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Pulp property development Part I: Interlacing under-
sampled pulp properties and TMP process data using
piece-wise linear functions

Anders Karlstrom, Jan Hill, Rita Ferritsius, and Olof Ferritsius

KEYWORDS: Pulp quality models, TMP refiners, extraction that often set limits on the digital storage
Piecewise linearfunctions resources. In many cases this is handled by decimating

SUMMARY : ThermoMechanical Pulp (TMP) refiners (fjltering and downsampling) the signals alrgad the'
served in this work as an example of how to combined'St”bUted control algorithms. Since downsampling
duces the sampling rate, some important information

oversampled and undersampled variables on a commolf o
timeframe for further analysis. can be lost for future analysis if the Nyqge&tannon

To get more information from the refining process, sampling theorem is not maintained, see Nyquist (1928),

temperaturemeasurement arrays in the refining zonesSh""nnon r(]1949r3 ar&d J_erri .(197.7) f d v th
were studied alongside process measurements such ad-ve" when the decimation is performed properly, the

motor load, production rates, plate gaps, dilution Waters!orfocess_ cor_nrﬁ_utgr? St'". provide a glu?]e amountl (Ojf
pulp properties and manually measured bl information. This information contains both oversample

consistency. and undersampled variables in many cases, i.e.

The undersampled data set consisted ofab®ratory oversampled process data provided aF a highepliagn
samples obtained at a Swedish TMP mill, which wererate compared with undersampled variables such as pulp

tested for tensile index, mean fiber length and SomervillePOPerty analysis from laboratory tests. The latter can be

shives content. The pulp samples were obtained at fiv§EN s data residing in a much lower dimensional space.
different periods during three months to cover a |argeUnderse_1rr_1pled dataets are most ofte_n obtained with
dynamic operating window. nonequidistant sampling niervals while the process

The data set was expanded using a pigise linear variables from the distributed controllers are equidistantly
approach. The measurements inside the refining Zor]gversampled. This problem was originally overlooked in

were shown to be important variables when interlacingS€Veral traditional control concepts, as pointed out by

: ; hansson et al. (1980), Dahlqgvist and Ferrari (1981),
the undersampled pulp properties with the oversample 0 .
process data set, consisting of 350 CoBsles. ksum (1983), Honkasalo et al. (1989), Karlstrém and

; be (1993) and Hill et al. (1993), However, Hill et al.
Use of an extended entropy model provided a palette o o€ A
information about the process conditions inside thel1979) alréady proposed control strategies in the 1970s

refining zone. Particularly, the residence time and thehat used oiiine pulp quality and consistency

consistency in the refining zones were essential for thdneasurements as a complement to specifiggnéor

pulp property developmenrds a link between the refining thor Ipad) (;ontrol to chopehwith tge proble(;n% .
segment pattern used and the current state of refine yanety of approaches have been used for comparing
operation. the impact of different process variables on the refining

ADDRESSES OF THE AUTHORS: conditions. For example, Strand and Hart(@985),

1 Strand et al. (1993), Strand (1996), Schwartz et al.
Ander_s sz_irIstr(_)m (anderska@chalmers xeSweden (1996), Lidén (2003), Lama et al. (2006) and Harrison et
Jan Hill © (jan.hill@qgtab.sg, Sweden | (2007 d ltivariabl istical hod h
Rita Ferritsius? (rita.ferritsius@storaenso.conSweden a ? : ) ;ste mutlvlana ? Stat'.St'gla methods when
Olof Ferritsius? (olof.ferritsius@miun.s¢, Sweden analyzing effects on pulp quality variables.

1 . . .. Some 40 years ago, relationshipsven refining zone
Chalmers University of Technology, Géteborg, Sweden . .
2QualTech AB, Tyringe *Mid Sweden University, temperature measurements and pulp quality variables

