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Modeling a wood-chip refiner using
artificial neural networks
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ABSTRACT: The mechanism of the wood-chip refining process
is still being studied, and no thorough model has yet been
developed. Neural networks can be an attractive alternative to
mathematical modeling of complex processes if a sufficient
amount of input—output data is available. This article examines
the use of a feed-forward neural network to model a wood-chip
refiner. The network's predicted outputs compared favorably
with industrial refiner data. It is also shown that the network
structure can be modified to optimize refiner operation and
product quality. Advantages and disadvantages of applying
neural-network models to simulate and optimize industrial

processes are discussed.
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t is difficult to develop accurate

mechanistic models of complex in-
dustrial processes. The modeling of
industrial processes frequently in-
volves a mix of mass and heat trans-
fer, fluid mechanics, thermo-
dynamics, and kinetics. The result is
a system of nonlinear, coupled alge-
braic or differential equations. Com-
plex systems require a large number
of equations to describe the phenom-
ena taking place in the process, and
many parameters have to be esti-

mated. Moreover, process noise and
other disturbances introduce addi-
tional complications.

Artificial neural networks can as-
similate operating data from an in-
dustrial process and learn about the
complex relationships existing within
the process, even when the input—
output information is noisy and im-
precise. This ability makes the
neural-network concept well suited
for modeling complex industrial pro-
cesses. So far, neural networks have
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been used mainly for fault diagnosis
and process control. Because indus-
trial operating data are widely avail-
able from distributed control
systems, neural-network modeling
based on historical data appears to
be a generic and cost-efficient ap-
proach that can be applied across
many plants within a company (1).

Modeling the refining process

Wood-chip refining is considered to
be the most critical step in the course
of manufacturing thermomechanical
pulp (TMP) and chemithermome-
chanical pulp (CTMP). Although ex-
perience from TMP and CTMP
processes has been accumulated for
years, systematic acquisition and
representation of this process knowl-
edge remains a difficult task. Spe-
cific energy and refining consistency
are the two major manipulating vari-
ables used to control refiners, but
there are many other variables af-
fecting pulp quality. These variables
include the raw-material character-
istics, refiner-disc pattern, plate
wear, and previous thermal and
chemical treatments of the chips.
Modeling the chip refiner from
fundamental principles poses a chal-
lenge mainly because of the com-
plexity, the many variables, and the
stochastic nature of the process.
There have been some recent at-
tempts at modeling and simulating
refiner performance (2, 3). Never-
theless, there is still a long way to go
in understanding and describing the
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entire refining process and the com-
plex relationships among all the vari-
ables involved. Even if it were
possible to develop a complete model
for one refiner or one mill, it would
have to be reconstructed for each
particular application, since each pro-
duction line has its own characteris-
tics.

Factor-analysis techniques have
been used to analyze industrial pro-
cesses when there is no mechanistic
model available (4, 5). Factor analy-
sis (6) is a data-reduction technique
for analyzing interactions between
system input and output data. The
technique is useful because it can
determine significant independent
system parameters from mill oper-
ating data. In an effort to model and
optimize the pulp-refining process,
Strand (4, 5) used “common factors”
as links between intrinsic fiber prop-
erties and pulp qualities. Examining
how each of the pulp properties is
affected by these common factors
provides a qualitative feel about the
physical nature of these common fac-
tors. This approach is useful in un-
derstanding which refining variables
need to be controlled or adjusted to
improve pulp quality. However, the
linear model used in factor analysis
is an oversimplified assumption, and
it would provide an inadequate de-
scription of complex processes with
nonlinear interactions among system
variables.

A neural-network-based simulator
can overcome this shortcoming be-
cause the network does not rely on
exact mathematical equations to de-
scribe a process. Using input—output
data from a system, a neural net-
work can be “trained” and calibrated
to capture the nonlinear characteris-
tics of that system.

