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Optimizing Lubrication
and Lubricant Analysis

By Jim Fitch and Bennett Fitch

Introduction

Lubrication is an unmistakably integral part of machine reliability. Rotating
machines are dependent on lubrication decisions made, such as which
lubricant to use, how the lubricant needs to be applied to the tribologi-
cal zones, and what is done during operations to monitor and control the
integrity of these frictional zones.

At the same time, lubrication is too often not top of mind when con-
sidering the critical aspects of rotating machines, partly because there is a
lack of general understanding of the crucial role the lubricant plays in reli-
ability. But even for those who may understand this, it still is not intuitive
to manage these factors carefully. Rather, there are incorrect assumptions
that lubrication is straight forward; in other words, simply “just having oil
or grease in the machine is largely all that is necessary” is a perspective
of many. This, coupled with the fact that lubrication is messy and not as
exciting as the many other maintenance tasks, often challenge workforce
culture.

As a result, the industry suffers from stagnant practices and lethargic
attitudes. Although, the dismal state of an old and generally unexciting
field is a huge opportunity in disguise. For plant maintenance personnel
that see this opportunity, improvements in lubrication not only help avoid
unnecessary costs in repairs and downtime, but also have a huge impact in
improving the maintenance culture and creating a foundation for sustain-
able growth. But what should be the focus for improvement and achieving
lubrication excellence?

Lubrication Excellence is a term used to describe the holistic achieve-
ment of maintaining all lubrication practices from start to finish. One way
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Figure 4.2 Example of optimum reference state on two identical centrifugal pumps.
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When making plant-wide lubrication decisions, such as selecting which

machines are appropriate for oil analysis or how to consolidate lubricants
to a manageable selection across the plant, the ORS applies here as well.
From a macroscopic perspective of decision making, managing risk and
costs can override (or complement) the decisions made for each machine.
In fact, when the sum of all lubrication ORS attributes in the plant are
considered from both micro- and macroscopic perspectives, this creates an
engineering specification for Lubrication Excellence,

Fundamentally, there is a need for users to understand how their cur-
rent lubrication practices may be sharply different than what might be con-
sidered the optimized state. This is further underscored by showing the
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value to the organization and to maintenance workers individually (finan-
cially and career development). And ultimately, it needs to be specified,
through good engineering practices, in such a way that deployment can
be sustainable with manageable risk and cost. The Ascend methodology
structures, codifies, and prioritizes this comprehensively based on the ORS
in all essential areas of lubrication-enabled reliability.

Lubrication Excellence and the Ascend Chart

The Ascend Methodology deploys six lifecycle stages of a lubricant that fol-
low in chronological order starting at the top going clockwise represented
by angular wedges on the Ascend Chart. Each stage plays an important
part in lubrication excellence, machine reliability, and asset management.

» Lubricant selection (S)

o+ Lubricant reception and storage (R)

» Lubricant handling and application (H)

« Contamination control and lubricant reconditioning (C)

« Condition monitoring, lubricant analysis, and troubleshoot-
ing (A)

 Energy conservation, health, and the environment (E)

Following the lubricant life cycle allows users to correlate their day-to-
day activities at each stage with fundamental business objectives and how
each stage functions individually as a part of the whole in executing correct
principles of lubrication.

Ascend punctuates the importance of selecting the right lubricant, with
performance specific to the requirements of the machine and its opera-
tional context. But it doesn’t stop there. It also needs to specify the cor-
rect condition, storage, and handling practices, application methods, and
frequency. Precision lubrication also includes application of the correct
amount, with the right tools, by a person with the right knowledge and
skills. Lastly, there is a fundamental need for sustainable contamination
control of lubricant in storage and use and, through lubricant analysis, a
metric on the state of lubrication and overall machine health.