Sweden were already being studied by Atack (1975) and
. ) R Stationwala et al. (1979), but no evidence for correlations
Corresponding author: Anders Karlstrom

of this kind was found. Several initiatives to equip TMP
During the latest decade, the trend in pulp and paper hagfiners with tempetare sensors for process monitoring
been to connect traditional measoent devices and and control have recently been proposed. The
distributed control applications with millide systems to measurements delivered by such sensors have been found
provide databases for deeper process analysis. Suab contribute substantially to an increased understanding
applications produce a data deluge that severely stresses$ refining processes, see Johansson (2001), Mosbye et
the available analetp-digital converters and al. (2001), Berg et al. (2003), Karlstrém et al. (2005)
communication bandwitit As a consequence, important Johansson and Richardson (2005), Sikter e(24107),
theoretical efforts have been performed to create sofKarlstrom et al. (2008) and Ferritsius et al. (2014).
sensors, under different ledimensional empirical and  To handle dynamic information that is valuable for the
physical modeling frameworks directly in the processanalysis of the pulp property developmesdyristrém and
computers, see e.g. Karlstrom and Eriksson (2014a,bEriksson (2014a,b) concluded that the viscosity and force
These aproaches have also enabled the development ofiistribution inside the refining zone were most important.
new measurement systems and methods for information

599


mailto:anderska@chalmers.se
mailto:jan.hill@qtab.se
mailto:rita.ferritsius@storaenso.com
mailto:olof.ferritsius@miun.se

MECHANICAL PULPING
Nordic Pulp & Paper Research Journal Vd) 2016 (

TESTI-TESTS

1700

CD-zone
\
#N}

1600

1500

1400

Specific energy (KWh/ADT

1300

1200

est

Test 2 | Test 3! Test4 ! Test §

. ) h .

5 10 15 20
time(hr)

Figl - A schematic drawing of addiber. The vertical flatFig2-Speci fi ¢ ener gy for each t
zone (FZ) is directly linkedhéadnicalzone (CD) via an The time on theaxis is not continuous and illustrates only the
expanding point. intervals for each test series.

This paper gives an example of how to combineTable 1- Changes in the manipulated variables for the test
oversampled variables from the process computer and  series studiellean values and the step/ramped change in the
undersampled variables from laboratory measurementslate gaps, dilution water feed rates and production.
using a piecavise linear approach to get a common time Manipulated

1100
o

25

frame for further analysis. The tensile index, mean fiberaaple TESTL TEST2 TEST3 TEST4 TESTS
length (MFL), Somerville shives content (from here onpjate gap Fz, 1.5 13 1.2 15 0.9
abbreviated O6Somervilled) msan be seem as typical ext el
states. These were analyzed using internal states in terms 1.3
of the fiber residence timend the estimated consistency Plate gap CD, 0.9 0.8 063 11 0.7
vector inside the refining zone. mm 8-22

This paper is the first in a series of three articles whereDilution water 3.3 3.4 38 3.4 33

the intention is to link laboratory pulp measurements with

. . FzZ, I 3.1 3:55
process data to study different dynamic phenomena. 1

3.4 3.3
Material and Methods oiuton water 48 52 5139 47
In the present study, process degtswere analyzed from Prdduction, 135 15.3 158 12.4 145
a full-scale production line (CDB8tfiner) at the Stora t/h 14.1
Enso Kvarnsveden mill in Sweden. 15.8

The CD82refiner', seeFig 1, consists of two serially
linked refining zones called the flat zone (FZ) and the
conical zone (CD). In both zones, temperature sensoj
arrays have been mounted to measure the entir
temperature profiles. To link these internates to the
external states, traditionally monitored process variable
such as production rate, dilution water flows, plate gap
and motor load were measured as well.

The mean fiber length (MFL) was measuredliop measurements from laboratory tests.

using a pulp sampling - device. Howeverthis The test series were spread +emuidistantly over the

measurement was not useful except as a model referen Criod Nov. 2012 to Jan. 2013 ambvered a large
due to a slow sampling rate as well as varying delays anE namic operating window. In this paper, however, each

time constants in the latency. Instead, samples were tak st series will be visualized on a commoaxis and it is

in the blowline, with a careful sampling procedure using s "
several partial samg$ for a welldocumented sampling gggeg;;?s&g}?t each period is requidistantly sampled,
time. Special_ized equipmen_t made .it pOSSib.Ie to take Fig 2 where the specific energy is shown for each test
at_)rout 3? part|a|! sgalmplef dL;rlggtatme#te pelnod. series.According to Karlstrom and Eriksson (2014a,b),