This article presents the results
of a study investigating the feasibil-
ity of using a feed-forward neural
network for knowledge acquisition
and processing. A neural-network
model developed using data from an
industrial refiner proved to be a use-
ful vehicle for understanding the ef-
fects of process variables on pulp
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1. Schematic of CTMP process
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quality. Once such a network model
has been verified, it can be used to
optimize the system, either minimiz-
ing energy consumption at a given
pulp quality or maximizing pulp qual-
ity.

Process description

Figure 1 is a schematic representa-
tion of a two-stage CTMP process.
Wood chips are delivered from the
chip silos to a chip washer, which
removes sand, grits, and other con-
taminants. A metering screw feeds
the washed chips to the presteaming
bin, where they are heated for ap-
proximately 20 min. The chips are
then compressed into an impregna-
tor and released into a chemical so-
lution. After chemical treatment, the
chips are heated to 110-135°C for 2—
5 min in the heating tube. From
there, they fall into a surge tube and
then are fed to the first-stage refiner
by means of a transfer screw feeder.
After the pressurized primary-refin-
ing stage, the material goes to a cy-
clone for steam separation and
pressure reduction before being fed
to the secondary refiner. The pulp is
finally conveyed to a tank with a re-
tention time of approximately 20 min
for latency removal.

Operating data were obtained
from a commercial refiner (Sunds
Defibrator RGP-60) in a Scandina-

2. Processing steps inside a neuron
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vian mill (5). A total of 110 sets of
data were collected. Each data set
consisted of three operating variables
(production rate, specific energy, and
refining consistency) and five pulp-
quality variables (average optical fi-
ber length, long-fiber content, pulp
freeness, breaking length, and tear
index). The operating conditions
cover a reasonable range for this type
of operation, as shown in Table I.
The table also shows the ranges of
the five pulp-quality variables.

Feed-forward neural network

An artificial neural network is a com-
puting system made up of simple,
interconnected processing elements
called neurons, by analogy with the
human brain. Neurons are arranged
in layers. The feed-forward neural



3. Neural-network representation of the chip-refining process 4. Role of back propagation in the learning process for an artificial
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I. Refiner operating conditions and pulp and paper quality

Symbol Range
Refiner operating conditions
Production rate, 0.d. metric tons/day PR 72, 85, 91, 96
Specific energy, kW-h/o.d. metric ton SE 1450-2250
Consistency, % CN 35-55
Pulp and paper quality
Average fiber length, mm FL 0.45-0.90
Long-fiber fraction, % LF 25-58
Freeness, mL CSF CSF 80-380
Breaking length, km BL 1.8-3.6
Tear index, mN-m?/g TI 6.8-9.6
network has an input layer, one or w; = weight for the bias of the
more hidden layers, and an output neuron j.

layer.

The input layer simply transmits
the input variables to the next layer
without any processing. A single neu-
ron is shown in Fig. 2. Neurons in
the hidden or output layers receive
weighted inputs from each of the neu-
rons of the previous layer. These
weighted inputs are added to get a
net input, a, to the neuron.

N
%72 &)

where

N = number of neurons in the
previous layer

X, = signal bias
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The neuron output X; is calculated
by an activation function. For classi-
fication problems, threshold neuron-
activation functions are normally
used. For function approximation (as
in this work), continuous-value logis-
tic neurons can be used.

1

X
1

a @)

l+e )
This results in a sigmoidal output
ranging from 0 to 1.

A neural network for the chip-re-
fining process was constructed. The
network is illustrated in Fig. 3. The
input layer consists of three neurons
representing the refiner operating
conditions: production rate (PR), spe-

cific energy (SE), and refining con-
sistency (CN). The hidden layer con-
sists of two neurons. The five neurons
in the output layer are the optical
average fiber length (FL), the long-
fiber fraction (LF), the freeness
(CSF), the breaking length (BL.), and
the tear index (T1).

