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Abstract. The influence of the concentration effects on the dynamic range and 
the readings of the Model /.LLPS-16 particle counter and size analyzer about 
particle concentration in liquid and its distribution in channels has been investi­
gated. The dependence of the readings on liquid flow rate through the Integrated 
Micro-Optical Liquid Volumetric sensor has been studied too. Recommendations 
are given for measuring particles in liquids with high or low viscosity. Measure­
ment errors due to above-mentioned factors are discussed. 

PACS number: 07.60.-j 

1. Introduction 

The importance of monitoring particle size distribution and concentration in gases and 
liquids is well known. Light scattering spectroscopy is an excellent technique that can be 
used to count and size microparticles. A number of particle counters and size analyzers 
(PCSA) based on the light scattering technique has been proposed and realized [ 1-
17]. Serial production of such instrnmentation has been organized by several finns 
since a long time [18 - 21]. One of them is Micro-Laser Particle Spectrometer, PMS 
Model µLPS-16 with the Integrated Micro-Optical Liquid Volumetric (IMOLV) sensor. 
Our experience in the operation of this PCSA for many years enabled us to discover 
some peculiarities and we consider them necessary to share our conclusions with other 
users of such equipment. These peculiarities are inherent to all PCSA operating on the 
principle of laser light-scattering. 

In this paper we have studied the influence of the concentration effects on the 
dynamic range and the readings of the PCSA Model µLPS-16 with an IMOLV sensor. 
We have investigated also the dependence of the readings on the liquid flow rate through 
the PCSA. On the base of the results we give recommendations for measuring particles 
in liquids with high- or low-viscosity. Measurement errors due to aforesaid factors are 
discussed. 

104 © 1998 St. Kliment Ohridski University Press All rights reserved 

Measurement Errors with J 

2. Dynamic Range of the IV 
Analyzer 

The interval between the minimu 
liquid which can be measured wit 
PCSA. 

The dynamic range is not limi 
cepted that if in the measurement· 
2 to about 200 µm, it will be cour 
vessel which can be placed in the 
measured concentration is 10-3 er 

The maximum allowed concent 
by the PCSA with a minimum ace 
range. Two factors that can limit 
PCSA combined with the minimm 
of the measurement capillary. Th( 
time T m in necessary for detecting 
is smaller than 6 1-is . The minimm 
Then we have 

N~ax = 

The second factor is connecte1 
which is illuminated by the laser t 
particle for the measurement peri< 

N~ax 

This estimate of the maximum 
that the particles are distributed he 
than N:Oax evaluated taking into a 
is considerably overrated as the J 

of their uninterruptedly chaotic m 
in the measurement volume Vo 
The lower the concentration the 
or more particles as a single par1 
the reproducibility of the measm 
N o the probability of finding k-p 
according to Poisson's distributio 

where k = 0, 1, 2,3 ... . 



S WITH MICRO-LASER 
TER µLPS-16 

GIEV 
{la 
lgaria 

ation effects on the dynamic range and 
article counter and size analyzer about 
istribution in channels has been investi ­
n liquid flow rate through the Integrated 
has been studied too. Recommendations 
'ds with high or low viscosity. Measure­
ors are discussed. 

ion and concentration in gases and 
·s an excellent technique that can be 
article counters and size analyzers 
s been proposed and realized ( 1-
been organized by several firms 

Laser Particle Spectrometer, PMS 
iquid Volumetric (IMOLV) sensor. 
any years enabled us to discover 

o share our conclusions with other 
rent to all PCSA operating on the 

the concentration effects on the 
µLPS-16 with an IMOLV sensor. 
ngs on the liquid flow rate through 
1endations for measuring particles 
errors due to aforesaid factors are 

i University Press All rights reserved 

Measurement Errors with Micro-Laser Particle Spectrometer µLPS-16 105 

2. Dynamic Range of the Model µLPS-16 Particle Counter and Size 
Analyzer 

The interval between the minimum and the maximum particle concentration in the 
liquid which can be measured with a predefined error is called dynamic range of the 
PCSA. 

