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Generalized experimental methodology for statistical optics analysis of
contaminated lubricants is shown in Figure 6.5. Initially, the light is sent through a
lubricant and object with periodic structure and a combined optical image is recorded.
According to the proposed logic for further comparison, initially, optical image of a
medium without distorting ingredients, e.g. fresh engine lubricant or lubricant right after
oil change, will be acquired. Such an image from the undistorted optical medium and
object represents the initial state or condition of the optical medium. As engine runs
lubricant degradation process occurs. Optical images with operating lubricant and
unchanged periodical object are acquired further delivering optical information with
respect to the degradation of lubricant conditions. Optical image analysis for both fresh
and used engine lubricants consists of extraction of certain statistical characteristics and
their consecutive comparison. The acquired optical data from images requires initial
image processing, such as, cross-sectioning, color normalization efc. Final step of the
experimental analysis methodology is focused on a quantitative analysis of contaminant
presence and analysis of lubricant condition evolution using statistical characteristics of
DOI, e.g. as OTF, autocorrelation functions, power spectrum densities, etc. Comparison
of these parameters and characteristics provides accurate and reliable estimation of the
contaminant presence. In this methodology, the statistical characteristics of the OOl for a
fresh lubricant (without contaminants) are considered as a benchmark from which the
evolution of the statistical characteristics of the DOI due to the introduction of

contaminants is analyzed.

In addition to mentioned above statistical optics characteristics, effective width of

the OTF at a certain frequency @, was calculated as:

) IH(ja))zda)

- : ®)
H(jo,)| do

AH (@)

eff 0

A AH ; value characterizes a frequency bandwidth where OTF transfers a major

part of the optical information, e.g. during transformation of OOI into DOI with
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introduction of contaminants. Therefore, the AH o value can be used as an additional

informational parameter for monitoring engine lubricant condition.

It is necessary to note in addition that averaging of color cross-sections was not
applied during preliminary image analysis and each color cross-section was considered as
a unique original measured characteristic. In contrast, the averaging was applied at the
final stage of statistical optics analysis only. For example, initially a particular statistical
characteristic (e.g. auto-correlation function, auto spectral density, etc.) is calculated from
the original color cross-section and only after that all calculated particular statistical

characteristics are averaged into one without losing any statistically valid information.

image cross-section with fresh lubricant image cross-section with contaminated lubricant
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Figure 6.5 Generalized schematic of the statistical optical analysis methodology
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6.3 Experimental verification

To illustrate capabilities of the statistical optical analysis methodology and the proposed
sensing system three separate experiments were carried out. In the first experiment, fresh
lubricant (Pennzoil SAE 5W30) was mixed with coolant, gasoline and water at a
concentration of 0% to 10%. In the second experiment a combination of coolant (0-5%)
and gasoline (0-5%) was added to the fresh lubricant (Pennzoil SAE 5W30) and the
change in the lubricant optical properties was studied. In third experiment, a
commercially available SAW 5W-20 engine lubricating oil was used for the road test. A
set of engine lubricating oil samples was collected from the vehicle for real time analysis.
The collected samples were from a Ford Taurus under general service, with a mixed city
and highway driving condition. During the experiments, samples were pumped through
the microfluidic channel, optical images were acquired and statistical characteristics such

as ACT, ASF, and OTF were calculated for each sample.

6.3.1  Statistical optical analysis of coolant, gasoline, and water
contaminated lubricant

The effect of introducing coolant to the engine lubricant and increasing its concentration
on color scale graph is illustrated in Figure 6.6. Introduction of 1% coolant into the
engine lubricant sample immediately caused a decrease in peak-to-valley (P-to-V) of the
graph from 0.624 to 0.594 (5% reduction). From 1% to 2%, 3%, and 4%, the P-to-V
decreased at a much higher rate of 0.086 (14.4% reduction). From 4% to 10%, the P-to-
V of color cross-section graph decreased at the rate of 0.12. Overall, introduction of
coolant into the engine lubricant from 1% to 10% decreased the P-to-V of DOI from
0.624 to 0.182 (a difference of 0.442). In contrary, addition of gasoline into the lubricant
did not make an obvious change in the color cross-section graph. As gasoline
concentration was increased from 1% to 10%, the P-to-V showed a slight increase from
0.595 to 0.598 (0.5% change). Like coolant, addition of water showed an immediate
reduction on the graph P-to-V. Introduction of 1% of water lowered the graph P-to-V
from 0.613 to 0.585 (4.6% reduction). From 1% to 10% of water contamination the
graph P-to-V decreased at an average rate of 0.048 per increment. Addition of 10%

water to engine lubricant lowered the P-to-V of color scale graph from 0.613 to 0.332
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(45% reduction). The change in the P-to-V of the color scale graph is studied in details in

the following sections.
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The OOI and DOI color cross-sections were used as the experimental data to
perform statistical auto-correlation function using standard mathematical function from
MATLAB software (see Appendix B). Figure 6.7 shows the normalized (divided over a
variance value and therefore calculated in normalized units (n.u.)) auto correlation
functions of the color scale graph of contaminated lubricant with coolant, gasoline, and
water with concentrations of 0% to 10%. As it was expected having a deterministic
periodical structure of the object, the correlation graph is a periodic function. Correlations

located at {O,T,ZT,...} have no amplitude variations with respect to the contaminants
concentration. All differences in auto-correlation functions C,,,(#) and C,,,(u) are

located around coordinates {T/ 2,3T/ 2,...}. Correlation amplitudes around these

coordinates contain statistically valid information regarding contaminant concentration.
A closer examination of the coolant correlation function graph within 70...150 pum region

(around 7/2=110 pm) shows that while a concentration of the coolant was increased

from 0% to 10%, a minimum negative correlation value increased from -0.5245 n.u.’ to -
0.6215 n.u. (an increase of 15.6%). Introducing 1% concentration of coolant caused the
correlation value to increase by 0.0062 n.u.>. Variation in the correlation values was not
uniform. At 3%, 5%, 8%, and 10% coolant concentrations the correlation values
increased at a higher rate as to compare to the rest. Gasoline correlation function graph
showed addition of 1% gasoline into the lubricant increased the correlation value from -
0.5193 n.u.? to -0.52096 n.u.”. Increasing the gasoline concentration from 1% to 10%
increased the correlation value from -0.52096 n.u.*to -0.5278 n.u.>, however, the increase
rate was not uniform for all the concentrations and slowed down at higher values of
contaminant. Overall addition of gasoline to the engine lubricant increased the
correlation value by 1.6%. Introduction of 1% of water into lubricant increased the
correlation values from -0.5258 n.u.” to -0.5277 n.u.” (an increase of 0.0019 n.u.%). While
the water concentration was increased to 1% and 10%, the correlation values increased
from -0.5277 n.u.” to -0.5760 n.u.”. The rate of increase was more uniform as to compare
to coolant and gasoline (an average of 0.0051 n.u.” per increment). In total, addition of
10% water into the engine lubricant increased the correlation values at 7/2 region by

8.7%.
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The color cross-sections were used as the experimental data to perform statistical
auto spectral function using standard mathematical function from MATLAB software.
Figure 6.8 shows auto spectral functions of the color scale graphs of contaminated
lubricant with coolant, gasoline, and water with concentrations of 0% to 10%. The auto
spectral function of the color cross-section is sharply peaked at frequency of 0.00651
(1/um), but still continues smoothly. It is necessary to note that as the concentration of
the contaminants changes, the amplitude and width of auto spectral functions graph

changes. Therefore, the width of auto spectral function graph at half of maximum
amplitude (W s ) was selected for the comparative analysis of ASFoo;and ASFpo; with

respect to contaminant concentration.

Introducing 1% coolant into the engine lubricant lowered the W, form 0.00320

(1/ym) to 0.00319 (1/uym) immediately. As the coolant concentration was increased to

10%, the W . value changed to 0.00312 (1/pm), a 2.5% reduction. Addition of 1% of
gasoline into engine lubricant had an increasing effect the W, , but overall it did not
show an obvious change in the W, value. Like coolant, introduction of water into the
engine lubricant lowered the W, . value form 0.00320 (1/um) to 0.00319 (1/pm). As

the water concentration was increased from 1% to 10%, the W, values reduced from
0.00319 (1/gm) to 0.00314 (1/um). Overall, introduction of water from 1%-10% effected
the W, values by 1.9%. (see Figure 6.9)
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Optical transfer function OTF is another statistical optics characteristics showing
the transformation of OOI represented by [, (1) into DOI represented by 1, (1) due
to the introduction of contaminants. Eq. 7 was used to calculate the OTF between
1,0, () and I,,,,(u)for different contaminants concentrations with respect to a fresh

lubricant using standard mathematical function from MATLAB software. An OTF value
of 1 represents a benchmark level for comparison with the OTF of contaminated
lubricant. This value 1 cannot be exceeded due to the physical meaning of the OTF, and
therefore, any negative deviation of the OTF calculated for a contaminated lubricant will
be due to the degradation of lubricant optical properties leading to a distortion of the
object image. It is shown in Figure 6.10, even with the introduction of 1% of coolant or
water, OTF,¢, lowers significantly below 1 within a frequency range between 0 and 0.025
um™', while 1% of gasoline did not cause any significant effect on the optical transfer
function graph. As the coolant and water concentration was increased from 1% to 10%,

the negative deviation in transfer function graph was observed. Overall, the introduction
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of coolant and water into the engine lubricant significantly weakened the statistical
linkage between [, (1) and I,,,,(#), and the magnitude of the OTF was decreased with

the higher contaminant concentration, while addition of gasoline did not cause a similar

effect on OTF graph.

To quantify the changes in OTF, Equation 8 was used to calculate the effective
width of the transfer function between the ranges of @ =0 pm™’ to @ =0.025 pm™.

Addition of 1% of coolant into the lubricant changed the AH ; value from 0.025 um™’ to

0.02434 pm™ (a 0.0007 pm™ reduction). As the coolant concentration was increased to

10%, the AH o value decreased to 0.01129 um'l. In total, addition of 0%-10% of coolant
into the engine lubricant lowered the AH ;. value by 0.0137 pm'l. Addition of gasoline
did not have any decreasing effect on the AH ; value, while addition of 1% of water
lowered the AH,, values from the 0.025 pm™ level to 0.02437 pm™ (a 0.0006 pm’
reduction). As water concentration was increased from to 10%, the AH  values
decreased to 0.0169 um'l. Overall, introduction of 0%-10 of water lowered the AH o
values from 0.025 pm™ to 0.0169 pm™ (a 0.0081 um™ reduction). Amongst the three
contaminants, coolant had the most effect on the 1,,, (1), while water came second and

gasoline did not show any effect on the 1,,,, (1) .

In general, using one information parameter is not statistically sufficient for
reliable on-line monitoring of process conditions. Therefore, combining two statistically

obtained one-dimensional (1D) information parameters, such as C(7'/2) and AH , into

one 2D informational parameter {C (T/2),AH eﬁ} allows evaluation and monitoring of

lubricant contamination as a function of two statistical variables in corresponding 2D

information plane.
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Figure 6.11 shows evolution of coolant, gasoline and water contamination in the

information space {C(T/Z),AH eﬁ} In general, addition of 1% to 10% of coolant into
engine lubricant caused a reduction in the AH  values and an increase in C(T/2)

values. Variation of AH ;. and C(T/2) values in the {C (T/ 2),AHeﬁ} informational space

indicate a strong correlation between these values. Addition of gasoline into the lubricant

showed an increase in C(T'/2) values while AH ;. values were almost constant. Gasoline
{C (T/ 2),AHeﬁ} informational space shows a moderate upward trend on the graph. This
was mainly due to a slight increase of in AH ; value at higher gasoline concentration.

Like coolant, addition of water into the engine lubricant also showed a close correlation

between AH, and C(T/2) values as the water concentration was increased.

{C (T/2),AH eﬁ} plan illustrated this relationship.
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Figure 6.12 illustrates the 2-D informational space {AHeﬁ,WASF}for monitoring
lubricant contamination using two statistical variables AH,, and W, values. Addition

of coolant into engine lubricant had a decreasing effect on the values of W,y and AH,; .

The changes of these two parameters with respect to the increase in coolant concentration

are presented in {AHeﬁ,WASF} space. As coolant concentration increases, the Wygr shows
a close correlation with AH ;. values in a down ward trend. Introduction of gasoline into

the engine lubricant did not show any significant effect on the Wy, and AH ; values. A
2-D presentation of these statistical parameters also indicates the lack of correlation
between W,,.and AH,as gasoline concentration was increased in the lubricant.
Addition of water into the engine lubricant also had a decreasing influence on the W,
and AH, individually. A 2-D presentation of these two parameters with respect to

increase in the water concentration indicates a strong correlation between these two

parameters in the negative territory with a descending trend. It is noticed that at 5% of

water concentration there is a positive shift in the W, values.
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A 2-D scatter plot of W,i.and C(T'/2) values are presented in Figure 6.13.
Previously it was shown addition of coolant into the engine lubricant increased the

C (T/ 2) values in the negative territory. It was also observed coolant lowered the W,

values. The 2-dimensional information space {C(T/Z),WASF} of these parameters
indicates that these values are statistically dependent. Addition of gasoline into the
engine lubricant did not influence the W, and C(T/2) values significantly. However,

a 2 dimensional representation of these parameters indicates a weak or lack of correlation

between these parameters. Introduction of water in to engine lubricant showed an
increase in the C(T/2) values in the negative territory, while it reduced the W, .

Plotting these parameters in a 2 dimensional presentation indicates a strong correlation

between these two statistical parameters in a declining fashion.

