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USING TERAHERTZ TIME-DOMAIN SPECTROSCOPY TO  
DISCRIMINATE AMONG WATER CONTAMINATION  

LEVELS IN DIESEL ENGINE OIL 

A. M. Abdul-Munaim,  M. Reuter,  O. M. Abdulmunem,  J. C. Balzer,  M. Koch,  D. G. Watson 

ABSTRACT. Terahertz time-domain spectroscopy (THz-TDS) in the range of 0.5 to 2.0 THz was evaluated for discriminat-
ing among water contamination levels (0%, 0.1%, and 0.2%) in diesel engine oil (SAE 15W-40). The absorption coeffi-
cient demonstrated potential to discriminate among the three water contamination levels with significant differences 
among all three levels across the 1.111 to 1.332 THz and 1.669 to 1.934 THz ranges. At each of these frequency ranges, 
each water contamination level was significantly different from the other two. The 0% water contamination level had the 
lowest absorption coefficient, while 0.2% water had the highest absorption coefficient. The refractive index demonstrated 
greater potential to discriminate among water contamination levels with significant differences among all three water 
levels across the 0.5 to 1.5 THz range. The refractive index of 0% water was the lowest and 0.2% water was the highest 
across the THz range. Linear regression analysis of the refractive index as a predictor of water contamination level yield-
ed a highly significant equation (p < 0.0001, R2 = 0.99, RMSE = 0.01) when using the refractive indices at 0.5 THz. The 
refractive indices of these oil samples were promising for discrimination of water contamination. THz spectroscopy 
should be evaluated for discriminating other engine oil contaminants. 

Keywords. Diesel, Engine oil, Terahertz spectroscopy, Water contamination. 

gricultural equipment users regularly waste die-
sel engine oil that still has useful life or un-
knowingly continue use of contaminated engine 
oil to the detriment of internal engine compo-

nents. Internal combustion engines rely on a thin film of oil 
for lubrication of metal-to-metal contact points. Modern 
diesel engine oils contain additives to clean, bind contami-
nants, improve sealing, resist oxidation, and inhibit corro-
sion (Mackney et al., 2012). Diesel engine oil has a finite 
life and is subjected to contamination and oxidation that 
impact its efficacy. Engine manufacturers recommend an 
oil change interval that is generally appropriate under nor-
mal operating conditions, but normal operating conditions 
vary from one engine application to another. In one case, a 
tractor may be stationary and providing PTO power at 
about 70% of engine rated speed in a relatively dust-free 
environment, and the engine oil may be able to perform 
satisfactorily for multiple times longer than the manufac-

turer’s recommended change interval. In another case, a 
tractor may be used for a tillage operation and operating at 
near full power on dry ground, producing clouds of dust. In 
this case, the useful life of the engine oil may be consumed 
in a fraction of the recommended oil change interval. In 
other cases, coolant or air induction system leaks can lead 
to excessive contaminants and catastrophic engine system 
failure. In the first case, maintenance costs are unnecessari-
ly increased and useful oil is wasted. In the other cases, the 
engine may experience accelerated wear and substantially 
greater costs are required to renew the engine. A conven-
ient, scientific method is needed to monitor engine oil for 
contaminants and useful life. ASTM standards include oil 
analysis methods, but these methods require a suitable la-
boratory. Companies offer oil analysis services using 
ASTM standard or modified methods, but these services 
require collecting an engine oil sample and sending it for 
analysis. While some commercial equipment owners use 
these services, these services are not commonly used by 
agricultural producers due to the requirement of properly 
withdrawing an oil sample and the delay in receiving re-
sults. Diesel engines in agricultural equipment are a very 
high cost component, and better technology is required to 
allow on-board or at least on-site oil analysis. 

Water is a common contaminant of engine oil as a result 
of burning fuel in a cold engine and from condensation 
(Lansdown, 2003). Although water can evaporate from oil 
at higher operating temperatures, even small amounts can 
lead to problems. Najjar (1987) reported that water has an 
adverse effect on foaming, sludge formation, and oxidation 
and should not exceed 0.2%. Smolenski and Schwartz 
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(1994) listed water concentrations in engine oil of greater 
than 0.1% as a warning threshold for short operation. For 
this reason, it is imperative to discriminate water contami-
nation levels. 

Sensor systems have been evaluated for on-site or in situ 
oil analysis as alternatives to sending oil samples to oil 
testing labs. Sensor systems studied have included electro-
mechanical (Cheek and Mowery, 1989; Duchowski and 
Mannebach, 2006; Price and Clarke, 1991; Soleimani et al., 
2013; Wang et al., 1994; Wang, 2002) and resonating sen-
sors (Agoston et al., 2005; Jakoby et al., 2003; Milpied et 
al., 2010; Mohammed and Hassan, 2013). Infrared (Blanco 
et al., 1998; Borin and Poppi, 2005; Kasberger et al., 2011) 
and hyperspectral (Lulu et al., 2014) spectroscopy tech-
niques have also been used. The oil conditions these sen-
sors attempted to monitor were acidity (Agoston et al., 
2005; Moon et al., 2006; Soleimani et al., 2013; Wang et 
al., 1994; Wang, 2002), antioxidants (Cheek and Mowery, 
1989; Price and Clarke, 1991), viscosity (Duchowski and 
Mannebach, 2006; Jakoby et al., 2003; Schmitigal and Mo-
yer, 2005), and contaminants of fuel, water, or antifreeze 
(Borin and Poppi, 2005). No single sensor has been pre-
ferred, and researchers have indicated that some combina-
tion would be required for monitoring oil condition 
(Milpied et al., 2010; Schmitigal and Moyer, 2005). To 
date, engine manufacturers have not widely implemented 
oil condition monitoring sensors. Algorithms have been 
implemented by automobile manufacturers using input 
from other engine sensors as a proxy for oil condition. 
These algorithms tend to serve more as a reminder for 
owners to change the oil rather than to accurately assess the 
remaining useful life of the oil. A new method of monitor-
ing engine oil that has the potential to be miniaturized and 
ruggedized for on-board or on-site engine oil monitoring 
would be an important step in providing equipment use-
specific data to schedule maintenance operations for agri-
cultural engines. 

