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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 Graph, in which particles of different sizes fall at different
rates through a fluid of known viscosity. The minimum size
The particle size distribution (PSD) in suspension poly- of the particle measured by sedimentation-i8 um. Cen-
merization reactors has a direct effect on the product quality. trifugation is a method for particle size analysis that sepa-
In situ measurements of the PSD would improve the quality rates particles by the response of physical forces acted upon
of process models, which should have a subsequent effect orthe particles as a function of the particle size. The minimum
improving the optimization and control of suspension poly- size obtained by centrifugation480.05 mm. All three meth-
merization reactors. Existing techniques, while informative ods are strongly influenced by the particle shape. Although
for some systems, have significant limitations. In particular, these methods are relatively simple to use and inexpensive,
most methods have long time delays before the measure-none of these methods are on-line measurements which can
ments of the PSD are available. These delays can be thebe used for control of the PSD. These techniques are used
result of the sample preparation or the actual measuremenfor final particle size analysig0,34]
itself [18]. There is a strong advantage to havecarline measure-
Different methods for particle size analysis are applicable ment of the PSD, both in terms of providing more data for
to different size ranges of the particles. A common off-line modeling purposes, but also to enable on-line optimization
method to measure the PSD for solid particles is sieving. and feedback control. Over the years, several particle size
This technique does not have sampling problems, in termsanalyzers have become available. The Coulter CoJtier
of obtaining a representative sample, since a large amountcounts particles electronically as the slurry passes through
of material can be used. A weakness of this method is that itan orifice. Coulter Counters have small flow orifices that
does not have good resolution. Generally, sieving can mea-are prone to clogging, in the case of high density crystal
sure particle size no smaller thai88 um. Particles can also  slurries, and may require grounding of the fluid to reduce
be measured by the sedimentation method, such as Sedibackground nois¢30].
Forward light scattering is an approach for particle sizing
commonly used in academic research laboratories. A laser
* Corresponding author. Tek:1-217-333-5073; fax¢1-217-333-5052. beam is directed through a sample cell and the scattered light
E-mail address: braatz@uiuc.edu (R.D. Braatz). 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 systenjd—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 Analyzgi5,19]
Ultrasonic extinction can measure particles from 0.01 to
3000pnm [23]. A weakness of video microscopy is that par-
ticles smaller tham-3 wum cannot be observed in solution,
and partlcles_ near that size range are blurry and (_:ilfflcult to The PSD.f, is represented by
accurately size. These instruments are not as widely used
in polymerization systems. f(D1, D2)

An alternative light scattering approach is to focus a f= : 3)
laser beam forward through a window in a probe tip, and :
collect the laser light scattered back to the probe. The Par f(Dy, Dy11)

Tec 100 was one of the first commercial instruments of . -
where each element represents the number of particles within

this type. This probe and the Lasentec focused beam re- :
flectance measurement (FBRM) probe have been used tothe range(2) and the upper and lower bounds are the bin

investigate the PSD during industrial crystallization pro- edges. . S
cesses[3,14,16,22,33] More recently, the FBRM probe The particles are assumed to be spheres, which is a rea-

: ; - g ble assumption for suspension polymerization reactors
has been used in emulsion and suspension polymerlzatlonSona o :
systems[10,11] but has been limited to determination (shown inFig. 1). The CLD is related to the PSD through

of mean chord length sizes. Here, we demonstrate theprobability functions{2,121,31,32.] The probability ofa mea-
on-line measurement of the PSD in suspension polymeriza-sured chord length being in a particular range is determined.

tion reactors using an FBRM probe coupled with inverse This probability function is constructed for each particle size
modeling and the corresponding chord lengths in a matrix that maps

the PSD onto the CLD:
c=Pf (4)

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

2. Theory where the elements d? are described by the equations

The FBRM probe measures the chord length distribution 2 2
(CLD) as the laser beam emitted from the sensor crosses par- 1— (Di> _ 1 <Di+1> i<

~ ~

ticles that pass within its focal point, with the chord length D_j D;
being the distance for which the laser beam crosses a par-

ticle. The probe measures thousands of chord lengths perfi(P;) = (D->2
1—({=—].

second. There have been efforts to relate the CLD to the - i=j
PSD[2,21,31,32] Here, the resolution of past approaches \ Dj

is improved by considering more carefully the character of 0, i>
the PSD. 5)

