University of Southern Denmark

Experimental investigation of a light extinction based sensor assessing particle size and
distribution in an oil system
Krogsøe, Kevin; Eriksen, René Lynge; Henneberg, Morten

Published in:
Measurement: Sensors
DOI:
10.1016/j.measen.2021.100364
Publication date:
2022
Document version:
Final published version
Document license:
CC BY-NC-ND
Citation for pulished version (APA):
Krogsøe, K., Eriksen, R. L., & Henneberg, M. (2022). Experimental investigation of a light extinction based
sensor assessing particle size and distribution in an oil system. Measurement: Sensors, 19, [100364].
https://doi.org/10.1016/j.measen.2021.100364

Go to publication entry in University of Southern Denmark's Research Portal

Terms of use
This work is brought to you by the University of Southern Denmark.
Unless otherwise specified it has been shared according to the terms for self-archiving.
If no other license is stated, these terms apply:
• You may download this work for personal use only.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying this open access version
If you believe that this document breaches copyright please contact us providing details and we will investigate your claim.
Please direct all enquiries to puresupport@bib.sdu.dk

Download date: 09. Jan. 2023

Measurement: Sensors 19 (2022) 100364

Contents lists available at ScienceDirect

Measurement: Sensors
journal homepage: www.sciencedirect.com/journal/measurement-sensors

Experimental investigation of a light extinction based sensor assessing
particle size and distribution in an oil system
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Optical particle counters (OPCs) based on the light extinction measurement scheme are widely used in the in
dustry for monitoring the level of wear debris in lubricating oil systems. In this work it is investigated how
model-based size estimation and OPC output data can be correlated. Spherical metal coated 5–20 μm diameter
particles were used in a laboratory oil system and monitored using an OPC. The raw OPC output data were
extracted with the purpose of estimating the true particle size. Distribution parameters has been deducted from
detected minima in output signals for each particle diameter using a half-normal fit centered at the detected
kernel peak. Experiments with different sized particles showed that signal minima amplitude distributions differ
between particle diameters thus, clearly showing the discrimination ability of the OPC. Furthermore, to obtain
OPC based true size determination, the apparent absorption coefficient of the micrometer sized particles must be
considered. Thus, reducing the maximum deviation between true and OPC determined diameter to 13%.

1. Introduction
For many years, laboratory oil analyses has been used to assess the
condition of machinery and whether maintenance is required, and
recent research revolves around the development of models to predict
remaining useful lifetime of equipment from various contamination
measures and trends [1–5]. A review by Zhu et al. [6] identifies different
oil degradation processes correlating to a set of performance parameters
and introduces a number of sensor technologies used for measuring
parameters such as total acid number and the presence of water and
particles.
Research indicates that particle contamination in lubricating oil is
responsible for an estimated 80% or more of the total wear on operating
machinery [7,8] and that tribological information can be extracted from
particle size, shape and compound distribution [2,9].
A recent review [10] gives a detailed description of the development
in online oil debris monitoring for the last three decades and classifies
sensing technologies based on their detection mechanism (magnetic,
optical, electrical or acoustic). For industrial applications, light extinc
tion and inductive based particle counters has gained focus because of
their ability to detect micrometer sized particles, versatility and relative
low production costs [11,12].

Inductive particle counters (IPCs) typically consists of a number
excitation and sensing coils and are based on perturbation in magnetic
flux caused by particles flowing through the sensor [13]. Various sensor
designs has been proposed to improve the detection size limit for IPCs; a
single coil was used by Flanagan et al. [14], Ma et al. [15] designed a
double-wire solenoid, Du et al. [16] presented a two-layer planar coil
while Jia et al. [17] proposed the inclusion of coil resonances in a
triple-coil design to improve sensitivity. Additionally, various signal
processing techniques of IPC raw data has been documented, including
the use of wavelet- [18] and integral transforms [19] to reduce the effect
of background noise on sensor output, and symplectic geometry mode
decomposition to extract oil debris signature from IPC output signal
[20].
The working principle of optical particle counters (OPCs) relies on a
light source and detector pair defining a sensing volume within an oil
flow, where particulate contamination causes a reduction of light in
tensity incident on the detector when present in the sensing volume
[21–23]. Design variations and signal processing techniques for light
extinction based particle counters are under-represented in the litera
ture, compared to their inductive counterpart. Current research mainly
focuses on the influence of various test parameters on the performance
of commercially available OPCs such as temperature [8] and water

