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ABSTRACT 

Chlorination of kraft black spruce pulp was studied in a fixed bed 

reactor. Brf::akthrough curves of the reactant chlorine and the products 

TOC, chloride and methanol were measured. The flow residence time distri­

bution was determined by performing a stimulus response tracer experiment 

preceding chlorination of each pulp pad. The chlol'ine and methanol break­

through curves were well described by a parallel plug flow model and in­

stantaneou'3 chlorine-lignin and first order chlorine-carbohydrates reac­

tions. The representati'ln of the residence Ume distribution by plug flow 

through segregated channels rather than by axial dispersed plug flow was 

confirmed bl the effect of operating variables on the residence time dis­

tribution and by comparison with theory and numerical predictions. The 

good representation of the actual flow by the parallel plug flow model can 

be explained by poor radial mixing Rnd a relatively large scale of varia­

tion in radial velocity. The latter is a direct consequence of the large 

aspect ratio of pulp fibers and their associated tendency to flocculate. 

This also explains why the dispersion in pulp pads i8 larger than in beds 

of regular shaped particles which have the sa me equi valent diameter as 

pulp fibers. 

Chlorine-lignin and methanol-lignin stoichiometries were determin­

ed as a function of operating conditions. The chlorine-lignin stoichiome­

try is a function of mean residence time and temperature, but not of 

chlorine feed concentration. The values of the chlorine-lignin stoichiom­

etry are lower than found for corresponding batch chlorination of softwood 



pulps. The methanol-lignin stoichiometry is not influenced by any of the 

operating variables. The Methanol concentration in the effluent can be 

used as an Indlcator for the completion of the chlorine-lignln reaction. 

Pulp properties such as lignin content, kappa number and vlscoslty were 

measured at the end of an experiment. Maximum delignification in any 

channel Is obtalned at chlorinE' breakthrough. Recycling of reconcentrated 

spent filtrate dld not Mnder delignification rates. The reciproC'al in-

trinsic viscoslty is proportional to the chlorine charge on pulpe Higher 

pulp viscosities are obtained at lower temperatures and mean residence 

times and at higher chlorine feed concentrations for the same chlorine 

charge on pulpe Viscosity protection agents like chlorine dioxide are 

effect.ive in dynam1t: chlorination. 
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RESUME 

En nous servant d'un réacteur à lit compacté, nous avons étudié le 

processus de chloration des pâtes kraft faites d'~pinette noire. Nous 

avons mesuré les co\.&rr..es de rupture du chlore réagissant et des produits 

de carbone organique total, de mêmes que celles du chlorure et du méthan­

ol. La répartition du temps de résidence de l'écoulement a été calculée à 

l'aide d'une expérience de décèlement des réponses aux stimulus effectuée 

avant la chloration de chaque œte!as de pâte. Les courbes de rupture du 

chlore et du méthanol ont été fort bien tracées au moyen d'un modèle 

d'écoulement idéal parallèle et des réactions instantanées chlore-lignine 

et des réactions de premier ordre chlore-carbohydrates. La representation 

de la répartition du temps de résidence par écoulement idéal à chemine­

ments séparés plutôt que par écoulement idéal à dispersement axial s'est 

vue confirmée par les effet!' des variables d' exploi taUon sur la réparti­

tion du temps de résidence et par les comparaisons établies avec les 

données théoriques et les prévisions numériques. La bonne représentation 

de l'écoulem1ent effectif par le modèle d'écoulement idéal parallèle 

s'explique par un mélange radial assez pauvre et une large plage de vari-

a tion dans la vi tesse radia le. Ce dernier fac teur es t la conséquence 

directe du rapport d'a llongement élevé des fibres de la pâte et de leur 

tendance associée à la floculation. Cela explique également pourquoi la 

dispersion dans les matelas de pâte est plus importante que dans les 

couches de particules de forme régulière qui ont un diamètre équivalent 

aux fibres de la pâte. 

Nous avons pu établir que les stoechiométries de chlore-lignine et 
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méthanol-lignine sont l'une de fonctions de conditions d'exploitation. La 

stoechiométrie chlore-lignine est une fonction du temps moyen de résidence 

et de la température, mais non pas de la concentration du chlore de 

chargement. 

Les valeurs de stoechiométries chlore-lignine sont. plus faibles 

que dans le cas de la chloration correspondante en discontinu de p&tes de 

bois résineux. La stoechiométrie méthanol-lignine n'est pas influencée 

par les variables d'exploitation. La concentration de méthanol dans les 

effluents peut servir d' indica teur de l'achèvement de la réaction ch1ore-

1ignin. Les propriétés des pâtes telles que la teneur en lignine, 

1'indice kappa et la viscosité ont été mesurées à la fin de l'expérience. 

La délignification maximale dans n'importe quel type de cheminement se 

produit au point de rupture du chlore. Le recyclage du filtrat résiduel 

reconcentré n'a pas entravé le taux de délignification. La viscos! té 

intrinsèque réciproque est proportionnelle à la charge de chll')re sur la 

pâte. L'on obtient des pâtes de viscosités plus élevées à des tempéra-

tures et un temps moyen de résidence plus bas et aussi à des concentra-

tions de chlore de cha rgement plus élevées 1 tout en conservant la même 

charge de chlore sur la pâte. Les agents de protection de la viscosité 

tels que le dioxyde de chlore sont efficaces dans la chloration dynam-

ique. 
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NOMENCLATURE 

- reaction time, s. 

- reaction time corrected for "dead volume" of reactor, s. 

- residence time of a single channel, s. 

- Mean residence time of aIl channels, s. 

- breakthrough time of a single channel, s. 

- Mean breakthrough time of aIl channels, s. 

- critfcal time at which breakthrough occurs for a single channel, 

s. 

- total reaction time, s. 

- dimenslonless time. 

- dimenslonlese time corrected for "dead volume" of reactor. 

- total dimensionless reaction time. 

- dlmenslonless breakthrough time of a single channel. 

- mean dlmensionless breakthrough time of aIl channels. 

- exit chlorlne concentration at any time, g/l. 

- in1et ch10rlne water concentration, g/l. 

- maximum chlorine concentration, g/l. 

- concentration of methanol, g/l. 

- free ch10ride concentration, g/l. 

- chloride concentration fr~m chlorine-lignln reAction, g/l. 

- chloride concentration from chlorine-carbohydrate reaction, g/l. 

- 1iquid velocity based on empty reactor, cm/s. 

- liquid velocity based on accessible volume, cm/s. 

- liquid velocity based on inter-fiber volume, cm/s. 
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- pit pore velocity t cm/s. 

- accessible porosity, cm3 accessible 1iquid volume/cm3 bed. 

- total porosity in pulp pad, cm3 pore volume/cm3 bed. 

- external porosity, cm3 inter-fiber volume/cm3 bed. 

- fiber wall porosity, cm3 pore volume of fiber wall/cm 3 fiber. 

- initial 11goin content of pulp, g ligoin/g pulpe 

- initial llgnln content for "fast·· reaction, g lignin/g pulpe 

- initial lignin content for "slow" reaction, g llgnin/g pulpe 

- initial 1ignln content unavallable for reactlon, g lignin/g pulpe 

- dimension1ess ligoin cootent for ··fast" reaction. 

- dimensionless lignin content for ··slow·· reactlon. 

- reaction rate constant for ·'fast·· chlorine-lignin reaction, 

l·s/g. 

- reaction rate constant for "slow'· chlorine-lignin reaction, 

l·s/g. 

- reaction rate constant for chlorine-carbohydrate reaction, s-l. 

- pulp pad consistency, g pu1p/l suspension. 

- pulp pad consistency, g pulp/(100 g pulp water suspensi(.m). 

- carbohydrate content of pulp, g carbohydrate/g pulpe 

- average chlorine-lignin stoichiometry, g chlorine consumed/g 

original 11gnin. 

- average chlorine-lignin stoichiometry of "fast·· reactlon, g 

chlorine consume~/g lignln reacted. 

- average chlorine-! ignin stoichiometry of "slow·· reaction, g 

chlorine consumed/g lignln reacted. 

- reaction orders of chlorlne-lignin reactions. 
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1.1 Background and Objectives 

The bleaching sequence which follaws the pulping operation serves 

to remove the remafning lignin from pulpe Removal of the resldual lignin 

leads to large increases in whiteness and brightness of the pulpe Chlor­

ination and extraction are usually the tirst steps in the bleaching 

sequence and are responsible for removal of most of the res{dual I1gnin. 

Subsequent stages in the bleaching sequence are primarily for brightening. 

Chlorination normally consists of contacting the pulp suspension with 

chlorlne gas in a mixer in order to achieve uniform distribution and dis­

solution of chlorine in the pulp suspension. The pulp suspension then 

flows through a chlorination tower having a mean residence time of 45 

minutes to al10w chlorination to go to completion. There is no relative 

motion between the chlorlne-wa ter and pulp fibers. 

ln 1962 Rapson (1) introduced the concept of "displacement" or 

"dynamic" bleachlng whereby a bleachlng solution was forced through a bed 

of pulp fibers. Increesed bleaching rates were observed. This type of 

contacting is also used in pulp washlng and displacement bleachlng of 

pulp. Reactants and pr(i~!!cts are transported to and from the f!bers by 

relative motion between the contlnuous phase and the fibers. In any other 

mixing or continuous process, lncluding the recent medium consistency 

mixer (2), the relat ive motion between f!bers and continuous phase Is 

small compared to the absolute velocity of the fiber or fluid phases. 

Since only the relative motion contrlbu tes to transport to and from 

fibers, flow through a fiber bed is a ,"ery efficient contacting process ln 

terms of energy requirements. However more fundamental study ls required 
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in terms of residence time distribution and inter- and intra-fiber mass 

transfer processes for better use and further development of contacting 

devices or reactors employing flow through fiber mats. For example, the 

Most efficient use of wash water or chemlcals and minimum production of 

effluent volumes are achieved when the residence time distribution 

approaches plug flow. Understanding which physical phenomena are respon-

~ible for dispersion of the continuous phase might lead to the development 

of new or improved contacting devices or reactors. 

In the present study, dynslT\ic chlorinati.,n was selected for the 

study of the interaction between I118SS transfer and chemical reaction in 

flow through fiber mats because of the relative ease of chemica1 ana1ysis 

and handling of chlorine and its reaction products. Bteakthrough curves 

of chlorine, chloride, TOC and methano1 are measured as a function of 

residence time distribution, mean residence time, chlorine feed concentra-

tion, temperature, pulp consistency and viscosity protection agents. Pulp 

properties such as kappa number, lignin content and viscosity were deter-

mined at the end of the experiment. 

The shape of the breakthrough curves obtalned during dynamic pu1p 

chlorination ls determined by the f10w resldence time distribution, kinet-

ics of the different chlorine-pulp reactions and mass transfer resistances 

external to and wi thin the rJUlp flbers. In order to predict the break-

through curves from first principles and with the least number of ad just-

able parameters, the kinetics of the chlorine-pulp reactions must be 

known. T'herefore in the present study the kinetics of the chlorlne-llgnin 

and chlorit:.e-carbohydra tes react ions are, respectively, obtained from lit-

erature or measured. Also, MOSt importantly, the residence time distri-
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but ion for each pull> pad used for dynamic chlorination is determlned 

separa te1y • 

There 18 no concensus in the literature as to whether flow through 

a pulp pad h governed by channelling flow (3) or by axial dispersion (4). 

A detailed residence time distribution study ls undertaken in the present 

investigation to t'esolve this question. The residence time distribution 

is determlned wl th step-up and step-down stimulus-response experlments 

with glucose and hlgher molecular we1ght dextrans as inert tracer. Based 

on this study an approprlate flow model ls chosen for theoretlcal analysis 

and numerical modell1ng. The residence time distribut ion characteristics 

for flow through pu1p pads are a1so compared wi th general packed bed lit­

erature. The differences are attributed to the unIque dimensions of soft­

wood pulp fibers of about 30 micron diameter and a length of about 3 mm. 

Analysis of the experimental breakthrough curves also al10ws 

determination of chemical characteristlcs for dynamic pulp chlorinat1on. 

These Include TOC production and the chlorine-lignin and methanol-lignln 

stolchlometrles, as well as l1gnin content and carbohydr,ates degradation 

of the chlorlnated pulpe The influence of operatlng valt'iables on these 

characterlstics are discussed in terms of the different reactions and 

reactlon kinetics. 

1.2 Outllne of Thesis 

The overall objective of thie thesls Is to obtain a fundamental 

understandlng of the dynamlc chiorination process. The resu! ts are pre­

sented ln 8 chapters. Relevant l1terature on pulp bleachlng and flow 

through flxed beds are discussed in Chapter 2. The experimental apparatus 
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and techniques employed are presented in Chapter 3. Chapter 4 includes 

the effect of several operating variables on the residence time distribu-

tion and elue idation of the governing mechanism for flow through a paeked 

bed of pulp flbers. The chlorine-carbohydrates reaetion kineties are 

presented in Chapter 5. The experimental breakthrough curves and pulp 

properties are dlscussed in detail in Chapter 6. Predictions of the ex-

perimental breakthrough curves obtained wi th two flow models are given in 

Chapter 7. Finally, Chapter 8 summarizes the contributions to knowledge 

from this study. 
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2.1 Introduction 

The major objective in bleaching of pulp 1s to make the pu1p 

whiter anJ brlghter without significantly decreasing its strength. Colour 

arises from light absorption by conjugated double bond systems present in 

1ignin and extractives. The colour of unb1eached pulp varies with both 

the pu1ping process and the wood species used. Kraft pulp is a1ways darker 

in co10ur than the original wood and has a brightness 1eve1 of 20 to 30%. 

Su1phite pu1p is brighter at about 55 to 60% and is off-white in co10ur. 

ln a11 c8ses, however, chemlca1 pu1ping introduces chromophoric groups in 

1ignin 1eading to darkening of the pu1p. 

The 1ign1n content of unb1eached kraft and sulfite pulps are rather 

10w, between 3 to 5%. These co1our causing substances are easlly and 

economica11y removed by 1) de1ignification - dissolution of the 1ignin and 

resinous components of the pu1p 2) brightening - conversion of the remain­

Ing lignin and resin into substances capable of l1ght reflectance. An 

effective b1eaching agent must then be selective, on1y attacking lignln 

and reBin, must produce a stable white brlght p\l!lp and be inexpenslve. 

Ch10rine has satisfied these requirements for many decades and ls still 

wide1y used today. 

Pu1p i9 conventiona11y b1eached to the desired brightness in many 

stages. A typlcal stage consists of l} equipment to brlng the stock to 

the deslred consistency 2} a mixer to blend flbers, steam and chemica1s 3) 

retentlon vesse1 to provide time for redctlon and 4) a washer to separate 

the treated fibers from the spent chemica1s. As many as eight stages are 
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sometimes used in a batch bleaching sequence. The CEOED (C-chlorination, 

E-extraction, Dachlorine dioxide) sequence is very common. In addition to 

the c("!Rventional batch bl\!aching process, other processes like gas phase 

bleaching and displacement bleaching have also received attention. Many 

displacement bleach plante are in existence around the world today. In 

these plants the ent1re bleaching sequence, with the exception of the 

chlorination stage, is located in a single tower. Chlorination occurs in 

medium consistency mixers or in conventionsl chlorination towers. 

It was the objective of this work to investigate the displacement 

or dynamic chlorination of kraft pulp in a fixed bed rcactor system. The 

relevant literature dealing with bleaching of pulp and with flow, trans-

port and reaction phenomena in packed beds will he reviewed in this chap-

ter. 

2.2 Commercial pulp chlorination 

2.2.1 Batch chlorination 

Many combinations of chemicals have been used in the conventional 

batch bleaching process over the years. The most common sequence, CEDED, 

has been mod1fied in Many ways. Chlorine dioxide addition to the first 

stage, typically 4 to 15% (1), leads to improved pulp strength and hence 

allows higher operating tempera tures. Addition of an oxygen stag.: before 

the chlorination stage and also in the extraction stage, OCE D, prod~ces 
o 

pulp of high brightness (2,3). Hypochlorite and hydrogen peroxide aI~ 

also used in sorne bleaching sequences. 

Tae blesching times of batch sequences are in the order of several 

hours snd large equipment sizes are needed for each stage aince the pulp 

conslstency ls about 3%. The water and energy consumption of these plants 
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are al80 enormous. The need to bleach pulp more rapidly and economlcally 

has led to the development of dlsplacement bleaching. 

2.2.2 Disp1acement b1eaching, 

Displacement or dynamlc bleaching was first proposed by Rapson and 

Anderson (4) and since then wa:; Investigated extensively leadlng to the 

first commercial scale process in late 1975 at Temple-Eastex Inc. kraft 

pulp mUI in Evadale Texas. Since then many dlsplacement bleach plants 

have come on stream (1). 1)isplacement b1eachlng differs from batch 

bleachlng in that inlt1aUy there Is relative motion between flbers and 

solutlon. lt 18, however, sfmilar to batch bleaching in the variabUity 

of stages that make up a sequence. Three separate steps can be distin­

guished from one displacement. bleaching stage as seen in Figure 2.1. An 

initial dynamlc period where the chemical is displaced into the pulp 

suspension, a static period where the fiber suspension travels up to the 

fol10wing displacement zone and flnaUy another dynamic perloà where the 

liquid 18 displaced. 

The chlorination stage is performed extt!rna1 to the tower since 

complete chlorlnation cannot be achieved with displacement of a single 

padvo1ume of solution. This ls because of the nature of the ch10rine-

1ignin reaction and the limited solubility of ch10rine ln water. A signi­

ficant advantage of displacement bleaching over batch b1eaching ls that 

there Is no washing between stages. The capital and operatlng costs sav­

ings are signlf1cant and the bleachlng times are in the order of minutes 

(5). The reasons cited for this incressed b1eachlng rate were an increase 

in mass transfer rate of active chemlcals to the fiber surface due to the 

reductlon in thlckness of the water film surroundlng the fibers and al80 
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Figure 2.1 Mechanism of displacement b1eaching. 
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to the continuous removal of reaction products around the fiber (4,6). 

The location of the rate l1miting step in chlorlnation has always been 

controverslal and will be addressed in a later section. 

2.3 Experimental chlorination studies 

2.3.1 Chlorination reactions 

2.3.1.1 Chlorine-water reaction 

Chlorine is not very soluble in water. At a partial pressure of 1 

atmosphere and at 50°C the solubility Is 4 g/l. Chlorine undergoes a 

reverslble hydro1ysls in water to form hypochlorous and hydrochloric 

acids. 

[2.1] 

[2.2] 

Hydrochloric acid dlssociates completely in water whereaB hypoch1orouB 

on1y dissociates at pH 7. The effect of pH on the composition of the 

chlorine water system 18 profound (7) as seen in Figure 2.2. Chlorination 

is conducted at pH 2 where 20% of the oxidizing power i8 in the form of 

elementa1 chlorine and 80i. as hypochlorous acid. 

2.3.1.2 Ch10rlne 1i6nln reactions 

Because of the difficul ty in isolating pure Ugnln from wood the 

reaction mechanlsm between l1gnln and chlorine was lnferred from l1gnin 

model compound stud ies (8). These studies agree wi th the many documented 

reports on pulp chlorlnation that de-lignification occurs Initial1y by a 

fast substitution reaction fol1owed by a much slower oxldation reaction. 
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Figure 2.2 Effect of pH on composition of chlorine water, Giertz (7). 
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The chlorine consl.l1lption within the first two minutes has been reported by 

Many authors to be between 60 to 80r. of the total consumption. The sub­

stitution chlorination reaction results in aromatically attached chlorine 

atoms on to the phenyl propane l1gnin monomer unHs. The number of chlor­

ine atoms/Cg unit has been reported to be between 0.75 and 2.00 (9,10, 

11). These substituted l1gnin monomers are alkal1 labile. Perhaps, the 

oxidation of the methoxyl group of the phenyl propane unit to forro methan-

01 02,13,14) is the fastest of the oxidation reactions. Other oxidation 

reactions result in ring opening apd fragmentation and hence to increased 

water solubility. The kinetics of the chlorine-lignin reactions will be 

discussed subsequently. 

2.3.1.3 Chlorine-carbohydrate reaction 

ChlorinE': is not entirely selective in its reaction with llgnin 

during pulp chlorination. It also oxidises and de-polymerises the carbo­

hydrate fraction resulting in a loss in pulp strength and yield. It 18 

beleived that degradation occurs by a fcee radical mechanism. Chlorine 

dioxide, a free radical scavenger, 1s applied in bleaeh plants to protect 

the carbohydrate fraction. 

In this study chlorination waB generally carried out without a 

viseosity protecting agent. Since modelllng was a main part of this 

study, the reaction kinetics between carbohydrates and chlorine had to be 

known. Much of the present knowledge of the oxidation of carbohydrates by 

chlorine has been obtained through model compound studies (15,16,17,18, 

19,20). The oxidatioll 1.3 believed to be governed by both a free radical 

and an ionie mechanism (19,20) with the free radical mechanism predominate 
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Ing at pH 1 to 3. Due to the eomplexity of the reaetion products and its 

depeodence 00 pHs a description of the kinetics is diffieult. In spite of 

these dlfficulties Fredricks et al (20) proposed an ionie reaction mechan-

ism that involves hydride or proton transfer and suggested a rate expres-

sion that was first order in substrate concentration and that also includ-

ed C1
2 

and HOCI. The fne radical meehanism W8S represented by a rate 

expression first order in chlorine and was beleived to involve hydrogen 

atom abstraction. However no values of rate constants or activation ener-

gies were presented. 

The need to study the kineties of the carbohydrate-ehlorine reae-

tion is thus apparent. In the present work such a study was done on lig-

nin free samples of wood pulpe 

2.3.2 Kinetic studies 

The kinetics of the reaction between chlorine and l1gnin has been 

the subject of numerous studies. Chapnerkar (21) showed that 85% of the 

bleaching action of chlorine water on kI'8ft pulp was completed \Ji thin five 

minutes, the time of his Urst data point. He modelled the system by 

assuming an fnstantaneous reaction followed by two reactions that were 

first order in lignine Russell (22) stud ied the ehlorination of kraft 

pulp meal in a tubular reactor, at reaction times of less than one minute, 

in an effort to elucidate the initial pha~e of the reaction. His results 

were deserlbed by the following rate expression: 

-dL/dt = k' La [2.3J 

k' .. k f" [cJ [2.4] 

-- ------_._-------
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where k' is the pseudo rate constant and reaction orders (a) were between 

1.6 and 2.0. The pseudo rate constant was found to have a strong depen-

dence on chlorine concentration over the first 25% of delignificaton. 

Karter (23) considered the initial 2.5 minutes of pulp fiber chlor-

ination in a tubular reactor system in terms of heterogeneous reaction 

kineties. The unreaeted shrinking core model that cOllsidered either film 

diffusion, internai diffusion or ehemieal reaction as the rate limiting 

step was used to model the resulting kinetic data. The internai diffusion 

model was found to describe the rate behaviour over the tirst 60 seconds 

of chlorination when the effective non-Ficklan diffusIon cOêfficient (D ) 
e 

was described ln terms of the flber radius (R), reference diffusion coef-

flcient (D), arbltrary fiber radius (r) and a reaction order (n) between 7 

atld 10. 

D = D (r/R)n 
e 

[2.5] 

When appl ied to Russels tubular reactor data (22) chemieal reaet Ion was 

found to be limlting at short times and InternaI diffusion at longer 

tlmes. 

Koch (24) investigated the chlorination of kraft pulp pads in a 

differential reactor. He reported that delignifieatlon rates increase at 

higher flowrates and consequently a finite external mass transfer resis-

tance to chlorine exists. 

Ackert (25) a1so investlgated the chlorination of kraft pulp pads 

in a differential reaetor. He applied both homogeneous and heterogeneous 

reaction klnetics to his experimental data. Three heterogeneous modela 
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that take various physlcl\l resistances into aceount gave poor flts. Of 

the four homogeneous models considered, the two that incorporated series 

or parallel reactions gave the best Bts. The one chosen by Ackert was 

the two parallel reactions model Bince this is more in accordance with 

traditional pulp chlorination studies. 

[2.6] 

[2.7] 

[2.8] 

Germgard and Kar1sson (26) also studied the batch chlorlnatton 

klnetic~ of pulpe Thelr rate expressions, however, have not been publish-

ed to date. 

The most recent chlorination kinetics study was done by MacKinnon 

(27). He also neglected physlcal effects and represented the chlorinatlon 

kinetics by two parallel non-l1near reactions. Mackinnon suggested dif-

ferent stiochlometrles (g chlorlne/g llgnln) for the "fast" and "slow" 

reactions. 

-dLl/dt = k
1

[L
1

]e[C]f [2.9] 

-dL
2
!dt = k

2
[L

2
]g[C]h [2.10 ] 

-.... dLl /dt + dL2!dt = dL/dt [2.11] 
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[2.12 ] 

The rate limit1ng step in pulp chlorination could be physical or 

chemical in nature. Physical limitations could be due to diffusion of 

chlorine through the bulk phase and through the thin film surrounding the 

flber (external) or through the fiber wall to the reactant sites (intern­

aI). The influence of outward diffusion of products is important for an 

Irreversible heterogeneous reaction. Chemical reaction becomes limiting 

at slow reaction rates. No consensus exists concerning the rate limiting 

step as was shown in the previous section. However this hsa to be known 

in order to properly model pulp chlorination. Consequently in the follow-

ing sections, these stud ies and others will be assessed in an attempt to 

identify the controlling resistance. 

2.3.3.2 External limitations 

In cO'lventional chlorinatlon the diffusion of chlorine gas through 

the bulk could contribute to external mass transfer resistance if proper 

mixing is lacking (28,29). In dynamic bleaching, contributions to the 

external resistance could be due only to diffusion through the thin film 

surrounding the fibers slnee chlorine la already ln solution. Proponents 

of to the external film resistance theory include Koch (24) and Rapson and 

Andersen (4). Kochs' c1aim WSB refuted by Ackert (25) who used the same 

experimental system and found no inerease in reaetlon rate wi th lncreased 

flowrates. Aekert further showed that the mass transfer rates were aever-

al orders of magnitude faster than the reaetion rates. Rapson and 
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Andersens' assertion was based on the hlgh bleachlng rates obtalned ln 

displacement bleaehing. They contended that the thln film ws constantly 

be1ng eroded leading to a reductlon in film resistt.nce and hence Increase 

in reaetion rates. Hacklnnon (27) presented a dimensional analysls to 

quantlfy the signiflcance of film resistance. Using typicai conventional 

batch ch1orlnation conditions, he showed that thls film resistance couid 

be negiected after 10 seconds of resctlon. 

Huch of the evidence in the 11 terature supports neg1ecting fUm 

reslstance. Such a rate 1imiting step a1so cannot explain the transition 

from fast to slow rates and the formation of a limlt1ng CE Kappa nl;mber. 

Furthermore, increased bleaching rates were not observed by Acken (25) 

when he increased the flowt'Slte. The hlgh bIeaehing rates obtained in 

displacemen.. chlorination (4) could be due to another phenomenon like 

rapld product removal from the Immediate vlcinlty of the pulp fibers. 

This will allow the ehlorinated products to diffuse out faster from the 

fibers and consequently the chlorine to react with unreacted lignln rather 

than chlorinated products. 

2.3.3.3 InternaI limitations 

Many authors (21,22,23,30,31) con tend that the rate l1miting step 

in pulp chlorination is the diffusion of chiorine through the fiber 

wall. The barrier formed by the reaction products causes an increase in 

the internaI diffusion reslstanee and henee a reduction ln the reaction 

rates. The llmiting CE Kappa number is due to ehlorlne never reaching 

unreacted 1ignin beyond thls barrier. This internaI limitation theory was 

rej ec ted . by Berry and Flem Ing (11) and Kuang et al (32) who showed the 
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presence of ch10rine in the unreacted CE 1ignin. Berry and Fleming (11) 

further contended that if diffusion was rate 1imiting th en extended ch1or­

Inat10n Umes should el1minate the 11miting CE Kappa number. This was not 

ohserved. Mackinnon (21) presented a dimensiona1 analysis using typica1 

conventional batch chlorination condi tions and conc1uded that diffusion of 

chlorine is not rate 11miting after 10 seconds of reaction. Ackert (25) 

obtained a poor fit to his data when he considered internaI diffusion as 

the rate limiting step. 

2.3.3.4 Chemical limitations 

Ackert (25) and Mackinnon (27) mode11ed pulp chlorination ln terms 

of homogeneous reaction kinetics. Berry and Fleming (11) conc1uded that 

chemica1 reaction 18 rate l1mit1ng and substantiated this wi th a "blocking 

group" theory. They contended that during pulp ch1orlnation alka1i labile 

"blocking groups", possibly chloroquinones and ch1orocarboxyl1c acids, are 

formed and these aHow residual l1gnin to react very slowly with chlorine. 

Remova1 of these groups wlth alkal1 restores the rapid ch1orinatlon rate. 

The "b1ocking group'" theory cao exp1ain the existance of a lim1ting CE 

Kappa number. Recen t work by Ni et al. (70) stroogly supported the 

"blocking group" theory. They identified guaiacyl monomer units with 

three ch10rine atoms substituted in the benzetle nucleus as the so-called 

"blocking groups". 

2.4 Modelling of packed beds 

2.4.1 Introduction 

For a description of the concentration of a reactant at the exit of 

th.! reactor the reaction kinetics, the residence time distribution and the 

degree of segregation has to be known. If the reaction are 11near th en 
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knowledge of the residence time distribution ia suffic:ient to predict the 

reac:tor performance. For non-linear kinetics, flow modela that closely 

approximate the real flow have to be uaed (33). 

Many types of models can be used to c:haracterize non-Ideal flow 

patterns within process vp.ssels. They can be broadly classified as 

Fic:klan or non-Fickian. The Fickian or dispersion models draw on the 

analogy between actual flow and diffusion and 1s well suited for packed 

beds or tubular reactors. The non Fickian models, mixing cell and cross-

flow models (34,35), overcome some of the shortcomings of the dispersion 

modela but are more complicated. The solutions are, however, very simllar 

and consequent1y the simpl1c1ty of the dispersion model favors ita selec-

tion. In the following sections, some of the vast literature in thls area 

will be revlewed both for the cases of non-ehemical and chemlcal modifica-

tion of the fluid as it passes through the process vessel. The former 18 

addressed sinee part of this study a1so Involved inert tracer studies. 

2.4.2 Without reaction 

The axial dispersion model is a simplification of the general dis-

persion model and assummes no radial variations in concentrations, con-

stant axial dispersion coefficient and constant Mean velocity and has the 

following form: 

aT 
1 a2 (c 1 Co) a ( cl Co) 

0: P ax2 - - ax [2.13] 
a (cIe) 

o 

where P is the Peclet number based on the interstitial velocity. 

-
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Solution of the above equation can be obtained with the Danckwerts' 

(36) boundary conditions. An analytical solution to equation [2.13] 1s 

ava 11a ble (37). 

This one dimensional model WBS applied to laminar flow in a tubular 

reactor (38) and was found to adequately describe the two dimensional flow 

behaviour provided that the rf~sidence time of the system, H/u, was signi­

ficantly greater than radial diffusive transport times, O.138a2 ID (i.e. Pe 

= 48DH/a2 u > 6.65) where a is the the tube radius. When radial diffusion 

occurs rapidly the concentration gradients at any cross section diminish 

and the dispersion model which assumes a lumped concentration value at 

each cross ".:tion becomes physically more realistic. Extensions of this 

dispersion equation to account for other physical phenomena by addition of 

a source term are readily available in the literature. Sherman (39) 

assumed a l1near adsorption isothern: to account for adsorbed solute. 

Pellet (40) accounted for both internaI and external mass transfer l:esis­

tances and also a linear adsorption isotherme Both of these studies were 

conducted on beds of uniform cylindrical porous fibers. Rasmuson (41) 

presented an exact so:ution that involved longitudinal dispersion, extern­

al and internaI mass transfer resistancea and linear adsorption. 

Many studies have been concerned with the efff"c-::a of experimental 

variables on the longitudinal dispersion coefficient (42,43,44,45,46,47, 

48) for uniformly shaped packing materials. Peclet numbers are correlated 

with Reynolds and Schmidt numo~n. Fewer studies are avallable on the 
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mixing characteristlcs of pulp fiber beds. Rabergeau (49) modelled dis-

placement washlng of a fiber bed with a pure plug flow model and accounted 

for internaI diffusion reBistance. A po or fit waB obtained in the initial 

breakthrough region. Poirier (50) modelled displacement washing for both 

high and low initial pad l1quor concentrations. The axial dispersion 

model without source term was found to be adequate fer high solute concen-

trations. Inclusion of a sorption isotherm wes needed at low solute con-

centrations. The Peclet number increased with increasing pad height and 

decreasing consistency. Increasing superficial velocities resulted in an 

increase in Peclet number at low consistency and a decrease at high con-

slstency. Temperature changes on the Peclet number were found to be in-

significant by Poirier (50) and important by Lee (51). 

The effect of operating variables on a fixed bed of pulp fibers 

was also invest1gated in this work. Sugar solutions of glucose and dex-

trans were used as the displacing fluide Operating variables were studied 

on the same pad, unl1ke the other pulp fiber etudies cited above, and 

consequently variation in pulp pad formation were unimportant. Also these 

sugars do not adsorb onto the pulp fibers (52). 

2.4.3 With reaction 

The axial dispersion model has been used extensively to represent 

mixing effects in chemicsl reactors (53). The suitabillty of this model 

was discussed by rnany authors (54,55,56,57,58). Unl1ke the inert case 

discussed above where the concentration driving force only comes from en 

injected species at the tube entrance and is distributed with respect to 

position and time, the reaction csse also involves concentration differ-
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ences due to generation or consumption. Bischoff and Levenspiel (54) 

showed qual1tatively that the steady sUte axial dispersion model and 

associated reaction term accurately represents a slow first order reaction 

occuring in a long tube. This was verified numerically by Bischoff (55) 

who compared the predictions of the axial dispersion model with the two 

dimensional mass balance equation representing symmetric laminar flow and 

first order re~ction in a round tube. Wan and Ziegler (56) extended this 

analysis and stated that ln reactive systems a reaction time compared to a 

radial diffusion time is needed to determine the suitabUity of the axial 

dispersion model. They concluded that for both first and second order 

reactions the conversion in a steady flow laminar reactor may be accurate­

ly simulated with the axial dispersion model and a generallzed value of 

Taylors' (38) Peclet number. Consequently Taylors' defin1tion of the 

Peclet number for inert case. (pe = 48DL/a2 u) is replaced by (Pe = 48aX 

with a ) 0.5) for the reactive case, where a is the ratio of a reaction 

rate to a radial diffusion rate. Thus if the radial diffusion rate is 

greater than twice the reaction rate, the axial dispersion equation can be 

used with confidence. '·lissler (57) confirmed these findings. 

Subramanian et al. (58) extended the testing of the axial disper­

sion equation for laminar flow and first order ltomogeneouB kinetics in 

tubular reactors by comparing exact solutions of the governing equations 

to the l:Ixial dispersion model solutions for both the steady state and 

transient cases. Good agreement between exact and dispersion model solu­

tions were obtained for slow reactions at positions far from the reactors' 

inlet for the translent case. The agreement became progressively worse 
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for more rapid reactions. 

Corrigan et al. (59) compared the predictions of the axial disper­

sion and plug flow models when applied to steady state packed bed reac­

tors. The effect of axial dispersion on tiret and second order reactions 

were predicted from transient response with no reactions. They concluded 

that for both tirst and second order reactions, at high conversion levels, 

the predicted conversions of the axial dispersion model was significantly 

different from that of the plug flow model. Both models represented the 

experlmental data very weIl at low conversion levels but the axial disper­

sion model was better at high conversion levels. AppHcability of the 

axial dispersion equation ta represent the more flat velocity profile in 

fixed bed reactor system is more readily obtainable than for tubular reac­

tors. The criterion of much faster radial diffusion rates, however, con­

tinue to apply. 

Fan and Bailie (60) presented numerieal solutions for the steady 

state axial dispersion equation with a single reaction having orders other 

than zero and tirst in fixed bed reaetors. Rurghardt and Zaleski (61) 

presented approximate analytieal solutions to the steady state axial dis­

persion equation having a general reaetion kineticB for a single reactlon 

also in fixed bed reactors. 

The analytieal solution to the transient axial dispersion model 

with Hnear rate term in fixed bed reactors was presented by Danckwerts 

(62), Crank (63), Bird et al. (64), Lightfoot (65) and Vrentas et al. 

(66). They proposed that solution of this problelll could be derived from 

the solut10n of the corresponding diffusion problem without chemieal reac­

tion. A more practically useful solution to thls problem, end that in-
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c:luded Danckwerts' bou' Idary conditions, was presented by Dec:kwer and 

Langemann (67) and lyer md Vasudeva (68). These solutions were very good 

in the range of Peclet number 0.04 to 10 but gave physic:ally unreal1stic: 

values at Peclet number greater than 10. 

Many studies applylng the axial dispersion equation in fixed bed 

c:hemic:a1 reactors hsve been restricted to the steady state cases with a 

single reaction. The packings in these reactors are of regular shape. 

Requirements of this work will entail numerical solution of the unsteady 

state axial dispersion equation and three associated reactions, one of 

which is relatively fast, for the case of a fixed bed reactor system made 

up of pulp fibers of complicated geometry and characteristics. "Because of 

this fast reaction good predictions are not guaranteed since the bounds 

of this one dimensional approximation of the two dimensional convectlon­

diffusion probiem may be violated. 

2.4.4 Pararneter estimation 

The axial dispersion model is governed by a single parameter, the 

Peclet number. Evaluation of this parameter can be done with several 

methods: moments, weighted moments, fourier analysis, transfer function 

fitting and time domain analysis (69). 

The moments method 18 popular and quite simple. The axial disper­

sion equation is solved in the Laplace domain and the moments of the equa­

tions are compared to the corresponding moments of the experimental re­

sponse curve to elucidate the parameters. The moments method has the 

shortcoming that a large weight is placed on the tail ends of the response 

curve. Since this is generally the least accurate portion of the curve, 

errors can be quite severe especially if higher moments, fourth and fifth, 
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are used. In cases where mass transfer resistances are negl1gible, the 

tall of the response curve ls short and the accuracy of the moments tech­

nlque is very good. Such 18 the case wlth the sugar tracera ln thls work. 

The second moment allows calcu1atlon of the Peclet number and Is the hlgh­

est moment used ln thls study. 

2.5 Concluslons 

The technique of displacement or dynamlc bleachlng Is of commercial 

importance and b1eachlng tlmes are signlflcant1y shorter than conventional 

batch b1eaching methods. The chlorinatlon stage, however, i8 still exter­

nal to the tower. Ackert' s (25) investlgation of dlsplacement chlorlna­

tion was llmited to very thin pads and restrlcted to kappa number and 

resldua1 chlorlne measurements at the end of the reaction periode More 

detaUed experimental and theoretlcal ana1ysis is needed for a proper 

understandinfl of this method of chlorinatlon. Such know1edge wUI also 

asslst in a better understanding of the other stages of disp1acement 

b1esching. Review of the l1terature indicates that Many studies on the 

reaction between ch10rlne and pu1p have been done. lt seems that the 

reaction kinetics can best be represented by ignoring physica1 resistances 

and considering on1y homogeneous reaction kinetics. The rate expressions 

proposed by Ackert (25) and Mackinnon (27) are app1ied in this study. 

The axial dispersion model has been used extensive1y to mode1 tubu-

1ar and packed bed reactors. These studies were main1y restricted to the 

steady state case and with a single rate equation. App1icabi1ity of the 

axial dispersion mode1 with a single very fast rate equation (54, 55, 56, 

57, 58) vere 1ess successful. Mode111ng of the ch10rine hreakthrough 

curve is attempted with the axial dispersion mode1: physica1 reslstances 
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are neglected and kinetics governing the reactions between ch10rlne and 

pu1p Included. The sultability of the axial dispersion model cannot be 

guaranteed though because of the rapld ch10rlne- 1ignln reactlon. Hodel-

1ing of the inert sugar tracer, however, Is amenab1e to the axial disper­

sion model and parameter estimation by the moments technique i8 u8ed. 
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3.1 Introduction 

ln dynamic pulp chlorination, a chlorine-water solution is con-

s tantly being forced through a pad of pulp fibers. The chlorine in the 

displacing fluid reacts preferentially with lignin in the pulpe Sorne of 

the resulting chlorolignin is water soluble and i9 removed from the pad 

to- gether with spent solution. Due to this constant flow of fresh chlor-

ine water solution, a lignin reaction front 1s formed. The pulp pad pre-

ceding this front is depleted in lignin and chlorine consumption here i8 

due to both the res idual lign in and carbohyd rates. Beyond the reaction 

front is unreacted pulpe This front moves away from the inlet of the ped 

at a speed determined by the superficial velocity and concentration of 

• the chlorine water solution, temperature and pulp pad consistency • 

The shape of the reaction front ls governed by the flow distribu-

tion through the pad. For plug flow, the reactlon front is flat. Real 

systems are characterized by varying degrees of mixing and this results 

in a reactlon zone that is correspondlngly diffuse. Chlorine appears at 

the exit when aoy part of the reaction front has trav2lled through the 

cC':nplete lengt h of the pad. With time, the entire reaction front would 

have reached the pad exit and chlorine consumption by the pulp pad would 

be due only to residual lignin and carbohydrates. Measurement of the 

chlorine concentration at the exit of the pad at different time" ~ives 

rise to a breakthrough curve (BTe). The area above this STe represents 

the amount of chlorine consllTled. In addltion to residual chlorine, chlor-

ide, methanol and total organic carbon (TOC) in the effluent stream area 

are also measured. 



( 

33 

The purpose of this experimental study weB to investigete the 

chlorination of pulp in a fixed bed reactor: system wi th the chlorine water 

solution being the mobile phas:e. 'l'he resul ting experimental data would 

form a base for testing a suitnb1e mode1 describing the relevant physicel 

and chemlcal phenomenon of the process. The varIables Inve stlgated were 

flow rate, chlorlne concentratl,on and temperature of chlorlne water solu­

tion, pad helght and reactlon t Ime. The cons Istency of the pulp pad and 

effect l')f recycle c,f spent chlorlnation llquor were alao studied. 

As mentioned above, chlorlne reacts ,.ri th both 1ignln and carbohy­

drates. Thus ln order to adequately model the system, the kinetics of the 

reaction between chlorlne and lignin and chlorine and carbohydrates has to 

be known. Many authors {1,2,3,,4,5,6) have studied the chlorine-llgnln 

reactions and several rate exprE~sslons are avallable in the literature. 

The ehlorine-earbohydrates reaetlon has, however, received less attention 

and no rate expression is eurrently available. Elucidation of the kln~t­

les of thls reactlon was then lncluded ln the experimental program of thls 

study. 

The changes in the flou charaeteristics of the ehlorlne watet' 

solution during its passage through the pulp pad also has to be known so 

as to facilltate modelling of the dynamic chlorination pxocess. Stimulus 

response experiments were performed wi th suitab1e inert tracers (glucose 

and dextran) to obtain a description of the mlxing eharacteristlcs of the 

fixed bed system. 

The experlmentsl fsellity, techniques and procedures used to study 

the dynsmic chlorlnation of kraft pulp is deseribed ln the subsequent 
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sections. The chemical and physlcal properties of the black spruce kraft 

pulp used in thls experlmental study are given in Appendix 3-1. 

3.2 Experimental facllity 

The stalnless steel reactor system used to study the dynamic 

chlorlnatlon of kraft pulp Is l11ustrated ln Figure 3.\. A pulp pad Is 

formed ln the hollow cylindrlcal region, 7.5 cm diameter and 20 cm high, 

and held between a Btationary lower plate and a moveabLe upper piston. 

The plate and piston are each perforated by 16 holes, of 3.5 mm dlameter, 

and sltuated evenly on the periphery of a 6.5 cm diameter circle. 

The lower plate Is connected to an exIt line and this facilitates 

the flow of effluent out of the reactor system. The dead volume between 

the bottom of the pulp pad and the end of the exit line is approximately 

20 cm3 • The upper moveable pis ton serve s te [ix the he1ght of the pulp 

pad and, in addition, allows solution to enter into the reactor system. 

Also attached to the piston is a bleed line that serves as another exit 

line of the reactor system. This is of value ln pad formation and at the 

beginning and end of an experlmental run and will be addressed subsequent­

ly. Attached to both the lower plate and the piston are 200 mesh screens 

that serves to minimize the loss of fines or fibers from the pulp pad. 

The bleed and outlet lines of the reactor are equipped with solen­

oid valves that are connected to a common two way switch. These two lines 

are both never open or closed a t the same time. Consequently when the 

bleed line is closed the outlet 11ne is open and solutIon can flow through 

the pulp pad. The other option that closes the outlet line and opens the 

bleed line allows the piston to be filled with solution and prevents flow 

through the pulp pad. Hence, the exact start of the contact time between 

the solution (chlorine or inert tracer) and pulp pad Is very well defined. 
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Figure 3.1 Schematlc of reactor. 
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This arrangement reduces the dead volume at the top of the pulp pad to 

effectively zero. The p1.11~ pad temperature was controlled by a heaUng 

jacket to the requlred temperature. This heating was supp1emented wlth 

heating tapes at hlgher temperaturea. 't'he temperatures of the jacket, 

pu1p pad and solution were monltored by thermocouples. 

