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The first experimental measurement of particle-size distribution (PSD) from undi-
luted, rapidly flowing potassium chloride (KCl) suspensions using continuous-wave
photon migration techniques is presented. PSDs were obtained from a laboratory simu-
lation of production-line slurries used in the chemical fertilizer industry. Spectral mea-
surements of concentrated, rapidly flowing slurry containing 25— 40% KCI particles were
used to calculate the suspensions’ reduced scattering coefficient and PSD using inverse
algorithms. Our PSD results agree excellently with sieving measurements. Refractive in-
dex is important in the calculations of the PSD and the suspensions’ reduced scattering

coefficient.

Introduction

Many industrial areas, including chemicals, pharmaceuti-
cals, foods, cosmetics, and biotechnology, require a real-time
knowledge of their products particle-size distribution (PSD)
during production (Allen, 1990). Current particle-sizing
methods are often time-intensive or invasive, which remain
impractical for monitoring real-time, in-line PSDs. Some op-
tical methods such as dynamic light scattering and
extinction-spectrum measurements provide a noninvasive,
rapid measurement of PSDs (Kourti et al., 1990; Elicabe and
Garcia-Rubio, 1990; Vavra et al., 1995). These methods, how-
ever, require dilution of the sample and extensive calibration
techniques. Jiang (1998) recently proposed using a continu-
ous-wave (CW) photon migration technique that depends on
multiply scattered light to measure the PSD. This technique
requires nondilute suspensions, and since absorption and re-
duced scattering coefficients are calculated separately, no
calibration of the measurement is required. This CW-based
technique provides an accurate, rapid measurement of the
sample’s reduced scattering coefficient for further processing
to obtain the PSD.

Using this new technique, successful particle-sizing experi-
ments on nondilute, static submicron size TiO, suspensions
have been demonstrated (Jiang, 1998; Jiang et al., 1998).
These experiments have shown that CW photon migration
techniques can become a powerful tool for on-line monitor-
ing where the samples are static and particle sizes are small.
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However, in the chemical fertilizer industry samples usually
flow rapidly, consist of large particles, and often change size
with time; the PSD must therefore be monitored to ensure
the correct final characteristics of the product. Our intent in
this study is to demonstrate the extended capability of our
technique for measuring the PSD of large particles under
rapid-flow conditions. Toward this end, together with Potash
Corporation (Saskatoon, Canada), we developed a laboratory
simulation of on-line fertilizer production. The sample con-
sisted of a fertilizer slurry made up of saturated potassium
chloride (KCD soltution and 25-45% KCl particles. After these
elements were combined in a cylindrical container, a mag-
netic stirring device was used to rapidly stir the suspension.
From the spectral measurements of the reduced scattering
coefficient, u, a successful PSD was obtained using an in-
verse computer algorithm. Our PSD calculations have been
compared with the PSD obtained from sieving measure-
ments, and these results have demonstrated excellent agree-
ment between the two. We have also discussed the impact of
the sample’s refractive index on the PSD reconstruction.

Experiment

Our CW photon migration system is shown in Figure 1. In
this system, the light source consists of a 100-W tungsten
halogen lamp and a fiber-optic cable. Sixteen detection fibers
collect the diffuse reflectance and send the collected light
signals to the detection system for automatic data recording,
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which consists of a spectrograph (Triax 320, ISA, Edison, NJ),
a liquid-nitrogen-cooled, 2000 X 800-pixel CCD camera
(Spectrum One, ISA, Edison, NJ), and a PC. A lens focuses
the light onto the tip of the fiber that delivers the light to the
sample. Theory requires the source and detection fibers to be
in the same plain along the surface of the slurries. This has
been accomplished by developing a solid cylindrical fiber-
optic probe containing both source and detection fibers (see
Figure 2). The 200-pm-diam fibers extend through a thin
metal plate on the end of the probe. The first 9 detection
fibers are evenly spaced in 1-mm increments radially from
the source fiber, and the farthest 7 detection fibers are spaced
from 23 mm to 28 mm from the source.