OI g¢e a63re 1a Ie S€ OI a? or i € ptu pt prop.er(‘;ythe consistency profile in the refining zone and the blow
an_? )I/ESE,T 1 S%]Sp s;rgp ezt _rorg f|ve tﬁs Cpggg Sline can be estimated if measurements of the temperature
{ p ' } WarE obtained from the profiles and plate gaps are availalitggether with a
retiner. hysical model . The model W

The pulp samples can be seen as a set of undersamplé:jn tropy model 6 a nndix. Using this v e n

varlables,_ Wh'c.h must be expanded into an_oversample odel, the fiber residence time may be extracted as well.
data set including 350000 samples of traditional process Miles and May (1990) found that fiber residence time

variables to get a common time frame. plays an important role in describing the fitesbar
impact in the refining zone. Originally, the fiber
! The raw material is Scandinavian spruce andréfieeCz  residence time was average of the total residence time
equipped with a 25 MW motor running at 1800 rpm. in the refining zone and was not very well documented

TEST1 was primarily performed to analyze the variance
process conditions and pulp quality without changing
the set points for the process variables. The set point for
the plate gaps, the dilution waters and the production rate

Svere then systematically hanged in TESTIESTS
Saccording toTable 1 The present paper focuses on the
tensile index, MFL and Somerville variations based on
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TESTI-=TESTS

from a modeling perspective. Later, Harkdnen et al. 17 -
(1999) showed by using radioactive tracers that the fiber res| o g
residence time varies depending on where the detector 15} Enﬂ Bir
was positioned along the refining segment radius; the o 'ﬂmﬁ e
authors concluded that the fiber pad is spread out 5 s A
tangentially and radially, simultaneously. - a 8

In the literature, the residence time is exclusively E il -
related to the pulp, without considering the effectlup, - &
pulp and fiber. Karlstrom and Eriksson (2014a,b) - D“”
commented on this point, but the theory was only vaguely I
linked to the residence time via the chip, pulp and fiber T Mo T

viscosity variations. It is therefore assumed in this paperFig3 - Estimated and measured MFL fro® pladpGsamples

that the residence timefees to the fiber residence time, obtained during fest periods. The straiigtet corresponds

i.e. the average transport time of fibers from the innerto the optimal fit when using specific energy as an independent
part of the refining zone to the outside rim of the refining variable.

segments, as outlined by Karlstrém and Hill (2014a)

1 A
t= dr= -/~ d [1]
™™ My ™

in

approach, the internal variables play an important role, as
hidden physical phenomena that are impmss to
measure can be used to improve the pulp property
estimation.
During the test series, the pulp sampliggas obtained
during an interval of one minute and three minutes for
EST1 while in all ot her t es
e interval was setto three minutes to get a
representative avegad sample from the bloline.

As the pocess data had a sampling frequency of 4 Hz
r each pulp sampling interval of three minutes, the
number of process measurements is considerable and

émowing the time foreach batch of pulp sampleg.,,
including the time interval, it is possible to specify a

Thedensity,} ;, massflow, my, the crossarea available
for the pulp,A;, and thereby the pulp velocity;, can be
derived from the extended entropy model. The residenc
time, U petween arbitrary positions in the refining zone
{rin, roug can therefore be estimated as well.

Karlstrom and Isaksson (2009) introduced the concept
of internal and external states. The internal states referre
to physical variables obtained from refining zone
measurements or estimates from physical models whil
external states referred to procegsuts and outputs such CY .
as dilution water and chip feed rates, motor load and puu;unctlon ¥m(t) according to

roperties. . =
pAS the test series cover a long period and a Iargeym =0- %(t)_ Hx,) 5 m={Test..... Tes§}
dynamic operating window, ndinearities such as Y, ., 0- ¥, ° ¥,:The meany, is formedby the n amples

process limitations and wear of the refining segmentSyherei different pulp properties can be considered gnd
must also be considered. A linear regression approacttan be any internal state coupled to the pulp propgrty
applied to the complete data set will therefore most oftensiydied.x,, is assumed to be a scalar, but in those cases
fail even though reliable process conditions are used. Thigherex,, is a vector, the nofinearities in each test series

is best illustrated ifrig 3, where the estimated MFL from  can be modeled by multiple pievése linear equations

a I order polynomial fit is given using the specific which must not have amgiscontinuities. In other words,

energy input as an independent variable. Some nonlinear functionf(x,) is modeled as a collection of
improvements can be obtained by increasing thinear functions of the form

polynomial dgree, but this is still not good enough as the F—.(x )= 2]
residual variance from the fitted model is too low' (1 '*™
order R4 0 . arderd®a 0 . 4%rder B4 0 . %4 5) A X + X +3 +d Xy +by " =122 ,q.