A schematlc of the reactor and auxl1lary equlpment ls shown ln 

Figure 3.2. Ch10rlne water la made and stored ln a large (50 cm * 50 cm * 
50 cm) tank. Thi.s 15 essentlal in order to keep the change ln statlc 

pressure head of the chlorine water durin5 an experlment to a minimum and 

consequently minlmlze variations in lnlet chlorine concentration and flow­

rate. The chlorine water ls pumped by a perlstaltlc pump (Masterf1ex R-

7523) to a three neck flask that is lmmersed in a constant temperature 

bath. The air ln the flssk 18 removed through a f,leed line. The ch10rine 

water solution ls then dlrected through a two way valve, VI' 1eadlng 

elther back to the tank or towards the reactor. Another two way valve, 

V2 ' allows either chlorine water or wash water to flow to the reactor. 

The wash water ls pumped by another head of the same perlstaltlc pump 

through a two way valve, V3, that glves the option of recycle back to the 

wash water tank or leads to valve V2 • Just before the reactor ls another 

two way valve, V4 • One port of this valve a110ws sampling of the ch10rine 

water solution Just before lt enters the reactor whlle the other port 

1eads to the piston of the reactor. The wash water 1ine 18 used for pulp 

washlng after ch1orination and for the stimulus response experiments with 

glucose and dextran before ch1orinatlon. The water for the heatlr.g jacket 

is pumped by another peristaltic pump (Masterflex R-7553) through colls 

immersed ln a heatlng bath and fina11y to the reactor. The reactor and 

a11 llnes leadlng to the reactor are weIl lnsulated. 
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Figure 3.2 Schemat1c of exper1mental fac111ty. 
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3.3 Experimental procedures 

Several prel!mlnary and preparative steps are necessary prior ta 

the actuel dynamic chlorination process. In this section the preliminar­

ies like chlorine water and sample tray preparations as weIl as the pulp 

pad formation techniques are discussed. Flnally the experimental proce­

dures for a typical run are outlined. 

3.3.1 Preliminary preparations 

3.3.1.1 Chlorlne water preparation 

Preparation of chlorine water to the deslred concentration was 

done the day prior to the experiment. A schematic of the system ls shown 

in Figure 3.3. Chlorine gas 18 continuously bubbled through a dispersion 

tube located about one inch from the bottom of the tank. Mixing of the 

gas through the liquid bulk was facilitated with a mechanlcal stirrer. A 

mechanical seal around the rod of the stlrrer prevented escape of chlorine 

gas. A purge system was connected to the tank and 811 dlsplaced air was 

bubbled through a caustic solution to remove entrained chlorine gas. 

Samples were taken from an ou tlet port of the tank at regular intervals 

and analysed for chlorine concentration. 

3.3.1.2 Sample tray preparation 

The effluent stream is analysed for chlorine, chloride, total 

organic carbon and lignin and in some cases for methanol during a dynamic 

chlorination experiment. Chlorination is t radi tionally characterized by a 

fast reacUon between chlorlne and 11gnin, wi thin the first few minutes of 

chlorination, follwed by a much slower chlorine consumption by both 

residual lignin and carbohydrates. Consequently the highest concentration 
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Figure 3.3 Preparation of chlorine water. 
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of total organic carbon, lignin and generated chlorlde will be in the 

first few padvolumes of effluent leaving the reactor. The chlorine con­

centration during this tlme span is very low. The sampling techniques 

were then structured to suit these conditions. Sampl1ngs were done con­

t inuously over the time span encompassing the first few displaced pad­

volumes with the tlme span and the sample collection times determined from 

operatlng conditions like pulp pad consistency and height and the superfi­

cial velocity of the chlorine water solution. Generally the sample col-

lection times for individual samples ranged from 5 to 20 seconds. During 

th18 Init ial continuous sampling period chlorine samples were collected 

after two sets of semples were collected for the other analyses. Subse­

quently the sampl1ng rates became equal and the time between salnple col­

lection was extended. Sample travs were prepared to satisfy the se needs. 

In addition suitable reagents were added to the sample bottles. A mixture 

of acld and potassium iodide solution of known volume was arided to the 

chlorine sa'llple bottles to determine a11 residual chlorine. The chloride 

concentration was determined from another semple. The residual chlorine 

was converted to chloride after reaction with a known volume and strength 

of soèium metabisulfite in the sample bottles. Samples for total organic 

carbon and llgnin analysis were collected in empty bottles. The technique 

of analyses wUI be discussed in a subsequent section. Sampl1ng during 

inert tracer experiments were done continuously at sample collection times 

dependent on the pad height and superficial velocity. The sugar solutions 

were kept overnight to sllow the solutions to stabillze before starting an 

experlmen t. 
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3.3.2 !ulp pad preparation 

Extreme care is necessary to form a pulp pad that will allow a 

displacing fluid to exhib1t a flow distribution that is close to plug 

flow. Such a flow distribution assures uniform distribution of the dis-

placing fluid over the pulpe The presence of channelling and other non-

ideal flow behaviour results ln unbleached regions ln the pulp pad if the 

displaclng fluid ls chlorlne water. It is known that no two pulp pads can 

be made the same because of the geometry and characteristlcs of the pulp 

fibers. The best that can be done from an experimental standpoint is to 

exercise care and to quantHy the flow characterlstics of the resulting 

pad. After repeated trials a technique was developed that resulted in 

pads that exhibited fairly sharp resldence Ume distributions. The resi-

dence time distribution was quantified by stimulus-response experiments on 

each pad. 

A softwood kraft pulp was used in aIl chlorination experiments. 

The ueight of pulp needed to form a pulp pad of a certain consistency 

depends on the !lad height and cross-sectional area ot the reactor and 

could be calculated from the following equation. 

x = A·H 
O/p f - 1) + lOO/Cp 

[3.11 

where H is the pad height, A the cross-sectional are a (45.05 cm2), X the 

mass of 0.0. pulp requlred, Pf the density of fibers (1.5 g/cm3), and Cp 

the consistency of pulp pad, g pulp/ 100 g pulp suspension. 
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The pulp was disintegrated for about two minutes with a high speed 

sUrrer and then de-aerated for about 40 to 45 minutes so as to rem ove the 

trct')ped air bubbles. The pUlp wa ter suspension was then diluted to about 

0.5% consistency and poured carefully into the reactor that was modified 

as shown in Figure 3.4. The function of the added section was to allow 

complete addition of the pulp water slurry. The water wes allowed to 

drain through the exit line of the reactor at an accelerated rate due to 

the appl1ed vacuum. Drainage was continued until the level of the slurry 

wes just above the desired final pad height. The added section was then 

removed and the piston was placed into the cylindrical section and slowly 

depressed to the final preset height. During this operation the bleed 

Hne from the plunger was opened to allow removal of excess water while 

the exit line from the lower plate was closed. The plunger was then bolt­

ed on to the body of the reactor. 

3.3.3 Experimental method 

After completion of the prel1minaries, the heaters were turned Cil 

and aIl flow lines to and from the reactor installed. The peristalt1c 

pump was cal1brated by passing water through the "chlorine line" and 

through the pulp pad. Glucose and dextran T-2000 tracer tests were con­

duc ted at the same flowrate to be used in chlorination. The pulp pad wes 

thoroughly washed with water after each tracer test to prevent solution 

carryov1er. Mixing cup samples were collected at the exit of the reactor 

over the duration of both tests. SI'\mples of the original solution were 

taken both st the beginning and at the end of the tracer experiment. The 

analytical technique used to determine the sugar concentration ln these 

samples \~i11 be discussed subsequentlv. 
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Figure 3.4 Preparation of pulp pad. 
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The system was then allowed to reach the desired operating temper-

ature. Chlorine water solution was continuously recycled back to the tank 

during this time interval so that both the temperature and the concentra-

tion will be stable. The wash water flow was also directed back to the 

wash water tank. After temperature stability was 8chieved the solenoid 

valve at the exit line of the bottom plate of the reactor was closed snd 

the bleed line of the piston opened. Chlorine water was then directed 

towards the reactor and allowed to circulate through the piston and out 

through the bleed line. Chlorination was allowed to COI'lmence by closing 

the bleed line and opening the exit line of the bottom plate. Samples 

were collected at the exit of the reactor at pre-determined times through-

out the chlorination periode The inlet chlorine water was also regularly 

sampled. At the end of the chlorination period th,~ chlorine water solu-

tion was directed back to the tank and the wash water was dir~cted to the 

reactor. The pulp pad was thoroughly washed and the chlorination re~-tion 

termlnated. 'Ile pul p pad wa s then removed from the reactor and a port ion 

of it was caust1c extracted under the following conditions: 

consistency = 10% 

charge = 3% on pulp 

t 1me = one hour 

temperature = 70°C 

Handsheets were made from both the chlorinated-washed pulp snd the chlor-

inated-washed-extracted pulpe 

3.4 Analyt1cal techniques 

.... 3.4.1 Sugar analysis 

The samples collected during the tracer tests were analysed by 
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polarimetry. The rotation exhibited by the se optically active samples 

depended on1y on concentration since the temperature, wavelength and path 

length were kept constant during aIl analyses. The ratio of the sample 

rotation to the rotation of the initial solution is then a dimensionless 

measure of the exit concentration. A plot of this fraction as a function 

of time give rlse to a breakthrough curve for the sugar tracer. 

The polarimeter used (model II AUTOPOL 111-589-10) was purchased 

from RUDOLPH RESEARCH ln New Jersey. The precision was 0.001 degrees, the 

wave1ength 589 nm and the bandwith 10 nm. A 10 cm sample tube (model # 

14-8.5-100-6.0) was found to be adequate. AH measurements were done at 

room temperature. The main components of the polarimeter are the light 

source, polarlzer, sample tube, analyzer and a measuring devlce. The 

output from a hlgh intensity halogen cycle tungsten light source is fo­

cussed into 8 6 mm dlameter beam of unpolarized white l1ght and passes 

through a Glan- Thompson polarizer and then to the sample tube. After 

transmission through the sample chamber the llnear rotated polarlzed 1ight 

passes through a rota table analyser prism and then to a photomultiplier 

tube. The analyser Is driven through an angle equa1 to the sample rota­

tion and po1arimetric balance is re-established I.e. the analyser and 

polarize~ transmission axes are precisely perpendicular. This rotation i8 

digltally displayed. 

3.4.2 Chloride analysis 

Hydrochlorlc acld Is generated from both substitution and oxida­

tion reactions during ch1orination. In additIon, chloride trom residual 

chlorlne is 81so present in solution in an amount depending on the equili­

brium reaction between ch10rine and water. Addition of sodium metabisul-
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phite converts aIl residual chlorine in the sample to chloride. Renee 

determinat iC/n of the total chloride and residual chlorine concentration 

will aHow calculatlon of the amount of chloride produced by reactions. 

The chloride concentration was measured by a flow injection anal-

yser (model FIAstar 5020) in conjunction with a spectrophotometer (model 

FIAstar 5023) that consists of a detector controller (model 05023) and 

spectrophotometer optical unit (model Il 5023-011). Flow injection analy-

sIs is based on introduction of a defined volume of sample into a carrier 

stream • This results in a sample plug bracketed by the carrier. The 

s8ll1ple stream i5 merged with -: reagent stream in a chernifold to obtain a 

c hernical reaetion between the sample and the reagent. More than one re-

agent stream can be mixed with the sample plug. The sample beeomes pro-

gressively dispersed as the stream moves towards the deteetor. The degree 

of dispersion of the sample can be eontrolled by varying a number of fac-

tors such as sample volume, length and diameter of mixing cons and flow 

ra tes. When the sample stream reaches the detector, ne! ther chemical 

reaction nor the dispersion process has reached a steady state. Since 

experimental condi t 10na are held identical for both samples and standards, 

the sarnples can be evaluated against appropriate standards injected in the 

sarne manner. A schemat ie of the system is shown in Figure 3.5. The re-

agent used for chloride determination contained mercury thiocynate, Iron 

(111) nitrate, nitrie aCid, methanol and water in fixed proportions. The 

chloride ions in the sample or standard reaets with this reagent to form a 

red thiocynate complex that is detected at a wavelength of 470 run by the 

5 pectrop hotome ter. 

3.4.3 Chlorine analysis 

A continuous method to monitor the concentration of chlorine was 
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Figure 3.5 Flow Injector Analyzer (FIA) system. 
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f 
worked out with the flow injection apparatus described above. Samp1es 

were asplrated from the e~it llne of the reactor after preset time inter-

vals and mlxed tirst with acid then potassium iodlde in the chemlfo1ds. 

The resulting iodine concentration was detected at a wave1ength of 400 nm 

and converted tG chlorine concentration from a predetermined calibration 

curve. This method was attractive in that the effluent samples were never 

exposed to air, but it wes used sparingly in this work because of the long 

tlmes that were needed to carefully and accurate1y prepare standards. A 

batch process was adopted whereby samples were collected in an acid-

potassium iodide solution. This sampling technique was found to be very 

reliable. The resulting iodine solution was titrated against sodium thio-

sulphate solution of known strength. 

;' 
3.4.4 Total organic carbon analysis 

Total organic carbon (TOC) in the effluent arises from both re-

acted solubilized llgnin and degraded carbohydrates. In the initial 

stages of chlorlnation the major fraction of this TOC is due to degraded 

lignine Determination of t'he TOC concentrations was carried out with a 

Technicon Au toAnalyser SystE!m. A schematic of the system is shown in 

Figure 3.6. The basic components of the system are a peristaltic sampling 

pump, chemistry modules for reactant addition, spectrophotometer and a 

strip chart recorder. The mHhod outlined by Trinh and Crotogino (7) was 

followed. Samples were analysed for both total carbon and inorganic 

carbon. Total carbon was analysed by mixing the sample with potassium 

persulphate and a phosphate b~ffer and exposing it to ultra-violet radia-

-( 
tion. The carbon dioxide ge1'lerated was dialyzed into a phenolphthalein 

-. indicator solution and the colour intensity decrease was detected by a 
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Figure 3.6 Technicon AutoAnalyzer system. 
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spectrophotometer. Determination of inorganic carbon was cnrried out in 

the same way, however only phosphoric acid was added and the ultra-violet 

radiation was omitted. Only inorganic carbon in the sample 1s converted 

to carbon dioxide for analysis. The total organic carbon was found by 

difference. 

3.4.5 Other analyses 

3.4.5.1 Kappa number 

Kappa number determinations were carrled out according to TAPP! 

standard methods, test G 18. Micro kappa numbers were done as outlined by 

Berzins (8) and described in TAPPI useful methods 246. 

3.4.5.2 U.V. and Klason lignin 

These absolute lignin determinations were carried out as specified 

by TAPPI standard test G.9. 

3.4.5.3 Pule viscosity 

Pulp viscoslty determinations were carried out as specified by 

TAPP! G.24. 

3.4.5.4 Chloride content 

Known we ights of oven dried pulp were wrapped in filter paper and 

combusted in a Schroniger combustion flask containing 10 ml of a 0.1 molar 

KOH solution to absorb combustion gases. The chloride content of the 

solution was analysed wlth the Flow Injection Analyser. Blanks done 

exactly as described suove, but wlthout pulp, allowed the chloride re-

sults ta be suitably corrected. 

3.4.5.5 Methanol 

Methanol concentration in the effluent semples waB determined with 

8 Gas Chromatograph (model Il HP 5890A) equipped wi th 8 pscked column 
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(chromosorb Il 102) • The followlng operating conditions gave very good 

separation of the Methanol peak: 

sample volufIle Il 0.4 ml 

oven temperature Il 140°C 

detector temperature Il 200°C 

injection temperature" 150°C. 

3.5 Safety precautions 

Prolonged exposure to low concentrations (1 ppm) of chlorine 

causes nose, throat and eye irritations. Exposure to higher concentra­

tions can be fatal. Extreme eare was taken st aIl times in handl1ng both 

chlorlne gas and wa ter • 
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CHAPTER 4 

RESIDENCE TDŒ DISTRIBUTION IN A PA(''KED BED OF PULP FI BERS 

--- -~------------------------
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4.1 Introduction 

Flow through 8 packed bed of pulp fibers is used in industrial 

appl1catlons such as pu1p washing and d1spIacement bleaching of pulpe In 

these processes th~ reactants and products are transported to and from the 

fibers by the relative motion between the continuous phase and the fibers. 

In aoy other mixing or contacttng device used for pulp processing, includ-

iog the recent medium consistency mixer, the relative motion between the 

fibers and continuous phase is sma1I compared to the absolute ve10city of 

the fi bers and flu id phases. Stnce on1y the relative motion contributes 

to the transport to and from the fibers) flow through a fiber bed in the 

most efficient contacting process in terms of energy requirement. A fun-

damental study ls required of the resldence Ume distrf.ùution and inter-

and intra-fibet mass transîer processes in fiber beds for better use and 

further development of such contacting devices or reactors. Most effici-

ent use of wash water or chemicals, and minimum production of effluent 

volumes is achieved when the residence time distribution approaches plug 

flow. This provldes the eeonomie inee' tive to understend which physical 

phenomena are responsib1e for the dispersion of the continuous phase. 

Relevant 11 tetature dealing with the residence time distribution 

for f10w through pulp fiber beds are the pulp washing studies. However, 

in none of these studi~~ by Lee (1,16), Grihs (2), Gren and Strom (3), and 

Poirier (4) was the flow resldence time distribution meaDured separately. 

Stoce these investigators used a new pulp pad for each experlment when 

studylng the effect of operating variables, the pulp pad structure and 

thus the residence time distribution, Is an unknown parameter in their 

w8shing results. This might explaln the opposing trends found by Gren and 
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Strom (3) and Grahs (2) for the effect of superficiel velocity, while no 

effect was observed by Lee (1). SlmUarIy, Lee (1) found a marked in­

crease in washing efficiency with temperature, compared to no effect mea­

sured by Poirier (4). The excellent washing studies of Sherman (5) and 

Pellett (6) on non-porous Dacron fibers and porous viscose fibers do not 

suffer from this deficiency. They showed that axial dispersion gave a 

good description of the flow beha~ior for the two types of fiber beds. 

The inter- and intra-fiber mass transfer reslstances in the poroua fther 

beds could be neglected for smaii diameter fibers « 30 ~m) and low mole­

cular weight solutes. For larger diameter viscose fibers (~ 60 ~m) 

Pellett (6) used a solute to which viscose fibers were essential1y imperm­

eable. Sherman's data alsl') confirm the importance of fiber bed foonation 

sinee experiments on duplicate Dacron beds gave axial dispersion coeffici­

ents which differed bya factor 3. Pellett (6) and Sherman (5) a190 

pointed out that the axial dispersion coefficient is up to 100 times larg­

er then for beds of spherical particles of the same size as the fiber 

diameter. For the range of fiber length to dlameter ratio of 50-400 their 

data show that the axial dispersion effect is determined not by the fiber 

diameter but by the ftber length. 

Flnally, although the residence time distribution in pulp beùs is 

weIl represented by the axial dispersion model, as was recently shown by 

Poirier(4), Lee (16) reported that the actual flow i8 better descrlbed by 

"fingering" rather than by longitudinal dispersion. The residence time 

distributions in the present study were obtained br employlng non-ad8orb­

lng sugars of differcnt molecular size 8S tracers ln step-up and atep-down 

I!xperiments. 
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The initial goal of the present study was to characterize the f10w 

in a fiber bed before performing adynamie chlorlnation experiment on the 

same pad (Chapter 6). However, on further ana1ysis, the study was extend­

ed ta resol ve the contradiction between actual "f1ngerlng" flow and the 

use of the axial dispersed plug flow model for it~ description. AIso, the 

fiber bed system W8S further analyzed to characterize the phenomena which 

are responsihle for the high dispersion in fiber bede compared to more 

conventional beds. By tising the Bame pulp pad as W8S done by Sherman (5) 

and Pellett (6) for viscose heds, the deficiency of a variable bed struc­

ture in the eariier pulp washing studies was eIimlnated. Final1y, follow­

in3 the solute exclusion-technique developed by Stone and Scallan (7), it 

waB possible wi th the use of different tracers to determlne the pore 

structure of the wood pulp fibers under dynamic conditions. 

4.2 Experimental and data reductions techniques 

4.2.1 Experimental 

The sarne reactor as employed for the dyna'nic pulp chlori!iat1on 

experirnents (Chapter 6) was used in thp. present study. A schematic of the 

stainless steel reactor and auxillary equipment is shown in F1gure 4.1. ~ 

detailed description of the equipment and pulp pad formation techniques 

i8 given ln Chapter 3. 

The residence time distribution of fluid flowing through the pulp 

pad was determlned with the stimulus-response technique. Optically active 

tracers such as glucose and dextrans of varying molecular weights and 

hence varying molecular size were used. A step change 1n the input tracer 

concentration was generated by slmultaneously opening and closing the 
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Figure 4.1: t~hematic of experlmenta1 facl11ty. 
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solenoid valves in respectively the exit and bleed Unes. As a result, 

the tracer solution flowing through the plunger waB suddenly introduced at 

the top of the pulp pad. "Mlxing cup" samples were collected at the exit 

of the reactor over regular time intervals. These samples along wi th 

several taken from the inlet \<Iere later analyzed \<I!th a polarimeter. 

The optlcal rot~tion 18 d~rectly proportional to the welght concentration 

of the sugars ln solution. 

Never drled kraft Black Spruce pulp (kappa number 29.5) wa B uaed 

in a11 experiments. The pulp properties are glven ln Appendix 3-1. The 

range of experlmental parameters Investlgated are 8ummarized in Table 

4.1. 

4.2.2 Data reàuctlon techniques 

4.2.2.1 Experimental breakthrough curves 

The effluent concentration, C, was normallzed by the inlet concen-

tration, C , and plotted as a function of sample time, t. Because of the 
o 

"mixing cup" sampl1ng technique, the sample t Ime ls teken to be the aver-

age time over the sampllng interval. The sample time, t, Is corrected hy 

subtracting the "dead time", t
d

, resultlng from the 20 cm3 volume, Vc ' 

between the bottom of the pad and the sampling point. The Hme t d lB 

equal to V IQ where Q is the flow rate. c v v 

The flow rate Q is equal to U E A, where u Is the velocity based v a a a 

on the accessible liquld volume tn the pad, A 18 the cross-sectional area 

of the pulp pad and E represents the volume fraction of the bed accea­
a 

Bible:! to the tracer. The value of E lB larger for glucose then dextren 
a 

T-2000 because contrary to dextran T-2000 the smaller glucose molecule CBn 

, 
1 
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TABLE 4.1 

Range of operating conditions 

Parameter 

Pad helght, H 

Sup. velo, u o 

Temperature, T 

Glucose conc. 

Dextran cone. 

pH 

1eve1 

2, 4 and 6 cm 

0.020, 0.041 and 0.082 cm/s 

10, 30 and 50 g/1 

2 and 15 g/1 

2.61, 6.50 and Il.20 
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enter lnto the porous structüre of the fiber wall. The larger accessible 

volume leads to leter breakthrough for gluco~e. This can be seen from 

Figure 4.2 which shows typical breakthrough curves for glucose and dextran 

T-2000 for the same pulp pad and operat1ng conditions. The corrected 

time, t p ls non-dlmensiooalized by the mesn residence time t - H/u ss 
c r a 

T -t u IR. Plots of dimensionless concentration, clC , versus corrected 
c cao 

dimensionless time, T , for the tr~cer curves of Figure 4.2 are presented c 

in Figure 4.3. The mean residenc6 t ime, t , and thus a1so u and E for r a a 

esch tracer experiment i8 obtained from the relationship: 

QI) 

J (1 - cIe) dT = 1.0 o c (4.1] 
o 

E fOL' the glucose and dextran T-2000 breakthrough curves in Figure 4.~ 
a 

are, respectiv~ly, 0.93 and 0.77. 

4.2.2.2 Parameter estimation 

As discussed in Chapter 2, various models have been proposed to 

characterize the flow in vessels. Levenspiel (9) states that one parame-

ter models adequately represent flow in packed beds and tubular reactors. 

Poirier (4) has shown that the axial dispersed plug flow mode! gives a 

good description of the removal of solute during displacement washing of a 

pulp pad for hlgh initial solute concentrations when de6orption from the 

fiber wall can be neglected. Under these conditions the solute behf!ved 

like an inert tracer. Since the experimental system of Poirier (4) was 

essentlally the same as the present, the axial dispersed plug flow model 

was sdopted to represent the residence time distributions. 
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Figure 4.2: Typical glucose and dextran T-2000 br~akthrough curves. 
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Figure 4.3: Typical non-dimensions! glucose and dextrsn T-2000 break-

through curves. 
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Besides the standard assumptloos assoclated wlth the axial dls-

persed plug flow model (9), the followlng conditions are added to account 

for the porous nature of the fibers: 

- Flow inside the fibers can be neglected with respect to flow 

outslde the flbers. 

- The tracer concentrations ln the fluid phase Inside and outsid~ 

the flbers are the same. 

- The axial dlsperslou coefficient 18 based on the fluld externe! 

to the fibers. 

The flrst two conditions, as well as the absence of adsorptIon of the 

tracer on the fiber wall, will be further analyzed later ln this chapter. 

For thls mod1fled flow model a tracer mass balance over an IncrementaI 

sllce of the pulp pad glves (see Appendix 4-!) 

a ( c / e 0) 1 32 (e / Co) 

aI ". P ax2 

a(c/e ) 
o 

ax [4.2] 

The sIngle param~ter ln thls model ls the Pec1et number, P = uiH/D
L

, where 

ulIs the interstitial veloclty based on the bed volume fraction externa1 

to the fibers. lt shou1d be notlced that T and Pare based on dlfferent 

ve1ocltles, respectively ua and ul ' 

The Init laI and Danckwerts type boundary conditions (10) for a 

"step-up" change in Inlet ·concentration are: 

ele • 0 for a < x < 1 at T ". 0 o 

1 a(e/c ) 
CIe • 1 + - 0 at){ .. 0 for T > 0 

o P ax 

[4.3] 

[4.41 

-----------------------------------------------~ 
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and 

a(c/c ) 
-""'ax~o- = 0 st X .. l for T > ° [4.5 J 

An asymptotic solution of the above equations can he obtalned from Brenner 

(11). The expression for the exit concentration i8 

cIe • [0.5 erfc[(Pe/T)O.5(1-T)11 + 
o 

where Pe = P/4. 

[(4 peT/n)0.5[3+2Pe(1+T)] exp[-Pe(1-T)2/T)] 

- [[0.5 + 2Pe(3+4T) + 4pe2 (1+T)2] * 
exp(4Pe) erf( (pel'no. 5 (1+T)]] [4.6] 

The Peclet number is obtained from the experlmental breakthrough curve by 

means of the moment technique. The nth moment is defined as 

co 

lln = J (1 - C/Co ) tndt 
o 

[4.7) 

The normal1zed first moment Is related to the Peclet number of the axial 

dispersed plug flo~ mode1 as: 

\JIll 1 -P 
J.I i III (\J )2 = 2' + P - PT (1 - e ) 

o 
[4.8J 

The zeroth moment, \J , Is equal to the mean resldence time, t , by defini-o r 

tion. A computer code to calculete the zeroth and flrst moments and sub-

sequently the mean resldence Ume, porosity e: and the Peclet number 18 s 
given in Appendlx 4-2. 
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The accuracy of the moment technique and the abl1ity of the axial 

dispersion model to reproduce the residence time distribution was tested 

by comparing the breakthrough curves wi th equation [4.6]. Excellent 

agreement is obtained between the experimental glucose and calculated 

breakthrough curves as cao be seen in Figure 4.4a. A slmUar comparison 

for dextrao T-2000 tracer is shown in Figure 4.4b. The axiql dispersion 

model does oot represent the dextrall T-2000 breakthrough curve as weIl. 

The extended taU of the dextran curve results in a too low calculated 

Peclet number. Proper representation of the dextran breakthrough curve by 

the axial dispersion model can be obtained by addition of a source term, 

as was done by Poirier (4), to account for the slow transport of dextran 

T-2000 from pulp fibres. This will be further discussed later in this 

chapter. 

The glucose Peclet number derived by the moments technique cau be 

used for accurate description of the residence time distribution in a pulp 

pad. The difference hetween ~he glucose and dextran T-2000 Peclet numbers 

gives an indication of the taning which can be expected for large size 

mO.Lecules. 

4.3 Reproducibility 

The accuracy of the experimental techniques was tested by conduct-

ing duplicate tracer tests. Pulp pad formation effects are eliminated by 

using the same pulp pad. Duplicate glucose tracer tests are shown ln 

Figure 4.5. The excellent agreement between the breakthrough curves Is 

evident. The calculated Peclet numbers were 43.9 and 43 while the corre-

sponding porosity E was 0.934 in both cases. Duplicate dextran tracer 
a 

tests are shown in Figure 4.6. Again, very good agreement between the 
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Figure 4.48: Comparison of experlmental and modelled glucose break­

through curves. 
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Figure 4.4b: Comparison of experimental and model1ed dextran T-2000 break­

through Cl,rves. 
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Figure 4.5 Duplicate glucose breakthrough curveB. 
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Figure 4.6: Dupl1cate dextran T-2000 breakthrough curves. 
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runs ls evident. The Peclet number in these C8ses were 30.7 and 32.3 and 

the corresponding porosities, E , 0.767 and 0.769 respectively. 
8 

4.4 Tracer characterlzetion 

4.4.1 Introduction 

As shown by Stone and Scall.m (7) the pore structure of fibers in 

the wet state can be det:ermined ')'1 the solute - exclusion technique. 

Non-ionic solutes such 8S glucose and dextrans of di!ferent molecular 

weights are used to establtsh the pore volume distt'ibt! tion in the flber 

~all. The inaccessible pore volume incr~ases with molecular size of the 

tracer. At very high mClecular weights, the solute i8 completely excluded 

from the pore structure of the fibre wall and has access only to the cen-

tral cavity of the fibre, the lumen. Shown in Figure 4.7 ls the cumula-

tive pore volume distribution obtained with this technique for an 110-

bleached kraft pulp simllar to that used in the present study. The 

figure, reproduced from ScaHan (7), shows that a amall molecule l1ke 

glucose has access to essentielly the complete water-filled pore structure 

of the fibre wall while a large Molecule llke dextren T-2000 is completely 

excluded. The large molecules enter the lumen via the pit openlngs which 

connect the lumen with the fluid external to the fibers. There are pit 

openings much larger than the molecular size of the largest sugars 8S can 

be inferred from the fact that Ti02 partlcles of 200 nm ln diameter can 

enter the lumen via the pite (13). The w8ter inaccessible to the hlgh 

molecular weight sugars 19 equivalent to the water contained by the fibers 

at tbe so-called fiber saturation point. AlI previous studies with the se 

sugars, including the removal of water from fibers under compressive load-

ing (8), were done under static conditions. 
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Figure 4.7: Cumulative pore volume, cm3/g, versus molecular d1ameter; 

from Stone and Scallan (7). 
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In order to make a selectIon and establ1sh the sultab1l1ty of the 

sugars as Inert tracers for dynamlc RTD studies on a packed bed of pulp 

f ibers, a series of characterization tests were performed. The variables 

were molecular size, concentration of the sugars and the pH of the tracer 

soluUon. AlI tracer character1zation tests discussed in this section 

were conducted on the same pulp pad. This 19 important sinee it 18 impos-

sible to form two pulp pads wlth the same packing structure and hence flow 

characterlstics. 

4.4.2 Molec"lar size of tracer 

The tracera used to establ1sh the influence of molecular size of 

the tracer on the residence time distrIbution curves are llsted ln Table 

4.2. The moleeular slzes of the sugars are obtained from Stone and 

Scallan (7) who calculated the hydrodynamlc diameters trom the diffusion 

coefficIents and the Stokes-Einstein re1ationship. Grotte (15) has re-

vlewed evidence to show that predominantly Hnear dextran Molecules behave 

in solution as hyùrodynamlc spheres. 

AlI runs were done at 20°C, a superficiai velocity based on the 

empty reactor, u , of 0.082 cm/s, a bed helght, H, of 6.1 cm and a consls­
o 

tency, C , of 10.7%. A plot of dimensionless exit concentration, c/e , 
p 0 

versus uncorrected sampllng Ume, t, is shown in Figure 4.8 for the Uve 

different tracers. lt can readlly be observed that wlth glucose, the 

smallest tracer molecule, a much larger mean resldence time 18 obtalned 

than wl th the dextrans. The mean residence Urnes of dextran T-2000 and 

dextran T-500 are Identical and sl1ghtly smaUer then that of dextran 

T-40. Dextren T-IO, the smallest of the dextran Molecules studied, has a 

mean residence Ume that 18 larger th8n any of the dextrans stud led but 

-~~------------------_____ --.J 
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Tl\BLE 4.2 

Molecular welghts and dlameters of suger tracers. 

Tracer Holecular weight Holecular dlameter, A 

glucose 180 8 

dextran T-10 10,000 51 

dextran T-40 40,000 90 

dextran T-500 500,000 270 

dextran T-2000 2 * 106 560 

@ dextrans 0 bta ined from Pharmac la Inc. 

@ range of molecular diameters withln a dextran fraction 18 

very small. 
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Figure 4.8: Influence of type of tracer on breakthrough curves. 
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smaller than that of glucose. 

The Peclet numbers and accessible porosities, E , calculated from a 

these RTD' sare l1sted in Table 4.3. The total porosity, Et' represents 

the volume occupied by the lumen, the inter fiber regions and the fluid 

volume in the cel1 wall. It i8 obtained from the oven dried weight of 

pulp, 29.3 g, the pad volume, 44.05*6.1 cm3 , and the density of the non­

porous fibre wall, (1.5 g/cm3 (independent of wood species or clegree of 

pulping (12» as 

• 
Et a [44.05*6.1 - 29.3/1.50]/[44.05*6.1] = 0.927 [4.9] 

The inaccessible water volume per gram of oven dried fibre wall is calcu-

1ated as (E - e; )(44.05*6.1)/29.3. Listed in Table 4.4 is the inacces­
t a 

sib1e volume calculate~ for the different tracers. Also reported are the 

inaccessible volumes determined with the static solute exclusion technique 

(12) measured on the same pulpe The good agreement between the two types 

of experiments shows that the dynamlc characterization of the pulp pad Is 

accurate and that very slow transients are absent. 

The present data are compared with inaccessible volumes measured 

by Stone and Scallan (12) for unbleached kraft Black Spruce pulp of two 

different yields ln Figure 4.9. The intermediate inaccessible volumes ob-

talned in this work ! d in agreement wi th the corresponding intermediate 

yield of 48.9 % for the present pu1p. The data also shows that the pres-

ent pu1p has 8 fibre saturation point of about 1.46 cIl3 /g. 

4.4.3 Concentration 

The effect of tracer coo~entration ~n the breakthrough curves was 
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TABLE 4.3 

Peclet number and porosltles obtalned wlth dlfferent tracers. 

Tracer Peclet No. poroslty 

P e: 
8 

glucose 82.9 0.933 

dextren T-10 33.0 0.840 

dextran T-40 34.8 0.784 

dextran T-500 28.2 0.768 

dextran T-2000 31.4 0.767 
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TABLE 4.4 

Inaccessible volumes obtained with different tracers. 

Comparison of static and dynamlc tests. 

Tracer Inaccessible volume, cm3 /g pu~ 

Dynamic Stat1c 

dextran T-lO 0.82 0.84 

dextran T-40 1. 37 1.32 

dextran T-500 1.46 1.47 

dextran T-2000 1.46 1.45 
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Figure 4.9: Inaccessible volumes obtained wlth different tracera - com­

parison with Stone and Scallan (12). 
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studled for glucose and dextran T-2000. One pulp pad was used for glucose 

and another for dextran T-2000. The glucose Concentrations were 10, 30 

and 50 g/l whlle the dextran T-2000 concentrations were a factor 5 lower. 

Identical breakthrough curves are obtained for glucose as can be seen ln 

Figure 4.108. The non-dimensioDal dextran T-2000 breakthrough curves 

shawn in Figure 4.l0b are almost identical. These results conUrm that 

sugsr adsorption on the pulp fibers can be neglected. 

The remaining glucose and dextran tracer experiments were conduct-

ed at a concentration level of 10 g/1 and 2 (:,/1 respectively. 

4.4.4 .E!!. 

Breakthrough curves were obtained under aCid, neutral and alKaline 

conditions. The plots of clc versus t for a pH of 2.61, 6.50 and Il.20 
o 

are shown in Fieure 4.11. The breakthrough curves at pH 6.50 and 2.61 are 

identica1. The importance of this result 18 that the tracer tests per-

formed under neutral conditions can be used to characterize the flow in 

subsequent pulp chlorination experiments done at 8 pH of about 2. i (Chap-

ters 6 and 7). The upper region of the breakthrough curve at alka1ine 

conditions ls different from those at the two lower pH levels. The values 

at clC greater then unit y are thought ta be caused by degradation and/or o 

dissolution of caroohydrates in the fibers since fiber fragments were 

visually evident in the effluent samples. AlI further tracer tests were 

conducted under neutrai conditions. 

4.5 Influence of ped formation and operat1ng conditions 

4.5.1 Pad formation 

The extreme dlfficulty in forming pulp pads of identical packing 

characteristics is apparent when Peclet numbers for different pulp pads 
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Figure 4.10a: Effect of glucose concentration on breakthrough curves. 
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Figure 4.10b: Effect of dextran T-2000 concentration on breakthrough 

curves. 
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Figure 4.11: Effect of pH on glucose breakthrouF,h eurves. 
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( 
but identical operating conditions are compared. 

Shown in Figures 4.12 and 4.13 are the varlous Peclet numbers 

obtained for glucose and dextran T-2000 respectively as a function of 

superficlal veloclty. The scatter in the Peclet numbers obtained from the 

glucose and dextran T-2000 tracer tests emphasize the need to use the same 

pulp pad when studying the influence of any operating variable. The rela-

tively high Peclet numbers in Figures 4.12 and 4.13 are indicative of the 

good pad formation technique employed. 

4.5.2 Superficial velocity 

The effect of superficiel velocity was studied on the same pulp 

pad. The close match between the dimensionless breakthrough curves for 

glucose ln Figure 4.14 shows that the Peclet number is independent of the 

superficlal velocity or that the axial dispersion coefficient is propor-

tional to the interstitial velocity. Slmilar results are shown in Figure 

4.15 for dextran T-2000. These resul ts are in agreement wl th t:hose of 

Sherman (5) and Pellett (6) who a1so found that the axial dispersion coef-

ficient was pr~portional to the interstitial ve10city for a bed of porous 

viscose fibers. However for displacement washing of a packed bed of wood 

pulp fibers Lee (1), Grahs (2) and Gren and St=om (3) found no or a small 

influence of superficial velocity on the displacement efficiency of the 

solute in the pulp pad. Poirier (2) found that the Peclet number increas-

ed with increasing velocity at low consistencles (3%) and that the reverse 

trend occurred at high consistencies (15%). As noted earlier, a different 

pulp pad was used for each experlment ln the pulp washlng studies. 

These results therefore confirm that pulp pad formation ls an 

J 
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Figure 4.12: Effgct of pad formation on glucose breakthrough curves. 
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Figure 4.13: Effect of pad formation on dextran T-2000 breakthrough 

curves. 
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Figure 4.14: Effect of superficial veloclty on glucose breakthrough 

curves. 
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Figure 4.15: Effect of superficial velocity on dextran T-2000 break­

through curves. 
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unknown variable in aIl pu1p washing studiea, and that the effect of oper-

stlng variables on the flov through unconsolidated fiber beds should be 

performed without changing the pscking. 

Another important conclusion from the present results ia that the 

intra- and inter-flber mass transfer resistances can either be neglected 

or that theae resistancea vary proportionsl to the su?erficia1 velocity. 

If this was not the case, smaUer Pec:let numbers would be obtained st 

higher velocities. Negligible intra- and iater-fiber mass transfer resis-

tances are in agreement wi th the assomption of local equllibrium in the 

fiber bed used for the derivation of equation 4.2. Local equflibrfum was 

a190 found by Sherman (5) and Poirier (4) for washing of, respectively, 16 

and 30 ~m diameter viscose fiber beds and for sodium from beds of un-

bleached kraft softwood fibers. The mass transfer resistances could not 

be neglected when viscose fibers of 60 or 122 ~m or a slow difusing tracer 

were used. However, it ia interestlng to note that Poirier (4) 81so did 

not need a source tel'1ll in the axial dispersed plug now model for good 

representation of the removal of slow diffusing soluble lignin fragments 

from a bed of kraft softwood fibers. 

4.5.3 Pad height 

For obv~_~us reasons, the effect of pad h~ight cannot be atudied 

without chemging the packing of the pulp pad. Therefore, a 8tatlstical 

analysis was made for the Peclet numbers of a large number of tracer ex-

per1ments conducted at tbree pad belghts (2, 4 and 6 cm). 

The Mean and standard deviation of the Pec1et numbers for both the 

glucose and dextran experlments are shown in Table 4.5. The standard 

deviation of the glucose Peclet numbers is larger th an the corresponding 
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TABLE 4.5 

Mean and standard deviations of Peclet numbers 

at dlff@~ent pad hefahts 

Pad helght Glucose Dextran 

cm 

-2 x ... 35.7 X • 15.1 

S ... 16.9 s .. 4.5 

4 x .. 34.9 x .. 22.1 

S .. 11.8 s ... 5.3 

6 x - 38.5 x ... 25.3 

s .. 13.3 B .. 10.3 

-@ X mean value 

@ s standard deviation 
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dextran Peclet numbers. The glucose Peclet numbers show no aignlficant 

trend wi th increasing bed height. The dextran Peclet numbers show an 

increasing trend with increasing pad height. This trend was checked at 

the 95% probability level by testing the null hypothesis that there ia no 

dlfference between the mean values of the Peclet number at any two ped 

heights. The analysis showed that the mean Peclet number at pnd helghts 

of 4 and 6 cm were sign lUcantly hlgher th an at 2 cm. The difference 

between the mean values at pad helghts 4 and 6 cm, however, was found to 

be Insignlficant at the 95% probabllity level. The dextran T-2000 data 

are ln agreement with Poirier (4) who also measured an increase ln the 

Peclet number at 10% consistency when the bed he1ght was increased from 

2.5 to 5.0 cm. A small decrease was, however, obtained from 5.0 to 8.5 

cm. Gren and Strom (3) found that the washlng efficiency incressed with 

bed helght. 

It should be noted that the axial dispersion stud les by Pellet 

(6) on viscose fibers showed that D
L

/uf:
1 

la independent of bed height when 

bed height is changed by compress ion of the original bed. 

4.5.4 Temperature 

The effect of temperature on the glucose residence time distribu­

tion curves for the same pulp pad was investigated at 20, 35 and 48°C. 

The displacing tracer solution and pulp pad were malntained at the seme 

temperature. The close agreement between the three dimensionless break­

through curves ln Figure 4.16 show that the temperature has no signiflcant 

effect on the glucose Peclet number. This result shows that the tempera­

ture dependent diffusion of glucose into the fibers 18 not a rate deter­

mlnlng step ln the dlsplacement process, and supports the local equll1-
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Figure 4.16: Effect of temperature on glucose breakthrough curves. 
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brium assumption. 

PoirIer (4) reported no effect of temperature on the washlng effi-

ciency of sodium or li8nin of 10% consistency pulp pads in the range of 60 

to 90°C. The data of Lee (1), however, show a slgniflcant increase ln the 

dlsplacement washlng efflciencies for 10% cons istency pulp pads when the 

temperature was Increased from 20 to 55°C. 

4.5.5 ~billty ratio 

Lee (1) reported that trace quantltles of a hlgh molecular welght 

po1ymer added to the wash liquor resul ted in Improved displacement pulp 

washlng efficiencles. This was attributed to a decrease in the mobillty 

of the wash l1quor relative to the displaced liquor and hence a decrease 

in the growth of Ufingers" at the interface of the two fluids. The mobll-

ity is deflned as the ratio of the permeability and fluld viscosity, k/n, 

where k is obtained from Darcy's law so that 

k/n = Q /(t~p/H) 
v 

[4.10J 

where l1p and Q are respectively the pressure drop over the bed and the 
v 

liquid flowrate. Eringham, Reed and Dew (17) reported t~at even a slight-

ly lower mohll1ty of the wash l1quor relative to that of the displacing 

l1quor (mobility ratio of 0.998) resulted in the suppression of "f1nger-

ing". Increased "f1ngering" was reported at mobility ratios greater than 

1. 002. 

The effect of mobillty ratio was invectigated in the present study 

by displacing the water in the pad by a tracer solution (step-up RTC) and 

then dlsplacing the tracer solution by wash water (step-down RTC). 
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Glucose solutions of 10 and 50 g/l and dextran T-2000 solution of 2 and 15 

g/l were used. Slnce the same pulp pad was used for aIl four pairs of 

step-up and step-down experlments, the permeabllity 1s unchanged and the 

mobllity ratio becomes a ratio of the viscosity of the displaced to wash 

llquor, nd/nw' The vlscosltles and mobll1ty ratios for the slep-up and 

step-down experiments are listed in Table 4.6. 

