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Abstract

The thermal degradation of lubricating grease is investigated using a temperature-only thermo-
dynamic model. This model is derived from first principles in accordance with existing models to
include heat storage, heat transfer and evaporation mechanisms via their respective entropies.

As grease churning in a bearing experiences high amounts of thermal degradation, the ther-
modynamic model is utilised to characterise the thermal entropy generation. These entropies
are then used to define a novel three-phase approach to characterise churning behaviour.
These three phases are: the initiation phase, continuation phase and termination phase. The
churning measure is introduced and applied to experimental data, where it was found to be
able to quantitatively characterise peak- and plateau-type churning behaviour.

The same temperature-only model is applied to greases thermally aged for 10, 20 and 30
days at 130 C in a nitrogen atmosphere. The greases tested are Li/M (lithium soap/mineral
base oil), Li/SS (lithium soap/semi-synthetic base oil) and PU/E (polyurea/synthetic ester base
oil). Critical rheological, thermo-physical and mechanical properties are measured on fresh and
aged grease samples: bleed capacity measure, heat capacity, storage modulus, thermal strain
coefficient and yield stress.

The Degradation-Entropy Generation methods are applied to find degradation coefficients
that characterise the thermal degradation with an accuracy of R? > 0:99. The impacts of all three
active thermal mechanisms on the degradation of greases are investigated and quantified. All
three mechanisms are shown critical for accurately modelling thermal degradation. The tested
greases are ranked in thermal degradation resistance using their degradation coefficients.
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Chapter 1

Introduction

1.1 Introduction

Bearings are some of the most commonly used machine components. Most rolling element
bearings are lubricated using grease, making grease one of the most important lubricants in
use. Stationary grease is a solid at ambient temperatures. This gives it self-sealing properties,
keeps contaminants out and lubricating oil in. Grease releases its lubricating oil slowly (under
normal operating conditions), which causes the contacts to run under starved elastohydrody-
namic lubrication (EHL) conditions, leading to favourable tribological conditions [1-3].

Grease is often applied as a semi-permanent lubrication solution. This means the bearings
often outlive the lubricating grease. The life of the bearing is determined by the grease life. Due
to the long life span, infrequent maintenance, and (often) difficulty in accessing the location of
grease application, it is often difficult to gauge when fresh grease is needed [1-3]. Research
into methods to predict the extent of grease degradation is therefore of particular interest.

Lubricating grease consists of three components: a base lubricating oil, a thickener and
additives [1-3]. A common ratio for a general-purpose grease is 85% base oil, 10% thickener
and 5% additives and fillers [3]. The thickener creates a fibrous matrix, with voids filled with
base oil, contained by Van der Waals and capillary forces [1].

Grease life is typified by three phases: the churning phase, bleed phase and the steady
long-term continuous degradation phase [1]. Shear stress, decreasing oil content, high tem-
peratures and chemical reactions (via oxidation) degrade the grease over time, reducing the
lubrication effectiveness. This literature study focuses on understanding these mechanisms
and characterising the extent of degradation.

1.1.1 Degradation mechanisms of grease

There are three primary grease degradation mechanisms: mechanical, chemical and thermal
degradation [4]. Of these three mechanisms, mechanical and chemical degradation are the
most intensively studied [1, 5].

At low temperatures, mechanical degradation is considered dominant. At elevated tempera-
tures, chemical and thermal degradation become dominant. Chemical degradation is primarily
driven by oxidation. The mechanisms behind thermal degradation — the degradation effects
due to elevated temperatures — are not fully understood.

1.1.1.1 Mechanical degradation

Mechanical degradation is defined as the permanent degradation caused by applied forces
(shear and over-rolling) by solid boundaries. Grease is a viscoelastic substance [1], so thixotropic
effects are not considered mechanical degradation [5]. Mechanical degradation is a relevant



factor whenever greases experience stresses [1,6] and occurs at high rates during the churning
phase [7].

A study into greases worked by a Couette ageing machine found two phases of degradation
in fresh grease samples [6]. In the first phase, grease deteriorated rapidly as the thickener fibres
aligned in the shear direction. The second phase was characterised by slow deterioration as
the fibres started to break apart into small fragments.

It was found that mechanical ageing of grease reduced the bleed capability and permeability
of grease [8], and decreased its consistency [6, 9]. At lower levels of mechanical degradation,
bleed capability did not change, but the grease did experience a reduction in consistency [10].

1.1.1.2 Chemical degradation

Chemical degradation is primarily driven by oxidation of base oil and thickener. To prevent oxi-
dation, most greases have antioxidants as additives. These protect the grease by neutralising
free radicals or decomposing reaction products of oxidation into less reactive compounds [1].

Before grease oxidises, it first goes through the induction phase. The induction time is the
time it takes to deplete almost all (about 99%) of the antioxidants. During the induction phase,
grease properties are not expected to change significantly. The induction time depends on the
amount of energy supplied to the grease and the induction time follows first-order kinetics via
an Arrhenius relation with temperature [11-14].

The oxidation of grease is often studied in the context of the kinetic model proposed by Naldu
et al. [15]. This model describes the oxidation of base oil in three steps: oil oxidises to form low
molecular weight (LMW) products or evaporate, LMW products react further into high molecular
weight (HMW) products or evaporate, and finally, HMW products react into sludge and varnish
compounds.

These reaction pathways are studied further and compiled by Lugt [1]. Four phases are
described: initiation phase, propagation phase, chain branching phase and termination phase.
As the name suggests, the initiation phase starts the cascade of reactions and the products
resulting from this phase are critical to continue the oxidation reactions.

The initiation phase can be induced by heat, exposure to ultraviolet light, hydroxy radicals
or catalysing metal ions. This phase creates hydroperoxide groups that decompose to fuel the
other oxidation reactions. At temperatures below 100 C, these hydroperoxide groups are stable
and little oxidation occurs. Thickeners such as metal soaps or polyurea also oxidise, resulting
in ketones, acids or polymerised HMW products [1].

The results of these oxidation reactions are reduced equilibrium film thickness and re-flow
ability [16, 17], loss of mechanical stability, oil retention and changes in storage modulus and
loss modulus [1].

1.1.1.3 Thermal degradation

Thermal degradation is considered to be the degradation of grease due to elevated tempera-
tures. This does not include the effects of chemical degradation and concerns the temperature-
only effects. The effects of temperature alone are not extensively studied, as neither the widely
referenced book on grease lubrication by Lugt [1] and the literature review on grease degra-
dation by Rezasoltani and Khonsari [5] detail its effects. Yet, grease experiences very high
temperatures during its churning phase [7] and some greases are used in high-temperature
applications.

A possible reason thermal degradation is rarely studied is because it is dominant in the same
temperature ranges as chemical degradation when in the presence of oxygen. To empirically
study the sole effect of high temperatures, grease should be aged in an oxygen-free environ-
ment. There are few studies into the effects of temperature alone on the degradation of grease,



though steps were made by Osara and Bryant [18] to characterise grease degradation using
only thermal entropies.

The rheological properties of grease depend on temperature: at higher temperatures, the
yield stress, storage modulus (G’) and loss modulus (G”) rapidly decrease and grease starts to
exhibit flow behaviour [19, 20].

Keeping grease at elevated temperatures for long time spans results in permanent changes
in its material properties. High temperature changes the storage modulus, loss modulus and
yield stress [20—22]. High temperatures cause the fibrous microstructure to break down, with the
severity increased at higher temperatures. High temperatures also reduce the ability to recover
from stress [20] and increases evaporation [15, 23]. Evaporation is less significant however
when the bearings are well sealed.

