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Abstract. A miniaturized infrared (IR) multi-channel sensor system was realized to determine chemical oil
degradation, e.g., oxidation, increasing water content. Different artificially aged oil samples (synthetic motor
oil, mineral hydraulic oil and ester-based hydraulic fluid) were prepared by oxidative degradation at elevated
temperatures or addition of water, and characteristic degradation features in the IR spectrum were detected using
FTIR spectroscopy. In addition, the absorption behavior of water contaminated synthetic motor oil was analyzed
with increasing temperature. To determine the influence of different degradation effects on the measurement
results the sensor system was characterized with the various oil samples. The system uses a reference channel t
suppress the effect of decreasing transmission over the entire spectrum caused, e.g., by increasing soot conten
in the oil or contamination of the optical path.
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1 Introduction and esters are formed by reactions with alcohol. At high tem¢
peratures the viscosity of the hydrocarbon increases due to
1.1 Chemistry of oil deterioration polycondensation of oxygenated products. Unsaturated alde-

hydes or ketones are formed by aldol condensation. Alkoxy
To determine the type and degree of oil degradation differ-radicals can start the polymerization or polycondensation.
ent chemical processes have to be taken into consideratiorshe oxidation process is increased by metal soaps redug-
e.g., oxidation, nitration and sulfation, but also increased waing the activation energy for the decomposition of alkyl hy-
ter content. The speed of oxidation and the specific speciegroperoxides (Mortier et al., 2010).
in the oil generated by oxidative processes mainly depend The presence of nitrogen or sulfur oxides in the oil, e.g.
on temperature. Oxidation itself is an autocatalytic processintroduced through the blow-by effect in combustion engineg
In the temperature range between 30 and°I2@ydrocar-  (Pawlak, 2003), can lead to oil degradation by nitration of
bons react with metal catalysts, e.g., Co, Fe, Cr, Cu, V orsulfation. In addition, these gases in combination with wa
Mn, to alkyl radicals, depending on the strength of the C—ter contamination can lead to formation of acids, further in-
H bond. The alkyl radicals are converted via multiple re- tensifying the polycondensation process. Ester-based fluids,
action pathways to hydroperoxides and other alkyl radicalse. g., native or phosphate esters, which are often used as hy-
Hydroperoxides are also generated by intramolecular propadraulic fluids, can break up into alcohols and acid compo
gation. These hydroperoxides break up into alkoxy and hyments (hydrolysis) when exposed to increasing water conten,
droxy radicals that take up hydrogen from the ambient. Secespecially at high mechanical load or elevated temperaturgs
ondary and tertiary alkoxy radicals react to aldehydes andTotten et al., 2003). Comprehensive online condition monii
ketones. The process terminates with a combination of raditoring would therefore require a sensor capable of analyzing
cals generating ketones and alcohols. At temperatures abov@e degree of degradation and also the relevant degradation
120°C the reaction pathway is generally similar but reac- processes to allow an estimation of the remaining lifetime o

tion speed is increased and the selectivity of the generateghe oil in the specific application. Furthermore, such a sensar
oxygen-containing compounds is reduced. Carboxylic acids
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122 T. Bley et al.: Multi-channel IR sensor system

