has been accumulated during the 1.5 years of the use of the engine, in which the 
engine worked for about 50 hours. During this time were no operator action taken affecting the 
condition of the piston - cylinder unit, which has a decisive influence on the process of 
compression in the engine. 

From this set of results containing approximately 60 indications, 4 samples were selected on 
the following assumptions: 

• the identity of the measurement conditions (load and engine speed) 
• subsequent spacing of the indicated time, the results of which were taken into account - at 

least 10 hours of operation, 
• due to the fact that at the test bench there is no possibility of compression pressure 

measurement, the end of the compression was believed to be the position of the piston 10 ° before 
TDC (the angle of injection timing for the engine to be tested is about 8.5 before TDC). 

Sample results (for readability of the graph, only the first and last indications) for the chosen 
subset are shown in Figure 3. 
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Fig.3 Results engine indications, dated. 26.05.2011 r - (a) and  31.08.2012 - (b); TDC – top dead center of the piston 

As you can see in the charts compression differ practically unnoticed. You might also notice 
quite a significant difference in the combustion duration and the fact of more hard work after that 
engine use - higher value .

3. Evaluation of the implementation process of compression using pressure measurements 
inside the cylinder and index of operation

Indicator charts and analysis play a crucial role in assessing the operation of the engines during 
the operation. Indicated above, further discussed inter alia in the above-cited works a quantitative 
assessment of the engine using the operation ratio D (t) provides the possibility of another 
processing the results obtained during indication.  

Strictly limiting to the analysis of this compression process requires: 
� changes in the upper limit of integration in equation (1) for the duration of the 

concerned process – tcom,

� a decision which the volume associated with the course of the compression process can 
be regarded as time-variable power according to equation (1). 

The first of the problems described above, of course, does not present any difficulty because of 
making the assumption of shut-off fuel inflow to the cylinder concerned, in the general case this 
duration, is a duration of a stroke and is expressed in the formula: 

n
tt obrstr �

���
2
1

2
1

11      (2) 

where: 
 t1str – duration of one stroke [s], 
 t1obr – duration of one crankshaft rotation[s], 

n – frequency of crankshaft rotation [s-1].

In the absence of possibility to turn combustion in the cylinder off and create the contractual 
end of compression for a given value of the angle of the crankshaft position (in this study endcom 
�endcom = 10o of crankshaft rotation before TDC) relationship (2) is modified as follows:

a)

b) TDC

a)

b)

TDC
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where: 
�end com – angle of a contractual end of compression process (expressed in [o owk] before 

TDC),

The issue of selecting a quantity that corresponds to the time – variable energy may cause some 
doubts, because the very concept of energy, as the scalar size describing the state of the system 
creates a fairly wide range of interpretation. Considered the context of earlier results pressures 
inside the cylinder and opportunities they are presented in the coordinate system p - V (volume - 
pressure), it seems appropriate for the processing of work (a form of energy transfer) as the search 
value.  

Limiting ourselves to the concept of absolute work [3] and assuming the contractual principle 
that the work done by the working medium is positive, and the work associated with 
environmental impacts in the factor - a negative sign, during the compression process engine
performance can be determined by solving the following equations: 

o operation indicator considered for the entire stroke - no fuel combustion in the 
cylinder: 

� � � � � �sJdtdVVpdtLD
strstr t V

V

t

CS ��
�
�

�
�
�
�

�
�� � ��

1 2

1

1

00

� ,   (4) 

  where: 
V1 – workspace volume corresponding to t = 0 (Total volume of the 
workspace),
V2 – workspace volume corresponding to t � t1com (compression chamber 
volume),

or: 
o operation indicator considered as a function of time (index value until time t) – time 

interval (if there is a possibility of turning off the combustion in the 
cylinder t1com = t1str)

� � � � � �sJdtdVVpdtLtD
com tcom tt V

V

tt

CS ��
�
�

�
�
�
�

�
�� � ��

�� 1

1

1

00

)( � ,   (5) 

where: 
t1com – contractual time of a completion of the compression (for a given 
value of the angle position of the crankshaft �end com),
Vt – workspace volume corresponding to t � t1com.

Interpretation of the operation indicator D presented above for the compression process as a 
value – DCS and DCS(t) can be the basis of the evaluation of operation circuit in the engine. 

Using equations (4) and (5) an evaluation of the compression process can be carried out by: 
� comparative analysis of the set values of performance indicators - DCS and DCS(t), of the 

reference of a new engine capable of technical efficiency and full fitness  
� in case of lack of data mentioned above, eg. in reference to theoretical (izentrop pV� -

idem) realization of the process. Such an index can be defined as follows (limiting to 
equation (5)):
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where: 
�(t) – engine performance evaluation index during the compression process (as a 

function of time)
DCS(t) – operations indicator during the compression in real engine, 
D’CS(t) – operations indicator during the compression in realization of theoretical 

circuit  
p1 – pressure at the beginning of compression stroke  
V1 – workspace volume corresponding to t = 0 
Vt – workspace volume corresponding to t � t1com

� – izentrop index

4. The results and analysis 
On the basis of the results, the analysis of the engine was carried out as outlined in section 3 of 

this thesis (for the considered data of indicated and accepted the contractual end of the 
compression process t1com = 0,0944 s). 

The result is: 
� value of D’CS(t) index calculated for the compression process carried out according to 

the isentropic equation pV� - idem,
� values of operation indexes DiCS(t) calculated as in equation (5) for analyzes set of 

indications (i=1,2 …, 4)  Results were presented in figure 4 and due to poor readability 
in the time interval referring to the whole process, in the figure 5 - magnified.  

Fig.4 Values of operation indexes DiCS(t) 
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Fig.4 Values of operation indexes DiCS(t)(zoomed part of the plot) 

� assessment indexes values �i(t) calculated according to equation (6) to concerned set of 
results of indication (i = 1,2 ..., 4). The results are shown in Figure 6 (due to low 
readability of the graph in the time interval relating to the duration of the whole process 
- only magnified fragment).

Fig. 5 Values of assessment indexes �i(t)

The analysis of the data presented in Figure 4 - 6 gives rise to the following conclusions: 
� evaluation of the compression process using a defined relationship (6) evaluation index 

�(t) is possible - for the progressive degradation of engine condition, the value of the 
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rate is lower, which is consistent with the assumptions taken into account in the 
definition and nature of the real processes occurring in the engine, 

� chanes of value of the index �(t) with the progressive wear engine are more 
pronounced, and therefore more easily to notice than, for example to register the change 
in compression

� determination of the intensity of changes in ratio �(t) may result in defining the
quantity describing the real engine reliability in terms of the implementation of the 
compression process - but this requires further study, a longer period of use [4].

5. Summary
The presented method appears to be an acceptable addition to the methods of assessment the 

quality of execution of a working circuit of the diesel engine used so far. The possible utility of 
course requires further theoretical studies and field tests. Due to the fact that marine engines 
indication is widespread and routine testing, access to the results of such tests is relatively easy, 
and thus is conducive to the development the assessment tools of the method. 

The main advantage of this method is correlation of the assessment of the work and the time at 
which the task is performed - in this case the engine operating circuit. 

Not without significance is also the fact that all the necessary calculations are relatively simple 
and can be made on the basis of the indicator diagram alone. The development of  modern 
electronic indicators, so-called pressure analyzers allows for seamless implementation of these 
calculations in the software environment of the device. 

The practical utility of the results can now be questionable - but further empirical research can 
lead to practical application of the proposed method for evaluation of such engines. 
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Abstract 

 Intensive shipping affects marine environment in an extent degree, increasing seawater pollution by hazardous 
substances, including fuel oil and crude oil. Bilge water from ship power plants usually contains a mixture of 
dispersed oils, which form spherical droplets of diameter ranging from 0.01 to 10�m. Present methods for detection of 
dispersed oil require taking a water sample or putting a measuring device into seawater, which allows only to gather 
point data from limited locations. In order to meet the demand of remote monitoring of endangered zones, a study of 
optical properties of oil-in-water emulsions was conducted. Presented model of seawater polluted by oil-in-water 
emulsion can potentially enable remote optical detection of oil-in-water emulsion in visible bands. It is based on the 
fact that oil droplets become additional absorbents and attenuators in water body. Optical analyses consist of 
calculations of spectral absorption and scattering coefficients and scattering phase functions for oil emulsions on the 
basis of Lorentz-Mie theory including measurements of refractive index and determination of oil droplets size 
distribution. The radiative transfer theory is applied to simulate the contribution of oil emulsion to the remote sensing 
reflectance. Presented system for radiative transfer simulation is based on Monte Carlo code and it involves optical 
tracing of virtual photons.   

Keywords: oil pollution, oil-in-water emulsion, bilge water, remote sensing reflectance, seawater model 

1. Introduction 

Pollution of marine waters with hazardous oil products has turned into a fundamental 
ecological problem in the last decades, since shipping technologies and industry became to 
develop rapidly. It has been therefore a subject of numerous research projects, including detection 
and identification of oil using optical methods [4,5,20,22]. The main source of seawater pollution 
are crude oils and petroleum products, in most cases descending from ship discharges and flowing 
in with the rivers. As an example, ship-related operational discharges of oil include the discharge 
of bilge water from machinery spaces, fuel oil sludge, and oily ballast water from fuel tanks. Most 
of oil pollution studies are focused on remote detection of extensive surface films with airborne 
and onboard satellite microwave radars and lidars. However, oil spill detection is focused on 
incidental accidents and does not deal with everyday pollution originating from shipping and 
maritime activities (e.g. routine shipboard operations such as cleaning of cargo tanks) and with the 
rivers from the land-based sources (e.g. agriculture and industrial activities, powerboat racing). 
The most significant amount of oil pollution enters the seas with river inflows containing industrial 
and agricultural runoff, or as a result of daily shipping activities and crude oil exploitation, or from
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natural seeps (GESAMP, 1993; GPA, 2002). Oil from this sources dissolves in a minor degree (0.2 
– 0.7%) and is mostly found in the form of oil droplets dispersed in seawater (oil-in water 
emulsion). Oil emulsion amounts to over 80% of the total oil pollution in Baltic Sea estimated for 
76 thousand tons per year (HELCOM, 1993). Among other sources, riverine input of oil products 
was estimated for 14-25 thousand tons yearly; sewage waters contribute for 4-14 thousand tons a 
year [4]. As the small-scale oil pollution is caused by human interference in marine environment, it 
should be also monitored on regular basis. 

Fig. 1. Typical distribution of sources of oil pollution loads to the marine environment.  
(Source: Global Marine Oil Pollution Information Gateway, 2011)  

There are currently no methods for remote detection of petroleum derivatives dispersed in 
seawater in the form of emulsion. Oil products can considerably modify optical properties of 
seawater surface layer, with accounts to the most exposed regions, like coastal zones, estuaries, 
marine transportation routes or oil fields. Oil droplets become additional light absorbents and 
scattering centres influencing the process of radiative transfer in seawater [11,14]. Their presence 
changes the inherent optical properties (IOPs) of seawater, and in consequence it influences the 
upwelling light stream (i.e. water-leaving radiance), which is the basis of algorithms for deriving 
ocean parameters from remote sensing, including satellite remote sensing. The range of changes of 
seawater apparent optical properties (AOPs) can be predicted by solving the radiative transfer 
equation (RTE) using numerical methods/models [8].

2. Optical properties of oil-in-water emulsions 

The average concentration of dispersed oil droplets in seawater was estimated to the range 
from 109 m−3 in oceanic water to over 1013 m−3 in coastal waters, e.g. Pomeranian Bay (Baltic Sea) 
[3]. The most probable concentration of total hydrocarbons is 5-20 μg/kg (0.005 – 0.02 ppm) in the 
coastal part of the Gulf of Gdansk and 1-2 μg/kg (0.001 – 0.002 ppm) in the open Baltic Sea, but it 
can vary from immeasurable values to several ppm in the estuary and harbour zones [22].
According to the MARPOL convention, ship discharge waters may legally contain up to 15 ppm 
of oil. In some regions the limits are more restricted (e.g. up to 5 ppm in Canadian inland waters).  

Preliminary analyzes on the possible influence of oil emulsion on upwelling light field showed 
that Lorentz-Mie theory can be applied to calculate inherent optical properties of oil-in-water 
emulsions [13]. Lorentz-Mie theory is a complete solution to Maxwell’s equation for scattering of 
electromagnetic waves by a homogeneous, spherical particle embedded in a nonabsorbing 
medium. It was also extended and applied for particles dispersed in absorbing media, such as 
seawater [1]. Oil dispersed in seawater was proved to form spherical droplets [6] and to fit the 
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single scattering model [23]. According to Lorentz-Mie theory, the IOPs of oil-in-water emulsion 
can be computed on the basis of complex spectral refractive index of particles matter and particle 
droplets size distribution. Complex refractive indices of several oil products were given by 
Kaniewski et al. [5], by Otremba [12] in spectral (350-700 nm) and temperature (0-40�C) 
dependence, and by Rudz (Fig. 2). 
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Fig. 2. Exemplary temperature dependence of refractive index for two types of oil  

Exemplary oil droplets size distributions of two types of crude oil (Petrobaltic and 
Romashkino) were measured using an analogue microscope by Otremba and Krol [12,13]. They 
were also parameterized in relation to ageing time on water surface by a log-normal function. The 
study revealed that the majority of crude oil droplets dispersed in water had radius less than 2.5 
μm. At the same time only a few droplets were larger than 5 μm in radius. It was shown that the 
maximum of size distribution function can shift from 0.4 �m to 0,05 �m in the period of two 
weeks causing a change in emulsion’s optical properties. Lorentz-Mie theory was then applied to 
calculate light attenuation specific cross sections, spectral absorption and scattering coefficients 
[7]. Phase functions for oil-in-water emulsions of Petrobaltic and Romashkino crude oils were 
calculated by Otremba and Piskozub [15].  

3. Radiative transfer model of seawater polluted by oil-in-water emulsion 

Radiative transfer process in water body is described by equations linking the radiance, which 
was at first easier to measure, with inherent optical properties of seawater characterizing 
absorptive and scattering properties by its constituents (Eq. 1). Numerical radiative transfer 
simulations are used to predict the upwelling light stream using given seawater inherent optical 
properties. They compute the light propagation in seawater under specified conditions and allow 
evaluating the influence of each factor on remote sensing reflectance separately. 

The model of marine environment consists of three elements: 
(1) pure water – with spectral absorption coefficient given by Pope and Fry (1997) and spectral 

scattering coefficient given by Smith and Baker (1981); 
(2) natural components of unpolluted seawater – with spectral absorption and attenuation 

coefficients measured in Baltic Sea using in-situ spectrophotometer AC-9 (WET Labs Inc.) 
during the ship cruises of Oceania r/v conducted by the Institute of Oceanology of Polish 
Academy of Sciences [21], and phase functions adapted from Petzold (1972), Mobley et 
al. [9] and Freda [2]; 

(3) oil droplets – with optical characteristics described above. 

The time-independent Radiative Transfer Equation (RTE) for horizontally homogenous water, 
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widely used in oceanography, is expressed by the following formula: 

� � � � � � � � � � � �� !��"� !� !�� !!
#

,,,',,,',',,,,,,,,cos
4

zSdzzLzLzc
dz

zdL
$%$� �   (1) 

where: 
c(z,λ) – total light beam attenuation coefficient equal to the sum of absorption coefficient and 
scattering coefficient: c(z,λ) = a(z,λ) + b(z,λ), 
β(z,ψ,λ) – volume scattering function (describing angular distribution of scattering process), 
ψ – scattering angle between the direction of incident light (θ,φ) and the direction of scattered 
light (θ’,φ’), 
S(z, θ,φ, λ) – source function describing emission and inelastic scattering into the beam (such 
as fluorescence or bioluminescence). 
The above mentioned inherent optical properties of oil-in-water emulsions have been 

implemented into a system of radiative transfer simulation based on Monte Carlo code in order to 
estimate their influence on remote sensing reflectance [17,18]. Its general scheme is presented in 
the Fig. 3. The boundary conditions for radiative transfer simulations are the incident light zenith 
angle (modeling the sun height), statistics of sea surface waves parameterized by the wind speed 
(Cox and Munk distribution) and the sea bottom reflectance (which can be neglected by setting
1000 m depth). Simulations were conducted in the visible bands. 

Fig. 3. General operational scheme of Monte Carlo radiative transfer simulation 

Monte Carlo methods, developed during the second world war, are now widely used for
radiative transfer modelling [8,10,11]. Monte Carlo methods effectively account for multiple 
scattering if the photon packets are followed until they contain a negligible amount of energy. In 
the presents study a model created by Piskozub (1992-2003) and developed by Otremba and Krol 
[12,13] and by Otremba and Rudz [16,19,20] was used. The Monte Carlo code involves optical 
tracing of photons within a given solid sector of upper hemisphere, on the basis of probability of 
visible light absorption and scattering by seawater constituents, including oil droplets. It allows 
conducting single-wavelength simulations limited to the wavelengths of which the seawater IOPs 
are known. It does not include inelastic scattering, which means that simulation results may differ 
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from field measurements, especially in the spectral range of chlorophyll fluorescence (650-700 
nm).  

The code consists of a three-step interaction:  
� Air – water interaction - probability of surface reflection is calculated from the refraction 

index of seawater according to Fresnel formulas. 
� Absorption and elastic scattering within the water body. Probabilities are calculated 

respectively as follows: 
b

b
a

a epep  �� 1,1          (2)

� Interaction with the seabed (bottom reflectance coefficient). 

4. Input data for radiative transfer simulation 

Input data for Monte Carlo radiative transfer simulations are the inherent optical properties of 
all seawater components, i.e. spectral absorption coefficient a(λ), spectral scattering coefficient 
b(λ) and phase functions p(λ,θ) of the volume scattering function; and the boundary conditions, i.e.  
the zenith angle of incident light (modelling the sun height), statistics of sea surface waves 
parameterized by the wind speed (Cox and Munk distribution) and the sea bottom reflectance 
(neglected by setting 1000 m depth).  

Fig. 4. Station P104c (54°35.0 N, 018°59.9 E) in the Gulf of Gdansk

The data for natural components of Baltic Sea were measured using in-situ spectrophotometer
AC-9 (WET Labs Inc.) in the Gulf of Gdansk (station P104c) during the ship cruise of Oceania 
conducted by the Institute of Oceanology of Polish Academy of Sciences in April 2009 (Fig. 4). A
three-layer seawater model were created in order to discretize continuous values for the purpose of 
radiative transfer numerical model. Only the surface layer (0-8 m) was then virtually polluted by 1 
ppm of Petrobaltic and Romashkino crude oil separately (Fig. 3). Spectral dependences of 
absorption and scattering coefficients are shown in Fig. 5.
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Fig. 5. Spectral distributions of absorption and scattering coefficients for a three-layer seawater model built on the 
basis of measurements in Baltic Sea at the stations 92A and P104c

5. Results and discussion 

The water-leaving radiance Lw was calculated within the half angle of 7°, which corresponds to 
the Ramses Trios hyperspectral radiometers field of view. Remote sensing reflectance Rrs was 
calculated as the ratio of the water-leaving radiance to the downward sky irradiance Ed:

d

w
rs E

LR � . (3) 

Simulations were conducted for a flat sea surface and for the sea surface characterized by the 
wind speed of 5 m/s. The wind speed measured at the station P104c was 6.7 m/s and the sun 
elevation was 44˚ (i.e. zenith angle set as a direction of incident photons). The output data is the 
spectral distributions of the upward radiance L(θ,φ,λ) within 1836 solid angle sectors. 
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Fig. 6. Remote sensing reflectance from in situ measurements (solid line) in Baltic Sea and simulated results (points) 
for unpolluted seawater and for seawater polluted by 1 ppm of Petrobaltic and Romashkino crude oil emulsion, with 

the assumption of a flat sea surface (left graph) or for the sea surface parameterized by the wind speed of 5 m/s. (right 
graph).
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The addition of Petrobaltic crude oil caused less than 2% increase of the total absorption 
coefficient of the surface seawater layer in the entire considered spectral range, and a significant 
increase (almost 30% for central wavelengths) of the total scattering coefficient. Romashkino
emulsion significantly increased the total absorption coefficient for 60-74% and gave over 40% 
contribution to the scattering coefficient, in both cases slightly increasing with the wavelength (see 
Tab. 1).  

Stronger absorption of Romashkino implies a decrease of the remote sensing reflectance. The 
impact of scattering coefficient depends on the angular distribution of the volume scattering 
function. High scattering in forward directions would drop the upward light stream and the 
advantage of backscattering would result in the increase of the water-leaving radiance. Addition of 
Petrobaltic emulsion barely affects seawater absorption coefficient, therefore the influence of 
scattering on remote sensing reflectance is more remarkable. Relatively high backscattering ratio 
can be explained by the domination of small oil droplets. The drop of Rrs caused by Romashkino 
emulsion together with its high absorption and high scattering coefficients suggest the stronger 
impact of absorption on the upwelling light stream. This could be a result of the advantage of 
forward scattering over backscattering caused usually by larger particles. 

Tab. 1. Percentage increase of absorption and scattering coefficients in the surface 8 m layer caused by addition 
of 1 ppm of oil emulsion.

P104c Petrobaltic Romashkino
wavelength [nm] a [m-1] b [m-1] a [m-1] b [m-1]

488 1.9 29.1 60.2 44.7
510 1.8 28.8 68.1 45.6
532 1.8 28.9 74.0 47.6

Tab. 2. Percentage increase or decrease (signed with ”-“) of remote sensing reflectance caused by addition of oil 
emulsion to the model of marine environment. 

P104c Petrobaltic Romashkino Model accuracy
wavelength [nm] Flat sea 5 m/s Flat sea 5 m/s Flat sea 5 m/s

488 9.9 6.4 -31.2 -22.0 -1.1 -0.6
510 11.0 8.7 -34.0 -25.8 1.2 -5.4
532 11.6 9.1 -36.1 -29.3 4.3 -7.1

Simulated Rrs for unpolluted seawater was compared with in situ measurements in the Baltic 
Sea. The best model accuracy was achieved for central wavelengths of 488, 510 and 532 nm and it 
was 1-7%. The results shown in the Fig. 6 reveal that in considered spectral range the light 
Petrobaltic crude oil caused 9-11% increase of Rrs while the heavy Romashkino reduced Rrs for
22-36% (Tab. 2). 