The measured chord lengths are collected: ibins to
form the CLD, for a single spherical particle of siz@; € [D;, Dj+1).
If D1 =0 then
c(D1, D2) .
c= : (1) Y PDjy=1 for j=1,...,n, (6)
c(Dp, Dn+l) =t

that is, the probability of measuring a chord length of a
wherec(D;, Dj11) is the number of chords within a bin  particle is 1.
with a size range The above theory is a generalized view of constructing the
mapping matrix,P, since there has been no mention of how
Dj=D<Djn () the variableD; is selected. The only constraint is that the
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particle diameter lies within each bin. This paper considers particles began as droplets dispersed by a mixing blade. In

several approaches for defining the particle diamebgt, this case, each element of the mapping matrix is given by
some of which can give more accurate estimates of the PSD D
than past methods. These approaches are based on the as- fD/.’“ f(D)(y/1— (D;/D)?
sumption being made on how particles are distributed within —/1=(Di+1/D)® dD
each bin, with these distributions being midpoint, uniform, D ) 1<
and linear. ij f(D)dD
Pyj = D1 5 (12)
2.1. Midpoint distribution Ip]" AD)Y1—(Di/D)*dD
, L=
Dj1
This distribution assumes that, within each bin of size fD_,-/ fD)dD
range 0, P> ]
Dj=D < Dj1, (7) For practical PSDs, this distribution would be expected
all of the partic|es with measured chord |ength5 have a par- to be more accurate than the uniform and mldp0|nt distribu-
ticle diameter size of tions, which have been assumed in past studies.
A 1
Dj=3(Dj+ Djs), ®) 24 Inverse modeling

which is the midpoint of the bin. In this cag®) becomes
For the uniform and midpoint methods, the PSD can be

\/1 ( 2D; )2 \/1 ( 2D;.1 )2 o calculated as the solution to
N ) LN ) 1<
Dj+ Djq Di+Djq mfin %(Pf _ C)T(Pf —0¢) (13)
Py= 2D, \?
1- (W) , i=j It can be shown that the mapping matixs nonsingular for
ST the midpoint and uniform distributions, so there is a unique
0, i>j PSD for a given CLD that is computed using matrix inversion
9) f = P~tc. However, the PSD computed by direct matrix
inversion can have nonphysical fluctuations (and sometimes
even negative values) due to measurement noise and poor
2.2. Uniform distribution conditioning of the mapping matrix. This problem can be
avoided by using ridge regressi{B]:
In this approach, it is assumed that within each bin, the f=@I+PTP)y1PTe (14)

size of the particles are uniformly distributed. The general
formula for this approach is where the variable is selected to be some small positive
number. Using this method, there is a trade-off between bias

D.
ij]H( 1—(Di/D)? and matrix conditioning. For large valuespffor example,
—/1—-(Diy1/D)®»dD equal to 1), the matrixyI + PT P) is well-conditioned but
Di11-D; = the calculated PSD is highly biased (it is flatter than the
Py = Dt . (10) true PSD). For smallep, there is less bias but the matrix is
ij v1—(Di/D)*dD o more poorly conditioned. In practicg,is selected to be just
Djj1— D, ’ b=J large enough that the calculated PSD looks reasonable (e.g.
‘ ' the distribution is smooth). Ridge regression is probably the
0, i>j most commonly used method for inverse modeling.

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

c=PNf (15)

so the mapping betweefi andc¢ is nonlinear. We propose
This approach assumes that, within each bin, the particlesto compute the PSD by numerical solution of the nonlinear
are distributed according to the linear equation constrained optimization program
f(Dj31) = (D)) min3[P(N)f =" [PNS =+ 77" (16)
Djy1—D;

The integrals are solved analytically to reduce computation
time.

2.3. Linear distribution

AD) = (D—-Dj)+ f(D)) (11)

This assumes that the PSD is continuous, which is expecteolSUbJect 0
for suspension polymerization reactors since the polymer f > 0 a7
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where Table 1
The mean particle size, coefficient of variation, and moment ratios of the
-2 1 o ... O PSD described by19)
_ : D (um) 250.00
1 2 1 0 ’ cv 0.200
1" . . . 2 o
— . . . 18 n2/pno (pme) 6.5000x 1
f o . . . o |f (18) e/ () 1.7500% 107
wa/po (wm* 4.8625x 10°
0 1 -2 1

using sequential quadratic programming (SQP) (in this case, _ fo‘” Df(D)dD g

the program FFSQR7]). For nonzergy, the second term D= W = % (21)

