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ABSTRACT 

The first comprehensive se t of measuremerlts is obtained for rates 

of through drying paper with all drying conditions measured and 

controlled Complete pressure drop-drying rate curves are determined 

for 235 handsheets of kraft pnper of bûS1S j,."'eights 25-150g/m 2 dried in 

air over a wlde range of ten'pera~urcs and throughflow rates 

The previ.ous procedure of ca] cul a t ln[, permeabi li ty by Darcy' s law 

is substantially ln error throughflow rates. A new 

characteristlc dimension for flo',' throu[,h both dry :md moist paper is 

determined by application of fundamental momentum transport principles, 

DurL1g through drylng the vuluc of thic. d, drops substanti:.llly from an 

upper to a lower asvmptot1e IU],l t, <,hO'Il to correspond ta knolo."n wnter

fibre re la tlons A theor0t le,,] 1', b"sc cl 1:, - f - d F trea tment is shown to be 

A comprehens ive, t2StH~ corn 1 il::- ion for through drying rates in 

the constant rate period lS rcportL ci Through drying is demonstrated 

to start with an lnereas1nc ratc prriod during which, for industrial 

conditlons, about half theo \o.'ater lS rEemoved An original treatment, 

"èrying period diagrams", sho\o's thc' e:·:tc'Ilt of the increasing, constant 

and falling Llte periods as n fUllet 10n of dr)'lng condit1ons The 

concept of an lncreaslng-constant-Ll11in[~ rate tnple pOint, XI CF ' sho\"s 

that typically there .... ·111 be no eonstdnt rate period for industrial 

conditions of through dry111g l1f,h~ \'01E,1It pilpC'r of low rnoisture content, 

She~wood number j s calculntE'd tOl" the con&tant rate period of 

drying using the charactenstic d1lTlpnsion and interfacial transfer area 

for rnoist paper determined by momentum transfer analysis. Sherwood 

number is related to dry1ng conditions and tr. transport phenomena 

wi thin the sheet. 

Through drying rates are suceessfully predicted by a model which 

treats the process as three drylng periods, i.e. increasing, constant 

and falling rate, with a vanable speciflc surface of paper. 
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REsmm 

La premiere serie comprl'henslvE' dë mesures est obtenue pour le taux 

de sechage de pap Ler par al r tr;I\'('r~<ll1t 1 toutes les conditions de 
, 

sechage etant mesurees et controlees Les courbes completes de perte de 

charge et dp taux de sechc1gC' SO.lt.. de termine es POU1- 235 feuilles de 

papier kraft dc' grammage 25-l50g/.1'2, en ut".lisant un,::, vaste gamme de 

temperature et de deln t d' ,JU 

La methode anterieure utiU s3nt la loi de D'Arcy pour le calcul de 

la permeabillte est consicerablemt-1nt erronee pour lf's d:b5 ts pertinents 

Une nouvelh ,jimens i OD carac teristique, pour l'ecou1ement 

traversant le 1-'i,pie1' hurrid0 0',1 sec E-st determinee en appliquant les 

Durant le 

sechagE:, la va'eul' dc' è? dCCl-Olt.. conslder3blement d'une haute a une 

basse lUI'itc- i,syrrptotiqm. 1iI,,:tc", LCl correspondent aux relations 

connues entrtc ,e~ fibres de papier Lt l'eau Un traitement theorique 

avec ~a rel.:1:ion Rc-f-d. s'a'-,.:1',' plus efficace que les methodes 

an::erieure s 

Pour les ta,-!x de sechage durant la periode de taux constant, on 

presente une correlation cOI:.prehc-r".i','t· E:t verifIee On de montre quele 

sechage pa;: a 11- traVE:,rsan: COrrrl'énCC par une penode de croissance de 

taux Dans les cor,ditions de sechabe industriel, presque la moitie de 

l'eau serai t enlevee pendant cette periode Un traitement original 

nOI1'JTle "diagra;l1l1·e des perlodcs de sechage" montre l' etendue des periodes 

de crOIssance, de constance et de decrolssance du taux de sechage ,en 

fonctlon des condl. tlons le concept d'un point triple de la croissance-

constance-decroissance du tau"' de sech2ge, XrcF , montre que typiquement 

il n'y aura pas de per,ode de taux constant avec les conditions 

utilisees dans les sechOIrS industriels par air traversant pour le 

papier ouate avec faible hUmldi te 

Le nombre de Sherwood est calcule pour la periode de taux constant 

en utilisant la dimens ion carat: teris tique et la surface specifique de 

transfert interfaciel pour le papier humide, celles-ci etant 

determinees par une analyse de transfert de la force vive, Le nombre de 

Sherwood est relie aux condi tions de sechage et aux phenomenes de 

transfert a ]' interleur de la feUIlle 

Les taux de sechage par air traversant sont predits correctement avec 



un mode le comprenant trois periodes de sechage. celles de croissance. 

constance et decroissance de taux. avec la surface specifique de papier 

qui est variable 

i' 
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CHAPTER l 

INTRODUCTION 

l 

Interest in the through drYlng of paper is stirnulated by the 

potential for higher drying rate -lowH drying cost for light weight 

grades of paper. Maximwn removal of water in the press section is 

advantageous economically through reduc tion in the amount of water 

removed by drying, but produces a stiffer paper, undesirable for sorne 

product grades. "Soft" sani tarI.' grades of paper can be produced by 

sending the wet sheet from thE. ionnlllr, fJbric directly to drying. 

Through dryers facilitate the productlOn of soft or creped grades of 

tissue paper. Thus the techniquE. of through drying is becoming a 

preferred rnethod of drying light \:eight grades of paper, Villalobos 

[1986] . 

The high rate of through dryills denves from the drying medium 

being in contact wi th the ..... et matcrL,l throughout the bed or web, rather 

than only at the external surface Flo\v of drying medium through the 

moist material reduces both the distance through which heat must be 

transferred to the wet solid and that rnoisture must diffuse before 

evaporating into the dryir.g medium Applicability of through drying is 

evidently lirnited by the permeability of the porous wet material. For 

the case of a web of limited permeability, drying rates may be enhanced 

by combination of other drying processes with through drying. The 

"Papridryer" technique proposed by Burgess et al. [1972a, bl for drying 

newsprint would constitute such a dual process, i. e. combined irnpingement 

and through drying. 

Although the concept of through drying is simple, the interrelation 

----------------
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between the several physical processes governing the drying rate is not 

yet established. The few attempts to develop a basic understanding of 

the through drying of permeable y;ebs such as paper and textiles provide 

incomplete dnd contradictory reslii ts 

Chu and Kuo[1967] for tiSSUE' paper, "·h,lser and Swenson[1968] for 

86g/m 2 paper, and Martin[1972] for 100 g/m 2 handsheets reported drying 

rates from their laboratory throu!;h dryers Because their experimental 

techniques permitted large charges in air throughflow rates, 

interpretation of these resu1 ts is difficu1 t The drying rate curves 

of Chu and Kuo refhct a comb l natlon of drying and mechanical 

dewatering. In mili trlals 1,,'alsel" and Svenson could not detect a basis 

weight effect on drying rates of paper in the range 52-l47g/m2 , 

evidently due ta shortcomings of the measurement technique required 

with the industrial installation. Raj and Emmons [1975] dried paper of 

13-64g/m2 basis weight y:ith an:blent temperature air in their laboratory 

through dryer but as their a n,il \'5 l 5 of through drying contains several 

errors, the results do not clarify this process 

In development of their through drying models Rohrer and Gardiner 

[1976] considered air fla,", throllgh the web as analogous to turbulent 

flow throllgh ducts, while ""edel and Chance[1977] analysed it as an 

external flow over a cylinder, ne i ther of \,.,hich is realistic. Neither 

study documented any experirrental da ta 

Although he used tissue paper \olithout significant change in a key 

variable, basis weight, Gummel[1977] came closest to providing 

laboratory through drying ra tes wi th throughflo,", rate controlled rather 

than variable as in the other 1 îvestigations. Gummel' s experimentally 

measured transfer coefficients are Iower than those he calfJOJ:éited from 
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empirical relations developed for laminar f10w wi th entrance effects, a 

discrepancy which he explained in terms of pore size distribution and 

uneVf'n drying due to permeabilitv ':ariation His resul ts do however 

clearly indicate that the tlnoughflOl' air leaves the sheet at a 

humidity substantially belOI" saturation, In spite of the evidence from 

Gummel' s study that throughflov; air remains significantly below 

saturation, the absence of preC1SE: information and reliable 

correlations in this regard has resulted in continued use of the 

assumption of saturated exi t throur;hflo\' by aIl those who have 

attempted to model this process, Crotogino and Allenger[1979] and 

Soininen[1987) . 

Rates of through drving have: YC"t to be analyzed in terms 

established for heat and mass tranc;fc"r in p3cked beds Even for beds 

of particles as simple as spheres, I,'hen the particle size becomes very 

small and the Reynolds numbc-r correspondingly low, Experimental 

Sherwood and Nusselt number measurements are anomolously low. Various 

researchers have been observed th is decrease in Sh or Nu with 

decreasing particle size . decreasing Rf' There is as yet no proven 

quantitative model which explains this effect. and which could be 

applied to predict heat and mass transfer rates reliably for the 

through drying of paper 

Work to date on the through drying of paper is then characterized 

by oversirnplified approaches and contradictory results. Because of 

shortcornings in the design of the previous laboratory experiments, 

there exists no reliabl e set of Experimental data on through drying 

rates of paper and the assoc iated rnomenturn transport. A fundarnental 

analysis of through drying paper requires a data set measured over a 
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significant range of the relevant ['araine ters of the throughflow, i. e. 

its temperature and flOl" rate, alid tl'OSt- of the paper, i.e. its basis 

weight and lni tial moistul C cont( :'~ Kor is there available a 

quantitative, tested descriptlon of the combined momentum, heat and 

mar,;s transport phenomena involved in through drying, as the basis of 

fundamentally based, reliable deslgn procedures for through dryers. 

Because of the increas ing lndus tnill ilrportance of through drying of 

paper, alone or potentially ln COI~l)lll,i tion \>Ji th other drying techniques, 

the present study was undertaken ,'i th thé follo"Jing obj ectives' 

1. To design a laboratory throu[.:l drycr experimental facility with 

which the momentum, heat and ma.ss transfcr aspects of through drying 

can be measured simultaneously, undcr conditions where aIl relevant 

variables are controlled and Il'Olll tored throughout such transient 

experiments, wi th the capabUl ty to \'[11'\' these parameters over a wide 

range. 

2. \Ji th this equipment, to obUllr. an extensive and reliable set of 

through drying measurements under nde - ranging conditions, as the basis 

for an analysis of the simultaneous transport phenomena involved. 

3. To analyze the rate of through drying paper in terms of the 

simultaneous momentum, heat and m[j's's transport phenomena involved, with 

the objective of obtaining a fundamentally based rate model. 

L-_. ____________________________ __ 
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CHAPT ER 2 

~. LITERATURE REVIEW 

2.1 INTRODUCTION 

Major improvements in the technology of drying paper are more 

like1y if the fundamental aspects of the associated flow, heat and mass 

transfer processes are understood The objective of this work is to 

contribute to this understanding for the case of through drying With 

this u1timate obj ective, the current technology of papermaking is first 

surnmarized In through drying paper tl1C' momentum, heat and mass trans-

port occur in a parons media of greélt comple:-.lty Thus the porous 

structure of paper is revic,'ed, .::lS Jrc~ aspects of f1ow, heat and mass 

transfer in porous media 

2 2 PAPERMAKING 

2.2.1 Papermachine Operations 

The four primary papermakmg operations occunng in a fourdrinier 

paper machine, Fig. 2 1, are (i) forma!:lon and drainage, involving the 

headbox and fourdrinier screen (ii) pressing (iii) drying (iv) ca1en

dering. In sheet formation a hbre -"later suspension cf 0.2-1.0% fibres 

is delivered ta a forming screen or fabric where, wi t.h the combined 

action of gravit y , suction, pressure and/or centrifugaI forces, water 

1S drained and a web of about 18 - 23% fibres is formed. More water 1S 

removed mechanical1y in the press ing section where, wi th about 33 - 55% 

fibres, web consolidation starts. Drying to a final moisture content 

of 6-9% ;.5 most frequently achieved by contact heat transfer from a 

series of ~team heated cylinders. Drying is the key process in conso-
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1idation of the fibre mat, during which the: properties of the sheet are 

developed. The surface properties of the sheet are improved by compres· 

sing it in the nips of calender rolls, generally the final operation of 

papermaking except for winding on a reel. For sorne grades of paper 

there are additional finishing operations such as off-machine coating 

and/or ~~percal(;!ndering prior to thé paper being eut ta the des ired 

width and rewound for shlpment. 

Through drying and impingement drying are drying processes a1ter

nate to the most common method, contact drying over steam heat:ed cy1in

ders. For light weigh t tissue paper, the ,;pb is taken off the forming 

fabric at a much lower flbre content, typically 101: woen pressed to 

the surface of an impingement drycr afu'r the presses, such paper will 

eontain about 40% flbres On SOllle paper machines for soft tissue, the 

sheet is not pressed but is taken from the forming fabric direct1y onto 

a through dryer, in which case the- sheet enters the dryer at a fibre 

content of on1y 15-20%. 

2.2.2 The Dryer Section 

As drying is the mast energY-lntenslve, castly step in papermaking, 

there is great economic incent ive for drying system ::'mprovement. The 

steam-heated cy1indel technique has remained the primary drying process 

sinc2 1817, when John Dickinson built a stearn-heated cylinder for drying 

paper continuously. The trend to hi gher paper machine speeds, lower 

basis weights and 1ess expensive l'aV! materials is pushing the multi-

cylinder dryer beyond its li.mit", Crotogino[1975). The production 

capacity of tissue machines is now frequently dryer limited. 

Two drying processes in which hea t transfer is primarily by convec-



( 

( 

8 

tion, i. e. impingement drying and through drying, Fig. 2.2, have been 

deve10ped as alternatives ta cylincler drying where the sheet receives 

heat by contact hea t transfer. Drylng l'a tes of -100kg/m 2h can be achiev

ed by a modern high-ve 10city (u
J 

>100[!'/s), high- temperature (Ti ::?:420o C) 

impingement dryer. Impingement dryers are wlde 1y accepted in two impor

tant applicatlons, the drying of coatings and drying of tissue and 

rnachine-glazed(MG) papers in conjunction with Yankee and MG cylinders. 

Fig. 2, 3a shows a tissue machine d th creping drying for sanitary 

papers, and Fig 2 3b. é1 parer lTélC1l1 nf ~ -i th an impingement dryer for MG 

18 - 55g/m2 packlnt; paper Ir' su,l! [ll'l'lications, i,e combined irnpinge-

ment and steam-heated cvl ind.:t dn'lnè' drywg rates may be as high as 

175 - 200 kg/m 2 h The other USE:: of convection heat transfer is for 

through drying, in which the hot drying air flows through a permeable 

web. Soft tissue may be made bv so:ne combination of through drying and 

contact/impingement drying Buq;E::SS et al, [1972a,bJ investigated the 

possible combination of ilJ1pingement dn-ing and through drying for news

print, but this di d not 1ead ta a commerc ia1 process, 

Current through dryers are of tloJO configurations, rotary through 

dryers and fIat bed dryers, The rotary type has an open, perforated, 

cy1inder enclosed in a hood, \oJi th air f10\o1 ei ther into or out of the 

cylinder, For the configuratlon Hi th the air drawn through the web .:::lnd 

into the cy1inder by vacuum, no sheet support is needed For the 

alternate conflguration with air f10w from :1 pressurized cy1inder, the 

sheet must be held on the cylinder with a very open fabric, 

In the flat bed design of through dryer there is a fabric support, 

conveying structure and top and bottom air cha!llbers, The supply air can 

be applied through either chamber depending upon the design and process 
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a b 

Figure 2.2 Convective paper dryers: a) impingement dryer, b) through dryer. 
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a 

Figure 2.3 Paper machine with: a) creping dryer for sanitary pdper 
b) Yankee impingement dryer for MG paper. 
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conditions. The fIat bed arrangement is particularly suited to highly 

permeable products for which the pressure differential required is low, 

Villalobos[197S] . 

High throughflow rates for permeable sheets make high drying rates 

possible, at the same time virtually eliminating "one-sidedness" and 

cross-machine variations in the product. Through dryer thermal effici

encies have been increased to 80i \11 th the use of several drying stages 

and air recycling or cascade syste~~ Vacuum cylinders of diameter to 

6.7m and width to 7.6m operate at paper machine speeds to 30m/s and air 

temperatures of 370-430c C i~ recent applicat10ns. Villalobos[1986] 

reports through dryi ng ra tes of 100 - 200kg/m:'?j1 for normal operation, 

and to as high as 3S0-S00kg/m 2 h. 

2.3 STUDIES ON THROUGH DRYING OF P,\l'Fll 

In through drying, h1gher dl", 1ni~ r.::tps derive from the drying 

medium being in contact throughout the \:et web rather than only at the 

external surface. Flow of the drying medium through the moisL material 

reduces the distances through v:hich heat must be transferred and that 

rnoisture must diffuse before evapo:.-at1ng into the drying medium. The 

interrelation between the several phys1cal processes governing the 

dryjng rate is not yet es tabllshed The few attempts to develop a 

basic understanding of the through drying of permeable webs such as 

paper and textiles have provided contradictory results. 

In their laboratory study, Chu and Kuo[1967] proposed different 

mathemat~_<-al models for each of the three drying periods they distin

guished a-:cording to the mechanism controlling water movement, i.e., 

simultaneous two phase flow (mechanical dewatering), capillary action, 
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and diffusion. The proposed models agreed reasonably weIl with their 

experimental data on through drying of tissue paper at Tl -21° and 82°C 

for the throughflow rate range of O. 85G53. 3kg/m2s. However their drying 

rate curves ref1ect a comblna tlon of drying and mechanical dewatering 

at these high throughflo~ rates An energy balance around their drying 

systems reveals that the effect of lJ1echdnical dewatering was present at 

moisture contents as 10"': as 25t. Because their experimenta1 tpchnique 

pennits a large change, >40!i:, in ai r throughflow rate, interpretation 

of these results is difficult 

Walser and Swenson [1968 ~ reportecl through drying rates from both 

laboratory sca~e equipment and mlll trials Their laboratory resul ts, 

limited to single basis weight, 86g/rr.~, obtained \,'ith two 43g/m 2 sheets, 

have the same interpretati0D problel" as Chu and Kuo' s work due to a 

change of air throughflow rate by more than 100%. In their experimenta1 

range, i.e. 60~Ti5260°C and 0.05~us~O.25m/s, they found that air leaves 

the 86g/m 2 sheet saturated durint; the constant rate period of drying. 

In mill trials with filter paper, to ... :eling and open kraft grades of 

basis weight 52-l47g/m 2 , they cou1d not detect basis weight eff~ct, 

which may have been obscured by the additiona1 drying from air swept 

over the sheet in the draws 

Martin[ 1972 J mei".slrt:-ed rates of through dryir,g of 100gjm2 hand

sheets in his laboratory dryer by applying constant vacuum across the 

sheet. The throughflovl rate there fore changed 3 - 5 fold during each 

experiment and, moreover, the rates mer.isured were simply averages over 

the entire drying cycle. 

Raj and Ernrnons[1975] investigated the through drying of paper of 

basis weight 13-65g/m 2 and high rorosity, 0.86-0.89, at ambient tempe-
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ratures. Whether they maintained the rate of throughflow air constant 

in thpir laboratory sca1e through dryer is not specified. The accuracy 

of thair measurements, i.e. monitoring the weight of samp1e and holder, 

was substantial1y reduced by a high noise to signal ratio, 0.1, anù 

corrections needed for the time 1ag introduced by the spring dashpot 

system used to damp the noise They reported a correlation for a non-

dimensional mass transfer coeffic ient, defined as kc;P a /G, as a function 

of Peclet number ta the power -0.8 As the Pecle t number characteristic 

dimé.nsion, they used the square root of Darcy permeability of the dry 

sample, a choice which subsequent \wrk establishes is too sma11 by 

about a factor of 10. On thiS basu, they concluded that the flow 

through paper was larrinar. 

Rohrer and Gardiner[1976] went ta the other extreme in considering 

air flow through the web as analogous to turbulent flow through ducts. 

In an indus trial through dryer, they measured only the parameters 

needed in their model and claimcd, \· .. i thout an)' supporting evidence, 

that their derived heat transfer expression agreed well with their 

experimental data for highly permeable products 

Wedel and Chance [1977] analysed the flow o[ air in through drying 

as an external flow over a cylinder, a wodel which bf'ars li ttle rela

tion to the role of the comp1ex structure of the pores through which 

flow occurs. They c1aimed that their ca1culations agreed well wit'h 

their laboratory Experimental da ta, which they did not document, as 

well as with those of Walser and Swenson[l968]. However, for their 

experimental conditions the exiting throughflow air became saturated, 

which provides a very insensitive test of any model. 

The through drying rates measured by Gummel(1977) for 20 and 
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23g/m2 paper at a constant throughflm.; rate of air in his labcratory 

through dryer are considerably 10\'ler than would correspond to the 

exiting throughflow reaching adiabatic saturation. In contrast ta the 

turbulent duct flow model of Rohrer and Gardiner, Gemmei explained 

his experimental findings for textiles and very thin tissue products in 

terms of a 1 aminar internaI fla',,' \,Ti th entrance effects. However, 

theoretically predicted drying rates for that type of flow were 

substantially higher than those he measured cxperimentally. Gummel 

explained this discrepancy in terms of the pore size distribution of 

the material and uneven drying duc te permeability variations. 

The diverse and oversllJ1plifH-d approaches of studies to date, and 

the inconclusive and contradlc tory resul ts from these investigations 

have not led to an understanding of the basic transport processes 

involved in the through drying of paper Raj and Emmons(1975), Rohrer 

and Gardiner(1976) and Gummel[1977; analysed the through drying pheno

mena as analogous ta an lnternnl [l0\ .. through ducts, but as either pure 

viscous flow or pure turbulent flow, while Wadel and Chance[1977] chose 

the model of exterlilll flow over smooth cylinders. None of these sirnpli-

fications seem!'> warranted. Also, deficiencies in the design of the 

various laboratory experiments are such that not a single, reliabl~ set 

of eXDt!rimental data exists in ",'hich through drying rates have been 

documented over a significant range of conditions of the throughflow, 

Le. its tempe rature and flow rate, and conditions of the paper, Le. 

its thickness and initial moisture content. 

1 
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2.4 FLOW THROUGH POROUS HEDIA 

2.4.1 Viscous Flow 

Flow through paper can be described by general relations applic

able to porous media, but a controlling factor in their use is the 

exceptional complexi ty of the flO\l channels provided by the porous 

structure of paper. Rigorous analytical solutions for flow through 

porous media of a simple, regular and rigid structure are unrealistic 

for the case of paper. where the individual fibres are ùf great irre· 

gularity and are of dimensions highl)' dependent on moisture content. 

In his treatment of pore space wade 15 for transport coefficients such 

as permeability and effective diffuslon coefficient, van Brakel[l975) 

critically reviews the one, two a~d three dirnensional models as weIl as 

the non-pore space models such as dlscre tE: partie le, statistlcal dyna-

mics, irreversible therrnodynamics, and continuum models. Jackson and 

James[1986) reviewed experimcntal and theoretieal studies of permeabi-

1ity of fibrous porous media but, bpcause of the ir ipterest in highly 

porous media «(>0 90), the models eited are basecl on drag theories 

which are variants, extensions or generai izetions of Stokes' 1a\il. The 

extensive review of single phase fI 0\': through po'rous media by Dullien 

[1975) is more relevant to the range of pOl-osities in paper. 

Of the two fundamentally different approaehes to modeJ.l ing this 

phenomena, i.e. as a flow inside conduits or flow around st:>1.id objects, 

the former has found more success for pad:ed beds, Bird et al. [1960) . 

There are also so-ca1led phenomenologieal 1lI0dels, e. g. Rumpf and Cupte 

[1971), de-:ived by empiricism aided by dimensional analysis and other 

theoretical considerations, that are equally applicable to internal or 

externa1 flows. whichever is the more apprl)priate. There are three 
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variants of theconduit flow approach: (i) geometrical mode1s, (ii) 

statistical models, (iii) models utilizing the complete Navier-Stokes 

equation. Statistlcal models are not reviewed because the know1edge of 

the complex paper pore structure, necessary for this theoretical 

approach, is not available. Only models closely related ta the present 

work, i. e. geometrical models, because of their wide applicability to 

porous media, and sorne models us ill& solutiolls of the Navier-Stokes 

equation, because of their sound theoretical basis, are sunuTIé·~rized. 

Broader treatments are availablc- in the revie\, articles of van Brakel 

[1975] and Dullien[1975], and in the standard reference books, Carman 

[1956J, Bear[1972], Scheidegger[197~J 

The resistance of a porous mediu~ ta the passage of a single-phase 

fluid is customarily expressed by Darcy's 18\: (Darcy[1856]) 

LP 
u -= - (k'/Il)--

L 
(2.1) 

where u is superhcidl veloclty, L bed thlckness and k' is general1y 

referred as to specific permeabilityt Darcy permeability or simply 

permeability. Barring unusual effects t for sufficiently low flow rate 

k is uniquely determined by pore geometry 

Kozeny [1927] introduced hi s \,'(:' Il knO\VIl hydraulic radius theory for 

viscous flow thlough tortuou.s tube s, \:hich \o]as later corrected by 

Carman [1937 J to relate permeabil1 ty to porosity and to the internaI 

specifie surface of the porous structure as 

k' = 
ko (Le /L) 2 (1- c) 2 ag (2.2) 

The combined variable K=k(' (Le IL) 2 is often referred as the Kozeny 

constant and Le/L as tortuosity. According to Carmant 5.0 i5 the best 

value for K to fit most experimental data. 

Kozeny theory for V1SCOUS flO\oJoS represents the porous medium by an 
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assemblage of channels of variable cross-section but of a definite 

length. lt is furtÏ1er assumed that in a cross-section normal to the 

channels there is no tangential component of fluid velocity, a restric-

tion strongly cri t_icized by Scheidegger [] 974] . Other restrictions 

inherent to aIl hydraulic theories lncluding this one, (Carman [1941, 

1948]), include the assumptions that all pores are open to f10wand are 

randomly distributed, that diffusion (slip) phenomena are absent, and 

that the porosity is not too high, -(::;0.80, 

The Kozeny-Carman equation is p<lrticulary usefu1 in measuring the 

surface area of powders Dullien~1975J notes that the Kczeny-Carman 

equation should be applied only \!lth caution fOl partic1es that deviate 

strongly from spherical, for wide p-1rtic] e size distributions and for 

consolidated media, a set of spec i fications which de::.::cribe paper 

eminently weIl. One reason for lack of agreement between permeabilities 

predicted by this equation and e~.pt?rimental values relates to the 

aspect of tortuosities, but adjustrr€"nt of the tortuosity factor to rnake 

the equation fit is also unsatisfactory 

Carrnan[1956] clairned that even though pore size distribution is 

nonuniforrn, two points favoring the Kozeny equation are: 

(i) if the range of pore size is not too great, say less than 2:1, 

alternate averages lead to much the same result. In k=(m 2 /K:, m being 

the average hydraulic radius of the medium, Kozeny' s approach gives 

However if pore sizes are taKen as non"uniform, then 

<m;>av>l/<l/ml >~ v' where ml is the hydraulic radius of the individual 

capillaries. Carman notes the small difference between these two 

averages. 

(ii) even if the pore size distribution is wide, the same type of 
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distribution 1eads a1ways to the same ratio between the two average 

values, hence it dQes not matter if the value of K is wrong provided it 

has always about the same value. 

The factors most frequently cnticized in the Kozeny theory are the 

omission of the excess viscous dissipation due to convergent-divergent 

flow (Scheidegger [1974 J), failun, ta ~ndicate the anisotropic permeabi

lit y due to the non-uniformities present ~n nature (Childs and Collis 

George[1950l), and depcndence of Kozeny constant, K, on porosity at 

higher porosities, i.e. c>090, (Kyan et a1[1970J). In spite of these 

rather severe obj ections on variou~. theoretical bases, Kozeny' s work 

remains today a widely accepted equation re1ating the permeability to 

f10w with geometrical parameters of <i porous medium. 

In their study of flm·- of <ilr through randomly packed p1ugs of 

cotton, woo1, rayon, and glass \vool, FOIvler and Herte1[1940) found 

excellent agreement between expenmental results and Eqn. 2.2 using 

K=5. 55. This value has been adopted in vanous studies of flow through 

beds of cellulose fibres, i e for ,,'ater permeabllity by Robertson and 

Mao:.on[1949), Hason[1950], IngmansCln[1953 1 and Gren[1972J, and for air 

permeabi1ity by Garner and Kerekesr1978J and Knauf and Doshi[1986). 

In order to improve the Kozen/-Carman relation for low Reynolds 

f10w through porous media others have put forward porosity functions 

different than the (1-c)2/c 3 t~rm proposed by Blake(1922), Kozeny[l927) 

and Carman [1937) . Summaries of these pOL'osi ty f\.:!1c tions are reported 

by Rumpf and Gupte[197I), Dullien[1975) and Knauf and Doshi[1986). 

However these porosity functions generally give K~5. 55 for the 

intermediate 1evel of porosities, O.6~csO.7, encountered with paper. 

lOI 

1 
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2.4.2 Inertial Effects 

Air flow through paper or pu1p pads is wide1y expressed in terms 

of pure1y viscous resistancE:: f0110lnnt; thE:: early work of Darcy [1856) . 

Carson [1934] appears to have been the first to note that, for paper 

sufficiently thin that pin hales becowe evident, the flow is not purely 

vis cous . Rather than try to trea t tlns reali ty, Carson and subsequent 

resedrchers have instead tried to eliminate or minimize this problem by 

increasing thickness or decreasing flow rate, and have continued to use 

the Darcy's law approximation of pure viscous flow Such a restrictive 

approach is contrary to tlH ul ::lll'éltt obJ ectlVG. either theoretical or 

for industrial r~levance 

At higher flow rates Darcy' sIal' obviously breaks down. Experi -

ments for determina tian of the> ' cri ::lCéll' Reynolds number above which 

Darcy' s law is not valld, ShOlv great dlscrepancies. One problem is the 

variety of choices for the characteristlc dimension needed Scheidegger 

[1974] notes that the range of VCi l uC-', for tIns cri tica1 Reynolds number 

lies between 0.1 (Niel5en[l95l)) and 7S (Plain and Morrison[1954]), a 

broad range indeed, This uncertBlnt)' relates to differences in pore 

structure of materials and to the choice of a characteristic dimension. 

The brcakdown of Darcy' s la\' i5 often lnterpret€.d as the transi-

tion to turbulent flow. HOI'Jevet-, as pointed out by Scheidegeer [1960] 

and reaffirmed by Happel and Brenner[196S], failure of Darcy's law re

sults when distortions in the streamlines owing to changes in direction 

of metion are sufficiently great for inertial forces to become signifi-

cant com,:>ared with viscous forces, The incldencc of turbulence should 

occur at \"uch higher Reynolds nU'llbers yet. if indeed such a phenomenon 

occurs at a~l in porous media of small partlculates 
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The contribution of inertial E:ffects can be expressed mathemati-

( cally in several ways The simplest: form is to regard inertial and 

viscous r~s is tance as addi t ivE., as fI rs t proposed by Reynolds r 1900] , 

ËlP b ') - ~ au + pu-
L 

(2.3) 

Forchheimer [1901] suggested similar modifications to Darcy' s 1aw by 

including a second-order tenr ln the velocity as did Reynolds, and 

later a third-order terrr., as 

6P L = au (2.4) 

Although the second-ord'"l" tem is postu] ated from semi-theoretica1 

reasoning by analo!;:. ,,'i th th" phQl'or.-ella occuring for flow in tubes, the 

third-order term was addéd silrpl) to Illake the Equation fit experimenta1 

data. Although proposed first h\' Re'molds, Eqn 2.3 is ,""ide1y known as 

Forchheirner relatioll Polubarlnova-Kochina[19S2] further 

genera1ized the Forchheirner relation by including a time dependent 

/ 
term, but this term is found to b( Si. 311 

Missbach[1937] propused the r~latlonshlp. 

ËlP i. -- <J'U'" (2.5) 

He had generalized the relationshir found uy White[1935) [or air flow 

through dry packed tov:et"s. t,rd te'~, rE'sulLs Yli.üded an exponent of n=1. 8 

In general the v.:l1ue of the €-:·.p0tlent n lies between 1 and 2. At 

n=l, Eqn. 2.5 i$ simp1y Darcy's 1aw Dudgeon[J966J found a region wjth 

n somewhat less than one. Lut presented no satisfactory exp1anation or 

interpretation of these result~, ,,,hich there[ol"e appear doubtful. 

The Eqn. 2 5 coefficient a' bas a clearly identifiable physical 

meaning ooly at the Umits for which n :i s 1 or 2. At n=l, a' becomes 

the Eqn. 2.3 coefficient a, and i~ rE'lated to the Darcy permeability. 

{ At n=2, a' relates to the pressure 10ss due to pure inertia1 effects. 

• 
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At intermediate values of n, the parameters a' and n are simply regres-

sion coefficients. 

Eqn. 2.5 is a simplest relationship to check whether inertial ef-

fects are appreciable For example, Gummel[l977) described his pressure 

drop measurements across tissue pa?E:r of bas is welght in the range 20-

23g/m 2 in terms of two regression equations, an initial viscous part 

and an inertial part with a coefficient n=1.5, although his ciata do not 

appear to require this split. 

The Forchheimer relatlon, Eqn 23, or its ITlodified versions have 

been appl i.ed extensivelv and succC'55fullv to describe flow through 

porous media. The best kno'.'n fom of tllls relation i5 the f'quation of 

Ergun[1952] . 

t,p 
L 

150 
ciZ-

p 
(2.6) 

The viscous term in the Ergun equatl0n i5 the weIl known Kozeny-

Carman equation, However, \.;h:; Ergun took the Kozeny constant as {~.16 

instead of widelv accepted vi1lue of 5 i5 not kno\'ll Ergun adopted the 

constant of the inertial tenn as 1 75 hom Burke and Plummer[l928). 

The results of the extensive expcrimental test of the Ergun equation by 

Macdonald et al. [1979J can bp summarized as. (i) 'the physical basis of 

the Forchheimer equation is accurate, (ii) a wide variety of unconsoli-

dated media are adequately represented by the modified Ergun equation, 

i.e. with the viscous term constant replaced by 180 as Carman sugg~sted 

, and the inertial CO;:lstant given a valut> of 1.8 for smooth partieles 

and 4.0 for rough ones, iii) the Ergun equa tian is superior to others 

for a wid~ pOiosity range, and replacing the c 3 term with C 3 . 6 gives an 

even bette;- porosi ty function, and (i v) di fferent parameter values, 

approximate1y 15% higher than the suggested ones, give better aggree-
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m~nt for non-spherical particles 

The applicability of this type of equation ta consolidated media 

has also been sho'lo.'l1 by Green and Du,.ez[1951], Ahmed and Sunada[1969] 

and by Macdonald et al. [1979] with the data of Fancher and Lewis[1933]. 

In a series of studies, Beavcrs and co-workers successfully applied the 

Forchheimer equation ta water flo", tbrough beds of foamed nick81 fibers 

with no free ends, a \>,'ire screen assembly, and a compressed mat of 

stainless-steel flbers, Beavers and Sparrow[1969]; for highly deform-

able polyurethane foams with air flo',', Beavers et al. [1975] and Beavers 

et al [198la], and for tlus media ,nth ,'ater flo", Beavers et a1[1981b] 

The Forchheimer relation was also us~J by Kilson[1981] in his numerical 

analysis of the inertial-dominated to vlscous-dominated transition in 

porous media for gas or liquid flo','s 

Two fundamentally different type,', of application of the complete 

/ 
Navier-Stokes equations have been used In one approach the equations 

have been solved numericallv fOl" flm' ch"nnels of different geometries, 

e.g. the appllcatlon by Payatakes et al [1973] of the stream function-

vorticity method to the case of pC·riodlcally constricted tubes. In the 

al ternate approach "Thi taker [196~ J and Slattery [1972] averaged the 

equations over a representative part of th", porous medium Using the 

momentum equation with the volume averaging theorem of Slattery[1972] 

and Whitaker[1967], Oullien and Azzam[1973] obtained the Forchh~imer 

equation in the following form, 

VP = QJl.U + f3pu 2 (2.7) 

where Q and f3 are determined from the volume and area integrals 

Q - o;v III V2 v dV f3 
l <ffI v 'Vv dV + fI p 

ndA 
DpV pu 2 

P 

(" where Op is pore diameter, V averaging volume, v intersti tial velocity 
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vector, n unit vector, u superficial velocity and A the surface area 

bounding the averaging volume. 

Ahmed and Sunada[1969] have also derived Eqn. 2.7 by averaging the 

Navier-Stokes equation and accountlng f')r the average and fll.lctuating 

cornponents of velocities and pressures, similar to turbulent fluctua-

tions. The viscous and inertial terms, in their solution, are 

where c is the porosi ty of the medIum, Vb the bulk volume and v' tl)e 

fluctuating component of the interstitial velocity vector. They were 

able to represent a large number of data of both consolidated and 

unconsolidated beds by a single cUr"e ln the following form, 

.6P/L ,- ~ + l 
{3pu 2 {3pu 

(2.8) 

Although it was proposcd rather heuristically by Reynolds [1900] and 

Forchheimer[190l], the later empll'lcal imd theoretical studies .!:urnrnarj-

zed above ccnfirm the correctness of the momentum transport relation 

expressed originally as Eqn. 2 3 and most recently as Eqn 2 8 The 

viscous terJ11 parameter. Q, is the reeiprocal of permeability, and the 

inertial term parameter, {3, also kno\o'n as the Forehheimer constant, is 

defined f,S C/Jk where C is the inertlal constant. 

A great variety of bases ha\,(- becn used for the characteristic 

length, dpI required in Reynolds number, Re=dppu/~ Apart from widely 

used dimensions based on particle dlameter for unconsolidated beds, the 

reciprocal of specifIe surface and the square root of permeability are 

widely used as the eharacteristic dimensj on for consol.i.dated bed6. A 

variety of empirical defini tions eus ts. For example, Geertsma[ 1974] 

found a cood correlation between poroslty and the nondimensional ratio 

{3/JO=0.005/[.5.5. This value is based on his data on flow through uncon-
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solidated and consolidated sands as well as the data f(lr porous metais 

of Green and Duwez [1951], and for consolidated sands of Cornell and 

Katz[1953]. From Egn. 2 8 of Ahrred and Sunada. their Reynolds number 

definition, Re=(f3/o.)pu/Jl, becomes Re=O 005pujk/;.u:. 5 • 5 , and Darcy's law 

holds up to Re=O.l for a11 samples, Geertsma[1974]. Interestingly, 

Rumpf and Gupte [1971 J have also suggested, by a phenomenological 

approach, the same porosity function, i.e. [-5.5, rather than (l_[)2/,3 

as Kozeny and Carman proposed, to describe flO\.; through randomly packed 

spheres over a wide range of porositlé5. 0 35~[~O 70. 

2.4.3 Friction Factor 

A widely used method to express pressure drop i5 in terms of the 

non-dimensional friction factor, f Because numerous studies indicated 

friction losses to be proportional to the kinetic energy of the fluid, 

pu 2 /2, and to the surface aren of the SOlld in contact with the fluid, 

A, the reslstance force, F, vas expre5sed bv Knudsen and Katz[1958) as, 
'J 

F=f-EfA (2.9) 

As Egn. 2.9 is a definition of the prof'ortionality constant, f, not a 

law of fluid mechanics, definitions of f may vary. 

The friction factor for packed beds is generally defined analogous 

to that for f10w in conduits 

f*=~~ 
L 2pu 2 (2.10) 

with f* usual1y referred to as tr.e Fanning friction factor. Friction 

factor definitions for packed beds vary from the Eqn. 2.10 form due to 

the problem of definition of characteristic dimension, d p , for the Rey-

no1ds number For example Whi te (1935) introduced an empiricai correc-

( tion factor, dependent on partlele size, in his attempt to correlate 
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data of other investigators for packed beds of rings ano sadd1es. 

In their study of the f10w of air, water and petro1eum throueh beds 

of sand, sandstone and lead shot Fanchér and Lewis[1933J employed the 

Eqn. 2.10 definition. UsinE, a \wight meean diameter as dp , they found 

that these data, which were pnncipally in the viscous range, c:>u1d be 

represented as f*=A'/Re where A' varies with the porous media. 

Chalmers et c"Il. [1932J, using the D'.J.puit relation, replaced super-

ficial velocity, u, in Eqn 2.10 wi th inten;titia1 velocity, u/(, while 

Bakhmeteff and Feodoroff[1937 1 uSHl l,21[4/3 instead of U 2 /c 2 • For 

packed beds in co1umns of l'E'l"t~':,l" slr"ll diamC'ter, D, Chi1ton and 

Colburn[1934] lntroduced in:o tlil- f dl-fll,ltlon the "\-lél11 effect factor, 

Ar n, as a function of dp ID Blake [1.922] used 1/ap for dp in the Re 

6P[[3 
dcfinition, while defining f as LG2"F' Later Kozeny [1927] derived the 

mean hydraulic radius to be [laF for the flow channe1s in granu1ar 

beds. Burke and Plummer[1928] usecl <l rrodifled Re definition equivalent 

to G(l- ()/JJ.a p • Ir~ a senes of papers Carm"n[1937, 1938, 1939] corre-

lated the pressure drop data of otl1el's using the relation 

f = 
llP(3 

Lpu 2 (ap +4/D) 
(2 11) 

where C is a parame ter depending on partlcle shape. Brownell and Katz 

[1947] used dp(n instead of dp in Eqn 2.10, with n dependent on parti-

cIe shape and bed porosity AlI earller studies are summarized by Leva 

et a1.[1951]. 

Ergun[ 1952] combined the works of Blake, Kozen)', Burke and Plummer, 

and Carman to propose his wide1y recognized relatlonship applicable to 

both vi,cous and inertia1 dominated flows 

f = ~ ~ ___ c_
3
_ ~ l 75 + 150 l-c 

L 2pu2 1-e Re 
(2.12) 

He also defined a new frictiNl factor, fv 1 which could be called a 
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vis cous friction factor, 

f = ~ ~ __ ~[_3~ 
v L J.l.U (l_E)~=175 Re + 150 
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(2.13) 

By rearranglng the Forchheimer relatLm Ahmed and Sunada [1%9] 

proposed yet another friction factor, f~LlP/Lf3pu2, with dp-f3/a for the 

Reynolds number characteristic dimension, Eqn. 2.8. They showed that 

their data as weIl as those for various authors are represented ex-

tremely weIl by Eqn. 2 8 

Other studies have focussed wostly on finding an appropriate poro-

sity function to use in the definition of f in order to fit most of the 

experimental data. For e~ample Kyan er al. [1970] modified the f defini-

tion given by Eqn. 2 12 for fibre bcds as 

ffk = LI~ ~~:< ~;; (l_E)2 (2.14) 

wheJ:'e fo is the kinetic frictlon filctar for fibrous beds, d f is fibre 

diameter and Ne is the effective pore number. The fina~ form they 

report is 

1-[ 
Re 

(2.15) 

where Re=dfpu/p(l-[), Nd is deflection number, p2/EdlP, E modu1us of 

e1asticity of fibel, fl and f2 are compllcated functions of [ and Ne' 

Macdonald et al. [1979] have proposed to replace the constants in 

Ergun equation, Eqn. 2 11, \0]1 th fIlor€' appropriate 0.1es in arder ta 

better fit the existing data, as summarized in Section 2.4.2. 

2.5 HEAT AND MASS TRANSFER IN FINE PARTICLE POROUS MEDIA 

2.5.1 The Ranz and Marshall Model 

Most heat and mass transfer studies have used beds of packing of 

r~lative1y large size. Thus relationships for heat and mass transfer 

in porous media are based on empirical data mainly for Re>10, substan-
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tially above the Reynolds numbers typical for flow across paper in 

through drying. 

Correlations of the nondimensional heat and mass transfer coeffi-

cients. Nu and Sh. have been based on the form suggested by Ranz and 

Marshall(1952) 

(2.16) 

This form assumes that, as Reynolds number decreases, the She~'wood or 

Nusselt number for packed beds approaches the lir:,i ting value of two 

which appl ies for single sphere in stagnant fluid. 

gave a=0.6 and b=0.5. Specifie forws include: 

for single Gylinders, 

Nu 

Nu 

0.32 + 0.43 ReD 52 

(0.4 Re 1 / 2 + 0 06 Re 2 / 3 ) Pro 4 (p/PG»)/4 

for single spheres, 

Nu = 2 ~ (0.4 Re 1 / 2 + 0.06 Re 2/3 ) PrO. 4 (p/~o)1/4 

for packed beds. 

Nu = (0.4 Re 1 / 2 + 0.2 Re 2 / 3 ) PrO. 4 

Ranz and Marshall 

McAdams[1954] 

Whi taker [1977] 

Whitaker [1977] 

Whitaker[1977] 

In their review of mass transfer in packed beds, Wakao and Kaguei 

[1982] found that a-l.l and b=0.6 in Eqn. 2.16 would be more consistent 

wi th the data now availaùle. HO\-leVel' the Reynolds number range of the 

supporting data is higher than l, generall:' higher th an la for the 

relations of McAdams, Whitaker, and Wakao and Kaguei. 

Most of the experimental work on heat or mass transfer in packed 

beds for gas flow at low Reynolds numbers, i.e. Re<lO, are presented in 

Fig. 2.4 and summarized in Table 2.1 The results show that transport 

phenomena are qui te different for beds of small and large particles. 

Various studies of heat and mass transfer establish that, even for beds 
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Figure 2.4 Heat and mass transfer in fixed beds of fine patticlgs. 

Numbers correspond to those gi ven on Table 2. 1 

-
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Table 2.1 Heat and mass transfer studies in fixed beds of fi~e particles 
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Table 2_1 continued 
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of spherica1 partic1es, the theoretica11y derived 1imiting value of two 

for Sh or Nu i5 not valid as particle size decreases. This decrease in 

Sh or Nu with decreasing partie le Sl;::(- has been observed in mass trans-

fer studies by Hurt[l943] with cyhnders and irregu1ar shape flakes, 

Resnick and White[1949] and Bar Ilall and Resnick[1957] with granules, 

Wakao and Tanisho[1974] with cyllnders and granules, and in heat trans-

fer studies wi th spheres bl' GrootenhUlS et al. [19,1], Eichorn and White 

[1952] and Kunii and Smith[19Gl: 

Regression equatlons of the Eqn 2 16 form are consistent with ex-

perimental data onlv in tlî(- turbulcll~ flo',' rallg.::- F1uid turbulence may 

degrade the effects of adJ.3cen:.. pa:':"lclL-s and boundary 1ayers should 

develop on the partiele surfaces ln a mamwr similar ta that for an 

isolated particle. At low Reynolds nurrber, however, boundary conditions 

describing heat or mass transfer are qUlte different from those for an 

isolated partiele system, as Con:isl~:196SJ has noted Therefore the 

theoretical value, 2, for <:, SI11f1(- sp!1erc in <, stagnant medium has no 

physical meaning in very 10',' Reynolds murb.:: r flO\I through porous media. 

For this case the minimum theorE:tical value of Nusse1t number, accord-

ing to Cornish, approaches zero 

2 5.2 Alternate Models 

Kunii and Suzuki [196 7] proposed a channe ling model due to the 

inhomogeneities in a bed, at low Re or Pe, to explain the drop in heat 

or mass transfer far below what would otherwise be expected. In their 

equatio.1: 

<t> 
SI1 = Re Sc 

6(1-1:)': 
(2.17) 

4> is a sh-1pe factor and ç the ratlo of average channe1ing length to 

" 
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particle diameter. The main assumptions in the derivation of Eqn. 2.17 

are: (i) in the stagnant region. the tempe rature or concentration of 

the fluid is in equilibrium wi th tha t of the interspersed saHel , (ii) 

transfer of heat alld mass can be described in two·dimensional coordina· 

tes and the channeling fluid flol' i5 assumed to be plug flow; (iii) 

heat or mass transfer is res::ncted to molecular diffusion in the 

direction perpendicular to flol: !lartin[1978] shOlved that many, but 

not a11, reported data fit Eqn. 2 17. if it is assumed that the average 

channeling length is equal ta the thickness of the bed, as would be the 

case for the pin hales present ln thln paper 

In extension of thE- I.;od: of Cornlsh[1965]. Nelson and Galloway 

[1975] point out that an)' atten'p:: te' denve" e'.pressions for heat and 

mass tran5fer for an assembly of spherC's based on theories of a single 

sphere in an infini te medIum are doomed to fail at low Reynolds number 

because of an incorre~t boundary conditIon They proposed a potential 

flow solution for flol\' Il' a1'1'a\'s of spheres and, using a synthesis of 

the results of boundary layer theory and DancbJerts' penetration theory, 

they obtained a mathematlcal modE'l for heat and mass transfer ln dense 

(low porosity) systems of fine particles Theil' model at Infinite 

dilution, (=1 i. e. the single sphere case, yields the Ranz-Marshall 

equation. As Re~O, the model reduces to 

Sh o . 18 (1 1) Re Sc 2/3 
(l_()1/3 (1_()1/3- (2.18) 

These two theoretical mode1s for mass transfer at low Reynolds 

number, i. e. Kunii and Suzuki [ 196 7 J, Eqn 2 17, and Nelson and Galloway 

[1975], Eqn. 2.18, give Shcx:ReSc and Sho:ReSc 2 / 3 • Moreover in their rig-

orous singular perturbation approach coup1ed with heuristic arguments, 

( Fedkiw and Newman [1978] found that for packed bed reactors the volwnet-
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rie mass transfer coefficient decreases linearly wi th Peclet number as 

Peclet nurnber approaches zero. These Reynolds or Peclet dependencies 

of Nu or Sh differ cons iderably frofT any of the classical creeping flow 

solutions that yield Sha:(ReSc) 1/3 r:elson and Galloway claim that this 

is a result of finite radius bounddry conditions used in their solution. 

According to Schlunder[1977], the linear dependency of Sh to Re in 

both the Kunii - Suzuki and Ke lson-Galloway models is a consequence of 

their transfer coefficient defim tions, based on the difference of 

inlet temperature (or concentrD.tion) irstt'ad of the me an driving force. 

He proposed to include porc S1.':( dlstnbut10n in the overall mass 

transfer coeffic ient calcula t 10n" Schlund':'T representeè the packed 

bed as a bundle of capi llari(~s \,1 th nonuni form diameters and di vided 

the total flov,- rate among thesc cnplllanes according to their size. 

The mass transfer Equation for larrln.:;r p1pe flol' with entrance effects, 

Eqn 2.19, 

Sh = (49 + (4.2 + 0 293 (Re Cl )112) Sc Re' d )1/3 (2 19) 
L L 

was then employed to predict the tl'ansfel' coefficients in each 

capillary, and the overall mass tl'ans fer coeffic ient was found as a 

result of the mixing of these fI 0\,' streams However, the measured drop 

in Sh shown in Fig 2.4 would requ1re il complicatf'd, and probably 

unrealistic, pore size dlstribut10n funct10n 

Krischer and Loos[1958) and Kl'lscher[1963) used a variety of geame-

tric shapes for the particles in beds of small particles in a theoretical 

treatment which led to values of Nu much higher than those l'1easured. 

Web consolidation and the presence of pin holes in paper carres-

pond to t:he channelling mode 1 of Kuni i and Suzuki [1967) . Martin [1978] 

found that, with an appropriately chosen channelling length, most of 



{ 

36 

the previous experimental data could be represented by this model. The 

Nelson and Galloway[1975] model should not apply for paper since it is 

derived for dense beds Inclusion of the effect of pore size distribu-

tian, the model of Schlunder[1977:, lS not applicable to paper due to 

the complexity of its structure Thus for heat and mass transfer in 

through drying of paper the evidenCé does not yet permit recommendation 

of a specifie model which lS thr=oretlcally sound and practically appli

cable As has been observed b) van Brakel [1980], reference to the broad 

band of experimental data, presen:...c~c1 hero ln Fig 2.4, remains ta date 

the best guide ava i l.:tblc 

2.6 POROUS STRUCTCRE OF PAPCE 

Paper is a complex marri'" of \'ood fibres in a highly anisotropie 

porous structure. The fibres are onented wlth their axes approximate-

ly parallel ta the web surface. ancl ln that plane are to sorne extent 

randoillly oriented Pan- spacr- c 1',.1';;, ln 512e from interfibre gaps to 

interst1ces of molecular dimensions Paper porosi ty can be the mos t 

important single structural feature of the end product, for example 

high porosi ty is required for fi l ter and sani tary paper Low paros i ty 

is obtained for other products bv coatlng, impregnation or lamination. 

The porous structure of paper lS affected by the raw material 

(type of wood, type of pulping process) and by the papermaking process. 

Papermaking processes are in turn governed by the porous structure of 

the web while this structure is being developed. Drainage of a freshly 

formed web is a function of its water permeability. Dewatering by suc

tian and pressing de pends on both the \V<1 ter and air permeabil i ty of the 

web. The complex he3t and mass transfer processes in drying depend on 
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air permeabili ty, waler transport eharac teristics, porosity, specifie 

surface area and pore size distribution of the paper. In through drying 

the flow rate of air across the paper, governed by the air permeability 

of the paper, is the pnmary variable governing drying rate. Rates of 

heat and mass transfer between the throughflow air and the fibres are 

governed by the specific surface area of the fibre matrix. The move-

ment of moisture wi thin the fibres is il function the capillary micro

structure of fibres 

Porosity, specifie surface area. pore size and pore size distribu

ions are pararneters .... hich descnhc· the porous structure of paper Poro

sity, l:. is the ratio of port:: \'0 lu:; é· to total volume. The interfacial 

area of partie les is genera 1 J \ no 1"/1 "llzed to the volume of a porous 

medium and is termed spec1fie surL'lCC" <11"(-.). a p As the baS1S weight of 

paper (weight per unit area) enn be measured with more precision than 

its thickness or volume, a rrass based specifie surface area is usually 

preferred with paper Average porc Slze contains essentially the same 

information as specific surface aren, in thLlt it describes how finely 

distributed pore volume lS w1t-hll1 thp fIbre matrix. Pore size distribu

t:on provides information about the charaeter of the pores, e. g. an 

estimate of the relative number of interfibre ta intrafibre pores. A 

more detailed geometrieal characterization of the pore network through 

use of parameters describing the shape or tortuosity of the pores 

appear.:; ta be unrealistie for a porous structure of the eomplexity of 

paper. 

2.6.1 Porosity 

Porosity is defined as the ratio of pore volume to total volume, 
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( 
c = pore volume of paper _ 1 _ Pb 

trtal volume of paper Pi 

where Pb is the bulk density, Pf the fibre density, Ms the basis weight 

and L the thickness of paper FIbre density, Pi' is obtained either by 

the classical fluid d~splacement technique or by mercury intrusion. 

Thickness is measured by a caliper under standard conditions because of 

the compressibility of paper. Basis weight is a precise measurement. 

Alternately, bulk density, Pb' is dctermined directly by mercury pycno-

metry , the mercury buoyancy technique. the non-polar liquid 11splace-

ment technique usin!; heptam-. bl'f'=PlH or toluene, or t:he gas displace-

ment method, typlcally with hdl\ll: Porosity values vary slightly due 

to the cOl1'pressiblity of papu- .:-r:.c1 surface effects, depending on the 

method (Murakami and Imamura[198~]) 

2.6.2 Specifie Surface 

Solution adsorption. opt1C,il Il é-::hods, and gas adsorption, general-

ly with N21 are the main technlques for measurement of the specifie 

surface of paper, in each case ln conJuction with the B.E.T. method, 

Brunauer, Emmett and Teller[1938J A wl~dly accepted method to measure 

internaI total surface area of paper lS from the adsorption isotherm at 

liquid nltrogen temperature. then calculation of Hp from the BET 

equation Al ternately, the arnount of gas adsorbed may be measured by 

conventional thermal conductlvlty eells, Nelsen and Eggertsen[1958] 

and by Stone and Niekerson[1963], instead of the earlier volume or mass 

measurements. Although very accurate, especially for materials of low 

specific uurface area, <lm 2 /g, the method is quite tedious and appli-

cable ta dry paper only Inverse Gas Chrolnatography, IGe 1 des ribed by 

Gurnagul and Gray[1987] 1 is similar to the Nz-adsorption techniques but 
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is applicable ta both wet and dry paper, and the measurements are made 

at ambl.ent tempe rature and pressure The principle for the solution 

adsorption method, in which <l solu:-E' is adsorbed from a nonswe1ling 

solvent, is the same as for the gas adsorption method. 

Optieal methods are based on reflectance. The specifie scattering 

eo~ffieient is calculated from ref1ectance using the Kubelka-Munk equa

tion Haselton [1955] showed that for pulp sheets the scatteri.ng eaef

ficient is proportional to the BEI surface area. This method is widely 

used for relative comparisons of intcrnn1 area between pulp sheets. 

The interna 1 surfacE' a rc" Cl! p\., l p ma ts or paper have also been 

determined from gas or liqllld pcnrc';,tion using sorne form of the Kozeny-

Carman equation. The hydrodynamic ~urface area is the external are a of 

fibres that are immersed ln watl'r Ih~ surface area of water swollen 

fibres by the air permeation mE'aSlln'I1Cl'~ could be much smaller th an thF 

hydrodynamic surface area dt.c: to t he surfacE' area of internaI pores. 

A 1ess common method for spc'c l hc surface determination is the 

silvering technique devised by Clal'k[ 1942], later modifled by Browning 

(1950), based on the catalytic decomposition of hydrogen peroxide at 

the silvered surface of wetted fibers in paper or pu1p mats. 

