
PEER-REVIEWED PULP FLOW MODELING

Agitated pulp stock chests affect all
areas of pulp and paper manufacture.

They act as a buffer between processes
and reduce variability in fiber mass con-
centration, freeness, and other quality fac-
tors. From the standpoint of variability
reduction, stock chests provide means for
reducing high-frequency disturbances
[1].This filtering complements the action
of control loops, which can only control
low-frequency variability [2]. It is impor-
tant to ensure these chests are properly
designed to achieve the desired overall
degree of upset attenuation.

Industrial data show that non-ideal
flows such as channeling, recirculation,
and stagnant zones exist in agitated pulp
stock chests [3]. These non-ideal flows
should be avoided since they decrease the
performance of the chest. FFiigguurree  11 shows
the measured response of an industrial
stock chest to a step input change at t =
200 s (private communication, Bill
Bialkowski, 2001).The upper curve is the
input signal and the lower curve is the
output response. The chest response is
clearly not ideal.The output shows an ini-
tial bump (at about t = 300 s) that is due to
short-circuiting (channeling) within the
chest.The response also shows a series of
first order exponential responses,each one
getting progressively smaller. From this we
conclude that a portion of stock is recir-
culated within the chest. The theoretical

EXPERIMENTAL SETUP
FFiigguurree  33 shows a schematic diagram of
the experimental setup. Pulp suspension
is pumped from the feed tank to the stock
chest and from this to the discharge tank.
The stock chest is rectangular and
equipped with a side-entering impeller.To
study the dynamic response of the stock
chest, we injected a saline solution
through a computer-controlled solenoid
valve into the pulp feed.The conductivity
variations in the input and output streams
are measured with flow-through conduc-
tivity sensors. The details regarding this
experimental setup are discussed by Ein-
Mozaffari et al. [3].

DYNAMIC MODEL
FFiigguurree  44 shows a simple continuous-time
dynamic model that represents the
observed behavior of the industrial and
scale-model chests. We built this model
using basic principles where the system
parameters have a physical interpreta-
tion. In this figure, f is the portion of the
stock bypassed (channeled) in the mixing
zone and R is the portion of the stock
recirculated within the mixing zone. G

2
is

the first order transfer function for the
agitated zone. Since a limited amount of
mixing occurs in the short circuit flow, it
also has a first order transfer function
(G

1
). τ

1
and τ

2
are the time constants for

the channeling and agitated zones.

residence time for this chest is 14 min.
Since the real time constant obtained
from the step response is 5.8 min., we
concluded that stagnant and/or dead
zones exist inside the chest [4].

FFiigguurree  22 shows the plotted frequency
responses calculated for this industrial
stock chest and for a perfectly mixed
chest having the same volume and flow
rate [3].The degree of upset attenuation
for the industrial stock chest is consider-
ably worse than that of the perfectly
mixed chest, especially for frequencies
from 0.01 to 0.1 rad/s.These frequencies
are higher than the cut-off frequencies of
paper machine control loops, which are
usually between 0.002 and 0.005 rad/s
[2]. Therefore, disturbances at these fre-
quencies would not be attenuated and
would affect paper quality and machine
runnability.

No information is available on the
effects of non-ideal flow on the dynamic
behavior of stock chests, although studies
have been made on ideal chests [1, 5-10].
Since ignoring non-ideal flows can lead to
errors in system design [11], it is neces-
sary to study the dynamic behavior of
stock mixing under realistic (less-than-
ideal) mixing conditions.The objective of
this work is to incorporate process
dynamics in the design criteria so that
mills can attain good mixing with a pre-
dictable dynamic response profile.
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ABSTRACT: The chief purpose of agitated pulp stock chests is to reduce high-frequency variability in
mass concentration, freeness, and other quality factors. These chests behave as low-pass filters to comple-
ment the action of control loops, which only control low-frequency variability. Dynamic tests made on indus-
trial and scale-model stock chests show non-ideal flows such as channeling, recirculation, and stagnant
zones. These flows reduce the degree of upset attenuation at frequencies higher than the cut-off frequencies
of paper machine control loops. We have developed a dynamic model of agitated pulp stock chests, incor-
porating these non-ideal flows. In this paper, we explore the excitation design required to estimate the model
parameters and the effect of process variables on disturbance attenuation. The variables examined include
the impeller speed, pulp feed and exit location, fiber mass concentration (consistency), and pulp flow rate
through the chest. Test results show that the location of the input and output in the chest significantly affects
the percentage of channeling and the degree of disturbance attenuation. We found that at higher pulp flow
rates through the chest and fiber mass concentration greater than 3% the system is prone to a high percent-
age of channeling and a low degree of upset attenuation.