160



. 0% m 1% | !
A 2% % !
®* 4% & 5% ! ! *
6% = T% -
00033 |- - g% 89 <= dmmmmmmmmmmmemeeenoos R "]
E m 0% —B— Avg | Y. ! B
= : * : &
= s s
= 1
E a ! !
o 00032 fomommommmeeen oo - A S R PO
[} ' - + * '
= H W H A
o+ !
- : :
0.0021 —2 : :
-0.625 -0.585 0545  (coolant)
CiT2) (dimensionless)
+ 0% B 1% H H
& 2% 3% :
% 4% & 5% + -
00033 | + T feeemmmeenno

L
H
|
[ 3
]

ASF width (1/um
|
|
‘E n
+
L
f~
?
tted

0.0032 +- ®---oome - P

"""""" }; S FE
- : *
| | X :
+ + Y '
0.0031 T T
-0.5249 -0.525 -0.521 y
. : asoline
C{T/2) (dimensionless) (g )
¢ 0% W 1% !
A 2% 3% : : +*
¥ 4% ¢ 5% ' :
00033 + 4 gy - Jo Tty TTTTTTTyTATTIommmoees - Shhhhi
= &% 4% ' + ® X x u
= 10% —8— Avyg : . : A
= . b,
= 00032 |---mm- AT G L EEE TR TR I LT DraRtt
L . . -
o | |
< L L. ! u
0.0031 : i
-0.58 -0.56 -0.54 -0.52
C(T/2) (dimensionless) (Water)

Figure 6.13 Evaluation of {C(T/ 2),WASF} information space wrt coolant, gasoline and
water concentration

161



6.3.2 Analysis of combined coolant and gasoline contamination

To demonstrate the capability of statistical optical sensing methodology in monitoring the
condition of contaminated engine lubricant, a combination of coolant (0-5%) and
gasoline (0-5%) was added to the fresh lubricant (Pennzoil SAE 5W30) and the color
change and shape deformation of the object was studied. Figure 5.11 illustrates the
combination of mixture ratio between contaminants and lubricant of all samples. During
the experiment, contaminated lubricant samples were pumped through the microfluidic
channel, optical images were acquired, and statistical optical parameters were calculated

for each sample.

The effect of introducing coolant-gasoline to the engine lubricant and increasing
its concentration on color scale graph is illustrated in Figure 6.14. Introduction of 1%
coolant and gasoline into the engine lubricant sample immediately caused a decrease in
P-to-V of the graph from 0.6845 to 0.627 (8.4% reduction). From 1% to 2%, 3%, 4% and
5%, these P-to-V values decreased at a rate of 0.0815, 0.0152, 0.054, and 0.0397
respectively. Overall, introduction of coolant-gasoline into the engine lubricant from 1%
to 5% decreased the amplitude of color scale graph from 0.6845 to 0.4366 (a difference
of 0.2479).
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The color cross-sections of fresh lubricant image and contaminated lubricant were
used as the experimental data to perform statistical auto-correlation function. Figure 6.15

shows auto correlation functions of contaminated lubricants (0%-5%). All differences in

auto-correlation functions C,,,(#) and C, (1) are located around coordinates
{T/ 2,3T/2,.. } A closer examination of the coolant correlation function graph within

70...150 pm region (around T/ 2=110 um) shows that while a concentration of the

contaminants were increased from 0% to 5%, a minimum negative correlation value

increased from -0.5694 n.u.” to -0.6143 n.u.” (an increase of 7.3%).
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lubricant

The color cross-sections of fresh lubricant image and contaminated lubricant were
used as the experimental data to perform auto spectral function analysis. Figure 6.16
shows auto spectral functions of the color scale graph of contaminated lubricant with
coolant and gasoline concentrations of 0% to 5%. The auto spectral function of the color
cross-section is sharply peaked at frequency of 0.00651 (1/um), but still smoothly
continuous. Like previous cases, as the concentration of the contaminants were

increased, the amplitude and width of auto spectral function graph were reduced.

Addition of coolant-gasoline combined contamination into the engine lubricant
induced a reduction effect on the W,,.. However, the magnitude of this effect was
directly influenced by the percentage concentration of contaminants.  Overall,
introducing 1% to 5% of coolant-gasoline into the engine lubricant lowered the W,

form 0.003431 (1/pm) to 0.003232 (1/um), a 5.8% reduction. Figure 6.16 illustrates the

reduction effect of coolant-gasoline contamination on the engine lubricant.
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Similarly, the color cross-sections of fresh and contaminated lubricant images
were used as the experimental data to perform optical transfer function. Figure 6.17
shows optical transfer functions of the color scale graph of contaminated lubricant with

combined coolant and gasoline concentrations of 0% to 5%.

165



-
T
1
]
'
'
]
-
]
'
]
]
'
I
=
'
'
'
]
'
—
'
]
'
'
'
(-
]
'
'
]
'
I
v
]
'
'
]
]
—
'
]
]
'
'
(-
]
'
'
]
]
1
=
]
]
'
'

—i

o]
= x]

magnitude, dimensionless
[
[ay]

4 : , .
1 1 1 1 1 1 Y mrmmem
h ' ' ' ' ' COE0-C1G
' ' E—— =1 e
1 ] i
U 2 ______ [ Immm— - [ ——— [ = m— == - T COEDCEEE
1 1 : : ! ! — COE-CAG
' ' —_—
]

COE0-0EES

0 : : i : i i i i
0 0005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
frequency, 1/um

Figure 6.17. Optical transfer function evaluation of coolant-gasoline contaminated

engine lubricant

It 1s noted that introduction of combined contaminant into the engine lubricant
had a deterring effect on the optical linkage between input and output images. This effect
varies based on the ratio of the combined contamination. However, introduction of

combined coolant-gasoline into the engine lubricant and increasing the concentration up

to 5% pushed the OTF graph down, and consequently decreased the AH ; values from

0.0247 t0 0.0171 (a 0.0069 reduction).

Then for each sample, AH, values were plotted against C (T/2) at each

combination concentration to form the 2-D information space. Figure 6.18 presents the

{C (T/2),AHeﬁ} information space of combined contaminants samples.
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Figure 6.18 {C (T'72),AH eﬁ} information space of coolant-gasoline combined

contaminated engine lubricant

In general, addition of combined coolant and gasoline (0%-5%) into engine

lubricant increased the C(T/2) values from -0.5691 n.u.” to -0.5951 n.u.” (a 0.026 n.u.”
increase), however, AHeﬁ values decreased from 0.0248 n.u.? to 0.0176 n.u.’ (a 0.0072

2 . ) )
n.u.” decrease). Then for more detailed observation, each series of samples (Cos-59%Goa,
Co9%-5%G1%, Co%-5%G2%, Co%-5%G3%, Co%-5%Ga%, Con-5%Gs%) was studies individually. It

was shown that the addition of combined coolant-gasoline contaminant changed the

informational parameters {C(T/ 2),AHeﬂ} plot in a non-linear fashion. At any gasoline

concentration, increasing the concentration of coolant from 0%- 5% induced a similar

variation pattern in {C(T/Z),AHeﬂ} plane. Figure 6.18 represents a 2-D scatter plot of
AH ;and C(T/2) parameters. A closer look at the 2-dimensional plot indicates a strong

correlation between C(7'/2) and AH, values in the negative territory. Figure 6.19
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illustrates the individual 2-D presentation of the {C T/ 2),AHeﬁ} parameters for 0%-5%

of coolant concentration at 0%-5% of gasoline.
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Figure 6.19 2-D information apace {C(T/ 2),AHeff} values for coolant-gasoline

concentration (0%-5%)

Figure 6.20 represents the 2-dimensional presentation of parameters W, and

AH,;.

In general, addition of combined coolant and gasoline (0%-5%) into engine

lubricant decreased the W, from 0.0.003431 (1/uym) to 0.003232 (1/pm), similarly
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AH ;. values decreased from 0.0248 n.u.? to 0.0176 n.u.’ (a 0.0072 n.u.’ decrease). It

was shown that the addition of combined coolant-gasoline contaminant changed the

{AHeﬁ,WASF} plot in a non-linear fashion for each series of samples (Cog-59%Go%, Cov-
5%G1%, Cow-5G2%s Co%-5%G3%, Con-5%Gan, Cos-5.Gs%). At any gasoline concentration,
increasing the concentration of coolant from 0%- 5% influenced a similar variation
pattern in {AH eﬂ,WASF} plane. Figure 6.20 represents a 2-D scatter plot of {AH eﬂ,WASF}

parameters. A closer look at Figure 6.20 indicates a strong correlation between W, and

AH ; values in the negative territory.
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Figure 6.20 {AH oF ,WASF} for coolant-gasoline combined contaminated engine

lubricant

In section 6.3.1 it was observed addition of coolant and gasoline individually
increased the C(T'/2)values and decreased the W, values. In this section it was noted
introduction of combined coolant and gasoline (0%-5%) into engine lubricant also

increased the C(T/2) from -0.5691 n.u.? to -0.5951 n.u.%, and decreased the W,
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values from 0.003431 (1/ym) to 0.003232 (1/um). A closer observation on each series of

samples (Co%-5%Go%, Co%-5%G1%, Co%-5%G2%, Co%-5%G3%, Co%-5%Ga%, Co%-5%Gsa%) showed

that the addition of combined coolant-gasoline contaminant changed the {C T/ 2),WASF}
in a non-linear fashion. Figure 6.21 represents a 2-D scatter plot of W,y and C(T/2)

parameters. A closer look at this plot indicates of a strong correlation between C(7/2)

and W, values.
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Figure 6.21 {C T/ 2),WASF} for coolant-gasoline combined contaminated engine

lubricant

6.3.3 Statistical optics analysis of road test

In this experiment, a commercially available SAW 5W-20 engine lubricating oil was
used for the road test. A set of oil samples was collected to perform statistical optics
analysis in real time. The collected samples were from a Ford Taurus under general
service, with a mixed city and highway driving condition. The purpose of this test was
to see the correlation between the effect of travelled distance (normal aging process) and

change in the optical properties of the lubricant and also examine the capability of the
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proposed methodology to monitor the condition of engine lubricant under realistic
condition in real time. All the samples went through the similar procedure as described

in section 6.2.

Figure 6.22 illustrates the color cross-section graph for travelled distance of 0 km,
200 km, 800 km, 1000 km, 1200 km, 1500 km, 2350 km, 3450 km, and 4200 km. It is
appear that the amplitude of the color cross-section graph (P-to-V) gradually decreased as
the travelled distance increased. This indicates a correlation between travelled distance
(normal aging process) and the P-to-V of the color cross-section graph. This illustrates
that variation in the P-to-V of the color cross section is directly related to the travelled
distance which is the indication of normal degradation of the engine lubricant. Overall,
within the 4200 Km travelled distance, the P-to-V the color cross-section graph decreased
from 0.699 to 0.616, a reduction of 0.083 or 11.8%.
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Figure 6.22 Color cross-section graph of Ford Taurus road test analysis

Similar to the previous cases, the color cross-sections of fresh lubricant image and
used lubricant were used as the experimental data to perform statistical auto-correlation
function. Standard mathematical function from MATLAB was used to calculate the ACF

(see Appendix B). Figure 6.23 shows correlation functions of the color cross section
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graph of fresh and used lubricant at different kilometres. A closer examination of the
fresh and used correlation function graph within 70...150 um region (around T/ 2

=110um) shows that while the travelled distance was increased from 0 to 4200 km, the
minimum negative correlation value increased from -0.5574 n.u.” to -0.5433 n.u.? (an

increase of 2.6%).
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Figure 6.23. Auto correlation of road test analysis

The color cross-sections of fresh lubricant image and used lubricant were used as
the experimental data to perform auto spectral function analysis. Figure 6.24 shows auto
spectral functions of the color scale graph of fresh and used lubricant at 0 km, 200 km,
800 km, 1000 km, 1200 km, 1500 km, 2350 km, 3450 km, and 4200 km. The auto
spectral function of the color cross-section is similar to previous cases with a sharply
peak at frequency of 0.00651 (1/Pm), but smooth and continuous. As the travelled
distance increased from 0 km to 4200 km, the amplitude and width of auto spectral

function graph (W, ) changed.

Overall, as the travelled distance increased from 0 km to 4200 km the W, was

lowered form 0.003343 (1/pm) to 0.003292 (1/um), a 1.5% reduction.
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Figure 6.24 Spectrum density function graph of road test analysis

Similarly, the color cross-sections of fresh and used lubricant image were used as
the experimental data to perform optical transfer function. Standard mathematical
function from MATLAB was used to calculate the OTF. Figure 6.25 shows optical
transfer functions of the color scale graphs of travelled distance lubricant with respect to

fresh lubricant.
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Figure 6.25 Optical transfer function of road test analysis
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Travelled distance had a deterring effect on the optical linkage between I,,,(#) and

Lo, (u) . As the travelled distance accumulated the OTF graph was lowered and AH

showed reduction in its values. Overall, increased in the travelled distance reduced the

AH ; values from 0.02496 at 0 km to 0.02392 at 4200 km (a 4.2% reduction).

For 2D parameter analysis, AH ; and C (T/2) were plotted in a 2-D information

space to monitor the engine lubricant condition with respect to the accumulated travelled

distance.

Figure 6.26 presents the {C(T/2),AHEﬂ} information space for the road test
analysis. In general, accumulation of travelled distance from 0 km to 4200 km decreased
the C(T/2) values from -0.5574 n.u.” to -0.5433 n.u.” (a 0.0141 n.u.” decrease). AH,,
values decreased from 0.02496 to 0.02392 (a 0.00104 reduction). Overall,

{C (T/ 2),AH€ﬂ} informational space showed a strong correlation between C(7/2) and

AH ,; with respect to accumulation of travelled distance. It was noted a shift in value of

C(T/2) at 1500 km and 2350 km, but overall the graph showed a downward trend.
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Figure 6.26 {C (T/2),AH eﬁ} information space wrt accumulated travelled distance

Relationship between width of auto spectral function width (W,..) and
correlation values at 7/2 region C (T/ 2) with respect to the travelled distance was studied
in the {C T/ 2),WAFS} information space (see Figure 6.27). Previously it was observed
that accumulated travelled distance reduced the C (T/ 2) values from -0.5574 n.u.” to -

0.533 n.u., a 2.53% reduction. A similar effect was observed on the W s values as well.

A 2-D presentation of these two parameters with respect to the accumulated travelled

distance shows a strong correlation between these two parameters.
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ASF width (1/um)

information space as the accumulated travelled distance increased.

travelled distance on the AH ,was decreasing. The accumulated travelled distance

reduced the AH ; values from 0.02496 to 0.02392 (4.2% reduction).
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Figure 6.28 illustrates how W, correlates with AH, in {WAFS,AHeﬁ}

Figure 6.27 {C (T12),w, FS} of road test analysis

values showed a decrease from 0.003343 (1/um) to 0.00322 (1/um).

Figure 6.28 illustrates a non-uniform downward trend of W,g. and AH,, values

with respect to travelled distance.

Overall, the 2-D scattered plot of these parameters

{WAFS,AH eﬂ} indicates there is a negative correlation between these values.
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Figure 6.28 {WA rso AH eﬁ} information space wrt accumulated travelled distance

6.4 Summary and conclusion

In this chapter, a new sensing system was introduced to monitor the condition of
contaminated and aged lubricants. This sensing system was based on the statistical
optical analysis methodology. The applicability of the proposed sensing system was
verified by measuring and monitoring of coolant, gasoline and water contaminant
concentrations individually, as well as mixed. Also a set of oil samples was collected
from a Ford Taurus under general service, with a mixed city and highway driving
condition and statistical optical analysis were performed in real time. The originality of
the proposed methodology comprises of obtaining and analysis of an optical image that
combines an object with known periodic shape and a thin film of the contaminated
lubricant. Introduction of an object with a priori known periodical structure allowed

reduction of 2D into 1D optical analysis, suitable for on-line application. The proposed
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sensing system utilizes the comparison of measured parameters and statistical

characteristics for fresh and contaminated lubricants.

