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ABSTRACT
An online fluid property sensor was used to analyze the effects of small amounts
of water and glycol-based coolant contamination in engine oil. The sensor measures the
dynamic viscosity, density, and dielectric constant of the oil using quartz tuning fork
resonator technology. Due to the difficulties of measuring water and coolant
contamination effects related to immiscibility, experiments were developed that would
mitigate these issues. Sub-saturation levels of water contamination were introduced to oil
via humid air in an environmental chamber. Oil property and water content data was
collected as the oil approached equilibrium with its surroundings. A compact flow loop
was also built to emulate an engine lubrication system. Both water and coolant were
introduced in increasing quantities and the effects were recorded.
It was found that only the dielectric constant of the oil showed sensitivity to water
and coolant contamination using this method of measurement. The magnitude of the
changes seen for contamination levels below condemning limits was minimal, potentially
too low for confident detection in an operating engine system. Further contamination
beyond condemning limits was shown to increase the magnitude of the changes seen,
leading to a greater potential for detection.
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Chapter 1
Introduction
Lubricant, in one form or another, has been used to improve the operation of
moving parts at least as early as ancient Egypt. Since that time, lubrication technology
has expanded and diversified into a global market expected to reach $162.3 billion by
2019. Mineral and synthetic oil-based lubricants make up the majority used with nearly
57% of all lubricants being consumed by the transportation sector [1]. It is estimated that
nearly 1.35 billion gallons of used oil is generated yearly across the United States [2]. To
reduce the impact on the environment and costs to consumers, oil manufacturers have
developed numerous methods of extending the life of oil products. These technologies
range from improved refining of base stocks to chemical additives that minimize the
effects of aging and contamination.
To further reduce the impact of oil use in both automotive and industrial settings,
significant research has been done in the field of oil condition monitoring. The condition
of an oil includes the property changes due to normal use, but also the presence and level
of contamination an oil may encounter throughout its useful life. Though the condition of
the oil may deteriorate for many reasons, contamination with water or glycol-based
antifreeze coolant has been considered one of the most critical for engine applications [3].
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1.1 Research Objectives
The goal of the present work is to determine the effectiveness of tuning fork
resonator based sensors for water and coolant detection in engine oil before these
contaminants reach condemning limits. In an operating engine system, multiple forms of
degradation and contamination occur simultaneously throughout the useful life of an oil.
Because of this, the effects of a single contaminant may be masked by the combined
effects of the others. Water and coolant, due to their immiscibility in oil, are particularly
difficult to isolate while providing similar operating conditions to that of a running
engine. Further complicating the task of detecting water and coolant contamination are
the low condemning limits suggested by industry experts. Water contamination is
commonly limited to 0.2% by volume, or 2000 parts-per-million (ppm) up to 0.5% (5000
ppm) while coolant contamination can be condemning at trace amounts or up to 0.1%
(1000 ppm) [3]. While previous research has been performed regarding this topic and has
provided useful information, several issues have been noted. As mentioned, experiments
performed using operating engine systems are subject to additional effects that may mask
the discrete effects of water and glycol [4]. Further efforts with bench-top testing, to
overcome the difficulties associated with the immiscibility of water with oil, use
relatively large quantities of contaminant, well beyond prescribed failure limits [5,6].
Thus, this work is broken down into the following tasks:
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1. Perform experiments that will address the difficulties of analyzing the
effects of small quantities of water and coolant in oil under conditions
representative of a running engine.
2. Analyze data at various levels of contamination of both water and coolant
to see what, if any, changes in the measured oil properties correlate to
contamination.
3. Using the results of the data analysis, determine the effectiveness and
feasibility of using tuning fork resonator based sensors for detecting water
and coolant in engine oil.
The remainder of this chapter will provide an overview of the necessary
background information required to perform this research. Subsequent chapters will
present the methodology and results of the work performed.

1.2 Lubrication Mechanisms and Oil Analysis
While lubricant is used in numerous locations in an automotive system, particular
attention is placed on the oil used in internal combustion (IC) engines. Engine oil is
exposed to many extremes: high temperature; high pressure; corrosive and oxidative
environments; solvents; and various forms of solid particulates. Not only is engine oil
expected to handle these extremes, it is designed to manage them all while still providing
proper lubrication and minimizing wear. Specifically, modern engine oil is not meant to
simply perform in the presence of water or soot, it is designed to entrain or quarantine
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these contaminants, among others, and prevent them from reaching parts of the engine
where they can be most harmful.
The importance of clean oil stems from the three primary modes of lubrication:
hydrodynamic, elastohydrodynamic, and boundary. Each mode depends on the
development of an oil film between the surfaces in contact. The thickness of this oil film
is, among other things, related to the viscosity of the oil and the relative speed of the
contacting surfaces, which in turn partly defines the mode of lubrication being described.
Typical hydrodynamic lubrication for automotive applications tends towards film
thicknesses greater than 2 microns and provides the least opportunity for material
deformation and surface wear. Elastohydrodynamic lubrication develops in the presence
of highly loaded conditions, producing significantly higher pressures and narrower fluid
films on the order of 0.05 to 2 microns. The pressures involved in the interaction zone are
great enough to cause elastic deformation of the components. Particulates with
dimensions greater than the much thinner oil film can cause indentations or become
embedded into the wear surfaces under these extreme pressures. The final mode,
boundary lubrication, occurs in situations that can starve the contact zone of oil such as
low speed, high loads or temperatures, or squeeze contact. Oil film thickness during
boundary lubrication can range from 0.001 to 0.05 microns. At these thicknesses, the
surface roughness of the part becomes a factor in the rate of wear and in cases where the
oil film becomes nearly non-existent, adhesive wear can occur. Even very fine
particulates trapped in the oil can accelerate surface wear during boundary lubrication
[7].
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The development of oil contamination and degradation is inevitable during the
operation of IC engines. By the nature of the combustion process, particularly in diesel
engines, contaminants such as soot and water will enter the lubrication system over time.
For this reason, engine manufacturers recommend an oil change interval based on
mileage or time. Developments in oil manufacturing and formulation have made it
possible to extend these drain intervals while also improving fuel economy and emissions
[8]. With the advent and subsequent proliferation of electronic engine controls,
automotive manufacturers have created numerous algorithms designed to calculate oil
health based on drive cycle and engine operating parameters. A dynamic oil change
interval offers a balance between extending the life of an oil fill under light usage and
minimizing the potential for increased engine wear under more stressful conditions [9].
Ultimately, though, time, mileage, or drive cycle based drain intervals do not take into
account the physical properties of the oil, relying on conventional wisdom or statistical
correlations to estimate the health of the oil.
Direct or indirect measurement of oil properties performed as part of an oil
analysis program allow for the maximization of oil drain intervals. The implementation
of oil analysis either through periodic sampling or, ideally, in-situ measurement of oil
properties offers the potential to monitor the health of not only the oil, but also the
engine. As the oil cycles through the various parts of the engine, heat and contaminants
degrade the oil. Oil degradation over time can increase wear, harming the engine and
introducing wear particles into the lubrication system, further increasing engine wear.
Tracking changes in oil quality and contamination levels over time allows oil analysis
experts to infer the state of engine health and prevent potential engine failures [10].
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Ultimately, the ability to differentiate good oil from bad oil relies on an understanding of
the effects of thermal degradation; various forms of contamination; property changes
related to operating parameters; and the initial formulation of the oil.

1.2.1 Oil Formulation
Modern engine oil consists of base stock and additives. Typically, oil
manufacturers hold the exact mixtures as trade secrets but most formulations contain a set
of common components in addition to any unique components defined by the
manufacturer. The expected operating conditions an engine oil will face drive the specific
properties of the formulation, e.g. operation in sub-freezing temperatures may require a
thinner oil with a low pour point. The base stock is responsible for several of these
properties, such as base viscosity, volatility, and thermal stability among others.
Additives are then used to adjust properties to better suit operating conditions as well as
improve the stability of the base stock. Most notably, the viscosity index is dependent on
the additives used and describes the magnitude of change in the oil viscosity relative to
changes in temperature. Other additives such as detergents, anti-oxidants, and emulsifiers
are included to extend the life of the oil in the presence of degradation and contamination
[11].
Oil base stocks are grouped per the American Petroleum Institute (API)
classifications as shown in Table 1-1. Groups I through III are mineral oils refined from
crude petroleum and are segregated based on measures of viscosity index, percent
saturates, and percent sulfur content. Group IV consists solely of polyalphaolefin (PAO)
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synthetic oils. Group V includes synthetic base stock not included in the other four
groups such as silicone or ester based oils [12].
Table 1-1. API Category Definitions, adapted from [12].

Category

Viscosity Index

Saturates (%)

Sulfur (%)

Group I

80 to 120

< 90

> 0.03

Group II

80 to 120

> 90

< 0.03

Group III

> 120

> 90

< 0.03

Group IV

Polyalphaolefin (PAO) synthetic oils

Group V

Any synthetic not belonging to Group I-IV

The base oil group number is a simple indication of the level of refinement of a
base stock. Mineral oils in Group I are produced through solvent refining and have the
least consistent molecular structure. Group II bases are partially hydrocracked, leading to
higher molecular consistency and lower sulfur content at an increased cost. Base stock in
Group III is also refined through hydrocracking, but at higher temperature and pressure
and for longer duration, creating a much purer product at a greatly increased cost. Group
IV base stocks are fully synthesized PAO oils with a highly consistent molecular
structure with highly improved thermal stability. Group V base stocks are rarely if ever
used exclusively in an engine oil formulation but are occasionally combined with other
groups for some applications. Apart from Group V, the higher group numbers indicate
higher quality base stocks. More refinement leads to a more consistent molecular
makeup, in turn leading to greater stability under varying operating conditions [13].
To further improve stability and mitigate the effects of degradation and
contamination, base oils are blended with several additives. Modern engine oils have
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been developed with additives that improve the viscosity index; reduce friction to
improve fuel economy; disperse contaminants; and reduce the rate of oxidation and
degradation. The type and amount of each additive depends on the application. Diesel
engines, with higher soot generation tend to require more dispersant type additive
whereas gasoline engine oils may be restricted from containing additives that will harm
the exhaust catalyst when burned [14]. In many cases, multiple different additives exist
that perform the same function while a single additive may perform multiple functions.
The oil manufacturer will design the final formulation to include additives that exhibit the
desired effects, but do not interact negatively with each other and reduce the overall
performance [14].
The following types of additives are commonly found in modern engine oils [14]:


Viscosity Index Improvers – The viscosity index (VI) of an oil is a
number describing the relative change in viscosity over a change in
temperature. The viscosity of an oil with a high VI will change less than
one with a lower VI over an equal change in temperature. Viscosity index
improvers are typically coiled, high molecular weight polymers that unfurl
as temperature increases, increasing the viscosity of an oil formulation,
thus increasing the VI above that of the base oil. Multigrade oils as
defined by the Society of Automotive Engineers (SAE), e.g. SAE 10W30,
are a result of VI improvers. Olefin copolymers and
polyakylmethacrylates are examples of common VI improvers.
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Detergents – Certain contaminants and oxidation by-products, if left
unmanaged, will create residues and acidic compounds over time.
Detergents are composed of polar molecules intended to cling to residue
particles and lift them from engine surfaces preventing a much thicker
sludge from developing. Since many detergents are basic, they also serve
to neutralize acidic compounds formed during oil degradation. Detergents
generally consist of calcium or magnesium based salts.



Dispersants – Much like detergents, dispersants are compounds that
attach themselves to contaminants and prevent settling and varnish build
up. Dispersant additives consist of a polar head with an oil-soluble tail and
are highly effective at preventing soot particles from agglomerating and
causing oil thickening. Succinimide polymers are commonly used as
dispersants.



Anti-wear Agents – In the event the oil film thickness between parts
enters the boundary lubrication regime, anti-wear agents bind themselves
to metal surfaces, creating a protective layer. This protective layer is
removed by friction, saving the surfaces underneath from additional wear
and minimizing the creation of damaging wear particles. Zinc
dialkyldithiophosphate (ZDDP) is the most common anti-wear agent.



