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ABSTRACT

The article discusses damages of essential tribological associations in crankshaft and piston systems of large power 
two-stroke engines used as main engines, which take place during transport tasks performed by those ships. Difficulties 
are named which make preventing those damages impossible, despite the fact that the technical state of engines of 
this type is identified with the aid of complex diagnostic systems making use of advanced computer technology. It 
is demonstrated that one of causes of the damages is the lack of research activities oriented on recognising random 
properties of the loads leading to those damages. A proposal is made for the loads acting at a given time t on tribological 
associations in crankshaft and piston systems of internal combustion engines used as main engines to be considered as 
random variables Qt. At the same time the loads examined within a given time interval tr ≤ t ≤ tz would be considered 
stochastic processes {Q(t): t ≥ 0}. Essential properties of the loads of the abovementioned tribological associations are 
named and explained by formulating   hypotheses which need empirical verification. Interval estimation is proposed 
for estimating the expected value E(Qt) of the load Qt acting at time t. A relation is indicated between the mechanical 
load and the thermal load acting on tribological associations in the ship main engine crankshaft and piston system. A 
suggestion is formulated that a stochastic form of the relation between these types of load is to be searched for, rather 
than statistic relation, and a proposal is made to measure the intensity (strength) of the stochastic relation using the 
Czuprow’s convergence coefficient.

Keywords: probability, friction associations, crankshaft and piston system, semi-Markov process, marine internal combustion engine, 
wear

INTRODUCTION

In sea transport, ships are frequently driven using gearless 
propulsion systems with diesel engines as main engines (Fig. 
1). Due to difficult conditions of their operation, especially in 
stormy weather, (Fig. 2) the cooperation of each main engine 
(1) and propeller  (8) in a given propulsion system (Fig. 1) is 
executed at different points of the performance field (operating 
field) of this engine (Fig. 3). The main engines are frequently 
forced to operate in the overload field (Fig. 4), in which they are 
excessively loaded. As a result, their tribological associations 
are subject to fast wear and damages, which can sometimes be 
very widespread. Propulsion systems of numerous sea-going 
vessels such as container ships, bulk carriers, and tankers, make 
use of two-stroke, turbocharged, low-speed, crosshead, large-
power, reversible, direct-power diesel engines (Fig. 5). Damages 
of tribological associations  in this type of engines lead to 

substantial financial losses of ship-owners, which are not only 
connected with necessary repair, frequently done in ship repair 
yards, but also with ship stoppages which make performing 
transport services impossible [21]. Moreover, damages of those 
engines taking place during navigation in stormy weather 
(Fig. 2) lead, as a rule,  to ship’s foundering.  To prevent these 
damages, engine producers equip them with diagnosing 
systems (SDG), which make more and more frequent use of 
computer technology. A list of such computer-aided systems 
includes: CoCoS (Computer Controlled Surveillance System) 
worked out by MAN B&W Diesel Group, and CBM (Condition-
Based Maintenance) worked out by Wartsila. These systems 
enable to identify technical states of  ship main engines, 
being the diagnosed systems (SDN). Unfortunately, both 
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systems (SDN and SDG), altogether bearing the name of  the 
diagnostic system (SD), are not adapted to generate a complete 
diagnosis which would include instantaneous diagnosis, 
genesis, and prognosis, as well as to make decisions based 
on the statistical decision-making theory. That is a reason 
why damages of ship main engines still take place during 
ship operation. These damages, especially those concerning  
tribological associations, are carefully documented in photos  
(Fig. 6 ¸ Fig. 12) and meticulously described by engine users 
and producers. Difficulties in preventing the abovementioned 
damages are connected with the use of deterministic, and not 
probabilistic description of wear of engine elements. This refers 
both to linear (surface) wear, mainly connected with sliding 
friction taking place in friction associations, and volumetric 
wear resulting from the appearance of microcracks and their 
further propagation inside the abovementioned elements. To 
change this situation, random nature of wear processes and 
the resultant damages is to be taken into account to make a 
basis for probabilistic description of both the course of wear 
of tribological associations of engine elements, and the loads 
being their sources.    

Most heavily loaded main engine elements include 
tribological associations in the crankshaft and piston system 
and the cylinder liners (Fig. 5). That is why the analysis 
presented in this article mainly refers to probabilistic properties 
of thermal and mechanical loads of elements composing these 
associations.