* Corresponding author. SDU Centre for Photonics Engineering, The Mads Clausen Institute, Campusvej 55, DK-5230, Odense M, Denmark.
E-mail address: kek@cjc.dk (K. Krogsøe).
https://doi.org/10.1016/j.measen.2021.100364
Received 27 May 2021; Received in revised form 22 October 2021; Accepted 17 November 2021
Available online 19 November 2021
2665-9174/© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

K. Krogsøe et al.

Measurement: Sensors 19 (2022) 100364

content [24]. The majority of all commercially available OPCs features a
lower detection limit of 4 μm particle size and complies with the inter
national standard for classifying particle contamination ISO 4406:2017
[25]. Additionally, the calibration technique for industrial OPCs are all
subject to the same standardized form governed by ISO 11171:2016(E)
[26], regardless of specific optical and electrical sensor design. Signal
interpretation and analytical expression related to the light extinction
measurement scheme are mainly provided in research governing aero
sols, such as indoor air contaminants [27] and diesel engine exhaust gas
[28].
A recent study investigated how high particle contamination levels
influenced the raw output of an OPC [29], and constitutes, to the authors
knowledge, the only representation of OPC raw output and corre
sponding signal interpretation when measuring particle contamination
in lubricating oil. This in spite of the wide use of this sensor technology
to monitor oil cleanliness in industrial applications, and the technology
being introduced as early as 1969 [30].
This work presents the raw output signal of an OPC operating in a
laboratory setup in which four different sized monodispersed silvercoated spherical particles are added separately. The use of a peristaltic
pump and appropriate tubing for fluid flow reduces the risk of external
contamination while flushing with n-pentane between tests reduces
cross-contamination of particles. The apparent optical absorption of a
10 μm diameter particle is measured at the operating wavelength of the
light emitting diode (LED) used in the OPC, and are included in the
analysis of sensor signals. Additionally, a method for processing the
sensor signal sampled at 100 kHz to extract output amplitude distribu
tions corresponding to the different particle sizes are presented in detail.
The resulting relationship between particle diameter and sensor signal
amplitude is conclusively compared to an analytical expression derived
from geometrical calculations of the particle interaction with the light
sensing volume.

diameters: 5 μm, 10 μm, 15 μm and 20 μm is achieved by adding 20 mg
± 0.5 mg of respective particles and 200 mL ± 5 mL filtrated oil to
separate 250 mL IBR sample bottles. The particle mixtures are sonicated
with a Sonopuls HD3200 with gradually increased intensity while
monitoring the temperature and physical appearance of the sample (too
intense sonication has shown to do irreversible damage to the metal
coating of the particles). Oil circulation during sonicfication is ensured
by circulation with a IKA magnetic stirrer. The result is a 200 mL
mixture for each particle diameter with a concentration of 0.1mg/ML ±
10% which will be used to add test particles to the experimental setup.
2.2. Microscopy and optical transmittance setup
Measurement of the apparent absorption properties of 10 μm parti
cles was done through optical bright-field spectroscopy. The spectro
scopic set-up included a BX51 microscope (Olympus) equipped with a
halogen light source, and a fiber-coupled grating spectrometer QE65000
(Ocean Optics). Particles were imaged using an x100 microscope
objective and an 800 μm diameter iris diaphragm placed in the inter
mediate image plane, corresponding to 8 μm in the object plane. An
internal beamsplitter in the microscope enabled the use of a XC30 digital
color camera (Olympus) to properly align aperture and particles, while
having the spectrometer attached at the same time. Because of the iris
diaphragm, particles with diameters equal to or greater than 8 μm will
completely cover the window when the aperture and particle is perfectly
aligned, and spectral measurements can therefore be used to determine
the apparent absorption properties of the particle under investigation.
To check if the particle metal coating had been damaged during soni
cation, a small sample (2–3 drops) of the particle mixtures described in
Section 2.1 are visually assessed in the microscope.
The four different particle sizes are imaged in Fig. 1(a) where
diffraction fringes around the edge and in the center of the particles are a
consequence of alternating constructive and destructive interference
when moving away from the particle. Diffraction effects will contribute
to the amount of light incident on the spectrometer, thus resulting in
lower apparent absorption values.
Fig. 1(b) shows how excessive sonication of a 15 μm particle mixture
has damaged the silver-coating, thereby leaving parts of the particle
surface translucent. This will have two unwanted effects in the experi
mental OPC setup: Firstly, damaged particles will block a smaller frac
tion of the light through the sensor causing them to appear smaller in
size. Secondly, flakes of metal coating will likely be distributed in the
particle mixture and serve as undesired contaminants with particle sizes
smaller than the spherical particles of interest.

