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kraft pulplng dlgester uas developed.i ThlS model 1nc1udes

; thlrteen state varlables whzch‘aﬁclude-'the uood flow rate,'ﬁ‘t- 'fipg

-',

woodtcomponent concentratlons and entrapped and free llquor

.(., q

"/ 'i

7j t llquor 1n the‘

v01djvolume.;-

eguatzons are‘

'3]1ncl dlng the dlgester washlng sectlons.'qu7fwfﬁfhflixfgfr;f:f

The conplete dlgester nodelllng package conclsts of

51:a dynamlc and steady state representatlon of a contlnuous
oy NP

dlgester and one of a batch dlgester.. The contlnueusgs;f.ﬂg"tff#sjﬁTE3

A‘»fc ﬁlgester model testzng uas done 1n parts.; Indxv1dual"l¥, ST

ot s

e modules of the program yere tested fltst, followed by_t L ng'jlf{~*

AN T e e



) uere known.. The valldlty of the klnetlc cooklng model wasf7

testlng of the overall program for uhzch the flnal results3‘

[}

for the purpose. The dynamlc program nas checked oy runnlng

s

'the dlgester from startlng ulth a constant 1n1t1a} proflle

:ﬁtpf(compared u51ng the batch dlgester model that Has develqpedﬁf‘r:'“

i* ;f ‘ .

L .
: -

3{,\f?¢*., Dynamlc open loop 51mu1atlon runs for the Kamyr

L

(A

dlgester uere conducted wlth the ultlmate alm ot evaluatlngnf'-‘“

‘varlous lndustrlal control practlces._ The three maln

operatlng control varlables are cooklng temperature,vcoox

zone r651dence t1me and cooklng chemlcal concentratlon.

Ihese varlatles uere varled to evaluate dlfferent operatlng

tradeoffs and the effect on scalar measures that are useo

for pulp guallty characterlzatlon, such as H—Pactor,

)»

f; example, that lncorporates cooklng tlme and temperature uas

re51dual llgnln content Kappa number.l The H Factor, forjfﬂﬂ

/

’7a‘changes were 1n¢olved»and)the reSadual—l}gnln contentw4xappa

number) was 51m11ar although sxgnlflcantly dlfferent

operatlng condltlons were used.v TﬂlS led to the hypotheSLS =

BN

that “proflle control",bas better and more rellable ccmpared

9

to control u51ng a scalar guantlty.; The 1mplementatlon of

thls concept should be praotlcal consxderlng the Current

._.’-.4;// o

Rl
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t.&ld.ned

._type of control was '8
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" CHADTER ONE .

:;_,:“ 2. N : /M .

)

LI . LR TN o R R . B

‘: A pulp and paper mlll modellmng and control study ;" e
vas undertaken to prQV1de a basxs for further worx ‘in the

.'fleld at the Department of chealcal Englneerlng.; Pulk and

““fpaper product1on 1s an lmportant segment of Canadlan*.f5‘*

vfi,hlndustry and 1t was felt that the area vas a late starter in ”’;'rf'f 7.

'7gicomputer control, espectally vhen compared \ltn the;:‘f';fﬁ;ﬁf,af

'*tmg;petroleum related Lndustrles.- It was also cbserved thatd

‘f,also obv1ous that 1n the meantrme a. lot of uork was Stlll

b':ﬁf'requlred to develop bettet and more adaptable models and -

.',

;thls trend uas bound to’shlft ;n the future as faster

%Hmlnlcomputersrand better sensots became avallanle. It uas t'“jﬁff’

'appllcatlon programs of varloug pulplng prQCesses for
’#dcomputerlzed control. It uas shoun 1n earlrer ssﬂdles that
‘u»the economlc return through rmyroved regulatory control

ﬁ37just1f1ed the use Jf a- computex (10 3 98)._ ThlS project e

. \

'-1s almed tovast a. rtudy of some of the underlylng

"vprlnc1ples &nd prob ems eucountered 1n the area and the



s

.‘Nfollou1ng paragraphs."

Ihe dlgester 1s at the front end of all pulp and

hloglcal place to ctart a- pulp and paper mlll pro;ect. _ihe%.h

upulp from the dlgestLr 1s utlllzed by most of the other

.~

”;’capabllltles cf all downstream unlts rlght doun to the paper

5machlne, whlch makes close control of the dlgester all the

I

'_more 1mportant. It 1s a reasonably compllcated chemlcal
'englneerrng process that 1nvolves complex Ph srcal and

1chem1cal relatlonrhlps._'There are also strclg 1nteractlons

"'_paper mlll unlt operatlons (Flgure 1 1) and therefore 1s afi'””

L sectlons and thlS affects the performance and productlon 5”1}f&f

'd:j betueen the manlpulated varlables,.and the dlgester produces:_

idfpure tlme delays and 1s therefore all the more dl‘flCULt‘tO‘

'fnby tne computer._.:’

el

f-*control. Operatlng and output varlables' lee the alka11

Bl .
."' w.’ ',‘_

lunmeasurable throughout most of the dlgestery and hence the

- o ; Wv,

e

system appears very much llke a 'black box' e A systematlc

flnvestlgatlon of tne dlgester should lead tc better control

s.,v S =l

s contlnuous dlgester uas selected due to 1ts‘5'

o advantages over a batch dlg ster.. The contlnuou= dlgester

Td

"reasons for choos;ng thlS partlcular toplc are glven'indthef"i"

‘nland HOOd component concentratlons aré unavallable orf"ﬁf?fgéﬁh[" /-




- uashlng zcne reduces the load on downstream washers. Thls‘

7f‘requ1re:,ﬂbut less equlpment and energy is needed for the

4,

o

;“?jsame productzon rate.;_Novadays vlth env1ronmental ctandarcs

£
S

4’gett1ng strlcter,,a contlnuous dlgester performs better here
'd‘~¥ﬁkso becausé\of the relatlve flow rates 1nvolved.' It is. :;f

; “ﬁafestlmated that a 500 alr dI:Y’tons (ADT)/ day Kamy

Elcontlnuous dzgester uses ]2“ 000 fewer barrels of fuel 01l

'hfpfr year when compared to a batch dlgester/drum washer

- stém (51)._ The pretreatment ot chlps 1n the dlgester leeﬁ

"system glves 1mproved llquor penetratlon and the hlgh heat

ﬂ.makes lt p0551b1e for closer control and these days the

Ttrena 1s deflnrtely tovards contlnuous dlgesters (51).d¢3*¥”””f

o

Kraft pulplng of Hood was chosen as 1t 1s tne most

-ffidomlnamtaln chemlcal pulplng.g In 197“. 38% Of the tOtal

V"’

F';bulpuood and 86% cf wood re51due used for pulplng 1n Canada

uas for Kraft Pulplng. thls is equlvalent to 56% of the-~ e et

“'f_total Produetlon (92)-: In. Saeden, thCh llke Canada 15 one“”‘
”*vﬂiof the maJor pulp and paper producers, 59% of all PUlP
e Produced 1n 1973 vas. bY the Kraft proceSs (2“ P134)‘- Kleppe e

(59) has a table for 1969 that 1ncludes vood pulped in the ;:gf;:"'ﬁ”

~

nlted States and 1t shous a. 51m11ar ﬂgeakdcun.,‘“d7-“"

N




"4'pu1p sultable rar lou strength products such as flberboard

':HWOod 1s the prlnC1pal rau materlal 1n gulp and Sy

'fvpaper manufacture.f It con51sts of flbres jOlned together bj~
a cementlng materlal and numerous mlnor compOnents uhlch )

hvary with the wood spe01es.. The colourless flbres are'.Lhd;'%uaff
‘:nCarbohydrates that con51st of relatlvely long chalned ‘hﬂf;fl',»"

\

cellulose (5000 10000 monomer un1ts) and =horter chalned

!

'.5hem1cellulose (1000—2500 unlts). The coloured blndlng

1.mater1al is~ llgnln.z The hemlcf*

_ul%Fes,'whlch\react more 13‘f

”;rapldly than the celluloses, are further clasﬁﬁfled as .
: x',, BRE 5 HERT o
'._mannans and xylans, unlch are short forms fcr 10nger j Lo

',chemlcal names.f The extraneous substances 1nclude terpenes,f

fre51ns and phenols uhlch are soluble 1n organlc and ”

- e . ' :
:'flnorganlc Sleents and broadly termed as extractlve d'ihe.f‘
.nmaln onjectuve 1n all pulplng processes 1s to Separate the
"5uood flbres'from one another ulth max1mum posslble ylelo and]e
'f'mlnlmum lcss or rlbre strength.l These processes vary from [“:“n

'”seml—mechanlcal pulplng characterlzedxby a hlgh yleld of

‘dfto comparatlvely low Y1eld chemlcal pulplng for flne papers.ﬁ?f |

Yo




VI

}‘ LA

A comblnatlcn of mechanlcal grlndlng and chemlcal separatlon
;FZ;Called -semi- chemloal arl betueen the@e two extremes._ﬁinofﬂ
2NN 1 bt

~chem1cal pulplng,»the llgnrn 1s extracted to the declred

fdegree by u51ng elther an alkailne or ac1dlc dlgestlng

#fllguor.f-

t In a typlcal bleached pulp and paped
_f? there are 51x pr1n01pal dlstlnct steps~ { f3f*1'7f';'
R ifi).Preparatlon of Rav’ﬂaterlals, !ﬁmﬁjid

”i’ll) Pdlplng,‘iﬁ P
xf:111) Bleachlng;1'

';1v) Pulp handllng and or Stock preparatlon,'

N
v

'H”ipa;j'_v) Paper productlon,'

}*“ Wji.and Vl) Recove}y of chem1cals-:f*4'

Vh;%\gt6§q are stored lq the mlllyard before deoarklng

and ch1pp1ng in the uoodroom-w The ChlpS frOm storage aré. \

TG ;

§creened to remcve abnormal 51zed ch1ps ard unde51rable l
materlal and then moved to the dlgester where they are

treated'wlth cooklng chemlcals at hlgh temperature and

.
.

preSsure to produce pulp.' Pulp deflbratlon takes place :\\L

e e
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'fdjrlng the "blowlng" of, the dlgester.. Pulp from the - .
;dlgester is then sent for screenlng operatlons 1n order to

- remove knots, bark fragments and uncooked materlal hnlCh are

‘ L.»recycled back tc the dlgester._ The pulp is then pumped to
”.the washers where spent chemlcals are removed.f Pulp Hasnlng

‘15 perrormed rn the contlnuous dlgester, vacuum fllters or :Aiz‘“ﬁ .

hln dlffuser Hashers.,‘ g.ﬁ;ﬁj}f'“hz

Washed, unbleached pulp 1s used for kraft - f.v‘7§

a . .'

,hfllnerboard and bag paper whereas pulps that requlre a hlgh

"degree of hrlghtness are sthected to bleachlng wlth varlousf'

<

'“Tg_chemlcals. The bleachlng process con51sts of a. number or

oY

‘stages of reactors and vacuum washers where the pulp 151

"bleached to the requlred term1na1 brlghtnes f Typ;cal

fbleacnzng sequences are CEdD CEDED 'and CEﬂDﬂD uhere C_"

'lf_deslgnates chlorlnatlon E 1s for caustlc extractlon,‘H 1s v

for sodlum hypochlorlte actlon and D Chlorlne D10x1de

'r'treatment.;_”'

'_fstock preparatlon stage.. Thls 1uvolves reflnlng and

. addltlon of cherucals- The reflnlng 1n<£udes beatlng or thejf

tM

',pulp Uhereby the vood flbres are. completely separated and
: e~
chenlcals are added to 1mpart de51red propertles to the

".-'>,, -
[T

Before paper manufactur@ the pulp passes through ap;f'



"”whlch has a chemlcal content of 60 65% can be nurnt 1n the

Trﬂ~recovery h01ler.ﬂ The smelt from the b01ler, after belng

r‘papervsheet; The pulp slurry is then passed through the jif;ﬁ

’]headbox onto a’ mesh 5creen to remove excess uater.;STne
i

i resultant tlhre mat is then pressed between heated rollers dvf‘_

"and drled. Flnlshlng operatlons are next and the paper 1s .

e

"coated cut to 51ze, rolled,_welghed and moved to the

warehouse for shlpment 'y S

hxcept for some small amounts of chemlcals that are ;

l

“not recoverahle 1n the washlng stages, the najor part of the
vchemlcals used in.: the dlgesters are recovered and returned

V[to the proceSS.h In the kraft process up to. 99% of the
hcooklng cheulcals can he recovered. The snent chemlcals or:

' the black llguor 1s evaporated s0 that the resultant mass

fdlSSOlved 1n uater ’ called the green llquor, 1s‘

‘:recaustic1zed wlth llme to make fresh cooklng llquor‘or 'f'

uhlte llquor. 3j>:;7'-s




«w

1.3 . Kabyr Digester

Hviihe Kamyr dlgezter,Flgure71 2, Hms'a hollou;
’vcyllndrlcal vertlcal shell uhere uood chhps and~the cooklng
'chemlcals,'sodlum hydroxlde and sodlum sulphlde react
rg'contlnuously tc produce pulp. The chlps from storage ‘are:

h conveyea 1nto the Chlp bln and then hnto ‘a. hopper whlch h,,
feeds the pockets of a rotatlng chlpmeter that regulatesghi'

SO
flou 1nto the dlgester. Chlps leavlng the meter are

'fﬁpretreated in the steamlng vessel before falllng through the -5

:é;chlp chute 1nto the hlgh pressure feeder that sends them to
. -

the tOP °f the dlgeSter-* In’ the 1n1t1al stages the‘chlps e

ok

‘pahsoro the cooklng llguor wlthout much reactlon nut-ashthéy.f
- ' P

bitravel further down the dlgester the temperature 15;5

-

1ncreased ny externa; neatlng 1n tuo steps. ThlS lS done hy
fwlthdrawlng the cooklng llguor through cyllndrlcal ccreens
‘1n the dlgester perlphery and pa551ng 1t through heat

Vifexchangers before returnlng 1t lnto the center of theV»,
: 2 , - .
‘dlgester, sllghtly above the screens. At a. temperature of

N

'r:ahout 150 C the rate of pulplng 1ncreases con51derab11.-

eThe cooklng tlme at thls temperatnre depend< on. the product

A

W



tspeczflcatlons,vnsuallj the.yleld and the kappa Numher, and l;f}’“
frthe productlon rate. The Kappa Number and sometlmec'the .
5Permanganate Number are used as dlfferent meaturef of/
5tre51dual llgnln in the pulp.“The cooked ch1pc are then.-io
“guenched hy 1n]ect10n of cool llguor to stop the reactzon

.;ana the spent llguor is. removed at the extractlon screens e

,;-belou.‘ Ihls'rate or llquor removal 1s 1arger than thed .

. *flowrate ‘in’ the cooklng stage and thus results 1n a’ '(:‘dvhfsmffuﬁ

"fcountercurrent flov of dllute llquor 1n the uash zone lower
”,down 1n the dlgester. The spent A1guor 1s sent to the flasn Al N

3tanks and evapcrators for recoveny.ﬂ The countercu"rent _‘h,f 7'&

h"Jflowlng llguor to the pulp acts as a wash1ng medlum and

Y .. ’ PR |

K

‘removes reactlon products and unreacted chemlcals from\lt
: f

”'.;fNear the oottom of the dlgester/the Hash llquor 15 heated ‘;ftryf

© .

' !;externhlly tc 1mprove Hashlng eff1c1ency._ Ihe pu;p lS theniﬁf'
Hﬁcooled at the botton and d1scharged through the outlet

”_devxce and blow unaJ to the blou tank., It 1s then sent ror'

'vfurther Hashlng, and bleachlng*lf so'regulred.._

e
»
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1. Obdectives of Study .
';'The objectloes of thlS sﬁudy.wére to acéuﬁéﬁt_tﬁé_;*
'fstate of the art and currentwoperatlonal practlces foo éf‘
I_Kamyr cont:.nuouc dlgester and to derlve a mathematlcal modeioJ
A?based on the 1n‘ormo£ion avallable. Thls model uas to bé_ :
 used to cneck out vazlous open 1oop.schemes and to work out
f;f. 'fa method foz improv1ng dlgester ccntrol ;o Part of the Qorn.:]u
L;uas dgxected towards evalnatlng schemes such as- "prorlleb B

”fcontrol" "and multzvarlaole computer control technlgues tnat.fgﬁ,i;ﬁ'

] (f} ‘ have worked vell ‘in other appllcatlons at the Unlve251ty of

;/Alberta.} It o s noped that\51mulat15n studnes would suggestﬁ5ofliﬁlu

an lmproved control scheme for the Kamyr dlgester. EOR
S L T : : -
; : e Ll . PRI c. e W - -
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' CHAPTER TwO. &

{

DIGESTER LITERATURE REVIEW

thlkallne phlplng has been 1n promlnence for nearly

a. hundred years now (59 81 p279) and durlng tbls perlod

ﬂ‘;lnvestlgators have trled to explaln the reactlon mechanlsm_

'1nvolved in wood pulplng and derlve appllcable klnetlc

,v

’Imodels.f'A number of rev1ew papers have been pUDll hed onbﬁ
arthls subject 1n recent years._ The Instltute of Paper{jfﬁ
t’l*Chemlstry has publlshed a yearly rev1ew of progress in.
‘*dlrferent aspects of alkallne pulplng frcm 19u7 to 1968
mii?(uﬁ).: other papers by Wllder and Dalesk1‘(101) and Kleppe'i”'
uhi%f}SQ) prov1de 1nformat10n up to the tlme of publlcatlon._;iheir

.' textbooks on pulplng process s by Rydholm (81) and "Pulp and ”~1“ |

Paper Manufacturef (70)
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havezkn exten31ve 115t of references B
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Review cf Continuous

' Thehfirst Kamyr dlgester was: 1nstalled/1n ?weden 1n~A

- 1949 am&'the flrst 1n North Amerlca at Hln cn, Alberta e19nt>* o

years later. Smlth and McCorry (89) gave a descrrptlon ana R

‘ﬁoperatrng procedures for the Hlnton dlgester. Later changes
pa;and mﬂdlflcathDS in the digester cooklng system are
idlscussed in chronologlcal order by Jansson (67), startlng"
“vfrom the hot blou of pulp to the cold blow, dlfru51on‘
Lextractlon and hlgh heat dlffu51on Hashlng.' Knutsson and.
y;Stockman.(éO) and MCKlbleS (74) prov1de ev1dence to support'“
"ﬁ;:the 1mprovement due to these 1nnovat10ns. Cther types or'
}contlnuous dlgesters are the steam phase dlgester, a'tuoyyf:
5vessel hlgh ylela system Hlth a separate pre 1mpregnatlon.
U:vessel and the .saw. dust dlgester wlth 1nternal washlng but

:”Ethe empha51s 1n thls cnapter wlll be on the conventlonal :AL~-

.ur?Kamyr hydraullc dlgester.,i’

ﬁIhe contlnuous cooklng process 1s also descrlbed lnﬂ

7f$varlous texts and artlcles (12 QQ, 70 85 88 93) and ‘an’
L

'foperatlng manual on thlS dlgester 1s publlshed by the bcotti

Paper Company and dletrlbuted by Kamyr Inc (85).» Huhbeaﬁ,p~h7

S Lt
el
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(u3), ln the rlrst of a serles of papers o dlgesver .m‘_‘”;”J;gsk

I

.hppcompucer control also glves a detalled descrlptlon or theih“

process. He 1ncludes a set of cooklng varlanles and heat

'5fﬁand materlal balances for two uood spec1es, a harduood and ap

o softuood at four dlfferent productlon rates.

.f_f;;2' ,pfjﬂggegtgg Mo delllng Studles
Contlnuous dlgesters have been moderled Hlth‘ﬂ‘f
;varlous'degrees of complex1ty by researchers and computer'
kvendOﬁs.‘ westlnghouse 1nstalled one of the rlrst dlgester
'iocomputer systems at Gulf States Paper Corporatlon (28).but
'Q]most of the modelllng 1nformatlon uas proprletary and not
ﬁ;dlsclosed.; Sm1th (90) has dlscussed the 1nstallat10n and
';g:and bas1c formulatxon of tnls model.t’Johnson (UB) derlved.a'
'-.llnear model that 1s conceptually the same as that at Gulf 'p
'fStates though 1t has less detall.k He developed control
:\1equatlons u=1ng statlstlcal regres51on methods for Kappa
;Number Hlth cooklng temperature and chem1ca1 concentratlonst=?

-Tas the dependent varlables. Hls analysls was baSed on batcn' '

”{;cooklng data augumented Hlth random n01se.ﬁ Sxmllar-




'-V”;varlanles"

MStatlstlcal work nas also been done by Hoag (uO), McKlbblns:fﬂiif;fii

et al (75). Hatton (35 37) and Kerr (51. 53) and emplrlcalfn“"

[

. "equatlons developed relatlng the 1mportant dlgester cooxlngffﬁif'"

TTucker (98)'1n a feaSIbllltY stud) fOr Proces: ;;::fﬁiy

V;computer control ment;ons a.related model to the earller el
'lones for guallty con&rol and also 1ncludes a"neasure of- the;r;fdufﬂm

et AT s ~w-‘- PR .

: f.’tlme delays 1nvolved. Later more exhaustlve work based on,7ﬁt""

Vaﬁfllterature and a survey of\countercurrent pulp washlng

}chemlcal #nglneerlng pr;nc1ples was done by Stlllman (93),‘:}.5ff

The dlgester wash zone has been deelled separatelyh:

‘[by Hllllams et al (103) as a dlstrlbuted parameter system
~'and steady state analytlcal solutlons at varlous flow rates
f;}are‘glven. Separate washlng studles haVe also been done and
"35 dynamlc model uhlch 1ncludes cooklng 1n the uash zone has

'heen presented by Uetlessen'(100).‘ A. rev1eu of washlng

':ftheory and models has been presented by Iomlak and lauzon “f ﬁj':lﬁ1§
(9 97). Ihey have an extensxve llSt of rererences and
'7}have presented the three ba51c models used 1n countercurrent

washlng theory. These models are. adl essentlally a

xvarlatlcn of perfect m1x1ng cells in. serles Hlth the washlng




: ? ; . ' idf :
llguld‘and pulp floulng 1n opp051te dlrectlons to each
bother.ff~i'” ‘ | , ' ”‘ e g
SR b g R
3 ‘*#;5;§g;vég~§; gast Modelllngfgggga"fiﬁi

\

Ihe major dlgester models developed by stlllman,_j;:j;;fl.;

TR

. Johnsson and Smlth are dlscussed in detall and compared 1n}'f?f5fif

thls sect;onI Table j summarlses the assumptlons and maln

.“,.""!o‘o? W o't' LA ':-.", :

ot

- Model. 193)

Stlllman's Hork consxsts of tuoipatts. fX7EatGH%%“”%”“}"«T

- - ...', -

'Vndlgester model uas derlved flrst to test the cooxlng model

and then thls klnetlc model was used to derlve a steadj &

?”state model ﬁor tne contlnuous case.. The batch or cooklng’-ﬁ

7.1tmodel con51sts of flrst order klnetlc rate expressxons that

’fwere derlved from the 11terature e11st1ng at the the.‘
'-\Seven wood‘compcnen¥s Here con51dered for the nroad e o R
cla551f1cat10n ox harduood and softwood specles namely,

*llgnln;4celluloce, mannan, xylan, acetyl groups,'uronlc ac1d

and exttactlves.5 The reactlon rate constants uere derlved




c oA T

‘.from laboratory cooklng data and these constants 1nclude the;

ferfect of temperature vra Arrhenlus tyPe relatlonshlps,'ana
Vathe erfect of varylng chemlcal concentratlons 1n “the. cooxlng
:fi Lédlquor';A A sodlum sulphlde hydroly51s eguatlon is- used to
“ i:calculate the amount of alkall 1nstead of assumlng flrty\

ﬁij;ﬂ}f&{jpercent hydroly51s to the hydrox1de and a- factor for

ffej;_jffféffeva'uatlng the"effectlve sodlum sulphlde carbonydrate
S . ‘.A‘-". . ‘..:_‘“‘,“. PR .
7fdreactlon ua= developed after flttlng cooklng data.c A llgaor

ved baSed on the expa 51on gdj>a

,1idens1ty relationshlp ls also derl

Tel e e o.v...,.