To cope with nodinearities in the process, another where{ @, é ,} represents the parameter vector. The
approach is to introduce piegése linear functions, see number of linear regions into which the rlimear
Hamann and Chen (1994). These are functions composefdnction is broken up is represented dpyif the function
of straightline sections, i.e. domains decomposed intois nonlinear in one independent variable, the total
pieces on which the function is linéaUsing this type of  number of regions is simply the number of line segments
used to represent the function.

2 The residence time estimation accoréiqg i a simplificaton ~ When process data from different periods are used, it is
that does not properly account for the known fiber recirculationob&Brémpossible to describe the boundaries. This is true
the maximum temperature. However, the impact of fiber recir@lggioin this study and means that a set of discrete
on the pulp property development has not been proved, altumgiions, describing the ndmearities for each test
studied by Stationwala.€1287) and Harkonen et al. (1999). series, with no continuity between the line segments, will
81f performing the same estimation for tensile index and Someryjiie thgq.

following residual variances are ob{air@mder B 0 . 2d6rgler 2

R& 0. 25 3Ytordar®0 .(Barder 0. 66) r espeetivetly-

4 The onlyestriction is that thenlinearitiesnust be able to be regression approgste Corder and Foreman (2009), witinéacal |
approximated agmecewiselinear functions. To some extent, thisstimators for which the traditional process variance and standard
approach has much in commomheitbrparametric multiplicative deviations are useful tools in the analysis.
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Several internal variables can be used as independefjor change in dilution water feed rate) influences the total
variables in the pieewise linear functions, and the residence time at different production rates, see
variable selected in this work is naturally the fiber Karlstrém and Hill (2014a,b). The relationship is non
residence time, which indictly links to the major linear and dependent on the actual operating conditions;
refining conditions and to the refining segment patternKarlstrom and Eriksson (2014a,b) showdhkat the
used. segment design, disc velocity and radial stgaessure

It is assumed here that thalp properties can be related gradients have a huge impact on the final residence time
to the residence time by using piegise linear functions  in different parts of the refining zone.
and this assumption can be questioned as we hatve Fig 5 shows the residence time estimatidor all five
shown how the residence time varies with the pulptests. The residence time fluctuated considerably in the
properties. Moreover, the residence time according tawo refining zones depending on the actual process
Karlstrom and Hill (2014a) can be seen as anconditiong. This effect is even more pronouncedFi
approximation in this c¢on6, ehh plostke ratioobatgeenaesidench tame in thdfato | u t
residence time is not verified. Nevertheledse to the zone and the total residence time. The deviation in
possibility of splitting total residence time into parts specific energy input, shown in
representing sections on the refining segments, it should Fig 2 does not correlate with this residence time ratio,
be possible to analyze the residence time and its impadh either the flat or the conical zones
on the pulp properties in a wider perspective.

The sum of the residentiene in the flat zong(},) and
in the conical zone {p) is primarily used as an
independent variable, and the estimated pulp properties
are derived using the-@orm of the residuals, i.e. the
differencgs between the observatiopsand the model,

r=y;- % ;i=1...m, are used when selecting the linear

T — T T T
Test 2 ! Test3 | Testd ! Test5
H ' 3

Consistency (%)

function using the criteriomin], |,

Some of the pulp properties measured might require an
extension where a weight function is introduced in the a5
norn?; sometimes both refining zonewust be considered ol 1‘ — ]
simultaneously to get a good estimate. This opens the sartple < 10°
way for multiple piecevise linear functions as Fig4 - Estimated periphery consistency in the CD zone using
independent variables when predicting the pulpthe extended entropy model (black) and its mean values (red)

Congistency (Entropy model)(%)
4 Consistency (rmean fr. Entropy model)(%) [
Consistency (Manual test in blow-line) (%)

properties, which will be commented further below. when taking pulp samples (green) from tliegbbue time
. . on the saxis is not continuous and illustrates only the intervals
Results and Discussion for eachest series.