Friction Modifiers – With auto industry focus placed on improving fuel
economy, engine oils have been formulated with friction modifiers to
reduce internal friction and the power loss associated with it. Friction
modifiers bind themselves to engine surfaces, reducing the coefficient of
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friction causing a small but noticeable increase in fuel efficiency.
Molybdenum compounds are commonly used as friction modifiers.


Anti-oxidants – While detergents and dispersants can handle the
byproducts of oxidation, anti-oxidants are used to inhibit the oxidation
itself. Reducing the rate of oxidation increases the length of time an oil
may be in service. ZDDP as well as organic amines and phenols function
as anti-oxidants.



Additional Additives – Antifoaming agents, metal deactivators, pour
point depressants and rust/corrosion inhibitors are also included in many
oil formulations.

Depending on the application, additives can make up 30% of the final oil
formulation. Because many additives are included to deal with contamination and
degradation, changes in oil properties are, in some cases, directly related to the depletion
of additives in the oil. Similarly, two different oil formulations will have different
baseline properties [11].

1.2.2 Oil Properties Used for Analysis
The goal of oil analysis is to quantify how several major oil properties change in
response to degradation and contamination and how that relates to the health of the oil.
To accomplish this, a fundamental understanding of how these properties arise in an oil,
as well as how they change based on environmental variables (e.g. temperature) is also
required. Further complications develop when the dependencies between certain
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properties are considered. For example, dielectric constant, a commonly used parameter,
can be shown via the Debye equation to have a dependence on the density, another
common, but less used analysis parameter [15]. The method of measurement must also be
considered. Continuing with dielectric constant as an example, measurement probes
operating at different excitation frequencies will measure different values for the same
fluid under the same conditions. The remainder of this section will highlight several
properties relevant to water and coolant contamination in oil.

Viscosity
Viscosity is generally considered the most vital property for determining the
health of an oil. Because the different modes of lubrication are dependent on the viscosity
of the oil, significant changes in the measured value relative to a fresh sample may signal
a need to replace the used oil. There are two similar but distinct methods for measuring
and reporting viscosity values. Dynamic, or absolute viscosity is the resistance of a fluid
to shearing force, typically presented in units of centipoise (cP) where 1 cP = 1 mPa∙s.
Kinematic viscosity is the ratio of dynamic viscosity and density of a fluid, typically
presented in units of centistokes (cSt) where 1 cSt = 1 mm2/s.
Viscosity is a temperature dependent property. For a typical engine oil, the
viscosity shows a power law relationship, decreasing with increasing temperature. The
less drastic this decrease, the better, as described by a higher VI. As mentioned in the
previous section, VI improvers are specially designed polymers that react to increasing
temperature by transitioning from a tightly wound state to a more loosely wound state.
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The new size and shape of the polymer increases the viscosity by resisting shear more
strongly than it would if it were tightly coiled. Development of VI improvers led to the
introduction of multigrade oils allowing vehicle owners the ability to use the same oil in
winter as they did in summer. Unfortunately, over time, individual VI improver polymers
will be torn under shear stress, reducing their effectiveness and returning the VI to that of
the base oil. This change in VI must be accounted for when analyzing oil for
contaminants including water or coolant. As fresh oil was used in this work, the effect is
negligible under the tests performed [16].
Several standards exist for measuring and reporting dynamic and kinematic
viscosity. Because it is temperature dependent, viscosity is always reported alongside the
temperature at which the measurement was taken. The most common measurement
standard used in regards to engine oil is defined by the American Society of Testing and
Materials (ASTM) as ASTM D 445, Standard Test Method for Kinematic Viscosity of
Transparent and Opaque Liquids (and Calculation of Dynamic Viscosity) [17]. This
standard specifies the use of a glass capillary viscometer to measure kinematic viscosity.
This device works by allowing the oil to flow through a thin capillary under the influence
of gravity. The time the oil takes to reach the end of the tube is measured and correlated
to a kinematic viscosity measurement. For reporting the measured kinematic viscosity,
the International Organization for Standardization (ISO) standard ISO 3448 specifies a
temperature of 40°C and Society of Automotive Engineers standard SAE J300 specifies
100°C. To measure dynamic viscosity, a rotary viscometer is used per ASTM D 2938. A
rotary viscometer measures viscosity by measuring the torque required to rotate a spindle
at a fixed speed in a container held at constant temperature [18]. For the calibration of
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test equipment, oils that are tested and verified to meet the SAE J300 standard for various
weights of automotive oil exist. The present work uses one of these calibration fluids,
Cannon Instruments CVCO-15W40 check oil, as a reference oil for several of the tests
performed. More details on CVCO-15W40 will be provided in Section 2.2.1.
Since the lubricity of the oil between contact surfaces is strongly dependent on the
viscosity, changes in viscosity can impact the wear rates of the parts and increase the risk
of damage. For an oil at 40°C, a kinematic viscosity increase of 40% or a decrease of
15% is considered a condemning limit. Similarly, at 100°C, a change in kinematic
viscosity of 3 or 4 cSt from that of a new oil is a condemning limit [3].

Dielectric Constant
The dielectric constant of a material is a dimensionless number that describes the
magnitude of interaction between the molecules of that material and an oscillating
electric field. For engine oils, the dielectric constant (also called relative permittivity) is
between 2.1 to 2.8 at room temperature. A number of factors determine the dielectric
constant of an engine oil including the base stock, additive package, temperature, and
measurement oscillation frequency. It is important to note that the dielectric constant of a
material is given relative to that of a vacuum, which has a dielectric constant of 1.0 by
definition. Opposite vacuum, conductive materials such as metals have an infinite
dielectric constant. Lubrication oils, therefore, are on the low end of dielectric constant
values owing to the non-polar nature of their molecules [15].
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The relationship between the dielectric constant and fundamental material
properties is given by the Debye equation, presented in Equation 1.
𝜀−1
𝜇 2 𝐿𝜌
= (𝛼 +
)( )
𝜀+2
3𝑘𝑇 3𝑀

(𝐸𝑞. 1)

Where:
ε = dielectric constant (or relative permittivity)
α = material polarizability (C∙m2/V)
µ = electric dipole moment (C∙m)
k = Boltzmann constant (1.31∙10-23 J/K)
T = temperature (K)
L = Avogadro’s number (6.02∙1023 mol-1)
ρ = material density (kg/m3)
M = molar mass (kg/mol)
Typically, the Debye equation does not work well for liquids due to thermal
motion but can still offer an opportunity to interpret the dielectric behavior of oils. As can
be seen in the Debye equation, the dielectric constant is primarily driven by the
polarizability and the dipole moment with the material density playing a minor role.
The polarizability term, α, is a measure of the interaction between the electrons in
a molecule and an electric field. As an electric field is applied, the electrons migrate
towards the positive pole while the nucleus is attracted to the negative pole. For oil, this
is related to the paraffinic and naphthenic content. Oils with a higher naphthenic content
will exhibit a higher dielectric constant due to the stronger interaction with electric fields
relative to more paraffinic oils [15].
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The dipole moment term, µ2/3kT, is related to the dipole moment of an oil
molecule and the oil temperature. The dipole moment is a measure of the charge
separation within a molecule. Polar molecules are those with a larger charge separation,
therefore higher dipole moment. Base oil molecules are non-polar and do not have a
significant charge separation, effectively negating the effects of the dipole moment term
including direct temperature effects. Additives, on the other hand, include compounds
with dipole moments, increasing the dielectric constant of a fully formulated engine oil
above that of the base stock and imparting a slight temperature dependence. The dipole
moment also induces a dependence on the electric field oscillation frequency during
measurement. Polar molecules, such as additives and water, attempt to align their charges
with electric field lines as the field oscillates. Depending on the size of the molecule,
higher frequencies will not allow enough time for the molecules to reorient themselves
with the new field direction before it changes again. This produces a sharp decrease in
dielectric constant for all materials above a characteristic frequency [15]. At frequencies
below 106 Hz, the dielectric constant is considered to be static for nearly all materials as
it shows negligible frequency dependence [19].
The molecular volume term, Lρ/3M, includes the oil density, leading to an
indirect temperature effect. With some algebraic manipulation, it can be shown via the
Debye equation that with all else constant, the dielectric constant will decrease with
decreasing density, therefore the dielectric constant should have an inverse relationship
with temperature. As mentioned, the Debye equation does not hold completely true for
liquids due to the thermal motion of molecules. With that in mind, any relationship with
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temperature is subject to additional complex chemical interactions within the material
that may alter the direction or proportion of that relationship.
In most situations, the dielectric constant of a material is measured over a large
range of frequencies to develop a map of dielectric behavior. These frequency dependent
measurements are typically performed using a network analyzer and one of several types
of probes, each with unique strengths and weaknesses. While no standard methodology
could be found for engine oil, ASTM D 924 specifies the use of a specially designed
capacitive cell for the dielectric measurement of insulating fluid, including transformer
oils [20]. This is likely due to the dielectric behavior being an important functional
parameter of insulating fluids whereas for engine oils it serves simply as a diagnostic
measurement. Unlike viscosity, the dielectric constant of an engine oil is not provided by
the manufacturer as part of the product specification. Because of this, when using the
dielectric constant as an analysis parameter, measurements must be taken in fresh,
uncontaminated oil to establish a baseline to which subsequent measurements can be
compared. Condemning limits for changes in dielectric constant are not readily available
but a change of 0.01 is recommended as a signal to further investigate the health of the oil
with additional testing [19].

Water Activity
Despite the common adage that oil and water do not mix, very low concentrations
of water can dissolve in oil. The exact amount is dependent on the oil formulation but
typical engine oils can dissolve much higher concentrations compared to other types of
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oils. Much like the relative humidity is a measure of moisture in air, the water activity of
an oil is the dissolved water content expressed as a fraction of the total possible saturation
level. The saturation point of an oil is the point at which the oil can no longer dissolve
additional water and free water will begin to form, defined as a water activity of 1.0,
where 0 is that of a completely dry oil. Also like relative humidity, the water activity is
temperature dependent. Put simply, like air, warmer oil can hold more water in solution
than cooler oil. Because water activity is measured relative to the saturation point, two
flasks of the same oil with equal absolute water content will have different water activity
if they are at unequal temperatures [21].
The methodology of measuring water activity is also similar to measuring relative
humidity. Probes typically consist of a capacitive sensor with a moisture absorbing
dielectric material. As the saturation level of the oil increases, the dielectric material
absorbs more moisture, changing the capacitance of the probe up to the saturation point
of the oil. Above this point, water activity can no longer provide useful information and
other techniques must be used to measure water content.
The gap between the water activity and complete saturation is often referred to as
the margin to the saturation point. For a heated oil that is allowed to cool, this margin will
shrink as the temperature decreases if the absolute water content remains the same. It is
possible for an oil that becomes contaminated with water at higher temperatures to cool
and develop free water. The saturation limit is also dependent on the age and
contamination level of the oil in addition to the temperature. Over time, oils that were
capable of dissolving a relatively large amount of oil will lose this ability, allowing free
water to develop that could potentially damage lubricated surfaces. Therefore, if the
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water activity of an oil approaches or reaches 1.0, corrective action should be taken [21].
Further details regarding the effects of water in oil are discussed in Section 1.3.

Density
The density of engine oils is rarely used on its own and is typically measured in
order to convert dynamic viscosity to kinematic viscosity if a standard correlation is not
available or does not provide sufficient accuracy. Simply a measure of mass per unit
volume, the density of oil decreases linearly with increasing temperature. For new engine
oils, density is typically between 0.8 to 0.9 kg/L at 15°C depending on grade, measured
in accordance with standard ASTM D 4052 [22].

