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a b  s t  r  a c  t

Raw data signal  output  from  a light  extinction  based  wear  particle counter  is  presented for measurements

of  different wear  particle concentration levels  in a lubricating  oil laboratory  test  system.  Interpretation

of  the sensor  raw  signal amplitude  reveals  that particle concentration level  is  influencing  the distribution

of  detected  minima,  which is  equal to the  perceived  particle sizes. Results indicates  that  several  smaller

particles  are being  erroneously  sampled collectively  as larger particles when the contamination  level

(ISO cleanliness  codes) increases to above 24/23/14  in  lubricating oil.  According  to ISO  4406:2017, an

ISO  cleanliness  code of  24 corresponds  to “more than  80,000  particles  per ml”.  This  study shows how  the

distribution  of  detected signal  minima  changes as the  contamination  level is  sequentially  incremented

between  sample intervals.  Through  the  use a  simulation  tool, the output of an  optical particle  counter

under  three  of the experimentally  investigated contamination  levels has  been  modeled, showing that

the  differences  between corresponding  minima  distributions  from simulations  correlates  with experi-

mentally  obtained  results.  Additionally,  the  total  number  of experimentally  detected  minima  is initially

observed  to increase  linearly with  the  amount  of added test  particles until the tendency  starts  to level

off,  indicating  saturation for  the used  optical particle  counter.

©  2021  The  Authors. Published  by Elsevier  B.V. This  is  an  open access  article  under the CC BY  license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The concept of assessing the health of  operating machinery

through analysis of the  lubricating oil has been widely used in the

industry for many years [1],  where parameters such as viscosity,

water content, chemical degradation and wear debris concentra-

tion has shown to correlate with the condition of  the machinery

in question [2]. Research indicates that particle contamination of

the lubricating oil is responsible for an estimated 80% or more of

the total wear on operating machinery [1,3],  and that  an analysis

of the size, shape and compound distribution of these particles can

be used for determining the rate and type of wear [4,5].  A recent

detailed review of online debris monitoring in  rotating machinery

through the last three decades is provided by Sun et  al. [6],  who

documents the advancements within different sensor technologies

and present their limitations towards meeting the continuously

increasing demands for machinery health assessment.

∗ Corresponding author at: C.C. Jensen A/S, Løvholmen 13, 5700 Svendborg,

Denmark

E-mail address: kek@cjc.dk (K. Krogsøe).

Today, a number of  inline sensors are available for continu-

ous measurement of  particle contamination in oil systems, most

of them based on an inductive or  optical measurement scheme

[7,8].  Inductive sensors typically consist of  one  or more sensing

solenoids that measures the inductance as particles passes the coils

magnetic field and are able to differentiate between ferrous and

non-ferrous metallic particles because of their opposing effect on

the magnetic flux [9–11].  A wide range of  design variations and

signal processing techniques have been proposed for optimizing

sensor performance: [12] shows how adding magnetic nanoparti-

cles within the sensing coil increase signal-to-noise ratio and lower

particle size detection limit to 20  �m and 80  �m when detecting

iron and copper particles, respectively, while [13] shows how par-

ticle radial height and velocity influence sensor output.

Optical wear debris sensors include light extinction, scattering

and imaging based particle counters. Scattering based sensors ben-

efits from a low detection limit of  around 1  �m [14],  and have been

used for detecting airborne particulate contaminants [15], but are

limited by their current price tag and throughput characteristics

for use in a wide range of  industrial applications within the field of

oil debris monitoring. Imaging based sensors shows great prospect

within the field of  oil debris detection because of the possibility

for obtaining morphological and material information of  contami-

https://doi.org/10.1016/j.sna.2021.112956
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nants [16,17]. However, further optimization of  image processing

and advances within image quality without compromising sensor

throughout are needed before imaging oil debris sensors can be

widely used in industrial applications [6].  Light extinction based

optical particle counters (OPCs) has gained industrial focus, because

of their particle size detection limit, simple design, relative low cost

and reliability in industrial applications. Currently available OPCs

for condition monitoring in  oil systems all exhibit a lower detec-

tion limit of 4 �m,  as stated by their manufacturers. This complies

with the international standard for classifying particle contamina-

tion ISO 4406:2017 [18].  The current calibration technique for these

sensors is governed by ISO 11171:2016(E) [19] and ISO 11943:2018

[20], which allows for a marginal error of 50% (1/2 ISO code) in abso-

lute particle counts. Recent studies [21] shows how the evaluated

size distribution of  particles is influenced by  the contamination

level using a simple light extinction based OPC. Simulations of

the OPC response to high particle concentrations resulted in small

(4 �m)  diameter particles to be evaluated as  larger than their actual

size, and the corresponding size distribution to become becoming

multimodal.