The sample consisted of deionized water, KCl powder, and
the KCl fertilizer particles, which ranged in size from 10 um
to- 2,000 um. The KCl powder dissolves in the water until
saturation occurs, providing a stable medium for the KCl par-
ticles. Twenty-five to 45% (by wt.) of KCl fertilizer particles
were then added to the saturated solution. Two hundred mL
of the combined ingredients were placed in a 250-mL Pyrex
flash. In order to simulate a rapidly flowing homogeneous
mixture, a magnetic stirring device mixed the sample at high
revolutions. Mixing presented two substantial problems: first,
swirling mixture produced a vortex similar to that seen when
a sink or tub are rapidly drained; second, the heavier fertil-
izer particles moved to the inside of the glass, leaving mostly
pure solution with few particles under the light probe. To
remove the vortex and enhance a homogeneous mixture, two
metal baffles were attached to the inside of the glass, as illus-
trated in Figure 3. Lowering the probe slightly into the solu-
tion also prevented the vortex. The combination of magnetic
mixers and baffles produced the mixture needed to obtain an

accurate measurement of the reduced scattering coefficient,
W, and absorption coefficient, u,. Although contrived for the
lab, this optically based method appears to meet the industry
criteria for rapidly flowing, nondilute particle sizing.

After the data have been collected, the detection system
converts each fiber’s light into a data file consisting of light
intensity vs. wavelength (see Figure 4). The intensity from the
first fiber is used to normalize all the fibers. Graphing this
normalized intensity vs. the radial distance produces an expo-
nentially decreasing curve for each wavelength (see Figure 5).
The optical properties algorithm performs a nonlinear, least-
square fit of the intensity vs. distance curve to obtain | and
i, The particle-sizing algorithm uses this calculated u to
derive the sample’s PSD.

Theory

Obtaining the PSD of a sample requires the following
two-step process: (1) determine the reduced scattering coeffi-
cient at multiple wavelengths using diffusion theory
(Groenhuis et al.,, 1983), and (2) use the reduced scattering
coefficient spectrum to calculate the PSD. Farrell and Patter-
son (1992) used the diffusion equation describing photon
transport in turbid media to obtain the radially dependent
diffuse reflectance of light for a semi-infinite medium where
the extrapolated or type IIl boundary conditions were used:
W(r)-2A4DQ,-V¥(r) = 0, where W(r) is the fluence rate or
photon density, D is the diffusion coefficient, ﬁn is the unit
normal directed into the sample, and A is related to the in-
ternal reflection. When the reflectance is normalized and
measured along the surface, the solution to this diffusion
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Figure 1. Experimental setup used to obtain the PSD.

Light from a tungsten halogen lamp is focused by a lens onto a fiber-optic cable. This source fiber delivers light to the sample. The probe

transmits collected light to the CCD interfaced to a computer.
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Figure 2. Solid cylindrical probe with both source and detection fibers.
The black dots represent the tips of the source and detection fibers. The source fiber delivers light from the tungsten halogen lamp. Only 2
of the 16 detection fibers are shown. The internal dotted lines indicate the fiber-optic cables that transfer the collected light to the CCD.

=T [(R(pD! ~(R(p)P, where M represents the num-
ber of detection fibers. Using Newton’s method the optical
properties can be iterativley updated using systems of equa-
tions represented by JTHAL) = JT{{R(pI™ —[R(p)F},
where the Jacobian matrix (J) represents the sensitivity of
reflectance measured at multiple distances (x,;)} and A{ up-

equation relies entirely upon the reduced scattering coeffi-
cient, u;, and absorption coefficient, u,. The normalized re-
flectance, (R( p)), can be calculated at multiple detection
positions along the sample’s surface. Performing a least-
square minimization between the measured reflectance,
(R( p))™, and the calculated reflectance, [ R( p)I, leads to x°
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Figure 3. Left picture representing Pyrex beaker with the fiber with the fiber probe on top.
Two metal baffles are attached to the inside of the glass. In the bottom of the beaker is a cylindrical, magnetic stirring pill controlled by the
box underneath. The right picture provides a top-down view of the Pyrex jar with baffles.
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Figure 4. Sixteen curves of light intensity vs. wave-
length from the 25% sample of KCI.