2. Materials and methods
This study contains three different phases of laboratory work;
dispersion of particles, optical transmission characterization and
experimental OPC setup with raw data extraction.
2.1. Dispersion of particles and sample preparation
Sample preparation for optical absorption characterization and
experimental OPC measurements include the following steps: Cleaning
of the sample containers; filtrating the desired test oil and subsequently
dispersing spherical test particles into containers with oil.
Simax bottles (ISO blue cap 1000 mL) and sonicator surfaces are
cleaned and flushed with n-pentane in order to minimize particulate
contamination from these. The test oil, Mobil DTE 10 EXCEL 32, is
filtered through a 0.45 μm millipore filter on top of the Simax bottles
resulting in 1000 mL ± 5 mL of filtered test oil in five different bottles.
Used silver-coated polystyrene test particles will be named after their
nominal diameter, while the listed mean diameter and corresponding
listed standard deviation is provided by the manufacturer [31] and
shown in Table 1.
Dispersion of the spherical silver-coated particles with nominal

2.3. Experimental OPC setup
OPC working principle is based on particulate contamination
blocking a beam of light traversing the fluid flow through the sensor. A
50 μm diameter circular pinhole is used for limiting the sensing volume
and a LED with narrow wavelength spectrum centered around 860 nm
are used for the purpose of these measurements. A detailed description
of sensor design and working principle can be found in Ref. [22].
The experimental OPC setup is designed with focus to minimize risk
of contamination from moving parts and the surrounding environment,
by using a peristaltic pump for circulation, rinsed bottles as oil reservoir
and compatible tubing for connections. Prior to all tests n-pentane is
circulated through the setup to remove any oil and particulate residues
from previous test sequences.
The experimental OPC setup is depicted in Fig. 2(a) with corre
sponding piping and instrumentation diagram in Fig. 2(b). Oil temper
ature for all experimental data is 22 ◦ C ± 2 ◦ C.
Nine raw data sequences of 10 seconds is extracted from the OPC
with a sampling rate of 100 kHz and a 12 bit A/D conversion over a
period of 4 hours. The first sequence is acquired approximately 30 mi
nutes after starting the pump at 40 rpm, thus allowing the system to

Table 1
Particle mean diameters and corresponding standard deviation provided by the
manufacturer.
Nominal
diameter

Listed mean
diameter

Listed diameter
standard deviation

5 μm
10 μm
15 μm
20 μm

5.38 μm
9.81 μm
14.94 μm
20.57 μm

0.21 μm
0.23 μm
0.41 μm
0.48 μm
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Fig. 1. (a): Microscope images of silver-coated particles with nominal diameters of 5 μm (I), 10 μm (II), 15 μm (III) and 20 μm (IV), with scale bar in the middle.
Images are obtained using an objective with 100x magnification. (b) shows how the sample preparation procedure has damaged the coating of two of the three 15 μm
particles, imaged through an objective with 20x magnification.