1.1.2 Grease degradation during churning

At the start of bearing operation, the grease churns in the bearing between the rolling elements,
cages and rings. In Sections 1.1.1.1 and 1.1.1.3, the high stresses and temperatures that are
experienced during the churning phase are briefly mentioned. These temperatures can reach
up to 130 C and these temperatures can remain for several hours, depending on experimental
conditions [7]. The extent of these stresses and temperatures during churning are partially char-
acteristic for each grease, as is the length of the churning phase [7]. These notable conditions
point to high rates of mechanical and thermal degradation, as well as oxidation.

Chatra and Lugt [7] identified two types of greases based on churning behaviour: peak and
plateau-type greases. Peak-type greases experience high temperatures and stresses for only
a short time (i.e. they peak) and plateau-type greases maintain high temperatures and stresses
for a longer time (i.e., they plateau).

The churning phase depends on some amount of critical energy that must be supplied to
finish churning, after which the churning phase ends. This critical energy was found to depend
highly on churning conditions like grease type and rotation speed during churning [24].

Chatra [24] further indicated that whether a grease is a peak or plateau type is determined
by its microstructural flexibility. This is the ability of the grease to redirect its fibres along the
shear direction without significant breakage. This effect was also observed by Zhou et al. [6]
when studying mechanical degradation. The extent of degradation is higher in the swept area
(the region through which the rolling elements move) than in the unswept area. However, as
the swept area is clear, the degraded grease mixes with less degraded grease in the unswept
area, resulting in a more homogeneous mixture [25].

Peak-type greases were found to have less fragmentation of fibres than plateau types. Peak-
type greases also experienced negligible changes in yield stress, while plateau types showed
a significant reduction in yield stress [7, 24]. Bleed capacity increases for both grease types
at the start of churning and after some time, reduces. Peak types maintain a higher bleed
capacity after churning than plateau types [26]. This indicates a higher amount of degradation
during churning for plateau types compared to peak types. Chatra et al also correlated energy
dissipated in the grease with grease life using actual bearing tests. They found that the peak-
type greases with lower energy dissipation had longer lives.

1.1.3 Thermodynamic characterisation of grease degradation

The effects of degradation on grease are most often understood through varying empirical tests.
Mechanical degradation is studied using shear ageing machines, such as the Couette ageing
test rig [6, 22] or the grease worker [10, 27]. For more severe mechanical degradation, the roll
stability test can be used to age grease [24, 28]. More true-to-application test conditions are
produced by the ROF+ test rig, which tests the grease in bearings, with adjustable axial and



radial load [7,26], often at elevated temperatures to accelerate degradation. This method offers
more controlled test conditions than in situ degradation studied by Lundberg and H6glund, who
retrieved grease samples from rolling stock over a span of three years [29]. Chemical and
thermal degradation are often studied by heating grease in a chamber, in either oxygen-rich or
oxygen-starved environments, respectively [20-22].

In many of these degradation studies, energy put into the grease, either by heat or work,
is used as the driving mechanism in degradation. Zhou et al. [6] used single-variable entropy
generated (via mechanical shearing) to describe the reduction in viscosity. The grease worker
by Meijer and Lugt [27] allows characterisation via either entropy or energy expended. Chatra
et al. used energy to characterise the changes in tackiness and bleed rate [28] and the change
in yield stress [24] during churning. Rezasoltani and Khonsari [13] used energy to investigate
the induction time of grease.

Early works by Kuhn suggested a relation between rheological energy density and grease
degradation [30] and later described the maximum degradation of grease as the maximum
amount of energy that can be applied to the grease [31]. This was later described as a relation
between changes in grease properties during degradation to the apparent rheological frictional
energy density. Kuhn’s rheological energy density is the ratio of applied friction energy to grease
volume [32, 33]. Kuhn also proposed using the energy needed to reach a crossover point as a
measure of mechanical degradation [34].

This approach was applied in a number of subsequent works. Acar et al. [35] related shear-
induced degradation to activation energy, via critical deformation, as well as the point where
grease starts to flow. Ahme et al. [36] similarly related the amount of work put into grease to the
shear needed to reach flow behaviour. Akchurin [8] described the relation of the mechanical
shear degradation of grease to bleed, where the friction energy density was used to generate
a master curve.

1.1.4 Modelling grease degradation through Degradation-Entropy Generation

Of the many thermodynamic approaches to grease degradation, the most structured and accu-
rate approach is the DEG method by Osara and Bryant [4].

The original DEG theorem was proposed by Bryant et al. [37], describing degradation via
irreversible entropy generations due to active concurrent dissipative processes. The entropy
generated within a system, described by the laws of thermodynamics, impacts a degradation
measure. This measure could be a system property that represents its performance.

The DEG method has been successfully applied to various mechanisms and systems such
as frictional wear, metal fatigue, and capacity fade of batteries [18, 38, 39]. Applying the DEG
method to grease degradation has been very successful. Using DEG, cumulative shear stress
was modelled as a function of shear and microstructural temperature [4] and as a function
of grease temperature [18]. The induction time of grease has been modelled using reaction
rates in a pressure differential scanning calorimeter [14]. The DEG methods have been able
to describe these degradation mechanisms with near-perfect accuracy. Kuhn reinforced their
energy density method, showing the similarity between energy density and entropy supply [34],
and describing grease structural breakdown using entropy [40].

This accuracy, combined with the structured approach of the methodology and flexibility to
describe degradation using the laws of thermodynamics, make this a promising way of describ-
ing grease degradation.

1.1.5 Grease material properties

To study grease degradation, many state-defining measures are used to characterise the extent
of degradation. Many have already been mentioned. In addition, some important properties
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of grease have been described using first principles of thermodynamics [41]. The mentioned
degradation measures are:
1. Yield stress [20].

Viscosity [6,42].
Consistency [9,43].
Bleed rate/bleed capacity [8, 10].
Storage modulus [20,21,41].
Dynamic modulus [20, 21].
Heat capacity [41].
Thermal strain coefficient [41].
Thermal stress coefficient [41].

10. Chemical resistance [41].

11. Thermal decay coefficient [41].
A few of the above properties will be tested during the course of this investigation.

©oND>ORrWDN

1.2 Research questions

Considering the literature on grease degradation, it becomes clear that thermal degradation is
the least studied of the three grease degradation mechanisms. It is also found that thermal
degradation plays an important role during the churning of grease in bearings.

Therefore, the following research questions are formulated to expand the knowledge on the
thermal degradation of lubricating grease:

1. What are the effects of thermal degradation, induced by temperature only, on grease
thermo-physical and rheological properties such as specific heat capacity, thermal strain
coefficients, bleed capacity, yield stress and storage modulus?

(a) What are the effects of these properties on the thermal degradation resistance of
grease?

(b) How significant is evaporation in the thermal degradation of grease?

2. What are the effects of the peak and plateau temperature rise profiles on the degradation
of grease during the churning phase?

(a) Cantemperature-only thermal degradation be used to characterise grease behaviour
during churning?

(b) What is the contribution of thermal degradation to the total degradation of grease
during churning?

1.3 Novelty of research

The degradation of grease via temperature only is not extensively studied. Osara and Bryant
[18] showed that grease degradation due to temperature only can effectively be characterised
by the DEG method. Their study only investigated one type of grease and used shear stress as
the degradation measure. The heat, which resulted in the elevated temperatures, in that work
was generated by mechanical shearing of the grease, which most likely also contributed to the
measured degradation. The novelty this research includes:

» Characterising the churning of grease lubricated bearings using thermal entropies and
using these thermal entropies to identify churning behaviour.
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* Furthering the understanding of temperature-induced degradation by heating more sam-
ples of different greases in an oven in the absence of oxygen, while allowing evaporation
to take place, and measuring the resulting degradation.