6. Summary 

Radiative transfer process is the physical basis for all ocean colour remote sensing and must be 
fully understood when evaluating the performance of any particular sensor and retrieved products. 
There is therefore a need of comprehensive datasets containing all the information necessary for a 
complete radiative transfer calculation, which is especially important in optically complex waters. 
Interpretation of reflectance spectra requires a simultaneous multi-parameter analysis of light 
propagation in seawater. The influence of each IOP parameter on remote sensing reflectance is 
non-linear and highly variable. However, it can be studied separately in terms of a numerical 
radiative transfer simulation. The introduced study begins a supplement of the missing knowledge 
about optical properties of oil-in-water emulsions and their contribution to the upwelling light field 
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measured with remote sensing methods. The presence of high-absorptive and low-backscattering 
crude oil emulsions can be easily remarked on any marine water background, as they would cause 
a significant decrease of remote sensing reflectance. Those features usually imply large-sized 
droplets which scatter in forward directions. On the other hand, high backscatter fraction observed 
for small-sized particles should strengthen the water-leaving radiance, but that effect may be 
shadowed by high absorption. It seems that absorption spectrum of oil emulsion decides of its 
potential detectability in turbid waters. In clean ocean waters the backscatter fraction seems to be 
more significant. A separate study should be performed in order to determine the IOPs for more 
commonly used crude oils and their mixtures. Further study would also enable successive 
investigations on seawater affected by oil emulsion. As an example, the radiative transfer model 
can contribute to the improvement of satellite algorithms accuracy for determination of water 
parameters derived from the water-leaving radiance, regarding coastal zones, estuaries, main 
marine transportation routes and oil extraction areas. It will also improve the accuracy of 
shipboard and offshore measurements, which are used for calibration of satellite data and for other 
seawater optical observation and monitoring. It is also possible that it will enable the remote 
detection of oil-in-water emulsion. 
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Abstract 
Elastic properties of correctly designed piston compression ring should provide full contact of ring face and the 

cylinder surface. Actually, because of various phenomena and processes experienced during engine assembly and 
operation an initially cylindrical liner is being subjected to wear and deformations which eventually affects that 
contact and cause formation of slots distributed along the cylinder circumference. 

Following paper describes the most often met deformations of cylinder and presents an evaluation of their 
influence on the process of compression ring collaboration with the surface of misshaped cylinder. Mathematical 
relations that allow to calculate the change of ring cylinder pressure and location of areas where blow-by can occur 
have been presented as well. The presented analyses were supplemented with charts illustrating changeability of 
certain quantities characteristic for ring and liner construction, using a marine engine ring as an example. The 
relations established during investigation will be used for a construction of mathematical model of phenomena 
accompanying the operation of piston-cylinder assembly elements, in the subject of blow-by in particular.  

Keywords: marine combustion engine, piston ring, ring elastic pressure

1. Introduction 

Guarantee of combustion chamber tightness is considered the most important among other 
tasks fulfilled by the engine labyrinth sealing. Although during engine run there always happen 
charge losses, but they could be minor ones when the collaboration of ring and liner is correct one. 
The mathematical models are constructed in order to properly design and monitor the operation of 
the labyrinth sealing, but authenticity of results acquired using such models depends on 
correctness of input data. Values of some of them are difficult to calculate or even to estimate. 
Geometry of slots along the cylinder circumference that cause the blow-by belong to this group. 
Information how to draw such leakiness can be found in literature. For example, for determination 
of the slot area Ssz between operating surfaces of ring and liner (assuming circular shape of ring) 
following expression could be used [3]: 
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where, according to Fig. 1: 
a – chord where is no contact, 
h – maximum height of slot between ring and cylinder, 
H – maximum distance between liner and chord connecting slot ends. 

The total area of slots will equal the sum of individual slot areas distributed along the cylinder 
circumference and the area of ring gap.  

The presented way of slot area calculations could be questionable because it does not take into 
consideration a number of influencing factors that change themselves during engine run. Ring 
elasticity which extorts its adjustment to a deformed surface of cylinder liner could be classified 
within this group of factors. This problem was chosen by the Author as the main subject of 
investigations. 

The surface of a new cylinder liner could be compared to an ideal cylinder but the 
measurements show that even for a new liner its circumferential line differs from ideal circuit (it is 
a line resulting from a cut of a cylinder with a plane perpendicular to its axis). Among basic causes 
of these differences one should mention deformations created during liner assembly into cylinder 
block or those caused by fixing of cylinder head. Moreover, differentiation of cylinder shape could 
be observed even within a single engine which is a result of various, often difficult to recognize 
causes such as different thermal and mechanical loads, faulty operation of injection system, etc. 
Considerable cylinder deformations could be found along the cylinder generatrix. Their maximal 
values most often emerge within the area of collaboration of the first compression ring with the 
cylinder face when piston stays in the TDC. This phenomenon is being explained with a shortage 
in oil supply and absence of conditions favorable for formation of a continuous oil film. Because 
this problem was described in detail in earlier studies of the author [4,7], a proposed mathematical 
description of cylinder will be presented here. It should be noted that the presented studies could 
be treated as an introduction to further research and it is why several factors relative to engine run 
have been omitted as for example the oil film over cylinder surface or an effect of gas forces. It is 
very probable that taking into account influence of these factors the conclusions concerning 
possibilities of slot formation will change considerably.  

2. Mathematical description of cylinder circumferential line  

Mathematical notation of cylinder shape should contain a description of its circumferential line 
course and of a profile line. Deformation of cylinder face, relative to chosen plane of cylinder 

Fig. 1. Schematic of new ring contact with a 
worn cylinder (visible slots); 1 – cylinder face,
2 – compression ring, 3 – piston [3]
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cross-section can be expressed as the difference between actual value of cylinder radius r(φ) and
the radius of new cylinder ro (see Fig. 2):

orrr �& )()(   . (2) 

Deformation of the circumferential line &r(φ) can be expressed as a sum of following 
components: za and zb(φ):

)()(   ba zzr $�& , (3) 
where the za component will be further called the cylinder constant deformation (or even wear of 
cylinder face) whereas the zb(φ) component will be called cylinder deformation. 

For a mathematic description of cylinder deformation one can use the Fourier harmonic series:  
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hhb hAz

1
)cos()( (  , (4) 

where Ah and (h are amplitude and phase shift of consecutive harmonics, respectively. Though a 
high number of harmonics is required for a precise description of circumferential line course, 
practically only dominant harmonics are taken into account, those of highest amplitudes (research 
proves that these are second and fourth harmonics [2]). Exemplary courses of the cylinder 
circumferential line specified with just one harmonic have been presented in Fig. 3.  

As a result of the change in cylinder shape the ring pressure undergoes adjustment from 
initially constant ( .)( constpp z �� ) to the one changing along the cylinder circumference. 
Definition of a circumferential variability of ring pressure requires a mathematical specification of 
cylinder curvature and the course of so called neutral line of a free ring. It is so because after ring 
installation in cylinder the curvature of its neutral layer changes itself from the one corresponding 
to the free form νp(φ) to another one corresponding to the curvature of cylinder νc( ) (assuming 
full contact of ring and liner). 

a)      b)     

Fig. 2. Course of cylinder circumferential line 
with explanation of characteristic dimensions 
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c)      d)

Fig. 3. Course of cylinder circumferential line relative to selected harmonics of the Fourier series: h = 2 (a),  
h = 3 (b), h = 4 (c),h = 6 (d),  for (h = 0 

The cylinder curvature radius can be written in following form as it has been proved in [6]: 
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while the curvature of free ring neutral layer is given as:  

m
p r

K )cos1(1)(   * $
� , (6) 

where K is a ring characteristic parameter (the way of its determination was presented in [4]). The 
value of bending moment loading the ring is given in the form:  

)]()([)(  * * pcg IEM ��� , (7)

where E denominates the modulus of elasticity of a rod (the ring is equate to a rod), while I means 
an inertia moment of its cross-section. Using the earlier presented relations the formulas have been 
established that allow calculations of bending moment value Mg(φ) and ring pressure pm(φ) at the 
point of ring neutral layer corresponding to the φ angle (the way of formulation of these equations 
was given in [6])
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Using the presented formulas one could try to determine a changeability of ring pressure 
against the deformed liner.  

3. Determination of ring pressure on deformed liner  

As mentioned before the cylinder circumferential line undergoes various changes due to 
numerous causes. In order to simplify further analyses this study deals only with cases where the 
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cylinder deformation can be described with just one harmonic and the value of even deformation 
has been assumed as zero, i.e. za = 0.

With these assumptions it can be proved that relations describing changes in bending moment 
and ring pressure take on the following form (similar dependences were given in [1]): 
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Depending on the size of deformation amplitude Ah the ring pressure will change. When the 
amplitude does not exceed a certain value (called critical) the ring will contact along the entire 
circumference to the deformed cylinder (Fig. 4). 

Fig. 4. A sketch of ring section touching the face of deformed liner: 1 – actual circumferential line of a 
deformed liner, 2 – ring section, 3 – circumferential line of a new ring (there is no proportion between  
                                            size of elements and deformation in this figure) 

Until after exceeding the critical value of amplitude Akr areas where the pressure resulting from 
ring own elasticity is insufficient to push the ring against the liner (i.e. areas where ring pressure is 
naught  or negative) will appear. An assumption has been adopted that due to this phenomenon 
slots between ring and liner will occur where blow by can take place. 

According to (11) the pm(φ) pressure is equal to zero when following condition is fulfilled:
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Taking into consideration that the value of cos(x) does not exceed 1 critical values of 
deformation amplitude for selected harmonics could be determined by the transformation of above 
formula:  
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Which means that the critical amplitude values of individual harmonics are:  
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Higher the number of harmonic used for description of cylinder deformation lower the value of 
critical amplitude. For example, for the harmonic h = 2 the critical amplitude is about 25 times 
higher than the amplitude for harmonic h = 4. 
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In turn, the minimum value of the φ angle that define the slot limits can be calculated using 
following formula  
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This formula can be used only when the condition of hkrh AA ,� is fulfilled. 
Values of the φo,i angle (where i are the consecutive natural numbers) that determine the slot 

limits (areas where is no ring pressure) can be determined using a general formula:  
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�, – for even values of i. 

Presented below exemplary calculations were performed for a compression ring of marine 
engine (such ring was earlier a subject of investigation reported in [4]). Basic technical data are 
summarized in Table 1. 

Table 1  
Technical data of exemplary IC engine compression rings 

Quantity
Ring 

(marine engine)
cylinder diameter d              [m] 0.480
ring neutral radius rm             [m] 0.232
axial height hp                                 [m] 0.015
radial thickness gp [m] 0.016
gap clearance m                   [mm] 49.0
Young modulus E                [Pa] 105.109

mean pressure po                  [MPa] 0.063
tangential force Ft                [N] 219
stiffness  EI                          [Nm2] 537.6
parameter  K                        [–] 0.0220

The effect of cylinder deformation size on a course of bending moment variations and ring 
pressure was evaluated in a course of calculations. Two cases of cylinder deformations were 
analyzed, namely when the cylinder circumferential line was described with harmonics of the 2nd

and 4th  order. The obtained results for selected values of cylinder deformation amplitude have 
been presented on graphs in Figs. 5 and 6. 

a)       b)

Fig. 5. Courses of bending moment Mg (a) and ring pressure pm (b) defined along its circumference for selected 
values of deformation amplitudes  A2: 1 – 0 �m, 2 – 100 �m, 3 – 300 �m, 4 – 600 �m, 5 – 900 �m 
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a)       b)

Fig. 6. Courses of bending moment Mg (a) and ring pressure pm (b) defined along its circumference for selected 
values of deformation amplitudes  A4: 1 – 0 �m, 2 – 10 �m, 3 – 20 �m, 4 – 50 �m, 5 – 100 �m

The curves course shows that within regions where the increase in amplitude leads to lesser 
cylinder diameter the ring pressure increases while for bigger diameter this pressure decreases. 
There is a critical value of deformation amplitude for which the ring is not pushed against the liner 
by its own elasticity though it still touches the cylinder face (value of these amplitudes calculated 
according to Eq. (13) are summarized in Table 2. 

Table 2 
Values of φo,i angle for selected values of 2nd and 4th harmonics  

h =2     Akr,2 = 567 �m h =4            Akr,4 = 22,7 �m
 o,i [rad]/[o]  o,i [rad]/[o]

Ai

[�m] i = 0 i =1 Ai

[�m] i = 0 i = 1 i = 2 i = 3

300 – – 20 – – – –
600 0.166 / 9.50 2.97 / 170,5 50 0.275 / 15.7 1.29 / 74.3 1.85 / 105.7 2.86 / 164.3
900 0.445 / 25.4 2.69 / 154.5 100 0.335 / 19.2 1.23 / 70.8 1.91 / 109.2 2.81 / 160.8

An increase of the amplitude value over its critical value leads to an increase in area of ring 
contact absence described with angles  0,i (14). These values of angle (only for a section of ring) 
are presented in Table 2 and in Fig. 7 (only selected ones). 

Within the areas of ring-liner contact so called light slots appear. Their geometry depends on 
the course of ring neutral line. Definition of course of that line, consequently the area of slots, is a 
complicated problem which will be discussed in further papers. 

Fig. 7. Sketch of ring section in deformed cylinder: 
1 – actual circumferential line of deformed cylinder, 
2 – section of ring, 3 – slot hypothetic location ; 
 0,i – angles defining boundary points of ring to 
deformed cylinder face contact 
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Abstract 

From 2013 onwards EEDI for newly built ships will become mandatory. Ships meeting the CO2 emission 
standards will be granted energy certificate for needed for exploitation. The article presents the EEDI in the current 
form, energy certification procedure as well as reduction of CO2 emission planned for coming years (Part I). The 
majority of ships built at present, meets the CO2 emission standards for 2013, yet their further decrease in subsequent 
years will consequently necessitate further actions as well. One of them is ship hull design of smaller resistance values 
and higher propulsion efficiency. The article (Part II) presents calculation results of the numerical analyses (CFD) 
performed for an actually built ship, aiming at decreasing propulsion power and therefore the EEDI value as well. 

Key words: Energy Efficiency Design Index, International Energy Efficiency Certificate for the ship, ship hull 
geometry, propeller efficiency, streamline rudder, computation fluid dynamics (CFD)   
 
1. Introduction 

Aiming at the so called greenhouse gas reduction (including CO2) has resulted in the 
introduction of new criteria and standards, in combustion engine design or entire means of 
transport. IMO has drawn up Energy Efficiency Design Index (EEDI) for newly built and designed 
ships, mandatory since 2013, which is defined as follows: 

 

worktransport
emission  COEEDI 2�  (1) 

 
and expressed in CO2 grammes/1 tonne·mile of transported cargo.  

Introduction of such criterion is to enforce such ship design and exploitation (together with its 
propulsion) as to decrease CO2 emission (CO2 emission will be gradually reduced in subsequent 
years). 

Although the main aim of the EEDI is CO2 reduction, still the very structure of this index 
allows it to be used as yet another design criterion as well as some kind of transport efficiency 
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measure. Proper application of EEDI in ship design can therefore reduce CO2 emission on the one 
hand, and lead to optimal choice of technical and service parameters on the other, which in turn 
maximise economic performance for a shipowner. 

2. Energy Efficiency Design Index 
 
Research into EEDI has been carried out for years now. As a basis laid the  assumption that sea 

transport of cargo is also associated with CO2 emission, which has been defined as, [5]: 

ref

F
2 VCapacity

 PSFCCindex CO design Attained
�
��

� , (2) 

where:
CF � conversion factor between fuel consumption and CO2 emission, 
SFC � specific fuel consumption, 
P � 75% of the rated installed power (MCR), 
Capacity � deadweight for all types of carriers and gross tonnage for passanger ships, 
Vref � the ship speed at specified at calm sea (no wind, no waves). 
 

The formula (2) was initially a complex one with additional coefficients. There have been over 
a dozen of corrections and amendments in total, proposed mainly by Denmark, Japan, and the 
USA. The current version, subject to further research and analysis, recommended for ship design is 
presented below [2]: 
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where:
CFME(i) � a non-dimensional conversion factor between fuel consumption (in grams) and 

CO2 emission (also in grams) on the basis of carbon content, Table 1, 
SFCME(i) � specific fuel consumption (main engine), 
PME(i) � 75% ships' total installed main power (MCR), 
CFAE � a non-dimensional conversion factor (like CFME(i)) for auxiliary engines, 
SFCAE � specific fuel consumption (auxiliary engines), 
PAE � power of auxiliary engines, IMO MEPC define it according to MCR for ships 

power below and above 10 000 kW, 
PPTI(i) � 75% shaft motor power, 
PAEeff(i) � auxiliary power reduction due to innovative electrical energy efficient 

technology measured at PME(i),
feff(i) � availability factor of innovative energy efficiency (if used), 
Peff(i) � output of innovative mechanical energy efficient technology,
Vref � is the ship speed, measured in nautical miles per hour (knot), on deepwater in 

the condition of maximum allowed summer load draught as provided in 
confirmed stability information, 

fi � the capacity factor for any technical/regulatory limitation on Capacity,
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fw � a non-dimensional coefficient indicating the decrease of speed in representative 
sea conditions of wave height, wave frequency and wind speed, 

fj � a correction factor to account for ship specific design elements. 

Table 1. Non-dimensional factor CF for different type of fuel [2] 

Type of Fuel Reference Carbon  
content 

CF
(t-CO2/t-Fuel) 

1. Diesel/Gas Oil ISO 8217 Grades DMX through DMC 0.875 3.206000 
2. Light Fuel Oil (LFO) ISO 8217 Grades RMA through RMD 0.86 3.151040 
3. Heavy Fuel Oil (HFO) ISO 8217 Grades RME through RMK 0.85 3.114400 
4. Liquified Petroleum Gas (LPG) Propane 

Butane 
0.819 
0.827 

3.000000 
3.030000 

5. Liquified Natural Gas (LPG)  0.75 2.750000 
 

The EEDI formula has been drawn up mainly for conventional propulsion systems 
(combustion engine) and does not have to be used in other propulsion systems such as: diesel-
electric, turbine or hybrid propulsion types. 

The EDDI formula is quite a complex one, where two basic groups of parameters can be 
distinguished:
� the first group, pertaining to the marine power plant, that is main and auxillary engine(s) power, 

specific fuel consumption, conversion factors between fuel consumption and CO2 emission, 
power of waste heat generators, as well as parameters defining the application and use of 
innovative technology – given in the formula numerator (3), 

� the first group, pertaining to ship exploitation, that is, the capacity, the ship speed on calm sea, 
the decrease of a ship speed in real-life weather conditions, which can be found in the formula 
denominator as well as a nominator parameter defining type and specific work conditions eg. 
sailing through ice. 
Currently binding EEDI version is by no means final, although it will be mandatory since 

2013. It has been widely discussed, with numerous changes proposed eg. on values or the 
calculation methods of some parameters (power, speed, capacity) or their coefficients (eg. decrease 
in ship speed on rough sea). 

3. Reference line 

In order to establish the expected CO2 emission a reference line has been drawn up for various 
types of ships of different sizes. It will be enforced since 2013. EEDI calculation will be 
performed for each newly built ship and compared against the appropriate reference line (for the 
ship type and size). If the EEDI value will be equal or smaller than that on the reference line, the 
ship will be granted International Energy Certificate and fit for exploitation. Examples of reference 
lines in 2013 are given in Fig. 1�3.
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Fig. 1. Reference line for tanker ships, [1] 

Fig. 2. Reference line for containerships, [1] 

Fig. 3. Reference line for bulk carriers ships, [1] 
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Methodology for defining the reference line was first proposed by Denmark. In order to 
determine the reference line (base line) Lloyd’s Register Fairplay (LRFP) data on existing, already 
built ships was used. Such data is incomplete, therefore some simplifications had to be made, or 
some missing data completed using similar ships with regression relationship. For all the ships 
used, a constant specific fuel consumption (SPF) was assumed, independently from the actual 
engine of a ship. The calculations do not include potential shaft generators, although they might 
have been present on some of the ships.. Therefore, the EDDI values as seen on Fig.1�3 are above 
the reference line, which is not necessarily true. Thus further research has been undergoing in 
order to adjust the reference line as needed, especially for some types of large capacity ships.  

In order to facilitate EEDI estimation for a newly built ship and establish whether it meets the 
CO2 emission criteria, the reference line has been approximated as follows [3]: 

)( c
ref baL ���  (4) 

where cba ,,  are parameters, whose values for each ship type are presented in the Table 2 below. 

Table 2. Parameters for determination of reference values for the different ship types [3] 
 

Ship type defined in regulation 2 a b c 
2,25 Dry bulk carrier 1354,0 DWT of the ship 0,5117 
2,26 Gas carrier 1252,60 DWT of the ship 0,4597 
2,27 Tanker 1950,70 DWT of the ship 0,5337 
2,28 Container ship 139,38 DWT of the ship 0,2166 
2,29 General cargo ship 290,28 DWT of the ship 0,3300 
2,30 Refrigerated cargo carrier 227,01 DWT of the ship 0,244 
2,31 Combination carrier 1219,00 DWT of the ship 0,488 
 

Since further reduction in CO2 emission is planned for subsequent years, then the reference line 
will be changing accordingly. Prognostic values of CO2 (expressed as a percent in relation to the 
basal values of reference line in 2013) are given in Table 3. 

 
 
 
 
Tabela 3. Reduction factors (in percentage) for the EEDI relative to the EEDI Reference line [3] 

 

Ship Type Size 
Phase 0 

1 Jan 2013 – 
31 Dec 2014 

Phase 1 
1 Jan 2015 – 
31 Dec 2019 

Phase 2 
1 Jan 2020 – 
31 Dec 2024 

Phase 3 
1 Jan 2025 – 
and onwards 

Bulk carrier 
20,000 DWT 

and above 0 10 20 30 

10,000 – 20,000 
DWT n/a 0-10* 0-20* 0-30* 

Gas carrier 

10,000 DWT 
and above 0 10 20 30 

2,000 – 10,000 
DWT n/a 0-10* 0-20* 0-30* 

Tanker
20,000 DWT 

and above 0 10 20 30 

4,000 – 20,000 
DWT n/a 0-10* 0-20* 0-30* 

Container ship 

15,000 DWT 
and above 0 10 20 30 

10,000 – 15,000 
DWT n/a 0-10* 0-20* 0-30* 
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General cargo 
ship

15,000 DWT 
and above 0 10 20 30 

3,000 – 15,000 
DWT n/a 0-10* 0-20* 0-30* 

Refrigerated 
cargo carrier 

5,000 DWT 
and above 0 10 20 30 

3,000 – 5,000 
DWT n/a 0-10* 0-20* 0-30* 

Combination 
carrier

20,000 DWT 
and above 0 10 20 30 

4,000 – 20,000 
DWT n/a 0-10* 0-20* 0-30* 

* Reduction factor to be linear interpolated between the two values dependent upon vessel size. 