Training the network

Background

The objective of the network “train-
ing” is to determine and adjust the
weight distribution of the network’s
input and hidden-layer neurons
based on a given set of input and
output data. Back propagation (7) is
used as the learning algorithm. This
method of learning involves present-
ing the network with an input pat-
tern and then propagating the values
forward through the network. The
final values of the output vector are
compared with a target vector, and
an error signal is generated. The er-
ror signal is propagated back to the
hidden and input layers through the
network. The weight of each neuron
is modified in proportion to the de-
gree that it contributed to the error.
This process is repeated for all of the
input-output patterns many times.
The final goal is to train the network
to reproduce the input—output map-
pings to within an acceptably small
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Il. Network performance with different input—output structures

Number of nodes Relative deviation Average
Input Hidden Output FL LF CSF BL Tl deviation
3 2 1 7.1 7.2 9.2 6.4 7.4 7.5
3 2 5 8.4 6.8 10.7 6.9 6.9 7.9
Ill. Network performance with different numbers of neurons and layers
Number of nodes Number Relative deviation Average
Input Hidden Output of links FL LF CSF BL Tl deviation
3 1 5 14 8.6 6.1 11.5 8.8 9.0 8.8
3 2 5 23 8.4 6.8 10.7 6.9 6.9 7.9
3 3 5 32 7.3 6.1 9.8 6.7 6.5 7.3
3 4 5 41 7.5 6.1 10.2 6.6 6.4 7.4
3 2 2 5 29 7.3 5.9 9.0 7.4 6.4 7.2
3 2 3 5 37 7.3 5.9 9.1 7.2 6.3 7.2

error. The training process is illus-
trated in Fig. 4.

Once trained and tested, the neu-
ral network can be used in feature
extraction, pattern recognition, and
simulation of multiple-input-mul-
tiple-output systems. The knowledge
is stored in the network through the
weight distribution, which repre-
sents the relationship between in-
puts and outputs.

The 110 available data sets from
the mill were divided into two groups.
One group was used for training,
while the remaining data sets in the
other group were used to test the
performance of the neural network.
We conducted training sessions us-
ing 50, 70, and 90 data sets. The
modeling accuracy increased with
the number of data sets. The results
presented here are for the network-
training sessions using 90 data sets.
The remaining 20 sets were used to
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test the network’s performance.
Since neural networks are phenom-
enological models, data supplied for
training should be large enough to
cover the operating ranges of inter-
est. Such models cannot be used to
simulate events beyond the operat-
ing range.

Input-output structure
of the networks

There is no specific methodology for
determining the best network con-
figuration for a particular modeling
application (8). The refining process
could be modeled by several sepa-
rate networks, each of them repre-
senting a mapping between the
input-variable vector (PR, SE, and
CN) and one of the output pulp-qual-
ity variables (FL, L, CSF, BL, or
T1). Networks built this way should
be more specifically adapted to the
chosen output variable, especially

when output variables are indepen-
dent of each other. However, output
variables are not necessarily inde-
pendent of each other. In the present
case, the fact that the system has
more output variables than input
variables suggests the existence of
integration among output variables.

Another approach would be to
train a neural network to correlate
the set of input variables and the
whole set of output variables simul-
taneously. A network structured in
this way must be capable of recog-
nizing the common pattern in the
transformation from the input-vari-
able vector to the output vector.

Table Il compares the perfor-
mance of these two network struc-
tures.

The structure of a network can be
represented as

n

{nin’ hidden-2 n

o nout} (3)

hidden-2 * *



5. Comparison of network outputs with 20 data sets from the refiner
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where

n, = nodes in the input layer

N, iuens — Nodes in the first hidden layer

N, — Nodes in the second hidden
layer

n, = nodesin the output layers.