“n "' -

*3of uater ultn temperature- Ihe hatch model so oerlmea has

e}

;ftested agalnst puollshed results of harduood aud softuood o

;;f%}¢!fcooks. The resubts compared falrly well eCPeC1ally 1n tue 'jff'fd

e : AR SR <0 el

‘Lfilnal stages Or ‘the cook._uri«
dhlle der1v1ng the krnetlc constants, Stlllman
'lfjmentlons that although substantlal llterature ex1sted on *‘i”

RY

"“fkraft pulplng 1t could not be fully utlllsed‘because of the ‘3-“‘

¢”manner 1u whlch 1t was collectednh‘f

Ja result of low llqucr to HOOd ratros,'lnsufflclent cooklng

‘s"vllquor pre-lmpregnatlon and unavallablllty or llquor .;
';concentratlons durlng the cook and tlme to reach the max1mum'
.;temperature.,n | | L B | |

e The contlnuous dlgester model conclsts of a Cerles

Al



f§5;§{: of a11al sectlonsi Steady state materlal ard energy ‘QQR;
S balancesaare conduoted on eaoh settlon where iood cnlps and -

P B v

cooklng llquor are assumed to flOH wlth the same veloc1ty. ‘f

Most of the equatlons derlved for the batch model are used

71{ \and an energy halance eguatlon was the only extra one.

derrved. The cooklmg eguatlons areﬁsolved over

re51dence tlme of the pulp 1n each of the axral drgester

s

"’”4 SJ.,‘-‘ '-".o‘ - O ST

1sect10ns 1nstead qf 1he cooklhg tlm as vas done in the ';’"*:'T
batch model.u The model testlng results are not puollshed as'ﬂ“

Cal -

supplled data was used but sample calculatlons for i-ﬁfdﬂf

1

total yleld based on’ Hubbe's (43) data seem to agree uell.:,'-.wh
| .YA comparlson oF one»and tuo temperature cooks uas.ﬁ'“
.made amd a- hlgher yleld clalmed for the same rlgnln content.-}"
‘n.the tuo temperature cook. A two temperature cook 1s.ﬁ.;
‘Iuhere a hlgh cooklng temperature 1s folloved by a lower one

for the remalnlng portlon of the cook, as opposed to a f;ji““‘ Sln

of-convehtz n léfﬁbz'”"““u

: contlnuous cooks. The detrlmentai effe‘ts Chlp

u’ N

" - R
S - L o SV .

m01sture dlsturbance on pulp productlon_rate and product




RN

‘concentratﬂon 131

"ia detdlled dlstrl

the dlgester star

buted parameter model for all sectlons in o

S ) - _Z.v: o i N R vy 20
P ! . - ¥ o
s - - B B
e gt \feffjdd"i";"i R B
R {f372] o dohnsson‘s‘node;ﬁ(u9xt - ‘
B ‘ ’ ‘ﬁyf.f“?un}TS' ' o -
S o ‘. e e ,j\_'_ R : ~ T oed Tt ’ o e T '
cel ""qg;;"f Ihls model nas,two parts to 1t alsc."The flrst is-

tlng rrom the steamlng ves=e1 to the_w5

dlgester outlet valve.. Thls model 1ncludes dlffu31on of

L

chemlcals and reactlcn products 1nto the uood cnlp and

1nvolves a measure of Chlp thlckness dlstrlbutlons.-'ideff.“

e e e a. e 4_.....‘ :

telrn

' L3
second part is where the former dynamlc model is’ sampllflea

. @,

to a steady state

Mass and

one-; In thlS statlc model the vash zoneei'

R

~'1s further 51mp11r1ed because of 1ts ccuntercurrent flou.-

energy nalances are derlved for the Hood ?-fnf.‘

PR

and free flowlng llquor.. The wood 1s con51dered to have

four constltuents

il - }‘»-

sollds and easrly

r651ns,‘ The free

L chemlcal concehtr

-

efrectlve alkali

AN

the total Sﬂdlum*

flfty percent of

v llgnln,,carbohydrates, non extractaole »T*
extractable SOlldS llke acetyls and

11quor flows ln the chlp v01ds and the

at;on 1s assumed %o be the hydrox1de

aalone srnce the effecT of hlsuLphlde

7neglected., Effect1ve alka11 rs derlned as_-ff

N

hydroxlde concentratlon, assumlng that o

the sodlum sulphlde (Na S)lS hydrolysed tof
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%*sodlum hydrox1de (NaOH) and is e&pressed in terms Of SOdlumf

;'pflfi: ox1de (Va O).f Reactlon klnetlcs 1n thf model are flrst.

o order in llgnln and the carhohydrates are monltored by a

llgnln yleld functlonal relatlonshlp, that 1s assumed known

3 _for-thevpartlcular'HOOd spec1es.

‘}ayviﬁ;ﬁf Partlal dlfferentlal eguatlons ror the model are E3j¢¥?9“'

e [ v B R e

derlved wlth llgnln, carbohydrates, yleld reactlon products -
'and errectlve alkall as the dependent varlables.' Tnese dp” L{d' \‘f
equatlons are. 31m11ar ln form in the top ha;r zones of the‘dT
:'dlgester u1th the cocurrent flow; as the only dlfference is’

ulth respect to the sectlon's temperature. The temperature g

SR proflre and reszdence tlme relatlonshlp are assumed known

and specxiled1 ﬁThe external hemter streams*are assumed to,gyk{Sst”

¢ e
- i “wE -l .
-t k‘_“.., 0"'“" R

be perfectly mlxed wlth the free llquor 1n the v1c1n1ty of

the screens.-'nquatlons for the wash zone are derlved from

those for the cookapg zone b&‘neglectlng the pulplng

reactlonc and rever51ng the sign of the approprlate flowf;‘i

terms to account for the countercurrent free flow of uasn,;bgé;;ﬁAJ;

. ‘},._
\_\

Ty

ﬁ;bykﬁf'_gﬁllquor. Thls 31mpllf1es the model to. esseq};ally 1ncludeh,-f*fy?7“

only the dlffu51on of chemlcals and reactlon products out- of

\

the cooked chlps. Johnsson mentlons that a model that e
1ncludes cooklng 1n the wash zone has also been derlveo but

B N

L O U T S I
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“_was notllncluded in the publlshed-uork.'
| Ihe dynamlc model 1s reduced to ‘a steady state
mooel because of computatlonal convenlence and for testlng
. and deslgn purposes-_ Johnsson mentlons that thls statlc‘
’IL f-model is flne for de51gn but not for control purposes.:'The
i"statlc model 1ncludes the basle nonllnearltles of theh-f
dynamlc nodel the same reactlon klnetlcs, and tne same
dependence cn temperature and Chlp thlckness dlstrltutlontt

SOme or the assumptlons_made to obtaln a colutlon are a

constant productlon rate, absenée of dlsturbances in the

v

1nput varlables and wood parameters and a ccnstant Chlp 51ze 4'

g e

b;l,-‘ dlstrlbuthn throughout the dlgester. The statlc vash zode'w"b

s e ES

problem 1s converted from a boundary Value problem to an
"1n1t1al value one by parameter transformat1 n.;iflfy37

The Johnsson model verlflcatlon and testlng uas

)

done u51ng data from a hlgh yleld kraft mlll dlgester
'ﬂ‘operated at a hlgher and louer than normal productlon rate.f-“

o

Ihe maJor dlscrepanc1es vere betueen the observed and"‘j
rl‘hoaloulated KaPPa numherS-, Thls was attrlbuied to the‘fx.
presence of cooklng 1n the Hash zone, errors_ln plant

erfectlve alkdll measurements, dlffu31on coeff1c1ents and

{l_wood den31ty values used and approxlmatlons in the model.v»
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N

Several studles wmth parameter varration andi?
—Jdlsturbances 1n the 1nput varlables were trled They
‘;1nclude varlatlons 1n temperature, llgnln ard acetyl
’scontent llqucr/uood ratlo, alkallnlty, rate coeff1c1ents,id
‘den51ty cnange and the amount of v01d volume 1n the Chlp
hpacxf The uash stud1es 1nclude the effect or washlng
'm;varlanles, such as dllutlon factor or wash flow on uasnln;
'_erf1C1enc1es.ab'f - _j.. . ._. ~
| He concludes‘that alkallnlty, llqucr/wood ratlo,f
.temberature.and cooklng tlme affect the guallty and cost ‘OF
fproductlon cf the. pulp and that Chlp thlckness dlstrlbutlons -
-are helpful in- stuaylng pulp 1nhomogene1ty and uashlng

i

) f._efflcz.ency. BT SR R B R . ‘

.
v

:’2;3.j"zi ffi smlth and Hllllam's Model (88) |
- | Ihls 1s a. dynamlc model wlth a. serles or lum.ed
\ax1al sectlons startlng from the dlgester tcp to the exlt.

' Each of the sectlons in- the model 1s assumed to 1nclude
-three phases. Iherefore a sectlon 1s further d1v1ded 1nto

'“tbree subsectlons, the voodt the absorbed or entrapped

lllquor in- the wood and the cook\ag llquor between tne Chlp Hfl:,l_

:v01ds tnat is rree to move about and 1s termed the free

4

o



vtliguor;f Tne model consaders tuelve state varlanles,‘tlve,gA

v?jfor tne xood components, three each\for the component

tconcentratlons 1n the zree and the entrap;ed llguor ' andib

"ghthe temperatu.r0 of tne sectxon.» The f1ve vooa components

. i . - - o

'fconSLde"edfare fast and slow reactlng llgnln, and tne three(

%;carnonydrate fractlons, céllulose,'mannan and xylan. ”The-:‘

. o

llgucr conponent concentratlons 1nc1uded are hydroxlde:.,ﬂs

'; igeffect1ve alkFll and btsulphlde 1ons, from the hydrolysxs of ff7%

:sodlum sulphlde ana the reactlon praducts. The temperature.‘

“ R .

nfj-ﬁln the;sect1on 1s ascumed to ‘be. 1dent1ca1 1n the tnree

a

dstream 1s 1ncluded 1n the free flowlng lxquor and complete

'fm1x1ng hetween the two is acsumed The dynamlc mass and

'a”energy halance eguatrons derlved or each of the sectlonsv

-

'eassume that 1t 1s an ldeal stlrr' tank reactor so that tne

T . R

§ ex1t streams have the same co' 1t10ns as that in’ the

tfsectlon. They clalm that the klnetlc model that wacviQ7”'

v .

Tdeveloped ls hased lon ohserved chemlca% pr1nc1ples.v“"}

‘;Reactlon rate constants)are developed from laborato:y andv“

\ < .
A

= 1ndustr1al data for varlons harduood and softwood spec1es.ff

.vother assumptlons made ﬂn der1v1ng the model are that the

'
et 1. . - - R

'ﬁpnases (the HOOQ, entrapped and free llquorc) except uhen an;fs

fT'externally heated stream lS lntroduced.,_The external neaterh;i




enterlng and exat floxs occur 1n Q 1r reCpectlve phases and,h

'snbsectlons and that there 1s no a'cumulatlon of uood and f"p' L f

2

.7:entrapped llguor, thlS glves constant flow rates to the wood'

1 0

‘:and entrapped llguor and consequently the same veloc1ty and'

'~'.'9'

"

reSLdence t1me.v The re51dence tlme dffa used vas- taken f:sm)
‘JAJohnssSn (Qﬁ)' who has preSented a.curve ﬁor chlp volume red“ﬂgbtﬁf

pversus dlgester elevatlon,‘ Ihe free llquor rates are
constant also, eXCept vhere there are external flow= and ln '
_*that case they are taken as tne sum total of both flous.”}

LIS

The mass transfer rate between the entrapped and free

Ffllguors is proport10na1 to the’ concentratlon dlrference
between the tuo phases and thg rate coefflclents are assumea _dh
”fto ne 1dent1cal for all the components.v The mass transrer

*_COeff1c1ents have a temperature dependence and pleceulse

’ o

jcurves Uere fltted to data derlved from the Chllton Coiourn ' o S

5analogy-x‘»'i7rf”’, .iffff'} gAVI f?jpff?f,,f" }a'=;'d" f”;i ok
| the wash zone model lS 51mp11f1ed by neglecting_the h";.pQ:;h

icooklng reactlcn and con51der1ng/on1y the dlssolved SOlld 3f axc; o

,concenttatlon.and the temperature. Thls reduces the numoer

‘of state varlables ‘in. the model to three._ Dlssolved sollds

;or.reactlon @roduct concentratlohswln the entrapped and free

R

‘VLllquors and the sectlon temperatures uere calculated for
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dlfferent vash flous and the results plotted as uashlng

"efrlc1ency and-wash floﬁ rate. ~Clean uash‘uater studles

} !

were done also and a comparlson made Hlth tnose u51ng dllute

¢

llguor. They conclude that clean water sasnes are more
econamlcal than the conventlonal dllute llguor uashes, slnce:g,
: SN
tetter vashlng eff1c1en01es for the same flou are ohtalned
and tnus save energy and evaporatlon cost :
Iestlng of the Smlth model was done wlth actual
1ndustr1al data and. the results agreed falriy uell M'Ihe;'

3

klnetlc model resultc had dev1at10ns from actual laboratory_b

oata in. some cases, Dut thlS is* termed to be the Dest

pOSSLDle flt. Dynamlc sxmulatlons were done by varxlng thei

2

chlp m01sture,‘alkall content, the louer heater temperature,
and flou stoppage 1n the dlgester.v All the results are aS;:'
would Dée expected. However the worklng of the model 1s.. 'such’.

that to 51mulate a flou stoppage from the tlou llne the e

chlpmeter speed has to be set to zero. 'The uash zone

wresultsjhad sunstantldl dlsagreement‘uith~those%fro£

JohnSSon7ku§).' They state that though the dlfferences

hetween the results are large, the magnltude cr error lS the,_:”7

,Same_tor:all caSes. Tnls dlscrepency 1s probanly due to

inaccuraciesjih;the mass transfer portlon of tne modelf
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7.~ CHAPIER THREE

o+ .. . DERIVATION CF MODEL

PN

Inls chapter on the Kamyr dl?bSter model starts
_ulth a detalled descrlptlon ot the dlgester and the_.’

"accompanylng equlpment Hlth typlcal operatlng condltlons.-'

'“hThls is followea hy the detalls of a dlgester sectlon that

»“1s representatlve of all 1ts zones. The assumptlonc made
- .for der1v1ng the model and the reasons for thelr cn01ce ‘are
dlscussed next.' rhen a rev1ew of the\klnetlc llterature,r
the derlvatlon cf_model klnetlcs, and the batch or cooklng
noael are presented. The chapter ends vlth reasons for';\'h
ch0051ng the partlcuiar model.f A comparlson-of Kamyr‘L
'dlgester models and assunptlons from Stlllman (93), Jonnsson
V,’(us) and Sm1th -ang . Hllllams (88) and thlS work are glven 1n

. .

Ihere are 51x dlstlnct proce551ng stages that HOOd
chlps have to pass through 1n a contlnuouc dlgester system,‘

L"-.



"namely- presteamlng and cond1t10n1ng,»cook1ng llguor

frlmpregnatlon, heatlng of _chlps and llquor, cooklng of chlps,:df>

(2N

:nasnlng of chemzcals and reactlon produpt and coollng

. —.-—~

‘»beFore tne pulp leaves the dlgester. A detalled plplng ang

'anstgumentatlon«d1agram~fOT the dlgester'ﬁc glven in Flgure

LA . e
"m_,"‘..o—«ﬂ’,-. " ,,50',0 °||

\

\

b,r{ Chlps are moved from the Chlp b1n ko the hopper

o \ TR
~tnat reeds the rotatlng chlpmeter. The chlpmeter rotor"

' speea is set to ‘a glven dlgester wood feed rate and the low‘-f

‘tne cyllnurlcal presteamlng vessel Here,_tney are slowly

n'fpressure feeder then 1ntroduces the chlps 1nto one -end of

S

' conveyed by a - rotatlng screw to the d1scharge end. ,Ihelf

‘vessel operates/ﬁt 15 to 20 p51 and 65 °C (150‘?F).«

oy
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’yleld -and the pulp beatlng and strengtylpropertles._;~

Ly

’:opresteaming’and COnditioning;stageathus acconplishes,renoval:

- of npn—conden51ble gases and terpenes' the terpenes are

‘:separated later and represent a valuable byproauct. It alsoF “'”

'ralses the temperatwre and m01sture content of chlps whlcn

.rac1lltates llguor lmpregnatlon and 1ncreases the denslty so

'1that the chlps u1ll 51nk more readi}y lDtO the dlgester

‘. ; ! Yo N
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Upon alscharge from the steamlng vessel\\ghe chlps

:"fall lnto the ch1p chutewyhlch 1s pattlally fllled Hltnv

D,llguor and 1mpregnatlon beglns at thlS tlme._ The llquor,d.}gf,;;f"

;'level of the latter lS held constant by a controller.; Below
o the cnrp chute 13 a rotary type'high-pressure feederpand tne*-
h;chlps are transfered ffom a pressure of 15 p51 to the.;.m»v
ipressure at the dlgester topxof 165 p51.3 Chlps and llguor{
henter one of the exposed feeder pockets whlch are so r\.lacea ;
Zthat there is at least -one pocket Tn rece1v1ng ana another.it'

'fln dlscharglng pos1t10n. The chlps 1n the pocket are

';'retalned whlle tne llguor dralns to the 1ntake or the cth

“chute c1rculat10n pump.' The chlps are flushed out as tne
,pocket gets to a horlzontal posrtlon by llquor from the hlgh v.
='rressure top c1rculatlon pump and conveyed to tne tcp |
fseparator 1n the dlgester.« The top separator is a hellcar

‘screw surrounded by a cyllndrlcal screen that separates the [Tn

*;,llquor, whlch 1= returned to the top separator c1rculatlon

e pump 1ntake as the chlps paés 1nto the dlgester 1mpregnatlon ‘

':zone. Ihe nakeup cooklng llguor LS 1ntroducea nelou tne tOp
"separator and con51sts of uhlte and black llguorc 1n the'

-;correct alka11 to wood (A/W) and llguor to wood (L/N)




’"'_711guor as they mOVe downwards by gravzty.- It is. 1mportant

N - - R 4

In tne 1mpregnat10n zone the ChlpS rapldl) absorn

.,'

.Vthat the chlps be throughly 1mpregnated for 1f 1mpregnat1on
gls 1ncomplete the chlps would be left u;th dncooked

“*centers.; Normally the chlps spend QS mlnutes at

'stemperatures ranglng from 100~to 12‘ °C»12J5:to92§OZ?F)ayf‘

Ihe chlps are now ready ror cooklng and the;r,‘
’"temperature 1s ralsed to 150 oC (305 F) in. the upper heatetAr

k”fzone.“ Hot Iiguobgenfegs'thé5centefgof_the;digestet"from;ghe';?

"aatiﬁe;lxlhl .is to allow the descendlng Chlp mass to remove ;
f‘the Chlps that are adherlng to the screen slots flom the

*’fprecedlng operating pecloa. The swltchlng ot scceens 1s

'ﬁaccompllshed by a tlme svltch that opens control valves OL

ethe llquor llnes alternatxvely.v The same operatlon 1s

Ysrepeated louer doun in the lower heatlng zone and the _'o

q
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fﬁtemperature is ralsed from 150 C to 165 C (330 y"“”

.

Ihe chlps next move through the cooklng zone wherel 8

: actual cooxlng of chlps takes place.- The actlve chemlcals'
= ln the cooxlng llquor,.sodlum hydrox1de (NaCﬂ) and sodlum

v

'VSulphlde (Na S) react wlth the llgnln and convert 1t 1nto

'ﬂ' also attacks tne carnohydrates, uhlch 1s urdesrrable for

- N

'thls reduces the yleld and alters the pulp characterlstlcs.:'

‘ﬁ'Cooklng tlme 1c tnerefore selected‘to ontaln tne declred

.’\‘

1y1eld, pulp qualltles and productlon rate.. A typlcal tlme_'

‘les about 90 mlnutes. ‘4;;f . .
Durlng passage through the cook zone the pulpllh

%temnerature rlses ny up to ten degrees as the pulplng

'~reactlon5»are exothermlc.l The pulp 1s then quenched ny

Pl
a marked effect on the reactlon rate and 1f the pulp gualltj

=

'_1s not <u1table tnen the cooklng t1me is. extended by
'alIOhlng cook;ng’to contlnue lnto theAvash zone. At the )
thlrd set of screens, the extractlon screens, the quench
711guor dlsplaces the spent cooklng llquor through ‘the upper

_fscreen.z The spentlllquor flous to the flash tanks where'h

“steam 1s produced for ‘the steamlng vessel.l quuor is: then

'°1n3ect1ng cool ;1guor., The temperature of quench llquor nas

’f5hcompounds whlch dlssolve in the cooklng llguor. Tne llguor o
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s

sent to the evaporators for recovery...The louer screen

extracts dllute ulack llquor frOm the washlng zonefjln ‘the
lower part of the dlgester. The majorlty of tnls llquor 15;.
used for quenchlng and the rest 1s mlxed Hlth the extractlon

rlow from the top screen and passes to recovery. Tne guench

SRR
temperature 15 =omet1mes 1ndependent1y adjusted by mrxmn,

"wlth a cold llguor stream termed "cheater" flow._“

:The chlﬂs contlnne downvard and the countercurrent
rlou or vash llguor removes chemlcals and dlssorved sollds

from the chlps by dlsplacement and dlfoSlOD._ Ihls llguor'

-

about 135 C (275 F) 1n the uash heater near the bottom.

Y"t Thls 1s done to 1mprove the rate of dyffu51on and uashlng

o

ﬂ.efflclency 1n the zone and 1s termed "Hl-heat"_washlng, as

*®:

'~:the temperature 1s hugher than that of the vacuum drum'

uashers. Re51dence tlme 1n the zone varles from 60 to 240

mlnutes dependlng on mlll requlrements and dounstream

T

washlng fac1llt1es._

Y

In the cold blov zone, the coohha cnlps are cooled

to 70 to 94 C (160 to 200 F) by 1n3ectron of wash’ llguor

*at]60.to'82 C (1&0 to 180 F) 1n the bottom of the algester

\'1s 1ntroduced at the hottom of the dlgester and ‘is heated to'

-

JShell; 'It is thls llquor that 15 heated u; to form the wash :




,gliquorainvthe’Preoeding'aone;;rfgedoooled chlPS are‘thenil_'
':remoued from %he dlgester By the outlet uev1ce. The chlps
.have to be.coolea for if removed at the cooklng temperature
’»'sudden exPanSLOn and mechanlcal actlon results in lcss of
pulp strength.7 Ine cutlet uev1ce rotates at a‘speed of 3 tovi
'16‘;pm.~ The speed is adjusted to meet 1ntemnal dlgester
hcondltlons such as ‘the: hlowlng rate and de51red pulp
u‘con51stency.t The chlps at a pressure of 200 p51 are removedu

1n three stages of pressure drop through the Dlou unlt tojﬁ

'ntne blow tank or storage.?