PROPERTIES OF LOADS AND SAMPLE 
DAMAGES OF TRIBOLOGICAL 

ASSOCIATIONS IN MAIN ENGINE 
CRANKSHAFT AND PISTON SYSTEMS 

Properties of loads which lead to damages of tribological 
associations in crankshaft and piston systems are presented 

here in the form of scientific hypotheses, complemented by 
relevant explanations. Each hypothesis is an empirically 
verifiable statement which includes syntactic implication. Part 
of this statement situated before the syntactic implication is a 
probable cause of the fact described in the part situated after 
the implication. The properties of the abovementioned loads 
are described using a probabilistic approach. This approach 
is necessary because the loads generated during the operation 
of friction associations are random variables and should be 
regarded as functions which attribute a numerical value to 
each random phenomenon having the form of load record. 
The random nature of these phenomena results from randomly 
changing atmospheric and sea conditions (WAM) in which 
ships perform their transport tasks [4, 5, 6, 26].  Depending 
on those conditions,  (Fig. 1) the screw propeller (8) of each 
ship generates a randomly changing thrust force (TN) which 
leads to randomly changing load of the crankshaft and piston 
system (9) of the main engine (1). 

Randomly changing atmospheric and sea conditions 
(WAM) can be affected by many factors, such as: temperatures, 
air pressure and humidity, height, natural precipitation, wave 
direction and speed, sea currents, wind direction and speed, 
hull trims and rolls, oscillatory hull motions (including 
heaving, pitching, swaying, rolling), etc. These conditions 
are a source of time dependent action of mechanical loads 
(pressures, forces, and moments) and thermal loads (heat 
fluxes, temperatures, temperature gradients) directed towards 
the main engine crankshaft system and, consequently, to its 
tribological associations.  Similar loads are also generated 
due to: harbour manoeuvres, navigation in water regions 
(channels) of limited depth and width, hull fouling by algae 
and crustaceans, course change with respect to wave and wind 
directions, different hull load, etc. Moreover, large gas forces 
are randomly generated by the main engines, with the resultant 
inertia forces and torques of crankshaft and piston systems 
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Fig. 1. Functional scheme of the propulsion system without gearbox (direct drive) and a diesel engine. Attention is focused on the crosshead crankshaft and piston 
system (9) as SDN (with SDG): SDN – diagnosed system (crankshaft and piston system), Z – disturbances, SDG – diagnosing system, 1 - main (diesel) engine, 

2 - disengaging (elastic) coupling, 3 - thrust bearing with thrust shaft,  4 - intermediate shaft, 5 - shaft support bearings, 6 - propeller shaft, 7 - propeller shaft pipe, 
8 - screw propeller, 9 – crosshead engine crankshaft and piston system, 10 – SDG measuring instruments, 11 – SDG computer unit  
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transmitted to ship screw propellers. The above loads can be 
large, especially in cases of cargo ships, such as container ships, 
tankers, and bulk carriers, which have high draught and screw 
propellers of over 9 m in diameter and mass exceeding 100 t 
[28, 29, 30]. These loads become remarkably larger when the 
main engines work during ship navigation in stormy weather 
(Fig. 2). In these conditions the randomly changing part of 
load of these engines increases significantly, which leads to 
similar increase of the loads of tribological associations in 
their crankshaft and piston systems, with their intensive wear 
and damages as a further consequence.   

Stormy weather at sea is a reason why crankshaft and 
piston systems of main engines are frequently heavily loaded 
(overloaded) with maximal power generated in engine 
cylinders, and accompanied by extremely large inertia forces 
when the stern is lifted by the undulated sea and the propeller 
protrudes above the water surface. 

Fig. 2. View of a ship performing transport task in stormy weather  [33]

Another source of crankshaft and piston system load 
changes are unavoidable changes of the rate of fuel injected, 
depending on current needs, to the main engine combustion 
chambers to obtain the ship speed necessary to perform 
transport tasks in the conditions determined by propeller 
characteristic changes provoked by changing sea conditions. 
This situation makes the engine operate in different areas of its 
performance field. Figure 3 shows possible performance field 
areas (1) of the main engine (2) of a given type which drives 
directly the  screw propeller (3).