The dynamic range is not limited regarding the minimum concentration. It is ac­
cepted that if in the measurement volume of liquid there is a single-particle sized from 
2 to about 200 µm, it will be counted and registered. As the minimum capacity of the 
vessel which can be placed in the measurement cylinder is 103 cm3 then the minimum 
measured concentration is 10- 3 cm-3 . 

The maximum allowed concentration of the particles N max, which can be measured 
by the PCSA with a m inimum acceptable error defines the upper limit of the dynamic 
range. Two factors that can limit N max exist. The first factor is the inertness of the 
PCSA combined with the minimum flow rate of the liquid through the illuminated part 
of the measurement capillary. The inertness is determined by the minimum period of 
time T min necessary for detecting a single particle. According to our evaluation T min 

is smaller than 6 µs. The minimum recommended flow rate Dmin is about 0. 7 cm3 /s. 
Then we have 

N:r,ax = 
1 

= 2 x 105 cm3 
. 

TrninDmin 
(1) 

The second factor is connected with the volume of the liquid in the capillary Vo 
which is illuminated by the laser beam and in which there should be no more than one 
particle for the measurement period. The volume Vo is 4x 10-5 cm3 (21]. Then 

N II 1 2 5 04 -3 max = - = . X 1 Clll . 
Vo 

(2) 

This estimate of the maximum measurable concentration N::,ax was made assuming 
that the particles are distributed homogeneously in the liquid. It is considerably smaller 
than N:r,ax evaluated taking into account the first factor. In fact N::,ax = 2.5x 104 cm- 3 

is considerably overrated as the particles are not distributed homogeneously because 
of their uninterruptedly chaotic movement. If no more than one particle is to be found 
in the measurement volume Vo the concentration should be several times smaller. 
The lower the concentration the smaller the error of simultaneous detection of two 
or more particles as a single particle with a greater diameter and therefore the better 
the reproducibility of the measurements. If the particle concentration in the liquid is 
N 0 the probability of finding k-particles being present in the volume V0 is calculated 
according to Poisson's distribution law (15]: 

(NoVo)k 
Pk= exp(-NoVo) 

k! 
(3) 

where k = 0, 1, 2, 3 .... 
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Thus the probability of no particles being present in the volume Vo (k = 0) is 

Po = exp( -No Vo) (4) 

and the probability of only 1 particle being present (k = 1) is 

P - 1 =Na Vo exp(-NoVo). (5) 

If every time the event is that either no particle or only one particle is present in 
the volume Vo the number of the counted particles corresponds to their real number. 

As the sum of all probabilities Pk (k = 1, 2, 3, . . . ) is unity then 

00 

Lpk = 1- Po= 1- exp(-NoVo). 
k=l 

(6) 

On the left side of Eq. (6) is the sum of the PCSA readings for the number of 
particles in different channels. Their concentration as measured by the PCSA is 

1 
00 

1 
Nm= - L Pk= - (1 - exp(-NoVo)) . 

Vo k=l Vo 
(7) 

As the true concentration is N 0 , the error of detennining the concentration according 
to the data from the PCSA is 

0 
=No - Nm= Na Vo - 1 + exp(-NoVo) . 

No Na Vo 
(8) 

We shall note that the firm PMS recommends measurements of concentrations up to 
1500 cm-3 with IMOLV sensor. As Vo = 4 x 10-5 cm3 we obtain from (8) 8 = 0.03, 
i. e. as a result of concentration effects the measured concentration will be decreased 
with 3 %. The theoretical dependence of 8 on the true concentration of No is shown 
in Fig. 1. And the dependence of the PCSA readings on the true concentration No is 
shown in Fig. 2. At first sight it should be possible to reconstruct the true concentration 
N 0 . In fact this is impossible for the simple reason that some particles with sizes below 
2 µm shall be counted and registered together with other particles as a single, but larger 
particle. These particles are to be included into the total concentration. Moreover, the 
measured particle distribution in the channels shall not correspond to the true one 
because of the simultaneous registration of several particles with different sizes as one 
particle with larger efficient size. That is the way the concentration of 1.5x103 cm- 3

