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Abstract: There is increasing demand for the on-board diagnosis of lubricating oils. In this research,
we consider various sensor principles for on-board diagnosis of the thermal aging of engine oils. One
of the parameters investigated is the viscosity of the lubricating oil, which can be efficiently measured
using a microacoustic sensor. Compared with conventional viscometers, these sensors probe a
different rheological domain, which needs to be considered in the interpretation of measurement
results. This specific behavior is examined by systematically investigating engine oils, with and
without additive packages, that were subjected to a defined artificial aging process. This paper
presents design strategies for the algorithm developed and applied for direct on-board diagnosis
of engine oil conditions with a fluid property sensor; this enables prediction of remaining oil life
and optimization of oil change intervals, thereby minimizing the likelihood of dramatic engine
failure and reducing maintenance costs. After a general description of the principles of sensor
measurement, different engine oil contaminants, aging phenomena, and associated sensor detection
and measurement capabilities are discussed.

Keywords: heavy-duty engines; property sensor; lubricating oil; fluid property

1. Introduction

Lubricating oil in an internal diesel engine is exposed to various strains that depend
on operating conditions, fuel quality, ambient conditions, and operating parameters. The
rate of deterioration strongly depends on these influences. To avoid engine failure, the
oil must be changed before it loses its protective properties. However, an unnecessary oil
change should be avoided for environmental and economic reasons. To reliably determine
the optimum oil change interval, it is necessary to monitor the actual physical and chemical
conditions of the oil [1,2].

The aging process of the oil is very much influenced by, among other things, fuel
quality, because of the blow-by gases of the combustion process [3,4]. Therefore, especially
for gas engines fueled with biogas of a priori unknown and fluctuating fuel quality, direct
monitoring of the oil condition is essential [5].

According to the current state-of-the-art for automotive applications, the condition
of engine oil is estimated by means of indirect methods that mainly rely on operating
parameters, such as engine speed, performance, and temperature [6].

For large-scale stationary engines, a more reliable, but also more elaborate approach
is currently used, in which oil samples are taken at regular intervals for off-line labora-
tory analysis to determine the optimal oil change interval [7,8]. The disadvantages of
this method are high fixed costs and the delay between sample drawing and return of
analysis results.
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Currently developed alternative approaches are aimed at utilizing sensors to provide
input for on-board diagnosis systems that determine the current oil condition inside an
engine. The sensor signals should provide information on the actual physical and chemical
oil quality to provide the information needed for the prediction algorithms, as shown in
Figure 1. Moreover, the sensors should exhibit a long lifetime, even though they are contin-
uously exposed to an aggressive environment inside an operating combustion engine [9,10].
The entire system should give a reliable indication of the current oil condition and estimate
when the oil will reach the end of its lifetime and an oil change will be necessary.
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Figure 1. Structure of a sensor-assisted algorithm for a lubrication-monitoring system. The indirect
data provided by the engine management system and its relationship to oil wear will depend on the
actual engine platform used, whereas the data provided by the sensors are directly linked to the oil
condition and are thus platform-independent.

Previous attempts in the automotive field were based on measuring the permittivity
or conductivity of the oil [11].

Although these parameters are measured directly in the oil, they are of limited use
because they are influenced by many different oil wear mechanisms; this results in a signal
that is of only limited utility. There have also been attempts to sense a representative
chemical parameter directly, but chemical sensors commonly exhibit a limited lifetime and
show adverse properties with respect to aging and drift [12-14].

Monitoring of internal engine oil condition with a fluid property sensor definitively
simplifies oil quality management by providing a higher capacity for detection of slow
and rapid changes in oil contamination or quality levels, thereby enabling economical and
environmentally friendly optimization of oil change intervals [15,16].

Waszczuk et al. [17] adopted the low frequency commercial piezoelectric tuning forks
(QTFs) to the measurement of physicochemical properties of liquids, and the result showed
that the applied measurement technique based on the analysis of the QTF equivalent
electric circuit proved its usefulness for determining liquid viscosity in the range up to
16 cP. Gonzalez et al. [18] researched a novel sensor system for downhole measurements
of viscosity, density, and other fluid properties. Gonzalez et al. [19] demonstrated the use
of a tuning fork sensor for fast viscosity and density measurements that would enable
the characterization of transient fluid properties, such as in multiphase flows of liquids.
The result showed that by monitoring the frequency and the decay rate during ring-down,
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transient changes in density and viscosity could be obtained within milliseconds in liquids.
Zhang et al. [20] presented a smart sensing system for viscosity and density measurement of
viscous fluids. Using the PMN-PT transducer, the measured viscosity and density of fluids
were extracted by analyzing the vibrational properties of the smart probe. Finite element
analysis was conducted with COMSOL Multiphysics for theoretical calculation and lab
tests were carried out to verify and evaluate the simulation results. Ghader et al. [21]
studied a novel microelectromechanical sensor for simultaneous measurement of fluids
viscosity and density.

Although this paper demonstrates the feasibility of an oil condition algorithm, the
models and analyses are highly dependent on oil type and application characteristics.
Specific studies should be performed with each application before implementation so as to
adapt and optimize the described models [22].

2. Fluid Property Sensing
2.1. Fluid Property Sensor

A physical diagram of the fluid property sensor is shown in Figure 2. The measure-
ment parameters of the fluid property sensor are shown in Table 1. The fluid property
sensor directly and simultaneously measures the viscosity, density, dielectric constant, and
temperature of nonconductive fluids. Relying on patented tuning fork technology, the
sensor monitors the direct and dynamic relationship between multiple physical properties
to determine the quality, condition and contaminant loading of fluids such as engine oil,
fuel, transmission and brake fluids, hydraulic and gear oils, refrigerants, and solvents.
The capacity for multiparametric analysis improves fluid characterization algorithms. The
fluid property sensor provides in-line monitoring of fluids for a wide range of OEM and
aftermarket installations, including fluid reservoirs, process lines and pressurized high
flow conduits (e.g., engine oil gallery) and for applications that include on- and off-road
vehicles, compressors, industrial equipment and turbines. This paper will focus principally
on engine oil applications, but most of these analyses can be adapted or replicated for
other applications [23,24].

