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flow conditions. The number of fiber impact per baas
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pulp consistency, fiber residence time, fiber-to-ba Even though the fiber residence time is one ofntiost

interaction, temperature profile, motor load disftion important variables in controlling refining phenamae

SUMMARY: In this paper, internal variables (e.g. OU' knowledge of it is still quite diffuse. Harkanet al.
temperature, consistency, fiber residence timekwand ~ (1999) used radioactive tracers to gain more insigio
flowing steam and forces acting upon the chips auid) the_ (_1|str|but|on of fibers and the re5|dence_z tl_methe
are introduced and defined as physical statesrestain  '€fining zone. They found that the average fibsidence
different parts of the refining zones. In shoreyttdiffer ~ time was affected strongly by the mixing zone beftire
from the traditional external variables (e.g. ddntwater ~ St€am turning point. They also found that after ftbers
feed rate, specific energy and plate clearance}twaie have passed this position, the average residenee i
not available as distributed variables from refinzone ~ rather small, see Harkonen et al. (2003). In généa
measurements. average fiber residence time is assumed to beHessl-
The internal variables can be seen as the backbbne 2 Se€conds and is strongly affected by the refining
physical models and we illustrate that based orpdein ~ S€gment design and type of refiner.
for a CD-82 refiner. It is shown that such a moziet be  Miles and May (1990, 1991) introduced the concept o
used for on-line implementation of soft sensors for'€fining intensity, which was defined as the rateiween
advanced process control. Of special interestrardiber e specific energy (i.e. the relation between méad
residence time and consistency profiles in the dag ~ @nd the assumed production rate) and the number of
conical zones, which are the internal variableaus in fiber-to-bar interactions (or the fiber residentes), see

this study as they are directly linked to pulp andKure (1999). Miles and May (1990, 1991) used uni-
handsheet property development. directional segments, where the idea was to dedine

It is also shown that the refining segment pattsfects scalar t_hat de_sg:ribes the bar-to-fiber impact estih for
the temperature profile, which must be considetita n the entire refining zone, see further Strand e(¥993)
the modeling efforts. It is particularly interegito study ~ &nd Murton etal. (2002). .
how the segment parameters in terms of the digeibu  Sabourin etal. (2001) claimed that the model ity
width of the bars and grooves together with thereey ~ Miles and May (1990, 1991) is not suitable for piced
taper affect the back-flowing steam, the crossigeat ~ US€ Since it has too many unknown parameters and
area and thereby the fiber residence time. variables. One example was the friction coefficgent
To illustrate the capability to use a modeling tetgy it introduced to describe the interaction between the

is shown how to reach a 40% reduction in specifiergy refining segment surfgce an_d the pulp. Isakssoal.et
without violating the pulp properties studied. (1997) had shown this earlier and concluded that th

ADDRESSES OF THE AUTHORS: proposed friction coefficients are far from the ued
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Jan Hill (jan.hill@qtab.se ), Sweden varied dramatically for different refining conditis.
Correspondi.ng author:' Anders Karlstrém To this time, process models, based on first ppelsi

have been used off-line for analysis, see Karlsteim

Se"er?' approache; have been proposed over the Ye& riksson (2014a,b,c,d) and Karlstrom and Hill (284
to describe how to find proper operating points dood and 2015a,b). One reason why the implementation of

_enou?h_ pulp quality anlc\zl/l mitnimized ednerlgy cor?;iunnpftio such models on-line has taken such a long timlesisthe
in tr_e !n”lg procdesse?. | 0S f_pariﬁrs elalngt thls;?:r? model complexity sometimes itself introduces bastie
:)hp 'T'Z"?‘ 'On.t";_‘ln co_?hr(;hcon ine etr_nse ers o i % Another reason is that these models produce a huge

? opic €l _e(;_v_\g IT?\ASEYSPSC It\'/e (?. an '%l'l:lt amount of data that must be handled in real-time.
refiner or an individua production fine, se . This paper presents a theoretical model where a
al. (1979), Johansson et al. (1980), Dahlgvist ledari - : : L

. complete refiner including systems descriptionsifdet

(1981), Oksum (1983), Honkasalo et al. (1989), &tilal. . — s

1993) B 2005) Erik 5005 4 Erik mixing zones, refining zones and outlet mixing Zaee
( ). Berg ( ). Eriksson ( ) an MKSSONconsidered. The model copes with real-time process

(2009). chan . ¢ >
X . ges and is assumed to be used in future on-line
During the late 1980s, Miles and May (1990, 1991)app|ications.

derived a theoretical model of the pulp flow belavih : —_— .