, 

which can be determined with an error less than 3 %, to be taken as an upper limit of 
the dynamic range. 
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Fig. 2. The dependence of the PCSA readings 
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3. Dependence of the Measured Values of Concentration and Par­
ticle Size on the Liquid Flow Rate Through the IMOLV Sensor 

It is recommended in the PMS Instruction Manual [21] that the measurements may be 
carried at a sample flow rate from 40 cm3 / min to 200 cm3 / min (typically 60 cm3 / min). 
These conditions of measurement are equivalent to the requirements concerning the time 
period t0 necessary for a volume of 1 cm3 to pass through the measurement capillary 
in the process of measurement. For convenience we shall call this time-period "time 
of measurement" in the following text. Its typical value is 1 s, and its minimum and 
maximum values are 0.3 s and 1.5 s, respectively. We shall next show to what extent 
the results depend on the time of measurement. 

A number of experiments with dilute water suspensions of monodispersed latex 
spheres (PARTICLE MEASURING SYSTEMS INC) with different diameter were car­
ried out. Below are shown the results of two most representative series of measurements. 
In the first measurement we have studied water with total particle concentration result­
ing from its natural contamination about 230 cm- 3 . The particles counts are segmented 
in the first 5 channels, so they have sizes between 2 and 8 µm . After this we have 
put in water several drops of a standard water suspension of 15 µm latex spheres. In 
Table 1 are shown the particle counts distributions of the suspension for two times 
of measurement, 0.8 s and 3.7 s. Ten samples of 10 cm3 have been measured for each 
time of measurement. We can see (Table 1) that 

(i) the readings of the concentration in the first five channels where their origin is 
attributed to the natural water contamination increase with the increase of the 
time of measurement; 

(ii) latex spheres with 15 µm diameter are distributed over quite large range of sizes 
- from 8 to 40 µm. In this interval both a significant decrease in the concentration 
readings (channels 6 and 7), as well as considerable increase in the concentration 
readings (channels 8 through 11 ), can be observed with the increase in the time 
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of measurement to. The readings of the total concentration of the latex spheres, 
however, increase with only 2 % (from 8782 to 8955 cm-3) which is in the error 
limits due to concentration effects. 

Table 1. The particle counts distributions of the suspension in channels for two times of measure­
ment to, 0.8 s and 3.7 s 

Particle counts Particle counts 
Number Particle size (cm- 3 ) Number Particle size (cm-3 ) 

of channel (µm) of channel (µm) 
to= 0.83 s io=3.7s to= 0.83 s to=3.7s 

I 2- 3 111 297 8 15 - 20 2273 3816 
2 3- 4 51 99 9 20 - 25 383 740 

3 4 - 5 20 42 JO 25 -30 38 73 
4 5-6 10 19 II 30 - 40 12 18 

5 6- 8 33 55 12 40- 50 4 4 

6 8 - 10 333 314 13 50 - 70 0 0 
7 10- 15 5739 3990 

Table 2. The dependence of the PCSA readings for the particle concentrations N13 and N 14 in 
channels 13 and 14, the total concentrations of the particles N 13+ 14 in the two channels 13+14 
and the total concentrations of the particles Ni+2+3 in the first three channels (sizes from 2 to 
5 µm) on the time of measurement to 

Time of 
PCSA readings for the particle concentrations (cm- 3 ) 

