PEER-REVIEWED PROCESS CONTROL

Measuring moisture, fiber, and titanium
dioxide in pulp with impedance spectroscopy
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ABSTRACT: In a new measurement technique, impedance spectroscopy is used with fringing electric
field sensors to measure the concentration of moisture, fiber, and titanium dioxide in pulp. This method can
be integrated into a paper machine without disrupting the manufacturing process because the measure-
ments are taken without contacting the pulp. Experimental results show consistent accuracy is when the
moisture concentration is from 94% to 86% and the concentration of other constituents in the pulp is between
0% and 7%.The calibration procedure can be implemented with only a few experimental data points.

Application: By accurately measuring the pulp moisture at the wet end of the paper machine, papermak-
ers can exercise more precise control over the early stages of paper production.

he papermaking industry is moving

towards greater energy efficiency and
reduced material waste, as outlined in the
FA&PA Agenda 2020 initiative [1-3].
Novel sensor technologies, coupled with
adaptive process control, will help make
manufacturing more efficient. One of the
promising areas of improvement is the
measurement of the moisture content of
pulp at the wet end of the paper machine
with noncontact, noninvasive sensors.
Here, we present a technique for making
such a measurement with a fringing elec-
tric field sensor.

BACKGROUND

In papermaking, the moisture content of
the pulp is gradually reduced from con-
centrations as high as 98% to about 6%.
The process of dewatering is first carried
out in the wet end by aerofoils and then
in the heating section by steam-heated
rollers. If the moisture content of the pulp
can be measured at the wet end, this
information can be sent to the aerofoil
controllers downstream. These con-
trollers can then compensate for devia-
tions from the setpoint by adjusting the
angle of the aerofoils. This approach
would be a cost-effective way to control
moisture.

The fiber content of the pulp at the
wet end ranges from 1% to 30%.This low
concentration of fiber makes it hard to
detect concentration fluctuations with
adequate resolution. Microwave tech-
niques [4-8], electromagnetic field per-
turbation [9, 10], infrared scanning [11],
and parallel-plate impedance sensing [12]
have been used to measure moisture in
pulp. Among these techniques, reviewed

in detail elsewhere [13], no single one is
so satisfactory that it has become domi-
nant.

One of the main difficulties is the need
to measure several components accurate-
ly at the same time.The pulp at the wet
end contains high quantities of chemical
additives [14]. Since most methods cur-
rently used for measuring moisture do
not allow for the presence of additives,
they are not entirely suitable for monitor-
ing the moisture of the pulp in a paper
machine.

In this study, we examine fringing field
impedance spectroscopy as a sensing
technology that could be used to esti-
mate the moisture content of the pulp at
the wet end [15].This method can meas-
ure the percentage composition of the
constituents of the pulp in the presence
of additives. Here, the filler we focus on is
titanium dioxide, one of the commonly
used additives [14, 16-18].Titanium diox-
ide is used as a whitening agent in com-
mon paper and is sometimes used as filler
in paper of very high quality.

INTERDIGITAL FRINGING
FIELD SENSORS
The interdigital fringing field sensor
operates much like a conventional paral-
lel-plate capacitor works. Figure 1 shows
the transition from a parallel-plate capac-
itor to a fringing field sensor.The electric
field lines always penetrate the bulk of
the material under test, irrespective of
the position of the electrodes. The mate-
rial geometry also determines the effec-
tive length to which each field line pene-
trates the material. Hence, in addition to
the electrode geometry, capacitance

between the electrodes also depends on
the material dielectric properties and
material geometry.

As seen in the third illustration in the
figure, the electrodes of a fringing field
sensor are coplanar. In a coplanar elec-
trode configuration, the field lines have to
travel further and are likely to encounter
more disturbance than the field lines of a
parallel plate configuration. The signal-to-
noise ratio of measured capacitance of
the sensor in Fig. 1c can be very low
unless the electrode pattern is repeated
several times.

When the pattern is repeated, the
resulting structure is known as an “inter-
digital” structure. The term refers to a
digit-like or finger-like periodic pattern of
parallel, in-plane electrodes. These elec-
trodes build up the capacitance associat-
ed with the electric fields that penetrate a
material sample [19].

In an interdigital sensor, the spatial
wavelength of the sensor, A, is defined as
the distance between the centers of two
adjacent electrodes of the same type. For
a semi-infinite, homogeneous medium
placed on the surface of the sensor, the
electric potential along the x axis varies
periodically. This variation creates an
exponentially decaying electric field that
penetrates the medium along the z axis.