A recent technology for characterizing various substanc-
es including fluids is terahertz (THz) spectroscopy. THz 
technology is a rapidly expanding field (Jepsen et al., 
2011), and several agricultural applications have been iden-
tified, including measuring plant drought stress (Born et al., 
2014) and leaf dehydration (Castro-Camus et al., 2013), 
estimating aflatoxin in peanut oil (Chen and Xie, 2014), 
and other applications summarized by Mathanker et al. 
(2013). Various methods (Tonouchi, 2007) have been de-
veloped to generate and detect THz waves, but THz time-
domain spectroscopy (THz-TDS) (Vieweg et al., 2014; 
Withayachumnankul and Naftaly, 2014) is considered the 
most powerful and widely used scheme. THz-TDS uses 
ultrashort laser pulses and photoconductive antennas (Hun-
sche et al., 1998; Moreno et al., 2014; Tani et al., 1997) or 
nonlinear crystals (Moreno et al., 2014). THz-TDS has 
been used to characterize solids (Jiang et al., 2014; Lloyd-
Hughes et al., 2006; Misochko et al., 1998; Nickel et al., 
2014; Wietzke et al., 2011), liquids (Wang et al., 2014), 
liquid crystals (Reuter et al., 2013; Vieweg et al., 2010), 
gases (Harde et al., 1995; Mittleman et al., 1998), and 
plants (Born et al., 2014; Castro-Camus et al., 2013). 

THz-TDS has been used to differentiate among fuel-

related products, including grades of gasoline (Al-Douseri 
et al., 2006), gasoline and ethanol mixtures (Arik et al., 
2014b), gasoline and diesel fuel (Arik et al., 2014a; Jin et 
al., 2008), diesel fuel grades (Zhao et al., 2012c), diesel 
fuel solidifying point (Zhao et al., 2012a), and biodiesel 
and base stocks (Zhao et al., 2012b). Lubricating oil char-
acterization with THz-TDS includes polyglycol oils with 
water (Gorenflo et al., 2006), mineral oil with additives 
(Naftaly et al., 2005), six grades of lubricating oil (Tian et 
al., 2009), oil base stock and additive (Tian et al., 2012), 
and vegetable oils (Hu et al., 2005; Li, 2010). Our recent 
study was able to distinguish among three grades of unused 
gasoline engine oil (SAE 5W-20, 10W-40, and 20W-50) 
and predict viscosity (Abdul-Munaim et al., 2015). None of 
these studies evaluated the potential for THz-TDS to dis-
criminate among unused engine oil samples with levels of 
water contamination below 0.4%. 

Pure water has been studied using different techniques 
to observe its properties at THz frequencies (Zafar et al., 
1973; Thrane et al., 1995; Wang et al., 2014). These studies 
revealed refractive index values of >2 and high absorption 
coefficients of >150 cm-1 at 1 THz. The polar nature of the 
relatively small water molecule is believed to be responsi-
ble for this high absorption at THz frequencies. As a con-
sequence, water delivers a strong contrast mechanism. Due 
to the completely different THz properties of water and oil 
samples THz radiation shows high sensitivity to water, and 
THz-TDS is therefore a potential method to detect small 
amounts of water in engine oil. 

RESEARCH OBJECTIVE 
The objective of this study was to determine if THz-

TDS could discriminate among fresh diesel engine oil sam-
ples with three levels of water contamination (0%, 0.1%, 
and 0.2%). If successful, this study would provide evidence 
that THz-TDS could be an alternative for determining wa-
ter content of engine oil and potentially other oil contami-
nants. 

EQUIPMENT AND PROCEDURES 
THZ TIME-DOMAIN SPECTROMETER 

The THz time-domain spectrometer (fig. 1) used a 
Nd:YVO4 frequency doubled laser to optically pump a 
Ti:sapphire laser with a repetition rate of 80 MHz and a 
center wavelength of 800 nm. The sub-100 fs pulses emit-
ted by the laser were used to excite charge carriers in pho-

Figure 1. Schematic of THz time-domain spectrometer 
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toconductive antennas. At the emitter antenna, an electrical 
field was applied, which accelerated the generated carriers. 
The accelerated carriers emit an electrical field with fre-
quency components in the range from about 0.3 to 4.5 THz. 
This THz pulse was detected by a similar photoconductive 
antenna. The carriers generated by the fs laser pulse were 
accelerated by the incident THz field. This led to a current 
that was proportional to the THz field strength. Since the fs 
pulse was short in comparison to the THz pulse, a delay 
unit allowed for sampling the THz field. The THz radiation 
was collimated and focused by off-axis parabolic mirrors. 
The oil sample was positioned in the intermediate focus 
between the antennas. Jepsen et al. (2011) provide addi-
tional details. 

OIL SAMPLE PREPARATION 
Three 946 mL containers of Shell Rotella T SAE 15W-

40 heavy-duty diesel engine oil rated for API service CJ-
4/SM were purchased from a local retailer (Carbondale, 
Ill.). The 15W-40 grade was selected because it was repre-
sentative of common multiviscosity oil used in agricultural 
diesel engines. Each water concentration level was pre-
pared by pouring the contents of the 946 mL container into 
a blender (model 58130, Proctor-Silex, Inc., Southern 
Pines, N.C.). Then distilled water was added in the amounts 
of none, 1 mL, or 2 mL for 0%, 0.1%, or 0.2% water con-
tamination, respectively. These low water levels were se-
lected because levels above 1% may not achieve solubiliza-
tion in oil (Dobrinski et al., 2007). The 0% water sample 
served as the control. The lid was secured to the blender 
jar, and the blender was set at the highest speed setting 
(17,500 rpm, no load) and operated for 90 s, resulting in a 
thorough mixing of the water in the oil, or just mixing the 
oil in the case of the 0% sample, as evidenced by an even 
distribution of air bubbles throughout the solution. The oil 
samples were then poured back into the original containers. 