2.6.3 Pore Size and Pore Size Distributlon 

Although there is no direct experirnental measurement ta describe 

the geometrically irregular shape of the pore space, pore radius (or 

diameter) is a widely used characterization. As pore radius does not 

describe the actual pores, pore size and pore size distribution are 

functions of the experimental techniques used for the measurement. The 

generally applied techniques are X- ray small angle scattering; gas 
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sorption, such as N2 ; vapor sorptlon, e.g. benzene; mercury intrusion; 

and the dioxane gas dr ive me thod 1 here is also the unique technique 

of Banacki and Bowers [1962] which Hwolves passing through the specimen 

a nonswelling 1iquid suspenslon of spherical beads of known size 

distribution and determining the size distribution of the beads which 

pass through. 

The measurements of paper C'haracteristics noted in Sections 2.6.1, 

2.6.2 and 2.6.3 are detailed by Corte[1982] and by Murakami and Imamura 

[1984]. 

2.6.4 Permeabi1ity 

The gas permeabi1ity of papE'l-, a measure of the relation between 

rate of gas throughflow and the pressure driving force, is an integra-

ted measure of the structure properties discussed above. According to 

Scheidegger[1974] and Dullien and Batrar1970j, pore spaces can be clas

sified as interconnected, dead-end or noninterconnected depending on 

whether they are accessible from both ends, one end and not at a1l. 

On1y the interconnected part of tlw pore sys tern is open to fluid f1ow, 

and is therefore called the e ffecti ve pore space. 

relates the effec tive pore space 

Permeability, then, 

The principal studieb on per'lleability, internaI specifie surface, 

pore size, and pore size distribution summarized in Tables 2.2 and 2.3, 

show a wide range of values depending on the pulp, preparation tech-

nique and measurement method For example adsorption methods, the 

silvering rnethod, and perrneability methods do not give the same values 

for specifie surface, yet all may be correct measures of a different 

interfacial area. As the interest of the present study is with proces-

-



-...... 

Table 2.2 Specifie surface of paper and pulp pads 

Method 

N2 adsorption 

N2 adsorption 

N2 adsorption 

IGC (mesitylene) 
IC:(n-decane) 
Kr sorpt:ion 

Silvering 
technique 

Hydrodynamic 

Hydrodynamic 

Hydrodynamic 

Hydrodynamic 

Hydrodynamic 

Hydrodynamic 

Aerodynamic 

Aerodynamic 

Pulp 

bleached 
Sulphit:e 

Kraft 
Fibres 
Paper 

Sulphate 
unbeaten 

Sulphite 
unbeaten 

bleached 
Kraft: 
unoeat:en 

unbeaten 
beaten 
groundwood 

Kraft 
Sulphite 
Sulphite 

bleached 
Sulphite 
unbeaten 

bleached 
Sulphite 
unbeaten 

Sulphate 
unbeaten 

b1eached 
Sulfite 

blaached 
Kraft: 

Sulfite 
unbeaten 

bleached 
Sulfit:e 

~ 
_m.:L.L 

0.66 
0.81 

230 
1.2 

0.5-1.0 

0.62 
1.12 

0.48 
1.02 

0.67 
0.68 
0.80 

0.7-1.5 
1.0-4.0 
1.5-2.5 

0.91-0. Q5 
1.02-1.06 
1.14-1.33 

0.6/-0.69 

0.66 

1.16 

0.42 

C. 70 
rJ.88 

0.40 

0.87-1.6 

Remarks 

65 g/m2 handsheets, dned 
spray dried pulp 

swollen, unbleached; 
oven dned, unbonded 
oven dned 

unbonded area, 100g/m2 

total area 

unbonded area, lOOg/m2 

total area 

60 g/m 2 handsheecs 
same 
same 

pulp 
pulp 
pulp 

never dried pulp 
same 

rewetted pu1p 

porosity range 
0.7·0 74 

Kappa nWllber 17 
tihre diame ter -28,um 

2350 g/m2 handsheet: 
wet pressed at 345 kPa 

200 g/m2 handshaet, CSF 725 
same • CSF 685 

21 g/m2 handsheets 
k; ; taken as 3 

100 g/m2 handsheets 
refined 

Reference 

Hase1ton 
[1955] 

Stone Ex 
Scallan 
[1965] 

Hart1er 
Ex 

Renne l 
[1969] 

Gurr..agul 
Ex Gray 
[1987] 

Browning 
[1950] 

Robertson 
Ex 11ason 
[1949] 

Ingmanson 
et: al. 
[1959] 

Ingmanson 
& AndrE'ws 

(1963 ] 

Gren 
[1972] 

Blicsncr 
[1964] 

Knauf & 
Doshi 
(H86] 

Brovo 
(1950] 

Sanborn 
(1962] 

41 
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Table 2.2 centinued 

Methed 

Aerodynamic 

Aerodynamic 

Aerodynamic 

Aerodynamic 

Calculatien 

Pulp 

bleached 
Sulfite 
unrefined 

Kraft 

Groundweed 
TI1P 
Sulphite 

bleached 
Kraft 

bleached 
Kraft 

; solvent ex change dried 

~ m· Ig 

0.71 
0.90 
1.15 

0.46 

1.2-1.5 
1.0-1 4 

o 41 

o 60 
0.69 

0.65-0.84 

;; ka in Kezeny-Carman eqn. see Eqn 2.2 

Remarks 

100g/m"l, weI: pressed @172 kPa 
same 
sarne 

air dried, dry 
pulp 

beaten 
beaten 
beaten 

345 kPa 
690 kPa 

reflned 

200 g/m 2 handsheet, CSF 725 
sal1'é' , CSF 685 

Reference 

Bliesner 
[1964] 

Garner & 
Kerekes 

[1978] 

Nevalainen 
eC al. 
[1983J 

Knauf & 
Doshi 
[1986) 

cell wall thickness 1.1-1.5~m 
lumen/fibre width ratio 0.8-0.9 
lumen collapse 66-69% 

Sca11an 
& Boreh 
[1976 J 
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Table 2.3 Permeabllity and pore size ':lf pa?Q~ and pl'lp pads 

Method 

Aerodynamic 

Aerodynamic 

Pu1p 

b10tting paper 
newsprint 

various paper 

Air and ail bleached 
Permeaoi1ity Sulfite 

Aerodynamic b1eached 
Sulfite 

Hydrodynamic blotting paper 
fil ter paper 

Aerodynamic blotting paper 
fi 1 ter paper 

Aerodynamic 

Aerodynamic 

Aerodynamic, 
Hg Intrus ion 

bleched 
Sulfite 
unrefined 

Kraft 
Kraft 
Newsprint 
Newspnnt 

bleached 
Kraft 

Aerodynamic, Kraft 
Hg Porosimetry 

Hg Porosimetry TMP 
Kraft 

* kiL values in m 

pore size 
flm 

Remarks Reference 

0.2-l.2 

0.1-1 3 

3-7 

4-100+ 
10-100+ 

4 -100+ 
10 -100+ 

4. Hl 1 
3.6:;:0.9 
2.8:;:0.8 

7-8 

3-4 
8-9 
12-:1.3 

4 
l.5 

210x10- 13 

0.07 
f calcu1ated from his 
\ original data 

various samp1es of book 
paoers ta bond papers 

Carson 
[ 1934] 

Carson 
[1940] 

l.lxlO- 15 0.09 mm thick sheets of 
beaten flbres, effective 
pore rad lUS is quoted 

Bublitz. 
Dappen &. 
van der Akker 

[ 1948] 

0.1-6ûO- 14 

1-6xlO-;;: 
l-3~:~0- 6; 

1-5 .... 10- 1 °; 
1-2-:10- 9 ; 

1.4x10- 1Z 

58x10- 13 

27xlO- 13 

0.9-6:-.10- 1 °* 
O. 9x10 - 1 ° ; 
o 9xlO - 1 a ; 
l 3xl0- 1 0; 

100 g/m 2 sheets of 
refined flbres 

pore si:es quoted are the 
contro11lng pore diameters 
during dewaterlng, X>l 

270-340 g/m= wet samp1es 
80-245 g/m 2 wet samples 

100g/mz , wet pressed @172kPa 
same 345kPa 
same 690kPa 

47 and 85 g/m=, never dned 
77 g/m 2 , ca1endered rewetted 
52 g/m 2 , never drled 
52 g/m z ,ca1endered rewetted 

0.5-5xlO- 12 ** 60 g/m~ sheets of unbeaten 
flbrès, equlva1ent pore dia. 
of freeze dried samp1es are 
medsured 

2x10-
14 ** 

2 - 5xl 0 - 1 3 * ; 
1-2xl0-

12 ** 
120-180 g/m 2 sheets of 
unbeaten fibres from 
different species 

median pore radius is 
quoted 

Sanborn 
[ 1962; 

White &. 
Marceau 
[1962~ 

Whlte &. 
Marceau 

[1962] 

Bliesner 
[1964J 

Brundrett 
&. Baines 

[1966 ] 

Murakarni 
&. 

Yamauchl 
(1981) 

Yamauchi 
&. 

Murakami 
(1983) 

Ohtake 
et al 
[1984J 

** effective permeability coefficient, i.e. k divide by the product of the porosity 
and the mercury retractlon volume ratio 
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ses occuring during through dryin[" i t: 1S effective pore spac~ which is 

of relevance here. 

2.7 SUMMARY 

1) Measurements of rate of thrnugh drving of paper: Previous 

investigations of through dryln[, h3"P produced contradictory results 

due to shortcomings in the desi&n of thl laboratory through dryers used 

and to the limited range of expeorri:l1tnl variables studied. Thus there 

is no reliable set of approl'rl nul ': conrrolled measurements of through 

drying rate \lhich are documenteè 0"'(':" ;, significant range of conditions 

of the throughflOl .. ', i e i ts flo'.: ra te and temperature, a!1d conditions 

of the paper, i e, lts thickness àPc! IlOlsturc cont8nt. 

2) Homentum transport ln flo'. thl'OUr:11 parer For ai r throughflow 

across paper, thp. general n2g1E-ct of th,' inertlal contribution to pres

sure drop and the ctse of unJu.s:-lfli;)J}C choices as the characteristic 

dimension for Reynolds nurnbpl' "l''' 

studies. 

1dnnent~il deficiencies of previous 

3) Transport èhenomen3 111 po roue, me-d13 of fine particles: The 

subject of heat f'nd mass transfer for fluid flow through porous media 

of fine partlcles ren,ains rt chilllpngin t, aren filled wlth disagreement 

and uncertainty. A k~y obstacle for the case of flow through paper is 

the lack of a theoretically sound charac teristic dimEnsion for the 

Reynolds, Sherwood and Nusselt numbers. 

The present study of the through drying of paper attempts to make 

a contribution by appropriate response to the above analysis of this 

field 
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A'1 experimené:al facility V::1.S deslgned and constructed for the 

study of transport phenomena involved ln throughflow drying of light to 

medium grades of paper. The ObjectIve v:as to obtain simultaneous1y the 

instantaneous v.:l1ues of momentum, hea t and mass transport data, i. e , 

pressure drop across the web, hUl1'ldl tv [ind ternperature of the drying 

air out of the <"hee::., 1rOl~t.UH- COl': ,-1 : of ::.LL- '.:et web and drylng rate, 

while maintaining constant the con::.rollln~ conditions of flow rate and 

inlet temperature of the aÎl throUbhflo~' The basIc experimental 

design involves transient dryint; for e:·:perilT'ents v:i th total drying time 

as low as 15 seconds. As full- scalé chanbes in v,üue of sorne variables 

may occur within a second dural b tlh s(- trans ient experiments, achievlng 

very fast measuremcnt times ~a~ an o~~rrlding requircment 

A basic design constraint acloptecl Illas that the air throughflow 

rate remain constant during each transient experiment in spite of very 

large changes in sheet permeability from wet to dry With this 

constraint, the drjing rate curve for each tranSlent ell.l-.eriment would 

be associated with a known. constant throughflow rate The design 

requirement for determination of Instantaneous exit air hillnidlty, which 

may have a fu11-scale change within seconds, was met by monitoring this 

humidity continuously with a fast-response IR analyzer. 

Thus a facili ty was developed for the through drying of paper of a 

rar.ge of basis weights, in transient experiments conducted at constant 

mass throughflow air rate, with continuous measurement of the exit air 
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moisture content, exit air temperature and pressure drop across the 

drying shee t . In consideration of the time scale of these transient 

experiments, complete data acquislt18n ~as • .. :ith a dedicated micro

computer 

3 2 EQUIPHENT 

A flow sheet of the experimental sût-up is shawn as Fig. 3.1, with 

a photog:.:-aph as Fig. 3.2 A constant mass rate of throughflow air across 

the drying sheet of greatly var\ing permcability was achieved by 

malntaining sufflC lent pre ssurc cirai tiC ross the manual control valve 

(Whitey Union Bonnet regulat1l1b véil\,- IPodel SS-6LRF4) (1), ta assure 

critical flop. For aH the limltin[ pressure ratio to achieve critical 

flow is approxima te ly 0 53 Th(- rare of throughflow air was measured 

by a rotameter (Schutte and Koertin&, Co moclel 4-HCFB) (2). upstream 

of the elect-rical heater (3), conprlSln[, four indivldually controlled 

stages The au- volume contained bC<:','c-c-n thé critical flo~ valve (1), 

and the paper salPple holder (4), I,'as lPllllnnzed sa that during an 

experiment the difference bctwéen the lPBSS flo~ rate of air through the 

paper and the selected constant value of flow rate across the critical 

flow valve was not slgnlficant If thls system volume were large, thèn 

variation of the mass inventor)' of air ln this section, caused by 

variation of permeability and hence t,p for the paper, would cause the 

paper throughflow rate ta deVla te from the controlled rate at the 

critical flow valve. Proof that this objective was achieved is detailed 

in Appendix 1. Air from the paper sheet passed through che measurement 

cell (6), of IR detector-analyzer (5). (7) Air temperature was 

measured wi th Omega fine WHe (7 6/lm) copper/constantan thermocouples, 
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Figure 3.2 E:<perimencal facili cy 
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pressure drop across the sheet with a strain-gage type differential 

pressure transducer (Statham Lab<watories model PL96TCd 3-350) The data 

acquisition microcomputer (8), momtored thi.s temperature and pressure 

drop as weel as the e>.l.t air humidlt) 

The wet sheet was held in a plexiglas sample holder designed for 

very quick insertion into and removal frorE the drying system. The 

complete sample insertion assemblv is shm'n as Flg 3.3, the sample 

holder a3 Fig 3.4, and the cOlT'ponents of the sample holder as Fig 3 5 

The diameter of the paper salT'p1es ',',,<, fl'- ec: at 104mm because this 

size, easily cut frolll stand;;rcl 1581:',,1 diarneter handsheets, is 

sufficiently large to perITIlt accuratc. deterlT'l.natlOn of drying rates. 

Of the four principal elerncnts s110 n on Fit; 3 3, the top and the 

bot tom rings carry the pressun' tilpS. ,,'hile the largest component is 

the insertion-withdraw,il sl1dln[, <,cctlon 1,'Jnch is se-.:ured in position 

by a quick turn of the long h<illdlt" (l! the tightenlng nng immediately 

below it. The insertion-wlthclra, il1 !"ectlon is shown ln its positlon 

during a tranSlent dryl.nt; eXperillf'llt Pnor ta and follol>.'ing a drying 

experiment this slidlnr, section relralns in its alternate position, i.e. 

with the paper sample holder outsHle the dryln[, system 

The paper sarrple holdel clement of the Insertl.ol1-wlthdrawal unit 

is shown in Fig 3 4 in its assembled state, in FIg 3 5 with its four 

rings detailed The l04rnm diarneter paper sample was clarnped between 

the lmm wide surfaces of the lip on the upper ring and the rnating ledge 

on the adj acent ring, as shown on Flg 3 5, The third component shown 

on Fig 3.5 is the paper support, a 4 2mm thick section of alurninum 

honeycomb (hexagonal Sl.ze 4 7mm) of open arpa greater than 90%, 

supported by the bottorn ring shown Two D-rings, one on each side of 
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Figure 3 4 Sample holder 
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the sliding mechanism where leakage v,.'ould otherwise occur, serve to 

prevent drying air from by-passing the paper. At the moment the sample 

is inserted in ta the drying systern a perfeet seal is obtained by 

pressing these O-rings tightly to the sliding section by means of a 

quiek throw lever 

3.3 MONITORINC THE EXIT AIR HŒ!IDITï 

The throughflow air e>:iting thE: sheet passes through the measure

ment cell of a Wilks Nll'~m-l infrared spectrophotometer for determina-

tion of humidi ty The 1I1stant<1I1l:'OUC; values of drylng rate and paper 

moisture content can be ealculatH' h'- n1JSS balance from the throughflow 

air humidity and flo\o;rate TrllS imlll'f;ct technIque to measure drying 

rate was first used bv Zabeschek~l977J for free-flowing granular 

materials in fluid beds and was bter applied to the through drying of 

textlles by Gummel [1977 J and to flUld bed drying of NPK fertilizer 

granules by Hallstrom[] 9851 :-lall1tillnence of drying conditions 

undlsturbed by an)' measurlng devIcc,. and very rapid response. are 

advantages of this techmque .:l1lch are erl tieal for transient through 

drying experiments of very short duratlon 

The Wilks-Miran spectrophotometer was adapted to the present use 

with a measurement cell of length 500mm and set to measure the 

absorbanee of water vapor at a wavelength of 2. 70~m. In the 

fundamental infrared spectrum range. 1 e excluding the near and far IR 

regions, water vapor has several stropg absorbanee bands, including at 

2.55, 2.60, 266, 2.70 and 274J.Im The IR spectrophotometer was 

calilJrated agai:1st a eooled-mirrol" dew-point meter (EG&G Madel 660) 

using saturated salt solutions of known vapor pr.essure at aIl five of 
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those wavelengths. The calibration procedure i5 given in Appendix 2. 

Although the 2.66pm band is the strongest, sharpest peak in this range, 

2.70pm was chosen because calibration curves at this wavelength 

displayed better reproducibili ty, perhaps due to this being a wider 

peak. The calibration between absorbance at 2. 70jlm and air moisture 

concentration, p, g/m 3 , Fl& 3 6, shows a non-linear dependency, 

represented here by a second-ardu' polynorrL.Jl The non-linearity of 

absorbance for long measurement celle, has been dlscussed in detail by 

Houghton and Smith [1966]. 

The choice of length of IR Ire<isurement cell involves a balance 

bet\.;een considerations of Instnlll1t:'ll:: sensltivlty and of residence ti,me 

for flow through the cell A measurelllPnt ccll lOOmm long, desirable 

for the latter requirement.. ·.··c,>, fO\lnd ta give an insufficiently 

accurate measurement of humldl t) 'llie final choice, a pyrex glass 

measurement cell of length 500111:11, di<ilneter 25mm, gave good humidlty 

accuracy while representing a mean residence time in the range of only 

0.07 to 0.305. These values should h(' vie ... :ed in the context that the 

IR instrument time r.onstant was 0 lSs 

3.4 DATA ACQUIS1TION 

The thermocouples, IR-Analyzer and pressure transducer outputs 

were connected to a data acquisition system based on an IBM-PC micro-

computer. Each output was connected to a signal conditioning unit, 

Data Translation, Inc. Model DT6701 or DT6702 dependlng on the input 

voltage level, equipped with a low pass filter. The A/D board was Data 

Translation, Inc. Model DT2801-A with 16 single-ended channels. Typical 

sampling frequencies for data acquisition were in the range of 5-10 Hz 
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depending on the experimental conditions. The data acquisition program 

incorporated subroutines of the PC-LAB software of Data Translation, 

Inc. for this type of A/D board. AlI acquired data were stored for 

subsequent calculation and data processing, and were also printed out 

via a 3-pen recorder, Yokogawa Electric Works, Ltd. YEW Model 3660, 

for visual inspection of the pressure drup, exit air tempe rature and 

exit air humidity transients. Graphical output of calculated data was 

obtained with a Hewlett Packard Hodel HP7470A pIotter using a modified 

version of MGPP (McGill University Plotting Package). 

3.5 DEMONSTRATIOK RESULTS 

3.5.1 Experimental Datï 

Raw Experimental data, i. e , pressure drop, lIP, exit air tempera-

ture, TA' and exit air humidity, p, were plotted for visual inspection 

prior to further processinb of thé results Fig. 3.7 shows such a 

record for drying a handsheet made from unbleached kraft pulp, of basis 

weight 95g/m2 , initial moisture content about 2.0kg/kg (dry basis), 

dried by air of about 40°C and less than 2% relative humidity, with a 

superficial throughflow veloci ty of O. 08m/s. At time zero on Fig. 3.7 

the data acquisition system starts to monitor the drying conditions, 

while the actual drying run stans wi th insertion of the wet paper 

sample into the system, at t=90s for the case shown. Upon insertion of 

the wet, low permeability sample there is an abrupt spike on the record 

for pressure drop, which eventually becomes steady at the much lower 

value corresponding ta the dry paper. Exit air moisture also jumps im-

mediately, quickly levelling off at a value which reflects the constant 

rate drying period. Exit air moisture then drops during the falling 
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rate period, reaching the inlet air humidi ty when drying is complete. 

The exit air temperature record corresponds to that for exit humidity. 

From subsequent computer processing of the data, calculated 

results such as the paper moisture, drying rate and mass transfer 

coefficients were obtained and plotted 

The detailed descriptIons of th,:, e':perimental procedures employed 

are given in Appendh. 3, and the cllrocteristics of the pulp used in 

Appendix 4. 

3.5.2 Accuracv Checks 

The continous llIoni tonnG of air llUl111 cl i ty and tempera ture enables 

two checks ta be made on the 3CCl.1r"c'.' 01 :.11V Inf:'asurements 

l the total 31pount of \.'3tel r(-I (l\'l~c! from paper, determined 

gravimetrically, may be comparecl wi th that determined by 

integrating the dryi ng rate curve, 

2. the continuously measured exi t air temperature may be compared 

with that temperature as cal culated via continllous heat and 

mass balances from the continuouslv measllred exit air 

humidity. 

As to the first of these checks, the total amoun': of water evapo

rated during an experiment is known accurately from the paper sample 

weight at the beginning and end of the run. For aIl experiments the 

arnount of water evaporatèd, as determined by integrating the calculated 

drying rate curve, gave exce lle'lt checks, ta within 2-3% of the value 

determined gravimetrically. 

Wi th respect to the other check, a comparison of the calculated 

and measured exhaust air temperatures is shown on Fig. 3.8 for the 
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Figure 3.8 Accuracy check by heat and mass balance 
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experirnent displayed on Fig. 3 7 Accounting for the change in paper 

tempe rature in these hea t and maS5 balances required sorne auxiliary 

experirnents. Drying experiments in the same equipment for samples witn 

fine thermocouples ernbedded in the pdper established that the paper 

reaches the adiabatic saturation tempe rature of the drying medium 

Thus paper ~ernperature quickl) drops, or r1ses, from its initial value, 

ambient temperaturc, to thé ad1abatlc saturat10n temperature After 

the stead)' temperature assUll'cd bv thé papcr durlng the constant rate 

period, pap::=r tempe rature rises ri1pidh' ',lth the drying medium tempe

rature du,-ing the falling rate per iod In thE.se he.:lt and mass balances, 

the paper temperature tra~sient!:,. b,":orl and z,ftn the constant drying 

rate period, were taken 3S c',pon.:-ntliïl [Ull,'tlons The e~cellent agree-

3 p, ~.a!:' typ1cal of the 

resul ts. The success of bOlh of thp!:,C' accurac\' checks indicates that 

aU significant heat lasses v,;021"\' clilrinatcd and thal thé overall 

experimental method pr0duced consistent and accurate measurement of the 

through drying rate for paper 

The details of aIl the· tempC'l".:ltu!'(> measurelrents are presented in 

Appendix 5. 

3.5,3 Calculated Data 

As noted, the values of calculated varidbles such as drying rate 

and paper rnoisture content rnay be plotted relative ta drying time, ana-

logous to Fig. 3.7. More interest.lngly, the present experirnental 

facility perrnits direct representatlon of calculated results, instanta

neous drying rate or mass transfer coeff1c1ent, as a function of the 

corresponding instantaneous values of the controll1ng variables. Fig. 
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3.9 provides such a display for drying rate as a function of the cor

responding moisture content of the pap~r for the case of handsheets of 

basis weight approximately 100g/m~, dried by throughflow of 24°C air 

at superficial throughflow velac i tlCS ranging from 0.08 to O. 43mjs. 

For any transient experimpnt there is an initial period of e:ther 

heating or coollng of the paper for the series of experiments shawn 

on Fig 3.9, for v:luch the adlabatlc s.Jturation tempe rature is below 

the inltial paper temperatltré, tlllS lnitlal penod is one of cooling 

the paper, hence the initi"l hifh drYll1[. r.3tes while the paper is 

cooling to tllP terrpcrature it âSS\.1"c S during the constant drying rate 

period v:hich fo11o,,:s \..'hf'lI tll( adl;1!)atic saturation tempe rature is 

above the initlal papC:l" térrper<ltu:·c. ,11C opposite effect prevails 

The length of the const<ln~ dr::ll1[, ratE penod natu!."ally decreases 

as air throughflow rate or 1nle:.: tt'Irrerature lncreases, or as paper 

basis weight or paper 1ni tial 1Iioi s turc content decreases. AlI runs end 

v:ith a fa11ing rate period, the 1enz.:.h of v;hich is a function of the 

drying conditions 
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CHAPT ER 4 

THROUGHFLOW ACROSS MOIST AND DRY PAPER 

4.1 INTRODUCTION 

A transport phenomena analysis for any process involving air flow 

across paper, such as through drying. rèquires characterization of the 

porous structure of paper As there is a chOlce of experlmental tech-

niques for characterizing porous media, the rrethod used mus t relate 

dlrectly ta the processes concerned in throughflow 

For dry papet, results of the numerous studies of permeability and 

specifie surface dlffer considerably, depending on the type of pulp and 

the measurement technIque The dependance of specIfie surface on the 

measurement technIque derives from the complexitv of the microstructure 

of paper Thus quite divergent values of specifIe surface can be correct 

measures of different types of fibre lnterfacial area Al though the re 

are nurnerous inveStlgatlons of the permeabillty and specifie surface of 

dry pa?er of medIum ta heavy grades, there are none at basis weights as 

low as our interest, 25g/w 2 

For wet paper, the only studles ta have made even limited measure-

ments of the effect of paper mOlsture content on its permeability to air 

floware those of White .:!fld Marceau[l962], Brundrett and Baines[1966] , 

Burgess et al [1972d,b]. Those investigations are incomplete and conta in 

contradictions. The experimental plan for our associated study of through 

drying rates provlded the opportunity for a simultaneous study of momenturn 

transport ln air flow throubh paper over a wide range of basis weight and 

for moisture content over the full span from wet to dry Altho\lgh the 

intended transport phenomena analysis of through drying rates required a 
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full momentum transport study, the latter subject, of intrin~ic interest 

beyond this specifie use, is the focus of this chapter. 

4.2 EXPERIMENTAL 

The equipment for permeabllity- through drying experiments was 

des igned ta permi t simul taneous rneasurement of the transient values of 

pressure drop and drying rate, and of the controlllng varIables 

moisture content and thickness of the paper, humidl ty and temperature 

of the throughflow air Eaeh such e:-..periment was conductC'd at a fixed 

value of mass fla",' rate of throughflow air across 104mm dlameter sheets 

A description of tlw e:...penmental t-echrllque was recently puLlls1-1 C'd 

(Polat et al [1987]), and addltiona1 details arE' providcd ln Chapter 3 

Paper of basis welght 25, 50, 100 and 150gjm 2 from a standard 

handsheet apparatus was prepared, wet pressed at 345kPa and dried, aIl 

according to CPPA Stdndard C 4 Hos t handsheets were prepared from 

standard dry laboratory kraft pu1p (unbeatcn, unhl eached, 100% black 

spruce, -18-19 kapp<l number, CSF 685ml) w)nch had not previously been 

formed The sheets when dry were of apparent denslly -0 5gjcm 3 A few 

experiments were made wi th newspnnt prepared on a Papriformer from 

reslushed meehanlcal pulp Shcets of 2S0gjm 2 were standard pulp testing 

blotters, of thickness 0 508±O. 013mm, from a Quebec mill of DOMTAR Pulp 

and Paper Ine. 

For a particular sheet and set of throughflow conditions, each 

experirnent involved obtaining simultaneously the complete mornentum 

transport and drying rate history of that sheet over the entire range 

from wet ta dry In order to determine the extent of change of through-

flow characteristics whcn a sheet is subjected to a complete wetting-
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drying cycle, ~P measurements were also made prior to a through drying 

experiment. After these tests the sheet was moistenea to the desired 

in: tial mois ture content for a complete permeablli ty- through drying 

experiment Measurement of throughflo\-.' characteristics of the same 

sheet when moist and when dry, both before and after a wetting- through 

drying cycle. ldentifies conditions which change paper microstructure 

and those for which microstructure remains unchanged 

4 3 PERMEABILITY OF DRY PAPER BEFORE A WETTING-THROUGH DRYING CYCLE 

4 3 1 Permeabil1ty fronl Darcy' s Ln,' 

Prel1minary tests sho',·;ed th"t at industria11y relevant rates, air 

flo\o,' through paper is not a purely V1SCOUS flow but has a significant 

inertial component Therefore expenments wi th throughflow rates of 

0.08-0,70kg/m 2 s (0 07-0 60m/s superflcial velocity) wlth air were 

supplemented wi th a fluid of much hlgher klnematlc ViSCOSl ty, he 1 iurP, 

at th-oughfloY.' rates of a 02-0 20kg/m 2 s (012-1 20m/s) The s e through-

flows, aIl at ambient temverature, were repeated ln triplicate, i. e. 

with three handsheets. The measurements, when correlated as 

~P = m Gn (4.1) 

gave the values for the e;."ponent, n, listed in Table 4 l, wi th 

correlation coefficients, in every case better th an 0.999, 

TABLE 4.1. Values of the exponent n îor dry paper before a 
wetting-through drying cycle 

Basis weight, g/m 2 

Air flow 
Helium flow 

25 
1.240 
1. 079 

50 
1.072 
1.010 

100 
1. 051 
0.999 

150 
1.016 
0.998 

250 
1.011 
1.000 

Flow thzough paper is customarily treated as a viscous flow, which 

in the form known as Darcy 1 s 1aw, is 



lIP 
L 

11 

k' G 

63 

(4.2) 

where L is paper thickness and ~' the Darcy permeability Table 4.1 shows 

that for air flow through paper the assumpti on of viscous flow 1 i. e of 

Darcy' s Iaw, which implles n=l in Eqn. 4 1, is never fully satisfied but 

is approached for the thlekest paper 1 i. e. that of the h~ghest basis 

weight With decreasing basis weight a growing inert~al contr1bution ta 

pressure drop with air lS apparent 

"':'he value n=l 24 for 25g/m2 paper agrees wlth the value n=l 21 which 

may be deterrnined from the data of Gummel[1977] for tissuE' paper of basis 

weight 20 and 23g/m 2 Gummél in tact spht hlS data at an air veloclt:, 

u=O lm/s. and for hlS cOITelaLlolls belOl'; aIld abovû this value obtained 

the values of n of 1 and l ), respectlvely Howevel' hl.':> results can also 

be correlated well with a single regression as 6P=mGll with n=l 21 

The results with hehum, Table 4.1, indicate a more viscous flow 

than wi th air. This di fferenee refiec ts the decrease in Reynolds numbcr 

caused by the 7 5 Ornes larger kinematic v1scosity of hel1um An inertial 

contributIon ta pressure drop 1S none the less evident Even for helium 

with lighter we1ght paper 

4.3.2 Permeability from the Momentum Transport Equatiol' 

Momentum transport for the general case of flow through porous media, 

i. e. including both the viscous and inert1aI terms, is represented as 

!:IP 
L 

(4.3) 

The first and second t"-'rms rt1resent the viscous and Inertial contribu-

tions to ~P, where u is superficiai veloc i ty and Q and fJ are complex 

viscous and inertial term parameters. The applicability of this form, 

commonly referred to as the Forchheirner relation, has been establ ished 
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for both consolièated F.lld unconsolidated media. By solving the momentum 

equdtion using Slattery' 5 averaging theorem, Dullien and Azzam[ 1972] 

found the theoretical definitions of 0 and ~ to be as follows: 

~ = D1V <III v Vv dV + II p~2 n dA ) 

where D is the characteristic length of flow, V the averaging volume, v 

the velocity vector, n the unit vector, u the superf1cial velocity and A 

the surface bounding the averag1ng volume The volume and area integrals 

are on the associated fluld volume and solid-fluid interface in the aver-

aging volume The Q-~ definitions of various authors differ slightly due 

to differences in the simplify1ng assumptions used and in the solution 

technique employed, but aIl invo1ve complex volume and area integrals. 

The equatlon parameters are also related to permeability as o=l/k and 

~=C/Jk where C is an inertlal flow constant For ~=O, the equation 

reduces to Darcy's law 

For determinatlon of permeability, k, and the inertial constant, 

C, from t.P data as a function of mass flo\" rate, G, Eqn. 4.3 may be 

rearranged ta the form of the so-called Forchheimer plot 

ri G -O+/J--
I/GL J.l 

(4 4) 

Appendix 6 provides a sample calculation and tabulation of permeability 

values Fig. 4 1 is a Forchhelmer plot wi th t.P-G data for air used for 

Table 4 The results, Table 4.2, appear as the "before wetting-drying" 

data of Fig. 4 2 The number of sheets of paper tested of each basis 

weight is indicated by N, and the values of the parameters listed are 

the best fit values for the data from N sheets. The coefficients of 

determination show that this theoretical relationship fits the data 

almost as well as the pure1y empaical Eqn. 4 1. The values of 0 0 and 

Ok' less than 2% of the respective variables, are excellent. Although 
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Mn' g/m2 

25 
50 

100 
150 
250 

25 
50 

100 
150 
250 

N 

3 
3 
3 
3 
3 

3 
3 
3 
3 
3 

TABLE 4.2. Momentum Transport Parameters fo~ Dry Paper, 
before a Wetting-Throueh [)rying Cye} e 

a. m- 2 

1.06xl0 12 

3.81 
3.84 
4.29 
4.34 

1.07 
3.49 
3.70 
3.80 
3.90 

Air Flow 

~ m- 2 

2.5xlO IO 

2.0 
2.6 
0.8 
l.8 

P. m- l 

2.29x10 7 

2.09 
2.46 
1. 33 
1. 82 

Helium Flow 

2.0 
2.0 
0.8 
0.9 

0.95 

2.43 
2.57 
o 
o 
o 

a f3... m- 1 

9><'10 5 

8 
16 
11 
17 

15 
17 

-~ 

0.993 
0.998 
0.996 
0.968 
0.994 

k m2 - __ L-___ _ 

9.4 3x 10 - 1 3 

2.62 
2.60 
2.3/. 

2.30 

0.974 9.3; 
0.977 2.87 

2.70 
2.63 
2.56 

Ok' m2 

22xlO- 15 

1.4 
1.8 
0.44 
0.96 

18 
1.6 
0.58 
0.62 
0.63 

c ----

22.2 
10.7 
12.5 
6.4 
S.7 

23.5 
13.8 

o 
o 
o 

~ 

0'1 
00 

'~~...., 
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Figure 4.2 Effect of basis weight on permeability of dry paper 
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~ is more difficulL to measure accurately the values of 08 in the range 

4-9% are also very good. These values of (J derive primarily from the 

variation in formation between the different handsheets tested. 

The inertial contribution to pressure drop, indicated by the para-

meter C, is maximum for the lig1-:test weight paper, 25g/m2 , and becomes 

small or negligible for heavy paper. An inertial component in the flow 

is evidently detected much more sensitively with the momentUiTI transport 

relation than by inspection of the exponent of the power law l'elation-

ship, Eqn. 4.1. As shawn in Fig 4.3, the fraction of pressure drop 

which derives from inertial effects, (f3G2/p)/(!:!"P/L), approaches 50% for 

the combination of thinnest paper at the highest air throughflow rate. 

Even for heavier paper, of basis weight 50-l00g/rn2 , the inertial 

contribution to !:!"P is in the range 15 - 20% for the maximum throughflow 

rates used here and would be substantially higher yet at the maximum 

throughflow rates used industrially. 

4.3.3 Effect of Paper Basis Weight on Permeability 

lt might seem that permeability, being derived from L\P/L, should 

be independent of paper thickness or basis wei['h':. The results, Fig. 

4.2, indicate otherwise. Wi:h decreasing basis wej ght permeability 

increases, at first slightly, then with a big jurnp between 50 and 

25g/m2 paper. Thus straight l ines are shown through Fig. 4.2 data over 

the basis weight range SO-2S0g/m2 , while the values for 25g/m2 paper are 

simply shown as such. The small increase of k with decreasing MB from 

2s0g/m2 ':0 sOg/m2 probably derives from small changes in pore size and 

pore size distribution. Based on the gas-drive technique of Co:::te[1958] 

to determine pore size distribution, the measurements of Bliesner [1964] 
...... 
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Figure 4.3 Effect of throughflow rate on inertial contribution to 
pressure drop: dry paper before wetting-drying 
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indicate that as paper thickness increases, mean pore size decreases 

and the pore size distribution becomes narrower. These trends are 

consistent wi th the decrense in permeability towards an asymptotic 

value, observed here, as basis weight increases. 

The tripling in permeability for a reduction in basis weight from 

50 to 25gjm2 suggests a different mechanisrn. Corte and Kallmes (1962) , 

Corte and Lloyd[l966), and Wiseman[l987) have noted that pin hole counts 

for commercial paper ;.ncrease exponentially with decreasing basis weight. 

Pin holes accomodate disproportionately large flow rates. The large 

increase in permeability at such a low basis weight thus reflects a 

substantial fraction of flow occuring through pin holes. 

4.3.4 Effect of Pulp Type on Permeability 

Wi th a furnish of bleached softwood kraft pulp, CSF 345ml, of 

apparent density -O.72gjcm3 , Knauf and Dosh~[1986] measured Darcy's law 

permeability to air about twice as high for handsheets of 60gjm 2 

(k=O.l6xlO- 13m2 ) as for 200g/m2 (k=O.083xIO- 13m2 ). The basis weight 

below which permeability increases sharply would be expected to depend 

on the pulp used and on sheet formation techniques which affect pin 

hole formation. Knauf and Doshi employed a highly beaten pulp, CSF 

345ml; the present st1..ldy used an unbeaten kraft pulp of CSF 685ml. As 

the percentage of fines is much higher in beaten pulps, the retaineci 

finas decrease permeability appreciably below that measured here for 

paper from an unbeaten pulp. As sheet thickness increases, the percent 

fines retained also increases, giving much lower permeability. 

Therefore the steeper drop in air permeability of Knauf and Doshi with 

increasing basis weight over the 60-200g/m2 range appears related to 



( 

( 

73 

differences in the pulp used. 

4.3.5 Permeability Comparisons 

Permeability values obtained from hf lium and air flcw experiments 

(Table 4.2) agree remarkably well, averaging within 9% over the basis 

weight range 50-250g/m2 . This difference cculd be due to molecular flow 

effects. If the mean free path of molecules is an appreciable fraction 

of pore diameter, the phenomenon variously called slip flow, free 

molecular flow or Knudsen flow occurs at the pore walls. Although 

typically associated with low pressure flm .. ' , Corte[1982] claims that 

slip flow in paper may contribute appreciably even at atmospheric pres

sure. The pore size in paper has been reported to be in the range of 

about 0,1-10 microns, Carson[1940J, Bublitz et al. [1948J, Bliesner[1964J. 

As the mean free path of air and helium at 20°C and 100kPa is about 

0.09J.1m and O. 3J.1m, respectively. the slip affect could be present, 

particularly in helium permeation. This effect is consistent with the 

permeability being slightly higher for heliurn than air for heavier 

paper, of basis weight 50g/m2 and above. The effect disappears with the 

larger pore size of 25g/m2 basis weight paper, Table 4.2, for which 

permeability measured by air and heliurn flow is, '\olithin 1%, the same. 

The air resistance values for the 250g/m 2 blotter paper, measured 

by Gurley densometer at the Pulp aui Paper Research Institute of Canada 

according to CPPA Standard D14 prior to the shipment to our laboratory, 

gave permeabilities in the range of 1.8-2.2xlO- 13m2 , very close to the 

Table 4.2 value, 2.3xlO- 13m2 • Those permeabilities were calculated 

from Darcy's law because the method gives only the time elapsed during 

passage of a specified amount of air, generally 100cm3 , but the error 

.............. -------------------------------------------------------
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in k from this assumption is smal1 for paper this thick. 

The permeabilities measured here, Table 4.2, Fig. 4.2, agree we1l 

with those previously reported for siwilar paper. Carson[1934] repor-

ted k-2.lxlO- 13m2 for blotter paper. Knauf and Doshi [1986] used the 

Gur1ey densometer and Bendtsen porosimeter to measure air flow through 

200g/m2 handsheets of apparent density O. 6g/cm3 made from unbeaten 

bleached softwood kraft pulp, of freeness CSF 725ml Their permeabili ty, 

2. 38xlO- 13m2 , also agrees weU wi th the present study. They observed 

that permeability increases as freeness (CSF) of the pu1p increases and 

as apparent dens i ty of the paper decreases, wi th both effec ts qui te 

important. The permeabilities of 5.75xlO- 13m2 and 2.67xlO- 13m2 reported 

by Bliesner[1964] for 100g/m2 sulfite handsheets wet pressed at 345 and 

690 kPa respectively show the sensitivity of permeability to wet pressing 

conditions. The above permeabilities were all calculated by assuming 

Darcy's law. 

When there is an inertial component to momentum transfer but per

meabi1ity is determined assuming, incorrectly, Varcy's law, the perme-

abilities thus r.alculated are erroneously low. This error is smaU 

only for combinations of low throughflow rate-high basis weight. For 

the combination of maximum throughflow rate-minimum basis weight of the 

present study, the use of Darcy'~ law wou1d result in an error in k of 

about 40%. Previous researchers either ignored the fact that the cont

ribution to ~p by inertia1 effects in gas flow through paper can be im

portant, or tried to minimize this effect by restricting their studies 

to very thick paper and/or very low flow rates. The magnitude of the 

inertial constant, C, and the trends in C with paper th:ckness, Fig. 

4.2, show that the factors which contribute to highar permeability con-
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tributf' also ta higher inertial pressure drop. The present work is the 

first study of paper permeability which accounts for the inert:ial resis-

tance. Thus permeabili ty. c0rrectly determined. has been documented 

for a wide experimental range of both air flow. O. 07<u<0. 60m/s. and 

basis weight, 25-250g/m 2 , without this approximation of previous 

investigations. 

4,4 PERMEABILITY OF DRY PA~ER AFTER A WETTING-DRYING CYCLE 

4,4.1 ~xperimental Results 

Comparison of the above resul ts wi th permeabili ty measurements at 

the end of each permeability-through drying experiment indicates whether 

structural changes occuring during a complete wetting-drying cycle are 

irreversible. For each basis weight in the range 25-150g/m2 , the perme

ability at the end of a wetting-throughflow cycle was determined from 35 

to 65 such experiments, each wi th cl different handsheet, performed for 

various combinations of throughflow rate, G, 0.09-0 52kg/m 2 s; throughflow 

inlet tempe rature , T1 , 20-90°C; and initial paper moisture content, Xo' 

For the associated through drying measurements T
1 

and Xo are important 

variables, but simply provide replicata experiments for the l1P of dry 

paper. 

The experimental resul ts, Table 4.3, Fig. 4.4, are analogous to 

those of Table 4.2, Fig. 4.1. At each basis weight the number of sheets 

tested is N. Forchheimer plots are shown only for the data of highest 

experimental scatter, i. e. for the two lowest basis weights. The 

greater scatter on Fig. 4.4 than Fig. 4.1 reflects the measurement of 

6P-G values for a much larger number of sheets, N. Thus for each basis 

weight, the line on thp. Forchheimer plot which determines a value of k 
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TABLE 4.3 Momentum Transport Parameters for Dry Paper, 
after a Wetting-Through Drying Cyc1e 

Ms. g/m2 
N Q, m- 2 u Q ' m- 2 

~ -1 1 m ~~, m- 1 r 2 k m2 
-- . Ok' m2 

C 

25 65 0.66xlO 12 4.6xl0 1O 1.10xlO 7 8xl05 0.87 15.lxlO- 13 llOx10- 1 5 13.5 

50 61 1. 30 9.6 0.69 7 0.89 7.7 57 6.0 

100 61 1. 70 16.0 0 5.8 55 

150 35 1.94 19.9 0 5.2 53 

250 6 2.80 18.0 0 H 3.5 23 

45* 9 13.0 25.0 4.70 33 0.995 0.78 1.5 l30.0 

t groundwood furnish, Papriformer newsprint. three flow rates on1y 
** two flow rates on1y 

oo..J 
0'1 
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and C is defined by ~P-G measurement from as many as 65 sheets of paper 

after a wetting-drying cycle, Fig. 4 4, from 3 sheets for the measure-

ments prior to this cycle, Fig. 4.1 In aIl cases the values of 0a and 

Ok are in the range 2-H; of the respective Q and k, while op is 7-10% 

of the value of p. These values of ° are similar tc! those noted for 

Table 4.2. Variation in structure between shep.ts is the source of 

essentially aIl scat ter because of the very high precision of ~P-G 

measurements. Analogous to Fig. 4.3, Fig. 4.5 shows (f3G2jp)j(~PjL), 

the fraction of pressure drop which derives from inertial effects. Even 

for low throughflow rates, G""O.3 kgjm 2 s, us ""O.23m/s, the inertial term 

accounts for 1/4-1/3 of L:.P. 

For the same kraft paper before and after a wetting- through drying 

cycle the trends in the k-MB relationship, Fig. 4.2, are similar but k 

is about twice as high after the wetting-drying operation, Ovel this 

complete cycle sorne cè:.anges in paper microstructure are evidently 

irreversible. Permeabilities measured after wetting-drying agree with 

results of the few previous comparable studies. Thus for paper after a 

wetting-drying cycle, White and Marceau[ 1962] reported k=9x10- 13 m2 for 

83gjm2 filter paper of a southern kraft furmsh, and 4. 4x10- 13 m2 for 

269g/m2 blotting paper made from a furnish of 17% bleached soda, 32% 

bleached sulfite, 51% cotton linter, plus clay and starch(-70kgjtun 

fibre) . As they assumed Darcy' s law their results are somewhat lower 

than the correct values. Al though their medsurements were made at a 

sheet moisture content of approximately 0.25kg/kg, the observation that 

permeability does not change significantly with decreasing moisture 

content below X=O.3, made initially by Brundrett and Baines[1966], was 

established more extensively in the present work, Section 4.5. For 
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Papriformer newsprint, the permeability measured here after a wetting-

drying cycle, O. 78xlO- 13m2 , is two to three times that for ~he paper from 

never-dried stock measured by Burgess et al.[1972a,b], 0.2-0.3xlO- 13 m2 

(calculated assuming Darcy' s law). Thus the present study indicates 

that for both newsprint and kraft paper., permeability increases 

substantially after paper is subjected to a wetting-drying cycle. 

4.4.2 Permeability Changes during Wetting or Drying 

A fundamental question is whether this substantial permeabili ty 

increase when paper is subjected to a wetting-dryi~g cycle is caused by 

irreversible changes occuring during the wetting, the drying, or both. 

The only previous measurement of permeability before and after a wetting-

èrying cycle is that of Brundrett and Baines[1966]. They reported flow 

and pressure drop measurements for commercial paper, both kraft and 

newsprint, produced from never-dried stock and, apparently, for other 

samples of the same paper after a wetting-drying cycle. Although they 

gave results only as the modified permeability, kjL, calculated assuming 

Darcy's law, and did not record sheet thickness, one may estimate the 

latter from their basis weight values and thereby' estimate permeability 

from their measurements as follows: 

Pulp furnish 
kraft press broke 
newsprint 

Before wetting-drying 

ME' gjm 2 

85 
52 

k, m2 

0.36 X10- 13 

O. 094x10- 13 

After wetting-drying 

k, m2 

O.) 5 xIO- 13 

o . 135xlO- 13 

Thus their results for the effect of a wetting-drying cycle are contra-

dictory, indicating a decrease in permeability of kraft paper but an 

iflcrease for newsprint, in both cases by subs tantial amounts. They 

related this discrepancy to a ~igher percentage of fines retained by 
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commercial kraft paper which i5 wetted and dried compared to their 

laboratory formed sheet from press broke. 

For newsprint formed in their laboratory, Brundrett and Baines 

obtained permeabilities almost an order of magnitude smaller than for 

machine made newsprint, a difference they attributed to their simple, 

non-standard laboratcry formation technique Therefore the discrepancy 

between their ne·wsprint permeabili ties and those measured hp.re, Table 

4.3, appe.3.rs due tc their inappropriate sheet formation technique. 

Moreover as they did not change drying conditions, their data provide 

no indication as to the source of the large permeability change over a 

wetting-drying cycle Thus questions as to the change in permeability 

of dry paper that undergoes rewetting and drying, and the source of 

this change, were not clarified by the Brundrett and Baines study due 

to the shortcomings noted. 

In the present study permeability of the same sheet is measured, 

before and after a wetting-drying cycle, in an experimental plan which 

al 50 includes major variations in drying conditions, i.e. change of 

throughflow rate, G, by a factor of 5, Fig. 4.4, and change in through

flow air inlet temperature, Tl' between 20 0 e and 95°C. Drying rate is 

thereby changed enormously, by a factor of 20. However, permeability 

change over a complete wetting-drying cycle does not correlate with 

these very large changes in through drying conditions and drying rates. 

Thus the present study establishes that over a wetting-drying cycle the 

permeability of dry paper approximately doubles, and that it is irrever

sible changes in porous structure which occur during wetting that are 

tè e prime source of this doubling of pelmeability. 

The values of the inertial constant, C, before and after a wetting-

-----------------------------
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drying cycle, Table 4.2 and 4.3, Fig. 4.2, show that over such a cycle 

the increase in permeability is accompanied by a decrease in the inertial 

constant. Sorne mechanism evider~rIy links an increase in k wi th a J~crease 

in the inertial contribution to ~P. 

4.4.3 Mechanisms of Permeability Change during Wetting 

Relaxation of internaI stresses during the wetting part of a 

wetting· drying cycle should increase permeability. During drying under 

restraint, stresses produced by later3.I shrinkage pull fibre - fibre bonds 

apart, thereby generating fibrils at bond sites These bonds are of such 

strength that, when a sheet is dried free of restraint, micro-compressions 

form at the bond sites, as first observed by Page and Tydeman[ 1962J. 

When a sheet dried under restraint, stressed and fibrillated at the bond 

sites, is wetted, stress relaxation occurs because inter- and intra

fibre hydrogen bonds break and reform in the presence of water, thereby 

a110wing fibrils to coI1apse back onto the fibre surface. 

This collapse of stress induced fibrils, an irreversible process, 

is believed to be the main mechanism for the permeability increase over 

a complete wetting-drying cycle. In their interfacial are a measurements 

of dry handsheets before and after a moistening-drying cycle, Gurnagul 

and Gray [1987 J concluded that the specific surface decreases more from 

the co11apse of stress-induced fibrillation than it increases due to 

fibre swe1ling. As fibre swe1ling on wettinb and shrinkage on drying 

would continue over repeated cycles of wetting-drying, this is not a 

mechanism fnr the large irreversible change in permeabi1ity observed 

over such a cycle. Collapse of fibrils on the fibres increaserj 

permeability because of the decrease in inert~al eff,~cts, Le. the 
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irreversible flow processes from stalls, vortices and wakes in the 

channels. Reducing the number of obstacles, i. e. fibrils, in the flow 

channels reduces these irreversibilities in the flow, reflected in turn 

by the lower inertial constant and higher permeability. This aspect is 

discussed further in Section 4.7. 

This wetting process should not be confused with reslushing, i.e. 

disintegrating a dry sheet to its constituent fibres and re-forming a 

sheet. As standard laboratory pulp is stored dry, the permeability 

measurements made "before a wetting-drying cycle" are necessarily 

preceded by wetting the pulp fibres when forming the sheet. On that 

initial wetting any changes in fibre microstructure would be small 

since the fibres were originally dried as a loose pulp, not as a 

restrained web. Reslushing involves qui te different phenornena because 

on the larger scale, formation is set during drainage, while on the 

smaller scale, formation is modified during pressing. The effect of 

relushing on paper permeability has not been reported. What is relevant 

to the present study are the changes in fibre morphology which affect 

the microstructure of pores which participate in the throughflow 

process for sheets of already established formation. 

4.4.4 Effect on Permeability of Pulp Type and Formation Technigue 

The permeability of dry paper js dependent not only on its thick

ness and on its wetting-drying history, but on the type of pulp and the 

technique used to form the web. The permeability of the ,+Sg/m2 

Papriformer newsprint, Table 4.3, is about 1/10 of that of kraft 

handsheets of comparable basis weight. Although the forming technique 

would make the Papriformer sheets more permeable, the dominant effect 
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is evidently that of pulp type, as groundwood pulp produces a less 

permeable sheet. The scanning electron micrographs (SEM) of Fig. 4. 6a 

illustrate the extensive fibrillation and high fines content of tlle 

mechanical pulp used for newsprint, compared to long clean fibres of 

unbeaten kraft. Further differences between the Papriformer newsprint 

and kraft handsheets of -50gjm2 are shown by the SEM photographs of the 

paper surface, Fig. 4.6b, and cross-sections, Fig. 4.6c. Thus the 

permeabili ty of newsprint, 10wer by an order of magnitude than the 

equivalent sheet of kraft paper, resu1ts from more fibril1ated fibres, 

Fig. 4.6a, in a web of higher bonded area, Fig. 4.6b, with more fines 

present in the interfibre pores, Fig. 4.6c. 

4.4.5 Conclusions 

The only previous attE::;npt, Brundrett and Baines[1966], to 

determine the effect of wetting and drying on the permeabi1ity of paper 

formed in different ways from different pu1ps provides contradictory 

and inconclusive resu1ts. The work of Gurnagul and Gray[ 1987] focus

sed on the effect on specifie surface which results when paper is 

remoistened, by hurnid air, up to a moisture content of on1y 20%. The 

present work provides the first comprehensive measurements of these 

effec~s on the permeability of papl. and does so for a wide variety of 

experimental conditions and without the error associated with the use, 

by aIl previous workers, of the Darcy' s 1aw approximation. Important 

but litt1e studied aspects of paper microstructure change during 

wetting And drying have thereby been revea1ed. 
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Figure 4.6 Scanning Electron Micrographs of SOg/m2 kraft handsheet and 
45g/m2 Papriformer newsprint; a) individual fibre~. b) 
sheet surface, c) cross-section. 
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Figure 4.6b 

The scale is indicated at the bottom of the photograph by 
the Une which follows the three dashed lines. The length 
of the line corresponds to lOO~m. 
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Flgure 4.6c 

The scale i5 indicated at the bottorn of the photograph by 
the line which follows the two dashed lines. The length 
of the line corresponds to lO~m. 
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4.5 PERMEABILITY OF MOIST PAPER 

4.5.1 Experimental Technique Valid with Inertia1 Effects 

The experimen::al technique of these permeability- through drying 

experiments provi.des a continuous record of the pressure drop-paper 

moisture content history during drying, llP=f(X). Each such record 

app1ies for that sheet at a particular set of values of mass flow rate, 

G, and in1€' c température, Ti' of the throughflow air; of initial 

moisture content, Xo ' and basis weight, MB' of the paper. Variation of 

llP during experiments at constant G is large. With 25g/m2 paper for 

example, llP across the dry sheet is on1y ~ -10% of that for the wet 

sheet at X=2.5kB/kg. The 4 levels of throughflow rate provided 

variation in G by about a factor of 5. 

Examination of the Eqn. 4.4 form of the Forchheimer re1ationship 

used to determine permeabi1ity of dry paper indicates that the above 

information would be sufficient to determine k for moist paper if paper 

thickness, L, were known of function of its moisture content. In the 

absence of this information, the Forchheimer relation can however be 

rearranged to calcu1ate a modified permeability, kiL, at a particu1ar 

moisture content of the paper, X, as fol1ows 

~ = a' + ~' ~ 
lIG J.L 

where a'-L/k, P'=CL/Jk, and C the inertial constant. 

(4.5) 

White and Marceau[1962], trundrett and Baines[1966] and Burgess et 

al. [1972a, b] determined a modified permeability, kiL, but on1y through 

asswnption of Darcy's law, Eqn. 4.2. With respect ta Eqn. 4.5 their 

procedurp is equivalent to taking C-O, obtaining k/L=vG/6P. The present 

study, Tanle 4.2, shows that for air flow through normal dry paper, 

i. e. paper which has not passed through a wetting-drying cycle, an 

nr 
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inertial component of pressure drop can be measured even for paper as 

heavy as basis weight 250g/m 2 • The error in permeability of dry paper 

from use of the Darcy' s law approximation is significant for basis 

weight be10w lOOg/m 2 , increasing to as much as 60% error for newsprint 

and tissue paper. As the present technique provides the data needed to 

avoid the Darcy's 1aw approximation of neglecting the inertial component, 

this superior procedure was extended from dry to moist paper. 

Relative to the procedure used for dry paper, Figs. 4.1 and 4.4, the 

addition is the variable paper moisture content, X. As the computer data 

é\cquisition system stored the measurements of 6P and exit air hurnidity, 

Yo ' at a sampling frequency of 5 -10Hz, values of ~P for a11 handsheets 

tested cou1d be obtained for se1ected common values of X. The initial 

moisture content, Xo ' varied main1y over the range 1.5-3.0kg/kg, 50 15 to 

30 levels of X, at intervals of O.lkg/kg, were selected to document the 

momenturn transport behaviour of moist paper. Air viscosity was determined 

as a function of X at the average of in1et and out1et air humidity and 

temperature. A sample calculation and tabulation of values for modified 

permeability, kiL, for moist paper are provided in Appendix 6. 