Fig. 2. (a) Picture of the experimental OPC setup, with corresponding piping and instrumentation diagram (b). 1) LongerPump BT100-2J peristaltic pump with
attached YZ1515x-A pump head, 2) OPC, 3) Analog pressure gauge, 4) 2 bar spring loaded check valve, 5) Simax ISO bottle blue cap 1000 mL serving as oil reservoir,
6) Magnetic stirrer, 7) Tygon® hydrocarbon tubing with an inner diameter of 6.4 mm and 1.6 mm wall thickness. Flow direction is indicated on the peristaltic pump
in (b), and the tube end-points in the oil reservoir is positioned to generate circulation within the bottle (inlet at the bottom and outlet at the top). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

reach a state of equilibrium in terms of particle distribution.

wavelength of the LED (OSRAM SFH 4550) used in the OPC. Table 2
contains the acquired absorption values for three different 10 μm
particles.
Measured absorption values represent the optical opaqueness of the

3. Results
The results are segmented in optical absorption characterization of
the 10 μm silver coated spheres and the experimental OPC measure
ments, from laboratory testing.

Table 2
Measured light absorption through three individual 10 μm
particles at a wavelength of 860 nm.

3.1. Optical absorption characterization of 10 μm diameter silver coated
particles
Using the setup described in Section 2.2 the apparent light absorp
tion through 10 μm particles are measured. Light absorption is only
considered at a wavelength of 860 nm corresponding to the peak
3

Particle number

Absorption [%]

1
2
3
Average, α

85
88
85
86
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be used to identify the signal amplitudes corresponding to the four
different particle diameters.
A kernel fit is performed on the truncated data sets in order to detect
the distribution peak without enforcing a specific probability function.
Resulting kernel fit and detected kernel peak value is illustrated for each
particle diameter in Fig. 5 as a solid black line and a red dot, respec
tively. All acquired minima distributions exhibit a non-negligible
skewness around the apparent peak value, likely due to incomplete
sampling of test particles and particulate contaminants in the experi
ment setup. As a result, a half normal fit is performed on all distribu
tions, where only signal values to the left of the detected kernel peak are
considered. Furthermore, it was seen that the error affiliated with the fit
procedure was highly dependent on the percentage of data included in
the fit, causing an investigation into which percentage of included data
yielded the best fit across all particle sizes. The dashed rectangles in
Fig. 5 illustrates the range of data values when including 80%, 91% and
95% of data along with the fitted half-normal probability functions for
each percentage. The difference between fitted curve and distribution
bar height is then used as a measure of error affiliated with the fit, and is
compared between percentages by calculating a mean-squared value
(MSE) for each curve fit.
MSE as a function of percentage of included data is plotted in Fig. 6
along with the average MSE across all particle diameters. The difference
between minima distribution and fitted half normal curves for 5 and
10 μm particles is seen to increase when expanding the range of included
data to above 85%, whereas the MSE is seen only to decrease for 15 and
20 μm as more data are included in the fit. The error increase affiliated
with 5 and 10 μm fits is likely caused by the relatively high particle
concentration compared to 15 and 20 μm; since experiments aimed to
wards creating equal mass concentrations in the test oil, there should be
approximately 16 times as many 5 μm than 20 μm particles in the two
corresponding test scenarios. Thus, the risk of multiple sampling of
particles is considerably higher for small particle diameters, which will
cause higher amplitude minima to occur as investigated [29]. As the
range of included data is increased, the inclusion of these erroneously

particles as well as diffraction, scattering and stray light in the system
and around the particle. Average absorption coefficient for the silvercoated particles are derived and denoted α. Based on the measure
ments shown in Table 2, an absorption coefficient of 0.86 is used for
later analyzes.
3.2. Experimental OPC measurements
A 250 ms raw sensor output sequence for the four different particle
sizes is displayed in the top row of Fig. 3. A moving average filter (length
100) was applied to detect all low frequency noise contributions and
changes in signal output amplitude. When applying the filter, all signal
values below a defined spike threshold (20 times the signal standard
deviation) was interchanged with the average value of the entire signal,
thereby ensuring the particle induced signal variation not to affect the
output of the filter. An example of the amplitude and density of these
omitted samples is illustrated in Fig. 3 (top row) as yellow dots, along
with the moving average filter output (red line). Filter output is then
subtracted from the original signal to remove mentioned undesirable
signal effects. Lastly, sensor output signal is normalized, such that a
signal value of 1 represents the case where no light blockage occurs in
the sensing volume, and a signal value of 0 corresponds full blockage,
thus to no light incident on the photo diode. Again, a 250 ms normalized
signal sequence is plotted in the middle row of Fig. 3 where also the
noise threshold used by the minima detection algorithm is illustrated
along with the corresponding detected minima. The bottom row of Fig. 3
features the distribution of detected minima for the entire signal ob
tained for each particle diameter, and will be processed in greater detail
to investigate the relationship between test particle diameter and
normalized signal amplitude.
The four distribution plots in Fig. 3 are plotted together in Fig. 4 to
elucidate the difference in detected minima between tests. A region of
interest (ROI) has been defined for each particle diameter, constituting
the range of minima amplitudes in which the global maximum is likely
found. Truncated minima distributions based on the individual ROI will