Resistance Temperature Detector

Tuning Fork

Sensing Elements

Quartz Tuning Fork Sensor

Figure 2. Physical view of quartz tuning fork sensor.
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Table 1. Measurement parameters of the sensor.
Measurement Parameter Measurement Range Precision Resolution Ratio
Viscosity 0.5-50 cP 2% 0.015625 cP
Density 0.65-1.5 g/cm? +1% 0.00003052 g/cm3
Dielectric constant 1.0-6.0 1% 0.00012207
Temperature —40-150 °C 0.1°C 0.03125 °C

The hardware circuit design of this paper consists of two parts, an STM32F103 micro-
controller system control circuit and impedance measurement circuit based on AD5933
impedance measurement chip. The hardware structure of the system is shown in Figure 3.
The AD5933 chip is integrated with a DDS frequency generator, I-V amplifier, low-pass
filter circuit, A/D conversion circuit, and FFT module, which can realize impedance mea-
surements based on the vector current-voltage method in a high integration environment
with certain accuracy. The chip realizes data communication through the I?C interface.The
hardware structure of the system is designed as follows:

Figure 3. Design of hardware circuit of the measurement system.

The peripheral circuit design of AD5933 is shown in Figure 4. The chip is powered
by a 5-V power supply. The SCL and SDA pins of the microcontroller are used as I?C
communication pins and are connected to the 15 and 16 pins of the AD5933 chip through a
pull resistance of 10 k(). The AVDD and AGND of the analog circuit are directly connected
with the VCC and GND, while the AVDD and DGND of the digital circuit are connected
with the VCC and GND by a 10-uH chip inductor, respectively, to realize the separation of
the analog and digital circuits. The input and output ends of the quartz tuning fork sensor
are, respectively, connected to the VOUT, RFB and VINT pins of the AD5933 chip through
the connectors; VOUT is the excitation voltage signal output, RFB is the external feedback
resistance, and VINT is the transconductance amplifier input. Because the component to be
tested is a quartz crystal oscillator, its impedance is large, so it is not necessary to increase
the external amplifier circuit to improve the load capacity, and the output end of the chip is
directly connected to the crystal oscillator, the measurement can be realized.
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Figure 4. AD5933 peripheral circuit diagram.

2.2. Measurement Principle

The fluid property sensor measurement is based on a tuning fork flexural resonator.
This resonator is composed of quartz, a piezoelectric material capable of being deformed
upon the application of a voltage and reciprocally electrically polarized under the action of
mechanical stress. The two tines of the fork oscillate and generate a response indicative of
the physicochemical and electrical properties of the fluid in which the sensor is immersed.

A sinusoidal excitation voltage applied to the tuning fork’s thin electrodes causes me-
chanical stress and periodic elastic deformation. This vibration produces a corresponding
current through the electrodes. The ratio of the excitation voltage to the induced current
allows measurement of the impedance of the system, and this process will be dependent
on the excitation frequency, the elastic properties of the piezoelectric material, and the
properties of the fluid. The quartz tuning fork impedance response in air has a sharp
resonance at approximately 31 kHz. In a fluid, the resonance frequency and amplitude are
reduced due to the increased mass load and frictional forces in the system [25,26].

As described in Figure 5, the calculation of the fluid properties is allowed through the
use of a tuning fork equivalent electrical model.

1
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= |
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Figure 5. Tuning fork equivalent electrical model.
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The tuning fork complex impedance in air is modeled using the following formula:

Serial capacitance (Cs), resistance (Rg) and inductance (L) depend only on geometrical
tuning fork parameters. Fluid impact is described by an additional term:

Ziw) = Aiwp+Bywpn(l+i) )

where w is the excitation frequency, 11 is the dynamic viscosity, p is the density, and A and
B are constants that depend on the resonator geometry [27].

The dielectric constant ¢ and the electrical resistivity P are measured with the parallel
capacitance (Cp,) and resistance (Rp) [28,29]:

oC
CP(S) = (£ - 1)87517 +Cp yaccum (©)]
Jd(R
Ro(P) = P20 )

After a calibration step required to calculate each parameter, the fluid property sensor
is used to measure the dynamic viscosity, density, dielectric constant, and Rp, an indication
of resistivity, of the unknown fluid in which it is immersed.

For measuring the density “p”, the principle is that when the quartz tuning fork is
immersed in the oil medium, its surface that is attached to the oil medium experiences
effective mass changes, resulting in a reduction in resonance frequency; the use of density
and effective mass of the relationship can be realized to measure the density of the oil
medium. The principle of measuring viscosity (1) is that when the quartz tuning fork
is used as the sensitive element, the impedance characteristics of its equivalent circuit
will change due to the influence of viscosity. The purpose of online viscosity monitoring
can be achieved by real-time monitoring of impedance. The measured temperature (T)
is measured using a resistance temperature detector (RTD). The dielectric constant (¢) is
calculated from the temperature measured by the RTD and the oil-related constant. The
resistivity of a medium, P, refers to the resistance encountered by free carriers when moving
in the medium under the action of an electric field. The resistivity of the oil depends on
the viscosity of the fluid, the density of free charge carriers, and the specific chemical
composition of the oil. Resistivity (P) can be modeled in a simple linear form: P = H + LT,
where T is the temperature measured by the RTD, and H and I are constants related to oil.

2.3. Engine Oil

Engine oils are composed of paraffinic, naphthenic, and aromatic hydrocarbons mixed
with different additives and elaborated to fulfill several functions: lubrication, sealing,
power transmission, engine part cooling, cleaning, and neutralization of acid components.

The objective of lubrication is to reduce the friction between sliding surfaces and
minimize wear. Insufficient lubrication leads to engine heating, oil degradation, and
acceleration and higher risk of engine failures. Sealing between cylinders and piston rings
is necessary to avoid blow-by fuel contamination and nitrogen oxide contamination from
the combustion gas [30]. Sealing is also required between the valve and valve stem guides
to prevent unburned fuel from reaching the oil. Power transmission increases engine
efficiency and ensures tappet clearance and camshaft adjustment.
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Proper lubrication, sealing, and power transmission are ensured by appropriate
oil viscosity.

The viscosity of a fluid is a measure of its resistance to gradual deformation by shear
stress. Dynamic viscosity can be defined by considering a fluid trapped between a fixed
plate and a second plate moving at a velocity (u).

The friction between each fluid layer of area A leads to a force (F) resisting the
relative motion.

