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Introduction

Combining laboratory oil analysis (viscosity, TAN, metals, and FTIR) with real-time machine data
transforms maintenance from a reactive process into a predictive, condition-based strategy.
Traditional oil changes rely on fixed mileage or time intervals, but these approaches fail to capture
the nonlinear and highly variable nature of lubricant degradation. Identical vehicles operating under
different loads, temperatures, and driving cycles can experience different oil degradation rates.
Integrating laboratory diagnostics with machine telemetry (such as load, RPM, oil temperature, and
fuel rate) provides the contextual information needed to interpret chemical and physical changes
in the lubricant. This allows for early detection of mechanical faults, more accurate prediction of oil
life, and a shift towards sustainable maintenance practices that has the potential in reducing waste
and preventing wear.

Viscosity

Viscosity is a fluid's internal resistance to gradual deformation by shear or tensile stress. Viscosity
remains one of the most important and widely used indicators of oil condition because it directly
influences film thickness, hydrodynamic lubrication, and wear protection. A reduction in viscosity
is typically associated with fuel dilution or mechanical shear of viscosity-index improvers, while

an increase is often caused by oxidation, soot accumulation, or polymerization processes [1]. As
viscosity governs the lubricant’s ability to maintain separation between moving surfaces, moderate
deviations can significantly increase wear rates and thermal stress [2]. Over the lifespan of the
engine oil, the viscosity of the lubricant changes due to excessive heat, soot, engine debris, and
fluids such as antifreeze and fuel. Currently, many viscosity measurement systems measure
kinematic viscosity (KV), which is proportional to density and dynamic viscosity.

Table 1. Percentage change in viscosity parameters resulting from actual operation [1]

FOCUS ON COMBINING OIL ANALYSIS DATA (VISCOSITY,
TAN, METALS, FTIR) WITH MACHINE DATA TO PREDICT
FAILURES AND OPTIMIZE OIL DRAIN INTERVALS

The Percentage Change
No. KV 40°C KV 100 °C Viscosity Index
1. —34.4% —26.7% 3.0%
2. —46.2% —34.6% 10.0%
3. —34.9% —31.1% —6.3%
4. —33.6% —22.3% 11.3%
5. —64.0% —50.4% 18.2%
6. —32.4% —23.7% 4.4%
7. —35.4% —25.1% 8.4%
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Figure 1. Matrix plots of the percentage change in viscosity parameters resulting from actual operation [1]

Table 1 shows the percentage changes in KV observed for the used oil samples and Figure 1
shows the relationships between the data presented in Table 1. The reduction in viscosity at 40
°C correlated strongly with the reduction in at 100 °C. The most pronounced decline was recorded
for sample number 5, and the smallest change occurred for sample number 6. Viscosity changes
should be classified as critical, confirming severe physicochemical degradation of the oils during
operation [1]. These reductions occurred regardless of driving style, mileage, or oil brand, which
demonstrates that viscosity degradation is driven more by engine behavior (such as temperature
fluctuations, fuel dilution, or mechanical shear) rather than time or distance. Modern research
reinforces this understanding: dynamic viscosity, rather than KV, is the more sensitive indicator
of oil quality, and high-temperature piezoelectric viscosity sensors can detect viscosity changes
through shear wave damping and resonance frequency shifts.
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TAN

While viscosity describes macroscopic functional behavior, the Total Acid Number (TAN) provides
insight into chemical degradation. TAN is a key metric in measuring the acidity of a substance

[3]. It represents the milligrams of potassium hydroxide (KOH) needed to neutralize the acidic
components in one gram of a sample. TAN is crucial in the lubricants and engine oil industry,
where it tracks oil degradation. As lubricants oxidize, they form organic and inorganic acids,
increasing TAN over time. Rising TAN values indicate oxidative degradation, additive depletion, and
the accumulation of acidic oxidation byproducts that can corrode metal surfaces, thicken oil, and
accelerate wear.

