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Measurement of particle size distribution in suspension
polymerization using in situ laser backscattering
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Abstract

Many methods have been developed for characterizing the particle size distribution (PSD) in a suspension polymerization reactor, but are
restricted to suspensions with low volume fractions of polymer or to determining the PSD only at the end of the batch. Laser backscattering
can be used to measure the chord length distribution for slurries with high particle densities. Here, a combination of inverse modeling and
laser backscattering is used to determine the PSD for polymer beads typical of operations for a suspension polymerization reactor. Several
methods are compared for accurately determining the PSD from the reported chord length distribution (CLD), including methods that take
surface roughness into account. These results demonstrate the applicability of laser backscattering for the in situ particle size distribution
analysis in suspension polymerization reactors.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The particle size distribution (PSD) in suspension poly-
merization reactors has a direct effect on the product quality.
In situ measurements of the PSD would improve the quality
of process models, which should have a subsequent effect on
improving the optimization and control of suspension poly-
merization reactors. Existing techniques, while informative
for some systems, have significant limitations. In particular,
most methods have long time delays before the measure-
ments of the PSD are available. These delays can be the
result of the sample preparation or the actual measurement
itself [18].

Different methods for particle size analysis are applicable
to different size ranges of the particles. A common off-line
method to measure the PSD for solid particles is sieving.
This technique does not have sampling problems, in terms
of obtaining a representative sample, since a large amount
of material can be used. A weakness of this method is that it
does not have good resolution. Generally, sieving can mea-
sure particle size no smaller than∼38�m. Particles can also
be measured by the sedimentation method, such as Sedi-
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Graph, in which particles of different sizes fall at different
rates through a fluid of known viscosity. The minimum size
of the particle measured by sedimentation is∼2�m. Cen-
trifugation is a method for particle size analysis that sepa-
rates particles by the response of physical forces acted upon
the particles as a function of the particle size. The minimum
size obtained by centrifugation is∼0.05 mm. All three meth-
ods are strongly influenced by the particle shape. Although
these methods are relatively simple to use and inexpensive,
none of these methods are on-line measurements which can
be used for control of the PSD. These techniques are used
for final particle size analysis[20,34].

There is a strong advantage to have anon-line measure-
ment of the PSD, both in terms of providing more data for
modeling purposes, but also to enable on-line optimization
and feedback control. Over the years, several particle size
analyzers have become available. The Coulter Counter[1]
counts particles electronically as the slurry passes through
an orifice. Coulter Counters have small flow orifices that
are prone to clogging, in the case of high density crystal
slurries, and may require grounding of the fluid to reduce
background noise[30].

Forward light scattering is an approach for particle sizing
commonly used in academic research laboratories. A laser
beam is directed through a sample cell and the scattered light
is collected. Scattered light is collected from a laser beam
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directed through a sample cell. The Malvern or Microtrac
particle sizes give useful PSD measurements for slurries
with low particle density[12,13,27]. Denser slurries can
be addressed with an automatic sampling and dilution unit
[17], but it can be difficult to obtain a representative sample
for such systems. Forward light scattering has been used in
several polymer systems[4–9,24,25,29,35].

Other on-line particle size analyzers include ultrasonic
extinction, such as the Sympatec Opus, and in situ video
microscopy, such as the Lasentec process video microscope
(PVM) and the MTS Particle Image Analyzer[15,19].
Ultrasonic extinction can measure particles from 0.01 to
3000�m [23]. A weakness of video microscopy is that par-
ticles smaller than∼3�m cannot be observed in solution,
and particles near that size range are blurry and difficult to
accurately size. These instruments are not as widely used
in polymerization systems.

An alternative light scattering approach is to focus a
laser beam forward through a window in a probe tip, and
collect the laser light scattered back to the probe. The Par
Tec 100 was one of the first commercial instruments of
this type. This probe and the Lasentec focused beam re-
flectance measurement (FBRM) probe have been used to
investigate the PSD during industrial crystallization pro-
cesses[3,14,16,22,33]. More recently, the FBRM probe
has been used in emulsion and suspension polymerization
systems[10,11], but has been limited to determination
of mean chord length sizes. Here, we demonstrate the
on-line measurement of the PSD in suspension polymeriza-
tion reactors using an FBRM probe coupled with inverse
modeling.