1.3 Water and Coolant Contamination
Water is considered one of the most destructive contaminants to affect a
lubrication system. Occurring naturally as a by-product of hydrocarbon combustion,
small amounts of water will enter the lubrication system of an IC engine regardless of
what precautions are taken. This happens due to piston blow-by and entrainment in the
thin layer of oil coating the inner surface of the cylinder. As the piston cycles, this oil is
scraped back into the crankcase, eventually making its way into the oil pan. Cold-weather
idling can exacerbate the introduction of water into the crankcase by way of increased
condensation on the relatively cool engine parts [23]. Fortunately, this problem can selfcorrect if the engine is run under higher-load conditions, raising the oil temperature above
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the boiling point of water. Because the lubrication system is not perfectly sealed, some of
the produced water vapor is allowed to escape. Despite this, any water allowed into the
oil will begin to degrade the oil if left untreated. If too much water accumulates, the oil
will lose its ability to properly lubricate, causing unnecessary engine wear [23].
Water can exist in oil in three states: dissolved, free, and emulsified. An example
of each is shown in Figure 1-1. While water and oil do not mix for most practical
purposes, engine oil is capable of dissolving very small amounts of water. This dissolved
state will typically not show any visual change to the oil although a slight discoloration
may occur [24]. Above the saturation limit of an oil, free water will develop. Because of
the higher density of water, it will eventually sink to the bottom of the container if left
undisturbed. In a running engine, the oil is constantly mixed by the oil pump. Free water,
especially at higher concentrations, when mixed in oil will form an emulsion. Visually,
this appears as a milky foam in the lubrication system.

Figure 1-1. States of water-in-oil from left to right, dissolved, free, and emulsified [24]
Most common automotive and diesel engines are liquid cooled using a 50/50
mixture of water and ethylene or propylene glycol, otherwise known as antifreeze. When
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mixed with water, glycol depresses the freezing point of the mixture while also increasing
the boiling point. Within an engine block are numerous passages that allow coolant to
flow, keeping the engine at its standard operating temperature. The engine block also has
similar passages for pumping oil to various locations, particularly to the valvetrain. Any
situation that can cause these series of passages to connect can introduce coolant into the
oil system. This includes seals at various locations, such as the head gasket or injector
seals, or cracks in the block itself. Coolant leaks into the oil system can range from a
slow ingress over time to catastrophic draining of the coolant system into the crankcase.
In either case, the oil will lose its ability to properly lubricate the engine [23].
Coolant contamination will appear similar to pure water contamination with
added discoloration due to the colorants used in antifreeze mixtures. If allowed to remain
in the oil, glycol will eventually start to form microscopic oil balls in response to thermal
stresses. These oil balls are created due to interactions between the glycol and oil
additives and are prone to sedimentation [23].

1.3.1 Mechanisms of Oil Degradation
Water and glycol begin to interact with oil chemistry almost immediately upon
introduction. Even relatively small amounts can cause significant deterioration given
enough time. If left undetected and untreated, water and glycol contamination can lead to
sludge buildup and fouling that can severely damage an engine.
Detergents and dispersants included in an oil formulation are typically the first
defense against water contamination. Because water is a polar molecule, the additives
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with polar heads will latch onto water molecules and surround them. The tail of these
additives is non-polar, allowing them to easily dissolve into the oil. With a polar head
dissolved into the microscopic water droplet and the non-polar tails still dissolved into
the oil, the additives form a film around the droplet as shown in Figure 1-2. This is more
commonly referred to as a reverse micelle. Because they mix easily into the bulk oil, a
microemulsion is formed as water concentration increases and more reverse micelles are
created. Eventually, the amount of water overwhelms these additives and free water will
form. Further water along with agitation and mixing will cause the free water to form a
macroemulsion, the foamy substance commonly associated with excessive water
contamination. Glycol is also a polar molecule and will thus interact with detergents and
dispersants in a similar manner [25]. Because these additives also perform functions
related to wear, a reduction in the amount of available additive molecules can increase
the wear rate of engine surfaces. If dispersants are also depleted, soot contamination may
go unchecked leading to related problems. In the case of microemulsions, it is possible
for water molecules to evaporate over time, effectively reclaiming some amount of
additive.
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Figure 1-2. Reverse micelles created by detergent additives
Coolant contamination is also known to cause increased oxidation of oil. As an oil
oxidizes, the hydrocarbon bonds in molecules that make up the base stock break down
creating free alkyl radicals. The alkyl radicals follow a series of chemical reactions with
oxygen, creating further radicals, accelerating the process. Water and glycol, in this
situation, act as catalysts for the creation of additional radicals. The outcome of the
oxidation process is the creation of acidic compounds that interact with engine surfaces
increasing wear. The presence of water increases the corrosiveness of these acidic
byproducts as well. Also created are high-molecular weight insoluble compounds that
appear as a sludge or varnish that can coat metal surfaces and increase the oil viscosity.
Antioxidants present in the oil can quickly be overwhelmed by the increased oxidation
rate generated by water or coolant contamination [26].
Anti-wear additives such as ZDDP interact with water at higher temperatures.
This reaction destroys the additive and prevents it from reducing wear. This, in effect,
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prematurely increases the wear rate of lubricated parts compared to an uncontaminated
oil [27]. Glycol also interacts with ZDDP and similar additives to create oil balls as
mentioned in the previous section. These oil balls can coagulate over time, clogging
filters and causing further damage [28].
The presence of water also provides the opportunity for microbial growth to
develop. Engines that are in storage or have not been run for significant amounts of time
are susceptible to bacteria if water contaminated oil remains in the lubrication system.
Potential issues related to microbial growth are clogged filters, increased corrosion rates,
altered emulsion characteristics, and the production of acidic waste products [27].
As water and coolant contamination degrade the oil over time, the resulting
chemical changes offer the opportunity to analyze how and to what degree the properties
of the oil are affected. To summarize, water and coolant contamination is known to
increase oil viscosity as well as acidity. Research suggests that changes in acidity can
result in changes in dielectric constant [29].

1.3.2 Effects on Lubrication and Wear
The creation of unwanted compounds in the presence of water and glycol have a
detrimental effect on the lubricity of an oil. Viscosity increase due to oxidation byproducts directly changes the lubrication characteristics of the oil under hydrodynamic
conditions. The presence of emulsified water droplets between the contact surfaces also
functions similarly, increasing the apparent viscosity and the film thickness. The
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combined effect is increased friction and temperature, leading to increased wear and
additional degradation of the oil [6].
Under elastohydrodynamic lubrication, water and coolant are unable to maintain
separation between friction surfaces. Mineral oils show an increase in viscosity with
increasing pressure until they have a similar bulk elastic modulus to solids. Because
water and glycol do not have this property, highly loaded surfaces can come into contact,
causing damage and shortening the life of the component. Previous research has shown
that as little as 100ppm of water can drastically increase wear rates in lubricated bearings
[30].
In addition to degrading the oil and its additives, water and glycol can pose direct
threats to engine components. Metallic engine parts naturally develop a thin oxide
coating that protects the metal surface from direct wear. This is aided by anti-wear
additives in the oil. Water and glycol can attack this oxide coating directly, accelerating
wear. Because contamination also affects the oil additives, the protective effects of the oil
are diminished. Water also damages engine components through hydrogen embrittlement
and cavitation. Under certain conditions, particularly high pressure, water molecules can
be torn apart into hydrogen and oxygen atoms. In locations where the oxide coating of
metal parts is compromised, the hydrogen atoms seep into the crystal structure causing
embrittlement while the oxygen atoms react with the metal to create a new oxide layer.
Vaporous cavitation is caused by the collapse of water or coolant bubbles that form in
microscopic, localized regions of extremely low pressure. The movement between
contact surfaces eliminate the low-pressure region, causing the bubble to implode,
creating fluid jets and extremely high pressures. Because of the small area in which this

25

occurs, material is removed from the lubricated surface and erosion occurs. This has an
added effect of making oxidation sites available for further damage [28]. If contaminated
oil is left in the engine for long periods of time without regular operation, surfaces are
susceptible to heavy oxidation leading to the growth of rust corrosion.
As can be seen, the deleterious effects of water and coolant contamination are
numerous. Combined with other forms of contamination, the oil may quickly become
unusable, causing irreparable damage to engine components. The ability to detect
changes in the oil quality is a very powerful way of preventing the need for costly repairs
and downtime.

1.4 Review of Available Oil Analysis Technologies
Oil analysis is a diverse area of research encompassing numerous disciplines and
utilizing a wide range of different technologies. In recent years, fleet operations have
instituted oil analysis programs that consist of collecting used oil samples and sending
them to dedicated labs for analysis. The techniques used by these labs are highly accurate
and together can provide a detailed report on the health of the oil as well as flag any
concerns regarding engine health. The downsides to laboratory based analysis are a slow
turnaround time on the order of weeks; inconsistent sampling procedures; and the cost
and infeasibility of performing detailed analysis on millions of individual oil samples. In
the time it takes for lab results to return, significant damage may be done to the engine if
a serious problem is present. If the oil sample is improperly collected, analysis results
may provide inaccurate conclusions. For example, collecting a sample from an oil line
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immediately after the oil filter will miss any contamination that is caught in the filter.
Likewise, a sample collected in a stagnant location, such as the oil sump may be
inhomogeneous and will not accurately reflect the relative contaminant levels. Costs and
difficulties associated with it limit the practicality of laboratory analysis to organized
fleets of engines where maintenance schedules are more strictly followed.
In an attempt to provide results more quickly and on a greater scale, many
technologies have been developed to analyze oil in-situ. These technologies are often
limited to measuring one oil property at a time with some capable of monitoring several.
Typically, the measurements taken are indirect and related to oil properties or
contaminant levels through correlations. Because of this, the breadth and accuracy of
online measurement is much smaller compared to laboratory analysis. Still, though, the
capability of detecting major changes in lubricant properties during operation has great
value to analysts.
The following sections are a short summary of prominent oil analysis
technologies. An exhaustive listing would be overwhelming; thus, focus is placed on tests
and sensors that are applicable to water and coolant contamination.

1.4.1 Lab and Bench Analysis Techniques
Numerous laboratory methods exist for measuring oil properties and contaminant
levels. Most laboratory techniques can be traced to ASTM standards and provide
excellent accuracy or other benefits. Those relevant to water and coolant contamination
are listed below:
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Viscometers – Described previously in Section 1.2.2, capillary
viscometers are used to measure kinematic viscosity per ASTM D 445
[17]. Rotary viscometers are used for dynamic viscosity per ASTM D
2983 [31]. As viscosity is a critical oil property, significant changes from
that of fresh oil can signal contamination.



Density Analyzer – Also discussed in Section 1.2.2, density analysis is
performed using an apparatus consisting of an oscillating U-shaped
sample tube that determines the density of the sample based on the period
of oscillation per ASTM D 4052 [22].



Dielectric Spectroscopy – Also discussed in Section 1.2.2, dielectric
analysis is not commonly used during basic laboratory oil analysis but has
been used extensively in research settings. ASTM D 924 specifies the use
of a capacitive cell with a network analyzer to measure dielectric behavior
over a range of frequencies [20].



Karl Fischer Titration – Karl Fischer titration is a common and very
accurate method of measuring absolute water content of an oil sample.
The process involves oxidizing iodine with water in the sample until all
water is depleted. The final measurement is based on how much iodine is
used. Two commonly used methods exist; volumetric and coulometric,
with coulometric having a lower measurement range, down to 1 ppm.
Coulometric titration is the standard method for lubricating oils per ASTM
D 6304 [32].
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Fourier Transform Infrared Spectroscopy (FTIR) – FTIR uses
molecular absorption patterns of infrared light to generate information
about the contents of a sample. While the accuracy of FTIR methods is
comparatively low, the ability to detect the presence of a large number of
contaminants and degradation products in a single sample is useful.
ASTM E 2412 standardizes the method of trending FTIR measurements of
used oil to determine oil quality [33].

1.4.2 Online and In-situ Analysis Techniques
Online and in-situ measurement devices are installed directly into the system
being analyzed. In most cases, these sensors measure oil properties indirectly and must
correlate them to the physical properties being measured. Several sensing technologies
that show potential for detecting the effects of water and coolant contamination are
presented below:


Microacoustic Sensors – Microacoustic sensors are used to report the
viscosity and sometimes density of a fluid based on the oscillatory
behavior of the sensing element. The sensing element can operate under
several related principles, such as Thickness Shear Mode (TSM)
resonators, piezoelectric resonators, and many others [5,34,35].



Capacitance/Permittivity Sensors – Capacitance and permittivity sensors
either report the capacitance of the element directly or use a capacitance
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measurement to report the fluid dielectric constant, otherwise called
relative permittivity. Sensing elements are usually differently shaped
capacitors, either coaxial, parallel plate, or interleaved disk among others
[5,34,36].


Conductivity Sensors – Measuring the changes in the conductivity of the
fluid or that of the sensing element in response to chemical changes has
been shown effective. Carbon nanotubes and polymeric bead matrices
have been used to measure oil quality in this manner [36].