Statistical analysis was applied at the combined object-lubricant images.
Specifically, statistical auto-characteristics, such as auto-correlation function and auto
spectral function, and their informational parameters were proposed to characterize
optical changes in contaminated/deteriorated lubricants. Statistical cross-characteristics
more specifically estimate an optical distortion process of the periodical object image by
a thin film of the contaminated lubricant. The utilized methodology in the proposed
sensing system was verified experimentally showing ability to distinguish lubricant with
1% to 10% coolant, gasoline, and water contamination. Also, it was shown that this
methodology is capable of monitoring the contaminants concentration in a combined

form (coolant-gasoline 0%-5%) as well.
From the results obtained, the following main conclusions can be drawn:

1. Developed statistical optical analysis methodology used in the proposed sensing
system is a novel approach for analysis of a synergetic effect of combined lubricant-
object optical appearance. It opens new opportunities for on-line monitoring,

diagnostics and control of engine lubricant condition and engine performance.

2. Implementation of systems approach to monitor the health of engine through optical
analysis of engine lubricant is a new approach in the automotive field to manage
engine performance and health. This approach realizes the interrelationship between
engine health and lubricant condition and by monitoring the properties of the
lubricant evaluates the engine health. This new approach provides insight into the
importance of engine lubricant and lubricant system and how lubricant can be used as

a source of information for engine performance.

3. Application of opto-microfluidic sensing system enables the extraction of optical
information from engine lubricant to monitor the characteristics of the lubricating oil
on-line and in real time. Opto-microfluidics sensing system represents the use of

advanced optical elements to increase the functionality of microfluidic devices and
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also the use of advanced microfluidic devices to increase the functionality of photonic
devices. Such integration represents a novel approach to dynamic manipulation of

optical systems with many applications in automotive fluid sensing field.

In statistical auto-characteristics analysis, addition of 0%-10% of coolant, water, and
gasoline increased the auto-correlation function values at 7/2 region by -0.097 n.u.?, -
0.00684 n.u.” and -0.0502 n.u.” respectively. These results indicate that value of the
auto-correlation function around a half of the structure period is a statistically valid
informational parameter for on-line measurement and monitoring of lubricants with

different contaminant concentration.

Analysis of auto spectral function indicted addition of 0%-10% of coolant, and water

decreased the W, by 0.00008 um™ and 0.00006 um™. Addition of gasoline into the

engine lubricant did not affect the W ;..

In analysis of statistical cross-characteristics, addition of 0%-10% of coolant, and

water decreased the effective width of transfer function AH ;. by 0.0135 and 0.008.

Addition of gasoline did not affect AH ;.

Plotting statistical auto-characteristics parameter i.e. correlation at 7/2 and cross-

characteristics parameters such as effective width of transfer function AH ;. in a 2-D

informational space as contamination concentration changes provided an accurate
monitoring tool for condition of lubricant. Addition of coolant, gasoline and water

into the engine lubricant shift the {C (T/2),AH eﬁ} plot in a linear fashion. For coolant

and water variation of AH,;, and C (T/2) values in the {C (T/ 2),AHeﬁ} informational
space indicate a strong correlation between these values. Addition of gasoline into

the lubricant showed an increase in C(7'/2) values while AH , values were almost
constant. Gasoline {C(T/Z),AH eﬁ} informational space shows a moderate upward

trend on the graph. This was mainly due to a slight increase of in AH , value at
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higher gasoline concentration. The evolution of AH , -W . in the 2-D informational
space with respect to coolant and water concentrations showed as coolant and water
concentration were increased, the W, shows a close correlation with AH ;. values
in a down ward trend. Introduction of gasoline into the engine lubricant did not show

any significant effect on the W,z and AH,, values. A 2-D presentation of these

statistical parameters also indicates the lack of correlation between W, and AH ; as
gasoline concentration was increased in the lubricant. A similar relationship was

observed between C (T/ 2)and W, . Addition of coolant and water into the engine

lubricant showed a close correlation between C(T/2)and W, , while addition of

gasoline indicated of lack of correlation between these two parameters.

. The developed methodology was also applied for analysis of combinations of coolant
and gasoline (0%-%35) contaminants. Addition of combination of coolant-gasoline

(0%-5%) shifted the AH; - C (T/2) graph non-linearly. While addition of combo
contaminants decreased the AH . values from 0.0248 to 0.0176 (a 0.0130 reduction),

C(T/2) was increased from -0.5691 to -0.5951 n.u.® (0.026 n.u.? increase). This

verifies that the statistical optical analysis is capable of differentiating the

combination of contaminants at different concentrations. 2-D presentation of the

statistical parameters {C(T/ 2),AH e:t‘f}’ {AH WASF}, and {C (T/ 2),WASF} showed a

eoff
good correlation between each pairs of parameters as the contaminants concentration

was increased.

Statistical optical method was also applied for analysis of road test samples with
different millage. In this study samples with O km, 200 km, 800 km, 1000 km, 1200
km, 1500 km, 2350 km, 3450 km, and 4200 km traveled distance were collected and
analyzed. The results indicated that the accumulated travelled distance (lubricant

normal aging process) directly affect the statistical parameters of the lubricant. The
auto correlation value at 7/2 region C(T/2) showed reduction from -0.5574 n.u.” to

-0.5433 n.u.? as the accumulated travelled distance was increased. The travelled
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distanced also decreased the width of auto-spectral function graph from

0.003343 pm™ to 0.003292 um™. The effective width of transfer function AH ; also

decreased from 0.02496 at 0 Km to 0.02392 at 4200 Km as the travelled distance was

increased. It is interesting to note that the lubricant degradation process had a
decreasing effect on the C(T /2) values different from previous cases. The 2-D
presentation of C(T'/2)- AH o and C(T'/12)- W, indicated that in each cases

both statistical parameters moved in the same direction as the travelled distance

increased.  AH ;,-W,g. plot showed both parameters decreased as the travelled

distance increased.
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Chapter 7

7/  On-line Monitoring Engine Lubricant Condition

In this chapter the statistical optics and object shape based optical methodologies
proposed in the chapter 5 and 6 will be utilized for on-line, on board monitoring of
contaminants in the engine lubricant of a 2005 Ford Taurus. This 1s to verify the
applicability of the proposed sensing system for on-line, on board measurement of
contaminants in the lubricating oil.  This experiment mimics several realistic
circumstances which structural defect of engine part or mismanagement of combustion
process or other interrelated causes would lead to the presence of contaminants in the
lubricant.  These experiments will demonstrate that the two proposed sensing
methodologies can measure the presence of coolant, gasoline, and water and
consequently provide insight in the state of engine health, combustion management

system or other interrelated issues.

7.1 On-line monitoring contaminated engine lubricant

Monitoring automotive fluids have received increasing attention in the recent years.
Sensors for automotive liquids, such as engine lubricant, can be used to detect the quality
of refilled liquid, increase drain interval, reduce the environmental impact, and evaluate
the performance of engine. Monitoring condition of engine lubricant is important since
the beginning of a breakdown occurs thousands of miles or hundreds of hours before the

breakdown itself and sign of potential breakdown usually appear first in the lubricant.

In all lubricating systems, organic compounds exposed to high temperatures and
pressures in the presence of oxygen will partially oxidize. There are a wide variety of by-
products produced during the combustion process such as ketones, esters, aldehydes,
carbonates and carboxylic acids. Some of these compounds are dissolved by the lubricant
or remain suspended owing to the dispersive additives in the oil. The net effect of
prolonged oxidation is that chemically the oil becomes acidic causing corrosion whilst
physically an increase in viscosity occurs. Besides the oxidation of base oil and depletion

of additives, contaminants also change the condition of the lubricant. They enter from
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the atmosphere or are generated from within. They reduce the life of mechanical
components and lubricant. The most common liquid contaminants are gasoline, coolant

and water.

Fuel contamination occurs mostly in crankcase applications. Fuel usually enters
the crankcase as the blow-by with combustion gases and from leakage. Fuel
contamination reduces the lubricant’s performance by promoting early oxidation,
thinning viscosity, dilution of the lubricant’s additive, and increase the sulfur build-up in
the lubricant.  Adversely, fuel dilution increases the wear of machine components, and
increase corrosion due to formation of sulfuric acid and oxidation-induced organic acids
pair up to corrode components surfaces. Hence, the presence of fuel in engine lubricant
can lower the viscosity of it and engine lubricant properties can be reduced much faster
than any other degradation process, in this way, the contamination by unburned fuel

becomes the first and more important causes of degradation of engine oil.

Coolant is a constant threat to leak into the lubricant, especially in crankcase
applications. Typically, coolant leaks into the crankcase because of damaged cooler core,
defectives seals, and corrosion. When coolant leaks into lubricant it forms gels and
emulsions and increases the viscosity of the lubricant. It also increases the oxidation rate
and reduces the pH to acidity region. When coolant enters into lubricant, it increases the
wear on the machine parts by forming glycol emulsion and starvation of lubricant to the
components due to increased viscosity. It increases the corrosion effect on the part due to
increase in acidity of the lubricant. Coolant contamination also causes filter failure as
well. However, glycol in the lubricating oil can oxidize, polymerize, esterify, evaporate,

and be absorbed by lubricant filters.

Water contamination is the second most destructive contaminants. Water can
coexist with lubricant in three forms: dissolved, emulsified, and free. Lubricant all can
dissolve a small amount of water into their chemistry. The volume of water dissolved in
the lubricant depends on the chemistry of the lubricant. In general deteriorated lubricant
which contain larger amount of free radical and polar compounds is capable of dissolving

larger amount of water before reaching its saturation point.
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Inside the engine, where lubricant functions, there exists a harsh environment,
high temperature, force and rapid motion. When un-dissolved water is subjected to
shearing conditions present in the engine, it is fragmented into small sizes particles and
remain suspended in a stable state in the lubricant. The emulsified water creates a hazy,
cloudy or milky appearance. Water can also stay free from the lubricant due to
insolubility of two liquid and the difference in their specific gravity. The source of water

in the lubricant can be from atmosphere, condensation, or the leakage from the coolant.

Water affects the lubricant by forming some chemically aggressive by-products. It
also can act as a catalyst to accelerate the oxidation process. Existence of water in the
lubricant reservoir can promote growth of biological material and microorganisms which
promotes oxidation and cause filter plugging. Water in free or emulsified form interferes
with lubricant and weakens the strength of lubricant film. The weakened lubricant film

makes the machine more susceptible to abrasive, adhesive and fatigue wear.

Presence of contaminants such as coolant, gasoline, and water in the engine
lubricant is a sign of troublesome which directly relates to failure of machinery
components. Detecting presence of these elements at an early stage is a crucial task helps
to prevent catastrophic failure and cost in any mechanical system with lubrication system.
This requires an on-line monitoring system in place to monitor the condition of lubricant

and health of engine.

In this chapter the statistical optics and object shape based optical analysis
methodologies described in the previous chapters are utilized to sense and monitor the
presence of three major contaminants, coolant, gasoline and water in the engine
lubricating oil of a 2005 Ford Taurus engine on-line, on board. This experiment mimics
a mechanical failure situation in the engine which leads to presence of contaminants in
the engine lubricating oil. This experiment will demonstrate the applicability of the
proposed sensing systems to measurer the presence of coolant, gasoline, and water on-
line and consequently provide critical information and insight in the state of engine

health.

184



7.2 Experimental set up

The experimental set-up used for on-line analysis of engine lubricant consisted of a data
acquisition system, micro fluid channel with in-let and out-let connections, detectable
object, pumping system, and illumination source. The experimental set-up used in this
test was similar with the one described in chapter 5 and 6. The optical data acquisition
system was composed of a CCD camera (Lumenera Infinity 1, Canada) with a zoom lens
(Keyence, USA) of 35-245 mm focal length, mounted on an optical bench. The camera
was connected to a PC equipped with imaging software (Infinity capture software,
Lumenera). The CCD camera allowed capturing images from an object placed behind a
medium passing through the channel with a magnification of 245x providing an overall
optical magnification scale of around 2.25. The images from the camera were acquired as
8-bit 640 x 480 pixel digital bitmap files and they were digitized at 256 grey scale. The
microfluidic channel was made of PMMA plastics with thickness of 1.5 mm with
dimension of 170 um deep, 500 um wide and 50 mm long. The microfluidic channel
provided a passage for the contaminated engine lubricant positioned between CCD
camera and light source. A micro pump (200 EC-LC-L, Schwarzer Precision, Germany)
was used to draw and deliver lubricant to the microfluidic channel from car oil pan
directly. A pumping syringe and Teflon tube was used to deliver contaminants into the oil
pan through dip stick tube. The detectable object used in this set up was a
10 mm x 10 mm stainless still woven wire cloth (Tech-Met-Canada) with a mesh size of
0.065 mm x 0.065 mm and a circular wire diameter of 0.033 mm. The purpose of
stainless steel woven cloth was to introduce a periodic grid into the image suitable for
object shape-based and statistical optical analysis. The object was intentionally placed
behind the microfluidic channel on opposite side of the CCD camera to avoid distortion
of the laminar flow by the periodic structure. The object was fixed to the microfluidic
channel wall. The visible light source (Stocker Yale, Model 21AC) with wavelength of
380-750 nm used in this study illuminated the object using two fiber light guides. The
opto-microfluidic system was installed on an optical bench stationed near the car. The
car used for this experiment was a 2005 Ford Taurus under general service. A
commercially available SAW 5W-20 engine lubricating oil was used for the on-line

analysis.
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7.3 Testing procedure

The objective of this experiment was to introduce 1% to 5% of contaminant into the
lubricating oil pan of a 2005 Ford Taurus and measure the statistical optical
characteristics of the samples using statistical optics and object shape based optical
analysis methodologies to detect the presence of contaminant on-line, on board. Coolant,
gasoline, and water were considered as the adding contaminants for this experiment.
Each test started with drawing a sample from freshly changed lubricant after allowing
engine to run for 20 minutes. Following that contaminant was added into the lubricant
using syringe and flexible tube, then let the engine runs for 15-20 minutes (idle and city
driving) allowing the contaminant to mix with lubricant properly. As engine was running
idle, a sample was withdrawn from the oil pan using micro pump and delivered to the
opto-microfluidic sensing system directly. This procedure was repeated for all the
contaminants concentrations. After measuring the highest contaminant concentration
(5%), the lubricating oil was dumped and engine was filled with fresh oil for the next

contaminant measurement. Table 2 shows the steps and details of the testing procedure.
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Table 2 On-line on board engine lubricant monitoring procedure