Variations in the shade of the material
in Figure 1 indicates that there are proba-
bly zaxis variations in the material’s prop-
erties. The model for analyzing such multi-
layered systems is discussed in detail else-
where [19, 20].A thorough description of
design, manufacturing, modeling, and
applications of the interdigital sensors
can also be found elsewhere as well [20].
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1. A fringing field dielectrometry sensor can be visualized as
a parallel plate capacitor (a) with electrodes that open (b) to
provide one-sided access (c) to the material being tested.
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Figure 2 is a
photograph of the
experimental
setup.The pulp was

Input AC ’\) I=16cm placed in  the
Voltage .
acrylic tray, and the
sensor was placed
beneath it. The sen-
< sor used was an
Sense Electrode _T interdigital sensor
Guard Plane . . .
) with a spatial perio-
_/ V Gnd dicity of 40 mm, a
Loop Current finger length of 160
Meter mm, and a penetra-

Sample TiO,, Moisture, Fiber,
no. % % %
1 0 93.00 7.00
2 1 92.07 6.93
3 2 91.14 6.86
4 3 90.21 6.79
5 4 89.28 6.72
6 5 88.35 6.65
7 6 87.42 6.58
8 7 86.49 6.51

I. Composition of the pulp samples.

EXPERIMENTAL SETUP
The experiments were designed to emu-
late the operating conditions in a paper
machine. In the wet end, the pulp is pre-
pared so that the fibers form a homoge-
neous suspension in water. The moisture
content of the pulp is above 98% at this
stage of the manufacturing process. The
pulp loses most of its moisture on the
wire as a result of the vibrations from the
rollers and the pressure differential
caused by the aerofoils. By the end of the
wire section, the pulp forms a paper web
with a moisture content of about 70%.
Our purpose was to measure the mois-
ture content of the pulp while it is on the
wire.
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3. Top-down view of the interdigital sensor tray.

tion depth of 7 mm.
A guard plane was
placed underneath the sensor electrodes
to shield it from external electric fields.

Measured quantities of paper fiber, tita-
nium dioxide, and water were mixed in a
commercial blender.The pulp was cooled
to 25°C and placed in the sensor tray.The
geometry of the sensor and the electrical
connections are shown in Fig. 3.

The RCL meter generates 1 volt sinu-
soidal AC voltage in the frequency range
of 50 Hz to 100 kHz. At each frequency,
the meter calculates the effective imped-
ance between the two channels by com-
puting the magnitude of attenuation and
phase shift between the input voltage
and the loop current. This general-pur-
pose instrument is good for studying the
relative effects of different additives. In
the future, this type of measurement
could be made with multi-channel, cus-
tom-built circuits to gather data at more
than one measurement point.

The measurements were made at fre-
quencies in the range of 200 Hz to 100
kHz. Ten sets of measurements were
taken at each frequency and were aver-
aged to reduce the noise. All sources of
noise were assumed to have zero mean
distribution.

2. Photograph of the experimental

EXPERIMEN-
TAL RESULTS
Experiments were
conducted to char-
acterize the
response of the sen-
sor to the variation
in moisture in a pulp
I consisting of water,
titanium  dioxide,
and fiber. The titani-
um dioxide content
of the pulp was var-
ied from 0% to 7% in
steps of 1%, and the moisture content
was varied from 94% to 86%, as shown in

Table I.

Twenty-one electrical parameters, not
all of which were independent, were
measured or derived from measurements
for each pulp sample at every frequency.
Here, we consider only four parame-
ters—the capacitance, the magnitude of
complex admittance, the conductance,
and the phase.

Figure 4 shows the seven-dimensional
scatter plot of the measurements of pulp
samples with 0-7% TiO, at 100 kHz. The
plot shows the variation of electrical
parameters such as capacitance, admit-
tance, conductance, and phase. It also
shows the percentage concentrations of
titanium dioxide, moisture, and fiber in
the pulp with respect to each other. Each
of these parameters is plotted against
every other parameter in one of the rows
of the scatter plot. For example, the first
row shows the variation of capacitance
against admittance, phase, conductance,
and the percentage composition of the
constituents of the pulp.

The main advantage of representing
the data this way is that the underlying
correlations among measured parameters
become explicit, and data trends in the
experiment become more apparent. For
example, in the data shown in Fig. 4, the
data points at 92% and 93% moisture con-
tent are noisy.

Figure 5 shows the five-dimensional
scatter plot of the measurements of a
pulp sample with 4% titanium dioxide,
89.28% moisture, and 6.72% fiber con-
centration at frequencies from 900 Hz to
100 kHz.