Generally, the lubricating oils TAN increases while the total base number (TBN) decreases when
using. The decrease in TBN is caused by the degradation of antioxidants (lubricant additives) [4].
The development of an online sensor capable of monitoring changes of TAN is crucial in ensuring
more efficient and safer machine operations. Traditional methods of glass pH sensors cannot

be used in monitoring TAN changes due to their slow response and low stability in the
hydrocarbon environment.

Carbon nanotube paste

Au/Cr electrode Glass substrate

Figure 2. Schematic of the CNT oil sensor for total acid number measurement [4]

[ 11
[ 8 i X
.uluu]uulm i

A

t

(@ (b)

Figure 3. (a) real image of a CNT oil sensor, (b) SEM image of multiwall carbon nanotubes as sensitive thin films [5]

Moon et al. used a resistive sensor utilizing carbon nanotubes (CNTs) as sensitive films for
measuring the oil's TAN. The CNTs were 95% pure multiwall carbon nanotube (MWNT) and
synthesized by using thermal chemical vapor deposition [5]. The CNTs did not undergo any post-
treatments such as purification, functionalization, etc. as they have already been pre-processed. The
sensing mechanism is that change in TAN affects oil's electrochemical reactivity and conductivity
[4]. Figure 2 shows the schematic of the CNT oil sensor. The sensor was unable to accurately
predict TAN when being used in actual oils as water content or soot content also influenced the
conductivity change. Figure 3a shows the fabricated CNT oil condition sensor and lead-line of the
pin type. The sensor composed of a closed circuit passing through the printed CNT paste and
electrode pair. Figure 3b presents a scanning electron microscopy (SEM) image of the CNTs after
heat treatment of screen-printed CNT paste.

TAN trends complement viscosity by revealing the buildup of acidic oxidation products and the
exhaustion of alkaline additives. Solid state ion selective electrode (ISE) has shown promise in
sensing pH of the aqueous solutions. Ruthenium oxide ISEs have been looked at for monitoring
engine oil acidity [4]. The sensor consisted of a working electrode and three reference electrodes
(using glass-based Ag/AgCl, polymer-based Ag/AgCl, and bare silver conductor). Though test
results showed that ruthenium oxide ISEs had a linear response and fast response time, there was
low stability in high temperature conditions and was sensitive to light and external electromagnetic
fields [4]. When combined with FTIR oxidation indices and machine temperature data, TAN becomes
a powerful predictor of oil life and impending lubricant failure.

Metal Oil Analysis

Wear metal analysis provides insights into the mechanical condition of the engine by identifying
the concentration of metallic particles suspended in the oil. Metal oil analysis combined with data
science transforms preventative maintenance by shifting from basic threshold alarms to predictive
analytics [6]. Machine learning can be applied to historical wear metal and elemental data (such

as iron, silicon, and chromium), and mechanical failures can be forecasted. Elements such as iron,
copper, lead, aluminum, and chromium originate from specific components (cylinder liners, pistons,
and rings). Sudden increases in wear metals often precede mechanical failures by hundreds of
hours, making them crucial for preventive fault detection. When wear metal spikes are correlated
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with machine telemetry (such as abnormal vibration signatures, elevated temperatures, and load
fluctuations), the root cause of wear can be pinpointed. Rising copper and lead levels may indicate
bearing fatigue, and elevated iron and chromium levels indicate ring or cylinder wear. When paired
with machine-learning models trained on wear data, metal analysis becomes a predictive tool
capable of forecasting mechanical failures.

FTIR

While viscosity describes macroscopic functional behavior, Fourier-transform infrared (FTIR)
spectroscopy enables molecular-level insight into chemical transformation within the oil [1]. The

use of differential spectra allows for distinguishing additive depletion from base-oil oxidation and
evaluating the relative contribution of various degradation processes. When combined with viscosity
data, FTIR spectroscopy forms a robust analytical toolset that shows the mechanisms underlying
oil deterioration. FTIR can detect oxidation, nitration, sulfation, soot contamination, etc. by analyzing
characteristic absorbance bands.
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Figure 4. Differential spectra for examined oils in the range 600-4000 cm-1 [1]
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Figure 5. Differential spectra for examined oils in the range 2000-600 cm-1 [1]

The FTIR differential spectra presented in Figures 4 and 5 indicate that the chemical
transformations occurring in the tested oils correspond closely with viscosity data. Combined
use of viscosity testing and FTIR spectroscopy can provide a sensitive diagnostic framework for
assessing an engine’s technical condition. Using laboratory analysis and oil condition monitoring,
early detection and prevention of engine malfunction can be possible.