F=n.A a—u ®)
Iy
Dynamic viscosity 1 is the proportionality factor relating F and the local shear velocity
g—“. Viscosity can also be expressed in other forms such as through kinematic viscosity
u (cSt), which is the ratio of dynamic viscosity 1 (cP) to density p (gm/cc) of the fluid.
Viscosity is closely linked to the fluid temperature.
Kinematic viscosity p (T) can be modeled with the following expression:

log(log n+0.7) = B — C.log(T + 273.15) (6)

where T is the temperature in °C, log is the base 10 log, and B and C are oil-dependent constants.
Density (p) can be modeled in a simple linear form:

p=D+ET @)

where D and E are oil dependent constants. Dynamic viscosity 1 (T) can be deduced from
kinematic viscosity p (T) and density p (T).

Base oil viscosity has a naturally high temperature dependence and is characteristically
low [31]. To ensure efficient engine performance, oil viscosity should be sufficiently high at
high temperature but not thick enough at low temperature to prevent easy engine start-up.
To increase the viscosity index (VI), engine oils contain additives designed to improve
the VI and these are composed of long—chained hydrocarbon polymers tightly folded
at low temperatures and unfolded at high temperatures. Lubrication is also improved
by anti-wear additives, which prevent friction between metallic surfaces during extreme
operating conditions. Zinc dithiophosphate (ZDP) is an example of an anti-wear agent.

Incorrect sealing can lead to functional deficiency or foam formation. Foam inhibitor
additives containing silicon compounds prevent formation of stable oil foams and improve
air removal ability [32-34].

QOil cleaning is ensured by two types of additives: dispersants and detergents.

A dispersant is composed of a long, nonpolar oleophilic tail and a polar head. The
function of the dispersant is to maintain solid or liquid contamination particles suspended
in the oil and thus avoid any agglomeration that could lead to sludge formation. The two
phenomena involved in this process are peptization and solubilization. Peptization consists
of wrapping solid oil contamination particles (diameters of 50-150 nm), such as dust and
soot, and keeping them in suspension. Solubilization uses the same mechanism, but it is
related to liquid contaminants, such as acids or condensates (less than 20 nm).

A detergent is a colloidal metal-based additive and has a structure similar to that of the
dispersant, but its tail is shorter and the polarity of its head is greater. Detergents are used
to remove, or avoid formation of, carbon, varnish, or lacquer deposits and to neutralize
acids created from combustion, oxidation, and nitration processes. Indeed, contaminating
acids are dangerous because they can cause corrosion and accelerate oil degradation.
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Engine oil also provides alkaline reserves to prevent acidification. The alkaline reserve
can be determined by the value of the total base number (TBN). In the same way, acidity can
be determined by the total acid number (TAN). The pH value is not suited for measurement
in oil because the medium is not aqueous. The unit for TAN and TBN measurement is
mg KOH/g, which corresponds to the equivalent mass of potassium hydroxide required
to neutralize one gram of solution. Neutralization is ensured by the use of detergents.
Some over-based detergents composed of calcium carbonate or magnesium carbonate
achieve a high level of protection against acidity. However, they can lead to ash formation,
which is problematic for diesel particulate filters. Manufacturers tend to use engine oils
with a relatively low ash content, meaning lower TBN and alkaline reserves; this reduces
resistance to chemical degradation.

During oil aging, polar compounds and charge carrier degradation products are
created. In parallel, base additive compounds are depleted, decreasing protection against
acidification. The electrical and chemical behaviors of these substances have a direct impact
on the oil dielectric constant (¢) and resistivity (P).

The dielectric constant (¢) or relative permittivity is the ratio of media permittivity
to vacuum permittivity. The dielectric constant represents the capacity of the medium
to be polarized under the application of an electric field. Concretely, polarization is the
consequence of the reorientation of molecular dipoles in the lubricant. During oil aging,
dipole moments change because of microscopic chemical reactions, such as oxidation or
nitration, or because of the addition of polar contaminants, such as water (¢ water = 80) or
soot. The dielectric constant (¢) is defined according to the following equation:

e=F+GT ®)

where T is the temperature in °C and F and G are oil-dependent constants.

Indeed, the dielectric constant (&) can be linked with the density (p) using the following

relationship (9):

e—1 fod

o 4.m.p .Na.m )
where Na is Avogadro’s number, « is the molecular polarizability volume, and M is the
molar mass of the substance.

The resistivity (P) of a medium measures the drag force encountered by free charge
carriers moving through the medium under the application of an electric field. Oil resistivity
is dependent on fluid viscosity, the density of free charge carriers and the specific chemical
composition of the oil. To a first approximation, resistivity (P) can be modeled in a simple
linear form:

P=H+ILT (10)

where T is the temperature in °C and H and I are oil-dependent constants.

General measurements of oil temperature are presented in Figure 6. Two engine
oil samples (new 15W40 and 1000 h aged) were measured in the standard engine oil
application temperature range. Temperature homogeneity was ensured by mechanical
stirring. The results demonstrate the ability of the fluid property sensor to measure oil
viscosity (1), density (p), dielectric (¢) and Rp as an indicator of resistivity (P) over the
entire range of application temperatures.

Viscosity, density, and dielectric constants are increased during aging. Without any
contamination, increases in the three parameter can be considered normal, even if we also
observe viscosity decreases due to oil shear. The increase in resistivity at high temperatures
is due to depletion of free charge carrier additives [35]. The gradients of variations will
depend on oil type and application characteristics, such as temperature or contamination.
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Figure 6. New and aged engine oil (15W40): (a) viscosity; (b) density; (c) dielectric; and (d) Rp.

3. Oil Ageing Processes and Sensors for Fluid Property Detection

During its whole lifespan, engine oil experiences different degradation and contam-
ination processes resulting from high temperatures and exposure to chemically reactive
combustion byproducts and various contaminants. The following sections describe these
processes and how each process is detectable with a fluid property sensor.