Lubrication activities across the lifecycle of the lubrication process are
divided into 40 Factors (see Figure 4.3). Each of these factors is interrelated
to one or more of the 12 areas of the lubrication plan as specified in clause
5.0 of the standard ICML 55.1" Asset Management Requirements for the
Optimized Lubrication of Mechanical Physical Assets.
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Figure 4.3 40 Ascend™ factors.
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However, it should be noted that these 40 factors do not all share the
same weight (priority) or urgency of implementation. Therefore, to empha-
size and clarify these differences, the factors are arranged into three levels
(see Figure 4.4):

« Platform (P)
» Management and Training (M)
o Performance Indicators (K)

The Ascend™ methodology uses Six Sigma’s DMAIC (Define, Measure,
Analyze, Improve, and Control) tool to assess the maturity of the lubrica-
tion program from an established starting point through the transformation
plan. The Optimum Reference State is defined based on the requirements
of the ICML 55.1 standard. ORS compliance is assessed through inspec-
tions, measurement, verification, and interviews.

Differences between required ORS performance and current perfor-
mance are analyzed by the Ascend methodology to prioritize the imple-
mentation plan based on impact on business objectives and reliability.
When an assessment is performed using the Ascend methodology, a matu-
rity of each factor based on the degree of compliance (completeness) is
defined along with a list of specific improvements aimed at complying with
the ORS in each of the 40 factors of the lubrication process. It identifies
the critical actions needed to ensure that the process is sustainably imple-
mented with suitable controls.

Similarly, a maturity score can be identified for each of the six lifecy-
cle stages and the three levels. Finally, a holistic indicator of maturity of
the lubrication program, called the Ascend Compliance Level (ACL), is a
sophisticated calculation based on a proprietary mathematical algorithm
that includes a Balanced Score Card (BSC) of the lubrication process and
the maturity of each of the factors. The active ACL value can be displayed
in the center of the Ascend Chart and as a guiding key performance indi-
cator for lubrication excellence.
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Figure 4.4 Three levels of ascend™.
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Bringing Awareness to Lubrication, Contamination,
and Oil Analysis

The following sections in this chapter are not intended to be a compre-
hensive overview in lubrication, contamination, and oil analysis, as this
would be too extensive and there many other published references, includ-
ing ICML 55.1, that very adequately suffice. Rather, what is written here is
aimed at uncovering key aspects in lubrication and contamination that are
often less understood yet are crucial in establishing foundational knowl-
edge on the impact it has on machine reliability.

Then, oil analysis is brought into focus to carefully identify what is nec-
essary for end-users to get right in order to achieve the expected return on
investment. While it has long been a common practice for monitoring the
conditions in the lubricant, thus the machine’s conditions, there is much
that can unknowingly go wrong and jeopardize the integrity of the efforts.
Furthermore, it is important to connect this to newer (and often simpler)

techniques to monitoring lubricant conditions in improving lubrication
and controlling contamination

What You Might Not Know About Lubrication

Machine Surface Interaction

It is crucial to understand how two metal surfaces within a machine inter-
act with each other. Regardless of how smooth a surface may appear, each
metal surface has high points, known as surface asperities, and low valleys.
When the two surfaces move past each other, the asperities on each surface
come into contact (collide), as illustrated in Figure 4.5.

90%

of load rests
on surface peaks

Figure 4.5 Circles represent asperity contact during sliding conditions.
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The height and amount of the asperities dramatically affect the friction
between the surfaces. It is the lubricant’s job to keep asperities apart and
prevent or mitigate destructive contact and mechanical friction. Metal-
to-metal friction causes two surfaces in relative motion to generate heat,
consume energy, and often weld together, causing adhesion (galling)
and abrasion (cutting). In severe cases, the metal may completely weld
together.

Reducing friction can be accomplished with:

« Proper lubricants and lubrication.

» Replacing sliding friction with rolling friction.

« Improved materials selection and surface finish - softer
babbitt materials are often used to reduce friction during
start-up and shutdown.

The Lubricant Film

When thinking of lubrication, one should consider how the base oil creates
a film to separate metal surfaces to minimize mechanical contact. For the
base oil to provide separation, there must be a balance of three contributing
factors: relative surface velocity, base oil viscosity, and applied load. These
three factors are also influenced by other elements such as temperature,
contamination, and surface topography. The film thickness that is achieved
is called hydrodynamic lubrication.

In applications involving rolling contact, film thickness can still occur,
even with greater localized pressure (unit load). In fact, these pressure
points play an important role in achieving the film. The base oil’s pressure-
viscosity relationship results in the viscosity to increase temporarily and
significantly. This is called elastohydrodynamic lubrication. It is best to
keep machine surfaces separated and the film thickness provides the best
opportunity to reduce friction and wear. But what happens if these film
thickness conditions are not met, such as when there is insufficient surface
velocity, inadequate viscosity, and/or excessive load?

