










trace. A light beam is directed at the suspension and a photo detector senses
the transmitted light. Three independent filters process the detector signal.
The first filter determines the mean value VDC of the transmitted light; the
second determines the peak value VP; the third filter extracts the AC com-
ponent VAC of the signal [276].

The “Peak Method” used in the analysis assumes that the suspension is
substantially characterized by large and small particles. The large particles
(fibers) form a relatively transparent network within which the much greater
number of smaller particles (fillers and fines) float freely. Observation of a
typical suspension over time reveals that the great number of small particles
is relatively constant, whereas the number of large particles is few and
variable. The average value of the transmitted light determines VDC.

Deviations from this mean value are mainly due to the large particles
passing through the light beam. The highest light intensity and VP occurs
when no fibers are passing through the beam and the light is being dimmed
only by the suspended fine particles. Thus the respective amounts of large and
small particles in the suspension can be determined by the mean and peak
values [277].

Referring to Figure 33, VCW is the detector signal for clear water, and is used
as a reference value. The AC signal, VAC is plotted along with VCW, VP and
VDC. The large particle content (LPC) is the difference between VP and VDC,

Figure 33 A sample signal trace from the BTG Wet-end Consistency Analyzer.
Redrawn from [262]. Courtesy of BTG Pulp and Paper Technology AB.
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while the fine particle content (FPC) is the difference between VCW and VP.
The total consistency is obtained by summing LPC and FPC. In addition, the
FPC signal is further analyzed for the determination of ash content [276].

A retention control scheme developed by BTG using the De-watering Rate
Analyzer from Figure 28 and the Wet-end Consistency Analyzer from
Figure 32 is shown below in Figures 34a and 34b.

As shown in Figure 34a for the overall retention system, dewatering rate is
measured on the headbox recirculation line and consistency is measured at
the headbox, headbox dilution water, and top and bottom forming fabric
white water flows.

In a bit more detail, Figure 34b shows how the signal for white water con-
sistency CsT is combined with thick stock flow FT and consistency CsT
information in a central processing unit which determines the set point of the
retention aid flow controller RA/FIC. The basic concept regarding closed
loop control on the retention aid is to stabilize the papermaking process by

Figure 34a The BTG Retention System. Courtesy of BTG Pulp and Paper
Technology AB.
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regulating the white water consistency WW/KIC with a remote set point
[260,278]. Other schemes for retention control that use charge measurements
will be discussed later.

Another manufacturer uses a scheme similar to sensor A in Figure 29 as an
“on-line water quality measurement.” Labeled a particle counter, the
CHEMTRAC Model PM 2500 uses a technique called Dynamic Light
Obscuration (DLO™) similar to the “Peak Method” discussed above. In
reality, this device is a total suspended solids consistency sensor. The sensor
uses an IR light-emitting diode as a source, detecting transmitted light with a
photodetector. The transmitted light intensity is broken into two com-
ponents. The DC component corresponds to the mean number of particles.
The AC component corresponds to the standard deviation of the signal.
With the assumption that the number of particles in the sample follow a
Poisson statistical distribution, the RMS value of the AC component
depends on the square root of the particle concentration [279].

c A laboratory device

A high speed retention tester for twin wire two-sided drainage and formation
evaluation has been developed at the Laboratory of Paper Technology,
Lappeenranta University of Technology, Finland. The tester utilizes a

Figure 34b Instrumentation for the BTG retention scheme. Courtesy of BTG Pulp
and Paper Technology AB.
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swinging headbox passing through a converging forming fabric zone in a time
comparable to a modern twin wire former operating at 1600 m/min, with a
pulsation frequency of about 200 Hz. Drainage at various positions in the
twin-wire forming zone is captured and analyzed [280].