Approximately 100 mL of each of the three oil-water 
samples were poured into a separate amber, round bottle 
(Qorpak GLC-01935, Fisher Scientific, Pittsburgh, Pa.). 
The sample bottles were generically coded as T6, T2, and 
T1 and shipped to the Experimental Semiconductor Physics 
Laboratory at Phillips University (Marburg, Germany) for 
THz-TDS analysis. About three months passed before the 
oil samples were analyzed with THz-TDS. A syringe was 
used to remove oil from the center of the bottles, without 
any additional mixing, and inserted into a customized cell. 
No oil-water separation of the sample was observed, and 
the samples were assumed to be homogeneous for THz-
TDS. While the ratio of water in each subsample used for 
THz-TDS may not have been equal to the original ratio, 
this method was used to detect water that was solubilized, 
rather than water that had separated. 

THZ TIME-DOMAIN SPECTROSCOPY 
Customized cells consisting of two windows of 700 μm 

thick fused silica plates (Vieweg et al., 2010), which were 
nearly transparent at THz frequencies, were used to hold the 
oil samples for THz-TDS. Prior to building the cells, the 
silica plates were separately subjected to THz-TDS, and mul-
tiple reflections were used to determine the material parame-

ters (Scheller et al., 2009). The cell was built by separating 
the two windows with two copper plates that were 5.9 mm 
apart. Due to the relatively low absorption of oil samples, 
these relatively thick cells were chosen to improve the inter-
action length of the THz radiation. After measurement of one 
oil sample, the cell was cleaned and the same cell was used 
for the next sample. The time-domain data were recorded in 
the THz spectrometer. The material parameters of the oil 
samples and windows were determined using Teralyzer 
software (Menlo Systems GmbH, Martinsried, Germany). 
Teralyzer incorporates the algorithms described by Wilk et 
al. (2008) and Scheller et al. (2009). 

THZ-TDS DATA ANALYSIS 
For the data analysis, each of the three samples was 

measured three times. Teralyzer software was used to re-
trieve the refractive index and absorption coefficient for 
each measurement. The arithmetic average of the three 
measurements of each of the three oil-water samples was 
further analyzed. The mean, standard deviation, and 95% 
confidence interval of the refractive index and absorption 
coefficient were calculated for each sample at each fre-
quency and plotted. Analysis of variance (ANOVA) was 
used to determine if there were significant differences (α = 
0.05) in the refractive index or absorption coefficient 
among the samples at each frequency. 

Regression analysis was completed on the best potential 
predictor value (refraction index or absorption coefficient) 
using data at multiple frequencies (0.5 to 2.0 THz at 
0.25 THz intervals) (Zhao et al., 2012a). The linear models 
were evaluated with the coefficient of determination (R2) 
and root mean square error (RMSE). SAS Enterprise Guide 
6.1 (SAS Institute, Inc., Cary, N.C.) was used for ANOVA 
and linear regression analysis. 

RESULTS AND DISCUSSION 
The THz time-domain spectrometer delivered spectrally 

resolved data about the refractive index and absorption 
coefficient in the range from 0.5 to 2.0 THz with a resolu-
tion of approximately 5 GHz. These data were used for 
further analysis. 

REFRACTIVE INDEX 
The refractive indices for each of the three levels of wa-

ter contamination in diesel engine oil are shown in figure 2. 
The curves are distinct from each other with relatively con-
sistent spacing, particularly across the 0.5 to 1.5 THz range. 
Increased water contamination resulted in an increased re-
fractive index at all frequencies. Across the 0.5 to 1.5 THz 
range, the refractive index differences between the 0% and 
0.1% water contamination samples ranged from 0.0006 to 
0.0008 with a mean of 0.0007. Across the same range be-
tween the 0.1% and 0.2% samples, the refractive index 
ranged from 0.0003 to 0.0007 with a mean of 0.0006. The 
95% confidence intervals generally increased slightly with 
higher water contamination. For all three curves, the confi-
dence interval generally increased slightly at higher fre-
quencies. This is a consequence of the lower signal-to-
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noise ratio of the spectrometer for higher frequencies. The 
refractive indices at 1.0 THz for 0%, 0.1%, and 0.2% water 
contamination were 1.4781, 1.4788, and 1.4793, respective-
ly, with standard deviations of 0.00006, 0.00004, and 
0.00015, respectively. Across the 0.5 to 1.5 THz range, the 
standard deviation among the replications for each of the 
0%, 0.1%, and 0.2% water contamination samples peaked 
at 0.00008, 0.00016, and 0.00027, respectively. 

The curve patterns of refractive index indicate good re-
peatability among the same samples and distinct differ-
ences among the water levels for all but the highest of the 
THz range measured. ANOVA results confirmed a signifi-
cant difference (p < 0.05) in refractive index among each of 
the three water contamination levels across the 0.5 to 
1.5 THz range (p < 0.01 across 0.5 to 1.1 THz range). At 
each frequency, the refractive index of a water contamina-
tion level was significantly different from the other two. In 
all cases, the refractive index of 0% water was the lowest 
and 0.2% water was the highest. 