When the hydrodynamic or elastohydrodynamic lubrication prerequi-
sites are not met, the base oil will require support from boundary contact
conditions. This support involves using wear and friction-control addi-
tives. The base oil and additives are mixed together to produce a lubricant,
either oil or grease. This lubricant is then formulated to mitigate the antic-
ipated boundary conditions. This process ensures the lubricant will have
the correct amount of film strength and boundary lubrication properties.
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Film Strength

Film strength is the lubricant’s ability to lessen the effects of friction and
control wear by means other than viscosity-induced film thickness. When
the base oil viscosity is insufficient to overcome metal-to-metal surface con-
tact, the base oil and additive chemistry work together to create a surface
protection mechanism. Even when loads and temperatures are higher and
relative surface velocities are lower, functional film strength can be achieved.

Unlubricated Surface Interactions

When observing frictional surfaces on a microscopic level, they are
rough, form a topography of undulating peaks and valleys, even while
they may look smooth or even polished to the unaided eye. This is sim-
ilar to how spherical the Earth looks from space but in fact is brimming
with mountains and valleys on the surface. Because the surface has these
mountains and valleys, when unlubricated metal surfaces come into con-
tact, the actual contact area is actually less than the apparent (perceived)
contact area. The surfaces will only touch (bearing load) where the higher
asperities reach the opposing surface. However, these asperities can elas-

tically deform under pressure, making the contact area increase with an
increased load.

Friction and Wear Generation

Many consider surface roughness the primary contributing factor of fric-
tion. However, when considering that the real contact area may be less than
1 percent of the apparent contact area, the actual roughness becomes much
less relevant. The significant process contributing to friction is a result of
the adhesive bonds occurring at the atomic level of asperity contact.

In conditions where there is inadequate lubricant film thickness, the
asperity contact points can lead to cold welding, which leads to adhesive
wear. The adhesion undergoes a work-hardening process, which strength-
ens it. Thus, the shear point happens layers below the asperity contact
point where the metal has not been strengthened. As the metal shears, the

asperity tip is either transferred to the other surface or broken off, becom-
ing an abrasive particle.
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Mitigating Surface Interactions

Friction and wear-control additives are formulated in small quantities
within the base oil and have polar properties that foster metal surface
attraction. These attractions are encouraged to chemically react with the
surface. When machine surfaces interact with higher pressures and tem-
peratures, the additives mitigate the typical effects of wear by creating ini-
tial flexible molecular layers on the machine surface. These friction-control
layers become sacrificial and directly reduce shear strength during contact,
as illustrated in Figure 4.6.

The initial layers can mitigate friction by allowing the lubricant’s weaker
molecular bonds to release with less force compared to that of the strong
bonds that result from the metal-to-metal asperity boundary conditions.
The formation of low-shear-strength films is also influenced by the base
stock type and the metallurgy of the mechanical surfaces.

There are three types of lubricant additives that help reduce this friction
and control wear formation:

o Friction modifiers

» Anti-wear additives
» Extreme-pressure additives

Physics and Chemistry

The interactions of asperities at the actual contact pressure points are the
main concern when poorly lubricated machine surfaces come into sliding

T i load T ) )

Solid or
semisolid
soap-like

chemical film

Bulk
lubricant

Liquid or

semisolid
interface film

Figure 4.6 Sliding and frictional heat.
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contact. At this molecular scale of the machine surfaces, boundary condi-
tions are subject to numerous principles of physics and chemistry.

The role of oxidation, corrosion, chemisorption, and other chemi-
cal reactions on the machine surfaces must be carefully balanced when
additive compounds are selected for film strength protection [7]. These
friction and wear-control additive films reduce the shear strength at the
contact points. The low-shear-strength films are sacrificial during physical
interactions and protect the surface from the effects of adhesive, abrasive,
and fatigue wear.

While the base oil's viscosity is always preferred to protect the machine
surfaces with hydrodynamic and elastohydrodynamic lubrication, bound-
ary conditions will still exist. Therefore, to protect against boundary con-
ditions, a properly formulated lubricant with friction and wear-control
additives should be used to provide a film strength that is proportional to
the exhibiting mechanical interactions.