C Wet end chemistry

1 Introduction

The subject of wet end chemistry measurement and control was in its infancy
some 25 years ago. It was viewed as a curiosity – a field of endeavor so
complex that we had neither the ability to understand, nor control its
behavior. This viewpoint was supported by the fact that a papermaking
system has multiple, sometimes uncontrolled inputs and feedback loops
that affect wet end chemistry phenomena. Compounding this is the fact that
most wet end chemistry reactions are irreversible and time dependent, with
interfering and interacting mechanical factors to be taken into account. In
addition, there are frequently simultaneous competing aggregation and
dispersion chemistries, along with very limited on-line data [281].

In many ways, the development of wet end chemistry control was forced by
other advancements, such as high speed papermaking, hydraulic headboxes,
twin wire forming, white water system closure, recycled fiber use, and perhaps
most important, the switch from acid to alkaline papermaking. These devel-
opments made it clear to the papermaker that control of the chemical pro-
cesses in papermaking was necessary. With the increased awareness of wet
end chemistry came increased activity by instrumentation and process con-
trol companies in the development of applicable on-line sensors. For the
reader interested in an in-depth discussion of wet end chemistry, a number of
sources are available [281,282,283,284,285,286,287].

2 Just what are we measuring?

In 1983, the Retention and Drainage Subcommittee of the TAPPI Papermak-
ing Additives Committee sent a questionnaire to all committee members. The
questionnaire was also distributed to all participants at the 1983 Retention
and Drainage, and Sizing Short Courses. Both papermakers and suppliers
were asked what wet-end chemistry measurements were made in mills, and, if
the staffing and instrumentation were available, what additional measure-
ments would be made.

By far the most common on-line measurement was pH, with additive flow
rates and consistency next [288]. The survey also indicated that there was a
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strong need for developing on-line methods for measuring charge and reten-
tion, since the total number of votes for these measurements was 2½ times
the number cast for the second place finisher, process stream solids/ash/fines
levels. Next in line were measurements for dissolved inorganics, then freeness,
drainage and first pass retention [289].

The instrumentation suppliers have responded. On-line instruments are
now available for many of those measurements that were determined to be
needed 15 years ago. The sensors for the measurement of freeness, drainage
and consistency, along with a sketch of a retention control scheme has been
discussed earlier in this chapter. This section, then, will be devoted to the
examination of the state of the art for on-line sensing of charge at the wet end
of the paper machine and its applicability in process control schemes. The
design of appropriate mathematical models for describing these complex wet-
end systems will not be discussed, nor will the suitable control algorithms that
might be applicable.

3 Electrokinetics and dissolved charge measurements – a tutorial

Electrokinetics refers to situations describing the slip plane within the elec-
trical double layer. The zeta potential is defined as the potential at this plane,
within which counterions bound to the particle move with the particle, and
outside of which the counterions are free to move. Because discrete particles
are involved, we are concerned with surface charge.

The electrostatic charge associated with dissolved polyelectrolyte additives
(retention aids, wet/dry strength resins) is different in character than that with
particles, since there is no surface. Thus the concept of zeta potential has no
meaning with respect to dissolved charge, since there is no interface between
the polyelectrolyte and the surrounding medium, and no electrical double
layer.

The charge on colloidal particles plays a major role in the stability of their
dispersions. Papermaking phenomena that are affected include pigment
slurry preparation and the retention of fines, fillers, additives and size. The
adsorption of polyelectrolyte dry and wet strength additives, retention aids
and dyes is strongly influenced by dissolved charge [290].

a Zeta potential

The three traditional electrokinetic methods used for measuring zeta poten-
tial are microelectrophoresis, streaming potential and AC streaming current.
AC streaming current has also been widely used for end-point determination
for dissolved charge measurements, to be discussed later.
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In microelectrophoresis, the particle dispersion is placed in a cell as shown
below in Figure 35. An electric potential is applied between the electrodes
and the migration velocity of the charged particles is measured, resulting
in a determination of electrophoretic mobility (μm/s/V/cm). For particles
>1 μm in size and conductivities typical of those found in normal paper-
making applications, the zeta potential is then calculated from mobility by a
form of the Helmholtz-Smoulochowski Equation incorporating the fluid’s
viscosity and dielectric constant. Unfortunately, measurements cannot be
made on papermaking fibers, but only fines.