On-line monitoring engine lubricant condition

Vehicle Ford Taurus
Qil Type SAE5W-20
Qil volume 4.3 Litters
Contaminants
Gasoline Coolant Water
step
1 Qil change Yes - -
2 |Odometer reading (km) 141882 141977 142080
w orm up the engine by running |w orm up the engine by running|w orm up the engine by
3 Preparation idle or city driving 15 min idle or city driving 15 min running idle or city driving 15
min
withdraw 30 cc of lubricant, run |withdraw 30 cc of lubricant, |withdraw 30 cc of lubricant,
4 Sample 1 (0%) test and capture images run test and capture images run test and capture images
add 42.7 cc of gasoline into add 42.7cc of gasoline into add 42.7 cc of gasoline into
5 P . lubricant via dip stick tube (1% [lubricant via dip stick tube (1% |lubricant via dip stick tube (1%
eparation gasoline) and run the engine for |gasoline) and run the engine  [gasoline) and run the engine
15 min. for 15 min. for 15 min.
6  [Odometer reading (km) 141907 141992 142100
withdraw 30 cc of lubricant, run |withdraw 30 cc of lubricant, |withdraw 30 cc of lubricant,
7 Sample 2 (1%) . . .
test and capture images run test and capture images  [run test and capture images
add 85.7 cc of gasoline into add 85.7 cc of gasoline into add 85.7 cc of gasoline into
. lubricant via dip stick tube (2% [lubricant via dip stick tube (2% |lubricant via dip stick tube (2%
8 Preparation ) : ) : ) }
gasoline) and run the engine for |gasoline) and run the engine  [gasoline) and run the engine
15 min. for 15 min. for 15 min.
9 |Odometer reading (km) 141937 142002 142107
w ithdraw 30 cc of lubricant, run |withdraw 30 cc of lubricant, |withdraw 30 cc of lubricant,
10 Sample 3 (2%) . . .
test and capture images run test and capture images  |run test and capture images
add 130 cc of gasoline into add 130 cc of gasoline into add 130 cc of gasoline into
! lubricant via dip stick tube (3% |lubricant via dip stick tube (3% |lubricant via dip stick tube (3%
11 Preparation ) . ) ; ) ;
gasoline) and run the engine for |gasoline) and run the engine  [gasoline) and run the engine
15 min. for 15 min. for 15 min.
12 |Odometer reading (km) 141917 142011 142113
o withdraw 30 cc of lubricant, run |w ithdraw 30 cc of lubricant, |withdraw 30 cc of lubricant,
13 Sample 4 (3%) . . .
test and capture images run test and capture images  [run test and capture images
add 177.5 cc of gasoline into add 177.5 cc of gasoline into  [add 177.5 cc of gasoline into
! lubricant via dip stick tube (4% |lubricant via dip stick tube (4% |lubricant via dip stick tube (4%
14 Preparation ) . ) ) ) "
gasoline) and run the engine for |gasoline) and run the engine  [gasoline) and run the engine
15 min. for 15 min. for 15 min.
15 |Odometer reading (KM) 141922 142019 142119
withdraw 30 cc of lubricant, run |withdraw 30 cc of lubricant, |withdraw 30 cc of lubricant,
16 Sample 5 (4%) . . .
test and capture images run test and capture images  [run test and capture images
add 229 cc of gasoline into add 229 cc of gasoline into add 229 cc of gasoline into
. lubricant via dip stick tube (5% |lubricant via dip stick tube (5% |lubricant via dip stick tube (5%
17 Preparation ) ; ) : ) :
gasoline) and run the engine for |gasoline) and run the engine  [gasoline) and run the engine
15 min. for 15 min. for 15 min.
18 |Odometer reading (km) 141927 142025 142127
withdraw 30 cc of lubricant, run |withdraw 30 cc of lubricant, |withdraw 30 cc of lubricant,
19 Sample 6 (5%) . . .
test and capture images run test and capture images  |run test and capture images
20 Qil change Qil change Qil change
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7.4 Statistical optical analysis and system for on-line
monitoring contaminated engine lubricant

The statistical optical analysis performed for on-line monitoring of coolant contaminated
engine lubricant was based on the theory of imaging in presence of randomly
inhomogeneous medium. Based on this theory, when an object is placed behind a thin
film of an inhomogeneous medium i.e. contaminated engine lubricant, the image of the
object will be distorted. The medium acts as a distortion operator. In this case, the
quality of the distorted object image (DOI) will be mainly depending on the actual
condition of the lubricant. Based on the theory of light propagation through the random
medium, the transformation/distortion operator mathematically becomes an optical
transfer function (OTF) that represents a transformation of original object image (OOI)
into the distorted object image (DOI). In a case when OOI and DOI are known, the
distortion operator or the actual optical properties of the medium can be identified. This

theory and methodology is explained in details in chapter 6.

The sensing system was an opticalsysten consisting optical components and
microfluidic device capable of extracting optical information from engine lubricant to
monitor the characteristics of the lubricating oil on-line and in real time. The functional

design of the sensing system is explained in the previous chapters.

7.4.1  Statistical optical analysis of coolant contaminated engine
lubricant

The effect of introducing coolant into the engine lubricant and increasing its
concentration on the color scale graph is illustrated in Figure 7.1. Introduction of 1%
coolant into the engine lubricating oil pan caused a slight decrease in the pick-to-valley
(P-to-V) value of the graph from 0.5124 to 0.5004 (2.3% reduction). As the coolant
concentration was increased in the pan to 2%, 3%, 4% and 5%, the color cross section
graph P-to-V decreased to 0.4966, 0.4956, 0.5069, and 0.4919. It is noted that the
reduction in P-to-V values was not uniform, however, overall addition of 1%-5% of
coolant into the engine oil pan lowered the P-to-V values of color cross section graph by

0.0205 (a 4% reduction). This data shows dependency of amplitude characteristics (e.g.
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P-to-V, mean values, variance, efc.) of the light intensity cross-sections to the
contaminant concentration in the oil pan and therefore can be used as informational

parameters for condition monitoring of contaminated lubricants.
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Figure 7.1 Color cross section graph of coolant contaminated engine lubricant

The OOI and DOI color cross-sections of fresh lubricant image and contaminated
lubricant were further used as the experimental data performing ACFs, ASFs and OTFs
using standard mathematical function from MATLAB software (see Appendix B).
Figure 7.2 shows evaluation of normalized ACFs with respect to coolant with

concentrations of 0% to 5%. Correlations values located at {I'/2,3T/2,...} in auto-
correlation functions C,, (u) and C,, (u) are more pronounced as to compare to other
locations. A closer examination of the coolant correlation function graph within 70...150
um region (around 7/2=110 um) shows that while a concentration of the coolant was

increased from 0% to 5%, a minimum negative correlation value decreased from -0.5226
n.u.? to -0.5172 n.u.%. Increase the coolant concentration into the oil pan from 1% to 2%,
3%, 4% and 5% changed the correlation values at 7/2 region to 0.5204 n.u.?, 0.5216 n.u.%,
0.5209 n.u.%, 0.5193 n.u.” and 0.5172 n.u.’.
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Figure 7.2 Evaluation of auto-correlation function of coolant contaminated engine

lubricant with respect to coolant concentration

Auto spectral function is another statistical optics characteristics showing how
OOl is transformed into DOI due to introduction of the contaminants. Figure 7.3 shows
auto spectral function plots of fresh and 1%-5% coolant contaminated lubricant. From
visual observation, auto spectral function plot has a sharp peak at frequency of 0.00651
(1/um), but smooth and continuous. As the concentration of the coolant in the oil pan
changes, the amplitude and width of spectrum density graph at half maximum height

(Wysr) changes too.

As 1% coolant was introduced into the lubricant, the Wigr decreased from
0.003438 (1/pgm) to 0.003424 (1/um). From 1% to 5% Wjsr showed almost a uniform
decrease to 0.003417 (1/hm). Overall, Wysr showed a decrease of 0.000021 (1/um) for

addition of 5% coolant into the oil pan.
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Figure 7.3 Evaluation of spectrum density function of coolant contaminated engine

lubricant

The OTF is a statistical cross-characteristics used to monitor transformation of
OOI into the DOI caused by introduction of contaminants into the oil pan. The OTFs

were calculated for different contaminant concentrations with respect to a fresh lubricant

and S,,,(w) and S, (w) and using standard mathematical functions from MATLAB

software. An OTF value of 1 represents a benchmark level for comparison with the OTF
of contaminated lubricant. Therefore, any value of the OTF below 1 is due to the

degradation of lubricant optical properties leading to a distortion of the object image.
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Figure 7.4 Evaluation of optical transfer function of coolant contaminated engine

lubricant

Figure 7.4 shows optical transfer functions of the color scale graph of coolant
contaminated lubricant with respect to fresh lubricant. From the graph, it is noted that

introduction of 1% of coolant into the oil pan and increasing its concentration up to 5%
did not affect the optical linkage between [,,,(#) and I, (u) significantly. With

respect to effective width of optical transfer function, introduction of 1% of coolant into

the oil pan caused a reduction in the AH ;, values from 0.0247 to 0.02466. The reduction

was also observed for 1% to 2% of coolant, however, as coolant concentration reached to

3%, the AH,, values showed a slight increase from 0.02455 to 0.02457. As the coolant
concentration was increased to 4% and 5% in the oil pan, the AH o values decreased to

0.02457 and 0.02456. Overall, introduction of coolant into the oil pan decreased the
AH ,; values by 0.00013.

Figure 7.5 shows the graphical representation of the changes of effective width of

transfer function (AH ;) and auto correlation function values at 7/2 region with respect
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to coolant concentration. Combination of two statistically obtained one-dimensional (1D)

information parameters, such as C(T/2) and AH  , into one 2D informational parameter

eff
{C(T/Z),AHeﬂ} allows evaluation and monitoring of lubricant contamination as a

function of two statistical variables in corresponding 2D information plane.

Introduction of coolant into the lubricant and increasing its concentration up to

5% lowered the AH,, values from 0.0247 to 0.02456. With respect to C(T/ 2) values,

addition of 1% of coolant into the oil pan and increasing its concentration up to 5%

decreased the C(T'/2) values from -0.5226 n.u? to -0.5172 n.u.?. Increase in the coolant
concentration in the oil pan induced a slight down ward trend in the {C(T/ 2),AHeﬂ}

informational space, indication of a weak correlation between these parameters.
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Figure 7.5 Evolution of coolant contaminant in {C(T/ 2),AH eﬂ} information space

Figure 7.6 illustrates the effect of coolant on the W47 and AH values. Addition

of coolant into engine lubricant had a reduction effect on the Wygp. Introduction of 1% of
coolant into the oil pan and increasing its concentration up to 5% lowered the Wygr

values. Coolant showed a similar effect on the AH ; values as well. ~ The change in

values of these two parameters with respect to the increase in coolant concentration is
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presented in the 2-D space {WASF,AHeﬁ} plot. As coolant concentration increased, the
Wasr and AH values shifted in a same direction indication of correlation between these

two parameters.
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Figure 7.6 Evolution of coolant contaminant in {WASF,AH eﬂ} information space

Figure 7.7 presents the 2-D plane of {WASF,C T/ 2)} with respect to increase in
the coolant concentration. In general, introduction of coolant into the oil pan had a
reduction effect on the C(T/ 2) and Wysr values. From visual observation, introduction
of coolant into the oil pan and increasing its concentration from 1% to 5% caused a slight
down ward trend in the {WASF,C T/ 2)} space. This downward trend is the indication of

weak correlation between these two values.
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Figure 7.7 Evolution of coolant contaminant in {WASF ,C(T/ 2)} information space

7.4.2 Statistical optical analysis of gasoline contaminated engine
lubricant

The effect of introducing gasoline into the engine lubricating oil pan and increasing is
concentration on the color scale graph is illustrated in Figure 7.8. Introduction of 1%
gasoline into the engine lubricating oil pan caused a decrease in P-to-V values of the
graph from 0.5249 to 0.5238 (a reduction of 0.0011). As the gasoline concentration was
increased in the oil pan to 2%, 3%, 4% and 5%, the color cross section graph P-to-V
values decreased at a non-linear rate to 0.5198, 0.511, 0.4883, and 0.4427. It is noted that
the reduction in P-to-V values was not uniform, however, overall addition of 1%-5% of
gasoline into the engine oil pan lowered the P-to-V values of color cross section graph by

0.0822 (a 15.7% reduction).
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Figure 7.8 Evolution of color-cross-sections (OOI and DOI) wrt gasoline

concentration

The OOI and DOI color cross-sections of fresh lubricant image and contaminated
lubricant were further used as the experimental data performing ACFs, ASFs and OTFs
using standard mathematical function from MATLAB software (see Appendix B).
Gasoline auto correlation function graph showed addition of 1% gasoline into the
lubricant increased the correlation value at 7/2 region from -0.5128 n.u.” to -0.5168 n.u.”.

Increasing the gasoline concentration from 1% to 5% increased the C(T/2) value from -

0.5218 n.u.? to -0.5292 n.u.z, however, the increase rate was not uniform for all the
concentrations of coolant. Overall addition of gasoline to the engine lubricant increased

the C(T/2) values by 3.1%.

196



1 ------------ | S ——— | E———
. ! : ! —— G-0%
: 5 — G%
- T : —— G2%
8 05 B 3 7‘{ """" CT — G-3%
s | Lo ' i -
5 -_ Eol YA RN G-4%
I e e T R S R Ny
= A R y -
g E o / E -_P,/I T T : T
-] S SR = S ERRTTICEREES FREREP ST
o ‘ ' gy S S N
- <6 Sy
™ ‘ :
1 ____________ E_ ___________ M e ee oo -_\=--\_JI. JI ] --_
0 200 400 600 800
lag, um

Figure 7.9 Evolution of auto-correlation function wrt gasoline concentration

Evaluation of auto spectral function with respect to concentration of gasoline in
the engine lubricating oil pan is illustrated in Figure 7.10. Introduction of 1% of gasoline

into the oil pan immediately shifted the auto spectral function plot down ward. As
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Figure 7.10 Evolution of spectrum density function wrt gasoline concentration

concentration was increased up to 5%, the auto spectral function graph was
differentiating further down. Introduction of the gasoline into the lubricant and
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increasing its concentration up 5% produced a reduction effect in the Wygr values as well.
At 1% of gasoline, the width of auto spectral function graph reduced from .00360 (1/um)
to 0.003347 (1/hm), a reduction of 7%. From 1% to 3% of gasoline, Wysr values did not
show any major reduction, however, at 4% the Wysr reduced to 0.003331 (1/pm). As
gasoline concentration reaches 5%, the Wygsr value reduced further to 0.003285 (1/pm).
Overall, introduction of gasoline into the engine lubricating oil pan and increasing its

concentration up to 5% reduced the Wygr by 0.000315(1/um) ( 8.75% reduction).