Electrochemical Impedance Spectroscopy (EIS) – EIS sensors are
compact sensors similar to dielectric spectroscopy systems that analyze
the dielectric properties of the fluid over a range of different frequencies.
Performing these measurements over time has shown to be very effective
at measuring the health and contamination levels of oils [36,37].



Water Activity – The saturation level of an oil is measured and reported
as the water activity. Sensor elements of this type commonly consist of a
capacitive sensor containing a water absorbing dielectric material. As the
dielectric absorbs water, the capacitance changes, generating the
measurement value [21].
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Chapter 2
Sensor Validation and Oil Characterization
For this research, the sensor used is the Measurement Specialties Fluid Property
Sensor (FPS). The FPS is based on tuning fork resonator technology capable of
measuring dynamic viscosity, density, and dielectric constant simultaneously. The FPS
also measures temperature via an integral resistive temperature detector (RTD). This
sensor was chosen due to its multi-parametric measurement capabilities as well as its
wide range of operating conditions and general rugged construction. Previous research
using an earlier model of the FPS showed promising results in its ability to detect fuel
contamination and aging [38]. Experiments performed by the sensor manufacturer
showed the capability of detecting varying degrees of water contamination but did not
include details on the experimental setup [34].

2.1 Sensor Design and Operation
As mentioned, the FPS uses a quartz piezoelectric tuning fork resonator to
measure fluid properties in addition to a platinum RTD for temperature reference. Details
regarding the operating principles of the sensor element will be discussed in Sections
2.1.1 and 2.1.3. The sensor element itself is surrounded by a protective metal shroud with
ports to allow fluid to flow across the element as shown in Figure 2-1. The body of the
sensor houses a custom application specific integrated circuit (ASIC) that calculates the
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measured properties as well as performing error-checking, sending a unique code if a
fault is detected. The sensor sends measurement values over an SAE J1939 controller
area network (CAN) protocol, a serial communications protocol common on heavy-duty
vehicles. The overall design of the sensor housing and electronics lends itself to simple
installation into an engine system, making it suitable for research into the effects of
contamination on engine oil [39].

Figure 2-1. Measurement Specialties FPS and tuning fork element (inset)
The FPS is capable of operating over a wide range of temperatures as shown in
Table 2-1, including oil temperatures typically found in a running engine, between 90°C
and 120°C. Preliminary bench testing found the sensor to regularly produce an error code
below 55°C similar to the experience of Clark [38], calling into question the stated lower
temperature limit. The sensor also appeared to produce an overheat error if the oil
reached temperatures above 130°C. This is suspected to be due to heat conduction raising
the internal electronics temperature to greater than the specified upper limit of 125°C,
included in Table 2-1. Fluid property measurement ranges are also included in Table 2-2.
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Table 2-1. FPS manufacturer specified operating ranges [39]
Rating
Temperature (electronics)
Temperature (fluid)
Pressure
Flow rate

Min
-40
-40
0
0

Max
125
150
25
20

Unit
°C
°C
bar
m/s

Table 2-2. FPS manufacturer specified measurement ranges [39]
Measurement Ranges
Dynamic viscosity
Dynamic viscosity accuracy
(viscosity > 10 cP)
Dynamic viscosity accuracy
(viscosity < 10 cP)
Density
Density accuracy
Dielectric constant
Dielectric constant accuracy
Fluid temperature
Fluid temperature accuracy

Min
0.5

Typical
15

Max
50

Unit
cP

-5

+/- 2

+5

% Value

+/- 0.2
0.65
-3
1.0
-3
-40

0.85
+/- 1
2.0
+/- 1
0.1

cP
1.50
+3
6.0
+3
150

g/mL
% Value
% Value
°C
°C

2.1.1 Sensor Validation Test Setup
To validate the accuracy values presented in Table 2-2, Cannon Instruments
CVCO-15W40 check oil was heated and allowed to cool through a thermal cycle with the
sensor measuring the oil properties. This oil is a fully formulated engine oil provided
with certified values for kinematic viscosity at 40°C and 100°C as well as density at 15°C
as well as several other standardized measurements. Samples of the Cannon Instruments
check oil provided were acquired from two unique batches. Because Cannon Instruments
sources their check oil from various commercial manufacturers and simply provide
measurements according to ASTM standard testing, slight differences exist between
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batches. Cannon Instruments also supplied a copy of their VisDisk software for the
creation of estimated curves of viscosity vs. temperature. Measured reference values for
batch 1 provided by Cannon Instruments are organized in Table 2-3.
Table 2-3. Cannon Instruments CVCO-15W40 batch 1 reference values
Measurement (ASTM Standard)
Kinematic viscosity (D445)
Kinematic viscosity (D445)
Density (D4052)

Temperature
40°C
100°C
15°C

Value
109.6
14.80
0.8748

Unit
cSt
cSt
g/mL

A beaker was filled with 500mL of the reference oil and the FPS was immersed
deeply enough to sufficiently cover the sensor element and shroud. The beaker was
placed on a hot plate and a magnetic stirrer was placed in the beaker as shown in Figure
2-2. An RTD was also immersed in the oil during the thermal cycle to act as a
temperature reference. Before the oil was put through the thermal cycle, a Vaisala
moisture transmitter was placed into the oil and allowed to reach equilibrium. The
moisture transmitter provides temperature measurement and a relative saturation value,
given as water activity. Because the moisture transmitter is limited to 60°C, it was
removed from the oil before heating was initiated. Initial values for the temperature and
moisture content of the reference oil are presented in Table 2-4.
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Figure 2-2. Sensor validation test setup
Table 2-4. Initial temperature and moisture content for batch 1 reference oil
Measurement

Value

Unit

Initial temperature (Vaisala)

22.72

°C

Initial temperature (Reference)

22.61

°C

Water activity

0.233

-

Data was collected using a DEWEsoft Sirius-i data acquisition system (DAQ) and
DEWEsoft X2 data acquisition software. FPS data is sent and recorded once every 30
seconds, over the J1939 CAN channel. The reference RTD is sampled at 2 Hz and
powered directly from the DAQ. To begin collecting data, the stir plate was set to 500
RPM and an external 24V power supply was turned on to power the FPS. Once the FPS
began to communicate with the DAQ, recording was started and the heating element was
turned on. To provide a slow and smooth heating curve, the set point of the hot plate was
increased 5°C every time the previous set point was reached, starting at 30°C. The oil
was heated to 120°C and allowed to cool naturally to 40°C. The temperature readings
from the FPS and the reference RTD are compared in Figure 2-3 and Figure 2-4.
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Figure 2-3. Temperature curves for reference oil during heating
As can be seen, the FPS temperature measurement tracks reasonably well with the
reference measurement, at times lagging slightly by approximately 1.5°C. This is most
likely due to the extremely slow update rate of the FPS reading. Gaps in the data early in
the heating curve are due to the sensor sending an error code at that sampling point. The
error sent is related to a failure in the convergence of the internal algorithm and results in
the sensor setting the CAN message fields for viscosity, density, and dielectric constant
to the maximum possible value. Effectively, these data points are invalid and do not
represent the fluid properties, therefore they have been removed from the dataset as
outliers.
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Figure 2-4. Temperature curves for reference oil during cooling
During cooling, the change in temperature over time is much slower, leading to a
more accurate measurement by the FPS. Despite this, at low temperatures, typically
below 55°C, the temperature reading appears to diverge considerably from the reference
sensor, by roughly 2°C or 5%. Overall, the FPS integral temperature sensor is sufficiently
accurate for the present research.

2.1.2 Viscosity and Density Measurement
The dynamic viscosity and density of the oil is measured by exciting the tuning
fork element of the FPS. Supplying an AC voltage causes the tuning fork to oscillate. As
the frequency of the AC voltage source is swept over a range, the complex impedance of
the tuning fork changes until it is minimized at its resonant frequency. The resonant
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frequency of the tuning fork changes depending on the viscosity and density of the
surrounding fluid, approximately 26kHz for oils. The viscosity and density of the fluid
also imposes a complex impedance on the tuning fork described by Equation 2 [34].
𝑍(𝜔) = 𝐴𝑖𝜔𝜌 + 𝐵 √𝜔𝜌𝜂(𝑖 + 1)

(𝐸𝑞. 2)

Where:
Z = imposed complex impedance of the tuning fork in a viscous fluid
ω = operating frequency
A = flow geometry based coefficient
ρ = fluid density
B = flow geometry based coefficient
η = dynamic viscosity of the fluid
To calibrate the values for A and B, the sensor is excited in a fluid with known
physical properties. An equivalent circuit model is then used to solve for the coefficients.
From this point, the sensor is capable of measuring the unknown physical properties of a
fluid by detecting the change in the complex impedance imposed on the tuning fork
element and therefore, via Equation 2, the change in physical properties [34].
Mechanically, due to the oscillatory motion of the tuning fork in the viscous fluid, a shear
stress is imposed on the tines of the fork. By the piezoelectric nature of quartz, the
mechanical properties of the tuning fork are coupled to the electrical properties via the
stress-strain relationship of the material. Electrically exciting the quartz causes internal
stresses to develop. Likewise, stressing the quartz causes an electrical excitation in the
attached circuit. Because of this relationship, the physical properties of the fluid can be
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related to the electrical behavior of the tuning fork [40]. Dynamic viscosity and density
measurement generated by the FPS are presented in Figure 2-5 and Figure 2-6,
respectively. It should be noted that reference values provided in Table 2-3 are given as
kinematic viscosity values and the following datasets are displayed as dynamic viscosity
values, necessitating a conversion by dividing by the reference density values.

Figure 2-5. Dynamic viscosity measurements for reference oil batch 1
In addition to dynamic viscosity measurements taken by the FPS, a curve
generated using the provided VisDisk software and the reference values for the Cannon
Instruments check oil was also included for comparison. At lower temperatures,
particularly those well below engine operating temperatures, there is a substantial
disagreement between the measured dynamic viscosity and the converted reference
viscosity, at some points greater than 20%. As the temperature increases, the
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disagreement is reduced although it remains outside of the specified maximum error
bounds of +/-5%. This is likely explained by the large changes in viscosity at lower
temperatures, owing to their power law relationship. Clark experienced a similar effect,
and found that steady-state temperature measurements were more accurate [38]. The slow
rate of convergence of the sensor algorithm in a region of large viscosity swings is likely
to be a direct reason for the discrepancies at low temperatures. Also of note, there is a
slight hysteresis effect between heating and cooling. A curve fit highlighting the power
law decrease of the viscosity in relation to temperature was included as well.

Figure 2-6. Density measurements for reference oil batch 1
The density measurements shown in Figure 2-6 exhibit unusual behavior at
temperatures below approximately 55°C similar to that experienced by Clark [38].
Whereas the density should decrease linearly with temperature, it instead increases
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approaching 55°C and then proceeds to decrease linearly as expected. Above 80°C, the
measured density is within the 3% maximum error margin relative to the calculated
reference density. In addition, at lower temperatures, several erratic data points are seen,
possibly due to internal sensor calculation errors.
The dynamic viscosity measurements and density measurements were combined
to calculate the kinematic viscosity for another comparison with the reference values.
This comparison, shown in Figure 2-7, is more favorable for the sensor readings with the
values measured above 105°C within the +/-5% error margin of the FPS. Because the
kinematic viscosity conversion is not substantially more accurate than the dynamic
viscosity measurements, the dynamic viscosity measurements will be used in the results
presented in subsequent chapters.

Figure 2-7. Kinematic viscosity conversion for reference oil batch 1
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It is also evident in the data that viscosity and density measurements are closely
coupled within the convergence algorithm of the sensor via Equation 2. As noted, the
effects of hysteresis are similar in both plots. At temperatures below 55°C, erratic data
points are common and appear simultaneously for both measurements. Thus, in
agreement with the suggestion put forth by Clark, dynamic viscosity and density data
below 55°C are not recommended for use in analysis. For the contamination experiments
presented in Chapters 3 and 4, only data above 55°C will be presented.