The step-up and step-down tracer curves can easlly be compared 

when the s tep-up breakthrough curve ls plotted as cIe versus T and the o c 

s tep-down as (l-e/e ) versus T. This is shown in FIgure 4.17 for the 50 o c 

g/l glucose experiments. The Peclet number for the step-up experiment (p 

.. 26.0) is larger th an for the step-down test (p oz 21.3) although the 

increase 1s smaller than reported for other systems (16,17) where the 

mobllity ratio was varied. The dlfference between the Peclet numbers 1s 

not very s!gnificant for 10 g/l glucose with P of 22.0 and 20.0 for 

respectively the step-up and step-down experiments. 

The differences between the corresponding breakthrough curves 

increased substantially for 15 g/1 dextran T-2000 shown in Figure 4.18, 

with the Peclet number of the step-down and step-up BTe being respectively 

7.5 and 21.4. The Peclet number of the 2 g/l dextren T-2000 experiments 

ere ln between those of the 15 g/l dextran T-2000 results. 

The Peclet number from these experiments are plotted versus mobil-

Ity ratio in FIgure 4.19. The decreasing trend of Peclet number wi th 

Increaslng mobi11ty ratio is readl1y apparent for dextran T-2000. A simi-

lar trend over a narrower range of mobllity ratio can be se en for the 

glucose tracer. It ls Interesting to note also that the dextran T-2000 

Peclet numbers are lower than for glucose, even wlth a favourable mobllity 
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TABLE 4.6 

Viscos1tles and moblllty ratios of glucose and dextran tracers 

at dlfferent concentrations 

Tracer 

glucose 

glucose 

glucose 

dextran T-2000 

dextran T-2000 

Conc. 

Sil 

0 

10 

50 

2 

15 

n 

cP 

1.002 

1.021 

1.145 

1.060 

2.450 

Hobility ratio 

Step-up 

1.000 

0.981 

0.875 

0.945 

0.409 

Step=down 

1.000 

1.019 

1.143 

1.058 

2.445 
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Figure 4.17: Effect of mobility ratio on glucose breakthrough curves. 
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Figure 4.18: Effect of mobil1ty ratio on dextran T-2000 breakthrough 

curves. 
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Figure 4.19: Influence of mobi1ity ratio on Peclet number. 
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ratio. 

4.6 General discussion 

the glucose BTe's were adequately described by tbe axial dispersed 

plug flow model and tbe assumption of local equilibrium between the inter­

and intrafiber voids. The assumption of local equllibrium was sup~orted 

by the insensitivity of the Peclet number to large variations in flowrate 

and temperature. Furtbermore, tbe finding that the Peclet number (or 

ui/DL at constant H) ls not dependent on tbe flowrate is also in agreement 

with axial dispersion tbeory (15). 

However, tbere is strong evldence tbat tbe actual flow behavior i8 

not governed by axial dispersion, even tbough the RTD is well represented 

by the axial dispersed plug flow model. For example, tbe Peclet numb~t' 

obtaineà wi tb glucose was found to be independent of tbe pad height in 

contradiction with the axial dispersion model wbich requires the Peclet 

number to vary proportionally to tbe pad height. Tbe pulp washing experi­

ments of Poirier (4) show the sarne behavior. The result that the Peclet 

numbers obtained with bigh concentrations of dextran T-2000 are higher for 

a step-up tban a step-down experiment is aIso in disagreement with the 

axial dispersed plug flow morlel. 

The two previcus resul ta wbich are in disagreement wi th the dis­

persion model can be explained by chanelling. As shown in section 4.5.5 

the differences in Peclet number with the step-up and step-down tests wlth 

dextran T-2000 were related to the dlfferent m~bility ratios. A mobillty 

ratio lower tban one suppresses "fingering" and tbus increases the Peclet 

number, whlle the opposite occurs at mobllity ratios greater than one. 

Also tbe proportional increase ln dispersion (DL/u
i

) witb bed height H (or 



98 

P Independent of H) in section 4.~. 3 Is ln agreement vith a Hnear growth 

of the fluctu~tions in the displacement front profile wlth bed height. 

Further evidence that the actual nov through the pulp pad ia better 

represented by chanel1ing rather than axial dispersion ia: 

The presence of weIl bleached and dark regions at an axial cross-

sec t ion vhen a dynamic chlorina t ion exper iment i8 broken off ear1y (Chap-

ter 6). 

The chlorine breakthrough curves are much better modelled by paraUel 

plug flow through multiple channels than axial dispersion (Chapter 7). 

In a11 cases it was found that the Pec1et number obtained with 

dextrsn T-2000 wa s smaller than vith glucose as tracer. Aiso the dextran 

T-2000 step-up 13TC's showed in general more tailing than predlcted by the 

axial dispersed plug flow model. This slaggests that the slower diffusion 

of the large dextran T-2000 mole cule out of the lumen might be responalble 

for these phenomena. llowever 1 t was aIso shown that the dextran T-2000 

BTr.'s were essentially independent of flowrate (section 4.5.2) in contra-

diction with a diffusion l1mited process. ~ecause of thcse apparent 

inconsistencies the transport processes on the fiber sca1e were analysed 

in more detall. 

A water swol1en, delignified softwood fiber can be visua1ized as a 

long hollow round tube. The ceU wall i8 porous and has larger holes 

called pi ts which provide a direct path for tracers to enter the central 

cavity or lumen. The lumen diameter of a black spruce fiber is about 18.4 

microns and the swol1en ftber wall thickness ls about 4.2 microns giving a 

total diameter of 26.8 microns (see Appendix 4-3). The unsteady diffusion 

of tracer into a fiber can be approximated by diffusion into an infinite 
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wster filled cylinder wlth a modified cylinder radius. When there 18 no 

externa1 mass trangfer reslstance and the cyllnder ls initially free of 

tracer then the unsteady diffusion into the flber 18 95% complete when 

[4.11) 

where r is the modified cylinder radius and D the molecular diffusion 

coefficient of the tracer. The modif1ed cyl1nder radius 1s defined as 

[4.12J 

where ri and r are the Inner and outer fiber wall radius and D and E , o e w 

respectively, the effective diffusion coefficient and porosity ln the 

fiber wall. The effective diffusion coefficient can be estimated as E olt 
w 

where T 18 the tortuosity. With E = 0.687 (Appendix 4-3), T -2.5 and 0 
w 

= 0.6*10-9 nt/s for glucose st 20°C, one obtains D - 0.17*10-9 rriJ./s, r­
e 

15.8*10-6 m and t
O

•95 "" 0.19 s. The ratio of diffusion time t
O

•
95 

to the 

-mean resldence time t Is: 
r 

[4.13J 

Even for the highest flowrate of 216 cm3 /min and bed height of 6 cm (or t r 

= 68.3 s), the ratio tO.9S/tr 18 more than two orders of magnitooe smaller 

than 1 for glucose. 

From the above analysle it 1s clear that the sssumption of lOCAl 
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equll1brum ls f!aslly a~hleved for glucose even at the hlghest flowrates 

and lowest temperatures. Repeatlng the same ana1ysls for dextran T-2000 

wlth D •• 0.008*10-9 m2 /s one obtalns tO.95/tr .. 0.2L However, sinee 

dextran T-2000 has only access to the lumen vIa the pIt openlngs whlch 

occupy about 1.1% (18) of the external surface of the fiber, the assump-

tion of pure radial diffusIon ln the lumen ls not vaUd anymore. The re-

fore the value of tO.95/tr could be many timet:J larger than calculated 

above. This could explain the tailing found for the dextran BTets but 

not the insens1tivity of the tail1ng to the wide range of flowrates shown 

in Figure 4.15. Because of this inadequaey of the diffusional mechanlsm 

for dextran T-2000, an order of magnitude analys1s wa8 undertaken to 

estimate whether f10w or diffusion of dextran T-2000 through the pit open-

ings is the dominant transport mechanism. 

From Poiseuille's equation it may be shown (22) that the equiva-

lent diffusivlty in a pit pore is 

D '" P R2 / (Sn) 
p d p 

[4. 14] 

where Rp 18 the radius of a pit pore opening, 1*10-6 m, and Pd is the 

pressure drop through 8 pit pore opening. The pressure drop measured 

across a 6 cm hlgh and 10.7% eonsistency pulp pad at different flowrates 

is shown ln Figure 4.20. The pressure drop aeross a 6 cm pad at a flow-

rate of 216 cm 3 /mln (u .. 0.082 cm/s) is about 1.2*104 Pa. The pressure 
o 

drop across a horizontal fiber of 26.8 ~m diameter is then estimated to be 

5 Pa. If two pit pores are assumed to be on opposit~ sides of the :1orl-

zontal fiber then the pressure drop across one pit, Pd' 18 2.5 Pa. The 
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Figure 4.20: Pressure drop et different flowrates. 
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equlvalent diffusivity is then 3.1 x 10-10 trIl/s. This is 2 tlmes smel1er 

and 39 Umes larger lhan the diffusion coefficients of, respectlvely, 

glucose and dextran T-2000. This indicates that flow rather then diffu­

sion is the dominant mechanlsm for the tranqport of dextren T-2000 through 

the pit openings into the lumen. Since both the velocity through the pits 

and the interstitial flber bed velocity vary 11nea1'ly wlth the pressure 

gradient over the bed, the intra- and Inter-flber transport of dextran 

T-2000 are proportional to each other. This would expIa in why the tailing 

with dextran T-2000 ls not a function of flowrate. However tail1ng will 

still be present becauoe the flowrate through the pits is very small com­

pared to the flowrate through the external flber voids since the Average 

radius of the external voids i8 one order of magnitude larger than the pit 

pores and the flowrate i8 proportional to radius4 • 

To confirm the importance of the size and number of pit openlngs 

on the tailing of the dextran 1-2000 breakthroueh curves, two otter kraft 

wood fiber types were tested. The wood types were Western Red Cedar and 

Douelas Fir characterised respectively by larger and amaller pit openings 

than Black Spruce. The Peclet numbers should then be closer to that of 

glucose for the Western Red Cedar pulp parl and farther ~or the Douglas Fir 

pulp pad. Such results are obtained as shown in Table 4.7. 

The effect of superficial velocity on the residence time distribu­

tion in packed beds of regularly shaped packings was studied hy many re­

searchers. Levenspiel and Bischoff (15) presented a comprehensive review 

and showed that for liquid systems the experimental axial dispersion coef­

ficient can be represented by a Peclet number, based on partlcle diameter, 
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TABLE 4.7 

Pec1et number versus superficia1 veloclty: Western red cedar 

and Douglas fir pulps 

Pu1p type Tracer u , cm/s P 
0 

WRC glucose 0.082 29.6 

WRC dextran T-2000 0.082 24.1 

WRC dextran T-2000 0.041 27.9 

WRC dextran T-2000 0.020 25.5 

D·Ur glucose 0.082 37.7 

D·Ur dextran T-2000 0.082 20.2 

D· Ur dextran T-2000 0.041 25.7 

D·Ur dextran T-2000 0.020 25.3 

Cond 1 t 10ns: H = 6 cm, T = 20 o e, C ... 10.7~. 
P 
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of about 2 in the laminar flow region for 0.1 Re • u d ln e 0 e 
50, where 

d 1s the effective diameter (see later). At even lower flowrates, the e 

axial dispersion coefficient becomes independent of the superficial velo-

city and is equal to the molecular diffusion coefficient divided by the 

tortuosity (19). The tortuosity accounts for the longer psths in packed 

beds. Different authors have obtained different values of the tortuosity 

at low velocities. Suzuki and Smi th (23) obtained values of 1. 03 and 

1.27, respectively, for fine porous particles and non-porous glass beads, 

while Edwards and Richardson (24) obtained a value of 1.27. ThIs behavior 

was recently verified by Chen and Fan (20) for gas flow through a long (50 

cm) and narrow (0.4 cm) bed of 15 um mean diameter carbon fibers. However 

there Is also evldence by Kehinde et al. (21) that at low velocitles anel 

very sma1I particle sizes, the non-homogenities in the bed packing lead to 

channeIl1ng and call into question the validity of the axial disperseel 

plug flow model. There is virtually no l1terature on l1quid phase axial 

dispersion in unconsolidated packed beds at very low Reynolds number (Re 
e 

0.1) except for the few studies on viscose and softwood pulp fiber bed8. 

The glucose axial dispersion coefficients from this study are compared to 

the flber bed studies and the data of 13ischoff and Levenspiel (15) ln 

Figures 4.21 and 4.22. The Reynolds number, Re , i8 ba8ed on the equiva­
e 

lent dlameter, d , calculated from pressure drop measurements (Appendix 
e 

4-4). The equivalent fiber diameter for the present softwood pulp fiber 

bed at 10.7% consistency Is calculated 8S 26.5 microns. This is cloae to 

the mean flber diameter. The equivalent diameter for the other studies on 

fiber beds is taken to be the fiber diameter since no pressure drop data 

were reporterl. 
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Figure 4.21: Comparison of glucose axial dispersion results of thls study 

with those of other studies: based on equivalent diameter. 
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Figure 4.22: Comparlson of glucose axial dispersion results of this study 

with those of other studies based on fiber or particle 

length. 
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The last two figures show that DL/uide for fiber beds is 1-2 

orders of magnitude 1arger than for beds of regular shaped psrUcles. 

Also the liber length rather than the flber diameter is a more appropriate 

characteristic dimension to unlfy the Peclet numbers of different types of 

fibers. Before further dlscusslng these results, an order of magnitude 

analysis will be presented to show that the unique geometric characteris­

tics of flbers favour the formation of channelling flow. 

Particles with a large length! diarneter raUo such as wood pu1p 

flbers have a tendency to flocculate, Kerekes et al. (25). It 18 likely 

that flocs of fibers are formed in the present experiments after stirring 

and during subsequent sedimentation of the fiber suspension. The flocs 

represent a flber network of higher mass concentration in the pulp suspen-

sion. The size of flocs is approximately two Umes the fiber length 

(Kerekes et al. (25» or with the present length/diameter ratio of about 

100, approximate1y 200 tlmes the fiber diameter. It is aIso llkely that 

the flher mass concentration Is hlgher ln the Middle of these flocs than 

neer the edges. A pulp pad can then be vlsuallzed as a pecked bed of 

axlally compacted flocs. As a resuIt, the inter-fiber porosity will fluc­

tua te in the transverse direction with a perlodicl ty of about 200 ftber 

diameters or about 6 mm. The governlng condition for channelling flow Is 

that the extent of transverse mixing Is smali compared to the period1city 

in the transverse direction of the axial veloclty fluctuations. The 

transverse mixing depth at the exit of the fiber bed, ISn, definil2d as the 

distance where the concentration Is reduced by a factor lOis given by 

[4.15] 
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where DR i8 the radial dispersion coefficient. For a typical elCperiment 

with the present equipment, T a 20°C, u - 0.082 cm/s, € • 0.93, H • 6 cm 
o a 

and DR • 3.11*10-9 rrI2/s (Appendix 4-5), one obtains 60 • 0.6 mm. This 1s 

one order of magnitude smaller than the s Ize of the transversfO periodic ity 

in axial velocity fluctuations. The analysis shows that transverse mixing 

1s too smaii to smooth the concentration gradients formed as a resul t of 

the axial velocity distribution in the transverse plane. This condition 

is equivalent to "channell1ng" flow. Simllarly the analY91s shows that 

the axial dispersed plug flow model is invalid because the model assumes 

no gradients in the transvers~ direction at each axial position. 

In a packed bed of particles with a length/diameter ratio close to 

1, the rAdial dispersion i9 a190 determined by convective mechanisms. As 

a re9ul t the radial Peclet number is approximately 10 (Doraiswarny and 

Sharrna (26» and the radial diffusion coefficient is 0.1 deui' For typi­

cal packed beds, the bed height H is of the order 100 d so that a trans­
e 

verse penetration depth of a few particle diarneters i9 obtained. Since 

the axial veloclty 18 also expected to fluctuate on a scale of one or a 

few particle dlameters, the transverse gradients will be relatlvely small 

in a typical packed bed. 

With the above analysis, it is easier to explain the difference in 

Figure 4.21 between fiber beds and regular packed beds. For example, if 

which 1s essentially equivalent to plug flow. lt has just been shown, 

however, that flow through a fiber bed i8 best represented by segregated 

flow through a series of channels of different inter-fiber poros1ty. 

Liquid flow through fiber bed8 is de8cribed by the Kozeny equation 

(Robertson and Mason (27» 
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llP 
E )2 H 

i 
[4.16] 

where E ls the Inter-flber voId fraction, S the external flber surface 
1 v 

area pel' unit volume (m2 /m3), and l1P the pressure drop over the bed. The 

form of equation 4.16 Is such that smaU variations in Ei lead to rather 

large dlfferences ln u
o

• For example a change of El from 0.55 to 0.60 

glves an Increase of U
o 

of 64% (note that El = 0.565 for the present f{ber 

beda at 10.7% consistency). Therefore slgnificant fluctuations are ex-

pecten as a result of the Inevitable variation in Et in the pulp pad and 

u
i 

de/DL for fiber beds mus t t.e considerably smaller than for regular pack­

ed beds. At present there is no theory to predict a priori th~ value of 

u
1 

de/DL for fiber beds. Considerlng the sensltivity of uide/DL to the pad 

formation technique, the development of a good predictive theory based on 

network structure principles will be difficult. 

The resul ts in Figure 4.22 show that the fiber length rather than 

the fiber diameter is better at unHying the Peclet number from beds of 

different fiber types. The data of Chen and Fan (20) could not be added 

to Figure 4.22 because fiber lengths were not given. The stronger depen-

dence on fiber length rather than on fiber d1ameter was el'lrlier noted by 

Sherman (5) who found that 15 ~m and 120 ~m viscose fibers, both 6.35 mm 

1011g, gave the same value of DL /ui. The data of Pellet (6) a1so show that 

DL/U
i 

increases almost linearly with Increaslng finer length and ta inde­

pendent of the fiber diameter. As mentioned earl1er, the ftber density in 

the compressed flocs ln the pulp pad decreases from the center of a floc 

to its edges. Since the size of the flocs is proportions,l to the ftber 
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lengtb one would a1so expect that the fiber denslty variation 1s larger 

for longer fibers. Therefore it also seems plausible that the variations 

in inter-fiber porosity and thus superficial velocities via equation 4.16 

are larger for loneer fibers. This wouid explain the incresse in disper­

sion with increastng fiber length measured by Pellet (6) and the fact that 

DL/uil
f 

is better than nL/uid e in unifying the dispersion data of ftber 

beds. The increase ln dispersion with flber length might also partly 

explain (besides otber factors like foam formation) why softwood pulpe (lf 

.. 3mm) require more washwater thsn hardwood pulps (If JO 1 mm) ln drum 

washers. 

4.7 Conclusions 

The RTD of flow through a pad of pulp fibers caTI be adequately 

characterized with glucose as inert tracer. Although these RTD's are weIl 

represented by the axial dil3persed plug flow model, the actual flow phe­

nomenon is channe111ng flow. The different flow types for f1ber and pack­

ed beds of regular particles is attributed to the large aspect ratio of 

fibers and their tendency to fom. flocs. Theoretical considerations dem­

onstrsted that the size of these floce are of sufficient size tnat trans­

verse veloclt~ fluc tuations cannot be ellminated by radial mixing This 

explains the existance of channell1ng flow in fiber beds. Further evi­

dence of channelHng flow is the signlficant difft.rence in the atep-up and 

step-down RTD's for the same pulp pad when dextran T-2000 at a hlgh con-

centration ls used as tracer, and the Independence of Peclet number on pad 

height. It was also shawn that the transport of glucose Into flbers ls 

governed by diffusion while transport of dextran T-2000 18 governed by 

flow. The intra-f ibe!." pore di s tribu t ion wa s also r.haracterized for the 
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flrst tlme wlth ft "dynamlc" version of the solute-exclusive technique. 

The results are very slmllar to those obtained with the "static" tech-

nique. 
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KINETICS OF CARBOHYDRATES-CHLORlNE REACTION 
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5.1 In t roduc tion 

In dynamlc ehlorlnatlon, chlorine water 18 forced through a pad of 

pulp fI bers. In the pu1p pad chlorine reacts wi th Hgnin and carbohy-

drates. Due to th~ dominant and fast reaction with 11gn1n, a chlorine 

concentration front is formed thnt moves through the pad at a speed gov­

erned by operatlnp, variables and pulp lignln content. Chlorine appears at 

the exi t of the reaetor when any part of the front reaehes the end of the 

pad. A measurement of the chlorLne concentration at the exit of the reae­

tor as a funetion of time ls called a breakthrough eut've (BTC). The area 

above this eurve represents the (~onsumptlon of chlorine by both lignln and 

carbohydrates. 

The reactlon of chlorine wi th carbohydrates ls much slower than 

with 11gnin. Howpver the eonsumptlon of chlorlne by earbohydrates ean be 

slgn1flcant ln dynamlc eh1orination because of the hlgh ehlorlne concen­

tration in the pulp pad before the lignin reaction front and the 10w con­

centration of dissolved lignin which acts as free radical scavenger. 

Therefore the kinetlcs of the chlorlne-carbohydrate reaction must be known 

for analysls of the RTC 

A review of the l1terature presented in Chapter 2 showed that no 

klnetle expression is avallabie for the carbohydrate fraction in bleached 

or unbleached pul p. All pre"'ious chlorine-earbohyd rate klnet ie s tud ies 

were conducted on either model compounds or cellulose powder 0,2,3,4). 

001y ln the sturly by Fredricks et a]. (1) was a rate expressIon presented. 

They conclude that chlorination proct~eds by both an ionic and a free radi­

cal mechanism. The fonic reaction klnetles at 50°C for a pH of 1-4 was 

repre sen ted by 
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12.0 [HOCI]2) [5.1] 

where [Me] is the concentration of the model compound methyl D-gluco-

pyranoside. It shows that the rate of disappearance of chlorlne le first 

order in the model carbohydrate concentration and proportional to a com-

plex comblnation of the chlorine specles in solution. AIl concentrations 

are in moles!1 and t i8 the time ln seconds. It was proposerl that the 

ionic reaction mechanisrr involved hydride or proton transfer reactions as 

shown in Figure 5.1. The free radical mechanism was proposed to occur via 

hydrogen abstraction by a free radical as shown in Ff.gure 5.2 for pH lees 

than 4. Thus the proposed mechanism for carbohydrate oxidation by aqueous 

chiorine after formation of the free radIcal X· 18 

• 
RH + X -+- R + HX [5.2î 

• • 
R + XCI -+- Rel + X [5.3] 

followed by the hydrolysis of RCI whereby HCl is formed. The free radical 

X· represents Cl·, OH· or CIO'. No initiation reaction was euggesterl by 

Fredricks et al. (1) because the usual format1.on of a radical 

RH + XCI + R· + X· + Hel [5.4] 

18 incompatible with the experimental result that the reaction is indepen-

dent of the carbohydrate concentration (1). 



( 

116 

Figure 5.1 Meehanism for the Ionie oxidation st glycosidic bonds with 

chlorine, Fredrieks et al. (1). 
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Figure 5.2 Mechanism for hydrogen abstraction at a glycosidic bond, 

Fredricks et al. (1) 
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Over the pH range of 1 to 3, whl!re there 18 a drasUc change ln 

Cl
2 

to HOCl concentration ratio, the free radical component of the rate of 

disappearance of chlorine waB found to be proportional to the total chlor-

ine concentration, i.e. 

[5.5] 

The reactlon constant k calculated from the data of Fredricks et al. (l) 
c 

is about 2.2*10-5 s-l at sooe. The influence of temperature for both the 

ionlc and radical reaction was not investigated. An lnterestlng conse-

quence of the two rate expressions Is that the radical reaction increases 

in importance at low carbohydrate concentrations. ln another paper, 

Fredrlcks et al. (3) report on the influence of inhibl tors on the cellu-

lose degradatlon by chlorine. The data showed 3 decrease in the chlorlne 

consumptlon at pH 1-3 of one order of magnitude when chlorine dioxide, a 

free radical scavenge r, is added to a suspension of cellulose powder. 

Therefore 1t i8 suggested (2) that the radical reaction predominates over 

the ionie resction ln the chlorination of cellulose. 

In the present study most experiments were performed with a chlor-

ite delignifted pulpe The chlorite treatment removes almost 811 remaining 

• lignin from unbleaehed kraft pu!p without sign1flcant degradatlon of the 

earbohydrate fraction. The chlorination experiments with ehlorlte treated 

pulp allowed investigation of the chlorlne-carbohydrate reaetlon without 

interf erenee from the chlorine-l1gnin reaetton. 
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5.2 Experimental 

The kinetics of the chlorine-carbohydrate reaction was studied in 

the same experimental system as used for dynamic chlorination of unbleach-

ed kraft pulpe A detai1ed description of the equipment was presented in 

Chapter 3. 

Chlorf fie breakthrough curves (c/c vs T ) were obtained for vari-o c 

ous combinations of initial chlorine concentrations (0.55, 1.10 and 2.20 

g/l : ± 0.04%), temperature 09, 35 and 50 Gc : ± IOC} and superficial 

velocity (0.020, 0.041 9 0.082, 0.123 and 0.164 cm/s). In a11 cases the 

pad height of chlorite treated pulp was 6 cm and the consistency, C , waB 
p 

10.7%. 

Before the 8 tart of each chlorination experill'lent, a glucose tracer 

test was conducted to characterlze the flow through the pulp pad. The 

resldence time distribution obtalned from the tracer test could be des-

cribed by the axial dispersed plug flow model wi th the Peclet number de-

termined by the moments technique. The computer code to obtain the Feclet 

number from the BTC i8 given in Appendix (4-2). 

The chlorination effluent was analyzec! for residual ehlorine CC'I1-

centration, C, and total organie carbon (TOC). The non-dimensional efflu-

ent concentration, c/c , was plotted versus non-dimensional time, T -
o c 

tlt , with the mean resldence Ume, t , obtained from the preeeding tracer 
r r 

experiment. A listing of a11 the runs slong wi th opersting condi tions, 

Peclet number, maximum and final dimenslonless chlorine concentrations are 

ghen in Table 5.1. 
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TABLE 5.1 

Experimental condi tions and analysis of c:hlorine BTC 

lc? ] ~c7co~m ~C7Co~f u T P 
Run g 1 (cm?s) Oc 

Cl 0.55 0.020 19 78.9 0.94 0.90 

C14 0.54 0.082 20 23.8 0.99 0.99 

C12 0.57 0.020 35 116.5 0.74 0.55 

C2 0.55 0.041 35 34.6 0.87 0.76 

C3 0.55 0.041 35 68.2 0.86 0.73 

CIO 0.55 0.082 35 27.6 0.94 0.93 

CU 0.55 0.164 35 31.6 0.97 0.96 

C4 0.55 0.082 49 27.6 0.81 0.50 

C13 0.56 0.164 49 39.5 0.90 0.82 

C9 1.08 0.041 19 64.2 0.96 0.96 

C6 1.10 0.020 35 63.2 0.78 0.60 

C7 1.06 0.041 34 59.3 0.87 0.82 

C5 1.10 0.082 34 20.7 0.95 0.95 

C8 1.06 0.164 35 26.7 0.95 0.95 

C16 2.20 0.041 34 34.6 0.87 0.85 

CI5 2.25 0.082 35 31.6 0.95 0.94 

1 
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5.3 Characterization of breakthrough curves 

Two typical dimensionless chlorlne breakthrough curves are shown 

in Figure 5.3. During dlsplacement of the water in the pulp pad by chlor-

ine water, the non-dimensional chlorine concentration at the reactor out-

let Incresses from zero to 8 maximum value lees than one due to the con-

8umptlon of chlorine by carbohydrates. 

stant for high superficial velocity (u 
o 

Subsequently, CIC remains con­
o 

= 0.164 cm/a) or decreases after 

reaching a maximum for the low velocity (u = 0.020 cm/a) experiment. The o 

former experiment corresponds to a steady chlorine consumption while in 

the latter the consumption increases with time. A constant Clc after 
o 

complete breakthrough was obtained for superficial veloclties of 0.082 

cm/s or at a temperature of 35°C or lower. At room tempet'ature, a con-

stant value clc was obtained at a superficial velocity of 0.041 cm/s. 
o 

Lower superficial veloclties and/or higher temperatures resulted in a 

graduaI decrease of clc after complete breakthrough. 
o 

The corresponding total organic carbon breakthrough curves are 

shown in Figure 5.4. After an initial sharp peak, the low superficial 

velocity shows a graduaI increase ln TOC with tlme, whlle the TOC stabll-

Ize s at a constant value in the high velocity rune The initial TOC peak 

is caused by reaction of chlorine with a smaU amount of lignin present in 

the chlorite treated pulp as will be shown later. The TOC behavior is ln 

agreement with the increased or constant constunption of chlorine after 

breakthNugh in Figure 5.3 after respectively the slow and fast superfici-

al velocity experiments. An Increased consumption of chlorlne by carbohy-

drates leads to the formation of more degradatlon products and hence more 

total organic carbon in the effluent stream. This effect was more pro-
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Figure 5.3 Characterlzation of chlorine breakthrough cur.ves. 
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Figure 5.4 Characterization of total organic carbon breakthrough curves. 
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nounced at the lowest superficial velocity and highest temperature as can 

be seen in Figure 5.5 for the chlorine bresk through curve and in Figure 

5.6 for the corresponding total organic carbon breakthrough curve. It can 

also be noted that the onset of the graduaI TOC Increase coinc Ided wl th 

the beginning of the maximum in the chlorine breakthrough curve. 

The increasing reactlvl ty between chlorine and carbohydrates, 

under conditions whi~h favor excessive degradation of carbohydrates, can 

be explained by the increased chlorine consunption by the increasing 

number of reducing end groups formed by scission of the cellulose chains. 

This will be further elaborated on in sect ion 5.6. 

5.4 Da~A reductlon techniques 

Since the exit chlorine concentration after the initial transient 

is not always constant, the reaction kinetics were determined using the 

maximum value of cIe, Le. (cIe). Because (cIe) occurs immediately 
o 0 m 0 m 

after the initial transient, the derived rate expressions are representa-

tive of the initial reaction between chlorlne and carbohydrates, Le. when 

degradation of the carbohydrates 18 still modeste In a11 csses, (cIe ) 
o m 

was corrected for a sma!! ch10rine 10ss due to re~ction of chlorine with 

the walls and piping. This loss was determlned by measurlng cIe at the 
o 

outlet of the reactor in the absence of a pulp pad. A listing of the 

average values of ele and standard deviation for different experfmental 
o 

conditions is glven in Table 5.2. It shows that the experimenta1 set-up 

and techniques lead to a decrease in CIe of about 0.01 Independent of 
o 

operating conditions. This decrease is accounted for to obtain the chIor-

ine cons\IIIpt ion by carbohydrates on1y. 
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Figure 5.5 Chlorine breakthrough curves st high temperature and low 

Buperflc~al velocity. 
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Figure 5.6 Total orgenie carbon breakthrough eurves at high temperature 

and low superficial velocity. 
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TABLE 5.2 

Determination of chlorlne los ses in experimental set-up 

wlthout pulp 

u T [c ] cIe cIe 
0 0 0 0 

(cm/s) Oc (g/1) Hean Std.Dev. 

0.082 19 1.550 0.989 0.0062 

0.041 35 0.970 0.991 0.0070 

0.041 50 1.200 0.987 0.0071 

( 



-

• 

128 

Assuming plug flow and first order reaction kinetics in chlorine, 

the relat ion between the exit chlorine concentration and mean residence 

time, t =H/u, for steady state conditions is given by Levenspiel (5) ss r a 

k t = ln(e le) [5.6] c r 0 

wi th k be ing the fi rs t order resct ion constant. Since the changes in c 

exit chlorine concentration after the initial transient ar~ relatively 

small, the assunption of pseudo steady state 1s val id in this region of 

the breakthrough curve. 

The asslEption of plug flow is also good for the present analysis 

because the resldence time distribution in the pulp pad was characterized 

by large Peclet numbers, uiH/DL, ranging from 20.7 to 116.5 • 

From the slope of ln(e le) versus t the reaction constant, !t , o r c 

can be determinE"d. For first order reaction kinetics, a single straight 

line fit should be obtained independent of the inlet chlorine concentra-

tion. 

5.5 Initial carbohydrates-chlorine kinetics 

5.5. 1 Influence of pulp types 

The chlorination of carbohydrates was studied with two types of 

pulp to establlsh the influence of degree of degradation on the reaction 

kinetics. The majority of exper!ments were done with unbleached kraft 

pulp that was subsequently treated with chlorite to remove the residual 

lignin. The rema ining experiments were done wi th fully b1eached CEDEO 

kraft pulpe The carbohydrates ln the fully bleached kraft pulp are more 

degraded than in the chlorite treated kraft pulpe 

1 
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The chlorine breakthrough curves obtained wi th the two pulps for 

the same operating conditions are compared in Figure 5.7. The break-

through curve of the chlorite treated pulp la shifted sllghtly to the 

right of the fully bleached pulpe The assoc1ated extra constanption of 

chlorine can be attributed to reaction with a small amount of llgnin still 

remaining after chlorite treatment. This is confirmed in Figure 5.8 by 

the sharp initial total organic carbon peak caused by the lignin degrada-

tion products wh~n chlorinating chlorite treated pulpe 

Further inspection of Figure 5.7 shows (cIe) of both pulps are 
o m 

very simUar. The consumption of chlorine by the fully bleached pulp was 

however slightly greater than that of the chlorite treated pulp at longer 

t imes. This irlcreased chlorine consumption corresponds with a higher 

total organic carbon in the fully bleached pulp effluent as can be seen 

from Figure 5.8. 

A possible reason for the increased chlorine consumption with 

fully bleached pulp is that the level of reducing end grou~s is higher 

than for chlorite pulp as a resu1t of more severe cellulose chain scission 

with the former pulpe However, the simllar values of (C/c) obtained for 
o m 

both pulp types under identical operating conditions show t.hat the degree 

of cellulose degradation associated with conventional pulp bleaching does 

not significantly influence the kinetics of the initial chlorine-carbohy-

drates reaction. Therefore (C/c) obtained with both pulp types will be 
o m 

used in the kinetic analysis. 

5.5.2 Influence of chlorine concentration 

Continuous chlorination experiments were done for a11 combinations 

of two chlorine concentrat ions (0.55 and 1.10 g/1 : ± 0.04%) and four 
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Figure 5.7 Comparlson of chlorlne breakthrough curves from chlorlte 

treated and fully bleached pulp under slmllar operating condi­

t ions. 
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Figure 5.8 Comparison of total organ1c carbon breakthrough curves from 

chlor1te treated and fully bleached pulp under s1milar operat­

i ng cond1 t ions. 
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superficial velocities (u • 0.020, 0.041, 0.082 and 0.164 cm/s). In 
o 

addition, two experiments were done st the high ch10rine concentration of 

2.20 g/l and superficial veloclttes 0.041 and 0.082 cm/s. The temperature 

was maintained a t 35°C ln a11 cases. 

First order kinetics in chlorine was tested by plotting ln(e le) 
o m 

versus mean residence tlme, Hlu , as shown in Figure 5.9. The data points a 

were fitted to the foll~ing linear regression equation: 

In[e le] = 0.001214 t o r [5.7] 

The good single straight line fit to the data obtalned for dlffer-

ent values of C proves that the chlorine-carbohydrates reaction ls firat 
o 

order in chlorine, with the rate constant, k , being 0.001214 s-1 at 35°C. 
c 

5.5.3 Influence of temperature 

The dependence of the initial chlorinatlon rate on temperature was 

investiga ted by performing addi t ional experfments st 19 and sooe. Shown 

in Figure 5.10 Is a graph simllar to Figure 5.9 for the three temperature 

levels. The rate constants obtained from llnear regression at the three 

temperature levels studied are shown in Table 5.3. The activation energy 

was determlned by an Arrhenius plot of ln (k ) versus lnO/T) 8S shawn in 
c 

Figure 5.11. From the slope of s straight Hne fltted through the data 

points an activa tion energy of 57 kJ/mole waB obtained. 

Thus the rate expression for the Initial chlorlne-carbohydrates 

reaction can be represented as: 
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Figure 5.9 Influence of residence time and chlorine concentration on 

initial chlorine-carbohydrates reaction. 
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Figure 5.10 Dependence of the first order ch1orine-carb~hydrates reaction 

on temperature. 
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TABLE 5.3 

Influence of temperature on rate constant of 

initial chlorine carbohydrate reaction 

19 

35 

50 

0.000314 

0.001214 

0.003130 
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Figure 5.11 Arrhenius dependence of the first order chlorlne-carbohydrates 

reaction. 
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wlth R = 8.324 J/mole and t and T expressed in seconds and degrees Kelvin, 

respectlvely. 

5.6 General discussion 

It was shown that the kinetlcs of the initial reaction between 

chlorine and bleached pulp are first order in chlorine. A review of the 

literature showed no previously publis~ed stooies between chlorine anel 

bleached pulp. Fredricks et al. (1), however, also proposed ft first order 

reaction kinetics for the radical reaction between ch10rf.ne And a model 

cellulotle compound. This radical reactlon ;::as shawn (2) to be the domin-

ant chlorination reaction for cellulose powder. Therefore It i9 l1kely 

that the Initial reactior. between ch10rine and fully bleached pulp dso 

proceeds via a free radical mechanism. 

The chlorine consumption by fully bleached pulp Increases consld­

erably after this initial period when the mean residence time and reactlon 

temperature are high. This behavior cou1d be explaineu by assuming that 

two reactions between chlorine and carbohydrates occur. The dominant 

reaction during the initial period is chaIn scission of the polysaccharide 

polymers due to attack on glycosldic bonds by chlorine. The dominant 

reactlon durlng the fInal period is between ch10rlne and the reduc lng end 

of the polysaccharide chains. Initlally the degree of polymeriza tlon of 

the polysaccharide chains 1s very large so that the number of reducing 

ends 1s very small compared to the number of glycosidlc bonds. As a 

reslÙt the reaction between chlorine and the reducing ends ca" inltially 

be neglected. However after considerable carbohydrate degrada!: Ion thls 

reactlon eventual1y becomes more important than the chain scission reac­

tion. This explains the substantlal increase !n ch10rine consumpt1on in 
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the final perlod under conditions which favor excessive degradation of the 

carbohydrate9. The proposed reactions could also explain the increase ln 

TOC (Figure 5.4) in the flnal period when the mean residence time and 

temperature are relatively high. Ullder these conditions the carbohydrates 

are severely degraded 80 that carbohydrate chains of a relatively amall 

degree of polymeriza t ion become soluble and are detected in TOC. Finally, 

the chain scission reactlon can explain that the rate of chlorine consump­

tion by carbohydrates under relatively mild conditions remains constant 

over the entire chlorinatlon experiment. In this case the number of gly­

cosidic bonds is approxlmately constant because the degree of polymeriza­

t 10n remains large, even through the degree of polymerizatlon might be 

reduced cons iderably over the course of the reaction. This mechanism 

forms the basis for analysls in Chapter 6 of the pulp viscosity data ob­

tained a fter continuous chlorinatlon of kraft pulp. 

The initial chlorine-carbohydrates reaction kin€tics will be used 

for analysis and prediction of the break through curves obtained during 

dynamic chlo~lnation of kraft puip in Chapters 6 and 7, respectively. The 

present kinet lcs cannot be used for l'~gular batch chlorinatlon of kraft 

pulp because of the presence in the batch process of dissolved l1gnin, 

which acts as a free rAdical scavenger. This also explains why carbohy­

drate degrada tion in contlnuous chlorination of kraft pulp iB much more 

8evere than in batch chlorinat1on. 

5.6 Conclusions 

1. The klnetlcs of the initial reactton between chlorine and 

carbohydrates in dynamic chlorination are first order in chlorine. The 

activation energy of the reaction 18 57k J!mol. lt is likely that the 
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dominant reaction during the initial period 1s chain scission due to 

attack on glycosidic bonds by chlorlne and proceeds via a free radical 

meehanism • 

2. When the re~lc'.ence time and reaction temperature are hlgh in 

dynamic chlorination, the rate of reaction of chlorine with carbohydrates 

inereases cons iderably after the initial periode It 1s suggested that the 

Inereased ehlorine cons\IIlption is due to the Increasing importance of a 

proposed reactlon between ehlorine and the reduc1ng end of polysaccharide 

chains. 
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CHAPTER 6 

DYNAMIC CHLORINATION OF KRAFT PULP: EXPERIMENTAL RESULTS. 
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6.1 Introduction 

The b1eachlng sequence which follows the pu1ping operation serves 

to remove the remaining l1gnin from the pulpe Removal of the residual 

I1g01n leads to large increases in whiteness and brightness of the pulpe 

Chlorlnatlon 15 usually the firet step ln the bleaching sequence and ls 

responslble for removal of most of the residual llgnin. The subsequent 

stages in the bleachlng sequence are primarily for brightening. The first 

s tep in chlorinatioo normally consist of contacting the pulp suspension 

wi th chlorlne gas in a mixer in arder to achieve dissolution in and uni­

form distribution of chlorine within the pulp suspension. The pulp sus­

pension then flows through a chlorination tower with mean residence time 

of 45 minutes to allow the chlorination process to be completed. There Is 

no relative motion between the chlorine-water and the pulp fibers. 

In 1962 Rapson 0) introduced the concept of "displacement" or 

"dynamic" bleaching whereby a bleaching solution was forced through a 

f ixed bed of pul p flbers. Increased bleaching rates were observed. Sub­

sequent studies primarily by Kamyr and Gullichsen (2) led to the develop­

ment of a compact bleach plant with a medium conslstency chlorination step 

followed by displacement extraction and bleaching steps. In medium con­

s istency chlorination, a 11-14% consistency pulp suspension is mixed wl th 

chlorine and some chlorine dioxide ln a medium consistency mixer external 

to a single or two bleaching tower(s). The contact time between chlorine 

and the pulp suspension is generally 3-7 minutes, Gullichsen (3). The 

following displacement steps i.e. caustie extraction and chlorine dioxide 

treatments are performed in one displacement bl.'>!ach tower. Displacement 

of ooe chemlcal by the next eliminates the intermediate washing stage that 



-

142 

ls characteristic of conventional bleaching. 

A fundamental chemical reaction engineering study of dynamic 

bleaching has never been reported. The few studies in the literctture 

(2,4) were limited to important practical aspects l1ke pulp properties, 

chemical consumptlon and contact time. However a breakthrough curve of 

bleaching chemical has never been publlshed except in a numerical study by 

Baldus and Edwards (5). An understanding of the hleaching chemlcal break­

through curve ln terms of bleaching reactlon kinetlcs, flulci flow and 

transport processes might lend to Improved operation and design of the 

present processes. Also determinatlon of the stlll controversial location 

of the rate determining steps (Pugliese and McDonough (6), Herry anel 

Fleming (7), Anelerson and Rapson (1) Russel (8), Koch (9) and Ackert (4» 

may result ln lelentification of more efficient bleaching reactors or se­

quences. 

In the present study, dynamic chlorination rather than dynamic 

bleaching with chlorine dioxide 18 investigated because of the relative 

ease of chemical analysis and handling of chlorlne and !ts resction 

products. A chlorine-water solution was forced through a packeel bed of 

kraft Black Spruce fibers. Breakthrough curves of chlorlne, total Inor­

ganic chloride (chlorine plus chloride), TOC and methanol are messured aB 

a function of mean residence time, residence Ume distribution (RTD) of 

the flow, chlorine feed concentratlon, temperature, pulp conslstency and 

addition of viscosity protection agents. Pulp propertles such aB kappa 

nUl1lber, lignln content and viscosity vere determined at the end of an 

experlment. The results are analysed ln terms of resldence tlme distribu­

tion measured for each pulp pad (Chapter 4), and kinetlcs and stoichlol1le-
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try of the chlorine-lignin and chlorine carbohydrates (Chapter 5) reac­

tions. 

The effect of varying experimental conditions wUI be presented 

separately for the chlorlne, total Inorganic chloride, TOC and methanol 

breakthrough curves and for the pulp properties. This order allows unin­

terrupted development of the theories and discussIon of the resul ts for 

each of the four variables. 

6.2 Experimental and data reductlon techniques 

6.2.1 Experimental 

The dynamlc chlorinatlon reactor Is shown ln Figure 6.1. A pulp 

pad 18 formed between the statlonary lower plate and the adjustable upper 

plunger of the reactor. Chiorine water ls forced through the pulp pad at 

pre-determined flowrates, concentration and temperatures. In a11 cases 

step-up stimulus response experiments with glucose as Inert tracer preced­

ed the actual ehlorination runs to determlne the RTD for each pulp pad. 

Semples were collected throughout the chlorlnetion experiment et 

the exit of the reactor and analysed for chlorlne, total Inorganic chlor­

ide, TOC, and in sorne cases lignin, carbohydrates and methanol. Hand­

sheets were made of the chlorlnated And subsequently thoroughly water 

washed (or CW) pulpe A portion of the handsheets 'las analysed for its 

Klason and UV lignin cont !nt and ln sorne cases for chloride content. The 

remalnder of the CW pulp handsheets was extracted wlth sodIum hydroxlde 

and the resulting CWE pulp analysed for UV and Klason ligoln content, 

kappa number, vlscoslty and chloride content. A detatled description of 

the complete experimental faenl ty and experlmental procedures can be 

found in chapter 3. 
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Figure 6.1 Schematic of chlorination reactor. 
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The kappa number and viscosity of the unbleached Rlack Spruce 

kraft pulp used ln this study were 29.5 and 38 mPa.s respectlvely. A com-

pIete summary of the propertles of the pulp 19 ghen ln Appendix 3-1. 