Figure 7.11 shows the evolution of optical transfer function with respect to
gasoline concentration. A visual observation from the graph indicates addition of
gasoline into the engine lubricating oil pan negatively affect the optical linkage between

Ipoi(u) and Ipoi(u). With respect to effective width of optical transfer function AH,,,
introduction of 1% of gasoline into the lubricant reduced the AH, , to 0.02351. As the
gasoline concentration was increased to 2%, AH oF reduced further down to 0.02322.
From 2% to 3% AH oF showed a slight increase to 0.02348, and then reduced to 0.02314

at 4% of gasoline. Overall, addition of gasoline into the oil pan from 1% to 5% reduced

the AH,, by 0.0003 (a 1.2% reduction).
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Figure 7.11 Evolution optical transfer function wrt gasoline concentration
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Figure 7.12 is the graphical presentation of the changes of effective width of

transfer function (AH, ) and auto correlation function values at 7/2 region for with

respect gasoline concentrations. In general, introduction of gasoline into the lubricant

reduced the AH,, values from 0.02444 to 0.02333. C (T/ 2) values showed an increase

in their values from -0.5128 n.u.”> to 0.5292 n.u.” as gasoline concentration was increased.
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Figure 7.12 Evolution of gasoline contaminant in {C(T/ 2),AH eﬁ} information space

From visual observation, increasing the gasoline concentration in the engine

lubricating oil pan induced a down ward trend in the {C(T/ 2),AH eﬁ} informational space,

indication of a strong correlation between these parameters.
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Figure 7.13 Evolution of gasoline contaminant in {WASF,AH qff} information space

Figure 7.4 shows the effect of gasoline on the Wysr and AH oF values. Addition of

gasoline into engine lubricant had a decreasing effect on the Wygp. Introduction of the
gasoline into the lubricant and increasing its concentration up to 5% produced a reduction
effect in the Wygp values from 0.003359 (1/um) to 0.003286 (1/pm). With respect to
AH addition of 1% -5% of gasoline into the lubricant reduced the AH oF from 0.02422

to 0.02331. The changes of these two parameters with respect to the increase in gasoline

concentration are presented in {WASF,AH eﬁ} informational plane. Increase in the gasoline

concentration pushed both parameters in same direction indicating of statistical

correlation between these parameters.

Evolution of gasoline contaminant in {WASF,AHW} information space is shown in

Figure 7.14. Addition of the gasoline into the lubricant and increasing its concentration

up to 5% produced a reduction effect in the Wygr values from 0.003359 (1/pm) at 0% to
0.003286 (1/um) at 5% of gasoline. Meanwhile C(T/2) values showed an increase in

their values from -0.5128 n.u.% t0 0.5292 n.u.2.
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Figure 7.14 Evolution of gasoline contaminant in {WA s> AH }information space

Monitoring the lubricant condition using two statistical parameters suggests a
correlation between these two parameters. This correlation is stronger as the gasoline

concentration increased to 3%, 4% and 5%.

7.4.3  Statistical optical analysis of water contaminated engine
lubricant

The effect of introducing water into the engine lubricating oil pan and increasing its
concentration on the color scale graph is illustrated in Figure 7.15. Introduction of 1%
water into the engine lubricating oil pan caused a decrease in P-to-V values of the graph
from 0.4539 to 0.4483 (a reduction of 0.0056). As the water concentration was increased
in the oil pan to 2%, 3%, 4% and 5%, the color cross section graph P-to-V values
decreased to 0.4319, 0.4266, 0.4257, and 0.4125. It is noted that the reduction in P-to-V
values was not uniform, however, overall addition of 1%-5% of water into the engine oil

pan lowered the P-to-V values of color cross section graph by 0.0414 (a 9.1% reduction).
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Figure 7.15 Evolution of color-cross-sections (OOI and DOI) with respect to water

concentration

The OOI and DOI color cross-sections were used to calculate ACFs, ASFs, and

OTFs using standard mathematical function from MATLAB software (see Appendix B).

Figure 7.16 shows the evolution of normalized ACFs with respect to a water

concentration of 0% to 5%. Introduction of 1% of water into lubricant increased the
C(T/2) values from -0.5225 n.u.” to -0.5233 n.u. (an increase of 0.0008 n.u.”). While

the water concentration was increased to 1% and 5%, the correlation values increased
from -0.5233 n.u.” to -0.5263 n.u.>. The rate of increase was uniform at an average of

0.0008 n.u.? per increment. In total, addition of 5% water into the engine lubricant

increased the C (T/ 2) values by 0.0038 n.u.”.
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Figure 7.16 Auto-correlation function graph of water contaminated engine

lubricant

Evaluation of auto spectral function with respect to concentration of water in the
engine lubricating oil pan is illustrated in Figure 7.17. Introduction of 1% of water into

the oil pan immediately shifted the auto spectral function graph down ward. As water
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Figure 7.17 Evolution of water contamination on spectrum density function
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concentration was increased up to 5%, auto spectral function graph of DOI was
differentiating further down as to compare to ASFpo;. Introduction of the water into the
lubricant and increasing its concentration up 5% produced a reduction effect in the Wygp
values as well. At 1% of water, the width of auto spectral function graph reduced from
0.003486 (1/um) to 0.003477 (1/um). From 1% to 3% of water concentration, Wygr
values decreased further to 0.003469 (1/um), 0.003465 (1/um), 0.003454 (1/um), and
0.003434 (1/pm).  Overall, introduction of water into the engine lubricating oil pan and
increasing its concentration up to 5% reduced the Wysr by 0.000052 (1/um). Figure 7.18
shows the evolution of optical transfer function with respect to water concentration. The
visual observation from the graph indicated that addition of the water into the engine
lubricating oil pan did not affect the optical linkage between Ipofu) and Ipoi(u)

substantially. ~ With respect to effective width of optical transfer functionAH .,

introduction of 1% of water into the lubricant reduced the AH oF value to 0.02482. As the
water concentration was increased to 2%, AHeﬁr reduced further down to 0.02485. From
2% to 3% AH ; showed decreased furthermore to 0.02480. At 4% of water concentration

the AHﬁincreased to 0.02460 and then reduced to 0.02450 at 5% of water concentration.

Overall, addition of water into the oil pan from 1% to 5% reduced the AH

o by 0.00034 (a

1.4% reduction).
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Figure 7.18 Evolution of water concentration on optical transfer function

Figure 7.19 is the graphical presentation of the changes of effective width of

transfer function (AH ;) and auto correlation function values at 7/2 region with respect
to water concentration. Addition of water into the oil pan from 1% to 5% reduced the
AH . by 0.00034, while C(T/ 2) values increased from -0.5226 n.u.? to -0.5264 n.u.>.
Visual inspection of the {C(T/ 2),AH ;} informational space indicates from 0 to 2% of

water contamination, correlation between these two parameters is week, however, as
contaminant concentration increases to 3%, 4%, and 5% a stronger correlation between

these parameters is observed.
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Figure 7.19 Evolution of water contamination in {C(7T/2),AH .7 } information space

Effect of increasing water concentration in the {AH . ,W,..} space is shown in

eff
Figure 7.20. Introduction of water into the lubricant and increasing its concentration
reduced the Wygr from 0.003486 (1/um) to 0.003434 (1/pm). Water had a similar effect

on the AH, values. A visual observation from the {AH, W, } space indicates

eff *

introduction of water into the pan and increasing its concentration led both parameters in
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Figure 7.20 Evolution of water concentration on the {AH W, .} in information

space

the same direction indicating of a strong correlation between these two parameters.
Figure 7.21 illustrates the relationship between C (T/ 2)and Wygr values in a 2
dimensional space with respect to water concentration. Introduction of water into
lubricating oil and increasing its concentration to 5% increased the C(T/2) values from -

0.5225 (n.u.z) to -0.5263 (n.u.z). With respect to Wjsp, increasing contaminate
concentration decreased the Wysr (1/dm) from 0.003486 to 0.003434 (1/um). The 2-D
information space of these two parameters indicates a strong correlation statistical

dependency between these parameters.
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Figure 7.21 Evolution of water contaminant in {C(7'/2),W,,.} information space

7.5 Object shape based optical analysis for on-line
monitoring contaminated engine lubricant

Object shape based analysis methodology is based on the comparison of a set of pre-
defined parameters of a priori known object images imbedded in an inhomogeneous
medium. The embedded context or the medium which surrounds the shape is considered
to be random and responsible for the evolution of the shape. In this condition, the
changes in the medium directly influence the object’s geometrical properties and study
the pattern of change in the shape and comparing to the geometrical properties of the
deterministic object enables to monitor and identify the variation in the medium. To
differentiate between the original object image (OOI) and distorted object image (DOI),
object/lubricant color parameters and shape width related parameters at object and
lubricant level were selected as the defining parameters. The described above steps
require initial image processing, such as, cross-sectioning, color normalization efc.

making optical images and data more suitable for further statistical-geometrical analysis.
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Performing quantitative and qualitative analysis on the shape parameters (color of
lubricant and object, object shape width at object and lubricant levels, object relative
color, and object width non-uniformity coefficient) of OOI and DOI provides accurate

and precise estimation of medium condition.

Object shape based optical analysis methodology, its sensing system and
experimental set-up, image analysis and experimental methodology was described in
details in chapter 5. In this chapter the object shape based optical analysis is applied to
detect and quantify the presence of coolant, gasoline and water in the engine lubrication

oil pan.

7.5.1  Object shape based optical analysis of coolant contaminated
engine lubricant

The effect of introducing coolant into the engine lubricant and increasing is concentration
on the color scale graph is illustrated in Figure 7.22. Introduction of 1% coolant into the
engine lubricating oil pan caused a slight decrease in the pick-to-valley (P-to-V) value of
the graph from 0.5124 to 0.5004 (2.3% reduction). As the coolant concentration was
increased in the pan to 2%, 3%, 4% and 5%, the color cross section graph P-to-V
decreased to 0.4966, 0.4956, 0.5069, and 0.4919. It is noted that the reduction in P-to-V
values was not uniform, however, overall addition of 1%-5% of coolant into the engine
oil pan lowered the P-to-V values of color cross section graph by 0.0205 (a 4%
reduction). This data shows significant dependence of amplitude characteristics (e.g. P-
to-V, mean values, variance, efc.) of the light intensity cross-sections to the coolant
concentration in the oil pan and therefore can be used as informational parameters for

condition monitoring of contaminated lubricants.
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Figure 7.22 Color cross sections (OOI and DOI) of coolant contaminated engine

lubricant

The OOI and DOI color cross sections were used to calculate relative lubricant-
object color index AC and non-uniformity coefficient of object width AW. Standard
mathematical functions from MATLAB software was used to perform calculate these

parameters (see Appendix C).

Figure 7.23 illustrates the change in the AC with respect to coolant concentration.
Introduction of 1% of coolant into the engine lubricant oil pan immediately reduced the
AC value from 73.13 to 72.69. As the coolant concentration increased to 2% and 3%, the
AC values lowered to 72.69, and 72.63. At 4% of coolant, the AC showed a slight
increase and then reduced to 72.40 at 5% of coolant. Overall, addition of coolant (1%-

5%) into the engine lubricating oil pan lowered the AC by 0.73.
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Figure 7.23 Evaluation of relative lubricant-object color index AC with respect to

coolant concentration

Non-uniformity coefficient of object width AW with respect to coolant

concentration exhibited a good correlation with coolant concentration (see Figure 7.24).
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Figure 7.24 Evaluation of relative lubricant-object color index AW with respect to

coolant concentration

Introduction of 1% of coolant into the engine lubricant oil did not affect the AW
immediately, however as coolant concentration was increased to 2%, 3%, 4%, and 5%,
the AW was reduced to 60.60, 60.57, 60.07, and 59.96 respectively. Overall, introduction
of coolant into the lubricant oil reduced the AW from 60.78 to 59.96 (a 0.82 reduction).

Figure 7.25 presents the {AC,AW}2-D informational space with respect to

coolant concentration. This graph illustrates the relationship between these two
parameters simultaneously as the contaminant concentration varies. In general, addition

of coolant into the engine oil pan had a reduction effect on the AC and AW values. A
visual examination from the {AC,AW} space indicates from 0% to 1% of coolant

concentration, there is a weak correlation between the AC and AW values.
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Figure 7.25 Evolution of coolant contamination in {AC, AW} information space

As coolant concentration increased from 1% to 2%, 3%, 4 %, and 5% AC and AW
exhibit a stronger correlation. Overall, introduction of coolant into the engine lubricant

oil pan and increasing its concentration up to 5% led AC and AW in the same direction.

7.5.2 Object shape based optical analysis of gasoline
contaminated engine lubricant

Figure 7.26 shows the color cross section of fresh and gasoline contaminated (0%-5%)
lubricant.  Introduction of 1% gasoline into the engine lubricating oil pan caused a
decrease in P-to-V values of the graph from 0.5249 to 0.5238 (a reduction of 0.0011). As
the gasoline concentration was increased in the oil pan to 2%, 3%, 4% and 5%, the color
cross section graph P-to-V values decreased at a non-linear rate to 0.5198, 0.511, 0.4883,
and 0.4427. It is noted that the reduction in P-to-V values was not uniform, however,
overall addition of 1%-5% of gasoline into the engine oil pan lowered the P-to-V values

of color cross section graph by 0.0822 (a 15.7% reduction).
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Figure 7.26 Color cross sections (OOI and DOI) of gasoline contaminated engine

lubricant

OOI and DOI of color cross-sections were used to calculate the relative lubricant-

object color index AC and non-uniformity coefficient of object width AW.