3.1. Oxidation

When exposed to high temperature, engine oil reacts with oxygen and this reaction
is called oxidation. Oil molecules chemically combine with oxygen to form carbonyl
compounds (C=0), such as aldehydes, ketones, esters, and carboxylic acids, in different
concentrations. The process actually corresponds to two degradations: the evaporation
of minor oil components and the incorporation of oxygen elements in oil components.
This oxidation induces the polymerization of oil molecules and the formation of insoluble
products that lead to an increase in viscosity. Oxidation also induces the formation and
depletion of various polar and conductive compounds, which will impact the oil dielectric
constant and resistivity [36].
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The oxidation process is accelerated by heat, light, and metal catalysts, such as copper
or iron, and the presence of water, acids, or solid contaminants that could cause deposit
formation. Oxidation is also favored by oil shear. Hydrocarbon compounds and poly-
mer viscosity additives are degraded by shearing, creating carboxylic acids and carbon
active sites that can be oxidized to induce a new polymerization. Eventually, oxidation is
accelerated by biodiesel or ethanol fuels due to their hygroscopic properties.

Oxidation was measured in the laboratory using Fourier transform infrared (FTIR)
spectroscopy as specified by the standard test methods ASTM D7418 or ASTM D7214. The
measurement is based on quantification of the carbonyl functional group (C=0), using
the 1700 cm~! frequency peak in the absorbance spectrum. Oxidation measurement is
expressed in A/cm.

The measurement of fluid oxidation with the property sensor is presented in Figure 7.
Engine oil (15W40) was stored in the laboratory at 120 °C for 3000 h and regularly sampled
and analyzed until the point of complete degradation. The results demonstrate the ability
of the fluid property sensor to detect and measure oil oxidation, mainly with viscosity,
dielectric, and resistivity measurements.

) 400 0.86 3
= 0.84 12
S 30 300 S = =
- e . 2
L E & 0.82 ° 41 £
g = S =
& s N o ° °
= 2 B E
Q -
% 20 200 2 Sosg e e 10 o
Z = . 2
j g b " +
7 _— - > — 8 3
o — o= 20.784 ~ 1-170
3 el , 2 ~ =
A _— = =1 s C
E0) P 100 5 8 z
3 0.76 1573
. 3 g
o A =
e -
0 ol 0 0.74 T T T T T T -3
0 5 10 15 20 25 30 35 40 0 10 15 20 25 30 35 40
Oxidation A/cm Oxidation A/cm
(a) (b)
2.30 6 2.6x107 15
0
= 2.5x107 110
g ~—
o 2.25 13 2 = =
= O . 74 i o
o 5 2 2. 4x10 | 5 5
S s 9 3
— S l/ —
o N / o
© 2209 10 = = 2.3x10" 4o =
= = " \ =
+ © = \ 1)
g cHEE- \ =
e o 2.2x107 \ 15 =
= = == \ —
2.15 43 \ p
b \ =
(o] _ \\ o
2 2. 1x10" A \ 1102
o H
= Phaseﬂ Phase 2 ‘ ‘Phase 3‘ ‘Phase 4‘
2.10 ! J J ! ' .I ,I 6 2.0x107 I T T T T T T -15
0 5 10 15 20 25 30 35 40 0 0 15 20 o 2 M 10

Oxidation A/cm

(c)

Oxidation A/cm

(d)

Figure 7. Engine oil (15W40) oxidation at 120 °C: (a) viscosity; (b) density; (c) dielectric; and (d) Rp.
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Viscosity is highly increased during all oxidation processes. Resistivity is a very useful
parameter because it can be directly linked to the four different phases of the oil oxidation
process (see Table 2).

Table 2. Four different phases of oil oxidation process.

Stage Oxidation A/cm
Phase 1 0-3
Phase 2 3-16.5
Phase 3 16.5-31.5
Phase 4 31.5-40

During Phase 1, the tested oil resistivity is increased by up to 10% at 120 °C. This
phenomenon can be explained by the depletion of some free charge carrier additives.
The viscosity starts its continuous increase, and the dielectric shows a very slight drop.
Phase 1 corresponds to the predominance of a fast chemical process involving very
reactive additives.

During Phase 2, the tested oil resistivity is decreased up to —10% at 120 °C, rela-
tive to the initial value, and the dielectric showed a significant increase. Phase 2 corre-
sponds to a predominance of a slow chemical process that releases charge carriers and
polar compounds.

During Phase 3, the resistivity shows a new increase linked to a new depletion of
charge carriers, and the dielectric is stabilized.

Phase 4 corresponds to the dramatic increase in viscosity before complete oil degrada-
tion and potential jelling [37].

Even if the density changes remain relatively slight, they can be linked to the four
different oxidation phases.

The four different oil degradation phases and corresponding viscosity and resistivity
behaviors are described in the literature. Temperature has a relatively low impact on the
four oxidation behaviors, and the relative changes, except those for resistivity, are similar
for each temperature. The phase 1 resistivity increase is amplified at high temperatures
and moderated at lower temperatures.

During Phase 1 and Phase 2, the oil condition is considered good, and the level of
degradation is quite low. Phase 3 corresponds to a consequent level of oil degradation.
Entry into Phase 3 is the appropriate time to perform an oil change. During Phase 4, oil had
already reached a very high level of degradation. There is a high risk of dramatic engine
failure. An oil change has to be performed immediately at this point [38].

The oxidation process depends on engine application characteristics and engine oil
composition. Oxidation measurements for three different 15W40 engine oils are presented
in Figure 8. The three engine oils were stored at 120 °C and regularly measured until the
end of Phase 2 of oil oxidation. The results show different measurement gradients for the
oils, but the general trends described above are confirmed.

Brand C oil shows a consequent resistivity increase during Phase 1 and then relatively
low increases in viscosity and dielectric during Phase 2. Brand A oil shows a lower
resistivity increase during Phase 1 but much higher increases in viscosity and dielectric
during Phase 2. These different gradients could be linked to additive compositions. Indeed,
the type and concentration of additives present in oil will favor or prevent different
reactions yielding oxidation and degradation products [39].
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Figure 8. Engine oil (15W40 brands A, B and C) oxidation at 100 °C: (a) viscosity; (b) density; (c) dielectric; and (d) Rp.

Since oxidation is dependent on o0il composition and engine application characteristics,
precise and complete oxidation modeling seems difficult. However, one can determine
a typical physical change by focusing on Phase 1 and Phase 2. The solution consists of
modeling Phase 1 and Phase 2 and detecting the entry into Phase 3, which is linked to a
consequent level of degradation. For example, the 15W40 engine oils presented in Figure 9
could be modeled with the following equations at constant temperature:

Pth =

My = 15 (1421 x 107.0x.)

os. (1 405 % 10*3.0x.)

e = si.(l 105 x 10*3.0x.)