If possible, the engine is loaded in such a way that it can 
operate in a contracted area, i.e. the area which allows the 
engine to reach its overall efficiency (ηo) as high as possible, for 
instance ηo = 0,55. Randomly changing atmospheric and sea 
conditions (WAM) are a reason why randomly changing main 
engine loads and, consequently, crankshaft and piston system 
loads can be shifted to different areas of engine performance 
field, including the engine overload area (Fig. 4).

Fig. 4. Engine operation area with marked curves and points of  
different engine loads resulting from current WAM conditions 

[31]

The operation of the ship main engine crankshaft 
and piston system, defined as SDN,  is controlled by 
SDG, which nowadays is more and more frequently 
equipped with a computer (Fig. 1). The use of these 
systems (SDG) aims at arriving at such control of 
engine operation that the engine load does not lead 
to excessive wear and resultant widespread damage 
of, most of all, cylinder liners, pistons and their rings, 
and journals and bushes of main, crankshaft, and 
crosshead bearings (Fig. 5) [33].

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1

3 2

Fig. 3. Propulsion system often used on container ships, bulk carriers, and tankers [1]: 
1 – performance fields of different engine families, delivered by their producer, 2 – two-

stroke low-speed engine, 3 – screw propeller
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Despite the use of a computerised SDG, the producer cannon 
predict the course of wear of engine elements and its scale at 
a given time of engine operation. Consequently, they cannot 
prevent damages of tribological associations illustrated in 
Figs. 6÷12. That is why damages, sometimes very widespread, 
of (Fig. 5): side surfaces of the piston 1 and its rings, inner 
(bearing) surfaces of the cylinder liner 2, crosshead bearings 3, 
crosshead shoes 4, crankshaft bearings 5, and main bearings 6 
can be observed during main engine operation. Sample cases of 
excessive wear and resultant damages are shown in Figs. 6÷11 
for:  piston 1 and its rings (Fig. 6), cylinder bearing surface 
2 (Fig. 7), journal of the crosshead bearing 3 (Fig. 8) and its 
lower bush 1 mounted in the connecting rod head (Fig. 10b), 
crosshead shoe 4 (Fig. 9), lower bush 2 of the crankshaft bearing 
5 (Fig. 10c), and main bearing journal 6 (Fig. 11).

Fig. 6. View of: a) side surfaces of piston 1, excessively worn due to friction 
(Fig. 5),  b) cracked piston rings with losses of material [15, 37]

Fig. 7. Views of: indentation 1, corrosion wear 2, and traces of seizure 3 of the 
inner (bearing) surface of the cylinder liner 2 (Fig. 5) [15, 32]

Fig. 5. Elements of main friction associations in SG: 1 – piston, 2 – cylinder 
liner, 3 – crosshead bearing  (journal and bush), 4 – crosshead shoe sliding 
along the guideway, 5 – crankshaft bearing (journal and bush), 6 – main 

bearing (journal and bush)
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Fig. 8. View of traces of seizure and corrosion wear resulting from overheating 
of the crosshead bearing journal 3 (Fig. 5) [39]

Fig. 9. View of excessive friction and corrosion wear, accompanied by local 
deep losses of material in the surface layer of the crosshead shoes 3 (Fig. 5) [36]

Fig. 10. Views of : a) connecting rod,  b) excessive wear of the sliding surface 
of the lower bush 1of the connecting rod head bearing: c) excessive wear of the 
sliding surface of the lower bush 2 of the crankshaft bearing 5 (Fig. 5) [35, 36]

Fig. 11. View of excessive friction wear of the main bearing bush of the 
crankshaft 6 (Fig. 5) [15, 35]

The presented examples show that friction associations 
in ship main engines are exposed to widespread damages 
during engine operation, therefore reasons of difficulties 
in constructing SDGs which would be able to prevent such 
damages are to be recognised. The preformed research suggests 
that the main reason of the above difficulties are random 
properties of their loads, with large dispersion.

PROPERTIES OF LOADS OF TRIBOLOGICAL 
ASSOCIATIONS IN MAIN ENGINE 

CRANKSHAFT AND PISTON SYSTEMS

Examining the time-history of load {Q (t): t ≥ 0}of an 
arbitrary tribological association in any crankshaft and piston 
system enables to record real realisations  qi(t), i = 1, 2, …n, 
of this process [3, 4, 13, 17]. Three sample realisations of the 
process {Q (t): t ≥ 0} which have been recorded starting from 
time tr  are shown in Fig. 12.