Fig. 3. The acquired signals for 5, 10, 15 and 20 μm particle diameters are processed identically. Top row: A moving average filter (length 100) is applied to the raw
sensor output signal (blue line) to extract any low frequency undesirable signal artifacts. The spike threshold ensure particle induced signal attenuation does not
influence the filter output. Middle row: Normalized sensor output along with an indication of detected minima that surpasses the noise threshold. Normalization is
achieved by first subtracting the moving average filter output from the raw data and subsequently normalizing the signal such that a value of 1 corresponds to no
light extinction and 0 represents the event of total light attenuation. Bottom row: The distribution of minima values detected in the signal. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
4
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Fig. 4. The minima distributions from the bottom row in Fig. 3 are plotted together, to better visually compare the minima amplitude distributions and identify the
output signal interval corresponding to each particle size. All four bar charts are generated using the same resolution and range when grouping minima amplitudes.
The horizontal lines shown in the figure illustrates the chosen region of interests (ROI) for each particle diameter.
Fig. 5. Histogram presentation of the region of
interest for all four particle diameters and the
estimated Kernel fits (black line) and corre
sponding identified distribution maxima (red
dot). Kernel peak values are defined as the mean
value for the following half normal fits. Three
half normal fits are shown on all histograms,
each using a different percentage of the full set of
minima values. The solid green, red and blue
lines represents the resulting fits when including
80, 91 and 95% of the data, respectively. The
dashed rectangles represent the range of minima
values included in the distribution fit of the same
color. Matlab® default values for kernel
smoothing function and bandwidth are used.
Note the first axis (minima signal value) of the
plots are scaled differently. (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this
article.)

sampled particle minima becomes more likely, which will allow them to
affect the fit.
From Fig. 6, a data inclusion percentage of 91% showed to yield the
lowest fitting error across all particle diameters, and is therefore used
when performing half normal fits on minima distributions.
Resulting half normal fit parameters are used to construct normal
distributions (central limit theorem) around the previously detected
kernel peak. Fig. 7 shows the placement and width of all four con
structed normal distributions, plotted on top of the bar chart of minima
values and fitted kernel curve and peak. The parameters of these normal
distributions serves as final identification of signal output value corre
sponding to the four particle diameters. Signal mean and standard de
viation for each investigated particle diameter is given in Table 3.The
acquired average signal output value and corresponding variation is
plotted for each particle diameter in Fig. 8 (black error bars), where
entries in Tables 1 and 3 is used for defining the horizontal and vertical
placement of error bars, respectively.

Additionally, signal output as a function of particle diameter is given
in Ref. [22] and plotted against the experimentally observed data in
Fig. 8. The measured absorption coefficient for the silver-coated mon
odispersed particles is accounted for in the theoretical relationship be
tween particle diameter and normalized signal output in equation (1),
where the coefficient (α) is included as a reduction of particle absorption
cross-sectional area. Here, T is the normalized light transmittance
through the sensing volume of the sensor, Aaperture is the aperture area
defining the sensing volume in the OPC and Aparticle is the cross-sectional
area of the particle enclosed by the aperture.
T=

Aaperture − α⋅Aparticle
Aaperture

(1)

