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Abstract ; Based on the laser diffraction and Shifrin transform, the measurement method of particle size distribution
has been improved extensively. While in real measurements. some noise peaks exist in the inversion data and are
ecasily to be misread as particle distribution peaks. The improved method used a truncation function as a filter is
hard to distinguish adjacent peaks. Here, by introducing the bimodal resolution criterion, the filter function is op-
timized, and to a quasi truncation function with the optimized filter function is studied to achieve optimal bimodal
resolution and to remove noise peaks. This new quasi truncation function fits multimode distribution very well. By
combining the quasi truncation function with Shifrin transform, noise peaks are removed well and the adjacent
peaks are distinguished clearly. Finally, laser diffraction experiments are conducted and the particle size distribu-
tion is analyzed by adoping the method. The results show that the quasi truncation function has better bimodal res-
olution than the truncation function. Generally, by combining the quasi truncation function with the Shifrin trans-
form, in particle size distribution measurements with laser diffraction, the bimodal resolution is greatly increased
and the noise is removed well. And the results can restore the original distribution perfectly. Therefore, the new

method with combination of the quasi truncation function and the Shifrin transform provides a feasible and effective
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way to measure the multimode particle size distribution by laser diffraction.
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0 Introduction

In the measurement of particle size distribu-
tion (PSD), the optical method has been widely
used because of its non-contact and quick testing

(171 Single particle and group parti-

characteristics
cles testing techniques, represented by Coulter
counter and Malvern particle analyzer, respective-
ly, have been developed well. At the end of the
last century, with the development of charge-cou-
pled device (CCD) components, a method for
PSD measurement based on Shifrin transform and
[8-12]

laser diffraction was also developed quickly

The method has a high precision and the users do
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not require knowledge of the information in ad-
vance, such as the distribution model "¢,
However, it has a significant defect™®*1'"12 that
is, in actual measurements noise in the data of in-
version can easily be misread as PSD peaks, thus
preventing it from wide application. Recently,
one has proposed a few filters that involved inser-
ting a truncation function to avoid misreading

L2131 However, in the experiments,

noise peaks
the bimodal resolution was low because of the ad-
jacent peak overlap effect. In order to remove the
noise peaks and increase its bimodal resolution, a
quasi truncation function with an optimized filter

function is proposed in this paper to increase the
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bimodal resolution. And then the quasi truncation
function is combined with Shifrin transform to
solve the problems of noise and adjacent peak
overlap. This method specifies an effective way to
use Shifrin transform and laser diffraction for ob-

taining multimode PSD.

1  Shifrin Transform Inversion and
CTF Method
nd

Particle size parameter is set to x (=", A

A
is the wavelength of incident light, and d the par-
ticle diameter), and x>>1. For a large number of
particles, if the optical thickness r is far less than
1, then only single scattering can be considered.
In fact, single scattering is an appropriate as-
sumption for practical problems encountered in

L1:5:10.110 = According to the diffraction ap-

real time
proximation, the total scattering intensity on the

focal plane of the objective lens is described

aS[lO.ll,H]

1o :J VHE RSN AED)

F a0 dx (D
where k is the wave number, F the focal length, @
the scattering angle, and J ; the first level of the
Bessel function of the first kind. And f(x) is the
distribution function, as a function of particle
size. Chin and Shifrin®*'*'J obtained the analytic
solution of the inverse problem as

n(x) =2° f(x) =

_ sz?kZJaﬁJ LGO)Y, (2)

0

o 10140 2
where n () is the distribution of particle quality
as a function of size, and Y, the first level of the
Bessel function of the second kind. Eq. (2) is
called the Shifrin transform, which can invert the
PSD using the angle distribution of the light scat-
tering intensity.

[6:10121 have showed

Many previous reports
that the actual range of sampling angles needs to
be from 0., t0 O in Eq. (2) . Therefore, data
loss is inevitable in actual sampling. The loss of
data brings some noise, which can be easily mis-
read as distribution peaks. In fact, this phenome-

non becomes a fatal flaw of Shifrin method in the

extended application quickly. Consequently, Dai

02130 proposed a complete truncation func-

et al.
tion (CTF) based on some characteristics of Fou-
rier transform to improve the Shifrin method.