This work investigates the dependence of the raw  data output

signal from a light extinction based OPC sensor on particle con-

tamination level, by  sequential addition of test particles followed

by intervals of raw data extraction from a OPC, similar to those

commercially available. The working principle of  the used OPC is

presented in Section 2.  The experimental setup and test method-

ology follows in Sections 3 and 4,  respectively, detailing the used

equipment and test conditions. Experimental and simulated results

are presented in Sections 5.1 and 5.2, respectively, where the exper-

imental test conditions has been used as input for the simulation

tool. Discussion of results and thought future development is found

in Section 6 followed by concluding remarks in Section 7.

2. OPC working principle

Fig. 1 illustrates the working principle of  a light extinction based

OPC, where a particle present in the illuminated sampling volume

causes a shadow to be projected onto the photo detector (single

photodiode). As a result, the detector output voltage is attenuated

until the particle is no longer obstructing the light beam, and the

resulting output will resemble that of  the plot in the upper-right

corner of Fig. 1.  The difference in amplitude between equilib-

rium signal output voltage (Vmax) and the particle-induced valley

is expected to be proportional to the ratio between aperture area

(D2) and particle cross-sectional area (d2), as proposed by  various

literature [22,21,23].

3. Experimental setup

The laboratory test rig, depicted in Fig. 2(a), features a 25  L oil

reservoir into which test particles can be added. Used oil is of the

type: Mobilgear SHC XMP  320. The setup includes three oil cir-

cuits with differing purposes, each supplied by a separate pump

as shown in the piping and instrumentation diagram in Fig. 2(b).

The heater circuit is driven by the main pump and ensures constant

circulation in the oil reservoir while maintaining a fixed temper-

ature of the circulating oil; set to 50 ◦C. The filter circuit is driven

by the filter pump which is only active between test procedures to

obtain a clean oil, hence a common baseline, prior to the addition

of test particles; used filter is a CJC® HDU 15/25 with GFi element.

The sensor circuit contains four prototype OPCs from which one is

used for raw data extraction, and a CJC® reference oil contamina-

tion monitor (OCM), supplied by a separate pump (sensor pump)

to ensure constant and stable flow through the sensors. Addition-

ally, a 200 �m strainer inserted prior to the sensors prevents large

Table 1
Each contamination level is affiliated with a Dose Number where a specified amount

of test dust is added to the oil reservoir. Listed contamination levels represent

the total amount of test dust added to the setup prior to data acquisition, and is

supported by CJC® OCM readings of ISO cleanliness codes according to [18].

Dose number Contamination level ISO cleanliness code

[mg/L]
(

< 4 �m/ < 6 �m/ < 14 �m
)

0 Before dosage 12/11/0

1 0.6 18/16/9

2 1.2 19/17/10

3 2.4 20/18/10

4 3.6 21/18/10

5 4.8 21/19/11

6 6  22/19/11

7 7.2 22/20/12

8 24 24/23/14

9 96 25/25/19

10 216 25/25/19

11 465 25/25/24

solid bodies from entering and clogging the sensors. The utilized

OPC features a circular aperture with a  diameter of 50  �m,  a light

emitting diode with peak wavelength at 860 nm and a photodiode

with a matching wavelength range.

A KERN GAB 12K0.1N scale is used for weighing out test dust

which is mixed into a small amount of oil to be used as dose oil for

tests.

4. Methods

4.1. Used test dust

ISO 12103-1, A1 Ultrafine Test Dust (UFTD) is used to achieve

the desired oil contamination levels of  the test sequences, which

has a listed standard cumulative distribution of  particle sizes as

depicted in Fig. 3(a), with error bars representing the uncertainty

given by the manufacturer [24].A  microscope image of  an UFTD

sample obtained through a 20×  objective in Fig. 3(b) shows the

typical variety of particle shapes and sizes present in  the used test

dust.

As evident from Fig.  3(a), approximately 90  % of  the added par-

ticle dust volume will be distributed on particles with sizes below

10 �m in size.

5 g of  UFTD is weighed out and mixed into 1  L of oil using a

spatula and mixing cup. The dose oil is stirred vigorously in  order

to avoid agglomeration of  test dust. Additionally the dose oil is

constantly stirred through the use of a magnetic stirrer to avoid

sedimentation during test sequences.