The differences in the refractive indices of these water 
contamination levels were promising for identification and 
distinction of water contamination levels in 15W-40 diesel 
engine oil. The overall refractive indices were in good 
agreement with a study of polyglycol oils with water levels 
ranging from 0.43% to 3.28% (Gorenflo et al., 2006), in 
that higher water concentrations resulted in higher refrac-
tive indices with relatively distinct, equidistant curves. 
Most studies of oils have resulted in refractive indices that 
decrease as frequency increases. Examples of refractive 
indices decreasing across the 0.5 to 1.5 THz range are pol-
yglycol oils by about 0.04 (Gorenflo et al., 2006), four veg-
etable oils by about 0.02 (Li, 2010), and five plant oils by 
0.01 to 0.035 (Ying et al., 2005). Conversely, a gasoline 
engine oil of service category SF but unreported grade had 
a refractive index curve that increased by about 0.025 over 
the range of 0.5 to 1.6 THz (Tian et al., 2009). Although 
figure 2 appears to show a descending trend with increasing 
frequency, this is more a function of the y-axis scale. The 
refractive index curve of 0.2% water contamination in the 
range 0.5 to 1.5 THz had the highest difference between 
minimum and maximum values of the three water levels, 
and it was only 0.0014, which is relatively flat compared to 

most studies. A recent study of three gasoline engine oils 
found even flatter curves, with refractive indices decreasing 
by only 0.0002 to 0.0005 across the same range (Abdul-
Munaim et al., 2015). The study of three gasoline oils used 
the same THz spectrometer as the current study. 

Refractive indices among studies are commonly com-
pared at 1.0 THz. In this study, the values were 1.4781 to 
1.4793, with 0% water having the lowest value and 0.2% 
water having the highest value. These values were higher 
than the values of 1.240 to 1.375 for three grades of diesel 
fuel (Zhao et al., 2012c) and 1.455 (Jin et al., 2008) or 
1.465 (Arik et al., 2014a) for a single grade of diesel fuel, 
but they were lower than 1.48 to 1.49 for four vegetable 
oils (Li, 2010) and 1.475 to 1.62 for five plant oils (Ying et 
al., 2005). The differences between the refractive indices of 
diesel engine oil and diesel fuel indicate potential to differ-
entiate concentrations of diesel fuel in diesel engine oil. 
The refractive index of soybean oil at 1.0 THz of about 
1.485 (Li, 2010) is higher than that of diesel engine oil, 
indicating potential for THz to distinguish soybean oil con-
tamination of diesel engine oil. 

The general trend of increased refractive index for high-
er levels of water contamination can be explained as fol-
lows. Pure water has a considerably higher refractive index 
than oil (2.2 at 1 THz per Hirori et al., 2004). What can be 
seen in figure 2 is the transition from pure oil to an oil-
water mixture, which has a higher refractive index. 

ABSORPTION COEFFICIENT 
The THz-TDS results for the absorption coefficients of 

the three levels of water in diesel engine oil are shown in 
figure 3. The three curves exhibit similar patterns, with 
increased water contamination resulting in higher absorp-
tion coefficients. The absorption coefficient ranged from 
0.4 to 3.3 across the 0.5 to 2.0 THz range. The 95% confi-
dence intervals generally increased with frequency. The 
curve patterns indicate good repeatability among the same 
samples and differences among the water contamination 
levels, except for 0% and 0.1% water at lower frequencies. 
ANOVA results confirmed a significant difference (p < 
0.05) in absorption coefficient among each of the three 

Figure 2. Mean refractive index (n = 3) of diesel engine oil samples
with three levels of water contamination with 95% confidence inter-
vals. 

Figure 3. Mean absorption coefficient (n = 3) of diesel engine oil sam-
ples with three levels of water contamination with 95% confidence 
intervals. 
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water contamination levels across the 1.111 to 1.332 THz 
and 1.669 to 1.934 THz ranges (p < 0.01 across the 1.165 
to 1.224 THz range). In each of these frequency ranges, 
each water contamination level was significantly different 
from the other two. The 0% water contamination level had 
the lowest absorption coefficient, while 0.2% water had the 
highest absorption coefficient. The 0.2% sample was sig-
nificantly different (p < 0.05) from the 0% and 0.1% sam-
ples across the entire range of 0.5 to 1.96 THz. 

Compared to the refractive index, water contamination 
level had a lesser effect on THz absorption (Abdul-Munaim 
et al., 2015; Naftaly et al., 2005). The absorption coeffi-
cients demonstrated potential for identification and discrim-
ination of water contamination levels of diesel engine oil, 
particularly at the higher contamination level. The pattern 
of increasing absorption coefficient with increasing fre-
quency was consistent with studies of other oils, such as 
transmission fluid (Gorenflo et al., 2006), gasoline engine 
oil of SF service category (Tian et al., 2009), vegetable oils 
(Hu et al., 2005) (Li, 2010), and three gasoline engine oil 
grades (Abdul-Munaim et al., 2015). 

As discussed for the refractive index, the absorption co-
efficient of water is also higher than that of oil (200 cm-1 at 
1 THz per Hirori et al., 2004). This leads to a higher ab-
sorption coefficient for oil-water mixtures. 

PREDICTING WATER CONTAMINATION LEVEL 
The refractive indices (fig. 2) were of more interest for 

predicting water contamination level than the absorption 
coefficients (fig. 3). Seven frequencies (0.5 to 2.0 THz at 
0.25 THz intervals) were selected for linear regression 
analysis. Each of the seven models with intercept and coef-
ficient was highly significant (p < 0.01). The R2 values 
ranged from 0.99 to 0.71 and decreased with increased THz 
frequency. Similarly, RMSE increased with THz frequency 
from 0.01 to 0.05. The refractive indices at 0.5 THz (fig. 4) 
resulted in the best fit, with R2 = 0.99 and RMSE = 0.01. 
The resulting linear equation was: 

Water contamination (%) =  

 -206.21 + 139.47(refractive index) (1) 

The relatively consistent differences in refractive indices 
across the 0.5 to 2.0 THz range for the three water contam-
ination levels and the increased refractive index as water 
contamination increased (fig. 2) resulted in a strong posi-
tive linear relationship for refractive index to predict water 
contamination. The consistent separation among refractive 
indices at 0.5 THz resulted in the best linear model. 