AApppplliiccaattiioonn::  Identification of the type and degree of non-ideal flow in a pulp stock chest allows mills to
take corrective measures to improve uniformity in downstream processes.
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The step response signal also shows the possibility of transport
delays in both paths, which we also incorporated into the
model. T

1
and T

2
are the time delays for the channeling and agi-

tated zone, respectively.
Since the data are measured at fixed time intervals, the con-

tinuous model is initially transformed into a simple discrete-time
model [12]:

where:ρ
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and q-1 are sampling

time and backward shift operator.
By measuring the input-output

response of an agitated pulp stock chest,
the above dynamic model parameters
can be estimated using a numerical
method developed by Kammer et al.
[12].

DYNAMIC TESTING 
PROCEDURE

The identification experiment was per-
formed by exciting the system and
observing the input and output conduc-
tivities over a time interval.We recorded
these signals in a computer to estimate
dynamic model parameters. The excita-
tion provided in the dynamic experi-
ments was limited to binary sequences
because the input signal was controlled
by an on-off solenoid valve.The process
of model identification required two
experiments. In the first experiment, the
input signal was a rectangular pulse (FFiigg..
55), which allowed the estimation of an
approximate model (gray line in Fig. 5)
used to design the excitation for the sec-
ond experiment. The excitation energy

for the second experiment encompasses frequencies where the
magnitude of the Bode plot was sensitive to parameter varia-
tions [13]. For this purpose, the magnitude of the Bode plot for
the partial derivatives of the model with respect to model
parameters (f, R, a

1
, and a

2
) are calculated and shown in FFiigg..  66.

From this figure the frequencies at which the magnitudes are
maximum are obtained:w

f
= 0.05 rad/s,w

R 
= 0.0009 rad/s,w

a1

= 0.15 rad/s, and w
a2 

= 0.001 rad/s.Therefore, the excitation
energy for the second experiment was concentrated at fre-
quencies from 0.0009 rad/s to 0.15 rad/s.

FFiigguurree  77 shows the procedure for designing a frequency-
modulated random binary input signal for the second experi-
ment. First, a zero-mean white-noise signal is filtered by a band-
pass filter with cut-off frequencies obtained from Fig. 6. Then
the filtered signal is converted into a binary sequence. Since
such a conversion can change the spectrum of the signal, we
checked its spectrum to see if it was acceptable [13].The signal
designed by this method was then applied to the injection
valve. Preliminary dynamic test results showed that the
designed signal was too fast for this system. The high cut-off
frequency (w

a1
= 0.15 rad/s) for the band-pass filter was

obtained at the maximum value of the partial derivative of the
model with respect to a

1
, which corresponds to τ

1
in continu-

ous-time domain. Because a very limited amount of mixing
occurs in the channeling zone, the value of τ

1
is very small 
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(a few seconds) for the scale-model chest
and should be ignored when designing
the input signal. Therefore, the high cut-
off frequency for band-pass filter was
reduced from w

a1
= 0.15 rad/s to w

f
=

0.05 rad/s.The low cut-off frequency for
band-pass filter (0.0009 rad/s, correspon-
ding to the period T = 2π/w = 6981s)
was higher than the maximum length of
the experimental data (5500s,determined
by the feed tank capacity and pulp flow
rate through the chest).Therefore, it was
not necessary to consider the low cut-off
frequency when designing the input sig-
nal. FFiigguurree  88 shows the final input signal and its spectrum. We
applied this signal to the injection valve. FFiigguurree  99 shows the
input, measured output, and model output signals obtained from
one of the dynamic tests made on the scale-model chest.