- . ) i This paper focuses on the description of the égr
tEe reﬁmgg zone of % hl'gh conglsten(éy (.HC) rerfjr(;é h betweeg iﬁternal variables (e.qg. tem?aerature steTty
theory became widely used and increased the : : : ’-
understanding of refining to some extent. The o and fiber residence time) and external variableg. (e

. : . ' dilution water feed rate, specific energy and plate
was to determine the radial pulp velocity and resa : : et
) . clearance) from a modeling perspective. The digtnc
time based on calculations of the forces that affbe ) g persp 0

between internal and external variables as indicate



above was introduced by Karlstrém and IsakssonqR00

refers to the energy dissipated afdis the absolute

and further developed in Karlstrém et al. (2015 andtemperature.

2016a,b). It was shown that using internal variable
instead of external variables to find proper piaise
linear models, estimating pulp and handsheet ptigger
gave a better opportunity to handle inherent non
linearities in the process. These results were oimes
extent not expected, as the major efforts to firdlets of
pulp and handsheet properties had thus far beesd lzas
external variables as independent variables, sesndbt

(1996), Strand and Grace (2014) and Lehtonen et al.

(2014).

This paper is the first in a series of three couSee
papers. The idea is to broaden the discussion wftho
use more sophisticated refining zone measuremeants
combination with a refining model based on first
principals to find relevant variables in analyzimgp and
handsheet properties.

Data from a full-scale CTMP production line (CD82-
refiner) will be used to illustrate the need to lempent
physical models on-line for process optimization.

Material and methods

Several attempts to model refining processes haen b
made after Miles and Mays’ (1990, 1991) contribigio
Berg (2005), Karlstrom et al. (2005), Eriksson (2pand
Karlstrém et al. (2008) introduced spatial tempaeat

CD zone

Scgments

2

-
Nea\

Position f

plate gap sensor

Flat zone

—

\

Scgments ol
Brz (1)

.

iFig. 1: A schematic drawing of the refining zones in a CD
refiner. The vertical flat zone (FZ) is directly linked to the conical
zone (CD) via an expanding point.
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In former model assumptions (May and Miles (1999))
pure enthalpy balance was considedtd=dE, wheredH
is the enthalpy generation, which did not consither
irreversible work related to the fiber developmesst, the
entropy generatiordS,in an infinitesimal control volume
is assumed to be given by the expression for theouis
dissipationg (Bird et al. 1960).

as(r)= 1)

T(r)

A(r )2ndr

measurements inside the refining zone to span thgeare

material and energy balances. This led to the pilisgi

to span the distributed work as well, see Karlstrbmé(r)

(2013).

The flow pattern in the refining zone is set byethr
physical stategchips/fibers(m), water (my) and vapor
(mg)) that must be considered simultaneously. The stea
generated in the refining zone is commonly assutoed

be saturated, i.e. the pressure is a function @& th

temperature and vice versa, regardless of whick bfp
high- consistency refiner is studied.

From a modeling perspective, it is important thag t
physical properties are available at different ahdi
positions and scales as these variables are depteode

e.g. type of refining segments and actual proces

conditions. It is also important that the model tamdle
the energy input (motor load) as a distributed warkhe
refining zone from a macro-scale perspective.

Karlstrém and Eriksson (2014a) also introduced eplat
gap clearance to estimate the distributed viscqsibyile
in a CD-82 refiner, sekig. 1. This expansion formed the
“extended entropy model,” which was a set of materi
and energy balances for one refining zone.

The reason why the model refers to the entropyeatst
of the enthalpy is that the entropy generation

is introduced as an important variable to distisgui
between thermodynamic work given by the change i
enthalpy and defibration/fibrillation work. ThusjE

A =4

Thus it will be important to measure both the
temperature profil@(r) and the plate gap profileKr) in
The refining zone, together with the entire motmadwe,
when deriving the dynamic viscosityr).