This study assumed that the water distribution within the 
oil was homogeneous and consistent during the study. This 
may not have been the case, as the level of water within the 
samples for THz-TDS may not have been equivalent to the 
water in the initially prepared samples. Even with this limi-
tation, THz-TDS demonstrated potential for discriminating 
among water contamination levels of SAE 15W-40 diesel 
engine oil. THz-TDS should be considered for additional 
research regarding discrimination of engine oil contami-
nants. 

CONCLUSIONS 
Diesel engine oil samples (SAE 15W-40) were contami-

nated with different levels (0%, 0.1%, and 0.2%) of dis-
tilled water. The samples were examined by THz-TDS to 
determine if they could be discriminated based on water 
contamination level. The refractive index increased with 
water contamination level and was a strong indicator of 
water contamination. The refractive index curves were sim-
ilar to those of other studies but relatively flatter across the 
0.5 to 2.0 THz range. ANOVA results confirmed a signifi-
cant difference (p < 0.05) in refractive index among each of 
the three water contamination levels across the 0.5 to 
1.5 THz range (p < 0.01 across 0.5 to 1.1 THz range). In 
this frequency range, the refractive index of each water 
contamination level was significantly different from the 
others. In all cases, the refractive index of 0% water was 
the lowest and 0.2% water was the highest. 

The absorption coefficient increased with increased water 
contamination and frequency and was similar to those of 
other studies of oils. The absorption coefficient provided 
potential for discriminating water contamination levels, as 
significant differences existed among the three water con-
tamination levels across the 1.111 to 1.332 THz and 1.669 to 
1.934 THz ranges (p < 0.01 across the 1.165 to 1.224 THz 
range). In each of these frequency ranges, each water con-
tamination level was significantly different from the other 
two. The 0% water had the lowest absorption coefficient, 
while 0.2% water had the highest absorption coefficient. 

Linear regression analysis of the refractive index as a 
predictor of water contamination level yielded a highly 
significant equation (p < 0.0001, R2 = 0.99, RMSE = 0.01) 
when using the refractive indices at 0.5 THz. The regres-
sion lines for higher THz frequencies were similar, but with 
reduced R2 and increased RMSE. 

THz spectroscopy is a new technology for potential ap-
plication to oil condition analysis. The results of this study 
are promising for discrimination of water contamination of 
engine oil. Additional work should be completed with a 
range of engine oil ages and contaminants to further inves-
tigate the potential of THz for oil condition analysis. 

Figure 4. Refractive indices (round markers) (n = 9) and predicted
water contamination (%) based on linear regression of refractive
indices at 0.5 THz (R2 = 0.99, RMSE = 0.01). 



800  TRANSACTIONS OF THE ASABE 

ACKNOWLEDGEMENTS 
Partial support in the form of a doctoral student scholar-

ship was provided by the University of Baghdad, Iraq. Re-
searchers in the Experimental Semiconductor Physics La-
boratory at Phillips University (Marburg, Germany) con-
tributed by conducting the THz-TDS analysis, which is 
greatly appreciated. 

REFERENCES 
Abdul-Munaim, A. M., Reuter, M., Koch, M., & Watson, D. G. 

(2015). Distinguishing gasoline engine oils of different 
viscosities using terahertz time-domain spectroscopy. J. Infrared 
Millim. Terahertz Waves, 36(7), 687-696. 
http://dx.doi.org/10.1007/s10762-015-0164-6 

Agoston, A., Otsch, C., & Jakoby, B. (2005). Viscosity sensors for 
engine oil condition monitoring: Application and interpretation 
of results. Sensors Actuators A, 121(2), 327-332. 
http://dx.doi.org/10.1016/j.sna.2005.02.024 

Al-Douseri, F. M., Chen, Y., & Zhang, X.-C. (2006). THz wave 
sensing for petroleum industrial products. Intl. J. Infrared 
Millim. Waves, 27(4), 481-503. 
http://dx.doi.org/10.1007/s10762-006-9102-y 

Arik, E., Altan, H., & Esenturk, O. (2014a). Dielectric properties of 
diesel and gasoline by terahertz spectroscopy. J. Infrared Millim. 
Terahertz Waves, 35(9), 759-769. 
http://dx.doi.org/10.1007/s10762-014-0081-0 

Arik, E., Altan, H., & Esenturk, O. (2014b). Dielectric properties of 
ethanol and gasoline mixtures by terahertz spectroscopy and an 
effective method for determination of ethanol content of 
gasoline. J. Phys. Chem. A, 118(17), 3081-3089. 
http://dx.doi.org/10.1021/jp500760t 

Blanco, M., Coello, J., Iturriaga, H., Maspoch, S., & Gonzalez, R. 
(1998). Determination of water in lubricating oils by mid- and 
near-infrared spectroscopy. Microchim. Acta, 128(3), 235-239. 
http://dx.doi.org/10.1007/BF01243055 

Borin, A., & Poppi, R. J. (2005). Application of mid infrared 
spectroscopy and iPLS for the quantification of contaminants in 
lubricating oil. Vibrational Spectros., 37(1), 27-32. 
http://dx.doi.org/10.1016/j.vibspec.2004.05.003 