During the fve different test periods, the consistency in
the blowline was carefully manually measured, which
made it possible to crosheck the result from the ool
extended entropy modelAs seen irFig 4, the extended
entropy model seemed to provide a good estimation of
the consistency in the periphery of the CD zone
segments, even though the estimated consistency was
slightly higher for some of the sampling points compared
with the manually measured castency in the blowine.

The residence time in different parts of the refining
zone is also linked to the local consistency, and it is asl . . - - 1
possible to show how much a change in inlet consistency e}

1

Flat zone
N CD zone

[uk:h 3

Residence time (sec)

est 1 Test 2 £ ;fgsraj Test4 | Test5

Fig5 - Estimated residence time in the flat zone (FZ) and the
5 If many outliers are expected in the data pppuolaidanded Conlcal_zqne (CD) f(_)r the five tgst Series §hm1|&d1g on
procedure using weighted least squares and minimimngthe 2 the Xaxis is not continuous and illustrates only the intervals for

m each test series.
Il :,/a wr? 8
i=1

can be used The ternm representsifferent weighttsat can be
introducedf some observations are more accurate than othef&ven though the length of theeGlBents is about 75 mm longer
Differentefining segment designs can intrgphtéiependencies compared with the §&gments, the residence time there can be
thatmustalsobe considered. For instance, the outer part of the Sbbrter.This means that the fiber pad will be td&feeehtly

zone mighequire weight function. depending on which refining zone is being studied.

6 The inlet consistencies in the chips to the refining zone8Mate, in Fig. 3, the samples are usedxeaxihenly to show how
calibrated for each test series to give the best fit to the thatlahdersampledriables can be interlaced into a large population
consistencies. Inlet consigtenusedvere TESTH0%, TEST2 (sampling rate 0.25 sec.) of estimated process conditions. The rest of
56%, TEST33%, TESTE3% and TESH3%. the paper uses a time basis of one hour.
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Fig 6 - Estimated ratio between the residence time in th&ifjat - Measured MFL in TEST2 versus the estimated
zone (FZ) and the total residence time versutenuals for residence time in flat zone (FZ) and conical zone (CD).
all five testsThe time on theaxis is not continuous and 168 : , , : : :

H H 1 # TEST2
illustrates only the intervals for eaceties. o ghaa
a
a

1851

L L
0.54 0.56

Influence of residence time

In the present study, the model structures are not in focus.
Instead, the results from the models will be preseinted
plots together with the laboratory measurements

151

1451

141

provided. A more extensive discussion about model
structures will be givetater in this series of papers.

Mean fiber length: The procedure using piesese
linear functions described above can be visualized by
plotting MFL versus the residence tinme both the FZ

hean Fiber Length (mrm)

1.35}F

13F

1.25

1

L
1.05

L
11

L
1.158

L
1.2

L
1.25

L
1.3

1.35

Residence tirme (sec)

and CD In Fig 7, which represents the laboratory data
from TEST 2, the shorm for the conical zone is about Fig8 - Measured MFL versus total residence time in TEST2
one third of the horm in the flat zone. From a staical ~ and TESTS.
perspective, this leads to a selection @ as an
independent variable in the pieagse linear function
when estimating MFL for TEST 2. The residence time
differed rather a lot between the test series as sefig in
8, where MFL is plotted versus the total residence time
for TEST2 and TEST5. This makes it difficult to pre
specify which refining zone is the most important, and
how other interal variables affect the estimates.

Even though other internal variables can be used as
well, the more rudimentary pieaegise linear functions - _
seem to give useful approximations, at least for short time o 1 2 3 & 5 ®& 7 &8 8 1

tirmethr)
test intervals, as can been seeFRim7. Note that the on . i
line measured MFL follows the estimation, although it is Fig9 - Laboratory measured MFL (red delisk; omeasured

: FL (grey) and estimated MFL using the total residence time
g(leaesFeig,gand delayed presumably due to the Iatencygphesg/ls an independent variable based on data from TEST2.