Measuring the temperature profile is important for
many reasons. One important reason is related go th
question of where to find the position of the tenapare
maximum. As the steam evacuates both forwards
(towards the periphery of the segments) and baasvar
towards the inlet), the position can be seen as a
tagnation point, which implies a zero pressureligrg
oPlor, seeFig. 2, which shows two temperature profiles
for a CD82 refiner.
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Fig. 2: Temperature profiles at two different test trials and the
same type of refining segments. Plots spread over 1000
samples (seconds)) in a CD82 refiner.

n The stagnation points depend on the type of rejinin
segments used; Sometimes two stagnation points are
obtained in a CD refiner, séég. 2.



Although the stagnation points in CD refiners are
sometimes overlooked in the literature, it turng that
they are vital when deriving both backward and fanav
flowing steam. It is especially important to statal the
position of the maximum temperature when running lo
energy segments to avoid large steam fluctuatinrthe
refining zone and the feeding position in the inlEbis
might be considered obvious but temperature pofile
often not available for more advanced refiner aantr
which makes it difficult to foresee fiber pad fluations
by only studying the specific energy variationsg B&.

3. This will be discussed in detail in the appendix.
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Fig. 3: Upper figure: Specific energy vs. time. Lower figure:

Temperature in FZ and CD vs. time.

When modeling refining zone conditions, the positio
for the stagnation point also becomes importanthas
steam balance affects a number of internal varsalgey.

the consistency profile.

The extended entropy model is to some extent comple
and, in short, the entropy generation can be espteas

os)=me, T
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Table 1: Latin symbols

Symbol Description
G Heat capacity
ds Entropy genertion
h; Specific enthalpy of component
m Material of componerit
Oioss Energy losses per unit area
r Radial coordinate
S Specific entropy of component
S Total entropy
T Temperature
W, Thermodynamic work per unit area
Wyef Refining work per unit area
W, Estimated total work per unit area
Table 2: Greek symbols
Symbol Description
Viscous dissipation
K Dynamic viscosity
w Angular speed of the refiner disc

Plate gap at radius

Table 3: Indices
Sub-&Superscript Description
Wood/Pulp phase

2 Water phase
3 Steam phase
in Refiner inlet

out Refiner outlet

As seen above, this gives the defibration wevky;, and
thermodynamical worl,, in the refining zone, and it is
the knowledge of the mass flows of piipm) and water
(my) as a function of the radius that provides the
possibility to derive the consistency profile ir trefining
zone as

c(r)=m/(m+m,)

The model was verified by Karlstrom et al. (2015,
2016a,b) for a number of test series in a full-sc@D82
refiner, seeFig. 4. This gave the possibility to even
further analyze different process conditions relate
other internal variables such as distributed dafibn
work, forces obtained when fibers interacted witle t
bars and grooves in the refining zone.

To fully understand the modeling efforts when diexgv
soft sensors, it is important to model geometrical
properties as well. Even though such propertiesgrims
of refining segment patterns, directly affect tihae of



the temperature profile, the position of the coctican of
the refining segments plays a vital
geometrical perspective. Moreover, this positiatiéates

There is a large variety in segment design parasiete

role from aand variations in patterns along the radius must be

considered in the model as they affect e.g. thep pul

how much the shear force will change under certairresidence time as well as the fiber developmemfits

conditions,

that the plate gap\gap,, Which is measured in one radial
position along the radius, is not sufficient asrgyut and
that information is needed about the radially deleem
distance between the refining segmenis), which also
include the tapeped(r), seeFig. 5.

Hence, according tdig. 5, the distance between the
refining surfaces can be expressed as
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Fig. 4: Typical consistency profiles in the FZ and CD zones as
functions of radial position and time.
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Fig. 5: The taper, Auwper(r), describing one side of the segments
in the flat zone and CD zone, respectively. Note that the plate
gaps, Agap, in the flat zone and the CD zone are not included in
this figure.