system would also allow identification of degrading operat-the oil condition have been reported (Duchowsky and Man-
ing conditions, i.e., could help to remedy the cause of excesnebach, 2006), but their uptake in real applications is slow
sive oil degradation that would otherwise lead to shorteneddue to the ambiguity of the measurement results.
oil change intervals. Optical measurement techniques are promising candidates
for monitoring the oil quality, especially in the infrared (IR)
spectral region, i.e., multi-channel NDIR (non-diffractive in-
frared) absorption or IR spectroscopy. The latter method is
Determination of the chemical degradation is highly desir-also used in laboratories, thus allowing better correlation of
able for oils and lubricants in order to optimize oil change online data and lab results. Wideband IR characterization
intervals and to prevent undue wear in combustions enginexf the oil can provide a wealth of information concerning
gear boxes or hydraulic machinery. One primary driver todaychanges in the molecular structure of the oil, e.g., for deter-
is the increasing demand for offshore wind turbines in whichmining the effects of oxidation, nitration and sulfation, the
the main gear is a critical component. In these systems, @oncentration of water, the status of additives in the oil (anti-
complex set-up including filters and coolers is used for oil oxidants and anti-wear compounds), as well as soot content
conditioning. Online determination of the oil status is espe-(ASTM International, 2007). A direct adaptation of labora-
cially beneficial here, as access is limited and maintenancéory methods into an online monitoring system is, however,
is costly. Current methods for determination of oil degrada-difficult due to the complexity of the typical laboratory set-
tion can be divided into two categories: sampling and onlineups and, in addition, varying ambient conditions have to be
measurement. taken into account. Several groups are currently working on
Sampling requires oil samples to be taken at regular in-the development of miniaturized optical set-ups for online
tervals followed by analysis in dedicated laboratories. Here monitoring of the oil condition to allow correlation with ex-
spectroscopic analysis methods, especially IR spectrometrysting laboratory methods.
are used as well as titration, viscosimetry, etc. The obtained Agoston et al. (2004, 2008) demonstrated an experimental
analysis results are interpreted automatically with thresholdset-up using an infrared source, a Gdkiid measurement
limits adapted to and determined by the oil type and the ap-cell and one infrared detector for evaluating the oxidation of
plication. Ideally, the analysis provides a profound insight engine oils during deterioration processes. To select different
into the actual oil condition, allowing an analysis of the relevant spectral regions, various custom-made band-pass fil-
degradation process and also of the machinery itself, e.g., bters (1710, 1970 cm) were placed in the IR path. Kudlaty et
analyzing the particle contamination of the oil where metalal. (2003) showed a measurement set-up for lubricating oils
particles can provide additional information about the loca-based on attenuated total reflection (ATR) with a pyroelec-
tion of system damage on the basis of the detected materiatric detector and a chopper wheel with two integrated narrow
However, sampling can also lead to false analysis resultsband-pass IR filters. Endisch and Koch (2007) demonstrated
e.g., when sampling is done under different operating con-a set-up with a movable gradient filter, a reference filter, two
ditions or at unsuitable sample points. For example, takingnfrared detectors and a ZnSe fluid measurement cell with
samples at different levels of the oil sump can lead to falseyariable thickness allowing a low resolution spectral analysis
often increased, values for the particle concentration (Boosemnf the IR transmission spectrum for lubricating oils. Later,
1994). In addition, sampling and subsequent laboratory analWiesent et al. (2010) demonstrated a similar set-up with a
ysis typically require several days to obtain the results, whichdetector array combined with the gradient filter to avoid the
could lead to increased machine degradation if oil degradaneed for movable parts. Wiesent et al. (2011) also studied
tion has already passed a critical value. Finally, for some apa set-up based on two microstructured tunable Fabry—Perot
plications such as offshore wind turbines, sampling is simplyfilters for analysis of different IR spectral regions applied
too expensive for regular operation. to condition monitoring of gear oils in offshore wind tur-
To determine the true oil status in real time, online moni- bines. While spectral information is of course very helpful
toring directly in the oil and close to critical components is for data acquisition and comprehensive analysis, these sys-
highly desirable. Different sensors for online determinationtems are rather costly, thus preventing their widespread use.
of various, mostly physical, oil properties, e.g., viscosity, di- At the same time, the microcomponents used in these set-ups
electric constant but also water content, have been developedan only be manufactured at acceptable prices, if large vol-
However, these values indicate the chemical status of the oilimes can be reached. Thus, these solutions while achieving
only indirectly and a change in the sensor signal can alsgromising results have not yet entered the market on a larger
be caused by factors independent of the actual oil deteriorascale. Sumit et al. (2010) presented a system with an infrared
tion, e.g., a refill with slightly different oil with a different source, a fluid cell consisting of two sapphire windows and
base component mixture or other additives. Therefore thesa quadruple infrared detector equipped with different filter
values are difficult to interpret and to relate to the results ofwindows for analysis of phosphate ester hydraulic fluids, es-
laboratory analysis. Multi-sensor systems combining severapecially for aerospace applications.
“indirect” sensors to obtain a more accurate assessment of

1.2 State of the art
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In addition to approaches based on IR measurements foi
determining the oil quality, Schneidhofer and D&rr (2009)
presented an oil monitoring system based on chemical corro- IR source

sion sensors allowing an analysis of the acidic content of the
oil. Finally, Wang (2001) used a set-up with platinum elec- -
trodes to determine oil changes in a car by measuring the

Lambert-Beer

signal

time

consumption or transformation of additives. However, long- =
term stability and resolution are also a recurring concern for
chemical sensor systems, especially in harsh environment:  fluid —p» = —
such as gear boxes.

Taking into account the results obtained for the different
methods, which clearly show the most promising results for « Al
multichannel NDIR measurements offering a good trade-off q f'
between information quality, stability and cost, an integrated IR detector
sensor system based on MEMS components was developec
similar to the system demonstrated by Sumit et al. (2010). time
The modular system also uses a, in our case, commercially
available microstructured infrared source and quadruple therfigure 1. Schematic of the sensor system (Bley et al., 2012c).
mopile detector. To allow realization of a compact, low-cost
sensor system with the focus on industrial applications, a flu- i
idic cell based on silicon and realized using established mi2 Experimental
crotechnologies is used. Compared to Sumit et al. (2010)
the Si-based cell allows measurements over a wider specz—'1 Sensor system
tral range (80001250 cm corresponding to wavelengths Based on spectral characterization of various oils and lubrit
of 1.25 to 8 um), providing more information about the mea- cants a miniaturized sensor system with an IR transparent
sured oil, because further relevant spectral changes can be dgiticon cell was developed for optical analysis of technical
termined. Si wafers with a thickness of 2 mm are used as basguids in general and particularly for lubricating or hydraulic
material for the fluid cell, allowing the realization of a sen- oijls (Bley and Schiitze, 2011). A schematic of the sensor sy
sor system able to monitor the mid-infrared spectrum up totem is shown in Fig. 1.
a wavelength of 9 um (Czochralski silicon) with a smalland A commercial infrared source (Intex Inc., 2013) with a
well-defined IR absorption path length of 200 pm. The chan-maximum permissible heater power of 980 mW, broad IR
nel is realized using pre-structured LTCC (low-temperatureemission spectrum similar to a black body and a spectral tim
co-fired ceramic) spacers deposited on top of the Si waferconstant of 30 ms (heating) and 5 ms (cooling) is excited witH
Cells are realized using a batch process and mounted i@ square wave signal at a frequency of 0.2 Hz. The small exc
a housing after dicing. The fluidic cell can be operated attation frequency is used to ensure maximum signal intensity,
pressures up to 100 bar (Bley et al., 2012b) due to the high.e., allowing the IR source to reach its maximum tempera
bond strength between Si and the LTCC further optimized byture and also the thermopile detectors to reach steady state
nanostructuring of both materials as demonstrated by Glinand to record signal amplitude and offset with a good signal}
schmann et al. (2013). In addition, silicon oxide formed onto-noise ratio. The electrical power used for the IR sourcg
the Si wafer surface is Chemically inert, thus of'fering suffi- in the on phage is approximate|y 715 mW, which achieves
cient long-term stability against oil components and the re-an increased lifetime (10 times) of the infrared source com
active products of oil deterioration and contamination. pared to operation at maximum power. The radiation of thd