Figure 7.27 presents the change in the relative lubricant-object color index AC of
engine lubricant with respect to introduction of water into the engine lubricant oil pan and
increasing its concentration from 1% to 5%. Overall, addition of gasoline into the
lubricant lowered the relative lubricant-object color index AC from 74.66 to 67.20, a 10%
reduction. This reduction was not uniform as gasoline concentration was increased by
1% increment. Addition of 1% of gasoline lowered the AC value from 74.66 to 74.33.
As the concentration was increased to 2%, 3%, 4%, and 5%, the AC decreased to 73.53,
70.66, 70.22, and 67.70.
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Figure 7.27 Evaluation of relative lubricant-object color index AC with respect to

gasoline concentration

Figure 7.28 shows the non-uniformity coefficient of object width with respect to
contaminant concentration. Introduction of 1% of gasoline into the immediately lowered
the AW values from 63.53 to 63.38. As gasoline concentration was increased to 1%, the
AW showed a slight increase to 63.79. Increasing contaminants concentration to 3%, 4%
and 5% reduced the AW further to 63.27, 62.26, and 58.88. Overall, gasoline reduced the
AW values from 63.53 to 58.88, a 7.32% reduction.
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Figure 7.28 Evaluation of non-uniformity coefficient of object width AW wrt

gasoline concentration

Figure 7.29 represents the 2-D informational space of AC and AW. {AC,AW}
shows the relationship between these parameters with respect to variation in the
contaminant concentration. From visual observation from 0% to 3% of gasoline
concentration, AC and AW does not exhibit a very strong correlation. From 3% to 5% the
correlation between these parameters become stronger and both parameters move in a
same direction. Overall, AC and AW values exhibited a strong correlation as gasoline

concentration was increased.
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Figure 7.29 Evolution of gasoline concentration in {AC, AW } information space

7.5.3 Object shape based optical analysis of water contaminated
engine lubricant

Figure 7.30 shows the color cross section of fresh and water contaminated (0%-5%)
lubricant. Introduction of 1% water into the engine lubricating oil pan caused a decrease
in P-to-V values of the graph from 0.4539 to 0.4483 (a reduction of 0.0056). As the
water concentration was increased in the oil pan to 2%, 3%, 4% and 5%, the color cross
section graph P-to-V values decreased to 0.4319, 0.4266, 0.4257, and 0.4125. It is noted
that the reduction in P-to-V values was not uniform, however, overall addition of 1%-5%
of water into the engine oil pan lowered the P-to-V values of color cross section graph by

0.0414 (a 9.1% reduction).
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Figure 7.30. Evaluation of color cross section of fresh and water contaminated

engine lubricant

OOI and DOI of color cross-sections were further used to calculate the relative lubricant-
object color index AC and non-uniformity coefficient of object width AW using standard
mathematical functions from MATLAB software (see Appendix C). Figure 7.31 presents
the change in the relative lubricant-object color index AC of engine lubricant with respect
to introduction of water into the engine lubricant oil pan and increasing its concentration
from 1% to 5%. Overall, addition of water into the lubricant lowered the relative
lubricant-object color index AC from 70.66 to 69.80, a 1.2% reduction. Addition of 1%
of gasoline lowered the AC value from 70.35 to 70.14. As the concentration was

increased to 2%, 3%, 4%, and 5%, the AC decreased to 70.21, 69.89 and 69.80.
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Figure 7.31. Evaluation of relative lubricant-object color index AC with respect to

water concentration

Figure 7.32 shows the non-uniformity coefficient of object width with respect to
contaminant concentration. Introduction of 1% of water immediately lowered the AW
from 62.16 to 61.99. As water concentration was increased to 2% the AW decreased to
60.95. Increasing contaminants concentration to 3%, 4% and 5% changed the AW values

to 61.50, 60.23, and 59.42. Overall, water reduced the AW values from 62.16 to 59.42, a

4.4% reduction.
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Figure 7.32 Evaluation of non-uniformity coefficient of object width AW wrt water

concentration

Figure 7.33 represents the relationship between AC and AW in a 2-D information

space. This graph presents the simultaneous changes of these two parameters with
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Figure 7.33 Evolution of water concentration in {AC, AW } information space
220



respect to change in water concentration. A visual examination of the graph indicates
that as the concentration was increased, AC and AW values changed in the same direction

indicating of a strong correlation between these two parameters.

7.6 Discussion

Engine lubricant is formed from base oil and chemical additives. Depends on the
application, lubricants are formulated differently; however the main characteristics of
lubricants come from the base oil. Base oil mainly is consisted of hydrocarbons chains.
The base oils can be mineral or synthetic. A variety of chemicals are added to the base
oil to modify lubricant performance. These chemical are called additives and the most
common are anti-oxidation inhibitors, rust inhibitors, dispersant and detergent, anti-wear

and extreme pressure additives, viscosity index improvers and etc.

High temperature generated by combustion process and excessive force from the
engine moving parts create a very harsh environment for the engine lubricant to work in.
The degradation process starts with the breakdown of hydrocarbon compounds into
smaller chain and form free radical. The additives also break down and loss their
properties, while contaminants accumulate in the lubricant. In general, engine lubricant
degradation is the combination of base oil oxidation, additives depletion and addition of

contaminants to the lubricant.

In all lubricating systems, organic compounds exposed to high temperatures and
pressures in the presence of oxygen will partially oxidize. There are a wide variety of by-
products produced during the combustion process. In addition to oxidation products,
nitration products are also formed. Presence of oxidation product, NOy and sulphation
SOy causes lubricant to thicken and form build-up such as varnish or lacquer in the
engine. Anytime a too rich fuel/air mixture is burned, soot particulates are formed.
Introduction of the contaminants to the engine lubricant increases the lubricant

degradation rate.
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When engine runs, the normal aging process of engine lubricant is continuously
taking place. During this process properties of lubricant changes and lubricant become

denser in viscosity and darker in color.

In the experiment conducted in this chapter, as engine runs, there are two different
phenomena taking place inside the engine lubricant. The first phenomenon is the normal
aging or degradation of the lubricant described above. The second phenomenon is the
introduction of contaminants into the oil pan. In chapter 5 and 6, it was observed both of
these occurrences deter the optical properties of the lubricant at a different rate in-vitro.
However, in-vivo when both of these events take place simultaneously, knowing the
contamination rate happens at a much higher rate compare to aging process, the outcome,
the degradation rate at which the lubricant deteriorates, may differ. This is due to the
choice of contaminants which may increase or decrease the deterioration effect. For
instance addition of coolant into the lubricating oil pan did not show a strong deterring
effect on the statistical properties of the lubricant, while in chapter 5 and 6 coolant
demonstrated the most deterring effect on the lubricant optical properties. This is due to
the presence of the lubricant filter which is highly absorbent to coolant. In fact, coolant is
known to clog the filter prematurely and causes filter failure. Contrary to the coolant,
introduction of gasoline had the most deterring effect on the optical and statistical optical
property of the engine lubricant. It is known that the combustion by-product such as
nitration NOx, sulphation SOy and soot can form residue and sludge inside of engine
crankcase lubricant passages. These by-products can be easily dissolved by gasoline and
prematurely deteriorate the optical properties of the lubricant. In addition, gasoline
molecules can get oxidized more easily than oil molecules promoting oxidation of oil

molecules and premature degradation of lubricant.

Addition of water into the oil pan showed a deterring effect on the statistical
optical property of the engine lubricant. As engine RPM increases, water molecules
become suspended in the lubricant very easily and form lubricant-water emulsion.
Emulsified water produces hazy, cloudy or milky appearance easily deterring the optical

properties of lubricant.
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Overall, gasoline contamination showed the highest deterring effect on the engine
lubricant optical properties. Following gasoline, water performed to be s the second most
effective contaminant in this experiment. Coolant effect on the engine lubricant

statistical optical and shape properties was the least deterring.

7.7 Summary and conclusion

In this chapter the statistical optics and object shape based optical analysis methodologies
are utilized to sense and monitor the presence of three major contaminants, coolant,
gasoline and water in the lubricating oil of a 2005 Ford Taurus engine on-line. This
experiment mimicked several realistic circumstances which structural defect of engine
parts or mismanagement of combustion process or other interrelated causes would lead to
the presence of contaminants in the engine lubricant. These experiments demonstrated
the two proposed sensing methodologies can measure the presence of coolant, gasoline,
and water and consequently provide insight in the state of engine health, combustion

management system or other interrelated issues.

Statistical analysis was applied at the combined object-lubricant images.
Specifically, statistical auto-characteristics, such as auto-correlation function and auto
spectral function and statistical cross-characteristics and their informational parameters
were applied to characterize optical changes in contaminated/deteriorated lubricants. The
utilized methodology in the proposed sensing system was verified experimentally
showing ability to distinguish lubricant with 1% to 5% coolant, gasoline, and water

contamination.

In the object shape based optical analysis several parameters of the acquired
optical images, such as, color of lubricant and object, object shape width at object and
lubricant levels, object relative color, and object width non-uniformity coefficient were
measured. Estimation of contaminant presence and lubricant condition was performed by
comparison of parameters for fresh and contaminated lubricants. The object shape based
optical sensing methodology was verified experimentally showing ability to distinguish

lubricant with 1% to 5% coolant, gasoline and water contamination.
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From the results obtained, the following main conclusions can be drawn:

1. Visual analysis of the OOI (with 0% contaminant concentration) and DOI cross
sections showed that addition of 1%-5% of coolant into the engine oil pan
lowered the P-to-V values of color cross section graph by 0.0205 (a 4%
reduction). Addition of 1%-5% of gasoline lowered the P-to-V values of color
cross section graph by 0.0822 (a 15.7% reduction). Introduction of 1%-5% of
water reduced the P-to-V values of color cross section graph by 0.0414 (a 9.1%
reduction). This data shows significant dependence of amplitude characteristics
(e.g. P-to-V, mean values, variance, efc.) of the light intensity cross-sections to
the contaminants concentrations in the oil pan and therefore can be used as

informational parameters for condition monitoring of contaminated lubricants.

2. Addition of 0%-5% of coolant into the lubrication oil pan decreased the auto-

2

correlation function values at 7/2 region by -0.0053 n.u.”. In case of water, and

gasoline, the auto-correlation function values at 7/2 region was increased by -
0.01643 n.u.%, and -0.00382 n.u.’ respectively. These results indicate the C(T/2)

values are more sensitive to addition of gasoline and water as to compare to

coolant.

3. Analysis of auto spectral function indicted addition of 0%-5% of coolant, gasoline

and water decreased Wsr by 0.00002 pym™, 0.000074 pm™" and 0.000052 um™.

4. In analysis of statistical cross-characteristics, addition of 0%-5% of coolant,

gasoline and water decreased the effective width of transfer function AH,, by

0.0001321, 0.00091 and 0.000335 respectively.

5. Plotting statistical —auto-characteristics parameter 1i.e.C (T/ 2)and cross-
characteristics parameters such as effective width of transfer function AH , at

different contamination concentration provided an accurate monitoring tool for

condition of lubricant. {C(T/2),AH .1 informational space of coolant did not
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10.

show a strong correlation between these two parameters. {C(T/2),AHeﬁ} of

gasoline and water illustrated a strong correlation between these parameters.

{AH,. W, ,.} information space was also used to monitor the condition of

eff ?
lubricant with respect to addition of coolant, gasoline and water. In general,

addition of all contaminants into the oil pan had a reduction effect onAH,; and

W, values. The {AH, . W, }informational space of coolant, gasoline and

eff ?
water showed a close correlation between these parameters, however judging by
the slop of the plotted values, the gasoline and water provide a stronger

correlation between these parameters.

{C(T/2),W,s} informational space was used as another indicator for

monitoring the lubricant condition. In case of coolant {C(T'/2),W .} indicated

a week relationship between these two parameters, however addition of gasoline
and water into the oil pan produced a stronger correlation between these

parameters.

Evaluation of the relative lubricant-object color index AC indicated that increase

in the concentration of coolant, gasoline and water, 1%-5%, reduced the AC value

by 0.73, 6.96, and 0.86 respectively.

Non-uniformity coefficient of object width AW exhibited a good correlation with
introduction of contaminants into the engine lubricant. Addition of coolant,
gasoline and water up to 5% into the engine lubricant lowered the AW value by

0.81, 4.64, and 2.74 respectively.

Plotting the relative lubricant-object color indexAC and non-uniformity
coefficient of object width AW at different contamination concentration in a 2-D
informational space provided an accurate monitoring tool for condition of
lubricant. Addition of coolant at 1% and increasing to 5% shifted both parameters

in the same direction however, the rate at which AW values changed was different
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12.

from AC values. {AC,AW} informational space of gasoline indicated a strong
correlation between these parameters as the gasoline concentration was increased.
Similar trend was observed in {AC,AW}informational space of water.

Introduction of water into the lubricant shifted both parameters in the same

direction indicating of a good correlation between the parameters.

Obtained results from on-line on board experiment confirm applicability of
systems approach to monitor the engine health and performance through the
analysis of engine lubricant. Implementation of systems approach to monitor the
health of engine through optical analysis of engine lubricant is a new approach in
the automotive field to manage engine performance and health. Systems
approach realizes the interrelationship between engine health and lubricant
condition and by monitoring the properties of the lubricant evaluates the engine
health. This new approach provides insight into the importance of engine
lubricate and lubricant system and how lubricant can be used as a source of

information for engine performance.

The success achieved in this study is mainly due to the proper design and
appropriate functionality of proposed sensing system. Implementation of opto-
microfluidic sensing system enabled the extraction of optical information from
engine lubricant to monitor the characteristics of the lubricating oil on-line and in
real time. Opto-microfluidics sensing system represents the use of advanced
optical elements to increase the functionality of microfluidic devices and also the
use of advanced microfluidic devices to increase the functionality of photonic
devices. Such integration represents a novel approach to dynamic manipulation

of optical systems with many applications in automotive fluid sensing field.
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Chapter 8

8 Conclusion

8.1 Summary of results

This thesis mainly investigated the applicability of systems approach for monitoring the
health and performance of an internal combustion engine through engine lubricant
system. This novel approach is based on the realization of a strong interrelationship

between engine performance and lubricant characteristics.

Based on the systems approach, the engine function or performance can be
considered as the whole and engine lubricant system and lubricating oil to be
decomposed into sub and sub sub-system level for quantitative and objective analysis to
extract information related to engine health and performance. The quantitative analysis
at the sub sub-system level will provide accurate information on the lubricant

characteristics which can be relayed to the state of engine health.

Due to the high accuracy and precision of optical measurement methods, this
research selects optical methods to study variation in the engine lubricant characteristics.
Since the variations in the lubricant characteristics are unpredictable, lubricant can be
modeled as a dynamic optical medium with random characteristics. The random
characteristics of medium imply the use of optical transfer function (OTF) analysis for
quantitative measurement of optical properties variant in the lubricant based on the

changes in input and output optical signals.