Normalized signal output as a function of particle diameter are
plotted in Fig. 8 when assuming completely opaque (α = 1) particles (red
dashed line) and when accounting for the measured (α = 0.86) ab
sorption coefficient (green dotted line), along with an indication of the
5
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Fig. 6. Representation of the deviation between
the half normal fit and histogram bar heights when
including different percentages of minima values.
Fit compatibility with the underlying histogram is
assessed through the mean squared error (MSE) for
percentages from 80% to 95%. The dashed lines
each shows how the MSE depends on percentage of
included minima for the individual particle di
ameters. An average of all MSE values are obtained
and plotted (solid green) to identify the percentage
resulting in the smallest collective error of 0.242 at
91% of included data. (For interpretation of the
references to color in this figure legend, the reader
is referred to the Web version of this article.)

Fig. 7. Resulting parameters from the half normal fit used to construct normal distributions (light blue solid lines), centered around the previously detected kernel
peak (red dots). The four bar plots illustrates how these normal distributions compare to the histograms and kernel fits. Note the first axis (minima signal value) of the
plots are scaled differently. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

are plotted again with the x-axis given in terms of calculated particle size
in Fig. 9. The upper x-axis represent particle diameter when assuming
completely opaque particles (α = 1) while the bottom x-axis includes the
average measured absorption of 10 μm particles (α = 0.86), as presented
in Equation (1). Vertical lines are inserted at 5, 10, 15 and 20 μm for
both upper (red) and lower (green) x-axis to further illustrate the effect
of including the absorption coefficient in the theoretical relationship
between particle diameter and corresponding output signal value.
Differences between listed particle diameters given in Table 1 and
distribution peaks in terms of particle mean diameter are presented in
Table 4, where distribution mean values are converted to particle di
ameters through Equation (1) when assuming particles being completely
opaque (α = 1) and partially transparent (α = 0.86). Distribution mean
values in terms of normalized output values shown in Table 3 are used
for calculating mean diameters of detected particles.

Table 3
Distribution mean and standard deviation for the four different monodispersed
particles measured by the OPC.
Nominal
diameter

Minima distribution
mean

Minima distribution
standard deviation

5 μm
10 μm
15 μm
20 μm

0.988
0.971
0.930
0.890

1.08 × 10− 3
2.36 × 10− 3
6.69 × 10− 3
12.20 × 10− 3

used noise threshold when detecting signal minima (vertical black line).
The two theoretical calculated curves shown in Fig. 8 are used for
converting detected minima values into corresponding particle sizes,
and the bar representation of minima distributions first shown in Fig. 4
6
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Fig. 8. The geometrically derived relationship
between normalized sensor output and evaluated
particle diameter when particles are assumed
completely opaque (red dashed), and when ac
counting for the measured absorption coefficient
(green dotted). Black error bars represent evalu
ated minima distributions from the experimental
OPC measurements on silver-coated monospheres
particles with nominal sizes of 5, 10, 15 and
20 μm. Horizontal error bars indicate the diameter
standard deviation provided by the manufacturer
and vertical error bars represent the standard de
viation of constructed normal distributions around
the kernel peak as shown in Fig. 7. Additionally,
the utilized noise threshold for peak detection is
shown as a vertical line (around 4 μm). (For
interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)

Fig. 9. Acquired minima distributions from Fig. 4
are plotted using the derived relationships between
normalized sensor output and particle diameter
shown in Fig. 8. Minima distributions from nomi
nal particle diameters of 5, 10, 15 and 20 μm are
displayed as blue, yellow, green and red bars,
respectively. Upper x-axis is formed when
assuming particles being completely opaque (α =
1), while the bottom axis takes the measured ab
sorption coefficient into account (α = 0.86). (For
interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)

Table 4
Comparison of how OPC evaluated particle diameters differs from listed values provided by the manufacturer. Two mean diameter values are calculated from minima
distributions mean value through (1); one when assuming opaque particles (α = 1) and one where the measured absorption coefficient of a nominal 10 μm diameter
particle has been used (α = 0.86). A negative deviation corresponds to the OPC calculated particle diameter being underestimated.
Nominal
diameter

Listed
particle
diameter [μm]