6.2.2 Data reductlon 

The resldence Ume distribution (RTD) of each pulp ped waB weIl 

-characterlsed by the average residence Ume, t , and the Peclet number, P, 
r 

of the axial dispersed plug flow model (11). The moment technique used to 

determine these flow parameters is described ln detall in Chapter 4. 

The chlorine, total inorganic chioride and TOC concentration ver-

sus Ume for a typical experiment are shown in Figure 6.2. The t ime t ia 

the Ume at the midpoint of the sampling interval whlle t lB defined as t 
c 

minus the "dead time" resulting from the volume, V , of 20 cm3 between the 
c 

bottom of the pulp pad and the sampling point. The average residence time 

i s defined as 

t = Hlu = He: lu 
l' a a 0 

[6.1] 

where u and u are, resp.:ctively, the superficial veIocitieB based on the 
a 0 

accessible liquid volume and the total empty volume of the reactor. The 

accessible bed porosity, E: , is obtained from t using equation 6.1. a r 

Implici t in the calculation of e: Is the assumption that chlortne and 
a 

glucose have access to the same inter and Intra fiber pore volume. Ev1-

dence for the latter assumptlon is given in Chapters 4 and 7. In Chaptel' 

4 It is shown by the solute-exclusion technique that glucose has acceS8 to 

the total intra-fiber pore volume. In Chapter 7 It ls ahown that the 

chIor1ne breakthrough curve for fully bleached pulp 1s weIl predlcted when 

chlorlne has access to the same pore volume 8S glucose. Final1y, It 
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Figure 6.2 Chlorlne, total Inorganlc chlorlde and TOC breakthrough curves 

of a typlcal experlment. 
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should be notlced that the hydrodynamlc diameters of chlorlne and glucose 

are of the same order, 2.9 and 6.5 A, respectively, (Appendix 6-1). 

The concentrations ln FIgure 6.2 are non-dimensional1zed by the 

inlet chlorlne concentration, C , and plotted versus dimensionless Ume T o c 

- t 1 t ,.. t u /H ln FIgure 6.3. The C/Co values of the total Inorganlc c r c 8 

chloride break through curve are greater than 1 due to the presence of 

exces8 chlorlde ln the feed. A more general form of the dimensionless 

breakthrough curves ls obtained when T is replaced by the ratio of grams c 

of chlorlne emerglng from the bed per gram of l1gnln Initially present in 

the bed, or (T -l)C e: /(L Cf)' where L 18 the initial l1gnin content (g/g 
c 0 8 0 0 

pulp) and Cf 18 the pulp concentration (g pulp/liter suspension). The 

corrected dimens 10nless time is reduced by 1 dnce changes at the inlet 

are only felt at the exit of the reactor after displacement of water ini-

thUy present ln the pulp pad. This correction may result in break-

through a t nega t ive values of (T -OC e: ILoC
f 

when the dispersion is high 
c 0 a 

and the chlorine feed concentration is large. The data in Figure 6.3 1s 

plotted against (T -l)C e: /(L Cf) in Figure 6.4. 
c 0 a 0 

Additional data reduction procedures wUl be presented separately 

for each type of breakthrough curve la ter in th1s chapter. For example 

the calculation method for the chlorine-11gnin stoich1ometric ratio, SL , 
o 

the fraction of chlorine in the lignln-chlorine react10n used for substi-

tution, S, and the methanol-ligntn sto1chiometric ratio, R, will be out-

1 ined when discussing, respect1vely, the chlor1ne, total inorgan1c chI or-

ide and methanol breakthrough curves. In aIl csses the se calculations are 

based on representatton of the pulp pad by a series of parallel plug flow 
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Figure 6.3 nimensionless chlorine, total inorganic chloride and TOC 

breakthrough curves of a typical experiment. 
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Figure 6.4 General dlmenslonless breakthrough curves of a typlcal 

experiment • 
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channels (chapter 4). 

6.3 Overal1 mass balances 

6.3.1 Ch10rine 

150 

During a chlorination experiment, the chlorine concentration in 

the effluent stream lncresses while the chloride concentration decreases. 

In addition sorne chlorine 1s chemically bound to l1gnin remalnlng in the 

pulp and to water soluble l1gnin fragments removed during chlorinetion. 

The weight percent of chlorlne ln the CW pulp wes determined by the 

Schoniger combust Ion flask method. The chloride removed wl th the water 

uo1uble 1ign1n was calculated from the TOC removed assuming a Cl/Cg ratio 

of 1.0. Finally, the total inorganic chloride (sum of chlorine and chlor­

ide) in the inter and intra fiber voids in the p~' r- pad was calculated 

assum1ng a linear variation in total Inorganic chloride cotlcentratioTî 

between the 1nlet and exit of the bed. 

The sum of the we1ght of chlorine in the var10us forms discussed 

above were compared to the total amount of inorganic chloride fed to the 

reactor. The di fference between these values were genera1ly less th an 

5%. 

6.3.2 Lignin 

The lignin mass balance can be checked by comparing the llgnin ln 

the unbleached pu1p with the lignin remaining in the CW pulp and dis80lved 

in the bleach effluent. The lignin content in the CW pulp was determined 

as UV and Klason l1gn1n by standard methods. Soluble lignin in waBh 

liquor after pulp1ng has been quantitatively determined by colorimetry 

with a Technicon AutoAnalyser (11). Attempts to use this technique for 

the present bleachlng l1quor were not succeEtsful due to dlfflclllties in 
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flndlng a re11ab1e calIbration standard. Therefore the 11gnln content in 

the effluent stream was determined indlrectly from the TOC measurements. 

The TOC consists of solubi1ized fragments and degradation products of the 

ch1orine-1ignln and chlorine-carbohydrates reactions. The contribution of 

the carbohydrates fraction to the TOC ia very smal1 for chlorinatlon ex-

periments at room temperature and short residence tlmes, as will be shmm 

later. For these operating conditionli the carbohydrates contribution can 

be neglected and TOC can be converted to 1ignln concentration ln mg!l as 

l1gnin = [TOC/J] [6.2] 

where J 18 the weight fraction of c8t'bon in the original kraft 11gnin. 

According to Kempf and Dence (16) the structural formula of mll1ed Kraft 

1ignln i8: 

[6.3] 

The fraction J ca1culated from the above formula wa8 0.615. Wlth this 

indirect method the closure of the 11gnin balance i8 shown in Table 6.1 

for a ~ide range of experimenta1 conditions. The lower exit 1ignin con-

tent could be attt'ibuted to the J value belng too hlgh i.e. if J is a8sum-

ed to be 0.5 the lignln balance will be much closer. 

6.4 Reproducibl1ity 

The reproducibl1ity was checked for a number of dupllcate experi-

ments. Differences ln Pec1et number are Inevitable since each experiment 

-{ 
required the formation of a new pulp pad. To minimize the influence of 

1 
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TABLE 6.1 

Lignin mass balance 

H,cm u ,cmls T, Oc C ,gll C ,% in,mg out,mg % dUf. 
0 0 P 

2 0.041 35 0.55 10.7 460 426 -7.4 

4 0.041 35 0.55 10.7 918 982 +6.9 

6 0.082 35 0.55 10.7 1378 1070 -22.4 

4 0.082 35 1.10 10.7 918 875 +4.7 

2 0.082 35 1.10 10.7 465 350 -24.7 

6 0.082 17 1.10 10.7 1390 1154 -17.0 

6 0.082 17 0.55 10.7 1385 1144 -17.4 
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pad forma t Ion on reproduclbili ty, a pair ot duplicate experiments was 

selected with slmllar RTD's as can be seen ln FIgure 6.5. 

The chlorine, total Inorganlc chlorlde and TOC breakthrough curves 

for the duplicate experiments are shown ln Figures 6.6, 6.7 and 6.8 re-

spectlvely. The CW and CWE pul p properties for the two experlments are 

l1sted ln Table 6.2. The close agreement between the breakthrough curves 

and pulp propertles demonstrate the good reproducibllity of the experimen-

tal techniques anr) procedures. 

6.5 Resulta and DIscussion 

6 • 5 • 1 ehlorine breakthrough curves 

6.5.1.1 Effect of mean residence time 

The mean residence time, t :& H/u , was varied from 23 to 279 r a 

seconds by changlng the pad height, H, from 2, 4 to 6 cm and the superfi-

cial velocity, u , from 0.020, 0.041 to 0.082 cm/s. Shown in Figure 6.9 
o 

are typlcal real time chlorine breakthrou8h curves for variable t of 23, 
r 

45 and 93 seconds at flxed pad height of 2 cm, T = 35°C and e = 1.10 g/l. 
o 

The accessihle pad porosity, E was 0.93 for a11 three experiments. As 
a 

expected chlorlne breakthrough occurs ear11er for sma11er t. Aiso higher 
r 

mean residence Umes result in lower dimensionless ch10rine concentrations 

at complete breakthrough, e le. These C le values are in good agreement m 0 m 0 

wlth the chlorlne-carbohydrates kinetics glven by equation 5.8 as can be 

seen from the broken lines ln the top right hand corner of Figure 6.9. 

This is further confirmed in Table 6.3 where C le ls compared with cIe m 0 0 

calculated wlth equatlon 5.8 for a wide range of mean residence times. 

The good agreement establ1shes that aIl reactive lignin Is consumed at 

complete breakthrough or that further resction between remaining llgnin 
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Figure 6.5 Dupllcate glucose breakthrough curves. 
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Figure 6.6 Duplicate chlorine breakthrough curves. 
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Figure 6.7 Dupl1cate TOC breakthrough curves. 
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Figure 6.8 Dupl1cate total inorganic chloride breakthrough curV8S. 
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-
TABLE 6.2 

Pulp propertles of dupl1cate experlments 

expt. CW J2u12 CWE pu12 
Llgnin Rlason Lignln Rlason Kappa 

Lignln I.lgnln 
% % % % 

1 1.15 1.91 0,49 0.34 2.90 

2 1.02 1.80 0.46 0.37 3.49 
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Figure 6.9 
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Effect of mean residence time, t , on chlo~ine breakthrough 
r 

curves; variable u al fixed H. o 
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TABLE 6.3 

Compsrison of C Ic "'!th cie calculsted from klnetlcs of the reactlon 
m 0 0 

between chlorlne and carbohydrstes (equatlon 5.8) 

- (C Ic )expt. (CICo)theor. C T C t 
0 P r m 0 

(g/l ) (OC) (r.) (s) 

0.55 35 10.7 93 0.90 0.89 

0.55 35 10.7 45 0.93 0.95 

0.55 35 10.7 23 0.96 0.97 

0.55 35 10.7 186 0.82 0.80 

0.55 35 10.7 90 0.91 0.90 

0.55 35 10.7 46 0.92 0.95 

0.55 35 10.7 279 0.73 0.71 

0.55 35 10.7 136 0.86 0.85 

0.55 35 10.7 68 0.91 0.92 

1.10 35 10.7 93 0.91 0.89 

1.10 35 10.7 45 0.95 0.95 

1.10 35 10.7 23 0.97 0.97 

1.10 35 10.7 186 0.84 0.80 

1.10 35 10.7 90 0.92 0.90 

1.10 35 10.7 46 0.96 0.95 

1.10 35 10.7 279 0.72 0.71 

1.10 35 10.7 136 0.85 0.85 

1.10 35 10.7 68 0.93 0.92 
( 
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and chlorine is slow compared to the chiorine-carbohydrates reaction. 

The chlorine breakthrough curves of Figure 6.9 are reduced to 

dimensionless plots in Figure 6.10. Although the differences between the 

thr~e breakthrough curves are now much smaller, the experiments with the 

larger average residence tlmes are still slIghtly shf.fted ta the rlght. 

This can be partly expiained by the relatIve larger consumption of chIor-

-ine by carbohydrates at hign~r t • 
r 

For the effect of ~ean residence time on the consumption of chlor-

ine by lignin alone the results must be corrected for the chlorine-carbo-

hydrates reaction. This was done by representing the pu1p pad by a series 

of parallel plug flow channels, with the distribution of the total flow 

over the channels given by the RTD obtained from a glucose tracer experI-

ment. Strong evidence for this representatlon was presented in Chapter 4. 

Also i t is assumed tha t the reaction between chiorine and Ugnln i8 ln-

stantaneous whlle the ch10rine-carbohydrate reactions are descrlbed by the 

kinetics given in Chapter 5. 

The reason for selectlng an instantaneous reaction ia that the 

initial reaction rate between chlorine and 1ignln ls very hlgh. For exam-

pIe st room temperature and otherwise commercial blesching condItions 

about 70% of the chlorlne ls consumed in 12 seconds (Llebergott et al 

(I2)), whlle at hlgher temperatures 90-98% of the reactlon occurs wlthin 

30 seconds (Singh (13». Since these tlmes SLe small compared to the 

present chlorlne breakthrough times whlch are ln the order of several 

minutes the assumpt Ion of an Instantaneous react Ion between chlorlne and 

lignln seems reasonable. It ls noteworthy that this sssumption was also 

successfully used by Patterson and Kerekes (14) to predlct the progres8i~n 
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-Figure 6.10 Effect of mean residence time t on general1zed ch10rlne 
r 

breakthrough curves, variable u at fixed H. 
o 



) ( ~ 

1.0. o 10 0 0 
1 1 

i 
----------

0 • • • ----

~ a·gr ° 0 
0 • • 0 0 --------1 

• 0 

u 0.8 
0 

• 
~ 0.7 ~ 

0 
0 

0 
0 

u 0.6 ~ .0 -1 

N -
U 0 o T = 23 s· P = 81 0.5 ------ r • 
(j) --- • tr = 45 s; P = 60 
(f) 

Q) 0.4 0 ----- o tr = 93 s: P = 52 
c H = 2.0 cm 
0 • (/) 0.3 Co = 1.10 g/I ..; 

c T = 35 Oc 
Q) 

E 0.2 
00 Cf = 111 g/I 

0 0 

0.1 • • 
0 

0.0 ~r«l! 1 
1 1 1 1 

Z 3 4 5 6 

[(T c-1 ) Co Ea] / [LaC f ] 



f )\ 

163 

of the chlorlrle front in 8 statlonary pulp suspension. 

\Iith these asstmlptlons a sharp reaction front exists ln each chan-

ne!. The chlorlne concentratlon upstream of a front ls solely determlned 

by the chlor1n~-'carbohydrates reactlon klnetics. Slmllarly the chlorine 

concentration at the exit of a channel ls either zero or determined by the 

chlorine-carbohyd rates react ion klnet ics dependlng on whether or not the 

front has reached the exlt of the channel. \Ii th these conditlons the net 

inflow (inflow minus outflow) of chlorlne to the bed can be represented by 

(Appendlx 6-2): 

F( t ) 
- k t dF] 

rc AHd [T f (Tc - Tb) e 
c r 

a 0 c 
0 

[6.4] 

with 

t b SL L Cf Ct) t o 0 ecr_l +"i.r 
Tb =-= -t € k C t r a cor r 

[6.4a] 

and F(t ) ls the value of the step-up response function (F-curve) at t 
rc rc 

obtained from 

t 
c 

SL L Cf o 0 
• -€--:'-k--::C~ 

a C 0 

t. rc [6.4b] 

In equation [6.4], dF represents the fraction of flow with a residence 

t!me between t and t + dt. Tb and t
b 

are, respectlvely, the non-dimen­
r r r 

sional and dlmenslonal breakthrough time for fluid ln a channel wlth a 

residence time of t • 
r 

SL and k are, respectively, the chlorlne-o c 
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lignin apparent stoichiometric ratio (g C1
2

!g initial lignin) and the 

chlorine-carbohyd rates react ion constant. 

obtained experimenta1ly is: 

T 
c 

U E A f (C - C) dT a a 0 c 
o 

The net inflow of chlorine 

(6.5] 

By equating [6.4] and (6.5], and us1ng F(t ) obtained from the preceeding 
r 

tracer experiment, 1t is possible to determine the only unknown parameter 

SL as a function of t • This was done for the three experiments shown in o c 

Figure 6.10. 

The SL value5 presented in Figure 6.11 increase with [(T -
o c 

l)C e; ] I( L Cf] unt! l a constant value is reached at complete chlorine 
o a 0 

breakthrough. This trend was observed irrespect1ve of Mean residence 

time. The increase in SL could be attributed to additiona1 chlorine 
o 

consumption by reacted 1ignin in the growing zone upstream of the reaction 

front. This exp1anation is in contradiction with the assumption of an 

instantaneous chlorine-lignin reaction. However the re sul t of this as-

stunption, the movement of a sharp 11gnin and chlorine reaction front, is 

still valid because these non-Hnear kinetics 1ead to a "constant pattern" 

behavlor of the reaction front (Chapter 7). Thus in the paraI le! plug 

flow model, chlorine conslIIIed by lignin at the reaction front anJ upstream 

of the front i8 represented by an instantaneous reaction between ch10rine 

and lignin st the reaction front on1y. 

The rate of ch10rine consumption at the reaction front increases 

almost proportionally with the chlorine feed rate, 1.ndependent of the 

location of the front. On the other hand, the rate of conaumpt 10n by 
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( 

Figure 6.11 Effect of Mean residence time, t , on SL calcu1ated over the r 0 

duration of the experiment. 
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reacted Ugnln upstream of the front 1s much less dependent on the chlor-

Ine feed rate but Increases with further downstream position of the 

front. As a result the relative contribution to SL by I1gnin upstream of o 

the reaction front should decrease wi th Increaslng chlorlne feed rate. 

Thls i9 conflrmed in Figure 6.11 which shows that SL de'~reases with de­
o 

creaslng Mean resldence time (or Increasing chlorine feed rate) at each 

value of [(Tc - l)Co e: a ]! [L.,C lE l. A value of SLo of 0.70-0.75 g Cl2 /g 

Ugnin obtained by extrapolation to [(T - l)C e: JilL Cfl • 0 could be c 0 a 0 

considered to represel1t the contribution of the fast chlorlne-lignin reac-

tion only. This ls equivalent to the consumption of 2 chlorine mo1ecules 

per monomer unit (M =- 196) of the kraft lignin po1ymer. In comparison, a 

ch10rlne charge of 1.50 g Cl2!g lignin (or a so-cal1ed charge factor of 

0.22% Cl2 , kappa unit) 1s customary ln industrial practice. 

The apparent stoichiometry SL is a1most Independent of (T - l)C 
o c 0 

e: !(L Cf) after complete chlorlne breakthrough, or when (T - l)C e: )1 
a 0 C 0 a 

This is expected since SL i8 derlved from the Integrated RTC 
o 

(equation 6.3), and very little chlorine Is consumed by llgûin after com-

pIete chlorine breakthrough, as evldenced by the agreement between measur-

ed and predlcted C IC ln Table 6.3. SL after complete breakthrough Is m 0 0 

shown ln Figure 6.12 8S a function of t obtalned by varylng both H and 
r 

u. The resul ts show that SL increases wi th t irr~spective of whether H a 0 r 

or u ,,,as changed. This means that the rehtive contribution to SL of 
a 0 

11gnin at the front and upstream of the front remains the same when u and 
a 

H are changed proportlonally. In other words, since the contribution to 

SL due to 11gnin st the reacHon front increases almost l1nearly with o 

u , the contribution to SL of lignin upstream of the front must increase a 0 
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-Figure 6.12 Effect of Mean resldence time, tr' on average SLo • 

.,., 
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almost llnearly wlth 1~cre8s1ng H. 

6.5.1.2 Effect of residence time distribution 

To establish the influence of the RTD on the breakthrough curves, 

experiments were performerl on a weIl formed and a poorly formed pad at 

otherwlse the same operating conditions. The glucose tracer' curves for 

the two cases are shown in Figure 6.13. The poorly formed pad 18 charac-

terised by early appearance of the tracer at the exit and grBdually In-

creasing concentrations at longer times similar to the RTO for a eSTR. In 

contraat, the well formed pad displays a behaviour close to plug flow. 

The Peclet number, P, for the weil formed and poorly formed pads are 31 

and 2.3, respectively. 

The chlorine breakthrough curves of the weil formed anet the poorly 

formed pads are shown in Figure 6.14. Except for a lower fina' elc 1evel 
o 

due to reaetion between chlorine and earbohydrates, the shape of the 

chlorine breakthrough curves are simBar to the corresponding RTO' s. This 

suggests that the flow behaviour de termines the characterlstlcs of the 

ch' orine breakthrough curve and tha t the chlorine-pulp reaet Ions merely 

act as a scaling factor. The prevlously descrlberl moc'!21 of a series of 

pa!'allel plug flow elements with a single Instantaneous reaetion anet no 

inter element mass exchange has these eharacteristics. 

In chapter 7 It will be shown that for P » 1 and/or k t « 1 
c r 

this model requires that the eh10rine breakthrough eurve 19 identlca1 to 

the RTD when the time axis of the former ia divided by T and the vertical 
c 

axis by C le . For P» l, the slope of the RTD at CIC - 0.5 can be ap-
m 0 0 

proximated (Kramers and Wes terterp (15» as 
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Figure 6.13 RTO's of poorly and weil formed pad obtained with glucose 

tracer tests. 
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Figure 6.14 Chlorine breakthrough curves of poorly and weIl formed pads. 

( 
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(
d(C/C O » a 0.5 (P/n>O.5 

dTc clc - 0.5 
o 

[6.6] 

Thu8 if the para11e1 p1ug f10w mode1 18 approprlate for dynamlc b1eaching, 

the norma1ized slope of the ch10rine breakthrough curve at clc = 0.5 is 
m 

re1ated to P of the RTD as 

( 

d( clc > ) G _ T 0 

c dTc cIe 1:1 

m 0.5 

C 
o . - . 

C m 

[6.7] 

Higher order effects due to the ch1orine-carbohydrate reaction on equation 

6.7 can be neg1ected when P » 1 and/or k t « 1 (chapter 7>. c r 

It ls interestlng to compare equation 6.7 with the theoretica1 

solution for the axial dlsperseci p1ug flow mode1 combined with a single 

Instantaneous reactlon. In Appendix (6-J) it is derlved thet this mode1 

1eads to the expression 

(T d(C/Co») .. 0.5P _T...;.,b_
1
_) (1 - _.....;;;1_-

1
-»- 0.1534 

c dT c cIe _ 0.5 Cr - € (T -
o b a b 

[6.8] 

- -where Tb 18 the average non-dimensiona1 breakthrough time. When P end Tb 

are much 1erger then 1, equation 6.8 can be approximated by 

d(r:.lc » 
_~..;.o_ = 0.5P 

dTc cIe = 0.5 
[6.9] 

o 
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The appl1cabllity of the two models was tested by comparing the normalised 

slope of the chlorine breakthrough curve, G, with equations 6.9 and 6.7, 

respectively, valid for axial dispersed plug f10w with instantaneous reac-

tion and para11el p1ug f10w with instantaneous react1on. Shown in Figure 

6.15 is the normalised slope, G, aq a function of Peclet number, P, mea-

sured by the preceeding glucooe tracer test for the two experiments of 

Figure 6.13. Also inc1uded in this figure are values obtained at the 

various Mean residence times discussed in the previous section. It can be 

seen that the equation G = O.SP drastically over predicts the experimental 

data and represents a too high dependence on P. On the contrary in Figure 

6.16 equation G = 0.282(P)0.S for parallel plug flow agrees qulte well 

with th~ measured normalised slopes for the different experiments. The 

good agreement confirms that for the operating conditions of Figure 6.13, 

"fingering" flow de termines the RTD and that the chlorine consumption by 

lignin simply 1eads to a uniform retardation of the ch10rlne front. The 

somewhat lower values for G than predicted by equation 6.7 are prohably 

due ta the slow chlorine consumption by lignin upstream of the resct10n 

fronts. This will lead to "tallinr," after breakthrough for each channel. 

6.5.1.3 Effect of chlorine concentration 

The effect of varylng chlorine concentration on the ch10rine 

breakthrough curves was investigated at three levels - 0.55, 1.10 and 2.20 

g/l. Dimension1ess plots of cIe versus T at a pad heif,ht and consisten-
o c 

cy of 6 cm and 10.7%, respectively, and a reaction temperature of 35°C are 

shown in Figure 6.17. Complete breakthrough is achieved at much amaUer 

values of T with increasing chlorlne concentration. This Is expected as 
c 

the rate of chlorlne supp1y increases proportlonally wl th increaslng 
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Figure 6.15 Applicahl1ity of axial dispersion model to represent chlorine 

breakthrough curves. 
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Figure 6.16 Applicabl1ity of parallel plug model to represent chlorine 

breakthrough curves. 
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Figure 6.17 Effect of chlorine concentration on dlmensionless chlorlne 

breakthrough curves. 
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chlorine concentrat ion. The influence of the rate of supply of chlorine 

on the breakthrough curves can be el1minated by ploteing againat the norm-

al1zed variable (T -l)C €: IL Cf. In this manner the three curves of Fig-
e 0 a 0 

ure 6.17 esaentially collapses to a single curve as shown in Figure 6.18. 

The value of C/c after complete hreakthrough is Independent of the inlet 
o 

concentration since the carbohydrates-chlorine reaction ls firat order in 

chlorine alld the mean residence time is the same for the three experi-

ments. It a1so follows from the close agreement between the three break-

through curve s ln Figure 6.13 that the consumpt ion of chlorine per ini tiai 

we1.ght of lignln, SLo ' ls independent of Co. This is confirmed when SL 
o 

is calculated as a function of the thl'ee chiorine concentrations for the 

duration of the experlments as shown in Figure 6.19. Similar to Figure 

6.11, SL increases as breakthrough progresses and eventually reaches 8 
o 

plateau level. The smaii differences in SL before complet~ brea~through 
o 

are related to P. As expected, SL is sl1ghtly higher before complete 
o 

breakthrough for hlgher P, and the plateau level is reached at a smaller 

vL,lue of (T - 1)c €: /[L Cf]. The effect of chlorine concentration on SL 
c 0 a 0 0 

after complete breakthrough shown ln Figure 6.20 further confirms the 

independence of the chlor-ine-lignin stolchlometry on chlorine concentra-

tion. 

The steepness of the chlorine brealcth'Z'ough curves is shown in 

Figure 6.n wht>re the normalised slope G is plotted against O.282(P)O.S 

wi th chiorine concentration as parameter. Reproduced in Figure 6.21 are 

a11 the data presented in Figure 6.16 obtained at C 0: 1.10 g/l and vari­
o 

able mean resldence times t • The unique l1near relationship between the 
r 

steepness of the breakthrough curve and p
O• S

, independent of C and 
o 
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Figure 6.18 Effect of chlorine concentrat ion on general ized chlorine 

breakthrough curves. 
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'Figure 6.19 Effect of chlorine concentration on St verus (T -l)c e: / o c 0 8 
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Effect of chlorine concentration on St at complete break­o 

through. 
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Figure 6.21 Appl1cability of parallel plug flow model to represent chlor­

ine breakthrough curves: effect of chlorine concentration. 



---------------------~~ - ---~-~ 

( 

• '!' 
0 

- --
'''' CI """".n 0)0ltJ) 

, 0... Ô 
()) 

CL 
lJ100U N .. ~ 
lJ1-No .- 00 

O""":NlJl= N .. 
0 0 L 

r.t") .0) 
Il Il Il Il Il (0..0 • Il 

0 0 0 .... E 
• • ùUUI-U Ü :J 

• 0 0 • Cl C 
0 

• -+-> m(l) 

c90 u 
(l) 

• CL 
0 

· <+-
-.;:t 0 

-+-> 
0 

0 
0 

· L 
l''l 

Q) 
L 
ru 
:J 

0 0-
N(f') 

o · 

0 

0 CD CD ~ N 0 CD (D ~ N 0 0 
. 

N r- ...- .-- 0 0 0 0 0 
~ 

'edolS ~ 

~ pas!lE?wJoN " 



181 

and t r , further confirma thst the actual flow is best descrlbed by parel­

leI p1ug flow. 

6.5.1.4 Effect of temperature 

The effect of temperature on dynamic pu1p ch10rination wes Inves-

tigated at three 1evels: 19, 35 and sooe. The effect of temperature will 

be demonstrated for e '" 2.20 g/1, H .. 6 cm, u .. 0.082 cm/s and C .. 
o 0 P 

10.7% The chlorlne breakthrough curves are presented in Figure 6.22. The 

curves are shifted to the rlght at higher temperatures. As will he shown 

subaequently, this increased consumption of chlorlne is cauaed both by 

reactions with llgn1n and carbohydrates. The Increased chlorlne consump-

tion by carbohydrates at higher temperatures ls 1ndlcated by the decreas-

ing value of e le calcu1ated theoretlcally with equation 5.8 and repre­
m 0 

sented by the llnes ln the top rlght hand corner of Flp,ure 6.22. The 

earlier breakthrough at sooe compared to 35°C in FIgure 6.22 can be attrl-

buted to the 10wer Peclet nUfTlber, 28.8 compared to 37.9, respect!.vely. 

The va rIa t ion of SL durlng the three experiments is seen in Fig­
o 

ure 6.23. Agaln 'che SL values increase unti1 a plateau value Is reacheci. 
o 

Following the phenomenologlcal description presented earller, the extrapo-

lation of SL to (T - l)C E: /[L Cfl ::: 0 suggests that the chlorine-l1gnln 
o c 0 a 0 

stolchlometry of the fast reaction at the front Incresses strongly wlth 

Increaslng temperature. The s tolchlome t ry for the sloil react Ion ups tream 

of the front, characterlzed by the dlfference between the plateau value of 

SL and SL extrapolated to (T -l)C E: = 0, 8lso increases with Increaslng 
o 0 C 0 a 

temperature. Previously it was shown that SL at (T -l)C E: IL Cf" - 4.0, 
o c 0 a 0 

I.e. at complete breakthrough, was only a func t Ion of t and not r. • 
r 0 

Therefore a11 experimental values of SL at 10.7% consistency are plotted 
o 
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Figure 6.22 Effect of temperature on generalized chlorine breakthrough 

curves. 
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Figure 6.23 Effect of temperature on SL versus (T - l)C E /[L Cf]. 
o C 0 a 0 
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of' 

-- in Figure 6.24 with the temp(~rature as parameter. This figure summarlses 

the chlorlne consu'IIption by lignln st complete breakthrough of the present 

29.5 kappa number kraft pulp for the two important operating variables T 

Slmilarly, 8S was shown for varylng mesn residence t Imes and vsry-

ing chlorlne concentrations, the normal1sed slope G of the chlorine break-

through curve plotted versus the squsre root of the Peclet number la 

tndependent of temperature. This is shown in Figure 6.25 where the pres-

ent experiments at 19°C and 50°C are within the scatter of a11 previously 

reported values at 35°C. lt also shows that the decrease in the slope of 

the non-dimensiona1 breakl:hrough curve at hlgher temperatures, due to 

the higher ch10rine consumption, Is accounted for ln G by mu1tlp1ylng the 

slope by T at clr; = 0.5. 
c m 

6.5.1.5 Effect of consistency 

The effect of pu1p pad consistency was Investlgated at three 

levels - 8.0, 10.7 and 12.8% correspond1ng to pulp concentratlons of 83, 

111 and 133 g/l, respective1y. The dimens ionless chlorine concentration 

versus T breakthrough curves for H = 6 cm, C .. ).10 g/1, u a 0.082 cm! s 
C 0 0 

and T = 35°C are shown in Figure 6.26. The curves are shifted to the 

rlght et hlgher conslstencles because more lign1n 18 containerl wi thin the 

same bed volume. The difference between these breakthrough curves are 

amaller in the general1zed plots of Figure 6.27. The earlier than expect-

ed breakthrough of chlorlne at 10.7% conslstency cao be ettributed to 1ta 

lower Peclet number of 23 compsred to 66 and 55 for the 8 and 10.7% con-

sistency experlments. 

The oormal1sed slope G of the chlorine breakthrough curves 18 
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Effect of tempe rature on SL st complete breakthrough. 
o 
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Figure 6.25 Appllcabil1ty of paral1el plug flow mode! to represent 

chlorlne breakthrough curves: effect of tempera ture. 
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Figure 6.26 Effect of consistency on d1mensionless chlorine breakthrough 

curves. 

f 
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Figure 6.27 Effect of consistency on generalized chlorine breakthrough 

curves. 
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{ 
p10tted versus the square of the Peclet number ln Figure 6.28. The close 

agreement of the results at conslstencies 8 and 12.8% wlth the genera1 

trend shows that the norma1ised slope ls not a functlon of consistency, 

nor ot any of the other oper.atlng variables, but strict1y detet'1llined by 

the Peclet number. 

6.5.1.6 Effect of recycle 

The effect of recycl1ng the chlorination effluent was Investigated 

in a series of two expet'iments. The effluent from an experlment conducted 

on a 6 cm pulp pan, a reaction temperature of 19°C, s superficial velocity 

of 0.164 cmls and a concentratIon of 2.10 g/l was contacted with chlorine 

gas to a concentration of 1.10 g/l. Chlorination was then carried out 

with this undi1uten spent liquor on a 2 cm pad at 35°C and at a superficl-

al ve10city of 0.041 cm/s. Since the volume of this chlorine water con-

tainlng spent liquor was small on1y a chlorine application of 0.068 g 

chlorine/ g pulp was possible. 

The resultio~ dimenslonless chlorlne breakthrough curve is compar-

ed in Figure 6.29 \.1i th an experiment conducted under simllar operating 

conditions but with fresh ch10rine water. The Peclet numbers in both 

experiments were, 52 and 57, respectively, 80 that the flow conditions can 

be cons idered s irollar. The close agreement in Figure 6.29 shows that the 

dissolved organics present in the recyc1ed l1quor have negligible effect 

on the chlorine breakthrough curve. 

6.5.2 Total organic carbon breakthrough curves 

6.5.2.1 Efect of mean residence time 

The mean residence time, t = H/u , was varied from 23 to 279 r a 

seconds by chanelne the pad height, H, from 2, 4 to 6 cm and the superfi-
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Figure 6.28 Applicabll1ty of parallel plup, flow model to represent 

chlorine breakthrough curves: effect of consistency. 
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Figure 6.29 Effect of r~cycle on chlorine breakthrough curves. 
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cial velocity, u , from 0.020, 0.041 and 0.082 cm/s. Shown in Figure 6.30 
o 

are total organic carbon breakthrough curves for variable superficial 

velocities at a fixed pad height of 2 cm or for t of 23, 45 and 93 
r 

seconds at T ... 35°C and C = 1.10 g/1. 
o 

heights at a fixed superfic1al velocity 

The TOC curves for variable bed 

of 0.082 cm/s or for t of 23,45 
r 

and 68 seconds at T = 35°C and C .. 1.10 g/l are shown in Figure 6.31. 
o 

The accessible pad porosity was 0.93 in a11 cases. 'Both figures show thst 

the TOC concentration increases with t at the same vslue of (T -l)C r c 0 

-e: /L Cf' although the increases are larger when the incresse in t i9 
a 0 '. 

caused by an increase ln H rather than a decrease in u. A small amount o 

of TOC 18 measured for (T -l)C e: /L Cf < 0, because of TOC produced in hed 
c 0 a a 

sections with residence times less than t • 
r 

The contribution of aIl sections of the bed ta the TOC concentra-

tion at the exIt results in a rapid Increase ln TOC/C for (T -1)C e: IL Cf o c 0 a 0 

.>0 in Figures 6.30 and 6.31. TOC/C reaches a maximum, TOC le , st or 
omo 

shortly after breakthrough of ch10rlne as can be seen in the typlcs1 ex-

periment shown ln Figure 6.4 (the experiment in Figure 6.4 ls the same as 

one of the experlment in Figure 6.30). Subsequently a graduaI clecrease ln 

TOC/COiS observed untll (in most cases) a low value, TOCf/C
o

' is reached 

asymptotlcally approxlmate1y at the same time when complete chlorlne 

breakthrough ls obta Ined at (T -I)C e: /L Cf ~ 4. The latter can be con-
c 0 a 0 

firmed ln Figure 6.4. The close agreement between the times whlch charac-

terlse the ch10rlne and TOC breakthrough curves implies that most of the 

TOC 1s generated at the sharp l1gnln reaction front. However sincE. the 

e ffect of t on TOC production Is more pronounced when H ra ther than u i8 
r 0 

changed and because the TOC production remains finite at complete chlorine 
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Effect of melin residence time, t , on generalized TOC r 

breakthrough curves; va~iable u at flxed H. 
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Effect of mean resldence time, t , on generslized TOC 
r 

breakthrough curvesj variable H st fixed u • o 
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breakthrough, a smaller fraction of TOC must be fOf'llled by another process 

then fast reaction between 1ignin and ch10rine. This aspect will be fur-

ther addressed later in this section. The TOC curves can further be char-

acterized by the maximum TOC, TOCm, the final TOC, TOCf , and the total 

amount of TOC removed during chlorination, TOC (g/g pulp). Therefore the 
r 

effect of residence time on the TOC curves will now be discussed ln terns 

of these three parameters. 

Previously i t wa s shown that the chlorine-carbohydrates reaet ion 

is the dominant react ioo respoos ible for the chlorine consumption after 

complete chlorine breakthrough. From equation 5.8 it follows that a four 

fold 1ncrease of t from 23 to 93 s at 35°C leads to an increase in chlor­
r 

ine consumption by a factor of 3.9. Also, 1t can be seen from Figure 6.9 

and Table 6.3 that these conditions result in an experimental increase in 

chlorine consumption of approximately a factor 3. Therefore if the TOC 

after complete ehlorine breakthrough is mainly produced by the carbohy-

drates reaetion one would expeet a significant increase in TOC with in-

crea sine t ln Figure 6.30 wh en (T - 1) C e:: IL Cf .. 3.4-4. O. Since only r c 0 a 0 

a smaii iocrease i8 observed 1t seems unlikely that most of the TOC emerg-

Ing from the pad after complete chlorine breakthrough originates from 

carbohydrates. 

The cumulative TOC removed per weight of pulp, TOCr/(HAC
f
), of the 

experimeots of Figure 6.30 and 6.31 are listed in Table 6.4. Also given 

ln Ta1:>le 6.4 i9 the TOCr/(HACf) calculated from the decrease in UV + 

Klason llgnin on a chlorine free basis between initfal and CW pulp assum-

inp, that the ratio J = c/CH 0 for lignin ls 0.615 g/g and that the CW x y 

lignin contains 15.8 % by weight of chlorine (Kempf and Denee (16». 
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TABLE 6.4 

Characteristic parameters of TOC breakthrough eurves; 

Uo tr 

( cm/s) ( s) 

.02 93 

.041 45 

.082 23 

.082 45 

.082 68 

-effect of mean residenee time, t 
r 

P TOCm TOC f TOCr 1- C 

Co Co HAC f Co 

(g/g) (g/g) (g/g) 

52 .106 .03 .0113 .09 

60 .097 .025 .0112 .05 

81 .087 .023 .010 .03 

50 .106 .025 .0099 .04 

55 .137 .0135 .07 

UV+Kl. 
lignin 
in CW 
pulp 

(g/Spulp) 

.0309 

.0271 

.0316 

.0316 

.0239 

conditions: C = 1.10 g/l; T = 35°C; C III 

f 
III g/l 

0 

A = 44.05 cni2 ; Klason + UV lignin content 

original pulp = 0.0475 glg O.D. pulp 

TOCr 

HAC f 
Cale. 

(g/Spulp) 

.0132 

.0151 

.0128 

.0128 

.0124 

of 
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Cornparlaon of the two columns in Table 6.4 shows that most of the TOC is 

accounted for by the decrease 10 Ugoin content of the pul p. This aug-

gesta that most of the TOC produced after complete breakthrough origlnates 

from 11gnln. The hlgher calculated TOC/HAC
f 

values could be due to the 

estlmated .J ratio being too hlgh. For example, a J value of 0.5 would 

lead to better agreement between TOC and lignln removed from the pulp. 
r 

Further confirmation was obtained by comparing TOC
f 

from pulp pads made of 

fully bleacherl (1.e. lignl0 free) pulp and from unbleached pulps. 'l'he 

much hlgher TOC
f 

obtained from unhleached pulp in Table 6.5 shows thet the 

largest fraction of TOC
f 

orlginates from already reacted 1ignio. 

The production of TOC from 11gnln after complete chlorine break-

throueh coulrl be explained by hydrolysis of chlor ioated lignin or by 

transport limitations of soluble lignin fragments from the fibers. How-

ever the latter mechanism seems uol1kely aince TOC
f 

ls not a functioo of 

t (Table 6.4) and increases wlth Inlet chlorine concentration as will be 
r 

shown later. Since essentially aIl the consumed chlorine is accounted 

for by the carbohydrates reactlon, the effect of chlorine ln the propoaed 

hyd rolyais CAn only be catalyt lc ln nature. A hydrolysis mechanism was 

a1so invoked by Berry and Fleming (17) to account for lignin removal dur-

Ing hot water treatment of pulp. 

A plot of TOC Ic versus t at different pad heights ln FIgure 6.32 
m 0 r 

demonstrates thet TOC Ic increases wlth pad height and except for H .. 2 
m 0 

cm la hardly Influenced by t. This behavlour can be explained by the 
r 

model proposed earl1er when dl:;cusslng the ch10rlne breakthrough curves. 

In this model chlorint! reacts rapidly with lignln et the front while up-

stream of the front chlorlnated l1gnin reacts f\!rther with chlorine at a 
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-
TABLE 6.5 

TOC
f 

of unbleached and fully bleached pulp 

C H u T Cf TOC
f 

TOC
f 0 0 

unbleached fully bleached 

(g/l) (cm) (cm/s) (OC) (g/l) ppm ppm 

1.10 6 .082 34 111 40 13 
1.10 6 .164 36 III 30 12 
1.10 6 .082 17 111 28 12 



( 

Figure 6.32 

{ 

199 

Effect of Mean residence time, t r , on TOC le • m 0 
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slow rate. Similarly TOC is a190 produced at the front and by further 

reaction (chlorlnation/hyt'lrolysis) of chlorlnsted lignin upstream of the 

front. The TOC concentration generated at the front i9 proportionsl to 

the c'l.orine concentration at the front, independent of t. The produc­
r 

tion of TOC upstream of the front Is, perhaps, already at a maximum at 

large t. Thus for the same bed helght, TOC will only be a function of r m 

t when the ctegradation reactlons before the reaction front are slow and 
r 

determine the overall release of TOC. This mieht explain the increase in 

TOC IC with t in Figure 6.31 for H = 2 cm when t < 50 s. 1"or t > m 0 r r r 

50 s, TOC IC i8 relatively Insensit1ve to t for a11 bed heights. TOC 
m 0 r m 

iocreases with bed height beca\.se the thickness of the chlorinated layer 

before the reaction front increases. 

An impoL tant conclusion which can be drawn from Figure 6.32 is 

that the TOC contribution in the effluent can be reduced by employing 

shallow berla and residence times less than 50 s. 

6.5.2.2 Effect of res1dence time distribution 

The effect of residence time distribution on the chlorine break-

through curves was discussed in section 6.5.1.2. The corresponding total 

organic carbon breakthrough curves for the poorly aud weIl formed pads of 

Figure 6.14 are shol.m in Figure 6.33. The measurement of a significant 

TOC concentration at negative (T -1)C e: IL Cf for the poorly formed pad 
c 0 a 0 

confirms the existence of short circuiting flow. The smaller cumulative 

amount of TOC removed from the poorly formed pad is caused by the reduced 

quantitv of pulp contacted by chlorine. The flat TOC breakthrough curve 

of the poorly formed pad cao (.lso be explained by the non-uniforrn flow 
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Figure 6.33 TOC breakthrough curves of poorly formed and we1l formed 

pads. 
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distribution whlch leads to quick breakthrough in certain regions and slow 

penetration of chlorine in other regions of the pulp pad. The maximum in 

the TOC curve for the well formed pad occurs when a11 sect 10ns in the pul p 

pad contribute TOC as a result of the "instantaneous" chlorine-lignin 

reaction and the degradatlon of chlorinated l1gnln before the reactlon 

front. 

6.5.2.3 Effect of chlorlne concentration 

The effect of varylng chlorine concentration on the TOC break-

through curves was investigated at three leve1s; C • 0.55, 1.10 and 2.20 
o 

g/l. Dimensionless plots of TOC versus T at H .. 6 cm, e - 10.7% and T -c p 

35°C are shown in Figure 6.34. The larger chlorine supply rates at higher 

chlorine concentrations lead to the appearance of the TOC peaks at smaUer 

values of T. The maximum TOC increases with Increasing C because the 
c 0 

amount of TOC formed by the "lnstantaneous" react:ion between l1gnin anrl 

chlorine Is proportional to the chlorine concentration at the reaction 

front. When the TOC breakthrough curves are replotted as Tocle versus 
o 

(T -OC e: IL Cf ln Figure 6.35, the magn 1 tude of the maximum, TOC le , 
c 0 a 0 m 0 

shows the opposite trend of Figure 6.34, presumably because the TOC con-

tribution from chlorinated Ilgnin before the front does not increase pro-

portionally wi th C. Thl s is fur ther shown in FIgure 6.36 where TOC 
o m 

shows a somewhat smaller than proportional Increase with C at three pad 
o 

heights for the same mean resldence t imes. 