measurement N13 N14 N13+14 N1 + 2+3 

to (s) Particle size Particle size Particle size Particle size 

50 - 70 µm 70 - 100 µm 50 - IOOµm 2 - 5 µm 

0.3 38 14 52 290 

0.6 34 18 52 335 

1 30 22 52 361 

2 24 28 52 466 

2.5 25 30 55 518 

3.5 23 26 49 513 

4.5 19 32 5 1 592 

5.5 22 29 51 611 

6.5 20 30 51 644 

In the second experiment we have measured water suspension of latex spheres with 
15 and 70 µm diameter. The dependence of the concentration readings on the time of 
measurement in the range from 0.3 to 7 s was studied. The values are well approximated 
by a second-order polynomial. Table 2 shows the most important results for one of the 
series of these measurements - the readings of the PCSA for the particle concentration 
in channels 13 and 14. The 70 µm latex spheres are measured in these two channels. 
The total concentrations of the particles in the two channels are also shown. The results 
are shown also in Fig. 3. It is seen that when the time of measurement increases the 
readings in channel 13 decrease, while in the next channel 14 they increase. The sum 
of the readings in the two channels, however, remains constant. In other words with the 
increase in the time of measurement the size analyzer classifies the particles as larger. 
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Generally speaking the longer the time the latex sphere crosses the laser illuminated 
volume of the liquid in the measurement capillary, the greater the size of the particle 
which is been derived from the measurement. From the other side, particles have some 
velocity distribution, in spite of the laminar flow. This can explain the wide interval of 
sizes obtained for the 15 µm particles in the first experiment. 

In Table 2 are also shown the readings for the total concentration of the particles 
in the first three channels (sizes from 2 to 5 ftm). Their origin is from the natural 
contamination of water. It is seen that the readings increase when the time of meas­
urement t0 increases. This result can be explained in the following way. The PCSA 
detects particles with sizes over 2 µm. From the conclusion already made it follows 
that at longer times of measurement particles which at shorter times of measurement 
have been classified as smaller than 2 µm should be detected. Therefore they have not 
been detected by the PCSA at these conditions. 

We can draw the conclusion that the readings of the PCSA strongly depend on 
the tim~ of measurement t0 . Our studies showed that they correspond with the true 
concentration and size of the particles at the measurement time to = 1 s, indicated 
in [21] as a typical one. If we work with times of measurement in the range of 0.3 
to 1.5 s which are recommended by the manufacturer, we can have errors as great as 
70 %. However, the PCSA has the capability to vary the time of measurement with an 
error of 1 O %, therefore we can fix it at (1 ± 0.1) s. The error in this case should be 
not greater than 6 %. 

However, it is not possible to achieve time of measurement to = 1 s for every liquid, 
i. e. liquid flow rate Do = 1 cm3 / s. The flow rate of a liquid with viscosity 17 through 
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the IMOLV sensor capillary because of difference in the pressure 6.p at the two ends 
of the capillary is 

D = C6.p 
1] 

(9) 

where C is the geometrical factor of the capillary. In order to estimate the interval of 
viscosity values for which the measurement time t0 = 1 s, we have measured both the 
maximum Dmax and minimum Dmin flow rate for water at temperature 20 °C and we 
received Dmax = 1.67 cm3 Is and Dmin = 0.15 cm3 Is. Optimal flow rate Do = 1 cm3 Is 
is realizable for liquid being sampled with viscosity 17 if 

. Dmin'T/w :S Do7] :S Dmax1]w (10) 

i.e. 

(11) 

where 1] = 1 mPa.s is water viscosity at 20 °C. Substituting the quantities with their 
values we get 0.15 :S 7] :S 1.67. As a rule the viscosity of liquids is higher than 
0.15 mPa.s. Consequently it is possible to fix an optimum flow rate Do = 1 cm3 Is for 
every liquid with viscosity lower than 1.67 mPa.s. 

However, there is a number of liquids with 77 > 1.67 mPa.s: fuels, lubricants, iso­
propanol, benzyl alcohol, phenol ethylene, glycol, aniline etc. In this case we recom­
mend two procedures for monitoring particle size distribution and concentration in such 
liquids: 

(i) The liquid being sampled is diluted by solvent with low viscosity so that the 
viscosity of the solution becomes lower than 1.67 mPa.s. This method possesses 
two inconveniences. Firstly, it requires very clean solvent and we have to measure 
the particle contamination of the solvent beforehand. Then we have to determine 
the volume fraction of the solvent in the solution of both liquids. At last we have 
to calculate the particle concentration in the liquid being sampled. It is clear that 
the procedure is complicated. Moreover this procedure is not useful to lubricants 
with ingredients in the form of particles, because as a rule the solvents dissolve 
part of these ingredients and therefore it becomes impossible to detennine the 
true particle concentration. 