Some results obtained with the novel sensor system werer source passes through the silicon cell in which a fluid
presented previously (Bley and Schuitze, 2011; Bley et al.channel with a height of 200 um is defined using an LTCC
20123, b, c). This paper is based on preliminary results prespacer (Giinschmann et al., 2012). The broadband spectrym
sented in Bley et al. (2012a) and has been extended with meaf the IR source is attenuated at specific wavelengths depeng-
surements concerning the influence of temperature changegg on the specific spectral extinctieniv) and concentration
on the spectral transmission and especially reference mea-of molecular species in the fluid as well as the film thick-
surements of acid number and viscosity. These were correnessd according to the Lambert—Beer law (Burns and Ciur-
lated with results of the measurement system for different oilczak, 2008):

types.

signal

MU

(dd

11°]

1) =1 e—s(A).c.d. (1)

A modified commercial quadruple thermopile detector
(Micro-Hybrid Electronic GmbH, 2013) with a thermal time
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constant of approximately 100ms was used to detect the
transmitted radiation. Each detector has a specific band- c‘g::foelf;tiézle
pass filter where the center wavelengths of three filters are

matched to characteristic absorption features of the fluid,

while the fourth is used as a reference channel. For referenc MFC
a spectral region without characteristic absorption by the oil | centrel module g
is selected to suppress the influence of broadband attenua /‘ -

tion, e.g., soot contamination of the oil or degradation of the
IR source or the optics.

In this paper oils based on hydrocarbons and on native es:
ters are analyzed. During aging, both hydrocarbon oils and

oil

/ bubbler with filter

. X . MFC temperature sensor
ester-based hydraulic fluids generate reaction products con =
taining a carbonyl group. Thus, measuring the IR attenua- reactor
tion in the carponyl-specmc Wavelength region in p_rl_nC|pIe ey sir j\_ O O] ntpae
allows determination of the current oxidation condition of — - magnetic stirrer

the oil. Ester-based hydraulic fluids, however, already con-
tain carbonyl groups in their regular molecular structure, re-
sulting in an almost complete absorption of the IR radia-
tion in this region. Therefore, other specific regions in the _ _ ) ] _
IR spectrum, e.g., influenced by the hydroxyl group (OH), Flgl_Jre 2. Experimental set-up for defined oil degradation by oxi-
are required for determination of the oxidative degradationd21°™

for ester-based hydraulic fluids. Consequently, the sensor

set-up uses different, relevant regio.ns of the IR absorptioploo mL mirrL. After analysis of each sample the sensor sys-
spectrum adapted to the general oil type (hydrocarbon oikem was cleaned with n-heptane and dry air to prevent carry-
or ester-based hydraulic fluid). Filter combination A is usedgyer from the different oil samples. The system also al-

for hydrocarbon-based oils, while filter combination B is |owed testing under various pressure regimes and tempera-
used for ester-based hydraulic fluids; the filter parametergyres (Bley et al., 2012b).

are listed in Tables 1 and 2, respectively. For each oil type
the IR rgfgrence channel of the detector (AR, BR) is selectecb2 Artificial oil degradation
so that it is close to a one of the three measurement chan-
nels in order to minimize measurement errors resulting from,To prepare different oil samples with well-defined and repro-
e.g., high soot content that can lead to a tilt of the IR spec-ducible oxidative degradation a reactor set-up was realized
trum (Mortier et al., 2010). Note that the filter selection can as shown in Fig. 2. An oil sample (1500 mL) was placed in
also be adapted to the expected dominating degradation pr@n aluminum reactor vessel that was heated t@ Crdr hy-
cesses, which are very different for combustion engines, geadrocarbon oils and to 13@ for ester-based hydraulic fluids
boxes or hydraulic systems. using a hot plate to simulate extended operation of the oil
The raw detector signals, which are typically in the rangein contact with ambient air. The temperature in the reactor
of less than 5mV, are amplified and electronically filtered was controlled with a temperature sensor placed directly in
with an active low-pass filter (72 Hz, 20dB decadle The the oil to control the hot plate power. A mass flow controller
electronic amplification stage has an overall gain of 341.(MFC) provided a constant flow of 50mL dry air through
The amplified signals are recorded with a sampling rate ofthe oil in the reactor. The MFC was connected to a bubbler
500 Hz using a 16 bit analog-to-digital converter with a real- with glass filter, which was dipped into the oil, generating
time data acquisition system (CompactRIO System 9074finely distributed bubbles. The oil was continuously stirred
National Instruments) with a LabVIEW graphical user inter- using a magnetic stirrer. To analyze the degradation at dif-
face (GUI). The raw sensor signals of all four thermopile de-ferent stages samples of 100 mL each were taken after pre-
tectors are recorded over 12 consecutive on/off pulses of theefined intervals; typically, four samples were taken over a
IR source, i.e., over a total period of 60 s, and then evaluategberiod of several days. A volume of 100 mL per sample was
in a post process in MATLAB using a DFT algorithm. The chosen to minimize the effect of sampling on the degradation
first harmonic DFT component of the detector signals, de-process on the one hand and to obtain sufficient material for
noted below as DFT amplitude, is evaluated to improve theanalysis and testing on the other.
signal-to-noise ratio. Samples with additional water contamination of 0.1, 0.2
For evaluation of the sensor system with different oil sam-and 0.4 weight percent (wt.%), respectively, were prepared
ples a simple test set-up based on a membrane pump (KNBy adding pure water (ASTM type I, cf. ASTM Inter-
NF1.11) was realized. Each sample was pumped througimational, 2011a) to new and artificially aged oil samples.
the sensor system at a constant flow rate between 50 anthe samples were stirred with a magnetic stirrer at room
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Table 1. Filter parameters of the band-pass filters for analysis of hydrocarbon-based oils, i.e., mineral and synthetic oils (filter combination
A, hydrocarbon configuration).