_parameter §g_t;g__ of unlform temperature and composrtlon.-

lThese sectlons are not necessarlly of equal volume as they

AN

are d1v1ded to matcn the dlgester conflguratlon and for

':computatlonal convenlence.
!

L A dlgester sectlon is. further subd1v1ded into

7psub—sect10ns to represent the three phases,'oven dry wood

XY

| the entrapped or atsorbed llguor 1n the wood and the free



, , | |
fllquor flculng in the v01d volume. The wood and’ the

rentrbpped‘llquor are 1n temperature egulllbrlum but the rree
'llquog has a temperature of 1ts own, as external flcus ¢o
the algester pix only wlth the free llquor._ In the wash
zone thlS llquor rlous countercurrent to the chlp mass. -g:J
| | ror materlal and energy balances thlrteen state
‘;varlaoles-are con31aered Wood - flow in mass of oven dry ‘j.

B uooa/mlnute' four uood components, llgnln,-cellulose, mannan

:‘f ,and xylan as. mass fractlon percentages of oven dry uood the.

'temperatures of tne Hood and free quuor' and - three

‘fconcentratlons each ror the entrapped and free 11qucr
‘sodium hydroxide, sodlum sulphlde and reactlon products.‘
' ‘ : ' o .4'H’n'T" v

»

3L3”1d ',Model As<gg§tigg§ S

Ihe assu ptlons made for derlvlng the model are ,fv

‘“presented ‘and thelr reasons. are glven..“
t3.3,i'd 'fd' Stea ing-vessell 4_'”
| 1) Ihe tvmperature of chlps and the enclosed

'morsture'ls ralsed to that of saturated steam 1n the”

'steamlng yessel,. Thls is based on condensatlon of steam



“ with no steanm losses.

Mathe! /atic'allY. e |

h‘-‘cond.j*_Hc'ondI (tn '#‘ Cpw + Wmo * Cpm) * {Tsv - Tw)
g

Wcornd is . the mass\flow of steamlng vessel condensate,' i\i

LR )

'where_
R A
Hcond is the lateqf heat of. conden51ng steam,

i)

~Eu;is_the nass flow rate for uood chlps,.l ST

«

Wmo is the mass flou of m01sture 1n the wood Chlps,
_:Cpurand Cpm a%e tne spec1f1c heat of the wocd and molsture,
‘ISyhls the steamlng vessel temperature

and Tw 1s the temperatnre of the chlpsf

- ll) M01sture 1n excess of the flbre saturatlon_i.

p01nt freezes when temperatures are belou the tree21ng

rp01nt .Tne flbre saturatlon p01nt ‘is reached at ahout BOkf

_ m01sture content.-'

N

The rlrst assumptlon 1s made ‘S0 that the steam :';-fos.

v

B condensate that flows along Hlth the chlps and dllutes the =

_llquor can. be estlmated. ;ThlS is reasonable as past

:“experlence in 1ndustry has shown (27).' The Secnnd;g

364 .

PN



. : N .
:assumptlon has been found experlmentally by atone and

s.,Scallan (95).

3.3.2 . A Ligester Section

1)~ Each algester sub sectlon lS ascumed to ne an ’

--1deal stlrred tank, 1 e. ‘Lt is perfectly mlxed._'

' 11) The wood 1s assumed to con51st of llgnln, N

hcellulose, mannan and xylan.' There are also some ea51ly

37

removanle components, such as, uronlc ac1d <aCetyl-g:oups-:v

. 9
3

- and extractlves." , ;"'- v Lo e

111) Ine Done dry uood substance den51ty is “f“

"constant at 1 33 (95 S ln/ cu ft ) and there is llttlef'*.

varlat}on Hlth cpec1es, comp051t10n or type of groutn-j d

v
T

(]

1v) Ine chlp mouement ic bw plug flow and tne;”
#

Y

veloc;ty is a, known function‘gﬂv% nce frﬁé the dlgester-d'

- top, geometry. pulp den51ty and
to omet

iy L. L ’ . . o
7"“é§ awal rate.l S
s y oy ° o
.<<."n.‘j" ; \_- - : ; » . :l . -

v)  The chiﬁsiundergo,compactioﬁ_as they move down .

.
v Y

c

LN
t



-,""

vL) Entrapped llguor volume is based on thee'”;fa

°
N
N Lo L
- Y e,

o, R

. 8 .

Ty

{.sodlum sulphlde and reactlon products terméd 'dxssolved

s

_sollds' ' R "?f ?_‘.;> '..':i%\Q

2

v111) Ihe downwa"d movement of llquor 1n the ji‘

",'cooxlng sect1ons ;s plug flow and the re51dence tlme of ooth

3

'tne entrapped and free 11quors 1s assumed touge tne same as

Uy . -

7xtne uood. 4.*_ddg "’f fﬂ f._-‘_.' ',j ST

e iX).Novnackﬁmixing}offhaterialﬁﬂbetueeh sections is

‘asSUﬁedad' N I

-!_/aX)dSodidd»suli hydroly51s is based on an
_remplrlcal relatlogshxp betueen the llunt com;onent ,
"}concentratlons and the temperature.-s:{ff;j {v“ | |

PR o : IR o
J ii Dlgester 11quor con51sts of sodlum hydrox1de,

“xi) All the reaction pdeuéts-a;eaedpvertedffe.lf‘vfs
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2

. dlssolved sollds and the pulp yleld 1s a sum of the wood

. component concentratlons..

x11) Heat exchange ulth the dlgester Halls 1s
d1v1ded proportlonately betueen the uood and entrapped
B . ‘ :
llguor and the free llquor. _ .}* .

s
1Y

-xiii) Entrapped and free 11quor flcw ‘in thelr'

respectlve sectlons Hlth thelr own temperature ann heat

r
transfer betueen them depends on- thelr temperatureﬂ'

» Xiv)- The llquor and wood spec1f1c heats and heat
o transrer coeff1c1ents axe lndependent o‘ temperature as

/,"'

average values in the operatlng temperature range are used;lnv“

(2.

[
O

7fkv)fih§3mass_transfetﬁCOEfficiehtsfare'ééﬁaltfpr}“' ‘
the*thréeeliQuét'bomﬁonents.; T DR PR

VR

xv1) There lS no mass transfer of Hocd components?
by dxffuswn- SR R e »‘:;,?‘\ SR

"/ The contlnnons dlgester 1s a tuhular reactor whlch

o
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can be represented by N stlrred tanks, espec1311y uhen N ls’*
'dflarge. So assumptlon (1) 1s reasonable.r The ba51s for (11)
::-15 that the major HOOd constltuents are llghln, mannan,bfa-'

;,xylan and cellulose and the easxly removable components<f“

’ . ” —

dlssolwe in the early part of the cook.d The denszty of uood

’

';suostance,‘assumptlcn (111),'15 from actual experlmental'"
"_data by Stamm and Hansen (91) "lvpx‘5*iv_fd .:-,?'d°‘f

Ihe res;dence tlme data ((1v)) was presented oy

!l;Hamllton (34) and Johnsson (49) from radfoactlve tracer

N

'-stuales on a. cortlnuous dlgester. The Chlp velocltylls

Yobserved to decreases doun the dlgester and thlc ‘is due to

'*.chlp compactloﬂ ((v)). Q%f
' ' Ine volume of the entrapped 11quor ((v;)) in the

fchlps is a functlon of llguor den51ty, as the chlps suell up

N

”?and reach the crltlcal m01sture content llmlt Wnlcn is -'

'fknown.

e
P .

Dlgester llguor comp051t10n ((v11)) 1s malnly

. ' o
-sodlum hydrox1de, sodlum sulphnde and react;on products,,m;

R

although chemlcals such as carbonates, sulphates and other'
,;sulphldes are formed in the recovery cycle they are elther dﬂ
negllglble or lnert to the pulplng reactlon.ﬂ ,r';~<

Plug rlow for llguor ((v111)) and negllglble radlal



'gradlents or backm111ng ((1x)) are assumed to 51mpllrj tne

mathematlcal model.. There is also no backm1x1ng of the'1u

‘ . . N . . . . o S

chlps (3&)- f'l :fq“_ : T
Ihe sodlum sulphlde nydroly51s ((x)) 1s from Martln

(72) and the actual relatlon used 1s taken from Stlllman_:]

v

(93) .

: =As=umptlon ((x1)) on yleld and reactlon prcducts'

¥

,fo&low from a macs balance on 900d.. 51nce the wood

‘ concentratlons are mass fractlons on a percent oven . dry uoodx
L Sy 3,- :

-_ba51s,_a sum of the 1nd1v1dual concentra tlons vould glve
the percentage ymeld.‘ '

Assumptlons ((x11)—(x111)) are made to 51mp11ry the;-~

' heat e change model between the HOOd free and tne entrapped ~

e

villquors.r The temperature dlfference between the wood plus

.entrapped lzguor and the free llquor is due to the efrect of;

4

»an external heater flou, thch leGS;Wlth only the freevf‘

‘llQUOt.v It taxes the wood and\entrapped llguor some tlme t0‘.~':'

).

'ereach that temperature; |
| Ihe llguor and wood heat transfer coeffrcxents are'f\
ttaken'to be cpnstant ((le)), as data was nct avallable ror :
_‘thelr varlatlon with témperature. The HOOd spec1f1c heati'

relatlonshlp wlth temperature has been studled by Dunlap



nifhto be true. ‘2':_ .hffi_'eM/ﬁ{

P . -‘ ) i ’, i

(22) and ‘an avetage value 1n tne dlgester operatlng range lS

.used 1n the model.' The llquor spec1f1c heat value vas

151m1Tarly determlned The assumptlou for dlffu51on of uood
| .

\ - ‘.

'-componént ((xv1)) belng neglected 1s because the pransport o

.u“of pure sunstauces by the flov ef vood and llquor 1s mucni.

v

; larger than that by d1ffus1on.fff f o ﬁ'l:f

S 303.3 Impregnatron Zone ;h ' ‘i.‘. L R o

o "~i)vThe llov of chlps enterlng the flrst dlgesterf AR

:_'settlon 1s based on the chlp meter flov ahd the olou flov

;leav1ng tne dlgester, and

B

el ’ "'_;” : 'j B T

TN
11) Ihe ea511y removable vood components are
‘assumed to conpletely react in the 1mpregnation zone,'
AT

The zlrst assumptlon ((1)) for Chlp flou to the

flrst sectlon 1S'apparent vhen a stoppage in chlpmeter or

:]blow Llou is cons;dered : s_ : "lff_ll'";'l h‘ f_h“j'au”'l \l'

B

- 1.

o Tne eaSLly removable uood components nave a. hlgh
A : o

'l_reactlon nate and 1t is observed that they are not Present‘":'i-ﬁ."

'at the end of the cook Slmulatlon studles by Stlllmanfn"'

3

(93), vho con51dered no such assumptlon ((11)) shoved thls'y‘”



A

L : ,\
'g‘components.f;:‘ : ‘

where Zn 1s the concentratlon of component Z 1n sectlon n

,_on the llgucr concentratlons and temperature.

. g ) N | ‘
L ?‘
‘ﬂ353.4 \pﬂf”: Heatlng ZOne ' o g _ |
voi,vﬂeater flous 1nvolve no’ mass transfer and only
helP to ralse the . free- 11quor temperature. t‘"lifﬂ,d‘"/s
- ,r'" : . L

Inls assumptlon lS to 51mp11fy calcularlon 51nce

the external flou is a pump around stream and would have tne

component concentratlon equal to that 1n the dlgester

-sectlon fqﬁb uhlch 1t 1s removed at,steady;state.,‘

3.3.5 | Cooklng Zone ' .

'fi) ngnln, mannan and xylan have varylng reactlon
f'rates, dependlng on thexr concentratlon and process
\ .
condltlons._

These rates are termed extractlve, bulk and
're51dua1 and relate to theL»aSQ of removal cf tne uood SRR

I ) P i T

-

11) Tne reactlon rate for a wood component Z 1s of the flrst

order type and can be urltten as'

~-dZn’ 2”—k13*Zn
dt 5

and klj is the reactlon veloc1ty constant that lS dependent



DR !

e

,'igir Tne reactlon rate is dependent on the entrapped llguor.n'

i concentratlcn.

Assumptlons (1) to (111) and comments on them are

Presented in sectlon 3.4 f' \"'kﬁf-f: S

'3;3.6L‘ ﬁ-: Extractlon / Quench Zones o f o | RS
The extractlbn/quench screené‘wlth thelr

compllcated flcu patterns are treated as a perrect m1x1ng

5zone ror free llquor,

from the cooklng and ‘wash zones. - The

rlow patterns assuned ‘are shoun belov.f

7 woobs - res CQUENCH s
|, ENTRAPPED LIQUOR ~ LIQUOR' LIQUOR'.  CHEATER

.‘," E o e l_ »:" _fifln it SO 7T%’v FLOW .1“5‘ ',"~*_. o

i
-
C
L
3
¢
3
:
1

e ANIE

*<]~Q(’_‘~ MASS TRANSFER:

X o . . H.LVIJ - \'. k ’ R ..-,‘
EXTRACTION' Y mEar T@ANSFER'_,gf

. EXTRACTION
SCREEN/v N T ‘,an ,

N

SR NI EE A P .f.“»,ffﬂg* STREAM

,WAmq LT
LIQUOR L <: L‘,w”

B A e T ;T,qu:<qﬂﬁ

- o o) R
g LT ot o a e Rl ) !




e R 2 T e o
' streams fcllows from the edrlier assumpticn for heater flows.

2

:3,3;7-"a - hashlng Zdné.4

Free llguor in the uash zone is ccuntercurrent to
‘>':the w?od flow but there is con51dered to be no- backm1x1ng

'f between sect;ons. Plug flow is assumed.

P

'v'.\; Thls assumptlon 1s just an exten51on of 3 J._.

-_(.,v‘i'_ii)v, 3. 3 2 (1x) and 3. 3. 2 (XV.'L). e S G
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f»there 1s stlll no general consensus on a slngle unlform

Cdim

N

S s es===s

© 3.4 Model Klnetlcs o

A llterature survey and rev1ew of past klnet1C'?

~models ls presented followed by the kznetlc model ased im

thlS w?rk'and tbe reasons for 1ts ch01ce.'

»

\ ) o
. . N

&

,3.4;1"j_;7. therature Survey R j » '.'\;

The pulplng reactlon and 1ts klnetlcs are very

1complex and have been studled by a’ number of researcheis but

Fmodel (59 67 101). Pulprng is: governed malnli/by tne rate

I

1of dellgnurlcatlon and thls reactlon hac been. extenslvery

'examlnen. Tbe unde51rable 51dd reactlons, qﬂch as

carbohydrate degradatlon cannot be av01ded and have to be

)

: ! : _
_mlnlmlzed so thelr klnetlcs have been or 1nterest also.

N

1gn1n occurs 1n amounts varylng from 20 to 35% of

_tbe_wo d, ependlng on the‘spec1es. It 1s a large three

slonal polymer made up of phenyl propane monomers tnat

a

mechanasm is at the SOlld llquld 1nterface by the hydrox1de

. oL sulphlde (or hydrosulphlde) 1ons present 1n the llquor'b

€‘%e Li}rbv T :ae>\4a1

"y
b

adre llnked together 1n varlous forms. vhlé,gge§ﬁgi_ffactlon3r¢u

Sr
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ro.

e T T e

,(59). Ihese fragmenfs dlssaiue as phenolate or cacboxylate

R (. o
. *anlons or they can undergo reactlons wlth themselve< s tae

L —

'_oven dry vood nasxs and 1s a very 1mportant econom;c factor'
‘,]Jas the cost of uood is‘a major part of the\tota
:ecostxof pulp.' Eor thls reason efforts have been
.n;nlmlze the oaroohydrate Feactlcn‘and enhance the ylild.
jInlﬁhezeaélj stages of the cookihhemlcel{ulcses are redu
fby:QQ%fuﬁi;e_the llgnln dlssolved is just 20% (59).3\The.
aintfodﬁotioh of certaln addltlves such as. anthragulnone to'
z;the pulping l1guor look promlslng 1n reddc1ng the } jgl .

ca:bohydrate_teaetloQG_ Recently patents have bee§>1ssued

undlssolved llqnln s O posslbly also(ulth the

.carbohydrates%- The ilgnln that undergoes alkallne
FCondensatlon reactlons 1s\more dlfflcult to remove and sou
edtnls reactlon has to be prevented.i Ihere are 1nd1cat1qns,3
'ﬂf:that sulphxde or nydrosulphlde 1ons help in" reduc1ng tnese-

' conaensatlon reactlons (59).

'153‘In most alkallne pulplng the de51r7d speoifdeatiohs

are met. by 50% llgnln removal Fut rlong with this 10”-%15%

I

Q,:of tne cellulose and at least So%lhenlc liuLose are removed.

'ﬂffor 1t results 1n approxxmately ‘a- 55% pulp ylela naced Onlan:”‘

productlon.‘_f"

de to,7d7_;'

N

.
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for methods °f fePSEClPltatlng the hemlcelluloses that is i,”;

RL

'ssolved in the earller stages of the cook (46).1,-

The carbohydrates consxst of basxc llnear polymers»'7'

'made ap of glucose (cellulose), xylose {xylans) and af ;‘l:};

Y

cbpolymee of glucose and mannose (glucomannan= and

I LN
< L AR

, galactoglucomand!'%).lfThe carbohydrate polymer degradatlon‘”'

-

7process 1s dependent on polymer srze or degree of’

polymerlzatlon and the’ acce551b111ty to pulplng 11gu0r.

:There are predomlnlantly three baslc types of reactlons-Sﬂ
'Ihe flrst 1s the "peellng" react?on,»wnlch causes the nulk
_sof the yleld loss,'and is the removal of the reduclng enu
fgroups from the polymer._ A%ter an end group has been

: _rem ved tne remalnlng end group c in- agaln re removed ny

N

ifi"peellng" or can he ctablllzed by conver51on to an ac1d
’hgroup._ Thls 1s the second type and 1s referred to as tne

‘h"squplng" reactlon. Chemically the "peellng"'reactlon

relates to the free carbonyl groups uhlch are not stable ln‘

)Jf'alkalr and spllt up wrth about srxty monomer end groups as

‘h'lso—saccnarlnlc ac1ds. In the "stopplng" reactlon the

"'molecule 1s stablllzed by formatlon of meta saccnarlnlc ac1d

nd groups. The tnlrd reactlon class 1sg"random cleavage"

'"~>of the moleculed: Th;s occurs at temperatures of above 150 C

/ . L .
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””‘Vulth random alkallne hydroly51s of acce551ble QIUCOSldlC"
;llnkages. Thls exerts a dual effect 1n the loss or yleld
rtfor small alkall soluole polymers are created and also new

11carbonyl end groups aré formed uhere further "peellng"'rn

ureactions can occur.‘ e S

”'f]‘ Overall glucomannans and hardwood xylans are

I

"“rlespec1ally susceptlble to the "peellng" reactlon. Tnev

.

\former 1s the maln heﬁ&cellulosxc component 1n softwoods and

~-‘the latter 1ﬂ<hardwoods. Softwood xylans are. relatlvely

;pulplng (59) Several Qheorles exlst but 1t isunot known

!

uhy tnls 1s so (70 pu31 81 p6@4).~‘;

Ihe next lmportant pulplng varlable ik tne llquor»

' compd‘ttlon., Normal kraft llguor 1s made up of . an- agueous'rf_»"'(
solutlon or sodlum hyarox1de and sodlum sulphlde wnere tne j\‘

\sodlum sulphlde is 1ntroduced as sodlum sulphate 1n the

cnemlcal recovery cycle. ThlS 1s due to the faster llgnln:

"‘.reactlon rate ocServed ultb the addltlon cf sodlum sulphlde.'

.'0

-

‘-

R

- stable and only 25 = 30 of them are removed‘ln_normalAkraft SR

[ . . B
it AT e et e L :




2 Ihe kraft llguor comp

o

onents haqg the follou1ng GQUIthrla:

(101) At o

. NaoH | esea (Nah) "~ + TOH 7) (i)
Nazs ‘;:.—.4::.?2_ 2 (Na") * (52—) : (ll) -
(s2-y ¥ uz'o Cg===> (OHT) +  (HST) C(did)
NaSh ‘.;..:.-_-_—_7.;__*.‘ . (Na"') + - (HSj (lV)
'{s— v+ Ho -.-__——-——_:-A}-‘ O -~ . H ,v. . o :’ :
(l .) . -2 S (v:H \) 25 Eo (V)u

e
' lfiy nguor concentratlon def1n1tlons 1nvolve these ;~

» equlllbrlum concepts.
L

v’ascumes reactlons (11

"‘tnat ‘the hydrox1de io

hydroxlde and sodlum

the ff

; alkall

is complete and that
alkall comcentratlon

and hdlf that of the
. « .

_ It 1s dlfflc
sulphlde or clsulphl '111br1a 1nvolved especlally ‘tDe

effect of the 1nd1v1d

7; touards pulplng (1O1LL nut con51stent pulplng results are

vsulpnlde molar concentratlons-

The actlve alkall deflnltlon
1) and (v) are complete thCh means?

n concentrat;on 1s ‘a sum of the sodlum

)
-

deflnltlon assumes that reactlon (111)
reactlon (v) is 1n51gn1f1cant..‘Thel
is then a sum of the sodlum hydroxmde

L

soglum suiphlde.f‘h?

‘

ual contrlbutlon of sulphur 1ons'

[N .
Sf A
. v

[

thle h

PR LN

to detetmlne the exact‘hydrollde,‘”wyf“



A

obtalned 1r ‘the effectlvg alkall concept is used as - opposed

' \

:to_that of-the actlve alkall. ,w.‘vg”: R fc4

3.4.2 . \Review of Kinetic. Models .- L e e
o R o | ‘p
The overall pulplng reactlon 1nvolves f1ve steps

Y

\uhlch ptoceed 1n seguence; If one step 1s slcw compared to
fﬁitne otners tnen 1t 1s sa1d to control the overall rate.
j‘iilhese steps, Hlth reepect to pulplngbare moveient of
freactants or‘Cnemlcals into the chlps, adsorptlon of.
'ff chem1cals onto actlve 51tes, the actual chemlcal reactlon;fu
idesorptlon cr reactlon products and transport or desorbed
;idreactlon products out of the chlp.- The fltSt ang- the flIth
'c‘rtransport steps 1nvolv1ng the transport of chemlcals anu {

\

'_eactlon products become more promlnent as the dlstance from

LY

'-f;the Chlp surface lncreases.; ThlS was obServed from studles

;on Chlp thlckness and shape on - pulplng ‘ate. Backman (3),’

V,Hartler and Ostberg (35), Larocque andlMaass (63) and

‘;erulkarnl and Nolan (61) conducted su‘ experxments and found

'fthat tne thlckness uas 1mportant above a certaIn "cr1t1cal
*value" thch varled Hlth the cooklng temperature.a Ihls"'

'crltlcal thlckness has been ass1gned varylng values of 1 om



BN

¢
P

-to 3 mm or less 1s usea ulth current dlgeste& pulplng 4_ 3

i

(3), 3 Bo (35) and up to TO om (63) but the effects of

-a'-.

i dlffu51on can be mlnlmlsed 1f a chlp vlth a thlckness of 2

_temperatures (101). Ihe same observatlons are obtalned wnenvpp"

the reactlon rate coefflcient of 30 Kcals/mole (21) ls

Ucompared blth that of dlffusion llmlted processes at 5 - 6
Kcal/mole (81 p309).' For soda pulplng, Dalesk1 (21)

'suggests 19c C as the temperature above whlch dlfoSlOD

o k2

' ”becomes domlnant.i quuor dlfru51on 1s 1mportant in -

‘lmpregnatlon (81 p26§) and addltlonal methods of forced

penetratlon by liguor and gas flow or. hlgh pressure

: 1mpregnatlon have been developed to achleve unlform

.1mpregnatlon and tnereby unlform pulplng bltn mlnlmum amount o

pulp rejects., The effects of dlffusion or ;ulplng uere also'

‘.