From a dynamic perspective, the expanded estimation
clearly followed the o#ine measured MFL. This blow-line, will result in a slightly better estimate where
strengthens the situation, since usthg total residence R°=0.94.
time asthe independent variableesultedin a relatively ~ Even though a peity for the number of terms in the
good model with arR? of 0.91, i.e. the model explains model (in total four independent variables) is included,
91% of the variance in MFLUsing the specific energy the model extension is motivated from a statistical
input as the independent variable resulted in a smafler Roerspectivé. Note that the models derived for each test
of 0.81. series are not comparable, due to processlinearities.

An extension of the mode"ngrocedure by using a Therefore, it is not possible to make a traditional
multiple regression approach, i.e. the coefficientEdr2 vali_dation. This statement will be discussed later in this
are determined using Ga u sS§rEsofpapers s t
using the local residence time in FZ and CD together with
the inlet consistency and the outlet consistency in the

Estimated Mean Fiber Length

#  Measured Mean Fiber Length
= O-line MFL measurements

Mean Fiber Length {rm)

squares regressiol

10That is, Ris adjusted based on the residual degrees of freedom.
The residual degree of freedom is defined as the number of response
values minus the number of fitted coefficients estimated from the
response values. An increased setaofigpars reduces thé R

Later, this measure will be called Adjusted R

9 In this paper, thelore device was not calibrated to/aives
comparable to thedatiory data.
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Fig10- Laboratory measured MFL (red dots) and estimated i
MFL using the total residence time as an independent variak .
. . . = pper and lower limi
(black) and MFL estimated fresidence time and 34p %
consistencin FZ and CD (grey). The data set is based on #?
5 32+ £ o x
TEST2. % . °
1700} E o i %
e b3 3
1600 - a1 & ¢ %
g Py ¢ @
% 1500 - 5L &? =
= TEST5 2 TEST4
5 14000 ” . . . . . 5, .
; 0.45 0.5 0.55 06 0.65 a7 0.75 08 085 09
g e | Residence time in CD-zone (sec)
% o Figl2- Measured tensile index versus resiieade the flat
20y % TEsm) zone and the conical zone, respectively. Upper figure refers to
N S * 1Tf%w the flat zone and lower figure to the CD zone.

Total residence time(sec)

Fig 11 - Specific energy input versus total residence ti

obtained from the extended entropy model. A% can be seen ifFig 12, two distinct sets of data

referring to TEST4 and TEST®ere obtained when the
However, a common drawback when using severalensile indexwas plottedversus the residence timd.he
independent variables, estimated from process variablegroduction rate changes in TEST4, accordingable 1

with much noise, is that the model sensitivity often affectedthe residence time in both the flat and conical
increaseS which conceals the improvement. This can bezones simultaneously.

handled by prdiltering the process variables or the In TEST5, where the dilution water flow rates to each
independent variables before applying the regressiorzonewerechanged, té residence timavasonly slightly
analysis. affected by the changes in the flat zodgplying the

The improvement in Ris best illustrated by comparing selection procedure given Exq 2, a set of piecavise

the model with the total residce time as the only linear functions was obtained. It is clear from tHettiit
independent variable, and the model with residence tim¢he fit was improved when using both local resicke

in each refining zone together with inlet and outlettimes and consistencies in the FZ and CD, as compared
consistencies as independent variables. Using the sanwith a situation in which the total residence time was
filtering parameters for both cases, the improvements arésed, sedable 2 It is interesting to see that increased
clearly visble; seeFig 10. The dynamic response in the complexity, for instance by introducing the production
estimated MFL seems to be acceptable. The resultgate as an independent vat@bdoes not improve the fit.
suggest that MFL drops when residence time incréases This may be explained by the fact that the local residence
This can be strengthened to some extent by studsimg times and consistencies were estimated from internal
11, where the total residence time trends arevariables, such as temperature, and external variables,
monotonically increased with increased specifiergy  such as production rate and motor load.