Rpg, = Rp;. (1-12 x 1072.0x.)

(11)
(12)
(13)

(14)
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Figure 9. Engine oil (15W40) oxidation at 100 °C: (a) viscosity; (b) density; (c) dielectric; and (d) Rp.

The models are plotted in Figure 9 with the related accuracy specifications given
with full blue lines. The red circles represent detection of the entry into Phase 3 when
n > 1.05ny, and Rp > 1.05Rpy,.

3.2. Water Contamination

Water contamination comes from the fuel combustion process or from the exterior
engine system. Water in oil can be dangerous for an engine because it could induce
excessive wear, for example, by cavitation or corrosion. Water also promotes oil oxidation
and the formation of acid byproducts and sludge, and thus poor engine reliability.

Water has three different states in oil: dissolved water, emulsified water, and free
water. Dissolved water is characterized by dispersed individual water molecules chemically
linked to the oil. Above this level, called solubility, the excess water is saturated and will
not be chemically linked to the oil; free water is formed, leading to a two-phase system.
Because the density of water is higher than that of oil, free water typically accumulates at
the bottom of the oil pan. When the mixing ratio is sufficiently high, or in the presence
of surfactant additives, an emulsion can be formed. Emulsified water is homogeneously
dispersed into the oil [40].
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Typical water solubility and associated water states are presented in Figure 10.
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Figure 10. Typical water solubility in engine oil and associated water states.

Solubility depends on temperature, oil additives, contamination, and oxidation [9].
Water has low solubility in pure oils and hydraulic oils. Typical solubility in engine oil is

approximately 2000 ppm at 50 °C.
The solubilities of water in hydraulic oil and fresh and aged 15W40 engine oils, as

measured by a water content sensor, are presented in Figure 11.
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Figure 11. Water solubility in hydraulic and engine oil measured by a water content sensor.

Water in oil is typically measured in the laboratory with Karl Fisher titration (ISO12937
or ASTM D1533). The Karl Fisher method measures total absolute water in ppm with high
accuracy. However, this method is not totally appropriate with engine oil because the
measurement could be impacted by specific engine oil additives. The Aqua test (ISO/DIS
9114 or ASTM D7358) and FTIR spectroscopy (ASTM D7418) are alternative methods for
measuring total absolute water down to 100 ppm and with 100 ppm accuracy. These three



Appl. Sci. 2021, 11, 5642

15 of 29

methods do not differentiate dissolved or free water. A water content sensor is able to
measure water activity and then to deduce solubility, independent of oil aging. Water
activity can be defined by the following formula:

[H20]
[H20]

Saturation

AWater — (15)
where 0 < awater < 1, and [HO] is the concentration of dissolved water in oil (ppm) and
[H20] s turation 1S the concentration of dissolved water in oil (ppm) at the saturation point.
The water content sensor and its water activity measurements would be the relevant sensor
solution for measuring water content at the saturation point with the highest accuracy.

The fluid property sensor water dilution measurement is presented in Figure 12.
Engine oil (15W40) was stabilized at 50 °C and diluted with deionized water. Emulsion
homogeneity was ensured by magnetic stirring. The results demonstrate the ability of fluid
property sensors to detect and measure water contamination, mainly with dielectric and
resistivity measurements.
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Figure 12. Water dilution in engine oil (15W40) at 50 °C: (a) viscosity; (b) density; (c) dielectric; and (d) Rp.
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Viscosity and density do not show any changes. The dielectric constant is linearly
increased and the resistivity is linearly decreased with water dilution. These noticeable
changes have been described in the literature and can be explained by the high dielectric
constant of water (ewater= 80) and the autoionization of water that can release free charge
carriers, e.g., protons, into the oil.

The fluid property sensor measures dissolved and emulsified water, which guarantees
good compatibility with the application. Indeed, engine operation ensures emulsion by
using a sufficiently high mixing ratio. When engine oil reaches a high temperature, water
may evaporate, so the detection has to be performed before evaporation, preferably just
after engine start-up during the oil temperature increase.

Water in engine oil can be modeled using the following equations at a cons-
tant temperature:

Nth = Mi (16)

Pth = Pj 17)

e = si.(l 120 % 10_6.WatDil(ppm)> (18)
Rpy, = Rpi.(l —6x 10*6.WatD11(ppm)) (19)

These models are plotted in Figure 12, with the related accuracy specifications given
as full blue lines.

3.3. Coolant Contamination

Engine coolant contamination comes from leakage from the engine cooling system.
Coolant is composed of ethylene glycol or propylene glycol (40 to 60%), water (60 to 40%)
and several additives at relatively low concentrations (approximately 5%). Ethylene glycol
and propylene glycol are miscible with water and with most organic solvents, but are not
miscible with oil. Common coolant additives include sodium silicate, disodium phosphate,
sodium molybdate, and sodium borate, and these function as lubricants, buffers, and
corrosion inhibitors. Coolant contamination in engine oil can be dangerous for an engine,
and have several negative impacts. Low levels of coolant contamination can cause heavy
sludge deposits, the formation of acidic compounds, such as glycolic or methanoic acids,
and acceleration of oil oxidation. When mixed with oil, high coolant contamination could
lead to emulsions or gels and induce occlusions of walls and oil passageways, risks of filter
blocking, reductions in oil flow, and a serious general decrease of lubrication efficiency [41].

Coolants in oil are typically measured in the laboratory using FTIR spectroscopy
(ASTM D7418) or ICP-AES spectrometry (ASTM D7151), mainly through quantification of
the coolant additive elements Na, B, and/or K within the oil.

The fluid property sensor measurement of coolant (50% water) dilution is presented in
Figure 13. Engine oil (15W40) was stabilized at 50 °C and diluted with coolant. Emulsion
homogeneity was ensured by magnetic stirring. The results demonstrate the capability
of the fluid property sensor to detect and measure coolant contamination, mainly with
dielectric and resistivity measurements.

Viscosity and density did not show any changes. The dielectric increased linearly.
With the coolant dilution, when the coolant dilution rate was lower than 2000, the linear
decrease of resistivity was not obvious, but it did decrease linearly at a coolant dilution rate
above 2000. These results are perfectly consistent with the water dilution results described
in the previous section. Indeed, the tested coolant was composed of 50% water, and the
dielectric and resistivity slopes are half as high as those in the water dilution results. The
changes can be explained by the high dielectric constant of water (ewater= 80) and the
autoionization of water, which can release free charge carriers and protons into the oil [42].