Filter A1 Filter A2 Filter A3 Filter AR
Center wavelength [cmt] 1722 3333 3532 2513
FWHM [cm™1] 151 52 52 54

Absorption band (indicator)  Carbonyl group (oxidation)  Hydroxyl group (water)  Hydroxyl group (water) Reference (soot, etc.

Table 2. Filter parameters of the band-pass filters for analysis of ester-based hydraulic fluids (filter combination B, ester configuration)).

Filter B1 Filter B2 Filter B3 Filter BR
Center wavelength [cmt] 3333 3514 3634 3910
FWHM [cm™1] 52 52 52 71

Absorption band (indicator)  Hydroxyl group (oxidation)  Hydroxyl group (oxidation)  Hydroxyl group (water) Reference (soot, etc.

temperature for several minutes after adding the water. Anal2.3 Reference IR spectra, acid number and viscosity

ysis was performed immediately afterwards to prevent segre- ] ] ) ]
gation of oil and water mixture. Each oil sample was analyzed using a high resolution FTIH

To measure the spectral influence of added water in comSPectrometer (Vertex 80V, Bruker Corporation, USA) to ob-

bination with increasing temperature, oil samples with added@/n reference spectra before testing with the multi-channe
water were filled into a closed fluid measurement cell (Omni!R sensor system. In the spectrometer a fluid cell with 200 um
Cell System, Specac). The samples were heated in the ceilm thickness was used (Omni Cell with Cakindows).
on a hotplate, controlled with a PT1000 sensor connected "€ fluid cell was placed in the sample chamber of the
to the cell and then measured with the FTIR. Based on thd TR spelctrometer and spectra were recorded from 1000 to
negligible surface of oil and air during filling and the closed 4000 cnT = at a resolution of 0.5 cmt. To analyze the influ-

measurement cell evaporation of the water can be neglecte@ce Of temperature on the IR spectra the oil samples wei
For the determination of relevant spectral degradation feah®@ted in the FTIR spectrometer using a hot plate and a flui
tures different oils were used: cell with integrated PT1000 temperature sensor.

In addition to the reference IR spectra the oil samples wer
— Hydrocarbon-based oils further characterized by determining the acid number (AN
and the kinematic viscosity;{. The AN was determined by
: . . titration according to ASTM D974 guidelines (ASTM Inter-
— Mineral hydraulic oil (Tellus Oil 46, Shell) national, 2011b) using a Schott Titroline 6000. The kine-
— Ester-based hydraulic fluid matic viscosity was determined at 40 and°80using an
Ubbelohde viscometer.

S o

1%

— Synthetic motor oil (Pegasus 1, Mobil)

— Native ester (HETG 37, Meguin)

The synthetic motor oil and the mineral hydraulic oil are
both hydrocarbon based and also contain various additivess Results
The native ester fluid, on the other hand, is based on a molec-
ular structure obtained by esterification of triglycerides, also®
with vqrious additi_ves. The two different m_olecular ba_ses of311 Synthetic motor ol
the fluids cause different IR spectra with different regions of
interest as shown in Sect. 3.1 below. The spectrum of the synthetic motor oil shows multiple char-

In addition to the artificially aged samples of the synthetic acteristic effects indicating the oil degradation under nor-
motor oil samples of the identical oil were taken from the mal operating conditions as shown in Fig. 3. The oil aged
gas engine of a combined heating and power unit (CHP) afover 1840 working hours shows a slight increase in broad}
ter 1025 and 1840 working hours, respectively. A standardband absorption caused by an increase in soot particles in the
laboratory analysis of these samples showed the oil to beil. Increased absorption is observed in the spectral region
marginal after 1025 h and strongly advised an immediate oilfrom 3100 to 3500 cm!. OH groups as found, e.g., in alco-
change after 1840 working hours. It was expected that thes@ols, and water and also amines can lead to an increased gb-
samples aged under actual operating conditions would showorption in this spectral region. In oil samples, the water ab
degradation effects in addition to oxidation due to, e.g., blow-sorption peak is usually shifted toward higher wave number
by gases containing sulfur and nitrogen oxide and also water(Sumit et al., 2010); therefore we assume that the increasad

1 IR spectra

oY
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Figure 3. IR spectra of synthetic motor oil from a gas engine (com- Figure 4. IR spectra of synthetic motor oil (1500 mL) artificially
bined heating and power unit) at different stages of aging underaged at 170C with 50 cn? min~1 air flow over 9 days.
normal operating conditions.

which is similar in shape but somewhat smaller compared

absorption is caused by an increased concentration of alccf—0 the OH_ feature_ of the _syn_t hetic mptor oil under operat-
hols due to oxidation. ing conditions. This could indicate a higher water content Qf
The fresh oil shows a characteristic peak at 1700tm the samples from the CHP compared to the artificial aging in
which is probably due to an additive with a C=0 double which no water could accumulate in the oil due to the high
bond, e.g., an ester. With increased aging a strong increase fiymperature fdl;rlng agr]]mg. Howeve_rl, V\./hr:le addltlclnnall cczjn-
this peak is observed caused by an increasing concentratiofg™!nation of the synthetic motor oil with water also leads
of oxidized molecules with C=0 double bonds, e.g., alde-© increased absorption in this spectral region, as shown in
hydes, ketones and carboxylic acids. At 1630¢ra sharp Fig. 5, the resulting peak is shifted to larger wave num-

absorption feature increases dramatically, which can be atbers compared with the spectra shown in Figs. 3 and 4, re-

tributed to nitration of the oil due to nitrogen oxide carry-over spectively. The maximum absorption increase is observed at

caused by the blow-by effect in combustion engines (Pawlak'approximately 3_400 le for increased water content com-
2003). pared to a maximum in the range of 3200¢hobserved