4. International Energy Certificate of a Ship 
 

EEDI value calculation and International Energy Certificate for a new ship will be issued by 
the state Marine Administration on the basis of approved ship design documentation. It means that 
the subsequent ship exploitation together with changeable sailing conditions (shipping routes, 
weather) will have no influence on the EEDI value. 

The EEDI certificate is therefore valid throughout the life of the ship [3], unless the ship 
undergoes a major conversion so as it is regarded as a new ship. The certificate loses its validity 
when the ship is withdrawn from the service or transferred to the flag of another state (sold, hired). 
It is possible however, that the marine administration of both contracting states, reach the 
agreement and transmit the certificate together with the copies of the relevant survey reports to the 
new ship’s operator within a three-month period. Subject to specified conditions the certificate is 
deemed valid.  

In some documents and publications it is emphasized that in order to reduce CO2 emission, the 
shipping routes must be optimalised, the service speed of the ship decreased or higher quality fuel 
used. According to the currently binding criteria, such activities – although environmentally 
friendly – will not affect the already calculated EEDI value, and hence be decisive in meeting the 
required standards for the international energy certificate. 
 
5. EEDI guidelines in ship design 

Reference lines shown on Fig. 1-3 are the product of statistical analysis of EEDI values for 
various ship sizes (capacity) of the existing vessels of the same time, built in different years.  

Although the reference lines result from approximate EEDI calculation values, still however 
even with the exact EEDI calculation value there will be some ships, whose EEDI will be above 
the reference line. As the Table 3 shows, the reduction factor of CO2 emission from newly built 
ships with combustion engines will be steadily increasing. Therefore, even at present the 
significant potential for decreasing EEDI values (and at the same time improving the ship energy 
efficiency) is indicated as follows: 

� improved hull design aiming at higher propulsion efficiency, 
� more efficient propulsion engine – lower specific fuel consumption, 
� higher fuel quality, 
� development of new technologies, better waste heat recovery system, 
� larger ship construction (bigger capacity), 
� decreasing the ship’s speed, 
� optimalisation of the shipping route. 
 While some of the above suggestions do not play any major role now, since eg. EEDI value 

together with certificate is determined for a newly built ship and its future service together with 
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shipping route optimalisation is not taken into account; there are still other – pertaining to the 
propulsion engine, new technologies or fuel quality, which can be worked upon bearing in mind 
that our experience in these fields so far suggests that further improvements will not be 
revolutionary.

Low-speed engines, in turn, use the lowest quality fuel, which makes them economical to use. 
Building larger ships, suggested above, is not always profitable for the ship operator and the 
distribution of the ports large enough for them must be taken into account as well. Decrease in 
service speed of a ship is possible, but necessarily within a safety limit. Even now, the IMO has 
published guidelines, suggesting that decrease in service speed in order to lower the EEDI value of 
a ship, must not impede ship safety , i.e. manoeuvrability of the ship under adverse conditions or 
safe sailing against the opposite or oblique waves. 

The remaining solution, could possibly found in the optimmalisation of the hull and propeller 
design so as to minimise the propulsion power and – at the same time - decrease ship fuel 
consumption and CO2 emission. 

The above considerations for improvement in hull design seem very attractive, however they 
could possibly be used for an unfounded suggestion, that the EEDI value of a new ship is lower 
than the actual. What is more, as already stated in some projects, it is possible to estimate the 
EEDI value in a dishonest way taking advantage of a possible lack of precision in regulations. 
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Abstract 

From 2013 onwards EEDI for newly built ships will become mandatory. Ships meeting the CO2 emission 
standards will be granted energy certificate for needed for exploitation. The article presents the EEDI in the current 
form, energy certification procedure as well as reduction of CO2 emission planned for coming years (Part I). The 
majority of ships built at present, meets the CO2 emission standards for 2013, yet their further decrease in subsequent 
years will consequently necessitate further actions as well. One of them is ship hull design of smaller resistance values 
and higher propulsion efficiency. The article (Part II) presents calculation results of the numerical analyses (CFD) 
performed for an actually built ship, aiming at decreasing propulsion power and therefore the EEDI value as well. 
 
Key words: Energy Efficiency Design Index, International Energy Efficiency Certificate for the ship, ship hull 
geometry, propeller efficiency, streamline rudder, computational fluid dynamics (CFD) 
 
1. Introduction 
 

The first part of the article presents a few ways of decreasing CO2 emission in new ship design 
and construction. 

Optimalisation of hull and propeller design aimed at reduction of propulsion efficiency and 
thus resulting decrease in fuel consumption and CO2 emission, is one of the methods which make 
it possible to meet the IMO standards of EEDI values for newly designed and built transport ships, 
in force since 2013. Such research in design is also indispensable bearing in mind that CO2 
reduction standards will become stricter in subsequent years from 2015 onwards according to a 
schedule presented in (Table 3 [2]). 

 
Optimalisation of ship hull and screw propeller design should be carried out in the following 

stages: 
- global optimalisation of the main design parameters of a ship, aimed at maximum reduction 

of resistance (and thus propulsion power) for a given service speed and ship capacity, 
taking account of other necessary parameters, e.g. technical;  

235



 

- local optimalisation, which means local modification of hull design geometry, e.g. at the 
stern in order to facilitate propeller contact with water (wake current field); 

- optimalisation of propeller efficiency for a modified stern design of a ship; 
- optimalisation of geometrical parameters of spade rudder located behind the propeller in 

order to increase their efficiency. 
All the above actions together should result in a simultaneous reduction of a ship’s resistance 

and an overall increase of propulsion efficiency hull-propeller – spade rudder. 
There are several ways to achieve the above goal : 
- optimalisation based on approximate methods (formulas resulting from systematic model 

testing); such formulas, however, do not contain a number of specific geometrical 
parameters, hence their application for the above goal is severly limited or – as in case of 
local optimalisation – even impossible; 

- optimal hull design resulting from model testing – such method calls for a number of hull 
design models, which generates high costs and is therefore not used in practice; 

- using CFD method and tools which have a full potential to succeed in such design project. 
This part of the article presents the initial results numerical analysis aimed at decreasing ship 

resistance of a real, built ship and increasing its propulsion efficiency so as to reduce propulsion 
power at the same time reducing the EEDI value as well. 

 
2. Modified ship and the scope of calculations 
 

Hull modification and subsequent numerical analyses were performed for a B 573 ship 
(Table 4) built in Szczecin shipyard with a complete design documentation, basin model test and 
sea trials. 
 

Table 4. Main parameters of B 573 ship in various loading conditions 
 

Length between 
perpendiculars 

LPP 172 m 

Waterline length LWL 176.41 m

Hull breadth B 32.2 m 

Draught T 11.0 m 

Deadweight PN 45000 t 

Speed V 14.5 w 

Volumetric displacement : 50500 m3

Wetted surface area S 8200 m2 

Block coefficient CB 0.807 

 
 

Body lines, rudder location and dimensions of a real ship (shown in Fig. 4 and 5) were treated 
as input values for further modification in the ship geometry.  

The scope of research covered: 
- modification of hull geometry in order to determine the influence of such modification on: 

� resistance of a ship’s hull model, 
� distribution of the wake current field velocity,  

- propeller efficiency calculation for new wake currents field, 
- propeller geometry was modified for the working conditions (behind the ship’s hull) 
- geometry of the spade rudder was modified in order to: 
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� increase steering efficiency, 
� increase propeller efficiency by its relations to spade rudder. 

Hull modification was performer in such a way as to maintain ship constant displacement, 
deadweight tonnage, length and breadth. Changing given parameters within these particular 
groups, the remaining values were left stable.  

Their scope covered the following (Table 5): 
- change of the ship’s hull block coefficient CB, 
- change of the ship’s hull prismatic coefficient CP 
- change of location of the longitudinal centre of buoyancy LCB, 
- manual change of the entire ship’s hull form or its stern part only. 
 
 

 

Fig. 4. Body lines of the analyzed hull form of B 573 ship 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. The semi-spade rudder behind the screw propeller of B 573 ship [8]. 
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Table  5. Range of changes of B573 ship hull form 

 
Number of  

variant  Change of 
parameter Parameter 

1. 

Change of the block coefficient CB;  
its initial value CB = 0,800 

-0,01 0,79 
2. -0,005 0,795 
3. -0,015 0,785 
4. +0,01 0,81 
5. +0,005 0,805 
6. +-0,015 0,815 
7. 

Change of the the prismatic coefficient
CP;  
its initial value CP = 0,790 

-0,01 0,78 
8. -0,02 0,77 
9. -0,03 0,76 

10. +0,01 0,8 
11. +0,02 0,81 
12.  

Change of longitudinal location of 
the centre of buoyancy LCB. 
its initial location: 
equal to 48% Lwl 
measured aft from FP 

-1% shift fore 47% 
13. -2% shift fore 46% 
14. -3% shift fore 45% 
15. +1% shift aft 49% 
16. +2% shift aft 50% 
17. +3% shift aft 51% 

18. Manual hull form modification of its 
stern part only – symmetric hull form - - 

19. Manual hull form modification of its 
stern part only – asymmetric hull form - - 

 

For each of the hull versions new body lines and next numerical computational grids were 
prepared, and finally calculations of resistance and wake distribution were performed. Example 
frame sections of modified hull form variants are shown in Fig. 6 ÷ 8.  

 
 

 

Fig. 6. Variant no.1 – original hull form - marked green; modified hull form – marked red 
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Fig. 7. Variant no.2 – original hull form - marked green; modified hull form – marked red 

 

 

Fig. 8. Variant no.19 – body lines of stern part of B 573 ship hull: a) before modification 

(symmetric stern), b) after modification (asymmetric stern) 
 

b) 

a) 
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3. Numerical analysis of the ship body, screw propeller and spade rudder 
 

All the numerical analyses have been performed using computer cluster NEPTUN (owned by 
the Chair of Ocean Technology and Marine System Design, Faculty of Marine Technology and 
Transport, West Pomeranian University of Technology, Szczecin) with the help of FLUENT 
software.  

Numerical analysis has been performed for the ship in the same model scale, as for the model 
tests (scale ratio 1:25). 

For the ship model have been defined and a numerical computational grid of non-structural 
type with prismatic elements in boundary layer (Fig. 9) has been created, in order to subsequently 
convert it into polyhedron-type elements (Fig. 10). Non-structural grid was created using the 
Gambit system, with FLUENT software used for conversion.  

Conversion of non-structural grids into the polyhedron-type makes it possible to reduce the 
number of grid elements 3 up to 5 times as well as to improve grid parameters, - especiall the 
element skewness parameter.  Ultimately, the total number of all elements used in calculations for 
individual ship movements fell within the range of 650.000 – 750.000. 

For each calculation, the convergence of iteration for residual values of all calculations and 
ship’s body coefficient forces has been controlled.  

 
 

 

Fig. 9. Non-structured tetrahedral grid of the ship’s stern section before the conversion 
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Fig. 10. Polyhedral grid obtained from a conversion of non-structured tetrahedral one 
 

 

   Fig.11.  Non-structural grid of a propeller installed in the B 573 ship before conversion 

 
Prior to numerical analyses proper, several other tests have been performed: 
- comparison of resistance calculation results for the analysed ship form (Fig. 4) and model 

test results [1] using CFD methods, 
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- comparison of calculations of the actual propeller and rudder hydrodynamical 
characteristics against the model ones. 

The test results can be found in a separate report [3]. 
 
4. Calculation results  
 

In numerical analyses of the hull-screw propeller-rudder system the following parameters have 
been studied: 

- 19 versions of the B 573 hull design (the final – 19th version with an asymmetric stern 
design), 

- 2 versions of a screw propeller, 
- 5 versions of the spade rudder. 

Ship resistance for a modified hull versions (Table 5) has been calculated from the general 
formula in the form below: 

 

;�
S

ndSpR ��
, (5) 

 
where np�   is a resultant elemental stress on dS element of wetted hull surface area (in Fluent 
calculations np� , stresses made up from normal stresses p�  and stresses tangent (viscous stresses) 
<�  to elemental surfaces, which have been replaced by finite surfaces S� resulting from a created 
numerical grid – Fig. 10).  

Screw propeller efficiency has been calculated as a mean value of a propeller working in a non-
homogenous wake currents field, calculated for each version of a ship’s hull individually: 
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where D – screw diameter, d – hub diameter, dT, dQ – local elemental thrust and moment 
calculated on propeller surface element (Fig. 11),  VS – local speed of water influx to a screw 
propeller element surface, 5 – screw propeller angular speed. 

Selected calculation results have been presented in [5]�[10] with a more detailed account 
in [3]. Propeller efficiency results calculated for wake currents in all 19 versions of hull design 
(Fig. 12) seem most interesting in this respect, since some variants of the modified hull design 
resulted in lower propeller efficiency, with the majority of the modifications, however, resulting in 
higher propeller efficiency. 
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Fig. 12. Mean efficiency of B 573 ship’s screw propeller operating in nonhomogenous 

wake current field, where:  
�0 - maximum efficiency of the finalscrew propeller in homogenous flow velocity field,  

variant 0 – original hullform (without modification) in wake current velocity field  
measured duringmodel tests,  

variant 18 – the manually modified stern part of ship’s hull – symmetric hull form 
variant 19 – the manually modified stern part of ship’s hull – asymmetric hull form 

 
Finally, having analysed all the calculation variants, the results thus obtained present as 

follows:  
- 2% decrease in ship’s hull resistance, 
- 4.5% increase of screw propeller efficiency (by more optimal wake current field), 
- additional increase of 2% in screw propeller efficiency resulting from streamlining the 

profile as well as rudder location in relation to the propeller. 
Subsequently, the influence on EEDI value of the optimal results of numerical analyses against 

the EEDI value of the actual ships have been compared: 
- the EEDI value for B 573 ship prior to modifications EEDI = 5,6308 
- with the modifications: EEDImax = 5,1803 (to reduce 8 %). 

 
5. Conclusions 
 
� EEDI although mandatory from 2013 onwards, seems to need some further discussion in order 

to ensure that the International Energy Certificate is awarded without impeding the ship safety 
and in full transparency as to avoid dishonest practices (i.e. possible taking advantage of some 
lack of precision in current regulations). 

� Meeting the standards for CO2 emission required for the International Energy Certificate for 
the ships built and designed at present is by no means difficult. 

Variants of modified hull forms of B 573 ship 

M
ea

n 
ef

fic
ie

nc
y 

of
 th

e 
fin

al
 s

cr
ew

 p
ro

pe
lle

r f
or

 B
 5

73
 s

hi
p 

�0

243



 

� Meeting such standards (CO2 emission) in the coming years will require more effort resulting 
in an improved ship design (resistance-propulsion relationship, propulsion system, overall ship 
energy consumption). 

� Ship body modelling together with the analysis of the hull- propeller- rudder system working 
together has a wide potential of reducing ship propulsion efficiency thus reducing its EEDI 
value as well.. 

� The results of numerical analyses of the ship’s hull, screw propeller and rudder design 
presented here by CFD results are preliminary and do not cover all possible relationships 
between the ship system parameters of the hull- screw propeller – rudder type. Since the results 
look promising, further research in this field has been continued. 
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Abstract 

Polish shipbuilder Crist S.A. is to build a heavy lift jack-up vessel named Vidar for German construction giant 
Hochtief Solutions. Like Hochtief's other heavy-duty equipment, the new special-purpose jack-up vessel will also 
speed up installation and servicing times for the latest generation of offshore wind farms. According to principal 
characteristics, Vidar will have 148 meters length and 90 accommodation places. The evident uncertainties of the 
regulatory situation for specialized offshore vessels hamper the timely development of the offshore wind energy. These 
installation and servicing vessels can be adequately regulated by Guidelines defining the appropriate application of 
existing requirements from the Special Purpose Ships Code (SPS Code). Due to amounts of the accommodation 
places, there is interface with SOLAS regulations for passenger vessels. But they are no passenger vessels, therefore 
specific passenger vessel requirements such SOLAS safe return to port requirements should be not applied. This 
situation yielded the shipbuilder Crist initiative to investigate the regulatory obstacles at International Maritime 
Organization (IMO) forum. Therefore, they have asked Polish department for Subcommittee of Ship and Equipment 
Design of IMO to review the applicability of the existing IMO instruments. This paper is an outcome of the carried out 
study concerning some aspects of offshore wind farm installation and maintenance issues.  

Keywords: power plant, heavy lift jack-up vessel, wind farm, installation and maintenance 

1. Introduction 

Wind power is one of the most important and promising forms of renewable energy being 
developed. It produces no emissions and is an excellent and alternative in environmental terms to 
conventional electricity production based on fossil fuels such as oil, coal. It is common knowledge 
that the world electricity production is based primarily on fossil fuels. Burning of fossil fuels 
increases amounts of carbon dioxide in atmosphere what, in turn, contributes to climate change. 
Moreover, we can observe the following global market tendencies: 
� shortage of oil and gas reserves and natural resources in politically stable countries[1], 
� growth of the world population to 9 billion by 2030 according to high scenario [2],  
� security of energy supply for developed countries necessary for their economic sustainability 

[3]. 
The EU directive [4] on renewable energy sets ambitious targets for all member states, such that 
the EU will reach a 20% share of energy from renewable sources by 2020. It also improves the 
legal framework for promoting renewable electricity, requires national action plans that establish 
pathways for the development of renewable energy sources, and creates cooperation mechanisms 
to help achieve the targets cost effectively. 

245



Renewable energy is energy which comes from natural resources such as: sunlight, wind, rain, 
tides, and geothermal heat, which are renewable (naturally replenished).
Land-based and offshore wind power refers to the construction of wind farms to generate 
electricity from wind.  
Better wind speeds are available offshore compared to on land, so offshore wind power 
contribution in terms of electricity supplied is higher. The advantage is that the wind is much 
stronger off the coasts, and unlike wind over the continent, offshore breezes can be strong in the 
afternoon, matching the time when people are using the most electricity. However, offshore wind 
farms are relatively expensive. 
The Swedish offshore wind farm Lillgrund in the Øresund is built between Malmö and 
Copenhagen. The wind farm with a total installed capacity of 110 MW is operated by the Swedish 
utility Vattenfall and officially came on line in June 2008 and produces enough electricity to 
supply 60,000 Swedish households. As of February 2012, the Walney Wind Farm in United 
Kingdom is the largest offshore wind farm in the world at 367 MW, followed by Thanet Offshore 
Wind Project (300 MW), also in the UK.  The London Array Wind Farm (630 MW) is the largest 
project under construction. This project will be dwarfed by subsequent wind farms that are in the 
pipeline, including Dogger Bank at 9,000 MW, Norfolk Bank (7,200 MW), and Irish Sea (4,200 
MW). For comparison, the total installed capacity of the largest power plant in Russia and the 
world sixth-largest hydroelectric plant (Sayano–Shushenskaya DAM located on the Yenisei River) 
is 6,400 MW (Dogger Bank - 9,000 MW). 
Development of offshore wind farms is an emerging market, especially Europe, with many 
initiatives by several governments supporting this part of the renewable energy sector. With 
increasing demand for offshore wind farms, their components need to be manufactured, 
transported, installed, and maintained. At present, only a limited capacity of dedicated installation 
units is available on the market, resulting in the development and construction of new installation 
units. Ships and offshore structures, such as Offshore Wind Farm Construction Vessels and 
Service Crafts, could be purpose build or converted. These designs might deviate from existing 
ship types currently employed in the offshore oil and gas sector, such as Mobil Offshore Drilling 
Units and Offshore Supply Vessels. 
This paper describes the recent and predicted trends concerning installation and servicing vessels 
of offshore wind farms and their take-off systems. Factors influencing technical limitations of both 
the vessels and the take-off systems will be presented as well. 

2. Offshore wind turbines and their limitations 

Windmills were used in Persia as early as 200 B.C. The wind-wheel of Heron of Alexandria 
marks one of the first known instances of wind powering a machine in history. The concept of 
using wind energy for grinding grain spread rapidly through the Middle East and was widespread 
long before the first windmill appeared in Europe. According to [5], the first electricity generating 
wind turbine, was a battery charging machine installed in July 1887 by Scottish academic, James 
Blyth to light his holiday home in Marykirk, Scotland. Some months later, American inventor 
Charles F. Brush built the first automatically operated wind turbine for electricity production in 
Cleveland, Ohio. 1951 - first utility grid-connected wind turbine to operate in the U.K. was built 
by John Brown & Company in in the Orkney Islands. 
The wind turbine is actually rated at 6,15 MW [6] (wind company REpower and C- Power NV 
installed the wind turbine, the first of 48 for the Thornton Bank II wind farm, which is being 
constructed approximately 28km off the Belgian coast). The recent growth rate (size, power and 
cost) of offshore wind turbines is presented in Figure 1. The hub heights will be between 85m and 
100m above sea level, and the total turbine height will not be greater than 175m. As a rule, the 
turbines have three blades because engineers have found that three blades is the most efficient and 
least troublesome way to harvest wind. Turbines with two blades are actually even more efficient 
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Fig. 8. Jack-up barge for installation of offshore wind farm

The jack-up barges are floating units that are capable elevating themselves at the construction site 
on their jack up legs (Fig. 8). They are not self-propelled units and they must be towed to the 
construction site. The service speed of the barges is dependent on the tug’s power (a speed of 5 
knots can be assumed). Jack-up barges do not have Dynamic Positioning Systems (DPS) that 
allows a unit to automatically maintain its position through the coordinated control of thrusters. 
Jack-up barge cargo capacity ranges from 900 to 2000 tons in terms of weight. Their operational 
water depth (max) is in the range of 18 to 50 meters and leg lengths are 40 to 82 meters whereas 
their jacking speed is generally in range of 0.15 to 0.8 meters/minutes. 

Fig. 9. Ship shaped vessel for transportation and installation of offshore wind farm

Ship shaped vessels are self-propelled units that are specially designed in line with the industry 
demands. These purpose-built self-propelled transportation and installation vessels have jack up 
legs and cranes with big lifting capacities. Their maximum operational water depth ranges between 
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24 meters and 45 meters while the leg lengths are varying from 32 meters to 85 meters.  
The service speed of the ship shaped vessels is in the range of 7.8 to 12.5 knots and the jacking 
speed is in the range of 0.35 to 0.8 meters/minute.  
Ship shaped vessels have Dynamic Positioning Systems which enables them to stay constant at a 
certain point to be able to land their legs on the exact locations precisely. 
The self-propelled vessels with dynamic-positioning system can easily cost 3-5 times as much as 
juck-up barges with the same crane capacity and jacking system [11]. A self-propelled vessel can 
achieve higher transit speeds than a towed barge and can work independently (without tug boats).
Offshore Wind Farm Service Crafts (OWFSC) are designed with the versatility to allow them to 
provide offshore support on offshore wind farms, for survey work, for remotely operated vehicles 
(ROV) and dive support. They can be used to transport service personnel, parts and tools offshore 
on the wind farm. Internally they have some places for seating or accommodation of service crew. 
Externally they have sufficient working deck aft and they can be fitted with a customized bow 
section designed for safe personnel transfer. 

