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Abstract

The paper presents an interpretation of operation of a boundary layer of a lubricating medium. A model of the
homogeneous Poisson process has been proposed to assess the deterioration process of the layer’s operation. The
assessment considers the original interpretation of operation of a boundary layer, as a lubricity measure of a
boundary layer of any lubricant. In the submitted proposal the operation of a boundary layer is understood as a
transfer of energy E,, resulting from tribological system load at a given time t, in the form of work L, which may lead
to a breakdown of this layer. The operation is equated to a physical quantity with the unit of measure which is joule-
second. Hereby, it has been shown that for this interpretation the operation may be determined not only by a number
with the unit of measure [Js], but also in the form of an area of operation presented in a graph made on the "L,-t"
system, where: L,(t) —work needed to break a boundary layer of a lubricating medium at time t, t —time of operation
of the lubricant boundary layer. The paper also demonstrates usefulness of such understood operation of a lubricant
boundary layer for assessment of the lubricity of this layer. The usefulness consists in that the layer operation can be
defined as the required operation and possible operation. If the possible operation of a lubricant boundary layer is
larger than the required, this medium can be used for lubrication of tribological systems. Otherwise, each tribological
system undergoes wear.
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1. Introduction

Lubricity, like viscosity, is one of the most important properties of lubricating mediums. In
shipbuilding such substances include lubricating oils and fuels. Lubricating oils are used, among
others, for lubrication of tribological systems like main bearings and crank bearings, pistons with
rings mating with the cylinder liners, and in case of crosshead engines — crossheads mating with
the crosshead bearings. Whereas, fuels enable lubrication of precision pairs like pistons and
cylinder liners in fuel injection pumps, and injector needles and guides. Therefore, the systematic
study of lubricity of marine lubricants should not only refer to lubricating oils, but also fuels.
Lubrication is required by all tribological systems, not only just these that have been mentioned. It
is essential since it allows to reduce both the wear of tribological systems and the energy losses
due to friction.

As the lubricity of oils and the lubricity of fuels applied in shipbuilding are equally important
in further considerations the terms lubricating oil and fuel are replaced by the term lubricating
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medium which can be both a lubricating oil or fuel.

In tribology there are different types of friction [6, 19]. The most important in engineering is
the division of friction into: dry (or more precisely technically dry) friction, boundary friction and
fluid friction. Lubricity is especially important for boundary friction. For this friction, lubrication
of the mating surfaces of any tribological system is provided by a boundary layer (boundary film).
The boundary layer is thin (about 0.5 um) and is preserved in consequence of the interaction
between the lubricating medium and the mating surfaces lubricated by the medium. Such a thin
layer of the lubricating medium is formed as a result of high unit tensions between the mating
surfaces in the tribological system and the too low speed of their relative motion. Formation of
such a layer and prevention against its breakdown and thus against occurrence of dry friction, is
possible when adequate lubricity is provided. For this reason, lubricity is interpreted the most often
as the ability of the lubricant particles to adhere to the lubricated surfaces, by which production of
a stable layer on these areas, enabling their separation, is possible.

2. Interpretation of lubricity and possibilities for its determination

Contemporary views on lubricity of lubricating mediums (oils, fuels) are significantly
different [1, 2, 6, 7, 8, 10, 11].

An extensive analysis of the views of different authors on the lubricity, which shows a
considerable variety, is presented in the paper [15]. The results of this analysis and of lubricity
tests of lubricating mediums led to formulation of the following definition of lubricity: lubricity is
a property of a lubricating medium that characterizes its behavior under conditions of boundary
friction. It determines the ability to produce on solid surfaces (substrates) a stable boundary layer
as a result of adsorption (surface sorption) and more precisely: physisorption (physical adsorption)
and chemisorption (chemical adsorption) [8]. This means that the lubricity depends not only on the
structure of a lubricating medium, but also on the properties of the lubricated mating surfaces of
the given tribological system. However, it is the property of a lubricant prepared to interact with
the rubbing surfaces through interaction resulting from the existence of cohesive forces (different
types of intermolecular bonds and intermolecular attractions) in the tribological system.