The scatter plots in row and column
(4,5), (4,6),and (4, 7) of Fig. 4 and (4, 5)
of Fig. 5 show the dependence of con-
ductance on the titanium dioxide




concentration, the moisture content, the
fiber content, and the frequency.The spa-
tial separation of the curves is not ade-
quate to mitigate the effect of any small
inaccuracies in the measurement of con-
ductance, which may explain the high
measurement uncertainties reported in
other research [21-23].

The scatter plots in (3, 5), (3, 6), and
(3, 7) of Fig. 4 and (3, 5) of Fig. 5 show
that the variation of phase is minimal
with respect to the percentage composi-
tion of the constituents of the pulp.
Therefore, the phase shifts at two fre-
quencies cannot be used with the fre-
quency range of 900 Hz to 100 kHz to
estimate the moisture content of the
pulp, as suggested by others for
microwave frequency measurements [8].

The scatter plots in Rows 1-4 of Fig. 4
show that the variations in capacitance,
conductance, and other electrical param-
eters are influenced by all three compo-
nents of the pulp. Since two independent
variables are involved here, it is not pos-
sible to estimate the fiber concentration
with a single parameter. Instead we use a
linear model with three variables to solve
for the percentage composition of the
constituents of the pulp. The linear
model is given by Eq. 1:

p my o my,  my (X G

t|=|\my my, my||Y [+]C,

w My my  my || Z G
@

where fiber concentration p, titanium
dioxide concentration t, and moisture
content w are estimated using any three
electrical parameters X, Y,and Zand con-
stants m, , m,,, m,, m,, and C, C,,and C,.
The key to the success of the estimation
is in the choice of the parameters X, Y,
and Z, the constants m,, m,,, m, and
mg,, and the constants C,, C,,and C5.

To select the best possible set of
parameters and constants, we first form a
list of all possible sets of parameters. For
each set, by using Eq. 1 along with the
measured values and the values of the
pulp composition from the training data
set, we estimate the constants m, , m,,,
m,,, and m,, and the constants C,, C,,and
C, by a least squares fit algorithm. We
then substitute these constants and the
measured electrical parameters into Eq. 1

and estimate the percentage content of
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4. Measurements of pulp samples with 0-7% titanium dioxide concentration at

100 kHz.

fiber, moisture, and titanium dioxide in
the pulp.

Since the exact composition is already
known, the estimation error for each
pulp component can be calculated. The
parameters and their estimation errors
are tabulated, and the process is repeated
for all possible combinations of the
parameter set. Finally, the parameter set
that produces the least estimation error
is chosen.

In Fig. 6, the calculated concentra-
tions of fiber, titanium dioxide, and mois-
ture are compared with the measured
concentrations. The estimates were
based on the measured phase, capaci-
tance, and conductance.

BLIND DATA TESTS
To validate the estimation algorithms, we
conducted blind data tests.The algorithm
was trained with data from a single
experiment. One of the data points was
omitted in the training data set; this omit-

ted point served as a blind data point.
The entire data from the experiment
were then provided to the estimation
algorithms, and the estimated moisture
content was compared to the actual
moisture content.

Figure 7 shows the results of the vali-
dation tests. These tests demonstrate the
method’s ability to estimate the percent-
age composition of the constituents of
the pulp at points that are not included
in the training data set.

CONCLUSIONS AND
FUTURE WORK
The sensing technique can accurately
measure the moisture content in pulp in
the presence of titanium dioxide. The
method relies on a small number of pre-
liminary measurements. Through a multi-
variable training procedure, the property
estimation algorithms are trained to
select the combinations of measured
electrical variables that respond to the
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5. Measurements of pulp sample with 4% titanium dioxide, 89.28% moisture,
and 6.72% fiber concentration at frequencies ranging from 900 Hz to 100 kHz.

observed combination of process param-
eters in the most unambiguous way.
Chemometric tools, such as principle
component analysis with partial least
squares fit, represent the next step.These
tools will be used to extract variables
that are purely functions of the percent-
age composition of the constituents of
the pulp under study.The electrical meas-
urements are influenced by fluctuations
in the temperature of the pulp, the ambi-
ent temperature, and the distance
between the pulp and the sensor elec-
trodes. The effects of these fluctuations,
which are also being studied, will be
accounted for in the next generation of
property estimation algorithms. TJ

ACKNOWLEDGEMENT
This work was supported by member
companies of the Center for Process
Analytical Chemistry at the University of
Washington and NSF CAREER Grant
0093716.Additional student support was

26 TAPPI JOURNAL FEBRUARY 2005

provided in the form of scholarships
from Electrical Energy Industrial
Consortium, the IEEE Dielectrics and
Electrical Insulation Society Fellowship,
the NESBI scholarship, and the McNealy
scholarship. We also would like to
acknowledge Alexei Zyuzin, Nick
Semenyuk, and Chuck Wai-Mak for their
assistance with experimental aspects of
this research work.