+ Characterising grease degradation due to thermal mechanisms only by applying the Degradation-
Entropy Generation theorem and using the results to provide insight into the thermal
degradation resistance of various greases.

By measuring changes in the grease material properties [41], a novel way of describing
degradation can be found. Because these material properties are based on thermodynamic
principles, they are directly connected to the entropy generation of the DEG method. To char-
acterise temperature-only degradation, the heat capacity, strain coefficient, yield stress and
storage modulus will be investigated, before and after oven heating in the absence of oxygen
and boundary work, while allowing evaporation to take place.

1.4 Areview of the Degradation-Entropy Generation theorem

Bryant et al. [37] proposed a theorem to describe degradation using a thermodynamic charac-
terisation of the system. This method correlates the entropy generation to changing (or degrad-
ing) properties of the system. The degradation is driven by irreversible dissipative processes,
an example being the frictional wear of a contacting surface in relative motion.

Before applying the DEG methods, the definition of this method is recalled. Bryant et al. [37]
defines:

+ A dissipative degradation process, denoted by p;, as the minimum group of dissipative
sub-processes for which some non-negative amount of entropy is generated, i.e. S' 0.

* A degradation mechanism as a group of one or more dissipative degradation processes
(pi) that degrades a system.

» A degradation measure, denoted by w = wfp;g, as a non-negative, non-decreasing con-
tinuous function, differentiable in one or more of its processes pj, associated with a degra-
dation mechanism.

These definitions are slightly paraphrased. Because the dissipative processes drive both the
change in the degradation measure, according to w = wfp;( ij)g, and the entropy, according to
SY = S'p;( ij)g, Bryant et al. [37] found that entropy generation can be directly related to the
degradation measures. Here, f are phenomenological variables, i numbers active processes
and j numbers variables per process. This relation is as follows:

_ Ow;

wi = B;S}; Bi = S

(1.1)

This shows the change in a degradation measure to be proportional to the generated entropy,
scaled by the degradation coefficient B;. This coefficient represents how much a dissipative
process contributes to the change of a degradation measure.

1.5 Arreview of relevant thermodynamics

The degradation of grease will be characterised using the DEG method. Therefore, the entropy
generation of the active process the grease undergoes must be characterised. Using a char-
acteristic/representative entropy generation is critical to the success and accuracy of the DEG
methods, hence a first principles approach is considered here in enumerating existing models
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for describing grease degradation. These models will facilitate the choice of the optimum model
to be used.

Two works by Osara and Bryant [4,39] and one by Osara et al. [41] utilise the Helmholtz free
energy for thermodynamic characterisation, which is commonly interpreted as the "maximum
work” available in a system. This is a logical entry point for wanting to know how degraded a
system is: a low Helmholtz energy could suggest very degraded systems, as little useful work
can be extracted from it (though a low Helmholtz energy is not exclusive to degraded systems).
The Helmholtz fundamental relation is:

dF = SdT Vv d + dm: (1.2)

Here, S is entropy, T is temperature, V is volume, is shear stress, is shear strain, s the
chemical potential, M is molecular weight and m is mass.

SdT is termed micro-structuro-thermal (MST) energy. Shear stress and strain were con-
jugated to give the boundary work as V d . Including the chemical processes dm/M, this
showed a relation for the change of Helmholtz potential when grease experiences energy changes.
Including the entropy balance which introduces entropy generation and replaces the Clausius
inequality, the expression for Helmholtz-based entropy generation was given as [4, 39,41]

SaT v d  dm dF"
T T MT T’

where dF" is the reversible Helmholtz energy. This model has been applied to grease degra-
dation [4] and metal fatigue characterisation [39] in conjunction with the DEG theorem.

To model grease oxidation, Osara et al. [14] derived an enthalpy-based entropy generation
as

s'=

(1.3)

TdS Vdp i idN; dHOO_
T T T T

where HY is the reversible enthalpy, S is entropy, T is temperature, V is volume, p is pressure,
is chemical potential and N is the amount of active species.

Chatra et al. [26] investigated churning, which can be considered a process where mechanical
and thermal degradation are present. Their work considered the total energy in the grease after
the churning phase, to be the Helmholtz free energy density:

Z, Z,
Fy (t) = SyTdt+ Wy dt’; (1.5)
0 0

s'= (1.4)

where the first right-hand term is the MST energy and the second term is the work applied to
the system. Both terms are density normalised. When these terms are difficult to determine,
it is proposed that heat transfer entropy density might be enough to characterise degradation.
This is equal to

z
17T T4

_ + 0
Sv® = gt (1.6)

where R is the equivalent thermal resistance. Another notable characterisation by Osara et al.

[41] also employs the Helmholtz free energy to derive grease material properties. It formulates

the Helmholtz energy total differential as a sum of partial differentials of the intensive variables:
_ OF eF @F

dF = @—TdT + @—d + @—NdN (1.7)

noting, via comparison with Equation 1.2, that

oF  _ . eF  _ . oF  _
@71— ;N_ > @ T;N v @N T; . 1)
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This work showed a direct connection between important grease properties and the funda-
mental relations governing thermodynamic transformations. Helmholtz "free entropy” content,
necessary to evaluate the MST energy (first right-hand side term in Equation 1.2), was given as

T
S=Cln— G’ N 1.9
AT Aot LT A 9
. thermo-mechanical chemical
thermal

introducing grease material properties: heat capacity C, thermal strain coefficient , the stor-
age modulus G' and thermo-oxidation coefficient into the final entropy generation model.

Oftentimes, the mechanical load on a system can be difficult to evaluate/measure. For such
cases, Osara and Bryant [18] formulated thermal entropy generation using the measured tem-
perature profile only. This model combined the thermal energy balance with the second law’s
entropy balance to characterise temperature-only degradation of batteries, dynamically loaded
structures (fatigue) and lubricating grease. For each of these systems, the generated entropy
density was found to be

cT 12T T1

o T V. o TR
The first term represents the heat storage density, where the heat capacity decomposes to
C/V = c. This directly links entropy generation to the temperature of the system, as the heat
fluxisQ =(T1 T)/R . The primary difference between this model and the earlier mentioned
Helmholtz free energy based models (Equations 1.2 and 1.5) is that the latter includes, via
Equation 1.9, other non-thermal material properties whereas the former (Equation 1.10) only
includes the specific heat capacity.

Chatra et al. [26] investigated grease churning in a bearing, a process where mechanical and
thermal degradation are present. Their work considered the total energy in the grease after the
churning phase, to be the Helmholtz energy:

t t
Fy (t) = SyTdt!+  wy dt’; (1.11)

0 0
which is simply the rate form of Equation 1.2, without change in composition (dm = 0) and the
boundary work is represented by Wy . Again, here, the first right-hand term is the MST energy
rate and the second term is the mechanical shear power applied to the system. Both terms
were density normalised. The shear power imposed on the grease in a bearing is difficult to de-
termine, so the authors proposed the use of heat transfer entropy density to characterise degra-
dation (based on the above temperature-only model by Osara and Bryant [18] which showed a
direct dependence of heat transfer entropy on the mechanical work entropy). The heat transfer

entropy density, the second RHS term in Equation 1.10 was used, re-stated here as

dt: (1.10)

Sov () = = dt”: (1.12)
A consistent correlation between grease life and Sqy was observed.

When regarding the various models that were found in literature, one distinction can be noted:
for systems that experience boundary (external) work, Helmholtz free energy is often used.
When heat transfer and chemical changes (e.g., oxidation) are involved, enthalpy is consid-
ered appropriate. For temperature-only transformations, the thermal energy/entropy balance is
adequate.