Contamination: The Antagonist to Lubrication

Contamination is often a silent lurking danger and can alter or destroy
critical mechanical zones of your machinery. All lubricants have some
level of solid contamination. Even with new lubricants, complete cleanli-
ness is unattainable. The key is to ensure that there are more contaminants
being filtered out than contaminants being ingested or generated within.
Problems arise when too many contaminants are allowed to exist in the
workings of a machine.

Since contaminants can silently accumulate and generate within
machines, this cyclical act proliferates to a point where the filter cannot
maintain a healthy balance in contamination levels. So, while oil analysis
may show that contaminant levels remain at an acceptable rate, it may only
take a moderate increase in contamination to set this off balance and create
an exponential spike toward machine failure [1].

Contamination Control and Condition Monitoring is
More Often about Training than Advanced Technolo gy

This includes learning about the functions of a lubricant, how to select the
right lubricant for each application, how to manage them in storage and
properly apply them to machines, and of course, it is all about monitoring




OPTIMIZING LUBRICATION AND LUBRICANT ANALYSIS 99

lubricant and machine conditions through inspections and oil analysis.
There are two specific areas of lubrication that must be communicated
by bringing awareness to those who work with and around plant equip-
ment. The first one is the importance of contamination control, which is
discussed here. The second is inspections, which will be discussed later in
this chapter.

Contamination Control

Contamination is defined as “any foreign or unwanted substance that can
have a negative effect on system operation, life or reliability”” This is more
than just solid particulates from the environment, it includes other factors
such as water, air, glycol, soot, and fuel. Even the wrong lubricant being
mixed into the current lubricant is considered a form of contamination
referred to as cross-contamination.

Contamination control for lubrication includes the “planning, orga-
nizing, managing, and implementing all activities required to determine,
achieve and maintain a specified contamination level” Notice that neither
the word “eliminate” nor “remove” is used in this definition.

Don’t Leave It to Instinct

A lot of what is important with contamination control is not intuitive. For
example, take the physical size of solid contaminants that could damage a
rolling or sliding contacting component. Oil films are usually 5-20 microns
for sliding contact (turbine bearings, gears, pistons), all the way down to
less than one micron for rolling contact (rolling element bearing, gears,
cams). Typical airborne particulates that ingress into machines are usually
much smaller than 40 microns, which is the visibility limit of the unaided
eye.

This makes it common for there to be a misperception of the degree of
cleanliness needed in and around lubricated machines. It is not intuitive
for us to understand the importance of these virtually invisible contam-
inants with everyday practices. This is just one example of what must be
learned through careful training. It is important to provide a discussion
and explanation why contamination control is important, rather than just
telling them what to do and what not to do.
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Creating a Balance Between Exclusion and Removal

Itis often incorrectly assumed that contamination control is just about fil-
tration. While it is a big part of contamination control, filtration is only
necessary because contamination is first allowed to get into the oil and the
machine. The actions that must be taken to control contamination include
both exclusion (seals, breathers, clean new oil, etc.) and removal (filtra-
tion). In fact, it will always be much cheaper (at least one-tenth the cost)
to exclude a gram of dirt from getting into a machine than it is to remove
it through filtration.

Nevertheless, neither exclusion nor removal is perfect; they must be con-
sidered together as a contamination control solution and where appropriate
based on the Optimum Reference State. Contamination control requires a
balance of a two-part approach, just like our bodily caloric control, where
we strive to burn more calories than we consume. For machines, we can
monitor contamination levels, such as with oil analysis, to verify that this
is staying in balance. If more contaminants are accumulating in the oil
than are being removed, it is only a matter of time that the contamination
will induce a failure, Component contaminant sensitivity, contamination
likelihood, criticality, safety risks, and downtime are examples of variables
that go into justifying the ORS contamination control requirements. It is
important that those who make decisions about breathers, seals, filtration,
and other everyday oil sump management have learned about contamina-
tion control and optimizing these decision variables to ensure enough is
being done to keep this in balance.