As 4 levels \lTere used for each of the 3 vàriables, basis weight 

(25-1S0g/m2 ), throughflow rate (O.09-0.52kg/m2 s) and throughflùw inlet 

temperature (23 0 -88 0 C), the complete pressure drop history, ~P-f(X), 

from wet to dry paper was determined typically for 64 combinations of 

MB-G-T i . For each such MB-G-T1 combination, 2-4 values of Xo were used. 

As stat''!.stical ana1ysis of the data confirrned that permeability ls not 

a funcUon of Xo or Tl ' the 8-16 combinations of Xo and Ti' important 

variables for the associated dryi ng rate measurements, constitute 8-16 

replicates of any t.P-G pair for each MB in the permeability study. More 
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replicates were made for lower basis weight paper where the relative 

effect of sheet structure variability is greater. 

4.5.2 Experimental Results 

For MB -25g/m2 handsheets Figs. 4.7a and 4.7b show, on an Eqn. 4.5 

type Forchheimer plot, the 6P-G measurements for 35 sheets at a moisture 

content X=2. Skg/kg, and for 63 sheets at X-l. Skg/kg. The nurnber of 

sheets corresponds to the use of 4 levels of Tl' 4 of G, 2-4 levels of 

Xo ' As wi th dry paper, experimental scatter decreases wi th increasing 

basis weight. Therefore the sample Forchheimer plots shown, Fig. 4.7, 

are those of largest scatter, MB =2Sg/m 2 As the measurements of ~P, G, 

Tl and Xo are of high accuracy, the scatter on Forchheimer plots reflects 

the variability in structure between handsheets. 

Table 4.4 provides the key parameters, 0' and fi', and the permeabi-

lit y and inertial constant terms, kiL and CJL, which characterize through-

flow across moist paper. Again N records the nurnber of sheets tested. 

Although these momenturn transport parameters were determined at moisture 

content intervals of 0 .lkg/kg, Table 4.4 lists the results only at 

intervals O.5kg/kg. The wide range in values of the inertial constant 

term, CJL, from large at MB=2Sg/m2 to negligible by MB~IOOg/m2, from 

large for wet paper to small for dry paper, indicates substantial changes 

in the relative importance of inertial effects in throughflow. Figs. 4.8a 

and 4.8b show the fraction of pressure drop that derives from inertial 

effects, ({J'G
2
/p)/6P, which increases with decreasing paper thickness, 

as already shown for dry paper on Figs. 4.3 and 4.5, and increases 

strongly with increasing moisture content. The values of 0 0 ' and ok/L' 

in the range of 7 -lLl% of the values of Q' and kiL, and the values of 
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Figure 4.7 Momentum transport relation for permeablity: moist paper 
a) X-2. Skg/kg, b) X-l. Skg/kg 
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TABLE 4.4 Mornenturn Transport Pararneters for Moist Paper 

X N a' , m- t 0a', m- t 
{J' ~ kiL, m ~L,m çJL - {J'IJa' ----

25g/m2 2.5 35 1.6x108 22x10 6 70xl0 2 850 6.26xl0- g 86xl0- 11 0.5~ 
2.0 55 1.0 14 43 410 9.79 130 0.43 
1.5 63 0.64 9 17 150 15.6 220 0.21 
1.0 65 0.47 5.8 7.6 85 21. 5 260 0.11 
0.5 65 0.35 3.4 5.8 60 28.4 280 0.098 
0.1 65 0.34 3.1 5.6 51 29.6 270 0.096 

50g/m2 2.5 33 10.6 95 100 1300 0.94 8.5 0.30 
2.0 57 5.7 68 75 920 1. 76 21 0.31 
1.5 58 2.8 42 37 420 3.54 53 0.22 
1.0 61 1.9 21 16 200 5.23 58 0.12 
0.5 61 1.5 15.5 7.4 78 6.70 69 0.061 
0.1 61 1.4 10.7 5.8 61 6.90 54 0.049 

100g/m2 2.0 27 22.5 230 0.444 4.6 
1.5 57 12.4 190 0.808 12 
1.0 61 6.1 98 1. 64 26 
0.5 61 4.4 54 2.26 27 
0.1 61 3.8 43 2.62 29 

lSOg/m2 1.5 15 27.0 420 0.370 5.8 
1.2 28 16.7 230 0.598 8.2 
1.0 30 13.0 210 0.767 12 
0.5 35 7.8 94 1. 28 15 

~ 
0.1 35 6.6 86 1. 51 19 N 

.. a..m .... a. .... .a .... a. .......... ~ .. .n ......... ~, ...... .n .. ~~ __ m.m. ________________________________________________________________________ __ 
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0f3" of 9-13% of f3', are higher than the corresponding standard 

de:viations for dry paper, Tables 4.2. and 4.3, and reflect primarily 

the variabi1ity in structure for the large number of sheets tested. 

Experimental variability of paper moisture content would be expected to 

result in larger values of a for moist paper th an for dry paper. 

4.5.3 Analysis of Results 

The approximately 6-fold decrease in the inertial constant term, 

CjL, from wet ta dry paper, Table 4.4, is displayed for MB-25g/m2 on 

Fig. 4.9. For dry paper. Fig. 4.2 and Tables 4.2 and 4.3 documented 

the large increase in C as paper basis weight is decreased ta MB =25g/m 2 • 

Fig. 4.9 and Table 4 4 record the similar increase in the inertial term, 

CjL, for decreasing thickness of moist paper, with the inertial term 

approximately doubling as basis weight is reduced from 50 ta 25g/m2 for 

aIl levels of moisture content from 2.5kg/kg ta dry paper. Thus for light 

weight paper. whether dry or moist, high values of the inertial term 

reflect the lar[e inertial effects which result from high velocity local 

flow at plll holes, or near-pin hales. i. e. wi th large local nonuniformi ties 

in throughflow rate. For wet paper, the throughflow at first opens only 

the bigger pores, in which the necessarily high local velocity produces 

the large values of the inertial effects term, CjL. As moisture content 

drops, smaller pores participate increasingly in the throughflow. With 

more pores open for flow at lower moisture content, the throughflow 

interst\tial velocity decreases, therefore with less important inertial 

effects and a smaller value of CJL. 

As müisture content drops over the range 2. 5>X>O. 5, modified 

permeabHity, kiL, increases greatly, by about a factor of 5-(,. For 
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moisture contents of X<0.5, kjL approaches asymptotically the dry sheet 

value, as Fig. 4.9 i11ustrates for MB =25gjm2 , The use of up to 1.( 

replicate handsheets for each G at the lowest basis weight contributes 

to the considerable experimental scatter on Fi~ 4.7 but leads to 

accuratc. permeability determinations with values of 0k/L in the range 

7-14%, Table 4.4 and, correspondingly, with remarkably little scatter 

at even the lowest basis weight, Fig. 4.9. Complete k/L-X daca for aIl 

four basis weights are shown subsequently, Figs. 4.10 and 4.11, with 

proposed correlations 

These k/L-X relations illustrate an almost linear increase in 

permeability with decreasing moisture content. At low moisture content, 

water is sorbed in the smallest pores which, even when the water is 

removed, contribute little to permeability. Permeability at the final 

stages of drying would also be affected by fibre and sheet shrinkage. 

If the paper thickness-moisture content relation were known, enabling 

determination of k as we11 as kiL, then sheet shrinkage during the 

falling rate drying period would lead to a k-X relationship flatter for 

X<lkg/kg than the k/L-X curves of Figs. 4.9, 4.10 and 4.11. 

4.5.4 Comparison with Other Studies 

Brundrett and Baines [1966] attempted to measure the effect oÏ 

moisture content on modified permeability, kiL, for laboratory handsheets 

of basis weight 47.5 to 85gjrn2 prepared from newsprint and chernical 

pulp furnishes. Their kiL values, determined by application of Darcy's 

law, are therefore somewhat too low. The present measurements make it 

possible to estifllate their error for SOgjm 2 paper as -25% for the 

highest G (0.518kg/m2~,) and X (2.5kg/kg), and -10% for the same G but 
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at X-D.l. For newsprint their kiL values for laboratory formed paper 

were an order of magnitude lower than for commercial paper. Mo -eover 

for handsheets prepared from chemical pu1ps. their k/L-X resu1 ts pass 

through a maximum at a moisture content of 1.0-1.5kg/kg. Such a maximum 

is not pl".iUsible, and no hint of such a maximum was observed in over 

500 k/L-X deteriil~nations of the present study. With these anomalies it 

must be conc1uded that the Brundrett and Baines results do not provide 

reliab1e rneasurernents of the effect of paper moisture content on 

permeability to air f1ow. 

The rneasurements of White and Marceau[ 1962] show no effect of X on 

kiL, which is as expec ted because these da ta are limi ted to paper 

moisture contents less than O.35kg/kg, a region of negligible change in 

kjL as documented in the present study. The kiL resul ts of Burgess et 

al. [1972a,b], again including the error from use of Darcy's law, indicate 

kjL-X curves sirnilar ta those of Fig. 4.9. Their very lirnited data, 

obtained during the drying of three newsprint sheets from a moisture 

content of about 2kg/kg in a laboratory-scale combined impingernent

through dryer, indi ::ated the need for the present investigation into 

the sensitive perrneability-moisture content relationship. 

4.5 ~ Correlation of Permeability with Moisture Content and Basis Weight 

Two alternate relationships for the effect of paper rnoisture con

tent on modified permeability are presented. The first form is suggest

ed by the work of Nilsson and Larsson[1968] who, for water flow through 

paper webs in press nips, proposed that moisture content be related the 

flow resistance, defined as the inverse of Darcy law permeability, 

(4.6) 
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This form of equation, not applicable a" low moisture content, is 

extended here as 

(4.7) 

The three coefficients, determined by non-linear regression of the 

Table 4.4 results, are shown in Table 4.5. 

TABLE 4.5 Parameters for Modified Nilsson-Larsson Equation for Effect 
of Moisture Content on Modified Permeabi1ity 

MB , g/m 2 

c o x10- 8 

pxlO- 8 

q 
r 2 

o 

25 
0.335 
0.126 
2.40 
0.998 
0.80 

50 
l.40 

o 496 
3.06 
0.999 
0.14 

These coefficients corre1ate with basis 

co xlO- 8 = -47.3 + 46.4 exp (MB /1000) 

p x10- 8 = 0.27 - 0.015 MB + 3.8x10- 4 M2 
B 

q = 0.47 M 0.57 
B exp(-0.0082 MB ) 

100 
3.91 
2.55 
2.82 
0.999 
0.0065 

weight as: 

r 2-O.999 

r 2=0.999 

r 2=O.999 

150 
6.64 
6.54 
2.50 
0.999 
0.0024 

0-0.09 

0-0.03 

0-0.15 

An alternate form for the permeability-moisture content relation is 

suggested by that for pore diameter-moisture content, and by concepts 

of the porous structure of paper. Measurements by White and Marceau 

[1962) of the control ing pore diameter for Wc1t:er flow through paper 

showed an exponential relationship for effect of moisture content. 

Studies of the porous structure of dry paper by Corte and Kal1mes [1962) 

and Corte and Lloyd[1966), summarized recently by Corte[1982), show a 

Poisson distribution of fibres. Thus the probabili ty of finding no 

fibres in a dry sheet, i. e. a pore space, at a given point is an expo-

nentia1 function of the nurnber of fibres. For the exponential form of 

correlation tested for permeabili ty 
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( 
L/k = li + b eCx (4.8) 

the parameters, determined by non-linear regression of the Table 4.4 

resu1ts, are shown in Table 4.6. 

TABLE 4.6 Parameters for Exponentia1 Form for Effect of Moisture 
Content on Modified Permeability 

Ma, g/m2 25 50 100 150 
axlO- 8 0.25 1. 24 3.24 5.63 
bxlO- 8 0.07 0.10 0.46 0.79 
c 1.16 1. 86 1.91 2.19 
r 2 0.995 0.999 0.999 0.999 
() :'.34 0.20 0.006 0.004 

The dependence of these coefficients on basis weight may be 

expressed as: 

axlO- 8 -0.58 + 0.033 MB + 5.7XIO-5M~ 0=0.06 

0=0.06 

c = 0.042 MB - 1.86xlO- 4 M~ 0=0.37 

While showing the acceptabili ty of both the Eqn. 4.7 and 4.8 conelations, 

Figs. 4.10 and 4.11 also complete the k/L-X records for aIl 4 levels of 

basis weight tested, shown in Fig. 4.9 for MB =25g/m2 only. 

Incll1don of paper thickness in the modified permeability, kiL, 

requires any correlation to be a function of basis weight. However, even 

for dry paper the permeabili ty, k, depends strongly on basis weight, 

Fig. 4.2. The kiL-Ma relation at various moisture contents, Fig. 4.12, 

paralle1s that for k-MB at X=O, Fig. 4.2. The dry paper permeability 

data, reexpressed as kiL for inclusion on Fig. 4.12, complete the range 

of paper moisture content. The 10gari thmic scale of Fig. 4.12 accomodates 

(~ 
the high sensi tivity of permeability to both moisture content and basis 

weight . Moreover, Fig. 4.12 illustrates the remarkab1e precision 

.. -
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achieved in the measurement of permeabili ty for paper, spanning more 

than two orders of magnitude from wet thick sheets to dry tissue paper. 

4.5.6 Experimental Resul ts wi thout Inertial Effects 

Where the inertia1 component of ~p is demonstrated ta he negli

gible, Table 4.4, it becomes legitimate to use Darcy's law, Eqn. 4.2, 

ta calcula te k/L-X values for each ~P-G value. By contrast, the Forch

heimer relationship permits dt!termination of only one value of permeabi

lit y for each set of ~P-G values for paper of a specifie basis weight. 

These addi tiona1 resul ts for 100 and lSOgjm 2 paper appear on Figs. 4.13 

and 4.14 as effectively continuous lines because the kjL-X results were 

ca1cu1ated from the ~P-X data at intervals of 15. Figs. 4.13a and b 

show kjL-X curves for 8 sheets of 100gjm2 paper, 6 sheets of 150gjm2 

paper, aIl at a single temperature, Tl.=64°C. These kjL-X curves, each 

of which is for a particular sheet, vary randomly with the parame ter , 

G, due ta variation in structure of the paper from one sheet ta another. 

The equiva1ent plots for the other 3 tempe ratures , Ti of 23°, 42° and 

88c e, not shown, look sirni1ar. 

When these kjL values for each level of Tl are fitted ta the Eqn. 

4.8 type correlation, the resulting 1ines for 61 sheets of 100gjm2 and 

35 shee ts of 1S0gjm2 paper are as shown on Figs. 4. 14a and h. Here the 

lines scatter random1y with respect ta Tl' Thus Figs. 4.13 and 4.14 

further confirm that throughflow rate and tempe rature have no significant 

effect on kjL. 

A comparison of modified permeabi1i ty by the Forchheimer re) ation, 

Table 4.4, and by Darcy' s law, Figs. 4.13 and 4.14, is as fo110ws: 
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Figure 4.13 Effect of moisture content on modified pecmeabi11ty: 
Resu1ts without inertlal effects; a) lOOg/m 2 , b) 150gjm2 
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Figure 4.14 Effect of moisture content on modified perm~abi1ity: 
Resu1ts without inertial effects using expon~ntial equation; 
a) 100g/ill2 , b) 150g/m 2 
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0.0 

2.64; 
2.40-2.95 

1.54* 
1.25-1.80 

The excellent agreement confirms the validity of both procedures for 

moist paper, i. e. kiL from a Forchheimer plot when 6P-X values are 

measured over a wide fl('·· rate range, or kiL from Darcy' s law for point 

values of ~P-X-G when the inertial contribution to l'IF is negligible. 

For basis weights of 100 and l50g/m 2 • Eqn. 4.8 was fitted ta the 

individual kiL values for drying conditions of over 100 combinations of 

G-T1 -MB -Xc. Including replicates. over 3000 values of kiL were 

determined involving 96 shect s of these two basis weights. i. f:. 61 of 

lOOg/m 2 and 35 of lSOg/m 2 (Table 4.3). Statistical analysis of these 

coefficients confirmed the expectation that kiL is not affected 

appreciab1y by rate, G. or in1et temperature. Ti' of the throughflow 

air or by the paper initial moisture content, Xo . This resu1t extends 

the preliminary finding by Burgess et a1.[1972a] of no effect of drying 

air temperature (-lSO-3000 C) on modified paper permeability measured 

for their 3 sheets of newsprint dried from Xo~2kg/kg. 

4.5.7 Conclusions 

The finding that modified permeability is not significantly affec-

ted by ve10city or temperature of throughflow air or by paper initial 

moisture content may be stated more generally as indicating that perme-

ability is independent of drying candi tians. Examination in Sec tions 
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4.3 and 4.4 of the change in permeabili ty of dry paper between before 

and after a wett:!.ng-drying cycle established that the large permeability 

changes wer.e associated with the wetting, i.e. that the structure of 

pores participatine; in the throughflow does not change significantly 

during drying. The agreement between these two independent types of 

e:xperimental evidence adds further confidence to the clHlclusion that 

the aspects of microstructure which affect flow through paper do not 

change during d!'ying. 

Had rnodified perrneab il ity , kiL, for 25 and 50gjm2 basis weight 

moist paper bee~ calculated with the incorrect assurnption of no inertial 

component to pressure drop, i. e. by Darcy' s law as previous1y, such 

permeabilities would be erroneous1y low. This error varies greatly 

with conditions. At low moisture content, X<l.O, the error is small, 

about 10% for 25g/m2 paper, 5% for SOgjm2 paper. For wet paper, however, 

the error increases sh"lrply to more than 70% at X=2. 5 for both basis 

weights. The error would be larger yet for the higher throughflow rates 

used industrial1y. These levels of error are linked with tllt. fraction 

of lIP that derives from inertial effects, displayed for moist paper on 

Fig. 4.8. For the effect of moisture content of paper on i ts permei'ibility 

to air flow, the measurements reported here are the first comprehensive 

set, are the first to be calculated without the Darcy's law approximation, 

and provide the :ïrst correlation for effective permeabi Ut y as a 

function of basis weight and moisture content. 

4.6 SPECIFIC SURFACE AND POROSITY OF DRY PAPER 

4.6.1 Experimental Me thod 

A widely accepted formulation for the relationship between perme~ 

-
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ability and the geometrical properties of a porous medium, specifie 

surface and poros i ty, is that of Kozeny [1927] , modified by Carman[1937], 

1 c 3 1 ---,..,.....::.-
(1-c)2 k (4.9) 

Although sorne assumptions for the Kozeny-Carman relatiop"'!.i.p have been 

strongly criticized, Childs and Collis-George[1950], Kyan et al. (1970], 

Scheidegger [1974], its applicability to paper has been demonstrated for 

water permeability, Robertson and Mason[1949], Mason[1950], Ingmanson 

[1953), Gren[l972], and for air permeability, Garner and Kerekes(1978), 

Knauf and Doshi [1986). The value of 5.55 proposed by Fow1er and Hertel 

r 1940] for the Kozeny-Carman parameter, K., for fibrous media has been 

widely adopted for application to paper and webs of cellulose fibres 

For moist paper, the transient values of thickness and hence 

pcrosity of moist paper during drying are not known as a function of 

moisture content, so the specifie surface cannot be determined by the 

Kozeny-Carman equation. Because the c 3 /(l-c)2 term is quite sensitive 

to error in porosity, an approximate c-X relation is not sufficient. 

The porosity of dry paper is -0.67, i.e. of apparent density 

-O. Sg/cm3 , for sheets formed by the standard handsheet making technique 

from the laboratory kraft pulp used here. The dry paper porosity was 

determined from its measured thickness, assuming a fibre density of 

1550kg/m3 (Stone et al. (1966). For example the porosity of 25 g/m2 

paper, of average thickness 511lm before a rewetting-through drying 

eycle, is 

The complete listing of values in Table 4. 7 indicates that paper 

porosity is 1arger by 5-10% after a rewetting-through drying cycle. - This higher porosity, and the higher permeability noted earlier, are 
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consistent effects which are associated with the collapse of surface 

fibrillation during the wetting part of a wetting-drying cycle. 

The specifie surface of dry paper, determined using the Kozeny-

Carman relation, Eqn. 4.9, with the above porosity and with permeabili-

ty from Tables 4.2 and 4.3, is given in Table 4.7 on both a volumetric 

anà a mass basis. Although generally given for other materials on the 

volumetrie basis, for paper the mass based specifie surface, , . a p , lS 

often used b~cause of the variability of paper thickness (or volume). 

4.6.2 Analysis and Comparison of Results 

Specifie surface as determined by the present throughflow technique 

is compared on Fig 4.15 with that determined by sorption. The nwnber of 

sheets used in each case is indieated by N, and the ±o error bars are 

included on Fig. 4.15. 3tone and Seallan[1965] didnot report basis weight, 

so 60 gjm2 , the standard handsheet value, was assumed for their results. 

The particu1arly wide range of their resu1ts, O.5-lm 2 jg, eould be due to 

variability of the paper, which was not documented. For bleached kraft 

handsheets Gurnagul and Gray[1987] report a standard deviatjon less than 

O. 03m2 jg for specifie surface from their IGe measurements and 0 .1m2 /g 

from Kr sorption. The good agreement between sorption technique measure-

ments and those at 60gjm 2 basis weight obtained here by the Kozeny-Carman 

equation technique adds credibility ta the new values at other basis 

weights. Not included in this figure are two sets of specifie surface 

values obtained by the air permeability technique, i.e those of Garner 

and Kerekes [1978], because they used only \.lnconsolidated pulp fibers. and 

of Knauf and Doshi [1986], becé'use they used pulps of CSF considerab1y 

different than in the present study. Interpolation of Knauf and Doshi's 
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Figure 4.15 Effect of basis weight on specifie surface of dry paper 
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data to the freeness of that used here, CSF-685ml, gives ap~O.7m2/g for 

their 200g/m2 paper, approximately 25% lower than the present findings. 

While specific surface determined by sorption is independent of 

basis weight, the fact that specifie surface as measured by the gas 

permeation techniq'.lc decreases as basis weight decreases shows that the 

latter method measures only that interfacial are a which is effective in 

throughflow. This is the interfacial area which is relevant to transport 

phenomena in through drying. For the lowest basis weight paper, 25g/m2 , 

sorption techniques overestirnate by about 50% the surface area that is 

effective for throughflow transport processes. 

Specifie surface drops by between 2-11% when paper is subjected to 

a wetting-through drying cycle, Table 4.7, Fig. 4.15. With their sorption 

technique Gurnagul and Gray[1987) measured a 16-19% drop in surface area 

of b1eached kraft handsheets subjected to a moistening-drying cycle in 

which dry paper was moistened by humid air only up to about X~17% (cor

responding to 90% relative humidjty) then oven dried at 105°C. The simi

larity in findings between these studies is remarkable in that entirely 

different measurement techniques were used. This agreement reinforces 

the conclusion, based on the present permeability rneasurements, that in 

a wetting-drying cycle it is the increase in paper moisture content that 

produces irreversible changes in the structural properties, which appear 

unaffected during the decrease in moisture content during drying. Moreover, 

the irreversible changes in microstructure which occur during wetting 

appear to occur for relatively small increases in paper moisture content. 

4.6.3 Con~lusions 

Permeability, porosity, and specifie surface are interconnected pro-
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perties of a porous medium which, with sorne assumptions, may be related 

by the Kozeny-Carman equation. Any change in porous structure of paper, 

such as from remoistening or wetting, which decreases resistance to the 

flow, i.e. increases permeabi1ity, shou1d also decrease the specifie sur

face and increase porosity. Thus over a wetting-drying cycle the decrease 

in specifie surface area and increase in permeability and porosity are 

attributed ta the same mechanism, co11apse of stress - induced surface 

fibrillation at bond sites. Sheet structure is very sensitive to irrevers

ible changes occuring during the early stages of remoistening, 50 that 

the pore size, porosity, permeabi1ity and specifie surface of dry paper 

all depend on such rearrangements which happen not only during wetting, 

but even in moderate remoistening from contact with high humidity air. 

4.7 FLOW THROUGH MOIST AND DRY PAPER: A REYNOLDS lfUMBER-FRICTION FACTOR

CHARACTERISTIC DIMENSION ANALYSIS 

4.7.1 Basic Considerations for a Characteristic Dimension 

An alternative to the standard procedure of analyzing pressure drop 

for flow through paper in terms of permeability would be ta use the 

nondimensional Reynolds number-frietion factor model. Of the various 

definition~ of friction factor, that expressed by Bird et a1.[1960] is 

f ... F/AK (4.10) 

where F is the force exerted by fluid motion, A the eharacteristie 

cross - sectional flow are a , K the kinetic energy per unit volume. Thus 

FIA is the energy loss, i.e. liP. The friction factor, which is the 

nondimensional energy loss from flow, may be expressed as 

f = f(Re) (4.11) 

where Reynolds number, Re, is dppu/p, with u the superficial ve10city 
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and dp the dimension characteristic of the flow. 

For flow through packed beds the cri tical aspect of the nondimen~ 

sional Re ~ f treatment of momentum transfer is specification of this 

characteristic length, dp • Selection of dp is straight~forward only for 

beds of rigid particles of simple shape, uniform size. For other cases a 

great variety of definitions of Reynolds number characteristic dlmension 

have been used, inc luding "effective" particle diameter, equivalent sphere 

diameter of the particle, pore size, Hagen~Poiseu:lle equivalent capillary 

diameter, reciprocal of specific surface, square root of pprmeability. 

The degree of difficu1ty determining a characteristic dimension 

for paper is illustrated by the scanning e1ectron micrographs of paper 

used in this study, Fig. 4.16. The porous structure of paper is deter~ 

mined by the bonding of flattened ribbon~like fibres, 4~8~m thick, 20~ 

40~m wide, up to 3mm long. With the complexity of this porous structure 

it would be grossly unrealistic to model it as an assembly of rigid rods 

or any such oversimplified shape. For the paper used the property ranges 

are: porosity, c, 0.65-0.70; basis weight, Ma, 25-250 g/m 2 ; paper thick

ness, L, 50-500~m. Thus these shee -s are from about 10 to 100 fibres 

thick. In addition to the complexity of partie le shape, the dimensions 

of pulp fibres, and hence of paper, vary wjth moisture content. Determi

nation of an appropriate characteristic dimension for flow tl.rough paper 

of variable moisture content, of a structure indicated by Fig 4.16, is 

a prob!.em of much greater difficul ty than for the simple rigid particles 

of '.miform dimensions imrolved in mast studjes of flow through packed 

beds. This degree of difficulty explains the lack of treatment of flow 

through paper by the Reynolds number-friction factor approach. 

For transport phenomena in porous media a basic choice is between 

LLLl 
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Figure 4.16 Scanning Electron Micrographs of paper cross-sections 
a) 25g/m2 , b) SOg/m 2 , c) lOOg/m2 • d) l50gjm2 

The scale is indicateè at the bottom of the photograph by 
the line which follows ~he two dashed lines. The length 
of the line corresponds to lOpm. 

a 

b 
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analysis as an external flow around bodies of dimensions of the 

particles, or as an internaI flow through pores, of shape and dimensions 

determined by the particles. Of various studies of through drying of 

paper only Wedel and Chance[1977] used the former approaeh. In a bed for 

which the porosity is as high as that of paper, 0.65-0.70, flow phenomena 

will be governed less by drag of the fibres whieh obstruet the flow, and 

more by the forC'es acting on a flow through the pores bounded by these 

fibres. Thus the choice of fibre diameter by Wedel and Chance [1977 J is 

inappropriate because flow through paper is less an external flow 

around objects than an internaI flow through an open porous structure. 

4.7.2 Previously Used Characteristie Dimensions 

For an internaI flow through irregular pores in beds of complex 

partieles, alternative characteristic dimensions have been based on 

permeability, k, on specifie surface, ap , ~!'! equivalent eapillary tube 

diameter, deq . In view of the difficu1 t-y of any measurement for wet 

paper, aIl those choosing sorne charact,'>ristic dimension of paper with 

throughflow drying have used values for the dry sheet. As measurements 

of the present study indicate that both permeability and specifie 

surface change substantially when paper is subj ected ta a wetting

through drying eyc: 0, the choice of when the measurement is made is 

important. The present work establishes that these changes oceur 

primarily during wetting, not drying. It follows therefore that a;'ly 

proposed characteristic dimension for dry paper should be basGd on 

measurements after àrying, not before the wetting step that precedes a 

through drying measurement 
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(a) Square Root of Permeability 

Square root of permeability has the correct dimensions and is sorne 

empirical measure of pore structure. jk as the unique property 

representing the structure of a porous media is a view promoted by 

Spie1man and Goren[1968) and in a series of papers by Beavers and co-

workers, Beavers and Sparrow[1969], Beavers et a1.[1975], [1981a], 

[198Ib]. Spieiman and Goren employed jk in their treatment for pressu~e 

drop a~ross fibrous fiiters, as did Beavers and co-workers for air and 

water flow through unconsolidated and conso1idated beds of metai 

fibers, porous metal and polyurethane foam In a study of throughflow 

drying of paper Raj and Emmons (1975) used Jk for dry paper as tt.e 

characteristic dimension for Pe, i.e. ReSc. They unfortunately did not 

specify whether permeability was measured prior to wetting the paper at 

the start of a drying experiment, or after completion of drying. The 

present results establish the substantial difference between these two 

dry paper condi tions . Moreover they calculated jk assuming Darcy' s 

law, implying pure viscous flow with no inertial effects, an assumption 

which is proven in the present study to introduce substantial error for 

throughflow rates of practical interest. 

(b) Hagen-Poiseuille Equivalent Capillary Diameter 

GummeI(1977) calculated an equivalent pore diameter, deq , for flow 

through dry paper using the Hagen-Poiseuille equation. This procedure 

implies pure viscous flow wi th no inertial effects, which the present 

study establishes is an important error for sorne of the experimental 

condi tions used by Gummel. He tried to minimize inertial effects by - using superficial velocity as Iow as O.02mjs. However, the inertial 
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contribution to total pressure drop could still be appreciable in those 

measurements even at this low velocity because his paper was extremely 

bulky, i.e -260pm thick for 20gjm 2 • Moreover, Gummel's flowexperiments 

for deq were performed on dry paper before his wetting-through drying 

cycle, hence are for a paper microstructure substantia11y different 

from that during his thro11gh drying measurements. In addition to these 

problems, the equivalent channel diarneter of Gummel is much too high, 

deq of 130pm to 170jlm, because he used the surface porosity, i.e. pin 

hole area, of 10-15% whereus the porosity of the entirE' sheet for 

throughflow phenornena is higher than this by about a factor of 6 for 

dry paper. Even if the specifie errors noted were avoide:', Gurnrnel' s 

use of the Hagen-Poiseuille equation is fundamentally wrong because, 

wit:h his deq values, his Reynolds numbers would a11 be greater than 

0.2, which is higher thdn the Reynolds nurnber limit for pure viseous 

flow given by various researehers, i. e. 0.02 (Ahmed and Sunada[ 1969] ) 

or 0.1 (Scheidegger[1974]). In Gurnrnel' s range of Reynolds number 

the inertial effects would have been large, thus the Hagen-Poiseuille 

equation does not apply to his flcw regime. 

(c) Reciprocal of Specifie Surface 

Robertson and Mason[ 1949] used ljap of dry paper as the Reynolds 

number characteristic dimension in their study of water flow ~hrough 

pulp pads, as did Knauf and Doshi[1986] for air flow. Knauf and Doshi 

calculated the specifie surface of paper frorn air permeability data 

using the Kozeny-Carman relation. In order to minimize error due to 

inertial effects OP- ~P, Knauf and Doshi used thick sheets, 200g/m2 , and 

very low throughflow velocities, <O. 02mjs, a range far from that of 

1Il ........... ~ .. ~= ______________________________________________ _ 
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practical importance. As Reynolds numbers calculated using this ap 

value were always less than 0.01 they concluded that Darcy's law was 

valid for their conditions. 

4.7.3 Characteristic Dimension from Specifie Surface and Permeability 

As k and a p were determined in the present study both before and 

after drying. the values of Jk and l/ap investigated as a characteristic 

dimension of paper for through drying. Table 4" 8. are those obtained 

after the wetting-through drying cycle. 

Table 4.8 Values of characteristic dimensions of dry paper 
based on permeability and specifie surface 

Basis \~eight • g/m2 l/ap • p.m ./k. J.l.m 

25 l.32 1. 23 
50 0.96 0.88 

100 0.84 0.76 
150 0.75 0.72 
250 0.69 0.59 

While the present work eliminates earlier errors. i. e. by now 

allowing for inertial effects in determining k and rneasuring only the 

interfacial area effer;tive for transport phenomena. the question 

remains: is either l/ap or Jk is a valid characteristic dimension? 

The Table 4.8 values of l/ap and Jk are in the range of sorne very early 

measurements of effective pore radius for commercial paper. 0.2 -1. 2J.1.m 

by Carson[1940] and O.1-1.3J.1.m by Bublitz et al. [1948J. bath by an air 

permeability technique. However these l/a p and Jk values are an order 

of magni tuje lower than the mean pore diameter. 9 -12J.1.m. for handsheets 

measured by Bliesner[1964) using the gas drive technique which involves 
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the stepwise penetration of agas through the sample above which there 

is a collli~n of liquid. 

Moreover, the scanning electron micrographs of paper used in the 

present study, Fig. 4.16, reveal a significant presence of much bigger 

pores, up to about SOJ.'m for 25g/m2 paper, and to 10· 20pm for 150 g/m2 

paper. Thus any cnaracteristic dimension in the order of a micron, as 

given by both Ijap and Jk, bears no relation to the ol:.served size of 

the flow channels. The values of ljap and Jk are in fact in the range 

of intra-fibre pores, although the flow phenomena in the experiments 

used to determine k and a p relate only to the inter-fibre channels. 

This contradiction indicates that it is invalid to simply manipulate ap 

and k to obLain a term having the units of l?ngth and then treat such a 

cen.' as the characteristic dimension for flow phenomena. Thus the 

prese!1t measurements indicate that, even when correctly determined, 

nei ther Ijap or Jk i5 a valid choice of characteristic dimension for 

flow processes through a porous media. 

4.7.4 Characteristic Dimension from Momenturn Transport Analysis: Theory 

The approach adopted here is that the aFpropriate characteristic 

dimension should derive directly from the flow phenomena through paper. 

The Reynolds number, Re-dpG/p, where dp is the characteristic dimension 

of the porous media, is by definition the ratio of inertial to viscous 

forces. The inertial and viscous contributions appear explicitly in 

the momenturn transpert equation for flow through porous media, Eqn. 

4.3 of Section 4.3.2, 

where 0 = D~V JII fJ 2v dV 

toP 
L 

op l + Ppu2 

~ = D
I v ( III v "Iv dV + II p~ 2 n dA ) 
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- In the terms of this momentum transport equation, a true Reynolds 

number which is the ratio of inertial to viscous effects must be 

Re - fipu2/a~u - fipu/a~ 

Therefore the correct, theoretically based characteristic dimension for 

flow through porous media is 

which is a characteristic dimension derived directly from application 

of the momentum transport equation which yields the parRmeters a and fi. 

This defini tian of characteristic dimension, dp~fi/o, has never been 

proposed or tested for paper. The characteristic dimension dp=fi/a was 

first proposed by Ahmed and Sunada [1%9) for flow through beds of sand 

and other simple rigid particles. Thej employed chis defini tion success-

fully with their experimental data and that of previous researchers for 

flow through sand, glass beads, metal saddles and granular absorbent 

beds. Macdonald et a1.[1979) applied fi/a as the characteri~tic dimension 

for correl~tion of ~p across packed beds of a variety of simple, rigid 

particles, i. e. data f-:n spherica1 g1éiSS beads from Rumpf and Gupte [1970) ; 

cylindrical nylon, dacron and glass fibers from Kyan et al. [1970] ; 

various sand, marble, gravel and metai ~ixtures from Dudgcon[l966]; and 

for various unconsolidated and consolidated merlia (ceramics, sandstone 

and oil sands) from Fancher and Lewis[l933]. 

Macdonald et a1.[1979] gave the shortcomings of the dp-fi/o approach 

as: (i) cr and fJ are fune tians of the bed which, not being based on 

dimensions of the media. must be deterrnined experimentally, and (il) ~p 

must be measured over both the viscous and inertia dominated regimes in 

order to define a and fi. The former restriction applies equally with 

an} basis I)f characteristic dimension for beds of comp1ex particle and 
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pore geometry, as for example dp based on k, on ap, or on 'lpplication 

of the Hagen-Poiseuille equation for equivalent pore size. T1.e latter 

restriction implies the need for a minimum of just two indep'mdent 

experimental measurements, i.e, not bath in the pure viscous f10w retime. 

4.7.5 Characteristic Dimension from Momentum Transport Analysis: 

Experimental Results for~Paper 

Table 4.9 gives the \alues uf characteristic dimension, dp-P/o, 

for each basis weight of kraft paper as determined from the best fit 

values of the momentum transport parameters, Cl and p, given in Tables 

4.2 and 4.3. Again N indicates the number of sheets of paper on which 

each dp value is based. The results for 250 g/m 2 blotter paper extend 

the basis weight range while those for the 45g/m2 Papriformer newsprint 

ilh:stra.te d p for a qui te different paper. 

* 

Table 4.9 Values (Ii characteristic dimension of dry paper 
based o~ fundamenta1 momentum transport relations 

Basis weight 
g/m2 N 

25 '3 
50 3 

100 3 
150 3 
250 3 
45f 

groundwood furnish, 

Spiore a wetting-
drying cycle 

dp =f3/o., Il-m a, l'm 

21.6 1.0 
5.5 0.2 
6.4 0.4 
3.1 0.3 
4.2 0.4 

Papriformer newsprint 

65 
61 

9 

After a wetting
drying cycle 

16.8 
5.4 

3.6 

1.7 
0.6 

0.3 

As paper permeability approximately doubles after a wetting-drying 

cycle, a much higher throughflow rate is required to obtain an acC'urate-

1y measurable inertia1 contribution to pressure drop. For 100- 250g/m2 

paper after a wetting-chrough drying cycle, Plo was inde terminant from 

_ 2 
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the permeabiU ty- through drying experiments because the throughflow rates 

used did not extend to values sufficiently high to obtain an inertial 

contribution to l:!.P for paper -::his thick. Supplementary experiments were 

therefore made with the maximum throughflow l;'ate increased to -0.75kg/m2 s, 

a rate sufficient to give 3n inertial contribution to pressure drop of 

approximately 20% or higher for 100 and l50g/m2 paper. At each basis 

w'::l.ght over the range 25-150gjm2 , five of the same sheets used to obtain 

the Table 4.3 and 4.9 results were used again with the increased range of 

throughflow rate to obtain the addi tional results, Table 4 10. While 

these supplementary values of the characteris tic dimension, dp ={3/o, were 

obtained to complete the dp values for 100 and 150g/m2 paper, it is 

interesting to note that the additional values for 25 and 50g/m2 paper 

Table 4.10 Values of characteristic dimension of dry paper based on 
fundamental mO.llenturn transport relations: Supplementary 
measurements after a wetting-drying cycle 

MB' g/m 2 

25 50 100 150 
N 5 5 5 5 
0, m- 2 O.65xlO l2 1. 29xl01 2 1. 78xlO 12 1.93xlO 12 

Ga, m 
-2 O. 54x101 0 0.8x10 l0 2x10 10 1. 6xF)1 0 

{J, m- 1 1. 01x10 7 0.69xl0 7 O.89xlO 7 0.91xlO 7 

G{3' m-
1 5xl0 5 3xl0 5 7xl0 5 8xl0 5 

k, m2 l5.3xlO- 13 7.7xlO- 13 5.6x10· 13 5.21<10' 1 3 
Gk , m2 13xlO- 15 4.8xlO- 1S 6.3xlO· 15 4. 4xlO' 1 5 

C 12.5 6.1 6.6 6.5 
dp , p.m 15.4 5.3 5.0 4.7 

Gdp ' p.m 0.8 0.3 0.4 0.4 

agree closely with those obtained in the original permeabi1ity-through 

dr,Ying experiments, Table 4.9. At MB-25g/m~ these determinations of dp 

differ by only 8'b, the prf::ferred value being that in Table 4.9, based on 

measurements for 65 sheets although with a somewhat narrower flow rate 

-
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range. The values of C7d are a11 in the range 4-11% for the Table 4.9 and 
p 

4.10 resul ts, i. e. in the same range as for 0 f3 in Tables 4.2 and 4.3 for 

the more sensitive of the two momenturn transport parameters, f3. Again it 

should be recal1ed that this spread in measured values of dp derives 

mostly from the variation in formation between replicate handsheets. 

The Table 4.9 and 4.10 values of characteristic dimension for 

standard handsheets of kraft paper are from 4 ta 16 times higher than 

those determined at cQmparable basis weights from l/ap and Jk, are 1/4-

1/3 the Hagen-Poiseuille equivalent capillary diameter as determined by 

Gummel[1977] , and are 1/3-1/2 the measurements of Bliesner[1964] for 

paper of basis weight: 50g/m 2 and heavier. The results for the special 

case of 45g/m 2 paper is discussed c;ubsequently. Reference to the 

scanning electron micrographs, Fig. 4.16, indicates that the Table 4.9 

and 4.10 values of the dp=f3/a characteristic dimensiC'n al e of a 

realistic magnitude, in contrast to the previously used l/ap and Jk, 

which are n:uch too small, and ta the deq of Gummel and the Bliesner 

measurement& , which are much toc large. Thus the momentum transport 

based cbaracteristic dimension is the hrst to be consistent with pore 

size as revealed by electron microscopy of paper. 

4.7.6 Effect on Characteri&tic Dimension of Basis Weight, 

Wetting and Drying, and Pulp Type 

The results for characteristic dimension of dry paper, Tables 4.9 

ar,d 4.10, are shawn on Fig. 4.17. which includes ±lc error bars. The 

increase in the dp"f3Ia: characteristic dimension by 3 factor of 3-4 when 

basis weight i5 reduced from 50 to 25g/m2 is believed to reflect the 

corresponding large increase in pin holes at low basis weight. The 
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evidence concerning the pin hole-basis weight relationship was given in 

section 4.3.3. From paper basis weight SOg/m 2 (L==lOO/Jm) to 2S0g/m2 the 

characteristic dimension dp-Pla scarcely changes, decreasing from about 

5.5 to 4. 21-'m. B1iesner [1964) also observed little effect of basü; 

weight on meè.n pore size of dry paper for MB~100g/m2. Over the oasis 

weight range 50-2S0g/m2 there is no .:;tatistical basis for differentiating 

between values of d p obtained before and after a wetting-drying cycle, 

so a least squares straight line is shown over this range on Fig. 4.17. 

At ME =2Sg/m 2 the ±1a error bars shown on Fig. 4.17 indicate that the ±2a 

limits in fact overlap. Thus while there may be a decrease in dp over a 

wetting-drying cyC'le for 25g/m 2 kraft paper, confirmation of this 

behaviour would require further study. 

The data indicate that permeability and characteristic dimension 

for paper are affected somewhat differently by a wetting-drying cycle. 

Sections 4.3 and 4.4 establish that, over such a cycle, k approximately 

doubles, while here it is shown that, with the possir.le exception for 

25g/m 2 paper, dp remains unchanged. These f' __ i'ings might appear to be 

inconsistent. The characteristic dimension, dp , according to the rigorous 

definition used here, i5 the ratio of inertial, p, and vi.3cous, o=l/k, 

parameters in the fundamental momentum transport equation. As the change 

in cr (or k) and dp over a we tting - drying cycle appears on Figs. 4.2 and 

4.17, the effect of wetting-drying is completed with Fig. 4 18, which 

shows that f3 drops by half after such a cycle. Least square straight 

lines are shown on Fig. 4.18, along with ±lo error bars. Thus a wetting

drying cycle affects the cr and P parameters in a similar way, i. e. both 

drop to ahout half of their value before such a cycle. Collapse of 

surface fibrillation, the main change in paper microstructure due to 

œwt 

--' 
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Figure 4.18 Effect of basis weight on inertial momentum transport terro: 
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wetting as discussed in Section 4.4.3, reduces the obstacles in flow 

channels, and this is seen to resul t in about an equal reduction in the 

viscous and the inertial terms in the momenturn transport equation. The 

meehanism of fibril collapse causes about the same percent age drop in cr 

and f3 or pereentage increase in k, so that dp-f3/a-kf3 stays db out the same. 

The characteristic dimension, dp , of the 45g/m2 Papriformer 

newsprint made from meehaTlical pu1p, Table 4.9, is about 2/3 of that of 

handsheets of r.omparable basis weight made from chemical pulp. Relative 

to kraft paper, newsprint is made from more fibrillated fib-" s, Fig. 

4. 6a, in a web of higher bonded are a , Fig. 4. 6b, wi th more fines present 

in the interfibre pores, Fig 4. Ge, which results in both lower 

permeability, di&cussed in Section 4.4.4, and smaller pores as defined 

by the momentum transport characteristic dimension, dp~(3/a. 

J 

4.7.7 Reynolds Number-Friction Factor-Characteristic Dimension Relations 

The momenturn balance, Eqn. 4.4, may be rearranged ta 

6P/L 
= 1 + 

f3G 
(4.12) 

f3G2 / p 

or, in terms of the new characteristic dimension for Reynolds number, 

6P/L 
= 1 + liRe (4.13) 

f3G2/ P 

The left hand side of Eqns. 4.12 and 4.13, (b.P/L)/(f3G2/p ) , is the ratio 

of total energy 1055 to the kinetic energy 1055, which is precise 1y the 

friction factor definition of Eqn. 4.10. Thus Eqn. 4.13 can be written 

more simply as 

f = 1 + l/Re (4.14) 

Comparison of the ab ove defini tion of friction factor, f-(b.P /L)/ 

(f3G2/ p ) , with the Fanning friction factor definition for flow through 

( packed beds, f*-CâP/L)d:/C2G2/ p ), indicates that the Fanning characte-

1 
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ristic dimensiùn, d~"'2dp/C2, differs from that derived from the funda-

mental momentum transport equation, dp=f3/cr. Eqn. 4.10 is a definition 

for friction factor, not a law of fluid mechanics, and several 

definitions of Fanning friction factor exist, sorne corresponding to 

2f*, others to 4f*. Because f* for packed beds i5 defined analogous to 

flow in circula.r tubes, there is for the viscous flow range a linear 

f* -Re relation, f*-A' 1Re, with the parame ter A' dependent on the porous 

medium. For pipe flow, A'-16 from the Hagen-Poiseuille equation. Of 

the variety of porosity functions which have been introduced inta the 

Fanning friction factor definition in attempts to obtain a universal 

f*-Re relation, well summarized by Dullien[1975], the most widely 

adopted is that of Ergun [1952], 

l\P/L 
G2 /p (1- c ) 

A 
(1- c) 

Re 
+ B (4 15) 

where A=150 and B=1.75 according ta Ergun[1952]. Eqn. 4.15 shows tha t 

the Fanning friction factor defi:1ition for packed beds is a modified 

form of that for conduits, i.e. wit:1 the extra c 3 /(l-c) term. 

Various Re-f-dp relations are summarized in Table 4.11. Because 

the characteristic dimension, d~, associated with the Fanning friction 

factor, f*, dUfers from the characteristlc dlmension, dp , based on 

momentum transport relations, i t is important to note that even the 

Reynolds numbers in the two systems differ, i.e. Re*-(2/C 2 )Re. The 

Darcy number, Da, the ratio of total force ta viscous force, is 

likewise included. With the present definition of friction factor, f, 

the total nondimem:.ional pressure drop is represented as the sum of the 

reciprocals of Da and f, TablE'!.. 11. In the context of the Table 4. Il 

compilation it is useful to recal1 that the Kozeny-Carman relation is 

k= while permeability may be expressed as k .. l/a 

-
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Table 4.11 Comparison of Reynolds number-friction factor relations 

Momentum transport 
eG~qtion 

Friction Factor 

Characteristic 
dimension 

Reynolds number 

General Re-f relation 

Re-f relation for 
viscous flow 

Re-f-Da relations 

Present Method 

l'..P 
r:-aJlu+ fi pu 2 

- ~+jku2 
f - F/AK 

-(l'..P/L)/{3pu2 

dp -/3/a=CJk 

Re-dpG/Jl 

f -l+l/Re 

f -liRe 

Da-(l'..P /L) /aJlu 
Da= l+Re 
1/Da+1/f=1 

Fanning Friction Factor 

l'..P 
L 

A (1-~)2 B ~ 2 
~d 2 3 JlU+--;:}:d 3 pu 

p l: P l: 

f* - (l'..P/L)d~/(2pu2) 
- (fJ2 /2a) f 

d~- (2/C2)~ - 2/fJ 

* A(1-l:)2 
f - 2l: 3 Re* 
* A(1-t:)2 

f - 2l: 3Re* 

f*- l6/Re* 

B(1-~) 
+ 2l: 3 

-A' /Re* 

* Ergun eqn. is used here due to i ts wide acceptance 
U f* defini tion analogous to flow through condui ts (Bird et al. [1960 J ) 

*H from Hagen-Poiseuille equation for pipe flow 

The analysis of Rurnpf and Gupte[1971] proposed that l'..P/pu 2 be 

represented as a function of the nondimensional parameters Re=uDp /1l , 

L/Dp, (, ql' !/Ji' structure, where Dp is the surface average sphere dia-

meter, and ql and !/J
1 

are size distribution and partic1e shape parameters. 

Most previous researchers used the superficial velocity, u, or the Dupuit 

relation, u/(, in the ab ove relationship and tried ta include the 

porosity, structure, size and shape parameters in the form of a porosity 

function In the present Re-f treatment of Eqn. 4.12 it is superficia1 

not interstitia1 veloci ty which is employed and, significantly, no 

empirical porosity function is needed Definition here of a characteristic 

dimension, dp =f3/o., based on basic transport phenomena relations eliminates 

the need for the various porosi ty, pore size distribution, partie le or 
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pore shape empirical factors of earlier approaches. AlI these 

characteristics of the pore structure may be important, but in the 

present analysis they affect ~ through their effect on a and p. 

Applicability of the Re-f model with d p -/3/a was successfully 

demonstrated by Ahmed and Sunada[1969] and Macdonald et al. [1979] for 

flow through porous media of simple, rigid particles. Thus this 

nondimensional form, Eqn. 4.14, of the fundamental momentwn transport 

equation, Eqn. 4.3, is tested in the present study for the first time 

for flow through paper, a porous media of mu ch greater cornp1exi ty than 

any previously tested for this approach. 

4.7.8 Reynolds Nwnber-Friction Fac tor Experimental Resul ts: Dry Paper 

Fig. 4.19 shows the boP meaSUi"ements for dry paper, calculated in 

terms of Reynolds nurnber-friction factor with the characteristic 

dimension dp=f3/a The friction factor data on Fig. 4.19 derive from 

120 boP measurements for 15 sheets made with both tlelium and air flow 

before a wetting-drying cycle (as for Table 4.2) and from the approxima

tely 100 supplementary measurernents of t,p with 20 sheets after wetting-

drying (as for Table 4.10). For Fig. 4.19 the Reynolds nurnber value 

associated with each friction factor measurement was de::ermined using 

an individual value of dp for each sheet of paper tested Thus for paper 

before, and after, a wetting-drying cycle the single sheet values of d p 

used to determine Re for Fig. 4.19 are not the best fit values of dp for 

N sheets that are listed in Tables 4.9 and 4.10. The complete Re-f data 

are tabulated in Appendix 6. 

For rig. 4.20, by contrast, the values of ReYl101ds nwnber derive 

from the best fit value of dp for aIl the sheets of each basis weight. 
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Reynolds Number, Re=dpG/ p, 

Figure 4.19 Pressure drop across dry paper: dp for individua1 sheets 
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The Fig. 4.20 results rex:;resent about 500 6P-G measurements made after 

a wetting-drying cycle with 126 sheets, i. e. 65 sheets of basis weight 

25g/m2 , 61 sheets of 50g/m2 , using only the two values of dp given in 

Table 4.9. 

Figs. 4.19 and 4.20 show a11 the 6P data for dry paper obtained in 

the pr~sent study, sorne 700 measurements The amount of experimental 

scatter around the theoretical line f-l+1/Re is naturally greater for 

Fig. 4.20 because of the use of only one value of dp representati ve of 

each basis weight, compared to an individual dp value for each of the 

35 sheets of the Fig. 4.19 results. The excellent agreement of the 

experimenta1 resu1ts with the theoretical f=l+l/Re Une, with 

surprisingly small scatter of the extensive data, Figs. 4.19-4.20 f 

confirms the appropriateness of this new approach ta the analysis of 

throughflow phenomena for dry paper. As this characteristic dimension 

for paper is also the first ta give values of dp consistent with 

observations from scanning electron microscopy of p"\per, these two 

types of confirmation valida te the central feature of the analysis, 

i. e. definition of the characteristic dimension of paper, dp , based 

rigorously on the momentum transport equation. 

4.7.9 Characteristic Dimension from Momentum Transport; Analysis: 

Experimental Results for Moist Paper 

The success achieved with this Re-f-dp approach for dry paper sug

gests testing whether it may be applied for moist paper as weIl. Appli

cation of the momentum transport equation, Eqn. 4.4, to the case for 

moist paper 1eads to the defini tion of the characteristic dimension as 

dp -/3' /0', equivalent to the dp =/3/o: relation for dry paper. The experi-

• l 
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mental technique of the present study provides the complete fiP-X relation 

for a sheet of paper of a cert~in basis weight, MB' dried from a known 

initial moisture content, Xo ' with a throughflO\. of fixed rate and 

temperature, G and Ti' These ÔP-X relations are determined succcssively 

using a fixed throughflow rate, G, at four levels of G. The parameters 

Xc and Ti' important for the associated drying rate study, have been 

shown ta have no effect on dp , hence simply constitute additiona1 

replicate runs for the momentum transport part of the study considered 

here. Determination of a' and ~' and thereby, d p for moist paper, where 

dp is expected to be a sensitive function of paper moisture content, X, 

therefore requires sets of llP-G data at constant X. Although the basic 

experimental data are det~rmined as sets of ôP-X measurements at constant 

G, the computer data acquisition at a real time frequency of 5-l0Hz 

permits extraction of data in the required form of lIP-G measurements at 

constant X at as many leve1s of moisture content, X, as desired. From 

each such ~P-G data set, a value of a', {J' and thereby dp can be 

determined which applies for the basis weight, MB' of that sheet and 

for the selected value of paper moisture content, X. 

The resu1ts of this procedure ap?ear in Table 4.12. In th~ Table 

4.12 listing of experimental values of dp for moist paper, N aga in 

represents the nurnber of sheets te~ ted. As fiP for each sheet is 

norma1ly measured at 4 values of G at each moisture content, X, each 

value of dp is based on 4N sets of lIP-G measurements. Although dp was 

determined at moisture conten ... ~nterva1s of O.lkgjkg, for brevity only 

dp values at every O. 5kgjkg are listed in Table 4.12 al though the 

complete dp -X data are shown on Fig. 4.21. Data are not available for 

MB~lOOgjm2 because the throughflow rates used were not sufficiently 
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high to give a measurable inertial contribution to pressure drop, hence 

the characteristic dimension, dp-P'/o', could not be determined. 

Table 4.12 Values of characteristic dimension of moist paper 
based on fundamental momentum transport relations 

Moisture Content 
X, kg/kg 

2.5 
2.0 
1.5 
l.0 
0.5 
0.1 

Basis Weight! 
N d?, em 

35 43.8 
55 42.3 
63 26.6 
65 16.2 
65 16.6 
65 16.6 

(7 ct P ! f'm 
8.0 
7.0 
4.4 
2.7 
2.3 
2.1 

Basis 
N 

33 
57 
58 
61 
61 
61 

Weight , 
d?, ym 

9.5 
13.2 
13.0 
8.5 
5.0 
4.0 

°d p ,ym 
l.5 
2.2 
'2.4 
l.4 

° 7 0.5 

As moisture content decreases, the values of the characteristic 

dimension, dp =f3' /0', approach the correspcnding values for dry paper 

after a wetting-drying cycle, Table 4.9, which come from the same 

complete set of t.P-G-X measurements, and the dry paper dp values of 

Table 4.10, which are from an independent series of t.P-G measurements. 

Wi th the addition of another variable, paper moisture content, i" would 

be expected that ad for moist paper would be somewhat higher th an for 
p 

dry paper. Thus the values of ad of Table 4.12, in the range 12 to 
p 

18% of dp , are higher than the cDrresponding range of 5-11% for ad for 
p 

dry paper after a wetting - drying cycle, Tables 4.9 and 4 10. Reca1l 

however that most of this variability in dp cornes from the variability 

between the replicate handsheets. 

4.7.10 Effect of Paper ~oisture Content on Characteristic Dimension 

Fig. 4.21 shows the first neasurement of effect of paper moisture 

content on the characteristic dinens50n for paper with air throughflow. 

As moisture content decreases, t.P decreases, and one typical1y associates 
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a decreasing ll.P with an increasing size of flow channels, dp • However, 

the value of dp for wet paper is 2 to 3 times that for the same paper 

when dry. As the moisture content of wet paper decreases, an increasing 

number of smaller pores participate in the flow, increasing the fraction 

of area open to air flow, decreasing the intersti tial velocity in the 

pores so that both ll.P and d p decrease. For wet paper, aithough the 

size of pores through which air flows is large, the fraction of the 

B'.:"ca open to throughflow is small, resulting in high ll.P for the high 

velocity flow in these channels. 