Appl. Sci. 2021, 11, 5642

17 of 29

56 6 0.88 3
x —
=~ x
54 44 = 0. 86 12 ~
© g © g
o) =
© 527 E g 0. 84 1t =
o .4 154 B - S
o 7\ - Q - T — B— @
Ss50% N\ e Sose"y L . . 0 o
B e = 5[\ . S S
N < = o =
3489 e -2 = =080 -1e
@ > =] &=
= = A ey
%2] =
461 4-4 8 0.78 122
z 2
44 T T T T T -6 0.76 T T T T T -3
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Coolant dilution ppm Coolant dilution ppm
(a) (b)
2.6 12 2. 6x107 6
*
= 2.5x107 14
= _
. R B
PN 2 - o S 8
o + —~
~ 3 S 2.4x10" 7 12
) S o
3 - 2
o o 9. 3x107 4 20
o— o %] e
s = E o o e —e
g = = o )
© = 2 2. 2x107 LS
) =<1
= =
- 9
‘r_) 7 - 74
2 2. 1x10
—
[}
o =
/ [am) _
2.9 - . . . . . 0 2.0x10° T T T T T -6
0 1000 2000 2000 1000 5000 6000 0 1000 2000 3000 4000 5000 6000

Figure 13. Coolant dilution in engine oil (15W40) at 50 °C: (a) viscosity; (b) density; (c) dielectric; and (d) Rp.
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The fluid property sensor measures dissolved and emulsified water coming from
the coolant blend, which guarantees good compatibility with the application. Indeed,
engine operation ensures emulsion by establishing a sufficiently high mixing ratio. When
engine oil reaches a high temperature, water may evaporate, so the detection has to be
performed before evaporation, preferably just after the engine start-up during the oil

temperature increase.

The coolant in engine oil can be modeled using the following equations at a cons-

tant temperature:

Mth = T4
Pth = Pi
i = &i.(1+10 x 107°.CoolDil ) )

Rpg, = Rp;. (1 -3 x 1070.Co0lDil 1))

(20)
(21)
(22)

(23)
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These models are plotted in Figure 13 with the related accuracy specifications given
as full blue lines.

3.4. Fuel Contamination

Fuel contamination in engines is caused by imperfect fuel combustion and imperfect
sealing. Unburned fuel reaches the crankcase through the space between the piston and
cylinder and between the piston groove and the ring. Fuel dilution can be enhanced under
particular conditions during the DPF regeneration process.

Internal combustion engines use fuels such as diesel or gasoline, which are mostly
hydrocarbon compounds mixed with a variety of additives. Generally obtained as a specific
fractional distillate of petroleum, they are now increasingly blended with biofuels such as
biodiesel and ethanol. Blended with petroleum diesel, biodiesel is a vegetable oil or animal
fat-based fuel composed of long chain alkyl esters. In the US, fuel standard ASTM D7467
specifies blends from B6 to B20, which corresponds to blends with 6% to 20% biodiesel.
In Europe, fuel standard EN 590 specifies blends up to B7. In gasoline fuels, ethanol is
blended up to 10% (E10) in common markets and can be blended up to 85% (E85) in flexible
fuel vehicle applications (ASTM 5798). In the future, biofuel blending rates are expected to
increase in order to meet environmental protection rules.

Fuel physical properties can be modeled as oil physical properties:

log(log (1t + 0.7)) = B — C.log(T + 273.15) (24)
p=D+ET (25)
e=F+GT (26)
Rp=H+LT 27)

where T is the temperature in °C and B, C, D, E, F, G, H, and I are fuel-dependent constants.
Dynamic viscosity 1 (T) is deduced from kinematic viscosity p (T) and density p (T).

Fluid property sensor measurements of different fuels are presented in Figure 14. Fuel
temperature homogeneity was ensured by magnetic stirring. The results demonstrate the
fluid property sensor’s capability to accurately measure fuel properties and allow robust
fuel type differentiation.

B100 biodiesel has a higher viscosity, density, and dielectric value than pure petroleum
fuels. Gasoline shows a much lower viscosity than diesel fluids. The lower resistivity
of biodiesel is explained by its hygroscopic characteristics. Fuel property measurements
allow differentiation between gasoline, B0 and B100 but also with alternative fuels such as
kerosene or hydrotreated vegetable oil (HVO).

Fuel contamination in engine oil can be dangerous for the engine because it can
promote oxidation of oil, formation of acidic compounds and formation of soot. These
degradations are even more prevalent with biofuels because of the hygroscopic characteris-
tics of biodiesel or ethanol. Fuel dilution will also degrade oil lubrication properties and
amplify risks of wear.

Fuel contamination in oil is typically estimated in the laboratory with a method using
flash point (ISO 2719) and viscosity measurements (ASTM D445) or with a more accurate
and more expensive method using gas chromatography measurements [43].

The fluid property sensor fuel dilution measurement is presented in Figure 15. Engine
oil (15W40) was stabilized at 100 °C and diluted with diesel fuel. Blending temperature
homogeneity was ensured by mechanical stirring. The results demonstrate the capabil-
ity of the fluid property sensor to detect and measure fuel contamination, mainly with
viscosity measurements.
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Resistivity does not show any consequent change. Density and dielectric are linearly
related to fuel dilution. Slopes depend directly on the density and dielectric properties
of the two fluids because they are miscible. The most obvious change is measured with
viscosity, which decreases exponentially with fuel dilution.

As engine oil and fuel are miscible fluids, the Refutes method can be used to calculate
the theoretical kinematic viscosity (i) of the blend. The method consists of determining a
viscosity blending number (VBN) for each component based on their kinematic viscosity
and then calculating the VBN of the blend at a fixed constant temperature [12]:

VBNEyel = 14.534. In (In (pyel,, +0.8)) +10.975 (28)
VBN = 14.534.In(In (poy,, +0.8)) +10.975 (29)
VBNpieng = VBN (1~ FuelDil s, /100) + (VBNpyer.FuelDil 5, /100)  (30)
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Figure 14. Gasoline, diesel BO, rapeseed B100 biodiesel: (a) viscosity; (b) density; (c) dielectric; and (d) Rp.
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Figure 15. Fuel dilution in engine oil (15W40): (a) viscosity; (b) density; (c) dielectric; and (d) Rp.