LITERATURE CITED

1. “Agenda 2020: ATechnology Vision
and Research Agenda for
America’s Forest, Wood, and Paper
Industry,” AP&PA, Washington,
D.C., 1994.

2. “Agenda 2020:The Path Forward:
An Implementation Plan,” AP&PA,
Washington, D.C., 1999.

3. “Energy Policy Act of 1992, U.S.
Dept. of Energy, 1992, p. 102-486.

4. Meyer, W., and Schilz, W.M., IEEE
Transactions on Microwave
Theory and Techniques 29(7):
732(1981).

10.

1.

12.

13.

15.

16.

17.

18.

20.

21.

Trabelsi, S., Krazsewski, A.W., and
Nelson, S.0O., IEEE Transactions on
Instrumentation and
Measurements 47(3): 613(1998).
Nakayama, S., Japanese Journal
of Applied Physics, Part 1: Regular
Papers & Short Notes & Review
Papers 33(5A): 2809(1994).
Nakayama, S., Japanese Journal
of Applied Physics, Part 1: Regular
Papers & Short Notes & Review
Papers 33(6A): 3614(1994).
Okamura, S., and Zhang, Y., J.
Microwave Power &
Electromagnetic Energy 35(3):
175(2000).

Chase, L., Goss, C.J., and Graham,
T.V., U.S. pat. 5,954,923(Sept.21,
1999).

Chase, L., Goss, C.J., and Graham,
T.V., U.S. pat. 5,891,306(Apr.6,
1999).

Dumont, G.A., Jonsson, .M.,
Davies, M.S., et. al., IEEE
Transactions on Control Systems
Technology 1(2): 101(1993).

Wu, Z.Q., Batchelor, W.J., and
Johnston, R.E., Appita J. 52(6):
425(1999).

Sundara-Rajan, K., “Moisture
measurement in paper pulp using
fringing field dielectrometry,”
Masters thesis, Dept. of Electrical
Engineering, University of
Washington, 2003.

. Reddy, J.V.R., and Karmakar, G.R.,

IPPTA: Quarterly Journal of Indian
Pulp and Paper Technical
Association 11(3): 51(1999).
Sundara-Rajan, K., Byrd, L., and
Mamishev, A.V., Sensors J. (IEEE)
4(3): 378(2004).

Kwoka, R.A., and Logan, TW.,
Tappi J. 77(10): 136(1994).
Middleton, S.R., and Scallan, A.M.,
J. Pulp Paper Sci. 17(4):
J127(1991).

Kwoka, R.A., and Defeo, M.A.,
TAPPI Notes, Coating Materials:
Pigments, Binders and Additives,
TAPPI PRESS, Atlanta, 1998, p. 99.

. Mamishev, A.V., “Interdigital

Dielectrometry Sensor Design and
Parameter Estimation Algorithms
for Non-Destructive Materials
Evaluation,” PhD thesis, Dept. of
Electrical Engineering and
Computer Science, Massachusetts
Institute of Technology, 1999.
Mamishev, A.V., Sundara-Rajan,
K., Yang, F, et. al., Proceedings of
the IEEE 92(5): 808(2004).

Simula, S., and Niskanen, K.,
Nordic Pulp Paper Res. J. 14(3):
243(1999).


http://www.tappi.org/index.asp?rc=1&pid=3623&ch=1&ip=

PROCESS CONTROL

70 8 w93
S . = : £ ,
w89 o2 6l 3 =2
2965 =9 ‘é’ Q9 5
ok e ag °f =5 90 :
L c 6.7 i =K 4 . v [ ool
=F L <= - Ok g9 toe
L2.5 b s2 3 = -
= Eo 2] IS 88
2651 ez |’ =240
wo Q T FO
Og4 © o NOggl -
64 65 66 67 68 69 70 0 2 4 6 g W g 88 90 92 94
ACTUAL FIBER CONTENT, % ACTUAL TiO, CONTENT, % ACTUAL MOISTURE CONTENT, %
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