There is one curve for each fiber. From highest intensity to
lowest, the curves represent the fibers nearest the source to
the farthest away.

dates 1, and w,. Inverting the matrix J7J directly to obtain
A¢ is usually impossible, since the matrix is ill-conditioned.
We used a Marquardt-type regularization scheme to over-
come this problem, which adds a scalar parameter, «, to the
diagonal elements of the J7J matrix. The stability of i, re-
lies heavily on the value of « and the amount it is reduced
each iteration. Using this method the optical properties for
2000 separate wavelengths of from 550 nm to 800 nm can be
calculated. Figure 6 shows the reduced scattering coefficient
spectrum measured for the 25% KCIl sample.

Once an accurate value of w has been calculated, the par-
ticle-size distribution can be derived using the following
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Figure 5. 25% sample with normalized intensity for 16
collection fibers at one wavelength (600 nm).

Each intensity is graphed vs. the detector’s radial distance
from the source fiber.
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equation:

©3Qa(x, 7, )1~ g(x,n, A ‘(x) dx
oy — U AN IO L

where p (A) is the wavelength-dependent reduced scattering
coefficient, g is the mean cosine of the scattering angle, O,
is the scattering efficiency, n is the refractive index of the
medium, A is the wavelength of light, f(x) is the particle-
volume size distribution, x is the diameter of the particles,
and ¢ is the total volume fraction of particles. Here, Q.
and g can be calculated from Mie theory. For many practical
process streams, the PSD usually can be well approximated
with a Gaussian or lognormal, g priori distribution. The shape
of these distributions is controlled by three parameters a, b,
and ¢, which determine the amplitude, width, and mean posi-
tion of the curve, respectively. Since these three parameters
are not independent, this provides an actual two-parameter
equation for calculating . Again using a least-square fit be-
tween the observed ()™ and the calculated ( u,)° leads to
X2 =XN [(@)" —(w)$?, where N is the number of wave-
lengths. Using Newton’s method and a Marquardt-type regu-
larization leads to [J7J(A&)+ al]=J[( )™ —( )], Here
J represents the sensitivity of the reduced scattering coeffi-
cient with respect to §&; I is the ider}tigy matrix; « regularizes
the ill-conditioned matrix product J TJ: and A€ is the pertur-
bation vector that updates the particle-sizing parameters a4,
b, and c¢. When the measured (u,)" is accurate, the
particle-size distribution can be calculated within approxi-
mately 30 iterations. Both algorithms just described use a
least-square minimization procedure to adjust the parame-
ters until the observed and calculated data match as closely
as possible. Using these algorithms, both the reduced scatter-
ing coefficient and the particle-size distribution have been
obtained accurately, as demonstrated in the following results
section.
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Figure 6. u; vs. wavelength obtained from the 25%
sample.

This u; was used by the particle-sizing algorithm to obtain
the size distribution.
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Figure 7. Particle-size distribution, f(x) (arbitrary units),
as a function of diameter, x, ( um) produced
by 25%, 30%, and 45% KCI samples.

Obtained from the reduced scattering coefficient by the PSD
algorithm using « priori log normal distribution.