For paper of basis weight 25 and 50g/m2 • the effective pore size 

for throughflow, dp , becomcs independent of moisture content below sorne 

value in the range O.6-0.9kg/kg, while dp reaches its maximum value at 

sorne moisture content around 1.7- 2. lkg/kg. The plateau in dp at low 

moisture content corresponds to water being present only in intra-fibre 

pores and in the smallest inter- fibre pores. through which there is 

negligible flow. Figs 4.9-4.12 show that permeability also becomes 

less sensitive to X at both higt, and low moisture contents, but the 

d p -x relationships of Fig. 4 21 constitute a more fundamental 

representation of these phenc. -,ena 

Electron mlcrographs of the paper used. Fig 4 16, indicate a 

maximum pore size of about SOpm and 10-20pm respectively for the 25 and 

SOg/m2 basis weight paper. The agreement between the determination of 

maximum pore size visually by scanning e1ectron microscop:,' and quantita

tively by the new method of the present study is remarkable. Thus the 

maximum value of dp found for wet paper, about 44 and 14pm at Ma of 25 

and SOg/m 2 , is controlled by the size of the largest pores in the sheet. 

The lower d p values for SOg/m 2 paper at ~2. 3kg/kg may be due to 
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compressibility of the sheet at the high ~P values at these conditions. 

This possibility is illustrated by Fig. 4.22. for which the dp -x data 

for MB=50g/m2 of Fig. 4.21 are shown togethcr with 6P-X data for 

MB-SOg/m2 from a typical experiment at the highest 1evel of throughf1ow 

rate. As moisture content decreases from Xo ' ~P drops rapidly from its 

maximum value. thereby reducing the compression forc.a on the sheet. 

Testing the compressibi1ity hypothesis would requirc a further study. 

With these upper and lower physical limits on the variation with 

Taloisture content of dp of paper, the d p -x relation has three zones. 

Between the upper and louer plateau regions, zones 1 and III, the dp-X 

relationship for the transitional region, zone II, may be represented as 

(4.16) 

This form is consistent with probabilistic studies of the porous 

structure of paper summarized by Corte[l982], Section 4.5. The results 

with the two parameters of Eqn. 4 16, determined by non-linear 

regression of the Fig. 4 21 data, are given in Table 4 13 

Table 4.13 Parameters for the regression equations for effect of 
moisture content on characteristic dimension 

Zone l d p = A 
Ma 25g/m 2 A = 44 ± 2 pm >22.1 
Ma = 50g/m' A = 14 ± l pm l. 7SX:s2. 3 

Zone II d p = 1/ [ cl +cz e -x 1 
Ms = 25g/m 2 cl~ 0 0027 

c 2 - 0.16 
0.9SX:s2.1 

r 2= 0.998 
o ~ 1.2 pm 

Ma = 50g/m2 c 1 = 0.027 
c 2 = 0.23 

0.6~1. 7 
r 2= 0 994 
0 - 0.9 pm - Zone III: d p = B 

- Ms 25g/m 2 B 16.7 ± 0.3 pm ~O 9 
MB = 50g/m' B = 5.0 ± 0.5 pm ~0.6 
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lt is not possible to predict the moisture content which separates 

the first two zones, i.e. XI/II' although finding XI/II ta be higher for 

25g/m2 paper (2.1kgjkg) than for SOg/m2 basis weight (1.7kg/kg) is as 

expected because of the wider pore size distribution in thinner paper. The 

moisture limit between the second and third zones, XII/III' would be the 

point where a11 pores that participate in flow through dry paper become 

free of water and open ta f1ow. With this remaining moisture absorbed in 

fibres and fibre agglomerates through which no flow occurs, the XII/III 

point should be very close to the fibre saturation point (FSP) 

For the rewetted, unbeaten softwood kraft pu1p used the fibre 

saturation point, determined here by the solute exclusion technique 

using 2% dextran solution, is 0 Blkg HzO/kg fibre for the original pulp 

and 0.72kg H20/kg fibre from the paper after a wetting-drying cycle. 

The XII/III limits of Table 4.12, 0.6-0.9 kg/kg, agree remarkably well 

~ith the fibre saturation point. It would again be expected that this 

limit would be slightly higher for 25g/m 2 paper because of the wlder 

pore size distribution of the thinner sheet. 

The dp -x relation for 100 and 150g/m 2 paper is expected to be 

similar ta that for 50g/m 2 because dp for dry paper is effectively 

independent of basis weight over the range 50-150g/m2 , Table 4.10, Fig 

4.17. This expectation could not be tested because the highest 

f10wrate was insufficient for determination of dp for paper this thick 

4.7.11 Reynolds Number-Friction Factor Experimental Results: Moist Paper 

Figs. 4. 23a and Fig 23b are based on a11 the t:.P measurements of 

the present study for basis weight of 25 and SOg/m 2 over the wide range 

of moisture content, 2. S>X>O 1 kg/kg, at interva1s of X=O. 5. The 



(" 

( 

145 

10'~ i i i i li i li Iii .. 

N MB= 25 g/m3 

" X, kg/kg c:a.. 
"'-.. 

o 0.1 Q. 

~ o 0.5 
/1 102 

Il 1.0 
~ 

1.5 0 
H + 2.0 
0 
~ 2.5 
() 
(1j 

~ 

~ 
101 0 ...... 

~ 
() .-r... 
~ 

(a) 

10° 
10-3 10-a 10-1 100 101 

Reynolds Number, Re=dpG/1k 

103 

C\l 
MB= 50 g/m3 

0 X, kg/kg 
Q::l. 
"'-.. o 0.1 Q. 

~ o 0.5 
Il 102 

Il 1.0 
tH 

0 1.5 
H + 2.0 
0 

x 2.5 ~ 
() 
<t! -- f=l+1/Re 
~ 

~ 
101 

----- !=l/Re 
0 ...... 
~ 
() ...... 
H 
~ 

(h) 

10° 
10-3 10-2 10-1 100 101 

Reynolds Number, Re-d-f! /;.L .1 - pUt 

Figure 4.23 Pressure drop across moist paper' average dp for each basis 
weight-moisture content. a) 25g/m~. b) SOg/m 2 



• 

146 

toP-G-X data are converted to the Re-f form using one value of dp for 

each of the 12 Ma -X combinations listed in Table 4.12. This data set, 

constituting about 3000 toP measurements on the 126 sheets, i.e. 65 sheets 

of 25g/m2 , 61 sheets of 50g/m2 kraft paper, falls quite weIl around the 

theoretical line, f-l+l/Re. Comparison of Fig. 4.23 with Fig. 4.20 

shows that the experimental scatter is larger for moist than dry paper, 

refle.::ting introduction of the additional key variable, paper moisture 

content. From wet to dry paper, ~p varies by up to a factor of -20, d p 

by up to a factor of -2 5. For moist paper no such comprehensive 

treatment of pressure drop has previously been available. 

4.7.12 Flow Phenomena-Reynolds Nurnber-Pressure Drop Relations 

Velocity fields in a packed bed are complex, even at low Reynolds 

number. According to Scheidegger [1974), the transition from "laminar" 

to "turbulent" flow regime in a packed bed occurs over the Reynolds 

number range 0.1 to 75 Nelson and Galloway[l975~ pointed out that this 

is a transition from reversible ta irreversible flow phenomena, not 

from laminar to turbulent flo'W Flow irreversibili ties resul t from 

stalls, vortices, or wakas forming in the intersti tial flow passages 

between particles At high Reynolds number these vortices shed and 

consume energy as they de grade , while at low Reynolds number such 

vortices are time steady. hence conserve their energy The inertial 

resistance in paper measured here should be viewed in this context. In 

his interesting dye inlection experiments Scheneebeli[l955] demonstrated 

that even when pressure gradient and velocity measurements indicated 

non-linear flo'W, the dye displayed laminar, stream-line flnw Similarly. 

Ahmed and Sunada[1969) claim that energy loss by turbulence is negligible 
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for flow through porous media, but tha t non-lineari ty becomes important 

at Re~0.02, i.e. at mueh lower Reynolds number than specified by 

Scheidegger. At a Reynolds number this low the Darcy' s law assumption 

of neglecting inertial effects, i.e. equivalent to using f-l/Re rather 

than f-l+l/Re, introduces only -2% error in the value of friction factor. 

In the present analysis the characteristic dimension for Reynolds 

number for flow through moist and dry paper of a wide range of thickness 

has been defined without approximation, 50 that the Reynolds number 

obtained is rigorously the ratio of the inertial to the viscous contri

bution to momentum transfer Thus Reynolds number limits given, approxi-

matelyas 0.02 by Ahmed and Sunada[1969) and Olby Scheidegger[1974l, 

may now be specified quantltative]y for the case of paper as the porous 

media. As eharacteristic dimension for Reynolds number, Ahmed and Sunada 

used the same dp=~/Q as the present study while Scheidegger's choiee, 

although unfortunately not specified, was probably the dt definition of 

Table 4 Il for the Fanning friction factor, f* For dry kraft paper of 

MB~50 g/m 2 the lnertial term, C-6 5, is effectively independent of basis 

weight, Table 4 10. Thus for the presumed Re* definition of Scheidegger 

and the Re-Re* relation given in Table 4.11 his Reynolds numbers (Re*) 

would be lower by a factor of C2 /2 than those on the basis of the present 

study (Re). For dry kraft paper Scheidegger's limiting Reynolds number of 

Re*=O.l would therefore correspond ta Re=O. 1 (C 2 /2), i e. to Re'=2 as defined 

here. Table 4 4 shows that for bath 25 8nd 50g/m 2 paper, the lnertial term 

cjL is higher for Iroist paper (X=2. 5kg/kg) than for the dry sheet by about 

a factor 6, with most of this variation coming from C, not L Therefore for 

wet kraft paper, Scheidegger's Re*-O 1 limlt would correspond to Re z 76. 

This demonstrates that although Scheidegg~r's limiting value Re*=O.l may be 

Fhnrœ .............. mn _________________________________________________________ __ 

= 
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applicable to the beds on which his work was based, a specifie value of Re* 

as a limit is not genera11y applicable to beds of different structures and 

i., c1ear1y not applicable to paper where the porozity to air flow increases 

from very low to very high in going from wet to dry paper. As the Re-f-dp 

relation deve10ped for paper here is derived direct1y from fundamental 

momentum transport relations, it is valid for aIl beds regardless of 

porosity or structure of the porous media, and reference values of Re are 

universally applicable. 

The fact that Re*, the form of Reynolds number definition used with 

the Fanning friction factor, is lower than Re=dpGjJl with dp-o/f3, the 

rigorous1y correct defini.tion, is an observation of considerable practica1 

significance for compar;ng results of various studies. For dry paper, 

RejRe*~20, while for wet paper, RejRe*~760. The same caution applies to 

the corresponding difference in the two friction factor definitions, i.e. 

f*~(f32j2Q)f. For MB-50g/m2 dry paper, f*-20f. 

From the Table 4.11 relations, the ratio of correct âP to that given 

b h D ' 1 .... 1 l+l/Re If 1" f 5 Y t e arcy s aw apprOX1matlon 15 Slmp y liRe' a lm1t 0 % error 

on ~P were adopted, Re=O 05 would be the maximum allowable for neg1ect of 

inertia1 effects, a limit which is lower by a factor of 40 than that given 

by Scheidegger The present experlmental data, Figs 4.19, 4.20, 4 23, 

extending between the Re values 0.02-1, cover a range for which the error 

i' AP from using the Darcy law approximation varies from 2-100%. With the 

rigorously correct basis of Reynolds number definition used here, the 

variety of arbitrary recornmendations of earlier workers is now replaced by 

h l ' h' 1+ liRe. b t e exact error re atlons 1P, liRe' glven a ove. 

In industrial practice of through drying paper, throughflow rates 

May go up to G=4kgjm 2s for tissue paper of 25g/m 2 • With the characte-

-
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ristic dimension dp-~/Q, of the present study, the Reynolds number for 

this maximum throughflow rate would be about Re-6, corresponding to a 

flow condition for which the use of the Darcy's law approximation would 

give a value of 6P too low by 600%. 

4.7.13 Comparison of Mode1s: Permeabi1ity vs. Reynolds Number-Friction 

Factor 

Pressure drop has been expressed here in two ways. For f10w through 

paper the permeability method, Sections 4.3-4.5, has been the standard 

procedure whi1e the Reynolds number-friction factor approach, Section 

4.7, has not previous1y been used. Permeabi1ity and Re-f relations a~e 

alternate procedures for momentum transfer in porous media. The 

permeability method has been wide1y adopted for porous media of complex 

particle shape because no characteristic dimension for the porous media 

is needed. The Fanning friction factor treatment as used for flow 

through other porous media has a1so discouraged applying the Reynolds 

number-friction factor model to paper because of the apparent need, 

Eqn. 4 15, for sorne comp1ex porosity function and perhaps other pore 

structure parameters as weIl The empirical permeability approach which 

has been used for paper, even with elimination of the errors associated 

with the use of the Darcy' s 1a\" approximatlon, does not permit the 

integration of momentum transfer work for paper wi th the large body of 

results using the nondimens ional Re - f momentum transfer treatment for 

other porous media. Moreover, interpretation of LlP measurements in 

terms of permeabili ty has no relevance ta other transport phenomena. 

i.e. heat or mass transfer, in the same porous media. 

For throughflow phenomena in paper the importance of heat and mass 
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transfer in through drying provides a large incentive for the more 

fundamental, non-dimensional Reynolds number-friction factor treatment. 

The obstacle to the Re-f analysis for paper has been the lack of a 

soundly based characteristic dimension for throughflow across a porous 

media of porous structure as complex as paper. This obstacle has been 

removed by 2pplication in the present study of Dasic momentum transport 

principles ta flow through paper. The resul t has been to obtain a 

physically meaningful characteristic dimension for paper which not only 

provides a more general treatment for momentum transfer in paper, but 

could be applied also for treatment of heat and mass transfer in the 

drying of paper. As one parameter in this technique, a, is the 

reciprocal of permeability, comparison of results by this alternative 

approach with previous studies is straightforward. 

4.7.14 Application of the Re-f-d p Method for Paper 

In order ta use the present Re-f-dp method one needs in principle 

only two independent pieces of ~P-G information, i.e. not both in the 

region of negligib1e inertia1 effects. Wi th two such values of ~P-G 

one may determine the characteristic dimension, dpI for a given porous 

media. For the case of paper that implies specification of pu1p type, 

formation technique, basis weight and moisture content With that dp 

obtained from the minimum of two ~P-G measurements. combined wi th the 

theoretical Re-f relation, Eqn 4.14, one may calculate ~p for that 

paper at any G. 

For the case of kraft paper over the range of basis weight 25-l5v 

g/m 2 and moisture content 2. 5kg/kg ta dry, the resul ts of the present 

study enable prediction of ~p for any throughflow rate, moisture content 
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and basis weight. The characteristic dimension, dp , required for Reynolds 

nurnber is obtained from Eqn. 4.16 with the parameters li5.ted in Table 4.13. 

For the Reynolds number corresponding to the throughflow rate with that 

value of d p , the friction factor is obtained from Eqn. 4.14, and ~p from 

Eqn. 4.13. As this value of pressure drop applies for paper formed in a 

standard laboratory handsheet former it may differ from that for commercial 

paper of the sarne basis weight and moisture content made from the same 

pulp. For each different type of pu1p and sheet formation it is necessary 

to determine the dp-f(MB , X) relation analogous to Eqn. 4.16 or Fig. 4.21, 

using the general procedure outlined above. 

4.7.15 Conclusions 

The charac teris tic dimens ion thus de termined would app ly for aIl 

nondimensional variables, i.e. Reynold5., Nusselt, Sherwood and Peclet 

nurnbers, relevant to treatment of the various transport phenomena involved 

for flow through the same paper. While constituting a much more powerfu1 

treatment than permeability, this analysis is also superior to the Fanning 

friction approach involving the Re*-f*-d; definitions because no porosity 

function is needed, eliminating the substantial associated uncertainties. 

Thus for future transport phenomena work involving flow through paper, the 

characteristic dimension-Reynolds number analysis developed here for moist 

and dry paper is recommended due to its simplicity, its sound cheoretica1 

basis, and its applicability to related transport phenornena. 

4.8 SUMMARY 

1) The presence of an inertial cornponent to pressure drop in through

flow across paper is detected more sensitively by application of the 
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momentum transport equation, the Forchheimer relation, than by inspection 

of the exponent in the pcwer law relationship for pressure drop. 

2) The permeability ~f both dry and moist paper was determined 

correctly for the first time by application of the momentum transport 

equation, i. e. wi thout the commonly used approximation of Darcy' s law 

which ignores inertial effects For the combination of minimum basis 

weight-maximum throughflow rate used, the permeability of dry paper 

calculated from Darcy's law is shown to be in error by about 40% with 

this error increasing up to 70% for wet paper. 

3) The permeability of dry kraft paper of increasing thickness 

approaches an asymptotic value for high basis weight. Paper permeability 

increases gradually, approximately doubling, as basis weight is 

decreased from 250 to SOg/m2 , probably due to an associated \o;idening 

of the pore siz~ distribution. When basis weight is reduceù from 50 to 

25g/m2 , permeability increases sharply, by a factor of 2 -3, believed 

due to the associated exponential increase in piû hole count. 

4) Over the basis weight range 25-250 g/m 2 , the permeability of dry 

kraft paper approximately doubles when subjected to a wetting- through 

drying cycle. This permeability increas~ is found to be associated with 

changes in paper microstructure during the wetting, not the drying. 

5) For moist paper the modified permeability, kiL, determined from 

continuous monitoring of pressure drop across a sheet during permeabili-

ty-through drying experiments, indicates that permeability is not sig

nificantly affected by any of the variables which control drying rate. 

Thus the permeability of moist paper during drying is essentially inde

pendent of the drying conditions. 

6) A simple correlation relates the modified permeability of moist 

--------
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kraft paper, kiL, as a .ction of only paper moisture content and basis 

weight, i. e. is independent of the moisture ,:ontent Rt the start of 

drying and of the ve10city and temperature of the through drying air. 

7) The specifie surfac~ of dry kraft paper is O.5-1m2 /g fibre, as 

determined from throughflow measurements using the Kozeny-Carman equation. 

Specifie surface decreases moderately, by about 25%, &~ basis weight is 

reduced from 250 to 50g/m 2 , then drops by about 1/3 for reduction to 25 

g/m2 basis weight. For paper of low basis weight, 25g/m 2 , sorption tech

niques overestimate by about 50% the inter facial area that is effective 

for throughf1ow transport processes. Area associated with 5maller pores, 

measured by sorption methods, scarcely affects the area measured by 

throughflow \vhich, under these condi tions, flows predominantly through 

large pores and pin hales, leaving the small pores gssentially stagnant. 

8) Over the basis weight range 25-250 g/m2 the specifie surface of 

dry kraft paper drops by 2-11% when it experiences a wetting-drying cycle 

This drop in specifie surface occurs during the wetting, not the drying. 

The mechanism for this change in interfacial area is believed the result 

of the same irrevE'rsible mechanism, i. e collapse of fibre surface fibril

lation, rl.!sponsible for the associated doubling of paper permeability. 

9) Over the basis weight range of 25-250g/m 2 • the porosity of dry 

kraft paper increases from about 0.67 before a wetting-drying ta about 

0.72 after such a cycle. consistent with the same changes in paper 

structure that affect specifie. sur:ace and permeabi li ty. 

10) Because of the substantial changes in properties of paper during 

the wetting wi th which a11 reported drying s tudips begin, i t is essentia1 

in drying research that a11 physica1 properties of dry paper used to 

describe the drying of paper be measured after drying, not before. 
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11) A new characteristic dimension was detE'rmined for flow through 

paper, dp-p/a, where Cl: and fJ are complex parameters from the application 

of basic momenturn transport analysis. This characteristic dimep-sion was 

determined over the full range of moisture content from wet to dry paper 

for kraft paper of basis weight 25-250g/m' and, with a few exploratory 

measurements, for Papriformer newsprint. 

12) With the new characteristic dimension, Reynolds number becomes 

rigorously the ratio of the inertial to the viscous contribution to 

momentum transport. The values of this theoretica11y bas~d charac teris

tic dimension, dp=f3/a, are about an order of magnitude higher than 

given by two widely accepted empirical definitions of characteristic 

dimension for paper, square root of permeability and reciprocal of 

specifie surface, and are about 1/4-1/2 of the values of the measurements 

of Bliesner (1964) and of the Hagen- Poiseuille equivalent pore diameter 

as determined by Gummel[1977]. 

13) For dry paper, d p is essentially independent of paper thickness 

for basis weight above 50 g/m 2 , whlle permeability, k, varies with paper 

thickness in this range. For 25g/m2 dry paper. dp is mu ch higher, by 

about a factor of 3, due to pin holes, as affects permeability similarly 

With variation in paper moisture content the value of the characteristic 

dimension, dp-P/o:, chancres between two asymptotic 1 imi ts. Above a paper 

moisture content of about 1. 7 - 2. lkg/kg, dp is l imited by the maximum pore 

size. Below ahout O.6-0.9kg/kg, the value of dp for kraft paper does 

not change wi th paper moisture content. The latter moisture content 

agrees, as expected, with the values measured for the fibre saturation 

point, O.72-0.8lkg/kg, because for moisture contents lower th an the FSP 

aIl water is held within the fibres. As moisture content decreases from 

___ a: 
OH 
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the upper to the lower asymptotic region, the dp -x dependence reflects 

the opening of pores of progressiw:lly smaller size during through drying. 

14) The maximum values of d p for wet kraft paper, 44J.lID ami 14J.'ID for 

basis weights respectively of 25 and 50g/rn2 , correspo'l1d to the maximum 

pore size as observed by scanning electron microscopy. The increase in 

the dp of 50g/m 2 paper as moisture content decreases froID 2.6 to about 

2.3kg/kg rnay be due to compres 5 ibil i ty of the shee t under the high ôP 

across WE' l.- paper. 

15) With d p =f3/o., a theoretical relationship bet\.:een friction factor, 

f-(ôP/L)/(/3G2/ p ), and Reynolds number, Gdp/J.l, is shown to fit an 

extensj ve set of pressure drop measurements, about 700 tlP measurements 

for dry paper of basis weight 25-250g/m 2 ,and about 3000 measurements 

for moist paper of two basis weights, 25 and 50g/m2 , for moisture 

contents covering the entue range from about 250% ta dry paper. This 

analysis is the fust treatment of air flow through dry and moist paper 

based on a fundamental, momentum transport relation. 

16) This form of F~ynolds number-friction factor definition, the 

most appropriate for beds of complex porous strue ture such as paper, 

also e] iminates the need for the complieated and still unresolved 

porosity functions required in the Fanning frictlOn factor definition 

The relations between the various .friction factor and Reynolds number 

definitions have been provided as these are essential in cornparing 

results of various studies 

17) With the new definition for paper of dp=~/a: and Re=dpG/J.l, the 

ratio between the correct lIP and that given by the Darcy' s law viseous 

. l+l/Re 
flow simplification is determ~ned to be liRe . Thus thls error is 5% 

at Re=O.05 and 100% at Re=l In indus trial practice of through drying 
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of paper t Re-6 may be reached, where this error is now seen to be 600%. 

18) As a theoretically based model, the f3/a-dp -Re·f treatment for 

air throughflow across moist and dry paper is a more powerful method 

than the traditional permeability approach, and does not suffer from 

the porosity function prob1em of the traditiona1 Fanning friction 

factor Re*·f* treatment for f]ow through porous media. The Re - f·dp 

analysis yie1ds not on1y a fundamental fluid rnechanics characterization 

of paper for momentum transport, but also provides the basis for 

theoretical analysis of other transport phenomena in paper such as heat 

transfer and mass transfer during through drying. This new approach is 

therefore recommended for application to paper and other complex media 

of fine particula tes. 

19) General procedures for application of the Re- f -dp method to paper 

are given . 

.. 
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CHAPT ER 5 

THROUGH DRYING RATES FOR PAPER 

5. 1 INTRODUCTION 

Althocgh through drying of light weight grades of paper is an 

industrial practice, remarkably little informatio,1 has appeared which 

relates the through drying process to four key variables: throughflow 

rate, tempe rature of the drying a~r, paper thickness or basis weight, 

initial moisture content of the pa?er The advantages of through drying 

are leading to i ts increasing adopt~on world-wide McConne 11 [ 19801 

reported that about 15·20% of tissue paper in the United States was 

through dried. Higher dry1ng rates, good specifie ene:r-gy consumption 

and perhaps beneficia1 qua1ity effects for sorne products provide 

continu~ng growth potential for this process Appllcatiol' lS currently 

limited to llght we ight grades, primarily tissue paper. As a developing 

technology, the economic lirnit for use of through drying with not such 

light weight grades rnay change. If in future it is found beneficial ta 

combi ne! through drying wi th other techniques, such as impingernent drying 

for examp1e, that would open other possibilities for application under 

new operat1ng conditions. 

Technicdl and economic studies aimed at achieving the full 

potential of through drying, either alone or in combination with other 

drying techniques, require accurate documentation of through drying 

rates and then relationship to the operating variables Such 

documentation is surprisingly lirni ted. Chu and Kuo [1967] measured rates 

of drying tissu~ paper wi th throughflow, but the i r "drying rate" curves 

reflect a combination of drying and mechani cal dewdtering due to the 

. 
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extremely high pressure drop used. On the basis of an energy balance 

they claimed that mechanical dewatering occured at moisture contents as 

low as O. 25kg/kg dry fibre. That claim is not plausible because thlS 

moisture contentan the fibre saturation point, FSP. Scallan and Carles 

[1972) determined the FSP ta be about 1.6kg/kg for never-dried kraft 

pulp and approximately O. 85kg/kg for the reslushed pulp. For the 

present study, as noted in Chapter 4, the FSP was determined to be in 

the range O.72-0.8Ikg/kg. Moreover, Ellis et a1.(1983) showed that the 

water retention value of kraft pulp extrapolates to a value of about 

O.5kg/kg at high values of centrifugaI forces, >lOSg, which represents 

a limi t for mechaI.ical dewatering Interpretation of the Chu and Kuo 

results is also llmited by their experimental technique which permitted 

a large change in mass flow ra te of throughflow air during an 

experiment, a 40% change for the only data presented. 

Walser and Swenson[ 1968] reported through drying rates from both 

laboratory equipment and paper mi 11 t:r ials. l t is difficul t to 

interprete their laboratory results, limited to a single basis weight 

(86g/m 2 ) obtained wi th two 43gjm 2 sheets. because thei r technique 

permitted throughflow rate to double during a:1 experiment Mill trial 

results. affected by air swept over thc" sheet in the draws, showed no 

effect of basis weight over the range 52-147gjm 2 • 

There are problems also with aIl of the more recent laboratory 

s tudies reported Martin[ 1972 J measured rates of through drying of 

lOOg/m 2 handsheets but, once more, the rate of throughflow air changed 

during each constant suction experiment, in this case by 3-5 fold As 

his quoted drying rate.:: are simply averages over an entire run with 

such variable conditions, they provide 110 insight into the through 

---
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drying process. Raj and Emmons [1975] studied the through drying of 13-

65g/m 2 basis weight paper of high porosity, 0.86-0.89, but reported 

nei ther rates nor drying rate curves. As it is not specified whether 

the air throug,hflow rate varied or was kept constant during these 

experiments with roonl temperature air, the results are of little use. 

For through drying of 1ight weight paper, -23g/rn2 , Rohrer and Gardiner 

[1976] measured only those parameters necessary for their mode1. In 

reporting through drying rates for 24 and 48. 8g/m 2 sheets Wedel and 

Chance(1977] claimed, incorrec,ly riS 1s established by che present 

study, that their drYlng rates were for an adiabatic saturation process 

which i5 not affected by sheet ba5is weight. Neither Rohrer and 

Gardiner nor Wedel and Chance reported either experirnental conditions 

or drying rates, ln that only rates predicted by thelr respective 

through drying models were presented. In his study of the through 

drying of 20- 23g/m 2 tissue paper Gummel (1977) rneasured drying rates 

considerably lower than would correspond ta the exit air reaching 

adiabatic saturation Althoueh Gummel kept the rate of throughflow air 

to the drying sectlon constant, it appears that his drying rate 

measurement c, at hlgh throughflO\oJ were reduced by by-passing of air 

&round the sheet 

The intimatt:: f'ontact between drying air and wet fibres is the 

source of the higher rate of through drYlng relative to the standard 

cylinder drying process ",here the paper receives heat successively at 

each surface and water leaves only after diffusing through the sheet. 

Wi th the much improved contacting between flbres and drying air, and in 

the absence of reliahle documentation of through drying rates, sorne 

.f 
-ll. analyses of through dryi ng assume that the atr 1eaves the wet web 

5S5 ... = 
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saturated, Crotogino and Allenger [1919], Soininen [1987] . This 

condi tion of thermodynamic equilibriurn a t the exit would be achieved in 

through drying as, for example, in the analogous process of packed bed 

adsorption or desorption, with a low flow rate and a deep gas-solid 

contacting zone (thickness of the paper or the packed bed). These 

limi ts, qui te well known for packed bed adsorption, are not established 

for through drymg paper. 

The obj ective of the present study of through drying paper is to 

measure instantaneous drying rates throughout this short duration 

prr . .::ss, while controlling and measuring aIl variables which affect 

drying rate. Production of a cOlT'prehensive set of precisely controlled 

measurement5 of through drying is the prerequis i te for seeking a bas ic 

understanding of this process 

5.2 EXPERIMENTAL 

5.2.1 Objective 

From start to finish of the through drying of a wet web the in

stantaneous values of drying rate, moisturc content and permeability of 

the web, and the local values of temperature and humidity of the dryinr, 

medium change greatly and, at times, very rapidly. The experimental 

program was designed to document trans ient through drying of paper 50 

as to associate instantaneous drying rates with the corresponding 

transient conditions of the wet w:b and of the throughflow air inside 

the sheet ThlS documentation focusses on the effects of the key 

parametE'rs - basis weight and ini tial moisture content of paper, flow 

rate and inlet tempe rature of the throughflow drylllg air 

-
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( 5.2.2 Basic Considerations 

A general deficiency of through drying investigations is variation 

of throughflow rate during the transient experiment. During the through 

drying of a sheet, lasting perhaps 15s, the permeabil i ty of paper may 

change by a factor of 20, from wet to dry. Martin[l972) conducted his 

trans ient experiments under the condition of constant pressure drop, 

Le. highly variable throughflow rate. The equipment designs of Chu and 

Kuo[1.967) and Walser and SwensCln(1968) did not provide either constant 

llP or cons tant throughflow rate, wi th the ir throughflow rates varying 

greatly during a drylng expenmeilt Drying rates obtained under condi-

tions of greatly changing throughflow ra te are of limi ted slgnificance 

because the sensitive relationship between drying rate and throughflow 

rate is obscured or lost. Only Gurnmel [1977), and possibly Raj and Emmons 

[1975J, attempted to make through drying experiment.s at a constant rate 

of r-hroughflow air. 

Another fundamental choice for through drying experiments is the 

procedure for measuring drying rate. Direct methods involve continuously 

moni toring the sheet mois ture content, while indirect methods moni tOl 

air humidity and flow rate Most early researchers employed direct 

methods. Chu and Kuo[I967] used a specially designed capacitance gauge 

requiring tedious callbra tion. Walser and Swenson[ 1968) employed a 

back scatter beta rny gauge in laboratory experiments, and intermittent 

weighing of web sam?les in mlll trials. Raj and Emmons (1975) monitored 

the weight of the sample plus holder during drying, of low accuracy 

with their noise to signal ratio of 0.1 and the corrections needed for 

the time lag from the spring dashpot system that was required for noise 

:( 
~, damping. Martin[ 1972) recorded only the initial and final rnoisture 

-
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content of paper and total drying time, hence obtained only average 

rates. Only Gummel[1977] used the indirect method of monitori:1g exit 

air humidity by an infra-red analyzer. The advantage of this technique, 

the poss ibili ty of obtaining instantaneous drying rates, derives from 

its characteristics of rapid response, wide range and drying conditions 

undisturbed by the measuring device. 

The indirect method was therefore chosen, with the exit air hwnidity 

monitored by an infrared spectrophotometer, a modified Wilks Miran 1 

instrument. The choice of length of IR measurement cell invoives a 

balance betwecn competing considerations of instrument sensitivity and 

of residence time for flow through the cell. A short cell (lOOmm). 

desirable for the latter, had insufficient accuracy for humidity. The 

final choice, a 500mm long, 25mm diameter pyrex celI, gave good humidity 

accuracy with a mean resident:e time in the range of 0.07 ta 0.30s. 

The scale of the spectrophotometer. set to measure water absorbance 

at 2. 70~rn. was exprnded by a factor of 20 ta increase sensitivity, and 

the smallest time constant possible, 0 15s, was selected. Even at these 

limits of high sensitivity and fast response the signal noise level was 

sufficiently small that a simple s:noothing technique was sufficient. 

During a constant: throughf] ow ra te experiment, pressure drop may 

decrease by an order of magnitude At the highest pressure drop 

encountered, about 25 kPa, tests at first indicated sorne by-passing of 

throughflow air around a close- fitting sample holder designed for fast 

insertion into a tightly fltting drying position A positive seal with 

O-rings eliminated by-passing Analysis of published work indicates 

the presence of this source of error in sorne results 

In experiments wi th subs tantia l pressure variation, significant 
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error in the paper throughflr-'''' rate can derive from the unsteady state 

material balance. A dynamic analysis was made to select a drying system 

volume sufficiently small that this source of error was insignificant, 

a precaution not previously noted. 

Because of the fast response of experimental variables and the 

short duration of these transient experiments, data acquisition was by 

a dedicated microprocessor based system. Data sampling frequencies of 

5-l0Hz provided, for the first time, continuous records of the 

instantaneous drying rate hist0ry for an extensive study of through 

drying. The same computer processed the raw data ta the form of drjing 

rate as a function of paper moisture content. 

5.2.3 Experimental Conditions 

The experimental design focussed on the effect of four parameters: 

for the paper, basis weight, ME' and initial moisture content, Xo ; for 

the throughflow air, inlet tempe rature , Tl' and mass flow rate, G (or 

superficial velocity, us) lnlet air humidity, about 0.0005kg/kg dry 

air, was not varied. Table 5.1 lists the range of these parameters for 

the experiments and in industrial practice. 

TABLE 5.1 Range of parameters 

Ti' oC 
G , kg;m 2 s 
us' Std.m3 /m 2 s* 
ME' g/m 2 

Xo ' kg/kg dry fibre 

* at 0° C and 101.3kPa 

Experimental 
20-90 

0.09-0.52 
0.07-0.41 

25-150 
1.0-4.5 

Industrial Practice 
100-400 

0.07-4 
0.05-3 

15-100 
2-3 
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There is very Uttle use of industria1 through dryers with paper as 

heavy as lOOg/m 2 , the typical use being for basis weight ln the lS-35g/m2 

range. Paper up to l50g/m2 was used here in order to ex tend the 

information to grades heavier than current industrial practice. The 

lower limit of throughflow tempe rature , i.e. ambient air, was chosen to 

achieve a close approach to the limiting condition of adiabatic 

saturation of exit air from the wet web. The highest air temperature, 

-900 L, al though lower than industrial practice, 1s as high as any 

laboratory study at constant throughflow rate yet publisherl. The 

limitation i5 mea5urement accuracy At the higher. throughflow 

temperatures used industria1ly, drying time could be a few seconds. 

Such measurements would require a faster response than is yet available 

from an infra-red moisture meter plus measurement cell. The upper 

1imit of throughflow rate is 1ikewise 10wer th an industria1 practice 

for reasons of measurement accuracy. The IR instrument time constant, 

0.155, the fastest available, limits the residence time in the 

measurement cell, hence limi ts the throughflow rate. Because of low 

paper permt:.ability 3t the wet end of a dryer, the high industrial 

throughflow rates, Table 5.1, app1y on1y ta very 10w basis weight 

paper. For the upper range of basis weight, 100-lSOg/m2 , considerations 

of pressure drop, i. e. of power cast, would probably limit the economic 

range of throughflow rate to about that used here. 

The choice of pulp was standard dry laboratory kraft (unbeaten, un

b1eached, 100% black spruce, -18 -19 kappa number, CSF 685ml). The only 

previous researchers ta document pulp type, Walser and Swenson[ 1968 J, 

used kraft pulps. Presumably the other s tudies used paper from chemical 

pulps as this corresponds to industrial practice for the tissue paper 

& 
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( dried by through drying. Handsheets of 158mm diameter, prepared by 

CPPA Standard C. 4, were dried under restraint at 25°C, 50% relative 

humidity, according to the CPPA Standard. Sheets for the I04mm diameter 

sample holder, cut from these handsheets, were moistened in the holder 

by an aerosol sprayer to the desired moisture content, and allowed ta 

equilibrate in nearly saturated air. Total moisture evaporated during 

drying was determined by weighing the sample holder immediately before 

and after each experiment. The bone dry sample weight, determined 

subsequently by microwave drying, was used to calculate basis weight, 

initial and final moisture content. 

The values of parameters are listed in Table 5.2. 

TABLE 5.2 Levels of experimental parameters 

Variable Levels used Variation around each level 
Ti , oC 23, 42, 64, 88 -6% 

1 G , kg/m 2 s 1 0.09, 0.16, 0.29, 0.52 -1% 
us' Std.m 3 /m2 s 0.07, 0.12,0.23, 0.42 -1% 

MB' g/m 2 26, 50, 100, 150 -5% 

Xo ' kg/kg see below 

For these levels of Tl' the corresponding values of adiabatic sat-

uration temperature, Ts ' are -8, 16, 23 and 29 0 C. From 2-4 values of 

initial moisture content of paper, Xc' '."ere employed for each HB-G-T l 

combination, with generally more Xo values at lower values of HB. For 

higher basis weights, 1<Xo<2 was used for reasons of high t,P, while for 

low basis weights, 2.5<Xa<4.5 could be used. With 4 levels of MB' Gand 

Tl' 64 combinations of MB -G-T
l 

were tested. With 2-4 values of Xo at 

each such HB -G-T
l 

combination, the resul ts are based on 235 combinations 

of MB -G-Tl. -Xo ' an experimental program which, with its limitations, 

still constitutes the most comprehensive investigation of through 

drying yet undertaken . 

.. "S 
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5.2.4 Accuracy of Drying Rate Measurements 

A high level of accuracy of drying rates was confirmed by uslng 

both a continuous heat and mass balance and an integral mass balance. 

The integral check involved comparing the total arnount of ',/ater 

evaporated, determined gravimetrically, with that from integration of 

the exit air humidity and air flow rate. Agreement was always wi thin 

2-3%. In the continuous heat and mass balance the exit air temperature 

throughout the experiment, calculated allowing for aIl transient terms, 

agreed elosely with that measured, as detailed in Section 3.3. The 

success of both checks establishes that the overall experlmental method 

produees cons istent and aeeurate rneasurement of the transient through 

drying rate for paper. Drying rate eurves replicated weIl For 

conditions of ma imum experirnental variability, constant drying rates 

replicated to ±6. 5%. 

5.2.5 Basis for Drying Rates 

Beeause through drying is a volumetrie transport phenornena, as for 

example adsorption in a packed bed, transfer rates would logically be 

expressed per unit volume. Because paper shrinks during drying, the 

transient value of volwne is not easily determined. Nearly equivalent 

are drying rates relative t'o the accurately known weight of dry fibre 

However, because paper is thin and throughflow air is customarily 

normalized with respect to the surface area of the web, a drying rate 

relative to sheet surface are a is comrnonly used. Such an are a -based 

drying rate likewise relates directly to the size of a dryer, hence its 

cost. Thus aIl results are exp':essed as the sheet surface area based 

water evaporation rate, R, kgjrn 2h. The corresponding mass based drying 
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r.ate, kg/(kg dry fibre) (h), is simply the ratio of the area based 

drying rate ta basis weight, i.e. R/MB . 

The three aspects considered are: the complete drying rate curves, 

Section 5.3; the constant drying rate period, Section 5.4; and the new 

concept of drying pcriod diagrams, Section 5.5. 

5.3 DRYING RATE CURVES AND DRYING RATE PERIODS 

5.3.1 Determination of Drying Rate Curves 

Documentation of a basic objective, the relation between transient 

through drying rate and the process variables, appears first Ül the 

form of drying rate curves, i. e. drying rate per unit throughflow are a 

as a function of paper moisture content. Although the data acquisition 

frequency was 5-10Hz for throughflow exit temperature and humidity, 

data processing to drying rate and paper moisture content at intervals 

generally of ls-2s was sufficient. The reproducibility of drying rate 

curves, checked by repeacing experiments for two to six values of Xc 

for each Ti -G-MB combination, is more difficult for lower basis weight 

paper where small differences in sheet formation have the largest 

relative effec t. Thus only two values of Xc were used fOl" conditions 

of low Ti -low G for MB-ISO g/m 2 , for which there is little problem of 

variability in paper structure. Even for lowest basis weight paper, 

Fig. 5.1, replicate experiments show excellent reproducibility. 

5.3.2 Effect of Drying Intensity on Drying Rate Curves 

Two examples, Figs. 5.2 and 5.3, show drying rate curves between 

the extreml'S tes' ed of low and high intensity drying conditions. For a 

throughflow of the lowest flow ra te and air inle t temperature used, 
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G = 0.09 kg/m2s 
Tl = 23°C 
YI = 0.5 g/kg dry air 
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Paper Moisture Content, X, kg/kg dry fibre 

Figure 5.2 Drying rate curve for low intensity drying 
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Fig. 5.2 shows tilat the drying rate firpt passes through a sharp 

maximum before approaching a nearly steady value, that of the constant 

rate period. This decreasing rate after the early, sharp maximum 

occurs as the paper temperature is decreasing to approach the adiabatic 

saturation tempe rature , abou': 8 0 C in this casE'. The drying rate then 

remains relatively constant, Fig. 5.2, until the paper moisture 

content, X, drops to that for the start of the falling rate period. 

For the low intensity drying conditions of Fig 5.2, the throughflow air 

exiting the paper during the constant rate period is saturated. 

Fig. 5.3 shows a more typical drying rate curve, i.e. high 

intensity drying of the lightest weight paper with a throughflow of the 

highest flow rate and highest inlet tempe rature of this study. As 

throughflow air at Ti -84°C and less than 0.5% relative humidity 

corresponds to an adiabatic saturation temperature of about 28° C, the 

paper temperature and hence drying rate simply increase continuously 

rather than display the unusual feature noted on Fig. 5.2 for the 

beginning of low intens i ty through drying. For Fig. 5.3 the paper 

rnoisture content was determined at int:ervals of 15, the total drying 

time being -35s for the high initial moisture content, Xo -4.3 kg/kg. 

For this case of high intensity drying, the maximum exit air hurnidity 

was substanttally below saturation. 

5.3.3 The Concept of Three Drying Rate Periods 

The drying rate curves for 150, 50 and 25g/m2 paper dried wi th a 

low throughflow rate at four levels of inlet air tempe rature , Figs. 5.4-

5.6, demonstrate a perspective developed in the present study, namely, 

that through drying must be analyzed not in traditional terms of a paper 

1 
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warm-up period Ïollowed by two drying periods, constart rate and falling 

rate drying, but with an additional period, that of "increasing rate" 

drying with which the process begins. The three periods - increasing 

rate, constant rate and faling rate- are most clearly seen for 

combinations of higher MB -lower Ti where the drying times are longer. 

Thus for MB-150g/m2 , Fig. 5.4, at aIl air teml1eratures a substantial 

fraction of the water is evaporated during the constant drying rate 

period which follows a short but not negligible increasing rate period. 

At MB -50gjm2 , Fig. 5.5, there is a substantial period of constant rate 

drying for the three lower air temperatures but at the highest T~ 

constant rate drying is reached only momentarily, 50 that nearly aIl of 

the drying occurs d'.1ring two periods, those of increasing rate and 

falling rate drying. Further shrinkage of the constant rate period and 

expansion of the increasing rate period is evident for the lowest basis 

weight paper tested, 25gjm2 , Fig 5.6. For the conditions of highest 

intensity dryin& displayed in Fig. 5.3, the :~ount of drying during the 

period defined here as that of increasing rate is seen to be comparable 

to that for the falling rate period, with the near disappearance of the 

period of constant rate drying 

There are differences to be seen between drying rate curves at 

throughflow rates which are for this study the lowest, Figs. 5.4-5.6, 

and the highest, Figs. 5.7-5.9. The sensitivity of drying rate curves 

to initial moisture content, Xc' may be observed on Fig. 5.8 for two 

drying rate curves at Ti =88°C differing only as to Xc' For Xo-2.5kg/kg, 

about 0.3 kg waterjkg fibre evaporates during a very short constant 

drying rate period. When initial moisture content is reduced by 0.5 

- kg/kg to Xo ... 2. 0 kg/kg, the com.tant rate period disappears and the 
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increasing rate period terminates directly wi th the falling rate period. 

For the lightest weight paper tested, MB -25g/m 2 , Fig. 5.9 further 

demonstrates the greater importance assumed by the increasing rate 

period as Ti increases and as Xc decreases. 

5.3.4 lncreas ing Rate Period of Drying 

The drying literature has ta date directed disproportionately 

little attention to t:he drying which occurs before the onset of the 

constant rate drying period .. This period has been generally tteated 

as just a short transition before reaching conditions for constant rate 

drying. The initial period has been cons idered one of heat transfer 

from the drying medium to warm the moist material, but with an amount 

of evaporation negligible compared to that of the constant and falling 

rate periods of drying. However, the present results show that for 

through drying of beds of fine hygroscopie fibers there is an increasing 

rate period of drying which precedes the constant rate period and that 

an important fraction of the drying occurs during the increasing rate 

period. The complex combination of thermal and flow effects during 

this period of increasing rate thus warrants much greater attention. 

lt is proposed here that the increasing rate period derives from 

an increasing ana for heat and mass transfer within the web, an 

increase resulting from a progressive ope{üng of pores between the 

fibres. The effect of paper moisture content on effective pore size 

for throughflow, dp , and on permeability, k, Chapter 4, supports this 

interpre tation. The wide pore size distribution of paper becomes even 

wider for the light weight grades which are of greatest importance for 

r through drying. For paper of 25g/m 2 basis weight a two arder of 

--
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magnitude range in pore size, from less than lpm to greater than 50pm, 

was demonstrated in Chapter 4. AIso, local nonuniformities in flow 

der ive from local nonuniformity in sheet structure. There may be fibre 

aggregates or flocs which, ini tially at high moisture content, may 

experience little throughflow. At the beginning of thl~ increasing rate 

period only the largest pores are open for throughflow. However, the 

correspondingly low area for simul taneous heat and mass transfer is 

partially offset by the hig~l local transfer coefficients for the high 

flow velocity through the low fraction of area open for flow. The 

relative importance of local variability in flow, caused by a wide pore 

size distribution and fibre agglomerates, would be expected to increase 

with thinner paper and with increasing intensjty of drying, i.e. 

increasing temperature and rate of the throughflow air. Thus the 

extent of the increasing rate drying period could be expected to be 

larger for low basis weight paper dried with high flow rates of high 

temperature air. This expectation is subsequentIy demmLstrated 

quantitatively. 

The conditions for transition from the increasing rate period ta 

that of constant rate are doeumented in Section 5.5. In the numerical 

simulation, Chapter 7, the effeet of increasing internaI specifie 

surface of paper during the increasing rate period is applied to 

predict drying during this newIy identified drying period. 

5.3.5 Failing Rate Period of Drying 

The period of falling drying rate for the case of surface drying, 

i.e. without throughflow, has been the subject of innumerable studies. 

Considerations invoked to explain this period of decreasing drying rate 
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inc1ude evaporation from a part1y saturated surface, liquid diffusion, 

capillary driven liquid flow, combined vapour diffusion and 1iquid 

capillary motion, evaporation-condensation, evaporation from a 

submerged front, and theories based on irreversib1e thermodynamics. 

These concepts from surface drying have little applicability to through 

drying because throughf1ow e1iminates the importance of most of the 

effects noted. In their simulation of through drying of paper Wedel 

and Chance[1977] obtained closer agreement with experiment by assurning 

neg1igible solid thermal conductivity This finding is consistent with 

the expectation that heat conduction and moisture diffusion through the 

solid are not factors for the falling rate period in through drying as 

is the case in surface drying of paper. 

In their pioneering study of through drylng of solids inc1uding 

fibrous materia1s such as E::xce1sior, rayon and raw silk, Marshall and 

Hougen[1942] proposed, heuristically, an exponential relationship 

between moisture content and the rate of drying :'n the falling rate 

period, i.e. Xcx:e- at , an assurnption found applicable to 2/3 of the 

materials tested. Rohrer and Gardiner[1976] adopted this idea for 

prediction of through drying rates of paper in the falling rate period. 

However the present 2xtensive ~~c of experiments shows that this is not 

a good appr-oximation for paper during the falling rate period. Fig. 

5.10 il1ustrates that this re1ationship is not followed for the highest 

intensity drying conditions tested, and the deviation is even 1arger 

for low intensity drying. 

In t'heir study of through drying of packed beds of non-porous 

materia1&, glass halls and crushed quartz, Al1erton eC.al. [1949) 

claimeù that a narrow evaporation zone progresses through the hed, and 
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that the fa11ing rate period starts when this evaporation zone has 

passed completely through the bed. The extensive set of drying rate 

curves of the present study establish that for paper, a thin bed of 

small hygroscopic fibres, drying does not proceed by thE: mechanism 

noted above, except possibly under extremely mild drying conditions 

with the heaviest grades of paper, conditions not of relevance to 

industrial through drying of paper. 

In their through drying simulation models Raj and Emmons [1975] , 

Wedel and Chance [1977) and Crotogino and Allenger [1979] based their 

rates during the falling rate period on the decrease in partial pressure 

as documented for paper by Prahl [1968). Other mechanisms for the 

falling rate period noted in these simulation models were the recession 

of moisture to smal1er cavities and fibre shrinkage, Raj and Emmons; 

receding Evaporation interface, Wedel and Chance; increasing Leat of 

adsorption of water, Crotogino and Allenger. Randall [1984) used the 

polynomial relation between normalized drying rate, RiRe, and moisture 

content, X/Xc, as determined experimentally for through drying of paper 

by Gottsching and Rhodus [1977] . 

In Section 5.5 the conditions for the onset of the falling rate 

period are analyzed. In Chapter 7 it will be shown that Incorporating 

two thermodynamic aspects, i. e. vapor pressure depression and variable 

heat of adsorption, is sufficient to provide R reasonab1e mode11ing of 

the fal1ing rate period in the through drying of paper. 

5.3.6 Characterization of Through Drying Rate Curves 

Varh>us attempts have been made to generalize drying rate curves 

so that drying behaviour could be predicted from only a few bench-scale 
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tests. Keey and Suzuki [1974] and Sch1under [1976] proposed normali 'led 

plots of characteristic drying rate curves. Keey and Suzuki made a 

number of asswnptions: critica1 moisture content invariant and indepen

dent of both initial moisture content and drying conditions; constant 

moisture diffusivity; receding evaporation front; geometrically similar 

drying rate curves indcpendent of drying conditions. Van Brakel[1980] 

and Menon and Mujurndar [1987] have criticized these assumptions and 

choice of test cases considered inappropriate. The large nurnber of 

drying rate curves of the present study and the results of the analyses 

of Sections 5.4 and 5.5 indicate that for through drying of a bed of 

sma1l hygroscopie fibres such as paper, the Keey and Suzuki method fails 

because drying rate curves are not geometrically similar and sorne of 

their assumptions, i. e. receding evaporat~ on front, cri tical moisture 

content independent of initial moisture content, do not apply. 

Schlunder's model, a plot of RIRe vs. (X-Xeq)!(Xc- Xeq ), consists 

of a normalized drying rate curve for which external conditions enter 

only as reflected by their effect on critical moisture content. This 

model holds well for molecular sieves but not for alurnina-silica 

particles nor for paper. Although Gummel[l977] claimed that this method 

is successful for through drying of paper, the applicability of the 

tempe rature dependent normalized drying rate curves he reported is 

extremely limi ted because of lack of a means of extending them to 

throughflow conditions of indus trial relevance. 

A great diversi ty is apparent among the drying rate curves 

obtained in the precisely controlled experiments of the present study, 

as is evident even among the 17 curves displayed on Figs. 5.1-5.9, a 

small sample of the 235 drying rate curves docurnented in Appendix 8. 
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Condi tions include those for which, wi th the disappearance of the 

constant rate period, drying passes directly from the period of 

increasing rate to that of falling rate. In view of these findings and 

of the limited success of the normalized drying rate approach, that 

approach is not used here. Rather, characterization of the present 

measurements is provided by analysis of the drying rate during the 

constant drying rate period, Section 5.4; by development of the 

relation between drying conditions and the extent of the periods of 

increasing, constant and falling rate drying, Section 5.5; by a 

transport phenomena analysis of through drying, Chapter 6; and by 

integration of mass and momentum transport in the modelling of the 

complete through drying process, Chapter 7. 

5.4 CONSTANT DRYING RATE PERIOD 

5.4.1 Experimental Results 

(a) Definition and Reproducibility of Re 

For drying rate curves where there is a well defined period of 

constant drying rate, Re, extending over an appreciable range of paper 

moisture content, and with a drying rate which is reasonably constant, 

there is no problem concerning the value of Re;. For drying rate curves 

where this is not the case, as is frequently seen on Figs. 5.1-5.9, Re 

is the average drying rate over the moisture contents defined in Section 

5.5 as marking the start and the end of the constant rate period. For 

R-X curves without a significant range of moisture content over which R 

rernains relative ly constant, Re; is taken as the maximum value on the 

drying rat~ curve. 

The good reproducibility of Re at varying Xo is shown in Fig. 
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5.11. As e .... pected. the variability of replicates of drying rate curves 

increases wi th increasing temperature and flow rate of throughflow and 

with decreasing basis weight. Even for the extreme conditions of Fig. 

5.11. Le. highest Ti -highest G-Iowest MB' the reproducibility of Rç 

was within ±6.5%. 

(b) Comparison of Results 

The only comparable data are shown with the present results in 

Figs. 5.12 and 5.13. With the results of Gummel[1977] for 23g/m2 paper. 

Fig. 5.12. the agreement is good only at his lo'.;rest air throughflow rate 

while at higher flow rates his drying rates are much lower than those 

measured here. His drying rates at G=0.43kg/m~s almost coincide with 

the present results at G-0.29kg/m 2 s. The difference in MB is too small 

to be relevant to these large drying rate differences. The likely cause 

of Gummel's low drying rates at higher throughflows is by-passing of air 

around his sample holder which did not have a positiv~ seal. As noted 

earlier the present study estab]ished that even a weIl rnachined, tightly 

fitting sample holder is inadequate and that a positive, O-ring seal, 

not used by Gummel, is essential to elirninate by-passing for experirnents 

in the high G-high 6P range. 

Walser and Swenson[ 1968], Fig. 5.13. used two 43g/m2 sheets to 

obtain 86g/m2 . In their experiments, not conducted at constant ~hrough

flow rate, they reported G increased 20% as the sheet dried from 150 to 

90% moisture. The flow rates quoted are those measured at 120% moisture. 

The agreement between the two studies is as good as permitted by the 

diff~rences in conditions . 
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(c) Correlation of Drying Rate 

(: 
The experimental data for Re were correlated as 

(5.1) 

Initial moisture content of paper, Xc, was dropped from the correla-

~,"'In when found to be not statistically significant. The temperature 

term appears as the heat transfer driving force, the difference between 

dry and wet bulb tempe rature of inlet drying air, Ti -Ts . In the present 

study the range of Tl is about 23°-88°C, Ts about 8°-29°C. The extremes 

in the experimental values of 6T
1 

were 14° and 64°C. Nonlinear 

correlation of 235 experimental Re values, Table 5.3, gives a 

regression coefficient r 2 =O. 991 and a standard error for Re of 1.13, 

about 6.5% of Re for average drying conditions. The variation in Re 

for the replicate experiments of Fig. 5.11 was likewise noted to be 

about ±6.5%. Fig. 5.14 illustrates the satisfactory fit of this 

regression equation. The good agreement of Eqn. 5.1 is also shawn in 

Figs. 5.12 and 5.13, where the 1ines for the conditions of the present 

experimenta1 data are those for Eqn. 5.1. 

Table 5.3 Caps tant Drying Rate Correlation (Eqn. 5.1) 

Variable EXEonent Coefficient Standard Error 
a 2.4 0.2 

Ti -Ts b 0.87 0,02 
G c 0.80 0.01 
MB d 0.16 0.01 

d) Correlation of Relative Drying Rate 

For rate of through drying expressed per unit surface area of the 

sheet, the maximum attainable value, Rs, corre.=;ponds to the exit air 

being saturated. As knowledge of the exit air condition for through 

drying has been very limi ted, i t has frequently been assumed that the 

• 
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throughflow air leaves the sheet saturated, i. e., that Re-Rs ' This 

assumption is therefore now examined by €xpressing Re relative to Rs, 

the maximum attainable rate for the limiting case of saturated exit air. 

By definition, Rs is directly proportional to G, is independent of 

Ma, but the effect of temperature driving force on Rs is complicated 

because Rs relates to Ti via Rs-f(Ys ), Ys-f(Ts ) and Ts-f(Ti ). In fact 

Ts-f(Ti 'Yi)' but Yl is constant in the present work. A hea t and mass 

balance for the conditions of air to reach adiabatic saturation shows 

that Rs=f(Cp6T/6h), where 6h is the latent heat, Cp the specifie heat of 

air at inlet conditions. While Cp increases with Ti' expressed generally 

by a polynomial relation, 6h decreases with Tl' given as either as a 

power or exponential relation. Thus Rs should be proportional to nT'Y 

with -y slightly larger than 1 for the present experimental conditions. 