The observed signal increase at 1150¢ntan be at- *?O.th for_agi_ng und_er_opgrating conditions as well as for grti—
tributed to sulfation products while peaks at 1277-érand ficial OXI.datIOI’l. This |rjd|cates th_at the larger OH abs_orptlon
1555 cnt! suggest further reactions to nitrogen or oxygen fqgture n the synthetic motpr oil aged under operating con-
containing compounds. At 3650 cth the spectrum of the ditions is caused by oxidation or other products caused by

fresh oil shows a feature that is no longer evident in the agedhe reaction of oil and exhaust gases. Thus, the artificial ag-

samples. This absorption peak is probably due to a pheno'—ng employed here does not perfectly reflect the oxidation

lic antioxidant additive (Pawlak, 2003; Pretsch et al., 2009),process under_operatlng_ conditions. .

which is consumed under operating conditions and already The syntheth motor ol alsp shows that the concentration

used up after 1025 working hours. of dlffe_rent a}dd_ltlves, e.g., with a car_bonyl group (es_ter) or
It can be concluded that the spectrum of the synthetic moPhenolic antioxidants, can be determined at a film thickness

tor oil shows multiple characteristic effects during aging. For(?f 200 pm at_wavele_n_gths of 1700 :_;md 365(Tér,nrespec-

an exact calibration of the sensor system the different degrat—'vely' Very high additive concentrations could possibly at-

dation features in the IR absorption spectrum have to be antenuate the IR signal completely; thus, the system would

alyzed separately to allow independent quantitative analysié1ave to be ?dapt?d, by choosmg an appropriate absorption
of the various causes using the multi-channel system. path length, i.e., oil film thickness.

The spectrum of the synthetic motor oil artificially aged
at 170°C shows a characteristic increase in the C=0 doubl
bond feature at 1700 cnd as shown in Fig. 4. After 9 days
of artificial aging the peak height of this oxidation feature The spectra of the mineral hydraulic oil also artificially aged
is comparable to that of the sample aged for 1025 workingat 170°C show a strong increase in the sharp C=0 dou-
hours under operating conditions. In addition, a continuousble bond feature at 1700 cth and a smaller increase in the
increase in the OH feature at 3100-3500¢ns observed, broad OH feature at 3100-3500cin(Fig. 6) comparable

€3.1.2 Mineral hydraulic oil
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Figure 5. IR spectra of synthetic motor oil with added water rigre 6. IR spectra of mineral hydraulic oil (1500 mL) artificially
(ASTM type 11, 0, 0.1, 0.2 and 0.4 wt.%, respectively). aged at 176C with 50 cn® min—1 air flow over 9 days.

Table 3. Acid number (AN) and kinematic viscosityfor synthetic
motor oil (Mobil Pegasus 1); actual samples taken from a gas engin
in a combined heating and power unit.

to the results observed for the artificially aged synthetic oil.
This similarity is due to the similar molecular base structure.
that is predominantly based on hydrocarbons for both oils.
The main difference is the absence of the C = O double bond
feature for the fresh mineral hydraulic oil because it does not
contain the ester additive as the synthetic motor oil. Also, AN[mgKOHg™1] 0.7 8.22 10.1 >5
the increase in the two relevant peaks seems slightly slower 1 [mm2s~1] 92 123 163 +£35%
for the hydraulic oil, which could indicate a better oxidation
stability. Comparison of the spectral features, however, in-
dicates that the same spectral regions are relevant; thus, a
multi-channel system with the same filter configuration could3 5 Acid number and viscosity
be used for both oils.

Oh 1025h 1840h Limit

* Recommended limit values for mineral hydraulic fluids.

To complement the spectral features, additional measure
ments were performed to evaluate the quality and the dg
gree of degradation of the different oils. The obtained re-
The spectra for native ester artificially aged at 1806show  sults are compared with limit values proposed by Moller
different oxidation features compared to the synthetic andand Nassar (2002) for turbine and mineral hydraulic oils ang
mineral oils shown above. At 1700 crhthe C=0 double  Booser (1994) for engine oils (cf. Tables 3—6). The limit val-
bond feature due to an oxidation via hydroperoxides (Honaryues for kinematic viscosity and AN given in the tables show

3.1.3 Ester-based hydraulic fluid

and Richter, 2011) overlaps with the C=0 double bond ofthe maximum acceptable deviation compared to fresh oill

the ester itself (Fig. 7) (Totten et al., 2003). Even for a film For some specific applications limit values are not defined
thickness of only 200 um the IR radiation is completely ab-these are instead compared to values of other applicatior
sorbed in the area of 1700 crhand, thus, cannot be eval- and marked in the tables.

uated for the determination of the oxidation status. Increas- For synthetic motor oil, a similar height of the C=0 ox-

ing absorption caused by increasing aging is observed in &ation peak is reached after artificial aging for 9 days at
broad spectral region around 3500cthand, to a lesser ex- 170°C as for 1025 working hours under normal operating
tent, around 2500 and around 1600¢hon the shoulder of  conditions (cf. Figs. 3 and 4). In comparison, the AN and vis-
the saturated C=0 double bond feature. The main featureosity of the sample aged under operating conditions sho
around 3500 cm? is most suitable to obtain sufficient sensi- higher values compared to the artificial aging, see Tables

tivity for determination of the oil degradation by oxidation. and 4. The higher AN results can be attributed to the increas