This figure shows than at each time t the load Qt as a random 
variable can take one of  three possible values (with certain 
probability): q1, q2, q3. The role of variables q(t) can be played, 
for instance, by: lubricating oil pressure, temperature and heat 
released  by friction in the friction association, etc. 

Consequently, the random variables Qt analysed at an 
arbitrary time tr ≤ t ≤ tz (Fig. 12) of engine operation compose 
a family of random variables. Therefore the process of loading 
of friction associations in an arbitrary crankshaft and piston 
system is a stochastic process {Q (t): t ≥ 0}, i.e. a function the 
values of which are random variables assigned to a given time  t 
of their action. Here t as the process parameter is not a random 
variable [4, 6, 9, 13, 20].

In this situation the following hypothesis H1can be 
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formulated: the process of loading of an arbitrary friction 
association in each crankshaft and piston system of a arbitrary 
ship main engine is the stochastic process, because the association 
load values assigned to arbitrary times t are random variables.

Hence the loads of tribological associations in the ship 
main engine crankshaft and piston systems analysed at an 
arbitrary time t of engine operation are to be considered as 
random variables Q(q, t), where q is an event understood as the 
load value recorded at time t which should be considered the 
realisation of this random variable. In other words: at a given 
time t there exists Q(t) = q. That is why when examining the 
time dependent load of an arbitrary tribological association 
of each ship main engine crankshaft and piston system, this 
load should be considered a random (stochastic) process                        
{Q (t): t ≥ 0} [6, 5, 18, 19, 23].

Probabilistic description of each stochastic process requires 
working out limited-dimension distributions of this process. 
That means that working out the n-dimensional distribution 
of the load process {Q (t): t ≥ 0}requires working out  
n-dimensional random vectors )(...,),(),(),( 321 ntQtQtQtQ   
for all parameters t1, t2, t3, …, tn. This distribution, having the 
form of  n-dimensional distribution function F, is given by 
the formula:

(1)

Continuous load changes can be only assessed and taken 
into account in the distribution (1) when the realisations of the 
process {Q (t): t ≥ 0} are recorded continuously, otherwise the 
abovementioned real process of loading of friction associations 
of tribological systems should be considered the stochastic 
process which is discrete in states. In this situation the process 
should be described using an n-dimensional distribution 
having the following form:

(2)

When examining n realisations of the load Qt as the random 
variable at an arbitrary time t, we arrive at the results in the 
form of qt(i) (i = 1, 2, 3, …, n), (Fig. 12). These results enable 
to calculate the value of the statistics tQ , which is the mean 
value tq  calculated from [3, 9, 13, 17]:

(3)

where:
qt(i) – value of the load Qt  recorded during  i-th examination

The statistics tQ  has the asymptotically normal distribution    

regardless of the functional form of the 

distribution of the random variable Qt. Here: E(Qt) and σt 
are, respectively, the expected value and the standard deviation 
of the random variable (load) Qt. This statistics can be almost 
always used, as for  n ≥ 4 the concurrence of distribution of 

the statistics tQ  to normal distribution   is 

very fast. Adopting an assumption that the load Qt examined 

at time t has normal distribution   does not 

constitute a practical limitation, as the statistics tQ  always 
has the asymptotically normal distribution [9, 13, 17]. The 
statistics tQ  is consistent and unbiased, and hence it is the 
best estimator of the unknown expected value E(Qt) of the load 
Qt as the random variable. The results of examination of the 
load Qt can be used for calculating, along with the mean value 

tq , also the standard deviation st from the formula [9, 13, 17]:

(4)

The statistics st given by the formula (2) is consistent 
and asymptotically unbiased, and hence again, it is the best 
estimator of the standard deviation σ of the random variable Qt. 
The values of tq  and st obtained during the load examination 

t2t1 tr tz 

t 

q(t) 
q1(t) q2(t) q3(t)

Fig. 12 Sample realisations of the process {X(t): t ≥ 0} of load of an arbitrary internal combustion engine crankshaft and piston system; t – time of engine operation  
during which energy conversion takes place, tr – examination start time, tz – examination stop time 
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make it possible to assess the expected value E(Qt) of the load 
in the interval form using the formula [9, 13, 17]:

(5)

where:
tα, n - 1 – Student’s t-distribution parameter.