For the measurement of streaming potential, stock containing all furnish
components is forced through a screen, forming a porous plug as shown
below in Figure 36. As the fluid passes through the plug, charges in the mobile
part of the electrical double layer are carried in the direction of flow, creating
a streaming current. This accumulation of charge creates an electric field,
which then induces an induction current, equal and opposite to the streaming
current. When the two currents achieve steady state, the resulting potential
difference between the electrodes (the streaming potential) is measured. The
zeta potential is calculated from the measured streaming potential, pressure
drop across the pad, and the physical/electrical properties of the liquid.
Unfortunately, laminar flow must be assumed and achieving a pad with a
uniform and repeatable pore size is difficult [291].

Rather than a packed plug of the furnish, the AC streaming current meas-
urement is conducted through a thin passage. In one version, as shown in
Figure 37, a reciprocating piston forces liquid back and forth through the

Figure 35 A microelectrophoresis cell.
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clearance between the piston and cylinder. Particles in the suspension become
attached to the piston and the cylinder wall, but ions which are loosely held to
the surface of these particles are hydraulically sheared. This ion motion pro-
duces the “streaming current” that is detected by electrodes in the sides of the
cylinder. In practice, what is often measured is a streaming potential, not a
current as the name suggests. In spite of this, certain manufacturers calculate

Figure 36 A streaming potential cell.

Figure 37 An AC streaming current detector (SCD).
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electrophoretic mobility from the streaming current, fluid viscosity, and
mechanical/motion parameters of the cell. More about this later.

Unfortunately, the streaming current measurement does not necessarily
indicate the exact zeta potential of the particles, but rather whether a system
is cationic or anionic. Fortunately, the isoelectric point of a suspension cor-
relates with the charge reversal point on the piston and cylinder surfaces
when polyelectrolytes are used to change the charge. Consequently, streaming
current measurements have been widely adopted as end-point indicators in
cationic demand determinations [281]. This leads us to the next section on
dissolved charge.

b Dissolved charge

1) A few definitions

Dissolved, or soluble charge refers to the charge groups associated with dis-
solved polyelectrolytes in papermaking systems. Since there is no surface,
there is no electrical double layer. Total charge is the sum of the dissolved
charge, plus the quantity of charged functional groups associated with par-
ticles in a sample. Cationic or anionic demand (or charge demand) is the
specific capacity of a test specimen to neutralize cationic or anionic titrants.
The colloid titration ratio is the ratio of the anionic demand to the cationic
demand of a sample.

2) And some explanations

Dissolved charge achieved high interest about 30 years ago when environ-
mental pressures forced papermakers to increase water reuse. This practice
resulted in increased amounts of dissolved and suspended colloidal solids in
mill water systems. Many of these substances carried anionic charges,
reacting with cationic additives, not only reducing their effectiveness, but
also the effectiveness of many other chemical additives. These recycled
anionic materials were thus given the name “anionic trash” or “interfering
substances.”

It became apparent that a method was needed to measure the amount of
these interfering substances and predict their effect on cationic additives.
Even though different approaches have been developed, most commercial
methods are based on colloid titration. This procedure involves titrating a
sample with a standard polymer that will react with its oppositely charged
counterpart in the sample to form a one-to-one charge complex. The amount
of titrant charge added up to the isoelectric end point equals the amount of
oppositely charged, dissolved charge in the sample. The result of the titration
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is expressed as the amount of charge per unit weight or unit volume of the
sample [292].

As an example of the effect of cationic demand, assume we have a cationic
polymer which increases first pass retention (FPR). With a highly recycled
water system, a certain extra amount of polymer, “the cationic demand”
of the system, would have to be added before any change in FPR would
take place, compared to the amount required with the “cleaner” water
system.