Jaffstrdled by Johnsson (u9) u51ng cpmputer 51mulatlon and

”f,va;Ylng Chlp thlckness dlstrlbutlon, penetratlon depth and

:H&dlfquLOD coefflclents, and 51m11ar results on pulplng and

'.ﬂre]ects uere obtalned.

s ‘ . 0 o -

The chemlcaI reactlon step 1nvolves two dlSlellar o
u}_phases, uood and lquOt uhlch glves a heterogeneous reactlonvf”.""‘

'system;> ThlS lS extremely dlfflcult to evaluate and so

.phomogeneous models have been generally derlved

57
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hmathenatlcally in terms of a rate‘expre551on and from
- analy51s.of actual cooklng data. Several models have been
' developed on thxs ba31s and the effects of llguor
composltlon and temperature 1ncluded.- Most of the earller
xbork was done for soda llquor wh1ch 1s a. 11m1t1ng case of‘
:dkraft llguor,'51nce only soolum hydrox1de is pﬂesent as a -
tfpulplng agent.r Tne soda process was used exten51vely to
5pulp narduoods whlch are ea51er to pulp and hence regulre'
less severe pulplng condltlons.t}Thls 1s due to a lower__
'llgnln content Ln harduoods The 1ntroduct10n of tﬁe kraft'i:‘
= process gave a hlgher pulplng rate and softwoods too could
'tnen oe pulped economlcally._ Though uoodc -have oeen broadl;;“
ﬁlsolated 1ntc hardwood and softuood classes, each 1nd1v1dual
4:_Fspec1es has 1ts own reactlon rate. :%% p61U). | |
_ | A flrst order k1net1c representatlonlls domlnant' L
hhand Mltchell and forston (76), Schwartz and Bray (BB),.” "
diarocgue and Haass(63), Kulkarn1 and Nolan (61) and Carrd?l
‘;y(14) have derlved dellgnlflcatlon eguatlon= of the form°'
:’d“dva’kiijL;} lh) T Ce.3?4?ji)i*7Ff”
dat - ':1«;] '}~ d SR _-.. L
',zfuhere kl is thedklnetrc.conctant L the llgnln present |

hat the tlme t and Ld lS llgnln that 1s d1ff1cu1t to remove"'”
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N

/

_71n the last stages "6f " the cook.

"'L~v7>‘ SN

_ Ihe klneﬁlc constant k 1s related to temperature'.

.bby an’ Arrhenlus type relatlonshlp and actlvatlon energy
A L _ L
'_values vary from 30 OOO to 35 000 cal/mole for raft cooks.,

“fIhe effect of hydrox1de and sulphlde concentratlon in the""
qnor is 1ncluded 1n the effectlve rate constant

':calculatlon as a llnear relatlonshlp._,v-i" ‘ ’
} These earller k1 et1c models relatedito on11 the.
-d"bnlk" reactlon. Kleppe\( 9) . and Stlllman (93) state that
the pulnlnoureaotlon OCC;IS‘Hlth three dlfferent rate |

.b"extractlve" :"bulk"_and the "re51dual""uhlle Klelnert (35‘
.h58) mentlcns only the "bu k" nd “re51dual"‘rates. The\ |

o "extractlve" rate correspgnds to the ea51ly removaole and

L readlly acce551hle wood co stltuents,,the "nulk" to descrlbe“

”-the

A

'hjorlty of the reactlon and\the "re51dual" for the last_:

feu p rcent of least acce551b1e a’ d most dlfflcult amount of;

| uocd onstltuent to remove. -Thes' dlfferlng rates are dt
'S - A . B

- 'assumed to be f1rst order.i Stlllm‘n derlved a rela lon .to

ejldeutlfy the breakpoxnt betueen bul and re51dual llgnln as_t

"f;a functzOn of llgnln and llquor conc'ntratlons and the

:”cooxlng temperature..rThe'extractlve,”ate ;s-based on .-

La

4xjextrapglatlnguthetbulk"reaotion*cnrvekgoAierochokingftine‘;'
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'vand notlng the-dlfference between the actual and bulk llgnln'

‘7fcontent ohtalned‘by extrapolatlng the curve. Stlllman

'vplotted data from‘nohden'(ui), Kleppe (59), and Aurell and
Hartler (1( 2yw. show the three rates. o

| hMitchell -and Yorston,(76),fstlllman (93) and Wllder:”
‘_,and Daleskl (102) too used a flrst order eguatlon of the

:form }-
AL =- kel 3.4l(ii)

hto descrlhe the reactlon leethS.: The rate constant‘k 15 alfﬁ

’dtunctlon of both the kraft llquor component concentratlons

| = k. *(On ) 'q k *(52-)**a3"- 3wl (111)

: uhere (OH ) 1s the efrectlve sodlum hydronlde concentratlon,7

h?}ng) 1s the salphlde concentratlon and a' is the
\

”Qexponentlal pouer for sulphlde whlch varles wlth wood

Aé7[spec1es.‘ Daleskl (21) obtalned 38 Kcal/mole for k and\Zb;St

;#L_Kcal/mole for k

[ 2" : - o
Stlllman uses the same form of". eguatlon for pulplng

, _of seven: hardwood and softwcod component The effectlve
. alka11 relatlonchlp ls baSed -on’ data from Martln (74).7“{'

.E.Slnce sodlum sulphlde uas found to have a large effect on.

‘.efcarhohydrate reloval in the 1n1t1al portlons of the cook a

]

|



-effectlve concentratlon for sodlum sulphlde is evaluated to

¢

_-1obta1n a good correlatlon. To calculate the tnree dlfferent

. reactlon tates for bulk extractlve and tes1dual phases,

factors uhlch multlply the Arthen1us constants are
calculated., - 'X._ _:_:.. | | |

| Elndley anvaolan (25) derlved a nodel xor two
-151multaneou= reactlons fot wood components-ln neutral

4

»sulphate pulplng  They are*'

QA
<

In
M

ay ‘.'—Ka*Ya “
gxg = —Kb*Yb - 3.4. (iv)
dt . : .

:and.Y, Ya + Yb + 03

_Qwhere Ya and rn are HOOd ftactlons Hlth velcc1ty constants

:Ka and KE{respectlvely and Y is" the vood yleld Hlth 43%
';unreacted wood. Johnsson (Q9) uses ' a somewhat s1m11ar modeld

!

'for hlS klnetlcs...f

The latest models are from LeMcn and Teder“(67) andf-
‘Smlth and Hllllams (88) and they use\tne folloulng eguatlon ;-e

. .

L=k ?L:*_'(O'ﬂ Dot K ;L*f('o'ﬂ‘.-)*-"(Hs.")‘**bwi,j--? B _%3.}4.-1(9):

Qe

v-ﬁnhere‘(bﬁf) is the effectlve alkall and (HS ) the blsulphldel

fﬁconcentratlon. The exponentlal constants used oy Smlth and

XS




bq: components,_sodlum hydrox1de and sodlum sulphldq are\ﬁv*“””

' ‘,eguatlon 1nstead of}effectlve alka11 and blculphlde. fIhe-

3f‘from tne;sodlum sulphlde hydrolysed.v For tne sodlumv~

e

‘Hllllams are unlty and they have used the same form of-

,equatlon for rlve wood componentS' fast and slow reactang
ngnln,‘cellulose, xylan and-mannan; Klnetlc data 1s
{raerlved from: actual laboratory cooks of hardwood and
SOItHOOd spe01es.v LeMon and Teder have used the eguatlon

only for llgnln and have tractlonal value= for tne

'exponentlal constant< rather than unltx.

.>1ﬁ3§“-3f¢: /‘_ Klnetlc Model
'Ihe klnetlc model 1n thls Hork is hased on h ‘;kfov
giStlllman'c (93) model; Therefore the krart llguor

I

o consxdered as actual hydrox1de and sulphlde in-the xlnetlc
7
'utotal hydrox;de or alkall concentratlon 1s taken as:-the

'sodlum hydrox1de -in the llguor plus the amount generated

'sulphlde, 1nstead of assumlng flfty percent hydroly=1s as 1s
deflned for the erfect1ve alkall, Martln's (72) data for
: hydrolys1s is used and the actual hydroly51s calculated.
Sodlum sulphlde Was con51dered as the sulph1de«although

,”.hydr01751s generates bLsulphlde or hydrogen sulphlde.g*'nﬁ

i
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-

effectlve scdlum sulphlde concentratlon 1s evaluated for3

: degradatlon of carnonydrﬂtes,has the sulphlde 1s responSLDle

ol

‘concentrat1on ‘'in the nth dxgester sectlon.f The constant Ko C

~hshown_1n Iable 2;.>r

- is equal to: ""‘_  :,'}:

for'? hlgher pulplng reactlon in the earller parts of the.
cookg(a9, 101)

Ihe reactlon klnetlcs are con51dered flrst order

-Hlth respect to the uood components and the CODtIlbUthﬂ of

‘sodium hydrox1deaand sodlum sulphlde to the klnetlc constant

:V'addltlveo* The relevant equatlons follow- ST /znt
' - ' '. _ »: . o 35'5. : 1'_ SR R
e _g; = -Ko*Xn S 34, (v'i) o e

3here Ko 1s the reactaon\constant and Xn the uood component

'lgixo = K *(OP') + K *(SZ')**a S Bt (vid)
. 1 2.

'f:The exponent 1al is 0. 631. for hardvoods and 0 681 ror
';'softuoods (93)._ The constants Kl_and Kz are for the‘

«hYdtOdee :and sulphlde respectlvely and related to tr

N

cooklng temperature,sT,vby the Arrhenlus equatlon and a'

reactlon phase factor, Ber o
fvi}eg.u'K =B *exp (A >~ E /T) 3.4 (viii)
' (SR G R | 1 S

dIhe constants ) P B and E for varlouc vood components are'



ngn1n and xylan are assumed no react Hlth three
dlfferent rates, extractlve, bulk and tes1dual wblle mannan:
is: con51dered to have only extractlve and bulk rate< :Thevd
extractlve amount 1s. calculaQed by extrapolatlng the bulx
]reactlon curve to zero cook t1me and the dlfference between :
-the component ooncentratlon.thus obtalned 1s the actual '
1value assumed to Le in the fast extracfﬁve pnase.u.Ihé
breakp01nt between the bulk and the re51dual obases is -
tcalculated from the uood comp051t10ns and the oooklng

'condltlons, llguor concentrat;ons and the tempgrature (93).
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3.4.4 '_‘i Reasons for Klnetlc Hodelv' ‘ 'j e

' The reactlon nmodel descrlbed abovetuas chosen

tecause 1t seens to patch the phy51cal realltles oL the
cooklng process. ‘The complex sulphur 1on hydroly51s was. not

’used as 1t 1s dlfflcult to determlne the exact guantltles

s
\

1nVOIVed. A flfty percent sulphlde hydroly51s concept of
efrectlve alkall was. not used for 51m11ar reasons, 1nstead
isulphlde hydrolysls is calculated and- the alkall :-';m?eflﬁs
'vconcentratlon evaruated in terms of measurable llqucr

a component » The dlfferlng rates of reactlon observed for
| ‘ SN . T

. some wood compcnentc are 1ncluded as cooklng does sometlmes k

go lnto the resldual reactlon phase,‘although thlS is not ﬁi

\

de51ranle as the yleld loss at thlS stage 1< greater than

: %he beneflt galned by the extra llgnln removal.. Thls hasl

been observed and reported by several authors, as,nentroned‘o‘"

earller 1, '41 sey . | ~vts'_0~‘

B

Y

: .4\/
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4 M CHAPTER FOUR . -

Ihe Kamyr contlnuous dlgesten model derlved 1n tnlst

'work could based on mdthematlcal modelllng prlnc1ples, have;"

' 3dbeen anyuhere betveen two extﬁemes., A set of trlv1al llnear

ialgebralc eguatlons coul have been derlved fo: the dxgeste#

',5 varlanles u51ng.1nput-ou put pﬂant da{a. Thxs may have

- ff'aCCOmpllshed the JOb but bnly Hlthln a certaln llmlted

‘doperatlng range and thus have seVere restrlctlons.-tA3j_;f‘

R T

‘ dtlgorous model expressed ln terms of several nonllnear e

'"‘partlal dlrferertlal equatlons' uould have been malnly a

'ﬂ‘,i.e’ control of the cooklng process.. An 1ntermed1ate'*

‘”emathematlcal and comput1ng exerc1se and vculd have cerved

N

B llttle purpose 1n Hhat thls project was e}entually almed at,fﬂff““

-

':Qfapproach uas taken lnstead and thls helped in maklng the

’idmathematlcal and computatlonal tegu1rement<,of the model

jtreasonable but slthout CONPIONISlng the physlcal realltles,ﬁfi

"'Lﬁof the system-v_'ff»'ffff;teti ;*ff ‘,g}'~”‘t’f'.

T

In thlS chapter the derlvatlon, solutlon technlque,ﬁfﬁfwl

7ﬁdt,conputer programmlng and testlng Of the d19€5ter “°del are'jltu

e v:-',‘ A T R S PUECEA TE .
sl e L . ARSI S SRR ¥ S
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3 ’ ’ ~
RN TR Derlvation of Hodel Eguatlons ST S S

51nce the coptlnuous Kamyr dlgester 1s a
‘fdlstrlouted parameter system, a partlal d1fferent1al |

<j5eguatzon uas derlved for a general woqﬂ component

-

"concentratlon.‘ The equatlon S presented 1n Appendlx'ﬂ;f:f
S A e RS 1
-;Ihls eguatlon was reduced to. an ordznary dlfferentlal}ff‘

o R » Y .
ﬂreguatlon thch applles to each of the N sect;ons that the,v )

“-dlgester 1s lelded up 1ntq._ Thls makes each sectlonj

'1umped parameter' 3'st1rred tank'ftystem. wThe  1'_'V‘v';_a

BT

remalnlng eguatlons are derlved dlrectly for such a system.’

u

e
ooty
4

“”;eihe alternate apg£oach wonld have N ~77 Qrecbmy start
ﬁffrom the concept of eq01Va1ence of a tubular reactor to a

,iserles of stlrred tanks and to develop the model eguatlons
\ f}from thﬁre onuatds.f Tﬁls uas not done as the eflstlng
;nathematlcal derxvatlon hakes the set oE\boundary co dltlons

ER

-fafor tne alscretized case lore obv1ous.i;ﬁ'
Haterlal and energy Balances for thlrteen state
T'Jvarlables uere derlved for an 1dea1 stlrred tank glvxng a_sﬁfﬂ

.‘ic5set of thlrteen c?upled flrst order, nonllnear ardlnary

[ .
1o g




'_ tne top or tbe dlgester and an 1n1t1al proflle of start;ngt

43:ovalues for each of the N dlgester sectlons.w';'»f" - .fd‘:

"_dsectlon.. The flow rate 1nto the flrst-sectzon depends on'

d~fthe chlpmeter speed and the blou flow out of the digestensm

'szis related to the degree of compactlon vh1ch 1s a leasure of avf

coan

. BN
[ .

'1]d1fferent1al eqTatlons. ThlS set of equatlons LS shoun ln

fIable 3 and aga1n in Appendlx A. 2. ﬁCf i

The partlal d1fferent1al equatlon (Egn A.1 1) “as.
‘4d51mp11f1ed ty neglectlng\xhe radlal and angular components

‘Uand dlscretlzlng along the vertlcal ax1s.' lefu51on of tne

“solla gpase vood components is assumed negllglnle, uhlchn

vellmlnates the second order‘terms, leav1ng convectlon, total

'5react10n an hnsteady state terms.- Dlscretlzatlon of the o .
.1n1t1al condltlons‘Qed to an 1n1t1a1 enterlng condltton at' -

The flrst eguatlon 1n the set of eguatlons lS forp;

.‘the wood den51ty 1n a. dlgester seotron and thls lS f}~u-,

Zessentlally to calculate the wood flou rate.lea11ng-tne-':
A\

dIhe flow out of a dlgesFer sectlon depends on . the en'

_},flow and the wood den51ty 1n that sectlon.j ;he vood

‘ ithe reductlon 1n HOOd volume per unlt mass. The conpactlon

: 4 . . X AN o
”relatlonshlp is a dynamlc one and 1s based on the anount o£ ng>x

‘»fcooklng that the chlps have been suhjected to ln the




RV

Y

_thelr depletlon by flrst order klnetlcs that were snoun 1n '!?

fjreactlon products and ;ncluae convectfbn flcw and mass

:~11guor volume= in’

E Jmass balance for the readtlon products Or dlssolved sollds'
';1n the entrapped and free llguors contars terns s1m1Iﬁr to‘
7:the chemldal balances., The rate of generatlon of these

; dlssolved SOlldS is egual to the rate of depletlon of wogd

'}ana cooklng.chemlcals.

},;q}ternal heater and extractlon flows.; Pejfect ILXLDQ Of‘the R

:f external strean and the fnee llguor 1s aséuned. Terms.for»“?'

AN

dlgester, 1 e._ thelr H factor.n Ihe next four e,uatlons are

K

;jthe wood component balances for llgnln, cellulose, mannan

- . . R

"and xylan. Ihese eguatlons 1nclude flow by convectlon,and

J
the last cnapter.- quuor component balances'.n the frée and

;entrapped llquors are for ‘the hydrox1de, sulphlde,iand

RN

transrer or the comlonents betyeen the entrapped and free [" S

p,sectlon. The depletlon of cooklng

‘.

Ta . Y

v»chemlcalg is calculated from the rate of reactlon of uood
R constltuentsvand thelr correspondlng sto1chlometr1c ”_' : {;~,ﬁft, v

,t;coerf1c1ents and Ais. deducted from the entrapped llquor. Tn% 'A.x?,-ff'

VY

The energy balances are evaluated for the wood plus.« ;-i

-

'.entrapped llguor, anﬂ the free llquor.< Here modlrlcatlons h;f.g;

dfare made 1n the free llguor calculatlons to accohnt for 'h R[Q'ad_ﬁ‘a"
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: convectlve transfer between the uood and free llguor phases
’ )
are 1nclué§d. The heat of: reactlon generated and the heat

transrer from the walls are d1v1ded proportlonately among

tne two equatrons.

4.2 .~ 'Equatiop Solution IeLhleue' L

Ihe dlgester model was programmed in FORTRAN and B
rum on an Amdahl 070 V/6 computer. Slmpllfled flow dlagrams.'

v

_ _of the program are shown 1n Flgure Q 1 and 1n Appendlx c.1.

3d.Detalled flou dlagrams and program lxstlngs are lncluded 1n""”'

‘a separate programmer's manual. Startlng values for an
' 1nlt1a1 proflle are read 1n, estlmated based on’ the enterlng

~fand operatlng condltlons or calculated as a steady state
"proﬁlle.. The f1rst half of tﬁe program for cocurrent Chlp

’

and llguor rlou in the lmpregnatlon, heatlng and cooklng

. Lo

. zones of the dlgester is an lnltlal value problem., The,-”‘
. . \ .
':second ﬁor louer part oi the dlgester vhlch 1nc1ude= the

Thls problem can be
4f@n ryhtlal value problem also, as long as tne e
:jﬁakﬁrtligékélues and the profllefiﬁsﬂknOHn.» The steady state
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' prorlle for the countezcurrent zones has to be solved.

lflteratlvely as a boundary value problem.

.The_;nxtlal.value probLem~was 1ntegrated,usinggan

'-explicit.fou:th order Runge;Kutta technique . Runge-Kutta

- Merson ) with truncation error estimation andfintegration

9

‘step‘Size céntrolQ' The subroublne used is DASCRU from tne

o IMSL (Internatlonal Hathematlcal and Statlstlcal thrary,

(QS)) subroutlne pacxage and was found to be the nect

N

7tava§lanle.' ? comparlsOn of computlng tlmes and accuracy for

T

other solutlon methods -1s glven 1n Appendlx B 1.

Ihe steaﬂy state dlgester proflle unlch lS the'

colutlon of a: set of nonllneat SLmultaneouc algebralc

- - 9 %

-eguatlons 1= calculated u51ng ‘a modlfled fonm of the

: be setup and sdived 51mu1taneouslyL

“

‘Newtoq—Raphson method.A Thls method lS called Brown s. method5

[ ;
? “ c-

and - 1# avallable 1n the IMSL package as the subroutlne,,

lZSYSTH (u5). Fo he cocurrent prohlem a. cet of thlrteen

equatlons are solved 51multaneouslx,to obtaln the steady

._state values of the dlgester varlables in. one sectlon, but;7'_'

AY y N .
ln the :ashing zone, equatlons for all the Qectxons nave to.

- : e
e e .

B
Coy



4.3 - Description of Conputer Erogranh

R

The computer program for the Kamyr dlgester model

’

‘solves the set ct nonllnear ordlnary dlfferentlal eguatlons.v

shown’ in Table 3 for each sectlon of the dlgester. The -
overall program 1§ a dynamlc ‘one and allovs for cooklng 1n’
" the wash zone. S V:‘pa‘ﬂ,gi_ -

The program starts with real. tlme belng 1n1t1allzed
and all the relevant flags set. The user deflned flagsv;':::

AN

fdlrect the lOglCdl flow of. the program accorgang to the

N

'.loptlons spec1f1ed. Por example, flags can be set to spec1fy

-omlssr'm or heat balances ( thCh reduces the numoer of
.. ‘

:;eguatlons to be solved ), plottlng of proflles, whlch

-

varraoles are to ke plotted and chip hlstory.' Input qata

S

that is read 1n tne malnllne program anludes physrcal :
cogitants, 1n1tlal dlgester enterlng condltlons, dlgester
"conflguratlon data and an 1n1t1al dlgester prorlle, 1f 1t 1s
oun'd The zone and sectlon volumes, 1nternal plplng and
"dlgester Hall areas are all calculated for the spec1f1ed
~d1gester conflguratlon.: These areas and sectlon volumes are.

By

‘ *_prlnted out along wlth the sectlon numoers which- have



N

' tlme and to keep track of each enterlng HOOd mass sQ as’ to

screens for llquor extractlon 1n them. ,A

‘ calculated next

the 1nput data.

The maln proce551ng loop starts next wlth two’”

3

.- shown in Append1x C. 2_,

E

79

)

sample prlntout is

o

Thehinltlal dlgester proflle is

if 1t has.not been specrfled as’ a part of

.

.

o

‘objectlves' to calculate .a dlgestgr profile at a certaln

L=~

©

trace 1ts cooklng hlstqr} through the dlgestenr‘

LS

ilnput condltlons to a sectlon,_at tlme t

)

The 1ntegrat10n step 512e 1s spec1f1ed anH the

are set to the

Q

dlgester enterlng condltlons in- the flrst SGCthD Qr. the

m1x1n

“}»and t

« .
z}calculat1on ls made for the chemlcal concehtrat16<s

perature of the enterlng free llguor streaﬁ'to thev“fi

LS

!1cu1ated.
~_d by assumlng th

‘Stdzlme lnterval..