Table 6.6 shows that the cumulative total organic carbon removerl, 

TOC, decresses when the chlorine concentration Incresses above 1.10 g/l 
r 

at a given chlorine application on pulpe This trend couIc'! be explained by 
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Figure 6.34 Effect of chloI'1ne concentration on TOC breakthrough curves. 
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Figure 6.35 Effect of chlorine concentration on generalized TOC 

breakthrough curves. 
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Effect of chlorlne concentration on TOC • m 
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TABLE 6.6 

Effect of chlorine concentration on cumulative TOC removal 

H T u 
0 

(cm/a) 

6 35 111 0.082 

6 35 111 0.082 

6 35 111 0.082 

C (T -1)c E /L Cf 
0 c 0 8 0 

( g/l) (gl g) 

0.55 1.84 

1.10 1.84 

2.20 1.84 

--~---~~ ~---

TOCr 

(mg) 

221 

227 

128 
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the fact that less lignin 19 solubilized and removed by hydro1ysts at 

higher chlorine concentration due to the shorter reactlon times. lt 19 

interesting to note from Table 6.6 that the cumulative TOC removal st 0.55 

snd 1.10 g/l are essentially the same. 

6.5.2.4 Effect of temperature 

The TOC breakthrough curves corresponding to the chlorine bresk-

through curves of Figure 6.22 are shown in Figure 6.37. The incresse in 

cumulative TOC removed at higher temperatures is apparent. The incre8sed 

TOC can be explained by increased hydrolysis of chlorinated l1g01n et 
r 

hlgher temperatures. An increase in the extent of oxidatlon resctlons et 

hlgher temperatures has been mentioned in a number of reported chlorioe-

tion studies. This would iocrease the solubl11ty of chlorinated 1ignin. 

Increased TOC from the ch1or1ne- carbohydrates reaction 18 a180 expected 

at higher temperatures. The contribution of the latter reaction at 50°C 

18 diff1cult to quantify since increasing TOC/e is obtained when chlorlne o 

water is passed through pulp pads of fully bleached pulps. The iocreased 

TOC removal at higher temperatures is supported hy lower CW K18Bon llgnl0 

content. ThIs will bç: addressed in a later section. 

Figure 6.38 show plots of TOC versus temperature at different 
m 

fixed chlorine water concentrations and at 8 flxed mean resldence tlme of 

68 seconds. The increased TOC st higher temperatureB is expected from 
m 

the above discussions. 

6.5.2.5 Effect of consistency 

The effect of pu1p pad conslstency wss Investlgated at three 

1evels; 8.0, 10.7 and 12.8i.. The effect of consistency on the chlorlne 

breakthrough curves was prevlously presented ln Figure 6.27. The corre-

spondlng TOC breakthrough curves, TOC/Co versus {Tc-l}CoEa/LoCf, are shown 
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Figure 6.37 Effect of temperature on generalized TOC breakthrough curves. 
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Figure 6.38 Effect of temperature on TOC. m 
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in Figure 6.39. The almost identlcal nortBalised TOC curves show that the 

amount of TOC removed peI' initial weight of lignin i8 independent of pulp 

pad consistency. This 18 surprlsing aince more chlorolignin ls present 

before the reactlon front et higher consistencles. This sItuation 1s 

slmilar to thlcker beds at the same conslstency and mean resldence 

time, and thus a hlgher TOC and TOC Is expected for higher consisten-
m r 

Cl~S. The possible reason for the independency of TO. and TOC on ~on-
"1 r 

Blstenc~ mlght be the decrease in Pec1et nu~ber wlth ~ncreaslng consisten-

cy for the experlments ln Figure 6.39. A decrease in Peclet number de-

creases TOC and TOC which May compensa te the expected opposlng effect of m r 

increasing consistency. 

6.5.3 Total Inorganic chloride breakthrough curves 

6.5.3.1 Effect of mean residence time 

The total inorganic ch10ride breakthrough curves for a 2 cm thick 

bed a t mean residence times of 23, 45 and 93 seconds are shown ln Figure 

6.40. These break through curves corresponds to the chlorine and TOC 

break through curves in, respectlvely, Flgure 6.10 and 6.30. The effect of 

-t produced by varylng the bed helght H at constant u Is shown ln Figure r a 

6.41. The total Inorganlc chloride (TICI) breakthrough curves correspond 

to the TOC breakthrough curves in Figures 6.31. Comparison of the TIC! 

breakthrough curves with thf~ corresponding total organic carbon break-

through curves shows that chloride appears at the exit slmultaneously wlth 

TOC. Also the chloride concentration reaches a constant value just after 

the TOC maximum. Comparison with the corresponding chlorlne breakthrough 

curves shows that the constant TICl concentrations are reached much earli-

er thao complete chlorine breakthrough. In aIl cases the plateau TICI 
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Figure 6.39 Effect of consistency on generalized TOC breakthrough curves. 
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Effect of mean residence tlme, t , on total inorganlc chlor­
r 

ide breakthrough curves; variable u at flxed H. o 
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concentration ls greater than the iolet TICl from rnolecular chlorlne. 

This excess amount is due to additionsl chloride ln the chlorine water 

tank due to previous degradation of chlorine rnolecules. 

Chenging the mean residence Ume by changing the flowrate of 

chlorine water at 8 fixed pad helght does not appear to have much influ­

ence on the chloride breakthrough curves (Figure 6.40). There 19 however 

sorne difference when the mean resldence times are changed by varying the 

pad height as shown 1.n Figure 6.41. More TIC! appears to be produced at 

hlgher pad heights. If substitution and oxldat1on of l1gnin only occured 

at the "instantaneous" reaction front one would expect the TICl BTC to 

reach a plateau at the same time as the chlorine RTC. Inorganic chlorlde 

from the chlorine-cgrbohydrates reaction also reaches a maximum when 

chlorine breakthrough 15 complete. Therefore the present TICl RTC 8Ug­

gests that a sign1f1cant amount of chloride i9 also produced by further 

oxidation of chlor1nated l1gnin between the inlet and reaction front which 

compensa tes for the chlorine incorporated in Hgnin by substitution at the 

front. 

The substitution and oxidation of l1gnin can be rflpresent~d by 

respective1y the fo11owing overa11 react 40ns 

L-Cl + HCl [6. 10] 

and 

oxldised L + 2HCl [6.11] 
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Effect of mean ~esidence time, t , on total inorganic chlor­
r 

ide breakthrough curves; variable H st fixed u • o 
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Based 00 these two reacttons ooe can define substitution ss a fraction of 

chlorination, S, ss 

2[<C1
2 

consumed by lignin)-(CI- produced by ligoln)] 

(C12 consumed by lignin) 

[6.12] 

The substitution fraction, S, therefore also accounts for HCI producing 

reactions with chlorollgnin before the reaction front as if these occur at 

the front. 

Scan be calculated with the parallel plug flow model. The total 

inorganic chloride concentration at the exit of a slngle channel, [Cl-] , ce 

i8 given by: 

[Cl-] = 0 when t < t 
ce r 

[6.13] 

or 

[6.14] 

where [Cl-]f is the excess free chlorlde concentra~lon ln the feed and K -

ECk /(SL L Cf) a 0 c 0 0 

or 

[6.15) 
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k t c r _ 1 
when t ) t b > e K + t r 

The total inorganic ch10ride concentration at the exit of the bed, 

[C1-]ce,t' is obtained by summing up the contributions from a11 t.hannels 

as 

1 
,. f [cr] dF 

ce 
[6.16] 

o 

Wl th the use of equatlons 6.13 to 6.16 and SL determined from the corre­
o 

sponding chlorine BTC, Scan be found by trial and error at different 

reacUon times. In thls way the chloride BTC' scan be transformed into S 

as a funetion of tlme. Because the latter curves give more inslght lnto 

the phenomena occurlng in the bed, a1l further total lnorganic chlorlde 

BTC's will be presented as S versus (T -1)c F; /(L Cf). The complete de-
c 0 a 0 

rivation of equations 6.13 to 6.16 are given in Appendlx (6-4). lt shoulrl 

be noted that beeause Hel ls 81so produced upstrean of the reaction front, 

negative values for Sare expected as longer reactlon tlmes. 

Different mean resldence tlme at constant pad helght shows no 

consistent influence on S in Figure 6.42. This is in agreement with the 

observation made when discusslng the TOC BTC's, that the oxldation/hydrol-

ysis reaetions upstream of the reaction front are not a funetion of t st 
r 

constant H unless t is very small. The fraction of substitution h, 
r 

however, distinetly lower st higher t c8uBed by inereasing pad height at 
r 

the same superf lelal velocity as shown in Figure 6.43. This again is 

consistent wlth the result that more TOC iB generated with thicker pulp 

pads. Thieker pads result in contact of correspondingly larger volumes of 
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Figure 6.42 Effect of mean residence tlme, t , on S; variable u at flxed r 0 

H. 
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-Effect of mean residence time, t , on S; variable H at fixed 
r 

u • 
o 
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chlorine wa ter wi th reacted l1gnin upstream of the reaction front. Thus 

the inorganic chloride contribution upstream of the front increases and 

consequently substitution as fraction (',f lignio chlorination decreases. 

6.5.3.2 Effect of temperature 

The effect of three tempe rature levels on the substltutir)o frac-

tion 19 shown ln Figure 6.44. The value of S at the same chlorlne appli-

cation on pulp is higher at lower temperatures. This impl1es that the 

oxlda tion reactions as fraction of I1gnin chlorination lncreases at hlgher 

temperatures. This agrees wlth previously published work. The decresse 

in S at higher temperatures can be attrlbuted to increased rate of the 

oxidation/hydrolysis reactions at higher temperatures upstream of the 

react ion front. 

Comparison of Figure 6.37 and Figure 6.44 shows that S becomes 

zero st a chlorine application corresponding to the peak of the TOC break-

through curve. 

6.5.3.3 Effect of chlorine concentration 

No signlficant influence of chlorine concentration on S is ob-

served as shown in Figure 6.45. SimUar te the other variables discussed 

S becomes zero at the poInt corresponding to the maximum of the TOC break-

through curves for both initial chlorine concentrations. 

6 ~ 5.4 Methanol breakthrough curves 

The TOC break through curve s are made up of several organic sub-

stances. One (If the major reactlon products is methanol. Since Methanol 

1s formed by removal of the methoxyl group from the guaicyl unit, lts 

breakthrough curve gives more specific information about l1gnin-chlorine 

react Ions than TOC. This, and its potential use as an easily measured 

-- ---- -----~ ---
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Figure 6.44 Effect of temperature on S. 

---------------------------------------------------------------
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Figure 6.45 Effect of chlorine concentration on S. 
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Indieator of the lignin degradation reaetlotl, provlded the motivation for 

measuring methanol breakthrough curves. 

A typlcal Methanol breakt"rough curve i8 shown in Figure 6.46. 

After appearance of methanol at the exl t, the removal of methoxy groups 

qu1ckly reaches a maxlmum followed by a more graduaI decrease of the meth­

ano1 concentration to zero. The Methanol breakthrough curve and the eor­

responding chlorine and total organ1e carbon breakthrough curves are shawn 

in Figure 6.47. Sorne 1nteresting observations ean be made from Figure 

6.47. For example, the methanol coneentrat ion decreasea shortly before 

chlorine breakthrough begins and before the TOC maximum ia reaehed. Also 

before complete chlorine breakthrough and stabllization of TOC at TOC
f

, 

the Methanol concentration at the bed exit ia equal to zero. Thls sug­

gests that whlle chlorine and TOC are both, respectlvely, eonsumed anci 

formed at the reaetion front and upatream of the front, methanol i8 only 

produeed at the front. 

The contribution of Methanol to TOC Is more clearly seen when its 

contribution to TOC, i.e. (12/32)*CH 30H, is suhtracted from the total TOC. 

Shown ln Figure 6.48 are the measured TOC breakthrough eurve anci the TOC 

breakthrough curve ct.'"rected for me thanol. It la apparent that the TOC 

contribution of methanol Is only substantial during the initial periode 

The maximum of the eorrected breakthrough curve occurs approximately at 

the steepest slope of the chlorine breakthrough eurve. Also this maximum 

ia on1y sl1ghtly lower than that obtained for the uncorrected TOC break­

through eurve. These reaul ts 6uggest that a rnaj or fract ion of the TnC 

originates from chlorinated and/or degraded lignin in the pulp between the 

reaetion front and the bed inlet. The fast formation of methanol st the 
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Figure 6.46 Typical methanol breakthrough curve. 
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Figure 6.47 Comparlson of chlorine, TOC and methanol breakthrough curves. 
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Figure 6.48 TOC breakthrough curves with or without correction for 

methanol. 
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reaction front ls 81so consistent with the results of Sarkanen and Strauss 

(18) who showed th8t most methanol i8 l1berateci wlthin at least 5 minutes 

during chlorination of softwood kraft lignine 

The infl uence of temperature on the methanol breakthrough curve is 

shown in Figure 6.49. Temperatures of 19, 35 and 50°C were used st a pad 

height, chlorine water concentration and superficial velocity of 6 cm, 

1.10 g/1 and 0.041 cmls respectively. The three breakthrough curves are 

Identical within experimental error. This shows that methanol produced 

per gram of pulp is independent of temperature. This agrees with the 

"instantaneous" recct 10n assumption. Integration of the BTC I s in Figure 

6.49 give8 a total amount of methanol removed per original lignin, R, of 

0.09 g CH
3

0H/g original l1gnin. This ia equiva1ent to a mola!." ratio of 

(OCH3/lignin C9 unit) of 0.09*196/32 = 0.55, assuming 8 molecular weight 

of 196 for C
9

• This value compares favourably with the difference ln 

OCH3/C9 ratio between 0.96 and 0.27 for respectively untreated and chlor­

inated insoluble kra ft lign in measured by VHn Buren and Dence (19). 

Therefore the major fraction of the OCH
3 

group in the guaicyl units are 

removed during chlorination. 

In case of pure plug flow and instsntaneoUB methanol formation, 

[CH 30H] le 0 at the bed exit would be RISL
o 

for constant R and Sl.~ during a 

chlorina t ion experiment. For the conditions of Figure 6.49, RlsL 18 
o 

0.103, 0.082, and 0.070 for, respectively, temperatures of 19, 35 and 

50°C. These values agree roughly wlth the measured maximum [CH
3
0H]/C

o 
of 

0.090 in Figure 6.49. This calculation assumes that the chlorine-lignin 

reac t ion stoichiomet ry, SL , i8 constant throughout the experiment. How­
o 

ever, previously it was shown that SL increases untll complete chlorine 
o 
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Figure 6.49 Effect of temperature on methanol breakthrough curve~. 



""~ 

0.15 

• T = 19 t; P = 49 
o T = 35 oC; P = 38 
o T = 50 t; P = 34 

... 

H = 6.0 cm 
Co = 1. 10 g/l 

UO O. 1 0 r. Cf = 1 1 1 g/l 
"- 1 cPt Uo = 0.041 cm/s 

~ ~ ~ ro D • ..c 0 m ~ eJ 0 

~ l 0 O. 
0.05 

• o 0 o 
t- 0 

~ • 0·0 
o 

-

o 00 1 ce 1 1 1 c. .1 - 0 .. ' a 1 1 1 

. 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

[(Tc-l) CaEa] / [LaC f ] 

~ 



228 

breakthrough Is obtalned. Therefore the methanol-11gnln stolehlometry, R, 

was ea1eulated over the course of an experlment uslng the psrallel plug 

flow model. 

The net outf1ow of methanol from the pulp pad can be obtained from 

the non-dlmensional methanol BTC as 

T 
c 

e: AHC J a 0 o 

[tiethano1] exit 
C dTe 
o 

[6.17] 

lt can be shown (Appendlx 6-5) that, aecordlng to the parallel plug flow 

model, the net outflow of methanol ls represented by 

F( t ) 
e F(t ) 

re 
J [~n(K(tb - t ) + 1)] dF(t ) + J [tn(K(t - tr) 

r r F( t) c 

where 

K = 
e: C k a 0 c 
SL L Cf o 0 

o 

+ 1)] dF(t ) 
r 

wl th the value of SL a funetlon of t • o c 

re 

[6. 18 ] 

F (t ) ls the value of the step-up response funetlon F( t ) at t • t re r r re' 

where trc Is obtalned from the equal1ty 

S1 y. C k t 
te = 0 0 f (e c re - 1) + trc 

e: C k a 0 e 
[6.4bl 
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F(t ) 19 the value of F(t ) at t = t • c r r c 

The flrst term of 6.18 repr·asents the net outflow of Methanol up to time 

t from aIl the channe1s for whlch the llgnln-chlorlne reaction front has 
c 

reachen the exi t. The second term represents the remalning channels for 

'.,rhich the front has not yet progressed to the exit at time t. By equat­
c 

Ing 6.17 and 6.18, Rean be obtalned by trial and error, since SL ls 
o 

known from the corresponding ch10rlne BTC and F( t ) from the glucose BTC. 
r 

The profile of R for the Methanol breakthrough curve at 35°C Is shown ln 

FIgure 6.50. R 18 constant beyond (T - I)C g !(L Cf> of 0.5 to 2.5. 
c 0 a 0 

The 

fact that R Is cons tant dur Ing mos t of the time when chlorlne breakthrough 

occurs ls ln agreement with the model whlch assumes that methanol Is only 

produced at the reaction front. 

The comhlned effect of changlng both the chlorine concentration 

and superf icla1 velocity on the Methanol breakthrough curve Is shown in 

Figure 6.51. The more drawn out breakthrough curve at the lower chlorine 

concentration and superficia1 veloclty ls expected bt:cause the chlorlne 

supply rate ls reduced by a factor 4. The curves collapse to a single 

curve when the resu1ts are p10tted as [methanol]/C versus (T - l)C g / 
o c 0 a 

Lo Cf) in Figure 6.52. This shows that the total amount of Methanol pro-

duced is nelther a function of chlorine concentration nor superficial vel-

ocity. Thus in contrast to TOC breakthrough curves which are functions of 

C (Figure 6.35), T (Figure 6.37) and u (Figure 6.30) the methanol break-o 0 

through curves are independent of operating conditions. This important 

resul t shows that the me thanol breakthrough curve can be used as an 

indicator of whether or not the 1igol0 reactlon front has reached the exit 

of the hed in dynamic chlorinatlon. 
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Figure 6.50 Profile of R versus (T - l)C E /[L Cf]· c 0 a 0 
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Figure 6.51 Effect of chlorine concentration and superficial veloclty on 

the methanol breakthrough curves. 
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Figure 6.52 Effect of chlorine concentration and superficial velocity on 

generalized methanol breakthrough curves. 



, tJo", 

~ 



233 

6.5.5 Pulp propertles 

After the dynamic chlorination experiments. the pu1ps were 8n81-

ysed to determine the degree of de-lignification and cellulose degrsda-

tion. The former was characterised by the 1ignin content and ~appa number 

before and after caustic extraction (respectively CW and CWE pulp). The 

cellulose degradation was measured as CED viscosity after extraction. The 

pulp properties will be discussed with reference ta the BTCls presented ln 

the prevlous sections. Where possible the de-lignification will be dis-

cussed in terms of the fast reaction between chlorins and lign1n at the 

reaction front and of hydrolysis!oxidation of chlornlignin upstream of the 

reaction front. The degradation of carbohydrates will be relate" to the 

consumption of chlorine by carbohydrates as predicted by the paraI leI plUE 

f10w model. 

6.5.5.1 Effect of charge factor 

The pulp properties are measured after the pulp has been contacted 

with a certain amount of chlorine water. This means that in contrast to 

the BTCls which represent a concentration at the bed exit ver3US time, the 

pulp propertles characterise the condi tion of the pulp at a fixed Ume. 

Therefore before discussing the effect of operatinE variables l1ke C , T 
o 

-and tr it is important to establlsh the development of pulp properties 

with the amount of chloril.e water contacted with the pulp or with chlorine 

charge factor. The chlorine charge factor, Q, in grams of chlorine per 

gram of pulp is defined in equation 6.19. 

Q = T C E !C
f c 0 a 

[6.19] 
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This deflnltion is different from that used iu the analysis of the break-

through curves since T instead of (T -1) !~ I!sed. Four experiments were 
c c 

conducted with chlorine charges based on the total pad of 0.034, 0.065, 

0.105 and 0.217 g chlorine/g pulpe The pad height, pad consistency, tem-

perature, superficial veloclty and chlorine concentration were respective-

1y 6 cm, 10.7%, 35°C, 0.041 cm/s and 1.10 g/l. The dimensionless chlorine 

concentrations ln Figure 6.53 shows when these experiments were stopped. 

Also shown in Figure 6.53 is the complete chlorine breakthrough curve for 

the experiment at a charge factor of 0.217 g chlorine/g pulpe Brown spots 

we re observed in the downstream haH of the pad at the lowest ch10rine 

charge of 0.034. These brown spots became progressive1y larger and even-

tually merge to a completely brown pad. This behaviour is caused by vari-

able permeabllity of the pulp pad leading to "f1ngering" flow. In con-

trast the pulp pad exposed to the highest ch10rine charge of 0.217 showed 

no visible brown spots. These four pulp pads were each split into three 

eC'Jual sized sections and analysed. The CW (K1ason + UV) 1ignin content 

for each section of the four tests versus ch10rine charge based on the 

entire pad is shown in Figure 6.54. At a fixed chlorlne charge the 1ignin 

content increases with further downstream position. These differences 

becomes progressively smaller at higher chlorine charges because a minimum 

chlorlne appl1cat ion Is requlred before the reactlon front reaches the 

downstream sections of the pad. For thls reason it la more appropriate to 

consider the top one third, the top two third sections and a1so the whole 

pad as separate beds and thus obtain the average lignin content for each 

of these three beds. The CW (Klason + UV) lignin content versus chlorine 

charge based on the bed under consideration is shown in Figure 6.55. A 
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Figure 6.53 Final dimensionlesB chlorine concentration at different 

chlorine charges. 
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Figure 6.54 CW (Klason + UV) 11gn1n as a funct10n of chlor1ne charge 

based on the who1e pad. 
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Figure 6.55 CW (Klason + UV) lignin aa a function of chlorlne charge 

based on pulp pad under consideration. 
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general trend of decreaslng lignin content with increasing chlorlne charge 

19 obtalned. However the Hgnin content 18 slightly lower at the same 

chlorlne charge for thicker beds. This Is ln agreement with the higher 

TOC generatlon for thicker beds because a signi ficant fraction of the 

lignln Is removed (or TOC produced) upstream of the chlorine-lien1n reac­

tion front. 

A plot of the CWE {Klasoo + UV) lignin content ln the differeot 

bed sectIons as a function of chlorine charge baserl on the total pulp pad 

18 shown 10 Figure 6.56. The ligoln content decreases rapldly with chlor-

Ine charge. The dlffereoces between the sections become progressl'Jely 

smaller at hlgher chlorine appJ lcatlon and are negllg1ble nt a charge 

factor of 0.096. The resldual Henin content at this point has reacherl 

the so-called "floor level" aod represents the amouot of IIp,nln that 

cannot be removed further durlng chlorinat1on and extraction. The (;\.JE 

(K1ason + UV) 1igoin versus chlorine charge applied ta the correspondlnH 

combined sections io Figure 6. ') 7 also decreases rapidly up to a chlorlne 

charge of 0.1 after whlch the "floor level" of about 0.6-0.7% lignln con­

tent Is reached. Contrary to the (Klason + UV) lignln of the corresponrl­

ing CW pulp in FIgure 6.55 no differences ln llgnln contents are ob8erved 

for different pad thlcknesses. In FIgure 6.58 the CWE Kappa number ls 

plotted versus the chlorlne charge based on the sect Ion under considera­

tion. A slightly lower kappa number or oxidislng power i8 obtalneo for 

thlcker pada. 

The above reaults show that at th, same chlorlne charge the smal-

1er amount of lignin removed durlng chlorination for thin beds 18 almost 

compensated by a larger 11gnln removal durlng extrAction. It 8uggest8 

------------------------~~-,----~------------------------
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Fleure 6.56 CWE (Klason + UV) l1gnln as a functlon of chlorlne charge 

based on the whole pad. 
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Figure 6.57 CWE (Klason + UV) 11gnin as a functlon of chlorine charge 

based on sections of the pad. 
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Figure 6.58 CWE Kappa number as a functlon of chlorine charge based on 

sections of the pad. 



t ". 

12 1 

o Top third 

10 l- D 
• Top two thirds 
o ""hole bed 

H = 6.0 cm . 

L 

8~ 
Co = 1.10 g/l 

ru 
...0 

T = 3SoC 

E Cf = 111 g/I 
::J 
C Ua = 0.041 cm/s 

m 
0.. 

6 1 • 
0_ 
m 
~ 

4~ 0 0 

~ • 0 0 
D • 0 

2 L 

--l-.. 

0.10 
1 1 1 1 1 1 1 ..L 1 

~.I 
L 

0.20 0.30 0.40 0.50 0.60 0.70 
Chlorlne charge, Q, (g Clz/g pulp) 



( 

242 

that the t'Morlnatec1 lignin formed at the reactlon front ls a1kal1 soluble 

anc1 that further contact between ch10rlne And ch1orolignin between the 

react Ion fron t and the Inlet Is not necessary to obtaln a Iow CWE kappa 

number. ThIs suggests that the TOC and possib1y TOC1 generated during 

dynamlc chlorlnAtlon can be reduced by increaslng the speed of the reac­

tlon front 1011 thollt a large penalty in CWE kappa number. 

The prevlolls resui ts also show that the "fIoor level" lignin con­

tent 15 approached when the ch10rlne charge reache5 about 0.10 for the 

present pads. This chlorine application corresponds to a1most full chIor-

ine breakthrough. The correspondlng optimum chlorine charge in a batch 

process would be O.22*(orlglnal kappa)/lOO = 0.065 g ch10rine/g pulp 

(Liebergott (12». The reason for the higher chlorine charge in dynamic 

chlorination 19 that at complete br~akthrough a considerable amount of 

unreacted chlorine has been removed with the effluent. The net chIorlne 

application on pulp can be reduced by increasing the Pec.let number or by 

recycIlng the effluent. 

The CWF. viscos1tles versus ch10rine charge based on the total bed 

ls shawn ln Flp,ure 6.59. Hlghest vlscos1tles were obtalned in the most 

downstream sections of the pul jJ pael because of the time required for the 

reaetlon front to reach these positions. Increaslng ch10rine application 

decreases the viscosi ty also because of longer contact between the carbo­

hydrates and chlorlne. In order to obtatn the viscosity as a function of 

chlorine charge based on the pu1p pad under consideration (as was done for 

lignin content and kappa number) the average cuene viscos1ty should be 

calcu1ated for the di fferent pulp sect ions. The cuene viscos i ty 18 how­

ever not additIve on a welght fraction basts. Eecause the intrinsic vis-

J 
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Figure 6.59 CWE cuene viscosities a8 a function of chlorine charge ba8ed 

on the whole pad. 
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cosity [lJ] is additive on a weight fraction basis, the cuen~ viscosities 

are convert~d to intrinsic viscosities with the use of a nomogram in 'Fig-

ure 6.60 reproduced from Gloor and Klug (20). The Intrinsic viscosity a8 

a function of chlorine charge based on the pulp pad under consideration i8 

shown ln F1gm:e 6.61. A general trend of decreasing Intrlnslc viscos1ty 

wlth increaslng chlorlne charge lrreapective of the bed section under 

consideration 1s appacent. Aleo at any chlorine charge on pulp lower 

intrinsic viscosities are obtained for thlcker beds. 

As a result of the reaction between carbohydrates and ch10rine, 

the weight ave.!:age degree of polymerization of the polysaccharide, T) , pw 

decrea8es and thus the concentration of polysaccharide chains, [PS], 1n-

creases. The relation between D and [PS] le pw 

1 ID = [PS 1 
pw TG'r 

[6.20a] 

where [G] ls the .concentration of glucose units (mol!l) and [PS] 1s ex-

pressed in (mol!I). When D i8 large, then the concentration of glyco-
pw 

sidic bonds, [Gly] is equal to [G] 90 that 

[psl 
I/Dpw = [Glyl 

[6.20b] 

The rela t ion between the average concentration of carbohydrates chains tc 

seconds a fter chlorine 1s introduced in the pad, [PS] ,and the chlorine 
tc 

consumption rate by carbohydrates, (- d[C12 ]/dt)c' la 

-- -- ------------------------
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Figure 6.60 Nomogram relatlng cuene to Intrinsic vlscositles, from Gloor 

and Klug (20). 
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Figure 6.61 Intrlnsic CWE viscosities as a function of chlorine charge 

based on the pulp pad under consideration. 
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t [X ~] 1 c f 1 d[C12 = [PS] + - J J - (- dx dt o H M
C1 

dt c 
o 0 2 

[6.211 

where [PS]o 18 the inItial concentration of carbohydrate chalns, "f 19 the 

location of the chlorlne-lignln reacl:lon front and x i9 the dist8nl~e down-

stream from the bed entrance. This equation 1s on1y valid when t ( tbwith 

t
b 

defined ln equatlon 6.4a. For t > tb' x
f 

has to be replaced by H. 

Equation 6.21 ls based on the assumption that one chlorlne mo1ec:u1e lB 

consumed per c1eavage of each glycosldic bond ln n hydrocarbon chaIn. 

'For D » l, the glycosidic bond concentration ia 
pw 

[Gly] = Cf Ch/Mw [6.22] 

where Ch is the fraction of carbohydrates in pu1p (g/g) and Mw 19 the 

molecular welght of an anhydroglycosldlc unit C
6

H
10

0
S 

or !'t
w 

• 162. 

Combinlng equatlons 6.20, 6.21 and 6.22 glves 

[6.23] 

The term between brackets on the rlght hand side of equation 6.23 lEI the 

weight of carbohydrates consumed per weight of pulp (g/g). With the in-

trinsic vlscoslty proportiona1 to DP equation 6.23 can be written as 
w 

g C1
2 

cOI"'1umed by carbohydrates 

g pulp 

[6.24 ] 
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where KIls a proportlonaU ty constant. 

It can be shown (Appendlx 6-6) that wlth the parallel p1ug flow 

model the welght of ehlorlne eonsumed by earbohydrates per welght of pulp 

18 

e; C k t 2 (l - F ( t ) ) 
a 0 e c re 

~(-S~L~.~L~C-f--~)~~- + 
2 ; CO + 1 cir 

a 0 

e: C k a 0 C 

Cf 

F( t ) 
rc 

J 
o 

e: C k 
a 0 e 

+ (SL.L C ) 2 oof+ ICt 
E: C f r a 0 

F( t ) 
re 

J 
o 

t 2 dF 
b 

[6.25] 

where F( t ) ls the value of F Bt t obtalned from equatlon 6.4b and t
b re re 

ls defineci by equatlon 6.4a for eaeh channel. Equation 6.25 can be re­

written wlth the chlorine charge Q = E: C t f<cfi ) as a 0 e r 

Qk t (1 - F(t ») F(trc ) t 

c c rc + Qk t J (1 b ) d F 

(

SL • L C ) c r - tc 
2 O€a~of + 1 0 

F( t ) 
rc 

J 
o 

t 2 dF 
b 

[6.26] 

For large values of t , F(t ) = 1.0 so that equation 6.24 reduees to 
c rc 
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fokt 
\ c r 

€ C k 1 

€ C k 1 
a 0 c J 
Cf 0 t b dF 

8 0 c J 2 
+--(~SL~L~C~~)----- th 

2 ~ ~ f + 1 Cftr 0 

a 0 

[6.27 ] 

where the last two terms are constant, i. e. are not ft function of t • 
c 

\Jhen k t «1 and P» 1 then it follows from equa tion 6.48 that c r 

(
SL °L Cf 

- 0 0 
t b .. E C 

a 0 

[6.28 ] 

Simllarly for these conditions one can approximate the two integrals 

1 
J tbdF 
o 

and 
1 
J t2dF 

b o 

by, respectlvely, t
b 

and (t
b

)2. Wi th these approximations for the inte­

gra1s and the use of equation 6.28 one can slmplHy equation 6.27 to 

[6.29a] 

or after replacement of Q by € C t /(Cft ). and use of 6.28 and sorne re-a 0 c r 

arrangement, 

(6. 29b] 
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Equation 6.29b la of interest bec8use it provides a direct description of 

che influence of experimental variables on the pulp vlscoslty. Equation 

6.29a Bives a description of the viscosity in terms of more fundamentai 

ope ra tiona 1 varia b les. For smali values of t ,F(t ).,. 0 so that equa-
c rc 

tians 6.24 ancl6.28 reduce to 

1 1 
Q k t 

C C 

-~ = (SL L Cf o 2 0 0 
E: C 

a 0 

[6.30 ] 

Based on this analysis, the inverse of the Intrlnslc vlscoslties 

versus chiorine charge Q, wlth Q based on the bed section under c;,nsidera-

tion, were plotted in Figure 6.62. It W8S previous1y shown in Fig. 6.53 

that complete chlorlne breakthrough (or F( t ) = 1.0) Is obtained when Q .. 
rc 

0.1. Thus for Q) 0.1 one would expect equation 6.29 to hold, which means 

that (l/[Il lt 
c 

- 1/[\.1]) should beproportional toQk t sinee (SL -L + 
ocr a 0 

E C IC
f
)) in equa t ion 6.298 Is constant. Indeed, approxima te straight 

a 0 

Une relationshlps are obtained for the two smaiier bed sections in Figure 

6.62 for Q :> 0.1. Insufflc1ent data Is avaUable for the whole bed to 

c1alm a linear relationshlp. Further confirmation of the vaUdlty of 

equatlon 6.29 ls obtalned when the slopes of the stralght 1ines for Q ) 

0.1 are compared. The relative slopes of the straight 1ines for the three 

bed sections of Increasing thickness are 1.0, 2 .. 1, aod 3.5, respective1y, 

i.e. approximate 1y proportional to the ratios of t for the three beds 
r 

under consideration. The exp1anation for the fact that the relative 

slopes are not exactly 1:2:3 is that the three sections were not exactly 

equal in we 19ht because the pad division was done by eye. Experimental 
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'Figure 6.62 Reciprocal Intrlnsic CWE viscoslties verSU6 chlorlne charge 

based on pulp pad under consideration. 
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errors, of course, also play a l'ole. .\nother s ignl Heant observa t ion 

whlch can be !Bade from Figure 6.62 i s that (If[ IJ 1 t 
c 

- 1/11J 1) is lower for o 

thlnner beds, even at small values of Q. The reason is that at small 

values of Q (or t ) equation 6.30 is vaUd, and tOI' thlnner beds the Bame 
c 

value of 0 is obtalned al smaller values of t. Thus the results in Fig­e 

ure 6.62 show that the com\.llnatlon of parallel plug flow and chlorlne-

carbohydrates kinetics can be ased to describe the progres8 of pulp de-

gradation during dynamic chlorination. 

6.5.5.2 Effect of chlorine concentration 

It was shown previously that increasing chlorine concentration 

resulted in lower cumulative TOC removal at the same chlorine application. 

This was attributed to the shorter contact times between chlorlne and 

1ignin upstream of the reaetlon front. Plotted ln Figure 6.63 lB the 

CW (Klason + UV) lignin content of varlous sectIons of the pulp pad versus 

chlorine app1 icatlon for the pul p pad (tract ion) under cons iderat ion. 

A lower lignin content is obtained at a chlorlne concentration of 1.10 g/1 

compared to 2.20 and 0.55 g/l at the same c~lorlne application. The lower 

llgnln content at C = 1.10 g/l com:>ared to C = 2.20 g/l 18 ln agreement 
o 

wi th the TOC reBul tB shown ln FIgure 6.35 and Table 6.6, and consistent 

with the view that more lignl0 is Bolubll1zed upstream of the reacHon 

front due to the longer contact times at lower ch10rlne concef'tratlons. 

"Iowever the 1ignln content at C .. 0.55 g/l lB much higher than that at 
o 

1.10 g/l, even though the cumulatIve TOC removal 1s almos t the same (Table 

6.6 anj FIgure 6.35). This suggests that TOC removal done lB not a good 

measure of the final 11gnl0 content of CW pulpe 
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Figure 6.63 Effect of chlorine concentration on CW (Klason + UV) lignin 

as a funct ion of chlorine charge based on pulp pad under 

consideration. 
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Al though the CW (Klason + UV) l1gnin content versus Q plots are 

quite different for different chlorine feed concentrations, the CWE 

(Klason + UV) 1ignln versus Q are similar. The very amall dependence of 

th.'! lignin content of CWE pulp on Q confirma that chlorination can be 

stopped when aIl reaction fronts have resched the bottom of the pulp pad. 

Thestl resul ts also demonstrate that CW Hgnin content ia not a good indi-

catol of the extent of delignification which can be achieved after extrac-

tion. 

The CWE cuene vlscositiea corresponding to the data points shown 

Ir. FIgure 6.63 are converted into reciprocal intrinsic viscosities and 

plott~d versus chlorine charge based on the bed under consideration ln 

Figure 6.64. Lower intrinsic viscositiea are obtained at lower chlorine 

concentrations at the same chlorine charge on pulpe This behavior is not 

obvlous slnce t decreases inveraely wi th C at constant Q, whlle the rate 
c 0 

of chlorine-carbohydrates reaction Increases proportlonally with C. An­
o 

-other problem Is that tr ls a hidden parameter ln Figure 6.64, with Qt
r 

being constant for each C • 
o 

n.5.5.3 Effect of temperature 

The effect of three levels of temperature on CW (Klason + UV) 

lignln contents at the same chlorine charge of 0.105 g chlorine/g pulp ls 

shown in Figure 6.65. Lower CW lignin C(l·ltenLs are obtalned at higher 

temperatures and at the top sections of each pulp pad. The lower Hgnin 

content at higher temperatures ls consistent with larger TOC removal due 

to increased reaction rates upstream of the reaction front at higher tem-

peratures shown in Figure 6.37. Lower CW l1gnin contents in the top sec-

tions of each pulp pad are due to longer contact .. imes between the pulp 
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Figure 6.64 Effect of chlorine concentration on reclprocal Intrinsic CWE 

viscosities versus chlor1ne charge based on pulp pad un~er 

consideration. 
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Figure 6.65 Effect of temperature on CW (Klsson + UV) lignin. 
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and chlorlne-water upstream of the reactlon front. 

The CWE Kapp& number versus temperature plots shown in Figure 6.66 

alao displays simllar trends to C\~ lignin shown ln Figure 6.65. The lower 

kappa number at higher temperatures 19 possibly due to an Increase ln the 

extent of oxldation reactions. 

The effect of temperature on viscoslty Is shown ln Figure 6.67 and 

disVlays the reciprocal intrinslc vi9cosities versus chlorlne charge on 

the bed section under consideration. Lower Intrinsic vlscosities are 

obtalned st higher temperstures at the same chlorine charge on pulpe This 

follows from equa tian 6.29 which shows a linear relatlonship between 

- 1/] Il] ) and the temperature dependent chlorine-carbohydrates o 

reaction rate constant, k . 
c 

6.5.5.4 Effect of consistency 

The effect of three 1evels of pulp pad consistency on CW (K1ason + 

uv) ligntn as a function of chlorine charge , Q, based on the portion of 

the pu1p pad under consideration i9 shown in Figure 6.68. Lower lign1n 

contents are general1y obtained st higher conststencles et the same ch1or-

ine charge on pulpe This can -::.p explained by the longer reaction times 

needed at higher pu1p pad con91stencies to obtain the same ch10rlne charge 

on pulp. The slmllar CWE (Klason + UV) l1gnln contents of these pulpR 

shown in Figure 6.69 agrees with the conclusion e1icited earller that the 

CW lignin content is not a good measure of the CWE 11gnln content. Sorne 

of the 11gnln which is not removed during chlorlnation 18 removed durlng 

extraction irrespect Ive of the consistency during ch1orlnation. 
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Figure 6.66 Effect of temper8tur~ on CWE kappa number9 
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Figure 6.67 Effect of temperature on reclprocal Intrlnsic viscos1tles 

versus chlorlne charge based on pulp pad under considera-

tion. 
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Figure 6.68 Effect of consistency on CW (KlsBon + UV) lignin as a func­

tian of chlorine charge based on pulp pad under consideration. 
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Figure 6.69 Effect of consistency on CWE (Klsson + UV) llgnln as s func­

tion of chlorine charge based on pulp pad under considera­

tion. 
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Plots of reciprocal intrinsic viscosi ties versus chlorine charge 

based on the pulp paC! under consideration at three consist~ncies are shown 

ln Figure 6.70. Lower 1ntrinsie viscosities are obta1ned at higher con­

sistencies. This can be explained by a proportional increase in k with c 

Cf' and the longer contact Ume at the same Q when Cf 18 increased. 

6.5.5.5 Effect of recycle 

The pulp properties of the pulp pads ch10rinated with and without 

apent l1quor were very simllar. This finding 1s of importance Binee the 

system has the potentiel to be closed wlth the consequence of 1ess pollu­

tion problems. Further studies are necessary ln order to elicit any pos-

sible effects on de-lignification rates due to build up of organics and 

inorganlcs ln the effluent after Many recycles. 

6.5.5.6 Effect of viscosity protection agents 

Chlorination inev1tably resui ta in reduction of pnlp viscosity. 

It wes shown above that hieher mean res1dence t1mes and temperatures and 

lower 1nlet chlorine wa ter concentrations result in increaseo chlorine 

consumption by carbohydrates at similar c:hlorine charges, Q. This in-

creased chlorine consufTlption leads to decreased eue ne and intrinsic vis­

cos Hies. I)ecreasing the chiorine consumption by carbohydrates should 

then lead to higher viscositJ es at the same chlorine charge on pulpe 

Addition of vlscosity protection agents like ch10rlne dioxide are 

commonly used in bleach plants to serve this purpose. A 10% substitution 

of chlorine dioxine was then studied in the present experimental system at 

temperatures of 35 and 50°C under otherwise simllar experimental condi­

tions. The pulp pad was divided into three parts in each case and 

analysed for cuene viscosities. Plots of these cuene viscos1tles versus 
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Figure 6.70 Effect of conslstency on rec1procal intrlnslc vlscos1tles 

versus chlorlne charge based on pulp pad under considera­

tion. 
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pad position for these two exper1.ments along w1.th two simllar experlments 

conducted in the absence of chlorlne dloxlde are shown ln Figure 6.71. 

Drama tic 1.ncreases in pulp viscos Hies are obtained a t elther tempera-

tures. Sulfamic acld, another vlscooity protector, st five weight percent 

based on chlorlne charge was also stooied. Increased viscosities, based 

on a simllar experiment but without sulfamic acid addition, are a1so ob-

tained as shown in Figure 6.72. 

6.6 Conclusions 

The effect of several operatlng variables on the C1
2

, TOC, TIC and 

methanol breakthrough curve s and on pulp properties we re presented separ-

ately in the preceding sections. The chlorine breakth::~ugh curves were 

shown to be elonga ted vers ions of the corresponding lnert glue ose tracer 

curves. Slmilar to the lnert glucose tracer dlscussed in Chapter 4, the 

flow behavior of chlorine water through a pulp pad Is better represented 

by channelling flow rather than axial dispersed plug flow. The chlorine 

breakthrough curves were aIl explained in terms of the parallel plug flow 

model with the assumption that an instantaneous delignification reactlon 

occurs at the reaction front of each channel. Del1gn 1flcat Ion 1.e aIso 

essentlally complete when the CI
2 

breakthrough curves begln to plateau. 

The effect of operating variables on the chlorine-l1gnln stolchlometry, 

SL, were shown to be only dependent on temperature and average mean resl­
o 

dence tlme t • These SL values are generally amaUer than those reported 
r 0 

for batch chlorination. This Is expeeted slnee reacted 11gnln ls contlnu-

ously washed out in dynamic chlorlnation and hence do not consume more 

chlorine. The majorlty of chlorine consumed in dynamic chlorlnatlon la 
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Figure 6.71 Effect of viscosity protection agent, Cl02, on cuene viscosl­

tles. 
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Figure 6.72 Effect of vlseoslty protection agent, sulfamlc aeld, on cuene 

viscosities. 
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consumed upstream of the front by slower delignlf1catlon reactions. 

TOC productlon during dynamlc chlorinatlon is due bath to the 

Instafl.taneous reaetlon at the reaction front and to oxidation/hydrolysis 

react 10ns before the reactlon front. It was shown that TOC production 

a fter the onset of the plateau region of the TOC breakthrough curve orig­

ioates malnly from lignine The chlorine consumptlon Is, however, due 

malnly to carbohydrates. A catalytic hydrolyais theory was 1nvoked to 

explaln these find!ngs. Less TOC la a1so removed at higher chiorine con­

centratlons at the sarne chlorine application on pulpe This was attrlbuted 

ta the shorter chlorlnation times available for lign!n removai by hydroly­

sis at high chlorine concentrations. "Phyaical limitations, i.e. diffu­

sion, were considered unimportant since the plateau reglon of the TOC 

breakthrough curve s we re independent of chlorine wa ter flow rates. The 

lower cumulative TOC removal during ch1orination at hlgher chlorlne water 

concentret ions wa s supported by higher CW Klason ligntn content. However 

simllat' CWE Klason ligo!n content, irrespective of chlorine water concen­

trations, indicate that CW Klason lignin ls not a good Indtcator of the 

possible extent of delignification. 

The methanol contribution to the total TOC is smaI!. The produc­

tion of Methanol was explained in terms of the parellel plug flow model 

with aIl Methanol production occurring at the reactton front from the 

instantaneous delienification reaction. The end of methanol production 

W8S shown to be linked to thp. end of deligntfication. This could have 

important consequen~es for procesB control. 