The above approach to the examination of loads of 
tribological associations in ship main engine crankshaft and 
piston systems enables to determine the course of the stochastic 
process {Q (t): t ≥ 0} along with its expected value E[Q(t)] and 
two margins, which are the upper margin E[Q(t) + σ[Q(t)] and 
the lower margin E[Q(t) – σ[Q(t)] (Fig. 13), i.e. the interval

(6)

This results from the fact that at an arbitrary time of their 
action, the loads of tribological associations in ship main 
engine crankshaft and piston systems are random variables 
Qt with the expected value E(Qt) and the variance D2(Qt). When 
examined within the time interval (tr, tz), i.e. when tr ≤ t ≤ 
tz (tr – examination start time,  tz – examination stop time), 
these loads compose a set of random variables Qt which are 
the instantaneous states of the stochastic process Q(t) with the 
expected value E[Q(t)] and the variance D2[Q(t)]. Indeed, the 
values of E[Q(t)] and D2[Q(t)] of the stochastic process Q(t) 
depend on time t, as the values of E(Qt) and D2(Qt) are different 
for different times t. Nevertheless, the values of E[Q(t)] and 
D2[Q(t)] of the process Q(t) are not random functions, because 
the values of E(Qt) and D2(Qt) are not random variables, but 
are constant for a given time t and the given set of random 
variables Qt [4, 5, 16, 21, 27, 28]. A sample realisation of the 
stochastic process {Q (t): t ≥ 0} which reveals the dependence 
of the expected value E[Q(t)] and the variance D2[Q(t)] on time 
t is illustrated in Fig. 13.

Fig. 13. Sample realisation of the stochastic process Q(t) illustrating changes of 
load Q at time  t: Q(t) – load at time t, q(t)  − realisation of the process Q at 

time t, q(t)r − expected value of the process Q at time tr, q(t)z − expected value 
of the process Q at time tz, tr – examination start time, tz – examination stop 

time, t − time as process  parameter, E[Q(t)] – expected value of Q, σ[ Q(t)] – 
standard deviation of Q

The load of friction associations in the ship main engine 
crankshaft and piston system can be considered a combination 
of mechanical load (QM) and thermal load  (QC), expressed by 
the following formula:

(7)

where: 
Q – total load of the friction association in a given engine 

crankshaft and piston system, 
QM – mechanical load of the friction association, 
QC – thermal load of the friction association, 
t – time of engine action (operation).
Hence, at least two stochastic processes can be considered 

in empirical load examination, which are { QM(t): t ≥ 0} and 
{ QC(t): t ≥ 0}. These processes are components of the vector 
process  {Q(t: t ≥ 0} [4, 7, 20, 28].

We can write for the loads QM and QC that at an arbitrary 
time t they are vectors with the following components:

(8)

(9)

where: 
pmaxŁ – maximal bearing pressure (in the oil wedge), 
PŁ – force carried by the bearing, 
PN – normal force of the piston pressure against the cylinder 

liner surface, 
PTŁ – friction force in the  (main, connecting rod, or 

crosshead) bearing, 
PTC – friction force between the piston with rings and the 

cylinder liner, 
PB – inertia force acting on the connecting rod bearing,
NTŁ – friction power loss caused by friction in the bearing, 
NTC – friction power loss caused by friction between the 

piston and the cylinder liner surface,
q  – density of the heat flux  penetrating through the surface, 
∇T – temperature gradient, 
tŁ – temperature of the (main, connecting rod, or crosshead) 

bearing, 
tC – temperature of the cylinder liner, 
tol – temperature of the lubricating oil in the bearing, etc.

It results from relations (8) and (9) that the load imposed 
on friction associations in each ship main engine crankshaft 
and piston system depends on many quantities  (parameters, 
indices), therefore it can be considered a stochastic process 
being a superposition of a number of individual processes (in 
the simplest case: processes QM  and QC). This interpretation of 
loads of friction associations in crankshaft and piston systems 
is convenient for general considerations, but can be of little 
applicability in practice.