For Rs, therefore, the relation analogous to Eqn. 5.1 is: 

/ 
(5.2) 

The fractional decrease in Re from Rs, i.e. (Rs-Rç)/Rs-l-Rc/Rs 

where Re/Rs is the relative drying rate, may be examined by fitting the 

experimental data to the regression equation 

(5.3) 

Nonlinear analysis of this representation of the same 235 experimental 

resu1ts, Table 5.4, gives a regression coefficient r 2 -O.99, and a stand-

ard error for l-Re/Rs of 0.06. Fig. 5.15 illustrates the fit of this 

Table 5.4 Relative Drying Rate Correlation (Eqn. 5.3) 

Variable Exponent Coefficient Standard Error 

a' 0.0083 0.002 
Ti -Ts b' 0.68 0.07 

C G c' 0.92 0.08 
MB d' -0.50 0.03 

ft 



193 

regression equation. 

From the correlations, Egns. 5.1 and 5.3, the minimum and maximum 

limits of Re and l-Re/Rs for the experimental conditions listed in 

Table 5.1 are: 

(Re)max = 39.5 kg/m 2h 

at lowest Tl -G-Ma 

(l-Re/Rs )max- 0.479 at highest Tl and G, lowest Ma 

at lowest Ti and G, highest Ma 

The latter two values indicate that the choice of operating conditions 

covered a good range, from those for which the experimental value of Re 

was only 1.4% less than the limiting maximuœ for the throughflow exiting 

saturated, to conditions giving Re less than half the limiting maximum 

rate of Rs. 

Eqns. 5.1 and 5.3 may also be used to determine by what factors Re 

and l-Rç/Rs change for the experimental range of each of the three 

variables, as listed in Table 5.5. Thus the experimental ranges of Tl 

and G were in each case sufficient to vary Re by about a factor of 4, 

but the wide range of Ma varied Re only by 30% because Re is not 

particularly sensitive to Ma, as indicated by the exponent d-O .16 in 

Egn. 5.1. The range of each variable, Tl' G and Ma, was sufficient to 

produce large changes also in relative drying rate, l-Re/Rs. This 

analysis indicates that the choice of range for each experimental 

variable was sufficient to determine its effect with good sensitivity. 

Table 5.5 Effect of experimental variables on drying rate 

Variable Range (Rç )max/(Rç )min (l-Re/Rs )max/(l-Re/Rs )min 

Ti -Ts 14-64 3.8 2.8 
G 0.09-0.52 4.1 5.0 
Ma 25-150 1.3 2.5 
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5.4.2 Effect of Throughflow Rate on Drying Rate 

c To isolate the effect of each independent variable, the results 

were calculated for the other independent variables at their average 

value. This was done for the effect of throughflow rate on drying 

rate, for example, by use of Eqns 5.1 and 5.3 as 

(Rc)LIT'~:B Re (ÔTjÔT)b (Ma/Ma)d (5.4) 

(Rs·Rc)/Rsl~T,MB = (Rs-Re)/Rs ) (ÔT/ÔT)b' (MB/Ma)d' (5.5) 

where <Re) br M is the value of Re adj us ted according to Eqn. 5.1 to 
, B 

its value at ôT=t.T and MB=MB' where ôT and MB are the average values of 

these variables for aIl the experiments. Likewise, Eqn. 5.3 was used 

to obtain (Rs -Re )/Rs )t.T ,Ma' the fractional decrease of Re from Rs· 

The results for Re and Re/Rs ' appear in Figs. 5.l6a and 5.16b with 

bars indicating ±lo, with reference lines for the equations 

Re = a (~T)b (MB)d Ge (5.6) 

1 . (Re/Rs) = a' (ôT)b' (MB)d' GC' (5.7) 

for the effect of throughflow rate, G, on Re and Re /Rs. As G is increased 

Re of course increases, Fig. 5 .16a, but Re/Rs decreases, Fig. 5 .16b. 

The strongest effect on Re/Rs derives from throughflow rate, Table 5.4. 

As Rs is directly proportional to G, the value c '=0.92 indicates that 

Re i~ proportional to a power less than one. The value of the coeffici-

r.nt c'-O.92 reflects the fact that heat and mass transfer coefficients 

increase with G to a power typically between 0.5 and 0.8, but at constant 

throughflow i111et temperature Tl' the mean driving force for heat and 

mass transfer aiso increases with G. The exponent found for G in the Re 

correlation, Table 5.3, i. e. CaO. 80, reflects the net effect of these 

two factors. 

f Each point on Fig. 5.l6a represents the average of aIl experiments, 

it 
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about 60, per:ormed at t-l-tat throughflow rate. The small deviations around 

the average values of Re show the experimental precision of flow rate 

measurement and the adj ustment procedure. The Eqn. 5.1 exponent of 

throughflow rate, 0.80, is cons istent wi th those of previous studies of 

simultaneous heat and mass transfer in packed beds. Values obtained 

for the exponent of G include 0.81, Marshall and Hougen[1942); 0.61, 

Taecker and Hougen[1949); 0.8-0.9, Allenon et al. [1949J; 0.85-0.9, 

Hobson and Thodos[19S1); 0.72, De Acetis and Thodos[I960); 0.75-0.81, 

McConnachie and Thodos[1963]; 0.69, Sen Gupta l'md Thodos[1964]; 0.85, 

Petrovic and Thodos [1968). As to the effects of G, fiT and MB found by 

previous workers, most of the reference values reported above and in the 

two fo11owing sections were found by nonlinear regression of authors 1 

original data because almost aIl have reported only correlations of mass 

transfer coefficient or Sherwood number. 

Fig. 5.16b quantifies that the decrease in relative drying rate, 

Rc/Rs , with increasing throughf1ow rate. Wedel and Chance [1977J noted 

this trend in their laboratory results or through drying of paper, but 

provided no quantitative documentation. In their mill trials Walser 

and Swenson[1968) observed that at Ti of about 149°C and us -0.25 

Std.m3 jm2 s, their measured drying rate was -43kgjm2 h, 20% lower than 

Rs. Eqn. 5.3 would predict Rç/Rs= 0.77 for their Gand T1 , a..;suming 

Ms -88gjm 2 , an average of their experimental range, as they did not 

record basis weight. Their experimental drying rates may be enhanced 

slight1y by addi tionai drying from air swept over the sheet in the 

draws, an effect supplemental to the through drying. Al though this 

agreement is excellent, its significance shou1d not be exaggerated 

because of the uncertainties involved in comparing drying rates between 
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laboratory and paper mill. 

5.4.3 Effect of Throughflow Temperature on Drying Rate 

The effect of throughflow tempe rature , Fig. 5 .17a-b, was isolated 

as described above for throughflow rate. Each point on Fig. 5.17 is 

aga in the average for all experiments, about 60, performed at that 

level of ~Tl. =T1 -rs' The Re -~Tl relationship is not well documented in 

packed bed investigations, as in a1most aIl studies for which 

experimental conditions are well documented the range for ~Ti is small. 

As compared to the ~Tl exponent of 0.87 for ~, Table 5.3, the ~Ti 

exponent ca1culated from the data of Allerton et: al (1949) is 0.7, and 

from, that of Sen Gupta and Thodos[1964] is 0.83. As their ranges of 

~T were less than 10° C, compared to fj,T l of 14° - 64° C in the present 

study. the accuracy of those exponents is limited. Marshall and Hougen 

(1942) report an exponent of unit y, but air inlet tempe rature was not 

varied in their study as they simply replaced the humidity driving force, 

fj,y, by Cp~T, assuming linear wet bulb temperature lines. 

Because Rs is direct1y proportional to ~Tl in the present experi-

mental range, Eqn. 5.2, the value of b' =0.68 indicates that the (Rs -~ ) 

difference increases with toT i with an exponent approximately 1.68. 

From his tests on through drying of lOOg/m 2 handsheets Martin[ 1972] 

reported that drying rate reaches to a plateau with increasing toTi , and 

that increased throughflow rate delays the onset of this plateau. However 

the significance of his results is limited greatly by his measurement 

of only average eVdporation rate, obtained using a technique that permit-

ted 3 to 5-fold changes in throughflow rate during an experiment. From 

measurements on an industrial through dryer Rohrer and Gardiner (1976) 
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reported that the drying rate - throughflow teillperature relationship was 

not linear for Ti>lSO°C, but they provided no quantitative documenta~ion. 

For through drying of 20-23g/m2 tissue paper at low throughilow 

rate the laboratory data of Gummel [19771 indicate an effect of Ti not 

noted by him. As he increased Tl from 22'" to 87°C, his values of Re/Rs 

drop from 0.90 to 0.66, an effect which is consistent with the trend 

observed in the present study, Fig. S.17b. These Re/Rs values from 

Gummel' s data would correspond to values of 0.76 -0.93 for b', the 

exponent of t.T 1 in Eqn. 5.3. Thus the trends with Ti which can be 

discerned in the data of Gummel, although not previously noted, are 

found ta be similar ta those obtained over the much more extensive 

range of through drying conditions in the present study 

The limi ted data from previous studies for the effect of varying 

throughflow inlet temperature provide sketchy resul ts, li ttle analyzed 

and sometimes not even recognized No quantitative description has 

been given. The present study is the first t·o provide a quantitative 

treatment of this important effect in the throughflow drying of paper. 

5.4.4 Effect of Basis Weight on Drying Rate 

By defini tion, Rs is independent of basis weight, Ma. Therefore 

the effects of basis weight on Re and on Rç/Rs, Fig. 5.18a-b, reflect 

alternate expressions of the same dependence. Although Re approaches Rs 

for large Ma - small G, Fig. 5. l8b indicates even for Ma as high as 150 

g/m2 , Re for the conditions shown is still about 5% below Rs. 

Th~re is again very little work reported for the eff(~ct of b~d depth 

on transfer rates in packed beds, and the data is limited ta generally 

two, or ra~ely, three values of nondimen~ional bed depth L/dp • In most 
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studies bed depth, L, was kept constant and particle size, dp , varied . 

The ,-alues reported for the transfer rate exponent of L/dp vary consi

derably. The values of this exponent according to the data of Marshall 

and Hougen[1942] and Wilke and Hougen [1945] is -0.5, from DeAcetis and 

Thodos[1960] is -0.6, in bath cases much larger than the exponent 0.16 

for Re found in the present study. Three other studies however obtained 

values of this exponent in the range found here, i.e. -0.1 by Taecker 

and Hougen[1949]: -0.12 by Allerton et a1[1949J; 0.1-0.2 by Hobson and 

Thodos [1951 J • 

For the more specifie case of the effect of basis wp.ight on the 

rate of through drying paper, there is again very limited reported work. 

Wedel and Chance[1977] reported only one case, almost a 25% drop in dry

ing rate, from 520 to 390kg/m 2h, wi th a decrease in bas is weight from 

48 to 24g/m2 for through drying at about Tl~205°C and throughflow velo

city of about 3. 7m/s. For their conditions the values of Re predicted 

by Eqn. 5.1 are, respectively, 430 élnd 375kg/m 2 h. It is especially sig

nificant that these predictions are sa good in spite of the fact that 

the Ti and G conditions are well outside the range for which Eqn. 5.1 

was derived. The respective values of Rc/Rs ' 0.61 and 0.44, wou1d cor

respond to a basis weight dependence term for 1-Rc/Rs of about MB -o. S2 , 

which agrees well wi th Eqn. 5.3. 

Because of constraints noted in Section 5.2.3, the drying rate 

correlations obtained in the present study are based on data which, 

although very extensive 1 are 1 imi ted ta lower 1eve1s of throughf1ow 

rate and temperature than used in industria1 practice. Although the 

only comparisons possible are based on extremely limited measurements, 

the fact that good agreement is obtained for much higher levels of G 
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and Tl. than used here indicates that the correlation obtained here, 

Eqn. 5.1, provides a guide which is reliable weIl bùyond the limits of 

the particular experimental throughflow conditions tested. 

5.4.5 Overall Comparisons 

For the only study which details all the experimental conditions, 

Gummel [1977], the correlé\tion equations 5 1 and 5.3 predict values of 

Re and Rc/Rs to within 2% of his reported laboratory resu1ts at low 

flow rates throl1gh paper. At high throughflow rates i t is believed 

that Gurnrnel's resu1ts are in error, as discussed earlier. 

For through drying of crepe paper in indus trial installations, 

drying rates of 90-l00kg/m2h at Tl.=260°C, us =0.25m/s, MB -146g/II'2, are 

reported by Macdonald and Franklin [1970], and rates of 150kg/m2h for 

MB-SOg/m2 at high Tl. and G by Fish[1975]. Eqn. 5.1 would predict a 

drying rate of 80kg/m2h for the Macdonald and Franklin conditions. Fish 

does not specify the conditions for the drying rate he quotes, but the 

extreme conditions reported in his paper are Tl.-288°C, Vs -700m 3 /min for 

paper area of 14m2 , i.e. us =O.83m/s. For these values and Ts ""S8°C, Eqn. 

5.1 predicts a drying rate of Rc=155 kg/m 2h. These two comparisons show 

that the drying rates predicted by Eqn. 5.1 agree remarkably well with 

the few measurements reported for industrial dryers, 

Eqns. 5.1 and 5.3 are the first comprehensive empjrical correlations 

reported for constant drying rate f07; the through drying of paper. Al

though the range of throughflow l ates and temperatures used to determine 

these correlations is quitt.. wide, the maximum values used were lower th an 

industrial practice. There is however evidence that these correlations 

may apply weIl beyond the conditions for which they were derived. The 
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only studies reporting drying rates for indus trial through drying 

, 1 ..... installations are the measurements of Walser and Swenson[ 1968] , M~cdonald 

and Franklin [ 1970] and Fish [1975], and the predictions of Wede1 and Chance 

[1977]. The good agreement between the drying rates reported by these 

authors and those predicted for their conditions by the correlations 

obtained in the present study indicates that these correlations may apply 

a1so at indu~trially used throughflow rates and temperatures for the 

through drying of paper. 

5 . 5 DRYlNG PERlOD DlAGRAMS: lNCREAS l KG. CONSTANT, FALLING RATE PERlODS 

5.5.1 Definition of Drying Period Diagrams 

The relation between drying conditions and extent of the periods 

of increasing, constant and falling rate drying is presented through 

what are defined here as "Drying Period Diagrams", Fjgs. 5.19 and 5.22-

5.25. Other t.han the X=Xo diagonal, lines on these diagrarns represent 

two key moisture contents. The upper series of lines marks the moisture 

content for transition from the increasing rate to the constant rate 

period of drying, with each 1ine corresponding to a specific value of 

paper basis weight and throughflow rate and temperature. The lowest 

1ine marks the moisture content for transition from constant rate to 

falling rate drying. Here these two moisture contents are termed, 

respectively, the ~initial" and the "final" critical moisture content, 

Xc i and Xc!' Although Xc f is the value genera11y referred to as 

"critical moisture content", the present analysis establi5hes that the 

initial critical moisture content, Xc l' i5 equa11y important in the 

through drying of a web of small hygroscopic fibres, paper. The basis 

and construction of drying period diagrams is now described. 
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Because drying rate curves, Figs. 5.1- 5.9, show such a variety of 

shapes depending on the Ti -C-MB -Xc combination of drying c.:-nditions, 

the determination of the values of Xc l and Xc f at which the constant 

rate period starts and ends depends in sorne cases on how the constant 

rate period is defined ln the frequently occuring case where there is 

a graduaI change in slope of the drying rate curve, Figs. 5.2 - 5.9, the 

moistun.' contents at which the drying rate is 5% less than the maximwn 

rate are defined as Xcl and Xc! on the respective sides of the constant 

rate period For drying rate curves where there are sharp slope 

differences between initial, constant and fa ...... ing rate periods, Xc 1 and 

Xc! are taken as the moisture content at those points. \Ji th drying rate 

curves at low Ti for which the drying rate period passes through a 

maximum before the onset of the constant rate period, the end of that 

decreasine rate segment is defined as Xc l' AlI Xc 1 and Y'C! values were 

deterrnined by a computer pro gram from drying rate-paper rnoisture 

content data. 

Four locus lines for Xc l and the single lower line for Xc! are 

shawn on Fig. 5.19 for the case of 25g/rn 2 paper dried at T.l of BBoe, 

i. e. the conditions of highest experimental scatter in present study. 

The drying of a sheet of papel' would be represented on a drying period 

diagram by progression d('wn a vertical line at the particular value of 

Xo ' For a specifie Xc' drying thus begins on the diagonal X-Xc line, 

remains in the increasing drying rate period until X has dropped to the 

Xc 1 1ine for the drying conditions used, remains in the constant rate 

period until X-Xc!, after which paper moisture content decreases during 

the falling rate peri ad . On Fig. 5.19 four Xc i -Xc lines are shown, one 

for each of the four levels used for throughflow rate C. The 
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experimental data for aIl four throughflow rates are included on Fig. 

5.19, an example of one of the 16 drying period diagrams obtained in 

the present study, i. e. one for each Tl -Ha combination used. 

Statistical ana1ysis of the Xc f values from the 235 experiments of 

the present study shows that wi thin the limit of experimental error, 

Xc! is directly proportiona1 to Xa . Thus Xci/Xc may be treated as a 

variable, greatly simplifying the analys is. Likewise, analysis of the 

235 values of ini tial critical moisture content shows that for each 

value of Tl.' C and ME' one may represent Xc i by a straight Une parallel 

to the X=Xc diagonal and displaced from i t by an amount which depends 

on Tl.' G and HE' For any Tl -G-ME combination there is a unique value of 

Xa be low which no constant rate period exists. On the drying period 

diagrams this condition is the point at which the regions of the 3 drying 

periods intersect, hence it may be called the "triple point", XIeF ' of 

the increas ing-cons tant- falling ra te periods. Thus XIeF is the value 

of Xa for which the constant rate condition is reached, but only 

momentarily, as drying passes directly from the increasing rate ta ::he 

fc:.lling rate drying period. For Xo<XreF there is no cunstant rate 

period, with the increasing and falling rate periods accounti.ng for 

a11 the drying. Drying period diagram characteristics are now examined 

quantitatively. 

5.5.2 Initial Critical Moisture Content, Xc l 

During th;:! increasing rate period of drying the complex set of 

flow, heat and mass transfer effects occuring while conditions are 

approaching those of constant rate drying is determined by the opening 

of large pores and the change in temperature of the moist paper towards 
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that for constant rate drying. A simplified heat balance during the 

increasing rate period gives (Xc -Xc l )=f(G(T i -Ts )t.t/Me ), where elapsed 

time, ~t, is also a function of G, HB and t.T. This relation suggests 

the following form of equation for the Xc l. = f(T i , G, Ms, Xc» relation: 

(5.8) 

Xo -Xc i is the amount of water evaporated during the increasing rate 

period r i.e. until the conditions for transition from increasing to 

constant rate drying are reached at X=Xc i ' the initial critical 

moisture content. Eqn. 5.8 allows this amount of evaporation, Xo -Xc l. ' 

to be function of ~T, G and Ms. A proportionality constant, Co, was 

dropped from Eqn. 5.8 when found to be not statistically significant. 

The results of noplinear correlation, Table 5.6, give a regres ... ion 

coefficient r 2 =0. 99, and a standard error for Xc i of O.19kg water/kg 

dry fibre. Fig. 5. 20a shows that this regression equation provides a 

satisfactory fit to the experimental data. 

Table 5.6 Correlation for Initial Critical Moisture Content 

Variable Exponent Coefficient Standard Error 

Ti -Ts a 0.39 0.03 
G b 0.27 0.03 
MB c -0.37 0.03 

As the temperature, Ti' and rate, G, of the throughflow increase, 

the drying rate of the constant drying rate period increases. Conse-

quently there is an increase in the amount of water evaporated, Xo -Xc i ' 

while the drying rate is increasing to this higher value. Thus the 

positive values for the exponents a and b of Eqn. 5.8 are as expectp.d. 

The negative exponent, c, for basis weight is likewise consistent with 

the expectation from the heat balance which led to the form of Eqn. 5.8. 
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Sorne characteristics of the period of increasing rate are 

illustrated by Fig. 5.21 for the highest air throughflow rate. Each 

point is the average of 2 to 6 replicates at that drying condition. 

The effect of slight variations of Tl and MB of these replicates are 

normalized according to the procedure described in Section 5.4.2. The 

bars j ndicate ±la and the lines represent Eqn. 5.8. The amount of water 

removed during the increasing rate period, XO-Xcl' changes by more than 

a factor of five over the experimental range of drying conditions, i.e. 

between 0.24 kg water/kg dry fibre for the lowest Tl. -lowest G-highest 

Ma condition (not shawn), and 1. 25kg/kg for the condition of highest T l -

highest G-lowest MB • For the latter set of drying conditions and "li th , 

for example, Xo =2.5, this shows that 50% of the drying would take place 

during the period of increasing drying rate. This large proportion of 

the drying underlines the central importance of the increasing rate 

period for the case of through drying of a web of small hygroscopic 

fibres such as paper. 

Critical moisture content has sometimes been treated as a material 

property, i.e. as being not dependent on drying cunditions. The initial 

critical moisture content defined here is shown not to be a material 

property, in that it is sensitive to aIl four of the variables tested, 

5.8 indicates that for the range of Ti -G-MB tested here there is a 

factor of 5 variation in the amount of water evaporated during the 

increasing rate period, Xo-~i' 
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5.5.3 Final Critical Moisture Content, Xc! 

(a) Xc! Correlation 

The definition used here for the final cri tical moisture content, 

Xc!, is that generally referred to in drying literature simply as the 

critical moisture content. This moisture content at the transition from 

constant to fa,lling rates has traditionally been considered as the 

lowest moisture content at which the evaporating surface is maintained 

sufficiently wet, by diffusion and/or capillary action, to maintain 

constant rate drying. As the change from constant to falling drying 

rate is for most materials not sharp, the specific value depends on its 

defini tian. This value is sometimes taken as the intersection on the 

drying rate curve of straight lines representing the constant rate and 

the falling rate, a method not applicablE' ta the variety of shapes of 

drying rate curves for through drying paper as documented in Figs. 5.1-

5.9. The method used here ta define Xc f' describe d earl ier, was 

applicable to aIl through drying rate curves obtained. 

The form of Xc! correlation for through drying paper bears no 

relation to that for surface drying because concepts relevant to the 

constant rate-falling rate transition are fundamentally different. 

Paper used in the present study cons is ts of collapsed kraft fibres 

-30pm wide, 4-8JLm thick and a few mm long, Fig. 4.16. Kraft paper of 

basis weight 2S-l50g/m2 is from SO-300pm thick. Thus this drying 

process involves flow through thin packed beds, of depth from less than 

10 to about 60 fibres. In surface drying such paper, moisture must 

travel a distance of up to 10- 60 fibres to reach the evaporating 

surface ~f the sheet. In through drying the moisture typically travels 

only half the thickness of fibre, about 2 -4t'm, to the surface of each 

1. 
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( 
fibre before contacting the drying air. As local conditions within the 

web are incomparably different between surface and through drying, the 

respective concepts concerning Xc! should have li ttle in conunon. In 

particular, theories proposed in surface drying for relating Xc! to 

properties affecting moisture transport through the so1id relate ta 

transport mechanisms not invo1 ved in through drying. 

Investigation of the nature of the relationship between Xc! and 

the system variables, Xc i=f(T l' G, MB' Xc), led ta the particular form 

Statistical analysis substantiated the finding 

that Xci is linearly proportional to Xc and that Xci/Xo may therefore 

be treated as the depend~nt variable. as first suggested by examination 

of Fig. 5.19 and the other 15 drying period diagrams produced. The 

effect of throughflow temperature, T
1

, should appear in the form of the 

temperature driving force, nT
l

, as in Eqn. 5.8, because the sheet 

remains at Ts to the end of the constant rate period of drying. The 

variables Gand MB were dropped from the regression when found not ta 

be significant. Thus the final form of the relationship between Xc! 

and system variables is simply 

(5.9) 

For the results of Table 5.7, r 2=0 967 and the standard error for Xc! 

is 0.20, essentially the same as for Xcl from Eqn. 5.8. Fig. 5.20b 

shows the satisfactory fit of the experimental dat~ by Eqn. 5.9. 

The lowexponent for Ti-Ts , a parameter varied by a factor of 4 

Table 5.7 Correlation for Final Critical Moisture Content 

Variable EXEonent Coefficient Standard Error 

f Co 0.29 0.03 
Ti -Ts a 0.13 0.02 
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between 15° and 59°C, indicates that over the entire range of 

experimental values for Tl -G-MB -Xo ' the ratio Xc i /Xo in fact var ':'es 

only between 0.41 and 0.49. Thus as an approximation, accurate ta 10%, 

one could take 

Xc f /Xo ··0.45 (5.9a) 

as applying over the entire range of T~ -G-MB-Xo variables tested in the 

present s tudy . The best estimc1te of Xci/Xo is of course with the 

regression equation 5.9. 

(b) Xc i Comparison: Surface Drying and Through Drying 

For the case of surface drying sorne theories, generally based on 

solutiC'ns of diffusion equations, have been developed to predict the 

final critiC'al moisture content. For example the relationship of Suzuki 

et: al. [1977] is of the form ~ =f(-5) where R is drying rate, L is 
hO 0 

bed thickness and D is effective diffusivi ty of liquid water in the 

solid. The relevance of L, Rand D for the case of the through drying 

of paper may be examined. Bed thickness, L, an important variable in 

the Suzuki model, has no effect on final cri tical moisture content for 

through drying paper, as discussed earlier. The relevance of drying 

rate to the value of Xc! for through drying paper may be seen by 

comparing the Xc f correlation, Eqn. 5.9, with that for constant drying 

rate, Eqn. 5.1, Rc-2.4(Ti -Ts )O.87 GO.so MBo.l6. For through drying of 

beds of particles as small as paper fibres, final cri tic al moisture 

content is c1early not dependent on drying rate. Effective diffusivity 

of liquid water appears in the theories of Suzuki and others for surface 

drying as Xcr=f(D-l)""f(r- 1 ) because of the tempe rature depende'lce of 

the transport of liquid water in the solid. The effect of tempe rature 
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on Xc! found in the present study is not only different, but is 

moreover in the opposite direction to that found in surface drying and 

represented in the Suzuki correlatior. In surface drying, temperature 

acts thrùugh its effect on increasing the rate of transport of water 

through the soUd to the evapor a ting surface, hence Xc! decreases wi th 

increasing tempe rature . In through drying of small hygroscopie 

particles, temperature acts through its effect on increasing the rate 

of heat transfer to the particles and thereby on the rate of 

evaporation from the surface of the particles, hence Xc! increases wi th 

increasing temperature. Thus the effects of bed thickness, drying rate 

and temperature on final critical moisture content are totally 

differer.t between surface drying and through drying. 

(c) Interpretation of Xc! for Through Drying 

The Eqn. 5.9 correlation throws sorne light on which processes affect 

the final cri tical moisture content in the through drying of paper, and 

which dt' not. Thus the role of MB' T 1 and Gare now considered. The 

absence of paper basis weight from the correlation shows that Xc! is 

independent of paper thickness for through dryi.ng, which is not the 

case for surface drying, e.g. Suzuki et.al.fI977], Endo et.al.fI977]. 

In through drying, sheet thickness wouid not be expected to affect the 

onset of the failing rate period because the heat and mass transfer 

occurs at the level of individual fibres or fibre aggregates. 

The fact that throughflow temperature bt,t not throughflow rate 

appears in the correlation may seem inconsistent. The mechanism 

consistent with the increase of Xcf with increasing LlT i is the 

corresponding increase in rate of heat transfer to the fibres, thereby 
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increasing the rate at which moisture is removed from the fibre surface 

by evaporation into the througfhflow. This mechanism suggests that Xc f 

should increase also with increas ing G. However by Eqn. 5.9 the 

dependence of Xc f on throughflow tempe rature is very small. Heat flux 

is linear with ~T but for low Reynolds number flow through packed beds 

the fluid-particle heat flux may be proportional to only GO.s, As Eqn. 

5,9 shows Xc fa: ~TO. 13, a marginal effect, this suggests that one might 

find Xcfo:GO.06. Thus the finding of no significant effect of G is as 

would be expected. The fact that the effect of ~T~ is so small relates 

to the dimensions of the transport phenomena involved. For through 

drying of fibres as smaH as those in paper, only about 4-81Jm thick, 

water moves a maximum distance of only half a fib' e thickness, 2-4JLm, 

in order to reach the evaporating surface. Hence changes affecting the 

rate of removal of water from the fibre surface affect Xc f to only a 

limited extent. Although the ~T effect on Xc! is small, the direction 

of this effect is understandable. i. e. that the falling rate period 

should start at a somewhat higher moisture content with a higher 

temperature throughflow. With higher ~T-higher intensity drying, those 

Ïibres adjacent to medium and large pores drop below the fibre ~aturation 

point before aIl the water from the smaller pores has evaporated, i. e. 

while the average moisture content, Xc f' for the sheet is at sorne 

higheI' value, Recall from the Table 5.7 discussion that the maximum 

change in Xcf due to ~Ti variation is only O.08kgjkg. 

The Xcf-Xc relationship derives from through drying being a 

transient phenomena in a thin web which. on a micro-scale, has always 

sorne nonuniformity. The measured trans ient overall through drying 

rates are the spatial average of the local transient drying rates which 
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vary due ta micro-scale nonuniformities in paper structure and 

therefore in local throughflow rate. As drying proceeds in this 

coupled transient process invol ving momentum, heat and mass transfer 

phenomena, any local nonuniformity at the start of through drying will 

inevitably become even more nonuniform. For example, areas of slightly 

higher porosity initially will dry faster due to a locally higher 

throughflow rate, thereby increasing in porosity faster than other 

areas. The f&lling rate starts with completion of evaporation of the 

unbound water at the surface of sorne local region of fibres in the web. 

With increasing Xo ' drying time during both the increasing rate and 

constant rate periods increases, allowing initial local nonuniformities 

to become more ~eveIGped, 50 that the condition of sorne local region of 

fibres dropping below the fibre saturation point occurs at a higher value 

of average sheet moisture content, Xc f' This mechanism of nonuniformi ty 

in local throughflow rate and local drying rate thus leads to the onset 

of falling rate shifting to higher moisture contents, i. e. to higher 

Xc f' as Xo increases. 

A recurrent question is whether either th~ initial OT final 

critical moisture content is a material property or is a function of 

drying conditions. For the through drying of paper the present study 

establishes that there is equal importance to the two critical mois~ure 

contents, Xci and Xc!' at the start and end of the constant drying rate 

period. In Section 5.5.2 it developed that Xc 1 is far from being a 

material property. By contrast, Xc f is found to be independent of G 

and MB' and only weakly dependent on Tl' As an approximation, accurate 

to within 10%, Eqn. 5.9a shows that Xcr/Xo""O.45. Thus for the through 

drying of paper, neither the initial nor final critical moisture 
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contents are material properties, but Xc l and Xc r have very different 

sensitivities to drying conditions. The onset of the constant drying 

rate period <Xc 1) is highly sensitive to a11 drying variables, while 

the termination of the constant rate period <Xcr) is almost uniquely a 

function of the initial moisture content. 

Previously only Chu and Kuo[1967] proposed correlations to predict 

Xcr in through drying of paper. They proposed relations for the various 

critical moisture contents that they defined, in each of which Xcr was 

assumed a function of water viscosi ty and capillary pressure. Thus 

their approach derived from the concept of Xcr for surface drying, an 

approach which the present study proves is totally inapplicable to the 

through drying of paper. 

For the through drying of paper, the present study provides an 

experimentally verified correlation for the critical moi:;ture content, 

Xcl' at the transition from increasing rate to constant rate drying, a 

critical moisture content defined here for the first time. As for the 

other critical moisture content, that marking transition from the 

constant to falling rate period, Xcr' the only relation which has been 

subjected successfully to an extensive test is Eqn. 5.9. This 

correlation shows that Xcr i5 linearly dependent on initial moisture 

content, Xo ' with a proportionality between 0.41 and 0.49 for the wide 

range of experimental variables tes ted. The final critical moisture 

content i3 found to be independent of paper thickness and air 

throughflow rate, and to increase only slightly with increasing 

throughflow temperature. More generally, it is shown that any theory 

developed for the surface drying is irrelevant and misleading for the 

case of through drying of webs of small hygroscopie fibres. 
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5.5.4 Extent of the Three Drying Periods 

The set of drying period diagrams, Figs. 5.22-25, is prepared 

using Eqns. 5.8 and 5.9 for Xcl and Xc!' For each of four basis weights 

of paper used in the present experiments, 25, 50, 100 and 150g/m2 , a 

pair of drying period diagrams are presented, i. e. for the minimum and 

the maximum throughflow inlet tempe rature , Tl' Likewise on a11 drying 

period diagrams the lines for Xc lare, for simplici ty, shown only for 

two levels of throughflow rate, C, i.e. the minimum and maximLm used in 

the present experimencs. Thus for the four basis weights of paper 

tested, these 8 drying period diagrams show the effeC't of the extremes 

of throughflow rate and temperature tested. The drying period diagram 

for any other combination of Tl -C-MB of interest may easily be 

generated with the regression equations 5 8 and 5 9 for Xci and Xc!' 

The fraction of moisture removed in each r.Irying period is displayed 

visually on a drying period diagram. For example at Xc-3.0, Fig. 5.22b 

shows that for 25 g/m 2 paper dried at Tl =88°C, Xcr=1.48kg/kg, so that 

almost 50% of its moi5ture i5 removed in the falling rate period. For 

this Tl -MB -Xc combination, as C is increased from the minimum to the 

maximum value tested, Xcl decreases from 2.22 ta 1.75kg/kg. Thu~ the 

proportion of che drying that occurs in the constant rate period, (Xci

Xc r) /Xo ' drops from about 25% ta 9%, while that in the increasing rate 

period, (Xo·Xci)/Xo ' jumps from about 25% ta 40%. At the highest G

highest Ti combination of the present experimental range, i. e. 0.518 

kg/m2s-88°C, these graphs show that as paper basis weight is decreased 

from 150g/m2 ta 100, 50 and 25g/m 2 , the proportion of water removed in 

the constant rate period decreases from 29% ta 26%, 18% and 9% while 

that for the increasing rate period doubles, from about 20% to 40%. 
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Thus for the highest intcnsity drying conditions used, even for the 

thickest paper tested a1ways 1ess than 30% of the water is removed 

during the constant drying rate period, while for the lightest paper 

dried up ta 40% of the water is relJloved in the increasing rate period 

of drying. 

The Figs. 5.22-5.25 set a1so portrays the shrinkage in extent of 

the constant rate period as Xo decreases. The increasing-constant-

fa11ing rate "triple point" Xo~XICF' is the value of Xc on each drying 

period diagram for which the constant rate drying condition is reached 

only momentarily as drying passes directly from the increasing rate to 

the falling rate period. A correlation for the triple point, XI CF' 

derives from equating the Xcl and Xc! relations. Eqns. 5.8 and 5.9, as 

(T,-Ts )o.39 GO 27 
XI C F = -M-B~o-.-:::3'-::7c"-(-'-l...:l_WO-.-2-9-(--T-l-_-T-s-)-O'--' 1 3 ) (5.10) 

Thus the dinappearence of the constant rate period occurs at higher 

values of Xo as drying intensi ty increases (higher Gand Ti) and as 

basis weight decreases, as is intuitively evident. These effects of 

drying conditions on the value of XrcF are shown explicitly in Fig. 

5.26. The line for the highest temperature and rate of throughflow 

tested in the present study, T
1

=88°C and G=0.518kg/m 2 s, i1lustrates 

that for through drying 25g/m2 paper, there is no constant rate drying 

period at a1l if Xo :::;2.5kg/kg. 

For the case of the highest G-highest Ti used, the relative 

importance of the three drying rate periods for water removal i5 

illustrated explicitly on Figs. 5.27a and 5.27b for initial moisture 

contents, Xo ' of 2.0 and 3.0kg/kg. These representations underline three 

ba!.dc charal"teristics: (1) the insensitivity of the fraction of the 

water which is removed during the falling rate period, a weak function 

l 
i 
! 
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only of throughflow temperature, T~, (2) the shrinking importance of 

the constant rate drying period a t lower values of ini tial moisture 

content, Xc' and lower basis weight, Ma, and (3) the great importance, 

previous ly unrecognized, of the increas ing rate period of drying. 

Plots equivalent to Figs. 5. 27a and 5. 27b for other drying conditions 

can readily be generated wi th the regression Eqns. 5.8 and 5.9. 

For industrially used conditions of higher ternperature and rate of 

throughflow air than tested in the present study it is evident from 

Figs. 5.26 and 5.27 that for tissue paper there would be no constant 

rate drying period. Inspection of Figs. 5.27a and b indicates that for 

industrially used conditions for through drying of tissue paper, 

essentially half the water is removed ln the increasing rate period and 

half in the falling rate period of drying. 

Although classical drying literature has focussed much attention on 

the constant rate period, for through drying at industrially relevant 

conditions for webs of hygroscopie fibres of the size in paper, there 

is typically no constant rate period. Attention should therefore be 

focussed where the action is, i.e. on the falling rate drying period, 

which has been studied extensively, and on the i:ncreasing rate drying 

period, the importance of which has not previously been recognized. One 

of the merits of the drying period diagram representation developed here 

is the highlighting of the relative importance of the three drying 

periods, directing attention on those of greatest significance. The 

use of drying period diagrams is therefore recommended as an aid to the 

analysis of through drying of paper or of any fine particulate. 
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5.6 SUMMARY 

1) Complete drying rate curves were determined for the th::-ough 

drying of paper over a wide range of precisely controlled operating 

variables, i.e. for 235 combinations of drying conditions - temperature 

and rate of the through- flow, bas is weight and initial moisture 

content of the paper. The present experimental program, with its 

limitations, constitutes the most comprehensive investigation of 

through drying yet reported. 

2) This extensive set of drying rate curves indicates that through 

drying starts with an increasing rate period, recognized and named in 

the present study. which is shown to be of great importance in through 

drying. Thus the present studv provides a new perspective on the 

through drying of paper as consisting of three drying periods, those of 

increasing, constant and falling rate drying. 

3) The increasing rate period is associated with a progressive 

opening of pores which increases drying rate by increasing the area for 

heat and mass transfer within the web, as documented in the effect of 

paper moisture content on effective pore size and permeability in 

Chapter 4. 

4) For light weight paper of typical initial moisture content,as 

through drying conditions become more intensive i.e. with higher values 

of throughflow rate and temperature, the constant drying rate period at 

first decreases, then disappears. For moderate to heavy paper of 

higher initial moisture content, the constant rate period retains an 

important role in water removal by through drying. 

5) Through drying rates for the constant rete period, Re, were 

measured for drying conditions which gave a wide range in Re, from 2-40 
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kg/m 2h. For hasis weights of 25 and ~.00g/m2 the measured values of Re 

agree as well as could he expected with the only comparable data 

available, those of Walser and Swenson[l968] and Gummel[l977]. 

6) The first comprehensive correlation for through drying rates of 

paper in the constant rate period, successfully tested for a wide range 

of drying conditions, is Eqn. 5.1, 

r'Ç ~ 2.4 (T
1

-Ts )0.87 GO.80 M
B

o.16 

Re is qui te sensitive ta throughflow rate and temperature, only weakly 

dependent on basis weight, and independent of initial moisture content 

of the paper. 

7) Through drying rates in the constant. rate period, Re, deviate 

by up to 50% from Rs, the maximum rdte \.'ith the air exlting saturated. 

The extent of this deviation increases as the tempe rature and rate of 

throughflow increase, as paper basls weight decreases, but is 

Independent of initial rnoisture content, according to the Eqn. 5 3 

relation: 

(Rç-Rs)/Rs = 0.0083 (T
1

-Ts )0 68 CO 92 MB-O 50 

This finding shows that the assumption of throughflow air exiting 

saturated, made in sorne earlier work due ta the lack of experimental 

measurements, is not appropriate because this assurnption can le ad to 

overpredictlng drying rate by more than a factor of two for conditions 

of industrial relevance. 

8) The correlations obtained in the present study for the through 

drying rates in the constant rate period are found to predict the drying 

rates reported for industrial through dryer applications remarkahly weIl, 

despite the fact that the throughflow rates and ternperatures used to 

derive these correlations are lower than industrial practice . 
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9) An original treatment of the relation between drying conditions 

and the extent of e.<lch drying period, i.e. increasing, constant and 

falling rate periods, was developed in a graphical form denoted "drying 

period diagrams". 

10) The values of paper moisture content which mark the transition 

from the increasing to constant drying rate period, and from the 

constant to falling drying rate period, designated here as the "initial" 

and "final" critical moisture contents, Xcl and Xci' are related to the 

drying conditions according to the Eqns. 5.8 and 5.9: 

Xcl II!!!! Xc - (T1-Ts)O 39 CO.27 MB 
- 0 .37 

Xci o 29 X (T1-Ts)D 13 
0 

11) The correlation for the initIal critlcal moisture content, Xcl' 

a drying parameter treatpd here for the first time, shows that for the 

through drying of paper, the onset of the con~!:ar1t rate period is 

sensitive to all drying variables. 

12) By contrast, the final critical moisture content, Xci' for the 

through drying of paper is directly proportional to initial moisture 

content, Xo ' with the proportionality, XcrlXo' being independent of 

throughflow rate and basis weight and only weakly dependent on through-

flow temperature. For the range of throughflow tempe ratures from 23 0 

to B8°C, the final critic:;jl rnoisture content. Xc!' varies only between 

41 and 49% of Xc' 

13) The drying period diagrams show that the amount of drying which 

occurs in the increasing drying rate period varies considerab1y with 

drying conditions, becoming higher with increasing throughflow tempera

ture and rate and with decreasing basis weight. At the condition of 

highest Ti - highest G-10west MB tested, the amount evaporated during 
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the increasing drying rate period is large, about 1.25kg waterjkg dry 

( fibre. For the condition of highest intensity through drying tested, 

almost half the water present initiall)' is evaporated during the 

increasing rate period, about half during the falling rate period. 

14) The concept was introduced of an increasing-constant- falling 

rate triple point, XICF ' where Xcl=Xc!. For an initial moisture content 

Xc=XICF ' the constant rate drying condition is reached only momeIltarily 

as drying passes directly from the increasing rate to the falling rate 

period. For any Xc below Xlcr there is no constant ra, e period of 

drying. The demonstrated relation betv,;een drying conditions and the 

value of XICF was established as Eqn 5.10; 

• _ (T,-1
S

)0.39 GO.27 

XICF - Mao 37 (l-0.29(T
l

-Ts )O.13) 

For the highest Tl -highest G-lowest l'lE ccnditlOn tested, Xlcr =2. 5kg/kg, 

indicating no constant rate drying peLlod for Xc~2.5kg/kg. 

15) According to present flndings, there is typically no constant 

rate period for indus trial conditions of through drying light weight 

grades of paper because for these condi t ions XI CF is generally higher 

than Xo values used commercially. 

16) The way in which cri tical moisture content at the end of the 

period of constant rate drying, Xc f' relates to paper properties and 

drying conditions is found to be complete1y different between through 

drying and surface drying. In surface drying, Xc! is reported to depend 

on paper thickness, on drying air tempe rature , on drying rate and on 

initial moisture content. In through drying of paper, Xc f is demonstrat-

ed here to be independent of paper thickness, and the dependence on 

drying air temperature is in the opposite direction from that for sur-

face drying. With increasing air temperature, Xc f decreases in surface 

n .... ______ .~ __________________________________________ __ 
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drying because of the controlling rate of transport of water through 

the solid, while Xc f increases in through drying paper because of the 

effect of temperature on the rate of beat transfer from the throughflow 

to the fibres. Thus theories for surface drying are totally inapplicable 

to through drying of small hygroscopic par ticles such as the fibres in 

paper. The Xci critical moisture content for paper, strongly dependent 

on drying rate candi tians for surface drying, is nearly independent of 

throughflow conditions for through drying but is linearly proportional 

ta initial moisture content 

17) With respect to industrial practlce, the present findings under-

line two important facts, that through drying rates are generally less 

than 50% of the maximum rate corresponding to the throughflow exi ting 

saturated and, that typically the paper remains in the increasing rate 

period for about half the dryer, in the falling rate period for the 

remainder. This perspective dimensions the substantial potential there 

is for improvement of the effic iency of these dryers As the present 

study establishes that about half of such a dryer operates in 

conditions of the increasing rate period, and that those drying rates 

are limited by the development of pore area for heat and mass transfer 

within the web, the results of the present work point the way for work 

to increase the efficiency of through drying of paper 
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CHAPT ER 6 

TRANSPORT PHENOMENA IN THROUGH DRYING OF PAPER 

6.1 INTRODUCTION 

For the process of through drying there are two natural alternati

ves for expressing drying rate. i. e. ei ther relative to the external 

surface area or to the amount of the material being dried. Drying rates 

normalized ta external surface area relate directly ta the area of the 

dryer and hence to its cast. This was the basis adopted in Chapter 5. 

However. because through drying takes place throughout the wet material. 

for a more fundamental analysis drying rate must be expressed relative 

to the amount of material. Thus rate of mass transfer for flow through 

packed beds and other porous media is normally expressed per unit volume. 

An additional complication arises in through drying if the bulk density 

of the porous media is a function of moisture content. as is the case 

for paper. With the variable paper thickness not known precisely as a 

function of moisture content during drying. an alternative is to 

normalize drying rate to the amount of dry fibre rather than to a 

variable volume. This factor may becomt important during the falling 

rate drying period during which the shrinkage occurs. but would not be 

a significant factor while the fibres are still wet. i.e. up to the end 

of the constant rate period. 

Of the three periods of through drying paper - the increasing rate, 

constant rate and falling rate periods - only in constant rate period 

does the simplification of steady state conditions apply. The complication 

of variable volume of the paper during the falling rate ·riod was noted 

above. For a transport phenomena analys is there are yet more formidable 
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difficulties for the increasing rate and falling rate periods. As sheet 

temperatu~e may change substantially, this aspect complicates the energy 

balance during these unsteady state periods. The vapor pressure of water 

at the evaporating interface changes for this reason during both the 

increasing and falling rate periods, while it changes with paper moisture 

content as weIl during the falling rate period. Finally, there is the 

problem of obtaining a quantitative treatment for the rapid increase in 

interfacial are a of heat and mass transfer between the throughflow and 

the moist paper during the increasing rate period In view of these 

obstacles to obtaining a rigorous transport phenomena treatment of the 

increasing rate and falling rate periods of through drying, the focus 

here is on the constant rate period, for which obtaining a transport 

phenomena analysis represents a challenge not previously solved. 

Even if mass transfer coefficients could be determined for conditions 

of the constant rate period, there remains the need for a dimension which 

characterizes flow through paper, the characteristic dimension required 

for every nondimensional variable - Reynolds, Sherwood, Nusselt and Peclet 

number. The various empirical characteristic dimension definitions tested 

in Chapter 4 aIl gave values very different from those of the actual 

pore structure determined by scanning electron microscopy(SEM). On thz 

basis of this evidence, aIl previously proposed empirical definitions 

of charcicteristic dimension must be rej ected as invalid. In Chapter 4 

a new characteristic dimension for flow through paper, dp -f3/a., was 

determined from the application of a momentum transport analYbis in 

which a. and {3 are complex parameters. It was established that this 

theoretically based defini tion of d p gives values consistent with the 

pore structure observations by SEM. The characteristic dimension d p -f3/a. 
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as developed for paper in this study was successfully applied in 

Chapter 4 to a nondimensional friction factor-Reynolds number analysis 

of momentum transport. This defini tion of characteristic dimension is 

now used in an attempt to obtain the first transport phenomena analysis 

of the constant rate period of through drying paper. 

6.2 MASS TRANSFER COEFFICIENT 

For a binary gas phase system. rnass transfer film theory for 

unidirectional transport gives the local values of molar fluxes, 

expressed by Bird et a1.[1960) as 

l + (y; - YWaJ)![nw/(nw+ nA) - Y~l = exp (l1w+ n A )/!;,') (6.1) 

where nw and nA are the local values of the molar fluxes of water vapor 

and air at the mass transfer interface. y~ and YWaJ are the mole f:::-aetions 

of water vapor at this interface and in the bu1k gas phase, and kc;' is 

the molar mass transfer coefficient, mnles!m 2 s. This equation has been 

applied for transfer coefficients in both surface and through drying, 

e.g. Schlunder et al. (1977J. For small values of the mole fraction of 

transferring component, y~ and Ywoo, and because nA-O for air-\vater 

vapor system, Eqn. 6.1 may he 1inp arized as 

T1w = ~' (y; - Ywoo) (6.2) 

Converted from mole to mass flux, this equation becomes 

N ~ Pa (y* - Y) (6.3) 

where N is the mass flux of water vapor, kt; thla mass transfer coeffi

cient, rn/s, Pa the air density, and the absolute humidity of air is y* 

at the transfer surface and Y in the bulk gas phase, with all terms 

representing the local values within the sheet. The correct mass transfer 

driving force is considered to be the difference in water vapor partial 
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pressure rather than absolute humidity. However, for the present 

experirnental conditions giving highest transfer rates the two drivil1g 

forces differ. according to the relation of Keey[19721. but only about 1%. 

The local differential mass balance at any point z within a sheet 

of paper being dried by throughflow is 

G (8Y/8z) = ap N = 1;; a p Pa (y* - Y) (6.4) 

where G is the mass throughflow rate of air. kg/m 2 s. and ap is the in-

terfacial rnass transfer area. i.e. the specifie surface of paper, m2 /m3 • 

For the case of Y*. a p • Pa and 1;; being independent of position within 

the sheet, and for plug flcw \vithjn the sheet. integration of Eqn. 6.4 

over the thickness of the sheet: gives 

(S.5) 

where L is the thickness of paper, Yi and Yo are the absolute humidity 

of the througl:flow air at the inlet and exit of the sheet, ana bYM is 

the log rnean value of the rnass transfer driving force, ~Y=Y*-Y, between 

the evaporating surface and the throughflow air. 

The values of N, Yo ' and y* vary during both the increasing rate 

and falling rate periods, a p varies during the increasing rate period, 

while Pa and L vary during the falling rate period because of sheet 

shrinkage. Thus the information required for application of Eqn. 6.5 

during the increasing rate or falling rate period doe~, not exist. 

However Eqn. 6.5 may be applied to the period of constant rate drying 

during which N, Pa' L, Yo and y* are at steady state values and Y* is 

essentially constant across the sheet. As for interfacial are a of rnass 

transfer, if a p for moist paper as a function of moisture content were 

not known, interfacial area could be combined with the area-based 

- transfer coefficient, as is standard practice, to give a volumetrie 
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rnass transfer coefficient, kaapPa, per unit volume of wet sheet. 

Eqn. 6.1 is not valid for very high transfer rates, for which the 

correction factor given by Bird et al. [1960] is 

~,* ~ ~' ~/(e~ - 1) (6.6) 

where ~,* is the corrected coeffic ient, and ~ the mass transfer rate 

factor defined as ~-(nw+nA )/~' . For smaH values of Yw and YcrJ' the 

correction factor, ~/(e~-1), approaches unity. In the present work the 

adiabatic saturation temperature of air at the highest throughflow air 

temperature used is -30o G, for which y*~O.04. When this, the highest 

possible driving force, is inserted into Eqn. 6.1, the value of ~ thus 

calcu1ated corresponds to a correction factor ~/(e~-l)=0.98. Thus no 

correction for high mass transfer rate is needed for the present study. 

6.3 MASS TRANSPORT PARAMETERS FOR THE CONSTANT RATE DRYING PERIOD 

6.3.1 Selection of Characteristlc Dimension in Nondimensional Numbers 

For a nondimensional analysis of transport phenomena occuring in 

through drying of a porous medium of the complexity of p..iper a key 

aspect is selection of the characteristic dimension for use in Reynolds, 

Sherwood, Nusselt or Peclet Il\l!llber. In the absence of reliable 

rneasurernents wi th moist paper, those previous investigators who have 

used a characteristic dimension for momentum, heat or rnass transport 

analysis of flow thrcugh paper have based such a dimension on 

rneasurements for dry paper, either before or after drying. Empirical 

definitions used for a characteristic dimension for flow through paper 

are reciprocal of specifie surface, Robertson and Mason [1949], square 

root of permeability, Raj and Emmons [1975], fibre diameter, Wedel and 

Chance [1977] , and equiva1ent diameter from the Hagen-Poiseuille 
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equation, Gummel[1977]. Moreover, aIl previous researchers have used 

the Darcy' s law approximation whieh applies for purely viscous flow, 

ignoring the inertial contribution that the present sludy, Chapte~ 4, 

has shown to be a dominant component of pressure drop for air 

throughflow at industrially relevant rates for through drying. But 

Even when permeability and specifie surface are determined withOllt the 

error associated with the Darcy' s 18\,] approximation, Chapter 4 of the 

present study shows that the pore size distribution of dry paper extends 

to about 50JlITI \lhereas Jk and l/flp, correct1y determined, are in the 

order of a micron. Thus the empirical definitions of characteristic 

dimension which have been used for Re, Sh, Nu and Pe are not remotely 

consistent, even for dry pdper, with the actual pere structure. 

The present study has presented and val idated for bath dry and 

moist paper a definition of characteristic dimension which is based on 

fundamental momenturn transport theory, Chapter 4. T~e range of values 

found for this theoretically based dp coincide with those observed by 

scanning elec.tron microscopy, Figs. 4.16 and 4.20. The relationship 

dp-f(X,MB) for 25 and 50g/m 2 paper, from wet to dry, was docurnented in 

Fig. 4.21, Eqn. 4.16 and Table 4.1? The dp determinations of the present 

work, Table 4.10 and Fig. 4.20 t and the mean pore radius measurements 

of Bliesner[1964] by the gas-drive technique show that dp for dry paper 

is essentially independent of basis weight for r1B~50g/m2. Moreover, the 

pore size shown by SEM cross-sections, Fig 4.16, is 1ikewise simi1ar for 

50, LOO and 150g/m2 sheets. As the best current estimate, therefore, 

the dp-X relationship for 100 and 150g/m2 kraft paper can be approximated 

as that determined here for 50g/m 2 bads weight. 

Use of these dp -X-Ms relations to de termine dp for Reynolds and 
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Sherwood nurnber in the constant rate period of drying evidently 

requires the paper moisture content. In Chapter 5 the initial and 

final critica1 moisture contents, Xci and Xc!' which œark the beginning 

and end of constant rate through drying, were defined and related to 

the determining variables. Thus the relritions needed are: 

Xc~ f(T~ , G, NB ' Xc) given by Eqn. 5.8, 

Xc! f(T~ , Xc) given hy Eqn. 5.9, and 

dp f(NB , X) given by Eqn. 4.16 and Table 4.12. 

The moisture content, X, used for the dp-X relation, is the average 

during the constant rate period, i €:. X=(}~1+Xc!)/2. In this way, for 

each sheet dried the characteristlc dimension, dp , used in the 

nondimensional numbers, Re and Sh, depends on the conditions of the 

throughfluw air, Tl and G, and those of the pap 'r, MB and Xc' 

Each dp value for the constant rate period given in Table 6.1 for 

the 64 experimental combinations of Tl -G-MB was obtained by averaging 

the d p values of from 2 -4 experiments conducted wi th various values of 

Xc' Thus the effect of initial paper moisture contel:" on dp , through 

the effect of Xc on Xc1 and Xc!, is present in the Table 6.1 although 

Xc does not appear exp1icitly. 

For the kraft paper used in the present stud} the maximwn and 

minImum values of dp during the increasing rate and talling rate periods 

repectively, are 44~m and 16.7~m for 2Sg/m 2 sheets, and l4~m and 5~m for 

SO-lS0g/m2 sheets, Fig. 4.21, Eqn. 4.16 and Table 4.12. Comparison of 

these limitiT'g values with the dp values given in Table 6.1 shows that 

the charr teristic pore size for the constant rate drying period is closer 

to the maximum dp of the increasing rate period than ta the minimum d p 

reached during die falling rate period. lt should be appreciated that, 
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Table 6.1 Characteristic dimension of paper during ..,. 
constant rate period of through drying , ..... 

Throughflow temperature, T1 ' 
OC ap, 

Gr kg!m 2 s 23 42 64 88 ~m 

ME"" 25 g!rn 2 

0.092 39.5 44.0 39.4 39.3 40.5 
0.155 27.9 34.3 41.6 37.4 3S.3 
0.289 29.1 39 4 31.1 29.7 32.3 
0.518 21.4 35 9 26.1 39.7 30.8 
ap 29.5 38.4 34.5 36.5 34.7 

HE = 50 g!rn 2 

0.092 9.9 12 9 14.0 12.3 12.3 
0.155 12.6 12.3 13.0 14.0 13.0 
0.289 12.7 12 8 13 6 12.3 12.9 
0.518 11.4 12 .5 13 5 12.0 12.4 
ap 117 12 (, 13.5 12.6 12.6 

:iE =10(\ g/r,: 
0.092 8.9 10 2 14.0 10.3 10.9 
0.155 10.4 9.1 11.1 12.6 10 8 
0.289 11.4 9 (, 11 8 10.3 10.8 
0.518 10.4 8 9 12.0 12.4 10.9 
op 10.3 9.5 12 2 11.4 10.8 

HE =150 g!m 2 

0.092 5.8 6 4 11 0 14.0 9.3 
0.155 6.7 9 5 9.9 11.7 9 4 
0.289 9.0 8 S 9.5 9.8 9.3 
0.518 9.2 9 6 11 3 9 9 10.0 
ap 7 7 8 (, 10 4 11 4 9.5 

a1though dp values are listed in Table 6.1 with respect to values of G 

and T1 , dp is of course not a function of Gand T1 • As dp~f(MB' X), and 

the moisture content 1imits Xcl and Xc! of the constant rate period are 

dependent on Tl' G, Ma and Xo ' the Table 6.1 listing simp1y reflects 

the fact that the drying rates were measured for the 16 combinations of 

Ti and G shown. 

lt may now be seen that previous researchers of through drying who 

have used a characteristic dimension based on one of the severa1 empirica1 

definitions listed earlier, Robertson and Mason (1949], Raj and Emmons 

li -
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(1975), have reported values of Re, Sh or Pe which are between one and 

two orders of magnitude too low because their defini tions of chal-acter

istic dimension give values which are too low to that extent. The 

error from these inappropriate defini tions of characteristic dimension 

has been further increased because in a11 cases they used the value 

determined for dry paper while the present work shows that the character

istic dimension for moist paper may be 200-300% higher. 