The kinematic viscosity of the blend can then be estimated using the VBN of the blend
in the following equation:

VBNpjend — 10.975)) o8 -

HBlendy, = €XP (exp ( 14.534

Fuel contamination in engine oil can be modeled using the following equations at a
constant temperature:

NBlendy, = HBlendy, -PBlendy, (32)
PBlendy, = Poi,-( 1 — FuelDil s, /100) + prye FuelDil(,) /100 (33)
EBlend,, = soﬂi.(l ~ FuelDil /100) + epyey,-FuelDil o) /100 (34)

RPpiend,, = RPoy-(1 — FuelDily, /100) + Rpp, o -FuelDil s, /100 (35)
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These models are plotted in Figure 15 with the related accuracy specifications given
as full blue lines.

3.5. Soot Contamination

Soot is composed of impure carbon particles resulting from incomplete fuel combustion.

Soot contamination in engine o0il can be dangerous for the engine because soot-loaded
oil can cause deposits, inducing further engine problems. Soot particles can be abrasive
and increase engine wear. Dispersant additives can manage a certain level of soot in the oil,
but they cannot avoid viscosity increases with excessive soot contamination [44].

Soot contamination can be measured in the laboratory with FTIR spectroscopy (ASTM
D7418). Soot contamination is expressed in %.

The fluid property sensor measurement of soot contamination is presented in Figure 16.
Engine oil (15W40) was stabilized at 100 °C and contaminated with standard diesel par-
ticulate matter (NIST 2975). Oil homogeneity was ensured by magnetic stirring. The
results demonstrate the capability of fluid property sensors to detect and measure soot
contamination, mainly with viscosity and dielectric measurements.
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Figure 16. Soot contamination in engine oil (15W40) at 100 °C: (a) viscosity; (b) density; (c) dielectric; and (d) Rp.
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Viscosity and dielectric constant are linearly related to soot contamination. When the
value of soot contaminant is above 0.6, the linear relationship between viscosity and soot
pollution is demonstrated. Since soot persuasion is related to the ratio of carbon content,
the linear relationship is not so obvious in the interval below 0.6. Soot may also induce a
slight increase in density and a slight decrease in resistivity. These noticeable changes have
been described in the literature and can be explained by the shape, high polarizability, and
charge characteristics of soot particles.

Soot contamination in engine oil can be modeled using the following equations at a
constant temperature:

S— (1 +6x 10*2.500tcOnt(0/0mass)) (36)
o = pi.(l 05 x 10’2.SootCont(%maSS)) (37)
Eth = & (1 +12 x 10*2.SootCont<%maSS)) (38)
Rpy, = RP.. (1 —2x 10*2.Sootcont(0/omass)) (39)

These models are plotted in Figure 16 with the related accuracy specifications given
as full blue lines.

3.6. Metal Contamination

Metal contamination comes from wear induced by bad lubrication and from corrosion.
The main metals to be monitored are Fe, Cu, or Al, which are components of the main
engine parts.

Metal contamination is dangerous because it can accelerate oil degradation. Metal
contamination is, above all, a sign of abnormal wear.

Metal contamination can be measured in the laboratory with ICP spectrometric analy-
sis (NFT 60 106). Metal contamination is expressed in mg/kg, equivalent to ppm mass [45].

Iron (Fe) contamination measurements are presented in Figure 17. Engine oil (15W40)
was stabilized at 100 °C and contaminated with <10 pm Fe particles up to 105 ppm in
mass. Oil homogeneity was ensured by magnetic stirring. The results demonstrate the
capability of the fluid property sensor to detect and measure extremely high levels of Fe
contamination with viscosity, density and dielectric measurements.

Viscosity, density, and dielectric are strongly and linearly related to Fe contamination
level. Fe contamination also induces a slight decrease in resistivity. These noticeable
changes can be explained by the shape, high polarizability and charge characteristics of
metal particles.

Fe contamination in engine oil can be modeled using the following equations at a
constant temperature:

N = ni-(l +2x 10*6.FecOnt(ppm,mass>) (40)
Py = Pi-(l + 04 x 10*6.FeCont(ppm'maSS)> (41)
e = 1. (1 408 x 10*6.FeCont(ppm_mass)) (42)

Rpy, = Rp.. (1 —01x 10*7.Fe(:ont(ppm_mass)) (43)
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Figure 17. Fe contamination in engine oil (15W40) at 100 °C: (a) viscosity; (b) density; (c) dielectric; and (d) Rp.
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These models are plotted in Figure 17 with the related accuracy specifications given
as full blue lines.

Similar results can be obtained with copper (Cu) or other metals.

3.7. TBN, TAN and Ageing

Regular, punctual TBN and TAN measurements are used in reference laboratories
to externally monitor oil conditions. Aging and contamination processes induce the
creation of different acidic compounds until oil degradation is complete. These acidic
compounds accelerate oil degradation via different chemical reactions. For example,
metal contamination can be increased by corrosion induced by acidic compounds. To
counter the creation of acidic compounds and delay oil degradation, an alkaline reserve
is added to the chemical composition of the oil. Thus, fresh oil has a high TBN value,
typically ranging from TBN = 8 to TBN = 14, and a low TAN value, typically ranging from
TAN =1 to TAN = 4. During oil life, creation of acidic compounds leads to a continuous
decrease in TBN and a continuous increase in TAN. When alkaline species are completely
depleted, levels of acidic compounds increase dramatically, and general oil degradation
is highly accelerated until the point of complete deterioration and jelling. Depending
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on oil composition and application characteristics, limits on TBN and TAN values can
be considered to optimize oil changes. For example, some manufacturers recommend
performing oil changes when TBN = TAN, thereby decreasing the risks of dramatic oil
degradation and engine failure [46,47].

Typical TBN and TAN dynamic behaviors are presented in Figure 18. TBN and TAN
measurements are plotted as a function of oxidation. Engine oil (15W40) was stored at
150 °C for 3000 h and regularly sampled and analyzed until complete degradation. TBN
and TAN were measured by an external reference laboratory. The o0il samples correspond
to the same samples used to determine the oxidation data presented in Figure 7.

—a— TBN
—o— TAN

2 T T T T T T T T T T T T
0 5 10 15 20 25 30 35

Oxidation A/cm

Figure 18. Engine oil (15W40) TBN and TAN were measured in a reference laboratory.