2. Theory

The FBRM probe measures the chord length distribution
(CLD) as the laser beam emitted from the sensor crosses par-
ticles that pass within its focal point, with the chord length
being the distance for which the laser beam crosses a par-
ticle. The probe measures thousands of chord lengths per
second. There have been efforts to relate the CLD to the
PSD [2,21,31,32]. Here, the resolution of past approaches
is improved by considering more carefully the character of
the PSD.

The measured chord lengths are collected inn bins to
form the CLD,

c =




c(D1, D2)

...

c(Dn, Dn+1)


 (1)

where c(Dj, Dj+1) is the number of chords within a bin
with a size range

Dj ≤ D < Dj+1 (2)

Fig. 1. Off-line optical microscopy picture of poly(vinyl chloride) particles.

The PSD,f , is represented by

f =




f(D1, D2)

...

f(Dn, Dn+1)


 (3)

where each element represents the number of particles within
the range(2) and the upper and lower bounds are the bin
edges.

The particles are assumed to be spheres, which is a rea-
sonable assumption for suspension polymerization reactors
(shown inFig. 1). The CLD is related to the PSD through
probability functions[2,21,31,32]. The probability of a mea-
sured chord length being in a particular range is determined.
This probability function is constructed for each particle size
and the corresponding chord lengths in a matrix that maps
the PSD onto the CLD:

c = Pf (4)

where the elements ofP are described by the equations

Pi(D̂j) =




√√√√1 −
(

Di

D̂j

)2

−
√√√√1 −

(
Di+1

D̂j

)2

, i < j

√√√√1 −
(

Di

D̂j

)2

, i = j

0, i > j

(5)

for a single spherical particle of sizêDj ∈ [Dj, Dj+1).
If D1 = 0 then

n∑
i=1

Pi(D̂j) = 1 for j = 1, . . . , n, (6)

that is, the probability of measuring a chord length of a
particle is 1.

The above theory is a generalized view of constructing the
mapping matrix,P , since there has been no mention of how
the variableD̂j is selected. The only constraint is that the
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particle diameter lies within each bin. This paper considers
several approaches for defining the particle diameter,D̂j,
some of which can give more accurate estimates of the PSD
than past methods. These approaches are based on the as-
sumption being made on how particles are distributed within
each bin, with these distributions being midpoint, uniform,
and linear.

2.1. Midpoint distribution

This distribution assumes that, within each bin of size
range

Dj ≤ D < Dj+1, (7)

all of the particles with measured chord lengths have a par-
ticle diameter size of

D̂j = 1
2(Dj + Dj+1), (8)

which is the midpoint of the bin. In this case,(5) becomes

Pij=




√
1−

(
2Di

Dj + Dj+1

)2

−
√

1−
(

2Di+1

Dj+Dj+1

)2

, i < j

√
1−

(
2Di

Dj+Dj+1

)2

, i = j

0, i > j

(9)

2.2. Uniform distribution

In this approach, it is assumed that within each bin, the
size of the particles are uniformly distributed. The general
formula for this approach is

Pij =




∫ Dj+1
Dj

(
√

1 − (Di/D)2

−
√

1 − (Di+1/D)2) dD

Dj+1 − Dj

, i < j

∫ Dj+1
Dj

√
1 − (Di/D)2 dD

Dj+1 − Dj

, i = j

0, i > j

(10)

The integrals are solved analytically to reduce computation
time.

2.3. Linear distribution

This approach assumes that, within each bin, the particles
are distributed according to the linear equation

f(D) = f(Dj+1) − f(Dj)

Dj+1 − Dj

(D − Dj) + f(Dj) (11)

This assumes that the PSD is continuous, which is expected
for suspension polymerization reactors since the polymer

particles began as droplets dispersed by a mixing blade. In
this case, each element of the mapping matrix is given by

Pij =




∫ Dj+1
Dj

f(D)(
√

1 − (Di/D)2

−
√

1 − (Di+1/D)2) dD∫ Dj+1
Dj

f(D) dD
, i < j

∫ Dj+1
Dj

f(D)
√

1 − (Di/D)2 dD∫ Dj+1
Dj

f(D) dD
, i = j

0, i > j

(12)

For practical PSDs, this distribution would be expected
to be more accurate than the uniform and midpoint distribu-
tions, which have been assumed in past studies.