6.3.2 Determination of Transfer Area 

Measurement or predlction of lnterfacial mass transfer area is a 

difficult aspect of the deterrrin<1t.1on of mass transfer coefficlent, ~, 

Eqns. 6.4 and 6.5. In Chapter 4 the specific surface of dry paper was 

determined from the experimental measurements of permeability by using 

th.; widely accepted Carman-Kozeny equation The accuracy of such ap 

values al'e very sensitive to the porosity function, c 3 /(l-t:)2, of this 

equation. Due ta the lack of a method for accura te determination of 

the (-x relation, wet paper specifle surface cannat be determined from 

the wet paper permeability measurements made, as discussed in Section 

4.6, nor has any work been publ ished on the effect of paper moisture on 

its porosity or specifie surface. 

If the pores were straight eylinders, i.e. of tortuosity r-l, with 

pore length equal to the paper thickness, L, then a p would be inversely 

proportional ta d p . For cylindrical pores, the specifie surface. ap , 

equals (n1fOpL)/(mrOp2L/4)=4fël;. Table 6.2 shows this estimate of the 

transfer area of moist paper during the constant rate period of drying. 

Al though individual dp and 4/dp values were calculated for each sheet 

dried, Table 6.2 shows for illustration purposes only the estimé1tes with 
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the average value, op, from Table 6.1. Dry paper comparative values 

are shown for ap as eorreetly determined in Chapter 4 from the measured 

perrneabi1i ty and the Carrnan-Kozeny equation. and a p as estirnated from 

the relation 4jdp • 

Table 6.2 Transfer area of moist paper during the constant rate drying 
period, and of dry paper 

Moist paper 
constant rate Eeriod Dry EaEer 

MB ,g/m2 Op, !lm 4fOP, m2 jm 3 4jdp ,rn2 jm 3 a p ,m2/IP 3 r=ap / (4/dp ) L,tlm 

25 34.7 o .12xlO 6 0.25xl0 6 o 76xl0 6 3.0 58 
50 12.6 0.32xlO 6 o 76xlO 6 l 04xlO 6 1.4 114 

100 10.8 0.37xlO G 0 80)(10 6 1.19xl0 6 1.5 227 
150 9.5 O.42xlO 6 0 85xlO 6 1.34xlO 6 1.6 350 

For dry paper, the true speciflc surface is seen to be substantially 

larger than that given by the 4jd p approxim3tlon The values of tortuosity, 

T-a p /(4/dp ) , in the range 1.4 to 3 arE in fact quite acceptable for paper, 

Brown[1950). No information is available as to the variation of tortuosity 

wi th paper moisture content. Going from wet to dry paper, Twill increase 

because the smallE.st pores have the highest tortuosity, but no quantitative 

basis for the r -x relation exis ts In the absence of such information, 

the tortuosity for moist paper during the constant rate period of drying 

is taken dS r=1, and the mass transfer area for moist paper during the 

constant rate period, required for Eqn. 6.5, is approximated as ap -4;op, 

as listed in Table 6.2. 

The on1y previous investigator of through drying paper whose 

treatment involved specifie surface, Gummel (1977) , used dry paper 

pressure drop to estimate the specifie surface, assurnjng only pin holes 

are open to flow. Then he used this a p for the constant rate period of 

-
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drying Al though throughflow is mainly governed by the larger pores or 

pin holes during the constant rate period of drying, Gummel's a p estimate 

us ing dry paper pL"essure drop is erroneous. In any case 1 the data in 

Table 6.2 indicate that the use of dry paper ap instead of that for a 

moist sheet may correspond to the use of an ap value too high by a 

factor of about 3-6. 

6.3.3 Number of Transfer Units 

The local differential mass balance for ~ater vapor 

dl' 
dKG = -y:;:C*":"_ -y-

dl' k, a p Pa 
(, 

dz (6.7) 

when integrated with the sam,:, CO'lstr<iints V<illd for the constant rate 

period as for Eqn 6.5, leads to the defimtlon of integral number of 

transfer units for the constant rate perlod 

kr;apPa L 
,'. 

N 
L 

ln 
Y" .1'. 

ln ~ ~ = ~ = " = = G G HG Y' ·1'0 6Yo 6 YM 
(6.8) 

in which height of a gas phase transfer uni t is HG = 
G 

The 

assumption of plug flow within the sheet used to derive Eqn, 6.8 is 

normally applied for through drying, Schlunder et al. [1977]. Moreover, as 

no measurement of gas phase axial dispersion for flow through paper has 

been reported, there is nù alternative to using this standard assumption. 

The number of transfer uni ts is a nondilTiensional measure of the 

amount of mass transfer which occurs during the constant rate period in 

the continuous contacting of air and wet fibres from inlet to outlet of 

the sheet. One "transfer unit" of mass transfer occurs in a depth of 

porous media over which the gas stream compos i tion, absolute humidi ty 

in this case, changes by an amount, Yo - Y
1

, equal to the mass transfer 

* driving force, l;,YM-(Y -Y)M' 

The transient exit air humidity, YOI is monitored during a through 
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drying experiment with a sampling frequency of 5-l0Hz, Chapter 5. Thus 

from these values, NG as a continuous fu~ction of paper moisture content, 

X, could be determined for each drying experiment, from which the value 

of NG applicable for the constant rate period could be obtained. However, 

as such NG-X drying rate curves would correspond ta the R-X curves already 

available in Chapter 5 for the external surface are a based drying rate, 

R, it is equivalent, and much simpler. to obtain the constant rate 

period values of NG directly from Rç This procedure avoids duplicating 

the Chapter 5 procedure for idenlifylng the constant rate period value 

from the complete record of àn'ln[ rate for each experiment. 

The external surface based dryin~ rat0 at any time is 

The maximum rate of drying, i.e. "ith the air exiting saturated, is 

(6.10) 

Combining equations 6 9 and 6 10 gives 

R (YO-Y
1

) 

l 
(y*-yo) 

l e -l; G (6.11) = - -
Rs (y* - y ) C·l'" -1' \ 

l . 1 

which may be expr~ssed alternately as 

NG ln ( 
Rs 

) (6.12) = 
Rs -R 

Therefore by use of Eqn 6.12 with R=Rç , the value of the 

volumetrie drying rate expressed as the integral number of transfer 

units for the constant rate period can be calculated directly from the 

values documented in Chapter 5 for 1c, the external surface based 

drying rate during the constant rate period. 

6.3.4 Mass Transfer Coefficients 

For through drying of paper during the constant rate drying period 

the mass transfer coefficient, kG' and its nondimensional equivalent, 

--
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value from 

(6.14) 

Selection of values for spec ific surface. ap • and thickness. L, is an 

important factor 

Because sheet shrink~ge takes place during the fa11ing rate period 

of drying. L in Eqn. 6.14 is fairly constant in the paper moisture range 

between Xcl and Xcf' the constant rate period 1imits. When comp1ete1y 

swol1en, never-dried fibres have a hollow cylindrical shape. As moisture 

leaves the fibre wall and lumen during the drying of never-dried fibres. 

they col1apse. giving the ribbon llke shape of dry fibres. Once collapsed. 

a fibre never returns to its orlginal cylindrical shape upon rewetting. 

In laboratory drying studies. the present one and a11 previous 

investigations, handsheets are prepared from dry pulp. then wetted to 

the desired initial moisture content The thickness change during 

drying of paper made from the collapsed fibres of dried pulp is then 

much sma1ler than that with never-dried fibres. Thus appraximatlng moist 

paper thickness. L. in Eqn. 6 14 as the thickness of dry paper at the 

end of through d:::ying does not introduce appreciable error in mass 

transfer coefficient determination in laboratory d.rying studies. 

For mass transfer in beds of complex internaI structure with inde-

terminant interstitial transfer area. volume based transfer coefficients. 

i. e. kc; a p Pa' are used. In the present work. however, the interstitial 

transfer area is determined as a functian of drying conditions as 

described in Section 6.3.2. Thus the area-based mass transfer coefficient, 

ko, and it·; nondimensional form. Sh=ko dp/D, can be ca1culated from Eqn. 

6.14. A complete list of all experimentai runs with corresponding MB' 

G, Tl' Re, Rs. NG• ko. Re and Sh values is given in Appendix 8 . 

-----_. _. --~-------_ ... 
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6.4 MASS TRANSFER PHENOMENA DURING THE CONSTANT RATE PERIOD OF DRYING 

6.4.1 Experimental Resu1ts 

The amount of drying during the constant rate period, expressed 

nondimensionally as the number of transfer units, NG= ~abPaL inc1udes 

specific surface, a p , which in Section 6.3.2 was shown ta be a function 

of the initial moisture content of paper, Xo ' Specifie surface introduces 

substantia1 variability in t~G because Xo was varied between 1.5 to 

4.5kg/kg in the present study. As the alternate nondimensiona1 

representation of throughflow mass transfer, Sh, does not suffer from 

such an effect, mass transfcr coefficients are reported here in the 

form of Sherwood number. t\G and Sil .:n-e re1ated through Eqn. 6.14 

Figs. 61 through 6.4 display the, resu1ts expressed as Sh as a 

function of Re for the through drying of a total of 210 sheets of kraft 

paper. These four figures disp13Y the results of a11 sheets dried in 

the present study, with the exclusion of only those few cases where the 

exiting air was within Ho of satul"ntion, for which the mass transfer 

driving force becomes too small for rellab1 e determination of mass 

transfer coefficient. Each of Figs 6.1-6.4 presents aIl the results 

for one basis weight, 25, 50, 100 and l50g/m2 , with as a parameter the 

second key variable, the temperature driving force at the inlet, ~T1' 

in the nominal range of l5-59°C. The same Re and Sh scales are used 

for a11 four da L~ st) tha t the resul ts Cfln be seen in a common 

Re-Sh perspective. 

For the present experiments t::.Yo at the exit of the sheet varied 

from -1% to -48% of that entering the sheet, /)'Y1' Correspondingly, /),YM 

varied from 1 to 16g/kg. ln those experiments where exit air humidity 

approaches saturation a larger scatter in Sh data is expected becausc 
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the effect of the accuracy limi t of hurnidity measurements is magnified 

as IlYo becomes extremely small. For example, for the heaviest paper 

(150g/m 2 ) dried with air of the lowest flow rate (G=0.09kg/m 2 s) and 

lowest bT~ (l5°C) air, bYo is less than O.lg/kg and IlYM is about 19/kg. 

Even for these extreme conditions, the experimental scatter, displayed 

on Fig. 6.4 at low Re, is impressively small, thus confirming the high 

precision of the present humidi ty measurements and thereby, of mass 

transfer coefficients, ~, and Sherwood number, Sh. 

Only two investigations, Raj and Emmons[1975) and Gwnmel[1977J, 

report mass transfer coefficients for through drying of paper. 30th 

studies are incomplete as to 'Che effect on throughflow mass transfer 

phenomena of two important variables, HE and bT~. Raj and Ernrnons varied 

the basis weight from 15 to 60g/m 2 , but only at a single, low value of 

bT i , -15°e. Gummel varied lIT
1 

from -15 to -60o e, but only for a single 

basis weight of paper, 20g/m 2 Other shortcornings of these studies are 

noted subsequently. 

The results for the 210 ME-lIT
1 

-G-Xo combinations displayed on 

Figs. 6.1-6.4 thus cover a wide range of both Ma, 25-l50g/m2 , and IlT1 , 

l4-64°C, from experiments in which air throughflO\l rate, G, was yaried 

from 0.09 to O. 52kg/m 2 s, wi th correspondingl y wide variations in IlYo 

and bYM , i. e. 0.03 -llg/kg and 1-16g/kg. Therefore for the flrst time 

mass transfer coefficients for throughflow drying of paper are reported 

here over a wide range for aIl parameters, Ma -IlTl -Re-IlY1 -bYM. 

6.4.2 Sh-Re-Ma-bT i Relations 

(a) Ceneral Correlation 

The mass transfer coefficient, expressed nondimensionally as Sh, 
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Basis weight 25 gJm3 

11Ttl Oc 
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Figure 6.1 Mass transfer coefficients for through drying of paper: 
Experimental resu1ts, MB -25g/m2 • 
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Figure 6.2 Mass transfer coefficients for through drying of paper: 
Experimental results, MB -SOg/m2 • 
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Re, Gdp/J1. 

Figure 6.3 Mass transfer coefficients for through drying of paper: 
Experimental results, Ms-100g/rn2 • 
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Figure 6.4 Mass transfer coefficients for through drying of paper: 
Experimental results. MB-lSOg/m2 • 
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is represented as a func tion of Reynol ds number, 

Sh - a Ren (6.15) 

For comparison of results of different systems for which the physical 

properties represented by Schmidt number are variable, the preferred 

choice for nondimenional mass transfer representation is Pec1et number, 

Pe-ReSc. However Re is used here because for the air-water vapor system 

within the present experirnental t'ange, Sc is effectively constant. 

Conversion of the present results to the ReSc form may be made using 

Sc~0.61. The Eqn. 6.15 regression resu1ts along with the standard p.rror 

determinations are given in Table 6 3 

Table 6.3 Parameters for Shen:ood Kumber-Reyno1ds Number Correlation 

25 

50 

100 

150 

15 
26 
41 
59 

15 
26 
41 
59 

15 
26 
41 
59 

15 
26 
41 
59 

a 

0.143 
o 137 
o 101 
0.092 

0.0314 
0.0165 
0.0134 
0.0068 

0.0161 
0.0070 
0.0086 
0.0068 

0.0081 
0.0089 
0.0106 
0.0068 

n 

0.86 
0.84 
0.47 
0.46 

o 75 
o ,4 
0.38 
0.29 

0.89 
0.60 
0.52 
0.46 

0.97 
0.86 
0.95 
0.65 

0.12 
o 09 
0.12 
0.09 

0.09 
O. 1 (l 

0.09 
0.09 

0.10 
0.12 
0.07 
0.07 

0.08 
0.12 
0.08 
0.13 

0.021 
0.013 
0.017 
0.015 

0.0020 
0.0018 
0.0012 
0.0010 

0.0010 
0.0010 
0.0006 
0.0004 

0.00005 
0.0010 
0.0003 
0.0004 

The relative experimenta1 error, 0Sh/Sh, typically about 25%, 

increases with paper basis weight and, for a specifie basis weight, 

increases as t,T i decreases. Both trends are consistent with the 



{ 

h 

252 

associated closer approach ta saturation for t:he throughflow leaving 

the sheet. For rate data of this kind these repi: esent reasonable 

levels of experimental variabil i ty. 

(b) Effect of MB and lIT1 on Reynolds Number Dependency 

The strong dependency of n on bath basis weight, ME' and throughflow 

inlet tempe rature driving force, lIT
1

, apparent in Table 6.3 and displayed 

on Figs 6.5 and 6.6, is a central fea ture of the resul ts. As for the 

effect of basis weight on the value of the Reynolds number exponent n, 

i.e. (BSh/8Re)t.\T l' Fig. 6.5 sho\,'s that with the exception of 25g/m 2 

paper, n increases with HE Thus over the SO-150gjm 2 range, as basis 

weight increases n approaches uni ty regardless of the temperature driving 

force. Tissue paper of basls weight 25gjm 2 forms a separate case as 

paper this thin cannat be trea ted as a packed bed, as is discussed 

subsequently. Fig. 6.6. analogous ta Fig. 6.5, shows the effect of 

temperature driving force on the value of n, i. e. (BSh/8Re)M ' for paper 
B 

of basis weight 50-IS0gjm 2 • In thls case n approaches unit y as lIT 1 

becomes small. Thus the overall behaviour is that aSh/BRe approaches 

to unit y as MB increases and lIT
1 

becomes small. When the results of 

various researchers for mass transfer a t low Reynolds number in packed 

beds of small parLiculates are expressed in the ShoRe form of Eqn. 6.1.5, 

the Re exponent is found ta be unit y, Martin(1978). As Figs. 6. 5 and 

6.6 indicate a linear depenctance for n as a function of both MB and ilT!, 

the best-fit correlation for n=f(HB , lIT
1

) was determined as follows: 

n = 0.58 + 0.0037 MB - 0.0084 ~T1 (6.16) 

The Unes shown on the t:wo figures are those given by Eqn. 6.16. 

Although Figs 6.5 and 6.6 are presented with straight Unes the 
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expectation is that, if measurements had been made for MB >150gjm2 and 

t.T, <15°C, the corresponding Figs. 6.5 and 6.6 lines would curve to 

become asymptotic to a value of n of approximately unity. 

(c) Effect of MB on Sherwood Number 

Figs. 6.7-6 10 are analogous ta Figs. 6.1-6.4, except that instead 

of the original data, the corresponding regression lines are shown. For 

all four values of t.T i , the regression lines for the thinnest paper, 

2Sgjm 2 , stand clearly separate from those for aIl heavier grades When 

dried, this 25gjm 2 kraft paper is about 58~m thlck Thus for the Table 

6.1 values of ap, the 25gjm 2 sheet ie:; onl)' 1.1ëfp• deep Transport 

processes for a porous med1a th1S th1n are dominated by entrance and 

exi t effec ts. In fact for L=l 70;, this lS effectively mass transfer 

with a screen, not in a bed. The acceleration and deceleration of flow 

with che corresponding sudden cùntraction and expansion at the entrance 

and 2xit of this "screen" account for the extra friction·31 losses and 

the enhanced heat and mass transfer rates measured in the present study 

for 25gjm 2 paper. Higher transfer rates in very short sections of 

whatever geometry are a weIl documented phenomena 

For paper basis weights of 50, 100 and 150gjm2 , the sheet becomes 

9ap, 21ap and 37ëIp thick. As the end effect contribution would produce 

the same absolute enhancernent in Nu and Sh, the relative importance of 

this effect decreases proportional ta paper thickness. Figs. 6.7 - 6.10 

indicate that sorne basis weight effect on Sh is present over the basis 

weight range 50-150gjm2 , presumably becoming minimal for MB >lSOgjm2
• 

Interestingly, for aIl experimental levels of t.T
" 

the Sh-Rp regression 

lines for SO-lSOgjm2 paper converge as Re increases, consistent with 
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the expectation that above sorne higher value of Re, the Sh-Re relation 

may become independent of Ms. The approach of the Reynolds number 

exponent of Sherwood number to a cornmon value of about one at higher 

values of MB' Fig. 6.5, further supports this expectation. 

As mass transfer coefficients were deterrnined here using the standard 

assurnption of p1ug flow through the bed, the possible contribution of 

axial dispersion to the Sh-Re-NB -~Tl relations was investigated. Axial 

dispersion changes the tempe rature and concentration profiles in the 

flow direction 50 as to decrease the driving force for heat or mass 

transicr. To the Extent that axial dispersion is present, values of Sh 

calculated wi th the assumptlon of pluE, flO'..; would be correspondingly 

lower than the "true" values. i e those determined wi th the true driving 

force for the actual degree of axial dispersion. The effect of axial 

dispersion on mass transfer in a packed bed decreases sharply with 

increasing bed depth, Ercan(1989) As on FlgS. 6.7-6.10 the trend is 

always for Sh to be higher for thinner paper for which the axial 

dispersion effect shou1d be more important, axial dispersion is not the 

source of the segregation of resul ts Wl th respect to paper thickness 

observed here. In any case, no measurernents of gas phase axial dispersion 

for f10w through paper have been reported As Sherman[1964] pointed 

out, the axial dispersion characteristics of a fibre bed are determined 

by the web structure, the wlde pore size distribution and the high 

porosity. As there is no geornetrical similarity between the internaI 

structure of paper, a consolidated bed of ribbon like fibres, and beds 

of rigid particles cf simple shape, axial dispersion for paper cannot 

be predicted with any reliability from information available for beds 

Ilf large, simple particles. Martin[ 1978] also found that the effect of 
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axial dispersion is not sufficient ta explain the low transfer 

coefficients reported by various researchers. 

A significant effect which has been ignored by previous researchers 

is the convective heat and mass transfer which cccurs before the 

throughflow enters the paper. The way transfer coefficients are always 

calculated attributes aIl the mass transfer to transfer within a packed 

bed, i. e. including whatever convective transfer occurs prior ta the 

throughflow entering the bed. Thus the total amount of heat or mass 

transfer. the summation of transfer ab ove and in the bed, is attributed 

entirely to transfer within the bed For a particular flow condition 

the convective transfer above a bed 15 independent of its thickness. 

Thus the relative contribution of this effect increases as the bed 

thickness decreases. The increase in Sh wltll decreasing HB observed 

here could in part be due to such a convective effect. For the 

thickest paper used, 150g/m 2 , thic; effect is probably negligible. 

The trend of Sh decreasing wi th increasing bed thickness has al 50 

been observed by others. Kato et al. [19701 analyzed the bed thickness 

effect for their own data as weIl as that of others for naphthalene 

sublimation, decomposition of HZ02. evaporation of water and organic 

solvents; with throughflow fluids as varied as air, N2, C02, H2, and a 

mixture of H20~H202 vapor; with particle shapes of pellets, granules, 

spheres, cylinders; particle size O. 2<dp <32mm; and for a wide range of 

L/dp , O.3<L/dp <25. The results of studies appear in Table 2.1 and Fig 

2.4. Their analysis indicated that Sha:(L/dp )-o.6 at constant Reynolds 

number. They argued that according to theory, the fluid boundary layer 

thickness is inversely proportiona 1 to sorne power of Re, and that the 

ratio of mass boundary layer thickness to that of momentum is inversely 
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proportionai to sorne power of Sc. Thus at low Re for gas-soUd systems 

where Sc is rather smaH. these boundary layers overlap, reducing the 

effec tive mass transfer surface area. As a resui t, the surface arpe of 

the particles used to define the Eqn. 6 4 mass transfer coefficient is 

much larger than the effective surface area Kato et al. reasoned that 

this phenomenon becomes accentuated with increasing bed depth, with 

higher bulk concentration of the transferring component in the gas, or 

wi th increas ing L/dp . 

Other researchers have attributed the decrease in Sh with increasing 

bed thickness to nonuniform flow distribution in the bed. With a modei 

based on channeling through inhornogenoLls beds. Kunii and Suzuki[19671 

showed that as the ratio of average channel length to particle diameter 

increases, the resul t is for Sh (or Nu) to decrease. Schlunder [1977] 

modelled the flow rnaldistribution resulting from pore size distribution 

using an array of tubes consisting of one large diameter capillary 

embedded in a matrix of srnaller pores. Assuming plug flow through each 

capillary and using combined Graetz and Levesque solutions to predict 

the transfer coefficients, he showed tbat Sherwood number for the 

combined flow is less than that of individual capiUaries. 

Martin[1978] considered packed beds of uniform sized spheres with 

the section adjacent to the wall having a lower porosity. Again assuming 

plug flow in each section and basing the transfer coefficients on a Ranz

Marshall type equation, he predicted quite weIl the reported Nusselt 

number decrease with increasing L/dp ratio. Martin also evaluated the 

influence of a small bypass, which he found to be negligible for large 

values of ReSc, >200, but which reduces overall Sh greatly in the range 

of small ReSc, <100. He also pointed out that in the range of ReSc of 
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2-20, the (!xpone:1t n in Nu ex (ReSc)n may even be greater than 1 because 

the by-pass flow ratio decreases with increasing Reynolds number. 

In their mass transfer study for liquid flow, Sc=1900 and 8880, 

through packed beds of uniform sized spheres, Fedkiw and Newman (1982] 

demonstrated a clear decrease of 5h with increasing apL at lower values 

of Peclet number (ReSc), i. e. Pe<lOO or Re<O. 05. Again they found that 

this dependency diminishes as Peclet number increases, a trend also 

observed here with SO-lSOg/m 2 paper for \-:hich Sherwood number becomes 

more divergent the lower the Reynolds number. Fedkiw and Newman[1982] 

expanded Martin' s approach using t,vo sizes of tubes and predicting the 

transfer coefficient!:' from the empirically combined asymptotic values, 

i.e. those for a low Pe-deep bed and for a high Pe-mixing region. They 

found that if plug flow were assumed through each tube and for a diameter 

ratio, large tube to small tube, of 1. 56 and a porosity ratio of O. 015, 

their modei predicts experimental behaviour quite weIl. They pointed out 

that at low Pe, the channeling effect will ahrays be appreciable because 

the mass transfer is controlled predominantly by the larger channeis. 

All these researchars have shown that when there is plug flow through 

paralleJ flow channels of different resistance to flow, i.e. pore') of 

different size or channels of different porosity, the effective overall 

mass transfer coefficient calculatp.d by summing the contributions of 

each flow path is lower than that of the equivalent system without such 

flow nonuniformities. The simplified models of Martin[1978] and Fedkiw 

and Newman[1982] cannot be applied quantitatively to describe the effect 

on mass transfer coefficient of basis weight of paper with its complex 

pore structure of wide size distrir-ution. However, the principle estab

lished by their analyses clearly explains qualitatively the observed 



264 

decrease of Sh with increasing Ma, an effect which becomes increasing1y 

important at lower Re in the present study with paper, just has been 

fo'md to be the case with porous media very different from paper. 

There is considerable accumulated evidence from various previous 

investigations that heat and mass transfer in packed beds is sensitive 

to loca] nonuniformity of flow, with transfer coefficients always 

decreasing wi th increasing severi ty of local nonunitorrnity. Local 

nonuniforrnity of flow is a1so reflected in axial dispersion, but 1itt1e 

can be said of this perspective because no researcher has measured 

axial dispers ion for flow through p:1 per . 

(d) Effect of ~Ti on Sherwood Number 

In previous mass transfer studies on through drying of packed beds 

of particu1ates, inlet air tempera ture, and hence ~T i' was generally 

not varied. This lack has not been considered important because norrnally 

transfer coefficieni;:, are not a function of the driving force. Once the 

dependence of Sh, or Nu, on flow conditions is estabHshed for sorne ~T 

or /:'Y, the resulting transfer coefficients are taken as established. 

These coefficients are then used for other t.T or t.Y condj ':ions because 

for fixed hydrodynamics and bed characteristics (constant Re, ap and L) 

the value of NG is fixed and the system output, Yo' responds ta any 

change in Yl or y* to maintain NG invariant according to th€ Eqn. 6.8. 

However, in a through drying study of textiles and tissue paper Gununel 

[1977] observed a strong decrease in NG and Sh when he increased Tl 

from 20
0 e ta 90

o e, i.e. ~Tl increased from about 15°C to 60o e, at 

pe~4 (or Re>2 using the Table 6.2 value of 0;-34.7 for 25g/mZ paper). 

He attributed this dependency to local nonuniformity of drying rate. 
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( 
The present set of data provide the most comprehensive view yet of 

the complex relationship of Sh=f(Re, MB' flT i ) for the through drying of 

paper or, byextension, for heat and mass transfer at low Reynolds number 

through '-.hin beds of fine particulates. The Reynolds number dependency of 

Sherwood number is illustrated by Figs. 6.5 and 6.6 in terms of 8Sh/8Re 

dependency on ME and bT1 • Fig 6.11 provides an additional perspective in 

displaying four pairs of the Eqn. 6.15 - Table 6.3 regression lines for Sh-

f(Re, ME' bT1 ). Each pair of 1ines on Fig. 6.11 shows, for a particu1ar 

value of MB' the ShoRe relation for the minimum and maximum value of bT i 

used in the present study, i. e. 15° and 59° C. Figs. 6.5 and 6.6 showed 

that the slope, n, of such lines increases towards a limi ting value of 

unit y as .t.T
1 

is decreased. Fig. 6.11 provides the additional perspective 

that while the slope of the Sh-Re lines increases as bT1 decreases, the 

Sh-Re Unes shift 50 that each pair of lines cross within the experimental 

J 
range of Re. Thus for each of the four basis weights of paper tested, 

from thin tissue paper ta moderately thick paper of MB=150g/m2 , there 

is an upper Re region where Sh decreases as .t.T1 increases, and there is 

a lower Re region where Sh increases as liT 1 increases. In the limited 

experiments of Gummel, only one of these two effects was observed, i.e. 

where Sh decreased wi th increasing .t.T
1

• Thus where Gummel' s results 

showed only one effect, Fig. 6.11 shows that Sh may either increase or 

decresase with increasing flT i , depending on the level of Re. 

(e) Micro-scale Transport Phenomena in Through Drying 

As aIl the Sh-f(Re, MB , LlT i ) results recorded here are for the 

constant rate drying period, a reassesment of the nature of the constant 

( rate period for the case of through drying paper may be in arder. The 

" ---
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constant rate period has been charaeterized by uniform conditions 

throughout the drying medium. For through orying paper, the period of 

relatively constant r.ate drying may in fact not at a11 correspond to 

uniform drying conditions, but to conditions throughout the web which 

are nonuniform and which are changj ng. Thus the observation of a drying 

rate which, overal1, is constant fllay be sirnply a resul t of mutually 

compensating changes in different parts of the drying web. As drying 

proceeds, progressively smaller pores beeome open to throughflow, hence 

~nereasing the overall drying rate by the associated increase in ap • 

The evidence of Chapters 4 and 5 is that at the onset of the constant 

rate period, i.e. at X=Xcl' dp is at the upper plateau level of Fig. 

4.21, while at the end of constant rate drying, Le. at X~Xcf' dp is 

part way along the transition region toward the lower plateau level of 

Fig 4.21. As drying proceeds, the 1arger pores which have been opened 

earlier to throughflow may enter the fallin6 rate perlod. These two 

proeesses act in compensating ways, i. e. the opening of smaller pores 

to throughflow simu1taneously with sorne 1arger pores entering the 

falling rate conditions may be the micro-scale rea1ity in the wet sheet 

during the period which, from macro - seale measurements, is identified 

as the constant rate period. There is as yet insufficient exper:i.mental 

evidence to identify precisely the micro-scale reality with macro-scale 

measurements of drying rate. However t'.lese complex micro-scale 

phenomena appear ta be the source of the equally complex Sh=f (Re, MB' 

.6T1 ) relationships documented more completely than previously by the 

present study of through drying of paper. 
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6 .4.3 Comparison wi th the t'revi ous S tudies 

Only two previous studies, Gummel[1Çn) and Raj and Emmons[l975], 

report mass transfer results on through drying of paper. First a 

comparison is in order of the present results with those on throughflow 

drying of tissue paper of Gummel[1977], wPo also varied T~ in the same 

range as here. At pe~=ll, where de q is the equivalent pore diameter 

calculated from dry sheet flow data using the Hagen-Poiseuille equation, 

Gwnrnel [1977) repC"rted values of number of transfer units, NG , in the 

range 2-3 at 20°C, 0.9-1.5 at 60o e, and 0.7·1 at 90°C for thrcugh drying 

d 
one thickness of paper, 20g/m2 • Gurnmel' s value of pe-fL=4 may be converted 

ta Re using his reported values of deq and L (-170j!m and -260j!m 

respectlvely) along wi th the d p value found for 25g/m2 paper in the 

present study, Table 6.2. The result indicates that Gurnmel's experiments 

correspond to operation at Re==2. At this value of Re the regression 

equation 6.15 with the parameters given in Table 6.3, predicts NG of 

-1.7 at 23°C, 0.85 at 64°e and 0.6 at 88°C, values which compare 

extremely well with Gummel's results. 

Raj and Emmons [1975] dried paper samples of basis weight lS-65g/m 2 , 

but always in ambient temperature air. They report results in the form 

of the j -factor jm=lsnPa/G, where ~ is the mass transfer coefficient 

based on sheet external surface area. As Isn=~apL, jm as d~fined by Raj 

and Emmons is equi valent to the number of transfer uni ts, NG , used here. 

As Pe increased from 0.05 to 0.25 for 26g/m 2 paper, they found jm decreased 

from 2 - 3 ta 0.8. Because they dE'fined pe=gJk, and did not report k, the 
Pa 

dry sample permeability, their mass flo\ol rates in the railge 0.35 -1. 65 

kg/m 2 s can not be converted to Re. However for their lowest tbroughflow 

rate, G=O.35kg/m 2 s, their value of NG =2.5 for 26g/m 2 paper compares well 

------- ------------
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with the value of NG=2.3 predicted from Eqn. 6.15 using the Table 6.2 

value of 0;=34.7JJm for 2Sg/m2 paper throughdried at 23°C. 

Raj and Emmons did not consider the wide spread in their jm values 

significant although their paper thickness changed by a factor about 5 

in their MB range. They proposed a single correlation for their 

experimental data, jm-O. 226 Pe- o . s . At their experimental lIT i , there 

is a significant difference between the Reynolds dependency of NG as 

proposed by the Raj and Emmons correlation and that of Eqn. 6.15 of the 

present study, Table 6.3. However the Raj and Emmons analysis suffers 

fnJm four fundamental errors: i) They used the square root of dry paper 

permeability as the characteristic dimension, shawn here ta be 

inappropriate, Chapter 4; ii) They applied ta moist paper during the 

constant rate period this characteristic dimension found for dry paper, 

which is also inappropriate, Section 6.3.1; iii) They neg1ected the 

variability of a p with Xo ; iv) They ignoreci the proportionality that 

exists between jm (or NG ) and paper thickness, L, (or basic; weight, 

MB ). Thus their carrel ation is not val id. 

The present data are compared on Fig. 6.12 wi th aIl available 

1iterature data for paper and for packed beds of particulates. The 

effects of L/dp and lIT1 discussed earlier contribute significantly to 

the wide range of the Sh-Re relation on Fig. 6.12. The present results 

for each r1B value are shown in a band because of the observed effect of 

liT 1 on Sh, Section 6.4.2. VaILles of Sh for Raj and Emmons[197S] on 

Fig. 6.12 were ca1culated using their correlation for NG along with k 

and a p values as determined in the present study for 25g/m 2 and SOg/m2 

paper, as they did not supp1y these data. Experimental data for Sherwood 

number in packed beds at low Reynolds number are in general considerably 
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lower than given by correlations such as that of Ranz and Marshall[1952]. 

Fig 6.12 shows a general consistency in trend of the present results 

with those of previous1y pub1ished experiments at low Reynolds number. 

6.4.4 Conclusions 

The data and the correlations presented here are based on 

measurements over the most extensive nmge of paper thi::kness and 

throughflow rate and tempe rature yet published for through drying of 

paper or even for beds of small particulates. The wide range of Ma and 

~T1 covered enabled demonstration of the complex Sh-f(Re, Ma, ~T1) 

relation. The scatter of the mass transfer results presented in Figs. 

6.1-6.4 is impressively small considering the range of l:::.Yo ' <0.1 ta 

11g/kg, and lJ.YM , l-l6gjkg, thus confirming the accuracy and precision 

of the present experimenta1 technique for measuring mass transfer 

coefficients for through drying paper. 

The basis weight and tempe rature driving force effects on mass 

transfer coefficients presented in Figs. 6.1- 5.11 are believed ta 

originate tram the various effects of channeling due ta the n',nuniform 

structure of paper, to overlapping of 'llass and momenturn boundary layers, 

to the contribution of convective transfer above the sheet, and ta 

uneven drying due ta micro- scale nonuniformity of throughflow. For the 

through drying of paper, the first presentation of mass transfer 

coefficients in the form of a correlation, Eqn. 6.15, Table 6.3, valid 

for a wide range of parameters, Ma -l:::.T~ -Re-l:::.Yo -6YM' provides the most 

quantitative descnption yet available of the constant rate period of 

this complex process. The rate of through drying of paper is believed 

to be contro11ed by interaction at the micro-scale between the 
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simu1taneous momentum, heat and mass transfer phenomena in a media of 

structure inherent1y nonuniform at the micro-sr:a1e. 

6.5 SUMHARY 

1) The new characteristic dimension, derived here for paper for 

the first time from the fundamenta1 momentum transport equation, is 

emp10yed in the mass transfer ana1ysis of the constant rate period of 

through drying paper. 

2) The intersti tia1 transfer area of paper during constant rate 

drying period is predicted from the characteristic dimension of moist 

sheet. 

3) The nondimensional .... ransfer coefficient 1 Sh 1 for through drying 

of paper presented here is the tirst to be ca1cu1ated using the mass 

transfer coefficient, characteristic dimension and transfer area 

corresponding to the actua1 moisture content range in the constant rate 

period of thr"lgh drying. 

4) Experimental resul ts 1 expressed as Sherwood number, are 

presented for the through drying of 210 sheets of kraft paper, ot basis 

weight 25 , 50, 100 and ls0g/m 2 , through dried from initial moisture 

contents ranging from 1.5 to 4.5kg/kg with air at 23° 1 42°, 64° and 88°C, 

conditions for which the throughflow exits the sheet during the constant 

rate period at humidities varying from 48% to 99% of that for saturation. 

5) The nondimensional mass transfer coefficient, Sh, for the constant 

rate period was found to be strong1y affected by paper basis weight and 

throughf:i.ow inlet temperature driving force. 

6) A regression equation of the form Sh=aRen was deve1oped, with 

the coeffic ients, a and n, functions of paper bas is weight and 
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throughflow inlet temperature. 

7) For 50-1S0gjm2 paper, the Reynolds number exponent for Sherwood 

number, n, approaches unit y as Ms increasE:S and as .6T i decreases, 

consistent wi th previous studies for packed beds of small particles at 

low Reynolds number and with two studies of very limited scope of 

through drying of paper. 

8) The constant rate period Sherwood number for tissue paper, 

25gjm'2, is significantly higher than for thicker paper, believed the 

C011.:::~quence of end effects for paper sufficiently thin to be effectively 

a screen, not a bed, being only 1.7dp thick 

9) The complex Sh=f(Re, HE' t,T
1

) relationship documented here for 

paper is believed to resul t from the e[fects of channeling, the 

overlapping of mass and momentum boundary layers, the contributions of 

convective mass transfer above the sheet, and uneven drying due to 

micro-scale nonuniformi ties in momentum, heat and mass transfer in 

thin beds the structure of which 1s inherently nonuniform at the micro

scale. 
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CHAPT ER 7 

A MODEL FOR THROUGH DRYING OF PAPER 

7.1 INTRODUCTION 

Mathernatical rnodelling provides a means for exploring comprehensive 

effects of syst:em parameters on sy~tem behaviour. In drying, a model 

requires choices to be made in order to represent precisely the 

complicated relationships in moisture removal from wet material. 

Modelling complements experimental WOL"k by identifying incomplete are as 

of knowledge, and offers the opportunity for blending theort!tical and 

empirical relationships to provide a low- cost tool for research and 

design. 

The concept of mathematical modelling of drying was introducerl by 

Lewis[192l], followed up by Sherwood[1929] Mode ls in the drying 

literature deal mainly with surface evaporation. Drying modelling has 

attempted to represent realistically the complex phenomena of transport 

of moisture, both liquid and vapor, within the wet solid. In addition 

to general transport equations these treatments include model equations 

for capillarity, diffusion and multi-phase flow transport phenomena, 

and for water- substrate relationships such as adsorption behaviour and 

medium shrinkage. Such general models are so complex that both 

numerical solution and experimental testing is limited by the excessive 

number of parameters. Fortunately, several of these complex phenomena 

have little or no effect on the through dryi.ng of webs of small fibres 

due to the short distance cf transport of moisture to the evaporating 

surface of the fibres. 
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7.2 PREVIOUS MO DELS 

Among the few simulation studies on through drying of paper, that 

of Raj and Emmons (1975) madels anly the faJling rate period by solving 

numerica1ly the heat and mass conservation equations for bath the paper 

and the air. Their cn1culations are based on the relationship between 

vapor pressure of water and moisture content of the web determined by 

the measurements of Prahl [1968) . They proposed three nodels. Their 

first mode 1 included nei ther solid conduction nor fibre shrinkage; the 

second model included solid conduction but not fibre shrinkage; the 

third mode l included both effects. For moisture contents greater th an 

0.15 kg Hz O/kg dry fibre their first and third rnodels were equally 

satisfactory. For lower moisture contents the third model gavE better 

preoictions. Their model which included only the solid conduction 

effect gave the poorest agreement with experiments. 

The numerical analys is of through drying of Rohrer and Gardiner 

[1976 J considered flow through paper as analogolls to turbulent flow 

through ducts. For the constant rate drying period they correlated 

experimental heat transfer coefficients as hcxG O • 8. For the falling rate 

period they assumed the rate of drying paper decreases linearly wi th 

moisture content, an assumption shawn here to be invalid, Section 5.3.4. 

The claim of good agreement between their experimental and predicted 

drying rates was not substantiated by any data. 

Wedel and Chance(1977) solved the heat and mass balance equations 

for through drying of paper allowing for solid heat conduction and 

decrease in vapor pressure of water in the falling rate period. They 

predic :ed the heat transfer coefficients from the correlation of 

~ Hilpert[1933) for flow over cylinders. an 0"ersimplified basis quite 
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unlike the flow of air throllgh paper. Wi th tbe ~olid thermal 

conducti'."ity term dropped, they claimed predictions agreed weIl with 

tbeir experimenta1 data and with tbose of Walser and Swenson[1968]. 

However, tbeir use of data wi th the exiting throughflow air essentially 

saturated provides a very insensitive test of any mode!. 

Due to the lack of reliable heat and mass transfer re1ationships 

Crotogino and Allenger[ 1979] in their mathematical model for combined 

impingement and through drying assumed the exiting throughflow air to 

be saturdted during the constant rate period of drying. Crotogino and 

Allenger assumed no evaporation during the initial warm-up period. and 

ca1culated drying rates during the falling rate period by allowing for 

tbe decrease in vapor pressure and increase in heat of adsorption of 

water. In his model for this combined drying pr(\~ess, Randall [1984] 

used the approach of Rohrer and Gardiner [1976] for tbe constant rate 

period of drying, i. e. hcxGO. 8. Al though he characterized the warm·up 

period as one primarily of sensible heat convection to the web, he did 

not set the evaporation rate to zero during this period. He used an 

empirical relationship. Gottscbing and Rhodus [1977], for modelling the 

fa1ling rate period. 

Soininen [1987] assumed thermodynamic equilibrium between air and 

the wet sbeet in his through drying mode1 which pr:-dicts the tempe rature 

and moisture profiles for the air stream in the vicinity of the sheet 

surface. His modei did not inc1ude the falling rate period. 

Previous models of through drying paper thus represent both 

accomplishments and shortcomings. For the constant rate period, transfer 

coefficients have been based on inadequate data or on in.ippropriate 

correlations with overSlmplified f10w models, or eise the throughflow 



f 

277 

has been assumed to exit saturated. The work reported here in Chapter 4 

provides a more realistic basis for treating flow through moist paper 

according to fundamental momentum transport theory, while that of 

Chapters 5 and 6 documents the large deviations from saturation in the 

exi ting tilroughflow. For the falling rate period, previous work has 

shown that the more complicated models including solid conduction and 

fibre shrinkage yield limited improvement. However the most serious 

defic.1.ency of aIl previnus attempls to model the through drying of 

paper has been treatment of the initial period as one of heat transfer 

to bring the paper temperature to that of the constant drying period. 

The extensive drying rate measurements of the present study, Chapter 5, 

establish that the neglect of drying during this initial period is most 

unrealistic. Thus the model of through drying of paper proposed here 

is the first to be based on three drying periods, i. e. increasing, 

constant and falling rate periods of drying. Moreover, the final 

version of this model incorporates a variable area of heat and mass 

transfer within the drying sheet, based on the momentum transfer 

aspects of Chapterl~ of the present study. The model is first tested 

using measurements from the present extensive study of mass transfer 

coefficients for the through drying of paper, then is implemented for 

prediction using only general correlations for mass and momentum 

transport as developed in Chapters 4, 5 and 6. 

7.3 NUMERICAL SIMULATION MODEL 

7.3.1 Heat and Mass Balance Eguations 

This mathematical formulation of through drying of paper is one

dimensional in that all conditions affecting drying are taken as uniform 



I--~-~ 

278 

in the plane perpendicular to the direction of throughflow. This common 

assumption for such processes as heat and Illass transfer with heterogeneous 

chernical reaction in granular beds, Chukhanov [1963]; drying of granu1ar 

beds, Myk1estad[1968]; drying beds of grain, Balazs [1979]; has been 

found satisfactory also for the through drying of paper, Raj and Emmons 

[1975], Wedel and ChanC'e[1977]. Further assumptions are (i) pseudo-steady 

state, 8/8t""'0, for the air side, (ii) end effects neg1igible, and (iii) 

fa11ing rate period attributed entirely to the decrease in vapor pressure 

and increase in heat of adsorption. 

Based on the above approximations, the heat and mass balance 

equations become: 

Air side mass balance 

G (dY/dz) = N = kc; ap Pa (Y*-Y) (7.1) 

Paper side mass balance 

- Pp (eIX/dt) = N (7.2) 

Air side heat balance 

(7.3) 

Paper side heat balance 

(7.4) 

The initial and bounè~ry conditions -ed were: 

at t-O x (z,O)= Xo - constant 

Tp (z,O)= Tpl = constant (7.5) 

at z=O Y (O,t)= Y l = constant 

Ta (O,t)= Tal constant 

7.3.2 Transfer Coefficients and Air-~ater-Fibre System Properties 

As the model requires both heat and mass transfer coefficients, 
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Eqns. 7.1, 7.3, 7.4, while mass transfer coefficients were measured in 

the present study, Chapter 6, the conversion between these coefficients 

was obtained using the Lewis relation 

h/kc; ... Cpy (Sc/Pr) '2 !3 (7.6) 

The mass transfer coefficient, kc;, for the constant rate period, 

determined from data given in Chapter 6, is assumed to be constant 

throughout drying. Gther properties needed include saturation 

humidity, Y*, heat of adsorption, ~hA, and specifie heat. 

Absolute humidity was related to partial pressure of water by 

Dalton's law which, for the air-water system, is 

y* = O. 622 (pv / ( p . pv )) 

At levels of paper moisture above the fibre saturation point, the vapor 

pressure exerted by water in the wet sheet, Pv, equals the saturation 

vapor pressure, p~, at the web temperature, Tp • At lower levels of web 

moisture the heat of adsorption of water on fibres and the depression 

of vapor pressure should be taken into account. The decrease in vapor 

pressure was expressed in terms of a vapor pressure depression factor, 

w, df!fined as 

* pv = W pv (7.7) 

The factor w was eva1uated using the experimental data of Prahl [1968] 

in the form suggested by Wedel and Chance[1976]. 

w 51.29 X1.855 0~0.07 
(7.8) 

w = 1.0 - exp(0.544-14.5 X) x>0.07 

The differential heat of adsorption, a1so taken from Prahl's data, 

was approximated in the form suggested by Crotogino and Allenger[1979], 

~hA - 1320 exp(-17.4 X) 

The saturation vapor pressure, * Pv, 

(7.9) 

in exponential form, and aIl 
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specifie l.eats, as polynomial functions of temperature, were as used by 

Crotogino and Allenger[1979] . 

7.3.3 Numerical Solution Technigu~ 

The heat and mass conservation equations, Eqns. 7.1-7.4, with the 

conditions specified by Eqn. 7.5, can be solved nUJTIerically by the 

fini te difference technique. A simt'le marching technique can be used 

in both time and space as the equations are one dimensional in both 

coordinates, Patankar[1980]. The fini te difference equations were 

obtained by discretization of the mathematical model equations, Eqns. 

7.1-7.4 as: 

YI 

Xl 
1 

TaI 

TJI 

where 

Al 

A2 

A3 

A4 

(G/A1) YI - l + (~anPa~z/Al) y-J: 
1 

Xf + (G~t/pp~z) (YI - 1 - YI) 

(1/(1+.\2» TaI - 1 + (A2/(1+A2» TD 
l' 

Tg I + (A3/A4)(Xi-XP) + (hap~t/A4)(TaI- Tg I ) 

G + kc;apPa~z 

(Cvkc; a p Pallz(yt - YI )+hap~z)/(G (Ca +CV YI -1» 

Pp {llho -~hA +(Cv+Cw )Tg I ) 

Pp (Cp+CwXf) 

(7.10) 

(7.11) 

(7.12) 

(7.13) 

(7.14 ) 

(7.15) 

(7.16) 

(7.17) 

where T~I and Xi are the future values of l'p and X at the grid point l 

at time t+llt, and Tg r and Xr are the known values at time t. 

A computer program in FORTRAN was written to solve the above 

equations iteratively using a Personal Computer. 

7.':;.4 Effr'!ct of Grid Size 

The effects of grid size, bath in time and space, were studied 
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separately by solving the discretization equations for the sarne drying 

condition~ with a range of time and space steps. 

Predictions varied with time steps larger than O.OOls but did not 

change with decr~asing the time step from O.OOls ta 0.0005s at the same 

space grid size. For example, for drying of a 100 g/m 2 handsheet with 

a flow of 0.22 kg/m2 s of SSoC air, when time steps of 0.001 and O.OOOSs 

were used the model predicted exactly the same total drying time and 

drying rates, yhile air and paper temperature in the constant rate period 

differed by less than 0.1%. A time step of O.OOls was therefore used for 

aIl simulation runs. 

The number of equally spaced grid points across the paper 

thickness WdS changed between 4 .'lnd 64. As the difference between 

results of simulations with 20 and 64 grid points was always 1ess than 

1%, 20 points were used in the simulation runs. 

7.3.5 Conditions for Test of the Model 

The mode1 was tested using experimental measurements of the present 

study for the through drying of standard laboratory handsheets made 

from unbleached softwood kraft pulp, characterized in Chapter 5. In 

arder to provide a critical test of a drying model the choice of drying 

conditions under which test data are vbtained is of central importance. 

Resul ts for drying candi tians for which the exi t throughf1ow is nearly 

saturated are insensitive to the model used. The claims of experimental 

validation of sorne earlier models are flawed by the use of experimental 

data with a nearly saturated exit throughflow. 

The experimental study reported in Chapter 5 covered a range of T~ -

G-MB values for which the drying rate varied from 1.4% to 48% below 
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that corresponding to the throughflow exiting saturated. In order to 

provide sensitive tests of models, the Tl -G-HB conditions chosen for 

model testing were those for which Chapter 5 established that the 

drying rates were from 23% to 46% below that for a saturated exit flow. 

Thus simulation tests avoided conditions favoring a saturated exit 

throughf1ow. i.e. lo~ G, low Ti' high MB • 

7.4 MODEL IMPLEMENTED WI'fH TRADITIONAL ASSUMPTIONS 

In aIl previous through drying modelling studies the initial period 

has been characterized mainly by heat transfer to the web unti1 the 

conditions of the constant rate period of drying are reached, and most 

of them assumed no evaporation in this period. In view of thi s 

unanimity of approach in earlier work, the present model wa!> first 

implemented with this standard assumption and tested using drying rates 

measured for unbleached kraft paper in the present study The basis 

for implementing this model is given in Table 7.1. 

Table 7.1 Implementation of the through drying model with traditional 
assumptions: Model testing 

1. Initial period 
Paper moisture content: 

X=Xo 
Evaporation rate: 

N = 0 = dY/dz = dX/dt in Eqns. 7.1-7.4 
Paper temperature: 

Tp~Tp for constant rate period 
2. Constant rate period 

Peper temperature: 
Tp=adiabatic saturation temperature 

Specifie surface: 
ap =4/dp as given in Chapter 6 

Mass transfer coefficient: 
~ as given in Chapter 6 

3. Fal1ing rate period 
Volumetrie mass transfer coefficient: 

~apPa as determined during the constant rate period 
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This through drying mode1 was tested, Fig. 7.1, with the drying 

rate curve rneasured for a low basis weight paper (MB ~Sg/m2) initially 

at Tp -20°C, dried with a high throughflow (G=O.52kg/m2s) of Ti ~3°C air. 

The most important conclusion from the test relates to the procedure of 

previous models that through drying begins with a period of pure heat 

transfer with N-O-R until Tp is raised to that of the constant rate 

period. The test disp1ayed on Fig. 7. l shows this to be an untenab1e 

assumption. The result of this assumption is to exaggerate greatly the 

extent of the constant rate period by projecting this drying period to 

start much too soon, i. e. at much too high a paper moisture content. 

A1though on1y one test case is shown, the same conclusion applies for 

the large number of drying rate curves measured in the present study. 

7.5 MODEL IMPLEMENTED WITH NEW TREATMENT FOR INCREASING RATE PERIOD 

7.5.1 Introduction of Unique Features to the Model 

The model test illustrated by Fig. 7.1, and supported by the analysis 

in Chapter 5 of the extensive set of drying rate curves determined in 

the present study, indicates that the start of through drying cannot be 

approximated as pure heat transfer but comprises a drying period of 

previously unrecognized importance, denoted in the present work as the 

increasing rate period. Thus an essential feature of the proposed 

model is the division of through dryiug into three periods, tho5e of 

increasing rate, constant rate and fa11ing rate, with demarcation 

between the increasing rate and constant rate periods at what is 

defined here as the initial critical moisture content, XCi' The gEneral 

correlation for Xc 1 developed in Chapter 5 is part of the new model. 

The increasing rate of the initial drying period derive!'i from a 
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MB = 25.0 g/m3 
0 Experimental 

G = 0.52 kg/mas Table 7.1 Model 
Ti = 63°C 
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Paper Moisture Content, X, kg/kg 

Figure 7.1 Comparison of drying rate curves: experimenta1 and 
prediction with traditiona1 assumptions 
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:::-apidly increasing interfacial are a within the paper for heat and mass 

transfer between the throughflow and the wet sheet, an effect which 

predominates over the opposing effect of a decreasing heat transfer 

driving force as the paper warms t~ the adiabatic saturation temperature. 

For implementation the new through drying model requires sorne method 

for determining the specifie surface of paper as a function of its 

moisture content, i.e. ap-f(X). As the present study i.:l the first ta 

document the transient measurements of t.P during the through dr)"ing of 

paper, Chapter 4, these momentu~ transport measurements open the possi-

bility of determining interfacial area, a p , as a transient parameter 

during drying. 

During the increasing rate period the ~P across the paper decreases 

almost exponentially, Appendix 8, indicating a rapid increase in open 

area ta flow. The Kozeny-Carman equation for the relationship between 

~p and a p , internaI specifie surface area of pdper, is: 

a~ = 
l 
K (1 -cp 

1 
1< (7.18 ) 

For a constant porosity bed, this equation shows the familiar relation-

ship that t.P decreases when ap gets smaller, \olhich is exactly the 

opposite of what occurs during through drying paper where t.P decreases 

while a p increases. During drying paper, porosity varies. The function, 

f:3j(I-c)2, is very sensitive to porosity, for example increasing mor-e 

than an arder of magnitude for a doubling of porosity from 0.2 ta 0.4. 

Hence Eqn. 7.18 cann')t be empIoyed to rcla tp ap for mois t paper to t.P 

because the c-X relation is not known with sufficient accuracy. 

In the relationship between pressure gradient and pore dimensions, 

the analysis of Chapter 4 showed that the absolute value of this relation-

ship cannat be determined reliably by making th~ laminar flow assumption 
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of Darcy's law. In the present case, however. a p for dry paper is deter-

mined i l Chapter 4 using the Kozeny-Carman relation and for the constant 

rate period is determined as detailed in Chapter 6. For simply pro-rating 

the ~P-ap relationship during the increasing rate period, the narcy's law 

approximation is satisfactory. Thus if throughflow occurs through n chan-

nels of radius ri' it can he treated as flow through a circular channel 

of equivalent radius r, i.e. r2-nr\ 2, and length equal to the thickness 

of the web. A proportionality hetween a p and ~p follows directly. 

According to the Hagen-Poiseuille equation, the âP-r relation is 

r 2 ~ 8vGL/llP (7.19) 

The specifie surfaee of these pores ean he expressed in terms of r as 

Circumferential area of the channels 
Volume of paper 

~ 27rrL/AL (7.20) 

where A is the nominal surface area of the paper. For the drying 

of a sheet of specifie MB wi th a throughflow of specifie Tl and G, 

comhining Eqns. 7.19 and 7.20 results in 

a p cr r ex (l/t.P) 1 n (7.21) 

Thus the interbeial area for heat and mass transfer in th3 paper 

during the increasing rate period of drying is estimated using Eqn. 

7.21 and the corresponding a p and t,p values for the constant rate 

period, as 

(7.22) 

The specifie surface is assunled not ta vary from the onset of the 

constant rate period through to dry paper. 

The ~P-X data for the drying of an individual sheet were fitted to 

an exponenti.:Ü form of relation, âP=a+becx , similar to Eqn. 4.8. This 

relation is then incorporated inta the solution ,>cheme during the 

-------~~-------------
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increasing rate period of drying. 

The essential features of the new model are given in Table 7.2. 