In the current study into thermal degradation only, the temperature-only model presented
by Osara and Bryant [18], shown in Equation 1.10, seems most appropriate. To also take
evaporation into account, that model must be extended. To ensure consistency and robustness,
the newly proposed model (which includes evaporation) will be derived from first principles. As
mass changes over time, the entropy will not be volume corrected. The new model will be
created with the derivation by Osara and Bryant [18] in mind.
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1.6

Outline of thesis

In this thesis,

Chapter 1 introduces the research problem, background and research questions;
Chapter 2 derives the theoretical model to be used in quantifying grease degradation;
Chapter 3 characterises the thermal mechanisms during grease churning in a bearing;
Chapter 4 details the experimental methods;

Chapter 5 presents the experimental results;

Chapter 6 develops a thermal model for oven heating needed to determine grease tem-
perature and other relevant parameters;

Chapter 7 presents the detailed characterisation and quantification of thermal degradation
of greases;

Chapter 8 summarises the findings, answers the research questions, concludes and rec-
ommends future work.
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Chapter 2

Theoretical foundation

2.1 Proposed thermodynamic model

The above models have primarily been applied to closed systems or consider an open system
experiencing oxidation. The current study is limited to temperature-only degradation, without
oxidation. Here, a semi-open system model is presented to enable inclusion of the thermal
process of evaporation which is prevalent in open bearings, gears and other applications without
seals, and is strongly driven by temperature.

2.1.1 Energy balance with evaporation

Consider the first law of thermodynamics for an open system [44]:
>
du =TdS W + idN;i; (2.1)
1
where W is the work done by the system on the surroundings. This includes pressure-volume
work, stress-strain work, and other work interactions. However, this investigation is limited to
temperature-only thermodynamics, so the work done is neglected.

Furthermore, the system is assumed non-reactive. It will only experience evaporation, mean-
ing the potential is equal to the enthalpy of evaporation L, also known as the latent heat of
evaporation. Strictly speaking, base oil commonly consists of a cocktail of various hydrocarbons
and volatile compounds. However, for simplicity, L will be seen as the latent heat of evaporation
of the mixture.

With these considerations, the first law reduces to

dU = TdS + Ldm: (2.2)

where the system mass m = N/M, with N as the number of moles of active species and M
the molar mass. For a real (irreversible), closed system, the second law’s entropy balance is

TdS= Q+T s" (2.3)

By regarding the evaporation as a compositional change, Equation 2.3 can be substituted into
Equation 2.2 to obtain

du= Q+Ldm~+T s (2.4)

where the last term represents energy dissipated in the grease. For a temperature-only system,
the heat capacity [45, 46] for isochoric processes is

U

Cv = — ;
Y @T V:N

(2.5)
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where for solids Cy  Cp and it is expected that the evaporation of base oil and volatiles change
the grease volume by a negligible amount. For simplicity, the heat capacity will be denoted with
C = cm, where c is the specific heat capacity and m is the system mass. Taking the integral
with respect to temperature,

dU =cmdT (2.6)
and substitution into Equation 2.4 yields
cmdT = Q+Ldm+T S (2.7)

Via the IUPAC convention of positive energy into a system, the heat flux is positive into the
system (which in this study is the grease), assuming the system’s temperature is lower than its
environment (or heat source), i.e., T < T4. The rate of heat flux can be calculated using the
general thermal resistance R network:

T4 T
= : 2.8
Q=" (28)
The mass balance gives the rate of change of mass in a control volume as
dm
at = Min  Mex; (2.9)

where mjn is mass flow rate in and mgy is mass flow out. In the case of evaporation, mj, = 0
yielding m = mex. Dropping the "ex” subscript and substituting Equations 2.8 and 2.9 into
Equation 2.7 yields, in rate form,

T4 T

cmT = Lm+Ts" (2.10)

Similar to the heat flux term (Equation 2.8), the other energy terms will be categorised by their
mechanisms. The internal energy rate of the system due only to the changes in temperature,
positive for an increase in temperature only, known as the heat storage rate, is

Et =cmT: (2.11)
The energy change rate due to loss of matter via evaporation is:

Em=Lm (2.12)
and the energy dissipation rate is

Eq=TS" (2.13)
By rearranging,

Q=Er +Em Eg (2.14)

is obtained, showing how heat flowing across the system boundary leads to a temperature rise
of the system, the evaporation of volatile components and dissipation (loss) of energy. While
the other mechanisms are measurable, energy dissipation cannot be directly measured but can
be obtained from the other energy terms, after integrating with respect to time as

Eq=Er +Em Q: (2.15)
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2.1.2 The generation of entropy in an open system

The entropy generation, like energy dissipation, cannot be directly measured but is obtainable
from measurements of the other active mechanisms. Rearranging equation 2.10, entropy gen-
eration rate is:

_omp Ta T

0
> T TR

L
+—-m: 2.16
= (2.16)
The rate of total entropy generated is a linear combination of three distinguishable mechanisms.
These are heat storage entropy rate St, heat transfer entropy rate Sq and evaporation entropy
rate Sm:

T T L
Sy = 20T, So= T Sm=—m (2.17)

With the rearrangement that yielded Equation 2.16, Sq is negative for heat transfer into the
grease. So, the total entropy generation rate becomes

S'=Sr So+Sm: (2.18)

Then, the accumulated entropy generation can be obtained by integrating this expression with
respect to time. The bounds of interest are from the reference state at t = 0 to some arbitrary
time t. At the reference state, each entropy source is zero. The total entropy generated is the
time integral of the entropy generation rate:
V4 t
s'y= sldt (2.19)
0

where S!(0) = 0. The accumulated entropy contributions from each source is then as follows:
the accumulated entropy contribution via heat storage is

z t
s;y= Mg (2.20)
o T
the accumulated heat flux entropy is
Z t
_ Ta T
So(t) = , TR dt; (2.21)
and the accumulated evaporation entropy is
Z L
Sm() = —=mdt: (2.22)
o T

Finally, the total entropy generated at some arbitrary time tis

SUt) =St(t) Sq(t)+Sm() O (2.23)
where the inequality indicates a universally non-negative entropy generation in accordance with
the second law. Equation 2.23 is the entropy generation model used in this study.
2.1.3 Application of the DEG method

The DEG method described in Section 1.4 will be applied here. For the temperature-only char-
acterisation these processes are: heat storage (T ), heat transfer (Q) and evaporation (m). This
means the processes are

pi = fpr; PQ; Pmy: (2.24)
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Each of these processes is a function of one or more phenomenological variables ij(t) which
depend on time. These phenomenological variables are

8
=fc;,m;T;Tg i
1) =_fT;iT1;Rg i

T
Q (2.25)
“fL;T;mg i=m

which are the driving forces behind the dissipative processes.