2.4. Inverse modeling

For the uniform and midpoint methods, the PSD can be
calculated as the solution to

min
f

1
2(Pf − c)T(Pf − c) (13)

It can be shown that the mapping matrixP is nonsingular for
the midpoint and uniform distributions, so there is a unique
PSD for a given CLD that is computed using matrix inversion
f = P −1c. However, the PSD computed by direct matrix
inversion can have nonphysical fluctuations (and sometimes
even negative values) due to measurement noise and poor
conditioning of the mapping matrix. This problem can be
avoided by using ridge regression[28]:

f = (γI + P TP )−1P Tc (14)

where the variableγ is selected to be some small positive
number. Using this method, there is a trade-off between bias
and matrix conditioning. For large values ofγ (for example,
equal to 1), the matrix(γI + P TP ) is well-conditioned but
the calculated PSD is highly biased (it is flatter than the
true PSD). For smallerγ, there is less bias but the matrix is
more poorly conditioned. In practice,γ is selected to be just
large enough that the calculated PSD looks reasonable (e.g.
the distribution is smooth). Ridge regression is probably the
most commonly used method for inverse modeling.

The mapping matrix for the linear method is a function
of the PSD, that is

c = P (f )f (15)

so the mapping betweenf andc is nonlinear. We propose
to compute the PSD by numerical solution of the nonlinear
constrained optimization program

min
f

1
2[P (f )f − c]T[P (f )f − c] + γ̂f ′′Tf ′′ (16)

subject to

f ≥ 0 (17)
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where

f ′′ =




−2 1 0 . . . 0

1 −2 1 0
...

0
. . .

. . .
. . . 0

... 0 1 −2 1

0 . . . 0 1 −2




f (18)

using sequential quadratic programming (SQP) (in this case,
the program FFSQP[37]). For nonzeroγ̂, the second term
in the objective of(16) directly penalizes fluctuations in
the distribution, as discussed in the review paper[28]. The
SQP method needs an initial estimate of the PSD, which we
took to be the CLD. The SQP method converged in 2 min
for 500 bins (a 1.0 GHz Pentium III processor was used for
all computations). For the numerical example that follows,
neither the penalty term nor the positivity constraint were
needed, so the globally convergent Newton routine NEWT
[26] was used to solve the system of nonlinear equations
(Eq. (15)), which resulted in less computational expense.
The calculation of the linear scale PSD using NEWT was
accomplished in less than 1 min.

3. Numerical example

In order to compare the accuracy of the methods, each
method is applied to a known PSD. In this case, the PSD
(seeFig. 2) is described by the normal distribution function

fPSD(D) = 1

50
√

2π
e−(1/2)((D−250)/50)2

(19)

The PSDs will be compared in terms of theirj moments:

µj =
∫ ∞

0
Djf(D) dD (20)

The number mean particle size is defined by
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Fig. 2. The particle size distribution described by(19).

Table 1
The mean particle size, coefficient of variation, and moment ratios of the
PSD described by(19)

D̄ (�m) 250.00
cv 0.200
µ2/µ0 (�m2) 6.5000× 104

µ3/µ0 (�m3) 1.7500× 107

µ4/µ0 (�m4) 4.8625× 109

D̄ =
∫∞

0 Df(D) dD∫∞
0 f(D) dD

= µ1

µ0
(21)

The coefficient of variation (cv), which quantifies the width
of the distribution function relative to its mean, is defined by

cv =
√

µ0µ2

µ2
1

− 1 (22)

The mean particle size, coefficient of variation, and moment
ratios of the PSD are inTable 1. The CLD is calculated by
(4) whereP is defined by

Pij =




∫ Dj+1
Dj

fPSD(D)(
√

1 − (Di/D)2

−
√

1 − (Di+1/D)2) dD∫ Dj+1
Dj

fPSD(D) dD
, i < j

∫ Dj+1
Dj

fPSD(D)
√

1 − (Di/D)2 dD∫ Dj+1
Dj

fPSD(D) dD
, i = j

0, i > j

(23)

The CLDs are reported for the logarithmically distributed
bins (seeFig. 3) and linearly distributed bins (seeFig. 4). The
CLDs for the logarithmically distributed bins are noticably
different, especially around the peak (seeFig. 3).

The three inverse modeling methods were applied to the
CLDs computed from the PSD described in(19). The PSD
was recovered from the CLD using the three inverse mod-
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Fig. 3. The chord length distribution of(19) for 38 bins (—) and 90 bins
(– –). The bins are distributed logarithmically.
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Fig. 4. The chord length distribution(19) for 500 bins (—). The bins are
distributed linearly.

eling methods, withγ = γ̂ = 0 in (14) and (16)(nonzero
values were not needed since there was no noise).