input for all test series, see Karlstrom and Hill (2014a). In Fig 13, the tensile index is estimated for the
Tensile indexin this paper, all pulps have been tested complete set of tests using the same approachkg in
twice for sheet properties, i.e., for each sample, theThe dynamics seemed to be sensitive to process changes
number of strips for tensile index was doubled based orin a similar way as to MFL. If this is true, the process
an average of 40 strips. conditions inside the refining zone must be kept as stable
as possible to gehore uniform pulp properties.
. ) . ] o The tensile index is a complex pulp property from
' The variance in the estimate is doubled powiaglydhe  another perspective and comprises more information

consistency fluctuations. about the process conditions than MFheTensileindex

12|n this study, the assumption is certainly valid for TE®F2 w . . . .
the other test seridése best fit is somewhat weaker. The magnitu §gmally increases withresidence time. However, for

of variations of the MFL are most pronounced ,iwfAiESTan be specm(_: proces conditions th's gssumptlon must b,e

a result of the operation close to the limit of the operating windd@CPRgideredas theremaybe situations where the tensile

statement will be discussed in later articles in thipapees of  indexdecreases withesidence time. This will be further
exploredbelow andn future paperin this series
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Table 2Goodness of fit in terms of adjusted R 10 = e

-+ Consistency (Out fr.
Estimation of tensile index No of Adj.R?  Adj.R? al 3 DR |
Independent variables variables  TEST4 TEST5 Consistency (Man_yum test)
Total residence time 1 0.81 0.87 il
Residence time and Consist: £
in FZ&CD 4 0.91 0.96 E ol
Residence time and Consist: 5 0.87 0.95 Z

in FZ&CD and Prod

Estimated tensile index

#  Tensile index {mean)

| iTest3 i Test4 | i
u} = 1m0 1% 20 25
time(hr)

Fig 14 - Estimated consistenaigdingthe flat and conical
zonestogether with the manual test of the consistency in the
blowine.
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Fig13- Estimated and measured tensile index for the peric
(TESTATESTS5) studied.
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Influence of Different Refiner Consistencies on Pulp
Properties

As shownin Fig 14, the consistencgxiting the flat zone
during TEST2wastoo highascompared with common
practice. This means that the steam generati@s .
approaching the limit where the forward flowingateis 1%y 5 0
negligible. When the steam flow in that position is _ _
dramaticallyreduced the traditional three phase system is Fi915- Left: Temperature measurements in the outer part of
locally affected which means that the risk for fiber the flat zone. RigPtisition6-8 areindicated as FEZS8.

cutting isimminent(Strand2014,Liukkonen et al2014).

The temperature profile information from TEST2 Tensile Index If the tensile index development is
provides valuable insight into the phenomena in the flatdependent on the consistency vector in the refining zone,
zone. This can be seenFiy 15, in which a oto of the  in our case the flat zone, it is natural to plot the estimated
sensor array has been insert@tie plot shows that the tensile index versus the consistency in the outer part of
temperature ofthe outer sensorPpsition 8), near the the flat zone, similar to the case folFM As indicated in
periphery of the flat zonedoesnot increasewhen the  Fig 14, only TEST2 seemed to reach typical consistencies
consistency out from the flat zone is more than 80%. As a@ver 80% in the outer part of the flat zone while the
consequence, not emgh steam can be generated in thatconsistencies in T&ll, TEST3, TEST4 and TEST5
position. The inner temperature sensors Hig 15, were less than 80% seeFig 17. The tensile index is
represented byPositions6 and 7, werestill responding  strongly dependent on the how the fiber pad is developed
when theplate gap and dilution water feed ratere  at differentconsistencies in the refining zonemnd he
reducedin TEST2 which promptedus to analyzethe  data obtained from TEST2 showed a totally different
distributed consistency igreater detail slope when running at the edge of the refining capacity,

It is important to mention that it is not possible to see
estimate the consistency variations in the refining zones iFig 18 The consistency was higher than normal in the
the temperature profile measurements are not available. flat zone, which indicates that a maximum for the tensile

Clearly, however, the relationship between the pulpindex is reached if the consistency is increased beyond a
properties and the consistencies and other refining zoneertain point.
variables is complex, since the manipulated variables Somerville: The Somerville shives values for each test
were considerably different betweeretkest series, see series tended tofollow the slope of the MFL versus
Table 1. The complexity is best illustrated by studying consistency in the flat zonas seen irFig 19. TEST3
plots of pulp properties versus consistency. showed a different slope and may not be representative.