2.1.4 Definition of the function

The DEG method relates the rate of change of a degradation measure to the rate of entropy
generation:

>
w=" Bist (2.26)

i
Notation is shortened using the Einstein summation convention:
w = B;S! (2.27)

The current (degraded) value of the degradation measure can be found at time t by integrating
the expression with respect to time:
Z, Z,

wdt=  B;S)dt: (2.28)
0 0

Time t = 0 is considered to be the reference state. For the application discussed here, the
reference state is the conditions of the fresh grease. Therefore, it is defined that w(0) = wgp and
89(0) = 0. Resolving the integral then yields

w(t)  wp = B;Si(t): (2.29)
One can bring wy to the right hand side to find
w(t) = BiS!(t) + wo; (2.30)

the value of a degradation measure at any timet 0. By considering that both the degradation
measure and entropy generated are functions of time,

w(S)) = B;S! + wp (2.31)

shows that the degradation measure can be found as a function of the generated entropy. Next,
expanding Equation 2.31 by introducing the various degradation processes (i = fT; Q; mg)
yields

W(ST;SQ; Sm) =BtSt + BQ( SQ) + BmSm +wp: (232)

2.1.5 Calculation of the degradation coefficients

Equation 2.32 can be rewritten in matrix form. The index k, is used to denote the number
of points for which the degradation measure is recorded, for a non-zero amount of entropy
generated. Each of the k points then also has some generated entropy associated with it. This
allows Equation 2.32, after bringing wy to the left-hand side, to be written in the following form:

(W wolk 1) = SiBi: (2.33)
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where wix  Wplyk 1 means wy is subtracted from each measurement point wy. Interestingly, for
the case that the number of ageing intervals k is equal to the number of dissipative processes
i, the entropy matrix is square. The degradation coefficients can then be found by

Bi =S, '(Wk  Wolk 1): (2.34)

This yields an exact solution for the coefficients. This leads to the proposition that for the best
results of finding the degradation coefficients, the number of ageing intervals should be equal
to or greater than the number of dissipative processes.

For the current system-process interaction — lubricating grease undergoing thermal degra-
dation — there are three active processes: heat storage, heat transfer and evaporation, i.e.,
i = fT; Q; mg. Three ageing intervals are used in the oven experiments: 10 days, 20 days and
30 days, meaning k = f10; 20; 30g. The matrix system then becomes:

2 3 2 32 3
W10 Stio SQio Smio Bt

4 wy2=4Sr  Sow Smw°4BgO: (2.35)
W30 Stao  SQ30 Sm3o Bm

Computing the inverse matrix according to Equation 2.34 will yield the degradation coefficients.
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Chapter 3

Thermal degradation during churning
In grease-lubricated bearings

3.1 Introduction

Section 1.1.2 already discussed the literature regarding the churning of grease in a bearing. It
was noted that churning in grease lubricated bearings induces high temperatures, typically be-
tween 120 C and 150 C [7]. These temperatures, close to the dropping point of some greases,
are accompanied by significant thermal degradation.

The thermodynamic model derived in Section 2.1.2 is applied here. Similar to the temperature-
only approach by Osara and Bryant [18], the temperature behaviour can be correlated to the
mechanical degradation. Applying the derived model might provide some interesting insights
into the churning characteristics of greases in bearings.

This chapter will expatiate on churning, attempting to quantify this process using the entropy
generation equations applied to the data provided by the authors of these studies, first presented
by Chatra and Lugt [7]. This investigation into churning warrants a deeper look into the literature
regarding the churning process, test setup and specifics of the models.

3.2 Grease churning in a bearing

Commonly, sealed-for-life-bearings are filled to 30%—40% of their free volume, where almost
all grease is located in the un-swept area (as grease reservoirs) for the majority of its lifetime.
When the bearings are filled for the first time, grease will end up in the raceways and in between
the ball bearings. As the bearing starts to rotate, grease starts to re-distribute. Grease will be
pushed sideways into the un-swept area, also known as channeling or clearing. Grease ending
up in the un-swept area will form lubrication reservoirs. Some grease will have nowhere to
go and will be pushed against the bearing seals or into grease located in the un-swept area,
and therefore end up back on the raceway. The combination of this flow behaviour is called
churning. Churning is typified by high viscous drag forces, resulting in high shear stresses and
high temperatures [7, 24,25, 28].

Studying the churning behaviour yielded two primary categories: peak-type greases and
plateau-type greases [7]. The former is characterised by a short peak in temperature, while
the latter is characterised by a sustained high temperature. The high temperature and shear
mean a high rate of degradation, therefore greases that have a short churning period degrade
to a lesser extent than greases that churn for a long time [7].

Chatra et al. [7] performed bearing tests using the ROF+ test rig [1], see Figure 3.1. This test
rig has two test bearings and two support bearings placed on a common driven shaft. The test
bearings were placed under 150 N radial load and driven at 15000 rpm. The test bearing used
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Figure 3.1: A schematic representation of the ROF+ bearing test rig [7].

Table 3.1: Some properties of the greases tested by Chatra et al. [28], obtained from Osara et
al. [41]. The LPC2.5C grease is the same as the PE2.5C grease mentioned in Osara et al. [41].

] Grease \ LM2L LM3L LM3C LPC2.5C \
Thickener Lithium Lithium Lithium Poly urea
Base oil Mineral Mineral Mineral Ester
Viscosity (@ 40 C) [mm?/s] 100 100 98.9 72
Density [kg/m?®] 900 900 900 960
Specific heat capacity [J/kgK] 2566 2170 2088 1947

is the 6204-2Z/C3 Deep Groove Ball Bearings by SKF. A thermocouple was placed on the outer
ring of the bearing. A diagram of the set up can be seen in Figure 3.1.

The data analysed in this chapter come from reference [28]. Greases studied include LM2L
and LM3C, which are both peak type greases, and LM3L and LCP2.5C, which are both plateau
types. The properties of these greases were investigated in Osara et al. [41], with the most
relevant properties listed in Table 3.1.

3.3 Thermodynamic characterisation of grease during churning

As mentioned in Section 3.1, the thermodynamic model derived in Section 2.1.2 can be applied
to the temperature data obtained during churning. Note that for thermal analysis, the thermal
entropy is used and boundary (mechanical) work is excluded. The measured temperature data
is plotted in Figure 3.2. For the sealed bearings used here, thermal energy changes are only
due to temperature change via heat generation and heat transfer, without evaporation. The
thermodynamic model for the total thermal entropy generated is in Equation 2.23, restated here
as

S'(t) = St(t) + Sq(b): (3.1)

where m = Otorender S;;, = 0 and observing T > T4, allowing the negative sign to be multiplied
out( Sg ¥ Sg). The accumulated heat storage entropy is, according to Equation 2.20,

z t
sty= Mgt (3.2)
o T
and the total heat transfer entropy is, according to Equation 2.21,
Z T T
1

So(t) = = dt (3.3)
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Figure 3.2: The bearing temperature measured during churning.

3.3.1 Thermal model of the churning rig

The heat storage entropy and heat transfer entropy are now adapted to this specific application.

3.3.1.1 Heat storage entropy

On the churning test rig is a thermocouple located on the outer ring of the bearing, see Figure
3.3. This means the actual temperature of the grease is not directly measured, but rather the
temperature of the bearing which is assumed uniform with the grease temperature T. While
the mass with which the bearings were filled is not directly stated, it is mentioned in Chatra et
al. [7] that 30% of the free volume of the bearing was filled with grease. This means the mass
of grease present is

M = 0:3Vjee (3.4)

and the free volume Vye Of this specific bearing can be calculated by a rule of thumb provided
by SKF [47]:

My

_ 2 2 3 .
Viree = ZWb(do di) 10 78 10 3

(3.5)
where wy, is the bearing width, d, outer diameter, d; bore diameter and my is the bearing mass.
It is important to note that for this rule of thumb, all dimensions are in millimetres and the free
volume is in cubic centimetres. The bearing mass is in kilograms. Substituting Equation 3.4
and grease density 4 in place of grease mass results in heat storage entropy of the grease
during churning in a bearing

z
_ " 1 0:3VireeC gr

St = T dt; (3.6)
T . T

3.3.1.2 Heat transfer

The heat transfer entropy is dependent on the thermal resistance network from the inside of
the bearing to the outside air, assuming a one-dimensional heat transfer. The total thermal
resistance network can be found in Figure 3.3, which identifies conduction through housing
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Table 3.2: Some constants for the calculation of the thermal resistance of the churning setup.
(a) are obtained from the datasheet of 6204-2Z/C3 Deep Groove Ball Bearings by SKF and (b)
is obtained from the churning rig.