Table 2reports the mean particle size, coefficient of vari-
ation, and the moment ratios for all the calculated PSDs.
Not surprisingly, the PSDs calculated from the CLD with
38 bins were the least accurate, followed by the PSDs cal-
culated from the CLD with 90 bins. What is more surpris-
ing is the magnitude of the relative accuracies of the three
methods. For the logarithmically distributed bins, the mid-
point method gave more accurate results than the uniform
method, although the midpoint distribution might have been
expected to be a poorer approximation to the PSD, since it
assumes that the PSD consists of a series of spikes. All of
the properties of the PSD calculated from 500 bins assum-
ing a linear distribution within bins are accurate within five
significant figures, whereas the midpoint and uniform meth-
ods only give two to three significant figures of accuracy
when 500 bins are used. The PSD calculated from the linear
method from the CLD with 90 bins is more accurate than
the PSD calculated from the midpoint or uniform methods
from the CLD with 500 bins.

Table 2
Comparison of the mean particle size (D̄), coefficient of variation (cv), and moment ratios (µj) for the PSDs obtained from inverse modeling of(23)
(γ = γ̂ = 0)

Method D̄ (�m) cv µ2/µ0 (�m2) µ3/µ0 (�m3) µ4/µ0 (�m4)

500 linear bins
Midpoint 251.00 0.199 6.5501× 104 1.7696× 107 4.9329× 109

Uniform 251.00 0.199 6.5501× 104 1.7696× 107 4.9330× 109

Linear 250.00 0.200 6.5001× 104 1.7500× 107 4.8627× 109

38 logarithmic bins
Midpoint 258.45 0.203 6.9557× 104 1.9403× 107 5.5908× 109

Uniform 271.62 0.198 7.6671× 104 2.2410× 107 6.7637× 109

Linear 252.12 0.211 6.6388× 104 1.8175× 107 5.1554× 109

90 logarithmic bins
Midpoint 247.67 0.212 6.4098× 104 1.7235× 107 4.7944× 109

Uniform 259.50 0.199 7.0013× 104 1.9554× 107 5.6351× 109

Linear 250.47 0.202 6.5302× 104 1.7646× 107 4.9254× 109
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Fig. 5. The calculated PSD(γ̂ = 0) (—) using a linear distribution on a
linear scale.
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Fig. 6. The calculated PSD(γ̂ = 0) (38 channels (—) and 90 channels
(– –)) using a linear distribution on a logarithmic scale.

The PSDs calculated assuming a linear distribution in each
bin are reported inFigs. 5 and 6. The PSD calculated from
500 bins is nearly equal to the original PSD, whereas the
PSD calculated from 38 bins is inaccurate near the peak.
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4. Experimental procedure

The material used in this experiment was a reference sam-
ple supplied by Lasentec, which is 8.33 wt.% poly(vinyl
chloride) (PVC) in water. The beaker was placed on the fixed
beaker stand provided by Lasentec. The fixed beaker stand
holds the FBRM probe stationary in the beaker, with a four
blade turbine stirrer used to ensure that a slurry with a rep-
resentative PVC size distribution passes towards the probe
tip with an angle of approximately 45◦. The stirring rate
was 400 rpm. The FBRM software allows for fine (F)- and
coarse (C)-electronics. The F-electronics is a more sensitive
setting. F-electronics was used for all measurements. The
measured CLD was highly reproducible (seeFig. 7). Also,
the size distribution of PVC beads was constructed from the
cumulative number distribution function for 278 particles

F(D) =
∫ D

0
f(D) dD (24)

whose size was measured by off-line optical microscopy
(OM) (seeFig. 8). The percentage of particles of size less
than or equal toD, F(D), was calculated. This gives a mono-
tonically nondecreasing staircase-like function to which a

10
0

10
1

10
2

10
3

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Chord length (µm)

R
el

at
iv

e 
nu

m
be

r 
of

 p
ar

tic
le

s

Fig. 7. The chord length distribution of PVC (linear scale).
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Fig. 8. The particle size distribution of PVC measured using off-line
optical microscopy.

Table 3
The mean particle size, coefficient of variation, and moment ratios of
PVC measured using off-line optical microscopy

Method OM
D̄ (�m) 119.05
cv 0.27
µ2/µ0 (�m2) 1.52 × 104

µ3/µ0 (�m3) 2.05 × 106

µ4/µ0 (�m4) 2.90 × 108

smooth curve is fitted. The number distribution is calculated
by taking the derivative of this smooth curve

f(D) = dF(D)

dD
(25)

The mean particle size and coefficient of variation deter-
mined by off-line optical microscopy are reported inTable 3.