2.1.3 Dielectric Constant Measurement
The tuning fork, in addition to oscillating when energized, also develops a small
capacitance between the tines of the fork. Changes in this capacitance based on the
properties of the surrounding fluid allow the dielectric constant of the fluid to be
calculated. This capacitance is described by Equation 3 [34].
𝐶𝑝 (𝜀) = 𝐶𝑝 (1) + (𝜀 − 1)

𝑑𝐶𝑝
𝑑𝜀

(𝐸𝑞. 3)

Where:
Cp = capacitance between the tuning fork tines
ε = dielectric constant of the surrounding fluid
Cp(1) = capacitance of the tuning fork tines in a vacuum
dCp/dε = sensitivity to changes in the electrical properties of the fluid
Like the calculation of viscosity and density, the capacitance term is fit into the
equivalent circuit model and the constants are found. The sensor is then placed into the
fluid of known properties and the value of dCp/dε is determined. When placed in a fluid
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of unknown dielectric constant, the internal algorithm of the sensor is then able to
calculate it based on the change in capacitance between the tines of the tuning fork [34].
The measured values from the sensor for the reference oil dielectric constant are
presented in Figure 2-8.

Figure 2-8. Dielectric constant measurements for reference oil batch 1
Due to the frequency dependence of the dielectric constant, it is difficult to find
suitable reference values or a reference sensor that operates at a comparable frequency.
Cannon Instruments does not include dielectric constant measurements as part of their
certified set of reference values. For the reference oil, measurement values do fall within
the expected range of dielectric constant values for engine oil, between 2.1 to 2.8.
As mentioned in Section 1.2.2, the dielectric constant is also dependent on the
internal chemistry of the oil as well as the density. The dielectric constant measurement
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of the reference oil was found to decrease with temperature over the entire range, and
continued decreasing for a period of time while cooling. Upon reaching its minimum
value, the dielectric constant begins increasing and the oil continues to cool, displaying a
noticeable hysteresis effect. Unlike the viscosity and density, the dielectric constant did
not return to its original value before the end of the test duration. This behavior is likely
attributed to the “additive activation” at higher temperatures. As described in Section
1.2.1, certain additives react to increased temperature, changing their shape to alter the
properties of the oil. Because the dielectric constant is dependent on the physical
relationship between charge centers in a molecule, changes in the dimensions of the
molecule will affect the dielectric constant of the oil. Over time, as the molecules slowly
relax at cooler temperatures, the dielectric constant is expected to return to its original
value, though this was not confirmed in this test. From the Material Safety Data Sheet
(MSDS) for the Cannon Instruments oil, the formulation can contain up to 25% additives
including up to 5% ZDDP. Exact quantities are held as trade secrets [41].

2.2 Sample Oil Characterization
In addition to the two batches of Cannon Instruments check oils, two
commercially available engine oils were also used in this research. Because it is expected
that individual oil formulations will show similar viscosity values if they are to meet the
specifications of their particular grade, this presents the opportunity to determine if any
discrepancies arise when measuring comparable oils. The commercial oils used are
Castrol GTX Diesel 15W40 and NAPA Universal Fleet Plus 15W40. To allow direct
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comparison between these oils and the reference oils, the same test procedure was
followed. The results are presented in the following sections, first individually then under
comparison.

2.2.1 Cannon Instruments CVCO-15W40 Check Oil Batch 2
Both batches of the Cannon Instruments check oil are SAE grade 15W40, leading
to the expectation that the viscosity and density values will be similar if not identical. As
can be seen in Table 2-5, the values provided for the second batch of reference oil are
indeed similar to that of the first batch. The dielectric constant, on the other hand, is not
provided as a part of ASTM standards or Cannon Instruments test suite, thus, differences
may exist between batches based on the manufacturer. Initial moisture content of the
second batch of reference oil is provided in Table 2-6, and is similar to that of the first
batch.
Table 2-5. Cannon Instruments CVCO-15W40 batch 2 reference values
Measurement (ASTM Standard)
Kinematic viscosity (D445)
Kinematic viscosity (D445)
Density (D4052)

Temperature
40°C
100°C
15°C

Value
109.9
14.62
0.8739

Unit
cSt
cSt
g/mL

Table 2-6. Initial temperature and moisture content for batch 2 reference oil
Measurement
Initial temperature (Vaisala)
Water activity

Value
23.76
0.214

Unit
°C
-
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The FPS measurements for dynamic viscosity and density are provided in Figure
2-9 and Figure 2-10 respectively. The viscosity measurements for the second batch of
reference oil are, as expected, similar to the first batch. Both heating and cooling
measurements show little hysteresis throughout the temperature range. Unlike the
measurements from the first batch, there are much fewer erratic data points.
The density measurement follows the odd behavior seen in the first batch. Above
55°C the density curve returns to the expected linear relationship with temperature.
Otherwise, the values measured are close to the values from the first batch, with little
hysteresis effects. Some erratic data points are seen at higher temperatures. A better
comparison between the reference oils and the commercial oils will be presented in
Section 2.2.4.

Figure 2-9. Dynamic viscosity measurements for reference oil batch 2
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Figure 2-10. Density measurements for reference oil batch 2
For the sake of completeness, the kinematic viscosity is once again calculated and
compared to the reference values provided with the oil in Figure 2-11. At higher
temperatures, above 100°C, the calculated value is within the error margin of the sensor.
As stated previously, because the accuracy is not substantially better when converting to
kinematic viscosity and to perform more direct comparisons, the dynamic viscosity will
be used.
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Figure 2-11. Kinematic viscosity conversion for reference oil batch 2
Interestingly, the dielectric constant curves for the second batch are much
different than those of the first compared directly in Section 2.2.4 As shown in Figure
2-12, the dielectric constant first decreases then sharply increases above 90°C to values
slightly greater than those at room temperature. Because the MSDS for the Cannon
Instruments oils is seemingly generic for their range of check oils, the exact formulation
for each batch is not clear. The difference in the dielectric constant curves can likely be
attributed to differences in the additive packages used by the various sources of the check
oils used.
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Figure 2-12. Dielectric constant measurements for reference oil batch 2

2.2.2 Castrol GTX Diesel 15W40 Commercial Oil
Castrol GTX Diesel engine oil is a commercially available oil designed for use in
passenger car and light truck diesel engines. The specified application for this oil is
important in that the additives used will be selected with regards to the unique traits of
diesel engines. In particular, the large amount of soot generated by diesel engines will
require the inclusion of additional detergent additives. Looking at the MSDS for the
Castrol oil, it is shown that dodecylphenol is present in small quantities, less than 0.3%
[42]. While this is not the detergent itself, it is an intermediary in the production of
phenate detergents that remains in residual amounts after synthesis [43]. A minor
percentage of the base oil is made of a heavy paraffinic distillate, and ZDDP is also
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included as an additive as per the MSDS. Nominal values for the Castrol oil are shown in
Table 2-7. The initial moisture content of the Castrol oil is similar to that of the reference
oils as shown in Table 2-8. FPS measurements for dynamic viscosity, density, and
dielectric constant are presented in Figure 2-13, Figure 2-14, and Figure 2-15
respectively.
Table 2-7. Castrol GTX Diesel 15W40 nominal values [44]
Measurement (ASTM Standard)
Kinematic viscosity (D445)
Kinematic viscosity (D445)
Density (D4052)

Temperature
40°C
100°C
15°C

Value
119.5
15.5
0.886

Unit
cSt
cSt
g/mL

Table 2-8. Initial temperature and moisture content for Castrol GTX 15W40 engine oil
Measurement
Initial temperature (Vaisala)
Water activity

Value
22.61
0.222

Unit
°C
-
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Figure 2-13. Dynamic viscosity measurements for Castrol GTX oil
The FPS viscosity readings for the Castrol GTX oil appear to be much more
consistent than those taken using batch 1 of the reference oil with no erratic data points
present. Once again, though, low temperature measurements were removed due to the
presence of an error code. This further reinforces the suggestion of only using
measurements taken at temperatures above 55°C. The Castrol oil showed little to no
hysteresis effects between heating and cooling.
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Figure 2-14. Density measurements for Castrol GTX oil
Much like the reference oils, the oddly shaped density curve was also created
during the temperature sweep of the Castrol oil. Above 55°C the density values returned
to a linear inverse relationship with temperature, as is typically expected of oil density.
While the values are within reasonable range of common oil density numbers, the
potential of accurately determining the unknown density of an engine oil with the FPS
appears to be minimal. It should be noted that the sensor manufacturer specifies 50 cP as
the upper limit of the viscosity measurement range. For 15W40 oils, this typically falls
around 55°C, likely explaining the inflection point of the density curve at this
temperature. Apart from a few individual data points, the density measurements do fall
consistently on the generated curve irrespective of heating or cooling.
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Figure 2-15. Dielectric constant measurements for Castrol GTX oil
The dielectric constant of the Castrol oil shows a drastic difference compared to
the first batch of the reference oil but has a similar shape to the second batch. Most
apparent is the large upward swing at higher temperatures. From the Debye equation
(Equation 1) it is expected that the dielectric constant will decrease with increasing
temperature as seen with the reference oil. For the Castrol oil, however, the opposite
occurs, leading to the assumption that additive chemistry is driving the temperature
dependence of the dielectric constant. The presence of additional diesel engine related
additives is a potential cause.
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2.2.3 NAPA Universal Fleet Plus 15W40 Commercial Oil
NAPA Universal Fleet Plus engine oil is designed for use in gasoline and diesel
engines. Similar to the Castrol oil, it contains phenate detergents and residuals as well as
ZDDP in small percentages [45]. Nominal values for standard kinematic viscosity values
were unable to be found. Initial moisture content is shown in Table 2-9. The NAPA oil
appears to be significantly drier than either of the reference oils or the Castrol oil
although this is not likely to present any noticeable effect on the measurements. FPS
measurements from dynamic viscosity, density, and dielectric constant are presented in
Figure 2-16, Figure 2-17, and Figure 2-18 respectively.
Table 2-9. Initial temperature and moisture content for NAPA Universal Fleet Plus
15W40 oil
Measurement

Value

Unit

Initial temperature (Vaisala)

24.38

°C

Water activity

0.163

-
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Figure 2-16. Dynamic viscosity measurements for NAPA oil

Figure 2-17. Density measurements for NAPA oil
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Figure 2-18. Dielectric constant measurements for NAPA oil
Viscosity and density curves for the NAPA oil provide little surprise and are
within reasonable expected ranges. The dielectric constant measurement, despite the
additional detergent additive follows similar path to that of the first batch of reference oil
including the suspected “additive activation” related hysteresis. This effectively
eliminates the phenate detergent as a cause for the unique dielectric constant trace of the
Castrol oil. Unfortunately, additive listings for specific oil formulations are unavailable
so any further determination of a cause is purely speculative.

2.2.4 Results Comparison
Finally, the characterization results of each oil will be compared in detail. The
baseline characterization of an oil is critical to detecting changes in the oil in the course
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of its useful life. In fleet applications where the likelihood of using the same oil
formulation over multiple oil changes and top-ups, the benefits of baseline analysis stem
directly from recognizing significant departures from the baseline measurements.
Though not a stated goal of this research, a baseline comparison between multiple
oil formulations can also be useful in oil analysis. Because the oil grade used in an engine
is specified by the engine manufacturer based on viscosity requirements, accidentally
substituting a different grade (e.g. 5W20 for 15W40) can cause severe damage if allowed
to remain in service for an extended period. Due to the standardized viscosity curves of
SAE graded oils, comparing FPS viscosity readings of an unknown oil to that of a known
grade offers the potential to catch this issue before damage is caused. Dynamic viscosity
comparisons between all sample oils used are presented in Figure 2-19 and Figure 2-20.