As indicated above, the geometrical perspectiverims
of the segment pattern must also be consideredhén t
model as it clearly influences the refining coratis and

thereby the process performance. The effective scrosfigws of

sectional surface, sd€g. 6, must therefore be included
when deriving physical variables in the refiningheo

and Karlstrom and Eriksson (2014a,b)The bar density is set to
showed that this was not well described. They sklowe

n(r)=8()/(B()+c(r)

whereB(r) and G(r) are vectors and define the bar and
groove width along the radius of the refining segtaelt

is obvious that the bar density must be considerieen
describing the cross-sectional area that is avaiffao the
fibers on their path from any position along thdiua to
the periphery of the segments.
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Fig. 6: Upper: Cross section of a hypothetical refiner segment.
Lower: Bar density for typical segments in a CD refiner.
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In the literature, the fiber residence timis exclusively
related to the pulp without considering the effetcthip,
pulp, and fiber interaction with steam and freeenght
the beginning of the refining zone). Karlstrom and
Eriksson (2014a,b) commented on this point, but the
theory was only vaguely linked to the residencestivia
the chip, pulp and fiber viscosity variations. Timglify
the description, we prefer to describe the residdie
as the fiber residence time, i.e. the average pahsime
of fibers from the inner part of the refining zoteethe
outside rim of the refining segments

1 o falA
TOR 0N

The densityp;, mass flow,m, cross-area available for
the pulp, A, and residence time;, between arbitrary
positions in the refining zonfin, roud can therefore be
estimated as well. The volumetric flows must be
considered to find the cross-area available forghip,
Ai. The steam flowys is much larger than the volumetric
pulp Vi and water V, together, i.e.
abs(\4)>>(V1+V2). In the extended entropy model it is
shown that the vapor velocity; is much larger than the
pulp velocity,vi, in the refiner, see Karlstrom and Hill



(2014a). As a result, the vapor is assumed to shffu
faster into the grooves as compared with the pulp t
the tangential pressure drop and the radial presdtap.
The interplay between the tangential and radiasguree
gradients is complex, but it is important to stredgen
discussing intricate fluid dynamics between thenre§
segments; here it is assumed that the volumeteanst
flow is primarily localized at the grooves. The orapart
of the moving pulp, including the bounded water]|l wi
thereby be localized to the cross-sectional areadsn
the bars and a hypothetical boundary layer betwken
stator and the rotor where the steam flow is notidant.
From the assumptiow(r)=v(r), the cross-sectional
area for the water will bed=A,Vo/Vi. Knowing the
refining segment geometry, we also know the totass-
sectional arealror. The total volumetric flowVror, is

Forces on bars (see Karlstrém and Eriksson
(20144a,b) for details);

Defibration work and thermodynamic work
(which is important for the entire steam
balance);

Back-flowing steam (which can be used in
future algorithms to predict incoming chip
moisture);

Pulp, water velocity and steam velocity (vital
when analyzing e.g. feeding problems at
different production levels).

As seen above, the extended entropy model is not a
dynamic model based on partial differential equatio
This was motivated by Karlstrom et al. (2008) as a
consequence of the extremely fast dynamics in the

known from the extended entropy model, see therefining zone (ranging from 0.5 to 1 second) togeth
discussion above. Together with the derived vapomwith the slower actuator dynamics for plate gapnges

velocity, which is much larger than the pulp vetpgi.e.

and the overall dominant dynamics in the inlet antet

va(r)>>v 1(r), the cross-sectional area for the vapor can beiping. All this limits the possibilities to confrahe

derived.

Vi
V; +V,

A= (Aror = A)

V3
V) +V,

V.
Ay << A=
Vl
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<<
% V.

Aror
TOT

However,Vs=V1oT,, Wwhich means thadiz<<Aqor, i.€.

A, Arot,,

(Aror —A) = %[7
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Vi,

s A,
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Results and discussion
There is no doubt that the temperature measuremants
be seen as internal variables measured insidesfimeng

refiner fast enough to cope with the instant refinzone
dynamics, see the further discussion in Karlstrdmd a
Hill (2014a,b, 2015a,b). However, the combinatioh o
fast and slow dynamics also opens the possibibtyaf
robust on-line implementation of the equations dbsd
above. It is valuable to stress this. Nevertheldbs,
model derived above must be further developed to
become a useful tool for on-line analysis and ftur
control applications. To expand the model to cavest
of the equipment surrounding a refiner, we intraduc
different blocks as illustrated rig. 7.