1n1t1al condltlon of the prev;ous sectlon at the. same tame.g

,fime'

'f;hlinitial valhe:pﬁahlem aﬁd

Next,

Ihe sectlon

a“ g .-

t. The set of -

e r

'

ey to be egual td

a check 1s made’_r
5

ﬁ"h, sectlen has a screen and/or an extergal enterlng

"erflou such as one of the heater streams, and if so,?a perfect

D
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section;' Ihe rate constants, mass transfer coeff1c1ents, o
compactlon 1n the sectlon, sood mass and free and entrapped
'llguor volumes are!calculated and the thlrteen flrst order
;dlfrerentlal eguatlons set up. ‘The equatlons ‘are solved by

4

"-5a Runge Kutta type routlne from the IHSL =ubrout1ne package. B

;:If the sectlon temperature calculated from the energy
‘halande as Hlthln a =pec1f1ed 11m1t of thewassumed value, ‘-,
then the Hood cond1t1onslare’updated. Otherurse the sectlon -
temperatures are 1terated upon after recalculatlng the
'Ttemperature dependent varlables,, For the ccuntercurrent
flow sectlons, ﬂbe startlng values are estlmated flISt and
only the steady,state problem is solved dlfferently. - T hel -
dynamlc boundary\value problemlls converted to an 1n1t1al

-value proclem uslng the knovn countercurrent stream enterlng
i X

'vv,.condltlons ‘or: the calculated 'steady state' proflle unlcn

”'has neen solved as a. boundary value prohlem.- -

After calculatlons are.made for all dlgester ?ﬂl7
”tsectlons, the proflle 1s prlnted out and before calculatlons
;are repeated from the top, the current enterlng or process
“operatlng COndlthDS are checked ‘ If they are dlfferent >£f.

'4fnew set of condltlons are calculated |

7

At thls stage further calculatzons and executzon



N

N

uorklng of 1nd1V1dual subroutlnes, next numerlcal comparlaon

'of 1ntegratlon methods and last the testlng of the Overalr

'STOP' 1s read 1n.ve

The model uas tested 1n three part o Flrst hﬁlfy

program.“',ﬁA.Vi;,lAvj'b". ;f,d;_ S "ft fsf;fsftfgf'
d‘w,‘_ﬁf Ihe program sabroutlnes uere 1nd1v1dually tested
agalnst punllshed data“’ and found accurate fOr mOdelllng
purpose= Hlthln the dlgester operatlng rarge ”Routlnes
tested flrst were those that could be’ cnecked wlth a hand

calculator.' Such routlnes uere the ones for the algester

conflguratlon, re51dence tlme, dlgester enterlng condltlons

'and external flou calculatlons.v The water denslty

calculatlcn routlne whlch is used to evaluate llguor den51ty -

change versus témperature vas. checked 1n a tempetature range'
of iﬁjto 200 ‘t.v The results Here as expected Slnce a.
second order polynomlal was fltted u51ng data values in the»
same range.i The cooklng llquor contalns sodlum Sulphlde

that hydrolysks to sodlum hydrox1de. .The;results from the



A

:

K

‘»hydroly51s rout1ne uere compared ulth data from Martln (72).'

.ixhese results Here reasonable at most po1nts but had a

-'”ﬁmax;mum error of 12%.i The largest errors uere at

f“temperatures around 25 °C and at?hlgh temperatures and
-;5sulpn1d1t1es uhlch are‘out of the usual operatlng range.'

‘The 1ntegrat10n problem gor the dlfferentlal

»

"“ eguatlons Has such that a. very eff1c1ent routlne uas

:fregurred.~ Fourth order Runge Kutta and Bredrctor Corrector
» |

emethods uere examlned. These!routlnes were taken from the
' 1

f;IHSh (45), IEH Screntlfrc Subroutlne Package (83) and some

: tuere wrltten as a part of the whole dlgester modelllng"

'b

package.l Computer run tlmes and accuracy usrng the IHSL
-”routrne were not ‘as good as. wlth the fourth order Rungev““

t?}Kutta routlne, uhen tected agalnst 51mp1e 11near and StlIf

ystems. The Runge Kutta routlne was not- able to handle the

S

severe nonllnearltles when solv1ng the system of eguatlons

311n the proxlmlty of the dlgester heJtlng'zones.,'Thls was

'apparently due to a constaui 1ntegrat10n step 512e tha R

could not be reduced 1n such cases.' The IHSL routlne thCh
'has 1ntegrat10n step.51ze control uas then chosen due ‘to

: othls reason.

Y

Ihe steady state solntlon prfhlem uas solved u51ng

[ T R B e ) ]
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*the Brovn's modlfled Neuton—Raphson method (IMSL (39)).
fThls IHSL routlne vas also found to be superlor as 1t is at'qt
least guadratlcally convergent and the number of functlonalb

'T’evaluatlons per 1terat1ve step are of the order of 0. 5*(N*N

0. b
i

’;i+ 3*N) as opposed to N*N for the Neuton Raphson method.,3
| | The klnetlc model testlng uas done by urltlng a?‘
;model for a hatch dlgester.‘ Thls model uas ba51cally the ;
© same as for the ccntlnuouc_case 51nce the same number of
'dlfferentlal eguatlons vere. to be solved. Ihe only
'_dlfterence ;as the absence of flou terms and adjustments had‘
;9to be made accordlngly.; The lntegratlon tlme vas the actual o
cooklng t;ne. For teﬁtlng purposes actual laboratory coox
fdata vas dsed and sd'the heat balance eguatlons could be
.~“ neglected as in mbst of the cases the data Has collected
bunder 1sothermal-c§pd1t10ns or the temperature proflle was
'nexpllc1t y knoun.. Data from Dalesk1 UTﬂ and from Smlth and
‘:;Hllllam (88) Has used, The klnetlc parameters used for tne

- S PR et s FC U UL S Y

f1rst set of runs vere supplled hy Consolldated Bathu:st

Ltd. (6), but these values had to be tuned to get better
;“"results. Scme of the batch cook runs are shoun in Appendlx
B.B. It Has the constants obtalned from these runs that

uere used for subseguent sxmulatlons. These constants are

TR R ST Lt



"shoun in Table 2.l;.>,?{ﬂ1 ,‘o7fdﬁt;‘;-“:§fd'

‘;overall vorklng of the program.; Slnce 1nd1v1dual routlnes, T
u.the 1ntegrat10n nethod, and the kxnetlc model were already
Jtested, it uas assumed that any other 1rregular1t1es 1n tne‘
t model vould become apparent in thls testlng.‘ The trlvxal
ftestlng 1ncluded sucn cases as uhere the-reactlon rate. f%r
”constantsowere set to zero and the dlgester started up from
a constant set of lnltlal condltlpns._ Thelresults from{thls
'vcase were that the\dl ester wood pfoflle remalned constant
ithroughout. Av51m11a test was startlng vlth a dlgester of
wfully cooked ch1p= and then settzng the reactlon constants
v_to zero. ThlS run shoued the. movenent of the cooked ch1ps o
_doun the dlgester and the top steadxly fllllng up ulth the"
duncooked Chlps-: The dynamlcs of the model were tested by a:
'51m11ar start up but v1th thevregular k1net1c constants in.
Qiuse., The dynamlcs of the model were also tested by allowlng

BEIE SRS

'fcomparEd Hltb that from the steady state model.. The results

T [

'\
e

Tthldl testlng of the program was’ to check the'f"ﬁ*'

4

.»[',
<

. <«

' '

\ [}

Athe dlgester to reach a steady state value and thls value ~3.51q)€" ‘g

4

"'uere ra1r1y>clo¢e and, sxnce the sane results uere obtalned
fefrom tuo 1ndependent programs, uas a check on the dynamlc

'program. Slnce actual dlgester operatlng data uas lacklng ‘a ;'vyg3~@q

o )
-

»,
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1
. 4

' x.:»(i:'ti"ect'.'bcl;eck‘c':ould’- not be made. However 1t was expected
vfthan the model would be able to come close to the actual

‘”eu»Kappa ndmber 1f data were avallable espec1ally 51nce cooxlng

'esln the uash zone was lncluded.'
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‘,_1nternal condltlons in the dlgester as uell as .on theégnd'

‘product.. Most flgures, e.g. Flgure 5 2, are . dlobs o

’_modelled by a total of 24 sectlons and hence
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" CHAPTER FIVE

_OPEN "LOOP. DIGESTER SINULATION RESULTS

'Several open 1oop sxmulatlon runs. sere conducted

B

u51ng dlfferent values’for operatlng varlables, such as

_alkallnlty an cooklng temperature, to show thelr efrectjﬁg .

4
I -

the.

,state varlable of 1nterest versus dlgester helght. Digester

a

helght is plotted as the vertlcal ax1s so that there 1s-af

“dlrect correspondence betueen vert1cal p051t10n on. the

v”flgure and vertlcal p051t10n 1n the actual dldester. ,Eor’

A‘ "

l-:all the runs presented 1n thzs chapter, the a: gester Has

the résults'

:,_prodiced by the model con=1st of 2u values of each varlable/'

3 Ve

Vat each tlme step. For a glven proflle, the 20 p01nts vere

w

:fflt by spllne functlons and plotted as a cont1nuou< curve so

.‘»

/f_that/the dynamlc changes 1n the proflles could be folloued

T E) ’or

“nore ea51ly.. F1gure= 5 9 and 5 10 are referred to as

*f'hlstory plots' 51nce they show the actual state of a pulp

'/——v\

BN
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* ~

sample from the tlme it entered the top of the dlgester‘».
untxl lt exlted v1a the blow llne. After extended perlods
”of steady state operatlon the hlstory ;lotc become egual to
the lnstantaneonc profiles. Hougver, durlng tran51ent e
q : .

X peqlods these plots show the history of the current ex1t

pulp and nence Hould be of ass"

jce to thejoperators ofe
-downsfream process unlts._ Th ASt?r‘physicalsparanéters
‘and operatlng condltlons for ru f#f'aretpresentedfin'full'in
Appendlx C z. | | | o | E

The 51mﬁlatlon rnns are grouped 1nto 51x sets and

-

are dlscussed in. the followlng sect10ns.;_$he setSnare :

i) A run from constant 1n1t1al condltlons,

"as 1n the startupa f a dlgester, to a. steady state,

T

ii) alkallne concentratlon changes,
iii) heater or - cooklng temperamure changes, R
’ Civ) g varlatlon of cook zone re51dence tlme,_hyf

'alterzng the productlon rate and hy varylng the
- length of the cook zone, through changlng guenchﬁ,;
';and extractlon condltlons,

,v)d productlon and grade changesv

" and ' vi) . a spec1es change. o



90

overall results from these runs are summarlzea in. the last S
- sectlon.
-

Bl

—-_—___—-

=== —_.—-_———_._ B

—— Em e —_———

iThlS run 1llustrates the ablllty of the model to
'.slmulate large dynamic changes. The. dlgester ‘Was. assumed to'
j have constant 1n1t1al proflles of fresh uncooked chlps and
_the 1n1t1al entrapped and free llquor concentratlonC-“”
throughout the d1gester were set to those enterlng at the
‘top of the dlgester. - The- entrapped and free ‘1guor
temperatures 1n the dlfferent zones were eguated to the
.-_temperatures or thebe;ternal flows enterlng the respectlved
.zones. A sample prlntout of the 1n1t1a1 proflle 1s shown in
:-fhppendlx C 2. The drgester reaches a: steady state after‘

"abont ten hcurs uhereas the total re51dence tlme was.

:Tapproxlnately sxx and a half honrs. Thls f;nal steady statev;

is the 'hase case' Hlth thch other Tuns are compared and 1s_d.*" g

CA . . L ' e BRAEES
SN N o T AU LI
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‘rused as the startlng 1n1t1al proflle for the snnseguent @

B

hperturbatlon examples-'
In Flgure 54 1 the wood yleld profxles are dravn.h
'dfThe flrst proflle at tlme zero 1s-constant at one hundred

percent, srnce no uood 1s assumed to have reacted at the_h-f

Coa,

°~'}oss at thls stage is for the ea511y removable HOOd

d,Start; The flrst or lmpregnatlon zone “was at a temperature'

”;of790 C and the entrapped llquor concentratlons are small
_hence there is llttle reactlon 1n thlS zope and the steady

Y

state is reached in less than an’ houre ,Mcst of the yleld

" Av ‘.‘ ‘
components <uch as acetyls, etct. The heater and cook zones s

ftvhave the temperature of the upper and lower heater streamsv
-and the wood reacts rapldly as most of the extractlve phaSe SN

uood components are removed vlthln the flrst flve mlnutes.

'Thﬁ_In the extractlcn zohe . the cooklng temperature ls reduced?f

IR
\

:and the, spent llquor removed uhlch cuts off the reactlon-

°

”fsuhstantlally and thls 1s clearly apparent from the flrst{'

-

’erw prof1 eSa. . A cooklng 1s allowed to proceed lnto the"
:Hash zarze ‘the £:actlon causes the vood yleld to decrease"a‘.;/?“
‘but not as much. as 1n the cooklng zones 51nce the

temperatur/i—and chemlcal concentratlons are lower.'“The

;~prof11es at later tlmes 'ou«a;louer_yleld:than,berore;qhich'

. . ¥ . S s e L ‘ ¢
,
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,

.lhvls due to the uovement of cooked chlps from ‘the upper zones.»

The vood co:ponent proflles for llgnln,vmannan and

:axxylan; Flgures 5 2 - 5. u respectlvely, follou the same
general patgérn as the y1e1d prof11es. The lnltlal -
concentratlon of 100% vas 26 6 kg/100 kg ODi (0ven Dry Wood)
for lxgnln, 16 2 ‘g/100 kg ODH for nannan and 5.5 kg/100 kg
ODH ror xylan.~ The re51dual percentage 15 hlgher fcr mannan
and ;ylan due to thEII louer reactlon rates. The mannan‘_
extractlve amount is about 55% and 1s larger tnan the rest’
S0 most of the nannan reacts by the tlne the cnlps pass thejﬁ”

heatlng zones. The xylan extractlve content and rate is-

3
|

lower and comparatlvely less of 1t reacts in the same

m)

lperlod. Ihe flnal Kappa number at steadx state was 26. 2 and

_‘the yxeld 56 percent...These tesults)are wfthln the rangexot

T_typlcal 1ndustr1al operatlons. : h:~;a._:._v “’"_" =

Ihe entrapped and free llquor hydrcxlde profllesi’”

‘]are plotted 1n Plgures 5 5 anu 5 6 respectlvely.-jrhedt”'n

o

,;'¥; sulph;de plcts are omltted 51nce the alkallnlty 1s dLrectly ;u{

}related to noth and and the sulphlde curves uould be

o

51m11ar., The entrapped llguor concentrat1on Ls 15% of the

'V,- free llguor concentratlon ‘at: the top of the dlgester..'

a FUrther doun the dlgester the concentratlon dlfrerence

ot
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. maxlmum value after one hour and then decreases untll a

urconcentratlon prorlles denonstrate the comblned efrect of

97

xfbetueen'the"tuo phases getS-snaller.and the mass-transferlv'
'"‘rate decreaSes.ﬂ Ihe entrapped concentratlon atta1n= ‘a -
"steady state value 1s reached. To clearly demonstrate the
tranSLents that are - 1nVolved the proflles are Spllt up and
‘the ones from the 1n1t1al to the max1mum are plotted on the

[ . v

left half of Flgure 5. 5 and the rest on- the rlght.v The free .r

- llguor proflles on the contrary have the maxlmum value at
’the start and the concentratlon proflles shcw a decrease
V:untll a- steady state ls ‘reached.’ The two sets of llquor
eactlon, chemlcal usage, dlffusron pass transfer 1n the
chip and. washlng, along dlfferent/b01nts on the curves.

: Slnce 1n the early stages of the cook dlffu51on 1s K
"the controlllng factor rather than reactlon rate, the.
hentrapped llguor concentratlon reaches a maxxmum value at
hahout 51xty mlnutes uhereas the free llguor concentratlon o
"falls to half 1ts orlglnal value in the same tlme.“{Ihe
freactlon rate rrom here onuards 1s controlllng and the

eentrapped‘llquor»concentratlon,eventually decreases-to aul

: -steady state.‘ Ihe steady state entrapped llguor curve

demonstrates the predomxnance of dlfoSIOH in the‘

"\
.
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1mpregnat10n zone as the concentratlon reaches a maxlmum
value close to the upper heater zone.; Ihe concentratlon

telow the upper heater zone falls steadlly as. reactlon

m#;becomes the controlllng factor.f At the guenck/extractlon
-”f'screens, there 1s a further drop due to mlxlng of the |

| cocurrent spent and quench llguor and the countercurrent
wash-flow.u_A clean uater wash 1s uSed and the entrapped

caﬂ reduces substantlally due to washlng, beforevthe-n

' chlps leave the dlgester.
Ihe tree llquor hydroxlde proflles decrease.v'

throughout the dlgester as the chemlcale dlfruse 1nto the .

" entrapped llquor. The ‘rate of transfer 1s dependent ‘on tne

concentratlcn dlfferentlal and hence the reactlon rate."ihe‘

1mpregnahaon zone has llttle reactlon consegdently there 1s

"'only a sllght decrease untll the upper heater zone where

there 1s a sudden decrease., “The concentrataon decreasesﬁ

'-ufurther in thL»cook zone. The hlgher values 1n the washh“ﬂ“

AN

zone at earller tlnes are due to the 1n1t1a1 concentratlon

prolee in the zone.e The movement of countercurrent uash
llguor fron the hottom vhlch drsplaces sone of the free L

llquqr\as mcre apparent 1n the ear11er proflles.-'-x

L The total dlssolved SOlldS or reactlon products 1n5

l

o




_the entrapped liquor\are'Shown ianigure 5.7. These curveS~ "

move ln the opp031te dlrectlon ‘to the chemlcal reactant'

curves and a max1mum value is reached at the _':._ o

.

":guench/extractlon ‘zones. ThlS value decreases further down

'jfthe dlgester as reactlcn products are washed out from the
chdps.;'The effect of the Tash heater near the dlgester exlt
hlc notlcable in tne curves umth a small bend at. that p01nt.

~Tnls is due to a hlghervmass transfer coeff1c1ent whlch

”fcauses an 1mprovement ln the Hashlng eff1c1ency.’

Ihe uood cn1p and entrappiitllqucr temperature,

upon whlch the reactlon rate is dependent, ‘is- plofted in

_\-u

._Flgure 5. 8. The temperature reaches steady state flrst inc

_tne 1mpregnatlcn zone 51nce there is llmlted reactlon and uoe;f'

.external heatlng flous and the zone temperature is dependent ‘f

L solely on the enterlng Chlp and llquor temperatures. . On

{le v1ng the 1mpregnatlon zone the chlps rapldly attaln the'

- te perature of the upper and lower heater streams. Then as_“'

th chlps pass through the cook: zone thelr temperature rrsesy.b'

hy another -Six degrees from the exothermlc heat of reactlon.h

gThe quench.flow prodhces a rapld drOp in. thlS temperature;‘

\

.]?but thls 1% Stlll hlgher than the temperature ins the wash -

‘zone;» Ihe temperature effect of the cold blov and the wash
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heateraat theké§1t 1s‘also apparent 1n the curveszjh

| Ihe 'hlstory' curves for y1€ld and llgnln.are
leotted in Figures 5. 9 and 5. 10, these curves show the
COoklng condltlcns of the pulp leav1ng the dlgester at 900

'm1nutes durlng 1ts passage through the dlgester.u The g

s re51dence tlme for thls set vas about uOO m1nute= and the

V‘yzhld and llgnln curves exhlblt the same behav10r as the
'earller wood component proflles, Flgures 5 1 and 5. 2.: Tnere'
'is some reactlon in the 1mpregnat10n zone followed h] a’ f
‘steady drop through the heater and cooklng zones.i.fheif
Zreactlon rate decreases sharply at the guench zone with a
nearly zero rate 1n the wash zone, although the Sllght

hdecrease in yleld and llgnln 1s Stlll v151tle.v The yleld

‘fhlstory curve when compared wlth the steady state proflle of

L -

“"'the same run (:lgure S-J) match closely except 1n the

;'1mpregnatlon .zone 51nce the yleld hlstory curve 1ncludes -
Sy '

-only the majcr uood components and excludes the fast

'reactlng acetyls, etc. whlle the 1nstantaneous proflles

jcalculate the 'true' yleld-
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‘542' ;A;Eah; Concentratlon Change

S x
o,

An alkallnlty change in- the cooklng llguor at the

,top of the dlgester is generally dlrectlp dependent on the :

‘operatlon of the chemical: recovery cycle. Although thls_

Y

change can also be accompllshed by varylng the nlacx llguor
‘ flow, this has 1ts llmltatlons 51nce the black llgucr tlow

- is usually zero. The' spent cooklng llquor is recaustlcrzed

to whlte llguor 1n the chem1ca1 recovery cycle and chemlcal

'losses -are usually made up 1n the early part of the cycle.yfl

R step change Ln the alkallnlty is hence usually made ny

5¥d1rect hydrOX1de addltlon from a storage tank.f,

Step changes o% + 20% from ‘the base steady state

the uhlte llquor alkallnlty at the top of

case uerelmade t

the'digester: ' he ultlmate response to thls varlatzon is a.

' dlfferent rate of reactlon and thls effect 1# apparent from_l,h

:“the blou line yleld and the llgnln content.

Flgures 5. 11 to 5 14 shou the resudts for the

»alkall plus change.J The yleld at the blow llne falls to 54%4"“
' compared to 56% for the base ‘case. (Bun #1) and the blow llneef;

'ﬁappa number to 24 0 as opposed to 26. 2. The steady state |
‘alkallnlty in the chlps lncreases and so does the resrdual

 $011dS at’ the extractlon screen and in the flnal pulp.

For the negatlve step 1n alkall only yleld and

LN

S llgnln concentratlons are plotted as shovn 1n Flgures 5 15



o .

'and.5:16,' The” respofise for this case is in the,re#erseva:/

5control of the Kappa number 1n such ‘cases.

5.3 gggkggg Temperature Change

1s the cook zone temperature as ‘set by the lo&er heater

/temperature.g Increments as small as a: guarter of a degree

‘the effect of temperature, a step change of #’ 5 C Uas ngen
pto both the upper and lover heater temperatures fnom the

;fbase case;"khs v1th the alka11 change. the heater

‘_direction.to tﬂ%!ﬂfor the‘alkali plus change, as is
: expected. Ihe yield and Kappa number“values‘are;highér:anak

58% and 29 1 respectlvely.H'The yleld_resultsrohtainedafrom.,»:

the two alka11 step changes glve an estlmate of the

: nonllnearatles 1nvolved and also demonstrate that the~'

3H Factor wnich lS a functlon of only cooklng tlme and

_ 5 ’
temperatute vould would not be an adequate varlable for the

§ ‘;
N ,’l ’ .
/ o . )

H

'The maln manlpulated varlable for the flnal product

A\

v»quallty in the operatlon of the Kamyr dlgester 1n most mllls .

'*Ce151us are useu to adjust the dlgester operatlon. To study.'

Sl PR w .

«;n o, ,»..o.. _‘ - V7 - i-\‘) >

.,“

1fand the llgnln and yleld move 1n the same dlrectlon as Hlth o

= e ta e e . . - I
E - e e - s .
- s . .
N @ e e s

108

T

5;_temperature change ultxmatery 1ncreases the rate “of reactlonf75”“
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the'alkaiijchanges; However, rn'thls case the effect
appears more gulckly 1n the dlgester as the heater zones act
telow the 1mpregnatlon zone' whereas the alkarlfls:rntrQQQCde;
at the top of the dlgester. } | ) i

N

t%ffjf-rj’h;f.r‘ o Tne results from the step 1ncrease 1n temperature*-*

AT ' (.