in the objective of(16) directly penalizes fluctuations in 0

the distribution, as discussed in the review pg@8&j. The The coefficient of variation (cv), which quantifies the width
SQP method needs an initial estimate of the PSD, which we of the distribution function relative to its mean, is defined by
took to be the CLD. The SQP method converged in 2min

for 500 bins (a 1.0 GHz Pentium Il processor was used for ¢y — (#0424 (22)

all computations). For the numerical example that follows, M%
neither the penalty term nor the positivity constraint were ) ) o o
needed, so the globally convergent Newton routine NEWT Thg mean particle size, coefficient of varlgtlon, and moment
[26] was used to solve the system of nonlinear equations atios of the PSD are ifiable 1 The CLD is calculated by

(Eq. (15), which resulted in less computational expense. (4) whereP is defined by

The calculation of the linear scale PSD using NEWT was Djy1 >
D)\/1— (D;/D
accomplished in less than 1 min. fD-/’ fesolD)( (Di/D)
—v1—(Di+1/D)?) dD .
D i<j
Jp]"* feso(D)dD
3. Numerical example Pj= Dy ' (23)
o] feso(D)Y1—(D;/D)2dD
In order to compare the accuracy of the methods, each Djt1 DVdD b=
method is applied to a known PSD. In this case, the PSD I, fesn(D)
(seeFig. 2) is described by the normal distribution function 0, i>j
fosp(D) = ; e~ (1/2((D—-250/50)2 (19) The CLDs are reported for the logarithmically distributed
50v 21 bins (sed-ig. 3) and linearly distributed bins (s€ég. 4). The

CLDs for the logarithmically distributed bins are noticably
different, especially around the peak (3€g. 3).

® The three inverse modeling methods were applied to the
K= /0 D! f(D)dD (20) CLDs computed from the PSD described(i®). The PSD
was recovered from the CLD using the three inverse mod-

The PSDs will be compared in terms of thgimoments:

The number mean particle size is defined by
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Fig. 3. The chord length distribution ¢19) for 38 bins (—) and 90 bins
Fig. 2. The particle size distribution described (). (=-). The bins are distributed logarithmically.
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eling methods, withy = = 0 in (14) and (16)(nonzero %102
values were not needed since there was no noise). 8 ‘ 1

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

Relative number of particles
N

method, although the midpoint distribution might have been 0
expected to be a poorer approximation to the PSD, since it 10° 10" 10° 10°
assumes that the PSD consists of a series of spikes. All of Particle size (um)

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 The PSDs calculated assuming a linear distribution in each
method from the CLD with 90 bins is more accurate than bin are reported ifrigs. 5 and 6 The PSD calculated from
the PSD calculated from the midpoint or uniform methods 500 bins is nearly equal to the original PSD, whereas the
from the CLD with 500 bins. PSD calculated from 38 bins is inaccurate near the peak.

Fig. 6. The calculated PSDy = 0) (38 channels (—) and 90 channels
(=-)) using a linear distribution on a logarithmic scale.

Table 2
Comparison of the mean particle sizB)( coefficient of variation (cv), and moment ratiog ;§ for the PSDs obtained from inverse modeling(88)

(yv=v=0)

Method D (nm) cv pa/po (Wm?) na/mo (Wmd) wa/ o (um?)
500 linear bins
Midpoint 25100 0199 65501x 10* 1.7696x 107 4.9329x 10°
Uniform 25100 0199 65501x 10* 1.7696x 107 4.9330x 10°
Linear 25000 0200 65001x 10* 1.7500x 107 4.8627x 10°
38 logarithmic bins
Midpoint 25845 0203 69557x 10* 1.9403x 107 5.5908x 10°
Uniform 27162 0198 76671x 10* 2.2410x 10 6.7637x 10°
Linear 25212 0211 66388x 10* 1.8175x 107 5.1554x 10°
90 logarithmic bins
Midpoint 24767 0212 64098x 10* 1.7235x 107 4.7944x 10°
Uniform 25950 0199 70013x 10* 1.9554x 107 5.6351x 10°

Linear 25047 0202 65302x 10* 1.7646x 107 4.9254x 10°
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4. Experimental procedure

The material used in this experiment was a reference sam-

ple supplied by Lasentec, which is 8.33wt.% poly(vinyl

chloride) (PVC) in water. The beaker was placed on the fixed 2 (=M

beaker stand provided by Lasentec. The fixed beaker stan
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 45The stirring rate
was 400 rpm. The FBRM software allows for fine (F)- and