Thus charge demand, whether cationic (usually) or anionic is an extensive
variable that is volume dependent. Zeta potential is an intensive measurement
and is not a function of sample size. Thus it is possible to have low zeta
potential, yet high charge demand. While zeta potential measurements are
useful as an indicator of stability, more often in papermaking we are con-
cerned with charge demand measurements to achieve control.

3) The measurements

For dissolved cationic demand, a common procedure involves direct titration
to the end point, as previously mentioned. A less common procedure, back
titration, involves adding an excess quantity of a standard cationic polymer
to the sample, then the remaining unreacted cationic polymer is neutralized
by titration with a standard anionic polymer. The dissolved cationic demand
may then be computed. To determine anionic demand, one would directly
titrate with an anionic polymer. Another method for cationic demand would
be the measurement of total organic carbon (TOC). This would truly deter-
mine the dissolved organic content.

There are multiple methods for end point determination. One method
requires the detection of a dye color change when titrating. This procedure
can be especially troublesome in the presence of paper mill dyes, and this
difficulty led to a search for other methods about 20 years ago. One approach
combines microelectrophoresis with colloid titration by titrating to zero zeta
potential (or mobility). More recently, it has become common to employ an
AC streaming current detector zero point reading as the endpoint in colloid
titration measurements.

Total charge can be measured by titration without filtering out the solids,
but not without some serious drawbacks regarding the application of colloid
titration to particles. One of these is that a one-to-one charge reaction may
not occur between the standard polymer and the particle surface. Another
problem is that an indistinct endpoint frequently occurs when using either the
SCD (in the presence of porous particles) or a dye indicator, making the
endpoint determination very difficult.
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c Challenges and cautions

On-line charge and streaming potential measurements with properly cali-
brated instruments have been found to be of great assistance to the paper-
maker [293]. Reducing the electrokinetic variability of the furnish, thus
improving stability, has been found to increase machine runnability
[294,295,296]. Zeta potential and cationic demand at various chemical and
pulp stream addition points has yielded valuable information regarding
optimum doses of dispersants, dyes and polymers for better machine control
[297,298]. But the cationic demand measurement is not without its concerns,
in that many substances besides dissolved polyelectrolytes will react with the
titrant: fatty acids, surfactants and colloidal anionics such as lignin. Because
colloidal titration and zeta potential measurement are two different method-
ologies, they should not be expected to share any correlation [299,300]. Even
the highly-regarded zeta potential measurement is susceptible to errors
arising from changes in the conductivity of the pulp suspension [301]. The
piston-type streaming current detector might be labeled as having a dubious
theoretical basis [302] and high concerns with regard to cleanliness fatigue.
Finally, the pad-forming streaming potential sensor is based on the
Helmholtz-Smoulochowski (HS) Equation, deduced for a single straight
capillary and not a bed of fibers. In view of the concerns about pad compressi-
bility and fiber surface conductance, the HS equation is of unlikely validity
[303].

4 Several sensors and strategies

Sensors for measuring charge demand and the retention control schemes that
incorporate these sensors with consistency measurements will be the subject
of this section. Sensors for measuring consistency were discussed earlier,
along with one retention control scheme that did not use charge measure-
ments. No attempt will be made to evaluate the performance of any system
in comparison to another. Manufacturers are presented in alphabetical
order.

a Chemtrac®
The Chemtrac® Electrokinetic Charge Titrator (ECT) measures charge and
charge demand of thick stock or headbox samples. The technique is poly-
electrolyte titration with a cationic polymer solution of known normality
and charge density. The titration is carried to the zero streaming current
isoelectric endpoint. The two outputs are: (1) Streaming Current starting
value before titration, and (2) milliequivalents per liter of charge demand.
The standard titrating solution for cationic demand is PolyDADMAC
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(poly-diallyl-dimethyl-ammonium-chloride) and that for anionic demand is
PVSK (potassium polyvinylsulfate). The instrument is used to quantify the
effect of various additives on system charge, providing a tool for determining
optimum additive flow rates.