Surface plasmon resonance (SPR) measurement, Statistical optical sensing, and
object shape-based optical sensing are three optical methodologies used in this research.
In all these methodologies lubricant with random properties will affect and transform the
characteristics of optical input emitted into the random medium. What causes the
transformation of input to output signal is a distortion transformation factor imposed by

the lubricant.
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In the SPR measurement the effect of changes in the optical properties of engine
lubricants caused by the introduction of gasoline, coolant and water on the surface
plasmon resonance (SPR) characteristics was analyzed conveying new scientific findings
and analysis results which were not available before. It was shown experimentally that

attenuation of surface plasmons due to introduction of contaminants to the engine

lubricant leads to a noticeable increase in the resonance angle 6, and reflectivity

minimum R . values due to an increase in the dielectric permittivity &, .

Developed object shape-based optical sensing analysis methodology is a novel
approach for analysis of a synergetic effect of combined lubricant-object optical
appearance. This methodology is based on the optical analysis of the distortion effect
when an object images is obtained through a thin random optical medium. Several
parameters of acquired optical images, such as, color of lubricant and object, object shape
width at object and lubricant levels, object relative color, and object width non-
uniformity coefficient, are proposed. Measured on-line parameters are used for optical
analysis of fresh and contaminated lubricants. Estimation of contaminant presence and
lubricant condition is performed by comparison of parameters for fresh and contaminated

lubricants.

In statistical optics analysis statistical characteristics of a combined object-
lubricant image of a periodically structured object distorted by a thin film of random
media (e.g. contaminated engine lubricant) is investigated. Presence of contaminants and
their concentration is determined by two types of statistical characteristics. Statistical
auto-characteristics (e.g., auto-correlation function) are utilized to estimate a contaminant
concentration and its evolution through the comparison of characteristics for fresh and
contaminated lubricants. Statistical cross-characteristics (e.g., cross-correlation functions
and optical transfer function) are mainly used for the analysis of the distortion effect

directly correlated with the presence of contaminants and their concentration.
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The functionality of both methodologies was verified in-vitro and in-vivo
showing an ability to distinguish the lubricant with coolant, gasoline and water on-line.
Obtained results confirm applicability of systems approach to monitor the engine health

and performance through the analysis of engine lubricant.

8.2 Thesis contribution

The scientific contribution of this research is the implementation of systems approach, an
intellectual discipline method to attack complex problem, for engine health evaluation
through analysis of engine lubricant using optical property of engine lubricant. Systems
approach encompasses both the holistic and modular views. It grasps the essential
features of the whole system, analyzes it into parts with proper interfaces, and synthesizes
knowledge about the parts to understand the whole. This approach grasps the system and
its details in many levels, decomposes a subsystem into sub-subsystems to simplifying
the complexity of the problem and provides focus approach to different levels. Systems
approach realizes the interrelationship between engine health and lubricant condition and
by monitoring the properties of the lubricant evaluates the engine health. This approach
provides insight into the importance of engine lubricate and lubricant system and how

lubricant can be used as a source of information for engine performance.

The engineering contribution of this work is the implementation of opto-
microfluidic sensing system for extraction of optical information and monitoring the
characteristics of the engine lubricating oil on-line in real time. The opto-microfluidics
sensing system used in this research represents the use of advanced optical elements to
increase the functionality of microfluidic devices and conversely the use of advanced
microfluidic devices to increase the functionality of photonic devices. Such integration
represents a novel approach to dynamic manipulation of optical systems with many

applications in automotive fluid sensing arena.

The originality of the object shape-based optical sensing analysis and statistical
optics analysis methodologies comprises of obtaining and analysis of an optical image

that combines an object with known periodic shape and a thin film of the contaminated
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lubricant. Introduction of an object with a priori known periodical structure allowed

reduction of 2D into 1D optical analysis, suitable for on-line measurement application.

8.3 Suggestions for future work

As an extension to the present work on the monitoring of the engine performance and
health can be integration and reconfigurability of the optical components such as light
source, lenses and efc. into the microfluidic chip. Capability of 1D image analysis and
integration or packaging of the optical components and microfluidic system will make
this sensing system a strong candidate for on-line or in-line monitoring of engine

performance.

Moving forward, this methodology can be installed on a probe i.e. engine
lubricant dipstick to form an optical probe for on-line on board optical analysis of any
machinery equipment with lubrication system. This idea requires integration of CCD
camera and optical fibers (optical waveguide) for delivering light and image from the

lubricant and object to the CCD camera.
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Appendices

Appendix A: RGB gray scale MATLAB programming

clc;

clear all;

I = imread('5G-9.bmp");

J = rgb2gray(I);

figure, imshow(I), figure, imshow(J);
imtool (J)

x=[1 640];
y1=[110 110];
y2=[265 265];
y3=[420 4207];

improfile(J,x,y1l,640);

hold onj;

improfile(J,x,y2,640);

hold on;

improfile(J,x,y3,640);

hold onj;

[cx, cyl, czl]l=improfile(J,x,yl,640);
[cx, cy2, cz2]l=improfile(J,x,y2,640);
[cx, cy3, cz3]l=improfile(J,x,y3,640);

A=[ czl cz2 cz3];
B=[(czl+cz2+cz3)/3]1;
C
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Appendix B: Statistical optics analysis MATLAB programming

function coolant2()

o\

% comparative analysis of optical data from fresh and contaminated
automotive oils

°

$reading of data file

file_name = 'C 0-10.dat';
fid = fopen(file_name, 'r' );
dX = 1.5; % pixel resolution, um

[

% spectral parameters

SpF_um = 1/dX; % sampling frequency, 1/um

SpF_um_Nyquist SpF_um/2; % Nyquist frequency, 1/um
SpF_mm_Nyquist 1000*SpF_um_Nyquist; % Nyquist frequency, 1/mm
clc

disp( ' ")

disp( file_name );

% number of colums

N_colums = fscanf( fid, '%i', 1 );
% number of rows
N_rows = fscanf( fid, '$f', 1 );
% data
for 1 = 1:N_rows
z(i,:) = fscanf( fid, '$f\t', [1,N_colums] );
end
fclose( fid );
21 = z(:,1);
22 = z(:,2);
23 = z(:,3);
24 = z(:,4);
25 = 2z(:,5);
726 = z(:,6);
77 z(:,7);
28 = z(:,8);
29 = 2z2(:,9);
210 = z(:,10);
211l = z(:,11);
clear =z

clf reset
figure( 1 )
plot ( dX*(1:N_rows), [Z21 Z2 Z3 724 Z5 Z6 Z7 728 Z9 Z1l0 z1ll] );

title( 'Cross-sections of optical images - fresh engine lubricant &
coolantl%-10%" );

xlabel ( 'position, um' );

ylabel ( 'normalized color (dimensionless)' );

grid on

axis( [0 dX*640 0 1] ); axis on
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legend('C-0%','C-1%','C-2
8%1, 'C—9%', 'C—lo%')

% remove linear trend (mean value)
Al = detrend( Z1 );

A2 = detrend( Z2 );
A3 = detrend( Z3 );
A4 = detrend( Z4 );

( )
( )
( )
A5 = detrend( Z5 );
( )
( )
( )

A6 = detrend( Z6 );
A7 = detrend( Z7 );
A8 = detrend( Z8 );

A9 = detrend( Z9 );

Al0 = detrend( Z10 );

All = detrend( z211 );

% Cfresh autocorrelation function
CAl = xcorr( Al, 'biased' );
BAl = CA1( 640:1279);

RA1 = BA1/BA1(1:1);

clear CAl

CA2 = xcorr( A2, 'biased' );
BA2 = CA2( 640:1279);

RA2 = BA2/BA2(1:1); ;

clear CA2

CA3 = xcorr( A3, 'biased' );
BA3 = CA3( 640:1279);

RA3 = BA3/BA3(1:1);

clear CA3

CA4 = xcorr( A4, 'biased' );
BA4 = CA4( 640:1279);

RA4 = BA4/BRA4(1:1);

clear CA4

CA5 = xcorr( A5, 'biased' );
BA5 = CA5( 640:1279);

RA5 = BA5S/BA5(1:1);

clear CAS

CA6 = xcorr( A6, 'biased' );
BA6 = CA6( 640:1279);

RA6 = BA6/BA6(1:1);

clear CAG6

CA7 = xcorr( A7, 'biased' );
BA7 = CA7( 640:1279);

RA7 = BAT7/BAT7(1:1);

clear CA7

CA8 = xcorr( A8, 'biased' );
BA8 = CA8( 640:1279);

RA8 = BA8/BA8(1:1);

clear CAS8

CA9 = xcorr( A9, 'biased' );
BA9 = CA9( 640:1279);

RA9 = BA9/BA9(1:1);

clear CA9

CA10 xcorr ( Al10, 'biased' );
BA10 = CA10( 640:1279);

RA10 = BA10/BA10(1:1);

clear CA10

CAll = xcorr( All, 'biased' );
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BAll = CAl11( 640:1279);

RA11 = BA11/BA11(1:1);

clear CA1l1l

NFFT = 27 ( nextpow2( N_rows ) ); % length of FFT data
% FRESH auto-spectrum density

$Pxx = abs(fft(x,nfft)).”2/length(x)/Fs;

[PALl, w] = cpsd( 21, z1, []1, [], NFFT, SpF_um );
[PA2, W] = cpsd( 22, 722, [1, [1, NFFT, SpF_um );
[PA3, w] = cpsd( 23, z3, [1, [], NFFT, SpF_um );
[PA4, w] = cpsd( z4, z4, []1, [], NFFT, SpF_um );
[PA5, w] = cpsd( 25, 2Z5, []1, [], NFFT, SpF_um );
[PAG, W] = cpsd( z6, Z6, [], [], NFFT, SpF_um );
[PAT7, w] = cpsd( z7, 27, [1, [], NFFT, SpF_um );
[PA8, w] = cpsd( 28, z8, [1, [], NFFT, SpF_um );
[PA9, w] = cpsd( 29, 29, []1, [], NFFT, SpF_um );
[PA1O, w] = cpsd( 210, 2z10, [1, [], NFFT, SpF_um );
[PA1l, w] = cpsd( z11, 2z11, [1, [], NFFT, SpF_um );
% cross—-spectrum density

[Pxyl, w] = cpsd(21,z22,[1,[]1, NFFT, SpF_um);
[Pxy2, w] = cpsd(z1,23,[]1,[], NFFT, SpF_um);
[Pxy3, w] = cpsd(z1,24,[]1,[], NFFT, SpF_um);
[Pxy4d, w] = cpsd(z1,25,[]1,[], NFFT, SpF_um);
[Pxy5, w] = cpsd(21,726,[1,[], NFFT, SpF_um);
[Pxy6, W] = cpsd(zl,27,[]1,[], NFFT, SpF_um);
[Pxy7, w] = cpsd(z1,28,[]1,[], NFFT, SpF_um);
[Pxy8, w] = cpsd(z1,29,[]1,[], NFFT, SpF_um);
[Pxy9, w] = cpsd(z1,210,[],[], NFFT, SpF_um)
[Pxy10,w] = cpsd(z1,211,[1,[], NEFFT, SpF_um);

% transfer function

Wl = Pxyl ./ PAl;

W2 = Pxy2 ./ PAl;

W3 = Pxy3 ./ PAl;

W4 = Pxy4 ./ PAl;

W5 = Pxy5 ./ PAl;

W6 = Pxy6 ./ PAl;

W7 = Pxy7 ./ PAl;

W8 = Pxy8 ./ PAl;

W9 = Pxy9 ./ PAl;

W10 = Pxyl0 ./ PAl;

Wlabs = abs( W1 );

W2abs = abs( W2 );

W3abs = abs( W3 );

Wiabs = abs( W4 );

W5abs = abs( W5 );

Wé6abs = abs( W6 );

W7abs = abs( W7 );

W8abs = abs( W8 );

W9abs = abs( W9 );

Wl0abs = abs( W10 );

figure( 2 )

% Rfresh and Rused autocorrelation function
subplot( 2,2,1 )

% plot( dX*(1l:N_rows), [RA1l RA6 RA11] );

plot ( dX*(1:N_rows), [RA1l RA2 RA3 RA4 RA5 RA6 RA7 RA8 RA9 RAL1O0 RAl1l]
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title( 'Normilized autocorrelation functions' );

xlabel( 'lag, um' );

ylabel ( 'amplitude (n.u.”2)' );

axis( [0 dX*640 2.0*min( RA1l ) 1.05*max( RA1l)] ); axis on
grid on

% legend('0%Coolant', '5%Coolant', '10%Coolant"')
legend('C-0%','C-1%"','C-2%"','C-3%"','C-4%"','C-5%"','C-6
8%','C-9%', 'C-10%")

% Pfresh and Pused auto-spectrum densities

subplot( 2,2,2 )

plot( w, [PAl PA2 PA3 PA4 PA5 PA6 PA7 PA8 PA9 PA10 PAll] );

title( 'Auto-spectrum densities' );

xlabel ( 'frequency, 1/um' );

ylabel ( 'amplitude,n.u.”2*um' );

axis( [0 0.02 -1 1.35*max( (PAll ))] ); axis on

grid on
legend('C-0%"','C-1%"','C-2%"','C-3%"','C-4%"','C-5%"','C-6%"','C-7%",'C-
8%','C-9%','C-10%")

$module of transfer function

subplot( 2,2,3 )

plot( w, [Wlabs W2abs W3abs W4abs Wabs Wé6abs W7abs W8abs W9abs WlOabs]
)i

title( 'Module of transfer function' );

xlabel ( 'frequency, 1/um' );

ylabel ( 'magnitude, dimensionless' );

axis( [0 0.025 0.0 0.95*max( W4abs)] ); axis on

grid on
legend('C0%-1%"', 'C0%-2%"','C0%-3%"','C0%-4%"', 'C0%-5%"', 'C0%-6%"', 'CO0%-
7%','C0%-8%",'C0%-9 !
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Appendix C: Object shape based optical analysis MATLAB programming

function analysis_TaurusShape ()

°

[)

% N is a column to analyze

% read data file
fid_dat = fopen( 'comboshape.dat', 'r' );

if( fid_dat == -1 )
S = sprintf( 'Can not find combo.dat file!' ) ;
disp( S );
end
sclc
disp(
L I I e b b b b b I I b I b b b b b db b b b b b b b b I b I b b b b b b b b b b b b I b b b b b b b b I b I b I b b b b b b b b b b b b b 4
B b b b b b I b db b b | );
disp( 'Reading "combo.dat" file!' );
disp( ' )

[)

% number of collums

N_col = fscanf( fid_dat, '$i', 1 );

% number of rows

_row = fscanf( fid_dat, '$i', 1 );

% sampling interval, um

dX = fscanf( fid_dat, '$f', 1 );

S = sprintf( ' Sampling interval, um: %4.2f', dX ); disp( S );

[

% Nyquist frequency

=4

SpF_um = 1/dX; % sampling frequency, 1/um
SpF_um_Nyquist = SpF_um/2; % Nyquist frequency, 1/um

S = sprintf( Nyquist frequency, 1/um: %4.2f', SpF_um_Nyquist

); disp( S );

disp( '=================—===————————————————————————=' ),
% data
H = zeros( N_row, N_col, 'double' );
for 1 = 1:N_row
H(i,:) = fscanf( fid_dat, '$f\t', [1,N_col] );
end

fclose( fid_dat );

% read only required collumn
I = H(:,108);
clear H

hold on

plot( (O:(N_row-1)), I, 'color', 'blue', 'Linewidth', 1 );
title( 'object cross-section' );

xlabel ( 'number' );
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ylabel ( 'intencity,
axis( [0 (N_row-1)
grid on
hold off

dimensionless'
0 1] ); axis on

)i

% cut off first data

switch 108
case 108
N_cut_off = 21;
otherwise
N_cut_off = 55;

end

I = I¢(

[)

(N_cut_off+1) :N_row
N_row — N_cut_off;

)i

% separate into 4 objects

)i

switch 108
case 108
dT = 150;
otherwise
dT = 0;
end
N1 = dT;
N2 = dT;
N3 = dT;
N4 = N_row — 3*dT;
I1 = I( 1:dT );
I2 = I( (dT+1):2*dT
I3 = I( (2*dT+1) :3*dT );
I4 = I( (3*dT+1):N_row

% calculate Al for

N_Al = 21;

Al _TI1 = mean( I1(1
Al_I2 = mean( I2(1
Al_I3 = mean( I3 (1
Al T4 = mean( I4(1

)i

each I1-1I4

—_— — — —
~e Ne N

~.