Taking into account considerations concerning the operation of machines, eg. diesel engines
[5, 6, 7], lubricity can be defined as a property of a lubricating medium (and thus of the
tribological system) ensuring its correct operation (D) under conditions of boundary friction.
Lubricity characterizes preparation of the substance to form a stable boundary layer as a result of
adsorption (physisorption and chemisorption) on solid surfaces. It is obvious that chemisorption
increases the lubricity of a lubricating medium. This follows from the fact that the adsorption
(surface sorption) is the process of forming surface bonds between the lubricant particles and the
particles of the lubricated solid surfaces, while physisorption is caused by the action of
intermolecular attractive forces, and chemisorption is a result of forming chemical bonds between
the lubricant particles and the particles of the lubricated solid surface [8, 20]. For the applied
substances the coefficient of friction may be different, i.e. smaller in case of occurrence of
physisorption on the lubricated surfaces, or higher — in case of chemisorption on these surfaces.

The measurement of lubricity is durability of the boundary layer, understood as durability of
the existing connection (bond) of a lubricating medium with the substrate (solid surface). The
durability can be determined [8]:

e at time of forming the boundary layer, as a result of investigation of the accompanying

effects, eg. by measurement of the thermal energy (heat) of sorption; or

e at time of destroying the layer, eg. by measurement of the quantity of energy needed to

break the layer.

Durability of the boundary layer can also be determined indirectly through studying the
phenomena associated with lubricity such as wear, scuffing (eg. susceptibility to scuffing, what is
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important in diagnostic tests), or adsorption, thus physisorption and chemisorption (eg. substance
susceptibility to adsorption), etc. Lubricity assessed as the lubricant susceptibility to adsorption
can be investigated in static as well as dynamic conditions [8].

From the presented definitions and considerations follows that the energy consumption to
overcome the friction resistance (forces) in tribological systems of machines depends not only on
the lubricant viscosity but also on its lubricity. Therefore, for operation of the machines, not only
of marine application, such as internal combustion engines, reciprocating compressors, etc. the
tendency should also be to determine the lubricity of the substances. One of the possibilities might
be testing the boundary layer operation. This requires to demonstrate the operation in such a form
of mathematical dependence that determines measurement of lubricity of the mentioned
lubricating mediums which are lube oils and fuels.

3. Operation of the boundary layer as a measurement of lubricity

Operation of a lubricant boundary layer will be correct only when it is not broken. Due to the
fact that the lubricant ages in the course of time, the endeavor to ensure the durability of the
substance and its boundary layer as high as possible is evident. The more bounded the lubricant
boundary layer particles to the substrate (lubricated surface), the higher the durability of the layer.
When the bond strengths between the lubricating medium and the substrate increase, the quantity
of energy emitted during formation of this bond rises [8, 15]. This means that measurement of
durability of the mentioned boundary layer can be based on measurements of effects
accompanying formation of the layer. Thus, the duration of a forming boundary layer can be
determined through measurements of the thermal effects accompanying adsorption.

The measurement of durability of a lubricant boundary layer may also be based on
measurements of the effects accompanying destruction of the layer. In this case, there can be
distinguished as follows [8]:

— wear interpretation of measurements of the boundary layer durability,

— energy interpretation of measurements of the boundary layer durability.

Therefore, resistance of the boundary layer to destructive effects can also be a measure of
lubricity. To determine durability of the boundary layer it is needed to estimate such a critical
value of destructive effects that causes breakdown of this layer. These effects can be expressed in
the form of energy or work per unit of area (unit energy or work) [8]. For this approach, the
destructive effect is expressed by a product of the load (p) and the relative sliding speed (V) of
rubbing surfaces. This product defines the work performed in time due to existing external load
and a lubricating film (between rubbing surfaces) per unit of area, thus the unit power (power per
unit of the friction area) in accordance with the formula [8]:

Ny =pv Q)

where:
p — pressure in the boundary layer, v — relative sliding speed of rubbing surfaces.

It is therefore necessary to determine the value of the mentioned work which causes the
destruction of the lubricant boundary layer in a tribological system having larger or smaller
predispositions to produce this layer. This approach can also be used to determine the power
destroying the boundary layer with regard to the friction area (F), so N=N ()F.