The Henin content of the chlortnated pad was shown to be related 

ta the C1
2

, T0C and methanol breakthrough curves. The CWE Iignin contents 

-------------- ~- ~-~-
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are at the so-called "floor level" when the CI2 and TOC breakthrough 

curves begin to plateau, and when methanoi production has been reduced to 

zero. Re-cycling of re-concen::rated spent liquor has no effect on del1g-

nificatlon rates. CWE pulp viscosities were explained if! terms of the 

parallel plug flow model. Linear relatlonships between reciprocai intrin­

s'lc viscosities and chlorine charge on pulp were observed. Addition of 

vlscosity protection agents like chiorine dioxide and sulfamic acid re­

sulted in increased pulp viscos1ties. 
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7.1 Introduction 

The shape of the breakthrough curves obtained during dynamie pulp 

chlorination are governed by the flow residence tin,e distribution, kinet-

ies of the different chlorine-pulp reactions and mass transfer resistances 

external to and wl thin the pulp flbers. In order to predict the experl-

mental breakthrough curves with a real1stic model, the se processes have to 

be quant.i fied ln the mathematical description of the model. 

Several models (1) are currently avai1able to represent fixed bed 

reactors. These models are ei ther Fickian or non-Fickian. Flckian modela 

assume a finite diffusion t'Iechanism and the axial dispersion model belonga 

to this category. Non-Flckian models Include the mixing cell (2) ard 

cross-flow (3) models. These models are generally more complex and re-

quire specification of several parameters. Most studies of flow through 

packed beds are restricted to steady state conditions and for regularly 

shaped packings. It was discussed in Chapter 2 that the axial dispersion 

model glves a good description of conversion in tubular reactors when 

radial transport rates are at leaat twice the reaction rates. Poor pre-

diction of tubular reactor performance were reported (4) at high reaction 

rates with the axial dispersion model. Consldering that the chlorine-

lignin reacHons are extremely rapid, one ahould be cautious when applying 

the axh1 dispersion model to represent dynamic chlorination. 

M'ldelling of a fiber bed reactor i8 complicated because pulp 

flbers are an unusual packing materlal. They have a smalI diameter of 

about 30 micre.IB, a large length/diameter aspect ratio of 100 and are 

porous, hollow, flexible and compressible. Several f ixed bed pulp washlng 



( 

272 

modela based on the axial dispersion model were reported ove~ the last few 

years (Chapter 2). The mCJst recent study, Poirier's (5), succeasfully 

appl1ed the axial dispersion model to represent the sodium and lign1n 

~reakthrough curves at high initial concentration of these two solutes. A 

source term to account for 80rption was necessary st low initial solute 

concentratiOl~q. 

In the present study the hreakthrough curves were predict".': 1l8ing 

two flow models And appropriate kinetic description of the chlorine-l1gnin 

and chlorine-carbohydrates reaction. The two models are the axial dis-

persed plug flow model and the parallel plug flow model. In the latter it 

18 assumed the t the flow Is made up of a large number of parallel plug 

flow channels wi th no exchange of mliss between the channels. The resi-

dence time distribution obtained from the glucose tracer experiment (Chap-

ter 4) 19 used for the specification of both flow models. 

The ma thematical representat ion and resul ts of the axial disper-

sion model will be presented first followed by a simllar treatment of the 

parallel plug flow model. The 9uitabi1ity of these models to predict 

breakthrough curves in dynamic chlorination will be discussed. 

7.2 Axial dispersed plug flow model 

7.2.1 Mathematical discrlptio~ 

The unsteady state convection-diffusion equation shown below 

[7.1 ] 

with 

------------------------------~ 
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[7 0 2] 

where C is the chlorine water concentration, g/l; E 1s the accessible 
a 

poroslty, 1 voids/1 bed; Ei ls the Interstftia1 porosity, 1 external 

v.::ids/l beds; DL 18 the axIal dispersion coefficient, cm2 /s; U
o 

ls the 

l iquid ve locity based on open area of the reactor, cm/s; Ut ia the l1quid 

veloclty baaed on fluld external to flbers, cm/s; u is the l1qule! veloci-
a 

ty based on accessible volume, cm/s; and x 1a the bed depth, cm, forma 

the basls of the axial dispersed plug flow model. Impllcit in equation 

7.1 are the assumptions of local equillbrum Inside and outs Ide the fibers 

and the absence of velocity or concentration gradients in the radIal dl-

rection of the bed. The local equilibrum assumption is supportee! by ca1-

cuiations by Mackinnon (6) who ehowed that mass transfer resistances ex-

ternal to and 1nside the fibl"r wall can be neglected. Aleo the tracer 

experiments, Chapter 4, c1early showed that the local equillbrum assump-

tion i8 valid for relatively small molecules like glucose. With the addi-

t ion of a source term which accounts for the chlorlne-llgnln and chlorine-

carbohydrates reactlons equation 7.1 becomes 

[7.3] 

- Ea(( Cf (SLo,lo<-rl ») + (SLo ,2 o <-r2»)) + ké) 

where SL l ls the ch1orlne-l1gnln stoichlometry of "fast" reactions, 
0, 

g C1
2
!g original 11gnin; SL

o
,2 15 the chlorine-l1gnin stoichlometry of 



( 

{ 

274 

"slow" reaction, g Cl
2

/g original 11gnln; (-r ) 
1 

18 the "fast" chlorlne-

l1gnln reac tlon rate, g 1 ign i nI g pul p. s ; (-r ) 
2 

ls the "slow" ch1orlne-

l1gnln reaction rate, g 1ignin/g pulp's; anJ k 1s the chlorlne-carbohy­
c 

dratea t'eactlon rate conc;tant, a-1 • In equatton 7,3 It 19 assumed that 

ch10rlne ls consumed by the "fast" reacting 11gnln, LI' and "slow" re­

acting 1ignln, L2' wlth the remalnlng 11gnln, L3' belng unreactlve. These 

klnetics were first proposed by Ackert (7) and later adopted by Macklnnon 

(6) aa the slmplest mode! to descrlbe the characterlstlc rapld inItial and 

slow final ch10rine consumption rate, The general kinetlc equatlons des-

crlblng the rate of dlsappearance ..)f "fast" and "slow" 11gnln are shown ln 

equatlons 7.4 and 7.5 respectlvely. 

dL
1 k [L ]e[C]f [7.4] -=- -r :: 

dt 1 1 1 

dL
2 k [L ] g[C]h [7.5] -= -r2 = dt 2 2 

where k
l 

18 the rate constant of "fast" 11gnln reactlon 

e-1 f .!..( g PUIP ) (literS) 
a g 1ignln g C12 ' 

and k
2 

ls the rate constant of "slow" l1gnin reactlon 

g-1 h .!.. ( g pu1p \ (litera) 
s g 11gnln) g C1

2 

Ackert (7) assumed the reactlon ordera e, f, g, h to be unity. Mackinnon 
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(6) obtained as exponents e .. 1.51, f - 1.61, g • 1.84 and h • 0.55 from 

his data base by parameter estimation techniques. Aekert (7) a1so propos-

ed th'!l t the s toiehlometry of the fast and slow reaetton, SL 1 and SL ? 
0, 0,* 

are both equa1 to 1.37 (g ehlorlne/g lign1n removed) while Maek1nnon em-

ployed values of 1.5 and 1.8, t'espeetive1y. The total amount of lign1n, 

L, at any t1me iB def1ned as 

[7.6] 

wh!.' e the initial 1ignin content Is represented by L. The reaction con­
o 

stant suggested by Ackert and Mack1nnon are also different l.e. k
l 

and k
2 

suggested by Ackert is 0.278 exp(- 250fT), l/g Cl
2

0s and 0.0056 exp(-

250/T), R, Ig C1
2

• s whUe the corresponding values suggested by M81cklnnon 

are 16.1 and 5.89*1010 exp(- 7670!T), l/s(g pulp/g 118n10)8-1 (Hters/g 

h 
C12) • 

Equations 7.3 to 7.5 wet'e non-dimensionalised by introduc1ng the 

fo1low1ng dimension1ess variables 

p = 
uiH 

[7.7] 
DL 

tu 
T = a [7.8] H 

x = x/H [7.9] 

[7. 10] 
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The resulting dimensionless equations are then: 

a (cIe ) 
o 

aT 

1 a2 (C/Co) 
=- p ax2 

fc SL • (-R ») + (SL • (-R ) ~ \ - H 
~ 0,1 1 0,2 2~} 

* - dL2 
R'" = 2 dT 

kChL(g-l)(c/e)~ * 
200 0 L g 

2 

- R = (-R ) + (-R ) 1 2 

[7.11 ] 

[7.12] 

(c/c )k ] o c 
u 
a 

[7. 13] 

[7.14] 

[7.15] 

Equation 7.12 was solved wlth the following initial condition 

cIe .. 0 for aIl X st T .. 0 
o 

Bnd the Danckwerts (8) boundary conditions. 

1 a (C/Co) 
CICo • 1 + P ax at X = 0 for T > 0 

and 

a (c/c ) 
-a~x~o- - 0 st X .. 1 for T > 0 

[7.16] 

[7.17] 

[7.18] 



277 

- The initial condition used to solve equations 7.13 and 7.14 depend on 

whether Ackerts' or Mackinnons' kinetics are employed. The following 

initial conditions were used with Ackerts' kinetlcs: 

* LI = 0.50 at T .; 0 [7.19] 

* L2 • 0.30 at T < 0 [7.20] 

and thus 

* L3 =0.20 [7.211 

The initial conditions used by Mackinnon are 

* LI = O. 65 a t T < 0 [7.221 

* L
2 

= 0.25 at T <: 0 [7.23] 

7.2.2 Numerical solution 

The numerical solution used to solve equations 7.12 to 7.15 was 

based on the control volume formulation of Patankar (9). The pulp pad was 

divided into control volumes of equal sizes except for the two end control 

volumes which are half the size of the internaI control volume. A schema-

tic representation i8 shown in Figure 7.1. The differential equations 

7.12 to 7.14 were integrated over each control volume from tlme T to T + 

dT. For example Integration of equation 7.12 over a single internal con-
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Figure 7.1 Representation of pulp pad by nodes and control volumes. 
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trol volume gives 

n T+dT a (C/C ) T+dT n 1 a2 (C/Co ) 
f J 

0 
dTdX - f f p ax2 dXdT 

aT 
B T T B 

[7.24] 

T+dT n a (cIe ) T+dT n 
- f f 0 dXdT - f f S dXdT ar T B T s 

wi th the source term S representing consumpt ion of chlorine by lignin and 

carbohydrates. The chlorlne-llgnln reactlon kinetics proposed by Mackinn-

on waB linearized followlng the method proposed by Patankar (9). 

[7.25] 

The superscript * denotes previous Iteration values at tlme T. Simllar 

llnearizatlons were done for equations 7.13 and 7.14. The source term was 

rearranged as fo11ows: 

s = S + S c p 
{7.26] 

where S i9 the constant part of the source term and S ls the coefficient 
c p 

of the dependent variable clC • 
o 

Hefore discretization equations l1ke equation 7.24 can be inte-

grated the variation of clc between grld points must be specifled. A 
o 
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stepwlse concentration profile shown in Figure 7.2 18 obtained when clC 
o 

ls assumed to be constant over each control volume. The drawback of this 

assumption is that the slope d[ (cIe )/dx1 is not defined at the control 
o 

volume faces. The piecewise 1ineer profile shown in Figure 7.3 assumes a 

linear variation in the dependent variable between grid points and elimin-

ates this difflculty of the stepwise profile. 

The stepwise profile was used for the unsteady term and a piece-

wise 11near profile for the diffusion term of equation 7.12 aince the 

latter term requires knowledge of the gradient of cIe at the boundaries. 
o 

Sc!veral interpolation schemes i. e. central difference, upwlnd, hybrid, 

exponential and power law, were discussed by Pattnkar (9) for the convec-

tion terme The hybrid scheme which reduces to the central difference 

scheme, i. e. piecewlse 11neer profile, st low grid Peclet numbers was 

chosen for the present solution. Stepwise profiles were used for both the 

unsteady and the source terms of equations 7.13 and 7.14. 

The variation of cIe with time is also needed aince the concen­
o 

tration at each node ls evaluated at different time steps. The fully 

imp1icit scheme, i.e. the new concentration value prevalls over the entire 

time step, ~as recommended by Patankar and employed here. 

The method of solutlon employed ln solvlne the discretized equa-

tions depends on the llnearity of the source terrn. Linearisation of the 

source term resu1ts in the coefficients requiring specification of "old" 

dependent values i.e. Iteration until convergence is oeeded for each equa-

tion. Llnear source terms however a1low ca] culatlon of the dependent 

variable expllcitly. Thus the numerlcal code employed when Ackert8' 

llnear klnetics are used, version 2, ls dlfferent from version 1 when 
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Figure 7.2 Stepwise profile aSBumption. 

{ 



.... 
4 ' ...... 

o 
o 
" o 1 

1 
1 
1 
1 
1 

NPS 
X JI 



282 

( 

Figure 7.3 Plecewise l1near profile. 
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Mackinnon's non-llnear kingtics are employed. The method of solution of 

version 1 will be discussed sinee it is more general. Such an. approach 

la, however, not recommended for actual solution of the equatlons of ver-

sIon 2 sinee a aeparate numerica1 code for version 2 cao take advantage of 

the expllclt evaluation of the dlscretized equatlons. 

The a1gorithm used to solve version 1 Is shown ln Figure 7.4. 

Three nested loops, correspondlng to the main equation 7.12 and two race 

equ8tions 7.13 and 7.14 wi thin a main loop are apparent. Iterations occur 

k'lthln each ncsted loop and withln the main 100p as shown. Convergence 

for any ttflle step ls obtalned when each of the tht'ee nested loops is con-

verged. The chlorine and lignin concentration values of the bed exit 

~ontrol volume are printed after a predetermined Ume. A plot ol these 

chlorine concentrations versus time is the theorctical chlorine break-

through curve. A copy of the FORTRAN programme developed for this pucpose 

is shown ln Appendlx: (7-1). 

The algori thm used to solve vers ion 2 of the axial dispersion 

model ls shown ln Figure 7.5. Because of the lioearlty of the equations 

and hence expllcit solution technIque only one loop is required. Conver-

gence for any tlme step occurs when guessed lignin concentrations agree 

wlth the newly ca1culated ones. 

7.2.3 Mod~l verification 

7.2.3.1 Effect of number of nodes and Ume step size 

A sound numerical program requires that the solution is inde pen-

dent of node spacing and time step size. Several simulations with differ-

,f. 
ent combinat Ions of number of nodes and tlme step intervals were conducted 

.. for both versIons 1 and 2 of the axial dispersed plug flow model. The 
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Figure "1,4 Algorithm for version 1 of axial dispersed plug flow model. 
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Figure 7.5 Algor! thm for version 2 of axial d!spersed plug flow model. 
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effect of number of nodes on the predicted chlorine breakthrough curves 

for a flxed time step with version 2 ls shown in Figure 7.6 for a typiCAl 

dynamic pulp chlorination experiment. Since the differences are smali the 

steepest region of the breakthrough curves was enlarged and shown ln Fig­

ure 7.7. The dlfferences between the breakthrough curves are Inslgnlfi­

cant when the number of nodes were 40 or greater. Port y grid nodes were 

then used for aIl further (:alculations. 

The effect of Ume step size on the shape of the chlorine break­

through curves for fort y grid nodes 18 shown in Figure 7.8. Considering 

the smaii differences between the three chlorine breakthrough curves a 

value of 0.01 was chosen for the non-dimensionsl time step. Eased on 

s Imilar calculations for version 1 seventy nodes and a Ume Btep of 0.01 

was adopted. 

7.2.3.2 Comparison with exact solution 

A standard way to test numerlcal codes is to compare the resu1ts 

with anaIytical solutions. A. survey of the literature Indicated that the 

only relevant analytical solutions are those of the unsteady axial disper­

sIon equation derived by Brenner (10). The numerical solutions ohtaineti 

wlth appropriate modifications of versions 1 and 2 of the model were then 

compared against this analytical solution. 

The numerical solution without source term was obtained by setting 

the reaction terms to zero in both versions of the ~~del. The prediction 

obtained with version 1 are compared with Brenner's (10) exact solution in 

Figure 7.9. The very good agreement indicates that the numerical code 

encompasslng the main equation i9 rellable. Similar results were obtaineti 

when version 2 was tested. Comparisons wlth exact solutions of the un-
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Figure 7.6 Effect of number of nodes on numerical solution of version 2. 
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Figure 7.7 Effect of number of nodes on numerical solution of version 2 -

expanded Beale. 
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Figure 7.8 Effect of time step on numerical solution of version 2. 
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Figure 7.9 Comparison of numerical solution, without source terms, to 

exact analytical solution. 
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( 
steady state axial dispersion equation wl th reaction 19 not possible be-

cause of the unavailabllity or complex nature of these solutions. 

7.2.3.4 Predict ion of experimental breakthrough curve 

The breakthrough curves obtained during dynamic chlorination stud-

les of fully bleached Dulp pads were presented in Chapter 5. These break-

through curves were predicted by setting the chlorine-lignin reaction 

terms to ?ero ln both versions of the axial dlspersed plug flow model. 

The only reaction term left is the first order chlorine-carbohyjrate reac-

tion. The Peclet number of the fu11y bleached pulp pad determined from 

the preceedine glucose tracer breakthrough curve was used in the numerlcal 

predic t Ion. The agreement between the da ta and the numerlcal prediction 

of the breakthrough curve obtained with version 1 is very gO'ld as can be 

seen in Figure 7.10. The same results were obtained when version 2 WtlS 

used to generate the theor~tical breakthrough curves. Thus the :axial 

dispersion mndel with first order chlorine-carbohydrates refiction kinetics 

is adequate to describe dynamic chlorination of a bed of carbohydrate 

fibers. These resul ts a1so serve as another test of the numerical codes 

discussen above. 

Simulations with both val'sions of the axial dispersed plug flow 

model ""ere done for three typical dynamic pulp chlorlnation experiments 

with different initial chlorine concentrations. The resul ts of these 

thre<! simulations are compared to the experimental breakthrough curves and 

shown ln Figures 7.11 to 7.13. Neither model glves an accurate prediction 

of experfmental data. Version 1 predicts a very steep rise of the exit 

chlorine concentration from zero to the plat~au at full breakthrough. 

Version 2 ts characterised by an earlier breakthrough and an init1al fast 



292 

Figure 7.10 Prediction of chlorine breakthrough curve for fully bleached 

pulp; version 1 of axial dispersed plug flow model. 



.... ~\ 

1.0 

o 0.9 
u 

23 0.8 
-

U 0.7 c 
0 

u 0.6 
N -

u 0.5 
Cf) 
Cf) 

Cl.) 0.4 
c 
0 

'Cf) 0.3 
c 
Cl.) 

E 0.2 
0 

0.1 

0.0
0

.0 0.5 1.0 1.5 

• • • • 

• Experlment 
-- Axial disp. plug flow model 

2.0 

H = 6.0 cm 

Co = 1.10 g/l 
T = 35 Oc 
Cf = 111 g/I 
Uo = 0.082 cm/s 

2.5 3.0 3.5 
Oimensionless time. Tc 

".. 

4.0 



-

293 

Figure 7.11 Prediction of ch10rine breakthrough curve wlth axial dispersed 

plug flow model; C = 0.55 g/l. 
o 
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Figure 7.12 Prediction of chlorine breakthrough curve with axial dlspersed 

p1ug flow mode1; C .. 1.10 gll. 
o 
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Figure 7.13 Prediction of chlorine breakthrough curve with axial dlspersed 

plug f10w mode1; C - 2.20 g/l. 
o 
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rlse of the chlorine concentration. The slope changes abruptly near the 

end of the breakthrough curve before the plateau is reached. These trends 

are expected since the rate constants of version 1 are much lerger than 

those of version 2. The greater total con9umption of chlorine predicterl 

by version l Is also expected because of the much higher chlorlne-lignln 

stolchiometric values employed. Also the change in shape in version 2 is 

caused by the much slower chlorine consumptior. t"ate when the "fast" lignin 

ls consumed. The reactivl ty of the "slow" lignin in version 1 ls much 

1arger and as a resul t no change in si ope is observed when aIl "fast" 

11gnln is consumed. 

The suitability of both versions of the axial dispersIon model lo 

represent the chlorine breakthrough curve was further tested by deliber-

ately alterlng the source terms. FIgure 7.14 reproduces the experimental 

chlorine breakthrough curve of FIgure 7.11 along with theoretical predic-

tions of version 1 with lower chlorine-Ilgnin stoichiometry, SL , Bnd 
o 

resctlon rate constants, k
l 

and k2, to better agreement. The unreallstl-

cally small values of reaction rate constants needed to obtaln a proper 

representation of the experlmental breakthrough curve underlines the weak-

ness of the axial dispersion model. 

Thus the axIal dispers Ion model along w1 th e ither Ackerts' (7) or 

Mackinnon's (6) chlorine-lignln reaction kinetIc8 i9 Inadequate to repre-

sent the dynamic pu1p chlorinatlon system. The reason for the inab1l1ty 

of this model to represent the breakthrough curves ls that the actual flow 

through the pulp pad 19 segregated f10w through many channels (Chapter 4). 

This will be discussed subsequently ln this chapter. 
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Figure 7.14 Predic tion of chlorine breakthrough curve with version 1 of 

axial dispersed p1ug f10w mode1; reaction rate constants 

artifical1y changed. 
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7.3 Parallel plug flow model 

7.3.1 Prediction of chlorine breakthrough curve 

7.3.1.1 Introduction 

The axial dispersed p1ug flow modeJ. with experimentally determined 

ch10rlne-1ign!n and chlorlne-carbohydrates klnetics could not describe the 

experlmenta1 ch10rine breakthrough curves. The chlorlne breakthrough 

curves for l1gnin-free pulp on the other hand were we11 modelled by the 

axial dlspersed plue f10w mode1 and chlorlne-carbohydrates kinetlcs. lt 

ls known (Levenspie1 (1) that the exit concentration of a homogeneous 

reaction Is comp1etely determined by the RTD for Urst order. kinetics, 

while for non-1inear reactions one a1so needs to know the degree of miero­

mixing (Zwietering (12». Slnee the chlorine-lignln klnetles are hlgh1y 

non-llnear and the chlorine-carbohydrates reactlon rate ls flrst order ln 

chlorlne, the axial dlsper.sed plug flow mode1 resu1ts suggest that flow 

segregation oecurs in the pad. Experimental confirmation of the existence 

of segregated flow are the dark (or unehlorinated) spots when an ineom­

pletely ch10rinated pulp pad Is sectioned in the f10w direction. Further 

evidence of seeregated flow was presented in Chapter 4 where :lt was shown 

that the Peclet number ls independent of bed height and that the differ­

ence between step-up and step-down tracer tests can be explained by the 

mobllity ratio of the disp1aced and displacing fluid. Finally, Lee (12) 

8lso showed experimentally that "Hngering" flow domlnates the flow 

through a bed of pulp Ubers. Theoretical support for "Hngerlng" flow 

W8S obtained ln Chapter 6 where it was shown that the slope of the chlor­

ine breakthrough curve was proportional to the square root of the Pec1et 

number Instead of the Pec1et number. In the new mode! lt will be assumed 
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that dynamic pulp chlorination can be approximated by plug flow and an 

Instantaneous chlorine-Ilgnin reaction in a series of parallel chauoels. 

A schematic representation of this concept 1s shown in Ff.gure 7.1S. A 

fIat reaction front then propagates through each channel st dlfferent 

speeds. Downstream of each front la unreacted liBnin and no chlorine. 

Upstream of a front the chlorine concentration increases in the direction 

of the bed inlet because of consumption of chlorlne by carbohydrates. 

Chlorine appears at the exit when any reactlon front reaches the exit of 

the pulp pad. The chlorine concentration at the exit of the bed is a mass 

flow we ighted average of the concentration from each channel. A mass 

balance over the l1gnin reaction front in a single channel can then be 

written as 

U € Cfdt = SL L Cfdxf + € C fdxf aax 00 ax 
(7.27 ] 

wher-e e
xf 

is the chlorine concentration at the reaction front and x
f 

ie 

the diRtance of the front- from the inlet of the bed. The valu'! of C
xf 

ie 

determined from the first order chlor:f.ne-carbohydrates klnetlcs as 

-(~) 
e (7.28] 

Introduction of equation 7.28 into 7.27 and Integration over the entire 

length of the bed results in 



300 

( 

Figure 7.15 Schmematlc representatlon of the pulp pad according to the 

parallel plug flow model. 
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kcxf 
H flsLoLo • u 

+.L dXI)= f 8 (7. 29] e t
b u e: C u 

0 a a 0 a 

where t
b 

is the chlorine breakthrough time for the channel under consider­

ation. After evaluation of the Integral and rearrangement t:he followlng 

rela tlonship la obtalned for th. 

CfSL L (k t ) 00 ecr_1 
t b '" t r + -e: -:""k-C-:::---

a c 0 

(7.301 

where t = H/u • r a 
k t c r 

Af ter Taylor series expansIon of e ,equatlon 7.30 becomes 

+ 1. k t +.!. (k t )2 
2 c r 6 c + .. )] [7.311 

r 

If the difference ln t for the varlous channels is s!lrall (equivalent to P 
r 

» 1) and/or k t c::c:: 1) the term between bracketa ln eqllatil)n 7.30 15 op­
c r 

proxlmately the sime for aIl channels. Simihrly if P» 1 and/or k t c r 

« 1 the variation in C fIC hetween the various channels when the front x 0 

reaches the bed exit Is small. Therefore for pure segregated flow and P 

» 1 and/or k t « 1 the glucose tracer curve snd chlorlne breakthrough 
c r 

curve should be simllar in shape. Under these conditions the ch10rine BTC 

can he made Identlcal to the non-dimensionsl glucose tracer curve after 

normalisAtion by the chlorine concentratIon after complete breakthrollgh 
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and the average breakthrough time, t
b

• The value of t
b 

19 glven by equa­

tion 7.30 wi th t equa1 to the average residence Ume of the entlre hed. 
r 

The concept of pure aegregated flow and Instantaneous ch1orine-

1 ignin reactlon was checked for a typical experlment ..,1 th the above des-

cribed normalisation. The agreement between the normalis,~d chlorine RTC 

and the non-dimensiona1 tracer curve i8 very good &8 cao be seen trom 

Figure 7.16. Proof that th!.:. applies generally to the present dynamic 

chlorination experiments i9 shown ln Figure 6.28 where it i8 shown that 

the slope of the normalised chlorine RTC, T [d(C/C )/dT l·C IC at cIe .. 
c 0 corn m 

0.5 waa proportions1 to pO.S irrespective of the operating conditions. 

The resul t 8 in Figure 6.28 show that segrega ted flow 1011 th instaotllneous 

chlorine-lignin reactlon provides a good description of dynamic chlorloa-

tion in a pulp pad. The mathematical description of this paralle1 plug 

flow model 101111 be preaented ln the fo11owing section. 

7.3.1.2 Mathemat1ca1 description 

The ch10rlne C'Jncentratlon at the exit of each channel ls 

or 

cIe = 0 o 

cIe o = e 
- k t c r 

when t < t
b 

[7.32] 

when t > t b 
[7.33] 

where t
b

, the chlorine break thcough time for each channel la given by 

equatlon 7.30. The dimenslonless ch10rine concentration at the exit at 

any time t is obtained by summlng the contributIons from aIl channels 88 

11'11 
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Figure 7.16 Comparison of norma1ized chlorlne RTC and gl~_ose tracer 

curve. 
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1 
cIe • f [C/C ] dF(t ) o 0 r 

[7.34 ] 
o 

where dF( t ) ia the fraction of flow with a residence time of t and t + 
r r r 

dt and F(t ) is the residence time distribution of the total flow. The 
r r 

exact aolu t ion of the unsteady convect ion-di ffusion equatlon by Brenner 

(10), equBtion 4.6, was used for F(t ) with the Peclet number obtained by 
r 

the moments technique from the glucose tracer test preceedlng the chlorin-

ation experiment. In order to solve equations 7.32-34, the single ad just-

able parameter of the parallel plug flow model, SL , must be specified. 
o 

The technique for evaluation of SL was presented in Chapter 6, section 
o 

6.5.1.1. l t should be noted tha t the shape of the experlmental break-

through curve is irrelevant for determlnatlon of SL • 
o 

7.3.1.3 Results 

Compllrison of the experimental and theoretical chlorine break-

through curves for the same three cases presented earlier when model l was 

evaluate(~ are shown ln Figures 7.17 to 7.19. The very good agreement 

between the experimental and theoretical breakthrùugh curves show the 

superiority of the para11el plug flow model over the axiAl dispersed plug 

flow model for high and low chlorine concentrations and flowrateR. Fur-

ther tests of the sultabil1ty of the parallel plug flow model under dif-

ferent experimental conditions are shawn in FIgures 7.20 ta 7.22. Figure 

7.20 shows the comparlson of the theoretlcal and experimental ~TC at SODC, 

the highest temperature studied. Figure 7.21 shows the comparlson at the 

highest rate of chlorine application on pulp 1.e. u = 0.164 cm/s and C = 
o 0 

2.20 g/1. Figure 7.22 shows the comparison st the lowest Peclet number of 

2.3 1.e. for the poor1y formed pad. 
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Figure 7.17 Prediction of chlorine BTC wlth paralle1 p1ug flow mode1; C • o 

0.55 g/1, t = 186 s, T • 35°C, P os 27, SL .. 0.95. 
r 0 
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Figure 7.18 Prediction of chlorine BTC with parallel plug flow model; C :II o 

1.10 g/l, t ::a 46 s, T .. 35°C, P = 27, SL .. 0.92. 
r 0 
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Figure 7.19 pred1ction of chlorlne BTC with parallel plug flow mode1; C • o 

2.20 g/l, tr = 68 B, T .. 35°C, P .. 38, SLo - 0.99. 



.:. ~""" ~.~ 

1.°1 1--------r ------T 

~ O.9

l ,,4' 
/-u 0.8 / 

g 0.7 ~ 
/ 

/e 
1 

a 1 
o 0.6 • N 1 
u , 

• Experiment 0.5 e' (f) 1 - - - Par. plug flow model;P = 38;SLa = 0.99 (f) 

ID 0.4 
, 

c , 
H = 6.0 cm a 1 

(f) 0 3 -, Co = 2.20 g/I c . 
1 T = 35 Oc ID 

.E 0.2 1 Cf = 111 g/I 
1 0 

• 1 Uo = 0.082 cm/s 

O. 1 l- I 
/ 

/ o 0 ~. • 1. ----.,... 1 1 1 1 1 1 1 1 
~. 0.0 1.2 2.4 3.6 4.8 6.0 7.2 8.4 9.6 10.8 12.0 

Dimensionless time, Tc 



308 

Figure 7.20 Prediction of chlorine BTe with paralle1 plug flow mode1; e -o 

1.10 g/l, t = 68 s, T .. sOGe, P III 30, SL • 1.27. 
r 0 

-



...,... 

1.0 

o 0.9 
u 
2J 0.8 

-
cl 0.7 c 
0 
o 0.6 
N 

U 0.5 
CI) 
CI) 

Cl) 0.4 
c 
0 
.- 03 (f) . 
C 
ID 

.E 0.2 
0 

0.1 

0·°0 

• 

• Experiment 
-- Par. plug flow model;P = 30;SLo = 1.27 

H = 6.0 cm 
Co = 1. 10 g/I 
T = 50 Oc 
Cf = f 11 g/I 
uo = 0.082 cm/s 

10 15 20 25 
Oimensionless time, Tc 

t '. 



( 

( 

309 

Figure 7.21 Prediction of chlorlne BTC with parallel plug flow model; C = o 

2.20 g/l, t "" 34 s, T" 35°C, P = 32, SL III 0.80. 
r 0 
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Figure 7.22 Prediction of chl~rine BTC with para11el plug f10w model; C = o 

1.10 g/l, t = 68 8, T - 35°C, P m 2.31 SL = 1.02. r 0 
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The plateau values of the chlorlne breakthrough curvas are well 

predlcted ln a11 cases. The beglnning of breakthrough ls weIl or slightly 

over predlcted and in Bome cases the steepness of the rialng portion of 

the predlcted breakthrough curve is slightly larger than measured. 'l'he 

Instantaneous reaction assumption does not allow for diffusion and this 

could explain the steeper predicted slopes and later breakthrough. How-

ever, the generally good representation of these experimental chlorlne 

BTe' s further underlines the sui tabU Hy of the parallel plug flow model 

for dynamic chlorinat1on of kraft pulpe 

7.3.2 Prediction of methanol ETC 

7.3.2.1 Math~matlcal formulation 

The general procedure employed for the prediction of the methanol 

breakthrough curved with the parallel plug flow model i8 the same as just 

described for the chlorine breakthrough curve.s. The main difference 

arises from the fact that chlorine i8 a reactant whereas methanol Is a 

product of the chlorine-Ugnin reaction. Slmilar ta the instantaneous 

chlorine consumpt Ion by 1ign1n 1t is assumed that methanol ls instantane-

ously produced at the llgnln front. 

'l'he methanol concentration ,Ca,c' at the exit of a channel ls 

C = 0 
atc 

[7 • 35] 

This means that no methanol appears st the exit of a channel before one 

channel volume has been displaced by the chlorine water feed or after the 

reactlon front has reached the exit of the channel. During the tlm~ when 

t < t < t b methanol 18 present ln the effluent at the exit of a channel. r c 
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The concentration C can be derived as follows. When the l1gnin reac-
a,c 

tion front has reached a position x
f 

it can be derived that the tlme need-

ed to reach this position, tef' 1s 

[7.36 ] 

The product generated at the f:-ont x
f

' at time t
cf

' reat:hes the exit of a 

channel (t -xf/u ) seconds later or at Ume t with t given ln equat10n r a c c 

7.37. 

[7.37] 

This equat ion ean he rearranged as 

[7.38 ] 

The concentration of methanol produeed a t the reaetion front 18 

C 
a,c 

R --SL 
o 

t k~:f) 
C • e o 

[7,39 ] 

where R Is the methanol-lignin stolchlometrle ratio (g methanol/g 11gnln). 
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After introduction of equaticn 7.38 in 7.39 one obtalns for the methanol 

concentration at the exit of the channel at Ume t when t < t < t
b c r c 

C a,c 
R 

--C 
SL 0 E" C k o a 0 c 

SL L Cf o 0 

l [7 • i~O] 

(t - t ) + 1 c r 

The methanol concentration, Ca' at the exit of the bed at any Ume tc Is 

obtained by addi tion of the contributions from a11 channels as 

C l 
ca • f 

o 0 

c 
~ 

C o 
dF(t ) 

r 
[7.41 ] 

In order to solve eq.lations 7.35,7.40 and 7.41 together with equation 4.6 

and the Peclet number from the glucose tracer curve the overal! stolchio-

metric ratio, R, has to be known. Analogous to the evaluation of SL , R 
o 

is obtalned by equatine the theoretical and experlmental amounts of meth-

anol produccd when complete breakthrough 18 obtained, as shown in section 

6.5.4 of Chapter 6. Thi9 value of R w111 automatically satlsfy the over-

aIl methano1 balance when using the paral1el plug flow model given by 

equation 7.41. Again Impl1clt in the derlvation 19 that R Is not a func-

tion of contact Ume or resldence tlme distrIbution. 

7.3.2.2 Resulta 

The theoretical prediction of this model i8 compared against the 

experimental breakthrough curves in Figure 7.23 to 7.26 under varying 

experimental conditions. The methanol breakthrough curves are very weIl 

predlcted. These results further support the valldity of the parallel 

plug flow model and establ1sh that methanol formation 19 dlrectly related 



314 

Figure 7.23 Prediction of m~thanol BTC with parallel plug flow model; C • o 

1.10 g/1, t = 136 s, T - 35°C, P m 49 SL • 1.20. 
r 0 
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Figure 7.24 Prediction of methanol BTC with para11e1 p1ug f10w mode1; C • o 

0.55 g/1, t = 297 s, T B 35°C, P - 61 SL • 1.21. r 0 
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Figure 7.25 Prediction of methanol BTe with para11e1 plug flow model; C • o 

1.10 g/1, t = 136 s, T = 19°C, P = 38 SL • 1.01. 
r 0 
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Figure 7.26 Prediction of methanol BTC with parallel plug flow mode1; e • o 

1.10 g/1, t ... 136 s, T'" sooe, p ... 34 SL • 1.27. 
r 0 
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to the reaction between chlorlne and llgnin. 

7.4 General Discussion 

The 'ixia! diapersion model witll either Ackert' s (7) or Mackinnon' s 

(6) kinetics coula not accurately predict the experimental chlorine break­

through curves. Unrealistic changes in the reactlon rate constants were 

needed in both versions of the axial dispersion model in order lo obtain 

the correct slope for the predicted breakthrough curves. However good 

predictions of the chlorine-carbohydrates breakthrough curves were obtain­

ed. The main difference betwePll these two cases la that the ligntn-chlor­

lne kinetics are highly non-11nGar while the chlorine-carbohydrates klnet-

lcs are Hnear. Since for Hnear kinetics the breakthrough curves are 

only dependent on the residence Ume distribution and not on the actual 

flow pattern, these results indicate that the "!I\icromixing" (Zwietering 

(11» in the bed is not weIl represented by axial dispersion. 

The only comparable stooy in whlch the axial dispersed (:Ilug flow 

model wa s used for pulp fiber beds ia the pulp washing study of Poirier 

(5). For low solute concentrations, Poirier (5) addeù a source term ta 

the axial dispersed plug flow model to represent the non-linear Langmuir 

type desorption of soditml Ions from the fibers. Good agreement was ob­

talned between the experimental and predicted breakthrough curves by ad­

justing the Peclet number. No separate measurement of the rasidence Ume 

distributions were made. However for the same conditions, Poirier calcu­

lated a Peclet number not s ignificantly di fferent from exper1ments where 

sod1um sorpticn could be neglected. The latter Peclet number can be con­

sidered to represent the residence time distribution. Slnce the isotherm 

ls non-linear, Poirier' s results are not ln agreement with the present 
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( 
segregated flow model, whlch predicta that the data would be better model-

ed with a lower P~clet number for the desorption case and the axial dis-

persed plug flow model. 

The parallel plug flow model, on the other hand, gave very good 

predictIons of the breakthrough curves for both the reactant chlorine and 

the product methanol of the 1lgnin-chlorine reaction. A single parame ter 

specHying the reactlon stoichiometry was used for each of the two types 

of breakthrough curves. This parame ter was independently obtained from 

the exper:lmentally determlne.l chlorine and methanol breakthrough curves as 

demonstrated in sections 6.5.1.1 and 6.5.4 for chlorine and methanol, 

respectively. The shape of the breakthrough curves followed natui."ally 

from the paraI leI plug flow model and the specified residence tlme dis tri-

but ion. Comparlson of the two models conflrm the cùnclusion of Chapters 4 

and 6 that flo\J through a pulp pad ls best described by segregated flow 

through a series of channels. The agreement obtained with the paraI leI 

plug flow model also confirms that the asswnption of an instantaneous 

reartlon between lignl0 and chlorine is good e,.ough for the present situa-

tion. The slightly steeper prcdlcted breakthrough curves, and the inabil-

i ty to predlct the small tailing in sorne of the breakthrough curves, sug-

gests that the agreement could be further Improved by uslng actual 

chlorine-lignln kinetics. However, introductiol. of these klnetlcs would 

make th~ paral1el plug fJ ow model considerably more compl1cated. Bes:l.des 

the h!gh initIal reactlon rate of the chlorine-l1gnln reactlon, another 

reason for the success of the Instantaneous reaction assunptlon ls related 

to the form of the chlorlne-l1gnln kinetlcs. It has been shown by Ackert 

et al. (13) that the rate of lignin consumption, - d[L]/dt, by chlorine 
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can be described by 

_ d[L] = k[C]1.12 [L _ L ]1.82 [7.42] 
dt f 

where Lf Is unreactlve 1ign1n (g/g pu1p). It shou1d be noted that the 

reaction order ln 11gnln concentration 19 much 1arger than 1.0. With the 

assumpt10n that the rate of consumption of chlorine ls only determined by 

chemical reactlon, I.e. internaI and external mass transfer res1stances 

are negllgible, the unsteady transport equation for plug flow in a single 

channel can be wrltten as 

!Q.+~ + 1000 p (1- e:a)SL t- arLl) .. 0 aT ax f € 0 aT a 
[7 .43 1 

This equation is similar in form to the unsteady transport equatlon for 

plug flow wi th adsorption and no diffusion. It ls well known (Ruthven 

(1.4» that for the case of desorptlon, 8 so-called "constant pattern" 

behavior 19 obtalnerl with an unfavourable adsorption Isothenn. This mesns 

that the concentration front generated by desorption progresses unchange~ 

ln shape through the packed bed of the adsorbento An alternative formula-

tiO:l of the condition to obtain a "constant pattern" behaviour dur1ng 

de90rptlon is that 

cj2 (- dw/dt) < 0 
da [7.44 ] 

where (- dw/dt) Is the desorption rate of the adsorbate and C the sdsorb-

ate conc&ntration in the fluid phase. Slmllarly fer the present reactlon 
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of lign1n and chlorlne, a "constant pattern" behav10r wU1 be obtalned 

when 

or 

cil (- d[L]/dt) < 0 
dëZ --

cJ2(C1• 12 [L _ LfJl.82) 

dO! < 0 

For "constant pattern" behaviour the celationshlp 

[L - Lf J 
[Lo-Lf] Ils 

c - C o 
c o 

[7.45] 

[7.46] 

[7.47] 

ia valid (Cooney And Lightfoot (15». Combining equatlons 7.46 and 7.47, 

it follows that constant pattern behavlour Is obtained when the sum of the 

reactlon orders of chlorlne and 11gnia Is larger than 1.0. Since the sum 

of the reactlon orders of chlorlne and 11gnln ln equatlon 7.46 Is almost 3 

a narrow "constAnt pattern" la rapidly achieved ln the present case. The 

formation of a sharp lign1n and chlorine concentration front, both remain-

ing unchanged during movement though the flber bed, also explains why the 

instantaneous react10n assumption Is successful in the parallel plug flow 

model. 

\.11 th the Inclusion of axial dispersion the constant transport 

equatlon ln a single channel becomes 

[7.48] 
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where Pc a uiH/D
LC 

is the Peclet number and D
LC 

the axial dispersion coef­

ficient in a single channel. For "constant pattern" behavior this can be 

written as 

{7.49] 

When the reference frame Is moving wlth the speed of the reaction front 

the above equation reduces to 

ac 
-'"' ôT 

[7.50 ] 

where Z ... X - T I( l + 1000 Pf « 1 - € ) /f:. ) SL [L] le ). a a 0 0 0 

Since the coefficient of a2 C/dZ2 in equatlon 7.50 Is estimated at approxi-

ma tely 5*10-3 for a typical experiment (see Appendix 7-2), the spreading 

of the "constant pattern" concentration front in a single channel due to 

axial dispersion can be neglected. 

Finally an order of magnitude analysls will be presented to pro-

vide some theoretlcal hasls as to why the axial dispersion model fails in 

the present situat1.orl and the parallel plue flow model i8 successful. 