The filter function is defined as
{0\
A = ( (6‘”) ) (3)

where 8 is an adjustable coefficient in a range of

1.5 to 2. 0. In some experimental measure-

01213 the method can remove noise, and be

ments
perfect to restore the original distribution. While,
when two of the peaks are closed, serious prob-
lems will be encountered. Fig. 1 shows the simu-
lation inversion of PSD with three peaks using the

Here,

n(x) is the ratio of the particle quality with size

CTF and Shifrin methods, respectively.

parameter x and the total particle quality with all
sizes (the same as below), and defined as a posi-
tive value according to its physics significance (the
same as below). In its original distribution, parti-
cle sizes at three peaks are 25.0, 32.0, 50.0 pm,
respectively, and the sampling angles are assumed
to be within a range of 0. 1° to 5. 0° (Figs. 2,3).
Due to the data collecting difficultly below 0. 1°,
the minimum of the sampling angle is selected as
0.1° and, due to the approximate requirements of
Fraunhofer diffraction, the maximum of the sam-
pling angle is selected as 5. 0°. From Fig. 1, it is
observed that the noises in inversion for the Shi-
frin method are much larger than the CTF meth-
od. Especially, the noise peak at 42 pm is easily
misread as distribution peak. For the CTF meth-
od, the noises in inversion nearly disappear. But
it causes another problem that the two peaks at
25.0 and 32. 0 pm in the original distribution
overlap seriously. These two closed peaks become
indistinguishable in the CTF method. It is fatal

for restoring the original distribution.

2 New Method

To restore the original distribution well, the

measurement results needs to be with small
noise, high resolution, and high accuracy. Refs.
[8-12 ] have pointed out that the Shifrin method

has high measurement precision yet with serious



448 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 32

0.10
CTF method
—————— Shfrin method
0.05¢
E 0.00
=
0.05| AN
Phir N
Piiia
000 VPV E AN A A SN
0 20 40 60 80 100
d/pm

Fig.1 Simulation inversion of PSD with three peaks

using CTF and Shifrin methods

noises; while the CTF method has low noise, but
low neighbor peak resolution. Therefore, an opti-
mal filter function or the other methods to meet
the requirements of both noise removal and high

resolution are presented in the following section.
2.1 A quasi truncation function

For obtaining the optimal filter function,
based on the difference in the between theoretical
light intensity with the light intensity inversed by
the above bad result, then fitted the difference
curve, and adjusted the truncation performance of
filter function, a quasi truncation function is
found out, which has a better neighbor peak reso-
lution than the complete truncation function and
the other filter function. The quasi complete trun-

cation function (QCTF) is selected as

(9 (9 min

A%%z[“*ﬁ@;?iﬂﬁy}y

a=1.15. f=at-. y=f+5 @

To explain the peak resolution problem.,
here, a bimodal distinguish criterion, learning
from the light wave resolution method in wave op-

015-161 s introduced here. When the distance

tics
(8) of two peak positions is half of the sum (L) of
full-width at the half maximum of each peak, the
two peaks can be appropriately distinguished.

Therefore, 20/L can be used to represent the bi-
modal resolution, and O<ifé\< 2. When %3<1,

two peaks cannot be distinguished. When 20_ 1,

two peaks can be appropriately distinguished.

When ?> 1, two peaks can be distinguished

well. The larger the 26/L, the higher the bimodal
resolution.