4 d

Flat zone
Mixing

Energy
and point

4

CD zone
Energy
and

=
d

Inlet
mixing
point

Inlet
mixing
zone

Outlet
mixing
zone

= =
g g
=

Material
balances
1..n

between
FZ &CD

Material
balances
1.0

111
111

=)
-
=
==) Mass flow (Water)
-

Mass flow (Steam)

Mass flow (Chips and/or fibers)

zone. Such measurements together with traditional

process variables, such as dilution water flonatepyaps
and specific energy are vital in terms of spanning
material and energy balances. The traditional mE®ce
variables are consequently called external varsalle
they are measured outside the refiner or, like glae
gaps, can be classified as not typical
phenomena
To summarize, we can conclude that using a mo@g! th
describes the major physical phenomena in a refinin
zone provides a possibility to predict several othe
internal variables such as:
« Fiber residence time (which is actually possible
to define spatially dependent on segment
pattern etc.);

or divided into scalars such &szou: andCcpou);

" In this context, the specific energy is also classified as an external
variable even though the motor load, which is the integral of all work
distribution in the refining zone, can be seen as an internal variable.

Consistency profile (which can be used as vector,

Work related to the motor load distribution

Fig. 7: Schematic description of the material and energy
balances spanning the CD refiner.

Hence, in the complete model, the following infotima

physicalcan he added:

Inlet mixing point is the position where wood chips
meet dilution water added to the inlet zone.

Inlet mixing zone corresponds to the zone close to
the flat zone, where the inlet pressure of possible
added steam meets the chips and water.

Flat zone (FZ) energy and material balanceg,...,

ni: The blocks describing energy and material
balances in the flat zone, sensors are assumed.
Mixing point between flat zone and CD zoneThe
dilution water added to the CD zone will be a caintr
variable as it is vital for the distributed workdafor
the consistency estimations.

CD zone energy and material balanceq,..., r:
The blocks describing energy and material balaices
the CD zonen, sensors are assumed.



* Outlet mixing zone The mass flows in the CD zone
meet in this position of the refiner casing. Mo&en
this zone is associated with a flash calculatienthe

zone, which also indicates that the split was not
optimized before the test.
In short, the idea in the test can also be illistteby

temperature and pressure are normally lower in thisshowing the ratios between the plate gaps, dilutiater

position compared with inside the CD zone.

It is important to mention that the block calledi¥ihg
point between FZ & CD” corresponds to the position
the refining zone where dilution water is addedh® CD
zone. This is a schematic illustration and, in sav€D
refiners, the dilution water is added distributacothe
middle section of the segments,
considered when using the models as soft sensors.

This paper focuses on the process conditions andtdo

use the model to provide new information abouté“

properties (internal variables) that are not pdesiio

measure. Here, the consistency out from the flat an
with

conical zones will be considered together
corresponding fiber residence times in the refirdonges.

To illustrate how to use internal variables for gess
analysis, the test accordingRa. 8 was performed.

Initially, it was difficult to increase the prodian, and
manipulation of the plate gap and dilution waterthe
CD zone were too risky in a pulp quality perspeztiv

As the main target was to increase the productide, r
the operators had to open the plate gap in thecabni
zone at the same time as the plate gap was redutie
flat zone. In other words, a better refiner coradality
was provided.

The operators requested more information about the

process conditions in the flat zone before changiey
operating point; to overcome that problem, the reokés

entropy model was used before and after each step

change in the plate gap, dilution water feed raid a
production.
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Fig. 8: Step changes

60 0 80

performed in the external variables of
dilution water (upper left), production (upper right) and plate gap
(middle left); response in motor load including time for each test
point (middle right).

Besides the information about the temperature lerofi
changes at different process conditions, the us¢hef
model provided information about fiber residendaets
in each refining zone and consistency profile, all as
the motor load split in the refiner, se&y. 9 andFig. 10.
The strategy to distribute more work to the flanheo
compared with the conical zone (at the same timéhes
consistencies in each zone were followed closghgned
the possibility for an increased production rate.

It is interesting to see that the motor loadFig. 8 is not
affected so much when more work is applied to the f

which must be =

feed rates and consistencies in FZ and CD beslues t
maximum temperatures, se@. 11, when the production
rate is increased.
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Fig. 9: Upper left and right: Responses in the consistencies out
from FZ and CD. Lower left and right: Residence times in FZ
and CD.
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Fig. 10: Ratio between the estimated work in the flat zone and
the total motor load.
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Fig. 11: Upper figure: The ratios between selected external and
internal variables in the flat zone and conical zone. The ratios
highlight the strategy to keep a stable consistency ratio when
running the test according to Fig. 8. Lower figure: Temperature
maximum in FZ and CD, respectively.