4.2. Test specification

A  test sequence was  carried out where UFTD was  added 11

times directly into the oil reservoir through the use of 5,  10 or

20 mL B. Braun Injekt® Luer Solo syringes, depending on desired

contamination level. In Dose 1-  to 7  the amount of test dust was

increased linearly and in Dose 8 to 11 the test dust amount was

increased exponentially. Test contamination level is readily avail-

able in Table 1  where a  measure of  added test dust is given alongside

the obtained ISO cleanliness codes measured with the reference

CJC® OCM. Test conditions in Dose 1  to 7 is designed to elucidate the

influence of small variations in contaminant concentration within

the working range of common industrial oil particle counters. Dose

8 to 11 aims to investigate how the output of  a light extinction based

particle counter is influenced by more radical changes in  contam-

ination levels at the upper limit of the above-mentioned working

range. Additionally, sensor output from before any test dust was

added to the system is denoted Dose 0, and provides information

2
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Fig. 1. Illustration of OPC working principle. D and d represent the diameters of aperture and particle, respectively. Green circles represents flowing particles immersed in

an oil volume (brown). The bottom purple cylinder represents the transilluminating light. The  sampling volume (red) is defined by the aperture area projected through the

oil stream diameter. Figure from [21]. The  upper right plot illustrates an ideal, continuous detector output voltage as response to a single particle traversing the sampling

volume. (For interpretation of the references to color in  this  figure legend, the reader is  referred to the web version of this article.)

Fig. 2. (a): Experimental test rig with a zoom of the OPC prototype used for testing. [A] is the oil  reservoir, [B] is  the CJC® oil  filter and [C]  is the reference CJC® oil contamination

monitor (OCM). (b): Simplified piping and instrumentation diagram of the test rig, where it  can be  seen how the oil filter is separated from the heater and sensor circuits.

Fig. 3. (a): Cumulative distribution of particle sizes for UFTD with error bars indicating the range of uncertainty stated by the manufacturer [24]. (b): Microscope image of

UFTD displaying the diversity of particle sizes and shapes present in  the test dust.
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Fig. 4. One second of zeroed raw sensor data for each contamination level investigated. All signal sequences represent a typical sensor output when the system is in an

equilibrium state after addition of test dust. The noise threshold is used by a minima detection algorithm in  order to distinguish between measurement noise and particle

induced signal fluctuations. The  particle contamination level sequentially increases from Dose 0 to Dose 11.

Fig. 5. Representative sensor output signal where the detection algorithm has evaluated whether the signal drop has exceeded the noise threshold (blue dashed horizontal

line). The samples evaluated to represent particles obstructing the transilluminating light are highlighted with red dots. (For interpretation of the references to color in this

figure legend, the reader is  referred to the web version of this article.)

of the test baseline from which contamination levels are defined.

Subsequent dosages are performed at least 52 h  from one another;

4 h for stabilizing the particle contamination throughout the test

setup after dosage, followed by 48  h  of periodical OPC raw data

extraction. Nine data sequences of  five seconds are obtained for

each contamination level over a duration of 48 h, each with a sam-

pling frequency of  100 kHz. To ensure the analyzed data represents

the system in a state of  equilibrium the first sequence was obtained

approximately 4 h after the addition of test dust.

The CJC® OCM features a maximum ISO cleanliness code output

of 25 which has been reached for 4 and 6 �m particle size mea-

surements in the last three tests (Dose 9  to 11). This means that the

particle count was “above 160,000 particles/mL” [18].  The obtained

particle concentration level resulting from these three doses is thus

beyond the measurement range of the reference sensor.

5.  Results

The sensor output signal may exhibit small deviations in average

output amplitude as a result of  temperature and other environmen-

tal conditions. To account for this, the signal is ensured to fluctuate

around zero by subtracting the average signal value, calculated

from all samples not influenced by contaminating particles. One

second of zeroed sensor output signal, consisting of  105 samples,

for each contamination level is plotted in Fig. 4,  where the influ-

ence of the increasing particle contamination on the signal is clearly

apparent. Each time a  particle passes the measurement volume the

light is partially blocked and the sensor signal voltage decreases, as

was illustrated in Fig. 1.