- . RO TR
j Lo 'ﬂ‘.,‘.v.w""-~'

both louer than the startlng base case as uould oe expected

.-

'fd; Run #1 as the heater zZones are’ the flrst affected and the

ves 1-.0-—'--.~~

'fﬁ temperature change then makes 1ts uay through the lower
"!zones.,‘The 1mpregnat10n zone condltlons are unchanged as

the temperature of the streams enterlng the dlgester are tne_

-

' are shown 1n FlguresQS 17 to 5 20 The yleld and llgnln areh_,j:ﬁ[

from a hlgher rate of reactlon-, The proflles for ylerd and‘f”'”"'f

‘llgnln (Flgures 5 17 and’ 5. 18) are s;mlggr to the ones for'fitﬁ?hxﬁ

same as for the base case. The alka11 concentratlon (Flgurep'. '

i

5 19), wnrch 1s 1n1t1ally the same as the steady state value'

-

for Run #1 1s lower 1n the frnal steady state,,as more

chemlcals have neen used up to. dlssolve the wood components.f.?”dul"

'J,

The temperature response is plotted in. Flgure 5 20 j Por the'
S °C step down the reactlon rates are’ lower and hence more
vwood and llgnln appear in the blov llne. These results are
plotted 1n Flgures 5 21 and 5. 22 respectlvely., The step

change 1n the heater temperatures gave a Kappa number and
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.\:rguood yleld of 22 6 and 52% for the plus change and values of ;

~h31 0 and 60% for tne temperature mlnus change.t Tnese
temperature changes are onlw about + Q% of the cooklng zonev'
Htemperature but the dlfference ln the yleld and llgdln
-content s hlgher than that ior the alkall changes whlch’
were approx1mately + 20%. {¥§Es provldes suff1c1ent |
justlflcatlon for u51ng temperature to control the flnal
pulp quallty in 1ndustry 51nce chemlcals are. more expensxveo

1 . ‘?-l
and have less effect on the flnal product qualltj.

ation’

5.4 . "“gooking Zome Length ¥iria o

A

The varlatlon of cooklng zone length has tne same
'b”effect as changlng the retentlon tlme 1n the cook zone. '

‘Thls may have to be done in cases vhere the pulp 1s noi

ln”fully dooked in: the cook zone or uhere the pulp

3 spe01f1catlons have to be changed Hlthout changlng elther

the productlon rate, temperature or the alkallnlty.; The,b.”,
'length of the cook zone vould be shortest for a 'hard"cook“f
:uhere the upper heater lS shut off and- the lower heater is &
" set to the max1mum possrble uhder the c1rcumstances. -Theu‘”

4.

pulp 1s then glven a cold quench that cuts off the reactloni"‘
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| completelj at the guehch/extractlon zones.. Slmllarly tne-
. length uould be longest for “a 'soft' .cook where both heaters'
are operatlng at below thelr capac1ty and there,ls lmttle
S quencnlng, whlch allous the reactlon to proceed_tptoithep_'
vash ‘zone. In tnls case the length of the cook_iOne’ish
dependent upon tne extractlon rate and the washing
temqerature.ii.~ . L
upper heater and ralslng the temperature of the lower" neater
hy 15 ; The ChlpS were alloued to cook at tnls S
‘temperature and quenched Hlth a stream at about the.same
temperature as for the cold blow. ThlS was done ny.not
recycllng quench llguor from the extractlon screen and u51ngg'
";p only the,'cneater' flow. ThlS cut off the reactlon ‘almost.
completely and hence there was- llmlted cooklng in ‘the washw
zone.: The yleld and llgnln curves are glven 1n Flgures 5 23
“and 5.24 respectlvely. The yleld and Kappa numbers in the.
blou llne uere 58% and 28.0 . The entrapped llguor. . |
hydrox1de and the temperature are’ plotted in Flgures 5 25,
‘and526.., . .
The soft cook was wlth the upper and lover heaters f

s

at ten degrees helow the base level and the guench flowv"

S

The 'hard"cook was 111ustrated by shuttlng off the ; o
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vg,fshut off completely to allow cooklng to proceed rnto tne‘ RRR R

»:wash zone. _'The results for yleld llgnln,/entrapped llquorw
:'hydtOdee and ch1p temperature are shown An Flgures 5. 27 tod
frf5 30.‘ Ihe yleld for thlS case +is. 62% and the KappF number
'dls 32 0 The concentratlon of entrapped llquo; in. the pulp
Jgils hlgher than normal and further washlng would ‘have to be “df_/fi
|done before the pulp could be used further downstream in tne';L
mlll.‘ K - L . '

The resudts from the cook ‘zone. length varlatlon.
';runs shou that ‘the pulp quallty 1s dependent on the cookrng
'temperature proflle that the chlps have been subjected to.: . -

';approx1mately equalh the ylelds are not and nelther are the

1'The results also show that although the Kappa numbers are.

-_Kappa numbers. Tne K- number control scheme and the H Factor ;'\'”"

E scheme would both have dlfflcultles 1n pr dlctlng the flnal

vproduct specxflcatlons. B f}- S O

-~ .
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‘The/productionfratetand grade changes have a

3

requirement’Eor:more or leSchhemicals and/or heater

’
‘ K

temperatureSwdePQn&ung on the dlrectlon of ‘the change.- The»-

“AKappa numner .and. ylelq would therefore be 51gn1flcantly

dlfferent 1f‘the condft1ons were left unadjusted The;f

productlon change creates a dlfferent cook zone retentlon

\r. N

time and elther of the three. alternatlves dlscussed earller
9could be used to adjust the flnal pulp quallty. A grade-

change 1s dlfferent than a productlon rate change 51nce tned

product spec1f1cat10ns have changed and the obgect is

‘mtnlmum off grade pulp., A productlon rate change was- t:::nl.edj

‘by maklng a +10% step change in chip- flow rate relatlve to
F'the base condltlon. The results for yleld and llgnln are’
T}shoun 1n Flgures‘s 32 and 5.33 and have, as expected |

-‘h»hlgher pulp yleld and Kappa number.f

im

A sPeCies‘changehis'aCQananied_by_a different_bulk

?"d;_a:j;u;.’ : g.{ d _v;z»',h.' | ‘gh-gf_qt_/(
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d n51ty and dlfferent reactlon rate constants. A spec1es
c ange frcm hardwood to softwood vas trled from base case

'condltlons and tne pulp tracked throuéh the dlgester.;ané
llgnln and yleld tran51ent proflles are shown 1n Flgures

'5 33 and 5 34.v darduood has a faster reactlon rate thanl
softuood and at steady state a louer yleld'and depa number'

-

-value 1s ooserved.
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. Ihe maiu'operatin§°variables uSed‘in digester
: R . | B
control were varied and their—effect on pulp yield and -

“'lignin’guality analysed,- As .was. éxpected, the-effect of -

temperature«uas-largest.and\ for a percentage change of tne,‘

139

’same magnitude, the effect of alkallnlty is the least. The -

. €
main ooject of these runs _was- to be able tO\ShOH tnat the

"scalar varlables that are used in- the control of product'

quallty were not aluays unlque and thls is demonstrated by

the runs 1n sectlons 5.2 and 5 u These runs also helpea to

_show‘that there are a. number of alternate operatlng
CODdlthDS that could be used uhen operatlng constraxnts,
quch as would arise 1f a heater scallng problem uas |
dencountered The study of cook zone length varlatlon was'

dpossxble sxnce the model has’ the ablllty to 51mulate cooklng

in the uash zone. The cook zone length uas shoun to be an. - .

;operatlng alternatlveralthough it 15 seldom used in lhdustr,‘

at present. _-f:; ST lj' S  54 '_‘ Q»Lﬁ'



jexaminedifollo;edvgﬂéa drscuss;on of'typlcal digester

CHAPTER SIX

CLOSED LOOP SCHEMES ~ = . -~ =
I X N ' o _

ThlS chapter 1nc1udes the rev1ew oF dlgester y
. ,

'control,schemes. Flrst, dlgester control stud1e§9are

controldloops that are implemented in industry.

~

6.1 - Review _i‘Diquter/Controi'Schemg§

.”he purpose of process control is 51mply to

‘Imax‘mlze the eff1c1ent usage of raw m&terlals and proceSS'

fequlpment._ The dlgester belng at the start of the pulplng

process has to be carefully COntrolled 51nce prodthlon '

sets and dlsturbances can carry over and affect downstream ‘

jprocess unlta such as the bleach plant and the paperv¢f
-Jmachlnes. Therefo*e the main objectlve 1n dlgester controlv
4jls to naximize productlon by 1mprOV1ng pulp yleld and to
:':optlmlze the performance of the dlgester so as to mlnlmlze

raw materlal chemlcal and energy costs. The other goals



T T

are’ mlnlmum varlatlon 1n pulp quallty as measured by Kappa,-r S

_Namber, Permanqanate Number, Chlorlne Vumber, or flbre

'strength etc.; stable consrstent operatlon of the pro«§ﬁs;bﬁf._g
,.-changes 1n productlon rate vlthout upsettlng pulp qual\\\\\v//>
m

AN

changes 0r pulp grade or uood chlp spec1es Hlth mlnlmu

| off grade pulp,.and.optlmlzatlon of the cooklng chemlcals
recovery cycle load by better vash zone contreol. 'In recent'
,tlmes wwth computer control gett1ng more.popular, pulp.miiis

;.

‘are uSLng computers to. grve 1mproved performa ce.' The

‘ reason for thls is more con51stent plant operatlohc”
-regardress of operatlng personnel capabllltles._hv
| Process control schemes and strategles 1n the‘pulp
and‘paper 1ndustry have been rev1ewed by by Holm and Perry
“t(42), W1rllams (10&) and more recently by éerron and Ramaz‘
(80)., These artlcles report on the phalosophy behlnd the.v'
h deSLgn and 1mp1ementat10n of control systems ln the 1ndustry
.pand have references to mathemat}cal models of~ the pfbcesses.;ad;{t,’d
| V.j: Computer control was, lntroduced to the pulp and e
lpaper rndustry 1n 1961 and the flrst contlnuous dlgester was O

_brought under computer control in- 1°6u Both Fox (28) and

.Smlth (90) report on the performance of the fxrst closed



'floop process comfuter control system for L dlgester. There

o are survey artlﬂles on the extent of dlgltal computer usage
|

‘1n the 1ndustry/by Brewster and Bjerrlng (11), Keyes (SU)

“and Gee amd Chamberlaln (32) The Brevster\artlcle was

. publlshed uhen computer control was still 1A 1ts lnceptlon

‘,\_ :

- Pne and tuo years.’ J' p"'ffg

'*;1n the 1ndustry and as of March 1969 there Were a total of

o

47 computer 1nstallat10ns 1n the U.S.. Pulp an://aper

Indust y. IJ 1976 there were over 600 1nstall tions (SU)

“1nclud1ng approxlmately 33 contlnuous d1gesters under :

computer control.~ Thrs rlse in. the number of computervl

~;.1nstallatlons is due to the- development of control packages

' by computer vendors, 1mprovement 1n computer performance,:

decrease 1n hardware cost and the development ~of SenSOﬂS'¢

“( . @

'.whxch'make computer control more convenlent. Economlc

’beneflt from 1nstalllng computers have been reported (10,

3 98) and payout perlods for such systems range betveen -

.‘r"; o . -

The problemsggnvolved in measurement modelllng and

”:Qcontrol have been descrlbed hy Haye? (73) anu Church (20).:
?Heasurement problems are attrlbuted to unrellable’and

=g1naccurate sensors for wood varlables 11ke chlp moxsture

5.

-Jﬁg'l
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| content, w00d quallty, llgnip.coHCentnﬂilon\and on llue.f ,'1‘ L
ﬁalkall measurement for cooklng chemlcals. ‘A paper by o

Macleod (71) mentlons that vendors ‘are developlng such

1nStrumentS‘and that. they are 'in the couré@”ﬁﬁ%%erwg

‘ »«\'.L,& ~ = .
throughly testéd. Long tlme delays, measurement noide and-

’é?‘ .'("_ L: -

_ylnaccurate models in addltlon to sensors-are blamed for“mosf&t

e

)

ol- he c01 rol rroblems.

Pulplug models have been“developed to accurately

ldescrlbe rhe cooklng orocess and they have been dlscusssed._ dllll&#

N

Codinc an,earller chapter; vThe.objectvofﬂsuch_models has alwaYs"

beep~Lor an lmproved understandlng of iﬁe problem wlth an
'ultlmate use for better control purposes..'The a1m 1s to be

able to accurately predlct the output COntrolled varlables S
rfrom the process 1nput varlables.f The 1ncrea51ng }

el

‘cutlllzatlon of computers for control have made 1t Aimperative.

Jfor better models so’ that a feedforbard compensatlon type -

,

decrslon can be made berore the dlsturbance cJ.gnlfzcantly S -
affects the process. One of the flrst studles 1n thls

.'regard was by Vroom (99) vho derlved the H Factor.; ThlS

s

_varlable 1s used as a comblned measure of ‘the cooking

. temperature and the dtratlon of cooklng and elther of the .




"SLZe and cooklngv;lcuor SulledltY.: Other more detalled

s B Y

- two can be adjusted for a change in. the other to glve a

.

'.con51stent degree ofCFooklng.h The work folloued by 4arroll_1

‘i(15), Kerr (52 53),'HcK1bb1ns et al (75), Serv1ce (86),
vHatton”(36 37y, and Boyle and Toblas (9) can be classed as.-.
dstatlstlcal or mathematlcal models.' Carroll (15) and Boyle;

',and lOblaS (QY have models for the. overall pulplng process

i ‘

whlle the others are llmlted to dlgester operatlon.v These

u'fvmodels relate the output varlables llke pulp yleld or - Kappa_,/

wfnumber to 1nput varlables such as cooklng tlme, temperature,
‘alkall to uood-ratlo and H— Factor.for a partlcuLar_vood

'spec1es. The more detalled models 1nclude chlp'moisture‘and,"

<

,if models bj Stlllman (93), Johnsson(u9) and Smlth and Wllllamsfh

(88) have been descrlbed earller.'

-

-”he lncrea51ng use of computer control has 1nvolved‘

- ".~ .-

'fcomputer vendors 1n1the development of: varlous models and‘

control packages for pulp and paper appllcatlons lpcludlng

‘contlnuous dlaester control., These packages are avallable'

ﬂon a turnkey basis and Church (20) and Gee and Chamberlaln

(32) have llStS of vendors and thelr appllcatlons by process

N

’ area._ The Kappa Number control loop 1s con51dered the most

oy



_complex aslltvemploYs a model of the klnetlcs-v Measurexh:
- (10, su) use thelr batch dlgester model and a model of the
pulp mOVement from the heatlng zZone to the blow valver
3Industr1al Nucleonlcs (30) use an H Vactor model | "\
1ncorpora§10g the. lower cooklng zone‘volume. This model
}assumes that the 1n1t1a1 alkali concentratron is- constant
-(20).; Poxboro (4) uses a model reference control technlque
‘fhlth a Kappa number steady state model based on'the'
JAlkall/WOOd ratrb, chlp.temperature and the re51dence tlme
f‘and a dynamlc model vhlch LPcludes dead t1me compensatlon on_,
,'the output from the statlc model before the resultant
Jpredlcted va&ve 1s compared wlth a laboratory measured Kappa
”number value. The error is. used” to adjust parametor valves
in- the stat1c and dynamlc models._ Nou some organlzatlons
1are buylng thelr -oWn harduare and developlng software "1n

”house" to match thelr partlcular need.. "Modern" control

b'_technlques have been mostly used on paper machlnes 1n the

TR

A"'past but not for contlluOus dlgesters. Cegrell and" Hedgulst

*:d(18) have used llnear stochas ic control theory to derlve a

rself tunlnq regulator algorlthm to control the Kappa number-

BN

A survey conducted on pulplng methods of 125 mllls

.‘t
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1n Nor“h Amerlca (38 39) reported that 90% of the mllls

. conSLdered t he cooklng temperature as'a valuable control

var1ao1e to correct the control of a cookf uu% of them used

”"alkalﬂ concenhratlon and 27% ‘used re51dence tlme ‘in the cook

'zone whlle 2‘7 used all three. A dlgester mode 1 in a three

~and energy

»

varlable sxtuatlon would - there‘ore ma ke pOSSlble an ;

"ecohgmicall%§optimum adjdstmentpamong the variables N

con¢1der1ng pulp productlon and mlll restralnts on chemlcals

" The dlgester control system and loops are shoun 1n

’Ehe prplng ‘and 1nstrumentatlon dlagram Flgure 3. 1. The ;'
vcontrol s;stem 1s hlerarchlcal 1n de51gn. Level zero, the R L
f.lowest level is the measurement eatg acqu131tlon,_- L ?f

5cann1n9i.alarmingvand the process"?peratorS”consoie.. The

'next hlgher level one Ls SLngle roop setpoxnt regulatory

hcontrol for each of the control varlables. Level two lS

pmultlvartable dlrect control uhlch could 1nclude cascade,

'ratlo or feedforuard The 1evels one and tvc control 1oops'
o recelve their\setp01nts from the next hlgher level Level

,three is superv1sory control for the overall process, ﬁor

~ wproductlon, yleld pulp quallty and grade changes.; Ihéi;




\ L g

regulatory control ob]ectlves for tke! three‘levels are chip
feed rate to the top of ‘the dlgester, blow flow,_and thp

' -level chemlcal and llquor to wood ratlos, quencn and
'extractlon temperatures, wa h zogf countercurrent flow

' control, Kappa Number and Yleld ' These loops are descrlbed

in. more deta1l 1n the followlng sectlons.

. D .
" . B . . I3 . B \
PR : SRR e o

6.2 u;’CniQmeter Control

Chlpmeter rate control Flgure 6.1 regulates the.
, ' LNy
f"chlpmeter speed to. malntaln a constant dry uoqd rate "“flhé

-dlgester.. The chlpmeter 1s dynamlcaHly callbrated each me
. ) . ) N . , 9 o .
the chip bln is emptled as 1t lS a volumetrlc devrce and

' 5

'the fllllng eff1c1ency and consequently the~ﬁh1pmeter
'capac1ty per revolutlon are. requlred. The chlp moxsture for,r
an oven dry rate calculatlon is elther calculated from a

dSteamlng vessel heat and mater1a1 balanceg$27) uhlch is not

ES
. very accurate and large errors are no@'&nq@mmon or 1t is’

_read dlrectly from ‘an on- llne sensor."“hese chlp mozsture

-

meters wlll measure m01sture content durlng summer months 1n"

Canada but are severely llmlted when t%e chlps are frozen. »

~ PR -

T : L




PRODUCTION
- RATE'

Y  SPEED  fe--

- YIELD

s d

| "MQISTURE -

¥ vy

_ CHIPMETER

CONTROLLP®R "\

'_: g’-\’ E R

Y

CV»AHEignre16;1':

! DENSITY A

LY NCCDRY CHIP
7. CALCULATION [ *" -~

" CHIP LEVEL
CALCULATION
7 %

-

i
"

K

O IMoToRr|

Chip;feéaﬁnaté and LeVel'Contr012 _

 ‘_: B

. p———

‘‘‘‘‘‘

[

. : B
CFTTERR N O rvr_j v
POV \ N }

o

148



¢

149

¥ | R

3

The €hnip packlng den51ty¢ m01sture content and de51red yxeld L

belng known the\computer 1S fed a specrflc productlon rate"
. l

value and the de51red chlpmeter rpm 1s evaluatea.,
v ‘ , /

T
N

r

6.3 "_Chemica;"and_Liguor to Wood Ratios Control . -- .

'».A &

q )
_ The flow of cooklng L}guor to. the top of the

dlgester 1s controlled to ma1nta1n the llqucr to vood ratlo

T fand the alka11 to wood ratlo;_ The llquor requlrements varyﬁ

1

between mllds and 21th the product produced Lyplcally,

, [

Hleacned papers requlre more llquor and chemlcals."The

llquor ratlo could vary from 3 to 6 cublc metres of

’ llquor/ton of dry uood and the amount of actlve alkall from‘

2

10 to 20 percent (kg oﬁ AA as Na20- / 100 kg of dry wood).

: The chemlcal to uood ratio is set to keep the

| - cooklng chémlcals sllghtly 1n excess: o‘ that requlred for

dellgnlflcatlon. The actual chemlcal 1nput 1s calcul ted a3

from thte llquor conéentratlon and flov and dry wood flow[ﬂr

1 - L
rate from the chlpmeter. The uhlte llquor flow 1s used as a

"manlpulated varlable to correct any 1mba1ances. Thrs 1s a

- slugglsh control loop thh a. t1me lag of about one hour as

[
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-he concentratlon in. the top czrculatlon rises: slouly. For:

ja rapld change the chemlcal concenttatlon 1s allowed to
”overshoot the regulred value..

eThe llquor'to wood ratlo control is malntalned b
' “fmanlpulatlng the flow of weak black llquor to the top of the

9
.
x

dlgester.

Ry

The llquor down‘low in the 1mpregnat10n and
cooklng zones 1is calculat@d from a- vo’umetrlc flow. balance

-about the dlgester. The llquor downflow orlglnates from-
L Y .
‘,chlp m01sture; whlte llquor, steam condensate lrom the

7

;steamlng vessel and the top dllutlon black llquor. ;The

g

‘amount of dllut;on llquot added ‘must be balanced agalnst\{he' )
.heat load on the upper and lo\er heaters and chemlcal

';‘recovern'load-at he extractlon screens. The alkall o

cdhdentration 1is usually manually tested every hour and a’

.-

_reliable'outlineralkall sensor vould be an advantage for

R

:both_leops;l' . d o T L

:LB.ulh“'»'Chip level Cogfitrol

’ : ‘ B
they a‘fect the ch1p reﬁldence tlme in the dlgester zones..fﬁf

The Chlp level and blow flov are 1nterrelated as,A

..\
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" -
o A
‘ i& :

The Chlp level is evaluated from the électrlc current load

N

of: the stlrrer 1n the dlgester top separator, Flgure 6. 1
. The- cnlp level controller then elther adjusts the chlpmeter
éspeed and hence the ch‘p flow at the top'of the dlgester or

-tne blow flow rate and con51stency.

(‘,

The bth flou and chrp 1eve1 are controlled to glve
-a constant r£s1dence tlme in the varlous dlgester zones and
prlm%§}ly the.cook ‘Zzone (Flgure 6 3)..-The rate of flbre ”
dlscharge is dependent on the blow flov and 1ts con51stency M!.
vand ave set to the de51red productlon rate.‘ The con51stency
lls controlled by the bottom dllutlon flou, dlgester pressure
_vat the bottom or~the bottom scraper rpm. The flbre
- dlscharge rate and the Chlp feed rate are 1n turn used rn
:;the control of Chlp level in the dlgester.:

. o

6.6 .  ITemperature Control
7'Tenperature‘of'the'chip.nass is considered the most -

i
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1mportant pulping varlable by most nmills (38), as was
: mentloned earller. ThlS is due to the large sen51t1v1ty of.

&
temperature in- determlnlng the flnal product quallty (Kappa

e

'Number) 0f the pulp.

'There are normally tuo separate heatlng zones 1n a

Kamyr algester, refered to ‘as the upper and lower heatlng

zones._ Only the controls for the 1ower zone are shown in ‘
Flgure 6 4 as the. upper zone control is 51m11ar.-‘ LT

<« »

The heater flows and heater entrance and ex1t

temperatures are the only measurable varlables for

o temperature control oF CblpS. Slnce ‘a direct temperature o

measurement of the pulp mass 15 not avallable, the value is
pestlmated u51ng a model of - the heater‘zones.; ThlS model is
"ﬂjust a dynamlc energy balance baSed on the heater sectlon.-
G ,
:Q’The set901nts for the two heaters are set by the Kappa-'
 number control scheme.n The upper'heater chip exlt
.temperature 1s estlmated, compared to the setp01nt and the

'error used as' a. ba51s for feedforward compensatlon 1n the

A
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digester.