As seen in Table 11, the relative de-
viation for the five networks with {3,
2, 1} structures was in the range of
6.4-9.2%, with an average deviation
of 7.5%. The average deviation of
the network correlating all five out-
put variables—the {3, 2, 5} struc-
ture—is nearly equivalent at 7.9%.
Since the latter structure needs far
less parameters (23 weights) than
the former (55 weights), we chose
the {3, 2, 5}structure in our model-
ing, which is more reliable in param-
eter estimation.
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Effect of hidden
layers and node numbers

Having determined the input-out-
put structure of the neural network,
we went on to test the effects of the
number of hidden layers and nodes.
The results are shown in Table I11.

Networks with a single hidden
layer (the first four rows in the table)
perform about as well as networks
with additional hidden layers (rows
5 and 6). Although networks with
more neurons and weights perform
slightly better than networks with
less neurons, no particular network
gives minimum deviation for all prop-
erties at the same time. It seems
that the accuracy of the modeling
for simulation problems like this one
is relatively insensitive to the num-
ber of nodes and hidden layers over
a wide range of values. It is under-
standable that if more hidden layers
are used, there will be more nodes

and weight parameters to be esti-
mated, and the network will be more
sensitive and vulnerable to errors.
To avoid over-parameterization, we
suggest that a simple network struc-
ture, say {3, 2, 5} or {3, 3, 5}, should
be sufficient for modeling the
present static nonlinear system.

Performance of
the neural network

The performance of the trained net-
work was tested with the remaining
20 data sets from the mill. The neu-
ral network was able to predict the
five pulp-quality variables under dif-
ferent operating conditions. Figure
5 compares the network predictions
with the refiner data for freeness
and breaking length. The standard
deviation for the model error—the
difference between the mill data and
the predicted values—is well below
the standard deviation for the mill
data.

It is well accepted that at least
two variables should be manipulated
to control pulp quality. When the
production rate is dictated by eco-
nomic reasons and equipment con-
straints, the operators can still use
the closing pressure (or motor load
or plate gap) and the dilution water
to change the specific energy and
the consistency, respectively. Fig-
ure 6 shows good agreement be-
tween the predicted and mill values
for tear index and long-fiber content
at variable specific energy and con-
sistency.

Modeling and optimizing
the refining process

Using the weighted inputs obtained
from the training, the feed-forward
neural network can be used as a
simulator to predict pulp quality
from refiner operating conditions.
Figure 7 shows how pulp quality
(freeness, breaking length, tear in-
dex, and fiber length) is predicted to
change as we manipulate the two
operating variables (specific energy



Refiner Modeling

and refining consistency). Alterna-
tively, the network can be used to
analyze the interactions between in-
put and output variables and thus
determine the operating conditions
required to achieve a specified level
of pulp quality. It can also be used to
give a visual image of the input-out-
put relationship to the operators.

For example, there is a contro-
versy in describing the energy-con-
sumption-tear-index relationship.
Under different circumstances, tear
index increases and then decreases
over the operating range for specific
energy. From our neural network
modeling, it is shown that, at low
consistency, the tear-index—specific-
energy curve is a convex function.
At high consistency, tear index
changes little over a wide range of
specific energy. The relationship at
low and high levels of specific en-
ergy also shows different modes.
These characteristics would not have
been found if a linear factor-analysis
method had been used.

The task of optimizing operations
or controlling product quality in-
volves maximizing or minimizing cer-
tain process variables by manip-
ulating some operating conditions,
maintaining other operating condi-
tions, and holding product quality
within a desired range. To make this
clear, we distinguish these as three
sets of variables:

1. Controlled variables P_: those to
be controlled or to be optimized
(either a product-quality specifi-
cation or an operating variable)

2. Manipulated variables P,,: those
to be manipulated or adjusted
(usually a number of operating
variables) in order to optimize P

3. Other variables P_: those ex-
pected to remain constant or
within steady ranges (product
quality window and/or ordinary
operation ranges).

This type of problem is usually
solved via a nonlinear mathematical
programming approach, which is
complicated and difficult when there
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6. Comparison of network outputs with 20 data sets from the refiner
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is no complete mathematical model
of the relationships among the pro-
cess variables.