The ECT system includes a sensor cell, processor, controller, titrating
pumps and reservoirs, and a filtering system. The sensor for endpoint
determination is the reciprocating piston AC streaming current device similar
to that shown in Figure 37. As a stock sample is screened and dispensed into
the sensor, particles in the suspension become attached to the teflon piston
and cylinder wall of the probe. The consequent ion motion produces the
“streaming current” signal measured by the electrodes. The expression which
is used for streaming current and electrophoretic mobility is:

I = −(16 π μ m s R2 /c2) (EM),

where I = streaming current
μ = viscosity of the fluid
m = motor speed
s = piston stroke length
R = radius of piston
c = clearance between piston and cylinder
EM = electrophoretic mobility

The charge demand is determined by adding polyelectrolyte of the oppo-
site charge until a value of zero streaming current is reached.

Thus Charge Demand (meq/l of sample) =
(ml of titrant) * (meq/ml of titrant) / (l of sample)

It is asserted that because the electric current is due to the double-layer
characteristics of the particles, the charge titrator output is comparable to
zeta potential or electrophoretic mobility. The values are, however, numeric-
ally equal only at the isoelectric point because of variations in particle charge
distributions as well as influences of ionic strength [304]. A portable charge
analyzer, the ECA Model 2000, is claimed to have a sensitivity of <1 ppm
with an accuracy of 0.01% full scale for a sample volume of 10–200 ml [305].

b Mütek

The on-line Particle Charge Titrator PCT 15™ has sprung from Mütek’s
laboratory Particle Charge Detector. It is a reciprocating piston streaming
current device similar to that shown in Figure 37. In operation, a sample
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slightly greater than 10 ml with a maximum consistency of 1% is metered to
the measuring cell and titrated to the isoelectric point. The cationic solution
is PolyDADMAC and the anionic one is a sodium polyethylene sulphonate
(PES-Na). For consistencies greater than 1%, the stock is filtered with a Thick
Stock Sampler (TSS) to remove fibers. Following titration, the cell is emptied,
and cleaned with ultrasound and all wetted parts are rinsed with a detergent
solution to ensure repeatable results [306,307].

Cited specifications reveal measurements of streaming potential in mV and
titrant demand in ml with a 4 to 20 ma output signal and an RS-485 serial
interface. An accuracy of up to 0.1% is claimed [308].

One arrangement cited for charge control by Mütek is illustrated in
Figure 38 below. Anionic trash control chemical (fixing agent) is metered by
a signal from the PCT, added to the low consistency headbox feed stock
upstream of the dosage point for retention aid. The method is claimed to
maintain an optimum charge level, ensuring maximum performance of the
retention aids, metered by a signal from the retention monitor that measures
stream consistencies [307].

In order to better combat anionic trash at its source, fixing agents are
frequently added to the thick stock. As an improvement on the scheme in
Figure 38, in addition to the thin stock sample, a thick stock sample from the
machine chest is suitably filtered and sent to another PCT. The PCT signals
are processed and fixing agents are metered to both the thick and thin stock
flows [309].

Figure 38 A sample Mütek charge/retention control scheme. Redrawn from [307].
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c Neles Automation

The on-line kajaaniCATi analyzer measures the cationic demand for consist-
encies less than 1% with a device similar to that of Figure 37. The measure-
ment is based on titration technology, and the streaming current is used to
detect the titration end-point. An optional Chemistry Module is available
which measures the temperature, conductivity and pH of the sample. Stan-
dard titrating chemicals of PolyDADMAC and PVSK are usually used.
Automatic cleaning of the cell is done by pressurized air, water, cleaning
chemical and ultrasonic energy to ensure reliable operation. Cited specifica-
tions require a sample which has a pH from 3 to 9, a conductivity from 10 to
500 mS/m, a temperature range of 20–60 C with a flow rate >1 l/min. Each
measurement cycle for cationic demand in μeq/l, including cleaning,
requires 8 minutes [310].