5. Take-off systems of vessels servicing offshore wind farms

Power plants of Offshore Wind Farm Construction Vessels can provide energy for various 
purposes, mainly for: 
� jacking units out of the water, 
� working of cranes, 
� propulsion and dynamic-positioning of the vessel.  
Diesel engines compose the majority of power sources on OWFCVs. They drive large electric 
generators, which produce electricity that is sent through cables to electric switch and control gear. 
The primary machinery requirements for OWFCVs are the jacking system and the crane. Since 
they do not operate simultaneously, a single power plant can be used to power both systems. 
Cranes capable of lifting turbine components require as much as a few thousands kilowatts of 
power supply. This amount of power should suffice for a jacking system that meets lifting capacity 
and jacking speed requirements for a vessel carrying three to four complete sets of turbine 
components. Heavier vessels with larger jacking system requirements will require more installed 
power.
The self-propelled vessels will require a separate plant providing approximately 20000 kW of 
power to the propulsion system, which can also be used to power a dynamic-positioning system. 
This power plant could also power the crane, but is unlikely to suffice for simultaneous operation 
of the DP system and the jacking system. 
Depending on whether condition, OWFCVs can perform the necessary steps to jack up within 
approximately eight hours. The jacking process is the following: 
� position the vessel at a target location, 
� lower the legs,  
� elevate the hull out of the water, 
� pre-load the legs. 
The purpose of pre-loading is to prove the soil’s load-bearing capability. This can be achieved by 
pumping sea water ballast into the vessel hull or by selectively raising one leg at a time (on vessel 
with four or more legs) in order to transfer load to the lowered legs. To achieve even heel and trim 
prior to jacking operations, the OWFCVs require a relatively robust ballasting system. 
OWFCVs are trending toward four-leg configurations of the jacking system. The oil and gas 
industry typically uses three-leg jack-ups. The reason for using four legs is to reduce the time 
required to pre-load the legs (i.e., test the soil). A three-legged rig requires sea water ballasting to 
achieve pre-load. With four legs, pre-loading can be achieved by lifting one leg at a time, thereby 
transferring loads to the other legs. A fourth leg also provides redundancy in the event of a single-
leg failure. Nevertheless, there are six-leg configurations of the jacking system what decrease of its 
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power supply per leg. Leg profile cross-section can be tubular, rectangular or lattice. As a rule, the 
jack-up legs are to be fitted with spud cans. They consist of a plate or dish designed to spread the 
load and prevent over penetration of the leg into the sea bed. Spuds are circular, square or 
polygonal, and are usually small.  
A continuous hydraulic jacking system or a rack and pinion system can be applied for vessel 
elevating. A jack-house contains and protects the jacking system. In the four jack houses, on two 
elevations, a set of hydraulic or electric sea fastening devices should be installed. These devices 
consist of plates and a hydraulic or electric device to fix the legs during transport.
Lifting out of the water induced larger loads on the legs, which in turn required the size to be 
increased. The increased leg size had a knock on effect, the winches had to be enlarged and the 
number of reeving’s increased m order to achieve the required lifting capacity. The increased size 
of each of the components amplified the associated costs. 
Currently the installation of offshore wind farms involves using heavy lift cranes. They should be 
best suited for transporting and handling the foundations for the latest generation of up to 6 MW 
offshore wind turbines, as well as the turbine towers, nacelles, rotors and blades. As a rule, cranes 
are operated in the elevated position, however there are OWFCVs specially designed for crane 
operations in the floating condition. The lifting performance in floating condition is established by 
means of ballasting.  The heavy lift cranes should fulfill the following requirements: 
� maximum weight to be lifted (‘pick weights’), 
� maximum height above sea surface, 
� needed spatial clearance for objects being lifted. 
Moreover, they should be large enough to lift anywhere on the vessel deck, this negates any 
requirements for skidding large sensitive equipment. The weight of the crane should be kept as 
small as possible to reduce unnecessary loads on the stabilization legs. As a rule the heavy lift 
cranes are fully integrated into the vessel hull. The heavy lift cranes can be hydraulic or electric 
driven. The crane requirements for installation of 3,6 MW and 5 MW offshore turbines and 
monopole foundations are presented in Table 1. 

Table 1. Crane requirements for turbines and associated monopile foundations
Parameters Siemens 3.6 MW REPower 5 MW Monopiles 
Maximum pick weight 138 tons 320 tons 200-500 tons 
Maximum pick height 80 meters 85-90 meters less than 30 meters 

Existing OWFCVs can operate their cranes in up to 18 knots wind speed at the deck level 
(approximately 25 knots at the crane tip) and can jack-up and down in seas as high as 1.5 to 3 
meters (significant wave height).  
In a case of OWFCVs, their power plants supply of energy necessary for propulsion and steering. 
They can be fitted with several azimuth thrusters for propulsion, maneuvering and dynamic 
positioning and few bow thrusters for maneuvering and dynamic positioning. As a rule, diesel 
electric propulsion is used for vessel’s propelling. Electric power is generated by several diesel 
driven generators. The vessel with a clean hull, sailing on even keel in deep water with sea state 
not exceeding 2 and wind force not exceeding 2°B can achieve the speed up to 12 knots. The 
azimuth and tunnel thrusters have fixed pitch subject to dynamic positioning (DP) analysis. 
OWFCVs are equipped with a dynamic positioning system. All wiring, arrangement and 
components are suitable for DP operation. The dynamic positioning system can operate as a 
minimum in the following modes: 
� standby mode: the vessel’s position is not actively controlled by the DP system, 
� manual mode: the vessel’s position can be controlled by the operator,
� auto mode: the system keeps the vessel at the given position and heading with high accuracy; 

the position is measured by the use of the position reference systems, 
� mixed manual auto mode: the operator may select a combination of manual and automatic 

positioning, and can control one or more of the three axes (surge, sway and yaw) manually as 
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in the manual mode, while the remaining are controlled automatically by the system as in auto 
mode,

� auto track mode: the vessel is able to follow a predefined track of way-points, 
� anchor control mode, 
� auto pilot mode allowing the DP system to control the vessel heading, 
� jacking mode. 
The DP system can use the following systems as position reference: 
� DGPS different satellite systems, which should be capable to read GPS and Glonass  signals at 

the same time, as well the Galileo signal in the future, 
� external DGPS input from mobile, mission based equipment, 
� external reference systems (laser or radar based). 
The DP system must be based on a mathematical model and control all thrusters in thrust and 
direction. Moreover, it should control the vessel thrusters in most optimum way, utilizing 
mathematical modeling of vessel behavior in order to provide the required positioning accuracy 
and reliability for the various modes of operation.  

According to the technical specification of the offshore wind farm construction vessel VIDAR 
[12], electric power is generated by six diesel driven generators with rated power approximately 
4000 kW and one 700 kW emergency generator.  Diesel electric propulsion is used for vessel 
propelling and dynamic positioning by means of four azimuth thruster motors and three tunnel 
thruster motors with rated power 2 600 kW and 2 500 kW respectively. 
The VIDAR power plant provides 20 000 kW total power, what guarantees the following 
operating parameters: 
� service speed  10,2 knots with minimum three aft azimuth thrusters working at 85% power, 
� lifting force  24 000 ton with lifting speed  up to 1 m/min, 
The VIDAR main features will be a 1 200 ton crane, a loading capacity of up to 6 500 tons, and 
the ability to work in water depths of up to 50 meters. These properties will make the VIDAR one 
of the most powerful lifting vessels in Northern Europe. 

6. Conclusion 

Wind power is one of the most important and promising forms of renewable energy being 
developed. The increasing demand to produce renewable energy from the offshore wind power 
forces developing the various structural designs of offshore units. Manufactured components of 
offshore wind farms need to be transported, installed, and maintained. These tasks are realized by 
ships and offshore structures, such as offshore wind farm construction vessels and service crafts. 
Their more and more complicated power plants have to provide energy for various purposes, 
mainly for: jacking units out of the water, working of cranes and, propulsion and dynamic-
positioning of the vessel. Therefore their operation and maintenance requires preparing the 
appropriate qualified personnel. Such personnel should be educated and trained at faculties of 
technical and maritime universities, where offshore units are subjects of their interest. 
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Abstract 
 

The article presents new methods for studying  mechanisms of vibrations by means of their simulation in the 
electronic environment “Electronics Workbench”. 4CH 8,5/11  marine diesel cylinder liner was represented as a  
mechanical circuit of two-terminals – elements with mass, internal friction (dissipation), and stiffness. The use 
of electro-mechanical analogy of vibration systems has allowed the transition from mechanical chain to a chain 
of electrical circuits in the electronic environment «Electronics Workbench». The obtained values of the parameters 
of  4CH 8,5/11 diesel liner vibrations in the electronic environment (frequency, amplitude and vibration velocity) were 
in good reliance with the results of natural experiment. 
 
Key words: Marine Diesel, cylinder, vibrations, simulation, modelling 

1. Introduction 

Corrosive and erosive destruction of the cooling surfaces of marine diesel engines, and in 
particular the surfaces of the cooling cylinder liners, significantly reduces their 
resource indicators. The research indicates that the resource of cylinder liners exposed to the 
erosion - corrosion attack, reduces up to 50% of its theoretical value. It is commonly assumed that 
these processes are generated by vibrations of liners which are caused by  piston impulses coupled 
with transposition of connecting rod at the moment of overtravel. Impulses generated by cylinder 
liner vibrations are responsible for creating in the cooling water favorable environmental 
conditions for  cavitation  For more active influence on the negative effects of vibration 
cavitation in the engines the benchmark trials are required as well as development of methods for 
calculating the durability of parts under the influence of  cavitation erosion. 

This problem can be solved by obtaining a reliable picture of the nature of cylinder liner 
vibrations at any alighting in a cylinder block considering influence of all force factors (the value 
of piston impulse, pulse of operating gas pressure in a cylinder). A visual model,  one that reflects 
real conditions of liner vibrations or with some assumptions close to them, can be achieved by  
modelling of the process in  computer virtual environment. The obtained parameters of vibration 
(frequency, amplitude and vibration acceleration) will simulate the characteristics of the damping 
device (stiffness, mass and dissemination property). 

 
2. Assumptions to the mathematical model 
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This was done by introducing the mechanical system in the form of a combination of separate 
elements with different properties selecting active elements that can deliver energy into a  
mechanical system and stimulate its movement [1]. The mentioned mechanical chain will 
reproduce  dynamic properties of the original mechanical system with an acceptable accuracy. 

In the experiment two-terminals (elements with one input and one output) were used as 
components of the mechanical chain. 

A mechanical chain with separate units of cylinder parts with the same wall thickness can be 
used as a model of liner with flanges and alighting zones.  

In this way the entire liner is divided into separate rings and thin-walled cylinder with a 
constant wall thickness that corresponds to the middle of the liner between the alighting zones 
(Fig.1). Each unit in this mechanical chain is characterized by its mass, resilience, viscous friction, 
and consists of the following basic two-terminals: resilient element (stiffness), dissipative element 
(damper) and inertia element (mass). 
 

 
Fig. 1. An example of the 4CH 8,5/11 diesel engine liner division into units of mechanical chain 

 
An equivalent scheme of  a two-terminal connection into a mechanical chain of ten units 

representing a cylinder liner of the 4CH 8,5/11  type is shown in Fig.2. During the set up of this 
scheme the following rules were adopted: 

- Elements of mass, stiffness and dampers are connected to a fixed bearing by one fastener. 
Thus, the displacement of one of the poles of each component in relation  to the fixed bearing is 
zero, which simulates the installation conditions  of liner edges inside the cylinder block; 

- If all elements of the mechanical system move with equal speed, their two-terminals are 
connected in parallel, and if the same force is transmitted through all elements, two-terminals are 
connected sequentially. 

 Fig.2 shows two-terminals which characterize mass of the rings denoted by symbols M1, 
M2,…, #9;  two-terminals characterizing ring stiffness are denoted by the  k1, k2, …, k9 symbols; 
symbols B1, B2, ... B9 - two-terminals, which characterize the dissipative properties of the rings, F 
– an active two-terminal of force determined by value of the force  activating  liner vibrations. 
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 Thus, the task of determination of liner vibration frequency is brought to the determination of 
parameters of each element of the equivalent mechanical chain and solution of Kirchhoff’s 
equations, performed for each node and contour of the chain.  

 

 
 

Fig. 2. Model of a mechanical chain of engine 4�8,5/11cylinder liner (sleeve) 
 

According to the decomposition of a simulated liner into separate sections (see Fig. 1), each of 
the units, except the third one, is a model of a ring and the third unit is a model of a smooth thin-
walled cylindrical shell.  
 
3. The mathematical model of  cylinder shell vibrations 

 
Each of the rings will generate asymmetric bending vibrations, during which the radial 

displacement (normal to median surface) of deformable elements of the ring is accompanied by a 
circumferential shift (tangent to the contour of cross-section). Radial pressure of elastic forces of 
the ring, resulting from deformation and referred to the center line, is expressed by the following 
equation [3]:  
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where: 
 
 r – radius of curvature of the centerline of the ring, 
 – bending moment at any section of the ring, 
� – angular coordinate of the considered section.  
 

In its turn, bending moment is determined by dependence:  
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where: 
 � – modulus of elasticity of the ring material, 
J – centroidal moment of inertia of the ring section, 
U – radial displacement of the points of the center line within the deformation of the ring.  

 
Then, the formula for the elastic force pressure will take the following form:  
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The frequency of characteristic vibrations of the ring can be determined by the formula of S.P. 

Timoshenko [4]: 
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where: 
� – density of the ring material, 
� – the cross-sectional area of the ring, 
n - number of radial half waves in the cross section of the ring.  

 
Note that the formula for the free vibration frequencies of the ring (4) can be obtained 

directly from the differential equations  of the ring motion at a known    formula for the elastic 
forces (3) and  radial displacements given in the form: 

 
� � tnwtw 5= sincos0� .                                                     (5) 

 
An analysis of the obtained equations (3) and (4) suggests that the ring stiffness element as a 

link of the equivalent scheme, can be expressed as follows:  
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and mass element -  

iim 3>� .                                                                  (7) 
 

For the third unit of the equivalent mechanical chain modeling the smooth cylindrical shell 
with  a wall thickness �, the expression for the free vibration frequency is given by the formula: 
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Where the cylindrical stiffness of the shell is:  
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ED� ,    R – radius of the cylinder. 

Comparing the natural frequencies of the ring and the cylinder (4) and (8) it is easy to see that 
they are the same, if we replace the bending stiffness D� by the normal stiffness EJ in formula (8), 
assuming � cross-sectional area of the ring.  

If 1,0@LR , then the finite length of the cylinder must be taken into account and the following 
formula should be used: 
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Then, similarly to formulas (6) and (7) the value of stiffness and mass of the third unit of the 

chain for the case 1,0ALR would be: 
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and for the case  1,0@LR   
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4. Identification of model parameters 
 
Parameters of damper elements of the mechanical chain can be defined on the basis of 

reference data on the logarithmic decrement for the liner material. Simultaneously it should be 
kept in mind that determination of the damping characteristics of the material in a methodological 
sense is a  much more complicated problem than the experimental determination of any other 
mechanical characteristics of the  material, since the definition of the  dissipation energy of the 
material at its cyclic deformation within elastic limit requires sophisticated methods of experiment, 
that border with physical ones. Therefore, the question of methods for determining the damping 
characteristics of the material is extremely important and the reliability and validity of  
experimental data depend on how well the method has been chosen.  

Lack of attention to the specific characteristics of methods for the determination of  the 
dissipation energy in the materials cyclically deformed in the range of Hooke’s law, has led to 
extensive evidence about a damping ability of the same materials, often contradicting each other.
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As a result, it is necessary to select references on the damping ability of materials very 
carefully, taking into account a high sensitivity of damping rates to the experimental methods of 
their obtaining.  

Certain reference data on damping properties of various brands of cast iron were obtained for 
the frequencies of cyclic deformation of samples in the range of 10-30 Hz. However the frequency 
of cyclic deformation plays an important role in determining the damping properties of a  material 
only in ultrasonic range – 20000 Hz and more. Natural frequencies of cylinder liner vibrations are 
in the range of 1000-2000 Hz, so a cyclic deformation within this range would not be significant.  

 
 Within the heterogeneous states of stress observed in the vibrations of cylinder liner 

inflexibly fixed at the top collar, the damping decrement is an integral characteristic of damping 
properties of the entire material and is usually associated with the amplitude of maximum tension. 
Therefore, when determining  damping properties of components of the chain, it is important to 
chose the value of the decrement corresponding to the maximum amplitude of liner vibration 
stresses.   

The damper resistance coefficient b is related to the logarithmic decrement � by the following 
equation: 

 

iii kmb B
�
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� ,                                                           (13) 

 
where: 
 ii km ,  – parameters of the mass of the elements and the stiffness of a chain link.  
 

Basing on these assumptions calculations of mechanical chain parameters  of the simulation 
model of the 4¨8,5/11 diesel liner  have been made. 

Parameters of mass elements of all links of the chain which model the liner of the 4¨8,5/11 
diesel engine were determined from formulas  (7), (10). Mass elements  in this case will have the 
dimension of  linear density. Density of the liner material � =7840 kg/m3.   

 

Tab. 1. Elements of mass in  mechanical chain of liner 4CH 8,5/11 
 

� chain link i> , m iim 3>�  kg/m 
Ring1 2,985 10-03 23,399 
Ring 2 1,414 10-03 11,084 
Cylinder 3 4,000  10-03 31,36 
Ring 4 1,414 10-03 11,084 
Ring 5 6,872  10-04 5,388                       
Ring 6 1,414 10-03 11,084 
Ring 7 6,872  10-04 5,388 
Ring 8 1,414 10-03 11,084 
Ring 9 1,118  10-03 8,768 
 Ring 10 8,388  10-04 6,576 

  
Stiffness parameters  of the elements of the mechanical chain of the 4CH 8,5/11  diesel liner 

were determined from formula (6) for all units, except the third - simulating a smooth cylinder 
where formula (11) was used.  According to these formulas stiffness per length unit is determined, 
so the dimension of the stiffness parameters  is N/�2.   
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Parameters of damping elements were calculated from formula (13) and have in this case the 
dimension of mechanical resistance per unit of length.  

 
 

�ab. 2. Elements of stiffness and dampers of the mechanical chain of the 4CH 8,5/11 liner 
 

� chain unit  ik ,  N/m2 
iii kmb B

�
1

� ,  
ms

kg
�

 

Ring 1 6,741 1011 3,641 1004 
Ring 2 3,529 1011 1,813 1004 
Cylinder 3 1,462 1009 6,013 1003 
Ring 4 3,529 1011 1,813 1004 
Ring 5 1,811 1011 9,055 1003 
Ring 6 3,529 1011 1,813 1004 
Ring 7 1,811 1011 9,055 1003 
Ring 8 3,529 1011 1,813 1004 
Ring 9 2,852 1011 1,450 1004 
Ring 10 2,137 1011 1,087 1004 

  
5. Methodology  of problem solution  

 
As presented above, a further analysis of the mechanical chain is connected with the solution 

of the system of Kirchhoff's equations, which must be performed for each node and contour of the 
chain. There are other ways of treating a chain consisting of individual units. In particular, 
the amplitude-frequency and phase-frequency characteristics of the system are determined by the 
inverse Laplace transform transfer function of the system, which in turn is the multiplication or the 
sum of the transfer functions of the individual units, depending on how they are connected with 
each other – in a sequential or parallel way. 

Since the procedure of describing of the characteristics of  individual units and their 
interconnections through the transfer functions is sufficiently formalized and there are plenty of 
studies on circuit calculations based on  this technique,  determination of the amplitude-
frequency characteristics of the cylinder liner simulator is not complicated.  However, a more 
vivid and interesting from the research point of view,  is the method of virtual experiment. By 
changing the parameters of  various elements of the chain in this experiment, it is possible, 
together with multivariable analysis of the mechanical system, to get its response to a variety 
of effects. 

For the virtual experiment, the software for automotive design Electronics Workbench (EWB) 
[2], has been used. 

As this software was developed for  designing  electrical circuits it was necessary to perform a 
transfer from a mechanical chain model to an electrical circuit one to work in the Electronics 
Workbench (EWB) environment. Such a transfer is made on the basis of physical analogies 
between mechanical and electrical vibration processes. Vibrations in different systems: vibrations 
of load under the force of elastic spring, electrical vibrations in the contours with inductivity and 
capacity,  spread of sound waves have common mathematical formulation and expressed by the 
same differential equations. Thus the movement of load on an elastic spring in a viscous medium 
under the driving force is described by the equation  

 

)(2

2

tQxk
dt
dxB

dt
xdM ���� ,                                                 (14) 

263



 

 
and � differential equation of electrical circuit with one pair of nodes would be:  
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Comparing equations (14) and (15), we can establish the similarity between mechanical and 

electrical values. Dynamic equations for an n – contour electrical circuit consisting of a current 
source ij, resistors Rjk, capacitors �jk and inductors Ljk, are Lagrange equations of the second kind: 
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where the energy of the electric field   
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Equations (14), (15) and (16) result from the fact that kinetic energy of a mechanical system 

corresponds to the energy of electric field, potential energy – energy of the magnetic field, 
generalized forces – rate of current.  Then, Lagrange equations of the second kind for an electrical 
system by the adopted analogy of “force – current” express the first law of Kirchhoff: algebraic 
sum of currents in the node is equal to zero [1].  

The obtained under these rules equivalent electrical scheme for the solution of a system of 
equations  describing the vibrations of a mechanical system (liner) was designed in the dialog box 
of Electronics Workbench (EWB) and is presented in Figure 3.   
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Fig.  3. An equivalent electrical circuit for the 4�8,5/11 liner 

6. Programme and results of experiments 
 

According to input analogies between mechanical and electrical values the parameters of 
elements of the electrical circuit were defined: mass elements of units  

mi, expressed in  �g/m, are compared to capacitance �i, expressed in nanofarads; elements of 
stiffness ki, expressed in pascals, compared to the inductance in H so that ii kL �1 , and coefficient 
of damper resistance bi, expressed in �g/m·s,- electrical resistance Ri , defined as ii bR 1�  and 
expressed in ohms. 