6.7 FQgeggh andvﬁxtraction Control - ' -

o uaS“

Ve

After cooklng is ccmplete the 3pent 11quor 1s
dlsplaced and removed at the ecreens before 1t is sent for

recovery. The cooklng reaction 1s reduced by the quench .

P

L llQUO; Just above the extractlon screens as shown ln Flgure o

‘16}5 ‘The boundary between the effectlve cook zone and the‘

zone is controlled by -the extractlon flov rate and the

'ffz"tem erature of the cooler countercurrent flow of llquor from -

upflow |

'-Tthe

ash zone.- A cheater llne from cold blou *o the quench-

llne glves 1ndependent control oF the quench temperature.n
cheater 11ne is not avallable then the quench
tempe ature 1s dependent only on the extractlon rate."

'i Tde extractlon flov determlnes the vash llguor

nd is’ manlpulated to keep the wash flow at 1ts set
‘point The countercu%§ent wash ‘low 1s estlmated 1n one of
vtwo hays ways, a. heat nalance on the vash heater can be used,

1fa volumet

‘f51nce the neat load 1s proportlonal to the upflov or through'

Vc balance at the bottom of the dlgester.: Wash
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-;flow is characterlsed by Lhe dllutlon factor uhlch is the
.v;ratlo of wash llqnor upflow to the pulp downflow Ln ‘the
'washlng zone “and typlcal va1ues are bet:eeen 2 and 3 kg of
water/kg of a1r dry pulp._ A smaller dllutlcn factor vould
' result ‘in 1nsuff1c1ent washlng, i. e;d re?uced vashlng
efr1c1ency, and a larger value uould put an addltlonal
buroen on the uash heater and the recover_-cycle~= A large._d'f.ﬁ
dllutlon Factor uould also affect the cook zone boundary at
the extractlon screens whlle a small value wonld extend the -'Ade_[l.
'coox zone almost to the bottom of the dlgester.: ThlS is )

sometlmes used by the operators 1f there 1s 1nsnff1c1ent‘

'-,cooklng in the cook zone._ R : 3 R
6.8 ' Kappa ﬂumbegrand pPulp Xieldaggntrol.;_" .
. . . ‘ \ . _‘A _ . - . . .‘.]
N

P

The Kappa Number and pulp yleld arellnterrelated
and;equat;ons have been developed that relate\the tuov
rvariables.for'a partlcular uood spec1es, e g. Johnsson .
o (uﬂ9_‘)’:,‘.4;""§ydhbim (81 p635) and Smlth and Wlillafns (88) - -

gTherefOre;din_most cases the pulp yleld versus the llgnln.

Hconcentration relatlonshlp is known by mllls for the. uood fll

<.
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species that-theyvprocess;i The Kappa number, and hence the
vpield 1s usually regulated by the upper ‘and lower heater
h}outlet temperatures.p Slnce the Kappa number is the ‘most -
1mportant varlable for determlnlng flnal pulp guallty
vpreclse temperature control 1s VLtal. ‘The H- FactOr whlch
”-comblnes both the cooklng time ard.temperature 1s also used -
f ~as a measure of the degree of cooklng. JThe alm.lSVtO cook ;' . d‘
Ht;the wood chlps to a 11gn1n content 1n.1ts bul&/;eaéttoﬁ/fate‘ B
fpphase 1nstead of the res1duml reactlon phase where the rate o '
'of cellulose removal is faster than that of llgnln. The.f
‘ 'temperature and the re51dence t1me in the cook zone are thefb
5donly two varlables that would affect the pulp quallty once |
”the chlps are in the cooszone. The cook zone re51dence ,
f'tlme*ls only adjusted uhen ‘a change 1n productlon rate 1s
'.de51red lf there 1s a restralnt on steam flow and a ‘higher
‘cook temperature 1s de51red 'or when the ChlpS are not
suff1c1ently cooked and the operator would llke the cooklng.

4

'to proceed 1nto the uash zone._~
A steady state model of the dlgester 1s used to - .

'calculate the Kappa Number based on the Alkall/iood ratlo,

the, cooklng temperature and the re81dence tlme 1n the cook



o
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'before the lower heater temperature is ad]usted.- \

160

fzone aS‘shown in Figure 6.6.+ One of~ the three operatlng

varlables is adjusted based on the current operatlng
constralnts._ The pulp yleld or the.?appa Number from the

blow llne is analysed typlcallv every hour and the error fed

N

._back ‘to correct for drlft in the model parameters. The

_model 1s used to compensate for the longqtlme delay between»;

the end of the cook zone and the tlme, a sample is analysLd :

~

\-
\

Vo

6.9 . . Produc tlon and Grade Change Control

X g _ S . . - . N

'Productlon rate and grade changes can be made 1n a

'-scheduled or unscheduled manner and both have dlfferent'i
‘operatlng’procedures,- The planned changes can. be due to
produc#ion'demandc a different grade regulrementeor‘
‘1ntroduct1on cf a dlfferent vood spec1es.‘ An.unSCheduled‘
;change 1s usually due to a bottleneck in the chlpyard or

",chlp bln or to meet sudden upstream or downstream demands

. \

.for a change in productlon rate. The goal 1n both casel lS_.

.to make the SHltCh as smooth as p0551b1e w1th mlnlmum

AY

.dlsturbance touards guallty and yleld
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o .

_For scheduled changes the heater temperature 1s

B
‘gradually changed and the chemlcals suddenly changed to a

-

- new value that is followed by a gradual change 1n the
bfproductlon rate. For an emergency change the chlp feed
Arate, heatlng zone temperat' es and 11guor flows are rapldly

,changed to. neg setp01nt values. Thls 1s.to mlnlmlze theé :i

pulp guallty and’ yleld transxents whlch cannot otherwlse be Jﬂ;}h

.av01ded.g A grade change is similar to a erductlon chargev
"and is- treated 51mllarly. ‘Thls cEange can’ be due~to ‘a yleld
or Kappa number change wlth the same spec1es.\ A change of

" wood spec1e< results 1n changes 1n bulk denSLty, cooklng‘
rate and yleld.i Ihe object is .to, produce pulp thCh has the
ide51red propertles uhen the nev spec1es arrlves at the blou
llne ulthout producxng a hard or soft pulp durlng the

iflnterlm perlod ThlS is achleved by changlng the’ operatlng

vrparameters as the spec1es 1nterfaCe moves through varlous

7;d1gesterqzones. The parameters that are’ changed are the
gllquor to vood and chemlcal to wood ratios, cooklng
”_temperature and the uash target.- An unscheduled spe01es

change regu1res rapld computatlon of new condltlons but they

,are lmplemented 1n an ldentlcal manner.v'

. o



\resﬁlts of prev1ous studles.‘”f‘
g _

0 . CHAPTER SEVEN -

CONCLUSIONS' AND PUTURE WORK

. .
RN
%, .
.« . : .

v

The conclusions and recommendations for further

ﬁork are'presentedf

ey ..
S

' A ﬁonllnear, dynamlc model of a contlnyous Kamyr.h

- dlgester has been developed and usea kn open Joon sxmulatlon

f'studles.‘ Slnce 1ndustr1a1 dlgesters do not normally have an:

¢

extensxve— umber of sampllng ports or sensors, 1t has not

'A« - so-

’.beeg,p0°51ble to obtaln the data necessary for a dlrect

- : v S

'_l;comparlson‘of concentratlon proflles and/or tlme hlstorles.

However, 1nd1v1dual modules of ‘the program have been tested

'z:separately and the total program nroduces‘resulto that are

.1ntu1t1ve1y correct and whlch compare Favourably w*th the .

PR

rSOme dbmpr0m1ses and aporoxlmatlbns vere made,

espec1ally fh the area of chemlcab klnetlg% to keep the

& o

.?overall program 51ze and executlon tlme to a reasonable

S 'J'

. . . Pz : . . . B

e % L - . . PR .
e ; ) . P ' e
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‘ut the program is- very general in terms o‘ what*

' configu atrons, operatlng condltlons and dlsturbavces lt o

vlll ha dle._ All the ddgester dlmensrons, ph)Slcal
3

’ propertles,_physical propertles etc.t can be set b)

‘Hmodlfyxng 1nput data, or 1n some cases port1ons of spec;flc .

a

‘_-nsubroutlnes.3 Operatlng condltlons can be - set. by the user,_

o-

o and are spec1f1ca11y programmed to racllltate closed loop

“'Jproflles and hlstorles., ‘These" programs vere used to produce'jig

f:tbe wash zone and 1ncludes opt10na1 features such as the

to 51murdte batch dlgesterS‘and to produce steady state .j

control studles. The program v111 51mu1ate the dynamlc_

a

response to chlp m01sture dlsturbances,vsoeCLes changes,v

2
changes 1u 1nlet llquor flou and/or/concentratlon, plus '

changes in heaLEr c1rculatlon flows and/or temperatures.
' The model 1ncludes thlrteen state varxanles ln the dynamlc

'equatlons, allons for alr cooklng reactlons to proceed 1nto

use of 'cheater' f1ow ‘or thevlndependent adjustment of -

'Tguench temperature. fﬁu

Separate ver510ns oF the program are also avallable,

'fﬁan"lndependent' check on resu‘ts.

The results of the general sxmulatlon program are 5

p—— .

. avallaole 1n three forns- rlrst, as proflles of . any of the

i;p ;tiftikt;_p;j p:i #f};f7

L R TS

.

[ TR
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. N
»state or derlved varlables such as 1lgn1n concentratlons,

"c

* 'ﬁtemperature, Kappa number etc.‘ plotted versus dlgester

'helgnt. These plots deflne the operatlon of the dlgester at_ﬂﬁpg.

\"

'any instant of tlme.v Second thp program can produce
'hlstory plots' of operatlng condltlons or varlables, such

as . llgnln concentratlon versus tlme._ These plots deflne tne

\v‘

'operatlng condltlons used and the state varlables whl ch ,/,
: AR
characterlzes the pulo ‘rom the tlme a partlcular un1t of

_pulp enters the d1gester until it leaves the blow llne.

1

Third, the program produces 11st1ng o‘ the steady state

‘

‘proflles plus summarles of the operatlng CODdlthﬂS and

-l

"conflguratlon. One o‘ the recowmgndatlons arlslng from tnls
. work is that 1ndustry c0051der generatlng.the proflles
':pon llne ana use them For operator guldance or process -‘,“°
lpcoutrol.f Thls should permlt s1gn1f1cant 1mprovements 1n1'\
p3product guallty and unlformlty because at the present tlme;

,'the exlt pulp quallty cannot be measured dlrectly by any

'or llne set oL measurements nor can the Lnlet dlf
'zcondltlons requlred to produce a: pulp of spec1fled quallty
| be easxly determlned : Presently, the operators use scalar’

£ .
flmeasures of pulp quallty such - as P Factor, res;dual 11gn1n

'af‘concentratlon, Kappa numbec etc.- for_control purposes.u,_'



‘-dlnstantaneous dlgester proflles sbould make 1t possible for_3'n

g enterlng a dovnstream process, such as ths

E.=1

_,'bleachab111ty' and/or flnal product specrflcatlons such as

i'shoulng the prodactlon hlstory of the unlt

'_dounstream unlts. ;“ ‘;3ﬂd"‘ - - . ;_:

, ] .
_1nstantaneou= proflles and hlstorlcal plots uould shov themﬁf

AR I

" - . /

.Howevér, as. shoown by sxmulatlon resurts from this study (
'and as_ as undoubtly EOJnd in 1ndustr1a1 practlce ) the same

'scalar measures, such as Kappa number at the blou llne, can

be produced u51ng 31gn111cant11 ilfferont operatlng

e
Ve

'condltlons. It 1s almost certaln that the actual productlon'

v

hlstory of a partlcular urlt of pulp would-1nfluence'§§ff;;7v:

L\

'dounstream proce551ng_chardcterlstlcs such as"_'7} .

..

I . o

paper stremgth smoothness etc.v The dlsplay og

cthe dlgesfer operator to control the.dlgester operatlon more

‘Closely and to 1mprove reoroduc1b111ty., Use of dlsplays-

o X
yleach~plant

*

should 1mprove control and product aua11ty in these

PR

2 . Cow

Use of a 51mulat10n progral such as the one

-fdeveloped in, thls work 1n parallel wlth actual dlgester

'7'operat10n would permlt the prOCGSS operators t° evaluate ,ff]?

arternatlves for 1mplement1ng chlp spec1es changes, grade--f"

changes and/or productxon rate changes.f Dlsplays of .
.

. R
B !

P Cuﬁ;entlyfauf,j‘l
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progress o‘ changes through the dzgester and hence prOV1de a

k

ba51s for operator control- to 1mprove response tlmes and

reduce ofr grade pulp.» Careful tunlng of the parameters of.J

the d,namlc nodel would be regulred but 51mulat10n of

startup dynamlcs (c f. Flgures 5 1= 5 5) and optlmlz;

studles to reduce energy consumptlon or balance tradeo"fs

~ y

between chenlcal consumpflon and pulp quallty are also

possl'lé (c;f,_ Chapter&S vhere the effects o‘ changesnln
'cooklug temperature and chemlcal concentratlon veref

demonsfratedj o'The parameters in the dynamlc model such as‘
V‘reactlon rate constanfs, dlf‘us10n coe f1c1ents, heat,‘
.transferjcoeff1c1ents, pulp den51ty etc T plus thelr
dependence on operathg condltlons such as temperature,\ E‘f. : r\f
should obviously be»'tuned' via- a- contlnulng progect

- pfdfra‘ggd

1nvolv1ng productlon and development persornel. ‘>\“
ez Fusgre !grh o S

. . R - . . L
~ A . . / X .o .

e

As suggested above the dynamlc model developed as a-'
part of thls proJect has 51gn1f1can* potentlal for effectlve e f'{g‘
1ndustr1al utlllsatlon.; Hovever, one of the prrme'_

Vmotlvatlons 1n developlng thlS model was to prov1de a'n_



.'_Severad papers based-

8

convenlent and eff1c1ent means of evaluatlng 1mproved
" ~

computer control technlques - espec1ally a+ the hlgher or

7superv1sory levels. Some speclflc appr?aches that appear to

.‘have 51an1f1cant potentlal for 1ndustr1al use. 1nclude
LR

'1)ofw Materlal anduenergy balance control chemes to

N

"lcoordlnate the superv151on oF 1nd1V1dual DDC loops.

Cii) On llne constra 1dent1f1catlon, uszngn\

v

AN

technlques such as linear prOFrammlng Folloueé by

, approprlate modlflcatlonuof operatlng'condltions and/or

o objectlves.' ' R KA ,'.i., R

» o . :
FYR i l

l 111)-'l Use of modern multlvarlable control technlques
'such as those 1nvest1gated prev1ously 1n thls_
;department (26).. 1

For erample : .

a) tlme delay compensatlon (38- 2), f{.

b) frequency domaln de51gns to: 'decouple' i.e.

~

reduce Lnteractlons between controlled varlables-

1'the for&owlng refe fnces are to the 1nd1v1dua1‘fheses---'
. n these projects’ vere publlshed
rﬁsubsequently 1n dlfferent journals.' ' . '

)

-
.
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A\:jf

. c) use of filters and/or observers to estimate

variables that{cannotebe”measured1direct1y (33,

’adaptlve control systems tha* reju1re only 1nput/output

measurements for the plant (SC). o

ivf.'f SupeIVLSofy and- letrlbuted system control

.‘J»'

'concepts tha* would permlt feedforward, feedbacx and

:Aadaptlon of 1nformatwon amomq all the major unlts 1n a

/7 o ‘
mlll from the d*gester to the ‘paper machlne..-sor'

o .
1 ~

' ,example, ‘actots such’ as the\bleachablllty of the pulp 3

and the quallty of paper prqduced from 1t, prOVLde the

ultlmate means of evalua*rng dlgester operatlons and

. -
N

' globa’ly optlmlze ecqnomlc behav1our.' A computer

- system 1s requlred for such feedback and evalua lon.,

79),
‘dﬁ control of’ closed 1oop system‘response and/or
. ;parameter SenSlt1V1tV by elgenvalue and |
' 1Qe1genvector a531gnment»(87),
‘eQ\doptimal! manlpulatlon or 1nput varlables to
.achieve mlnlmal tlme response Ain the presence of
L ‘operatlng constralnts (77). | _ |
ZiV}':i SelF-tunlng regula:ors'(19 82), and byperstable_rt

e ¥

LR 14 .
- ! : . .
; R
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vi) ‘ The k1ne+1c model used ‘in thls study 1s too

' srmple to accurately represent the complex ‘set of

‘pulplng reactlons._ Present Fesearch lncludes
hdevelopment of processes to’ reduce hemlcellulose.
_degradatlon by addltlon of chemlcals such as
f'anthraqurnone in the cooklng llquor. Studres have also

voeen done for reprecrpltatlon of the carbohydrates

durlng the later portlon of the cook - Accurate

.

srmulatlon models for such processes are. requlred-;

Cooklng data for varlous wood spec1es which would
 assist in parameter estlmatlon for these models is also

‘needed. -
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. o % . " APPENDIX A A .
... . "¢ DERIVATION OF MODEL EQUATIONS Co T
. L . .‘ . . ) . . {" - o " + g
e _ This appendix is in support of material covered in '
chapter three. The partial differential equation is derived - :,;'
first and the set of thirteen nonlinear ordinary differential -
equations in the,next_section..
A'.-1_ Partial Differential Equation R -
) ! he unsteady State wood component mass balance was
‘"derived)i cylindrical coordinates. The equation can also be .\3"
R found in a;standard texthook'(eg. Bird Stewart and Lightfoot,\ -
* 6, p559, Table 18.2-2 Eqn B) :
s R C . o S )
D SRR N & 2’
ey foae vy v a g [ s 1 sty
e B v____‘T.ar_-.'.;_-.T:,'.,..;afe';;_.-_.-._,,c..a_vz e ar _a;_,_-. rzae_z_c___a,,zjr e

where C is a wood component concentration, Voo ‘e{ and

.'Vz are the velocity components in the three directions, T is the»,'

‘ radius, D is the diffusion coeffrcient and R the total reaction |

: term i.e. the rate of production per unit volume.. ( The nomenclature

is summarized in a\taﬁie at the end of this appendix.\)nf

82 e

o

[V
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e

diffusion coefficient, D.. Equation (A 1 1) reduces to.; j"f ‘,' :\m/’//l‘

at

et ~,Jf’f-/"cg,-(tf‘j>- ¢ 20 and

L Cz,0) =

;;geg%}oﬁ.._ Cazl o

o

;faC(Z,t)

’f‘fThefboundnry conditfonéjfdf-fhistASE?afé”:’v’

V-

- n=ly

. v R " . 'v v ’ N
R ISR FAR P
| 2 X F
. . . " .

Neglecting the radial (r), angular (e)components and the

T P ¢ S £ I

' The same equation can be written in fnnd%ignal_terms-aszgz(“';'

LIRS : . '

v, (z) BC(z t)

+ e - R(Cyz,t) = O | ‘_(5{1’3)1

Bz

—

1C(z)”> at. t-O and 0<z<H f',f¢>b"-'f ,flffff:(A;1€5)~f;'-
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Vo (6) o, Vv, G (6) _C(®)

SRR e o s

o

. : . : _— 4 B ot Vo v . . R
Discretizing equation (A.1-2) around;z . " - R

W 4 Vo 8 pc e =0 o AIee)

——— >

dt. "_‘ - bz

orfwheﬁ,multiplying,throughoqtfby the_volﬁme pf3Sectidnan in' the -

.

]

edigester,evﬁ.‘_ R

i R L S
ac ot bz e ' '

. -

3

Toa

or, assuming. cpnstant crossectional area,in’ each section .,

o

S

Ve 85O g () (0 = ¢ () TV R (C,0) = .0 AN

T

[ S

PN

“:The.boundary conditions (A.i-ﬁ)rahd ﬂA;l;S)xredﬁee'tp':

 v:;1. :ﬂ' 'j C(O;;) :="C°(t)”at'z,0;‘ | !  .:. .‘j (A;lfgs_f

T C(.zvn,O.)::: -ﬂf'\cni 0‘_atrtd=0f' S _ _(A_“"vl"g,) 4

O r : . .
I N : ' T

respectively, where C is the concentration value entering at the

- top of the digester and c 'o is the initial, starting concentration

" ; R} . Lo

-

in section n, and Q 19 volumetric flow rate, i e.,\Q'V v /Az.-; »r Lo

n zyn

N
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‘;» The same equat%ons 1f Ferived for the chemical components 7..‘

“in the free\and\entrapped dooking 1iquor would have an additional .

-

diffusion term for mass transfer between these two phases

] . B . . . ! H X
. ) - .- C .
- . . , .

A.2 .Ordinaty'Differential Equations -

S 'j,'Theyset‘qf'ﬁonlinear ordinary differential;équations are:‘\f'

presented here for a’digeéterISeCtion‘n.:

Overall mass baiencef: o B o | e ';" ,_v“f ;}!4

'Vn‘ip_q.% V Func(z 1° z ,HFAC, t) C (/2 1)
_— at. -
where . '
V is volume of section,_‘m3jiv . o ;’, _4;
'"_pn is the density (compaction),, kg/ms'
8-1’ z is position of section n,' m

T fr HFAC is the H-Factor and a measure of degree of cooking

“Indiﬁidualﬁond component,balances :

w

‘ag 'fjr d_The‘indiViduai;wood.cqmponentvbﬁlance'”in terms of -

L XH&‘the wood:specierconcentration:in section n is R f = R

, - B T N 2

o B : p V dx :;.;;"‘ ' . » ; . . i O

T —D " Whe llxnilif'Yn:xn.f Ren fh-(é;?—zj

, dt =

. : . 'v)

";_ﬁ ,-‘7“i wn is the wood flow rate from n in kg ODW/min

SR and R s the: total reaction term, hydroxide & sulphige

o

_i.é'.. ‘R : d-w(ﬁ o e 7'4")'X o '”(A 2;3)”

© 185,
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P

being the entrapped 1iquor flow rate from section n,

J; is the rate of reaction of lignin with chemical y in section n)

o e o 186

where = .
> . . . ' ) B

;‘ki is the hydroxide kinetic constant and is a function
‘ Cal s TR R o
of temperature, chemicals and wood'componentfconcentrations;
§i+1 is the sulphide kinetic constant and? is related in a

. similar. manner as ki’

. L 1s the en%rapped liquor hydrbx1de concentration
el,QH, ‘ ‘ ‘

_in'section n,’

and C.. . _is the j lle concentration in the entrapped

- . liquor.