α=1
Mean
diameter

Deviation
in μm

α = 0.86

5 μm
10 μm
15 μm
20 μm

5.38 μm
9.81 μm
14.94 μm
20.57 μm

5.2 μm
8.6 μm
13.2 μm
16.6 μm

−
−
−
−

0.1
1.2
1.8
3.9

Deviation
in percent

Mean
diameter

Deviation
in μm

Deviation
in percent

2.4%
12.7%
11.7%
19.4%

5.6 μm
9.2 μm
14.2 μm
17.9 μm

0.3
− 0.6
− 0.7
− 2.7

5.1%
− 5.8%
− 4.7%
− 13.1%

−
−
−
−

4. Discussion

stated in Section 2.2 the projected aperture size of 8 μm rendered it
difficult to properly align the 10 μm particle such that it fully covered
the aperture. From Fig. 1(a) it can clearly be seen how light intensity is
non-uniform across the cross-sectional area of the particles likely due to
diffraction and scattering effects which will affect the apparent ab
sorption coefficient, especially for 5 and 10 μm particles where the
alternating dark and bright fringes are most conspicuous. Apart from

Measured optical absorption coefficient of 10 μm spherical particles
were used to supplement previous assumed relationship between par
ticle diameter and sensor output. The use of a microscope setup to
measure the absorption coefficient benefits from a high level of control
and a visual inspection of particles during measurements. However, as
7
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implying that the absorption coefficient as measured likely depends on
the particle diameter, the diffraction effects hinders a direct imple
mentation in the evaluation of sensor data, since the design of the optical
particle counter differs in both illumination and imaging properties. As a
result, the process of measuring the absorption properties of individual
particles should be refined including an investigation into whether the
apparent particle transparency changes when being sampled by an OPC.
In spite of careful handling and dispersion of test particles, a number
of particles were observed to be damaged after the sonication process as
depicted in Fig. 1(b). The risk of destroying particle coating was
observed to be proportional to the particle diameter; making the nom
inal 20 μm diameter particles most likely to be destroyed during
dispersion. Thus, samples were examined between subsequent sonicat
ion steps, to ensure no apparent damage had been inflicted to the coating
whilst reducing the agglomeration of particles.
Influence of equipment and the diameter dependent kurtosis of
minima distributions lead to a number of choices when signal processing
the raw output signals. Each choice discussed in the order they appear in
the process.
The peristaltic pump showed to induce a low frequency change in
signal amplitude; with the frequency corresponding the number of rol
lers in the pump head times the pump rotation speed. Additionally,
unidentified low frequency noise contributions were seen to sporadi
cally occur during raw data extraction. Thus, a moving average filter
with a window length of 100 samples (1 ms) was applied to remove the
majority of these low frequency defects. No comprehensive study of
optimal choice of signal filter type and parameters has been performed
for the purpose of this work.
The kernel fit was applied to obtain an unbiased estimate of the
minima distribution peaks; although distributions from both nominal 5
and 10 μm diameter particles exhibits a clear peak value, an unbiased
assessment of peak placement were needed for 15 μm and especially
20 μm. The uncertainty affiliated with determining the peak value is
expected to be inversely and directly proportional to the concentration
and cross-sectional area of particles [22,29], respectively.
Partially sampled particles and externally induced particulate
contamination will cause minima distribution skewness, thus justifying
the application of a half-normal fit on minima distributions. The peak
located through the kernel fit is used to crop and center the minima
distributions in order to allow for a half-normal fit. As a result, the un
certainty affiliated with the kernel fit is propagated to the estimation of
minima variation. As mentioned in Section 3.2 and summarized in
Fig. 6, the shape (variance) of the fitted half-normal distribution was
seen to depend on the amount of included data. Intuitively, the fitting
error for 15 and 20 μm diameter distributions are seen to decrease with
the percentage of included data. For 5 and 10 μm diameter minima
distributions the half-normal fit error increases with the percentage of
included data above 85%, likely due to multiple particles being sampled
simultaneously [29]. In order to reduce MSE when fitting in future work
the particle concentration should be altered, ie. the number of added 5
and 10 μm particles should be reduced while a greater amount of test
particles should be added for tests with 15 and 20 μm. Additionally, it is
expected that the aperture diameter will directly influence the proba
bility of obtaining complete samples of contaminating particles and the
sensors capability of separating particle induced signal variations from
measurement noise. By using a smaller aperture the signal-to-noise ratio
(SNR) will increase but also result in wider detected minima distribu
tions. Oppositely, a larger aperture will result in more narrow minima
distributions at the cost of lower SNR [22].
Fig. 9 showed how the sampling of monodispersed particles caused a
number of sample contributions in smaller particle size bands and, as a
result, a wrongful estimation of particle size distribution in the sample.
Especially, the presence of 20 μm particles is seen to contribute almost
equally to particle bands from 6 μm to the detected peak value at 18 μm
and will thereby influence the sensors ability to correctly evaluate the
amount of smaller particles if present. Thus, a mixture of particle sizes