As seen irFig. 11, the temperature maximum position
can fluctuate dramatically depending on differemtcess
conditions. This was also indicatedFig. 2, but, inFig.
12, the temperature profile is flatter which meang tha



position of the zero pressure gradjeiR/or=0, can vary
and thereby cause fluctuating backward and forward When increasing the production rate, it is always
flowing steams. This is not an optimal situatiom aalls  important to check the pulp specification in terofighe
for further attention in future control applicat&rsee the amount of shives in the sample. As seefim 15 both
appendix. the long and wide measures for shives increaséatklig
= However, by tuning the consistency together witk th

g or = Ef temperature profile in the flat and conical zon#ee
£ W increased shives can be reduced to normal levéis T

o was not performed during the test as the pulp
specification was met.
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Fig. 12: Temperature profiles (three production levels) in a 800

CD82 refiner. = 600 Yo |
To verify the consistency estimation using the edé= £ 0 o 8

entropy model, manual tests were made in the bioev-| =% % = @ & © m &

out from the refiner, seBig. 13 Note that, without the men

model, the internal variables in the flat zone arefig: 15: Wide andlong shives versus time.
impossible to estimate. This is a huge step forviarthe
development of different control strategies for CD .
refiners in general. Concluding remarks

. The main purpose of this study is to study how the
internal variables (e.g. temperature, consisteriber
residence time, backward flowing steam and forces
obtained when fibers interact with the refining $)acan
be used and analyzed in different parts of theniragi
zones. It is shown how they differ from the traufitl
external variables (e.g. dilution water feed rafgecific
energy and plate clearance).
i The internal variables turn out to be invaluableewh
o 0 2 ®w @ o e 0w trying to optimize the refining process, developwne

time(hr)

Fig. 13: Estimated consistencies out from the flat and conical  '€fining segment patterns etc. and they can be geéne

zones together with manual consistency derived from samples ~ Packbone —of physical models of CD-82 refiners.
in the blow-line. Moreover, such models can be used for on-line

implementation of soft sensors where the internal

Finally, as the motor load during the test wasthesy variables open a new set of opportunities for edeen
stable, seeFig. 9, at the same time that the production CONtrol concepts. _ o
could be increased from 24 to 33 ADMT/hr, the speci 10 Keep track of the fiber development, it is intpot
energy demand was ultimately reduced dramaticaly, to stabilize the backwaro_l _fl_owmg steam. That in&ldn _
about 40%, sedig. 14. This also led to a situation the work here by stabilizing the temperature peofil
where two small refiners could be closed down witho When the temperature profile is stabilized, both fiber

violating the pulp and handsheet property spedifica residence time and the consistency profile must be
oo optimized to maintain the pulp quality variationghin a
w0l 1% pre-specified interval. This is illustrated in tipaper by a

©

test performed to maintain the ratio between the
consistencies out from the flat and conical zonebls
when increasing the production rate.

It is furthermore shown that the production ratgether
with the plate gaps have a considerable effecherfiber
residence time, which must be studied in more Haai
" minimize e.g. an increased shives content. In otfeeds,

B T P I R both the fiber residence times and the consisteriniéhe
time(hr) . . . .
Fig. 14: Specific energy reduction when following the procedure flat and conical zones are important m_te_rn_al ateia that
outiined affect t_he pulp development _When optimizing thec_pﬂs.
' This will be analyzed in coming papers in this agri
In summary, we can conclude that it is possible to

2 Similar results from a Jyhla SD65 refiner have been published earlier optimize the process to meet a 40 % specific energy
by Harkonen and Tienveri (1995).
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reduction  without
specification.

violating the
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Appendix

When changing the refining segments from a standar

pattern to a low energy segment characterized bthan
type of pattern including a larger taper, $6g. 16, we
expect to find another type of temperature profiim
complete description of the segment parameters beill

required parameters related to the descriptiohénnain
text are included in the extended entropy model.

included in the text of this appendix. However, all ¢ i
5 'l H §ox

Standard
segments

Fig. 16: Left figure: Standard segments in FZ. Right figure: Low
energy segments in FZ.