Born, N., Behringer, D., Liepelt, S., Beyer, S., Schwerdtfeger, M., 
Ziegenhagen, B., & Koch, M. (2014). Monitoring plant drought 
stress response using terahertz time-domain spectroscopy. Plant 
Physiol., 164(4), 1571-1577. 
http://dx.doi.org/10.1104/pp.113.233601 

Castro-Camus, E., Palomar, M., & Covarrubias, A. A. (2013). Leaf 
water dynamics of Arabidopsis thaliana monitored in vivo using 
terahertz time-domain spectroscopy. Sci. Rep., 3, article 2910. 
http://dx.doi.org/10.1038/srep02910 

Cheek, G. T., & Mowery, R. (1989). Determination of antioxidants 
in lubricating oils using ultramicroelectrodes. Anal. Chem., 
61(13), 1467-1469. http://dx.doi.org/10.1021/ac00188a034 

Chen, M., & Xie, L. (2014). A preliminary study of alfatoxin B1 
detection in peanut oil by terahertz time-domain spectroscopy. 
Trans. ASABE, 57(6), 1793-1799. 
http://dx.doi.org/10.13031/trans.57.10725 

Dobrinski, H., Buhrdorf, A., Ludtke, O., & Knipper, U. (2007). 
Multiparameter oil condition sensor based on the tuning fork 
principle. Technical Paper 2007-01-0392. Warrendale, Pa.: SAE. 
http://dx.doi.org/10.4271/2007-01-0392 

Duchowski, J. K., & Mannebach, H. (2006). A novel approach to 
predictive maintenance: A portable, multi-component MEMS 
sensor for on-line monitoring of fluid condition in hydraulic and 
lubricating systems. Tribol. Trans., 49(4), 545-553. 
http://dx.doi.org/10.1080/10402000600885183 

Gorenflo, S., Tauer, U., Hinkov, I., Lambrecht, A., Buchner, R., & 
Helm, H. (2006). Dielectric properties of oil-water complexes 
using terahertz transmission spectroscopy. Chem. Phys. Lett., 
421(4-6), 494-498. 
http://dx.doi.org/10.1016/j.cplett.2006.01.108 

Harde, H., Katzenellenbogen, N., & Grischkowsky, D. (1995). 
Line-shape transition of collision broadened lines. Phys. Rev. 
Lett., 74(8), 1307-1310. 
http://dx.doi.org/10.1103/PhysRevLett.74.1307 

Hirori, H., Yamashita, K., Nagai, M., & Tanaka, K. (2004). 
Attenuated total reflection spectroscopy in time domain using 
terahertz coherent pulses. Japanese J. Appl. Phys., 43(part 2, 
number 10A), L1287. http://dx.doi.org/10.1143/JJAP.43.L1287 

Hu, Y., Guo, L., Wang, X., & Zhang, X. C. (2005). THz time-
domain spectroscopy on plant oils and animal fats. In H. Gong, 
Y. Cai, & J.-P. Chatard (Eds.), Proc. SPIE 5640 (pp. 334-340). 
Bellingham, Wash.: SPIE. http://dx.doi.org/10.1117/12.580922 

Hunsche, S., Mittleman, D. M., Koch, M., & Nuss, M. C. (1998). 
New dimensions in T-ray imaging. IEICE Trans. Electron., 
81(2), 269-276. 

Jakoby, B., Scherer, M., Bushkies, M., & Eisenschmid, H. (2003). 
An automotive engine oil viscosity sensor. IEEE Sens. J., 3(5), 
562-568. http://dx.doi.org/10.1109/JSEN.2003.817164 

Jepsen, P. U., Cooke, D. G., & Koch, M. (2011). Terahertz 
spectroscopy and imaging: Modern techniques and applications. 
Laser Photon. Rev., 5(1), 124-166. 
http://dx.doi.org/10.1002/lpor.201000011 

Jiang, C., Zhao, K., Zhao, L. J., Jin, W. J., Yang, Y. P., & Chen, S. 
H. (2014). Probing disaggregation of crude oil in a magnetic 
field with terahertz time-domain spectroscopy. Energy Fuels, 
28(1), 483-487. http://dx.doi.org/10.1021/ef401984u 

Jin, Y.-S., Kim, G.-J., Shon, C.-H., Jeon, S.-G., & Kim, J.-I. (2008). 
Analysis of petroleum products and their mixtures by using 
terahertz time domain spectroscopy. J. Korean Phys. Soc., 53(4), 
1879-1885. http://dx.doi.org/doi:10.3938/jkps.53.1879 

Kasberger, J., Fromherz, T., Saeed, A., & Jakoby, B. (2011). 
Miniaturized integrated evanescent field IR-absorption sensor: 
Design and experinmental verification with deteriorated 
lubrication oil. Vibrational Spectros., 56(2), 129-135. 
http://dx.doi.org/10.1016/j.vibspec.2011.01.003 

Lansdown, A. R. (2003). Lubrication and Lubricant Selection: A 
Practical Guide (3rd ed.). New York, N.Y.: ASME. 