Figure 2-19. Dynamic viscosity comparison between sample oils while heating
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Figure 2-20. Dynamic Viscosity comparison between sample oils while cooling
As stated previously, the viscosity—temperature relationship of SAE grade
engine oils is standardized, leading to a large amount of consistency among the various
15W40 oils used. During both heating and cooling there is no appreciable difference
between the sample oils. The NAPA oil does show a slightly lower relative viscosity at
lower temperatures but as temperatures below 55°C have been shown to be unreliable,
many of these data points can be disregarded.
Comparing density readings leads to similar conclusions. Despite the odd shape of
the density curve produced by the FPS, the data shows remarkable consistency between
sample oils as shown in Figure 2-21 and Figure 2-22.
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Figure 2-21. Density comparison between sample oils while heating

Figure 2-22. Density comparison between sample oils while cooling
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Batch 1 of the reference oil does appear to have a higher density than both the
Castrol and NAPA oils at temperatures above 80°C during both heating and cooling.
Below 80°C, the Castrol oil has a higher density reading. The reference density at 15°C
for the reference oil (0.8748 g/mL) being slightly lower than the nominal reference
density of the Castrol oil (0.886 g/mL) and the linear inverse relationship density has
with temperature may explain this crossover. Taking into account the offset seen in the
batch 1 reference oil density plot shown in Figure 2-6 also supports this conclusion.
The dielectric constant measurement comparisons presented in Figure 2-23 and
Figure 2-24 serve to highlight the distinct differences between the various sample oil
formulations. As discussed in Section 1.2.2, the dielectric constant is dependent on the
chemical properties of the base oil and its additives.

Figure 2-23. Dielectric constant comparison between sample oils while heating
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Figure 2-24. Dielectric constant comparison between sample oils while cooling
As can be clearly seen, the Castrol oil has a much higher dielectric constant than
both the reference oils and the NAPA oil. This suggests that the Castrol oil contains more
polar components and given the steep increase above 80°C, the additives are strongly
reactive to changes in temperature. Batch 2 of the Cannon Instruments reference oil
follows a similar shape and starts at a similar value to the Castrol oil, but does not
increase as sharply. The first batch of reference oil and the NAPA oil have similar shapes
despite the offset present between the two. These similarities may be explained by the
comparable sample oils having similar formulations consisting of largely the same
constituents but at different concentrations. One possible benefit of the substantial
differences between the sample oils is the potential to use the dielectric constant to
distinguish one formulation from another within the same SAE grade.
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Chapter 3
Environmental Chamber Experiments
As discussed in Chapter 1, oil, up to a certain point can absorb small amounts of
water. Like air, as the water content reaches the saturation point, the water begins to
precipitate into droplets. Likewise, if water droplets are placed in oil, the oil will slowly
absorb as much of the free water as possible until it is fully saturated, disregarding any
additive effects. The exact amount of water that can dissolve in oil is dependent on
temperature and the additive package, but 2000 ppm at 20°C is a common value for
engine oils [46]. This is equivalent to 0.2% or 2 mL of water in a 1000 mL sample.
Similarly, oil exposed to humid air for an extended period of time will absorb or desorb
water until it reaches equilibrium with the surroundings. This effect has been taken
advantage of to measure the saturation limit of gearbox oils [24]. The present research
also attempts to take advantage of this principle to determine the capability of correlating
the measured oil properties to water activity.

3.1 Experiment Design
An environmental chamber was used to control the water content and temperature
of a sample oil. As the oil reaches equilibrium with the surrounding air, the water content
will increase or decrease to match the relative humidity of the air. Measuring the water
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activity along with the oil properties can potentially provide insight into how the oil is
affected by increasing water content at levels that remain below saturation.

3.1.1 Equipment Setup
The equipment setup for the environmental chamber testing was similar to
benchtop testing and fairly simple as shown in Figure 3-1. Because the temperature was
controlled by the chamber itself, a hot plate was not required. Within the environmental
chamber, a beaker was placed on a platform and the FPS, along with the Vaisala moisture
transmitter was mounted such that the sensing elements were immersed in the oil sample
at equivalent height. In addition to the sensors, a mixing blade was extended from the top
of the chamber to stir the oil, aiding dissolution.

Figure 3-1. Environmental chamber test setup
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Cabling was passed out of the chamber to the DEWEsoft data acquisition system
and data from the sensors and the chamber were synchronized and collected. During
testing, the environmental chamber was set to ramp to temperature and humidity set
points and the sample oil was allowed to soak for the duration of the test.

3.1.2 Test Procedure
For this testing, two oils were used; the Cannon Instruments check oil from batch
2 and the Castrol GTX commercial oil. With the equipment in place, the beaker was
filled with 600 mL of fresh sample oil for each test run. Due to limitations with the
moisture transmitter, testing was limited to 60°C to ensure the sensor electronics would
not be damaged. Each oil was tested at three levels of chamber relative humidity (RH);
20%, 40%, and 60%. At higher percentages, condensation became a concern and tests
were limited to 60% RH. For test runs at 20% RH, the chamber and the oil were ramped
to the temperature and humidity set points and soaked over a 24-hour period. The 40%
RH and 60% RH tests were extended to 48 hours.

3.2 Results and Discussion
Collected data was exported to MATLAB for processing and analysis. First, the
various temperature measurements are compared in Figure 3-2. The temperature reading
from the Vaisala moisture sensor is used as a reference. The internal chamber air
temperature held very closely to the set point after ramping to 60°C. The oil itself took
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slightly longer to reach the set point and showed a positive offset according to both
sensors. For the reference sensor, the temperature remained at roughly 61°C while the
FPS reading held at a higher temperature of 63.5°C. Remarkably, these offsets were
consistent among all test runs across both sample oils and all humidity set points making
comparisons between data points much simpler.

Figure 3-2. 24-hour environmental chamber temperature cycle
To compare the oil property measurements between different saturation levels, a
ten-minute section of data was selected from each test. This section of data corresponded
to the final saturation level of the oil before the individual test cycle ended. The data was
then averaged and the standard deviation calculated. For the reference oil used, the results
are presented in Figure 3-3, Figure 3-4, and Figure 3-5.
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Figure 3-3. Dynamic viscosity average and standard deviation for reference oil

Figure 3-4. Density average and standard deviation for reference oil
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Figure 3-5. Dielectric constant average and standard deviation for reference oil
Despite the apparent upward change seen in the viscosity and density, the
measurements for the reference oil remain well within the manufacturer specified
measurement errors of +/-5% and +/-3%, respectively, presented in Table 2-2. The
viscosity shows a 1.3% change from the lowest to highest water activity reading, whereas
the density shows a 0.67% change. Both measurements also show a large standard
deviation, likely due to the large temperature dependence of viscosity at relatively low
temperatures. The dielectric constant has a very low standard deviation, but similar to the
other property measurements, the overall change of 0.61% is well within the expected
measurement error of the FPS of +/-3%. For comparison, the oil property data for the
Castrol oil is presented in Figure 3-6, Figure 3-7, and Figure 3-8.
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Figure 3-6. Dynamic viscosity average and standard deviation for Castrol GTX oil

Figure 3-7. Density average and standard deviation for Castrol GTX oil
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Figure 3-8. Dielectric constant average and standard deviation for Castrol GTX oil
Much like the reference oil measurements, the viscosity and density
measurements suffer from a relatively large standard deviation. Also, the overall change
in the oil properties lie within the maximum sensor error margin for each property. The
viscosity data shows no significant trend with regards to water activity while the density
shows a similar upward trend seen in the reference oil. The overall change for the density
is 0.49%. Similarly, the dielectric constant has a much less substantial standard deviation
but still only shows a change of 1.0% over the full range of measurement.
The combined results show that the FPS is unlikely to detect a significant
correlation between the oil properties and water activity. Because the water activity and
saturation limits are temperature and formulation dependent, the minor changes seen in
these results are unlikely to be useful for determining saturation level in a running engine.
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Chapter 4
Compact Flow Loop Experiments
One of the primary difficulties in measuring water and coolant contamination is
the immiscibility of the contaminants with engine oil. The insolubility and higher density
of water causes it to pool on the bottom of a container when added to oil, even in small
droplets. At high quantities of water with proper mixing, an emulsion can be generated,
but in practical terms the amount required is much greater than the amount necessary to
interrupt the lubricity of an engine oil. While testing under these conditions has merit, the
goal of online oil analysis is to detect a problem as early as possible. In regards to water
and coolant contamination, this corresponds to detecting changes at concentrations below
condemning limits. With typical bench-top experiments, relatively small quantities of oil
are used, on the order of a liter or less. At a volume concentration level of 1000 ppm, a
liter of engine oil would only contain 1 mL of water. While not impractical to meter with
proper equipment, small volumes of water and coolant lead to other concerns when
designing experiments.
Engines, at typical operating temperatures, heat the lubricating oil to well above
the boiling point of water. Thus, to perform testing at similar operating conditions, the
vessel containing the oil and contaminant must be sealed to prevent vapor from escaping.
For pure glycol, this is less of a concern as its boiling point is above engine operating
temperatures, but because antifreeze solutions are typically 50/50 mixtures, evaporation
is still an issue. Pressurizing the container is the simplest method of preventing the
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contaminant from evaporating and entering the head space of the vessel. Contaminant
that leaves the oil will not affect the properties of the oil and can skew the results of the
test. At lower concentrations, this effect becomes more pronounced, skewing the results
further.
As mentioned, low contaminant concentrations present a challenge with regards
to mixing and ensuring both the bulk of the oil and the sensor interact with the water and
coolant. Because these contaminants will sink to the bottom of a stagnant container of oil,
proper circulation must be maintained to keep them from settling. In an engine, the oil
pump performs this duty. Eventually, though, the contaminant will make its way to the
oil pan, where it will settle if it is not reintroduced to the pumping system via an oil
pickup. A flowing oil system also has the benefit of introducing a much greater quantity
of oil to a sensor over time. Proper flow and mixing will ensure the contaminant
concentration is consistent throughout the oil sample. Likewise, this also ensures the
sensor element interacts with as much of the oil sample as possible providing for a more
representative series of measurements. To achieve this end, a sealed and pressurized oil
flow loop was designed and built to test water and coolant contamination in engine oil.

4.1 Experiment Design
The flow loop experiments are designed to emulate an engine oil system as
closely as possible while still providing controlled conditions. Mechanisms of oil
degradation are complex and, in an operating engine, impossible to control individually.
When measuring small amounts of contaminant and the subsequent effects on oil,
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accurate control of environmental variables is necessary. The compact flow loop, shown
in Figure 4-1, allows for control over temperature, flow rate, pressure, and contamination
level while eliminating or minimizing the potential for unintended degradation.

Figure 4-1. Compact oil flow loop

4.1.1 Experiment Objectives
The basic goal of experiments utilizing the compact flow loop is to determine the
magnitude of changes in oil properties generated by contamination at levels below
condemning limits. For this work, two experiments were performed. The first was the
introduction of deionized (DI) water in increasing quantities to a fresh fill of Cannon
Instruments check oil. The second experiment was the introduction of increasing
quantities of 50/50 antifreeze coolant containing ethylene glycol to a fresh fill of a
commercial engine oil.
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Data collected over the course of these experiments will be analyzed and used to
note any correlations between the contaminant level and changes in oil properties. The
results of these experiments will also be compared to related research to note any
similarities or discrepancies.

4.1.2 Equipment Setup
As previously mentioned, the compact flow loop is designed to allow
contamination experiments to be performed under controlled conditions representative of
an operating engine system. This required features that served one or both of two primary
functions: control engine related environmental variables (e.g. temperature) or ensure
integrity of the experiment by preventing unintended oil degradation.
The most important component of the flow loop is the sensor bed, shown in
cutaway in Figure 4-2. The sensor bed includes four ports for FPS sensors, two of which
will be used at a time. The first set is positioned so that the sensor head is placed fully in
the oil flow while the second pair places the sensor head slightly recessed out of the
normal flow path. Preliminary testing with the sensor in the full flow position at high
flow rates showed erratic behavior in the sensor outputs. For this reason, the current
experiments were performed with the sensor in the recessed position and at low flow
rates. Two combined pressure and temperature transducers are also mounted in the sensor
bed to act as reference and control sensors.
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Figure 4-2. Cutaway of flow loop sensor bed
Flow is generated using a gear pump driven by a variable speed electric motor.
The motor-pump combination can also operate in reverse for situations that require
reverse flow. In addition to providing flow, the gear pump also serves to mix the fluid
and contaminant thoroughly as the loop is running. Because the sensor documentation
recommends that the element be in a region of turbulence, no attempt to ensure laminar
flow at the sensor bed was made. Rough calculation of the Reynolds numbers at the
viscosities and flow rates used suggest the flow will remain laminar except at the highest
temperatures, therefore lowest viscosities. The various sensors protruding into the flow
path, though, are expected to induce local turbulent regions within the sensor bed. An
external laser tachometer was used to measure pump speed.
To increase the volume of the flow loop to that of a typical small engine, a fiftyfoot coil of copper tubing was used. This was done to reduce the complexity of metering
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small quantities of contaminant. The coil also provides a large surface area for heating
the oil. For simplicity, strip heaters were wrapped around the coil in segments with each
individually powered to manually control the heating rate. Thermostatic or closed-loop
control of temperature was not implemented as the tests performed did not include
measurements at steady-state temperatures.
To maintain a minimum pressure in the loop during operation, external
pressurization was used. This consisted of a tank of argon connected into the fill port cap
and regulated from tank pressure to approximately 15 pounds per square inch (psi).
Because the loop could not be completely filled with oil to allow for thermal expansion,
the external pressurization was intended to minimize the effects of water vaporization at
temperatures above 100°C. Argon was used to reduce any affects from thermal oxidation
at higher temperatures although for the relatively short time the oil was in use, no
significant oxidation was expected.
A sight tube was included to provide a method of visually inspecting the oil
during operation. Over-pressurization valves and an overflow tank were also installed to
ensure safe operation. The flow loop was wrapped in insulation to reduce heat loss while
running.