As indicated earlier, the temperature profile can b
rather flat when the refiners are run at differepérating
conditions. This is true for standard segments isut

perhaps even more pronounced when using low energ
segments. This complicates the stabilization of the

process, and we will in this appendix illustrate atvh
happens with the back-flowing steam when running at
different operating conditions.

Even though dynamic effects on the refining stabili
have been discussed for decades, it is obvioustlhiEt
knowledge has been overlooked in daily process
operations. Consider the test procedure accorairggt
17, where standard segments accordingFig. 16 are
used. The test was performed using three distigtst af
different chip mixtures (TEST1: 100% saw mill; TEBT
65% saw mill and 35% roundwood; and TEST3: 100%
roundwood.) to define a relatively large operating
window.

According toFig. 18 the position where we expect to
find the temperature maximum in the flat and cadnica
zones does not change dramatically, i.e. the zexsspre
gradient 0P/or=0, is spatially stable at thé"gosition in
the flat zone.

The stable position for the maximum temperature
means that the estimated back-flowing steam is&gge
to be stable as well, s&dg. 19.
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Fig. 17: Step changes performed in the external variables of
dilution water (upper left), production (upper right) and plate gap
(middle left); response in motor load including time for each test
point (middle right). Responses in the internal variables of
consistency and residence time (lower figures).
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ig. 18: Three selected temperatures at the end of the flat zone
nd the beginning of the conical zone when using the standard
segments described in Fig. 16.



. ‘ ‘ o gap in the flat zone, in this specific situatiom,stabilize

0s the temperature profile. Note that, in other paiftghe
of - E refining operating window, another situation can be
= ‘ obtained. However, the temperature profile willll sti

guide the operator to take the proper action.

An extension to stabilize the temperature profile b
changing the plate gap was not performed durindgebie
This is of course a natural next step when implemgn
! advanced control systems for energy and pulp ptpper
" optimization.

0 10 20 30 40 50 60 70 80

Back-flowing steam (kg/s)

time(hr)
Fig. 19: Estimated back-flowing steam when performing the test
according to Fig. 17.

When running low energy segments, according to the
test inFig. 8 a completely new situation occurs with a
temperature profile that is most often flat at the
temperature maximum, séeg. 12. This means that we

Forward-flowing steam (kg/s)

can expect fluctuations in the position for the maxm s
temperature. This is confirmed iRig. 20, where the e
temperatures at the “flat region” are shown. fimsdhr)

The fluctuations in the position of the temperatureFig- 22: Estimated 'forward-flowing stgam ou} from the conical
maximum correspond to about an 80-mm shift and?o"e when performing the test according to Fig. 17.
significantly affect the amount of back-flowing ate, _
seeFig. 21 In the research literature related to the developiroé

the extended entropy model, it can be concludetttiea
T irreversible work or the defibration/fibrillation ok can
rener (2 fluctuate significantly along the refining zone it in
S CD82 refiners. The results were obtained from ThNEad
see Karlstrom and Eriksson (2014a,b,c,d), and i wa
concluded that all variables and parameters, $ogmf
for the type of refiner, must be included in thedwmloto
get a proper estimate of the forces distributesvbeh the
refining segments.

Note that the force vector must be derived from the

te2 T e refining work per unit areawqer as described by the

_ time(hr) equation set in the main text and not the total kwor
Fig. 20: Four selected temperatures at the end of the flat zone including the thermodynamical work, which is common
when using the standard segments described in Fig. 16. practice when only the specific energy is availaisean
external variable. This is motivated from the falcht
only a fraction of the thermodynamical work will
contribute to the viscous dissipation. Moreoverhés
been shown that the magnitude of forces on each bar
coincides with the measured fiber-to-bar interactisee
Backlund et al. (2003) and Senger et al. (2004}théf
defibration/fibrillation work is considered and ntte
total work related to the motor load (or specifiesy),
see Karlstrom and Eriksson (2014a,b,c,d)..
= Karlstrom and Eriksson (2014b) also showed that the

fime{hr) distributed forces obtained from the interactiomwsen
Fig. 21: Estimated back-flowing steam from the flat zone when fibers and bars vary a great deal depending onatipgr
performing the test according to Fig. 17. conditions, which resulted in the statement that
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It is not only the back-flowing steam will be afted by “the refining intensity as defined by Miles and May
the pulsations obtained when the steam turning tpoin(1990, 1991), Kerekes and Senger (2006), Kerekisl |2
change position; the forward-flowing steam will be and Lundin et al. (2008) should be developed furémel
affected as well, seféig. 22 _ ~not be considered as a scalar nor estimated based o