In general, loading of friction associations in the internal 
combustion engine crankshaft and piston system can be 
understood as a process, the states of which can be interpreted 
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as random variables. As seen from relations (8) and (9), this 
process is a multidimensional process, therefore at each time 
tk (k = 1, 2, …,n) the following n random variables: 1Q , 2Q ,                    
…, nQ ) are to be taken into account. These variables can 
represent n different quantities (parameters, indices) of the 
examined load (for instance,  1Q  =  pmaxŁ, 2Q = PŁ, 3Q  =  PN, 

4Q  = MQ , etc.).
When analysing simultaneously a number of individual 

properties of the load of friction associations in the crankshaft 
and piston system, a set on n random variables composing an 
n-dimensional random variable Q is obtained.

In order to simplify further considerations we can limit 
our analysis by assuming that the random variable Q is a two-
dimensional variable ( MQ , CQ ).  Since the measurements 
are repeated periodically we can assume that the variables 

MQ  and CQ  are stepwise (discrete) random variables. The 
realisations of these variables are the quantities  and , 
respectively,  therefore the realisation of the random variable  
( MQ , CQ ) is the pair . This variable takes values  

 with certain probability p , which is 
the probability of simultaneous occurrence of events MQ  = 

  and CQ  = .
The set of the abovementioned probabilities  

composes a two-dimensional distribution of the random 
variable ( MQ , CQ ). The distribution  meets 
the following condition [9, 13, 17]:

(10)

The marginal distribution of the random variable MQ  is 
the following

(11)

while the distribution of the random variable QC has the 
following form:

(12)

It results from these considerations that physical quantities 
which characterise the load, for instance pmaxŁ, tŁ [2, 19, 23], 
determine both mechanical and thermal load of each friction 
association in the internal combustion engine crankshaft 
and piston system. Therefore it is evident that there exists a 
relation between mechanical load and thermal load of this 
association. Since both loads are random processes, this 
relation is expected to be of stochastic nature. Consequently, 
the following hypothesis H2 can be formulated for this relation: 
there is a stochastic relation between mechanical load QM(t) and 
thermal load  QC(t) of an arbitrary tribological association in the 
internal combustion engine crankshaft and piston system, because 
certain variants of one of those variables are accompanied by 
different variants of the other variable. Hence the conclusion 

that the relation between the loads QM(t) and QC(t) cannot be 
described using ordinary algebraic equations. This conclusion 
is obvious, as the load depends on a large number of factors, 
including those which cannot be measured [18, 19, 23].

The level to which the load CQ  is determined by the load 
MQ , or 

imQ (i = 1,2,…,n), as independent variables, can differ 
much. A situation may occur in practice that one independent 
variable MQ  almost entirely determines the dependent variable 

CQ . It may also happen that a number of independent variables 
  only minimally affect the dependent variable CQ  and 

vice versa, the examined variable CQ , as the independent 
variable affects slightly the dependent variables  . For 
instance, the engine works at low rotational speed and low 
power output, and simultaneously the crack of the oil line 
decreases the amount of the lubricating oil delivered to the 
main and connecting rod bearings. In this situation, despite 
low load QM, technically dry friction which develops in friction 
associations leads to the appearance of very high thermal load 
QC  and bearing seizure as a final effect. This example illustrates 
the need for taking into account the intensity (strength) of the 
stochastic relation between MQ  and CQ .

The intensity (strength) of the stochastic relation between 
MQ (t) and CQ (t) can be assessed during empirical 

examination using the formula [13]:

(13)

where:
kM – number of variants of the variable QM; 
kC – number of variants of the variable QC; 
N – marginal number of variants of the variable QM or QC; 
χ2 – value calculated from the chi-square formula;
( )
2
•T  – Czuprow’s convergence coefficient.

It can be proved [13] that  TMC takes values from [0,1]. This 
coefficient is equal to zero (TMC = 0) when no relation exists 
between the values of processes MQ  and CQ , while the value 
equal to one (TMC = 1) testifies to the existence of a functional 
relation.  Generally, the existence of the dependence between 
random variables MQ  and CQ  can be checked by analysing 
probabilities given by formulas (10) ÷ (12).