The Neles Automation philosophy of wet end management is to build an
integrated system, considering all key aspects that contribute to wet end stab-
ility. Management is based on continuous measurements and the automatic
controls pertinent to them. Stability of the wet end is important because of its
direct connection to paper machine runnability and MD and CD variations
in paper quality.

Consistencies in the short circulation loop are used to monitor first pass
retention, stabilizing white water consistency by regulating retention chem-
ical flow. Thick stock consistency and ash content is used in a feedforward
manner to prevent disturbances from entering the short circulation loop. Ash
control, because of the poor retention, is important for good runnability and
printability. Pulp pH has an appreciable effect on papermaking chemistry,
affecting chemical efficiency and deposition of soluble components. Charge is
one of the basic forces that determines how the chemistry of colloids plays
out in the interactions among fibers, fines, fillers, anionic trash, and dissolved
and colloidal material in the fluid medium. Conductivity primarily reflects
dissolved inorganic material in the process, and is closely related to charge. As
conductivity increases, the electrical double layer of the particles becomes
thinner, the stability of the colloidal system is reduced, and agglomeration
increases.

A skeleton, idealized scheme for overall wet end management is presented
below as Figure 39. It is assumed here that pH, temperature and conductivity
are under good control before the short circulation loop. The three main
subprocesses of consistency, ash and chemistry are based on on-line meas-
urements and individual feedback control, with signals sent to other loops as
appropriate for feedforward or interactive information exchange [311].

Referring to Figure 39, any controller-lettered device (such as consistency,
KC) is assumed to encompass the appropriate sensor, transmitter and con-
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troller functions. First, in the usual fashion, overall basis weight control is
achieved by measuring the weight at the reel and adjusting the stock valve SV
with the weight controller WC. Thick stock consistency from the blend chest
is maintained with controller KC1 which adjusts dilution water valve WV. A
signal is sent to the basis weight controller WC as feedforward information.

White water total solids consistency controller KC4 adjusts retention aid
valve RV, and in this way stabilizes the retention calculated from headbox
and white water total solids consistency controllers KC3 and KC4, respect-
ively. (The consistency sensor was previously described in Figure 30 or 31.)

Figure 39 A Neles Automation wet end management scheme. Redrawn from [275].
Courtesy of Neles Automation.
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Headbox ash consistency is also measured with KC3, and can be used with,
or instead of, the reel paper ash controller AC to maintain ash content at the
headbox by adjusting filler valve FV2. During normal operation, the paper
ash controller AC regulates filler delivery, but during a break, headbox ash
control is maintained by KC3. Thick stock filler is controlled by ash consist-
ency controller KC2, regulating filler valve FV1. As feedforward information,
a signal is sent to paper ash controller AC during normal operation, and to
the headbox ash controller KC3 during a sheet break.

Charge controller EC measures the cationic demand of the white water and
regulates polymer valve PV, shown in the short circulation loop as the final
control point. This coagulant polymer, which is the anionic trash neutralizing
agent, is, in typical cases, added before the short circulation loop to several
places with several different controllers, based on cationic demand measure-
ment and the source of the disturbance.

d Raisio Chemicals

Raisio Chemicals provides the WIC 100 wet-end system as a package for
supplying real time process control information. The system consists of sam-
pling field equipment, a central analyzing unit, and a chemometric data
management/control unit. Measurements typically include cationic demand,
dissolved organic carbon, conductivity, pH, temperature, alkalinity, turbidity,
silica, calcium, aluminum, and manganese. Analysis takes from three to
twelve minutes, while sensors measure variables continuously [312].

e Nalco

In October 2000, Gerli et al. reported on the use of a flocculation sensor to
monitor paper machine retention. Several retention schemes using micropar-
ticles were evaluated in an alkaline fine paper furnish by using a technique
called Non-imaging Reflectance Scanning Laser Microscopy (SLM) or
Focused Beam Reflectance Measurement (FBRM). The goals of the studies
were to address whether the SLM/FBRM instrument could be used as a
predictive tool for retention, and whether it could function for on-line evalu-
ation, optimization, and control of wet-end chemicals.