Li, J. (2010). Optical parameters of vegetable oil studied by 
terahertz time-domain spectroscopy. Appl. Spectros., 64(2), 231-
234. http://dx.doi.org/10.1366/000370210790619663 

Lloyd-Hughes, J., Richards, T., Sirringhaus, H., Castro-Camus, E., 
Herz, L. M., & Johnston, M. B. (2006). Charge trapping in 
polymer transistors probed by terahertz spectroscopy and 
scanning probe potentiometry. Appl. Phys. Lett., 89(11), 112101. 
http://dx.doi.org/10.1063/1.2340057 

Lulu, J., Xinjie, Y., & Yong, H. (2014). Identification of automobile 
transmission fluid using hyperspectral imaging technology. Intl. 
J. Agric. Biol. Eng., 7(4), 81-85. 
http://dx.doi.org/doi:10.3965/j.ijabe.20140704.009 

Mackney, D., Clague, N., Brown, G., Fish, G., & Durham, J. 
(2012). Automotive lubricants. In S. C. Tung, & G. E. Totten 
(Eds.), Automotive Lubricants and Testing (pp. 23-46). West 
Conshohocken, Pa.: ASTM. 
http://dx.doi.org/10.1520/MNL6220121208102 

Mathanker, S. K., Weckler, P. R., & Wang, N. (2013). Terahertz 
(THz) applications in food and agriculture: A review. Trans. 
ASABE, 56(3), 1213-1226. 
http://dx.doi.org/10.13031/trans.56.9390 

Milpied, J., Uhrich, M., Patissier, B., & Bernasconi, L. (2010). 
Applications of tuning fork resonators for engine oil, fuel, 
biodiesel fuel, and urea quality monitoring. SAE Intl. J. Fuels 



59(3): 795-801  801 

Lubr., 2(2), 45-53. http://dx.doi.org/10.4271/2009-01-2639 
Misochko, O. V., Tani, M., Sakai, K., Kisoda, K., Nakashima, S., 

Andreev, V. N., & Chudnovsky, F. A. (1998). Optical study of 
the Mott transition in V2O3: Comparison of time- and 
frequency-domain results. Phys. Rev. B, 58(19), 789-794. 
http://dx.doi.org/10.1103/PhysRevB.58.12789 

Mittleman, D. M., Jacobsen, R. H., Neelamani, R., Baraniuk, R. G., 
& Nuss, M. C. (1998). Gas sensing using terahertz time-domain 
spectroscopy. Appl. Phys. B, 67(3), 379-390. 
http://dx.doi.org/10.1007/s003400050520 

Mohammed, A. J., & Hassan, M. A. (2013). Piezesensors for 
monitoring degradation of automotive engine oil. Sci. Tech., 
3(1), 42-45. http://dx.doi.org/doi:10.5923/j.scit.20130301.05 

Moon, S.-I., Paek, K.-K., Lee, Y.-H., Kim, J.-K., Kim, S.-W., & Ju, 
B.-K. (2006). Multiwall carbon nanotube sensor for monitoring 
engine oil degradation. Electrochem. Solid-State Lett., 9(8), 
H78-H80. http://dx.doi.org/10.1149/1.2209433 

Moreno, E., Pantoja, M. F., Ruiz, F. G., Roldan, J. B., & Garcia, S. 
G. (2014). On the numerical modeling of terahertz 
photoconductive antennas. J. Infrared Millim. Terahertz Waves, 
35(5), 432-444. http://dx.doi.org/10.1007/s10762-014-0060-5 

Naftaly, M., Foulds, A. P., Miles, R. E., & Davies, A. G. (2005). 
Terahertz transmission spectroscopy of nonpolar materials and 
relationship with composition and properties. Intl. J. Infrared 
Millim. Waves, 26(1), 55-64. http://dx.doi.org/10.1007/s10762-
004-2033-6 

Najjar, Y. (1987). Lubricants and fuels analysis as a guide for 
predictive maintenance in diesel engines. Fuel, 66(3), 431-434. 
http://dx.doi.org/10.1016/0016-2361(87)90109-8 

Nickel, D. V., Garza, A. J., Scuseria, G., & Mittleman, D. M. 
(2014). The isotropic molecular polarizabilities of single methyl-
branched alkanes in the terahertz range. Chem. Phys. Lett., 592, 
292-296. http://dx.doi.org/10.1016/j.cplett.2013.12.055 

Price, R. J., & Clarke, L. J. (1991). Chemical sensing of amine 
antioxidants in turbine lubricants. Analyst, 116(11), 1121-1123. 
http://dx.doi.org/10.1039/an9911601121 

Reuter, M., Vieweg, N., Fischer, B. M., Mikulicz, M., Koch, M., 
Garbat, K., & Dabrowski, R. (2013). Highly birefringent, low-
loss liquid crystals for terahertz applications. APL Mater., 1(1), 
012107. http://dx.doi.org/10.1063/1.4808244 

Scheller, M., Jansen, C., & Koch, M. (2009). Analyzing sub-100 
μm samples with transmission terahertz time domain 
spectroscopy. Optics Comm., 282(7), 1304-1306. 
http://dx.doi.org/10.1016/j.optcom.2008.12.061 

Schmitigal, J., & Moyer, S. (2005). Evaluation of sensors for on-
board diesel oil condition monitoring of U.S. Army ground 
equipment. Technical Paper 2005-01-1810. Warrendale, Pa.: 
SAE. http://dx.doi.org/10.4271/2005-01-1810 

Smolenski, D. J., & Schwartz, S. E. (1994). Automotive engine-oil 
condition monitoring. In E. R. Booser (Ed.), CRC Handbook of 
Lubrication and Tribology (Vol. 3, pp. 17-32). Boca Raton, Fla.: 
CRC Press. 

Soleimani, M., Sophocleous, M., Glanc, M., Atkinson, J., Wang, L., 
Wood, R. J., & Taylor, R. I. (2013). Engine oil acidity detection 
using solid-state ion-selective electrodes. Tribol. Intl., 65, 48-56. 
http://dx.doi.org/10.1016/j.triboint.2013.02.030 

Tani, M., Matsuura, S., Sakai, K., & Nakashima, S.-i. (1997). 
Emission characteristics of photoconductive antennas based on 
low-temperature-grown GaAs and semi-insulating GaAs. Appl. 
Optics, 36(30), 7853-7859. 
http://dx.doi.org/10.1364/AO.36.007853 

Thrane, L., Jacobsen, R. H., Jepsen, P. U., & Keiding, S. R. (1995). 
THz reflection spectroscopy of liquid water. Chem. Phys. Lett., 
240(4), 330-333. http://dx.doi.org/10.1016/0009-
2614(95)00543-D 

Tian, L., Zhao, K., Zhou, Q.-L., Shi, Y.-L., & Zhang, C.-L. (2012). 