% calculate Bl _left for each I1-I4

N_Bl1 = 0.9;
Bl_I1_left = 0;
for i=2:N1
if (I1(i-1) >=
Bl _TI1_left
break;
end
end
Bl _I2_left = 0;
for i1i=2:N2
if (I2(i-1) >=
Bl_I2_left
break;
end

N_B1*Al_T1) && (I1(1)
= dX*(i-1);
N_B1*Al_TI2) && (I2(1)
= dX*(i-1);
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end
Bl1_I3_left= 0;
for i1i=2:N3
if (I3(i-1) >= N_B1*Al_1I3)
Bl_I3_left= dX*(i-1);

break;
end
end
Bl _TI4_left = 0;
for i=2:N4

if (I4(i-1) >= N_B1*Al_TI4)
Bl_T4_left = dX*(i-1);
break;
end
end

[)

% calculate Bl_right for each
Bl_Il_right = 0;
for 1=(dT/2) :N1
if (I1(i-1) < N_B1*Al_1I1)
Bl _TI1 _right = dX*i;
break;
end
end
Bl _I2_right = 0;
for i=(dT/2) :N2
if (I2(i-1) < N_B1*Al_12)
Bl_TI2_right = dX*i;
break;
end
end
B1_I3_right = 0;
for 1=(dT/2) :N3
if (I3(i-1) < N_B1*Al_1I3)
Bl1_I3_right = dX*i;
break;
end
end
B1_TI4_right = 0;
for i=(dT/2) :N4
if (I4(i-1) < N_B1*Al_14)
Bl _T4 right = dX*i;
break;
end
end

% calculate Bl for eact I1-I4

&& (I3(1
&& (I4(1
I1-I4

&& (I1 (1)
&& (I2(1)
&& (I3(1)
&& (I4(1)

Bl1_I1 = B1_Il_right - B1_Il_ left;

B1_I2

Bl _I2_ right - B1_I2_left;

B1_I3 = B1_I3_right - B1_I3_left;
B1_TI4 = B1_TI4_right - B1_TI4_left;

dTl = round( (B1_I1l_left + Bl_
dT2 = round( (B1_I2_left + Bl_
dT3 = round( (B1_I3_left + Bl_
dT4 = round( (B1_I4_left + Bl_

I1/2
I2/2
I3/2
I4/2

/dx
/dx
/dx
/dx
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o)
°

calculate A2 for each I1-I4

N_A2 = 7;

A2 _TI1 = mean( I1( (dT1-N_A2):(dT1+N_AZ2)) )
A2 _I2 = mean( I2( (dT2-N_A2) : (dT2+N_AZ2)) )
A2_I3 = mean( I3( (dT3-N_A2): (dT3+N_A2)) )
A2_T14 = mean( I4( (dT4-N_A2): (dT4+N_A2)) )

o)
°

calculate dA for each I1-I4

dA_I1 = 100*(Al_I1 - A2_I1)/Al_1I1;
dA_I2 = 100*(Al_I2 - A2_I2)/Al_1I2;
dA_I3 = 100*(A1_I3 - A2_I3)/Al_1I3;
dA_TI4 = 100*(Al_I4 - A2_TI4)/Al_14;

o
o

calculate B2_left for each I1-I4

N_B2 = 1.1;
B2 _I1_left = 0;
for i=2:N1
if (I1(i-1) >= N_B2*A2_T1) && (I1(i) <
B2_TI1_left = dX*(i-1);
break;
end
end
B2_I2_left = 0;
for i=2:N2
if (I2(i-1) >= N_B2*A2_1I2) && (I2(1) <
B2 _I2_left = dX*(i-1);
break;
end
end
B2_I3_left= 0;
for i1=2:N3
if (I3(i-1) >= N_B2*A2_I3) && (I3 (1) <
B2_I3_left= dX*(i-1);
break;
end
end
B2_TI4_left = 0;
for i=2:N4
if (I4(i-1) >= N_B2*A2_T4) && (I4(i) <
B2 _TI4_left = dX*(i-1);
break;
end
end

o

°

calculate B2_right for each I1-I4
B2_I1_right 0;
for 1=(dT/2) :N1

if (I1(i-1) < N_B2*A2 TI1) && (I1l(i) >=
B2_TI1_right = dX*i;
break;
end
end
B2_I2_right = 0;
for i=(dT/2) :N2
if (I2(i-1) < N_B2*A2_1I2) && (I2(i) >=

249

~e Ne N

~.

N_B2*A2_TI1)

N_B2*A2_1I2)

N_B2*A2_1I3)

N_B2*A2_TI4)

N_B2*A2_TI1)

N_B2*A2_1I2)



B2_I2_right = dX*i;
break;
end
end
B2_I3_right = 0;
for 1=(dT/2) :N3

if (I3(i-1) < N_B2*A2_I3) && (I3 (i) >= N_B2*A2_1I3)

B2_I3_right = dX*i;
break;
end
end
B2_TI4_right = 0;
for i=(dT/2) :N4

if (I4(i-1) < N_B2*A2_T4) && (I4(1i) >= N_B2*A2_TI4)

B2_TI4_right = dX*i;
break;
end
end

% calculate B2 for eact I1-I4

B2_I1 = B2_TI1 right - B2_TI1_1left;
B2_I2 = B2_I2_right - B2_I2_left;
B2 I3 B2_I3_right - B2_I3_left;
B2_I4 = B2_TI4_right - B2_TI4_left;

% calculate dB for each I1-I4

dB_Il1 = 100*(B1_I1 - B2_I1)/B1_1I1;
dB_I2 = 100*(B1_I2 - B2_I2)/Bl1_1I2;
dB_I3 = 100*(B1_I3 - B2_I3)/B1_1I3;
dB_I4 = 100*(B1_I4 - B2_I4)/Bl1_1I4;

disp( 'lst object' );

S = sprintf( ' Al, dimensionless: %5.3f',
S = sprintf( ' A2, dimensionless: $%$5.3f',
S = sprintf( ' da, %%: %$5.2f',
S = sprintf( ' Bl_left, um: %5.2f"',
)

S = sprintf( ' Bl_right, um: %$5.2f"',
)i

S = sprintf( ' Bl, um: %5.2f"',
S = sprintf( ' B2_left, um: %5.2f"',
)

S = sprintf( ' B2_right, um: %$5.2f"',
)i

S = sprintf( ' B2, um: %5.2f"',
S = sprintf( ' dB, %%: %5.2f',
disp( '2nd object' );

S = sprintf( ' Al, dimensionless: %5.3f',
S = sprintf( ' A2, dimensionless: %5.3f',
S = sprintf( ' da, %%: %5.2f',
S = sprintf( ' Bl_left, um: %5.2f"',
)

S = sprintf( ' Bl_right, um: %$5.2f"',
)i

S = sprintf( ' Bl, um: %5.2f"',
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Al_T1 ); disp(
A2_TI1 ); disp(
dA_I1 ); disp(

d

S
S
S
Bl1_I1_1left ); s

P
B1_TI1_right ); disp(

B1_TI1 ); disp( S );
B2_TI1_left ); disp(

B2_TI1_right ); disp(

B2_TI1 ); disp( S );
dB_I1 ); disp( S );

Al_TI2 ); disp(
A2_I2 ); disp(
dA_I2 ); disp(
Bl _I2_left ); d
Bl _I2_right ); disp(

B1_I2 ); disp( S );

S

S



S = sprintf( ' B2_left, um:
)i

S = sprintf( ' B2_right, um:
)i

S = sprintf( ' B2, um

S = sprintf( ' dB, %%:
disp( '3rd object' );

S = sprintf( ' Al, dimensionless:
S = sprintf( ' A2, dimensionless:
S = sprintf( ' da, %%:
S = sprintf( ' Bl left, um:
)i

S = sprintf( ' Bl_right, um:
)i

S = sprintf( ' Bl, um:
S = sprintf( ' B2_left, um:
)i

S = sprintf( ' B2_right, um:
)

S = sprintf( ' B2, um
S = sprintf( ' dB, %%
disp( '4th object' );

S = sprintf( ' Al, dimensionless:
S = sprintf( ' A2, dimensionless:
S = sprintf( ' da, %%:
S = sprintf( ' Bl left, um:
)i

S = sprintf( ' Bl_right, um:
)i

S = sprintf( ' Bl, um:
S = sprintf( ' B2 left, um:
)i

S = sprintf( ' B2_right, um:
)i

S = sprintf( ' B2, um
S = sprintf( ' dB, %%
disp( '=================—====———————————=
S = sprintf( ' averaged dA, %%:
(dA_T1+dA_TI2+dA_I3+dA_I4)/4 ); disp( S );
S = sprintf( ' averaged dB, %%:
(dB_I1+dB_I2+dB_I3+dB_I4)/4 ); disp( S );
disp( '================———=—————————————=
figure( 2 )

clf( 'reset' )

subplot(2,2,1)

hold on

plot ( dX*(0:(N1-1)), I1l, 'color', 'blue',
title( 'object cross-section (object 1)'
xlabel ( '"position, um' );

ylabel ( '"intencity, dimensionless' );
axis( [0 250 0 1] ); axis on
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$5.2f", B2_I2_left ); disp(
%$5.2f", B2_I2_right ); disp(
$5.2f'", B2_I2 ); disp( S );
$5.2f'", dB_I2 ); disp( S );
%$5.3f"'", Al_I3 ); disp( S );
%$5.3f"'", A2_I3 ); disp( S );
$5.2f'", dA_I3 ); disp( S );
$5.2f", B1_I3_left ); disp(
%$5.2f", B1_I3_right ); disp(
$5.2f'", B1_I3 ); disp( S );
$5.2f", B2_I3_left ); disp(
%$5.2f", B2_I3_right ); disp(
$5.2f'", B2_I3 ); disp( S );
$5.2f"'", dB_I3 ); disp( S );
%$5.3f"'", Al_TI4 ); disp( S );
%$5.3f"'", A2_1I4 ); disp( S );
$5.2f"'", dA_I4 ); disp( S );
$5.2f", B1_I4_left ); disp(
%$5.2f", B1_TI4 _right ); disp(
$5.2f"'", B1_I4 ); disp( S );
$5.2f", B2_I4_left ); disp(
%$5.2f", B2_I4_right ); disp(
$5.2f'", B2_I4 ); disp( S );
$5.2f'", dB_I4 ); disp( S );
============' ) ;
$5.2f",
%$5.2f"',

'LineWidth', 1
)

)i

S

S

S

S

S

S

S

S



;axis( [0 dX*(N1-1) O 1] ); axis on
grid on
hold off

subplot (2,2, 2)

o

hold on

plot ( dX*(0:(N2-1)), I2, 'color', 'blue', 'LinewWidth',
title( 'object cross-section (object 2)' );

xlabel ( '"position, um' );

ylabel ( '"intencity, dimensionless' );

axis( [0 250 0 1] ); axis on

;axis( [0 dX*(N2-1) O 1] ); axis on

grid on

hold off

o)
°

subplot (2,2, 3)

o)
°

hold on

plot ( dX*(0:(N3-1)), I3, 'color', 'blue', 'LineWidth',
title( 'object cross-section (object 3)' );

xlabel ( '"position, um' );

ylabel ( '"intencity, dimensionless' );

axis( [0 250 0 1] ); axis on

;axis( [0 dX*(N3-1) 0 1] ); axis on

grid on

hold off

o)
°

subplot (2,2, 4)

°

hold on

plot ( dX*(0:(N4-1)), I4, 'color', 'blue', 'LineWidth',
title( 'object cross-section (object 4)' );

xlabel ( '"position, um' );

ylabel ( '"intencity, dimensionless' );

axis( [0 250 0 1] ); axis on

;axis( [0 dX*(N4-1) 0 1] ); axis on

grid on

hold off

figure( 3 )

clf( 'reset' )

o)
°

subplot(2,2,1)

hold on

plot( (0:(N1-1)), I1, 'color', 'blue', 'LineWidth', 1
title( 'object cross-section (object 1)' );

xlabel ( '"number' );

ylabel ( 'intencity, dimensionless' );
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axis( [0 160 0 1] ); axis on
grid on
hold off

subplot (2,2,2)

o

hold on

plot( (O0:(N2-1)), I2, 'color', 'blue', 'LineWidth',
title( 'object cross-section (object 2)' );

xlabel ( 'number' );

ylabel ( '"intencity, dimensionless' );

axis( [0 160 0 1] ); axis on

grid on

hold off

subplot (2,2, 3)

hold on

plot( (O0:(N3-1)), I3, 'color', 'blue', 'LineWidth',
title( 'object cross-section (object 3)' );

xlabel ( '"position, um' );

ylabel ( '"intencity, dimensionless' );

axis( [0 160 0 1] ); axis on

grid on

hold off

subplot (2,2,4)

hold on

plot( (0:(N4-1)), I4, 'color', 'blue', 'LineWidth',
title( 'object cross-section (object 4)' );

xlabel ( '"number' );

ylabel ( '"intencity, dimensionless' );

axis( [0 160 0 1] ); axis on

grid on

hold off
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