Fig. 2 is the simulation inversion of PSD with
five peaks using the Shifrin method, CTF method
and QCTF method. Peak particle sizes are 20. 0,
26.5, 40.0, 47.0, 65.0 um, respectively. From
Fig. 2, and according to the bimodal resolution
criteria, the neighbor peaks at 20. 0 and 26.5 pm,
as well the ones at 40. 0 and 47. 0 ym, cannot be
distinguished for the CTF method, while for the
QCTF method, they can be distinguished. Thus.,
the QCTF method has higher bimodal resolution
than the CTF method. At the same time, the
QCTF method, as well as the CTF method, has
better noise removal than the Shifrin method, as

shown in Fig. 2.
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Fig. 2 Simulation inversion of PSD with five peaks

using QCTF, CTF and Shifrin method

A lot of simulation experiments have indica-
ted that the QCTF method has high bimodal reso-
lution, and it is suitable to simulate single, bi-
modal and multimodal particle distribution. How-
ever, the QCTF method can reluctantly distin-
guish the two peaks at 20. 0 and 26. 5 pm in Fig. 2.
That is to say, on the basis of noise removal,
even the optimal filter function method is difficult
to solve fundamentally the adjacent peak overlap-
ping problem. The original reason is that, besides
the characteristics of the noise removal, the opti-
mal filter function method stretches the peak

width, which declines the bimodal resolution.

2.2 Method of combination quasi truncation func-

tion with Shifrin transform

In Figs. 1,2, the Shifrin method has the nar-
rowest peak width than other methods. Then, a

method of combination the quasi truncation func-
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tion with the Shifrin transform is proposed here to
obtain better noise removal and narrower peak
width. Firstly, the QCTF method is applied to do
the inversion. Then the inversion interval is redis-
After
that, the Shifrin method is applied for those inter-
and the
QCTF method is applied for the other intervals.

tricted according to the inversion results.

vals with particle distribution peaks,

Fig. 3 shows the simulation inversion of PSD with
the QCTF
method and the proposed method. The peak par-
ticle sizes are 15. 0, 23. 0, 45. 0, 51. 5, 70. 0,
75.0 pm, respectively. According to the QCTF

six peaks using the CTF method,

inversion results, the new method is redistricted
in the interval of 0. 0-—100. 0 pm. And the Shifrin
method is applied for three intervals of 12. 0—
25.0 ym, 42.0—53. 0 pm, and 68.0—78. 0 um.
The QCTF method is applied to the other inter-

vals.
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Fig. 3 Simulation inversion of PSD with six peaks

using CTF method, QCTF method and the

proposed method

although the CTF

method can remove noises, it is almost unable to

As seen from Fig. 3,

restore the original PSD because of the adjacent
peak overlap effect. Two peaks at 45. 0 pm and
51.5 pm, as well as the ones at 70. 0 pm and 75. 0
pm, cannot be distinguished. On the other hand,
the bimodal resolution of the QCTF method is
better than that of the CTF method, while the
two peaks at 70. 0 and 75. 0 pm still cannot be dis-
tinguished. The method combined the QCTF and
Shifrin transform greatly increases the bimodal
resolution. In Fig. 3, it shows clearly that the six

PSD peaks are separated well and, there is almost

no noise on the curve. Thus, the current method
combined the QCTF and Shifrin transform can
perfectly solve both the noise obstacle and the ad-

jacent peak overlap effect.

3 Experiment
3.1 Experimental equipment

As shown in Fig. 4, the optical particle-sizing
instrument used in this study is mainly composed
of a He-Ne laser, an attenuation system, an ex-
tended filtering collimation system, a sample
box, a lens, a wedge-shaped baffle, a line array
CCD, a probe circuit, a data acquisition card, and
a computer system. The standard particle latex

spheres are provided by the Nuclear Industry Bei-

jing Institute of Chemical Engineering.

ter v card !
]