E.J. Hukkanen, RD. Braatz/ Sensors and Actuators B 96 (2003) 451-459

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

Method oM

D 119.05

v 0.27
w2/po (Wm?) 1.52x 10°
n3/po (M) 2.05x 10°
wa/mo (nm*) 2.90x 108

smooth curve is fitted. The number distribution is calculated

coarse (C)-electronics. The F-electronics is a more sensitiveby taking the derivative of this smooth curve

setting. F-electronics was used for all measurements. The

measured CLD was highly reproducible (d&g. 7). Also,

the size distribution of PVC beads was constructed from the

cumulative number distribution function for 278 particles

D
FD) = [ ) (24)
0
whose size was measured by off-line optical microscopy
(OM) (seeFig. 8. The percentage of particles of size less
than or equal td, F(D), was calculated. This gives a mono-
tonically nondecreasing staircase-like function to which a
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10 10 10 10
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Fig. 7. The chord length distribution of PVC (linear scale).
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! 10° 10°
Particle size (um)

10

Fig. 8. The particle size distribution of PVC measured using off-line
optical microscopy.

dF(D)
dD

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

fD) = (25)

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 0-1060 The
logarithmic bin grouping has 38 or 90 bins distributed over
the range 1-100@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 seeffamble 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 iRigs. 9 and 10For
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 10Qum was observed in off-line optical microscopy.
No polymer beads smaller than jLén 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 D (m) cv na/io (pm?) n3/po (pmd) a/io (pm?)
500 linear bins
Midpoint (y = 0) 9469 068 131 x 104 216 x 1¢° 419x% 108
Midpoint (y = 0.1) 9811 073 147 x 104 2.78x 1¢° 6.52 x 108
Uniform (y = 0) 9473 068 131 x 104 2.16 x 108 419x 108
Uniform (y = 0.1) 9811 073 147 x 10 2.77 x 108 6.48 x 10°
Linear ( = 0) 9572 066 132 x 10 217 x 1P 422 x 108
Linear (¢ = 0.1) 9591 066 132 x 104 217 x 108 4.20x% 108
38 logarithmic bins
Midpoint (y = 0) 9479 067 130 x 104 2.13x 1¢° 409 x 108
Uniform (y = 0) 13845 044 229x 10* 447 x 10° 1.02 x 10°
Linear (7 = 0) 10898 050 149 x 104 2.46 x 108 489 x 108
90 logarithmic bins
Midpoint (y = 0) 9532 067 132 x 104 217 x 1¢8 4.20x% 108
Uniform (y = 0) 13846 044 229x 10* 4.45%x 10° 1.01x 1¢°
Linear ( = 0) 11345 049 160 x 104 2.73x 1P 5.53 x 108

collected by off-line optical microscopy showed protrusions
up to 20pm in size. On the other hand, CLDs collected
from droplets and glass beads larger thaqug0in the lab-
oratory did not show any peaks in the 02 size range.

0.01

0.008

0.006 1

0.04

0.004

0.03 0.002

Relative number of particles

0.02 10° 10" 10° 10°
Chord length (um)

0.01 Fig. 11. The chord length distribution of PVC (linear scale) with surface

roughness removed.

Relative number of particles

10° 10" 107 10°

Particle size (um) This suggests that the peak at 0428 is caused by the laser

interaction with the roughness/protrusions on the surface of
Fig. 9. The calculated PSD (—) using a linear distributign= 0). The the polymer beads, agreeing with a conclusion made in a

bins are distributed linearly. previous study36]. The next section describes a simple ap-
proach to take surface roughness into account in the inverse
0.035 - modeling step.
3
3 0.03
§ 0.025 6. Surface roughness
S 0.02
é Surface roughness is addressed by adjusting the CLD so
2 0.015 that the prominent peak in the O—gf is replaced with a
2 o001 linear equation (seen ifRig. 11)
©
& 0.005 CO”Q(D*) _ Corig(Dl)
0 - D*—D
0 1 2 3 rf; 1 .
0 10 0 0 TERD) =1 (D - Dy + 9Dy, D < D