should be sampled to examine the possibility of detecting and identi
fying individual particle sizes in polydisperse particle concentrations.
This should be done in conjunction with an optimization of the minima
detection algorithm which currently considers only signal amplitude.
Several sources of error contributes to the variation in resulting
distributions of minima values, including particle size variation, mea
surement noise, light source fluctuation, quantization error and oil
contamination, which collectively can be approximated through a
normal distribution as stated by the central limit theorem.
Analytical relationships between spherical particle diameter and
normalized signal output given by the two curves in Fig. 8 are both
derived from a purely geometrical perspective on light extinction.
Although the inclusion of an absorption coefficient is seen to reduce the
difference between analytical and measured output amplitude for
nominal 10, 15 and 20 μm diameter particles, it is clear that the
simplified model diverges from measured data when the particle
diameter is increased.
A true size evaluation from sensor output data is thought to be
critically dependent on inclusion of the optical characteristics of the
particles under investigation. This work has shown, that an inclusion of
the absorption coefficient of test particles has reduced size measurement
error, but the relationship between sensor output and particle diameter
is most likely more complex than what is stated by Equation (1). A full
analytical expression for the correlation between signal amplitude and
particle diameter would have to include spectral and emission charac
teristics of the light source, pinhole dimension, light propagation, fluid
flow behavior through the sensor and especially the optical properties of
both oil and particles. Aside from this, particle shape and surface
roughness should be included if non-spherical particles are of interest,
since light scattering phenomena will depend on these. Future research
should investigate the influence and relevance of these parameters to
establish which are needed to improve particle size evaluation from the
raw output of optical particle counters based on the light extinction
measurement scheme.
5. Conclusions
In this work the optical absorption of 10 μm silver coated particles
have been used together with a geometrical analysis of particle light
blockage to calculate the expected signal output of an optical particle
counter (OPC). Apparent absorption magnitude for individual particles
were evaluated at the peak wavelength of the LED utilized in the OPC by
using a microscope setup with a spectrometer attached.
Raw OPC output data extracted during controlled experiments has
been presented, where the risk of externally induced contamination has
been reduced through laboratory oil filtration and sample preparation.
Flushing the experimental setup with n-pentane between measurements
resulted in no apparent cross contamination being observed.
Experiments with four different sized silver coated monodispersed
particles showed that signal minima amplitude distributions were
significantly different between particle diameters; a relatively small
variation in detected minima was observed for particles with nominal
diameters of 5 μm, compared to the apparent variation in minima
amplitude for larger particle diameters. Normal distribution parameters
has been deducted from detected minima in output signals for each
particle diameter, where the mean value was estimated through fitting
of a kernel function to truncated minima distributions and the variation
followed from af half-normal fit centered at the detected kernel peak.
Normal distribution parameters serve as the conclusive relation between
investigated particle diameters and the corresponding output signal
value for the utilized OPC in the presented experimental setup.
The geometrical relationship between spherical particle diameter
and normalized signal output has been supplemented by taking the
optical absorption properties of 10 μm silver coated particles into ac
count, and used to calculate corresponding particle diameter from
minima values. As a result, correlation between true and measured
8
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particle diameters was increased for 10, 15 and 20 μm thus increasing
sensor accuracy.
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