RESULTS AND DISCUSSION
We studied the effects of operating conditions on the dynamic
behavior of the stock chest by varying the impeller speed (700-1750
rpm), fiber mass concentration (2.1%-3.3%), and pulp flow rate
through the chest (7.9-37.1 L/min).In this study,we tested the effect
of pulp feed and exit location for two configurations (C1 and C2)
shown in FFiigg..  1100.Since C1 is widely used,we focused on the dynam-
ic response of this configuration and explored how changing the
operating conditions improves the dynamic response.At the end,
we compare the dynamic behaviors of both configurations.

The effect of impeller speed
FFiigguurree  1111 shows the input and output responses for a series of tests
where the flow rate into the chest is fixed and the impeller speed
(N) changed.At N = 1127 rpm, which is above the criteria of com-
plete surface motion used to size the chest,the output response fol-
lows the input signal, indicating complete channeling in the vessel.
Channeling decreases abruptly when the impeller speed reaches a
critical value and then progressively decreases as the impeller
speed is increased.FFiigguurree  1122 shows the effect of impeller speed on
channeling at different pulp flow rates.This data show that chan-
neling decreases as impeller speed increases. At higher impeller
speeds, the fiber/fiber network is disrupted further from the
impeller, leading to improved mixing by eliminating non-ideal
flows. FFiigguurree  1133 shows the effect of impeller speed on frequency
response of stock chest.As can be seen, the degree of disturbance
attenuation can be improved by increasing the impeller speed.For
example,at N = 1724 rpm the dynamic response is very close to an
ideal response,which has a simple first order transfer function.That
means that increasing the impeller speed eliminates the effect of
non-ideal flows such as channeling and stagnant zones.

The effect of pulp flow rate
At higher flow rates, the system is prone to a high percentage of
channeling (Fig. 12), even at impeller speeds above the criteria
of complete surface motion used to size the chest.At lower flow
rates and higher impeller speeds, decreasing the flow rate does
not have a significant effect on the channeling. However, the
degree of upset attenuation is improved by decreasing the pulp
flow rate through the chest (FFiigg..  1144). A decrease in pulp flow
rate increases the time constant of the mixing zone.

The effect of fiber mass concentration
As the fiber mass concentration increases, the number of fiber-
fiber interactions increases, which increases network strength.
Because of this rheological behavior, the effect of non-ideal phe-
nomena such as channeling and stagnant regions increases
with an increase in fiber mass concentration. FFiigguurree  1155 shows
the effect of fiber mass concentration on channeling. At fiber
mass concentration greater than 3%, a high percentage of chan-
neling exists, even at impeller speeds greater than the speed
required for complete surface motion.At fiber mass concentra-
tions smaller than 3%, full channeling does not occur, even at
impeller speeds equal to that required for complete surface
motion.This phenomenon can cause problems when the fiber
mass concentration inside a chest (designed for lower fiber
mass concentration) increases during operation due to distur-
bances. In this situation, the system can shift to the full chan-
neling with a low degree of attenuation. FFiigguurree  1166 shows the
effect of fiber mass concentration on the chest performance in
the frequency domain. In this graph, the comparison has been
made at the beginning of complete motion through the chest
for different mass concentrations. These data show that the
degree of attenuation decreases with an increase in fiber mass
concentration.Although the whole suspension inside the chest
is in motion, no significant attenuation occurs at 3.3%.
However,when the fiber mass concentration decreases to 2.1%,
the degree of upset attenuation is significantly improved.
Therefore, chests designed using the criterion of the onset of
complete motion do not necessarily lead to a fully mixed sys-
tem, especially at fiber mass concentration greater than 3%.

The effect of pulp feed and exit location
Dynamic tests showed that the pulp feed and exit locations sig-
nificantly affect the degree of upset attenuation due to chan-
neling. Based on results presented in previous sections of this
paper, the degree of disturbance attenuation increases by
increasing the impeller speed and decreasing the pulp flow rate
and fiber mass concentration for the first configuration (C1).