| Constant | Value |
r 23.5 mm(a)
ra 31.0 mm (b)
Wh 14.0 mm (a)
k, |443  W/mK[48]

thermocouple 77,

housing

outer ring (OR)
raceway

inner ring (IR)
bore

r3

- il

RTB RngRTl

To T, T, T,

Figure 3.3: A schematic representation of the cross-section of the bearing and its position in
the churning rig.

and convection at the surface of the housing as thermal resistances in series. The thermal
resistance network from the bearing and grease (T) to the ambient air (T1) is

R = RT1+RT2: (37)

R, is conductive thermal resistances and R, is a convective thermal resistance. Substituting
the expressions for the resistances yields [48]

rs
_In 1

R =2

2 bkb + 2 r3th: (38)

Here, r3 is the housing radius, r» is outer ring or bearing radius, wy is bearing width, kj is the
thermal conductivity of steel and h is the convective heat transfer coefficient. The values of these
constants can be found in Table 3.2. Ry is calculated using the bearing dimensions resulting
in a value of 0.0787 K/W. This is negligibly small, so for simplicity, the thermal resistance is
only based on the convection at the surface of the housing:

1

R = ——:
2 F3th

(3.9)

Using this thermal resistance, the resulting entropy transfer via heat, via Equation 2.21, is

YA t
So(t) = T RTl dt: (3.10)
0
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To improve the accuracy, the convective heat transfer coefficient h is regarded as a function of
temperature. The reasoning for this, is that convection changes a lot over the 20 C to 150 C
range found in the churning data. It is therefore considered insufficient to assume a constant
value.

The main way dimensionless numbers depend on temperature is through the liquid’s material
properties. In this case, that liquid is air. The material properties are retrieved from standard
tables [48] and interpolated using Matlab’s [49] 00O0OO function. The temperature-dependent
material properties can be found in Figure 3.4.

An airspeed of 0.1 m/s was assumed for a well-ventilated laboratory. The characteristic
length is set equal to the diameter of the housing L. = 2r3. The Richardson number,

Gr
Ri= —; 3.1
Re? (3.11)
then determines which convection type is dominant. Here, Gr is the Grashof number and Re is
the Reynold’s number. If Ri << 0:1, force convection is dominant, if Ri >> 10 natural convection
is dominant. In the range 0:1 Ri 10, the convection type is mixed [48]. Figure 3.5 shows
the Richardson number for the expected range of surface temperatures.

1015 Isobaric specific heat capacity Lo Density
=< =
&0 g
24 = 1
= 1010 =]
S Q
300 320 340 360 380 400 420 300 320 340 360 380 400 420
0.035 Thermal conductivity 95 x107%  Dynamic viscosity
7
©
=3
= 2
0.0254= : — : . s : e —
300 320 340 360 380 400 420 300 320 340 360 380 400 420

Film temperature T, K]

Figure 3.4: The properties of air, obtained from standard table [48] and interpolated using
Matlab’s [49] 00000D function. The control points are denoted by dots.

Natural
15+ .
convection
1 1
. Mixed
9] <
convection

300 320 340 360 380 400 420
Surface temperature T} [K]

Figure 3.5: The Richardson number plotted over the range of expected
surface temperature Ts. The Richardson number remains in the mixed
convection region for low temperatures. At 350 K it crosses into where
natural convection is dominant.
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Figure 3.5 shows that the Richardson number does not truly fulfill the Ri >> 10 condition to
consider natural convection dominant. Therefore, a formulation for mixed convection is used
for the complete range. The mixed convection Nusselt number is [48]

Numix = Nu?\at + Nufzor Y2 (3.12)
where
/ 12
:387Ral/®
Nupg = 0:6 + 0:387Ra (3.13)
1+ (0:559/Pr)%/16 827
and
]
. 1/2p,1/3 5/8 - 4/5
Nug, = 0:3 + 0:62Re™“Pr 1+ Re (3.14)
1+ (0:4/Pr)2/3 174 282000
The convective heat transfer coefficient is then obtained by
() = $A DNy (7 (3.15)

The Nusselt number and convective heat transfer coefficient are plotted against temperature in
Figure 3.6. An earlier work by Chatra et. al. [26] also calculated the heat transfer entropy. This

16 8 90,
Ko 80
= i 6 % 70¢ Current model
Z » = % 6ol Chatra2023
=4
< 5
50 b
10 4 40
300 350 400 300 350 400 e me o Ho
Surface temperature T, [K]  Surface temperature T, [K] T [K]

Figure 3.6: The Nusselt number and convective heat trans- Figure 3.7: A comparison of

fer coefficients plotted over the expected surface temperature the thermal resistance of the

range. newly proposed heat transfer
model and the model created
by Chatra et. al. [26].

study calculated the thermal resistance as

1
Abhcr ( )

where A, is the surface area of the bearing and h¢ the combined convection and radiation heat
transfer coefficient. That study also made use of 6204—2Z/C3 Deep Groove Ball Bearings. A
value of hey = 11:3 W/m?K was found. When compared to the proposed model in Figure 3.7,
the new heat transfer model yields a lower thermal resistance at high temperatures, meaning
the current study will yield higher heat transfer entropy rates.

3.3.2 Entropy generation during churning

The thermal entropies will be calculated from the measured temperature profiles of the bearing.
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3.3.2.1 Isolation of churning phase from raw temperature data

It should be noted that the data of experiments where churning was finished was used. Most
experiments stop their recording long after the end of churning. So, before further analysis is
done, churning-only data has to be extracted from the raw data. Here, churning is assumed to
start at ty = 0, when the experiment starts. When churning is finished, temperature drops and
remains constant at the steady state EHL temperature [7]. This will also be the last temperature
measured after the experiment is stopped. So whether churning has finished can be measured
by how close the temperature is to the final temperature T¢. This comes with the requirement
that the maximum temperature Tyax has been passed. The end of churning time
T(1)

Trmax
teng=t ———————=>0:95 : 3.17
end Tmax Tf ( )

yields the churning-only temperature profiles plotted in Figure 3.8.

LCP2.5C (Plateau type) LM2L (Peak type)
400
=
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300 ¢ i i i i i i i i i i
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

LM3L (Plateau type) LM3C (Peak type)

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
t/tcnd H t/t(:nd H

Figure 3.8: The temperature plotted against the progress towards the end of churning.

3.3.2.2 Entropy accumulated during churning

One way of characterise the entropy accumulated during churning is by comparing the two
entropy sources: heat storage entropy St (t) and heat transfer entropy Sq(t). This can be seen
in Figure 3.9. It is evident that heat storage entropy, which primarily depends on temperature
changes, has only a small range. The heat transfer entropy however steadily accumulates over
time, as it scales with temperature difference with the environment and time.

By plotting these two sources, St and Sg, against each other over the complete churning
process may provide some insight into how each entropy source evolves during churning. The
entropy profiles of Figure 3.9 seem to parallel the temperature curves of Figure 3.2, suggesting
classification can be done in a similar way as done by Chatra and Lugt [7]. It should be noted
that LCP2.5C is denoted as a plateau type, but it seems to consistently perform more "peak-like”
than half the experiments of LM2L, which is denoted a peak type.