In addition to the increasing number of  occurring minima, the

plot also shows that  the  amplitude of these drops in sensor signal

4
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Fig. 6. Number of detected minima for all contamination levels specified in Table 1,  with error bars representing the variation between signal sequences. The red-dashed

line is an extrapolation of a linear fit made to the first seven data points, which shows how the proportionality between added test dust and detected minima changes as the

particle concentration exceeds that of Dose 7.  Dose 0 is  omitted due to the logarithmic x-scale. (For interpretation of the references to color in  this figure legend, the reader

is referred to the web version of this article.)

Fig. 7. Average count, �count,  distribution of detected minima for each dose number, representing different contamination levels. Each amplitude distribution is  an average

of the nine obtained raw data sequences. The corresponding variation between sequences is presented in  Fig. 8.

increases. Thus, resulting in larger evaluated particle sizes being

detected when assuming proportionality between projected parti-

cle cross-sectional area and sensor signal [22,21,23].

A minima detection algorithm (MDA), presented in [21],  is used

to detect when the sensor signal drops below a chosen threshold

value. Fig. 5 shows how the MDA  has detected four valleys in a

signal sequence, all of  which exceeds the noise threshold marked

by the blue dashed line.

The MDA  stores the number and amplitude of detected minima

in each data sequence. This allows for an evaluation of  the con-

nection between contamination level and the observed number of

occurring minima, as well as an investigation of the observed ampli-

tude distribution of minima values, ultimately relating to particle

size.

5.1. Experimental results

The MDA  is applied on data sequences for all contamination

levels. Since the used particle contamination and sampling time

is identical between dosages, it  is expected that the total number

of detected minima is directly proportional to the amount of  added

UFTD. As can be seen in  Fig. 6,  this is true for contamination levels

between Dose 1 and Dose 7, whereas the linearity disappear at Dose

8 and above, indicating an imminent saturation point in  terms of

number of particles that can be detected.

To further investigate the influence of  particle concentration on

sensor output, the distribution of detected signal minima is plotted

for each dose in Fig. 7. The bin values are in  this plot calculated as the

average number of minima detected across all 9  test sequences for

the corresponding contamination level. Figs. 8 and 9  displays the

5
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Fig. 8. The standard deviation, �count, between data sequences for all bins presented in  Fig. 6. The variation solely represent the sensors precision when determining the

amplitude distribution since both test duration and sampling frequency is  equal for all tests.

Fig. 9. Comparison of the normalized evaluated distribution of minima values between all obtained contamination levels. Each dosage distribution is  an average over  the

nine analyzed data sequences for the corresponding contamination level. The  colormap is defined such that differences in high amplitude minima are highlighted. (For

interpretation of the references to color in this figure legend, the reader is  referred to the web version of this article.)

standard deviation of  counts and normalized count distribution,

respectively. The sensor output from Dose 0  is also represented in

these figures, to show how the introduction of  UFTD to the system

has caused a change in sensor output both in terms of  number and

distribution of signal minima.

A brief explanation of what each 3D  bar plot represents is given

below for convenience:

• Fig. 7: Average number of  detected minima across all sequences

binned by minima amplitude. Titled �count.
• Fig. 8: The standard deviation between sequences for each aver-

age value represented in Fig. 6.  Titled �count.
• Fig. 9: Normalized distribution of minima amplitudes, where each

distribution is divided by  the maximum bin value, which for all

doses is the one closest to zero. Titled �counts
maxDose

.

The average and standard deviation of the detected minima dis-

tributions in Figs. 6  and 8, respectively, shows how the  increase

of  detected minima is distributed across chosen amplitude bins.

Notably, few to no minima is evaluated smaller than −10 in ampli-

tude from Dose 1  to Dose 6, with a  small variation between

sequences. As the particle concentration reaches that of Dose 7

these amplitude bins starts to increase in value, indicating an intro-

duction of  larger particle sizes in the  oil volume, together with a

higher variation between signal sequences. Additionally, the num-

ber of  detected minima in the smallest signal value bin decreases

from dose 7 to 11 in  spite of  the contamination level being radically

increased. As evident from Fig.  6  this is not because fewer minima

are being detected, but likely because the density of particles have

increased to a point where there is a significant possibility of mul-

tiple particles being sampled simultaneously. To  further support

this, all minima distributions for each contamination level in Fig. 7

has been normalized according to  their maximum value as shown

in Fig. 9.  Thus highlighting how the distributions of detected min-

ima changes as the high contamination levels are reached. As can

be seen, the minima distributions from Dose 1 to 7 appears simi-

6
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Fig. 10. Interpolated plot of the normalized histogram count of Dose 0 (red) and four chosen contamination levels; Dose 1 (yellow), Dose 6  (green), Dose 9 (blue) and Dose