C
O

N
D

U
C

T
IV

IT
Y

, 
m

S

8

7

6

5

4

3

2

1

0
0        1000     2000      3000     4000     5000

TIME, s

5. Chest input and output signals in

black lines and model output in gray

line.

M
A

G
N

IT
U

D
E

, 
d

B

40

20

0

-20

-40

-60

-80
10-5      10-4       10-3       10-2       10-1

FREQUENCY, rad/s

6. Magnitude Bode plot of partial

derivatives of the model.

7. Input signal design procedure.



16 TTAAPPPPII  JJOOUURRNNAALL    SEPTEMBER 2003

PULP FLOW MODELING

However, the higher impeller speed
requires higher installed power and can
cause more air entrainment in the sus-
pension. Decreasing the pulp flow rate
and the fiber mass concentration also
reduces the production capacity of the
chest.The dynamic tests made on a scale-
model chest showed that the dynamic

performance for C1 could be improved
by changing the feed and exit locations
to that of the second configuration (C2).
FFiigguurree  1177 shows the effects of pulp feed
and exit locations on channeling for the
two configurations shown in Fig. 10. For
C1, the system is susceptible to a higher
percentage of channeling compared to
that of C2.Under identical operating con-
ditions, C2 can provide greater attenua-
tion and approaches an ideal response
(FFiigg..  1188).

Sufficient motion is needed at the
pulp exit location to prevent dewatering
of stock before it enters the discharge
pump.Therefore, the exit port cannot be
located at the impeller opposite wall
where insufficient motion is induced by
the impeller. In both C1 and C2, suffi-
cient motion exists at the pulp exit loca-
tions. However, C1 is widely used in
industry due to the ease of mechanical
installation and maintenance.

CONCLUSIONS
Industrial data and dynamic tests made on
the scale-model chest confirm the exis-
tence of non-ideal flows such as channel-
ing, recirculation, and dead zones. Since
these non-ideal flows reduce the degree of
upset attenuation, we factored them into
the dynamic modeling of the chest.
Dynamic tests showed that the pulp feed

and exit locations
have a significant
effect on the degree
of upset attenua-
tion, although the
exit must be locat-
ed in a zone of suffi-
cient agitation to
prevent dewater-
ing. For suspension
mass concentra-
tions greater than
3%, the system was
prone to a high 

percentage of channeling and a low
degree of attenuation. Under these cir-
cumstances, the degree of attenuation
could be improved by either reducing
the pulp flow rate through the chest or
increasing the impeller speed. In indus-
trial situations, a decrease in pulp flow
rate is not possible and changes in
impeller speed must be considered. We
found that chests designed using the cri-
terion of the onset of complete motion
do not necessarily lead to a fully mixed
system, especially at fiber mass concen-
tration greater than 3%. TJ
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INSIGHTS FROM THE AUTHORS
Little information was available about the effects of non-ideal flows on the
dynamic behavior of pulp stock chests. In this study, we developed a
dynamic model and used it to study flow non-idealities in a scale-model
pulp agitation chest over a wide range of operating conditions.

We learned that to approach ideally mixed conditions in a stock chest
requires considerably more power than is normally installed at mills,
based on current design practices.

In certain pulp processing situations the attenuation of process fluctu-
ations is critical. This paper shows the extent of non-ideal flows in pulp
agitation systems and how changes in process variables can reduce their
effects and improve dynamic response.

In future work we will expand our examination of pulp mixing dynam-
ics to cover a wider range of process conditions. Research will be direct-
ed at developing criteria to design chests for a known dynamic perform-
ance and to find effective ways to improve the dynamic response of
existing chests.

Ein-Mozaffari and Bennington are with the Department of Chemical & Biological
Engineering, and Dumont is with the Department of Electrical & Computer
Engineering, The University of British Columbia, Pulp and Paper Centre, 2385 East
Mall, Vancouver, BC, V6T 1Z4, Canada; Kammer is with the Pulp and Paper Research
Institute of Canada, 3800 Wesbrook Mall, Vancouver, BC, Canada. Email Bennington
at cpjb@chml.ubc.ca.
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