1-Laser 2- Attenuator 3-Extender filter
4-Sample 5- Lense 6- Wedge baffle 7-CCD

Fig. 4 Schematic diagram of optical particle-sizing in-

strument

The particles labeled GBW(E) 120006 (nom-
inal peak size is 20. 46 = 0. 4 ym), GBW (E)
120042 (nominal peak size is 27.1041. 3 pm) and
GBW(E) 120045 (nominal peak size is 45. 60 &
1.3 pm) are suspended in pure water, and then
the mixture of PSD with three peaks is formed.
The particles labeled GBW (E) 120046 (nominal
peak size is 51.20£0. 6 pm) are dropped into the
above suspension, and then the mixture of PSD
with four peaks is formed. By adjusting the atten-
uation system, the scattered light intensity distri-
bution on the CCD is properly obtained, and the
obtained signal is converted to an electric signal.
The model of the Linear CCD is TCD103C
(Toshiba) with 2 592 pixels and the size of a pixel
is 11. 0 pm. In order to reduce the influence of the
central spot, it is blocked by a wedge-shaped

baffle.
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3.2 Results and discussion

Fig. 5 is the results of PSD measured by vari-
ous techniques, including the current method,
QCTF method, CTF method, and Shifrin meth-
od, for the mixture of GBW (E) 120006, GBW
(E) 120042, and GBW (E) 120045. Fig. 6 is the
results of PSD measured by various techniques for
the mixture of GBW (E) 120006, GBW (E)
120042, GBW(E) 120045 and GBW (E) 120046.
Here, the laser wavelength is 632. 8 nm, the focal
length of the objective lens is 300 mm. Then, the
angle interval can be calculated as 4. 00. The sam-
pling angle A(#) and 6, are 0. 300 4° and 4. 794 1°,
respectively, and the total number of pixels is 2
140. Mean value of three tests is taken as the
light intensity distribution result. When the cur-
rent method is used to measure PSD with three
peaks, according to the results of QCTF method,
the Shifrin method is applied for 17. 0-—30. 0 pm
and 42. 0-—48. 0 um intervals, and the QCTF
method is applied for the other intervals. When
PSD with four peaks is measured, the Shifrin
method is applied for 17. 0—30. 0 pm and 42. 0—
53. 0 pm intervals, and the QCTF method is ap-
plied for the other intervals.

In Figs. 5,6, results of the Shifrin method
bring many noise peaks, while results of the CTF
method result in serious adjacent peak overlap
effect. Therefore, they cannot restore their origi-
nal PSD. Results of the QCTF method not only
remove the noises, but also have certain bimodal
resolution. The neighbor peaks formed by GBW
(E) 120006 and GBW(E) 120042 are separated by
the QCTF method (Figs. 5, 6). While the adja-
cent peaks formed by GBW(E) 120045 and GBW
(E) 120046 are not distinguished by the QCTF
method (Fig. 6). On the other hand, the method
with combination of the QCTF with Shifrin trans-
form can clearly show all peaks of the original dis-
tribution on the basis of noise removal. As shown
in Figs. 5,6, peak particle sizes are measured to
be 20. 3, 27. 4, 45. 7, 51. 5 pum, respectively,
which agrees with the nominal sizes of the sam-
ples. Hence, analyzed the above results, the cur-

rent method has high bimodal resolution and good

effect on the noise removal. The method with the
combination of the QCTF and the Shifrin trans-
form can be widely applied to the PSD measure-

ment of group particles by laser diffraction.
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Fig.5 PSD obtained by various techniques for mixture
of GBW(E)120006, GBW(E)120042 and GBW
(E)120045
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Fig. 6 PSD obtained by various techniques for mixture

of GBW (E) 120006, GBW (E) 120042, GBW
(E)120045 and GBW(E)120046

4 Conclusions

(1) The method of quasi truncation function
has good bimodal resolution on the basis of noise
removal, and it is an optimal selection to directly
invert PSD by the analytic method. However, the
bimodal resolution is limited by stretched peak
width characteristic of the quasi truncation func-
tion.

(2) A method combined the quasi truncation
function with the Shifrin transform is proposed.
The method has a good effect of noise removal
with high bimodal resolution, which is favorable to
restore the original PSD.

(3) The current method fundamentally im-
proves the inversion method based on the Shifrin

transform, and provides a feasible and effective
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approach to measure actual PSD by laser diffrac-

tion.
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