An on-line probe-type instrument was installed on two pilot paper
machines in the supply piping to the headbox, after the addition points of
flocculant and microparticles. Operating conditions were between 900 and
1100 m/min, basis weights in the range of 60 to 75 g/m2, and ash contents
between 18 and 30%. The authors state that headbox flocculation perform-
ance results during the several changes in retention program chemistry and
dosage levels agreed well with laboratory analyses for constant furnish type
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and operating conditions. For production machines, in order to discriminate
changes in the flocculation state of the furnish due to retention additives from
changes due to other wet end fluctuations, the use of two SLM probes, one
before and one after the retention chemical addition point, may be required
for the optimization of the additive dose [313].

5 Summary and needs

Particle surface charge and dissolved polymer charge affect many papermak-
ing phenomena, and many mills attempt to measure zeta potential in order to
control their process. Commercially available instruments, however, all suffer
from one or more drawbacks, such as relying on batch-collected samples
rather than a continuous measurement, being restricted to the measurement
of the fines fraction, working only at low consistencies, and/or being qualita-
tive in nature. Due to the difficulty of the measurement, most mills rely only
on periodic (usually one measurement per shift) laboratory analyses, and use
the results for gross wet end chemistry adjustments.

In view of the needs defined by one group (American Forest & Paper
Association – AF&PA) and their Agenda 2020, research is needed to develop
a new device having characteristics as follows:

• Works over the entire papermaking consistency range;
• Employs a flow-through configuration;
• Employs a simple design for the sensor cell. This permits lower cost,

increased reliability, lower maintenance, and implementation of multiple
cell configurations;

• Handles a wide range of furnish compositions and particle sizes;
• Is able to be calibrated and standardized.

One newer method under investigation for the measurement of zeta poten-
tial is Electrokinetic Sonic Amplitude (ESA). This is a joint academic and
industry endeavor to develop a new device for charge measurement over the
consistency range of 0.5 to 5%. The technology was stimulated by the tech-
nique of acoustic spectroscopy, which is used to characterize particle size
distributions 10 μm and smaller [314]. The basis for the ESA measurement is
the converse of an effect discovered by Debye in 1933. Debye found that an
AC potential was produced when suspensions of colloidal particles were
subjected to ultrasonic waves. These waves perturb the ionic environment
around the particles in an oscillatory fashion, giving rise to an alternating
voltage potential that is a function of the zeta potential of the particles. By
contrast, the ESA device introduces a potential into a cell containing col-
loidal particles, then “listens” for ultrasound. One assumption made for the
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device is that the zeta potential of the fibers is equal to that of the filler
particles. Another assumption is that the fibers are transparent to the ESA
measurement process while the filler particles predominate as the signal
source. Preliminary findings indicate that the instrument is well suited for
measurement in recycled paperboard mills, and at all locations in fine paper
mills where CaCO3 is used as a filler. For coated fine paper mills using
CaCO3, application might be limited to the thick stock area. For mills that
use TiO2, the required levels are too high for the instrument to be of much
use [315].

VI EPILOGUE

My thanks to those readers who have gotten this far. You have suffered
through almost 40,000 words – you are to be congratulated. You may have
noticed that in at least one way, this paper has been written in the reverse
direction from which the papermaking process flows. The first sensors to be
discussed were those at the dry end of the paper machine, whereas the last
to be discussed were at the wet end. Perhaps Chapter 5 should have been
first?