However, comparing this result with the water contaminationin nitric acids in the oil, which also enhances polycondensat

of the synthetic motor oil (cf. Fig. 4), an increasing water tion in the oil and increases the viscosity. However, the limit
content would probably interfere with the oxidation in this value taken from the literature would indicate that the oil is
spectral region (ASTM International, 2007) and thus, multi- close to the limit after 1025 working hours, similar to the lab-
ple channels would be required to be allow separate determieratory analysis, which indicates aging but still acceptable
nation of oxidation and water contamination. performance of the oil. The mineral hydraulic oil already
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Table 4. Acid number (AN) and kinematic viscosityfor synthetic Table 5. Acid number (AN) and kinematic viscosity for mineral
motor oil (Mobil 1 Pegasus); artificially aged samples, cf. Fig. 4.  hydraulic oil (Shell Tellus); artificially aged samples.

Odays 3days 7days 9days Limit Odays 3days 7days Limit
AN[MGKOHg™] 115 34 7 77 A>425 AN[mgKOHgl] 054 201 231  >5
— 0,
n [mmes™] 90 94 101 110 +35% 0 [mm2 S_l] a4 49 56 +10%

* Limit value suggested by OelCheck (2013).

i 1 ‘ — e Table 6. Acid number (AN) and kinematic viscosity for ester-
10 ‘ —; gays based hydraulic fluid (Meguin HETG 37); artificially aged samples.
—2 days
9 I 3 days
4 days Odays 2days 4days 6 days Limit
= 8 —6 days
5 . AN[mgKOHg™']  0.67 30 495 6.7 >5
% i n [mm2s—1 350 423 50.0 595 +10%"
; or * Recommended limit values for mineral hydraulic fluids.
fg 5
2 4
? .
S 3l 3.3 Multi-channel IR sensor system
2 \ , The recorded IR spectra of the different oils have indicated
1 AL A ; specific spectral regions for determination of oxidation and
1%00 1250 1500 1750 2000 2250 25b0 2750 30b0 3250 3500 3750 4d00 water contamination f_or the hydrocarbon_based OI_IS' O_n the
wave number [om’'] other hand, IR analysis of the ester-based hydraulic fluid has

shown an overlap of the spectral regions, indicating oxidation
and water contamination. The same oil samples, fresh, artifi-
cially aged and, in the case of the synthetic motor oil, aged
under operating conditions, were analyzed with the sensor

reaches the recommended threshold limit of the kinematicYStem to evaluate the suitability of the system for determina-

viscosity after only 3 days of artificial aging, see Table 5. tion 0(]; th.? tvtvr? I’f;e;/al’tlt cond|ft'|ons. tFor t:e_f_wsl hyld rocarbon- d

The ester-based hydraulic fluid, finally, already exceeds théJase olis Ihe detector contiguration A, 1able 1, was use

threshold limit of the viscosity after less than 2 days due toand for the native ester detector configuration B. The signal

its lower resistance against oxidation (Bartz, 1993) intensity is normalized, i.e., the values for fresh oils are set
Figure 8 shows the IR absorption signal integrated over

to one.
the characteristic oxidation region in the spectrum plotted The measurement results for the artificially aged samples
vs. the measured AN of the three oil types for all artificially

of the synthetic motor oil (Fig. 9) show a continuous decrease
aged samples. All three show nearly linear correlation be

in the reference channel AR due to an increase in soot par-
tween IR absorption and AN. Note that due to the muchtmles in the oil. Therefore, the three measurement channels
smaller increase in the oxidation feature for the native este

were weighted by dividing the normalized values through the
the recorded slope is smaller than the slope of the synthetiEe“eren.Ce ghannel signal to compgnsate for this effect. After
motor oil and the mineral hydraulic oil. The different IR ab- 'normahzatlon, a strong Qecrease n Cha’?”e' Al. corre;pond—
sorption values of the fresh samples for synthetic motor oilY to the C=0O feature is observed for Increasing aging as
and mineral hydraulic oil are caused by the additive in theexpected from the reference spectra (cf. Fig. 4). In addition,

synthetic motor oil, which interferes with the measurement?hS“gr: ?ectrease n ghanbnel A2 dre(s:LrJ]Itlng flr (Zn; gn mcre:mi In
of the oxidation signal. It can be concluded that IR absorp- € eature can be observed. Lhanne 0€s not show

tion measurement in a suitable spectral range allows an esténz'mgnlfllcgnthchan%?s. ffect of additional wat tami
mation of the AN, at least for thermal deterioration; however, \gure shows ihe efiect of additional water contami-

the oil base type as well as the additives have to be taken intgatlo(;lto?ha s_ampll_e ?rt'f'ﬁ |a_IIIyHaged Af(ljr r? days,l also d(?;m-
account, thus requiring individual calibration. When consid- pared o the signai In Iresh oll. Here, AL Shows a large ditter-

ering motor oils, on the other hand, estimation of the AN is eﬂ;ﬁ Zem?he?ngﬁas;sﬁl\ndvsa%i? Sgrlj:g:]ets,Ct;]u;nsnheolvaszvieSr)(;::lttle
more difficult due to additional acidic components generateac 9 llv affected 3A3 is totall ) ffected by the arti y
by the combustion process and also blow-by gases. Therefo%arglna y atiected an 1 totally unariected by the arti-

additional spectral ranges have to be taken into account. cial aging, but both reflect the water contamination as ex-
pected from the reference spectra (cf. Fig. 5). Therefore, wa-

ter content and oxidation can be independently determined
well for the synthetic motor oil and presumably also for the