4.1.3 Test Procedure
Two individual experiments were performed utilizing the flow loop. The first
involved contaminating fresh oil with deionized water. The second involved
contaminating fresh oil with a 50/50 mix of water and ethylene glycol antifreeze coolant.

75

Both tests consisted of heating and cooling the oil through a thermal cycle at varying
levels of contamination.
Each experiment was started by filling the loop with fresh oil. For the deionized
water detection experiments, Cannon Instruments CVCO-15W40 check oil from batch 1
was used. After a baseline measurement was taken, DI water was added in 250 ppm (by
volume) increments up to a total of 1500 ppm. The oil was heated from room temperature
to just above 110°C and allowed to cool to 45°C. Two baseline thermal cycles were
performed, followed by three thermal cycles at each level of contamination. Before the
first run at each contamination level, the loop was depressurized and the fitting that
attached the argon tank was removed. An increment of DI water was injected directly
into the loop via the thermal expansion reservoir. The argon tank was reconnected and
the loop was pressurized to 15 psi. A total of twenty runs were completed over seven
contamination levels.
Testing with coolant was limited to a single run for each contaminant level and
the maximum temperature was reduced to just above 80°C. The heating rate was
decreased slightly to increase the duration of the heating curve. The loop was flushed and
refilled with NAPA Universal Fleet Plus 15W40 commercial oil. A baseline thermal
cycle was performed and for each subsequent run, 500 ppm NAPA 50/50 Prediluted
Antifreeze/Coolant was added. This coolant contained water, ethylene glycol, diethylene
glycol, dipotassium phosphate, and additional additives. The procedure for adding
contaminant remained the same as the DI water experiment described previously.
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4.2 Results and Discussion
Data was collected using the DEWEsoft DAQ and software and exported to
MATLAB for processing. The following sections include a summary table of the
parameters for each experiment as well as results for each type of contamination.
Baseline results are compared to the results from Chapter 2 to note any difference
between the stirred oil measurements and the flowing oil measurements. Data collected
from test runs with contaminants in the oil are compared to baseline data to highlight any
changes. Any trends in relation to quantity of contaminant are noted as well.

4.2.1 Water Contamination Tests
The first set of test runs was performed to determine the effects of pure water
contamination in oil. A summary of relevant experiment parameters is presented in Table
4-1.
Table 4-1. Summary of water contamination experiment parameter set points
Parameter
Oil used
Oil volume
Max temperature
Initial pressure
Pump speed
Sensor position
Contaminant used
Contamination increment
Max contamination level

Value
CVCO-15W40 Batch 1
4300 mL
110°C
15 psi
1000 rpm
Recessed
DI water
250 ppm
1500 ppm
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First, the temperature readings of each FPS are compared to verify the accuracy of
the integral RTD under flow conditions. Figure 4-3 shows the reading of each FPS
compared to a reference measurement while heating. Much like during the sample oil
characterization tests, the FPS readings lag slightly below the reference temperature.
Once again, this is likely related to the slow sample rate of the FPS and the comparatively
fast heating rate of the oil. Both FPS readings track well with each other.

Figure 4-3. Temperature measurement comparison for flow loop during heating
Figure 4-4 shows the FPS temperature readings during cooling. These
measurements match the reference sensor much more closely. Again, the cooling rate is
much lower than the heating rate, mitigating the effects of the slow update rate of the
FPS. No significant differences were seen between the benchtop tests and the flow loop
tests with regards to temperature.
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Figure 4-4. Temperature measurement comparison for flow loop during cooling
Before water was added to the loop, two baseline tests were performed in order to
compare oil property measurements from the flow loop to those of the bench tests. As
discussed in Chapter 2, only data collected at temperatures above 55°C will be included
in the analysis. The resulting dynamic viscosity measurements from the first sensor are
compared to the bench measurements in Figure 4-5 and Figure 4-6. For both heating and
cooling, the dynamic viscosity measurement shows excellent consistency between the
bench top tests and the subsequent flow tests despite the use of two different sensors.
Viscosity results for the second FPS, shown in Figure 4-7 and Figure 4-8, present similar
consistency although there is a slight discrepancy between 55°C and 60°C during heating.
Overall, despite the dynamic viscosity inaccuracies shown in Chapter 2, the FPS shows
good repeatability even among different sensors.
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Figure 4-5. Viscosity comparison between bench and flow tests during heating for FPS 1

Figure 4-6. Viscosity comparison between bench and flow tests during cooling for FPS 1
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Figure 4-7. Viscosity comparison between bench and flow tests during heating for FPS 2

Figure 4-8. Viscosity comparison between bench and flow tests during cooling for FPS 2
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Measurements of the oil density from FPS 1 are presented in Figure 4-9 and
Figure 4-10. Interestingly, the density measurement under flow shows a slight negative
offset from the bench top data. This effect appears to be reduced during cooling but still
present. Looking at measurements from the second sensor, shown in Figure 4-11 and
Figure 4-12, it can be seen that this offset appears for both sensors to varying degrees. It
is also notable that under flowing conditions, the density measurement has a much
smaller deviation from the observed trend with temperature. This suggests that the
density measurement generated by the FPS may be more reliable when the sensor is
installed directly in the flow path of the oil system being analyzed. It should also be
highlighted that the inflection point seen in bench top density measurements appears to
present itself at temperatures reaching up to 65°C during the baseline flow tests.

Figure 4-9. Density comparison between bench and flow tests during heating for FPS 1
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Figure 4-10. Density comparison between bench and flow tests during cooling for FPS 1

Figure 4-11. Density comparison between bench and flow tests during heating for FPS 2
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Figure 4-12. Density comparison between bench and flow tests during cooling for FPS 2
Finally, a comparison between the dielectric constant data from the bench top
sample and the flow tests for the first FPS sensor are shown in Figure 4-13 and Figure
4-14. As can be seen, the dielectric constant for the sensor in flow has a substantial offset
from the bench top results. Looking at Figure 4-15 and Figure 4-16 for the second FPS,
the results are similar. Because neither sensor used in the flow tests were used in the
bench top tests, it appears that the dielectric constant measurement is strongly dependent
on the sensor used. With regards to oil analysis, this must be taken into account when
tracking changes over time. It also appears that heating and cooling affect the precision of
the dielectric constant measurement. During cooling, the dielectric constant shows much
less deviation from the previous test run. This is potentially related to the slower cooling
rate, but may also be related to the “additive activation” expected of engine oils.
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Figure 4-13. Dielectric constant comparison between tests during heating for FPS 1

Figure 4-14. Dielectric constant comparison between tests during cooling for FPS 1
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Figure 4-15. Dielectric constant comparison between tests during heating for FPS 2

Figure 4-16. Dielectric constant comparison between tests during cooling for FPS 2
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It is clear from the data presented that there are small but important differences
between the measurements taken on a bench top setup and those taken in flowing oil. For
viscosity and density measurements, the FPS appears to be more precise when placed in
the flow path of the oil. The dielectric constant measurement on the other hand shows
reduced repeatability while heating but during cooling the repeatability improves
significantly. In terms of oil analysis, tracking changes over time is, in some cases, more
important than measuring an accurate value. Thus, repeatability and precision have much
greater relevance to contamination detection than absolute accuracy. The FPS, in the
results shown so far, does appear to exhibit less accuracy but also appears to present
sufficient repeatability. The dielectric constant measurement during heating is the
weakest in this respect but is still within an acceptable range.
To highlight the changes in oil properties between different contaminant levels,
measurements taken at a particular temperature can only be compared to other
measurements at that temperature. For water contamination, a number of temperatures
were selected ranging from 60°C to 110°C. Because the data points are unlikely to fall
directly on a specific temperature, the four nearest points to each set point was averaged
and that was used as the measurement for that test run. Each contaminant level was tested
over three runs, again being averaged to a final measurement for that contamination level.
Thus, each data point represents twelve individual measurements, averaged for the final
result at each contamination level. The trends of dynamic viscosity versus contamination
level at each temperature for FPS 1 is presented in Figure 4-17 and Figure 4-18.
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Figure 4-17. Viscosity versus water contamination during heating for FPS 1

Figure 4-18. Viscosity versus water contamination during cooling for FPS 1
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From these figures, we can see that water contamination did not appear to affect
the dynamic viscosity measurement. This is corroborated by the readings from the second
sensor, shown in Figure 4-19 and Figure 4-20. Though the viscosity is expected to
increase due to the water when measured using a rotary viscometer, this supports the
suggestion by Jakoby that measurement methods based on acoustics or vibration will not
show a sensitivity to water [5]. Because the sensors used in these types only interact with
very small regions of bulk fluid, any water in the oil must be at or within the boundary
layer for the sensor element to interact with it. At 60°C, the viscosity measurement shows
a slight variation, likely caused by the strong temperature dependence at lower
temperatures.

Figure 4-19. Viscosity versus water contamination during heating for FPS 2
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Figure 4-20. Viscosity versus water contamination during cooling for FPS 2
Interestingly, the density measurement shows a slight upward trend with water
contamination, as seen in Figure 4-21 and Figure 4-22 for FPS 1. As the density and
viscosity measurements are coupled and reliant on the same boundary layer principle, it
stands out that the density shows a change but the viscosity does not. A similar change is
observed in the measurements from FPS 2, shown in Figure 4-23 and Figure 4-24. This
suggests that the water contamination does have an effect on the density measurement. It
is important to note, though, that the overall change from clean oil to the max level of
contamination is well within the manufacturer specified measurement accuracy of the
sensor. The density measurement, at these contamination levels, will likely not stand out
in an operating engine system.
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Figure 4-21. Density versus water contamination during heating for FPS 1

Figure 4-22. Density versus water contamination during cooling for FPS 1
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Figure 4-23. Density versus water contamination during heating for FPS 2

Figure 4-24. Density versus water contamination during cooling for FPS 2
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The dielectric constant appears to be the most strongly affected measurement, as
can be seen for FPS 1 in Figure 4-25 and Figure 4-26. Below 750 ppm, the measurement
shows a slight decrease at higher temperatures. At 750 ppm, the dielectric constant begins
a steady increase. Measurements at lower temperatures appear to be more erratic, likely
caused by the presence of more free water. These measurements still exhibit the upward
turn at 750 ppm although it is less clear from the plots. Figure 4-27 and Figure 4-28 show
the dielectric constant measurement produced by FPS 2. These measurements are much
more erratic than those produced by FPS 1. The cause of the erratic data is unclear. The
much higher dielectric constant suggests a local region of strongly contaminated oil and
shows some dependence on temperature. Subsequent experiments did not exhibit this
behavior.