11 (black). Error bars represent the standard deviation between data sequences for the corresponding normalized counts. Values are normalized according to the maximum

histogram counts just as for the distributions in Fig. 9. (For interpretation of  the references to color in this figure legend, the reader is referred to the web version of this

article.)

lar with little variation between contamination levels, but starts to

change from Dose 8  and upwards with an increase of  higher ampli-

tude minima being detected. The normalized bar height of selected

contamination levels are plotted in Fig. 10  to further elucidate

the change in minima distribution throughout the  test. Addition-

ally it can be seen from the error bars that the variation between

sequences is relatively larger for low contamination levels, where

the number of detected particles is lowest.

From Figs. 6–9 it can be concluded that, when the particle

contamination reaches that of Dose 8, the sensors capability of  cor-

rectly assessing the number and distribution of particles starts to

decrease, and operation of the sensor at these levels would result in

an erroneous assessment of  particle contamination, both in terms

of particle numbers and corresponding size distribution.

Although the difference in number of detected minima between

Dose 10 and Dose 11 is small the distribution of  the correspond-

ing minima values is significantly different, as seen in Fig. 9.  Thus

implying that, when the saturation point is approaching, more par-

ticles are simultaneously present within the sampling volume of

the detector and are thereby inseparable for the algorithm. This has

two effects: the particle count stagnates while the apparent particle

size increases, resulting in an increasing amount of  particles being

erroneously evaluated to be larger than their actual size.

5.2. Simulation methodology and results

Three different contamination levels are further investigated

through the use of a simulation tool based on of  the light extinction

measurement scheme. The simulation tool, based on geometrical

optics, evolves around the definition of opaque spherical light-

obstructing particles which causes light extinction when present

in the sampling volume. A collimated light source is assumed in

the simulation model when calculating a normalized signal ampli-

tude for each sampling instance. More details of the simulation tool

can be found in [21].

The achieved contamination levels of Dose 1, Dose 9  and Dose

11 listed in Table 1 are set as target particle concentrations for

the three simulated signals. To increase comparability between

real OPC and simulated signals, the size of  the defined simulated

particles are obtained from a random number generator based on

the estimated cumulative distribution function (CDF) for the used

UFTD. The CDF of  particles defined in Simulation 1  is shown in

Fig. 11 together with the CDF of UFTD, replotted from Fig. 3(a). No

particles with a diameter less than 2 �m in diameter were sim-

ulated, since real sensor signal for particles smaller than this is

expected to be below the noise threshold. Additionally, since the

simulated conditions are specified as a volume concentration, a

great number of these small particles would be defined and thereby

radically increase both simulation complexity and time. However, it

should be  acknowledged that these small particles may  contribute

to particle readings in  higher concentrations, because of the possi-

bility for these small particles to collectively cause light attenuation

beyond the OPC detection limit. The MDA  is applied to simulated

signals in the same way  as when analyzing real OPC data. The detec-

tion threshold is defined to roughly correspond to the  amplitude of

a 4 �m particle, matching the detection limit of various commer-

cially available OPCs and the lower size limit for ISO classification

of contamination.

Resulting distributions of detected minima from all three sim-

ulated contamination levels are shown in Fig. 12,  where all bar

heights are normalized according to the highest value for each

simulation, just as was done for experimentally obtained results

in Fig. 9.

When comparing the  minima distributions obtained from Sim-

ulations 1, 2  and 3  it  is apparent that the two contamination

level extremities differ in shape, as was also observed when eval-

uating real sensor output. The tendency of larger particles being

detected at higher particle concentrations is clear when compar-

ing bar heights at minima signal values between −0.18 and −0.28.

However, there seem to be little difference between the  distribu-

tion of observed minima for Simulation 1  and 2, compared to the

difference in distributions for their real sensor output counterparts,

Dose 1 and Dose 9.

Line plots of the histogram count is represented in Fig. 13 for

all three simulations to further elucidate distribution differences.

The clear difference between detected minima distributions of

Simulation 1  and 3  is again apparent. Furthermore, the resulting

distribution from Simulation 2 include a relatively higher amount

of particle counts in non-zero bins when compared to the result-

ing distribution of Simulation 1, which was not assessable from the

visual comparison in Fig. 12.