Results

CW photon migration measurements performed on rapidly
flowing KCl samples produced PSDs that matched excel-
lently with the PSD obtained from sieving. The sample was
tested at three different concentrations of 25%, 30% and
45%. As can be seen from Figure 7, the PSD did not vary
significantly with concentration. Variation of PSD between
percentages may be due in part to fluctuations in the homo-
geneity of the solution while stirring. Lower percentages of
particles may not mix as well as more concentrated slurries.
Also, since the PSD algorithm currently relies heavily on a
discretization of the integral in Eq. 1 in the theory section,
finer incrementation may be needed to obtain accurate distri-
butions at large particle sizes. In this study, the integral for
the sample was discretized as follows: 3,000 increments be-
tween 1 and 901 um, and 1110 increments between 901 and
2,011 pwm. The scattering efficiencies calculated by this level
of discretization produced files in excess of 100 megs, in-
creasing the time required for particle sizing. Coarser incre-
ments produced significantly worse results, as demonstrated
in Figure 8. We are currently studying more efficient meth-
ods for performing this integral computation.

In order to use diffusion theory to calculate u; as de-
scribed in the theory section, a constant known as the relative
reflective index (RNVR = 1 010/M prone) Must be given (Farrell
and Patterson, 1992). This research indicates that u de-
pends considerably on the correct value of RNR, as shown in
Figure 9, and therefore the PSD is also effected as displayed
in Figure 10. As RNR changes, the u| spectrum shifts to
higher or lower values, but it maintains the same general
shape as evidenced in Figure 9. Since the slurry consisted of
a solution with refractive index n =134 and KCl particles
with n = 1.49, the average refractive index for the slurry was
calculated 10 be ngmye =1.41. The reflective index of our
probe is n,ape = 1.15, resulting in an RNR value of approxi-
mately 1.23. As demonstrated in Figure 10, the best fit of the
sieving was produced by the RNR = 1.20.
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Figure 8. Particle-size distribution, f(x) (arbitrary units),
as a function of diameter, x, ( um) produced
by a 25% KCI sample.

The solid line with circles came from a sieving measure-
ment. The same file produced both dotted and solid curves,
but the dotted line was produced using 300 increments to
discretize Eq. 1 and the solid line used 4110.

Discussion and Conclusions

The results of this study clearly indicate the applicability of
CW photon migration techniques for determining the PSD of
rapidly flowing, nondilute, large-particle samples. Although
primarily focused on the fertilizer industry, this study demon-
strates a powerful particle-sizing procedure with the follow-
ing essential characteristics: easy implementation resulting
from no need to calibrate for wavelength-dependent absorp-
tion, minimal time to collect data, the multiply scattering light
measurement negating sample dilution, and a noninvasive
probe suitable for on-line product monitoring. This prelimi-
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Figure 9. Experimental results of u vs. wavelength ob-
tained from 30% KCI particles for three sepa-
rate values of RNR.

For the top curve RNR = 1.0; for the middle curve RNR =
1.2; for the bottom curve RNR = 1.4. Changing RNR shifts
«/, but the curve has the same general trend.
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Figure 10. Particle-size distribution, f(x) (arbitrary
units), as a function of diameter, x, ( um)
produced by a 30% KCI sample.

The PSD varied with RNR. The dotted line has RNR = 1.0;
the solid line has an RNR = 1.2; the dashed line has a
RNR = 1.4. The solid line with circles is from the sieving.

nary study has also revealed two areas that could improve the
technique. First, since in some cases the actual refractive in-
dex, n, may be difficult or impossible to be known as a priori,
an alternative way will be needed to calculate it. In this re-
gard, we could treat RNR as a third parameter that can be
reconstructed in the algorithm for determining optical prop-
erties. Of course, this warrants further studies. Second, a large
range of particle diameters, such as 10 um-2000 pum, pro-
duces extremely large files when the integral in Eq. 1 is
discretized, increasing the time needed to calculate the PSD.
Alternative methods for performing this integral exist (Press
et al., 1994), but warrant further study. Nonetheless, we have
demonstrated in this study that this CW photon migration
technique holds great promise for on-line, noninvasive moni-

toring of particle-size distributions for rapidly flowing parti-
cles.
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