Mean fiber lengthAs seen inFig 16, MFL was found Note thatthe estimated Somerville is clustered differently
to decrease withincreasing consistencgxiting the flat ~ ascompared with MFL.
zone This statementwas true for all test series, even
though thedecrease wasmall for TEST3 and TESTA4. It
is interesting to observe that the slopes in TEST2 andis The flat zone periphery consistestyeen studied by Backlund
TEST5 are similarwhen compared with the other test (2004) but in general it is difficoledsurer estimaté online
series, even though TESTWas obtained two months Notefor TESTHis also higher thexpected.
after TEST2.

Temp FZ (Pos B, Pos 7 and pos 8)

=
S

R DR

15 20
timethr)
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TESTZ
TEST1 H

@ TEST1
®*  TEST3

TEST4 H
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Estimated Mean Fiber Length {mm)
Estimated tensile index (Nm/g)
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Fig16- Estimated MFL versus estimated cansistéine fla Figl7- Estimated tensile index versus estiouaisistency
zone for all tests performed. the flat zone.

= possible to analyze them in a new way as compared with
] traditional methods. The different tests covered a number

of process conditions, requiring that the data sets be

handled judiciously. The drawback of the methodology

using piecewise linear functions is that several models

are needed to span the entire pesceperating window.

This is a consequence of the process-linmarities and,

therefore, it is natural to propose complementary methods

to analyze the differences in the process operating

5 , , ‘ ‘ ‘ , , window dynamically. This will be studied in more detalil

S AT e in later pgers in this series.

Fig18- Estimated tensile index versus estimated consistgagyowledgements

in the flat zone for TEST2.
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Appendlx — WR aT, t6 in [aout in
X =—2pr,.dr- clnﬁ"”—m -s;))-
This appendix summies the entropy and enthalpy T Hn MG T 8 2 (sz 2)

balances. As an example, the energy balances in the flat m" (Sgut_ in)
zone according to Karlstrom and Eriksson (2014a) are o
given, seeFig 20. Note that this block is one of several Y =MC,(T,,c- Tip )+ M g - m'h) + mohgv -
blocks that are set by the number of temperature sensors mh"
used in the sensor array. 3
rr]:,?Ut — X /(S;ut _ Sgut)

ﬂ W w,, =Y/(2prdr)
R
in oin out ~out Wde(n = WRn - \Nthn
mlsl_’ Flat zone —ml>sl
miZ” Sizn Energy and mg" s
> Material > Table 3Latin symbols
in oin balances out cout I
MS 1,6, n My 3 Symbol  Description
Cp Heat capacity
M ds Entropy generation
Uioss hy Specific enthalpy of component
m Material flow of componenit
Fig20- Energy balance for a hypothetical refining zone. Jioss Energy losses per unit area
R Radial coordinate
dlr S Specific entropy of component
ds(r) = T%rg D(r )2ordr S Total entropy
h T Temperature
where X Wip, Thermodynamic work per unit area
i(r) = Arw g _ we(r) Wef Refining work per unit area
alr) = ”%g (r)g ) Wi Estimated total work per unit area
Wealsoknow that
AT(r +dr)a Table 4 Greek symbols
+
ds(r) =mgc, In%& Symbol Description
¢ - U Viscous dissipation

a
3 U Dynamic viscosity

32 (mi (r+dr)s, (r +dr)- m,(r)s, (r )) ¥ Angular speed of theefiner disc
1= .

W, (r)2prdr _ mlcp(T(r +dr)- T(r))+ ® Plate gap at radius

3 -
a (mj (r +dr)h, (r +dr)- m. (r)h, (r)) Table 5Indices

i=2 Sub- and superscript  Interpretation
which gives 1 Wood/pulp phase
2 ~ 2 Water phase
V_\II_R((r)) 2prdr =mgc, |n%§%§+ 3 Steam phase
r ¢ r) = in Refiner inlet
3 .
3 (mj (r + dr)sj (r + dr)- m, (r)sj (r)) out Refiner outlet
j=2

m, (r)+m,(r) = my(r +dr)+m,(r +dr)
WR 5 0 and q|OSSO 0

m" =m* =m,, my’ andmj areknown Y

in in _ out out  \y out — in in out
rT\2+I’T13 —m2 ‘|'I"I"l3 Y m2 —m2+I’T13-I'T'5
dr = Fout ™ Tin
out

Find mg™, wy, andw,
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