By taking into account all aspects regarding pumpin assumed effective coefficients of friction”.
effects backwards and forwards, we end up in aerath
complex analysis, which certainly can affect thdppu |n this paper it is of special interest to studg force

quality negatively. To avoid such situations and ge distribution related to the fiber-to-bar interactjo
better fiber pad stabilization, it is wise to redube plate  especially when



« changing the production rate as described above

in Fig. 8;
« the back-flowing steam varies accordingFig.
21

- Estimating the average forces on each bar at

different positions in the refining zone at
different production levels is straightforward,
following the equations outlined in the main
text, sedig. 23.
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Fig. 23: Distributed forces, averaged over one hour, along the
refining zone radius when changing the production rate
according to Fig. 8.

It is interesting to see iRig. 23 that the forces are quite
dominant in the inner part of the flat zone, whisha
result of the bar width for refiner segmentsHiy. 16.
The forces on each bar rapidly decrease theresdter
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Fig. 24: Forces distributed on each bar, along the refining zone
radius at a stable production level with varying back-flowing

steam (red dots correspond to less back-flowing steam).

0.75 0.8

To summarize, we can conclude that the traditional
measure of refining intensity is questioned aditier-to-
bar impact is strongly dependent on the refiningnsent
pattern and how long the fibers on average stay in
different parts of the refining zone. The segmeats
characterized by different lengths, widths and deif
the bars and grooves, which are all essential ffeatto
cope with.

We can make an assumption that the residence §me i
divided into two parts, one that describes the tiime
fiber-to-bar impact between sensor 1 and sensond4 a
one describing the time for fiber-to-bar interantio
between sensor 4 and sensor 8 in the flat zone.

levels similar to those described by Karlstrém and The fiber residence time is an internal variabke than

Eriksson (2014a,b,c,d). As the morphology of théppu
changes along the radius, the first fiber-to-bgvadnt will
be essential and differ depending on the produdéwal.
Describing the refining intensity as a scalar sticalso
be questioned in this situation.

The varying back-flowing steam as describeéFio 21
will of course also affect the fiber-to-bar intetian
according toFig. 24 Two distinct profiled will be
obtained when running at the highest productioae (38
T/hr), which will certainly affect the developmeot the
pulp quality. It is interesting to note that thedes in the
inner part of the refining zone variy more than%0for
this specific production levél

3When the back-flowing steam is high, the steam and fiber balance will
result in larger forces on each bar. This is a consequence of the higher
local work when the back-flowing steam increases.

4When comparing the results in this paper with previous results from a
CD82 TMP refiner (Karlstrom and Eriksson (2014a,b,c,d)), a number of
different aspects can be discussed. One significant difference is that
the maximum force is obtained at the 3 sensor due to the specific
refining segment pattern used. Another important issue is related to the
difference in bar width when comparing the two cases. The refining
segments in this CTMP process have a larger bar width in the inner
part of the segments compared with the “TMP segments” studied in
Karlstrdm and Eriksson (2014a,b,c,d), which means that the forces on
each bar become larger and can cause segment erosion. This even
more stresses the need to include the segment parameters when
modeling refining conditions in general to foresee possible risks for
segment wear.

be studied in different intervals along the radilishe
ratio between these variables is constant, we zppot
to find a similar refining intensity at differentrqress
conditions. As seen ifrig. 25 this is of course not the
case, and the fibers stay much longer in the depénds
of the flat zone (sensors 1-4) compared with theroflat
zone (sensors 4-8 ) when increasing the production
according toFig. 12 and the test procedure described in
the main text.

The results presented in this paper offer new oa-li
applications where the distributed force vector ¢en
used as an internal variable together with resideimae,
consistency etc. when analyzing the refining
performance. This will be discussed further in awgni
papers where the external and internal variablgsaatn
on pulp and handsheet properties will be analyzed i
more detail.
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Fig. 25: Residence time ratio between the inner and outer parts
of the flat zone.