Effects destroying a lubricant boundary layer should be considered at a determined time t [6,
7]. Therefore, the work L, can be considered instead of the power N and its value can be
calculated from the formula:

Lp(t) = pOFOV(DE ()

where p — pressure in the boundary layer, F — friction area, v — relative sliding speed of rubbing
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surfaces, t — duration of the boundary layer load.
By using the formula (2) the operation of a lubricant boundary layer can be determined as
a measurement of lubricity from the formula [6, 7]:

D(t) = f L,(v)dt = j p(t)F(t)v(t)tdt 3)

where:
D(t) — operation of a lubricant boundary layer at time t; Ly(t) — work needed to break a
lubricant boundary layer at time t; p(t) — pressure in the boundary layer at time t; F(t) — friction
area at time t; V(t) — relative sliding speed of rubbing surfaces at time t; t — operational time of the
lubricant boundary layer; t;, t;, — moments of the interval [t;, t] in which the lubricant boundary
layer operates.
In the course of the operational time of a tribological system, due to its wear, operation of a
lubricant boundary layer deteriorates in the aspect that the resistance of this layer decreases. This
means that the work causing destruction of this layer gets smaller. Reduction of the work can be
recorded only when it reaches at least an elementary quantity (portion) AL,, which can be called a
quantum, just like in physics for the energy of electromagnetic radiation [6]. As a result of this
reduction after determined time, the mentioned work L, takes such a low value that further use of
the lubricant under boundary friction becomes impossible. In this case the lubricant should be
replaced with another. Otherwise, the boundary layer gets broken what results in occurring dry
friction (technically dry) causing damage (destruction) of the tribological system.

Such understood operation of a tribological system (eg. a bearing) can be presented in
compliance with the formulas (2) and (3), in a coordinate system of "Ly-t ", so in the form of a
graph, which can be called an operation graph. Such a graph in the coordinates of "L,-t " is shown
in Fig. 1.

Durability (T,) of the boundary layer of a lubricating medium is a random variable.
Realization of this variable (t;) for the given substance may be the time interval [0, ty.x], so the
maximum time of correct operation of the boundary layer, after which this layer gets broken.

In the presented approach, the operation of a lubricant boundary layer can be considered as:

a) demanded operation (Dw), so that one which is necessary to perform a given task by a

machine having tribological systems in which the boundary layer exists;

b) possible operation (D), so that one which can be done by the boundary layer existing in a

given tribological system at the particular technical condition.
A
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Fig.1. Exemplary graph of boundary layer operation: L, - work needed to break the boundary layer of a

lubricating medium (oil, fuel), t - time of operation (action) of a lubricating medium; t,, t, - initial moment and the next
moment between which the operation of a lubricant boundary layer is analyzed.
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It can be assumed that any operation of a lubricant boundary layer is possible (Dy) when the
energy (Epm) generated inside as a result of the load p and the related work (Lym) which might lead
to a breakdown of this layer, or heat (Qpm) being an equivalent to the work, will reach at most the
boundary value after the time t. The demanded operation (Dw) of a boundary layer is when the
energy (Epw) generated inside as a result of the load p, and thus also the work (L,w) needed to
destroy this layer or the heat (Qpw) being an equivalent to the work will achieve the demanded
(adequate to the operating conditions) values at time (tw) required to perform the given task.
Consequently, it can be accepted that each boundary layer is in ability state (is able to perform the
task) when:

D, <D, 4

The maximum possible operation which characterizes a breakdown of the boundary layer and
occurrence of dry friction in particular micro areas of contacting surfaces, is in this case a
boundary operation. Thus, the possible boundary operation can be expressed by the formula:

DpG = Lth (5)

where: Dpg - maximum possible operation, Ly — boundary operation, so that one by which the
beginning of scuffing of rubbing surfaces in the tribological system (eg. sliding bearing) is
possible to occur.

The boundary layer can operate (work) properly in accordance with the formula (4) if:
tw > tw, when simultaneously Lpm = Lpw.

This means that for practical reasons, this general case must be considered in the following
variants:
1) tw = tw, when simultaneously Loy = Low
2) tm = tw, when simultaneously Lom > Low
3) tw> tw, when simultaneously Lou = Lyw
4) tm > tw, when simultaneously Lpm > Low.

In case when:
Dw > Dy (6)

the boundary layer should be recognized as destroyed and the tribological systems damaged, and
the machine in which they are located is not able to perform a task appropriately to the need.