The different scaling between OPC and simulation signal val-

ues hinders a direct comparison between the plots of  Figs. 10  and

13 .  In spite of  this, particle contamination level is seen to influence

7
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Fig. 11. Comparison between the stated cumulative size distribution (CDF) of UFTD (red dashed line) and the distribution of the simulated particle sizes in Simulation 1

(yellow bars). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Distributions of evaluated minima signal values when processing the simulated results. Simulation 1, 2 and 3 correspond to Dose 1, 9 and 11 with contamination

levels of 6.6, 96 and 465 mg/L, respectively. Histograms are normalized according to the maximum histogram counts which for all three is the smallest bin around normalized

count −0.03.

detected minima distributions similarly for both signal forms. Thus,

the simulated results supports the assumption of simultaneously

sampled particles being the main influence of  observed experimen-

tal size distribution changes, as the contamination level is increased

beyond a certain point.

6. Discussion

In this work it is shown that the distribution of evaluated signal

minima from an OPC relies on particle contamination level, when

this level is increased beyond a certain threshold. Thus, defining

the OPCs range of linearity between number of  detected particles

and contamination level. However, future work should further elu-

cidate when this phenomena starts to occur and how it  depends on

the composition, shape and size distribution of  the used contami-

nating particles.

Furthermore, results presented in this work is given in terms

of sensor and normalized signals values, which in future analysis

should be converted to corresponding particle sizes, to properly

assess the significance of these distribution variations.

Analyzing raw sensor data results indicated that a saturation

point (threshold) for the sensor was reached and exists in terms of

the maximum number of minima that could be detected. Specific

parameters influencing this saturation point should be  identified

in order to optimize future sensor design including a possibly

increase in the dynamic range of  these sensors. Those parameters

may include OPC design choices (pinhole size and shape, flow chan-

nel dimensions, light source and detector types), test dust variants

(particle size distribution, shape and material), oil type (viscosity

index and optical properties) and test operational conditions (flow

rate, temperature, pressure, etc.).

In order to achieve coupling between simulated signal and real

sensor output, the simulation tool should be extended to better

represent true operating conditions, including a non-uniform flow

profile, non-spherical particles and a diverging light source. Addi-

tionally, particles with a diameter less than 2  �m is believed to

8
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Fig. 13. Line plots of the histogram count shown in  Fig. 12 for the three simulated contamination levels. Again, Simulation 1, 2 and 3  correspond to Dose 1, 9  and 11. Values

are normalized according to the maximum count.

influence the sensor output under high contamination levels, and

the simulation tool should be improved in order to allow for an

investigation of their contribution to sensor output.

7. Conclusion

This work documents the raw output signal of  a light extinction

based optical particle counter with an algorithm for detecting signal

minima, and how various levels of particulate contamination in  a

lubricating oil affects the distribution of evaluated minima in the

output signal. Thus, the level of contamination is directly related to

a potential erroneous evaluation of  particle sizes when only signal

amplitude is used as a measure for particle size.

Sequentially increasing the level of contamination showed that

a particle concentration higher than 100 mg/L resulted in  a sig-

nificant change in the evaluated minima distributions, indicating

significant changes in particle size distributions, for the OPC uti-

lized in the laboratory test setup. Conversely, the particle size

distribution was observed to be near invariant to changes in

particle concentration at  lower contamination levels (Dose 1  to

Dose 7). Based on the consistence of  test parameters between

dosages, constant evaluated particle distributions is expected

throughout experiments. Thus, the clear distribution change from

Dose 8 and above supports the conclusion that particle con-

centration influences the observed distribution of contaminant

sizes.

Measurement results showed that the number of detected min-

ima in the sensor output as a function of contamination level

converged towards a certain value. Thus, a saturation point for

the sensor under the operational conditions has been nearly

approached, where the number of detected minima between two

significantly different contamination levels was similar.

Furthermore, the effect of increasing particle contamination

level influencing the evaluated minima distribution was  simulated.

Based on the obtained results when processing real sensor data,

three contamination levels of interest was chosen for simulation.

Simulation results showed the same tendency in terms of particle

contamination levels influencing the signal minima distribution,

causing a relative increase in numbers of  high amplitude sensor

signal drops as was the case for experimental particle counter data.

Conclusively, this work shows that the utilized simulation tool

can be used to efficiently predict the influence of particle concen-

tration on signal minima distribution. Thus, forming the basis for

determining the linear range for future OPC designs prior to proto-

type manufacturing.
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