Machine Data Integration

Machine data integration provides the operational context necessary to interpret laboratory oil
analysis and is increasingly recognized as essential for accurate lubricant diagnostics. Real-time
telemetry (load, RPM, oil temperature, and fuel rate) captures the dynamic environment in which
degradation processes unfold. Advancements in machine learning and artificial intelligence have
propelled data-driven prognostic models for oil condition monitoring [7]. Methods such as ARIMA,
Kalman filters, and hidden Markov models have been used to estimate the remaining useful life
(RUL) of equipment. Detection of small wear debris is critical to identify abnormal wear conditions
for prognosis of pending machinery failure [4]. In-situ monitoring of viscosity, wear debris, water
contamination, soot, and corrosion indicators can bridge the gap between static laboratory testing
and continuously changing conditions inside an engine. These sensors allow lubricant condition

to be assessed in real-time, providing early warnings of abnormal wear or contamination that may
not be visible in periodic laboratory samples. When machine telemetry is correlated with laboratory
diagnostics (viscosity loss, TAN increase, FTIR oxidations, or varnish and sludge formation (MPC)),
the combined dataset enables precise identification of degradation mechanisms and supports
predictive maintenance.

Optimizing Oil Drain Intervals

Optimizing oil drain intervals requires moving beyond fixed conditions to adaptive decisions
based on both laboratory analysis and machine data. Predictive models integrate viscosity trends,
TAN progression, metal oil analysis, and FTIR oxidation with varnish and sludge metrics. The
Performance Rating Index (PRI) is a comprehensive metric that consolidates viscosity, water
separability, oxidation stability, copper strip corrosion, and varnish/sludge potential into a single
indicator of lubricant condition [3]. The PRI evaluation addresses data management challenges
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for a successful oil analysis program, and the performance test results of a turbine oil provided a
PRI of 48.5. This indicated clear maintenance actions and this approach enhanced maintenance
scheduling and machine longevity [3]. The dynamic viscosity sensor study further reinforced

the importance of real-time monitoring, showing that viscosity changes caused by fuel dilution,
oxidation, or contamination can be detected with high, sensitivity, enabling early intervention. When
PRI-based assessments are combined with machine telemetry, the resulting hybrid diagnostic
framework supports precise oil change timing, reduces waste, and prevents early wear.

Conclusion

Overall, the integration of laboratory oil analysis and machine telemetry demonstrate that lubricant
degradation is governed by dynamic, non-linear interactions between chemical aging processes
and real operating conditions. When oil analysis data are placed side-by-side with machine sensor
readings, subtle problems that would remain invisible to either dataset alone becomes immediately
apparent. For example, viscosity loss might look like ordinary shear or mild fuel dilution when
viewed alone, but when paired with machine telemetry showing unusually low oil temperature or
extended idling periods, it becomes clear that incomplete combustion is driving the dilution. A
rising TAN value may suggest normal oxidation, but when paired with load and RPM data showing
high-temperature excursions, accelerated thermal stress and additive depletion becomes obvious.
Furthermore, wear metals alone indicate mechanical wear, yet with load, they reveal the specific
operating conditions that trigger the release of iron, copper, or chromium. FTIR oxidation may seem
moderate, but when aligned with telemetry showing sustained high exhaust temperatures or heavy
load cycles, they signal irregular early combustion or overheating. Through combining laboratory
diagnostics (viscosity, TAN, metals, and FTIR) with machine data (RPM, load, and temperature),
emerging faults, abnormal operating patterns and early degradation can be detected far earlier and
with greater accuracy than either dataset could achieve alone.
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