For modeling the changes of energy or work causing a breakdown of a lubricant boundary
layer, a homogeneous Poisson process can be applied [6, 7]. By applying this process a physical
interpretation can be formulated for the process of reducing by a constant elementary value e, the
work required to break the boundary layer L,, which is as follows: from the beginning of operation
of this layer (this may be the time t, = 0) till the time of recording by a measuring device the event
A for the first time, consisting in work L, reduction by the value AL, = e,, each task can be
performed by the tribological system. Further operation of the boundary layer (during task
performance by the mentioned system) causes in the course of time successive decreases in values
of the work L, by the equal values e,, recorded by the measuring device. Therefore, in case of
having recorded till the time t a cumulative number B; of the occurred events A, described with a
homogeneous Poisson process, the reduction of work L, by the value A L, = e, till the time t can
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be presented by the formula [3]:

ALpt = eth

where the random variable B; has (as it is known) the distribution [6, 7]:

P(B,

k
=k) = (AD) exp(—At); k=12,...,n,

k!

(7

®)

where: A - constant (4 = idem) interpreted as intensity of work L, reduction by equal values

€p, recorded during tests; 4> 0.

The expected value and the variance of the process of increasing the number of events A, thus
reducing the work L by the successively recorded values e,, can be demonstrated as follows:

E(B,)=A4t; D?*(B,) =it

©)

Taking the fact into considerations that the greatest energy E,, thus also the work L,, is needed
to break the lubricant boundary layer (when t = 0) the mathematical relationship describing the
work reduction over the time t can be expressed by the formula:

L, (=

L dla t=0

pmax

L —epktiep\/ﬂ dla t>0

A graphic interpretation of the relation (10) is shown in Fig. 2.

A
Lp(t)
I—pmax RSN
b | PR L= Ly —e, [t
Lp2 €p i E\\\ \\\ - - _
5 : : \\\\i \\LpL)ZIpTTTélX ep)\,t
Lp3 p v : : T\\ \\
i | | ~ :\'
Lpmin in(t): L pmax —ep(kt+\}73t9\ i
t] i:z t3 t4

(10)

Fig. 2. Graphic interpretation of an exemplary realization of the process of reducing the work needed to break
the boundary layer: L, —work that causes breakdown of the boundary layer, e, —quantum by which the work L,

changes, t —time
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From the formula (10), results that for any time t it is possible to determine the work L, which
can be performed by a tribological system (eg. piston with rings - cylinder liner, bearing, etc.) and
from the formula (8) - that it is possible to estimate the probability of occurring such decrease of
work Lp. Thus, the probability P(B; = k; k = 1,2, ..., n) defined by the formula (8), can be
recognized as an indicator of the operational reliability of the boundary layer.

4. FINAL REMARKS AND CONCLUSIONS

Operation of the boundary layer in the submitted proposal, is understood as transferring by it
the energy E,, resulting from the tribological system load at determined time t, in the form of work
Ly, which may lead to breakdown of this layer. Therefore, it has been compared to a physical
quantity that can be expressed with a numeric value and a unit of measure [joule x second].The
direct results of such interpreted operation of the boundary layer is the energy transferred by it and
the time at which that energy can be transferred. This energy (thus also the work L, or its
equivalent — heat Qp) and the time are the quantities which unequivocally characterize the
operation of the boundary layer. Such understood operation can be considered as a quantity
directly characterizing durability of the layer, thus a symptom of its ability. With the increased
wear of opposing surfaces in a tribological system and / or deterioration of physicochemical
properties of a lubricant (lubricating oil, fuel) under determined conditions and at a defined time,
the value of such understood work decreases as a result of deteriorating lubricity and in
consequence, increasing the friction work thus the heat of friction. To determine the range of
deterioration of operation of the boundary layer it has been applied a stochastic model of reducing
work Ly needed to break this layer, in the form of a random process with equal (constant) intervals,
homogeneous and independent increments, which is a homogeneous Poisson process.

Operation of the layer in the presented version also has also this advantage that can be
analyzed by performing precise measurements, and then can be expressed in the form of:

— number with the unit of measure (Formula 3);

— graph, as a field of area (Fig. 1 and 2).
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