Particle size (um)

orig *
Fig. 10. The calculated PSD (—) using a linear distributigh= 0.1). cED), D>D
The bins are distributed linearly. (26)
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Table 5
Comparison of properties of the calculated PSDs from inverse modeling with surface roughness taken into account
Method D (um) cv n2/mo (pm?) na/po (pme) wa/ o (m?)
500 linear bins
Midpoint (y = 0) 11788 043 165 x 10 2.73x 1P 5.29x 10°
Midpoint (y = 0.1) 12215 049 185 x 10* 351 x 10° 8.23x 108
Uniform (y = 0) 11791 043 165 x 10 2.73x 10° 5.29x 108
Uniform (y = 0.1) 12215 049 185x 10* 3.50x 10P 8.18 x 1¢®
Linear (¢ = 0) 11692 044 163 x 10 2.68x 10° 5.19x 108
Linear (¢ = 0.1) 11691 044 163 x 10 2.68x 10° 5.19x 1C®
38 logarithmic bins
Midpoint (y = 0) 11150 049 154 x 10 251 % 10° 4.84x 10°
Uniform (y = 0) 13925 043 230 x 10* 450 x 10° 1.03 x 1¢°
Linear ( = 0) 10959 049 149 x 10 2.48x 10P 4.92x 108
90 logarithmic bins
Midpoint (y = 0) 11201 049 156 x 10 256 x 10° 4.96 x 108
Uniform (y = 0) 13925 043 230x 10* 447 x 1P 1.02 x 1¢°
Linear (% = 0) 11408 049 161 x 10 2.74 x 10° 5.56 x 10°
0.012 0.01
8 8
g om S 0.008
& &
Z 0.008 by
° © 0.006
[ [
g oo g 0.004
3 :
< 0.004 S
2 =
S 0.002 8 0.002
@ @
0 0 1 2 3 0 0 1 2 3
10 10 10 10 10 10 10 10
Particle size (um) Particle size (um)
Fig. 12. The calculated PSD (—) using a linear distributipn= 0). The Fig. 13. The calculated PSD (—) using a linear distributign= 0.1).
bins are distributed linearly. The bins are distributed linearly.

where D* is the specified minimum particle diameter and
D1 is the diameter of the smallest binfn on linear scales  the midpoint and uniform methods. Only the linear method
and lum on logarithmic scales). Then the three methods with = 0.1 gave both a smooth distributi@md unbiased
(midpoint, uniform, and linear) are applied to the modified estimates of the PSD and its properties (with values similar
CLDs. The PSDs calculated from the modified CLD using to those obtained by off-line optical microscopy). Also, the
the linear methods are reportedrigs. 12 and 13For linear linear method was much more robust to varying numbers
bins, the nonzerd or y removes the oscillations with a small  of bins and to whether linear or logarithmic bins was used.
bias. The calculated PSDs are now unimodal, with a peak This provides strong support for using the linear method
around 10Qum. The use of C-electronics is another remedy over past methods.
to remove the prominent peak in the 020 range.

Properties of the calculated PSDs are reportethine 5
For linear bins, the calculated mean particle sizes for all the 7. Conclusions
methods are all fairly close to the mean particle size deter-
mined by off-line optical microscopy. For logarithmic bins, This paper addresses the determination of the PSD based
the mean particle sizes are improved, but not as much as foron the CLD measured using laser backscattering. Three
the linear bins. In particular, the uniform method overesti- distributions of particles within each bin were considered:
mates the mean particle size by as much agra0For 500 midpoint, uniform, and linear. Each method was applied to
linear bins, all three methods give similar calculated PSD a known distribution to compare their relative accuracies.
properties fory = 7 = 0. However, nonzergr was needed  The PSD calculated from the linear method was nearly two
to give realistically smooth PSDs. For nonzeromany of orders-of-magnitude more accurate than the PSD calculated
the calculated PSD properties are significantly biased for from the widely accepted uniform and midpoint methods.
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Then the three methods were applied to laser backscatter{17] J. Jager, S. de Wolf, W. Klapwijk, E.J. de Jong, A new design for
ing data collected from an aqueous suspension of pon(vinyI on-line product-slurry measurements, in: Industrial Crystallization,

. . . e . vol. 87, 1987, pp. 415-418.
Chlonde) part|cles. A S|mple modification was proposed to [18] O. Kammona, E.G. Chatzi, C. Kiparissides, Recent developments

the laser baCkscatt.ering. data to cprrect fql’ the effect of sur- in hardware sensors for the on-line monitoring of polymerization
face roughness. With this correction, the linear method with reactions, Rev. Macromol. Chem. Phys. 39 (1999) 57-134.

a weight on the second derivative of the calculated PSD gavel19] Lasentec, 2003h¢tp://www.lasentec.com
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