The obtained parameters of the equivalent electrical circuit for the  4CH8,5/11 diesel liner are 
presented in Table 3.   
 

�ab. 3. Parameters of the electrical circuit of  a liner simulator 
 

� chain unit  Inductance 
L, mH 

Capacitance 
�, nF 

Resistance  
R, Om 

Ring 1 1,484 23,399 2,308 
Ring 2 2,833 11,084 4,635 
Cylinder 3 72,87 31,36 13,97 
Ring 4 2,833 11,084 4,635 
Ring 5 5,522 5,388 9,281 
Ring 6 2,833 11,084 4,635 
Ring 7 5,522 5,388 9,281 
Ring 8 2,833 11,084 4,635 
Ring 9 3,506 8,768 5,797 
Ring 10 4,679 6,576 7,733 

 
Generation of unit vibrations in the simulating circuit was carried out by an impulse generator 

available at Electronics Workbench (EWB) library. An oscilloscope is included in the equivalent 
electrical scheme as a controller to register the frequency of vibrations.  

The virtual experiment with an electrical scheme – simulating a model of the  4¨8,5/1 diesel 
liner 1 in the EWB environment was held under the following parameters of the output impulse 
generator signal:  

- signal waveform – rectangular, 
- frequency of signal 200 Hz, 
- impulse duration 1%, which is 0,05 ms. 
 Another operation mode with the signal frequency of  200 Hz and impulse duration of  2% 

was also applied in the experiment. Such frequency and duration of an impulse corresponds to the 
shock of the piston within a degree of turn of the crankshaft with rotating frequency equal to 1500 
rpm.  The resulting vibration oscillograms are shown in Figures 4 and 5. 
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Fig.  4. An oscillogram of liner the 4CH 8,5/11 liner vibrations (a simulating model). Signal frequency 200 Hz, 
 impulse duration 1% 

 

 
 

Fig. 5. An oscillogram of r the 4CH8,5/11 liner vibration (a simulating model). Signal frequency 200 Hz, 
 impulse duration 2% 

 
 

7. Final remarks 
 

The nature of the obtained vibration oscillograms shows that impulse influence on the system 
generates vibrations of several harmonics at once, and in the time of approx. 3,5 ms, the higher 
harmonic is practically damped and vibrations occur with the frequency of the first harmonic. 
Table 4 shows the measurement results of first harmonic frequency.  

 
Tab. 4. The frequencies of the first harmonic vibrations of the liner  

 
Signal frequency, Hz 

 Impulse duration,  % Vibration period ms Vibration frequency    
f,  Hz 

200 1 522,959 1912,2 
200 2 581,224 1720,5 
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Simultaneously parameters of 4¨8,5/11 diesel cylinder liner vibrations were measured on a  
mechanical test bench where the frequency of the natural diesel liner vibration  was 

Hzf 1981727 C�  . In this way, the results obtained in the virtual experiment  match well with 
the results of the natural vibrations of the liner.  
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Abstract 

Ships safety and economic efficiency depends on the main and auxiliary diesel engines technical condition 
and technical operation. The probability of failure and a sudden stop of diesel at sea would be minimized if the 
routine monitoring of parameters is done and found defects removed on time. The purpose of this control is the 
even distribution of load between the cylinders under the condition of fuel equipment and main diesel systems 
normal state. The power plant capacity, fuel efficiency and compliance with MARPOL environmental restrictions 
depend on it. In this report we will discuss the survey methods of the ship’s diesels working process, which 
improve their efficiency. Use of such methods will enrich the information capability and modeling quality of the 
PC based Engine Room simulators. 

Keywords: Engine Room simulators, turbocharger rpm, gas distribution mechanism, fuel injection and valves 
timing, monitoring

1. Introduction 

On low speed engines there are well known in seamanship mechanical drives for 
determining the basic parameters of the working process and indicator power of cylinders. 
They cannot be used for medium-and high-speed diesel engine because of mechanical drives 
inertia. For those of diesel engines, which make up the majority of the offshore and fishing 
fleet, only electronic control systems may be used. 

Capabilities of most electronic systems are focused mainly on getting the indicator 
working process parameters such as maximum combustion pressure Pmax, maximum 
compression pressure Pcomp, mean indicated pressure MIP. However, besides these there are 
several other important diagnostic parameters of fuel injection equipment and gas distribution 
mechanism. Their control allows you to assess more accurately the technical condition and to 
adjust the marine diesel engines. First of all fuel injection timing and valve timing is included 
into such settings. 

In the problem of determining the working process parameters, there is a problem of data 
synchronization, i.e. representation of them, depending on the phase rotation of the crankshaft, 
for example pcyl=f(=). Traditionally, this problem is solved by means of sensors on the 
flywheel. Disadvantages of this method are that it is difficult to consider all the factors that 

269



influence the phase error. Besides, setting the sync sensor requires preliminary diesel 
preparation and definite expanses. 

Thus, there are two problems to be solved for the perfect modeling and condition 
monitoring of marine diesel in operation: 1) parallel determination of the indicator work 
process parameters and timing of fuel injection and gas distribution; 2) the solution of sync 
problem in terms of improving its accuracy and efficiency. 

An important element of diagnosis of a diesel engine is a characterization of turbocharging. 
On the main engine turbines tachometer and charge air pressure gauges can be installed. On 
the turbines for auxiliary diesel engines, as a rule, there are no such devices. In this article we 
shall discuss how during the operation such important parameter, as the rotational speed of the 
turbocharger can be determined. The above problems are solved in the PC based system for 
diesel condition monitoring. 

Fig. 1. Equipment of the diesel engine performance analyzing system 

2. Diesel engine performance analyzing system 

The purpose of the system is to diagnose main and auxiliary marine diesel engines see Fig. 
1. Also it can be used on other mobile and stationary diesel power plants. Gas pressure sensor 
and vibro sensor are included into the standard version. The system measures and calculates 
the following: RPM, Pmax, Pcomp, MIP, indicated power, fuel injection and valves timing, 
gas pressure, fuel injection and valves vibro diagrams. 

Fuel injection and valves timing as well as estimation of technical condition of separate 
units are determined by means of contact vibrosensor. It records high frequency signals that 
occur during the ascent and landing injector and valves timing during engine working cycle, 
see Fig. 2. 

Fig. 2. Fuel injection timing with the help of 
vibrodiagram
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Due to analyzing of fuel injection equipment and valve timing mechanism vibrodiagrams 
together with working process indicator diagram the spectrum of monitored parameters has 
been significantly widened. The engine cylinder technical condition diagnosis became possible 
not only by cylinder gas pressure but also by key data of fuel injection and valve timing. 

3. Data synchronization method 

The Top Dead Center (TDC) of a piston is calculated by analyzing diagrams of gas 
pressure in the working cylinder. Design algorithm of synchronization is based on the fact that 
in case of pure compression (without fuel injection and combustion) in the cylinder, the speed 
degree of increasing gas pressure is equal to zero: dP/dFi=0 at TDC position of the piston, see 
Fig. 3. On the referent diagram of pressure the site of pure compression before the beginning 
of combustion is allocated. Factors of non-linear mathematical model of a curve dP/dFi are 
calculated by means of minimization method. Mathematical data synchronization method 
leads to precise calculation of MIP and indicated power. 

Fig. 3. TDC determination with the help of dP/dFi mode 

4. Example 1. Four-stroke engine 

Diagnosing the working cylinder of a medium speed diesel engine is shown at Fig. 4. 
Fig. 4A shows the indicator diagrams of work process and results of the work process basic 

parameters calculation: indicated power, MIP, the maximum compression and combustion 
pressure, the angle of the start of combustion, etc. Fig. 4B shows the vibrodiagrams of fuel 
injection and gas distribution which is recorded simultaneously with the indicator diagrams. It 
may be noted the normal operation of fuel equipment according to specified vibroimpulses 
(without distortion) of rising (15º bTDC) and setting (4º aTDC) needle. 

The first to the left vibroimpulse characterizes the signal while closing the inlet valves. 
Fractional value of the vibroimpulse shows the fact that inlet valves do not close 
simultaneously. It is a defect of gas distribution mechanism.
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Fig. 4. Medium speed diesel engine working process 

5. Example 2. Two-stroke engine 

Another example of S60MC two-stroke low-speed main engine work process diagnosis 
shown on Fig. 5. 

Reference points on diagrams: 
 1. Point on the indicator diagram which corresponds to a moment of the beginning of 

fuel self-ignition, 
 2. Geometrical advance angle of fuel feed by HPFP (a plunger is beginning to close the 

cut-off port), 
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 3. Fuel feed cut off (the low edge of HPFP plunger is starting to open the cut-ff port), 
 4. Rising of injector circulation valve and termination of fuel circulation (P~1.0MPa),
 5. Rising of injector needle (P=25.0C2MPa) – real angle of the fuel injection 

beginning,
 6. Injector needle fit – real angle of the fuel injection termination, 
 7. Injector circulation valve fit – the beginning of fuel circulation, 
 8. Angle of complete closing of the exhaust valve – valve plate fit in its seat, 
 9. Angle of the beginning of damper action at the end of exhaust valve stroke, 
 10. Increase of a high-frequency noise level while opening the exhaust valve. 
According to diagrams on Fig. 5 and obtained parameters, the condition of the cylinder, the 

high pressure fuel equipment and mechanism of gas distribution is normal. 

Fig. 5. Two-stroke low-speed main diesel engine working process 

6. Determining the speed of TURBOCHARGER 

Charge air pressure depends on the speed of turbocharger. In connection with this problem 
of its operational definition is especially important during the operation for all types of diesel 
engines. To determine the frequency of turbocharger rotation the amplitude spectrum of 
acoustic signal of an air compressor was used. The spectrum of the main engine turbocharger, 
see Fig. 6 and auxiliary engine turbocharger see Fig. 7. 
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The spectral analysis showed that the compressor side is generating audio signal with a 
frequency equal to the frequency of rotation multiplied by the number of blades. 

Fig. 6. Caption: Spectrum of the main engine turbocharger 

Fig. 7. Spectrum of the auxiliary diesel engine turbocharger 

For diesel 6L80MCE with type TURBOCHARGER VTR 564-31 (20 of compressor 
blades) the expected frequency is equal to: 

Fq = 9000 rpm / 60 * 20 = 3 kHz. 
The minimum and maximum possible speed of TURBOCHARGER and, accordingly, the 

frequency of signals can be taken as follows: 
MAX: 6000 rpm / 60 * 20 = 2 kHz, 

MIN: 20000 rpm / 60 * 20 = 6667 Hz. 
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In this range there is only one distinct maximum, see Fig. 6. The corresponding frequency 
is:

TURrpm = 2948 Hz / 20 * 60 = 8844 rpm. 
It is interesting to note that in the medium-auxiliary diesel Daihatsu 6PL 24 with a turbo-

generator VTR 201, the number of compressor blades also turned to be 20. Using similar 
arguments we calculate the speed of the turbine rotor diesel mode at 380 kW: 

TURrpm = 6557 Hz / 20 * 60 = 19671 rpm. 

7. Conclusions 

Diagrams and data shown in Fig. 4-7 are greatly valuable for engineers as they illustrate 
technical condition of working cylinder, its high pressure fuel equipment and auxiliary 
systems. 

This method of working process monitoring can be very useful in practice. Besides, the 
received from ship’s diesel data will help to create more real models in PC based Engine 
Room simulators. 
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Abstract 
 
In this article there are presented tests results of the process of heat exchange between a flat plate placed 

vertically behind a stream element being a mono-stable jet nozzle with two states of the air outflow. Depending on the 
state of the air outflow, the air stream flows round a part of the wall in a different direction. In this work there are 
presented results of measurements recorded for selected parameters of the air outflow. 
 
Keywords: heat transfer, airflow control, impining jets, air nozzle. 

1. Introduction 

 In the processes of heat exchange (heating, cooling) the thermal efficiency of a device is of 
great importance as well as the temperature distribution on the heated or cooled element. This 
article deals with the problems connected with the heat exchange process, involving heated air, 
being the heat carrier, flowing out of the nozzle thus enabling occurrence of two characteristic 
states of the air stream. As regards intensity of the heat exchange between a solid body and a liquid 
flowing around it, this is the fluctuation of its speed and direction, while flowing around the 
obstacle, that really matters. Properly matched parameters of the stream flow should inhibit 
formation of a boundary layer considered to be the main thermal resistance during heat exchange 
between a solid body and an air stream flowing around it. 
 One of the ways of heating by hot air is directing the stream perpendicularly to the heated 
body. The flow of hot air hits the wall (flat, stiff wall) and, flowing into direction radial to the axis 
of the nozzle, heats it (fig. 1). 
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Fig. 1. Flow around flat wall; a) diagram of airflow, 
b) temperature distribution on the wall; 1-nozle, 2-
wall, 3- lines of airflow directon 
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 The mean value of temperature T	r and the degree of its non uniformity �T depend on the 
conditions of the heat inflow within a given area. Thus, the task involves providing proper 
conditions for the inflowing air. It is possible through using a controlled stream element with 
pulsing exhaust jet. A direction change of the speed vector of air, flowing round the studied flat 
surface, is a distinctive feature of the produced air stream. 
 Improving the efficiency of the heat exchange process will make it possible to reach a higher 
value of temperature for the heated element, in the same time. Analyzing the amount of thermal 
energy taken over by the element from the air flowing round it will make it possible to reach the 
same value in a shorter time. Shortening of the heating process time is also connected with 
a reduction of energy used in this process. Attempts to find a way to reduce the amount of energy 
have been made in many works on the subject of micro-pneumatics in which stream micro-valves 
find application. Reduction in energy consumption is connected with environment protection. 
Ecological aspects play a more and more important role in construction, utilization and recycling 
and are being focused on by more and more researchers [2]. 
 
2. Test stand 
 
 The test stand is presented in figure 2. The designed and constructed control systems make it 
possible to control the main stream (flowing out of the nozzle) following parameters [1.3]:  

– main stream volume rate Qvm; 
– control stream volume rate Qvc; 
– temperature of stream T; 
– frequency of stream oscillation fc; 
– space filling of signal PWM (refers to the time of the flow duration in its particular 

states). 
 

A, B, C 
1 2 3 4 5 6

9 8 710 pza� 
 

 
Fig. 2. Scheme of a test stand: 1 – supply and heating systems for the main stream, 2 – the main pipe, 3 – orifice, 4 – 
digital micro-manometer CMR 10A, 5 – system for measurement and recording temperature of the flow flowing into 

the nozzle, 6 – the tested axial-metrical nozzle with internal core, 7 – computer PC with measurement card producing 
control signals fc and PWM, 8 – electropneumatic throw-over valve of the control flow, 9 – rotameter (measurement of 

the control flow rate ), 10 – computer PC with measurement card for control of the flow rate and the main flow 
temperature, pza	 -source of control flow A,B,C – measurement systems of the heated wall, speed distribution of air 

flowing out of the nozzle and visualization of the air flow behind the nozzle 
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Fig. 3. Schemes of measurement systems used in tests (to fig.2): a) measurement of the heated wall temperature, b) 
measurement of speed of the air flowing out of the nozzle, c) visualization of the air outflow from the nozzle and its 

flowing round the resistance wall; 1 heated element (resistant wall) by the air flowing out from the nozzle, 2-
thermographic video camera, 3-PC computer  recording data from the thermographic video camera 4-single-fiber 
measurement probe 55P11, 5-uniaxial system of traversion Dantec Light Weight Traverse, 6-thermal anemometer 

StreamLine with one channel module CTA90C10,7- computer PCwith software for control of the traversion system, 8- 
digital video camera recording the visualized air flow, 9- transparent resistant wall, 10-lighting system with 

regulation of the light beam width,11-system of paraffin vapor generation visualizing the air flow 
 

 
 

Fig. 4. Scheme of the nozzle operation, air flow through the nozzle and its flowing round the wall; a) first steady state 
– free outflow, b) second steady state –free outflow, c) the first steady state –outflow onto a flat perpendicular wall, d) 

the second steady state-outflow onto a flat perpendicular state, 1-main straeam,2-control stream,3-the nozzle inner 
core, 4- the nozzle male cone, 5-spoiler,  6-point of the stream connection, 7-stagnation point, 8-stagnation circle, 9-

the reverse stream stagnation point, 10-triodal whirl formed in the second fixed state with a free flow 
 

The measuring equipment shown in Figure 3 allows to perform the following measurements: 
– measurement of the heated wall temperature  
– measurements of the average velocity of air stream flowing from the nozzle; 
– visualization of air flow behind the nozzle (flow without and with the wall).. 

 Measuring devices are placed behind the nozzle as shown schematically in fig. 2. 
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 The analyzed nozzle is a monostable stream element whose distinctive feature is the internal 
core to which a stream controlling the outflow of the main stream is supplied. This element is 
monostable with two steady states of the main stream outflow. In the first steady state (while the 
control stream is switched off) the air flows out along the inner cone (core). In the second steady 
state (while the control stream is switched on) the air flows out along the outer cone. These sates 
are characterized by different concentrations of the stream. In order equalize rates of the flow 
volume of the air flowing out of the nozzle for both fixed states, the control stream is not only 
turned on and off but also switched within valve 8 in fig.2. A scheme of the nozzle operation has 
been shown in figure 4 [4.5.6]. 
 As the flow control, which allows you to change the steady state flow can be used a synthetic 
jet with adequate power. Research of such a synthetic jet generated by the speaker were carried out 
among others in Institute of Thermomechanics of the Academy of Sciences of the Czech Republic 
[1.2].  

3. Experimental tests 
 
 Thermographic tests were conducted for a definite range of input parameters. Values of 
particular quantities within the accepted ranges were measurable and controllable [1]. The values 
of particular input variables were:  

– the stream oscillation fraequency  fc=0,5; 0,8; 0,9; 1,0; 1,1; 1,2; 1,3; 1,5; 2,0 Hz; 
– space filling of signal  PWM=20; 50; 80 %; 
– distance of the wall from  the end of nozzle lw= 70; 80; 90; 100 mm. 

 The direction of the flow round the wall in the first and second state underwent a distinct 
change within the range of accepted distances of the wall from the nozzle end in the first and 
second state [2,3]. 
 Before measurements the nozzle was initially heated in order to decrease heat losses from the 
stream through raising the  temperature of the housing during the resistant wall heating process. 
Initial heating involved 30 min. flow of air through a nozzle, the air was heated to temperature 
T=50 oC. Thermographic measurements were started at the time when the environment mean 
temperature was To=24±0,5 oC. 
 Thermographic video camera of VIGO S.A. was used for the wall temperature measurements. 
Actually this was a thermographic scanner with resolution 240x240 points. The time of 
measurements was fixed and equal to 8 min. and 20 seconds for fixed values of input parameters. 
This was a time necessary to carry out 20 measurements, that is, runs of the video camera head [7].  

4. Results of thermographic tests  
 
 The results of temperature measurements of the wall flowed round by air can be presented: 

– in the form of thermographic image; 
– in the form of a table with temperature values. 

 
 Different temperature distributions have been obtained for the air flow with different values of 
input variables. In figure 5 there are selected results of these measurements. The amount of heat 
taken over by the wall from the heating air was calculated for the wall unit volumes provided by 
the thermographic video camera resolution and the difference in temperatures recorded at the 
beginning and at the end of the heating process. 
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Fig. 5. The results of thermographic measurements for the flow, in the first steady state, when the wall distance from 
the nozzle is lw=70mm. The figure shows 20 successive measurements, in the first image there is a scale of 

temperatures 
 
In order to compare and analyze the influence of the air stream flow oscillation on the process of 
heat transfer, dimensionless indicators have been determined for different values of input 
parameters.  

a) indicator of the heat exchange process 

 uz
Q

nom

Qw
Q

� , (1) 

where: 
Quz - amount of heat taken over by the wall for a flow with defined parameters, 
Qnom - amount of heat obtained from the flow in the steady state one. 
 

b) indicator of the wall distance from the nozzle /w zdl D  
where: 
lw - distance of the wall from the nozzle, 
Dzd - external diameter of the nozzle. 
 

c) coefficient of the temperature distribution non-uniformity 
 max min( ) /T 	rT T T> � � , (2) 
where: 
Tmax - maximum temperature of the wall, 
Tmin - minimum temperature of the wall, 
T�r - mean temperature of the wall. 
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 Selected results of measurements of wall temperature for different flow parameters are shown 
in fig. 6. The values of the coefficients wq and dT will determine the impact of the air flow 
parameters for the transfer of heat by the wall from the air flowing from the nozzle. Figures 7, 8 
and 9 shows the values of these coefficients calculated for the flow of air with different values of 
the parameters fc, PWM, lw.  
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Fig. 6. Selected temperature measurement results of the wall flowed round by heated air, obtained for different 
parameters including approximation of multi-nominal of 5th degree 
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Fig. 7. Value of indicator wQ, for PWM =50, for different values of frequencies of the control signal in function lw/Dzd 
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Fig. 8. Values of coefficient wQ for lw/Dzd in function of frequencies of the control signal fc 
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Fig. 9. Values of coefficient T>  for selected frequencies of the control signal fc and steady states 1 and 2 in function 
lw/Dzd 
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5. Discussion and conclusion 

 In effect of changing parameters of the air stream flowing out of a nozzle there have been 
obtained different values of indexes describing the heat exchange process.  
 Form the point of view of the heat exchange process intensification (heating), the most 
important parameter affecting the process course is the frequency of change of the flowing out air 
stream steady state (parameter fc). For the accepted range of low frequencies the obtained results 
definitely indicate that the frequency with value fc = 1.3Hz increases the amount of heat taken 
over by the wall from the air flowing around it. For the remaining six out of nine values of the 
control stream frequency there have been obtained values of index wq smaller than 1, which 
indicates a reduction of the heat amount taken over by the wall. The influence of fc frequency is 
particularly well seen in figure 8. 
 From the point of view the temperature distribution on the examined element the most 
important thing is the filling space of PWM signal (fig.9). On the basis of conducted tests it can be 
found that the most uniform temperature distributions on the heated element can be obtained for 
high values of PWM. The highest value of the temperature non-uniformity coefficient was reached 
for the flow in the first steady state. However, the highest values of the heated wall have been 
reached for this state.  
 Application of a controlled stream element and an appropriate match of the air stream outflow 
parameters enables enhancing the heat exchange process and shaping the temperature distribution 
on the heated element (flat wall).  
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Abstract 
The problem described in the paper concerns the choice strategy  of  so-called design  point of the flow engine in 

a multi-role aircraft at the initial stage of aircraft and engine design as the aviation system. The design point is 
defined by the height and speed of flight and engine parameters of heat flow which allows in particular to determine 
the mass and dimensions of the engine. The following analysis represents an attempt to seek other than the classic 
(based on a maximum within unitary thrust, specific fuel consumption) criteria for calculation point for the multi-role 
aircraft. Multipurpose aircraft, during every mission, very often must perform many tasks and at the same time must 
use the energy source for the maneuvers. The mathematical model of the chosen tasks of an aircraft has been 
presented, which due to the energetic requirements do not allow to build the uniform optimization criteria. The models 
of such flight stages have been presented: take off, climbing with the maximum velocity and the maximum angle of 
climb, horizontal flight both sub-and supersonic, turn determined. In order to make the considerations easier the 
engine model was reduced to two parameters: non-dimensional loading coefficient and the coefficient of relative 
engine measure. During the conducted calculations the values of the non-dimensional coefficients were determined 
allowing to optimize the tasks performed by the aircraft during  the mission. By making comparisons of the determined 
characteristics the acceptable values of the non-dimensional engine coefficients were shown and the assessment 
criteria of the aircraft manoeuvre properties vital for the realization of the entirety of its mission were presented.