The process of papermaking is changing not only in substance, but char-
acter too. While the basic process remains familiar, substantive changes occur
in terms of the equipment and processes that are used for forming the sheet,
extracting the water and developing certain properties. Character changes are
evident in the control of those processes and equipment, the attention paid
to diagnostic detail and the elimination of disturbances and irregularities,
particularly in the wet end, that plague product uniformity and efficient
operation.

Sensor development continues. And in the way of late-breaking news, an
on-line X-ray method for paper formation has been recently reported. A large
X-ray source is used in conjunction with a two dimensional solid state
detector array [316]. But I shall stop here.

The outlook is good. The industry is taking advantage of technological
advances to exchange information about the interactions that occur with our
physical, chemical and business processes. Real time control of property
development, from the standpoint of feedforward information, along with
the replacement of some art with science appears on the near horizon. It
should be an exciting time.
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ON-LINE PAPER MAKING SENSORS:
AN HISTORICAL PERSPECTIVE

M.H. Waller
Paper Science & Engineering Department, Miami University

Mistakes noted in the second volume of the preprints:

Pages 815 and 816:

CyberMetrics FS2D should be:

Techpap FS2D

Page 837:

CyberMetrics Edge Crack Detector should be:

Techpap Edge Crack Detector

Reference 111

“FS2D Formation Sensor,” CyberMetrics, Alpharetta, GA, 2000 should be

Eymin Petot Tourtollet, G., “A new two dimensional formation sensor: 2D F
sensor”, PIRA Conference “Scientific & Technological Advances in the
Measurement & Control”, Proceedings, Edinburgh Scotland, 9–10 November
1998

Reference 189

“Edge Crack Detector,” Bulletin ECD, CyberMetrics, Alpharetta, GA
(2000) should be:

“Edge Crack Detector,” Bulletin ECD, Techpap, Gières, France (2000)
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References cited during the Sensors talk, but not included in the printed
material

M.H. Waller Sept 2001

Computers in papermaking:

Åstró́m, K.J., from Pulp & Paper Canada, 102: 6, 39–44 (2001).

Moisture measurement with ultrasound:

Haeggstrom, E., et al, TAPPI J, 83: 10, 66 (2000).

Formation on-line and off-line correlation with fiber optic sources:

U.S. Patent 6,129,817 assigned to Westvaco, invented by J. Rule
See TAPPI J, 84: 1, 13 (2001)

Formation with storage phosphor β radiography:

Keller, D.S. and Pawlak, J.J., JPPS, 27: 4, 117–123 (2001).
Pawlak, J.J. and Keller, D.S., JPPS, 27: 5, 171–176 (2001).

Forming jet surface with surface pattern image velocimetry:

Ono, K., et al, TAPPI J, 84: 3, 60 (2001).

Formation with X-Ray phase contrast microscopy:

Gureyev, T.E., TAPPI J, 84: 2, 52 (2001).

Formation with X-Ray microtomography:

Goel, A., et al, TAPPI J, 84: 5, 72 (2001)
Also Norwegian Univ. Of Science & Tech.
And CSIRO (Cooperative Research Center for Hardwood Fiber & Paper

Science, Australia)

Formation with digital volumetric imaging:

http://www.resolve3d.com
Resolution Sciences Corp 888 855 6333

Formation with Stroboscopic CCD camera imaging:

AF & PA with DOE Office of Industrial Technologies, Oak Ridge, Tennessee
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Formation with Light Reflection:

Corscadden, K.W., Pulp & Paper Canada, 102: 7, 40–43 (2001).

Fiber alignment via laser ultrasonics with Lamb waves:

Jong, J.H., JPPS, 26: 10, 358–366 (2000).

Mechanical Properties–strength with IR analysis of shift in OH peak:

Furumoto, H., TAPPI J, 83: 10, 65 (2000).

Bo Norman Paper Technology KTH

You have omitted one area I mean fibre size distribution, length and width
and fibre shape, was that by design because these parameters are mentioned
more and more in Europe but perhaps less in North America.

Mike Waller

I agree.
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