Figure 7. IR spectrum of ester-based hydraulic fluid (1500 mL) ar-
tificially aged at 130 C with 50 cn® min~1 air flow over 6 days.
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£ 50 -o-artificially aged mineral hydraulic oil 0 0.4+
—e-artificially aged synthetic motor oil IS
artificially aged ester based hydraulic fluid, ] 03k
j | (enlarged by a factor 10 for better comparison) <
% 2 4 6 8 10 12 14 16 o =]
AN [mgKOHg'1] 0.2+ A1 weighted (1722 cm™)
—=-AR reference (2513 cm'1)
0.1+ -1
. . . . . A2 weighted (3333 cm™)
Figure 8. FTIR absorption integrated over the oxidation band plot- A3 weighted (3532 om™)
ted vs. acid number (AN) as determined by ASTM D974; evaluated % 1 2 3 4 5 5 7 8 9
spectral regions are 3333 crhwith FHWM 52 cni L for the arti- artificial oxidation [days]

ficially aged ester-based hydraulic fluid (corresponding to filter B1)
and 1722 cr! with FWHM 151 cnt 1, corresponding to filter A1,
for the other artificially aged samples (synthetic motor oil, mineral
hydraulic oil).

Figure 9. Measurement results for synthetic motor oil artificially
aged at 170C with 50 cm? min~1 air flow over 9 days, measured
with a detector in mineral oil configuration (reference AR).

1

mineral hydraulic oil with the multiple measurement chan- oe‘m —_—
nels. In fact, the third channel could be tailored to indicate .|
another degradation feature, e.g., to reflect the concentratioréogfj»
of an additive. z

For the artificially aged native ester, increased oxidation % o8y
can be observed using measurement channels B1 and Bz&o7s:
both of which show a nearly linear decrease in the signal in- & |
tensity with the duration of the artificial aging after normal- £ | T
ization and weighting with the reference channel, Fig. 11. A ~ apvawOn— .

. . . 0.6- weighted (1722 cm™)
slight decrease in the reference signal BR can also be ob: -e-AR reference (2513 o)
served, while channel B3 does not show a clear trend. Ad- 055 | A2weighted (3333 om™)
ditional water contamination would thus be difficult to dif- ~AS weighted (3532 o) ‘ ‘ ‘ ‘

Qd; 0.0wt. % 9d; 0.0wt. % 9d; 0.1wt. % 9d; 0.2wt. % 9d; 0.4wt. %

ferentiate from the effect of oxidation due to the overlap of artificiel oxidation; water content
the spectral features. A correction was suggested by Sumit et

. . . . . _Figure 10. Comparison of aged synthetic motor oil (9 days) with
al. (2010) using a differential algorithm. Analyzing the spec water contaminations of 0, 0.1, 0.2, 0.4wt.%, respectively, mea;

tra Of. dlffe_rent ester—based. hydraulic fluids, e.g., native hy'sured with a detector in mineral oil configuration (reference AR).
draulic fluids, phosphor acid esters, etc., shows that usable

wavelengths can be found (Bley, 2013). However, an adap-

tion of the measurement channels, i.e., the filter wavelengthgs the fluid. At the same time, the extinction of the different
and possibly also the number of channels, for each fluid ispplecules also changes with temperature as well as the al

necessary to obtain optimal results. sorption path length due to thermal expansion. Thus, the al
sorption spectrum will show complex changes when the oi
3.4 Influence of temperature variations temperature changes. The change of the absorptiéiiz),

is shown in Fig. 12 (bottom) for IR spectra measured at 4

For monitoring of the oil degradation during normal opera- temperature of 40.8, 50.8 and 57(®, respectively, relative
tion of a machine the influence of varying ambient and, moreg the spectrum at 30%.

importantly, oil temperatures has to be taken into account.

Figure 12 (top) shows the reference spectra of synthetic MOAE (L) = E(A, T) — E(*, 30.5°C) 2)

tor oil artificially aged for 9 days and contaminated with

0.4 wt.% water measured with the FTIR spectrometer at dif-E (1, T) absorption at temperatufg, » wavelength.

ferent temperatures. Due to the temperature increase the den-Changes in the spectrum caused only by the temperatu

sity of the oil changes. According to the Lambert—Beer law can be observed. It is interesting to note that some spe¢
the transmission depends on the concentration of radiationtral regions show increasing absorption with the temperat

absorbing molecules that decreases with decreasing densityre, e.g., below 1600 and above 3600¢mwhile others
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05 ; > 3 “1 < . Figure 13. Change in absorbance at 1722 and 3333trfor
artificial oxidation [days] aged synthetic motor oil with increasing water content (0, 0.1, 0.2,

) . ) 0.4 wt.%, respectively) and increasing temperature.
Figure 11. Measurement results for ester-based hydraulic fluid ar-

tificially aged at 130C with 50 cm? min~1 air flow over 6 days,

measured with a detector in ester configuration (reference BR). temperature. However, with increasing water content the

change in absorption caused by the temperature increases in
the IR region around 3333 cmh. Thus, the temperature has

o o = e ot under varying operating conditions.

wave number [cm'1]

<o ] —temperature: 30.5°C)| | to be measured and taken into account to achieve a good reso-
g5 e T jomperature 49571 | : lution as the influence of changing temperature is on the same
£ M1 i emperature: 50.8°C| | | . . X

£ 60l L temperature: 579°C] | order as the effect of water contamination. For practical ap-
g 4/ R plications a calibration is required at different temperatures