Keywords: multipurpose aircraft, airplane engine integration, turbofan engines, engine thrust 

1.Introduction 

In the process of aircraft designing the right strategy of the aircraft and engine characteristics is 
of the great importance in order to get the system capable of performing certain air tasks with the 
smallest energetic expenditure. The energetic possibilities of an aircraft depend on the parameters 
and characteristics of the power unit. The power unit should ensure required by an aircraft 
performance properties at all stages of air task i.e. during the take off, climbing, overshoot and 
during the complex combat maneuver (turning, pull up, loop). The energetic requirements of an 
aircraft are fixed limitations for the engine designer. They determine the range of the possible 
changes in thermo-gas-dynamical parameters of the engine comparative cycle, its size, mass and 
the way of control. It is assumed that the characteristics of an aircraft for which the power unit is 
chosen are known. There are no publications in which the problem of the selection of engine 
parameters and determinations of its optimum characteristics for multi-purpose engine is 
described. These problems are partially described in [1,3], but the analyses concern the issues 
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connected with the optimization of the constructional scheme of an engine, not the physical 
aspects of the selection of engine parameters for an aircraft. The statistics of the chosen parameters 
of the engine comparative cycle [5] in operation, and the analyses results in [3] show that there is 
not a physical law, quality criterion, rule in an empirical sense, which constructors would take into 
account while choosing the engine parameters [1,3,5]. Even at the same temperature level 3T + ,
some of the values s#

+  and α for the aircraft engines with the same purpose can differ, even twice. 
It shows that while choosing the engine parameters in many cases backs out of the analytical, 
optimum for the engine values. It is noticeable that there is no general tendency in the relation 
between parameters. There are known the following parameters: aircraft aerodynamic 
characteristics (polar), aircraft mass parameters and performed by an aircraft tasks – determined by 
the flight parameters such as flight velocity and flight height. The aim is to find the energetic 
engine parameters which will enable to determine (for the assumed criteria and limitations) the 
optimum adjustment of engine and aircraft characteristics for the realization of the required air 
task. For the models building the general non-dimensional parameters [5-7] were used. The 
parametrical analysis, conducted on the basis of the non-dimensional parameters, enables the main 
directions of optimum research of an engine and the aircraft as a whole to be found. In order to get 
to know the physical aspects connected with the choice of optimum thermal-flow parameters of 
the turbine engine and their influence on the aircraft characteristics we should: 

� Show the assessment criterion of the aircraft performance and decide on their relation with 
the engine parameters,

� choose the design point for an engine (work range, flight conditions), 
� choose engine parameters which would be subjected to optimization.  

In the optimization tasks usually the simplified analytical models are used both for the aircraft and 
the engine. The required degree of simplifications is determined by the necessity and retaining the 
physical and qualitative compatibility of the analytical model with the researched model. One of 
the way to solve the task is the use, while model constructing, the general parameters of a non-
dimensional form. It enables to decrease the number of variables in the task, and to decrease the 
dimension of the problem and avoid difficulties connected with recalculating a lot of solutions. 

2.Mathematical model of aircraft and power unit 

The aircraft movement in co-ordinate system connected with aircraft velocity has been 
presented in [1,2]. The aircraft movement equations introduced bellow have been written in a form 
which takes into account the dimensional character of variables. For the needs of the presented 
article the non-dimensional analysis was presented. The way  of movement equations derivation 
considering the non-dimensional variables has been shown in [4,5]. For further considerations the 
basic relations have been reminded (presented in [5,6,7]). Non-dimensional coefficient SZN (called 
the geometrical parameter of engine adjustment to an aircraft), determining the relative engine 
dimension [4,5,6]: 

Sil
ZN

sk

iFS
F

� ,                                                             (1) 

where: 
FSil - engine cross- sectional area, 
FSK – aircraft wing area, 
i – number of engines. 

Aircraft range is one of the most important criteria of the assessment of aircraft performance 
properties. The calculations of the aircraft range depending on the flight conditions have been 
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presented in [1,2]. For the needs of the research the model of range determination has been chosen 
for the constant flight and the constant coefficient of aerodynamic lift (i.e. the height of flight 
changes). The dependence which describes the range for the above limitations is known as the 
Breguet formula [3]: 

a

j pal

EaM 1x ln
gc 1 m

�


,                                                      (2) 

where: 
E- aircraft lift/drag ratio, 
Ma- Mach number, 
a- sound speed, 
cj- unitary fuel usage, 
mpal- relative mass of the burnt fuel 

pal
s

mm
m
&

� ,

&m- mass of the burnt fuel during the flight,  
ms – primary aircraft mass. 

In fig. 1 there have been presented the differences in the range of subsonic and supersonic 
flight and the influence of the geometric parameter of an engine, i.e. the SZN  value on the 
maximum value of the range [6]. The theoretical range of an aircraft during the subsonic flight 
achieves its maximum for the low values of SZN (almost half lower than the required values of 
parameter for the supersonic flights). During the supersonic flight the range decreases significantly 
and its extreme, as a SZN function shifts towards higher values of SZN.  Very important information 
which results from the conducted calculations is the fact that the range expressed by the equation 
(2) has its extreme as for SZN.

Fig. 1. Influence of the parameter of engine adjustment to the aircraft  SZN on the theoretical range for the subsonic 
flight (full line) and supersonic flight ( dashed line) 

In [5] definition of non-dimensional coefficient of aircraft wings loading was presented:  

S
S

H SK

m g
p F


 � ,                                                         (3)                    

where:  
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ms- aircraft mass, 
pH – static pressure, 

and non-dimensional coefficient of thrust loading [5]: 
sil ZN

S

K S* �



,                                                           (4) 

In equations(1-4) the parameters of engine Ksil (non-dimensional engine thrust [5]) depend on 
the engine characteristics. The formulas (1,3,5) which present  the dimensionless parameters have 
the same properties as the physical parameters of the form "dimensioned" (related to) for a certain 
amount and speed of an aircraft. The author carried out statistical analysis (based on available 
catalogue information) that modern multirole aircraft such as the F-16, Gripen Jas 39 have at the 
start the coefficient * ≈ 1.2 and �s= (0.028-0.042), while the heavier aircrafts such as the MiG 29,
F -14 *≈ 1.2-1.4 and �s= (0.038-0.048).

3. Method of selection of engine and aircraft parameters 

While selecting the power unit for the multipurpose aircraft it is necessary to show such 
parameters and criteria of engine assessment which ensure the realization of air tasks at the 
required energetic expenditure. The selection of engine parameters should be done on the basis of 
energetic criteria. The use of non-dimensional parameters, which later will be treated as 
“adjustment” parameters of engine to an aircraft enable to build the analytical model of the 
energetic system of the power unit-aircraft-air task. It makes  possible  further assessment of the 
influence of the accepted parameters of engine on the indexes of aircraft efficiency assessment. 
Taking into account the non-dimensional parameters as in (1-4), the equation of the aircraft 
movement (the way of its derivation) has been shown in detail in w [4,5,6]) and has the form of: 

2
2 11 sin

2
a x a

a
S

dM kc Ma a daM
g dt g dH

*
� �

� $ $ ,$� � 
� �
,                                  (5) 

It is the formula, which for the assumed parameters of air task (Ma, H, �S), allows to determine 
indispensable for flight value of * coefficient. It is then assumed that the * value determined on the 
basis of the aircraft flight conditions will be marked by the „N”- *N. index. The first term of (5) 
equation means the value of the thrust loading coefficient for the case of horizontal acceleration, 
whereas the second one for the climbing with the constant velocity at the angle ,, and the last 
term in (5) equation means the value of *N coefficient for the horizontal flight with constant 
velocity. On the other hand, the * value can be determined for the power unit. This value, as a 
disposable value for the engine is marked by “R” index:

sil ZN
R

S

K S* �



,                                                                    (6)                    

The above dependence enables to determine non-dimensional thrust loading coefficient and the 
relative fuel usage only when it is known the flight plan; that is the height change H and flight 
velocity Ma during the mission and there are known the engine characteristics. 

4. Criteria of aircraft maneuvering 

The significant criterion of maneuvering assessment of multipurpose aircraft is climbing. 
Following [2] and assuming that the total aerodynamic lift is on the aircraft plane and the vectors 
of thrust force are directed along the flight path of an aircraft, then the angle of the fastest climbing 
-PWmax will be determined from the following formula:
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where:  
Lift/Drag ratio of the fastest climbing 
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CD0 – parasitic drag, 
K – coefficient of aircraft polar. 

The data for calculating the aircraft polar was taken from [1] for F-16 airplane. In fig. 2 there has 
been presented the dependence of  the angle -PWmax from * coefficient in the borders (*min,*max).
The next characteristic flight stage is the right turn of an aircraft (without the sideslip). The right 
turning can be performed only when the bank angle of an aircraft / is bigger than zero [2]. The 
bank angle is determined by the  G-load coefficient n :

1
cos

n �
,

,                                                                 (8)           

                    
Substituting into equation (5) the expression (8), and assuming that the speed of the turn is constant, after 
the simple transformation (5) it was determined non-dimensional thrust loading coefficient * for the 
right turn:

� �
2 2

0
22
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a D S
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kM c Kn

kM
*

� �
� �� $
� �

� �

,                                                      (9)                    

Fig. 2 Dependence of angle of fastest climbing -PWmax from * parameter

Formula (9) allows to determine the indispensable value of the * coefficient depending on the n G-
load coefficient and non-dimensional wing loading coefficient �S, in which is “hidden” the 
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aircraft mass. On the G-load coefficient in turn there are imposed limitations which concern the 
situation when the aircraft mass is partially decreased by the mass of the used during the flight fuel 
and armament ( so-called combat mass) and it is assumed that the coefficient n=9. On the other 
hand for the maximum take off mass the assumed value of the n G-load coefficient in turn is 
smaller and is  n=7 [2].  
The most important part of the aircraft mission is its take off. In the procedure calculations of 
aircraft take off it is better to assume the length of the take-off run LS  and determine for it the 
indispensable value of the thrust loading coefficient at the take off [5]: 

max

-1-

S S

Z

S

k
c

S S Le

0

�* �� $ ,                                                            (10) 

where:   
coefficients:  , ,
MS – stalling speed,  

S0 - reduced coefficient of aircraft total resistance during takeoff [3,5,6], 
CZmax – value of coefficient of aerodynamic lift in the conditions of take off. 

5. Calculation example 

To find limitations the calculations for exemplary aircraft data have been conducted. It was 
assumed that the take off mass of aircraft ms=10500 [kg], the atmosphere parameters are according 
to the standards of International Standard Atmosphere [1]. At this stage of calculations there are 
not known the characteristics of engine that is why to simplify the considerations the calculations 
have been conducted for some values of �S coefficient. It was assumed that this coefficient is the 
function of wing loading coefficient at the start �S0 according to the formula:

0S m Sk
 � 
 ,                                                        (11)                    

Coefficient km determines the change of aircraft mass during the air mission, caused by the fuel 
usage ad armament (km=1 – for takeoff mass, km=0.55 – aircraft without fuel and armament ). 
The change in value of coefficient �S in function of H height has been presented in fig.3.
The decline in pressure connected with the growth in flight height causes the increase in the value 
of �S coefficient. The lines which limit the graph show the border of the changes in values of the 
coefficient �S for an aircraft depending on the flight height. During  the take off the value of the 
coefficient in the accepted example is �S0=0.04. In fig. 4 it has been presented the influence of 
values of �S coefficient and the length of the run on the indispensable value of * coefficient.

Multipurpose aircraft can perform a number of tasks at various subsonic and supersonic 
velocities. The calculations on the influence of the �S coefficient and flight velocity on the *
coefficient during the horizontal flight with constant velocity were conducted and the results have 
been presented as graphs in fig. 5. The fulfillment of the requirement, obtaining the minimum 
value of the thrust indispensable during the turn performed at the given value of n G-load 
coefficient is important from the point of view of aircraft maneuvering has been presented in fig.6.
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Fig.3 Change of values of coefficient �S together with the growth of flight height for two values of coefficient km.
(km=1 – for takeoff mass, km=0.55 –aircraft without fuel and armament)

Fig. 4 Influence of run way  LS and �S coefficient on the value during the take off. The calculations for two values 
�S=�S0= 0.04 , and �S=0.02 (for km=0.55)

Fig.5 The influence of flight velocity and changes of �S coefficient on the value coefficient * during the steady 
horizontal flight
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Fig.6 Influence of some chosen aircraft flight conditions and changes of wing loading coefficient  �S on indispensable 
for flying value of wing loading coefficient *

In fig. 6 there have been presented the requirements for the * coefficient, critical with regard to *
stages of flight. From the graph in fig. 6 one can assume that in order to perform the turn with the 
high values of n G-load coefficient the flights with high wing loading (big aircraft mass) require 
the big values of the indispensable thrust, which exceeds the requirements for the take off.
In fig. 6 there have been presented the requirements for the * coefficient, critical with regard to *
stages of flight. 

6. Conclusions

Each curve presented in fig. 5, 6 is the borderline value for *, at the given flight velocity and 
�S (aircraft mass). The biggest requirements because of the * value concern the turn (in figures 
n=1) at small flight velocities as the growth gradient * together with the growth of the flight height 
(grows �S) is the biggest among all the presented curves. The requirement of the horizontal flight 
with the constant supersonic velocity is not a limitation at big heights. The consequence of the 
maneuver choice which determines the loading * during the aircraft flight is to determine the 
values of the indispensable coefficient, non-dimensional thrust loading which must be 
counterbalanced by the power unit and the thrust depended on the thermo-gas-dynamical 
parameters. An analysis of the graphs of Figure (1-6) provides information about the limitations
for the propelling set (by * parameter )of the plane depending on the mission (subsonic, 
supersonic, mixed). The study shows that supersonic, maneuvering flight is a criterion for the 
selection of the engine (not even the take off of the airplane). The application of dimensionless 
parameters to the analysis of the aircraft powerplant can significantly simplify the analysis, and
allows the testing of the influence of the engine characteristics directly on the mission done. This 
results directly from the definition adopted by the parameters in their current form because they
involve the engine, aircraft and mission. They are therefore a higher level parameters of
performance compared to a conventionally used in the literature of the unitary and specific fuel 
consumption. All the presented in the analysis dimensionless parameters are sensitive to changes 
in flight conditions and characteristics of the engine and can be considered as criteria for assessing 
the quality and quantity of air engine system - airplane - air mission. There are conducted further 
simulations to examine the influence of engine thermal-gas parameters (static pressure, 
temperature before the turbine, the by-pass degree) on the value of the parameter *, Szn, �.
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Abstract 

Contemporary empirical researches on the object, which is combustion engine, are processed basing on the 
theory of experiment. Available software applications to analyze the experimental data commonly use the multiple 
regression models, which enables studying effects and interactions between input values of the model and single 
output variable. Using multi-equation models gives free hand at analyzing measurement results because it enables 
analysis of effects and interaction of many output variables.  It also allows analysis of the measurement results during 
dynamic process. In this paper author presents advantages of using the multidimensional regression model on 
example of researches conducted on engine test stand. 

Keywords: diagnostic, theory of experiments, marine diesel engine, exhaust gas toxicity, multi-equation models 
 
1. Introduction 
 

During the working process of the engine, its structure parameters are changing. It doesn’t 
affect its performance, described by a set of output parameters. The reciprocal relationship 
between the parameters of the structure and parameters of the motor output allows under certain 
conditions to treat the symptoms of the output parameters as engine condition, measured without 
dismantling, because the physicochemical processes occurring during the working process and 
figures describing them can generally be observed and measured from the outside. These figures 
include the value of the emission of exhaust components. 

This simple combination is of interest to writers and aims to analyze the suitability and 
performance indicators to evaluate the emission parameters of the engine structure. At this point 
however, a comment is in place, as in the classical sense, output parameter can be regarded as 
diagnostic only while meeting the characteristics, that is: uniqueness, of sufficient width of the 
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change field and availability. Thus, should the indicators and emission characteristics be 
considered a diagnostic parameter? 

Given the complicated measure, the cost of equipment, and the ambiguity of (the presence of 
extremes), and the characteristics of toxic compounds, a negative answer comes to mind. 
Nevertheless, the rapid development of measurement methods, progressively more advanced 
analyzers with increasing measurement power, ie: speed and capacity of archiving items, which 
make the signal of changes in emissions of toxic compounds more useful, carrying more and more 
information useful for subsequent analysis. 

The above approach goes as far as to impose a need to use the theory in empirical research 
experiment. The primary objective of this research work is to demonstrate the relationship between 
the input signals (introduced by the investigator), and the output signals (seen by him).	 The 
ultimate goal of statistical analysis of measurement results is to define a function of the test object 
and an empirical model of a functional engine. Very extensive calculations using probability 
theory, stochastic processes, and calculus that are associated with this task are very labor intensive 
and without the use of computer technology and specialized software, it is impracticable.	 In the 
process of solving problems of inter-linkages and complementary aspects of approximation, the 
correlation statistics, assessment of the relevance and measurement uncertainty as well as the 
adequacy of test object’s functions, including questions of mathematical and graphical 
determination of singular points, available computer programs are used, including the package 
STATISTICA PL. 

It should be emphasized that the statistical computer analysis can involve a number of models 
that do not include interaction and do not take into account the interactions	of varying degrees of 
involvement adopted to describe the model input variables. At the same time there is a possibility 
in the statistical analysis to reject (ignore) both freely chosen input variables describing the object 
of research as well as the various types of interactions. This means that choosing the right (most 
appropriate) model depends on the operator,	and their expertise and specialized knowledge of the 
theoretical basis of the discussed issue. 

While assuming a less accurate representation of reality, practically determining the nature of 
change (trend) output quantities, there is the possibility of significant simplification of 
approximating polynomials by considering only the input variables and their only statistically 
significant interactions. The complexity of the model and the degree of entanglement of the basic 
volumes are also strongly determined by the degree of approximating polynomials. Hence it is 
reasonable to seek to create models of a possibly simple form, and most preferably linear models. 
It is assumed that due to the possibility of errors, it is better to describe the studied problem of 
non-linear nature with small linear segments than a non-linear description of a complex whole. 

The software commonly used in the field of experimental design and subsequent analysis does 
not provide the freedom to analyze the collected material, and uses ready analysis diagrams 
described above. Thus, interfering with the program (software package) itself is not possible. The 
recently observed development of the social sciences, medicine and economics has caused rapid 
progress in the application of statistical methods, securing planning of the experiment [1,2,3,5,6]. 
In this area, econometrics in particular has some great achievements, and the new approach to 
statistical analysis used there can be successfully implemented in technical studies [1,2]. Among 
other things, the use of multi-equation models (models with interdependent equations) makes it 
possible to study not only the correlation between the input and output, but also take into account 
the feedback between output variables and thereby give the possibility of direct analysis.	 This 
assumption, as opposed to the commonly used multiple linear regression, is closer to reality even 
while taking into account the dilemma of diesel, that is the relationship between the concentration 
of CO, HC and NOx concentration. 

This approach was presented by the authors including the earlier works, where the results of 
research on the engine fuel supply system (fuel injection) and charge exchange system (with 
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particular emphasis on TPC) were presented using a divalent fractional plan and a multi-equation 
model [7, 8, 9, 10, 11].  

The multi-equation model relations between input signals and output signals can be described 
by a system of linear equations 
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where: 

Miyi ,,2,1, ��    -   explained variable (output), 
    jx , ,,,2.1 Nj ��  - the explanatory variables (input), 

   �ijb is a factor present in the i -th equation with j -th being the explained variable (output),                   
Mji ,,2,1, ��  

ija - is a factor present in the i -th equation with j -th being the explanatory variable (input), 
NjNi ,,1,0,,,2,1 �� �� , 

 iD - is a non-observable random component in the i -th equation.  
 

The solution of the equation (1) is reduced to its matrix form   
   

           
AXBY ��                                                      (2) 
 
where A, B, ¯ – matrix of coefficients, 
 
and the selection of the coefficients in the equations (1) with the values of the input signals known 
from measurements on the real object. The next step is to bring the equation (2) to the reduced 
form 
 
           ��XY ��                                                                   (3)  
 
where:   ¯B:�A,B:² 11 �� �� .      
 

As a result, after verifying the significance of coefficients and, consequently, the rejection of 
insignificant values, correlations between equations describing the output variables, both the input 
variables and the remaining output variables, are obtained. 

Multi-equation models, as demonstrated by the earlier works of the authors, show a significant 
adjustment to the value obtained in the experiment [7,8,9,10,11]. However, they describe the 
changes in the output parameters (indicators of toxic compounds) in steady states of the engine, 
when the influence of structural parameters is not the greatest. Hence the problem with the wide 
variety of changes in the output parameter. The situation changes when we do an analysis of the 
changes in output parameters during transient processes. In the course of its duration, due to, 
among other things, imperfections of control systems, there is a chance of a repeated, though 
usually short-term instances when the parameter values are exceeded in comparison to the set 
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state. The effect of structural parameters is significantly larger then, thereby the issue with the 
variety of changes in the output parameter is less severe. 

Using these somewhat detrimental to the engine operating states, it was decided to implement 
tested in steady-state multi-equation models for analysis of dynamic processes. 
 
 
2. Identification of a dynamic process of multi-equation model 
 
Assuming that the process of changing the exhaust emissions occurs over time, which means it is 
dynamic, the multi-equation model can be described with a system of linear differential equations. 
Since the measurement of the concentration of toxic compounds is a discrete measurement, the 
time-discrete signal (time sequence) is a function whose domain is the congregation of integers. 
Thus, a discrete-time signal is a sequence of numbers. This kind of sequences will continue to be 
recorded in the functional notation. 