Quantitative analysis for monitoring formulation of lubricating 
oil using terahertz time-domain transmission spectroscopy. 
Chinese Phys. Lett., 29(4), 043901-1-043901-3. 
http://dx.doi.org/10.1088/0256-307X/29/4/043901 

Tian, L., Zhou, Q., Jin, B., Zhao, K., Zhao, S., Shi, Y., & Zhang, C. 
(2009). Optical property and spectroscopy studies on the 
selected lubricating oil in the terahertz range. Sci. China Series 
G, 52(12), 1938-1943. http://dx.doi.org/10.1007/s11433-009-
0310-z 

Tonouchi, M. (2007). Cutting-edge terahertz technology. Nature 
Photonics, 1(2), 97-105. 
http://dx.doi.org/10.1038/nphoton.2007.3 

Vieweg, N., Jansen, C., Shakfa, M. K., Scheller, M., Krumbholz, 
N., Wilk, R., ..., Koch, M. (2010). Molecular properties of liquid 
crystals in the terahertz frequency range. Optics Express, 18(6), 
6097-6107. http://dx.doi.org/10.1364/OE.18.006097 

Vieweg, N., Rettich, F., Deninger, A., Roehle, H., Dietz, R., Gobel, 
T., & Schell, M. (2014). Terahertz-time domain spectrometer 
with 90 dB peak dynamic range. J. Infrared Millim. Terahertz 
Waves, 35(10), 813-822. http://dx.doi.org/10.1007/s10762-014-
0085-9 

Wang, S. S. (2002). Engine oil condition sensor: Method for 
establishing correlation with total acid number. Sensors 
Actuators B, 86(2-3), 122-126. http://dx.doi.org/10.1016/S0925-
4005(02)00155-7 

Wang, S. S., Lee, H.-S., & Smolenski, D. J. (1994). The 
development of in situ electrochemical oil-condition sensors. 
Sensors Actuators B, 17(3), 179-185. 
http://dx.doi.org/10.1016/0925-4005(93)00867-X 

Wang, T., Klarskov, P., & Jepsen, P. U. (2014). Ultrabroadband 
THz time-domain spectroscopy of a free-flowing water film. 
IEEE Trans. Terahertz Sci. Tech., 4(4), 425-431. 
http://dx.doi.org/10.1109/TTHZ.2014.2322757 

Wietzke, S., Jansen, C., Reuter, M., Jung, T., Kraft, D., Chatterjee, 
S., ..., Koch, M. (2011). Terahertz spectroscopy on polymers: A 
review of morphological studies. J. Molec. Struct., 1006(1-3), 
41-51. http://dx.doi.org/10.1016/j.molstruc.2011.07.036 

Wilk, R., Pupeza, I., Cemat, R., & Koch, M. (2008). Highly 
accurate THz time-domain spectroscopy of multilayer structures. 
IEEE J. Selected Topics Quantum Electron., 14(2), 392-398. 
http://dx.doi.org/10.1109/JSTQE.2007.910981 

Withayachumnankul, W., & Naftaly, M. (2014). Fundamentals of 
measurement in terahertz time-domain spectroscopy. J. Infrared 
Millim. Terahertz Waves, 35(8), 610-637. 
http://dx.doi.org/10.1007/s10762-013-0042-z 

Ying, H., Lantao, G., Xiaohong, W., & Zhang, X. C. (2005). THz 
time-domain spectroscopy on plant oils and animal fats. In H. 
Gong, Y. Cai, & J.-P. Chatard (Eds.), Proc. SPIE 5640 (pp. 334-
340). Bellingham, Wash.: SPIE. 
http://dx.doi.org/10.1117/12.580922 

Zafar, M. S., Hasted, J. B., & Chamberlain, J. (1973). Submillimetre 
wave dielectric dispersion in water. Nature Phys. Sci., 243, 106-
109. http://dx.doi.org/10.1038/physci243106a0 

Zhao, H., Zhao, K., & Bao, R. (2012a). Predicting cold flow 
properties of diesel by terahertz time-domain spectroscopy. 
ISRN Spectros., 2012, article 876718. 
http://dx.doi.org/10.5402/2012/876718 

Zhao, H., Zhao, K., Tian, L., Miao, Q., & Ni, H. (2012b). Optical 
property of biodiesel and its base stock in terahertz region. 
Frontiers Optoelectron., 5(2), 214-217. 
http://dx.doi.org/10.1007/s12200-012-0227-4 

Zhao, H., Zhao, K., Tian, L., Zhao, S., Zhou, Q., Shi, Y., ..., Zhang, 
C. (2012c). Spectrum features of commercial derv fuel oils in 
the terahertz region. Sci. China Series G, 55(2), 195-198. 
http://dx.doi.org/10.1007/s11433-011-4597-1 

http://dx.doi.org/10.1016/0016-2361(87)90109-8
http://dx.doi.org/10.1016/0009-2614(95)00543-D
http://dx.doi.org/10.1016/S0925-4005(02)00155-7
http://dx.doi.org/10.1016/0925-4005(93)00867-X

	Southern Illinois University Carbondale
	OpenSIUC
	6-2016

	Using Terahertz Time-Domain Spectroscopy to Discriminate Among Water Contamination Levels in Diesel Engine Oil
	Ali M. Abdul-Munaim
	Marco Reuter
	Oday M. Abdulmunem
	Jan C. Balzer
	Martin Koch
	See next page for additional authors
	Recommended Citation
	Authors


	Microsoft Word - ITSC 11448.docx