Impllcit in the derivatlon of the axial dispersion model Is the 68sumptlon 

of negligible radial concentration gradients. In order for thls 8ssump-

tion to hold lt is req~ired that the radial distance covered by the reac-

t ion front in the average breakthrough time, th' 18 large compared to the 

scale of flow non-uniformlty in the radial direction. Alternatively, it 

follows that the parallei pl ug flow model holds if the radial distance 
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trnvelled hy the reac t ion fron t, in time th' due to dispersion 1s smaU 

compared to the seale of flow non-uniformity in the radial dIrection. The 

radial distance travelled hy the reaction front, ô~ can be estimated from 

Oanckwerta t8rnishing reaction problem (16) for diffJsion and instantan-

eous reaction. 'Following the simplification presented "ly Paterson and 

Kerekes (17) for a pulp suspension one obtains 

o - 20~:i DRt b 
a 

[7.51} 

where DR Is the radial diffusion coefficient and 0 Is obtained from the 

following relationshlp 

Since 

e: C 
a 0 

a - SL L Cf = 
o 0 

E a 
(1 - E ) 

a 

C 
~~~o=-~ = ln 0 exp(a2 ) erf(a) 
1000 PfSL L o 0 

[7. 52} 

[7.53 ] 

wi th t .. HE /u equation 7.51 becomes r a 0 

20
" le: ui DR li 

ô - 1r' (l/a + 1) [7.54 } 
o 

For most experiments a varies from 0.1 to 0.5 BO that 0 varies from 0.2 to 

1 
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0.5 (Appendix 7-3). The radial diffusion coefficient, DR' 1s obtained 

from the radial Peclet number, PeR a deui/DR ln the relationship 

(Dora1swamy and Sharma (18», 

1 --= 
P~ 

(7 .55] 

The equivalent particle diameter, d t was calculated from the pressure 
e 

drop measurements of Chapter 4 as 26.5 microns. The turbulent or flow 

contribution to the Peclet number, Pet,R .. deUi/Di is obtained with the 

re1ationship (Doraiswamy and Sharma (18» 

0.09 
Pe ttR = 1 + 10/(Re -Sc) 

e 
[7 .56] 

where Ree "" deuo/v t Sc = V/DM and DM = mo1ecu1ar diffusion of chlorine in 

water. For a typical experiment of u ... 0.082 cm/s, T .. 35°C, H - 6 cm, 
o 

Pet,R .. 5.34*10-2 or DR =: 3.03.10-9 rrll-Is (see Appendix 7-3). Insertion of 

all values in equation 7.54 with a .. 0.2 and B .. 0.1 give ô - 0.60 mm. 

This i9 about one order of magnitude smaUer than the minimum dominant 

floc size of kraft pulps of about 5-10 mm (Kerekes et al. (19». This 

analysis clearly shows that the parallel plug flow model gives a much 

closer representation in a reacting fiber bed than the axial dispersed 

p1ug flow model. 

Pu1p fiber beds are unique among packed beds normslly encountered 

in the process industry because of the long aspect ratio of the fibers. 
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This 1eads to flocculation and res:ùts in non-uniform permeabllity of beds 

on sedimentation of the flocs. In the present situation, es weIl as in 

most pack~d beds used in industry, the radial dispersion 18 determined by 

convective mechanisms. As a result the radial Pcclet number 18 around 10 

(Doralswamy and Sharma (18». Therefore the radial diffusion coefficient 

The effective partic1e diameter, d , and the e 

interstitiel veloclty, ui' for flo,", through pulp fiber beds are, respec­

t ively, 2 end 2-3 ûrders of magni tude ameller than the corresponding 

values in typlcal industrial packed beds. Consequently the radial diffu-

sion coefficient and radial penetration depth in a reacting system (equa-

tion 7.51) are, respectively, 4-5 and 2 orders of magnitude smaller than 

generally found in industrial packed beds. On the other hanti, the flow 

non-unlformlties ln a packed bed are determlned by agglomeration and mal-

distribution of the bed particles. Softwood pulp fibers have a large 

aspect ratio of about 100 and this property i8 responsible for their ten-

dency to form agglomerations called flocs. The floc size 18 approximately 

two tirnes the length of the fibers (Kerekes (19», Le. 2*2.5 = 5 mm. 

Therefore the slze of the flow non-uniformities ln pulp fiber beds i8 

approxlmately 200 times the fiber diameter or of the order 0(100 d ). 
e 

However it ia expected that the size of the flow non-uniformities in pack-

ed beds of particles with an aspect ratio close to ] would be of the order 

of O(d). Consequently the ratio of the radial penetration depth and size 
e 

of flow uniformltles is expectd to be two orders of magnitude smaller for 

softwood pulp fiber beds than for conventional packed beds. 
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ln other words, the aspect ratio of about 100 and a fiber diameter 

of about 30 microns explain the unique characteristic of a reacting soft-

wood fiber bed that breakthrough curvee are well described by a parallel 

p1ug flow model and not by an axial dispers ion model. The special shape 

and dimensions of the packlng material which are needed for auccessful 

application are possib1y the reasons why the paraI leI plug flow model has 

seen little use in the Chemica1 Engineering literature to date, Doraiswamy 

and Sharma (18). 

7.5 Conclusions 

The axial dispereio:l model does not represent the actual "micro-

mixing" in a f ixed bed of pul p fibers. Poor predlct ions of the experimen-

tal chlorine breakthrough curve were obtained when this mode] was used 

with known chlorine-Hgnin kinetics. Unreallstlc changes of the parame-

ters in these kinetics were needed before the predictions Improved. The 

parallel plug flow model, however, gave very good predit.:tions for both the 

reactant chlorine and the product methanol of the chlorine-l1gnin reac-

tion. The suitability of the parallel plug flow model and the unsuitabil-

i ty of the axial dispersion model in representing the flow through packed 

pulp fibel' beds 1s explained by an order of magnitude analysis and the 

unique floccu1ation property of flbers of large aspect ratio. 

1 
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CONTRIBUTIONS TO KNOWLEDGE 
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1. The inter- and intra-fiber voidage in a packed bed of pulp fibers can 

be quant1fied by a dynamlc versIon of the solute exclusion technique. 

The residence time 1i::trlbutlon obtained wlth solutions of sugars of 

different sJzes 1s representative of the flow of non-adsorbing mole-

cules through a packed bed of pulp fibers. 

2. The intra-fiber mass transfer resistance for a relatively r.mall eugar 

mo1ecule such as glucose can be neglected for flow through a packad 

bed of pulp f ibers when the ratio of diffusion t ime to the mean resl­

dence t ime, to QS/i. , ls smaH or when 
• J r 

3. For flow through a packed bed of pulp fibers, the intra-fiber t rans-

port mechanlsm for glucose is diffusion through the fiber wall and 

lumen, whlle the dominant transport mechanism for dextran T-2000 1-: 

convection throogh the pIt openlngs. 

4. Although the resldence Ume dlstribu tion (RTD) of flow through a bed 

of pulp fibers can be represented mathema tlcally by the axial dls-

persed plug flow model, the actual flow mechanlsm Is shown to he 

dominated by channelling flow. 

S. The long aspect rat 10 of pulp fibers and the assoc1ated format ion of 

fiber flocs result in incomplete radial mixing of a llquid flO1"lng 
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through a bed of pulp flbers. Incomplete radial mlxing Is inconsls­

tent with axial dispersed plug flow but consistent with channell1ng 

f low. The governing condition for channelling flow 18 that the ex­

tent of transverse mix1ng is smaH compared to the perlodicl ty ln the 

transverse direction of the axial ve10city fluctuations. The trans­

verse mixlng depth, ôn' obtained from the followlng equation 

Is 0.6 mm, whlle the size of the transverse periodicity in axial 

veloeUy ls about 200 fiber dlameters or 6 mm. Thus, transverse 

mlxing ls too smaH to smoothen radial concentration gradients in 

pulp fiber bt'ds and ehannell1ng 18 favored. 

6. The dispersion in pulp flber beds is one to two orders of magnitude 

larger than for beds of regular shaped particles. The smaller dis­

persion coefficients for packed beds of regular shaped particles are 

due to similar magnitudes of transverse penetration depths and tran-

verse concentration gradients. Also, the fiber length rather than 

the fiber dlameter 18 a better characteristic dimension to unHy the 

Peclet numbers of beds of different fiber types. 

7. The effect of operating variables on the dispersion of flow through a 

packed bed of pulp fibers ean only be determined when the structure 

of the pulp pad ls unchanged. Otherwlse the dispersion data depend 

s ign1ftcantly on pad formation, which Is an undefined variable. 
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- 8. The initial reaction kinetics between chlorine and the carbohydrste 

fraction of pulp detel",nined by dynamic chlorlnation of a bed of fully 

bleached pulp fibers is first arder ln chlorine. The temperature 

dependence of the reaction rate constant can be descrlhed by an 

Arrhenius type ac t iva t. ion energy. 

9. Chlorine consllllption by lignin free pulp (carbohydratE'S) incresses 

with time during dynam1.c chlorination when the mean resldence Umes 

and te"'peratures are above certain vslu~s. TOC production incresses 

correspondi ngly wi th Increasing chlorine conswnption. 

10. The. cl',!orine-l1gnin stoichiometry in dynamic chlorination incresses 

with mesn resldence time and temperature and ls Inde pendent of chlor-

ine feed concentration. This behavioL' can be explalned by chlorlne 

consumption at a relatively slow rate by chlorinated llgnln upstream 

of the Instantaneous chlorine-lignin reactlon front. 

11. The slopes of the chlorine breakthrough curves were related to the 

Peclet m'mber, P, obtained Îram the glucose tracer curve, sS8t111ing 

that axial dispersed plug flow or pa ~allel plug flow la the governlng 

flow mecnanisn. Axial dlspersed plug flow requlres a l1near rela-

tionsh1p between the normslized slope and P according to the follow-

ing express ion: 

( 
d(C/c)j 

T· dT 0 (C le ) - 0.5 P 
c c cIe = 0.5 0 m 

m 

The paral1cl plug flow model, however, requires that the normal1zed 

slope be proportional to the square root of P: 
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(e le ) - 0.282 (P)o.s 
o m 

The axial dispersed plug flow model slgnificantly over-predlcts the 

experimentally measured normal1zed slope. The prediction of the 

paralle! plug flow model, however, was very good over the entlre 

range of operatlng varlabl@s. These resul ts demonstrate that chan-

nelling flow best represents the mechanlsm of flow through a bed of 

pulp fi bers. 

12. The lign1n-methanol sto1chiometery in dynamic chlorination is inde-

pendent of superficial velocity, temperature or chlorine feed concen-

trati~n. These results are consistent with Methanol production only 

at the instantaneous chlorlne-lignln reaction front. 

13. The close relationshlp between Methanol production and del1gnifica-

tion Is demonstrated for dynamic pulp chlorination. This opens the 

possihility to control dynamic chlorination by measuring the Methanol 

concentration in the bleach effluent. 

14. Experimental evidence for the production of TOC and Methanol st the 

instantaneous chlorine-llgnin reactlon front is presented. Produc-

tion of TOC due to hydrolysls of already reacted Ugnin between the 

Inlet of the bed and the reaction front Is shown to be signiflcant. 

15. The lign ln con tent and kappa number of pulp undergolng dynamic chlor-

ination decreases wl th increasing chlorine charge. The "f1oar level" 

lignin content is approached when the chlorine charge on pulp 1s 

abol~t 0.1 The chlorinated llgnin formed at the instantaneous 
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chlorine-lignin reaction front is alkali soluble. Dynamic chlorlna-

tion can be stopped when a11 reactlon fronts have reached the bot tom 

~f the pulp pad. TOC removal is not a good measure of the CW Itgnin 

content of pulpe Also the CW lignln content is a poor Indicator of 

the CWE lignin content and kappa number. 

16. The much faster carbohydrate degraoatlon in dynamic chlorlnation 

compared to standard batch chlorination can be minimized by employing 

low residence times and hlgh chlorlne water concentrations t whlch 

lead to short contact times between pulp and chlorlne. 

17. The chlorine consumpt ion by carbohyd ra tes dur ing dynamic chlorina t ion 

can be predicted from the chlorine-carbohyd rates kinet les. The re-

ciprocal Intrinslc pulp viscos ity, [n], wa s shown to de pend on oper-

ating variables according to the following relationshlp: 

1 l rnç= + e:!co)~ t 
~f ~ r 

18. The axial dispersed plug flow model wi th appropr iate klnetics for the 

chlorine-lignin and chlorine-carbohydrates reactions gives poor pre-

dict ions of the chlorlne breakthrough curve s obtained for dynamic 

chlorination of a pulp pad. The non-lJnear character of the 

chlorine-lignin kinetlcs and the channelling flow mechanism are re-

sponsible for this result. 

19. A so-called parallel plug flow model, based on complete segration 

and instantaneous chlorine-lignin and linear chlorine carbohydrates 
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reaction kinetica t was formulated for dynamic chlorlnat1on of a pulp 

pad. Good predIctions of the chiorine and methanol brea~through 

curves are obta Ined when, respectively, the chlorine-lignin or meth­

anol-Henin stiochiometries in the model are chosen such that the 

overall chlorine consumption OL m~thanol production agrees with the 

experimental values. 

20. The radi"l penetration distance travelled by the resction front dur­

lng dynamlc chlorlnation ls estimated from the Dauckwerts' tarnishing 

reaction prolllem for diffusion and instantaneous reactlon as 0.6 mm. 

Thls t9 about one order of magnitude smaUer than the scale of flow 

non-uniform1ties of 5-10 mm in the radial direction, and explains why 

the parellel plug flow model ls successful ln representing dynsmic 

pulp chlorlnatlon of a pad of pulp fibers. The aspect ratio of about 

100 and flber diameter of about 30 microns result in flocculation of 

pulp fibers and is respons1ble for the unique characteristics of pulp 

fiber beds. The assumption of instantarteous reactlon kinetics 18 

supported by the observed hlgh initial chlorine-l1gnln reaction kin-

etics. The forro of these kinetics leads ta a "constant pattern" 

behavior. 



APPENDIX 3-1 

PHYSICAL AND CHEMICAL PROPERTIES OF PULP USED IN THIS 

EXPERIMENTAL STUDY. 
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The pulp used 1n this experlmenta1 work was obtalned from pulplng 

black spruce chips by the kraft pu1ping process. The chemlca1 and physl-

cal properties of the pulp ere l1sted in Table 3-1.1. The we1ghted length 

d1strlhutlon as measured by the Kajaanl FS-IOO Instrument lB shawn ln 

Figure 3-1.1. The weighted length distribution for each Bize range was 

obtalned as follows: 

3-1.1 

where N and If are, respectlvely, the number and length of fibers in the 

s Ize range. 

• 
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TABLE 3-1.1 

Phy9ica1 and Chemica1 Properties of Unb1eached Pulpe 

Chemical 

Kappa number = 29.5 

Viscos Hy = 38 mPa· s 

Physica1 

c. S. Freeness - 686 ml 

'l\as19 weight - 60.7 g D.n./m2 

Breaking length - 7.94 km 

Tensile index 

Burst index 

Stretch 

Bulk 

Zero span 

... 77.84 N.m/g 

= 5.88 kPs·m2 Ig 

- 2.77% 

- 1.73 cm3 /g 

breaking length ,. 20.22 km 
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( 

Figure 3-1.1 Weighted 1ength distribution of unbleached kraft pu1p. 

( 
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APPENDIX 4-1 

DERIVATION OF DIMENSIONLESS AXIAL DISPERSION EQUATION 
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A mass balance for an inert tracer over a section of the pu1p pad 

containing porous fibers wU:}, tracer adsorption on the fibers being negli-

gib1e gives the following dimensiona1 equation: 

4-1.1 

The f irst term on the right hand s ide represents accumulation in tl,e voids 

external to the fibers while the second term represent9 accumula tion wi th-

in the fihers. 't'he second term can be rearranged 89 fo1laws: 

4-1.2 

When local eqt:Ubrium is assumed 

an ac 
-ac=aë 4-1.3 

Thus 

4-1.4 

The right hand side of equatlon 4-1.1 can then be written a8 fol1ows: 

4-1.5 

....... 

-------- --~ 
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Equation 4-1.5 can be substituted in 4-1.1 to give equation 4-1.6. 

ôC e: ~ = 
a ôt 

4-1.6 

~~uation 4-1.6 can be non-dimensiona11zed uslng the fo11owlng dimenslon-

1ees val ~ ables 

and 

to give 

where 

x .. xiH 

T .. tu IH 
a 

a(c/c) DL a2 (c!co) 
_...."....;;.o_= __ ~,......;;_ 

ôr HUi ax~ 

4-1.7 

ax 4-1.9 
a(c/c } 

o 

4-1.10 



APPENDIX 4-2 

COMPUTER PROGRAM TO CALCULATE MEAN RESIDENCE TIME AND PECLET NUMBER 

FROM TRACER BREAKTHROUGH CURVES 
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INTEGER I,N,TCOUNT,COUNT,M,KCOUNT,ITER 

REAL X(99),Y(99),AREA(99),AREAB,PORATOT,FLO 

REAL AREAA(99),P(99),Q(99),AREAAB,POREXT,SUM(99) 

REAL Sl~~,R,PECC,PEC~,S,DIFF,CAREAB,CREAAB,CSm1M 

REAL,ADDD,ADD(99),PECCC,DIFFF,nVOL,padht,csarea 

character*ll fname,dname 

character fnameD(11),dnameD(11) 

EQUIVALENCE (FNAME,FNAMED),(DNAME,DNAMED) 

DATA FNAME/' GLUCOIA. ENG' / ,DNAliE/' DEXTOIA. ENG' / 

C DICTIONARY 

C 

c DVOL DEAD VOLUME OF REACTOR 

C X(I) GLUCOSE DATA POINTS(TIME) 

c y(1) GLUCOSE DATA POINTS(C/C ) 
0 

C p(I) DEXTRAN DATA POINTS(TIME) 

C Q(I) DEXTRAN DATA POINTS(C/C ) 
0 

c AKEA(I) AREA OF INTERVAL(GLUCOSE,C VS T) 

c AREAA(I) AREA OF INTERVAL(DF..xTRAN, C VS T) 

C StlM(I) AREA OF INTERVAL(DEXTRAN,CT VS T) 

C PORTOT TOTAL POROSITY 

c POREXT EXTERNAL POROSITY 



C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

c 

C 

C 

C 

C 

C 

FLO 

PECC 

PEro 

PADHT 

CSAREA 

COUNT 

KCOUNT 

SUMM 

AREAAB 

AREAB 

N 

M 

CAREAB 

CREAAB 

CSUMM 

341 

FLOWRATE OF WATER 

CALCULATED PECLET NUMBER 

GUESSED PECLET NUMRER 

PAD HEIGHT 

CROSS-SECTIONAL AREA 

COU NT ER 

COUNTER 

TOTAL AREA OF DEXTRAN (CT VS T) 

TOTAL AREA OF DEXTRAN (C VS T) 

TOTAL AREA OF DEXTRAN (C VS T) 

NUMBER OF DATA POINTS (GLUCOSE) 

NUMBER OF DATA POINTS (DEJITRAN) 

CORRECTED AREA(DEAD VOLUME OF REACTOR) 

SAME 

SAME 

Reading run number 

WRITE(*,110) 

110 FORMAT ( , RUN NUMBER ?') 

REAn (*,114) FNAMED (5), FNAMED (6) 

114 FORMAT(2Al) 

DNAMED(5)=FNAMED(S) 

DNAMED(6)=FNAMAED(6) 
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,i 
C Reading the flowrate 

C 

WRITE(*,ll1) 

111 FORMAT(' WHAT IS TP.E FLOW RATE (ML/MIN) 7') 

READ(*, *) FLO 

FLO"FLO/60 

C 

C Reading the pad helght 

C 

WR1TE(*,112) 

112 FORMAT(i WHAT IS THE PAO HEIGHT (CM) ?') 

READ (*,*) PADHT 

C 

C 

C Reading other data 

C 

CSAREA=44.0S 

C PECC=2.0/R 

AREAB=O .0 

lTER"SO 

AREAAB=O .0 

SUMH-O.O 

ADDD=O .0 

OVOL"20.0 

,( C 

'i. 
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"1", .... 
C Reading glucose energraphics file 

C 

OPEN(5,FILE=FNAME) 

DO 1 1=1,8 

1 READ (5 ,*) 

READ(5,*) N 

DO 4 1=1,2 

4 READ(S,*) 

C 

TCOUNT=(N-l)!2 

MCOUNT=TCOUNT 

C 

C Reading dextran energraphics file 

C 

OPEN (6,file=DNAME) 

DO 11 1=1,8 

Il READ (6,*) 

READ (6,*) M 

C 

COUNT=(M-l) /2 

KCOUNT=COUNT 

C 

DO 10 I=l,N 

READ(S,*) X(I),Y(I) 

.- 10 CONTINUE 
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C GLUCOSE 

C 

C Cs1cu1atlon of the zeroth moment from glucose BTC 

C 

C THE FOLLOJING EXPRESSION TRANSLATES THE CURVE TO STEP 

C DOWN AND THEN CALClJLATES THE AREA RELOW THE CURVE: 

C 

c 

C 

C 

DO 20 I=1,TCOUNT 

AREA{I )=( (X( (2*I)+l )-X « 2*1 )-1» /6 )*(1-Y ( (2*1)-1» 

+4*( l-Y+(2*I) )+(1-Y( (2*1 )+1») 

AREABmAREAB+AREA(I) 

20 CONTINUE 

CAREAR=AREAB-(DVOL/FLO) 

WRITE(*,810) 

810 FORMAT(' l' , 'GLTlCOSE RESULTS') 

\.fRITE (*,811) 

811 FORMAT(", ,-----------------') 

WRITE(*,150)CAREAB 

150 FORMAT( l " f AREA RELOO CURVE= ',F10.4) 

WRITE(*,175)CAREAB 

175 FORMAT(" , 'THE MEAN RESIDENCE TIME FOR GLUCOSE IS= 

',F10.4) 
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C CALCULATION OF TOTAL POROSITY FROO ZEROTll 

MOMENT(GLUCOSE) 

C 

PORTOT=(CARE~~*FLO)/PADHT*CSAREA) 

WRITE(*,200)POR70T 

200 FORMAT(" , 'THE TOTAL POROSITY lS= " FIO.4) 

C 

C Ca1culation of the f1r~t moment from glucose RTC 

C 

C 

DO 45 I=1,MCOUNT 

ADD(I )=( «X( (2*1 )+1)- (DVOL/FLO»)- (X «2*1 )-1) 

-(DVOL/FLO»)/6.0*«(1-(Y«2*I)-»)*«X«2*I)-1» 

-(DVOL/FLO» )+ (4.0*( Cl-y (2*1» )*(X (2*1)- (DVOL/FLO») 

+( «l-Y( (2*1 )+1» )*(X( (2*1 )+l)-(DVOL/FLO»» 

ADDD=ADDD+ADD ( 1 ) 

45 CONTINUE 

'~RITE( *,575) ADDD 

575 FORMAT(", 'THE AREA BELŒl THE CT VS T CURVE(GLUCOSE)" 

, ,F15.4) 

K=(2.0*ADDD-(CAREAB*CAREAB»/(CAREAB*CAREAB) 

PECCC=2 • 0 /K 

DO 74 I=l,ITER 

DIFFF=(2.0*PECCe**2.0-2.0*PECCC*(1.O-EXP(-PECCC») 

-K*PECCe**3.0)/(-2.0*PECCC+4.0*(1.O-EXP(-PECCC»-



( 

C 

2.0*PECCC**2.0*EXP(-PECCC» 

PECCC-PECCC-DIFFF 

346 

IF (ARS«-DIFFF)/PECCC).LE.1E-6) GO Ta 3 

74 CONTINUE 

3 WRITE(*, 707) PECCC 

707 FORMAT(" , 'PECLET NUMBER FROM GLUCOSE BTC- ',FIO.4) 

C DEXTRAN 

C 

C Cs1cu1atlon of the zeroth moment from dextran BTC 

C 

C 

DO 30 I=l,M 

READ(6,*) P(I),Q(I) 

30 CONTINUE 

C THE FOLLeJ.1JNG gXPRESSION TRANSLATES THE CURVE TO STEP 

C Dmm AND TAHEN CALCULATES THE AREA RELOW THE CURVE 

C 

40 

DO 40 1 =1, COUNT 

AREAA(1 )=( (p( (2*1 )+l)-P «2*1 )-1) )/6)*(1-(Q( (2*1)-1» 

+4*(1-Q(2*I»+(1-Q«2*1)+1») 

AREAAB=AREAAR+AREAA(I) 

CONTINUE 

CR EAAR=AR EAAB- (DVO L IFLO )+0 • 0 

WRJTE(*,824) 



C 

824 FORMAT(' ') 

WRITE(*,825) 
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825 FORMAT(' ','DEXTRAN RESULTS') 

vIRITE(*,826) 

826 FORMAT(' ,,'--------------------') 

WRITE(*,400)r.REAAB 

400 FORMAT(' ','AREA BELOW CURVE- ',F10.4) 

WRITE(*450)CREAAB 

450 FORMAT(" , 'THE MEAN RESIDENCE TIME FOR DEXTRAN" 

',FIO.4) 

C CALCULATION OF EXTERNAL POROS1TY 

C 

POREXT=( CREAAR*FLO) / (PAOHT*CSAREA) 

WRITE(*,500) POREST 

500 FORMAT(' 1 ,(THE EXTERNAL POROSITY OF THE PULP PADa 

',FIO.4) 

C 

C Calculation of the first moment from dextran BTC 

C 

C DO 50 l=l,KCOUNT 

SUM (I )=( (p( (2*1 )+1)- (DVOL/FLO»)- (P«2*I)-1) 

- (DVOL/FLO) ) ) /6.0* ( ( (1-( Q( (2*1 )-1) ) )* 

«P«2*1)-1»-(DVOL/FLO»)+(4*«1-Q(2*I»» 

*(P(2*1)-(DVOL/FLO»)+«(1-Q«2*I)+») 
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*(P«2*I)+l)-(DVOL/FLO»» 

SUMM-SUMM+SUM(1) 

50 CONTINUE 

w~1TE(*,600)SUMM 

600 FORMAT(' ','THE AREA BELOW THE CT VS T CURVE(DEXTRAN) 

IS-= ',FlO. 4) 

R-(2*SUMM-(CREAAB*CREAAB»/(CREAAB*CREAAB) 

PECC=2.0/R 

DO 72 1-1, ITER 

D1FF=-( 2. 0*PECe**2. 0-2. O*PECC*(l. O-EXP(-PECC» 

-R*PECC**3.0)/(-2.0*PECC+4.0*(1.0-EXP(-PECC» 

-2.0*PECC**2.0*EXP(-PECC» 

PECC-PECC-D1FF 

1F(ABS«-DIFF) /PECC). LE.l/-6) GO TO 2 

72 CONTINUE 

2 WRITE(*,700)PECC 

700 FORMAT(' ','PECLET NilllBER FROM DEXTRAN BTC= ',FIO./!) 

close(5) 

STOP 

END 
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Glucose Results 

Area belolJ curve :10 68.43. 

The mean residence tirne for glucose • 68.43. 

The total }lorosity, E: El 0.932. 
a 

The ares below CT vs. T curve .. 246.71. 

Peclet number, P = 37.1. 

Dextran Results 

Area below curve = 57.25. 

The mean resldence tirne for dextran Il 57.25. 

The fiber wall and inter-fiber porosity - 0.179. 

The Peclet number, P = 23.3. 



APPENDIX 4.3 

DIMENSIONS OF WATER SWOLLEN FIBER 

( 
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For dry black spruce fibers, the diameter of the lumen has been 

measured as 18.4 microns and the fiber coarseness (maas of fiber per unit 

length) as 0.29 mg/m. Upon pu1ping the se wood fibers, the diameter of 

the lumen remains essentia1ly unchsnged. For the present black spruce of 

Kappa number 29.5 the pu1ping yield i~ 48.5% giving a coarseness of the 

"la ter swo lIen f ibers of 0.485*0.29 = 0.141 mg/m. Therefore the volume of 

the lumen per mass of fiber, VI t can be ca1culated as: 

VI = (lumen volume/m fiber)/O.D. mass of fiber/m fiber) 

= [(n*18.4*10-6/2)2/(O.14l*10-3)] = 1.88 cm3/g O.D. fiber 

The pore volume of the fiber wall of the present pulp "las determined by 

the solute exclusion technique as 1.46 cm3/g O. D. pulpe The volume oc cu-

pied by the solid wood in the fibers is 0.67 cm3 /g O.D. fibers based on a 

wood density of 1. 50 g/cm3 independent of wood species for 10"1 yield 

pulpe The present volume of the water swollen fibers lB 1.88 + 1.46 + 

0.67 = 4.01 cm3/g 0.0. fiber. This corresponds to a fiber diameter in 

the swol1en stat~ of [4~9wol1en vo1ume*coarseness/n]0.5 • [4*4.01*10-6*-

0.141 *10-3 / .. ]°.5 = 26 8*10-6 " • m. The corresponding fiber wall thickness 

Is (26.8-18.4)/2 = 4.2 microns. The fiber wall poroHity, E t can be 
"1 

obtalned from the wood densi ty (1. 50 g/cm3) and the pore volume of th,~ 

fiber wall 0.47 cm3/g) as E = 1.46/(1.46 + (1/1.50) D 0.687. 
"1 
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APPENDIX 4-4 

EQUIVALENT DIAMETER OF FIBERS IN PULP PAD 
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The Carman equation is 

and can be slmpl1fied to 

and further to 

or 

~p 
-= 
H 

àP - .. 
H 

1 - E 
1 

(1 - E )2 
1 4-4.1 

4-4.3 

4-4.4 

The external fluid porosity, El' cao be calculated from the total pac1 

volume and the swollen fiber volume of 4.01 cm3 /O.D. pulp to be 0.565. 

Also, 

95 mm Hg 
àP/H .. _~~6;.....;c~m~~ __ 

u
i 

250 cm;:' /min 
44.05 cmL*O. 56 5 
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using the results from Figure 4.21. 

or 

âP/H 
- 1: 

95*13.6*9.81 Pa 
6*10-2 -

12618*104 (Pa- s/nt-) 

1. 2618*108 kg/m3• s. 

Notine that the fluld vlscosltYJ nf' 15 1*10-3 kg/m.s and using the above 

values in equation 4-4.4 we get 

1-0.565 
re 1: 0.565 

ISO 1*10-
"4 1.2618*108 

1-0.565 "2.97*10-10 
re" 0.565 

r = 1. 327*10-5 m 
e 

or d the equlvalent diameter 26.5 microns. It 15 interesting to note 
e 

that this equlvalent diameter is slmllar to the flber diameter of 26.8 

microns (Appendix (4-3». 



APPENDIX 4-5 

CALCULATION OF RADIAL DISPERSION COEFFICIENT, DR 
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The radial dispersion coefficient, DR' for glucose can be 

obtained from 

where 

1 1 E i 
PeR - Pe + 1.5 Re ·Sc t,R e 

1 0.09 
-~- '" -.....;~---
Pet,R 1 + 10/Re ·Sc 

e 

Now at T = 20°C, U
o 

.. 0.082 cm/s and Ei = 0.565 

Thus 

or 

Re e 

.. 2.17*10-2 

8.2*10-4 
DR - 0.081· 0.565 • 25.5*10-6 = 3.11*10-9 rrIl-/s 

4-5.1 

4-5.2 



APPENDIX 6-1 

CALCULATION OF HYDRODYNAMIC DIAMETERS OF CI
2 

AND GLUCOSE 
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Accordlng to the Einsteln-Stokes equation the molecular diameter 

18 related to the diffusion coefficient according to the fo11owing formu-

la: 

RT 
Dlameter = ~3-1I-TlD~N~ 6-1.1 

where R 18 the gas constant = 8.314 J Imol K, T i8 the absolute tempera-

ture, Tl 18 the viscoslty of water = 1.002 g/m.s st 20°C, with 0 as the 

diffusf.vltyof glucose = 0.661*10-9 m2 /s st 20°C or the diffus1vity of 

chlorine ". 1.48*10-9 m2 Is at 20°C. 

Substltuting these values into the above equation lesds to a mole-

culer d1ameter of about 6.5 Â for glucose and about 2.9 Â for chlorine. 



APPENDIX 6-2 

DERIVATION OF EQUATIONS TO EVALUATE SL 
o 
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1. The expression for calculating the breakthrough time of esch chan-

nel, tb' is shown in Chapter 7 to be 

SL L Cf ( k t ~ o 0 c r 
t b .. k C E.. e -1 

C 0 a 
+ t r 

6-2.1 

The cumula t ive ne t inflow of chlorine for a single channel when tc > th 

(i.e. after the reaction front has reached the exit of the channel) is 

- k t 
C ( ( ») dA C cru (t )€ dA ( ) = 0 ua tr € a tc - oe a r a tc - t b 

... c (u (t »)€ dA [t -(te - tb)e- kctrJ 
o a r a c 

where t Is the reaction time. 
c 

6-2.2 

6-2.3 

When tc c; t
b 

(la e. before the reactlon front has reached the end 

of the channel) the mass balance is 

IN-OUT .. C (u (t ») € dAt 
o a r a c 

6-2.4 

The cumulative net inflow for aIl channels regardles8 of the location of 

the reactor front is 

IN-OUT .. C Au € [Î o a a o 
t dF( t ) -c r 

F( t ) 
rc 

f 
o dFJ 

6-2.5 
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F( t ) 18 the critical value of F at t which ls defined aB 
rc rc 

Since 

and 

S1 L Cf o 0 
tc = k C e: 

c 0 a 

T = t u IR c c a 

t rc 

equation 6-2.5 can be reduced to 

with 

IN-OUT = ARe: C [T -a 0 c 

F(t ) 
rc 

J 
o 

a 0 0 c r 
Tb = Re: k C e - 1 + t rU a IH 

u SL L Cf ( kt) 

a c 0 

and F( t ) ls the critlcal value of F st t 
rc rc 

u SL L Cf a 0 0 T = --:;:;-;-:---;~ 
c Re: k C seo 

t u IH rc a 

where 

6-2.6 

6-2.7 

6-2.8 

6-2.9 

6-2.10 

6-2.11 
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2. The cumulative net Inflow of chlorine determlned from the experi-

ment 1a: 

t 
c 

IN-OUT • u t A J (c - C) dt 
8 8 0 C 

o 
6-2.12 

Eq u8tions 6-2.9 to 6-2.12 can be solved together to yield the c:hlorine-

l1gn1n sto1chiometry, SL • o 



APPENDIX 6-3 

DERIVATION OF SLOPE OF THE ~XIAL DISPERSION MODEL COMB!NED 

WITH A SINGLE INSTANTANEOUS REACTION 
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If 1t 19 assumed that a reference frame moves wl th the speed of 

the reaction front in a bed of pulp fibers undergoing chlorination, then 

the equation describing this situation i8 

where v ia the speed of the reactton front. 

The boundary conditions are: 

(1) 

and 

(2 ) 

ac 0 - a and C ... C a t x .. - œ ax 0 

C .. 0 at x ... x 
f 

where x
f 

is the loca tion of the reaction front in the bed. 

InteRrating equation 6-3.1, 

Applying boundary condition 1 (equation 6-3.2) 

K - (u - v)C 
100 

Equation 6-3.4 can then be re-written as 

ac e: D - .. - (u - v)(C - C) 
i L ax 0 0 

6-3.1 

6-3.2 

6-3.3 

6-3.4 

6-3.5 

6-3.6 
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Integrating equation 6-3,6, we get 

C d(Co - C) (u - v) 
x

f 0 

f 0 f dx 
(C - C) 

... -
(C - C) 0 EiDL x 

0 

6-3.7 

C (u
o 

- v) 
- ln 

0 (x
f 

- x) = -C - C &IDL 0 

6-3.8 

6-3.9 
C [u - v 

- x~ 0 = exp 0 D (x
f C - C &i L 0 

or 

[ (u - v) j cIe = 1 - exp - 0 (x - x) 
0 E

1
D

L 
f 

6-3.10 

The speed of the reaction front, v, in equation 6-3.10 lB necded. From 8 

mass balance, Inc1udlng the reactlon front 8B one boundary, and neglectlng 

the carbohydrate-chlorine reaction: 

Inflow-Outflow = Reaction + Aecumulation 

U & AC dt - 0 = SL L CfAdX f + & C Adxf aa 0 00 ao 

BO 

dX
f 

u C C a a 0 
v = F = -=S:-L-L~C:-f~+";"'E~C-

o 0 a 0 

6-3.12 

...... 
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for k xf/u «1 c a 

Integrat1ng equ8 t 10n 6-3.12 

where 

U e C dt a a 0 

SL L Cf + € C o 0 8 0 

U € C 
a a 0 ( ) x - x = - t - tf f SL L Cf + E C o 0 8 0 

Subst1tuting equat10n 6-3.14 1nto 6-3.10, we get 

c C = 1-
o 

= 1 -
[ 

u1(u - v) C o 0 

exp 0L(SL L Cf + € C ) o 0 a 0 

6-3.13 

6-3.14 

6-3.158 

6-3.15b 

Now 

d(c/c) 
o 

dt 

(U - v) u.C 
o l 0 

0L(SI. L Cf + E C ) exp 
o 0 8 0 

(uo - v) u1Co(t - t f >] 
DL SL L Cf + e: C o 0 a 0 

SO 

Now, 

d(c/c ) 
o 

dt 

T = tu IH 
a 

6-3.16 

(U - v) uiC o 0 6-3.17 
- 0L(SL L Cf + e: C ) 

t :: tf 0 0 a 0 

6-3.18 
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Substituting equation 6-3.18 into 6-3.17 gives 

d(C/C ) 
o 

e: (u - v) He 
a 0 0 6-3.19 

dT = e:iDt{SL L Cf + e: C ) 
t ... tf 0 0 a 0 

Since 

6-3.20 

and 

6-3.21 

then 

dT 

v 

) 
• p(v/u )(1 - v/u ) 

a 0 

d(C!C ) 
() 

6-3.22 

If Initial breakthrough occurs at t III t
bl

, then the average breakthrough 

-time, tb' can be found as follows from the ch10rine breakthroueh curve: 

co 

6-3.23 

or 

- l exp [- P if (1 - :0) (t - tf) d(t - tfj t b - t bi = 

6-3.24 

whlch gives 

.-
- 1 Uo H 6-3.25 t b - t bi :--p V U - v 

0 
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- 1 H 1 
t b - t bi + P V "':'l--~v-/""u­

o 
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or 1n non-dimensiona1 form 

- 1 1 1 
Tb '"' T bi + P (v/u )'"7(~1-_';;;'v-/""u"""""t"') 

a a 

or 

Also va1id i s 

A(t
b 