Figure 3.10 shows that there is a distinction between the two churning types based on the
accumulated heat transfer entropy. Some greases have low heat transfer entropy (LCP2.5C,
LM2L and LM3C) and LM3L has much higher heat transfer entropy. Again considering that
LCP2.5C seems to perform similarly to LM2L, one could consider this a sign that the comparison
of the two entropies might be a good way to classify churning behaviour. Though this distinction
is not strong enough to make classifications just yet.
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Figure 3.9: The heat storage entropy St and heat flux entropy Sq during churning. Note the
similarity of the shapes of the curves compared to the time-temperature data of Figure 3.2.
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Figure 3.10: Discrete end-of-churning values of the entropy generation components St and Sg.
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Comparison of phase | and Il entropy for
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Figure 3.11: A schematic presentation of how churning can be separated into three phases
on the left, and how these phases then result in different entropy generations for peak- and
plateau-type.

3.4 Characterisation of churning using a novel three phase
approach

Consider the schematic representation of a grease churning process in Figure 3.11. The left-
hand figure demarcates the three phases:

» The initiation phase (phase I).

* The continuation phase (phase II).

» The termination phase (phase IlI).
The right-hand figure shows how different churning types will have different amounts of entropy
generation in phase Il compared to phase I.
3.4.1 Quantifying the three phases using the heat storage entropy St

The initiation phase will be defined as the period from tg until t;. For most experiments ty will be
simply equal to 0 s, i.e. when the bearing rig is started. When churning starts, the temperature
starts to rise until it stabilises. First consider that

St (to) =0 (318)
Then, the heat storage entropy maintains the following condition:
St(t) =0 t: htg; t1i: (3.19)

At the transition point between phase | and Il, characterised by time t;, the heat storage entropy
stabilises at a constant temperature for the full range of phase Il

St(t) =0; t: [ty to]: (3.20)

The termination phase, phase lll, is characterised by a drop in temperature and therefore a
reduction of the heat storage entropy. This results in the condition

St(t) <0 t: hty; tsi; (3.21)
and finally ends at t3 where

St(t3) =0: (3.22)
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The final time was earlier defined in Equation 3.17. This is was based on the temperature of the
grease, but can be redefined using St (t). Similarly to the temperature definitions, a maximum
heat storage entropy St max and a final heat storage entropy St ¢ are defined. The final time is
where the heat storage entropy is within 5% of its final EHL value:

t3 =t Stmax  ST() 0:95 : (3.23)

STmax STf

3.4.2 Cumulative entropy during phases

The overall entropy generated during churning from tg to t3 can be calculated using Equation
2.19:
Z,,
s'= sYt)dt: (3.24)
to
The entropy generated in each phase is the rate of entropy generation, integrated over their
respective time durations. The entropy of phase | is
Zy,
sl= slt)dt (3.25)

to

the entropy of phase Il is
Z,,
sh= shtdt (3.26)
t1
and finally, the entropy of phase Il is
Z,,
sli= stdt (3.27)
t2
Figure 3.12 shows the entropy of each phase. It is notable that the entropy generated in phase

| is far smaller than the entropy generated in phase Il and Ill. Furthermore, the entropy of phase
Il is much higher for one of the LM3L runs than all others.

LCP2.5C
200 x LM2L
LM3C
150 | W LM3L \ 4
&
=100 o
9 A v
0 A *N V. W
; A “V v 250
4 150 200
=0 100
6 0 0

Figure 3.12: Entropy generated by phase (S} vs S}, vs S, ,). The peak type greases (LM2L and
LM3C) and the more contentious LCP2.5C have, relative to LM3L, a smaller phase Il entropy.
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3.5 Churning measure

In an effort to characterise the churning behaviour of grease, a single variable will be defined.
This variable will be a measure of churning behaviour. The lower the churning measure, the
more a grease behaves like a peak type. The larger the value, the more it behaves like a plateau
type. This will place churning behaviour on a continuous axis, from best to worst.

3.5.1 Definition of the churning measure

Phase Il contains the termination of the churning phase. The drop in temperature suggests
churning is finished when entering this phase. If there is a classification of behaviour to be made,
it might not entirely be productive to include phase Ill. This will yield no additional information
about the churning behaviour of the grease. Then phases | and Il are characteristic of the
churning behaviour.

Figure 3.12 shows that the difference in magnitudes between phase | and phase Il entropy
generations is the most differentiating factor. One can then regard phase Il as the determining
factor in churning behaviour. The phase | entropy generation can then be used as a normalising
factor between experiments. The churning measure is therefore defined as

Si
_ Si. 2

3.5.2 Upper and lower bound of the churning measure

For a grease that exhibits the "perfect” churning behaviour, there would be a minimal amount
of time spent at the plateau temperature. For a pure peak, there is only one instance where the
entropy generation rate is equal to zero. This means phase | ends at the same time phase Il
starts: t; = t,. From this follows that Equation 3.26 results in
Zy,
sh= shdt (3.29)
t1

sh= s'M ¢ (3.30)
With the condition that t; = ty, it follows that S'(t;) = S'(t2), meaning

Sj=8(t;) S'(ty) =0 (3.31)
The lower bound, i.e. the churning measure for a perfect peak-type grease, is equal to

S?, 0
=5 ===0 (3.32)

SIS
The upper bound wholly depends on the length of the churning phase. This phase spans from
t; to tp. For the worst plateau-type grease, churning never ends. This meanst, ¥ 1 and
Z 4

s'(v) dt; (3.33)
t1
1

si= st (3.34)

Si

By maintaining the criterion that S'(t) > 0, as is the case at a constant temperature, it follows
thatfort, ¥ 1, S%ty) ¥ 4. This yields

si=s'(t;) Sty) ¥ 1 (3.35)
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Figure 3.13: Grease churning measure for the four greases.

and means the churning measure is equal to
=11 (3.36)

This leads to the conclusion that the churning measure

:[0; 1): (3.37)

3.5.3 Characterising grease type using

The next step will be to characterise the grease type using the churning measure. Qualitatively,
LM2L and LM3C are characterised as peak-type greases and LM3L and LCP2.5C as plateau-
type greases [7]. This is then quantitatively supported by calculating the ratio of the yield stress
of churned grease to fresh grease.

Though the method presented here aims to somewhat fuzzy the hard limits between the
grease types, by considering the churning measure as a continuous space, it is useful to see if
the presented method agrees with previous works. Figure 3.13 shows box plots for the churning
measures. Using the mean values of of these greases, we select a transition value of =
5:0. (Note that this choice is somewhat arbitrary, based on these four greases analysed, so
a more robust mechanism should be used to define the boundary between peak and plateau
behaviours). This classifies LCP2.5C and LM3L as plateau-types and LM2L and LM3C as peak
types (when considering the mean of the data points).

However, the main goal of the churning measure is to make the characterisation more con-
tinuous and less categorical. Therefore, the critical churning measure should be regarded as a
bridge between the original work by Chatra and Lugt [7]. Further characterisation is suggested
to be done using the churning measure.

3.6 Applying the churning measure to additional experimental
data

A work by Shetty et al. [50] investigated the dependence of film thickness during the bleed phase
on the initial fill level of grease in deep-groove ball bearings. This investigation measured the
film thickness throughout the churning process as well as the churning-induced temperature.

The time-temperature data will be subject to the same analysis as the other grease data. The
results will be compared to the results from the previous analyses.
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Table 3.3: The properties of the greases on which the additional data was collected, as pre-
sented by Shetty et al. [50]. The specific heat capacity of LM3C is used, obtained from the

measurements done by Osara et al. [41].

Grease LM3C-100 LM3C-460
Name in reference [50] LiM-100-2.5 LiM-460-1.5
Thickener Lithium Lithium
Base oil Mineral Mineral
Viscosity (@ 40 C) [mm?/s] 102.8 474.5
Density [kg/m3] 891 902
Specific heat capacity [J7kgK] 2088 2088

Table 3.4: The test conditions of the data used to build the churning measure model, by Chatra
et al. [28], and the conditions of the example data, by Shetty et al. [50].