Figure 4-25. Dielectric constant versus water contamination during heating for FPS 1
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Figure 4-26. Dielectric constant versus water contamination during cooling for FPS 1

Figure 4-27. Dielectric constant versus water contamination during heating for FPS 2
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Figure 4-28. Dielectric constant versus water contamination during cooling for FPS 2
Over the full range of water contamination tested, the dielectric constant increased
by a range of 1.4% to 2.6% from the baseline, just above the typical accuracy of the
sensor as specified by the manufacturer at 1%. Under ideal conditions, as in this
experiment, these results are sufficient to note a potential correlation between the water
content and the dielectric constant. In an actual engine, the likelihood of correlating such
a small change directly to water contamination is minimal. Unlike the dielectric constant,
the viscosity and density showed negligible correlation to the amount of water present in
the oil. This is likely due to the effects suggested by Jakoby. Because the oscillating
sensor element is only interacting with the fluid in the immediate vicinity, the sparse
distribution of water droplets reduces the likelihood the water will directly interact with
the sensor [5]. The changes in the dielectric constant, on the other hand, are of a more
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chemical nature, affecting the entirety of the oil sample. The introduction of polar water
molecules and, over time, the reactions of water with oil additives to create polar
byproducts would explain the increase seen in the dielectric constant. As also suggested
by Jakoby, this may be an advantage if there is a need to measure bulk oil viscosity in the
presence of water contamination [5]. The erratic behavior seen in the dielectric constant
results from the second FPS suggest that noise in the sensor readings may be an issue
when using dielectric constant as an analysis parameter. An intelligent system utilizing
these readings may trigger an alarm signifying substantial water contamination while that
may not be the case.

4.2.2 Coolant Contamination Tests
Like the water contamination tests, a baseline test with no contaminant was
performed and compared to the bench top data for the NAPA oil. The results were similar
in that the viscosity and density matched reasonably well with the bench top test and the
dielectric constant remained dependent on the individual sensor. It should be noted
though, that the density measurement of FPS 1 while cooling was highly erratic at low
temperatures, affecting the baseline measurement, but not affecting the overall trend due
to contamination. Table 4-2 summarizes the parameters used for the coolant
contamination tests.
Table 4-2. Summary of coolant contamination experiment parameter set points
Parameter
Oil used
Oil volume

Value
NAPA 15W40
4500 mL
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Max temperature
Initial pressure
Pump speed
Sensor position
Contaminant used
Contamination increment
Max contamination level

80°C
15 psi
1500 rpm
Recessed
Glycol coolant
500 ppm
3000 ppm

Again, like that of the water contamination testing, the dynamic viscosity showed
no obvious changes with increasing contaminant. Figure 4-29 and Figure 4-30 show the
viscosity measurement for FPS 1. Figure 4-31 and Figure 4-32 show the results from FPS
2. Neither sensor reacted strongly to the coolant in terms of viscosity.

Figure 4-29. Viscosity versus coolant contamination during heating for FPS 1
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Figure 4-30. Viscosity versus coolant contamination during cooling for FPS 1

Figure 4-31. Viscosity versus coolant contamination during heating for FPS 2
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Figure 4-32. Viscosity versus coolant contamination during cooling for FPS 2
The density measurements for FPS 1 are presented in Figure 4-33 and Figure
4-34. As mentioned, the baseline measurements for density at low temperatures during
cooling for the first sensor are unlikely to be representative of the actual density.
Otherwise, the slight increase in density seen in the water contamination tests is still
evident with coolant contamination. Figure 4-35 and Figure 4-36 show the density
measurement generated by FPS 2. Despite the higher contamination level, the overall
change from baseline to maximum is still within the specified accuracy for the FPS.
Again, the changes in density are unlikely to stand out against other forms of
contamination or degradation in an operating engine.
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Figure 4-33. Density versus coolant contamination during heating for FPS 1

Figure 4-34. Density versus coolant contamination during cooling for FPS 1
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Figure 4-35. Density versus coolant contamination during heating for FPS 2

Figure 4-36. Density versus coolant contamination during cooling for FPS 2
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Once again, the dielectric constant is strongly affected by the added contaminant.
For glycol-based coolant, the dielectric constant appears to increase slightly up to 1000
ppm, where it begins to increase rapidly, leveling off at 2500 ppm. This is shown in
Figure 4-37 and Figure 4-38 for FPS 1. For FPS 2, the effect is shown in Figure 4-39 and
Figure 4-40. Like with water contamination, the dielectric constant seems to offer the
strongest potential for detecting glycol-based coolant in oil. Work performed by
Schmitigal using an operating engine showed similar results as coolant was added to the
oil system [4].

Figure 4-37. Dielectric constant versus coolant contamination during heating for FPS 1
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Figure 4-38. Dielectric constant versus coolant contamination during cooling for FPS 1

Figure 4-39. Dielectric constant versus coolant contamination during heating for FPS 2
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Figure 4-40. Dielectric constant versus coolant contamination during cooling for FPS 2
Though the results are not directly comparable, it is not surprising that the FPS
measurements react similarly between water contamination and coolant contamination.
Both are polar molecules that react chemically with additives in the oil, but because of
their immiscibility with oil, there is negligible physical change detected in the oil at such
low quantities. This, again, is related to the way the sensor element interacts with the bulk
oil.
Changes in the dielectric constant at 1500 ppm coolant concentration ranged from
1.8% to 2.6% over both sensors and the range of temperatures tested. This range is nearly
the same as that of the pure water testing which is interesting since a different oil was
used. Again, though, while this change may just be above the typical sensor accuracy of
+/- 1% claimed by the manufacturer, it is still within the maximum accuracy limits of +/-
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3%. These results may be significant under the ideal conditions used in these
experiments, but they may not stand out as prominently in an engine where the condition
of the oil can be degraded in ways that are unrelated to coolant contamination. At 3000
ppm, the dielectric constant varies anywhere from 4.1% to 6.1% from the baseline. This
level of change is well outside of the stated accuracy of the sensor and has a much greater
potential for detection in an operating engine. Unfortunately, 3000 ppm coolant
contamination is much greater than the recommended condemning range of trace
amounts or up to 1000 ppm [3].
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Chapter 5
Summary and Conclusions
The research presented herein focused on the capability of detecting water or
coolant contamination at levels below condemning limits for engine oils. Utilizing a fluid
property sensor based on tuning fork resonator technology, the dynamic viscosity,
density, and dielectric constant of the oil were measured along with the temperature. To
isolate the effects of water and coolant, experiments were designed that would prevent
alternative contaminants and degradation from affecting the oil samples. These tests
included controlling the dissolved water content of the oil via humid air as well as a
compact flow loop for emulating the conditions found in the lubrication system of an
engine.
Characterizing the accuracy of the sensor using a standard SAE graded 15W40
calibration oil yielded deficiencies at low temperatures for both the dynamic viscosity
and density readings. At engine operating temperatures (approx. 100°C to 120°C)
converting the dynamic viscosity and density values to kinematic viscosity shows greater
agreement with the values provided with the calibration oil (i.e. within the sensor
manufacturer specified accuracy values). A calibrated value for the dielectric constant at
any temperature is rarely provided with an oil. Therefore, the only determination that can
be made regarding the accuracy of the dielectric constant reading is that it falls within
expected values for engine oils.

106

Benchtop comparisons between different 15W40 oils showed excellent
consistency in both the dynamic viscosity and density readings despite the poor accuracy
relative to reference values. Because SAE graded oils are required to meet prescribed
viscosity targets, this result suggests that the sensor inaccuracy is a static deviation from
the absolute measurement at each temperature. The dynamic viscosity measurement, and
to a lesser extent the density measurement, also shows excellent repeatability between
individual sensors and over multiple test runs as seen in the comparisons of benchtop
tests and baseline flow loop tests. The conclusion drawn from these points is that the fluid
property sensor does not appear to provide accurate measurements of the absolute
dynamic viscosity or density but is sufficiently repeatable to allow for detection of
changes over time, which is more valuable regarding this research.
The dielectric constant measurement, in contrast, showed dependence on the oil
being analyzed, as expected, but also on the individual sensor being used. Comparisons
between test runs utilizing the same sensor showed sufficient repeatability although not
as strong as that seen in the dynamic viscosity measurements. In practice, this would
necessitate that dielectric constant measurements of a suspected contaminated oil can
only be meaningfully compared to fresh oil measurement from that exact sensor. As
stated previously, reference values for the dielectric constant are not readily available,
though for all sensors and oils tested the measurements fall within expected values for
engine oils.
Experiments performed using an environmental chamber to slowly dissolve water
into the oil sample via humid air produced insignificant change in the oil properties being
measured. The tests, performed at 60°C, showed the dynamic viscosity and density to
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have a large standard deviation while the dielectric constant had a very small standard
deviation. For the reference oil tested, the dynamic viscosity and density increased
approximately 1.3% and 0.67%, respectively, from the lowest water activity at roughly
0.18 to the highest at roughly 0.60. The dielectric constant, over the same range,
decreased 0.61%. The commercial oil tested showed no trend in dynamic viscosity
although the density increased 0.49% and the dielectric constant decreased 1.0% over the
water activity ranges tested. These values are well within the maximum sensor accuracy
of +/- 3% specified by the manufacturer. This shows that the sensor used is not viable for
accurately correlating oil properties to the water activity. It is, however, capable of
detecting qualitative changes in oil properties related to water contamination levels below
saturation. The magnitude of these changes, though, may not be sufficient for detection in
an operating engine.
Flow loop experiments designed to represent conditions more likely to be found
in an engine showed a more pronounced sensitivity to water and coolant but not enough
to prove useful for detecting contamination below condemning limits. Dynamic viscosity
measurements for both pure water and coolant contamination showed negligible change
over the full range of contamination. The density measurement showed a slightly greater
sensitivity to either contaminant but did not change by more than 0.4% at any point from
the baseline. The dielectric constant measurements showed the strongest sensitivity to
both water and coolant contamination. At the highest water contamination level tested,
1500 ppm, the dielectric constant increased between 1.4% to 2.6%, depending on
temperature. Similarly, the coolant contamination test at 1500 ppm showed an increase in
the dielectric constant ranging from 1.8% to 2.6%. These changes for both contaminants
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are still within the maximum accuracy bounds of the sensor although they do exceed the
typical accuracy bounds of +/- 1%. The coolant contamination tests extended up to 3000
ppm, where the dielectric constant showed an increase ranging from 4.1% to 6.1% from
the baseline.
Overall, the results from these experiments show that even under ideal conditions,
the changes in oil properties due to water and coolant contamination below condemning
limits are minimal. When taken to an operating engine system, the numerous modes of
degradation are likely to overwhelm the effects of water or coolant at these levels, thus
masking the direct detection of these contaminants. Above these limits, the changes
become more substantial and offer the potential to detect contamination as can be seen in
the results for coolant contamination and in literature [4,5].
The results also showed that water and coolant contamination bear little
distinction in the changes of the properties measured. The viscosity and density, both
measured by way of the physical vibration of the tuning fork element, showed negligible
reaction to either contaminant. The dielectric constant, being related to the molecular
chemistry of the oil, did show a response to the introduced contaminants. This response is
nearly equivalent for both water and coolant at similar levels, suggesting that the oil
chemistry (i.e. additive package) reacts to both in the same manner.

5.1 Recommendations for Future Work
The mechanisms of oil degradation within an engine lubrications system are
multi-faceted and complex. This work focused on a singular aspect of these mechanisms.
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One particularly important parameter that must be further investigated is the effect of
water and coolant on aged oil. It is well known that the ability of an engine oil to handle
contamination decreases with use, thus the magnitude of the effects may vary
substantially with age. A better understanding of how the aged oil properties change with
contamination levels is required to develop an intelligent, online analysis algorithm that
can properly determine if there is water or coolant in oil.
It is also clear that the dielectric constant of the oil is the only property measured
that showed a significant reaction to water and coolant contamination at the levels
investigated. Previous research has also indicated the value of using the dielectric
constant as an oil analysis parameter. Because the dielectric constant is dependent on the
details of the measurement apparatus, a standard methodology for online engine oil
analysis should be defined. Taking this further, the value generated for a particular oil
formulation utilizing the agreed upon standard can be provided as a nominal value in a
manner similar to kinematic viscosity.
The changes seen in the dielectric constant are hampered by the low confidence in
the accuracy and precision of the sensor used. Similar testing utilizing a sensor capable of
measuring the dielectric constant more precisely can present more meaningful results.
Applying a proper statistical analysis package to the results of measurements with a more
favorable confidence interval may provide the degree of certainty necessary to accurately
detect water and coolant contamination at levels approaching condemning limits. This
effort would also require similar experimentation regarding other forms of degradation.
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