- B/u ) u e: C = SL L Cf AH a a a 0 o 0 

or 

SL L He f + He: C - o 0 a 0 t cs = H/v 
b u e: C 

a a 0 

or 

T = u Iv 
b a 

Combining 6-3.27 and 6-3.31 

111 
ua Iv ... Tbi + P (v/u ) (1 - v/u ) 

a 0 

Now 

dT 
III P: (1 - v/u ) 

t = th! Tb 0 

d( Clc ) 
o 

6-3.26 

6-3.27 

6-3.28 

6-3.29 

6-3.30 

6-3.31 

6-3.32 

6-3.33 
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dT 

363 

_ oT = p (1 --+) 
t - t b1 b EaTb 

when cIe = 0.5, then from equ8t1on 6-3.15 it follows that 
o 

0.693 
t - t = --;..;;...~---

bi (:0) p (\- V) 

Thus 

d(c/e ) (u - v) 
0 v 0 exp(- 0.693) 

dt 
=-p 

H cIe ,.. 0.5 u 
0 

0 

d(C/e ) 
0 

0.5 p (u 
= 

- v) 
0 v 

dt cIe = 0.5 
H u 

0 
0 

u - v 

6-3.34 

6-3.35 

6-3.36 

6-3.37 

d(c/e ) 
o = 0.5 P ~ 

u a 
o .. 0.5 P !.... (1 - v/u ) 

u u 0 dT cIe o 

From equat10n 6-3.31 

v 1 -=-

80 

d(c/e ) 
o 

dT cIe o 

= 0.5 o a 

6-3.38 

·T .., 
= 0.5 b 

6-3.39 
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T(c/e • 0.5) has to be determined. 
o 

Equation 6-3.35 can be written in non-dimensiona1 form 

1 1 1 
T rc 1 e .. O. 5] = Tb 1 + O. 6 93 P (v 7 u ) -1 ---v 7-u-

'C 0 a a 

A1so from equation 6-3.32 

1 1 1 
Tb1 .,. ua/v - p (v/u ) Ü - v/u ) 

a 0 

Thus 

-

1 
(v/u ) 

a 

From equat10n 6-3.31, ua/v = Tb 

Thus 

-
T(e/e = 0.5) = Tb -

o 

Combining equations 6-3.39 and 6-3.42 

~ d( cIe ») (1 ) Tc dT 0 -= 0.5 P 1 - --=- -0.1534 
c clC = 0.5 e: Tb o 8 

6-3.40 

6-3.41 

6-3.42 

6-3.44 
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The chloride concentration at any position xf along a single plug 

flow channel ln the pulp pad, assumlng Instantaneous reBetion between 

chlorlne and lignin, is the sum of thE' following contributions: (1) 

exceSB free chlorlde in the feed, [CI-J f , (11) f(irmed by reaction between 

chlorlne and lien1n, [CI-J
RL

, and (111) formed by reaction between chlor­

ine and carbohydrates before the reactlon front, [CI-JRC • Both oxidation 

and substitution reactions are assumed to be taking place at the reaction 

front. Thus 

[ CI-J = [Cl-l
f 

+ [Cl-1 RL + [CI-1 RC 
6-4.1 

x f 

Now, 

[CI-J
RL os (î s + O).[C12]x

f
,as CI- 6-4.2 

where S ls the fraction of chlorlne used for lignin substitution reactions 

and 0 the fraction used for lignin oxidation reactlons or, since 

(S + 0) = l 6-4.3 

6-4.4 

also 

6-4.5 

where t
rf 

ls s variable resldence time ln s channel. 

Equation 6-4.4 can be expressed in terms of the chlorine concentration 

st the inlet, Cl 1-o,as C 
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Substltutlng 6-4.5 and 6-4.6 lnto 6-4.1 we p,et 

or 

(Cl-] 
x f 

6-4.6 

6-4.7 

6-4.8 

This chloride concen tration reaches the end of the channel (H - xf)/ua ) 

seconds later, Le. the time to travel between the reactlon front and the 

end of the channel. The total tlme, t , for this concentration to reach 
c 

the bed exjt i8 given by: 

SL L Cf Ct t = o 0 e c rf - 1) + t f + H/u - xf/u 6-4.9 
c e: C k r 8 a 

a 0 C 

or 

SL L Cf ( k t f ) 
t = o 0 c r _ 1 + t 6-4.10 

c e: C k e r 
a 0 C 

or 

k t f ~ C k ) 
C r a 0 c 6-4.11 e = ( te - t r) SL 0 LoC f + l 

or 



( 

t • .L~ln rf k c 
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Substltutlng equatlon 6-4.12 Into 6-4.8 and deflnlng 

1:10 that 

we get 

e: C k a 0 c 
SL L Cf '"' K 

o 0 

Thus for each hanne1 at any tlme t 

and 

[ Cl-] .. 0 when t < t ce r 

[c1-l = [C1-l
f 

+ C - [tsc /[K(t - t ) + 1]] 
ce 0 0 r 

when t < c 

when t :> 
c 

k t 
c r - 1 e 

K 

k t 

+ t r 

c r _ 1 
e + t 

K r 

6-4.12 

6-4.13 

·C -o,asCI 

6-4.14 

6-4.15 

6-4.16 

6-4.17 

1 



368 

Summing over aIl channels at any time t 

6-4.18 

8y solving equations 6-4.15-18 with know1edge of the experimenta1 

chloride breakthrough, the fraction of chlorine uaed for 1ignin Bubstitu-

tion reactions, S, can be found at different times during the experlment. 

The division of the pulp pad into channels as needed by equation 6-4.18 is 

obtained from the preceding glucose tracer curve. 
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( 



R is defined as 

g methanol produced 
g initial 1 ignin, L 

o 

369 

The net outflow from 8 single channel ln the pulp pad gives 

t 
R C 

OUT-IN • -SL u (t )e: dA J 
o a rat 

r 

6-5.1 

6-5.2 

where [e 1 18 the concentration of chlorine st the reectlon front 
o x

f 

located at xf" 

Slnce 

- k t 
.. Cee rf 

o 

with trf :: xf/ua and from AppencHx 6-4 

e 
- k t 

c rf = l/(K(t - t ) + 1) 
c r 

6-5.3 

6-5.4 

where K = € C k IS1 L Cf' equatlon 6-5.2 becomes 
a 0 C 0 0 

IN-OUT :: sRL C (u (t » o a r 
o 

t 
c 

e: dA J 
a t 

r 

1 
K(t - t ) + 1 dtc 6-5.5 

c r 



( 

( 

L 
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Furthermore, OUT-IN" 0 when t "t and c r 

OUT-IN .. SRL C (u (t ») o a r 

th 

e: dA J 
a t 

r 
K( t - t ) + 1 dtc c r 

1 

o 

6-5.6 

when te;> t b 

The net outflow of methano1 for aIl channe1s at aoy tlme t c 

F( t ) t 
c e 

+ J J (K(t -F( t ) t c 
rc r 

1 
t ) + 1) 

dt 
r 

e 

dt e 
dF(t ) 

r 

6-5.7 

dF( t r )] 

where F(t ) is the value of F st t where t 18 ca1eu1ated from the 
re rc re 

equaU ty 

After Integration 

RAHL C 
OUT-IN .. 0 f 

k t c r 

F( t ) 
c 

+ J [R.n(K(t - t ) + 
F( t ) c r 

rc 

dF(t ) 
r 

6-5.8 

6-5.9 
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--
Experlmenta1ly, the net outf1ow of Methanol from the pu1p pad 18 

t c 
OllT-IN III U e: A f [Methanol] exi t dt 

a a c 
0 

6-5.10 

T 
c 

= e: AH f [Methanol] i dT 
a ex t c 

0 

Equatlng the experlmental (6-5.10) and theoretical (6-5.9) expressions we 

get 

TCf [Methanol]exit 
f C dTc 
o 0 

=..!LUS1[F 
SL H K 

o 0 

R can be found from equation 6-5.11 by a trial and error procedure st sny 

reactlon tlme. 
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CONSUMPTION OF CHLORlNE BY CARBOHYDRATES 

1 ., 
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The total amount of chlorine consumed by carbohydrates in 8 single 

plug flow channel of cross-sectional area A i8 

t x
f 

J J 6-6.1 
o 0 

It was shown in Chapter 5 that (- r
e12

) .. kcC. Equation 6-6.1 then be-

come s 

t x
f 

J J 
o 0 

E dA (k C ) d xfd t 
a c x

f 
C 

6-6.2 

For plug flow and first order chlorlne-carbohydrates kinetics it follows 

(- k xf/u ) 
that C = C e c a so that equatlon 6-6.2 becomes 

x
f 

0 

t x
f 

J J 
(- k xf/u ) 

E dAk Cee a d d a c 0 x f tc 
6-6.3 

o 0 

or 

t 

- E dAC u f a 0 a 

(k X.JU ) 
c l' a 

f 
(- k xf/u ) 

e c a d( - k xf/u ) dt 
cac 

and finslly 

E dAC u 
a 0 a 

o 0 

t (- k xf/u ) 
J (l - e ca) dt c 
o 

6-6.4 

6-6.5 
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Using Taylor expansion and keeping first order terms on1y t equation 6-6.5 

can be approxlmated by 

t 
E dAC u f (k xf/u ) dt a oa cac 

6-6.6 
o 

when k xf/u «1. c a 

This condition 18 equlvalent to assuming that C le .. 1, i.e. the de­
x f 0 

cresse in chlorlne concentration due to chlorine-carbohydrates reactlon 

upstream of the reactlon front la negl1g1ble. It was shown in Chapter 6 

that the breakthrough tlme, th' for a single channel 18 

t .. 
b 

SL 1. C_ 
o 0 t: 

e: C k 
a 0 c 

e c a - 1 
( 

(k Hlu ) ) 

By chsnglng the variabJ f:>', t
b 

and li to tc nnd x
f 

one obtains 

t c 

5L L Cf ( (k xf/u ) o 0 c a 
a e -e: C k 

a 0 c 

6-6.7 

6-6.8 

Using the condition that k xf/u <K l, equation 6-6.8 can be re-wrltten c a 

as 

k xf/u c a = 
e: C k t /SL L Cf socc 00 

e: C 
a 0 

1 + SL L Cf 
o 0 

6-6.9 
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Substitutlog equation 6-6.9 ioto 6-6.6 and 10tegrating, the amount of 

chlorine consumed by carbohydra tes become s 

k t 2 
c c 

-2- 6-6.10 

Uhen breakthrough has taken place or when t > tb' the amount of chlorine 

consumerl ls 

6-6.11 

The fract Ion of fluld io the pulp pad effluent which has 8 residence time 

between t and (t + dt ) Is dF t so that 
r r r 

dF = 
e: u dA 

a a 

e: u A a a 

6-6.12 

where u and e: are the average superficial veloclty and average acces-
a a 

sible bed porosity of the entire pad. 

Insertion of equation 6-6.12 into 6-6.11 and 6-6.10 followed by IntegrA-

t Ion over a11 channels glves 



F( t ) 
rc 

J 
o 

375 

1 
f 

F( t ) 
rc 

F( trc) ~ A~ k C H (t - t ) 
+ J a a C 0 c b dF 

u 
o a 

where F(t ) 18 the value of F at t where 
rc rc 

SL L Cf k t 
t = 0 0 (e c rc - 1) + t 
e k C e: rc 

e 0 a 

6-6.13 

6-6.14 

when P » l then the varia t ions in e: a and Cf around the average value e: a 

and Cf are small so that as a first approximation e: a and Cf in equation 

- -6-6.13 ean be replaced by e:
a 

and Cf. The condition P » 1 81so assumes 

that the variation of u around u are re1atively 9ma1!. In addition, 
8 a 

sinee u varies approximately 1inearly with F over the central part of the 
a 

residence timc distribution curve, the error incurred when replacing u by a 
-u in equation 6-6.13 1s relative1y 8ma1!. With the replacement of u , e: a a a 

-
and Cf by, respectively, ua' e:

a 
and Cf' equation 6-6.13 can be simplified 

to 

to 

ECU Ak a 0 a c 

CL L Cf 
2 00 + 

+ 

e: C a 0 

-
E Au k C H a a c 0 

u 
a 

1J 

F( t ) 
rc 

J 
0 

F( t ) 
rc 

r 
; 
o 

t 2 
b 

dF 
ECk u At2 

8 1) C a c (1 - F( t ») 
[SL L Cf ~ 

rc 
2 0 0 + 1 

e: C 
a 0 

6-6.15 
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-
When the bars are removed from Ea' ua and Cf' Es' uaand Cf still represent 

the average values based on the whole bed. The amount of chlorine 

conswned by carbohydrates for the entire bed beeomes 

ECU Ak 
F(t ) 

ECk u At2 rc 
a 0 a c f ttdF + 

a 0 cac (l - F( t ») 
[SL L Cf ~ [SL L C ~ rc 

2 0 0 + 0 
2 ~a~of + 1 e: C a 0 

F(t ) 
rc 

+ E Ak C H f (t - tb) dF 6-6.16 
a c 0 c 

0 

-Division by the amount of pu1p in the bed, AHC f , and using t a H/u p,1ves r a 

as a final expression the weight of chlorine consumed by carbohydrates per 

weight of pu1p in the entire bed. 

e: C k a 0 c 

[SL L Cf 1] 2 0 0 + 
e: C 

a 0 

ECk 
+ a 0 C 

Cf 

F(t ) 
rc 

f 
o 

when p>i> land k te:: 1. e r 

ECk t 2 (l - F( t ) ) 
a 0 c c 

6-6.17 
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COMPUTER PROGRAMS FOR BOTH VERSIONS OF MODEL 1 
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" 

VERSION 1 



000001 
000002 

000003 

000004 

000005 
000006 
000007 
000008 
000009 
000010 
000011 
000012 
000013 
000014 
000015 
000016 

C 

. -." 

FORTRAN 77 VIOL31 DATE 88.11.20 TlHE 11.19.14 

IMPLICIT REAL*6{A-H,O-Z) 
COHHON/BLOCKI/ Y(100),YCV(lOO),YDIF(lOO),CCFLG(100),CCFLe(100), 

CAIG(100.,AIC(100),A2G(100),A2C(100),AP(100),AN(100), 
CAS(100),AC(lOO),APT(lOO),PT(100),QT(100),CCPTS(100), 
CAIPTS(100),A2PTS(100),STEP 
CO~~N/BLOCK2/DIFLl(100),DIFL2(lOO),CCOLD(100),AlOLD(lOO), 

CA20LD(100),T,DT,PEC,DN,DS,FN,FS,DENOM,PE,COUNT,Cl,C2,CC, 
CAO,Rl R2/R3,H,VEL,~OR,Hl,M2,H3,N/ITER,ITRHAX,ITERAT 

COMMON/BLOCK3/All(100),A22(100),DIFL3(100),DEVl,DEV2,DEV3,STOl, 
CST02,A,B,C,D,CJ,Al,A2,A3~A4,A5,A6,A7,TEM,ITERl,ITER2,ITER5 

CALL VAillES 
CALL GRID 
DO 605 ITER-l,ITRHAX 
COUNT-COUNT+l 
T=T+DT 
CALL CALe 
STEpal.ODO 
IF(COUNT.NE.N) GO TO 605 
CALL OUTPUT 

605 CONTINUE 
STOP 
END 

STATISTICS: 16 STEPS, PROCEDURE SIZE-
23 LINES, PROGRAH SIZE­

REHAINING SIZE-

150 BYTES, PROGRAM NAHE-HAIN 
542 BYTES, DIAGNOSTICS - 0 

166K BYTES, 

""" 

HIGHEST SEVERITY CODE-OO 

w 
....... 
00 



000017 

000018 
000019 

00002Q 

000021 

000022 

000023 
000024 
000025 
000026 
000027 
000028 
000029 
000030 
000031 
n00032 
000033 
000034 
000035 
000036 
000037 
000038 
000039 
000040 

000041 

000042 
000043 

000044 

000045 
000046 
000047 
000048 
000049 
000050 
000051 
000052 
000053 
000054 
000055 
000056 

C 
C 

::: 
C 

C 
C 

c 
C 

FORTRAN 77 VI0L31 DATE 8~.11.20 TlHE 11.19.14 

SUBROUTINE OHAR 

IMPLICIT REAL*8(A-H,O-Z) 
COHHON/BLOCKI/ Y(lOO),YCV(100},YDIF(lOO),CCFLG(100),CCFLC(lOO), 

CAIG(100),AIC(100),A2G{lOO),A2C(100),AP(100),AN(100), 
CAS(100),AC(100},APT(100),PT(100),QT(100),CCPTS(100), 
CAIPTS(100),A2PTS{100},STEP 

COMHON/BLOCK2jDIFLl(lOO),DIFL2{100},CCOLD(100),A10LD(100), 
CA20LD{100},T,DT,PEC,ON,DS,FN,FS,OENOH,PE,COUNT,Cl,C2,CC, 
CAO,Rl,R2,R3,h,VEL,POR,Hl,H2,H3,N,ITER,ITRMAX,ITERAT 
COHHON/BLOCK3/Al1(100),~2(100),DIFL3(100j.DEVl,DEV2,DEV3,STOl, 

CST02,A,B.C,D,C3,AI,A2,A3,A4,A5,A6,A7,TEH,ITERI,ITER2,ITER5 

ENTRY VALUES 

PEC-35DO 
STOI-l.S0DO 
ST02-1.80DO 
POR~O.93DO 
CON-IlI.ODO 
AO~O.043000 
CC-2.20DO 
H-6.000 
vEl.-0.082DO 
A-l.SIDO 
B-1. 6100 
CR l.84DO 
n-O.5SDO 
TEM-325DO 
Cl-16.1DO 
C2-(5.89*(IO~*10)*(DEXP(-7670/TEH)11 
C3-0 00121400 
Al·{{STOl~CON·H·Cl)·(AO··A)·(CC··(B-l.O») 

C/(VEL*POO) 
A2-{{ST02*CON*H*C2}*(AO**C)*(CC**(D) 

Cl l/(VEJ,*POR*CCl 
A3"(H*C3)jVEL 
A4-«AO**(A-l.O)*CCC.*B)*Cl*H*CA- 1 . O»} 

C/VEL 
AS-{{AO**(C-l.O»*(CC**D}*Cl 

C*H*(C-l.0»JVEL 
A6-(A*A4)/(A-l.O) 
A7-(C*AS)/(C-l.0} 
Ml-70 
H2-Ml-l 
T-O.OOO 
m-0.01DO 
N-SO 
COUNT-O 
ITRKAX-IOO 
STEP-O.ODO 
DO 11 J-l,Hl 

Il CCFLC(J)-O.ODO 

.~ 

w ......, 
\0 

~ 



000057 
000058 
000059 
000060 
000061 
01)0062 
000063 
000064 
000065 
000066 
000067 
000068 
000069 
000070 
000071 
000072 

000073 

000074 

000075 
000076 
000077 
000078 
000079 
000080 
000081 
000082 
000083 
000084 

00008~ 

000086 

000087 
000068 
000069 
000090 
000091 
000092 
000093 
000094 
000095 
000096 
000097 
000098 
000099 
000100 
000101 
000102 
000103 

. .,/",\ 

FORTRAN 77 

00 21 J-1,Hl 
21 CCOLO(J)-O.ODO 

00 31 J-1,Hl 
31 AIOLD(J)-0.65DO 

DO 40 J-I,HI 
40 A20LD(J)-0.25DO 

00 SI J-l,Hl 
51 AIC(J)-O.ODO 

00 90 J-I,HI 
90 A2C(J)-0.ODO 

VI0L31 

DO 7569 J-I,HI 
7589 CCPTS(J)-O.ODO 

00 7590 J-1,H1 
7590 AIPTS(J)-O.65DO 

00 7591 J-1,H1 
7591 A2PTS(J)-0.252DO 

C 
e 

RETURN 
C 

ENTRY GRIO 
e 
e 

Y(l)"'O.DO 
DY-!. 00/(H1-1) 
DO 10 l-l,H2 

10 Y( hl )-Y( 1 )+OY 
00 20 I-2,H1 

20 YDIF(I)-Y(I)-Y(I-l) 
YCV(1)-0.5DO*YDIF(2) 
00 30 1-2,H2 

OMAR 

/ 

30 YCV(I)-0.5DO*(VDIF(I)+YDIF(I+l» 
YCV(Ml)-0.5DO*YDIF(Hl) 

C 
C 

RETURN 
C 
C 

ENTRY CALe 
e 
C 

IF (STEP.EQ.O.O) GO TO 9999 
00 7586 J-1,Hl 

7586 CCPTS(J)-CCFLC(J) 
00 7587 Jel,Hl 

7587 A1PTS(J)-AIC(J) 
DO 7588 J-1,Hl 

7568 A2PTS(J)-A2C(J) 
9999 ITERAT-O 
1 !TERAT-ITERAT+l 

IF (ITERAT.GT.20) GO TO 800 
00 296 J-1,M1 
IF (A10LO(J).LT.1E-5) GO TO 6592 
All(J)-{Al*(AI0LD(J)**A» 
GO TC> 296 

6592 A11{J)-0.DO 
296 COHTINUE 

DO 297 J-1,H1 

,. 
DATE 88.11.20 TIHE 11.19.14 

w 
00 
0 



000104 
000105 
000106 
000107 
000108 

000109 
000110 
000111 
000112 
G001U 
000114 
000115 
000116 
000117 
000118 
000119 
000120 
000121 
000122 
000123 

000124 

000125 
000126 
000127 
(100128 
000129 
000130 
000131 
000132 
000133 
000134 
000135 
0001.16 
00013 7 
000138 
000139 
000140 
000141 
000142 

000143 
000144 
000145 
00014b 
00014 7 
000148 
000149 
000150 

FORTRAN 77 VI0L31 OMAR 

IF (A20LD(J).LT.IE-5) GO TO 6593 
A22(J)~(A2*(A20LD(J)**C» 
GO 'ID 297 

DATE 88.11.20 TIHE II.19.14 

6593 
297 

C 

A22{J)~0.DO 

CONTINUE 

C 
C MAIN EQUATION 
C 
C 

ITER5-0.0DO 
2 IT~R5-ITER5+1.0DO 

IF (ITER5.GT.20) GO TO 300 
FN=1.000 
ON~l.DO/PEC/YDIF(Ml) 
PE=FN/DN 
APP=DMAX1(0.OO,(1.DO-0.5DO*DABS(PE») 
A5(1)=0 
AN(1)=DN*APP+DMAX1(-FN,O.OO) 
APT{l)-YCV(l)/DT 
IF (ÇCOLD(1).GT.IE-4) GO TO 6762 
AC(1)-APT(1)*CCPTS(1)+1.0DO 
AP(ll~AN(1l+APT(1l+(A3"'YCV(1» 
GO TC 3139 

8762 AC(1}-{APT(1)*CCPTS(1»+({A11{1)*(B-1.0)*(CCOLD(1) 
C**B»*YCV(J})+1.0DO 
AP(1}~AN(1)+AS(1)+APT(1)+1.0DO-«(-B*All(I)*(COOLD(I} 

C**(B-1.0»)-«D*A22(1)*(CCOLD(1}**(D»)/(CCOLD(I»)­
C(A22(1)*(1.ODO-D)*(CCOLD(1)**D)/(CCOLD(1»)-A3» 
C*YCV(l) 

3139 DO 50 J-2,M2 
m-l. DO 
DN-l.DOfPECfYOIF(J+l) 
PE-m/DN 
APP-DHAX1(O.DO,(1.DO-O.5~b*DABS(PE») 
AN(J)=DN*APP+D~~:l(-FN,O.DO) 

FSal. DO 
DS-l.DOjPEC(YDIF(J) 
PE-FS/DS 
APP-DMAX1(0.DO,(1.DO-O.5DO*DABS(PE») 
AS(J)-DS*APP+OMAXl(FS,O.OO) 
APT(J)=YCV{J)/DT 
IF (CCOLD(J) GT.IE-4) GO TC 2197 
AC(J)~APT{J)*CCPTS(J) 
AP(J}~AN(Jj.ASlJ)+APT(J)+(A3*YCV(J» 
GO 'ID 50 

2197 AC(J)3(APT(J)*CCPTS(J»T({A11(J)*{B-1.0)*(CCOLD(J)**B»*YCV(J» 
AP(J)=AN(J)+AS(J)+APT{J)-«(-S*A11(J)*(CCOLD(J)**(B-l.O»)­

C({O*A22(J)*(CCOLD(J)**(D»)/(CCOLD(J»)-(A22(J)* 
C(1.ODO-D}*(CCOLD(J}**D}/{CCOLD(J}}}-A3}}*YCV(J} 

50 CONTINUE 
FS·1 DO 
DS~l.DOfPEC/yDrF(M1} 
PE-FS/DS 
APP-DMAXl(0.DO,{1.00-0.5DO*DABS(PE») 
AS(Hl)-DS·APP+D~~Xl(FS,O.OO) 
AN(H1)-0 DO 
APT(MI }-YCV(Ml )/DT 

.... 

w 
00 ..-



000151 
000152 
000153 
000154 
0001~5 

000156 

000157 
000158 
000159 
000160 
000161 
000162 
000163 
000164 
000165 
00016n 

000167 
000168 
000169 
000170 
000171 
000172 
000173 
000174 
000175 
000176 
000177 
000178 

000179 
000190 
000181 
000182 
000183 
000184 
000185 
000186 
000187 
000188 
000189 
000190 

.. ;;.:..;,. 

FORTRAN 77 V10L31 OMAR DATE 88.11.20 TIHE 11.19.14 

IF (CCOLD(Ml).GT.1E-4j GO TO 2198 
AC{Hl)-APT(Hl)*CCPTS(Hl) 
AP(Hl}-AN(Hl)+AS(Hl)+APT(Hl)+(A3*YCV(Hl» 
GO 'ID 2200 

2198 AC(Hl)s(APT(H1)*CCPTS(H1»~«Al1(H1)*(B-1.0)*(CCOLD(M1) •• B» 
c*YCV(J) ) 

AP(Hl)-AN(Hl)+AS(Hl)+APT(Hl)-«(-B*Al1(Hl)*(CCOLD(Hl)**(S_1.0»)­
C«0*A22(H1)*(CCOLD(Hl)**(0»)j(CCOLD(Hl»j-(A22(H1)* 

C 
C 

C(1. ooo-op· (CCOLO( Ml) * *O)j(CCOLD(IU} ) )-A3) i *YCV(H1) 

C SOLVING HAIN EQUATION 
C 
C 

C 
C 
C 
C 
c 

C 
C 
C 
C 
C 

2200 PT(l)=AN(l)/AP(l) 
QT(l)aAC(l)jAP{I) 

200 

210 

233 

234 

235 

236 
237 

670 
675 

DO 200 J-2,Hl 
OENOM=AP(J)-AS(J)*PT(J-l) 
PT(J)-AN(J}jDENOH 
QT(J)-(AC(J)+AS(J)·QT(J-1»jDENOM 
CCFLC(H1)-QT(M1) 
DO 210 JJ-l,H2 
J-H2-JJ+! 
CCFLC(J)-PT(J)*CCFLC(J+l)+QT(J) 

TESTING F'OR CONVERGrnCE IN MAIN EQUATION 

DO 233 J-l,Hl 
DIFL1(J)-OABS(CCFLC(J)-CCOLD(J}) 
DO 234 J-l,Hl 
DEVI-DIFLl(J) 
IF (DEV1.GT.1E-3) GO TO 236 
CONTINUE 
DO 235 J-l,Ml 
CCOLO{J)-CCFLC(J) 
GO TO 670 
00 237 J-l,Hl 
CCOLD(J)-CCFLC(J) 
GO TC> 2 

FIRST RATE EQUATION 

ITERI-O.ODO 
ITER1-ITERl+1.000 

j 

IF (ITERl.GT.40) GO TO 800 
AN(l)=O.DO 
AS(l)-O.DO 
APT(I}-YCV(1)jDT 
U' (CCOLO(l) .GT.IE-4) GO TO 7953 
GO TO 7989 

7953 IF (AIOLD(1).GT.IE-5) GO TO 2201 
7989 AC(l)-APT(l)*AIPTS(l) 

AP(l)-APT(l) 
GO TC> 2202 

jiiIi,;. 

1,0.) 
CD 
N 



000191 
000192 

000193 
GOOl94 
000195 
000]96 
000197 
000193 
000199 
000200 
000201 
00020:;-
000203 

000204 

000205 
000206 
000~07 

00020S 
00020'l 
000210 
000211 
000212 
000213 
000214 
000215 

000216 

000217 
000218 
000219 
000220 
000221 
0002n 
000223 
000221 
000..:25 
000226 

000227 
000228 
000229 
000230 
000231 
000232 
J00233 

FORTRAN 77 V10L31 CHAR DATE 88.11.20 TIHE Il.19.14 

2201 AC(1}-APT(I)*AIPTS(I)+«A4*(AI0LD(I)**Aj*(CCOLD(I)**B»*YCV(1» 
AP(1)-APT(1)+YCV(1)*A6*«AIOLD(1)**(A-l.O»* 

C(CCOLD( 1) · ... B» 
22'12 !XJ 300 J-2,;12 

AN(J)-O.DO 
AS(J)-O.DO 
APT(J)-YCV(J)/DT 
IF (CCOLD(J).GT.1E-4) GO TC 7954 
GO TC 7990 

7954 IF (A10LD(J).~T.1E-4) GO TO 2203 
7990 AC(J)=APT(J)*"l?'!'S!J) 

AP(J)-APT(J) 
GO TO 300 

?203 AC(J)-APT(J)*A1PTS(J)+«A4*(AIOLD(J)**(A»* 
C(CL0LO(J)**B})*YCV(J» 
AP(JI~APT(Jl+YCV(J)*A6*«A10LD(J)**(A-l.0»* 

C (CCOLO( J) **B) \ 
300 "':ONTINUE 

AN(M1)~0.DO 

1\5(M1)-0.00 
APT(Hl)-YCV(Hl)/DT 
IF (CCOLD(Ml).GT.1E-4) GO TO 7955 
GO TC 7991 

79~5 IF (A10LD(~1).GT.1E-5} GO TO 2205 
7991 ~C(H1}~APT(Hl)*A1PTS(Hl) 

AP(Ml)-APT(Hl) 
GO TC 2206 

2205 AC(M1)-AP?(Hl)*AlPTS(Hl)+YCV(Hl)*(A4*(A10LD(Hl)**A) 
C*(CCOf..D(M1 )**B» 

C 
C 
C 
C 
C 

2206 

400 

410 
C 
C 
C 
C 
C 

tEO 

761 

AP (Ml) -;.YT(H1) +YCV( Hl) *A6* ( (A10LO(Ml) ** (A-1. 0) ) * 
C(CCOLD(Hl)**B» 

SOLVING FIRST RATE EQUATION 

YT(l)-AN(l)/AP(l) 
QT(l)-AC(l)/AP(l) 
on 400 .:r-2,H1 
DEN~-AP(J)-AS(J)*PT(J-l) 
PT(J)-AN(J)/DENOM 
QT(J)-(AC(J)+AS(J)*OT(J-l»/DENOH 
AIC(Hl)-QT(Hl) 
00 410 .TJ-l,H2 
J=H2-JJ+l 
AIC(J)-P?(J)*AIC(J+l)+QT(J) 

TESTING POR CONVERGENCE(FIRST RATE EOUATIOt~) 

00 760 J-l,Ml 
DIFL2{J)-DABS(AIC(J)-AIOLD(J» 
00 761 J-1,Hl 
DEV2~DIFL2(J) 

IF (OEV2.GT.1E-3) GO 1U 762 
CONTINUE 
GO 'ID 764 

t_ ; 

U) 
00 
IoN 

--~ 
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FORTRAN 17 "IOL31 OMAR 

-

DATE 88.11.20 TIHE Il.19.14 
000234 762 DO 763 J-1,H1 

C763 AlOLD(J)-(AlC(J)+AlOLD(J»/2.0 
000235 763 AlOLO(J)-AlC(J) 
000236 GO TO 675 

000237 
000236 
000239 
000240 
000241 
000242 
000243 
000244 
000245 
000246 
000247 
000246 
000249 
000250 
000251 

000252 

000253 
000254 
000255 
000256 
000257 
000258 
000259 
000260 
000261 
000262 
000263 

000264 
000265 
000266 
000267 
000266 
000269 
000270 
000271 
000272 
000273 
000274 
000n5 

000276 

C 
C 
C 
C 
C 

C 
C 

SECOND RATE EQUATION 

764 ITER2-0.0DO 
DO 777 J-1,H1 

777 A10LD(J)-A1C(J) 
765 ITER2-ITER2+1.000 

IF (ITER2.GT.40) GO TO 800 
AN(l)-O.DO 
1'.5(1)-0.00 
APT(l)-YCV(l)fDT 
IF (CCOLD(1).GT.lE-4) GO TO 7956 
GO TO 7992 

7956 IF (A20LD(1).GT.IE-5) GO TO 2207 
7992 AC(1)=APT(1)*A2PTS(1) 

AP(l)-APT(l) 
GO TO 2208 

2207 AC(1)-APT(1)*A2PTS(1)+«AS*(A20LD(1)**C)* 
C(CCOLD(l)**D»*YCV(l» 

AP(1)-APT(1)+YCV(1)*A7*«A20LO(1)**(C-l.0» 
C*(CCOLD(1 )"*0» 

2208 DO 500 J=2,H2 
AN(J)-O.Dr 
A5(J)-0.D 
APT(J)-YC /DT 
IF (CCOLD(J,.GT.IE-4) GO TO 7957 
GO TO 7993 

7957 IF (A20LD(J).GT.IE-S) GO TC 2209 
7993 AC{J)-APT{J)*A2PTS(J) 

AP(J)-APT(J) 
GO TO 500 

2209 AC(J}-APT(J)*A2PTS(J)+«AS*(A20LD{J)**C)*(CCOLD(J)**D) 
C*YCV{J} ) 

AP(J)-APT(J)+YCV(J)*A1*«A20LD(J)**(C-l.O»*(CCOLD(J)*ao» 
500 CONTINUE 

AN(Hl}-O.DO 
AS(Hl)-O.DO 
APTCHl)-YCV(Hl)/DT 
IF {C00LD{~~}.CT.1E-.) GO Ta 7958 
GO ID 7994 

7956 IF (A20LD(Hl).GT.IE-S) GO TO ~211 
7994 AC(Kl)-APT(Kl).A2PTS(Hl) 

AP(Hl)-APT(H1) 
GO 'lU 2212 

2211 AC(Hl)-APT(Hl)*A2PTS(Ml)+«A5*(A20LD(Ml)**C)*(CCOLD(Ml)**O» 
C*YCV(Hl) ) 
AP(Hl)-APT(Hl)~YCV(Hl)*A7·«A20LD(Hl)**CC-l.0»*CCCOLD(M1)**D» 

C SOLVIN~ SECOND RATE EQUATION 
C 
C 

~ 

w 
CD 

""" 



000277 
000278 
000279 
000280 
000281 
000282 
000283 
000",84 
000285 
000286 

000287 
000266 
000289 
000290 
000291 
000292 
000293 
000294 
000295 
000296 
000297 
000296 
000299 
000300 
000301 
000302 
000303 
000304 

000305 

000306 
000307 
000308 
000309 
000310 
000311 
000312 
000313 
000314 
000315 
000316 
000317 
000318 
000319 
000320 

c 
c 

,~ 

FORTRAN 77 VIOL31 

2212 PT(ll~AN(ll/AP(ll 
QT(ll~AC(l)/AP(ll 
[)() 600 J~2,Hl 

OMAR 

DEtlOH~AP(J) -AS (J) "PT( J-1) 
PT(J)=AN{J)/DENOH 

600 QT(.J)=(AC(J)+AS(Jl*QT(J- 1 ll/DENOH 
A2C(Ml)=QT(Ml) 
DO 610 JJ=1,M2 
J=H2-JJ+l 

610 A2C(J)~PT(J)"A2C(Jt1)tOT(J) 

DATE 88.11.20 TIME Il.19.14 

C TESTING FOR CONVERGENCE(SECOND RATE EQUATION) 
C 
C 

c 
C 

C 
c 

00 770 J-l,H1 
770 DIFL3{J)-DABS{A2C{J)-A20LD(J» 

DO 771 J-1,H1 
DEV3-DIFL3(J) 
IF (DEV3.GT.1E-3) GO TO 772 

771 CONTINUE 
GO 1'0 776 

772 DO 773 J-I,HI 
773 A20LD(J)-A2C(J) 

GO TO 765 
116 DO 116 Jal,Hl 
776 A20LD(J)-A2C(J) 

IF (ITERI.NE.I) GO 1'0 l 
IF (ITER2.NE.1) GO 1'0 1 
RETURN 

600 WRITE(6,900) 
900 FORHAT('O',' CONVERGENCE NOT OBTAINED') 

STOP 

ENTRY OUTPUT 

N=N+20 
WRITE{6,1000) 

1000 FORHAT('O') 
WRITE(6,1325) 

1325 FORHAT(' 0') 
WRITE(6,2000) T 

2000 FORMAT(' AT THE TIHE OF ',F19.6) 
WRITE(6,3000) CCFLC(Hl) 

3000 FORMAT(' THE EXIT CONCENTRATION IS ',F19.6) 
WRITE(6,1~75) 

1875 FORMAT(' 0' ) 
WRITE(6,4000) A1C(H1),A2C(H1) 

4000 FORMAT(' " 'AIC(Hl)- ',F19.6,15X, 'A2C(Hl)· ',FI9.6) 
RETURN 
END 

STATISTICS: 304 STEPS, PROCEDURE SIZE- 7182 BYTES, PROGRAH NAHE-OHAR 
401 LINES, PROGRAH SIZE- 10698 BYTES, DIAGNOSTICS - 0 

REHAINING SIZE- 76K BYTES, 
SPECIFIED OPTIONS: OPTIHIZE(2),OBJ~CT,LANGLVL(66) 

/ 

~ 

HIGHEST StVERITY CODE-OO 

w 
CD 
V1 



386 

VERSION 2 
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F~RTRAN IV G1 RELEASE 2.0 HAIN DATE - 88325 15/35/44 

0001 
0002 

0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 

CWATFIV ,NOEXT,NOWARN,TIHE-600 
IHPLICIT REAL-6(A-H,Q-Z) 

C 

COHHON Y(100),YCV(100),YDIF(100),CCFLG(100),CCFLC(100), 
CAIG(100),AIC(100),A2G(100),A2C(100),AP(100),AN(100), 
CAS(lOO),AC(lOO),APT(lOO),PT(lOO),QT(lOO),AIINI(lOO), 
CA2INI(100),DIFL1(100),DIFL2(100),CCOLD(100),AIOLD(100), 
CA20LD(100),T,DT,TINIT,PEC,DN,DS,FN,FS,DENOH,PE,COUNT,Hl,H2,H3, 
CN,ITER,ITRHAX,ITERAT,Cl,C2,CC,AO,Rl,R2,R3,L,VEL,POR, 
DEVl,DEV2,R4,C3 

CALL VALUES 
CALL GRID 
DO 605 lTER-l,ITRHAX 
COUNT-I..'OUNT-t-1 
T-T+DT 
CALL CALC 
IF(COUNT.NE.N) GO TO 605 
CALL OUTPUT 

605 CONTINUE 
STOP 
END 

,.. 

I"t.) 
(XI 

" 
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0001 

0002 
0003 

0004 

0005 
0006 
0007 
0008 
0009 
0010 
OOll 
0012 
0013 
0014 
0015 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
0028 
0029 
0030 
0031 
0032 
0033 
0034 
0035 
0036 
0037 
0038 
0039 
0040 
0041 
0042 

C 
C 

C 
C 

c 

19 

24 

26 
4 

29 

33 

3 

9 

SUBROUTINE OMAR 

IMPLICIT REAL*8(A-H,o-Z) 
COMMON Y(100),YCV(100),YDIF(100),CCFLG(lOO),CCFLC(100), 

CAlG(100),AIC(100),A2G(100),A2C(100),AP(100),AN(100), 
CAS(lOO),AC(lOO),APT(lOO),PT(lOO),QT(lOO),AIINI(lOO), 
CA2INI(100),DIFLI(IOO),DIFL2(100),CCOLD(100),AlOLD(IOO), 
CA20LD(IOO),T,DT,TINIT,PEC,DN,DS,FN,FS,DENOH,PE,C0UNT,Hl,H2,M3, 
CN,ITER,ITRHAX,ITERAT,Cl,C2,CC,AO,Rl,R2,R3,L,RHOF,VEL,POR, 
DEVI,DEV2,R4,C3 

ENTRY VALUES 

HI-40 
T-O.ODO 
TINIT-O.ODO 
COUNT=O 
DT-O.OlDO 
N~50 
IF(TINIT.NE.O.DO) GO TO 4 
00 19 J-1,H1 
CCOLD(J)-O.ODO 
00 24 J-1,HI 
A10LD(J)-O.50DO 
00 26 J-1,HI 
A20LD(J)-O.30DO 
ITRHAX-50 
H2-H1-l 
M3-H2-1 
Cl-0.1236DO 
ca-0.0025DO 
C3-0.001214DO 
CC-O. 55DO 
00 29 J-I,MI 
A1INI(J)-0.5û~O~' 
DO 33 J-I,HI 
A2INI(J)-0.3000D~ 

Ao-O.043DO 
L-4.0DO 
VEL-0.020DO 
CON-lll.ODO 
POR-O.930DO 
RI*(CI*CC*L/VEL) 
R2-(C2*CC*LfVEL) 
R3-(1.37*AO*CON)/{POR*CC) 
R4-(C3*LfVEL) 
DO 3 J-l,Hl 
AIC(J)sAlINI(J) 
DO 9 J~l,Hl 
A2C(J)-A2INI(J) 
PEe-20.0DO 

• <\ 

\où 
00 
00 
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0043 

0044 

0045 
0046 
0047 
0048 
0049 
0050 
0051 
0052 
0053 
0054 
0055 

0056 

0057 
0058 
0059 
0060 
0061 
0062 
0063 
0064 
0065 
0066 
0067 
0066 
0069 
0070 
0071 
0072 
0073 
0074 
0075 
0076 
0077 
0078 
0079 
0080 
0081 
0082 
0083 
0084 
0085 
0086 
0087 
0086 

C 
C 

C 
C 

RETURN 

ENTRY GaID 

Y(l)-O.DO 
DY-1.DO/(Kl-l) 
00 10 I-l,M2 

10 Y{I+l)-Y(I)+DY 
00 20 1-2,Hl 

20 YDIF(I)-Y(I)-Y(I-l) 
YCV(1)20.5DO*YDIF(2) 
00 30 1-2,H2 

30 YCV(I)-0.5DO*(YDIF(I)+YDIF(I+1» 

C 
C 

c 
C 

YCV(Hl)-0.5DO*YDIF(Hl) 
RETURN 

ENTRY CALe 

IF(ITER.EO.l) GO TO 25 
00 38 J-I,MI 

38 CCOLD(J)-CCFLC(J) 
00 39 J-l,Hl 

39 AlOLD(J)-AlC(J) 
00 41 J-l,Hl 

41 A20LD(J)-A2C(J) 
25 ITERAT=O 

1 A1G(1)-A1C(1) 
00 13 J=2,Ml 

13 A1G(J)zA1C(J) 
00 21 J=l,Hl 

21 A2G(J)-A2C(J) 
ITERAT-ITERAT+l 
IF(ITERAT.GT.20) GO TO 800 
AS(l)-O.DO 
AN(l)-O.DO 
AC(1)-1.DO 
AP( 1 )-1. DO 
00 50 J-2,M2 
FN-I.DO 
DN-l.DO/PEC/yDIF(J+l) 
PE-FN/DN 
APP-DHAXI(0.DO,(1.DO-0.5DO*DABS(PE») 
AN(J)-DN*APP+DhAXl(-FN,O.DO) 
FS-l.DO 
DS-l.DO/PEC/yDIF(J) 
PE-FS/DS 
APP=DHAXl(0.DO,(1.DO-0.5DO*DABS(PE») 
AS(J)-OS*APP+DMAXl(FS,O.DO) 
APT(J)-YCV(J)/DT 
AC(J)-(APT(J)*CCOLD(J» 

fA. 

15/35/44 

w 
00 
\C 



$ 

FORTRAN IV G1 RELEASE 2.0 OMAR DATE • 88325 15/35/44 
0089 

0090 
0091 
0092 
0093 
0094 
0095 
0096 
0097 
0098 

0099 
0100 
0101 
0102 
0103 
0104 
0105 
0106 
0107 
0106 

0109 
0110 
0111 
0112 
0113 
0114 
0115 
0116 
0117 
0116 
0119 
0120 
0121 
0122 
0123 
0124 
0125 
0126 
0127 
012f1 
0129 
0130 

50 AP(J)~AN(J)+AS(J)+APT(J)+(R3*YCV(J)*Rl*AlG(J»+(R3*YCV(J) 
C*R2*A2G(J»+(R4*YCV(J» 

C 
C 
C 
C 
C 

200 

210 
C 
C 
C 
C 
C 

300 

400 

FS-l.DO 
DS-l.DOjPEC/y~IF(Ml) 
PE-FS/DS 
APP-DHAX1(0.DO,(1.DO-0.5DO*DABS(PE») 
AS(Hl)-DS*APP+DMAXl(FS,O.DO} 
AN(H1)~0.DO 
APT(Hl)-YCV(H1)/DT 
AC(Hl)-(APT(Hl)*CCOLD(Hl» 
AP(M1)-AN(H1)+AS(Hl)+APT(Hl)+(R3*YCV(Hl)*Rl*AlG(Hl»+(R3*YCV(Hl) 

C*R2*A2G(HI»+(R4*YCV(M1» 

SOLVING HAIN EQUATION 

PT(l)-AN(l)jAP(l) 
OT(l)-AC(l)/AP(l) 
DO 200 J"2,MI 
DENOH-AP(J)-AS(J)*PT(J-l) 
PT(J)-AN(J)/DENOH 
OT(J)-(AC(J}+AS(J)*OT(J-1»jDENOH 
CCFLC(Hl)-OT(Hl) 
DO 210 JJ-l,H2 
J-H2-JJ+1 
CCFLC(J)-PT(J)*CCFLC{J+1)+OT{J) 

FIRST RATE EQUATION 

AN(l)·O.DO 
AS(I)-O.DO 
APT(l)-O.S*YCV(l)/DT 
AC(l)-APT(l}*AIOLD(l) 
AP(l)-r"'CV(l)/DT)+(Rl*CCFLC(l)*YCV(l» 
DO 300 J-2,H2 
AN(J)-O.DO 
AS(J)-O.DO 
APT(J)-VCV(J)/DT 
AC(J)-APT(J)*AIOLD(J) 
AP(J)-(YCV(J)/DT)+{R1*CCFLC(J)*YCV(J» 
AN(Hl)-O.DO 
AS(Ml)-O.DO 
APT(Kl )-YCV(Ml)/DT 
AC(H1)-APT(Hl)*AIOLD(Hl) 
AP(H1)-(YCV(~)/DT)+(R1*CCFLC(Hl)·YCV(Hl» 
PT(l)-AN(l)j~P(l) 
OT(I)-AC(l)jAP(l) 
DO 400 J-l,Hl 
DENOH-AP(J)-AS(J)*PT(J-1) 
PT(J)-AN(J)/DENOH 
OT(J)-(AC(J)+AS(J)~(J-l»/DENOH 

. ~ 

w 
\0 
0 
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0131 
0132 
0133 
0134 

0135 
0136 
0137 
0138 
0139 
0140 
0141 
0142 
0143 
0144 
01,5 
0146 
0147 
0148 
0149 
0150 
0151 
0152 
0153 
0154 
0155 
0156 
0157 
0158 
0159 
0160 

0161 
0162 
0163 
0164 
0165 
0166 
0167 
0168 
0169 
0170 
0171 
0172 
0173 
0174 

A1C(Ml)uQT(Ml) 
00 410 JJ~1,H2 

410 
C 

J=H2-JJ+1 
A1C(J)·PT(J)*A1C(J+1)+QT(J) 

/ C 
C SECOND RATE FQUATION 
C 
C 

AN(l)-O.!)O 
AS(l)-O.OO 
APT(l)·YCV(lljDT 
AC(1)-APT(1)*A20LD(1) 
AP(1)-(YCV(1)jDT)+(R2*CCFLC(1)*YCV(1» 
00 500 J-2,H2 
AN(J)-O.DO 
AS(J)-O.DO 
APT(J)-YCV(J)jDT 
AC(J)-APT(J)*A20LD(J) 

500 AP(J)-(YCV(J)jDT)+(R2*CCFLC(J)*YCV(J» 
AN(H1)-O.DO 
AS(Ml)-O.DO 
APT(Hl )-YCV(Hl)/DT 
AC(Hl)-APT(Hl)*A20LD(H1) 
AP(Hl)-(YCV(H1)/DT)+(R2*CCFLC(Hl)vYCV(H1» 
PT(l)-AN(l)/AP(l) 
QT(l)-AC(l)/AP(l) 
00 600 J-2,Hl 
DENOH-AP(J)-AS(J)*PT(J-l) 
PT(J)-AN(J)/DENOH 

600 QT(J)-(AC(J)+J\S(J) *OT(J-1) )/DENOt" 
A2C(Hl )-QT(Hl) 
00 610 JJ-l,H2 
J-H2-JJ+1 

610 A2C(J)-PT(J)*A2C(J+l)+OT(J) 
C 
C 
C TESTING FOR CONVERGENCE 
C 
C 

DO 700 J-l,Hl 
700 DIFL1(J)-DABS(AlC(J)-A1G(J» 

00 701 J-l,Hl 
701 DIFL2(J)-OABS(A2C(J)-A2G(J» 

DO 702 J-l,Hl 
DEVI-DIFLl(J) 
IF (DEV1.GT.1E-3) GO TO 1 

702 CONTINUE 
DO 703 J-l,Hl 
DEV2-DIFL2(J) 
IF (DEV2.GT.1E-3) GO TO 1 

703 CONTINUE 
RETURN 

800 WRITE(6,900) 

,... 
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" 

FORTRAN IV G1 RELEASE 2.0 OMAR DATE .. 88325 

0175 
0176 

0177 

0178 
0179 
0180 
0181 
0182 
0183 
0184 
0185 
0186 
0187 
0188 
0189 
0190 
0191 
0192 

C 
C 

C 
C 

900 FORMAT('O','CONVERGENCE NOT OBTAINED') 
srop 

ENTRY OUTPUT 

N-N+20 
WRITE( 6, 1(100, 

1000 FORMAT('O') / 
WRITE(6,1325) 

1325 FORMAT('O') 
WRITE(6,2000) T 

2000 FORMAT{' AT THE TlHE OF ',F19.6) 
WRITE(6,3000) CCFLC(H1) 

3000 FORMAT(' THE EXIT CONCENTRATION IS ',F19.6) 
WRITE(6,1875) 

1875 FORMAT('O') 
WRITE(6,4000) AIC(Hl),A2C(Hl) 

4000 FORMAT(' ','AIC- ',FI9.6,15X,'A2Cs ',FI9.6) 
RETURN 
END 

t ~ 
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APPENDIX 7-2 

APPLICATION OF AXIAL DISPERSION TO "CONSTANT PATTERN" BEHAVIOUR 

IN FIXED PULP FIBER BEDS. 

( 
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The transport equstion inc1uding axial dispersion in 8 single channel 18 

~ ... _~ ____ ~1~ ___ ~--.,= a2 C 
aT [ 1 - e: [L ]] W 

Pc 1 + 1000 Pf e: a SLo + 
a 0 

7-2.1 

The contribution of axial dispersion to "constant pattern" behavior can be 

assessed by evaluat1ng the coefficient of the second order terme For the 

following typical values 

p == 35 
c 

Pf == 1.5 g/cm 3 

e: ... 0.93 
a 

SL ... 1.0 g C1
2

/g lignin 
0 

L == 0.0475 g llgnin/g pulp 
0 

and C == 1.1 g/l. 
0 

The coefficient i8 4.86*10-3 or approxlmately 5*10- 3 • Thus the spreading 

of the "constant pattern" concentration in a single channel due to axial 

dispersion can ~e neglected. 
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APPENDIX 7-3 

DISPERSION CALCULATIONS IN RADIAL DIRECTION FOR 

FIXED PULP FIBER BEDS 
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1. Estimation of a in Danckwerts "tarnishing" raaction problem 

As shown in equBtion section 7.4 

e C 
B = 1 _8. 1000 0 SL L ';rr a exp(a2 ) erf(a) 

&11 p f 0 0 
7-3.1 

a can be estlmated from the exper1mental values 

e = 0.93 
a 

Pf = 1.50 g/cm3 

L =' 0.0475 g l1gnin/g pulp 
0 

to be 0.19 C /SL • 
o 0 

Taking SL = land noting that the range of inlet chlorlne water concen­
o 

trations to be 0.55 to 2.20 g/l, ~ can be ca1culated to he 0.10 ta 0.42. 

Al10wing for different SL values, a range for B of between 0.1 to 0.5 is 
o 

appropriate for most experiments ln thls study. From equatlon 7-3.1 the 

corresponding range for a is 0.2 to 0.5. 

2. Estimation of radial dispersion coefficlent,D
R 

The radial dispersion coefficient DR for chlorine can be votained 

from 

[7.551 

where 

[7.56 ) 

with 

7-3.2 



s 
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and 

v 7.19*10-7 

SC" DM lOI 1.48*10-9 fiiZ/s = 4.86*10
2 7-3.3 

ThuB 

1 0.09 5 35*10-2 
1 pet,R .. 1 + 10/0.02*10-2 )(4.86*102 )" • 

From equatlon [7.55J 

0.569 
5.35 x 10-2 + 1.5(4.86*102 )(3.02*10-2 ) .,. 7.93 x 10-2 

ThuB Pe
R 

= 12.6. 

Then 

or 

(26.5*10- 6 m).(0.082*10-2 mIs) 
12.6 x 0.56 