Discrete-time signal  ][kx  is often determined by sampling )(tx , a continuous signal in time. 
If the sampling is uniform, then )(][ kTxkx � . Constant T is called the sampling period. Course of 
the dynamic process in time depends not only on the value of extortion at a given time but also the 
value of extortion in the past. Thus, the dynamic process (system) has a memory where it stores 
consequences of  past interactions. 

The relations between the input signals ][,],[],[ 21 kxkxkx n� , and output signals  
][,],[],[ 21 kykyky m�  , �,2,1,0�k  , will be described by a system of linear differential equations. 
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where: 
mikyi ,,2,1],[ ��    -  output signal values at k, 

][kx j , nj ,,2,1 ��  - input signal values at k, 
�ija  is a coefficient found in i -th equation with j -th output signal, mji ,,2,1, ��  

ijb - is a coefficient found in i -th equation with j -th input signal, njmi ,,1,0,,,2,1 �� �� , 

iD - is a non-observable random component in i -th equation. 
 

In analogy to (1), the system of equations (4) can be written in matrix form 
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Later denoting: 
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system of equations (4) and functionals (6) are shown in reduced form 
 
                                                         �zCy ��� ][]1[ kk      .                                                  (7)        
 
By identifying the system of equations (1), (4) we get to understand a problem of selecting 
coefficients using the values determined by real property measurements 
             ],[~,],[~],[~

21 kxkxkx n� Nk ,,2,1,0 �� input signals nxxx ,,, 21 �  
and values 
             1,,2,1,0],[~,],[~],[~

21 �� Nkkykyky m ��  input signals ,,,, 21 myyy �  
in Tktk �  instants. 

 
Measured values can be written in matrix form (8): 
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Coefficients miaabb nimimmii ,,2,1,,,,, 11 ��� ��� ,  of the above system of equations are chosen 

specifically so functional (9) 
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reaches a minimum for mi �,2,1�  . 

In the denotations adopted above (6), functionals (9) can be written as (10) 
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Matrix (8) is essentially a system of linearly independent vectors in Hilbert space 
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The issue of choosing the best model out of the class of equations (11) in the sense of minimizing 
the quality coefficient of identification was solved using the orthogonal projection theorem [3,6]. 
Given the vastness of the issue, the shift leading to the equation in matrix form was omitted 
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Thus, the matrix equation (12) can be expressed as 
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Thus, the optimal coefficients 
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of the reduced model form (10) can be determined from the equation 
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)()1(
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nmN ���X - matrix of measured values of signals mn xxxyyy ,,,,,,, 2121 �� , 
T

Nnm )1()(
~

���X - transposed matrix to the matrix of measured values of input signals, 
1

)1()1()
~~( �

��� NN
T XX - inverse to the Gram matrix )1()1( ��� NNG , 

]1[~
)1( ��� kmNY - matrix of measured values of output signals myyy ,,, 21 � , 

T
Nm )1(

~
��Y - transposed matrix to the matrix of measured values of output signals, 

N - number of measurements, n- number of input signals, m- number of output signals. 
 
3. The study of dynamic process in engine fuel supply system through multi-equation models 
 

The object of this research was the engine fuel supply system (fuel injection) of a single-
cylinder test engine 1-SB installed in the Laboratory of the Exploitation of Marine Power Plants at 
the Naval Academy (10). The experimental material was collected by a bivalent fractional plan. 
The implementation of specific measuring systems (measuring points) of the above experiment 
design were performed using a programmable controller, which allowed a high repeatability of 
dynamic processes. The period between an onset of the clipping of injection system components 
and the re-stabilization of output quantities was adopted as the duration of the dynamic process. 
This period was chosen through a series of experiments, and it averaged to about 320 seconds. 

In order to identify the impact of the technical condition of the fuel supply system on the 
parameters of the engine power during dynamic processes, sets of input quantities (preset 
parameters) and output quantities (observed parameters) were defined. For the purpose of this 
study a set of input quantities X was limited to three elements, that is: x1 -  engine speed n [r/min]; 
x2 – engine torque Ttq [N�m]; x3 – coking of the spray nozzle Sk [μm2]. 
Similar treatment was applied to the set Y of output quantities, limiting the number of its elements 
to only the primary toxic compounds in exhaust manifold: y1 - concentration of carbon monoxide 
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in the exhaust manifold CCO(k) [ppm]; y2 – concentration of hydrocarbons in the exhaust manifold 
CHC(k) [ppm]; y3 – concentration of nitrogen oxides in the exhaust manifold CNOx(k) [ppm]. Changes 
of the input and output quantities during the dynamic process are shown in Fig. 1. 

Statistical identification was made using GRETL [2]. Estimation of the equation coefficients 
for specific output variables was performed using the least-squares method and it had to verify the 
significance of its parameters and, consequently, the rejection of insignificant values, which 
consequently led to a significant simplification of the models. Equations describing the changes in 
concentration of hydrocarbons (y2) and the concentration of nitrogen oxides (y3) have undergone 
the greatest simplification. (Table 2, 3). In the case of the equation describing the change of 
hydrocarbons in a way that they depend significantly on the structure parameter, which represents 
coking of the spray nozzle (x3). The case of a model describing changes in carbon monoxide (y1) is 
similar. 
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Fig. 1. Changes of the input and output quantities during the dynamic process  

where: x1 –  engine speed n [r/min]; x2 – engine torque Ttq [N�m]; x3 – coking of the spray nozzle Sk [μm2]; y1 - 
concentration of carbon monoxide in the exhaust manifold CCO(k) [ppm]; y2 – concentration of hydrocarbons in the 

exhaust manifold CHC(k) [ppm]; y3 – concentration of nitrogen oxides in the exhaust manifold CNOx(k) [ppm]; t – 
duration of the process [s] 

 
Table 1. Least-squares estimation of the dependent variable y1 

 

 Coefficient Mean error Student  t p value  
y3_1 2,91309 1,43271 2,0333 0,04286 ** 
x1_1 0,644317 0,130189 4,9491 <0,00001 ***
x3_1 -18,2606 5,31195 -3,4376 0,00067 ***
y1_1 0,884015 0,0193211 45,7538 <0,00001 ***

 
Table 2. Least-squares estimation of the dependent variable y2 

 
 Coefficient Mean error Student  t p value  

y1_1 0,00120044 0,00067661 1,7742 0,07699 * 
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x3_1 0,412034 0,0899356 4,5814 <0,00001 ***
y2_1 0,873606 0,0279092 31,3017 <0,00001 ***

 
Table 3. Least-squares estimation of the dependent variable y3 

 
 Coefficient Mean error Student  t p value  

y1_1 -5,65987e-05 2,41816e-05 -2,3406 0,01987 ** 
x1_1 0,000396798 0,000206581 1,9208 0,05565 * 
y3_1 0,998597 0,00112836 884,9995 <0,00001 ***
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Fig. 2. Graph of the regression residuals for output variables 

where: ]; y1 - concentration of carbon monoxide in the exhaust manifold CCO(k) [ppm]; y2 – concentration of 
hydrocarbons in the exhaust manifold CHC(k) [ppm]; y3 – concentration of nitrogen oxides in the exhaust manifold 

CNOx(k) [ppm]; t – duration of the process [s] 
 

An even distribution of residuals from the regression of mean values may be indicative of 
being a good fit model to the values obtained from an experiment on the engine. 

 
4. Summary 
 

Presented description of the active experiment space by the multidimensional models gives 
great possibilities in analysis of measurement data and scientific conclusions. Furthermore, 
assuming that coefficients’ matrix (Co)T is orthogonal, there is a possibility of fulfilling reverse 
task, that is assessing, with complex relevance at known input variables, which describe work 
point i.e. engine rotational speed n and torque load Ttq, the other input quantities. In the nearest 
future authors will work on this issue.       
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Abstract 
In the article there are presented some selected methods of the wind power conversion for the purposes of 

supplementing the ship’s main propulsion or supporting the electric energy production which provide the 
opportunities to improve the ship’s energy effectiveness ratio. The wind energy has been characterised in terms of its 
application on ships. A proposal has been made to apply the arrangement including the wind turbine with horizontal 
axis for the electric energy production and the fuel savings have been estimated during its operation. 
A concept has been discussed involving a special kind of thruster [towing kite] in the form of the towing kite 
connected by means of a rope with the ship and supporting her main propulsion. Also the arrangements such as 
Flettner rotors and turbine with vertical axis have been referred to. 
 
Key words: environment protection, renewable energy sources, ship’s power plant, energetic effectiveness 
  
1. Introduction 

 
The ships are considered as belonging to the most effective transport means in terms of the 

CO2 emissions calculated per unit of the cargo transported at the distance of 1 km. Despite this 
fact as well as despite the fact that the ships participation in the anthropogenic emission of this 
gas worldwide at present amounts to as little as approximately 3%, this sector is nevertheless 
required to implement actions to reduce the emissions of the greenhouse gases [6]. The issues 
related with the limitation of the greenhouse gas emissions by the ships, after a couple of years of 
discussions, have become reflected in the regulations stipulated by the International Maritime 
Organisation (IMO). The decision taken in July 2011 about the introduction of the new chapter 4, 
regulating the ship’s energy effectiveness, to the Annex VI of the MARPOL Convention has been 
a significant step. Thus since 1 January 2013 the determination of the Energy Efficiency Design 
Index (EEDI) shall apply to all the newly built ships larger than 400 GRT whereas all the ships, 
ie the newbuildings and the existing ones built prior to this date shall be covered by the Ship 
Energy Efficiency Management Plan (SEEMP) that allows the ship optimum operation [13]. 
 It is possible to achieve the small value of EEDI, which is, to put it simply, defined as the 
total CO2 emissions from the fuel combustion in main and auxiliary engines and in the boilers in 
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reference to the transport work, in the effect of all the undertakings favourable to the reduction of 
the ship’s fuel consumption. The transport work is here determined as the product of the ship’s 
design deadweight (DWT) and the design speed measured for the ship’s maximum loading with 
75% of the nominal power on the shaft [13]. The basic actions to reduce EEDI include eg the 
utilisation of the exhaust gas waste heat. The application of the wind power or solar energy also 
helps to diminish this value. 

The selected manners of the utilisation of these energy sources on the ships have been 
presented inter alia in the author’s works [10, 11]. On account of the new situation resulting from 
the EEDI implementation the issue of utilising the wind and solar energy on the ships gets more 
meaningful and it is reflected by the appearance of the new or modernised arrangements of the 
wind utilisation on the ships. In the further course of the paper the selected methods of wind 
utilisation as the supplementary energy source for the purposes of aiding the main propulsion or 
generation of the electric energy will be presented. 
 
2. General Characteristics of the Wind Energy 

 
The wind power is the energy coming from the solar radiation. The temperature differences 

which appear due to unequal heating of the earth and atmosphere cause the appearance of the air 
motions which, carrying the heat, tend to equalise the temperatures. The Earth spherical shape 
causes that the biggest difference in the energetic potential is formed in between the equatorial 
zone and the poles. Two basic air circulations are thus created, one in the zone between the 
tropics and the other between the tropics and the poles. The heated air from the equator areas 
rises upwards and flows towards the poles of both hemispheres. In the areas of the tropics the air 
masses start to drop down which leads to the formation of the tropical high-pressure areas. From 
these areas the air flows closer to the earth surface, partly towards the poles and partly back 
towards the equator. In the effect of the Coriolis force action, which is the effect of the Earth 
rotation, and also due to the friction force at the Earth surface, the direction of these currents is 
not compatible with the direction of the pressure horizontal gradient. Thus the horizontal air 
currents moving nearby the Earth surface towards the equator, called trade winds, have the north-
easterly direction on the northern hemisphere and south-easterly on the southern one. The 
velocities of the trade winds at the earth surface amount to 5-8 m/s on the average. In the 
moderate zone the air masses circulation is not as orderly as that due to the existence of many 
moving high and low-pressure areas causing that the wind may practically blow from any 
direction. However, on the northern hemisphere the south-westerly and west winds prevail 
whereas on the southern hemisphere the north-westerly and west winds prevail [4]. Besides this 
global circulation the monsoons or the season winds should be mentioned that change the 
direction twice a year and which are caused by the differences in the heating of the lands and 
oceans. In the summer they blow from over the ocean towards the land (the summer monsoon – 
oceanic), and in the winter from the land towards the ocean (the winter monsoon – continental 
one). 
 The air circulation in the poles area is of no practical meaning for the ocean trade and 
therefore it will not be discussed. The local winds being the effect of the local differences in the 
temperatures are independent of the global circulation and overlap it. For the offshore trade the 
breezes as having the daily cycle and the nature similar to that of the monsoons, although in a 
small scale may be significant as well as the boras blowing from over the law mountain ridges 
towards the warm sea. 
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 In the wind power engineering the major significance has the annual average wind velocity 
on a given area at the specified height over the earth surface in terms of the available wind energy 
for the use by the wind power plant. The increase of the height over the earth surface is generally 
accompanied by the wind average velocity. 
 The wind velocity profile or in other words the graph showing the average velocity of the 
wind blowing from a given direction as a function of height over the earth or water area, is 
strongly dependent on the area shaping and surface roughness as well as time of velocity 
averaging. The research shows that the friction effect on the air horizontal movements is 
significant in the air layer in direct contact with the earth, of the thickness around 1 km [4]. 
According to all the classifications of the surface roughness the water surface, as the open sea, 
belongs to the areas of the lowest roughness values. The velocity profile with the large averaging 
times are presently recommended to be defined by use of the logarythmic formula while earlier it 
was the power formula. The logarythmic formula (1) gives the results closer to the reality in the 
earth adjacent layer up to 200 m: 
 

 
 

(1) 
 

where: 
z1, z2, – the heights where the average 10 minutes velocities are measured (determined), 
z0 – parameter characteristic for the wall-adjacent layer related to the surface roughness, 
s0 – Earth surface roughness measure (determines the height where the wind velocity gets down 
to zero,  

,1v – average 10 minutes velocity measured (assumed) at the height z1=10 m,  

2v  – average 10 minutes velocity determined for the height z2  [2, 4]. 
 
In case of the surface like the sea z0 =0 m, and s0= 0,0002 m [2]. The velocity profiles calculated 
basing on the relation (1) for the various average velocities ,1v assumed as those measured at the 
height of 10 m above the sea level are shown in figure 1. 
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Fig 1.Vertical profiles of the wind calculated on the basis of the velocity value ,1v at the height of 10 m 

 
For the surfaces of bigger roughness the bigger velocity gradients would occur along given 
height. This is of large significance in the land wind power engineering for the selection of the 
location of the wind power plant. In case of the offshore wind farms this is a useful information 
for the establishing of the tower heights and wind force at a given height. The power of the wind 
stream Am�  flowing through the surface A perpendicular to its direction depends on the velocity in 
3rd power and can be determined from the relation: 

AvvmN A
32

2
1

2
1 3�� �       (2) 

where: 
N – wind power, 
A – surface area where the wind flows, 

Am�  – wind mass stream flowing through the surface,  
� – air density, 
v – wind velocity. 
 
Thus the arrangements enabling the utilisation of the winds blowing at big heights should be 
preferred. 

In case of ships using the wind energy the knowledge of the wind velocity profile is also of 
big importance for the application of some technologies. 
 
3. Wind as the Energy Source on Ships 
 
3.1. Introduction 

The energy of wind, besides the heat from wood burning, has been the renewable energy used 
by the humans as the earliest. The history of the application of the wind has begun from the sail 
boats and goes back as far as approximately 8,000 years. The Egyptians used the wind force for 
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the propulsion of the boats by means of the simple square sail; the boats having been used to 
transport people and goods on the Nile [8]. 

Nowadays there are different shape sails still in use either in sports and recreation boats. In a 
minor scale they have also been used as the supporting propulsion means on the motor ships. 
During the fuel crises the interest in such ideas has been growing. The primary deficiency of the 
sail propulsion is the necessity to tack if the wind direction is not as desired. Therefore on 
account of the very much stable wind direction and its velocities the trade winds would be most 
preferably utilised by the sailors. 

There have been the attempts made to eliminate the inconvenience of the sails by the 
application of the other arrangements such as eg Flettner rotors utilising the Magnus effect or 
even wind turbines which were mechanically coupled with the propeller [8]. 

Recently the interest in the wind energy results from the reasons presented in the introduction. 
Apart from the improvement of the earlier solutions such as Flettner rotors [5] or wind turbines, 
in Germany there has been developed the concept originating in the beginnings of the XIX 
century where the kite was applied for the boat propulsion. The contemporary towing kite is 
constructed as a kite connected to the ship by means of a rope, the kite bearing the structural 
resemblance to paraglider. This solution utilises the bigger wind velocities blowing at the heights 
within 100 and 500 m above the sea level which has been presented in figure 1. 

Besides supporting the main propulsion the wind energy may also be successfully utilised to 
drive the electric energy generators. For this purpose the most useful seem to be the horizontal 
axis turbines. Still a solution applied in 2011 by Stena Lines is also worth mentioning – that 
consisting in placing on the fore deck of the ferry Stena Jutlandica of the two wind turbines with 
the vertical four metres Darrieus’ type axis of the total power of 8 kW. Within a year they 
generate 23 MWh of the electric energy which is used for the lighting of the vehicle deck. The 
most significant merit of the applied turbines is not so much the generation of the electric energy, 
but rather the reduction of the front air resistance to allow the fuel savings of approximately 80 to 
90 Mg by main engines in a year [9]. 
 

 
3.2. The Application of the Wind Turbine with the Horizontal Axis on Ship 

 
The wind turbine power P can be represented by the relation (3).  

 

24
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2 vDCP p
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      (3) 

where: 
D – turbine rotor diameter, 
Cp – wind power utilisation coefficient (theoretical maximum value amounts to 0,59), 
v0 – wind velocity before rotor. 
 
Since the power increases together with the square value of the rotor diameter, the largest 
possible diameters should be aimed at. In Europe the biggest diameter, 127 m, is that of the 
turbine type Enercon E126 with the 7.58 MW power. The height of the tower is 135 m [14]. The 
dimensions of the turbines on board the ship must be however significantly smaller in view of the 
ship’s stability. If several turbines are installed, the distance to be kept in between them shall be 
not less than 4 diameters of the rotor in order to prevent the mutual interfering of the wind jet 

309



which means the necessity of the selection of the rotor diameters adapted to the ship’s main 
dimensions. Thus it is purposeful to install the wind turbines on large vessels allowing to select 
the turbines with rotors of bigger diameters. 
 One of the biggest ships built at one time in Stocznia Szczeci�ska was the product tanker 
B573 of the length overall 183 m and breadth 32.2 m. While complying with the aforesaid 
criteria and assuming the installation of the wind turbines in the most favourable area, ie on the 
superstructure it would be possible to apply eg 2 turbines with the 8 m diameters rotors. The 
example of the arrangement of two turbines is shown in figure 1. 
 To determine the turbine power in relation to the wind force the formula (1) has been used. 
For the calculations there has been assumed the power coefficient that characterises the most 
efficient turbines with the special blade profiles Cp = 0,5. The diagram representing the relation 
of the power of the single turbine and the wind velocity is presented in figure 3. 

 
 

Fig 2. A possible location of the wind turbines on the product tanker 
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Fig 3.The power outputs achieved from one turbine for various diameters as the function of the wind velocity 
 
As shown in the diagram with the assumed rotor diameter of 8 m the power outputs obtained 

are not any large ones. From the two turbines and with the wind force corresponding to 6 to 7 
Beaufort scale (ca 16 m/s) the power output to be obtained is approximately 120 kW. This 
consists ca 30% of the electric energy demand during the ship’s stay on the roads. Therefore it is 
possible to achieve a certain relief for Diesel generating set and the savings at the level of 20 kg 
of Diesel oil within an hour. However, these are not any meaningful values. As shown in the 
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diagram only the application of the rotor of diameter ca 15 m would offer with the same wind 
force the power output of ca 210 kW from one turbine. With two turbines then the full demand 
would have been satisfied. Such diameter for the rotor is still acceptable, however it would be 
necessary to locate the turbines at the bigger distance from each other, eg one in the aft and one 
in the fore. It is also possible to use bigger number of the turbines, but with smaller diameters that 
would give similar benefits. 

 
3.3. Towing Kite 
 

A new arrangement is the proposal of using the kite as the auxiliary ship’s propulsion 
consisting in joining it with the ship by means of the towrope of 100 – 500 m length. Should the 
wind blow favourably from the stern or backstay, the rope with the kite attached at its end is 
uncoiled from the compartment in the fore, passing through a roller located at the top of a not too 
tall mast of the height varying by pulling up or down. The most advanced and well tested system 
is that of Messrs Sky Sails. Here the kite resembles the two-layer inflatable paraglider. Owing to 
the adequate profile at the kite, similarly as on the aeroplane wing, there appears the carrying 
force facilitating it rising. Inside the towrope there is the cable supplying the pod placed 
underneath the kite and incorporating the electronic operating system. While the kite is kept in 
constant motion doing the figure of eight in the air the carrying force increases and then a large 
towing force is developed. The entire operation is surveyed by computer [1]. 

The first attempts with the application of the kite the Sky Sails conducted in 2002 on a small 
boat weighing 360 kg which has developed the speed of 7.4 km/h. The positive experiences with 
the other boats made the company conduct the tests on a ship. The first one was 55 m long motor 
ship Beaufort and the kite mounted thereon, operated still manually, had the surface area of 
160 m2. 

The first cargo ship worldwide with the fully automatically operated kite was that launched in 
2007 – 475 TEU containership, MS Beluga Sky Sails. The ship developed the speed of 15.5 knots 
with the main engine power output of 3,840 kW. According to the manufacturer’s assurances 
with the kite surface area equal to 160 m2 it is possible to achieve the ca 15-20% savings in the 
fuel consumption, and for the kite of double the surface area operating at the height up to 420 m 
provided for the bulk carrier of 25,000 DWT, even up to 35% [12]. 

The kite is an attractive propulsion appliance because the force with which is acts on the ship 
generates directly the towing power without any additional energy losses resulting from its 
conversion. While assuming the average value of the Diesel engine powered ship propulsion 
efficiency, defined according to [7] as the ratio of the towing power to the power carried to the 
tail-end, equal to ca 0.5, then the equivalent engine power output for the transfer of the same 
speed to the ship must be twice as big as the kite power output. Pursuant to [3] the kite of surface 
area 320 m2 can “replace” 20 MW of the main engine power output. 

The precise determination of the kite towing force is a complex issue on account of its 
movements with the variable speed and the dependence on many construction parameters. A 
good approximate of the measurement values is provided in the model presented in [1]. 