RS

Entrappei"liquor component balances
~The material balance for liquor component Y in the 2
entrapped liquor is

Vo oac. o

| él7nl_if}’y’“f T %101 Ceryy,n-1 7 Qe1,n Cel,yin !
o dt. L L T L
R - | g
SRt . r
) k a ( Cfl,y n el’y’n)
-.(quth1n+'a2Rc;yv 3 m,Y,n 4 x,y,n)

(A 2= 4)

~where't'-he first two terms are convection flow terms with Q

,

el,y n

is the entrapped liquor concentration for the component y in the
l Section. The a s are the stoichiometric coefficients for the h

four wood components and liquor chemicals and are used to calculate

‘the’ chemical usage while the R's are the reaction terms (e g Rl y'
’ ’
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}' ,'..'_Free 1iquor component balances P

The free 1iquor balances for hydrox1de, su}bhide and

reaction products are represented by the general component

- equation @ o,
V’fl.‘n"ff_fi,y;n- - .Qfl,n-l;cfl,y,-h.-lf.‘f %1,0°¢1,y,n |

theSe terms”aré’Simiiar*to'those in-the entrapped‘liqnor-equation
f(A 2- 4) with a convection and ‘mass transfer term.‘The k a term is

"the overall mass transfer coefficient times area at the aection temperature

Energy.balances;ib

w C - T‘)'+'Gf

i s O p,w nto elin-lcp,l n-1

dt

_'_el nCp 1T ) + ZR AR + ha (T anin)
) @26y .
in this equation

[

o S ~ C and C ' are specific heats of wood and ﬂiquor
S PV pl

v

"7*:7jf o 'respectively and Cpis the average for the two, o N
Cw

él;h is‘the entrapped 1iquor mass flow rate,:'
}Agi'isfthe heat of reactIOn‘for»woodfcomponent i;
. Ri is the 'rea;ction"term;.. o |
?,“and:hgiis;the heat transfer coefficientﬂtimes afdﬁ sétﬁéenhi_tjh

- p:l“:’l.-.rﬁche:wood and freerliquor.w

o~

-7

;h)/
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T < R e S RPN V- - R
A.3 Nomenclature
O R
i ‘Speci'fic T
"interfacial area between wood and free 1iquor -
. concentration of wood component . ;
o .*concentration of: WOod component at the top of ;
E " the digester L '
vcn,éd ”_"1wood concentration in section n at time zero"
Cel,y,n concentration of component y in entrapped 11quor_“
val,y, e concentration of component y in'free liquor
. Cpl', B specific heat of’ liquor - .
: pr ';specific heat of wood chips‘J : ‘
ﬂb'gp.:ﬁl ;f. ;average specific heat ofxwood and eﬁtrapped 1iquor :
D.i . ’ ,diffusion coefficient - ‘
T h _ 'overall heat transfer coefficient . fcj-cs ~
‘5'H‘ 1i _},"total height of digester,ﬁ o :_a*f,
H ll . heat transfer through walls of digester '
17f HFACi‘ B H—Factor ‘a measure of cooking history '
?"’gkf; : - freaction rate constant “for hydroxide L
kitl ‘ ‘ reaction rate constant ‘for sulphide o
‘ kﬁr ?.overall mass transfer coefficient o
. mt,wel | total mass of wood and entrapped liquor in section.
Q - volumetric flow rate I
,Qéi-} . -"volumetric flow rate of entrapped 1iquor
iQfl. | »,volumetric flow rate of free liquor ‘
LT _eradius of section, radial component in
S ‘4‘_cylindrical coordinates S
?S,QRi":f “-total reaction term for wood component
Rx;n{. ,fvltotal reaction term for wood component x in n -
SRy -uheat of reaction S - : -
. ’ |
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’fGreek,Lettersy

time variable - ' o
g wood and entrapped 1iquor temperature

- free liquor temperature

':Nood mass flow rate

_mass flow' rate of entrapped liquor ‘1“

Y -

O g o 50, . :
- 12027
. B
£

.Subscripts“ v’f-.“

f1

- AN
.
L
. .

free’ liquor variable

‘variable from section n

- velocity component PR

volume of section

; volume_Of-entrapped liduor in section -

volume of free 1iquor in section

i*mass‘flow rate .of free 11qu0r

'concentratlon ‘of wood component X

position vector axial dlstance, cylindrlcal

coordlnates i
-stoichiometric coefficients for wood components
) and entrapped 1iquor chemlcals f\-
-density of~wood chips m;r- | e
i:angular component in cyllndrlcal coordinates h

'.entrapped Liquor variable

A-radlal component in cylindrical coordinates

'1angu1ar component in cylindrical coordinates‘ i

Lot
waﬁlal component in cylindrical coordinates e
. coAl ,
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. APPENDIX B

., ,
y v . . v

o,

o ODLL TESTING RESULTS

.

' . . , l’\\
Y. - This appendlx is related to the descrlptlon of tne

model that was'presented 1n Chapter Four. »Results rrom'

- testlng or 1ntegrat10n routlpes are presented 'in the flrst

_fsectlon and testlng of the open loop model and the ﬁlnetlc

. model 1n the other tuo.‘

RN

eBLT ggst;gg _ﬁi;gggg gtiog<Routine§ '

Ihe four lntegratlon routlnes tested for sunseguent.'

.use 1n the dlgester model were varlatlons of thf rourth

Lo

‘5oraer Runge Kutta type and a predlctor corrector method.

f,The 51mple Runge Kutta routlne was programmed 1n Fortrar

"vfjuhlle the other three uere taken from tuo suoroutlne

V;i“packages (39, 72).((The routlnes Bunge Kutta Glll (RKGS) aPQ¥ 
.;Hammlng s - Predlctor Corrector (HPCG) ‘were fpaken from tne xBMZ'

:Sc1ent1f1c Subrcutlne Package (SSP) and tAZ\Runge Kutta

'Merson (DASCRU) from the IHSL package.- The routlnes were

a

used to 1ntegrate the equatlons ten tlmes scn that a

v

191
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reasodahle values.for CPU_t time oould'be obtaiued;g
\ " The fltSt set of equatlons used in’ testrﬂg the

e routlnes\tere l1near and the analytlcal ;oiuilou of wnlcn"_
' : v e
R 3

.Was in e;ponentlals P S v;' S oo
':The.eéuationuset‘uaS,:

dy (1) 1.0

at L ¥(@)

. 4y k?-) = 1.0 . S
dae o X S (3.1

, . . , S e E |
Tand the condltlons-at'time'zero'were‘Y(1) = Y(2).=,1.0f

g

[&]
b
o

~anulyt1cal solutlon for thls problem is

"

Y(1)' exp(-t)

;
%
4

\i*

and 1(2) éxp(+ty- ?“f" '18.1 2)

Table B 1 shous: the computlng tlme used 1n CPU

sééguds on an Amdahl u70/vs computer and the solutlors
Tl :

»'obtalned from the. lntegratlon routlnes.

. Ihe second set used was a’ sllghtly Stlff set or
 *eguat;ons,~and they - are as follous~

~

e dY A1) =L -0.1%Y (1) = 49.9%Y (2)
| at oo T e

e

g&;;x3,f;'=i'70;o¥x(2);a;120-0%Y(3).'_-(ﬁfigé)_s
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Ihe 1n1t1al condltlons in. thlS case uere, Y(1)‘=‘Y(3)-¥'2.bln
apd Y(2) = 1. 0. .Thls equatlon can. be solved analytlcally
‘also and the 1ntegratlon results for this test are glven 1n'
“n Taole B/2 Based on these two tests the Runge Kutta Glll

4
B

and Predlctcr Corrector routlnes were deflnltely 1nfer10r to

the 51mple Runge ‘Kutta and Runge Kutta Merson methoas oased“"

on acFuracy and computlng t1me usage.f_"’i‘
:tf T t, The thlrd test vas on the dlgester model equatlons
Hhere the f1nal solutlon uas knoun. " This Has one of the oo

tr1v1al tests wlth no reactlon and also no heat and maSs

Ll transrer betueen the wood and llguor.. The Runge Kutta Gill

v

and Predlctor Corrector routlnes uere not- tested for thls
. caseab Ivo prorlles uere calculate ‘and results from both
methods uere 1dent1cal. The CPU tlme for the Runge Kutta
-was 1. 750 seconds and that for" the Merson method 3 23‘
~"’s'e:onds. Thls shoued that the 51mple Runge Kutta routlne('
vas performlng much better than the other rout;nes when tneu
problem was 51mple and the nonl{mearltles not very severe._
The actual dlgester equatlons are extremely nonllnear

especmally 1n the v1c1n1ty of the heateD sectlo\E%ghere the

pulp temperature is ralsed)by at least thlrty degrees

e



;Ceisids. The Runge ‘Kutta’ routlne vas hot-able to outperform

_ the Herson routlne in this case and very smalﬂ step slzes

had to be used to obtaln reasonable result\. ThevMerson"‘

-

.routlne uas for thls very reason used to solve tne nonllnear

“_equatlons in the batch and contlnuous digester models.
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C B2 ,QEeu Loop Model zgss_iag: |

CE L ‘The Frog[am subroutlnes v

the test -and results were as follovs ;

_.._—-__~‘-—_..-— —_——— e

,Dlgester o
Configuration.
Calculation

:vaaluate llquor,l

. den51ty & . its
-;varlatlon,ulth

temperatUte,

'550d1um Sulphlde
hydrolysxs rout1ne~

. _,j .

ere tested in parts and

197

Results agreed
perfectly o

calculated ‘A_'
,manually ‘

-Den51ty valuesf.'A'

calculated. at.

o different
-‘temperatures'

=Y \

‘Varylng NaOH & Na2s

Concentrations and

;Temperature
.
L)
‘ b

.

Values vere Hlthlﬂ
0 1% of: those lu
the lnternatlon
Crltlcal Tables

Results checxed
vith Martin's (04)

data.

.large . (Max 12%) at e

‘Errors 'were

“lcw temperatures &
hlgh sulphldltles _

icontinued ...,




Taﬁle E 3

contiﬁued"

e e e i e e  — —— ——— e e - ———————

" PROGRAM SEGMENT .

RESULT"

_'—___———-—_-——_..—__——___-..'.-—--_—-__‘--_'-'__—-_—.._..—_——t'__..__.—____
. . S~ . e . RPN

Lo
‘Sodlum Sulphlde
- 'available. to
' degrade , )
.carbohyacates- Mt

-BeSLdual reaction

uaf phase breakp01nt -

_aReactlon velocxty
'constants».

Mass transfer = |
Coefficient = '
'calculatlons_

‘Perfect mlxlng

- calculatiors fecr . 7

’}external f10us

'Caiculatlon of

. Compaction values

as a.function of

‘fpoSition~& histOryl

Dlgester enterlng

-y

| 'Checks at erous

Priﬁt‘aut'off” .

"values at different
- process conditions

. Check subroutlne .
uork1ng ‘

.

‘vKlnetlc constants
' at various process

_CODdlthDS

temperatures
i

Hand calculatlons
for material.and
energy balances -

Values for positién

aown the digester
& with various.
_cooklng hlstorles

’ Check uorklng Ulth

o tions at the .
'j_t P o [

hand calculatlons

|

1

;Vaiueé'agreed
‘fairly well wita
©’Stillmarn

‘Subroutine worked

well. Part of the

_.batch mbdeli

.on ‘ [

_ Data'from.smith &
Wigliams, (76) . -

o e
Calculations

'matqh

Agtee vell with
Hamllton'c (29)

B g data

‘Results match

-{81) data

- con'tinued

N



Table B.3 continued . , , ‘ 5
. ———tmom - '-—"‘———"—"--"-'“---."—,'——_----_—"f.“-—.-__'_-‘-‘_‘_-“—",-
/PROGRAH SEGMEN'I > TEST - - KESULT
Dlrferentlal . - Test.
'Eguatlon subroutlne S ‘on.. . - . : ,
sdmple S - - Results
Eunge Kutta Merson - . equations - - ' . . are
. method for solution o and’ - o - as’ B
of equatlon bet . ... . for - . expected.
’ o trivial . . i.e. .
Rout1ne= fer. solVLng . 'tests. ' . ' constant
‘cocurrent & counter- .- - - .. wood
B current flou_prthem i.e. no reaction & ' component
' : .~ mass transfer, mo ~ ' profiles &
Vnalnllne, driver heat transfer -  entrapped
' program JE T RN . nowliguor
' : - ‘ : ‘concentrations
! .
. % :
‘ } ) »
r



B.3 . Kinmeti¢ Model Testing - Batch Model Working
R 7 e T ' T

Ihe Klnetlc Model that was de5cr1bed ln thapter_.
»”'lhree uas tested by uslng a batch dlgester nodel that was‘
‘urltten spec1f1cally for that purpose.;.The batch model had
'Qtne same type of thlrteen nonllnear dltferentlal equatlons-
as in the contlnuous‘model except that the flov term~ here g
'deletea. The results from thls model were tested agalnst
_lcooklng data collected by Dalesk1 (19) ‘and Smlth and |
'nwllllams-(88) and the klnetlc parameters were tuned 3
accordlngly to glve the best p0551b1e flt.a The computer-dl'

model 1s sucn that 1f better klnetlc data for a partlcular '

'spec1es uere avallable 1t could be read 1n and used for S

e 51mulatlons. ‘The constants glven in. Table 2 are averdge

'vﬁ_Na es for hardwood and softwood spec;es and vere used to

'tﬁfgenerate the plcts that are shown in Flgurec B 1 to B 5.v

200, ¢
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 Figure B.1 : = Batch Cook, ¥ield at 195 °C  (Daleski (19)) -
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3. 0 CPU seconds uhen 1t was not.. The batch program 1s onl

ABPENDIXVé |
.HORKINGEd%'oPEn,LooB pnocnnh o
" This appendlx contalns the flov dlagram of the main
computer prcgram and a set cf sample data Hlth the standard W :
, program output. The dynamlc and steady state dlgester-‘
models are a part of one program thch 1s atout three‘
gthousand llnes long and the FOHTRAN G complled ver51on ‘on :‘“"JJ'
,the Amdahl u70/ve computer occupled a 256K bytes. The“run
_tlme to generate tne proflles 1n thls appendlx was 2 o CPU
'f seconds when the program was already loaded in memory and

7

i1500 llnes long and 1ts complled versron occupled ahout 100K

*-bytes.1; T ﬂ)' - ;
> - o - g et o : “, : , -
Cocdr gpeneioop Model'F;gg Q agr g:u~.' o T |

*:he flow dlagram 1n thls appendlx, Flgure c‘ﬁ"is”an“

,jvexpanded versxon of the srmplrfled flow dlagram that uas‘

. e

:shown 1n Flgure 4.1.a Tne more deta1led flou dlagram ulth;

‘complete program documentatlon -is. glven in the programmers

- P s“f YR SR e T L :
¢manual. , ST R S : : N
b . . . . \
e o« . . o
S B 4 ‘v DY A T O - o o Y -
* PR R » P ) a LI
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- ; B
. v .
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a;Hlstory Requlred SR

- ""Heat Balance ? J%}im'

1 -oSecondary Cook" .
'T“TEqmatlon Testxng’

j*Blou Flow :
_'Pulp Consxstency
. Chip Flow

: Chlg

HOOd Type««ytjbj'is" C
_rxn»wood-SpecLea
‘H§1;Un1tsﬁm~-

7Changes in- Operatlng

.. Conditions - _\

~ -Soda Cook? ' »
Rate Constants Readln,f

- /Reaction? '

“f‘Hashlng Calculatxons’

r‘f'Proflle Prlntlng

Frequency

. Profile Save Freguency
7 Plotting? PR
1"Debugg1ng Messages’

Stopplng Cr1ter10n°v

o+ DA

r

meter Capac1ty

- " Chip Moisture .
.;fﬁchlp Critical. M01sture _
'iood Spécific: At ‘

a1l

Hardwoodt.f__fot

f'.j;fseééh:abf;;: RS

:an‘;{n_ ?-“iul', n;}jf.;,d;

-~ No
Yes
Yes

¢

’vaery Fourth
Yes
‘No -~

““After tOTERo PEO;lleS

£x

3  54 0 cu m/mln'

- 12.5 %
63500, 0 kg/hr

a6 kg/revolutlon L

-'50:0 %

- 60.0.% - :
‘~L155.Q sq m/cu o

S 2n




Dry Wood - Den51ty S o 1B4J2 kgzeu m

© Wood Substance Densxty . +1653.0 kgscu m C : ,
' Ligninp Ccntent .. - . . 26.6. kg7100kg ODW = -y oo

“Cellulose Content - " 3920 kg/100kg ODW o

‘Mannpan Content ."_. © 71622 kgsr10Ckg ODW - -

“Xylan. Content S . 0. 9+5 kgs100kg ODW. ;

Acetyls- 7147 f ... . 0.95 kgs/100kg OD¥W -

: Uronlc -Acid. S T--7 . .-3.85 kg/100kg ODR T
"Extractives® . - 5 "'3.90.kg/100kg ODW -

_Perc nt xtractlve ngnln.,15'0'% L e

"Perc ‘nt. Extract1ve Manman. 55.0 K. o ot st
‘Percent Extractive. Xylan AT % e “fg7y”777f:“f_:7'

’ thte-quuor Flow .. .~ . 12.75.Cu.m/min-:. S R
‘White Liguor Alkali . “140.5 kg/cu m. as NaZO TR
thte;liqurQSulphldity L33 O % L _w,v,.3' EEUEE
tht_e‘Liq.;uor 'SOlldS - : - ’?0 0 % e e a s
Uhlte,Ligudr-Temperature' 8140 C PR
."Black Ligquor Flow Lot 0. 0 cu-m/min”

S BLacquiguer?Alkall S 8.0 kg/cu m

;ﬁﬁ_Black5Liquor,Sulph1d1ty 1500 % R

' Black Ligquor Solids S 309 & TV5‘

-Blackunguor;Temperature77‘85 0 C S
'Upperlﬁeater Flow . - 7° 30.5 cu m/mlr

- Lower “Heater Flow -~ -~ +28.0 cu m/min -
Quench Flow . * = - 'Calculated Latter in Program,
'Wash Heater Flow.' ' 9.0 cu'm/min - o '
Upper. Heater ‘Temperature 150.0 C. ¢

‘Lower Heater Temperature. ~155.0 C o

-Quench Temperaturel 0 . 98.0 c " S

Wash Heater: Temperature . 29440°°CH PSRN

; Extractlon Flou IS -;:135 0 cu m/mln

Quench Flow/Extractlon Flou

“Ratio : e 0.40 : - AR v
‘Cold Blow alkali ~ - 0.0 kgrcu’ m,ﬂf'"iﬂ,’ S e
.-'Cold Blow Sulphidity - 0.0 % TR AR
T Cold Elou.Solids-u 0.0 %
' Cold Blow Temperature . 45.0 C '
Klnetlc Parameters "o ‘*LISame as in Table 2.

: Heat Transfer Coeff1c1ents s

Internal Plpe and quuor o .. 02235 H/sg m - K

Digester Walls -~~~ “° = 0.0002.W/sg m - K
. Free Liquor and Wood == -~ 4.72 H/sq m -_K~‘ '
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o Heat of Reactlon . ,-.~'Q'580 0 J/kg of wood reacted
. ..  ‘specific. Heat of Wood .. .'--2.878.J/kg <. K- .
oo o Specific Heat of quuor -~ 5.188 .J/kg-- Koo o
e LT . specific Heat of tIce TS 2.0907 kg = KoL
2 A,% . - Heat of Fusrou of . Ice R 93.0 J/kg
: -+ Heat of Cohdensation of Steam '2188.0 J/kg
, _'Temperature ‘of. Chlps Lo 30.0 C S
- Temperature of Steamlng Vessel 125.0.C - °
. Ambient: ’l’emperat:ure,_;,~ 229.0 .C - - R ' i
;-Dlgester DlmenCLons ffiik' Prlnted out, 1n Sample Outpu.

B - . P p - Y
- e b .\‘ - . T [ ,.w

: : Number of Sectlons per Zone
'Impregn&tlon e 3
 Upper Heater .~ . -T2“gj‘,l_ _ SR _
" s:Lower Heater . 0 ALWAYSE- i e

“Quench” .+ . - . Alvays 1
 Extraction - . © . Always 1
- 'Washing .o oo T for Wash heater screen
Cold’ Elow S 2 - :

- ‘Numerical Step size . ';-5 0 min. o
Prorlles to be Calculated L2 e

'_‘.a<“ ,';lelt CHecklng,constants for;Variables“

< o zfeEvery Proflle Plotted’ © No- -

I SRt ‘Number of Variables: Plotted 6
Siftziree v Total Ngmber of Plots o1

Q'Proflle Number of Plot W,i”31

fiifwif | Varlables t6- be Plotted

e T

e . Cellulose
Entrapped Hydroxlde '
" Chip Temperature

o -',".f-éookl ng R 6 e --*:_ peToT o ~"'“,_‘:.' t N

. _;f‘[v -','.’—'v _\ s ngnln ., - - S e ﬂ,.‘“ o '...vb ol L e
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The sample computer run follows and
dlgester conflguratlon,,volumes and areas 1n

1n1t1a1 dlgester enterlng flows,vthe 1n1t1al
proflle and the dynamlc proflles. Tbe plotc
A

f10utpwt_from.a.similar runrwere“shown in chapterffiveg'

Detalls are glven ‘in the programmer's manual.
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~*. Table C.1 ... continued"
. ‘ /s
5 #ess  COMPIGURATION OF THE DIGESTER soie
"2OTAL HEIGHT OF DIGESTER, 8 -
o 70.30 -
“TOTAL YOLUNE CU. N
1265.86
' ZOFE HEIGHTS, M. _
. INPREGNATION - 14L80.. SRR
UPPER HEATING 3.25 ‘ .
LOWER HEATING - 1.90 T :
COOKING - 18.50"
_ QUENCH . 2,35
EXTRACTION .- 2.60
VASHING -~ . .23.00.
_ . €OLD BLOY 3.90 ‘
INSIDE DIANETER AND HEIGHT OF DIGESTER ZONES, M
TOP OF  BOTTOM ~ D (3) D(8)  D(5) p(6).. ~-D(7) _ D(8) ' D(9I)
CONE - OF CONE S S : - o

8. 10 8.85 .

. 8.80 - 10.00 .

“pe(1) . pp(2)

37.50 °  55.175

S . -
O0TSIDE DIANETERS OF PIPE BUNDLE, .CA

©-'8.85. -8.95  5.00° “'5.10 4.85 . 4.80 - 4.75
3.25 . 1290 . 18.50 "2.35 2.60 23.00° 3.90

e 325
" SCREEN 2. o

Y B © 59,71
s - 59. 71
) K T 59,71
: : 10 59471
o _ R L © 59,71
: - : 12 58 Mm
QUEN . UGS e
S AT SRR Y R 1k
- o . SCREEN 3. o
) ., BRI 87.71
] . SCREEN- &' T
.} vAsH ‘ -
15 i - 56..09.
16 .. 56,09 .
17 . 56.09°
1. $6..09
190 . - 56,09
.20 0 - 86,09
21 L %56..09
- 22 _ .20.81
L ‘ scarex .S N
cBLo o, AR N
: Coo 23 3.6

w0 I 56

- .53

S v 1,89

799
7.99
7.99

7:99 ¢«

7.99
2.95 -

C3.92

-3.92

~3.92
.92,

S 3.92 ‘~

3.92
3.92
0.0

3.27 l&

. DP(3)  DP(4)  DP(S) ‘DR(6)’ p(7)  DR(8)
50-00 . . 50.00  45.00 40.00 0-00 ©  40-00
 #es’ SECTION CONFIGURATION . #s+ -

SECTION ARD  , VOLUNE PIPE AREA = WALL ARER

SCREEN NO. . ’CU- P, S5Q. SQ. 8

S e 't N .ri LEEEN 03'2:6,1.“-; " 2:65 [ 29.56
2. 25,03 4.70 S 20091
3 1Bes. . .29.29 C 152,37

T ~ 29.98 U A.83 N\ 2814
- 'SCREER v = ) A o
s +29.07, SNago T 28038

25.66. .

\ o

L4883
48,43
‘48.83
48243

- 48,83

- -88a 83

137,65
39062

i

NT.07
47,07
87.07
47.07
87.07-
¥7.07

- 87.07..
C17380

29.10
29.10
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