(ii) Measurement with a smaller flow rate, i. e. with a time of measurement more 
than I s. In this case the values of the particle concentration are overrated in 
comparison with the true ones. Let us estimate the maximum viscosity at which 
the error due to higher readings does not exceed 6 %. As stated above the time of 
measurement has to be 1.1 s in this case. This time correspondences to water flow 

3 'f/w 1.67 
rate of 0.83 cm Is. From (11) we can obtain 7] = l.67D = 

0
_
83 

= 2 mPa.s. 

Measurement Errors with A 

4. ConclusiOn 

The studies reported in this paper 
size analysis by PCSA Model {tLP 
on the influence of the concentratio 
volume of the IMOLV sensor capi 
total error due to these two facto 
particle concentration of 1500 cm-

References 

I. W. Jacobi, J. Eichler, N. Solterfoh1 
2. J. Gebhart, J. Bol, W. Heinze, W. 
3. S. A. Schleusener. Rev. Sci. Inst1w 
4. S. A. Schleusener. J. Air Pollution 
5. R. Schehl, S. Ergun, A. Headrick. 
6. J. A. Steinkamp, M. J. Fulwyler, . 

Rev. Sci. Ins/rum. 44(1973)1301. 
7. C. C. Gravatt. J. Air Pollutio11 C01 
8. C. Roth, J. Gebhart, G. Heigwer. 
9. K. Suda. Rev. Sci. !11strum. 51 (19 

I 0. P. F. Mullaney, M. A. Van Dilla, J 
11 . 1'4-. Bartoldi, J. Salzman, R. Hieb 
12. R. G. Knollenberg. Proc. Soc. Ph · 
l 3. L. A. Andrianov, G. A. Kojemia 

(in Russian). 
14. S. V. Kuzmin, S. A. Saunin, U. 

Technika Eksperimenta 1 (1983) 1 
15. U. V. Julanov, 0. N. Nikitin, K. I 

Pribori i Technika Eksperimenta J 
16. K. Oka, S. Nakamura, Y. Kubo, A 

laboratory 3 ( 1986) 24. 
l 7. T. Yamamoto, Y. Egawa, Y. Shi 

Technol. (UK) 6 ( 1995) 174. 
18. Classical Laser Aerosol Spectro 
19. Micro-Laser Particle Spectromete 

Volumetric (IMOLV) sensor, Part 
20. Sensors for Contamination Moni 

HlAC ROYCO. Technical Infom 
21. Airborne-Particle Counter, Type . 



rgiev 

in the pressure !::.p at the two ends 

(9) 

In order to estimate the interval of 

0 = 1 s, we have measured both the 
water at temperature 20 °C and we 
/s. Optimal flow rate Do = 1 cm3 /s 

7) if 

ax1)w (10) 

ax71w (11) 

bstituting the quantities with their 
viscosity of liquids is higher than 
timum flow rate Do = 1 cm3 / s for 

1.67 mPa.s: fuels, lubricants, iso­
aniline etc. In this case we recom­
stribution and concentration in such 

ent with low viscosity so that the 
1.67 mPa.s. This method possesses 
ean solvent and we have to measure 
rehand. Then we have to determine 
ion of both liquids. At last we have 
iquid being sampled. It is clear that 
rocedure is not useful to lubricants 

ause as a rule the solvents dissolve 
omes impossible to detennine the 

with a time of measurement more 
icle concentration are overrated in 
te the maximum viscosity at which 
ed 6 %. As stated above the time of 
time correspondences to water flow 

T}w 1.67 
T/ = 1.67 D = O.S3 = 2 rnPa.s. 

Measurement Errors with Micro-Laser Particle Spectrometer µLPS-16 111 

4. Conclusion 

The studies reported in this paper showed that the precision of particle counting and 
size analysis by PCSA Model {tLPS-16 with IMOLV sensor depends to a large degree 
on the influence of the concentration effects and liquid flow rate through the illuminated 
volume of the IMOLV sensor capillary. Under certain conditions of measurement the 
total error due to these two factors is not over 12 %. The conditions are maximum 
particle concentration of 1500 cm-3 and optimum flow rate of (1 ± 0.1) cm3 / s. 
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