Scenario Analysis: Many maintenance teams don'’t realize the benefits of
contamination control. For decades, countless industry studies by OEMs
and end-user groups have identified that contamination is the number
one cause of wear on rolling element bearings, gears, and the majority of
lubricated components. Additionally, it is well established that the cost of
controlling contamination through optimized best practices will be con-
siderably less than the cost savings from mechanical wear-related failures
decreasing over that period.

Then why is this not often realized? This is where bringing awareness
is necessary and must influence the maintenance culture. As mechanical
wear occurs from moderate levels of contamination, it propagates a grad-
ual Failure Development Period (FDP) that appears largely uneventful to
the untrained person. As the wear gets worse, eventually predictive main-
tenance (PdM) may trigger a corrective action through vibration analysis,
inspections, or other means. If this becomes a common occurrence, then
a preventative maintenance (PM) task may get scheduled to replace these
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components on a fixed interval that is significantly less than the intended
design life and unfortunately, this is very common.

These PAM catches and scheduled PMs are rewarded, but these habits
form an unhealthy maintenance culture focused on reacting to failure rather
than establishing proactive measures to recognize the root cause (contam-
ination) and improve proactive maintenance (via contamination control).

When a root cause failure analysis is performed, it is usually difficult to
pinpoint one single cause. Rather, the root cause is viewed as a collection of
decisions and practices that impact contamination. Good practices include
everyday activities or decisions such as:

« Managing new oils and keeping them clean and dry before
use

« Transferring new oils in clean, sealable-and-refillable con-
tainers or filter carts

« Managing machines’ headspaces by using quality desiccant
breathers

« Monitoring contamination levels with particle counting on
critical machines

« Establishing filtration needs effectively, either through con-
tinuous stationary filtration or through periodic filtration
with a filter cart

» And many more daily activities like careful machine wash-
downs, keeping machine areas tidy and clean, walk-by
inspections, etc.

The actions and decisions that influence contamination control are
part of a collective effort involving nearly everyone working around the
machines including maintenance, operators, lube techs, reliability engi-
neers, supervisors, etc. Similarly, when these teams go through contami-
nation control trainings as a team, everyone builds a collective awareness
and a better understanding of what each of their roles entail. The ben-
efit of contamination control training multiplies as the importance is
bought-in together, especially when the training takes place in person as
one group.

Ultimately, contamination control is everyone’s responsibility. When
contamination control is analyzed as part of the overall lifecycle of a
lubricant in the Ascend Methodology, it tends to dominate the next step
requirements that follow. This is especially true through metrics that iden-
tify the impact of contamination on lubrication. It becomes comparatively
important to selecting the right lubricant or monitoring the conditions,
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such as through oil analysis. Lubrication awareness training sets the tone
from the top down that lubrication is not a trivial part of maintenance but
instead requires carefully made decisions, quality daily actions, and, most
importantly, it impacts the bottom line.

Why Perform Oil Analysis [3]

Oil analysis is performed to understand the condition of the oil in an
effort to bring awareness to the condition of the machine from which the
oil sample was taken. It is a practice that has been around for a long time,
yet it is a challenge to get right for many and its viability is too often dis-
regarded. Why? Laboratory-based oil analysis is often monitoring data
that can be difficult to comprehend because it is not as straight forward as
many other condition monitoring technologies such as vibration, ther-
mography, or even the more recent addition of motion amplification. All
of these technologies are viable and can provide value when performed
correctly.

However, oil analysis finds itself in a category that arguably provides
the most value as a condition monitoring strategy when performed cor-
rectly. This is because it can do an excellent job of detecting problems
ahead of machine failure by looking for changes in fluid properties or
contamination levels in addition to machine faults in the form of wear
debris. It targets issues largely in the proactive maintenance domain and
closer to the root cause. This is why it is so important to figure out. These

three aspects of oil analysis are often clearly defined as categories of oil
analysis.

Fluid Properties Analysis

This type of oil analysis focuses on identifying the oil's current physical
and chemical state as well as on defining its remaining useful life (RUL). It
answers questions such as:

» Does the sample match the specified oil identification?
« Isitthe correct oil to use?

» Are the right additives active?
+ Have additives depleted?

» Hastheviscosity shifted from the expected viscosity? If so, why?
» What is the oil's RUL?