The force exerted by the wind on the kite surface can be determined from the relation (2) for 
the wind power through the relation: 

wSvvFN 3

2
1 3��

��       (3) 

where:  
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F
�

 – wind force vector, 
v�  – wind velocity vector, 
Sw – kite usable surface area swept over by the wind. 
 
The kite usable area Sw, in the result of its movements, is swept over in a variable manner by the 
wind, ie the same fragment of its surface is swept over every certain specific time. For this reason 
the wind utilisation coefficient is introduced �k and thus the kite usable power Pk can be presented 
by the following relation: 
 

kwkkk SvSvNP 33

2
1

2
1 33&& ���      (4) 

where: 
Sk – conventional surface area where the wind acts on the kite. 
 
The surface Sk for the kite doing the figures of eight in the air is equal approximately to the 
surface of the path covered by the kite so to the product of the kite way along the figure eight and 
the width of the kite. Practically the value Sk depends inter alia on such parameters as the surface, 
shape coefficients, positioning angle towards the wind direction, the shape of the “eight” and kite 
speed in the movements along the “eight”. Knowing power Pk  from the relation (5) there can be 
determined force Fk acting on the kite and whose vector is parallel to the wind velocity vector: 

kkkkkk SvFvvFNvFP 3

2
1 3&&& �����

�� ,    (5) 

therefore  

    kkk SvFvF 2

2
1 3& �� .      (6) 

In fact for the ship what is important is the value of the force in the rope perpendicular to the 
surface Sk. and the towing force. The force in the rope FL can be presented in the form of the 
relation (7) 

��3�� coscos
2
1coscos 2

kkL SvFF ��     (7) 

 
where: 
¥ – angle between the rope and wind direction in the horizontal plane,  
¤ – angle between the rope and wind direction in the vertical plane. 
 
Since the surface Sk depends on many parameters and can be determined only experimentally, 
then it is stated as follows  

�� coscosAvF p
L �        (8) 

 
where:  
p, a – experimentally established constants. 
 
Eventually the towing force is determined from the relation: 

HALh FF �� coscos�       (9) 
where: 
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�A – instantaneous angle between the rope and the ship’s motion direction in the vertical plane, 
�H – instantaneous angle between the rope and the ship’s motion direction in the horizontal plane. 

Thus in case of the towing force of relatively minor value eg 20 kN reached by the kite of the 
surface area 80 m2 and the ship’s speed of 14 knots (7.2 m/s) there is 144 kW towing power 
generated. Assuming the efficiency of the motor ship’s propulsion system equal to �n=0,5, this 
corresponds to the saved main engine power equal to 288 kW. For example for the B186 
containership built in Stocznia Szczeci�ska with the engine developing the contractual power of 
12,180 kW and the specific fuel consumption of 0.171 kg/kWh, the application of the kite under 
such assumptions would produce the savings of ca 50 kg/h of the fuel. 
 
 
 
4. Summary 

 
The two methods of the utilisation of the wind blowing at different heights above the water 

surface offer some insight into the benefits possible to be achieved and resulting from the 
application of the wind energy on the motor ships. From the considerations made it results that 
the turbines with the horizontal axis and dimensions of the rotor diameter exceeding 15 m would 
provide the notable and measurable benefits in the amount of the fuel saved by the generating 
sets during the ship’s stay. Therefore such arrangements could be taken into account on large 
ships, eg tankers. Also another location of the turbines could be considered as well as the 
application of another number of the turbines, eg 4 turbines – in the fore and aft and at the 
superstructure sides, offering the undisturbed operation and larger total power. 

Also the application of the towing kite as the propulsion appliance is beneficial as it utilises 
the strong and permanent winds blowing at the significant heights above the water level and 
supports the main propulsion. In this case in relation to the kite surface area and the 
meteorological conditions it is possible to reduce considerably the main engine power output in 
comparison to the ship driven by the engine alone and to achieve the limitation of the fuel 
consumption. 
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Summary 
The key issue of this paper is the acquisition of information in the field of percentage composition of the 

mixture of unleaded petrol Pb-95 and non-dehydrated distilled ethanol and modifying additions (ignition initiator, 
water emulsifier, combustion stabilizer, corrosion inhibitor) for the supply of modern spark ignition engine, without 
the need to introduce any changes of constructional nature or in the settings of the controller of engine’s ignition 
structure. 

Keywords: internal-combustion engines, alternative fuel, ethanol, part load, environment
 
1. Introduction 

 
The development of motorization and gradually decreasing raw materials of oil-derivative 

fuels induces to search for fuel substitutes (commonly referred to as alternative fuels), as well as to 
decrease the consumption of the non-renewable energetic raw material.  Moreover, European law 
limiting the emission of toxic components of exhaust fumes accompany the limitations in fuel 
consumption and at the same time increase the requirements in the field of efficiency range of 
modern drive units of motor vehicles.   

One of the solutions is looking for new ecological fuels, among which fuels of vegetable 
origin play a dominant role.  Vegetable oils in their pure form practically are not suitable for spark 
ignition engines due to high viscosity and density, low octane number and insufficient resistance 
to low temperatures. Chemically processed vegetable oils known as methyl esters are devoid of the 
aforementioned disadvantages.  

Fuel substitutes (alternative fuels), including ethanol, can be applied in a broad range of 
equipment and vehicles with four-stroke spark ignition engines, which constitutes 73% of car 
participation in Poland and 62% in Europe. Presently these fuels are not produced on a commercial 
scale in Poland. Ethanol increases the octane number, and, as an oxidant, causes smaller emission 
of toxic combustion products such as carbon oxide, nitrogen oxides and dusts. Fuel mixtures with 
a considerable amount of ethanol require, however, additives improving tribological characteristics 
of fuel and decreasing its volatility.  

Ethanol can be produced of many raw materials containing simple carbohydrates 
(molasses, whey) or polysaccharides (starch, cellulose). In Poland, the main raw materials used for 
the production of ethanol are rye and corn. In perspective, cellulose is a promising raw material for 
ethanol production, with the hydrolysis of cellulose, however, being too expensive at this point.  

The range of presented research was focused on the suitability of engines operating in cars 
in town traffic. The research was supported by the measurements of the parameters of operating 
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engine quality (external characteristics, fuel consumption, cooling liquid temperature, the 
temperature of fumes, toxic composition of fumes) appearing during the realization of the planned 
stationary experiment on an engine test bench). The results of the research are useful for the 
assessment of operation effectiveness of a spark ignition engine supplied with the fuel proposed 
herein (power, torque, fuel consumption). 

 
 

2. Research methodology 
 

Cars equipped with internal-combustion spark ignition engines are an important group of 
vehicles operating in economy of various types. Te research was focused on stationary 
experiments – on engine test bench, limiting its range to partial power research, with parameters 
determined through the analysis of the most frequently used power and torque in such conditions.  
Having analyzed town traffic conditions (motivated below), a decision was made to conduct a 
partial power research for the following parameters:  

-   power 22,82kW at 2000min-1, which reflects 32% of the nominal power, 
- torque 109Nm, which 59% of the maximal torque at the rotary speed of 2000min-1.  

 The key target of the research was to check experimentally the possibilities of application 
of non-dehydrated distilled ethyl alcohol in connection with base fuel Pb-95 in specific 
proportions and special additives as refiners. Moreover, the influence of tested fuel on the 
performance a spark ignition engine was tested, marking out engine’s external characteristics with 
partial power (operating parameters similar to the ones of town traffic), researching at the same 
time the emission of toxic substances.  Stationary measurements that verify the assumptions of this 
paper also aim at introducing into field tests a long-term test conditioning the implementation of 
developed fuel. 
 
2.1. Tested items 

The tests were conducted on an engine of X20SED (2.0i DOHC) type – Fig.1, supplied 
with the proposed fuel and its mixtures in specific proportions with petrol Pb95.  
  

                           
Fig.1. A general view of the tested engine and a sample mixture of fuel 

 
For the supply of the tested internal-com bastion engine on which the usefulness of the fuel 

proposed herein was verified the following components were used:  
 - commercial unleaded petrol Pb 95 with the following proportions: C(carbon) – 85%, 
H(hydrogen) – 15%, 
 - ethanol fuel (90% non-dehydrated distilled ethanol, 10% modifying additives, including: 1,5-
3,2% ignition initiator, 3-6% water emulsifier, 0,4-0,6% combustion stabilizer, 0,1-0,2% corrosion 
inhibitor), 
 - and respective mixtures of the aforementioned fuels in the proposed proportions:  

� 80 % Pb95 – 20 % Ethanol, 
� 70 % Pb95 – 30 % E, 
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� 60 % Pb95 – 40 % E, 
� 50 % Pb95 – 50 % E, 

The fuel used for the purposed outlined in this paper is an innovative proposal of new 
patent pending ethanol fuel – patent application number P 383859. 

For the assessment of the influence and possibility of applying the innovative fuel a new 
engine was used – of X20SED (2.0i DOHC) applied as a drive of such cars as Daewoo Leganza, 
Nubira, as well as Chevrolet Rezzo and Evanda: 
 - spark ignition engine, 
 - number of cylinders - 4, 
 - cylinder diameter - 86,0 mm, 
 - piston stroke - 86,0 mm, 
 - engine cubic capacity - 1 998 cm3, 
 - compression degree - 9,6±0,2, 
 - nominal power - 98 kW at 6000 1/min, 
 - maximal torque - 184 Nm at 4400 1/min. 

The tested internal-combustion engine belongs to one of the groups of the most frequently 
applied types of spark ignition engines in midrange and luxury cars, considering capacity, 
performance and technological advancement.  
 
2.2. Test station 

Stationary tests were conducted in a laboratory of internal-combustion engines. The test 
station of a well-equipped engine test bench with a hydraulic brake was presented in Fig.2.  

 
Description: 1 - engine, 2 - HWZ hydraulic brake, 3 - dynamometer, 4 - tachometer 5 - probe for the measurement of exhaust fume composition, 6 - 
fume temperature gauge, 7 - exhaust system. 

Fig.2. Test station scheme 
 
The test station enables the realization of the following measurements:  

 - engine torque, 
 - rotary speed of engine craftshaft, 
 - engine oil temperature, 
 - cooling liquid temperature, 
 - fume temperature, 
 - temperature of water flowing out of the brake. 

From the point of view of engine construction durability while supplying with the proposed 
fuel, it was extremely important to monitor the temperature of flue gases. This measurement was 
registered with the help of thermocouple placed at the level of lambda probe in the outlet levelling 
device.  

 
2.3. Test conditions 

Measurements for the purpose of compiling engine characteristics while testing each type 
of fuel were conducted in the following conditions: 
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� the temperature of sucked air and surrounding pressure are similar to normal values as per PN-
78/S-02005; 

� burdening force, rotary speed, temperature of engine cooling liquid or oil are constant for 
approximately 1 minute;  

� rotary speed of the crankshaft can fluctuate up to C10 1/min from the assumed value; 
� measurements of the rotary speed and fuel consumption last approximately 30 seconds in the 

case of manually-controlled measurement; 
� measurements of torque and fuel consumption are conducted at the very same time; 
� the number of measuring points sufficient to obtain the characteristics of proper shape and 

character of performance (as per BN-70/1374-01) – the minimum of 6; 
� measuring points are condensed near the extremum and other characteristic points on the 

curves.  
An engine test bench, where the tests were conducted, enables to prepare:  

� external characteristics of the engine (known as full power characteristics); 
� partial power characteristics; 
� load characteristics. 

In the tests, experiment conditions and the way of determining the characteristics of 
internal-combustion engines were specified as per the branch norm BN-70/1374-03. 
 Engine tests were conducted on unleaded petrol Pb95 as a base fuel, and it was a point of 
reference chile supplying the engine with mixtures of Pb95 and ethanol fuel, simply called ethanol. 
A significant element of the research was also an attempt to determine the influence of tested fuel 
on the degradation of natural environment, as well as the durability and construction reliability of 
the engine.  
 
3. The analysis of test results 

 
The results of the research presented in this paper concern outlining engine external 

characteristics on partial powers – without the need to introduce any changes to engine 
construction and while supplying the engine with innovative ethanol fuel.  
Fuel – [Pb95 petrol]   

Tests results for Pb95 were presented in Fig.3 and 4.      

 
Fig.3. The course of the rotary moment Mo and power Ne of the tested engine 
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Fig.4. The course of unit fuel consumption of the tested engine 

 
               Unit fuel consumption with reference to rotary speeds, apart from neutral gear rotations 
(900 to 1500 1/min), does not exceed the limits assumed for this type of engine. At the rotary 
speed of 2000 1/min is a low value; however, it should be noted that it concerns the characteristics 
of partial powers. As a result of the test on 30 spark ignition engines, an average value of unit fuel 
consumption 345 g/kWh was obtained for the rotary speed of 2000 1/min. 
Fuel – [Pb95 petrol 80% + ethanol 20%]  
     Test results for fuel mixture [80x20] were presented in Fig.5 and 6. 

 
Fig.5. The course of the rotary moment and power of the tested engine 

 
  As shown in Fig.5, the tested engine supplied with the mixture achieved 9,4% higher 
power, which proves better preparation of the inflammable mixture, as well as course of the 
combustion process and greater portion of fuel injected into the cylinder.  This is a consequence of 
9,9% greater density of fuel. The course of unit fuel consumption is similar to the previous case; 
however, at the rotary speed of 2000 1/min it is 6,4% lower, which is definitely influenced by the 
better course of the combustion process. Engine supplied with a mixture of 80% Pb95 and 20% 
ethanol in the range of 900 to 1700 1/min of rotary speeds had minimally lower rotary moment 
values than when supplied with the base fuel. At rotary speed higher than 1700 1/min these values 
exceeded the values of the base curve, reaching 5,5% higher than the curve at the speed of 2000 
1/min.  

 
Fig.6. The course of unit fuel consumption of the tested engine 
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           Similarly to the supply with Pb95 only, unit fuel consumption was small and 
equalled from 190 to 280 g/kWh in the rotary speed range of 1500 – 2000 1/min, which is 
comparable to the consumption in the case of Pb95 only.    

� Engine torque 
Engine torque presents possibilities of performing a given operation. Basic characteristics 

with petrol Pb95, fuel consisting in 80% of Pb95 and in 20% of ethanol, as well as fuel 50% Pb95 
– 50% ethanol were selected for analysis. An engine supplied with the last fuel achieved 
satisfactory results. The comparison of the torque of the tested engine for three types of fuel 
mentioned was presented in Fig.7.  

 
Fig.7. The comparison of the torque value of the tested engine 

 
Since the curve of engine torque supplied with petrol Pb95 was adopted as a basis for 

comparison, its theoretical course was assumed, also referred to as a trend curve for this fuel. This 
is a polynomial curve described with an equation shown in the corner of Fig.7. The degree of the 
compliance of test results with this curve was investigated.  
        The variance of y feature equals:  s2 = 348,066  and   =2 = �2 / n  s2         

   
where: n – the number of measurement 
          hence: �2 = 19,25/ 12 x 348,066 = 19,25 : 4176,792 = 0,0046 
This means that actual and theoretical values are incompatible only in 0,46%. In other words, they 
are compatible in 99,54%. This enabled to determine the coefficient of compliance between two 
curves, and at the same time to check the reliability of the research.  
 An engine supplied with a mixture of 80% Pb95 and 20% ethanol with reference to rotary 
speeds from 900 to 1700 1/min achieved torque values minimally smaller than in the case of base 
fuel only. Above the rotary speed of 1700 1/min these values exceeded the reference values, 
reaching 5,5% above the curve at the speed of 2000 1/min.  

For the mixture of 50% Pb95 and 50% ethanol, with reference to rotary speeds from 900 to 
1800 1/min the tested engine achieved torque values considerably smaller (25% smaller) than 
when supplied with base fuel. Above the rotary speed of 1800 1/min these values exceeded the 
base curve values, reaching 2,7% above the curve at the speed of 2000 1/min.   

The comparison of the trend lines for two remaining curves of the torque in Fig.8 does not 
bring in any new information due to the fact that the trend lines, similarly to the torque curve of 
the supply with Pb95, are polynomial curves of the second degree and the comparison of equations 
describing them is as follows:   
               Pb 95                                       557,42274,10404,0 2 ���� xxyt                                  
               Pb 95-80 %, E - 20 %             83,39008,103063,0 2 ���� xxyt                                   

   Pb 95-50 %, E – 50 %            852,32096,102818,0 2 ���� xxyt                                 
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Fig.8. The comparison of the torque trend lines of the tested engine 

 
The analysis of Fig.8 shows that the coefficient of conformity in the case of mixtures will 

be similar to petrol Pb95, with a smaller value, however, for the mixture of Pb-80%, E-20 %. The 
trend curves in the form of second degree equation reflect the nature of test results obtained on 
engine test bench well.  

 
� Engine power 

With reference to engine power, the situation is not so favourable, which is show in Fig. 9. 
Power differences of the tested engine for partial loads of the tested mixtures of fuel are minima; 
hence, the curves of the torque, being clearer and more diversified, were adopted for analysis.  

 
Fig.9. The characteristics of partial powers of the tested engine 

 
 For fuel mixtures 30% Pb95 – 70% E, 20% Pb95 – 80% E there was no stable engine 
performance in the whole range of rotary speeds included in the test; thus, no characteristics were 
made in this case. The analysis of power curves shows that the mixtures of commercial fuel with 
ethanol can be successfully applied for the supply of spark ignition engines, with the borderline 
proportion in the composition of mixture being 50% Pb95-50%E (not more than this) due to 
engine performance stability. 
  
� Unit fuel consumption 

Unit fuel consumption for the rotary speed of 2000 1/min oscillated between 190,3 and 217 
g/kWh and did not exceed the limits adopted for this type of engine operating on partial powers. 
The curves obtained in the tests for all percentage relations of fuels show huge consumption with 
reference to neutral gear, which is normally omitted in producers’ characteristics. That is why the 
proper analysis was conducted for the range 1500÷2000 1/min of rotary speed. Fig.10 shows the 
courses of unit fuel consumption for the three compositions of mixtures mentioned above.    
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Fig.10. Unit fuel consumption of the tested engine 

 
              The analysis of Fig.10 proves that the courses of unit fuel consumption are similar in 
character in the case of petrol and ethanol mixtures. The mixture Pb95 80% - E 20% definitely has 
the best results – at the rotary speed of 2000 1/min, fuel consumption is 6,3% smaller than for pure 
petrol and mixture Pb95 50% - E 50%. 
 
4.  The assessment of the tested engine state degradation 
  
 In the research the change in engine durability during tests with different mixtures of fuels 
was short-term, and the assessment of construction state changes was almost impossible. Taking 
care of the repetitiveness of testing conditions, keeping recommended engine temperatures and 
measuring gas temperature and its composition, in reference to normal performance conditions 
with base petrol Pb95, determined the indirect, very approximate assessment of tested engine 
degradation.   
 The obtained test results offer the following conclusions: 
1. during the research, the engine was not subject to a long-term test and operated on partial 

powers; during the test no engine failure or damage took place; 
2. the temperature of media included in the statistical elaboration of test results, such as: cooling 

liquid on engine input and output, fumes and fume emission components prove a stabilized 
area of engine performance;  

3. the results obtained for various mixtures of fuel in relation to the base fuel did not exceed 
allowed  parameter values prognosing the accelerated process of wear and tear of parts or the 
whole engine;  

4. organoleptic and technical assessment of the engine after the test did not disclose any damage 
in the engine seal and no engine oil consumption was found.  

 
Fume temperature 

In the course of painting out engine external characteristic, fume temperature was 
measured, taking into account the assessment of construction tension while supplying the engine 
with various fuel mixtures. The tested engine fulfilled the requirements also in the case of 
modified fuel - Fig.11.  
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Fig.11. Fume temperature for various fuels 

 
Fig.11 presents two clusters of curves. The first one refers to fume temperature for petrol 

Pb 95 and mixture Pb 95–80% plus ethanol 20%, where fume temperatures in the range from 1200 
1/min to 2000 1/min of rotary speed were significantly higher (on average approximately  100´C 
higher). The second cluster of curves referring to other mixtures represents lower combustion 
temperatures in the whole rotary speed range apart from the speed of 2000 1/min, at which all the 
curves approach the value of petrol Pb95.  Only the mixture with the proportions 70% Pb 95 - 30% 
ethanol has a different course of combustion temperature, which for the rotary speed of 1800 
1/min has similar values to petrol supply only. Undoubtedly, a considerable amount of petrol in 
the mixture is responsible for this phenomenon.  

 
� Engine cooling liquid temperature 

In the obtained test results the temperature of the cooling liquid on the input and output 
was taken also into account. The measurement of this liquid’s temperature, reaching 70´C on the 
input and not exceeding 95´C on the output, confirms proper thermostat operation and efficient 
engine cooling system.  

The values of cooling liquid temperature for different ethanol fuels did not differ from the 
temperatures of liquids obtained during the test on base fuel.  

Analysing the course of the conducted test, the lack of threats on the part of proposed 
ethanol fuel to the efficiency, reliability and durability of engine construction can be stated. It 
would be, however, too hasty to stop at this knowledge stage, without enriching them with future 
durability tests. 
 
5. Conclusions 

  
  Along with an increase in the requirements that fuels have to face, an increasing number of 
cars worldwide, a perspective of running out of fuel resources, an interest in alternative energy 
sources rises, particularly fuels of vegetable origin. Currently works on complex and proper 
solution and ordering of the whole range of issues related to the realization of pro-ecological 
initiatives in vehicle maintenance for the protection of natural environment are conducted. 

As proved in this paper, ethanol can be used as an additive to petrol or constitute the main 
component of fuels. The reason for applying ethanol as fuel is an increase in the independence of 
the local fuel market and a decrease in the costs of fuel import, as well as the possibility o fair 
contamination reduction and limitation of the influence of fuel combustion on the climate. 

The production of ethanol for fuel industry is perfectly justified in Poland. Current 
production enables to apply ethanol addition as a substitute for approximately 2% of fuels. 
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Considerable resources (waste, by-products from processing industry, surplus of crops) May 
contribute to increase current ethanol production a few times and obtain ethanol’s 12% 
participation in fuels. Experienced staff and proper production resources enable to cross possible 
technical barriers while developing distilleries’ production powers, mainly through building 
modern, complex installations.  
 The realization of tests and obtained results confirm the possibility of using the energetic 
material of organic origin in question (bioethanol), whose acquisition and production can take 
place in Poland, at the same time giving the option of making use of the agricultural potential and 
ensuring the development of distilling industry.     

The results of the presented research can constitute a basis for starting the next stage with 
an extended scope of maintenance tests and, finally, the production of substitute fuel by Polish 
petrochemical industry.  
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