Neural networks can contribute
significantly in analyzing and opti-
mizing the performance of process-
ing units and plants. One of the
unique and useful features of neural
networks is that their inputs and
outputs do not have to conform to
those in the physical situation they
are modeling. Thus the network’s
input can be a mix of easily obtained
physical inputs and outputs of a unit
or plant, while the network’s output
can be part of the operating condi-
tions. This approach is shown in Fig.
8. It is, of course, necessary that all
conditions and properties significant
to the process be included either as

input or output data for the network
to adequately portray the physical
process.

To illustrate this approach, con-
sider the following example. There
are avariety of criteria used to evalu-
ate pulp quality and papermaking
characteristics for different end
products. Among them, breaking
length (BL) and tear index (T1) are
usually used to represent the paper
strength. A modified network struc-
ture can be useful in determining
how refiner operating conditions
should be adjusted to control these
two quality parameters. Figure 9
illustrates a new network construc-
tion for the purpose of optimizing
pulp quality. In this network, the
controlled variables (Tl and BL) are



7. Model results showing four pulp-quality variables as functions of specific refining energy and pulp consistency
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placed in the set of input variables.
Two manipulated variables (specific
energy, SE, and refining consis-
tency, CN) are put in the set of out-
puts. Production rate is not going to
be changed so it remains in the in-
put layer. All other pulp-quality vari-
ables are dependent variables.

The same set of mill data was used
to train this restructured network.
After training, the network can be
used to predict which SE and CN
setpoints should be chosen when new
quality requirements are given. Fig-
ure 10 is a contour plot showing how
the operating conditions (SE and
CN) should be changed as the pulp-
quality requirements change.

In this study, we assigned only
three main operating variables as
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inputs of the neural network. Actu-
ally, there is quite a large set of vari-
ables that can affect refiner
operation, such as plate age and
wood-chip properties. Itis necessary
to include all significant variables of
a real refiner operation in a neural-
network modeling system. Thus
when a disturbance is observed, the
neural network can make the appro-
priate response and adjust the other
operating parameters to compensate
for the disturbance.

The primary advantage of the neu-
ral-network approach, compared
with other modeling approaches, is
that it does not require the develop-
ment of a complete relationship
model, a difficult task for many pro-
cesses. Neural networks allow map-

ping the input—output relationships
without a full understanding of the
functional relationships.

The disadvantage of this approach
is the need to provide a set of data
that spans the region of interest.
Since neural-network modeling is a
phenomenological approach rather
than a mechanistic approach, the
model cannot safely be used to make
predictions outside the range of op-
erating conditions covered by the set
of data used to train the neural net-
work.

Conclusion

This work demonstrates that a com-
plex wood-chip refining system can
be modeled and implemented in a
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8. Network configurations for process simulation and for process control and optimization 9. Network configuration for controlling and
optimizing tear index (TI) and breaking length
(BL) by manipulating specific energy (SE)
and consistency (CN)
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feed-forward neural network. Con- 1. Contour plot of two operating conditions—specific energy (SE) and consistency (CN)—
sidering the difficulty and complex-  as functions of the pulp-quality requirements breaking length (BL) and tear index (T1)

ity of developing a mechanical model
of the wood-chip refining process,
the neural network can be an effec- 38 F
tive alternative. The neural network 5
can learn about the relationships @
among process variables using mill
data from the distributed control
system and operator logbooks. This
approach does not require the enor-
mous efforts that are required to
develop mechanistic models or rule-
based expert systems.

A neural-network model was
“trained” using data from a commer-
cial CTMP refiner. The model’s pre-
dictions of pulp and paper properties
were in excellent agreement with
industrial refiner data. This demon- 5 |0 . . i .
strates that a neural network can be 4 5 6 7
successfully used in steady-state
modeling and optimization of com-
plex industrial processes, including

the wood-chip refiner.
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