Table 7.2 Irnplemen~ation of the through drying model with new 
treatment for increasing rate period: Madel testing 

1. Increasin~ ~ate period 
Paper mOLsture content: 

XO~l 
Xci is determined from the correlation in Chapter S, Eqn. 5.8 
ap-f(MB,X) is determined from Eqn. 7.22, for which 
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~P-f(MB' X, G, Ti) is that measured during the through drying of a 
specifie sheet 

~ is determined for the same sheet during the cens tant rate drying 
period, as given in Chapter 6 

Paper temperature. 
Tp is determined by the simultaneous solution of heat and mass 
balance equations given in Section 7.3.1 

2. Constant rate period 
Paper temperature' 

Tp=adiabatic saturation temperature, determined by the 
simu1taneous solution of heat and mass balance equations 
given in Section 7.3.1 

Specifie surface: 
ap~4/dp, with dp for the specifie sheet, as determined in 
Chapter 6 

Mass transfer coefficient: 
ka is for the same sheet, as determined in Chapter 6 

3. Falling rate period 
Volumetrie mass transfer coefficient: 

kaaPPa is as determined for the same sheet during the 
constant rate period 

7.5.2 Testing of the New Model 

For through drying of 25g/m 2 paper initially at Tp-20o C with 0.52 

kg/m?s of 63°C air the experimental measurements are shown on Fig. 7.2 

along with the predicted drying rate curves for the new model, Table 

7.2, and for the model implemented witn the traditional assumptions, 

Table 7.1, the latter curve reproduced from Fig. 7.1. The excellent 

agreement with experimcnts in the increasing rate period with this new 

mode1 confirms the treatment of this ~s an important period cf drying 
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Figure 7.2 Comparison of drying rate curves: experimental and 
predictions with Table 7.1 and 7.2 models 
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during which the increasing rate derives from a rapidly increasing 

interfacial area for heat and mass transfer, with the latter determined 

satisfactorily in the model from the é.P across the shect. 

The basic differences between the new model and those prevjously 

published are the accounting for evaporation during the increasing rate 

period and the linking of the increa&ing a p with the decreasing é.P during 

this newly identified drying period. Over the paper moisture content 

limits for thf> increasing rate period, Fig. 7.3 shows the associated 

Tp -X and a p -X relationships. The value of Tp displayed is the average 

of a11 E,rid tempe ratures within paper. From Fig,. 7.3 it is seen that 

paper temperature reaches the wet bulb condition quickly, when only 

about 5% of the initial water present has been evaporated. Thus, if 

the initial drying period were considered to be the heating of the 

sheet to its tempE'rature during the constant rate period of drying, it 
J 

is evident that the assumption of no evaporation during this period, as 

\:ypically made by previous researchers, is not unreasonable. However, 

the associated assumption made in previous through drying models that 

as soon as paper tempe rature reaches that of the constant rate period 

the evaporation rate is likewise that of constant rate drying, is 

greatly in error. For the case illustrated the initial critical 

moisture content, Xcl' is 1. 70 kg/kg, i.e more than 40% of initial 

paper moisture is evaporated during increasing rate period of drying. 

Thus Fig. 7.3 further underlines the importance of the increasing rate 

period and of the rapidly changing specific surface, which is key to 

the new model, during that period. 

For dryer design, accurate predi ction of drying time is required. 

Therefore sheet moisture content, experimental and as predicted by the 
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new model and by the previously standard assumption of an initial perioci 

of pure heat transfer, are shown as a function cf drying time in Fig. 

7.4. Although the drying time predicted on the basis used in earlier 

models (Table 7.1) is substantially below the actual time, the new model 

(Table 7.2) follows the actual drying time curve accurately except in 

the final stage of drying where the model underpredicts drying time as 

it overpredicts drying rate, apparent on Fig. 7.2. 

Improvements of this magni tude in the prediction of both drying 

rate and drying time cur .... es with inclusion of the increasing rate period 

into the model suggest testing this model at other drying conditions. 

Therefore three additional simulation runs were performed. The drying 

candi tians of the first run were for about the same MB and G as the base 

case but with a higher air temperature, T
1

"'84°C. The second and third 

runs were wi th this G and Tl. but for paper of 50 and 100g/m2 basis weight. 

In aIl these simulation runs the t,p data and mass transfer coefficients 

used in the model were those measured for the same individual sheet. 

The drying rate and drying time curves, predicted and experimenta1, 

for these three runs are presented in consecutive pai!:"s on Figs. 7.5-

7.10. Overal1 gor j agreement in each of these figures between predictions 

and experim':.ntal measurements substantiates the validity of this mode1 

for thyough drying of paper. 

7.6 NEW MODEL IMPLEMENTED FOR PREGICTION 

7.6.1 Conversion of the Madel to General Correlation Bas is 

With the successful testing of the new model with drying rates 

measured for individual sheets and with parameters of the model extractE:.j 

from measurements with the same individua1 sheets, the final step is to 
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Figure 7.4 Compa.rison of drying time curves: experimental and 
predictions with Table 7.1 and 7.2 models 
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Figure 7.10 Comparison of drying time curves: experimental and 
prediction with Table 7.2 model: lOOg/m2 paper 
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implement the model for prediction. For this purpose the change that must 

be made concerns how the parameters of the model are determined. For 

testing the model, these parameters were determ5 ned using measurements 

of mass and momentum transfer. For prediction, the model parameters must 

be based on general correlations of mass and momentum transfer. The 

prediction form of this model i5 described fully in Té:ble 7.3. The source 

of the general correlations derive entirely fr,m Chapters 4, 5 and 6 of 

the present study, as itemized in Table 7.3. Details of implem~ntation 

of the predictive form of the new mode] are provided in Appendix 9. 

Table 7.3 Implementation of the new through drying model for prediction 

1. IncreaGing rate period 
Paper moisture content: XO~l 
Xci is determined from Eqn. 5.8 
ap-f(MB ,X) is determined from Eqn. 7.22, for which 
lIP=f(MB , X, G, Ti) is determined fro:n Eqn. 4.14 and Fig 4.23, 

for which 
dp=f(MB , X), in Re=Gdp/J.L, is determined from Eqn. 4.16, Table 4.13 

and 
W=f(MB , X), in f=(tJ.P/L)/(/3'G2/ p), is determined from dp~a' /(3' for 

which o:'=f(MB , X) is determined from Egn. 4.8, Table 4.6 
~=f(MB' X, G, Tl) is determinecl from Sh=f(Re) as given by 

Egn. 6.15, Table 6 3 
Paper temperature· 

Tp is determined by the simul taneous solution of heat and mass 
balance eguations given in Section 7.3.1 

2. Constant rate period 
Paper temperature: 

Tp-adiabatic saturat::'on temperature, determined by the 
simultaneous solution of heat and mass balance equations 
gi ven in Sec tion 7 3 1 

Specifie surface: 
a p =4/dp as described in Chapter 6, w5 th dp determined from 
correlations noted above 

Mass transfer coefficient: 
~ is determined as noted above 

3. Falling rate period 
Volumetrie mass transfer coefficient: 

kc; a p Pa as determined during the constant rate period 
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Figs. 7.11 and 7.12 show the predicted drying rate and drying time 

curves for through drying w"ith O. S2kg/m 2 s of 84° C air for 25g/m2 paper 

initially at 20°C and of four initléil moisture contents, Xo ' ranging 

from 2.45 ta 4. 3kg/kg dry fibre, along wi th experimental drying rates 

measured in Lhe present study The conditions chosen f4re the most 

critical possible wi thin thE: extensive range covett!d in Chapter 5 of 

the p:resent work, i. e. for the lowest basis weight paper dried with the 

highest thruughflow réC.te of tne highest tempetature air for which the 

correlations required have been tested. 

7.6.2 Demonstration of thE! Madel for Prediction 

No direct comparisons of the present predictions can bE' made with 

those of previous mode1s Wedel and Chance [1977) reported on1y two drying 

rate curves, both at higher air temperature and flow rate, T
1
>20QoC and 

us>3. Sm/s. The gei1eral correlations for mas, and momentum transport 

developed in the present study have not been validated for those drying 

conditions. The models of Crotogino and Allenger[l979) and Randall[1984) 

are for combined impingement and through drying. Rohrer anJ Gardiner[1976) 

did not report any drying rate curves. The mode1 of Raj and Ernrnons[l975] 

treated only the falling rate period. Soininen(l987) asswned that the 

throughflow exits sa turated. an assumption proven wrong by the present 

study. 

The new model, based cn general correlations, disp1ays an impressive 

capabi1ity ta sirnulate complete drying rate curves, curves which are 

subject to substantial fluctuations due to such factors as formation 

variability and local nonuniformi ty of paper structure, documented in 

Chapters 4. 5 and 6. Further work is required in the falling rate 
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Figure 7.11 Comparison of drying rate curves: experimental and 
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period in particular, where the model overpredicts drying rates. However 

the model constitutes a sharp break with previous work for the beginning 

of through drying, where the definition and modelling of the increasing 

rate period here has resul ted in a maJ or improvement in the simulation 

of drying rate curves. The development through use of momentum 

transport relations of a sensitively varying specific surface for paper 

during the increasing rate period is a key feature of the new model. 

The complexity of paper structure constitutes a basic obstacle to 

the simulation of a process such as through drying. The success of the 

model deve10ped in this chapter confirms the basic concept underlying 

the entire study, namely, that a fundamental advance in understanding 

required simultaneous measurement of both momentum and mass transfer 

aspects of through drying 

7.7 SUMMARY 

1) When the mass and energy balance equations, one-dimensional in 

space, are implemented with the ini tial period of drylng treated in what 

has until now been the standard way, i. e. as a period of heat transfer 

to bring the paper to the temperature of the constant rate period, the 

constant drying rate period i5 shawn to be great1y exaggerated, and the 

resu1ting drying rate and drying time curves deviate substantially from 

those measured in the present study. If such a model were used ta design 

a through dryer for 25g/m 2 tissue paper, it would undersize the dryer 

by about 40%. 

2) A new model for the through drying of paper is the first to 

treat the process as composed of three drying periods, i. e. increasing 

rate, constant rate and falling ra te periods. The evidence supporting 
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this b3Sic structure of the mode l is provided by the complete drying 

rate curves measured for 235 sheets of kraft paper, Chapter 5. 

3) The prime focus in this development was on the modelling of the 

increasing rate period, which can account for 40% vf the drying of 25g/m2 

basis weight paper for conditions tested in the present study, Chapter 

5. The rapidly increasing rate of drying is attributed to a corresponding 

increase in interfacial area for heat and mass transfer wi thin the 

sheet. As pressure drop of the throughflow was monitored here for the 

first time simultaneously with the instantaneous drying rate, momentum 

transport was used to model the transient relationship between moisture 

content and specifie surface of paper. 

4) The new model was first tested successfully using mass and mo

mentum transport measurements for individual sheets to predict the drying 

rate history, which was compared wi tb that measured for the same sheets. 

5) The final version of the model, that for prediction, was 

developed using only general correlations of mass and momentum transport 

which had been successfully tes ted in Chapters 4, 5 and 6 for the 

through drying of kraft paper of bas is weight 25 to l50g/m2 , in 

throughflows of from 0.09 to 0.52kg/m 2s of 20° to 90°C air. 

6) The drying rate and drying time predictions made with the 

predictive form of the new model, Table 7.3, are in good agreement wi th 

the extensive measurements of the present study, in particular for the 

increasing rate period never before modelled. This success confirms the 

basic structure ot the model, especially the modelling of the rapidly 

increac;ing specifie surface of paper during the increas ing rate period 

of drying. 
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CHAPTER 8 

CONCLUSIONS 

8.1 CONTRIBUTIONS TO KNOWLEDGE 

1) Permeability: Dry paper 

305 

The permeability ot dry paper was determined correctly at industrial-

1y relevant throughflow rates for the first time by application of the mo

mentwn transport equation, i. e. without the common1y used approximation of 

Darcy' s law which ignores inertial effects. For the combination of minimum 

basis weight-maximwn throughf1ow rate used, che permeability of dry kraft 

paper calculated from Darcy's law is shown to be too low by about 40%. 

As basis weight 1s decreased from 250 to 50g/m2 , paper permeability 

increases gradually, approximé1tely doubling, probably due to widening 

of the pore size distribution. When basis weight is reduced from 50 to 

25g/m2 , permeability increases sharply, by a factor of 2-3, attributed 

to the associated exponential increase in pin hole count. 

2) Permeability: Effect of wetting-drying 

The permeability of dry kraft paper, 25-250 g/m 2 , approximately 

doubles when subjected to a wetting-through drying cycle, due to changes 

in paper microstructure during the wetting, not the drying. As aIl 

reported laboratory drying studies begin with rewetting previously dry 

paper, aIl physical properties of dry paper used to describe the drying 

process must be measured after drying, not before. 

3) Permeabi1ity: Moist paper 

The modified permeability, kiL, for moist paper, determined 
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correctly for the first time by application of the momenturn transport 

equation rather than Darcy' s law, is correlated as a function of only 

paper moisture content and basis weight, i.e. it is not significantly 

affected by any of the variables which control drying rate. 

4) Specifie surface: dry paper 

The specifie surface of dry kraft paper as determined from through

flow medsurements using the K0zeny-Carman equation decreases moderately, 

by about 25%, as basis weight is reduced from 250 to 50g/m2 , then drops 

by about 1/3 for reduction to 25g/m2 basis weight. For 25g/m2 paper, 

sorption techniques overestimate by about 50% the interfacial area that 

is effective for throughflow transport processes. Area associated wi th 

smaller pores, measured by sorption, scarcely affects the are a measured 

by the throughflow which flows predominantly through large pores and 

pin holes, leaving the small pores stagnant. 

5) Specific surface: Effect of wetting-drying 

The specific surface of 25-250 g/m2 dry kraft paper drops by 2-11% 

after a wetting-drying cycle. This drop, which occurs during the 

wetting, not the drying, is attributed to the same irreversible 

mechanism responsible for the associated doubling of paper 

permeabili ty, i. e. to co11apse of fibre surface fibrillation. 

6) Characteristic dimension: dry paper 

A ne-w characteristic dimension was determined for flow through paper, 

dp=f3/a, wh-=re Q and f3 are momentum transport equation parameters. With 

the new chalacteristic dimension, Reynolds number becomes rigorously the 
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ratio of the inertial ta the viscous contribution ta momenturn transport. 

For kraft paper the theoretically based dp=f3/Cl values are an order of 

magnitude higher than two widely accepted empirical definitions of 

characteristic dimension for paper, square root of permeability and 

reciprocal of specifie surface, and are about 1/4 -1/2 of the values of 

the measurements of B1iesner(1964) and of the Hagen-Poiseuille equivalent 

pore diameter determined by Gummel (1977) . 

For dry kraft paper of basis weight above 50 g/m2 , d p is 

independent of paper thickness while permeability, k, varies 

significantly. For 25g/m2 dry paper, dp is much higher, by a factor of 

3, due ta pin holes. 

The characteristic dimension, dp , for Papriformer newsprint is lower, 

about 2/3 that of kraft paper, as expected for paper from mechanical pu1p. 

7) Characteristic dimension. MoisL paper 

With paper moisture content dp=f3/n changes between two asymptotic 

limits. Above about l. 7-2.1kg/kg, dp is limited by maximum pore size. 

Below about 0.6-0.9kg/kg, dp for kraft paper is at its lower limit. The 

latter moisture content is in the range of the fibre saturation point, 

O.72-0.8Ikg/kg, below which a11 water is held within the fibres. From 

the upper to the lower p1atpaus, dp -x dependence ref1ects the opening 

of progressively smaller pores during through drying. The maximum 

values of dp , 44J.1m and l4pm for 25 and 50g/m2 wet kraft paper, 

correspond to the maximum pore size observed by scanning electron 

microscopy. 
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8) Re-f-dp treatment: Experimental results 

With dp-f3/o, a theoretical relationship between friction factor, 

f-(ÂP/L)/(f3G2/p), and Reynolds number, Gdp/~, fits about 700 6P 

measurements for dry paper of basis weight 25-250g/m2,and about 3000 6P 

measurements for moist pa;,>er of two basis weights, 25 and 50g/m2, for 

moisture contents from about 250% to dry paper. This analysis is the 

first treatment of air flow through dry and moist paper based on 

momenturn transport relations. 

The ratio between the correct ~p and that given by the Darcy's law 

viscous fI . l . f' . . d . d b 1 + liRe Th' . ow slmp 1 lcatlon lS etermlne to e liRe' lS error 1S 

then 5% at Re=O. 05 and 100% at Re=l In industrial practice of through 

drying of paper, Re=6 may be reached, where this error would be 600%. 

9) Re-f-dp treatment: Comparisons 

This form of Re-f definition, the most ,lppropriate for beds of 

complex porous structure such as paper, also eliminates the need for 

the still unresolved porosity functions required for the Fanning 

friction factor alternative. Relations between various friction factor 

and Reynolds n1.lmber definitions. essential for comparing results, are 

provided. 

The theoretically sound P/o-dp-Re-f treatment for air throughflow 

acr.:>ss moist and dry paper is more powerful than the traditional 

permeability approach as it yields not only a fluid mechanics 

characterization of paper for momentum transport, but also provides the 

basis flr th60retical analysis of heat and mass transport phenomena in 

paper dm ing through drying. This new approach is recommended for - paper and ether fine particulate media. 
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10) Re-f-dp treatment: Application 

General procedures for application of the Re-f-dp rnethod to paper 

Bt'e given. 

11) Through drying rates of paper: Complete drying rate curves 

Complete drying rate curves were determined for 235 sheets of kraft 

paper through dried over a wide range of operating variables - ternperature 

and rate of the throughflow, basis weight and initial moisture content of 

the paper, in the most comprehensive reported investigation of through 

drying. 

The great importanct of the "increasing rate period" at the start 

of through drying, recognized and named in the present study, has been 

demonstrated. Thus this extensive set of drying rate curves shows a 

new perspective, i. e three drying periods, those of increasing, constant 

and fal1ing rate drying. 

12) Through drying rates of paper. Increaslng rate period 

The increasing rate period is associated with a progressive 

opening of pores which increa~es drying rate hy increasing the are a for 

heat and mass transfer wi thin the web, as documented in the effect of 

paper moisture content on pore size, dp , and permeability, k. For 

2Sg/m2 kraft paper dried at the highest throughflow rate and 

tempe rature tested, the amount of water removed during the increasing 

rate period is large, about 1.25 kg water/kg dry fibre. For these 

conditions and for Xc =2.5, almost haH the water is removed during the 

increasing rate pcriod, ha1f during the falling rate period, and very 

1itt1e during the constant rate period. 
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13) Through drying rates of paper: Constant rate period 

With initial moisture contents typical of industrial practice, as 

through drying conditions become more intensive with tissue paper, i. e. 

wi th higher throughflow rates and tempera tures, the constant drying 

rate period at first decreases, then disappears. For not such light 

weight paper the constant rate period remains important. 

In the first comprehensive correlation for through drying rates of 

paper in the constant rate period successfully tested for a wide range 

of drying conditions, Re is found to be quite sensitive to throughflow 

rate and temperature, only weakly dependent on basis weight, and 

independent of initial moisture content of the paper. Re may be less 

than half of Rs, the maximum rate with the air exiting saturated. The 

extent of this deviation increases as the tempe rature and rate of 

throughflow increase, as paper basis weight decreases, but is independent 

of initial moisture content. The assumption of throughflow air exiting 

sat.urated, made in sorne earlier work due to the lack of data, is 

therefore not appropriate because drying r~te could be overpredicted by 

more than a factor of two for conditions of industrial relevance. 

14) Through drying rates of paper: Drying period diagrams 

An original treatment of the relation between drying conditions and 

the extent of each drying period, i.e. inc~easing, constant and falling 

rate periods, was developed in a graphical form denoted "drying period 

diagrams" . 

The values of paper moisture content which mark the transition 

from the increasing to constant drying rate period, and from the 

constant to falling drying rate period, named ~ere as thE' ., initial" and 
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"final" critical moisture contents, Xcl and Xcr, are related to the 

drying condi tions . 

15) Through drying rates of paper: Drying period diagrams, Xc i and Xc r 

Determination for the 235 drying experiments of the initial 

critical moisture content, Xc l' a drying parameter introduced here, 

shows that the onset of the constant rate period is sensitive to al1 

through drying variables. By contrast, these determinations show that 

the final critical moisture content, Xc!' is directly proportional to 

initial moisture content, Xo ' with the proportiona1ity, Xcf/Xo' being 

independent of throughflow rate and basis weight and only weakly 

dependent on throughflow temperature. For throughflow temperatures 

from 23° to 88°C, Xc! varies on1y between 41 and 49% of Xo . 

16) Through drying ra tes of paper: Dry ing period diagrams, XI C F 

The drying period diagrams show that the amount of drying which 

occurs in the increasing drying rate period varies considerably with 

drying conditions, becoming higher with increasing throughflow tempera-

ture and rate and with decreasing basis weight. The c0ncept was 

introduced of an increasing-constant- falling rate triple point, XrcF , 

where Xc1 =Xcf. Fer an initial moisture content Xo=XrcF ' the constant 

rate drying t.ondi tion is reached only momentarily as drying passes 

directly from the increasing rate to the fal1ing rate peried. According 

to present findings, there is typically no constant rate period for 

industrial condi tions of through drying light weight grades of paper 

because XICF is generally higher than Xc values used commercially. 
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17) Through drying rates of paper: Xcf cornparison with surface drying 

The critical moisture content at the end of the constant rate 

period, Xc!, relates to paper properties and drying conditions cornpletely 

differently in through drying and surface drying. In surface drying, Xc! 

is reported to depend on paper thickness, drying air tempe rature , drying 

rate and initial moisture content. Here Xc! is demonstrated to be inde-

pendent of paper thickness, and the dependence on drying air temperature 

is in the opposite direction from that for surface drying. With 

increasing air temperature, Xci decreases in surface drying because of 

the controlling rate of transport of water through the soUd, while Xc! 

increases in through drying paper because of the increasing heat transfer 

rate to the fibres. Thus theories for surface drying are totally 

inapplicable to through drying a web of small hygroscopie particles as in 

paper. The Xc f cri tical moisture content for paper. strong1y dependent 

on drying conditj ons for surface drying, is near1y independent of 

throughflow conditions for through drying but is linear1y proportional 

to initial moisture content. 

18) Through drying rates of paper' lndustria1 application 

Concerning industrial practice 1 these findjngs underline two 

:important facts, that through drying rates are generally 1ess than 50% 

of the maximum rate corresponding to the throughflow exiting saturated 

and, that typically the paper remdins in the increasing rate period for 

about half the dryer, in the falling rate period for the rernainder. 

With about: half of an industrial through dryer operating in the 

increasing late period, with drying rates limited by the development of 

pore area for heat and mass transfer within the web, the results of the 
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present work point the !Nay for work to increase the efficiency of 

through drying of paper. 

19) Transport phenomena during constant rate through drying: 

Determination of transport parameters 

The nondimensional mass transfer coefficient, Sherwood number, for 

through drying of paper is determined for the first time using the 

characteristic dimension, dp , and the interfacial transfer area, a p , 

corresponding to actual moisture content and the particular basis 

weight, and determined from the lIP across the sheet by momentum 

transport analysis. 

20) Transport phenomena during constant rate through drying: 

Experimental results 

Experimental results, expressed as Sherwood number, were obtained 

for drying of kraft paper of basis weight 25, 50, 100 and l50g/m 2 , 

through dried from initial moisture contents of 1.5-4.5kg/kg with air 

at 23°, 42°, 64° and 88° C. conditions for which the throughflow exi ts 

the sheet at humidities from 48% to 99% of that for saturation. 

Sherwood number was found to be strongly affected by paper basis weight 

and throughflow inlet temperature driving force. 

21) Transport phenomena during constant rate through drying: 

Correlation 

A correlation of aIl experimental results was obtained in the form 

Sh=aRen with both coefficients, a and n. functions of paper basis 

w,=ight and throughflow in1et temperature driving force over the 
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experimental range of Reynolds number, 0.025-1.5. 

For 50-150g/m2 paper, the Reynolds number exponent, n, approaches 

unit y as MB increases and as t:.T
1 

decreases, consistent with previous 

studies for packed beds of small particles at low Reynolds number. 

The significantly higher Sherwood number obtained for the thinnest 

paper, 25g/m2 , is believed the consequence of end effects with tissue 

paper which is effectively a screen, not a bed, being only 1.7dp thick. 

22) Transport phenomena during constant rate through drying: 

Sh=f(Re, MB' t:.T 1 ) relationship 

The comp1ex Sh=f(Re, MB' t:.T 1) relationship documented here for 

paper is believed to result from the effects of channeling, the 

overlapping of mass and momentum boundary layers, the contributions of 

convective mass transfer ab ove the sheet, and uneven drying due to 

micro-sca1e nonuniformities in momentum, heat and mass transfer in thin 

beds that are inherent1y nonuniform at the micro-sca1e. 

23) Through drying model for paper: Feature of increasing rate period 

When the initial period of drying is treated as one of pure heat 

transfer to warm the paper to the tempe rature of the constant rate 

period, as in p~evious mode1s, the constant rate period is shown ta be 

greatly exaggerated. If such a model were used ta design a through 

dryer for tissue paper, it is shown that the dryer would be undersized 

by .about 40%. 

A Clew mode1 was developed which incorpora tes an additional drying 

period, that of increasing rate, linked ta a rapidly increasing 

.... ,. interfacial area for heat and rnass transfer. In the new mode l, the 

, 
i 
L_~~ __ _ 



315 

( increasing rate period may account for up ta 40% of the drying for 

tissue paper for conditions run in this study. This througl~ drying 

1 
m"ldel was developed and test.ed successfully using mass and momentum 

transport measurements for individual sheets. 

24) Through drying model for paper: General predictive forrn 

The final version developed of the new model relies on only general 

correlations of mass and momentum transport tested sucsessfully in this 

study. The simulations of drying rate and drying time curves made with 

this predictive form of the model provide improved agreement with the 

experimental measurements relative ta previous models, especially during 

the increasing rate period, the importance of which was not recognized in 

earlier models. 

8.2 RECOMMENDATIONS FOR FUTURE STUDIES 

1) Never-dried pulp should be used in future drying studies because 

of the demonstrated effect of rewetting on paper properties. 

2) Future experimental studies on through drying of paper should he 

planned in the light of the importance or. drying rate of local micro-

scale nonuniformi ties in flow, heat and lnass transfer phenomena. 

3) The measurement of local values of velocity, temperature and 

humidity at the exit of the sheet should he investigated hecause of the 

indicated importance of local nonuniformity in aIl transport phenomena, 

these small scale nonuniformi ties resul ting from local variabili ty in 

sheet structure. 

4) Although the residence time of air in paper is in the arder of 

( milliseconds in through drying, the possihility of measurement of gas 

L.............. ___ _ 



316 

phase axial dispersion in paper should be considered. Experiments at 

very much lower throughlow rates, with paper of higher basis weight, may 

provide information relevant to axial dispersion for normal through 

drying conditions. 

5) Theoretical predictions, ei ther numerical or analytical, and/or 

experimental measurement techniques should be investigated in order to 

obtain the air temperature and humidity entering the sheet, thereby 

s\..parating this convective transport from the heat and mass transfer 

occuring within the sheet. 

6) The effact on through drying of varying the flow condition between 

that of the present study. i.e. a flow of uniform axial velocity, and a 

that of multiple impinging jets should be investigated. 

7) Because the present findings estaLlish ,hat about half of a 

industrial through dryer operates in conditions of the increasing rate 

period, for which drying rates are limited by the development of pore 

area fOl' heat and mass transfer within the web, the possibility of 

increa~ing drying rate by combined impingement and through drying 

should be inves-':igated. In such a genera1 context the present study 

comprises one limi ting case, tha 1"" of 100% throughflow. 

8) The nonuniformity of paper structt're should in future be 

incorporated in moc1els of through drying paper, Statistical description 

of paper structure IUôy be useful. Such modelling may permit relating 

pressure drop and drying rate to the progressive opening of pores as 

drying proeeed3. The pressure drop measurements of the present work 

may aid ~indi ng the appropria te fune t ion to describe the opening of 

pores duri~~ the increasing rate period 

- - ---- ---------
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-< • APPENDIX 1 
~ 

RESPONSE OF THE SYSTID-f TO MOUT PAPER INSERTION 

AI.I INTRODUCTlvN 

This analysis concerns the system volu.'1Ie from the: outlet of the 

cri tical flow ,orifice to the location of the ·,.,et sheet, which consists 

mainly of the air heater and plenum chamber. Fig. 3.1. The mass 

conservation equation for the drying air ln that system is: 

[Accumulation of ail] = [Air in 1 - [Air out] (A1.I) 

The accumulation terl'l is zero for the steady state condition hefore the 

wet sheet is inserted and after a suffie ient time following i ts insertion. 

The "air in" term remains always at a selected eonstant mass flow rate 

because the upstream pressure to the cr i tical flow orifice nevet changes, 

and although the pressure downstream of this orifice does change during 

a through drying experiment, that change is always within the limits to 

fIlaintain critical flow across the ori fice. The constancy of the "air 

out" term, Le. the flow through the sheet of drying paper, is thus 

dependent on reducing the "accumulation of air" within the system, which 

is proportional to changes of pressure within the system and to the 

system volume. The volume of the air heater and plenum chamber system 

was minimized by careful design in arder to minimize this effect. Thi s 

appendix provides the analysis which establishes that the moist sheet 

throughflow rate, i. e. "air out", does not differ in a significant way 

from the selected, fixed value of the "air in". 

On iLltroduction of the wet paper of very low permeability, the 

pressure upstreé1m of 'Che sheet increases to éi very sharp maximum, at 

...... which point the air flo\oJ through Ivet sheet ("air out") equals that at 
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the cri tical flow orifice (" air in"). During the period of increasing 

pressure the "accumulation of air" is positive and the "air out" 

through the drying sheet is therefore less than the set value of "air 

in" across the critical flow orifice. As the permeability of paper to 

air chroughflow increases greatly during drying. the pressure upstream 

of the sheet, after reaching its maximum, drops rapidly. During this 

period the "accumulation" term is negative and the "air eut" through 

the sheet is therefore greater than the set value of "air in". The 

periods before and after the pressure maximum are [or convenience deal t 

with separately below. 

AI.2 INITl{\L PERlOD: "Accumulation of air" positive 

The objective is to have the system volume sufficiently low that 

the maximum pressure is reached so quickly that the period of time over 

J 
which the "air out" through the wet sheet is less than the controlled 

value of "air in" acceptably sport 

The prE'ssure-time response of the system immediately after insertion 

of the moist sheet can be calculated via a simple dynamic analysis. 

Assuming ideal gas behaviour, the accumulation term i5 

Accumulation of air 
an MV 8P 

MOt = RT Ft (Al. 2) 

From Darcy's law, the "air out" terrn is 

Air out ~ A Gout - A (k/LII) llP (Al. 3) 

Substituting Eqns. Al. 2 and A1. 3 into Eqn. Al.I and replacing (aPlat) 

"rith (8f),P/8t), gives 

(MV/RTA) (allP/at) Gl. n - (k/LII) ê.P (Al.4) 

which upon integration gives 

(l:/LIIG
11l

) t,p = l - exp[ - (RTAk/LvMV)t] (Al., ) 

------
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But k/ÙlGin -l/t.Pma x' where 6Pmax is the maximum pressure drop 3.ttainable 

for the air flow rate of Gin across a be>d of permeability k aI!d thickness 

L. Substitution in Eqn. Al.5 gives 

ÂP/t.Pr. = 1 - exp[-(P..TAk/LvMV)t] (Al. 6) 

Eqn. Al.6 describes the êlP- t relationship upon insertion of the 

moist sheet. This equation shows that the pressure build-up follows a 

first-order response with a time constant, r, equal to LvMV/RTAk. Thus 

the time constant is proportional to the wet paper permeability term, 

kiL, to the paper cross-sectional area, A, and to the system yolume, V. 

The system volume from the critical flow orifice to the wet sheet 

is V=4xlO- 3 m3 , and the wet paper cross-sectional area, A""8xlO- 3 m2 • For 

ambient air, then 

r = [1. SxlO- sx29x4xlO- 31/[ 83l4x293/.8xlO- 3 ] /(k/L) 

- 8.9xIO- 11 /(k/L) seconds. 

As measurements of the present study indicate that the lo-west value of 

the modified permeability, kiL, for lSOg/m2 paper with 150% moisture is 

approximately 3.9xIO- 1 0m, then r=o 235. The actual value of r would be 

somewhat smaller yet, even for the thickest c:heet, because paper 

permeability increases sharply during through drying, while the above 

estimate i5 based on the initial value of permeability. Thus for the 

worst case of the lowest permeability paper, it l.ake5 only ls to reach 

99% approach of the peak pressure at which po~nt the "accumulation of 

air" term goes to zero and the "air out" rate through the drying paper 

becomes identical to the "air in" rate across the -::ritical flow 

orifice. This calculation thus conflrms that wi th the system volume 

this small, the maximum pressure is reached 50 quickly that period over 

which paper throughflow is less than the controlled value of G is very 
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short, barely 1s in the worst case. 

A1.3 FINAL PERIOD: "Accumulation of air" negative 

As the sheet dries, 

its maximum value. Thus 

its permeabi1ity increases and ~p drops from 

the "accumulation of air" term in Eqn. AI.I 

becomes negative, i.e. Gout>Gln' ln order to determine the difference 

between Gout and G1n , actual LlP-t data we:-e fitted ta an exponential 

form, i.e. ôP=a+be- ct . With this :::-e1ation substituted in Eqn. A1.4, 

(Gout -Ga) may be ca1cu1ated as a function of time. The maximum 

difference between Gout and G1n is found ta be only 1.1% for the worst 

case, i.e. for the thickest paper, 150gjm2 . 

A1.4 CONCLUSION 

It is demonstrated that the system volume i5 5ufficiently smal1 

that the selected steady state value of mass flow rate across the wet 

paper, G, is achieved within ls and that during the remainder of the 

drying period this value does not deviate appreciably from the set value. 
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APPENDIX 2 

CALIBRATION OF THE INFRA-RED ANALYZER AS A MOISTURE METER 

The IR analyzer i5 calibrated against an absolute measurement 

instrument, a chilled-mirror dew point meter (EG&G Model 660) using air 

of various levels of relative humidity, each fixed by equilibration 

with a saturated salt solution. Du"ing calibration, air is circulated 

continuously until equilibrium is attained in a closed system which 

consists of the measuring chamber of the IR analyzer, the saturated 

salt solution container, th..: dew point meter and a circulation fan. The 

salt solutions used in the calibration runs are listed in Table A2.1 

wi th the approxima te humidi ty leve l of each. Equilibrium relative 

hurnidity is a strong function of ambient tempe rature for sorne !.a1 t 

solutions. The humidity of the dry compressed air and ambient air were 

also measured by the dew point meter and used for calibration purposes. 

Table A2.1 Solutions used for maintAining constant humidity at 20°C 
(Dean[ 1979]) 

Solid Phase 

LiCl.H 2 0 
KC 2H3 0 2 l. 5H 2 0 
MgC1 2 ·6H 2 0 
Mg(N0 3 ) 2 .6H 2 0 
NaCl 
KBr 
KN0 3 
K 2 S0 4 

Calibration Procedure 

% Relative Humidity 

12.0 
23.0 
33.0 
55.0 
75.7 
84.0 
93.0 
97.0 

1) Set the IR analyzer wavelength, 2.7pm, time constant, 0.15s, 

and sc ale expansion, x20. 

2) Connect the desired salt solution container to the system 
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3) Start the fan to circulate air and monitor the outputs of the 

IR analyzer, dew point meter, and circulating air tempe rature with a 

3-pen recorder, ïEW Model 3660, until equilibrium is reached, i.e. a 

steady dew point temperature. 

4) After equilibrium is reached, monitor for Smin. the IR analyzer 

output and the dew point meter tempe rature via a PC based data 

acquisition system. 

S) Repeat steps 2-4 for each salt solution. 

6) Convert dew point tempera tures to absolute humidity, and IR 

outputs to absorbance. and ca lculate the coefficients of the 

calibratIon curve using a statistical package on IBM-PC microcomputer. 

This calibration procedure takes approximately 4 hours. Although 

time co lsuming, this procedure 'las repea ted on every experiment day 

prior to the drying experiments in arder to avoid error from the slight 

drift of the IR analyzer output, 

1 



APPENDIX 3 

EXPERIMENTAL PROCEDURES 

Preparation of Test Sheets 

Handsheets of a11 basis weights were prepared from dry, unb1eached, 

unbeaten 1aboratory kraft pu1p. 100% black spruce. according to CPPA 

Standard C. 4. Handsheets were dried, under restraint, in a constant 

humidity room according to the same Standard and stored in plastic bags 

until used. Papriformer newsprint, at -70% moisture. obtained fro~ the 

Pulp and Paper Research Institute of Canada, was stored in a plastic bag 

until used. 

Through Drying- Permeabi 1 i ty Expenments 

1) Open the main compressed air 1 ine and adjust the air flow rate 

to the de"ired value. meanwhi le monl tor the humidity of the dry, 

compressed air both by the IR analyzer and. for calibration purposes, 

by the dew point meter. 

2) CO.1nect the measurjng chamber of the IR analyzer ta the 

calibration system, and follow the calibration procedure described in 

Appendix 2. 

3) Adjust the air hater contraIs to the desired in1et air 

temperature, monitor the air temperature via a recorder and fine tune 

the heater contro1s as required. 

4) Upon the completion of thè calibration runs, reconnect the 

measuring chamber of the IR ana1yzer to the drying apparatus. 

5) Cut the l04mm diameter test sheet for the sample holder from a 

l60mm diameter handsheet using a specifical1y desi 5ned carbon steel 
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punch. Place the test sheet into the sample holder described in 

Chapter 3, and secure i t in place wi th the six screws of the sample 

holder to prevent any air by-passing 

6) \olith a spray can, moisten the sheet to the desired moisture 

content, checked by weighing the sample holder-sheet assembly. 

Equilibrate in a dessicator charged wi th dis tilled water, in order to 

obtain uniform moisture content in the paper. 

7) Start the data acquisition to monltor the drying air conditions 

prior to the experiment. 

8) After 50-60 seconds, weigh the sample holder-sheet assembly on 

a top-Ioading e lectronic balance then insert immediately into the 

drying system 

9) Upon the complet ion of the experiment, save the acquired data 

in a flle and again weigh the sample halder-sheet assembly. 

10) Remove the paper fraI:' the sample holder and place in a 

microwave oven prior to obtaining thE bone dry weight for basis weight 

determination. 

11) Convert aIl thermocouple, pressure transducer and IR readings 

to temperature, pressure drop and humidi ty values using the calibration 

equations, for calculation of drylng rate, pressure drop and paper 

moisture content via a data reduction program. 

12) Prepare the calculated data as graphical output, i. e. drying 

rate and pressure drop as a function of paper moisture content, with a 

Hewlett Packard Model HP7470A pIotter using a modified version of the 

MGPP (McGill University Plotting Package). 
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Supplementary Dry Paper Permeability Experiments 

Such supplementary experiments were performed using the same 

apparatus ~sing ambient temperature alr. Throughflow temperature and 

pressure drop across the paper at selected throughflow rates were 

monitored via the PC-based data acquisition system, with data 

acquisition and processing as above. 

For helium throughflow, a helium cylind~r, 18 MPa, was connected 

to the system. 
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APPENDIX 4 

CHARACTERlZATION OF THE PULP 

The fresness the dry, unbleached standard laboratory kraft pulp 

(100 % black spruce) and the physical properties of handsheets are as 

follows; 

Canadian Standard Freeness, mL 685 

Grammage (Basis Weight), gjm2 (0.0 59.8 

Bulking Caliper, ~m 120.1 

Bulk, cm 3 /g 2 01 

Burst Index, kPa m2 jg 1. 96 

Tear Index, mN m2 jg 21.05 

Breaki~g Length, km 3.30 

Stretch, % 1.77 
; 

Thoughness Index, mJ 37 

Stress-Strain Factor, mJ/g 417 

Zero-Span Breaking Length, km (Pulmiic) 16.84 

Tensi1e Index, N rnjg 32.38 

TEA, Jjm 2 24.97 

���iL _____ _ 
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APPENDIX S 

TEMPERATURE MEASUREMENT AND CONTROL 

Accurate measurements of transient air temperatures upstream and 

downstream of the paper and within the paper are essential for checking 

the heat and mass balances, and ta document the drying conditions. How 

the inherent problems of these measurements were solved, or minimized, 

is summarized here. 

AS.l AIR INLET TEMPERATURE 

The volume of the experimental apparatus upstream of the paper 

sample was minimized in arder to keep the time cons tant of the sys tem 

as small as possible, as detailed ln Appendix 1 The heater and the 

plenum chamber, i e. the section be t\o:een the heater and the sample 

holder, are the main constituents of this volume, are shawn in Fig. 3.1. 

Therefore, uniform heating of the drying aH to the maximum temperature 

of -95°C, with minimum temperature fluctuation and maximum uniform:ty 

of air temperature should be achieved ln a small volume. A four-stage 

electrical heater was designed and built to achieve these objectives 

The p]enum chamber was il lSOmm long, l02mm ID, section of acrylic 

pipe. The heater unit, SOmm long and l02mm ID, had 6 elements, each a 

13mm thick section, 127x127mm square on the outside, cut on the inside 

for the air flow channel of the Sdme diameter, l02mm, as that of the 

sheet being dried. Of these sn e lements, the four elements of 

diatomaceous earth carried the heatlng coils. These four were supporterl 

at either end for strength by two pieces of alurninum cut to the 

identical dimensions. Each heater consisted of a grid of 8 parallel 
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heating wires, made by drilling 8 holes on either side of these 

elements. Approximate1y 3.lm of NichromeV wire, 9. 8~n/ffi, was threaded 

through eaeh element, 50 that each of the four units had a capacity of 

approximately 400W. The 4 heating units were assernbled, with the 

direc tion of the heating • .... ires in adj aeent uni ts set at 90°, supported 

at each end by an aluminl.lffi element Air tight seals between eac.h of 

the 6 units was obtained with high-temperature resistant gaskets. The 

whole heater unit was then insulated on the outside. This compact, low 

contained volume design proved eminently satisfactory. 

A perforated plate vii th 16 hales, 6mm OD, i. f~. approximately 6% 

open area, was plaeed upstream of the heater in the divergent section, 

Fig. 3.1, to provide uniform flo~ over the heater elements. Two sheets 

of 250g/m 2 blotter papel sandWlched bctween two flne metal screens were 

placed 80mm dovmstream of the heater to eliminate the slight flow and 

tempe rature fluctuations and to prevent exposure of the drying paper to 

radiative heating from the heater resistance wires The insiàe of the 

plLnum chamb",r bet\o7een the heater e"-:l', and the sample holder wa& 

insulated ·,.;ith d double layer of a plastic insulator sheet with air 

gaps between the layers. This imulation waz glued to the chamber 

walls with silastic, a silicon based insulating adhesive. 

Air tempe rature profIles were measured at lOOmm and 250mm 

downstream of the heater away from the heater, Fig AS.l. The scanning 

directions of the two profiles \.Jere perpendicular. The small 

difference bet\.Jeen these two profiles. less than 1.5° C, confirms that 

the objective of having the air inlet temperature uniform over the 

surface of the drying paper \.Jas ~atisfactorily achieved. 
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Figure AS.l Throughflow inlet temperature profiles 
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A5.2 AIR EXIT TEMPERATURE 

In order ta minimize heat 10s3, a convergent plastic secti on was 

placed inside the metal aùaptor, Fig. 3.1, between the sample insertion 

mechanism and the measudng chamber of the IR analyzer. The throughflow 

air exit temperature was measured continuously during the drying 

experiments at three locations with thermocouples, 15, 35 and 60mm from 

the wall, placed 3mm belcw the sdinpl€! holder. Each thermocouple, of 

diameter 76p.m, was glued on a thin, lmm OD, polystyrene support. The 

average of these three measurements was used for the continuous hent 

and mass balance check during each experiment. These temperatures are 

displayed in Figs. AS.2a-e for sheets dried in ambient temperature air 

at various f10w rates. The temperature reading of the thermocouple ISmm 

from the wall is here denoted as Tl' and those 3S and 60mm aWdV as Tz 

and T3 respectively. The differences between the Tl' Tz ' T3 temperatures 

shown on these figures result from nonuniformity in paper structure. 

Only the profiles shown in Fig. A5.2d are a1most identical, showing the 

uniformity of the structure, at least at these th~ee locations, of that 

particular sheet. Resul ts of sill'ilar measurements are shown in Figs. 

AS.3a and b for paper dried at higher temperatures. AIl these tempe ratures 

are higher than the corresponding adlabatic saturation tempe rature of the 

drying air. This evidence supplements that presented in the text that the 

throl.lghflow exi t air does not reach saturation except for conditions of low 

temperature dnd low throughflow rate below levels cf indus trial re1evance. 

AS.3 PAPER TENPERATlJRE 

A technique was developed to monitor the temperature within the 

sheet during through drying. For this purpose a very fine thermocouple, 
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made from two adj acent insula ted wires, each of 76J.1m diameter 

thermocouple wire, was embedded in the middle of the sheet during 

handsheet pret>aration This thermocouple s ize shouJ d be vicwed 

relative to the C'haracteristic dimension of the paper pores, dp , in the 

range 5-44pm, and with the thickness of the paper, about O.5mm for the 

heavy paper used for thpse tests. 

The amount of pulp for the desired basis weight was divided into 

two equal lots and two handsheets, each of half the desired basis 

weight, were prepa -ed and the first one coucheci off the forming screen 

in the usual manner. The thermocouple WB5 placed between these sheets 

while the second sheet was still on tll[- formlng screen The two sheets 

were then couched together and removed from the forming screen. 

This ternperature at the mid-plane of the sheet and the adiabatic 

saturation temperature for the inlet air conditions are shown in Fig!:>. 

A5.4a and b for paper dried ln amhH'nt temperature air and at Tl =46 0 C. 

Thcse temperature profiles reveal that for these conditions of high MB -

low G, paper mid-plane temperature reached saturation during the constant 

rate period of drying. 

Temperatures at the mid-plane and at the exit of the sheet, the 

temperature defined in Appendh AS 2 as T 3' measured during drying of 

heavy paper at rnoderale throughflow rates, are shown in Figs. AS. Sa and 

b. During the constant rate period of drying in both experiments, while 

the temperature at the exit was as much % SoC above the adiabatic 

saturation temperature, the mid-plane paper lemperature was at saturation. 

For the experiment sho\o.'T1 in Fig AS. Sa the end of the constant rate 

period, taken as the pOlnt at whicb lemperaturc staTts to increase from 

its plateau level, occurs at the exit of thE' sheet verv shortly after 
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it occurs at the mid-plane. However, for the experiment at a ] ower 

throughflow rate shown in Fig. AS. Sb, the constant rate period lasts 

almost twice as long at the sheet exit as at the paper mid-plane. The 

air humidity profile at the exit (If the sheet, which is a mixing-cup 

value, not included in this figure, shows the same behaviour as does the 

point value of temperature at the exi t of the sheet. The differences 

between these profiles of point: tempe ratures are believed 'co reflect 

again the presence of local nonuniformity in paper. 
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APPENDIX 6 

PRESSURE DROP DATA ACROSS HOIST AND DRY PAPER 

Pressure drop measurements across dry paper are given in Table A6 1. 

Momentum transport parameters listed in Table 4.2 are based on this data. 

Physical properties of air are calculated at the mean pressure, i. e. 

The complete set of momentum transport parameters for moist paper 

at O.lkg/kg intervals are given in Table A6 2. The physical properties 

of air and water vapor are calculated at the mean conditions The 

vlscosity of moist air is ca1cu1,ted using the semiempirica1 formula of 

Wilke given by Bird et al. [1960) 
~ 

L 
1 =1 

r 
L 

.; =1 

in which 

1 M ° (1 + __ '_)-112 
1 J = J8 Hj 

( J-L. Mj ) (1 + ( __ -_)1/2 ( ____ )1/4 2 

J-L j Ml 
where n is the number of chemical speCles in the mixture; Xl and x

J 
are 

the mole fractions of species land J; !J
l 

and!JJ are the viscosities of 

species i and j; and ~tl and HJ are the corresponding mo1ecu1ar weights 

01 J is dimens ionless and, when i= J. 01 J =1. However the viscosity 

difference between moist and dn' air i5 always less than 2% for the 

present experimenta1 conditions 

The complete set of Re-f data for dry and moist paper is tabulated 

in Tables A6.3 and A6.4 respectively 

-
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( 
Table A6.1 Pressure drop across dry paper 

Ma, g/m2 G, kg/m2 s llP, Pa G/I-L, m- 1 6P/LGv, m- 2 

----

Air f10w 

25 0.085 70 4.70x10 3 1. 06x10 12 

0.144 138 7.97 1. 24 
0.269 296 14.83 1.43 
0.381 446 21.01 1. 53 
0.483 624 26.65 1.68 
0.1)12 847 33.79 1. 80 

25 0.085 70 4.72 1.08 
0.145 132 8.00 1. 20 
0.269 284 14.88 1. 39 
0.381 450 21. JO 1. 55 
0.483 615 26.75 1. 67 
0.612 839 33 93 1. 80 

25 0.085 70 4.70 1. 07 
0.144 142 8 00 l. 2B 
0.269 302 14.89 1 47 
0.381 456 21.10 1. 57 
0.483 642 26.76 1.7'3 
0.612 864 33.93 1. 85 

50 o 085 477 4 70 3.90 
0.145 830 7.97 4.00 
0.270 1580 1l~. 88 4.10 
0.384 2320 21.14 4.25 
0.488 3060 26.91 4.43 
0.621 3970 34.21 4.53 

50 0.085 473 4.73 3.91 
0.145 802 8.03 3.98 
0.270 1540 14.98 4.04 
0.384 2280 21. 29 4.21 
0.488 2990 27.07 4.38 
0.621 3910 34.44 4.51 

50 0.085 482 4.73 3.92 
0.145 817 8.03 3.98 
0.270 1550 14.98 4.06 
0.384 2280 21. 29 4.23 
0.488 3030 '27.08 h.43 
0.621 3930 34.44 4.53 

100 0.085 962 4.69 3.97 
0.145 l710 7.98 4.16 
0.271 3190 14.94 4.18 
0.387 4710 21.31 4.35 
0.494 6200 27.21 4.52 

100 0.086 984 4.74 4.06 
0.146 1730 8.07 4.22 
0.272 3240 15.10 4.25 

{ 
0.389 4770 21. 55 4.41 
0.496 6290 27.50 4.59 

i&~~~_. __ 
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~ 
Table A6.1 continued .. MB' g/m2 G, kg/m 2 s ilP, Pa G/p, m- 1 il.P /LGv, m - :2 

100 0.086 960 4.74xl0 3 3.97xl0 12 

0.145 1670 8.06 4.08 
0.272 3120 15.09 4.12 
0.389 4650 21.53 4.30 
0.496 6140 2 7 .I~8 4.49 

150 0.086 1700 4.72 4.33 
0.146 2950 8.05 4.43 
0.275 5700 15.16 4.60 
0.394 8080 21.70 4.63 
0.505 10410 27.82 4.69 

150 0.086 1750 4.76 4.37 
0.146 3010 8.12 4.l1'3 
0.275 5860 15.29 4.61 
0.394 8270 21.91 4.64 
0.505 10730 28.09 4 73 

150 0.086 1750 4.76 4 36 
0.146 3060 8.12 4.48 
0.275 5770 15.29 li. 56 
0.394 8190 21.90 4 59 
0.505 10650 28.08 LI.69 

2)0 0.086 2850 4.70 4.41 
0.147 4940 8.05 4.51 
0.278 9370 15.27 4.60 
0.402 13610 22 07 4.72 
0.520 17810 28.51 4.87 

250 0.086 2810 4.78 4.42 
0.148 4930 8.19 4.56 
0.280 9230 15.54 4.60 
0.405 13560 22 45 4.77 
0.523 17600 28.99 4 89 

250 0.086 2890 t...79 4.53 
o 148 4960 P .19 4.)9 
0.281 9500 15.56 4.73 
0.405 13660 22 47 4.81 
0.524 18020 ?9.05 '.00 

--_._----------
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Table A6.1 continued 
(' 

MB' g/1T'2 G, kg/m2s lIP, Pa G/~. m" 1 t.P /LGII, m - 2 

Helium flow 

25 0.024 158 1.19xl0 3 1.10xl0 12 

0.040 292 2.05 1.19 
0.087 669 4.41 1. 27 
0.111 883 5.63 1. 31 
0.159 1265 8.06 1. 32 

25 0.024 159 1. 20 1.11 
0.040 280 2.04 1.14 
0.087 641 4.40 1. 22 
o . III 890 5.63 1. 32 
0.159 1250 8.06 1. 31 

25 0.024 158 1.19 1.10 
0.040 302 2.06 1. 23 
0.087 682 4.4] l. 29 
0.111 902 5.63 1. 34 
0.159 1300 8.07 1. 36 

50 0.023 920 1.18 3.51 
(J.040 1590 2.04 3.53 
0.078 3120 3.96 3.58 
0.113 4550 5.72 3.64 

50 0.023 912 1.17 3.48 
0.040 1540 2.03 3.49 
0.078 3040 3.96 3.51 
0.113 4470 5.71 3.57 

50 0.023 930 1. 18 3.53 
0.040 1570 2.04 3.55 
0.078 3060 3 96 3.57 
0.113 4480 5.72 3.58 

100 0.022 1820 1.14 3 63 
0.031 2500 1. 56 3.65 
0.039 3170 1. 98 3.65 
0.048 3950 2.45 3.69 
0.061 4880 3.08 3.65 

100 0.022 1860 1.15 3.71 
0.031 2530 1. 56 3.69 
0.039 3220 1. 98 3.7] 
0.048 4010 2.45 3.74 
0.061 4950 3.08 3.70 

100 0.022 1820 1.14 3.62 
0.031 2440 1. 56 3.58 
0.039 3100 1. 98 3.58 
0.048 3900 2 .l~5 3.63 
0.061 4840 3.08 3.62 

150 0.022 2990 1 12 3 80 
0.041 5580 2.07 3.85 

( 0.076 10470 3.97 3.84 
0.117 15680 6.10 3.85 
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Table A6.1 continued --...... Ms, g/m2 G, kg/m 2 s fiP, Pa G/JJ, rn - 1 fiP/LGv, m- 2 

----- ------

150 0.022 3080 1.12x103 3.89xlO 12 

0.041 5690 2.07 3.93 
0.076 10770 3.97 3.94 
0.117 16060 6.10 3.94 

150 0.022 3070 1.12 3.86 
0.041 5780 2.07 3.96 
0.076 10600 3.97 3.89 
0.117 15890 6.10 3.90 

250 0.023 5230 1.15 3.91 
0.040 9030 2.02 3 90 
0.095 20100 4.78 3.87 
0.121, 25800 6.27 3 92 

250 0.023 5170 1.15 3.86 
0.040 9000 2.02 3 89 
0.095 19810 4.78 3.86 
0.12LI 25700 6.27 3.91 

250 0.023 5290 1.15 3.96 
0.040 9050 2.02 3.91 
0.095 20390 4.78 3.91 
0.124 25890 6.27 3.93 
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Table AG.2 Momentum transport parameters for moist paper 

( X N a' , m- l °a' , m- l f3 ..!!J?._' kiL, m CJI.-{3'/Ja ' dp,pm 
---- -- - ------ ---

_22.gL~ 

0.0 65 3.41xl0 7 2.4xl0 6 573 58 29.3x10- g 0.098 16 8 
0.1 65 3.38 3.1 560 51 29.6 0.096 16.6 
0.2 65 3.50 3.7 553 62 28.5 0.093 15.9 
0.3 65 3.46 3.6 585 59 28.9 0.099 16.9 
0.4 65 3.45 3.2 578 57 29.0 0.098 16 7 
0.5 65 3 53 3.4 584 60 28.4 0.098 16.6 
0.6 65 3.65 3.2 613 62 27.4 0.101 lb 8 
0.7 65 3.74 3.4 642 61 26.7 0.105 17.1 
0.8 65 4.00 3.7 662 70 25.0 0.105 16.5 
0.9 65 4.3l 4.3 741 81 23.2 0.113 17.2 
1.0 65 4.66 5.8 756 85 21. 5 0.111 16 3 
1.1 65 4.95 6.3 86fi 101 20.2 0.123 17 5 
1.2 65 5.43 7.1 1041 101 18.4 0.141 19 2 
J .3 64 5.87 7.4 1286 120 17.0 0.168 21.9 
1 4 64 6.10 8 1 1414 145 16.4 0.181 23.2 
l.5 63 6.40 9.0 1704 150 15.6 0.213 26.6 
1.6 62 7.12 9.S. 2109 180 14.1 0.250 29 6 
1.7 60 8.14 11.0 2617 250 12.3 0.286 32.1 
1.8 59 8.83 12.0 3264 310 11.3 0.347 37.0 
1.9 58 9.50 13.3 3843 350 10.5 0.394 40 4 
2.0 )5 10 21 14 0 4321 410 9.8 0.428 42 3 

2.1 53 Il. 28 16.0 5012 550 8.9 0.472 44.4 

2.2 52 13 95 17.0 6448 580 7.2 0.546 46.2 

2.3 49 15 92 18.0 6418 670 6.3 0.509 40 3 

2.4 45 15.77 20.0 f855 770 6.3 0.546 43.5 
2.5 35 15 98 22 0 i006 850 6.3 0.554 43.8 
2.6 30 16.24 ') 2.0 7358 950 6.2 0.577 45.3 
2.7 20 16.10 24.~ 7426 1100 6.2 0.585 46.1 
2.8 17 15.83 25.0 6670 1200 6.3 0.530 42.1 
2.9 13 16.59 26.0 7603 1150 6.0 0.590 45.8 
3.0 10 16.87 25.0 7062 1130 5.9 0.54/i 41.9 
3.1 ï 16.66 28.0 7596 1250 6.0 0.589 45.6 

50gLm 2 

0.0 61 1.39x108 1. 2x10 7 753 60 7. 2xl.0- 9 0.063 5.4 
O.l. 61 1.45 1.1 584 61 6.9 0.049 4 0 

0.2 61 1. .18 1.3 639 65 7.3 0.054 4.6 
0.3 61 1. 37 1.5 691 72 7.3 0.059 5.0 
O. L~ 61 1.42 1.4 831 73 7.0 0.070 5.8 
0.5 61 1.49 1.5 739 78 6.7 0.061 5.0 
0.6 61 1. 53 l.7 1076 96 6.5 0.087 7.0 
0.7 61 1. 59 1.7 961 120 6.3 0.076 6.0 
0.8 61 1. 66 1.9 1206 155 6.0 0.094 7.3 
0.9 61 1. 73 2.0 1387 179 5.8 0.106 8 0 
1.0 61 1. 91 2 2 1625 198 5.2 0.118 8.5 
1.1 61 2.13 2.4 2111 215 4.7 0.145 9 9 
1.2 61 2.29 3.1 2639 260 4.4 0.175 11 6 

( 1.3 60 2.54 3.6 3161 350 3.9 0.198 12.5 
1.4 59 2.69 3.9 3592 370 3.7 0.219 13 4 
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• Table A6. 2 clJnttnued 

<U- X N 0:' m- 1 
G oe ' , m- 1 fJ ~ kiL, m CJL-{J' 1 Jo:' à p ,1Lm , ----

50gLrn2 

1.5 58 2.83x10 8 4.2x10 7 3679 418 3.5x10- g 0.219 13 .0 
l.6 58 3.28 4.6 4182 510 3.0 0.231 12 7 
l.7 58 4.06 5.2 5635 750 2.5 0.280 13 9 
1.8 57 4.56 5.1 6578 760 2.2 0.308 14 4 
l.9 57 5.44 5.7 8f~09 810 1.9 0.361 15.5 
2.0 57 5.67 6.8 7fi65 920 1.8 0.313 13 2 

2.1 45 5.94 6.9 9202 950 1.7 0.378 15 5 
2.2 36 6.94 6.9 8M~9 1015 1.5 0.321. 12.2 
2.3 35 7.27 7.0 1055l 1150 1.4 0.391 14 5 
2.4 33 9 82 8.0 9902 1210 1.0 0.316 10.1 
2.5 33 10.60 9.5 10064 1315 0.9 0.309 9 5 
2.6 29 9.96 4.5 9483 1080 1.0 0.300 9.5 

100gLrn2 

0.0 61 3.73x10 8 4.2x10 7 2.68x10-!l 
0.1 61 3.82 4.3 2.62 
C.2 61 3.93 4.3 2 54 
0.3 61 4.06 5.0 2.46 
0.4 61 4.22 5.3 2.37 
0.5 61 4.42 5.4 2.26 
0.6 61 4 30 6.5 2.08 
0.7 61 4.82 6.5 2 07 
o 8 61 5.36 7.8 1. 87 
0.9 61 5.61 7.9 1. 78 
l.0 61 6.08 9.8 1. 64 
l.1 61 6.83 12.1 1.46 
l.2 61 7.89 13.1 1. 27 
l.3 59 9.67 15.0 1. 03 
l.4 58 11.46 17.1 0.87 
l.5 57 12.37 19.0 0.81 
l.6 51 12.88 2l.8 0.78 
l.7 43 14.16 23.0 0.71 
l.8 32 17.81 3l.0 0.56 
1.9 30 20.22 37.0 0.49 
2.0 27 22.48 23.0 0.44 
2.1 25 24.25 23.7 0.41 
2.2 18 30.08 29.4 0.33 
2.3 12 37.if5 39.1 0.27 
2.4 8 39.05 42.0 0.26 

1~OgLm2 

0.0 35 6.70x10 8 8.)x10 7 1. 49xlO- 9 

0.1 35 6.64 8.6 1. 51 
0.2 35 6.66 8.3 1. 50 
0.3 35 6.91 8.9 1.45 
0.4 35 7.41 9.5 1. 35 
0.5 35 7.84 9.4 1. 28 - 0.6 35 8.79 10.5 1.14 

..,.> 0.7 34 9.03 10.7 1.11 



359 

( 
Table AG. 2 continued 

X N a' , m- 1 ua' , ln - l f3 ufl.' kiL, m CJL-{3' 1 ja' dp,;.trn 

150g!m2 

0.8 34 10.5xl08 17.5x10 7 O. 96xl0- 9 

0.9 32 11.7 19.1 0.86 
l.0 30 13.0 21.0 0.77 
1.1 30 lL~. 7 23.1 0.68 
1.2 28 16.7 23.0 0.60 
1.3 23 17.8 31.0 0.56 
1.4 19 23.1 38.9 0.43 
1.5 15 27.0 42.0 0.37 
1.6 9 28.4 32.3 0.35 

) 

( 

~------------------
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... Table A6. 3 Friction factor for flow through dry paper 
,J;. .~ ..... Re. Gdp/p f, ~PP/f3G2L Re 1 Gdp/p f, I1Pp/f3G2L 

------
0.027 38.05 0.046 23.91 
0.100 11. 82 0.128 9.57 
0.183 6.48 0.102 9.87 
0.172 6.78 0.320 4.22 
0.4~4 3.17 0.576 2.76 
0.730 2.19 0.009 115.81 
0.015 67.89 0.029 35.05 
0.042 24.76 0.026 39.71 
0.044 24.01 0.082 13 .19 
0.116 ~.62 0.148 8.12 
0.188 6.33 0.030 34.38 
0.051 21.19 0.096 11.36 
0.137 8.31 0.174 6.76 
0.015 69.04 0.025 41.40 
0.047 22.85 0.067 15.71 
0.086 12.67 0.020 51. 56 
0.034 30.79 0.064 16.24 
0.093 Il.75 0.120 9.39 
0.073 13.92 0.123 9.20 
0.229 5.33 0.325 4.19 
0.412 3.65 0.522 2.87 
0.623 2.51 0.069 14.13 
0.118 9.83 0.219 5.69 
0.310 4.25 0.393 3.79 
0.498 2.97 0.5Q4 2.59 
0.046 22.31 0.078 13.59 
0.145 7.87 0.206 5.99 
0.261 5.02 0.311 4.00 
0.395 3.45 0.OL5 41.52 
0.041 24.02 0.077 13.21 
0.109 9.69 0.138 8.11 
0.175 6.39 0.209 5.51 
0.024 42.34 0.040 24.55 
0.075 13.30 0.106 9.73 
0.135 8.23 0.172 6.42 
0.205 5.51 0.020 50.81 
0.034 30.27 0.06 l l 16.49 
0.091 12.00 0.115 10.07 
0.146 7.86 0.174 6.76 
0.028 36.20 0.047 21.10 
0.087 11. 68 0.124 8.59 
0.157 7.14 0.199 5.61 
0.238 4.87 0.030 33.68 
0.050 19.72 0.094 10.83 
0.134 7.96 0.170 6.54 
0.027 36.67 0.046 21. 61 
0.086 12.09 0.123 8.63 
0.156 7.16 0.027 36.82 
0.046 21. 50 0.086 12.06 ....... 0.122 8.58 0.156 7.12 

~ 0.031 32.67 0.053 18.83 



---~---------------~-----------~----------------

Re, Gdp /"" 

0.098 
0.177 
0.055 
0.146 
0.022 
0.070 
0.023 
0.073 
0.030 
0.094 

Table A6.3 continued 

f, ô.pp/f3G21, 

10.54 
6.32 

18.00 
7.27 

45.49 
14.48 
43.93 
14.10 
34.00 
10.60 

Re, Gdp/IJ. 