] \ RPM Radial load \

Chatra et al. [28] | 15000 150 N
Shetty et al. [50] | 4000 513 N

3.6.1 Calculating the churning measure

The grease samples are very similar to the earlier mentioned LM3C grease and they will be
denoted as LM3C-100 (LiM-100-2.5) and LM3C-460 (LiM-460-1.5). An overview of their prop-
erties can be found in Table 3.3. The temperature-time evolution profiles are plotted in Figure
3.14. The data provided was discarded after 40 hours to ignore some secondary micro-churning
behaviours.

No churning behaviour can be easily discerned from the data presented in Figure 3.14. How-
ever, comparatively, 30% filling experiences the most churning, then 15% and lastly 7.5%. This
ranking is based on how quickly the temperature drops to the steady EHL temperature.

Because there is little known about the test rig employed, the same thermal resistance model
as derived in Section 3.3.1.2 is used for this data. This yields the entropy generation presented
in Figure 3.15.

An interesting difference between the churning behaviour of LM3C and the behaviour of
LM3C-100 and LM3C-460, is that the peak temperatures vary. LM3C peaks at approximately
410 K, whereas LM3C-100 and LM3C-460 peak at 365 K and 380 K respectively.

LM3C 100 LM3C 460
380 380
360 360
E 340 e e e m———— 7.5% L -E 340 T s vt ST 7.5%% b
& S SERES L L L 15% fE = R
300 ‘ , ‘ : 3001 ‘ , : :
0 10 20 30 40 0 10 20 30 40

t [h] t [h]

Figure 3.14: The temperature plotted over time. The percentages denote the fill level of the ball
bearings.

These differences are due to the different experimental conditions . Table 3.4 shows that the
RPM of the original datasets obtained on the ROF+ rig is much lower, 4000rpm compared to
15000rpm, and the radial load is much higher, 513 N compared to 150 N.

One can see very large differences between the churning behaviour of the various fill levels.
The typical fill level of 30% shows behaviour similar to grease data from Chatra et al. [28]. Lower
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Figure 3.15: The heat storage entropy St plotted against the heat transfer entropy Sq for the
data provided by Shetty et al. [50].

fill levels show nearly no churning. Calculating the churning measure for the presented data
results in Figure 3.16. This shows that below the commonly employed fill level of 30%, the
grease experiences very small amounts of churning and therefore very low amounts of entropy
generation.

80 -
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60|
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©
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Figure 3.16: The churning measure from the data set provided by Shetty et al. [50]. The large
difference between the churning measures of each grease is determined by the grease filling
percentage in the bearings. Higher filling percentage corresponds to a higher , indicating more
plateau-like performance.

3.6.2 Grouping all the greases

Figure 3.17 shows the churning measure side by side for the data obtained form Chatra and
Lugt [7] and the data obtained from Shetty et al. [50]. This figure shows that the churning
behaviour depends on the experimental conditions. The grease measures of LM3C 100 and
LM3C 460 are separated based on the fill percentage of the bearing.

Based on the fill percentage, one could also say that these conditions are favourable for
churning, as lower fill percentages mean a lower churning measure. This is as expected: if
there is less grease in the bearing, less effort is required to clear the raceways of grease.
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Figure 3.17: The churning measures of the the data provided by Chatra et al. [28] and Shetty
et al. [50] compared.
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Chapter 4

Experimental methods © Grease
ageing in an oven

4.1 Grease samples

For this investigation into the thermal degradation of grease, three greases are investigated:
Li/SS, Li/M and PU/E. The properties of these greases can be found in Table 4.1. The same
greases were used by Hogenberk et al. [10] and Osara et al. [41].

4.2 Grease properties (used as degradation measures) and their
measurements

To study the thermal degradation of grease, a set of five material properties are measured at
various stages of thermal ageing — fresh greases, and greases aged for 10, 20 and 30 days.
These properties are referred to as degradation measures. These degradation measures are:

» Bleed capacity measure.

 Specific heat capacity.

+ Storage modulus.

» Thermal strain coefficient.

* Yield stress.
In addition to these properties, the latent heat of evaporation (LHE) of base oil has to be found
to characterise evaporation. The IR-spectra will also be measured of each sample, to see if any
oxidation occurs during ageing.

To ensure the most accurate results in the most time effective way, all measurements will be

Table 4.1: The greases tested in this study. These properties are collated from Hogenberk et
al. [10] and Osara et al. [41], who studied the same greases.

| Grease | Li/M | Li/'SS | PUE \
Thickener Lithium soap Lithium soap Polyurea
Base oil Mineral Semi-synthetic Synthetic ester
NLGI grade 3:0 2:5 2:5
Density [kg/mq] | 900 910 960
Viscosity (@ 40 C)  [mm?/s] | 99:9 41:9 70:0
Viscosity (@ 100 C) [mm?/s] | 10:0 7:5 9:4
Drop point [ C] 191 180 270
Qil separation [%] 2:1 4:9 0:5
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done twice. When there is a large discrepancy between the measured values, the measurement
is repeated to identify the outlier.

4.2.1 Measuring the latent heat of evaporation of base oil

The LHE determines the energy needed to evaporate a unit amount of a liquid. The LHE is
denoted by L, in either J/mol or J/kg. All mass measurements will be in kg, so the latter unit
(J7kg) will be used from now on.

A method proposed by Dollimore et al. [51] utilises non-isothermal thermogravimetric analy-
sis to characterise solid-state kinetics of thermal decomposition. In its current application, the
thermal decomposition process is the evaporation of material. Chatterjee et al. [52] applied this
method to find the LHE, which was then used to find the vapour pressure curves of hydroxy
benzoic acid derivatives. Smook et al. [53] applied the same non-isothermal thermogravimetric
method to study the oxidation stability of grease to great effect. All in all, the non-isothermal
thermogravimetric analysis methodology seems a promising approach to find the LHE for the
base oils of these greases.

Because this method deserves some more extensive explanation, the details of how this
method is set up and applied can be found in Appendix A. The rest of this section will summarise.

The fundamental relation for non-isothermal decomposition is [51]

d Aarr =2
— = ——e RsTf( ): 4.1
g - e =0 (4.1)
is the ratio of evaporated material. The reaction mechanism function, f( ), depends on the
kind of mechanism present. Because evaporation behaves like a first-order kinematic process
[54], the process can be modelled using a first-order decay, rendering the function as

f()=1 (4.2)

Lastly, E; is the activation energy, which takes the value of the latent heat L for the evaporation
process [23]. The final equation is

T d L
Tﬁ = AArre RsT , (43)
where the left-hand side of the equation is known. The unknowns of the right-hand side of the
equation (L and Aarr) can be found by fitting a linear equation to the left-hand side in Arrhenius
space.
By increasing the temperature, the evaporation rate also accelerates. The slope of the rising
portion of this curve, plotted in logarithmic space, is equal to L/RsT from which LHE can be
obtained.

Procedure The following procedure is performed on the TA Instruments TGA 550, a picture
of which can be seen in Figure 4.1.
1. Obtain base oil from the grease sample using a centrifuge (or any other method of choice).
2. Tare the TGA baskets.
3. Load approximately 20 mg of base oil into the TGA basket.
4. Measure the temperature and mass of the sample. Vary the temperature according to:
(a) Equilibrate at 40 C.
(b) Ramp temperature to 200 C at a rate of 10.0°C/min.
(c) Ramp temperature from 200 C to 400 C at a rate of 2.00°C/min.
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