The results show a continuous decrease in TBN and a continuous increase in TAN as
oxidation increases. The four different phases of oil degradation described in Figure 18 can
also be considered. During Phase 1 and Phase 2, the TBN value was higher than the TAN
value. At the end of Phase 2, the TAN value reached the TBN value and surpassed the TBN
value. TBN and TAN measurements corresponding to the 38 A/cm sample from Figure 18
were not performed because of the excessive degree of oil degradation, from which the oil
was indeed completely jelled.

The correlation between the absolute value of the difference | TBN-TAN | and the
resistivity measurement is presented in Figure 18. The results demonstrate the ability of the
fluid property sensor to measure TBN and TAN values through resistivity measurements.

As described in Figure 19, resistivity increased during Phase 1. Phase 1 is relatively
short-lived, and the level of resistivity increase depends on the oil chemical composition
and application characteristics. Then, the resistivity decreases during Phase 2 until it
reaches a minimum and increases again during Phase 3. I TBN-TAN| has similar behavior,
starting from a high value (because fresh oil has alkaline reserve and low acid concentration)
and decreasing during Phase 2 until a minimum is reached, and then increasing during
Phase 3 due to creation of acidic compounds and neutralization of alkaline species. A
clear correlation (R? = 0.83) is demonstrated between resistivity and | TBN-TANI. A
similar correlation has been described in the literature. | TBN-TAN | can be modeled using
Equation (44) at a constant temperature:
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Figure 19. Correlation between Abs (TBN-TAN) and Rp measurements at 100 °C.

Simultaneous resistivity measurements do not allow a precise direct measurement of
TBN and TAN values. However, resistivity monitoring allows a prediction of | TBN—TAN |
and detection of Phase 2 (when aaLtp < 0, TBN > TAN) and Phase 3 (when B%p > 0,
TAN > TBN). As stated previously, Phase 3 corresponds to a level of oil degradation for

which an oil change is appropriate.

3.8. Incorrect Fluid Detection

Filling with incorrect fluids can be dangerous for the engine. Indeed, engines are
designed to operate with determined oil characteristics. Use of the wrong oil may degrade
engine performance and could induce risk of failure.

Fluid property sensor measurements of four different oils are presented in Figure 20:
three engine oils, 0OW40, 10W30 and 15W40, and one bio ISO32 hydraulic oil were studied.
Each oil sample was stabilized and tested at different temperatures, ranging from 50 °C
to 120 °C. The results demonstrate the capability of the fluid property sensor to detect the
presence of an incorrect fluid with viscosity, density, dielectric, and resistivity measurements.

A fluid property sensor is capable of differentiating any type of engine oil or hydraulic
oil, mainly with viscosity measurements. Indeed, the viscosity of each sample is clearly
identified by fitting with viscosity grade standard SAE J300: 15W40 oil has the highest
viscosity; 0W40 oil has a viscosity lower than those of the other engine oils at low tem-
perature and has a viscosity similar to that of 15W40 oil at high temperatures; 10W30 oil
has lower viscosity at high temperature than the two other engine oils. ISO32 hydraulic
oil has a lower viscosity than the three engine oils. Density depends on oil composition
and cannot be predicted with the SAE J300 grade standard. Fluid property sensors clearly
differentiate the different oils by using density measurements. The three tested engine oils
have similar dielectric constants, ¢ = 2.2 at 100 °C and can easily be differentiated from the
tested biohydraulic oil with € =2.7 at 100 °C, although ISO32 hydraulic oils typically have
dielectric constants ranging between ¢ = 2 and ¢ = 2.4. Some differences between the fluids
can also be observed from resistivity values [48,49].
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Dielectric

Effective detection of incorrect fluid is made possible by modeling the desired fluid
for the considered application and fixing thresholds for each physical parameter. The
threshold levels will depend on the application and the different incorrect fluids that may
be encountered.
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Figure 20. Measurements of 0W40, 10W30, 15W40 oils and biohydraulic oil: (a) viscosity; (b) density; (c) dielectric; and
(d) Rp.

4. Conclusions

It has been shown that the viscosity of mineral-based oils can be reliably measured
by a microacoustic sensor. However, the influence of particular polymer additives, such
as OCP, on macroscopic viscosity is not detected by the sensor. Specifically, neither the
thickening effect nor the degradation of the viscosity modifier polymers are detected by
the microacoustic sensor used. Accordingly, in the case of engine oil containing viscosity
additives of high molecular weight, the sensor output does not correlate with a conventional
viscosity measurement. This behavior was attributed to the fact that the sensor probes a
thin oil film and thus does not detect any changes induced by structures or mechanisms
associated with characteristic lengths that are larger or of the same magnitude as the
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penetration depth of the acoustic wave in the oil. Alternatively, the effect could also be
caused by the high oscillation frequency and/or the small oscillation amplitudes associated
with the microacoustic sensor (in comparison to conventional methods).

At the same time, experiments with artificially deteriorated oils indicate that the
relative increase in the sensor signal provides more direct information on the age of the
oil, using oxidation level rather than the conventionally measured “macroscopic” viscosity.
In particular, it was found that the sensor signal correlates much better with the degree of
oxidation of the oil. This can be explained by the fact that oxidative deterioration causes an
increase in the base oil viscosity. Conventional viscosity measurements do not detect this
increase effectively since deterioration of viscosity modifiers (if present) yields a decrease
in the macroscopic viscosity, which represents an effect trending in the opposite direction.

In experiments with artificially aged oil samples, it has been shown that the sensor
signal correlates with the measured value of the total acid number (TAN) for artificially
aged oil. The acidity of artificially aged oils is caused by the oxidative degradation of the
oil itself, and the presence of oxidized thermal degradation products can be detected by
the microacoustic sensor regardless of the additive content in the oil. Thus, the sensor
is potentially suited for the detection of oxidation-induced viscosity changes caused by
thermal deterioration of the oil.

In association with a specific oil (15W40 grade oil, which is designated for use in
heavy-duty truck engines) condition algorithm with the main strategy described in this
paper, the fluid property sensor is able to directly monitor the heavy-duty truck engine
oil conditions, predict remaining oil life and achieve optimization of oil change intervals,
minimize the risk of dramatic engine failure, and reduce maintenance costs.
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