8 2 L, DA in order to be able to determine the water content correctly
8 : B

8

£

o
N

4 Conclusion and outlook

=]
o

) ‘ r\ :M Hydrocarbon-based oils, i.e., a synthetic motor oil and a min-

W) k:«j’ eral hydraulic oil, as well as an ester-based hydraulic fluid,

o were analyzed using FTIR spectroscopy to identify the rele-

vy o e . e o vant spectral features caused by oxidation and water contam

wave number [om"] ination. In addition, viscosity and acid humber were deter-

mined using standard laboratory techniques. The FTIR anal-

Figure 12. Temperature dependence of the FTIR spectra. Top:ysjs showed that for hydrocarbon-based oils the C=0 oxi-
Transmission spectra for synthetic motor oil (artificially aged at ya1ion feature around 1700 crhcan be used to evaluate the

170°C with 50 ¢ min™" air flow over 9 days with 0.4 wt.% wa- degree of oxidative degradation. However, the specific com-

ter contamination added after aging) at 30.5, 40.8, 50.8 an?’&7.9 . f the oil h b ken i dditi
Bottom: Deviation of the transmission spectra at elevated temperapos'tIon of the oll has to be taken Into account, as additives

tures relative to the transmission at 30 areas for calculating can already lead to an increased absorption in this region
the mean values around 1722 and 3333 ¢shown in Fig. 13 are ~ €ven for fresh oil. For ester-based hydraulic fluids, on the
marked. other hand, this feature cannot be used as it already shows
total extinction due to the base molecules. Alternatively, the
OH feature can be used to evaluate the degree of oxidation.
show decreasing absorption, especially the water feature ilHowever, this shows a strong overlap with the effect of water
the range from 3000 to 3600 crh Figure 13 shows the contamination, thus requiring careful selection of the spectral
influence of the temperature at 1722¢(no IR absorp- filters and advanced signal analysis to allow independent de-
tion by water molecules) and 3333 ci(IR absorption by  termination of the oxidative degradation as well as the water
water molecules) for different water contaminations. Forcontent.
these calculations a rectangular filter with a filter width of A miniaturized multi-channel IR sensor system was pre-
52 cnt ! was used. As expected, without water (0 wt. % sented that is based on a Si flow cell, a micromachined
only a minimal change in the spectrum is observed at botHR source and four thermopiles with specific filters adapted
wave numbers. This observed change is caused by the detws the application requirements. Two alternatives were pre-
sity decrease in the absorbing molecules with increasingsented, one suitable for hydrocarbon-based oils, the other for

s
2

per centimeter [A cm‘1]
o

change of absorbance

o
N
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ester-based hydraulic fluids. The sensor system is able to difASTM International: Standard Test Method for Acid and Base
ferentiate between increasing oxidation and increasing water Number by Color-Indicator Titration, ASTM International,
contamination for synthetic motor oil and, due to the simi- D974-11, 2011b.

larity of the base spectra, also for mineral hydraulic oil. The Bartz, W. J.: Biologisch schnell abbaubare Schmierstoffe und Ary
sensor system is also able to determine the oxidation status belts_fIUSS|g_ke|ten (Biologically rapid-degradable lubricants and
of ester-based hydraulic fluids; however, interference caused Zvolrg'gg fluids), Expert Verlag, 43-44, ISBN 978-3-8169-0810-
by water contamination requires advanced signal processin ' '

Th h b . d with | ley, T.: Integriertes Multisensorsystem zur Zustandsiiberwachun
e sensor system has to be equipped with an oil tempera- von Schmierflissigkeiten (Integrated Multisensor-System for

ture sensor to compensate temperature dependent changes ofongition Monitoring of Lubricating Fluids), Dissertation, Saar-
the IR transmission spectrum and also requires a comprehen- jand University, Lab for Measurement Technology, Shaker,
sive calibration at different temperatures. On the other hand, Aachen, ISBN 978-3-8440-2198-1, 2013.
the change of the recorded spectral information with temperBley, T. and Schiitze, A.: A Multichannel IR Sensor System for
ature can be used to obtain additional information about the Condition Monitoring of Technical Fluids, Proceedings RS
oil degradation or the concentration of water contamination. 2011 — 12th International Conference on Infrared Sensors an
This study was based on only one aging process, i.e., ox- Systems, Nuremberg, 94-99, da):5162/irs11/i4.32011.
idative aging at elevated temperatures, and one contamings'e¥: T~ Pignanelli, E., and Schitze, A.: Multichannel IR Sensor
tion, i.e., with water. Other degradation processes and con- SYStem for Determination of Oil Degradation, Proc. IMCS 2012:
taminations need to be studied to ensure that the approach The 14th International Meeting on Chemical Sensors, Nurem
. . . . S berg, Germany, 20-23 May, 2012a.
will allow reha_lble resul_ts under various operating cc_)ndltlons._ Bley, T., Pignanelli, E., Fischer, M., Giinschmann, S., Miller, J.,
Future experiments will, for example, address the increase in 5ng schitze, A.: IR-Optical Oil Quality Sensor System for
nitric acid components caused by the blow-by effect in com-  High Pressure Applications, in: Mechatronics 2012 — The 13th
bustion engines. A specific IR filter will be implemented in  Mechatronics Forum International Conference, Linz, Austria,
the system for these compounds and controlled aging will 17-19 September 2012, edited by: Scheidl, R. and Jacoby, B
be realized with an experimental set-up bubbling NO in N Proceedings Vol. 2/3, 351-358, 2012b.
through the oil at elevated temperatures, similar to the analBley, T., Pignanelli, E., and Schiitze, A.. COPS — Combined oil
ysis of oxidative aging reported here. A combination of dif-  quality and Particle measurement System, ICST2012, Sixth In
ferent well-controlled processes should also be performed to ternational Conference on Sensing Technology, Kolkata, India
achieve degradation similar to that observed under normalg
operating conditions. °
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CRC Press, 23-24, ISBN 978-1-4200-5045-5, 1994.
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