As a final comment, the measured CLDs reported in this
paper are not a strong function of the suspension density. In-
creasing suspension density will cause incrementally less to-
tal particle counts at very high suspension densities, but this
effect is canceled by using the normalized distributions used
here. A secondary effect that can occur for particle sizes that
range several orders-of-magnitude is that the smallest par-
ticles can “screen” the largest particles when there are very
high numbers of small particles, leading to an undercount-
ing of large particles. The particle sizes considered in this
study range over a small enough range that this secondary
effect is negligible.

5. Experimental results

The three inverse modeling methods were applied to the
CLD data from the Lasentec FBRM. Three different bin
grouping options were used. The linear bin grouping has
500 bins equally distributed over the range 0–1000�m. The
logarithmic bin grouping has 38 or 90 bins distributed over
the range 1–1000�m.

Properties of the calculated PSDs are reported for each
method inTable 4. In each case, the method fails to accu-
rately calculate the distribution of the PVC particles mea-
sured using off-line optical microscopy (as seen inTable 3).
When applied to the CLD with 500 linear bins, the three
methods underestimate the mean particle size. For logarith-
mic bins, the uniform method using 38 or 90 bins overesti-
mates the mean particle size.

The PSDs calculated from the CLD assuming a linear
distribution within bins are reported inFigs. 9 and 10. For
linear bins, the second derivative term smoothes the fluctu-
ations without greatly biasing the results.

All three methods with all three types of binning showed
two peaks in the calculated PSD, whereas only the peak
around 100�m was observed in off-line optical microscopy.
No polymer beads smaller than 10�m were seen in the op-
tical microscope; however, images of the polymer surface
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Table 4
Comparison of the calculated mean particle size, coefficient of variation, and moment ratios from the PSDs calculated from inverse modeling of the CLD
measured using FBRM

Method D̄ (�m) cv µ2/µ0 (�m2) µ3/µ0 (�m3) µ4/µ0 (�m4)

500 linear bins
Midpoint (γ = 0) 94.69 0.68 1.31× 104 2.16× 106 4.19× 108

Midpoint (γ = 0.1) 98.11 0.73 1.47× 104 2.78× 106 6.52× 108

Uniform (γ = 0) 94.73 0.68 1.31× 104 2.16× 106 4.19× 108

Uniform (γ = 0.1) 98.11 0.73 1.47× 104 2.77× 106 6.48× 108

Linear (γ̂ = 0) 95.72 0.66 1.32× 104 2.17× 106 4.22× 108

Linear (γ̂ = 0.1) 95.91 0.66 1.32× 104 2.17× 106 4.20× 108

38 logarithmic bins
Midpoint (γ = 0) 94.79 0.67 1.30× 104 2.13× 106 4.09× 108

Uniform (γ = 0) 138.45 0.44 2.29× 104 4.47× 106 1.02× 109

Linear (γ̂ = 0) 108.98 0.50 1.49× 104 2.46× 106 4.89× 108

90 logarithmic bins
Midpoint (γ = 0) 95.32 0.67 1.32× 104 2.17× 106 4.20× 108

Uniform (γ = 0) 138.46 0.44 2.29× 104 4.45× 106 1.01× 109

Linear (γ̂ = 0) 113.45 0.49 1.60× 104 2.73× 106 5.53× 108

collected by off-line optical microscopy showed protrusions
up to 20�m in size. On the other hand, CLDs collected
from droplets and glass beads larger than 20�m in the lab-
oratory did not show any peaks in the 0–20�m size range.
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Fig. 9. The calculated PSD (—) using a linear distribution(γ̂ = 0). The
bins are distributed linearly.

Fig. 10. The calculated PSD (—) using a linear distribution(γ̂ = 0.1).
The bins are distributed linearly.
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Fig. 11. The chord length distribution of PVC (linear scale) with surface
roughness removed.

This suggests that the peak at 0–20�m is caused by the laser
interaction with the roughness/protrusions on the surface of
the polymer beads, agreeing with a conclusion made in a
previous study[36]. The next section describes a simple ap-
proach to take surface roughness into account in the inverse
modeling step.