Comparing loads of arbitrary tribological associations in 
crankshaft and piston systems which are recorded in successive 
working cycles, we can conclude that they are different. 
Consequently for a given time t, when examining the load of 
tribological associations of the engine crankshaft and piston 
system in particular engine operation cycles for instance at 
times  t1, t2, … (Fig. 12), we get different values of this load. 
Hence, obtaining a certain (expected) value of the load is 
a random event, because in the same operating conditions 
existing during the empirical examination the expected value 
can be recorded or not. That means that the load increments 
become less and less dependent on each other when the time 
spread ∆t = t2 – t1 is increased [3, 19, 20, 23].

Based on the above considerations the following hypothesis 
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H3 can be formulated: the load of an arbitrary friction association 
in the internal combustion engine crankshaft and piston system is 
the process with asymptotically independent increments, because 
the increasing time spread between the times at which the load 
is examined (measured) makes its values less and less depended 
on each other.

The next property which characterises changes of the load 
of tribological associations in the engine crankshaft and 
piston system is that the examined load does not reveal any 
oriented (monotonic) changes. Consequently we can assume 
that the peak values of the loads of the above associations 
appear accidentally. The lack of monotonicity of engine load 
changes allows us to formulate the following hypothesis H4: the 
load of friction associations in the engine crankshaft and pistons 
system is a stationary process, because for a long time interval no 
monotonicity is observed in  the load changes [4, 6, 12, 19, 23, 26].

Past examinations of diesel engines have revealed that  
the load of their crankshaft and piston systems is changing 
continuously in such a way that its values measured after 
very short time intervals are strongly correlated with each 
other. On the other hand, when the time spread between load 
measurements performed on each crankshaft and piston system  
increases, the correlation between these loads decreases. Hence 
the load values of an arbitrary crankshaft and piston system 
measured after time intervals (or times) which are very distant 
from each other can be considered independent. This property 
bears the name of asymptotic independence of load values [3, 
20]. This asymptotic independence between the load values 
measured (or calculated) at times  t1 and t2 (Fig. 12) reflects 
the fact that the increasing ∆t = t2 – t1 leads to the decrease of 
the dependence between these values.

The above opinions on properties of loads of friction 
associations in crankshaft and piston systems of an 
arbitrary ship main engine can lead to the appearance of 
new opportunities to define a relation between the wear of 
these associations and their load, once relevant empirical 
examinations are performed. This can positively stimulate 
research activities oriented on analysing loads and wear of 
tribological associations taking into account their random 
aspects. Studies in this area have not been undertaken so far, 
but publications can be found in the literature which suggest 
that there are grounds for studying this subject [3, 7, 16, 26]. The 
wear and loads of internal combustion engine crankshaft and 
piston systems are most often analysed based on a deterministic 
approach [2, 8, 10, 11, 19, 22, 23, 24, 25]. However, the loads of 
associations in these systems should be analysed at an arbitrary 
time t as random variables Qt which compose the stochastic 
process {Q (t): t ≥ 0}, hence there is a need to work out a research 
plan and methodology taking into account probabilistic aspect 
of these loads. This will enable to examine the wear of these 
associations as the effect of their load, taking into account 
the relation:

(14)

In formula (14) the wear Zt is a random variable which at 
time t takes the value tz , provided that the load Qt exists and 
has the value tq .

REMARKS AND CONCLUSIONS

Sea-going vessels can perform transport tasks in conditions 
of heavy undulation of the seawater surface layer and strong 
wind counteracting their motion. All this creates unfavourable 
conditions for operation of tribological associations in ship 
main engine  crankshaft and piston systems, which can 
lead to extremely high loads and resultant damages of these 
associations, with sea disasters as possible final consequences. 

The load imposed to each tribological association in the 

abovementioned systems can be considered a random variable 

Qt, with asymptotically normal distribution 

regardless of the functional form of the load distribution.
When examined at an arbitrary time of its action (operation), 

the load of each tribological association in the crankshaft and 
piston system of an arbitrary main engine can be considered a 
multidimensional random variable. Consequently, the process 
of loading of each internal combustion engine crankshaft and 
piston system should be examined based on the assumption that 
the process is multidimensional and stochastic. Hypotheses 
are proposed to justify the assumptions that the process of 
loading of the crankshaft and piston system of an arbitrary 
diesel engine can be considered: stochastic with asymptotically 
independent increments, stationary, and ergodic, and that there 
exists a stochastic relation between its mechanical load and 
thermal load. The intensity of the stochastic relation  between 
these loads can be assessed empirically using the Czuprow’s 
convergence test.
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