6. Surface roughness

Surface roughness is addressed by adjusting the CLD so
that the prominent peak in the 0–20�m is replaced with a
linear equation (seen inFig. 11)

csurface(D) =




corig(D�) − corig(D1)

D� − D1
×(D − D1) + corig(D1), D ≤ D�

corig(D), D > D�

(26)
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Table 5
Comparison of properties of the calculated PSDs from inverse modeling with surface roughness taken into account

Method D̄ (�m) cv µ2/µ0 (�m2) µ3/µ0 (�m3) µ4/µ0 (�m4)

500 linear bins
Midpoint (γ = 0) 117.88 0.43 1.65× 104 2.73× 106 5.29× 108

Midpoint (γ = 0.1) 122.15 0.49 1.85× 104 3.51× 106 8.23× 108

Uniform (γ = 0) 117.91 0.43 1.65× 104 2.73× 106 5.29× 108

Uniform (γ = 0.1) 122.15 0.49 1.85× 104 3.50× 106 8.18× 108

Linear (γ̂ = 0) 116.92 0.44 1.63× 104 2.68× 106 5.19× 108

Linear (γ̂ = 0.1) 116.91 0.44 1.63× 104 2.68× 106 5.19× 108

38 logarithmic bins
Midpoint (γ = 0) 111.50 0.49 1.54× 104 2.51× 106 4.84× 108

Uniform (γ = 0) 139.25 0.43 2.30× 104 4.50× 106 1.03× 109

Linear (γ̂ = 0) 109.59 0.49 1.49× 104 2.48× 106 4.92× 108

90 logarithmic bins
Midpoint (γ = 0) 112.01 0.49 1.56× 104 2.56× 106 4.96× 108

Uniform (γ = 0) 139.25 0.43 2.30× 104 4.47× 106 1.02× 109

Linear (γ̂ = 0) 114.08 0.49 1.61× 104 2.74× 106 5.56× 108
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Fig. 12. The calculated PSD (—) using a linear distribution(γ̂ = 0). The
bins are distributed linearly.

whereD� is the specified minimum particle diameter and
D1 is the diameter of the smallest bin (0�m on linear scales
and 1�m on logarithmic scales). Then the three methods
(midpoint, uniform, and linear) are applied to the modified
CLDs. The PSDs calculated from the modified CLD using
the linear methods are reported inFigs. 12 and 13. For linear
bins, the nonzerôγ orγ removes the oscillations with a small
bias. The calculated PSDs are now unimodal, with a peak
around 100�m. The use of C-electronics is another remedy
to remove the prominent peak in the 0–20�m range.

Properties of the calculated PSDs are reported inTable 5.
For linear bins, the calculated mean particle sizes for all the
methods are all fairly close to the mean particle size deter-
mined by off-line optical microscopy. For logarithmic bins,
the mean particle sizes are improved, but not as much as for
the linear bins. In particular, the uniform method overesti-
mates the mean particle size by as much as 20�m. For 500
linear bins, all three methods give similar calculated PSD
properties forγ = γ̂ = 0. However, nonzeroγ was needed
to give realistically smooth PSDs. For nonzeroγ, many of
the calculated PSD properties are significantly biased for
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Fig. 13. The calculated PSD (—) using a linear distribution(γ̂ = 0.1).
The bins are distributed linearly.

the midpoint and uniform methods. Only the linear method
with γ̂ = 0.1 gave both a smooth distributionand unbiased
estimates of the PSD and its properties (with values similar
to those obtained by off-line optical microscopy). Also, the
linear method was much more robust to varying numbers
of bins and to whether linear or logarithmic bins was used.
This provides strong support for using the linear method
over past methods.

7. Conclusions

This paper addresses the determination of the PSD based
on the CLD measured using laser backscattering. Three
distributions of particles within each bin were considered:
midpoint, uniform, and linear. Each method was applied to
a known distribution to compare their relative accuracies.
The PSD calculated from the linear method was nearly two
orders-of-magnitude more accurate than the PSD calculated
from the widely accepted uniform and midpoint methods.



E.J. Hukkanen, R.D. Braatz / Sensors and Actuators B 96 (2003) 451–459 459

Then the three methods were applied to laser backscatter-
ing data collected from an aqueous suspension of poly(vinyl
chloride) particles. A simple modification was proposed to
the laser backscattering data to correct for the effect of sur-
face roughness. With this correction, the linear method with
a weight on the second derivative of the calculated PSD gave
a smooth distribution that agreed very well with the PSD
as measured from off-line optical microscopy. This in situ
measurement of the PSD should enable significant advances
in the modeling and control of suspension polymerization
reactors.
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