0.139 
0.032 
0.102 
0.185 
0.038 
0.100 
0.039 
0.103 
0.051 
0.135 

f, t:.Pp/{3G2L 

7.58 
31. 32 
10.1l 

6.08 
26.65 
10.61 
25.78 
10.29 
19.46 

7.93 

361 



a 

362 

Table A5.4 Friction factor for f10w through moist paper 

( Re, Gdp /J1 (' /:,.Pp//3' G2 Re, Gdp /J1 f, llPp//3'G2 - , 

X = 0.1 kg/kg 

0.071 14.34 0.072 16.32 
0.076 13.47 0.076 11.54 
0.079 10.13 0.080 17.87 
0.121 8.12 0.121 9.25 
0.128 6.28 0.129 7.96 
0.129 8.84 0.131 9.49 
0.135 9.16 0.141 9.47 
0.228 4.42 0.227 5.35 
0.227 5.07 0.230 4.66 
0.237 5.24 0.239 4.24 
0.240 6.37 0.242 7.74 
0.249 4.79 0.249 4.35 
0.249 5.15 0.250 3.87 
0.264 4.90 0.265 6.03 
0.265 5.37 0.266 5.22 
0.408 2.72 0.408 3.23 
0.408 2.74 0.408 3.30 
0.410 3.74 0.425 2.65 
0.428 3.76 0.430 4.38 
0.430 3.67 0.448 2.40 
0.449 3.05 0.449 3.35 
0.449 2.45 0.449 3.02 
0.449 2.32 0.450 3.02 
0.470 2.46 0.471 3.50 
0.475 4.03 0.477 3.36 
0.017 50.63 0.017 5B.25 
0.018 53.43 0.018 66.82 
0.018 52.98 0.018 57.03 
0.018 51. 25 0.019 47.19 
0.019 59.33 0.019 48.92 
0.020 69.88 0.020 47.44 
0.029 31.40 0.029 32.46 
0.029 35.50 0.029 30.15 
0.029 31.06 0.031 37.82 
0.031 33.33 0.031 37.25 
0.031 38.36 0.031 38.50 
0.032 36.03 0.032 35.78 
0.034 33.41 0.034 31. 34 
0.034 37.34 0.054 16.58 
0.054 20.06 0.054 15.68 
0.054 16.42 0.054 23.70 
0.056 15.34 0.056 13.12 
0.057 14.55 0.057 18.73 
0.057 15.66 0.059 13.98 
0.059 17.25 0.060 17.21 
O. ()60 18.73 0.060 15.94 
0.062 17.38 0.062 lB.75 

( 0.063 18.40 0.063 20.09 
0.097 10.53 0.097 11. 85 
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Table A6.4 continued -~ Re, Gdp/JI. f, ().Pp/{3'G2 Re, Gdp//-' f, ().Pp/{3'G 2 

X = 0.1 kgLkg 

0.098 8.55 0.098 8.23 
0.098 11.22 0.101 7.19 
0.102 9.82 0.102 8.12 
0.102 7.82 0.103 8.14 
0.107 8.39 0.107 9.09 
0.107 9.68 0.107 8.09 
0.108 10.49 0.112 8.58 
0.113 7.79 0.113 11.62 
0.113 10.84 

X ~ 0.5 kgLkg 

0.073 13.08 0.073 18.83 
0.077 12.92 0.077 15.25 
0.077 18.71 0.078 19.26 
0.079 10.82 0.080 9.47 
0.122 9.78 0.123 9.73 
0.126 5.57 0.126 9.53 
0.127 8.56 0.129 6.39 
0.131 8.29 0.132 9.22 
0.133 9.73 0.138 9.05 
0.143 7.44 0.231 5.18 
0.232 5.30 0.235 4.34 
0.237 4.72 0.246 5.37 
0.246 6.17 0.247 7.49 
0.248 4.32 0.251 4.79 
0.252 4.97 0.253 4.70 
0.255 4.18 0.267 5.86 
0.267 5.79 0.267 5.28 
0.268 5.18 0.413 2.68 
0.415 3.17 0.415 3.22 
0.416 2.70 0.424 4.16 
0.435 2.75 0.442 3.72 
0.446 4.23 0.446 3.54 
0.451 2.54 0.453 2.34 
0.454 3.00 0.457 3.07 
0.457 3.00 0.457 2.61 
0.458 3.29 0.478 2.59 
0.481 3.58 0.481 3.81 
0.481 3.20 o .02l 50.95 
0.021 53.85 0.022 49.01 
0.022 60.47 0.022 46.15 

\ 0.022 44.09 0.022 45.19 
ï 0.023 41.13 0.023 45.94 
~ 0.023 39.13 0.024 52.38 , 

0.024 36.72 0.035 27.28 ï 
~ 0.035 29.04 0.036 29.21 

l 0.036 26.29 0.036 24.99 
Il ~ 0.037 30.54 0.037 29.47 
~ .- 0.037 30.42 0.038 32.12 
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Table A6.4 continued 

( Re, Gdp/J.L f, llPp/{3'G2 Re 1 Gdp/J.L f, llPp/{J'G2 

X = 0.5 kgLkg 

0.038 27.86 0.039 31. 97 
0.040 28.69 0.041 34.46 
0.041 , .. ,.' 25.74 0.041 27.RO 
0.041' 30.16 0.066 13.77 
0.066 17.90 0.066 12.86 
0.066 13.29 0.067 18.11 
0.068 13.23 0.068 11.59 
0.069 11.64 0.069 16.07 
0.069 13.27 0.072 12.20 
0.072 14.43 0.072 14.06 
0.073 12.85 0.074 14.94 
0.075 15.02 0.075 13.84 
0.076 14.02 0.076 15.63 
0.120 6.88 0.120 6.89 
0.120 8.94 0.120 9.29 
0.122 11.07 0.124 6.24 
0.124 8.70 0.124 6.18 
0.125 6.56 0.125 6.86 
0.129 7.57 0.129 7.12 
0.129 8.55 0.l30 6.75 
0.132 9.27 0.136 7.11 
0.136 6.12 0.137 9.50 
0.137 9.31 

X = 1.0 kgLkg 

r.073 13.67 0.075 13.20 
0.076 16.74 0.076 17 .01 
0.076 16.91 0.078 9.15 
0.080 13.24 0.120 9.25 
0.121 8.96 0.123 8.54 
0.125 9.39 0.126 6.17 
0.130 7.51 0.130 8.77 
0.130 8.00 0.135 10.56 
0.135 9.51 0.135 8.26 
0.140 8.75 0.228 4.55 
0.230 3.87 0.234 5.84 
0.234 4.68 0.242 5.14 
0.242 4.26 0.242 6.89 
0.242 5.65 0.246 4.95 
0.247 4.02 0.248 4.06 
0.251 4.03 0.261 4.38 
0.261 5.07 0.261 5.33 
0.262 4.91 0.410 2.48 
0.410 2.72 0.411 2.75 
0.415 2.69 0.417 5.83 
0.433 5.11 0.434 3.02 
0.435 3.40 0.436 3.91 

( 0.442 2.73 0.444 2.14 
0.445 2.73 0.446 2.68 
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"'fI! 
Table A6.4 continued 

~ Re, Gdp/p. f, llPp/ f3' G2 Re, Gdp/p. f, l:lPp/{J'G2 

X - 1. 0 kg/kF"l-

0.449 2.90 0.451 2.91 
0.451 2.74 0.469 3.85 
0.469 3.81 0.469 2.53 
0.469 3.15 0.037 33.79 
0.038 31.09 0.039 29.72 
0.040 25.11 0.040 24.19 
0.040 22.62 0.041 27.59 
0.041 33.74 0.042 21.30 
0.042 18.28 0.043 30.32 
0.043 19.56 0.063 15.82 
0.064 15.55 0.064 15.05 
0.064 14.41 0.064 17.89 
0.067 15.30 0.067 16.78 
0.067 17.28 0.068 16.41 
0.068 18.88 0.070 16.29 
0.071 19.29 0.073 18.60 
0.073 12.93 0.073 16.69 
0.073 14.97 0.118 8.03 
0.119 6.97 0.119 7.10 
0.120 10.37 0.120 12.62 
0.122 7.81 0.123 6.74 
0.124 6.28 0.124 7.43 
0.124 8.79 0.128 6.82 
0.130 8.24 0.131 8.05 
0.131 7.35 0.131 8.79 
0.134 7.66 0.134 8.26 
0.136 7.76 0.136 8.91 
0.214 4.01 0.215 5.62 
0.215 3.78 0.218 6.36 
0.219 9.36 0.223 3.44 
0.224 3.59 0.224 3.69 
0.225 3.61 0.225 5.91 
0.230 4.57 0.230 4.00 
0.232 5.60 0.235 4.28 
0.236 6.28 0.243 3.90 
0.243 3.40 0.245 6.16 
0.245 6.07 

X = 1.5 kg/kg 

0.121 9.50 0.126 10.37 
0.126 8.11 0.126 8.81 
0.126 9.07 0.130 8.07 
0.202 6.45 0.203 5.75 
0.204 5.44 0.204 6.67 
0.206 8.87 0.208 4.30 
0.213 4.52 0.214 6.20 

190-
0.214 4.27 0.2-15 5.68 
0.221 7.21 0.222 6.56 ..... 0.221 5.76 0.222 5.31 

Mi. 
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Table A6.4 continued 

Re, Gdp/JJ f, I:J.Pp/f3' G2 Re, Gdp/JJ f, I:J.Pp/{3'G2 

X ., 1.5 kg/kg 

0.230 6.82 0.376 2.57 
0.381 2.32 0.385 3.68 
0.386· 4.76 0.396 4.19 
0.397 4.39 0.397 3.11 
0.398 3.54 0.407 2.46 
0.408 2.27 0.412 3.61 
0.413 2.77 0.428 3.25 
0.429 3.36 0.430 3.34 
0.430 3.16 0.677 1.71 
0.677 t.90 0.677 1.55 
0.689 1. 78 0.711 3.03 
0.714 3.47 0.714 2.59 
0.733 1. 76 0.733 2.26 
0.734 1. 55 0.738 1. 86 
0.741 l. 70 0.742 2.29 
0.770 2.32 0.771 1.95 
0.059 20.67 0.060 22.46 
0.061 19.46 0.062 13.40 
0.062 12.84 0.062 13.90 
0.064 16.79 0.065 13.41 
0.065 11. 65 0.067 23.97 
0.067 12.64 0.100 9.01 
0.100 7.95 0.100 8.30 
0.101 11.48 0.102 11.50 
0.104 9.54 0.104 10.68 
0.104 10.21 0.106 15.28 
0.106 13.44 0.110 15.92 
0.110 15.02 0.113 13.87 
0.113 8.42 0.114 10.57 
0.185 4.20 0.185 4.43 
0.186 6.17 0.189 9.58 
0.193 6.15 0.193 4.17 
0.193 6.30 0.195 3.gg 
0.196 4.70 0.201 4.45 
0.204 6.82 0.204 7.90 
0.204 5.58 0.204 6.26 
0.210 5.82 0.210 5.24 
0.212 8.15 0.212 6.57 
0.333 2.66 0.336 2.28 
0.337 4.49 0.340 5.66 
0.347 2.15 0.349 2.13 
0.351 2.25 0.352 5.32 
0.353 2.62 0.359 2.63 
0.359 3.30 0.365 3.80 
0.366 4.67 0.366 6.28 
0.381 2.86 0.381 5.91 
0.382 6.46 0.382 2.57 

~ 
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Table A6.4 continued , 
Re, Gdp/11 f, 6.pp/{3'G2 Re, Gdp/J.l f, IJ.pp//3'G2 

X - 2.0 kgLkg 

0.196 7.19 0.204 5.15 
0.204 4.37 0.205 7.60 
0.205 3.89 0.210 8.16 
0.210 5.99 0.210 7.23 
0.211 4.60 0.211 5.98 
0.329 3.15 0.332 3.47 
0.332 4.66 0.333 4.77 
0.333 6.32 0.340 2.60 
0.343 2.62 0.345 2.18 
0.345 3.47 0.347 4.77 
0.357 6.15 0.358 5.28 
0.358 4.05 0.359 6.17 
0.620 1. 64 0.640 3.02 
0.642 3.51 0.642 2.87 
0.662 l. 84 0.666 2.35 
0.668 3.23 0.694 2.17 
0.695 3.33 0.695 2.97 
1.113 1. 84 1.117 1.47 
1.188 0.86 1.190 0.81 
1.191 l. 29 1.196 1.40 
1.197 2.37 l.198 2.79 
1.199 l.40 1.244 2.72 
1.246 2.23 0.063 12.91 
0.064 Il.40 0.064 12.15 
0.066 22.90 0.066 14.30 
0.066 17.16 0.069 21.14 
0.102 6.26 0.103 7.08 
0.103 9.87 0.103 16.08 
0.104 10.94 0.107 11.49 
0.107 12.64 0.107 13.25 
0.116 Il.78 0.190 4.08 
0.191 3.85 0.193 6.36 
0.198 4.01 0.199 6.75 
0.200 3.93 0.200 10.77 
0.201 5.83 0.208 6.34 
0.208 5.80 0.209 8.99 
0.214 7.48 0.215 7.34 
0.344 2.27 0.346 1. 98 
0.346 5.91 0.359 2.96 
0.359 2.24 0.371 3.31 
0.374 5.98 0.375 2.72 
0.375 4.74 0.389 3.94 
0.390 3.01 

X = 2.5 kgLkg 

0.207 4.73 0.208 lI. 31 
0.214 7.68 0.215 7.66 

~ 0.223 5.18 0.224 9.01 - 0.336 3.63 0.347 2.96 
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Table A6.4 continued 

Re, Gdp/IJ f, 6.Pp/{3'G2 Re, Gdp/IJ f, llPp/{J'G'l 

X ., 2.5 kgLkg 

0.351 5.38 0.351 5.20 
0.631 2.44 0.676 1.80 
0.678 2.83 0.706 4.05 
1.125 1.43 1.132 1. 31 
l.133 2.23 1. 214 1. 70 
1. 215 1.89 1. 216 2.52 
0.043 30.32 0.043 31. 22 
0.043 32.33 0.044 20.00 
0.046 22.00 0.069 13.21 
0.069 10.80 0.069 18.01 
0.072 22.74 0.072 22.45 
0.129 5.83 0.130 5.58 
0.130 11.43 0.132 12.98 
0.133 6.18 0.135 6.21 
0.135 Il. 32 0.140 12.11 
0.235 3.24 0.242 4.24 
0.243 3.78 0.252 4.48 
0.260 5.49 0.262 4.93 

c 
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APPENDIX 7 

ERROR ANALYSIS 

Total rms error is expressed as 

sr - (t 
i -1 

Basis Weight: MB ~ 4W/1rD2 

6MB is a1ways <1% because 6W=O. 0005g and 60-0. 0005m 

Porosity: c-l-MB/(Lpr) 

Permeability: k=l/o 

8k/aa--l/a 2 

5k",0.06k because So:=O. 060 as given in Chapter 4. 

Sap is -6.0% for Sk=0.06k and oc=O.013c 

Characteristic Dimension: dp~f3lo: 

6dp is -7% for dry paper before wetting-drying because both Sa and 6/3 are 

-6% as given in Chapter 4. 6dp increases to about 10-12% for dry pdper 

after wetting-drying, and to 10-15% for wet paper. 

oRe is -2.5% at high Tl' i. e. 20g/kg::sYo ' and -3.5% at low Tl' i. e. 

- 6::SYo <7 g/kg, because the standard error on Y measurements from the infra 

-
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red calibration gives SY~O.lg!kg. 

Number of Transfer Units: NG=ln(Rs/{Rs-Rc)) 

8NQ! 8Rs - -Re 1 (Rs CRs -Re» ; 8NGI8Rç -II CRs -Re) 

oNG is highly dependent on the experimental conditions, i.e. the 

difference between Rs and Re. The rms error on NG determination is only 

5.0% for NG-O, 86, but as NG increases to 2 and 3, rms error increases 

to 10,1% and 23.5%. For NG gl'eater than 4,5 the rms error is higher 

than 80%. See section on Sherwood number for use of NG values. 

Mass Transfer Coefficient: kG=NGG/(LapPa ) 

akc;/aNG-G/(LapP a ) ; 8~!8G=NG/(LapPa); a~/aap--NGG/(La~Pe); 

a~/aL=-NGG/(L2apPa); 8ko/8Pa=-NQG/(Lapp;) 

For odp:.12.5% for wet paper, oap ::.12.5% thus o~ is 13% for NG-0.86. 

For higher NG values o~ is very dose to oNG • 

Sherwood Number: Sh=kGdp/D 

aSh/a~=dp /D; aSh!8dp =kG /D, 8Sh/8D=-kGdp (D2 

Again for édp==12. 5% for wet paper. oSh becomes 18% for the above 

conditions. For higher NG values 5Sh is also very close to oNG • 

As described in Section 6.4.1, Sh was not deterrnined for about 10% 

of the experiments for which the exiting air was within 1% of saturation, 

as NG is then large and subject to excessive error because of the cl~se 

approach to equi1ibrium at the exit of the sheet. 

Reynolds Number: Re=Gdp!p 

aRe/8Ca dp !p; 8Re!Bdp=G(p; 8Re/8p=-Gdp!p2 

oRe is main1y controlled by odp , thus oRe=12.8% for odp~12.5%. 
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APPENDIX 8 

EXPERIMENTAL DATA 

The experimental data is tabulated in pp. 372-37il followed by the 

drying rate, pressure drop aud exit air tempe rature plots for a11 

basis weight, throughflow rate and inlet temperature tested in the 

present study. The exi t air tempe rature is that measured by the third 

thermocouple, i.e. T3 • described in Appendix 5. 



~ " 
Ha. g/m2 C. kg/1I 2 S X •• kg/kg T,. ·C Ts • ·C Rs. kg/1II 2h Re. kg/lU 2h Xc,. kgjkg Xct. kg/kg d,. l'II 4/d,. 112/11' Re ~ ~ Sh 

25 8 o 092 371 23 7 8 2 08 2 08 3 OJ 1 ~1 44 0 o 91x10' o 221 25 5 0092 3 55 23 7 8 2 08 2 07 3 09 1 38 44 0 o 91 o 220 5 34 o 078 o 136 23 0 o 092 2 71 28 10 5 2 48 2 47 1 83 1 33 30 9 1 30 o 158 5 51 o 056 o 069 51 0 0092 3 03 23 7 8 2 08 2 06 2 64 1 67 14 0 2 86 0072 4 64 0011 o 0061 53 0 0092 2 27 24 8 6 2 13 2 07 1 75 1 10 12 3 3 24 o 065 3 69 00073 o 0039 S!t 0092 o 63 24 8 6 2.13 2 12 o 55 o 34 5 0 8 05 o 025 5 36 o 0045 o 0009 53 7 0092 1 32 28 10 2 2 41 2 40 1 10 o 47 7 4 j 37 o 039 5 58 o 0067 o 0021 55 3 0092 2 92 28 10.2 2 41 2 40 2 27 1 11 14 0 2 86 o 073 5 108 o 0124 o 0074 51 0 o 092 1 13 28 10 2 2 41 2 40 o 97 o 51 6 6 6 02 o 035 6 33 o 00&8 o 0019 
101 6 o 092 2 08 25 9 7 2.10 2 11 1 64 o 6~ 11 5 3 47 o 059 97 9 0092 1 18 25 9 7 2 10 2 06 1 03 o 38 1 64 o 037 3 99 o 0023 o 0007 102 3 <l 092 1 73 25 9 1 2 10 2 02 1 51 o 57 9 6 Lt. !~ o 050 3 29 o 0026 o 001l 149 5 o 092 1 00 28 10 1 237 2 30 o 83 o 35 6 5 617 o 034 1 57 o 0012 o 0003 152 8 0.092 o 57 28 10.1 2 37 2 30 o 48 o 27 5 0 7 99 o 026 ) 61 o 0009 o 0002 147 5 0092 o 60 27 10 0 2 Jl 2 26 0.50 o 25 5 1 7 S5 o 027 3 74 o 0010 o 0002 26 2 0,156 2 05 23 7 8 3 44 3 37 1 73 1 23 19 5 2 06 0173 3 88 o Ol.oO o 034 

23 5 o 156 3 27 28 10 5 4,15 4 14 2 59 1 42 42 5 o 94 o 368 6 03 o 143 o 240 24 7 o 156 1 59 28 10 5 4 15 417 1 05 o 85 16 7 2 l.O 0121 51 6 o 156 2 08 23 7.8 3 44 3 35 1 72 o 96 11 0 3 63 o 098 3 69 o 011 o 0052 52 5 o 156 2 5: 23 7 8 3 44 3 41 2 51 2 07 136 2 95 o no 4 90 o 018 o 0105 
54 0 o 156 2 24 24 8 6 3 60 3 41 1 85 o 81 11 9 l 3S o 106 2 9S o 0095 o 00~9 si 6 C 156 2 86 24 8 6 3 60 3 49 2 ~6 1 16 14 0 2 86 o \24 3 54 OOll o 0081 100 8 o 156 2 34 23 7 8 3 44 3 40 2 03 o 79 12 9 3 10 o 115 4 56 o 0080 C 0045 94 1 o 156 1 58 25 9 7 3 55 3 45 1 32 0,78 8 7 4 59 o 077 3 109 a C:l41 o 0016 100 8 o 156 1 58 25 9 7 3 55 3 52 1 36 o :n 8 7 4 59 o 077 4 55 a 0054 a 0020 

101 7 o 156 1 99 25 9,7 3 55 3 .. 3 1. 61 o 81 10 9 3 68 o 096 3 .15 o 0050 o 0023 
152 7 o 156 o 91 27 10 1 3 83 3 44 o 76 o 40 6 1 6 60 o 054 2 29 o 0012 o 0001 
14J 6 o 156 1 15 27 10 1 3 83 3 74 o 99 o 31 7 0 5 73 o 062 3 74 o 0023 o 0007 26 1 o 289 2 51 21 1 8 6 39 6 03 1 81 1 03 25 3 1 SB o 419 2 87 0072 fi 079 27 2 a 289 2 89 21 7 4 592 5 36 2 31 1 36 32 5 1 23 o 538 2 35 o 075 a 106 27 7 a 289 2 69 21 7 5 71 5 45 1 93 1 lO 28 8 1 39 0477 3 08 o 088 o 110 

53 0 a 289 2 43 23 7 8 6 19 6 12 2 07 l 22 12 8 3 14 0211 3 18 o 0204 o 011 
52 0 o 289 2 20 23 7 8 6 39 6 12 1 85 o 93 11 4 3 51 o 188 3 17 o 018 o 0089 
55 3 o 289 2 50 25 9 7 6 65 5 17 1 84 o 89 13 2 02 0217 1 50 o 010 o 0051 55 2 o 289 2 55 25 9 7 6 65 5 44 1 75 1 05 13 5 2 96 o 222 1 70 a 0116 o 0067 10Z 1 o 289 1 78 23 7 8 6 39 6 09 1 48 1 i2 9 5 4 19 o 158 3 05 00073 0.0030 

102 1 o 289 2 00 23 7 8 6 39 6 08 1 69 o 87 10 7 3 74 o 177 3 02 o 0081 o 0018 
105 2 o 189 2 46 25 9 7 6 6J 6,01 1 88 0,83 134 2 99 o 220 2 34 o 0079 o 0046 
153 1 o 289 1 47 23 7 8 6 39 6 08 1 27 o 70 8 2 4 86 o 136 3 01 o 0039 o 0014 
154 0 o 289 1 60 23 1 8 6 39 6 05 1 37 o 64 8 8 4 53 o 146 2 93 o 0041 o 0016 26 6 o H8 2 00 23 7 8 11 47 9 65 1.38 o 78 17 2 2 3J o 510 1 84 o 056 o 042 26 J o 518 2 75 23 7 8 11 47 10 12 1 93 1 08 28 3 1 41 o 840 2 14 o 107 o 132 

27 0 o 518 1.94 21 7 4 10 63 9 66 1 II o 74 16 1 2 40 o 496 2 ~9 0071 0,051 
2l 2 o 518 , 49 21 7 4 la 63 la 06 1.62 1.04 23 9 1 67 0,711 2,92 o 124 o 129 
52 9 a 518 2 80 23 7 8 11 47 11 07 2 II 1 14 14 0 2 86 04lS 3 37 o 042 o 026 
51 6 o 513 2 98 21 7 4 10 63 10 04 2.43 1 22 14 0 2 86 o 416 2 88 o 036 o 022 51.3 0.518 1.97 21 7 4 10 63 9 15 1.21 061 9 9 4 06 o 293 1 91 o 017 o 0075 
53 1 o 518 2 06 21 7 4 10 63 9 18 1 26 o 74 10 4 3 86 o 307 1 9!t o 018 (i 0083 w 

-...) 101 2 o 518 1 88 23 7 8 11 47 11 14 1 54 o 90 9 8 4 07 o 291 3 56 ",016 0.0067 N 104 4 o 518 2 15 23 7 8 11 47 11 06 1 52 077 11 3 3 54 o 335 3,34 0.017 o 0084 
104 1 o 518 2 16 21 7 4 10 63 9 90 1 54 o 114 11 4 3 52 o 338 2 67 o 014 o 0068 100 9 o 518 1 73 21 7 2 10 41 8 46 1 31 o 71 9 1 4 "0 o 270 1 61 0,0068 o 0027 104 4 o 518 1 73 21 7 2 la 41 9 12 1.31 o 71 9 1 4 39 0271 2 09 o 0085 o 0034 



~1 e .. 

HI' g/m2 G. kg/m2 s Xo ' kg/kg TI' oC Ts • ·C Rs. kg/1II2 h Re. kg/m2h Xci' kg/kg Xc f. kg/kg d,. l'm ~/d,. m2 /1II1 Re ~ ~ Sh 

154 0 o 518 1 40 23 7 9 1177 11 03 o 91 0.64 7 7 5 17xl0' o 229 2 77 o 0061 o 0021 
159 2 o 519 1 85 23 7 9 1177 11 51 1 48 o 77 9 9 4 04 o 294 3 80 0011 o 0047 
162 1 o 518 1 52 23 7 9 11 77 10 77 1 15 o 63 8 3 4 82 o 246 2 47 o 0058 o 0021 
155 1 o 518 1 88 23 7 8 11 47 9 84 1 ~1 1 05 10 4 3 83 o 289 1 95 o 0082 o 0024 

26 7 o 092 2 90 ~3 16 5 3.63 J 61 2 47 1 75 }'. 9 1 14 o 1,9 5.45 o 062 o 088 
25 0 o 092 3 28 48 179 4 07 4 09 2 68 1 48 !..J. L o 91 o 225 
51 4 o 092 2 94 39 14 8 3 2S 2 94 2 18 ;) 96 14 0 2 86 0.072 2 35 o 0054 o 0031 
50.8 o 092 3 11 .. 0 15 0 3 29 3 15 2 48 1 16 14 0 2 86 0.072 3 19 o 0073 o 0042 
50 2 0092 1 99 48 178 4 01 4 00 1 70 o 73 10 6 3 76 o 054 5 99 o 0107 o 0045 
94 9 o 092 2 02 39 14 8 3 25 3 05 1 74 o 67 11 l 3 59 o 057 2 78 o 0025 o 0012 
99 9 0092 2 12 40 15 0 3 29 2 85 1 59 o 50 11 8 3 40 o 060 2 01 o 0019 o 0009 
9Q S 0092 1 61 37 14 3 3.11 3 15 1 36 o 52 9 0 4 44 0.046 
98 4 o 092 1 51 38 14 5 3 15 313 1 28 o 64 8 5 4 70 o 043 5 06 o 0036 o 0012 

105 7 o 092 2 33 48 18 0 4.08 4 02 1 86 o 60 131 3 06 o 067 4 28 o 0046 1) 0025 
95 7 o 092 2 37 39 14 8 3 25 3 19 1 93 1 14 11.2 3.59 o 057 4 07 o 0037 o 0017 

159 1 o 092 o 89 37 14 1 3 07 3 05 o 75 o 34 6 1 6 61 o 031 S 03 o 0016 o 0004 
147 9 o 092 0.76 37 14 3 3 11 3 10 o 64 0.33 5 6 7 17 o 029 5 74 o 0017 o 0004 
149 9 o 092 1 09 38 14 5 3 15 3 14 o 96 o 40 é 8 S 88 o 035 5.72 o 002 o 0006 

26 2 o 156 2 63 43 16 3 6 08 5 65 2 14 1'33 28 0 1 43 0.244 2 64 o 041 o 041 
27 5 o 156 2 85 43 16 4 6 18 5 51 2 32 1 16 32 5 1 23 o 282 2 23 o 040 o 053 
26 7 o 156 2 66 43 16 4 6 18 5 55 2 17 1 50 28 8 1 39 o 250 2 28 0.036 o 043 
26.7 o 156 2 63 43 16.4 6 18 5 54 2 19 1 59 28 0 1 43 o 244 2 21 o 035 o 040 
52 6 o 156 2 11 42 15 9 5 95 5 72 1. 78 o 91 11 1 3 61 o 096 3 29 o 010 o 0046 
52 2 o 156 2 22 42 15 9 5 !l5 5 95 1 95 1.29 117 3 42 o 101 
54 5 o 156 3 49 40 15 3 5 62 5 45 3 08 2 28 14 0 2 86 o 122 3 47 o 0135 o 0078 
53 7 o 156 3 23 39 14 8 5 51 5 43 2 75 l 42 14 0 2 86 o 122 4 24 o 016 o 0095 
99 5 o 156 1 55 39 15 0 5.58 5 52 1.37 o 60 8 5 4 69 o 074 4 59 o 0054 0.0019 

100.5 o 156 1 51 39 15 0 5 58 5 60 1 32 on 8 3 4 80 0072 
155 0 o 156 1 92 39 14 8 5.51 5 31 1 67 o 43 10 6 3 76 o 093 3 33 o 0031 o 0014 
154 6 o 156 1.34 43 16 3 6 08 5 98 117 0.85 7 7 5 18 0.067 4 10 o 0028 o 0009 
146 6 o 156 2 04 39 15 0 5 58 5 57 1.77 o 46 11 3 3 54 o 098 6 32 o 0059 o 0027 

26 4 o 289 2 75 43 16 3 11 31 8 98 2 19 1 65 28 6 1 40 o 4b2 1 58 o 046 .1) 054 
28 6 o 289 3 49 40 15 3 10 46 8 45 2 86 1 21 44 0 o 91 o 713 1 65 o 074 o 134 
26 4 o 289 3 34 43 16 3 11.31 8 50 2 76 1 04 42 1 o 9S o 676 1 39 o 061 o 104 
51 1 o 289 3 00 43 16 3 11 31 10 49 2 48 1.93 Il. 0 2 86 o 226 2 62 o 019 o 0109 
50 8 0.289 2 27 43 16 3 1131 10 03 1 79 o 75 11 6 3 45 o 187 2 18 o 013 o 0062 
48 4 o 289 2 21 41 15 7 10 93 8 74 1 68 o 90 11 2 3 57 o 181 1 61 o 0093 o 0043 
50 4 o 289 2 70 41 15 7 10 93 8 20 2 00 o 67 14 0 2 86 o 227 1 39 a 010 o 0058 
52 0 o 289 2 53 41 15 6 10 75 7 95 1 77 1 14 13 1 3 04 o 213 1 34 o 0091 o 0049 
99 2 o 289 1 96 43 16 3 11 31 11 28 1 39 1.15 103 ) 87 o 167 6 01 o 016 o 0069 
99 6 o 289 1 41 43 16 3 1131 10 22 1 14 0.76 7 6 5 24 o 123 2 33 o 0046 o 0015 

103 5 o 289 1 54 41 15 6 10 75 9 18 1 35 o 87 8 3 4 85 o 1.34 1 92 o 0041 o 0014 
104 5 o 289 1 77 41 1S6 10 75 9 96 1 22 o 69 9 4 4 26 o 151 2 61 o 0053 o 0020 
103 6 o 289 1 77 41 15 6 10 75 8 77 1 34 o 86 9 4 4 26 o 152 1 69 o 0040 o 0016 
156 5 o 289 1 25 43 16 3 11 31 10 72 1 02 o 73 7 2 5 ~9 o 116 2 96 o 0035 o 0010 
149 6 a 289 1.60 43 16 3 1131 10 45 1 39 o 58 8 7 4 58 o 141 2 57 o 0037 o 0013 

W 156 4 o 289 1 99 loI 15 6 10 75 10 00 1.39 o 67 9 6 4 16 o 156 2 66 o 0042 o 0017 -.J 
27 9 o 518 3 01 42 15 9 19 84 16 48 2 06 1 42 32 5 1 23 o 943 1 77 o 105 o 141 W 
27 5 o 518 2 83 42 15 9 19 8 .. 14 47 2 07 1 10 28 6 1 40 o 829 1 31 o 068 o 080 
28 5 o 518 3 55 41 15 6 19 30 13 58 2 70 1 69 44 0 o 91 1 278 1 22 o 097 0171 
28 7 o 518 3 12 42 16 0 20 15 15 68 1 95 1 36 34 9 1 14 1 013 1 51 o 096 o 138 
28 8 o 518 3 30 42 16 0 20 15 15 42 1 96 o 81 39 3 1 02 1 138 1 45 o 104 o 168 



~ ". 

~ g/m' C. kg/m's Xa • kgJkg T •• ·C T •• ·C Rs. kg/m'h Re. "g!m'h Xci' kg/kg Xcr. kg/kg d" l''' 4!d" m'/m" Re ~ ~ Sh 
52 5 o 518 2.10 42 15 9 i9 84 18 21 1 46 o 99 10 3 3 89><10' a 298 2 54 o 024 o 0102 51.6 o 518 2 74 42 15 9 19 84 18 62 2 05 1 28 14 0 2 86 o 406 2 78 o 036 o 0208 52 9 o 516 2 5a 42 15 9 19 84 1371 1 91 0.81 12 6 3 18 o 365 1 18 o 014 o 0072 52 7 o 518 2 60 42 15 9 19 84 11 28 1 96 on 13 2 3 03 o 383 o 84 o 010 o 0056 53 1 o 518 2 98 42 15 9 19 84 15 59 2 29 1 32 14 0 2 86 o 406 1 54 o 020 o 0115 99 9 o 518 1 70 42 16 1 20 00 19.93 1 17 o 85 8 7 4 58 o 251 5 65 o 023 o 0081 99 9 o 518 2 03 42 15 9 19 84 15 98 1 17 o 89 10 4 3 B3 o 303 1 64 o 0078 o 0034 100 4 o 518 1 92 42 15 9 19 84 14 47 1 16 o 57 9.9 4 06 o 286 1 31 o 0059 o 0024 98 9 o 518 2 23 42 16 0 20 15 17 18 1 68 o 99 116 3 46 0.336 1 91 o 0102 ~ 0049 99 4 o 518 1 97 42 15 9 19 84 18 50 1 43 o 87 la 1 3 95 o 291 ~ 70 o 0129 o ,'1153 151 2 o 518 1 31 43 16 2 20 23 20 17 o 98 0.77 1.2 5 56 o 207 5 82 o 0127 o 0036 

152 1 o 518 1 81 43 16 2 20 23 20 14 1 48 1 23 9 5 4 19 0.275 5 43 o 0157 o 0058 152 3 o 518 1 82 42 16 0 20 15 16 43 1 27 o 64 9 6 4 16 0279 1.69 o 0047 o 0019 155 0 o 518 2 27 42 15 9 111 84 19 37 141 o 75 12 1 3 29 o 353 3 74 u.Oll~ o 00.8 

25 7 o 092 2 57 65 23 3 5 63 5 57 1 99 1 64 27 3 1 47 o 131 4.52 o 041 o 044 
25 5 o 092 4 lB 62 22 6 5 33 5 30 3 52 1 95 39 3 1 02 o 198 5 18 o 069 o 107 
25 5 o 092 4 78 62 22 6 5 33 5 17 4 05 2 39 44 0 o 91 0219 3.51 o 050 o 087 26 4 0092 4 68 62 22 6 5.33 5 31 4.03 2 19 44 0 o 91 o 219 S 59 o 084 o 145 25 9 o 092 4 31 65 23 3 5 65 4 90 3.64 2 03 /..4 0 o 91 o 221 2 02 o 029 o 051 53 l o 092 2 24 65 23 3 5 61 5 65 1 72 1 06 12 0 3 33 0.061 
53.1 o 092 2 19 65 23 5 5 68 5 64 2 25 1 38 14 0 2 86 0072 6 34 o 0149 0.0013 
50 3 o 092 3 28 62 22 6 5.33 5.32 2 76 1 53 14 0 2 86 o 071 6.17 o 0145 o 0080 50 3 o 092 3 42 62 22 6 5 33 5 31 2.52 1 49 14 0 2 86 0072 5 59 00131 00073 48 7 o 092 3.55 62 22 6 5 33 5 32 3 11 2 16 14 0 2 86 0.072 6 28 o 0148 o 0082 106 7 o 092 2 61 67 23 8 5.86 5 9/. 2 29 1 31 14 0 2 86 0072 

104 8 o 092 2 14 67 23 8 5 86 5 87 1 73 1 01 119 3 37 o 061 
97 7 o 092 2 72 63 22 7 5 45 5 35 2 39 1 75 14 0 2 86 0071 3 96 o 0047 o 0026 

101) " o 092 2 66 62 22 6 5 33 5 30 2.39 1.69 14 0 2 86 0071 S 34 o 0063 00035 
99 1 a 092 2.72 63 22 7 5 45 5 50 2 44 173 14 0 2 86 0072 

155.6 o 092 1 90 68 24 2 5 94 5 97 1 43 1.10 10 7 3 15 0.055 
26 a o 156 2 92 63 22 7 9 24 8 55 2 29 1 68 33 1 1.21 o 283 2 59 o 048 o 063 
26 1 0.156 3 16 64 23 2 9 48 9 43 237 1 S9 38 8 1 03 o 337 S 24 0.113 0.176 
26 0 o 156 ".99 64 23 2 9 48 8.00 4.28 2 29 44 0 o 91 o 375 1 85 0046 o 079 
49 6 o IS6 2 21 62 22 6 9 04 8.93 1. 7' 1.18 11 5 3 49 o 098 4 48 o 0146 0.0066 
49 9 a 156 2 53 62 22 9 04 8 85 2 21 1 29 13 4 2 98 o 115 3 87 o 0148 0.0079 
51 8 0.156 2 98 63 22 9 24 8.31 2 24 1 34 14 0 2.86 0.120 2 30 0.0091 o 0051 104 9 o 156 1 69 63 22 9 24 9 15 1 41 o 94 9 1 .. 38 o 078 4 60 o 0060 o 0022 

102 5 o 156 2 35 65 23 3 9 57 B 35 1 86 o 93 12 9 3 10 o 110 2 OS o 0038 o 0019 
102 8 o 156 2 62 65 23 3 9 57 9 06 1 86 o 81 14 0 2 86 o 119 2 92 0.0058 o 0032 
104 l o 156 2 53 65 23 3 9 57 9 53 1 56 o 85 14 0 2 86 o 119 5 55 o OH1 o 0061 
155 B o 156 1 55 63 22 1 9 24 8 86 1 33 o 91 8 6 4 63 o 074 3 19 a 0025 o 0009 29 3 o 289 2 54 66 23 6 18 10 15 70 1.56 o 99 24 4 1 64 o 387 2 02 o 051 o 049 

26 7 o 289 2 83 63 22 7 17 19 12 90 2 17 1 65 29 4 1.36 o 467 1 39 o 043 0.049 
26 7 o 289 3 01 63 22 7 17 19 13 90 1 92 1.36 33 7 1 19 0.535 1 66 0.058 0077 
30 0 o 289 3 15 66 23 6 18 10 14 05 2 30 1.10 37 2 1 07 0.590 1 50 o 058 o 085 50 0 o 28, 2 52 67 23 a 18 45 15 7' 1.87 1 45 129 3.11 o 204 1 93 o !ll3 o 0066 50.5 o 289 3 02 65 23 3 17 80 17 52 2 30 1 56 14 0 2 86 o 222 4 15 o 031 0011 W 49 3 o 289 3 31 62 22.6 16 80 13.74 2.22 1 00 14 0 2 86 0.222 1 70 o 0126 o 0070 -.J 99 5 o 289 2 06 68 24 2 18 71 Il 39 1 51 1.20 10 8 312 0.170 2 65 o 0075 o 0032 "'" 96 5 o 289 2.67 62 22 6 16 80 14 62 1.66 1 13 14 0 2 86 o 222 2.04 o 0075 o 0042 
96 7 o 289 2.59 62 22.6 16 80 14 16 1.72 1.09 14 0 2 86 o 222 1.85 0.0068 o 0038 
92 l o 289 2 48 62 22 6 16 80 13 72 1.69 o 8G 13 3 3 01 0211 1. 70 0.0059 00031 



c ~ 

He. g/ .. ' G. kg/D'S X •• kg!kg Tl' DC Ts f DC Rs. kg/ .. 'h Re. kg/.,'h Xc •• kg!kg 

102 4 o 289 2 15 66 23 6 18 10 16 60 1.59 
152 0 o 289 1 55 67 ::3 8 18 45 17 34 1 22 
152 l C 289 1 86 67 24 1 18 54 17 69 1 38 

28 0 o 518 2 92 66 23 6 32 50 22 56 171 
::; 1 0518 3 62 61 22 2 29 68 19 18 2.55 
26 5 o 518 2 43 61 22 2 29 68 19 39 1 53 
25 8 o 518 1 86 61 22 4 29 92 19 17 1 20 
25 1 a 518 2 36 61 224 29 92 19 01 1 52 
51 3 o 518 2 41 65 23 3 31 95 24 12 1 85 
51 1 o 518 3 30 65 23 3 31 95 27 65 2 49 
49 4 o 518 3 12 61 22 4 29 92 22 80 2 43 
47 7 o 518 3 27 61 22 2 29 68 18 64 2 16 
49 4 o 518 3 40 61 22 2 29 68 18 41 2 06 
99 5 o 518 2 40 65 23 3 31 95 27 66 1 75 
99 7 o 518 2 05 65 23 3 31 95 29 31! 1 55 

100 9 o 518 2 58 61 22 4 29 92 22 40 1 81 
100 7 o 518 2 74 61 22 4 29 92 25 67 2.32 
100 1 o 518 2 68 61 22 2 29 68 25 05 2 .'4 
149 9 o 518 1 94 64 22 Il 31 53 30 15 1 .. 3 
150 5 o 518 1 85 65 23 3 j Q5 29 15 1 4. 

:7 0 o 092 4 22 90 29 3 8 .7 7 86 3 25 
27 3 o 092 2 51 90 29 3 8 27 7 B8 1 88 
27 5 o 092 3 14 92 29 7 8 49 8 39 2.41 
25 7 o 092 4 88 BB 28 8 8 06 6 19 4 10 
49.8 o 092 2 57 92 29 7 8 49 8 48 1.96 
SI 0 o 092 2 47 92 29 7 8 49 8 43 1 87 
50.9 o 092 1 86 91 29 4 8 36 8 20 1 42 
96 Il o 092 2 06 92 29 8 8 51 8 10 1 53 

101 5 o 092 1 69 91 29 6 8 40 8 39 1 32 
~8.3 o 092 1 90 91 29 6 8 40 8 37 1.51 

156 8 o 092 2 34 92 29 8 8 51 8 48 1 91 
27 8 o 156 3 38 91 29 6 14 24 1117 2 74 
279 o 156 2 95 92 29 7 14 31 11 92 210 
25 5 o 156 3 44 88 28 8 13 65 12 04 2.54 
25 3 o 156 3 26 88 28 8 13 65 12 23 2 16 
25 8 o 156 2 90 88 28 8 13 65 12 87 1 92 
SI 6 o 156 3 13 92 29 7 14 31 14 04 2 43 
52 9 o 156 2 97 94 30 a 14 69 17 48 2 17 
/.9 4 o 156 3 53 87 28 6 13 47 12 84 2 83 

103 8 o 156 2 54 93 29 9 14 62 14.33 1 99 
103 4 o 156 2 63 87 25 6 13 47 12 41 1 95 
103 0 o 156 2 83 88 28 8 13 65 13 06 1 91 
101 8 o 156 2 38 88 28 8 13 65 12 48 1 68 
155 5 0.156 1 91 93 29 9 14 57 14 41 1 53 
152 1 o 156 2 18 87 28 6 13 56 13 42 1.71 

26 4 o 289 2 45 85 28 2 24 34 17 99 1 52 
26 3 o 289 2 44 85 28 2 24 34 18 51 1 33 
26 3 o 289 2 59 85 28 2 24 34 15 85 1.71 
26 4 o 289 2 57 85 28 2 24 3 .. 16 29 1 55 
24 l o 289 3 62 86 28 2 24 77 19 82 2 32 
26 3 o 289 3 59 87 28 6 25 04 18 55 2 10 
23 4 o 289 2 80 84 28 1 23 96 18 19 1 70 

Xc •• kg!kg dpI pm 4/dp • m'/ .. ' Re 

1 Dl 113 3.54xl0' o 179 
o 92 8 4 4 78 o 133 
o 88 10 0 4 02 o 158 
1 29 29 4 1 36 o 836 
1.34 44 0 091 1 256 
1 14 26 8 1 49 o 765 
o 80 19 6 2 04 o 561 
1 14 22 0 1 82 o 628 
1.34 11 7 3 41 0.334 
1 92 14 0 2 86 o 399 
1 94 14 0 2 86 o 400 
1 30 14 0 2 86 o 400 
o 85 14 0 2 86 o 400 
1 13 12 4 3 22 a 353 
o 84 10 4 3 86 o 295 
1 11 136 2 94 o 388 
2.06 14 0 2.86 o 400 
1 25 14 0 2 86 o 400 
1 17 10 1 3 96 o 288 
1 12 9 6 4 16 o 273 

1 95 44 0 o 91 o 218 
1 50 26 3 1 52 o 130 
1 68 27 5 1 45 o 136 
2 41 44 0 o 91 o 218 
1 67 1~ 9 2 87 0071 
1 34 133 3 01 o 068 
1 08 9 6 4 15 o 048 
1 00 11 3 3 55 o 056 
o 82 9 2 4 33 o 047 
o 88 :0 3 3 88 o 053 
1 36 10 ' 3 87 o 052 
2 10 44 0 o 91 fi 369 
1 65 33 4 1 20 o 280 
1 10 44 0 o 91 o 370 
1 51 40 7 o 98 0.342 
1 38 31 9 1 25 o 268 
1 55 14 0 2 86 o 117 
1 41 14 0 2 86 o 117 
1. 74 14 0 2 86 o 118 
1 26 14 0 2 86 o 117 
1 03 14 0 2 86 o 121 
1 22 14 0 2 86 o 118 
092 13 0 2 86 o 109 
1 17 9 5 4 23 o 082 
1 07 110 3 62 o 096 
1 33 26 5 1 51 o 416 
1 33 217 1 85 o 348 
1 23 31 6 1 27 o 495 
1 23 23 7 1 69 o 381 
1 67 44 0 o 91 o 689 
1 67 44 0 o 91 o 706 
1 49 27 3 1 47 o 427 

~ ~ 
2.48 o 0074 
2 81 o 0039 
321 o 0054 
1 18 o 065 
1 04 o 085 
1 06 o 053 
1 02 o 037 
1 al o 041 
1 41 0.016 
2 al a 027 
1 44 o 019 
o 99 o 013 
o 97 0013 
2.01 a 012 
2 52 o 012 
1 38 o 0088 
1 95 a 013 
1 86 o 012 
3 13 o 0094 
2 44 o 0070 

3 00 o 045 
3 08 o 027 
4 48 o 042 
1 46 o 022 
6 74 o 015 
4 95 o 011 
3 96 o 0065 
3 03 o 0029 
6 90 o 0044 
5 80 o 0041 
5 65 o 0013 
1 53 a 039 
1 79 o 034 
2 14 o 054 
2 26 o 052 
2 86 o 052 
3 98 o 016 
1 90 a 0077 
3 06 o 012 
3 94 o 0080 
2 54 o 0044 
3 14 a 0064 
2 46 o 0046 
4 S1 o 0039 
4 57 0.0021 
l 34 o 038 
1 43 o 032 
1 05 o 035 
1.11 o 027 
1 61 o 075 
1 35 o 062 
1 43 o 041 

Sh 

0.0033 
a 0013 
o 0021 
o 075 
o 149 
o 056 
o 029 
o 036 
o 0072 
0.015 
o 011 
o 0073 
o 0071 
o 0058 
Cl 0051 
o 0048 
o 0072 
o 0069 
o 0038 
o 0027 

o 075 
o 027 
o 043 
o 036 
o 008 
o 005 
o 0024 
o 0013 
o 0016 
o 0017 
o 0032 
0.064 
o 043 
o 090 
o 081 
o 063 
o 0086 
0.0041 
o 0067 
o 0043 
o 0026 
o 0034 
o 0023 
o 0015 
o 0046 
o 038 
o 028 
o 043 
o 026 
o 126 
o 110 
o 043 

10' ~ .. - \ 

W 
-..J 
U1 



~ 

H •• g/m' C. kg/ .. '. x •• kgjkg Til oC Ts . oc R •• "g/m'h Re. kg/.,'h Xc •• kgjkg 
26 4 o 289 2 75 87 28 6 25 12 18 15 1 49 
51 7 o 289 3 13 85 282 24 34 16 14 2 10 
52 1 o 289 2 14 85 28 2 24 34 21 41 1 47 
44 9 o 289 2 20 87 28 6 25 04 20 04 1 43 
50 7 o 289 2 13 87 28 7 25.21 21 14 1 19 
46.3 o 289 3 )4 87 28.6 25 04 16.45 2 30 

100 7 o 289 2 30 86 28 2 24 77 22 06 1 31 
101 8 0.289 2 27 86 28 2 24 77 21. 72 1 64 
100 4 o 2B9 2 62 87 28 6 2S 04 20 73 1 63 
102 6 o 289 2.75 87 28 6 25.04 22.41 2 13 
155 2 o 2B9 1 74 86 2B 2 24 56 23 12 1 35 
156 1 o 289 2.13 86 2B.2 24 77 22 92 1.28 

28 4 o 518 3 49 88 28 8 45 57 26 63 2 36 
25 4 o 518 3 45 83 27 8 42 45 24 90 2.33 
25 1 o SiB 3 40 83 27 8 42 45 25 64 2 06 
26 4 o 518 3 33 83 27 8 42 45 24 22 1.32 
25 4 o 518 3 29 83 27 8 42 45 24 69 2 07 
26.1 0.518 2 47 83 27 8 42 45 24 42 1 53 
25 4 o SiS 3 71 83 27 B 42 45 22 87 2 69 
24 9 o 518 3 69 l!3 27 8 42 47 23 23 2 58 
25 3 o 518 4 33 84 28 1 43 00 24 05 2 68 
52 5 o 518 1 99 87 28 6 44 95 32 39 1 17 
51.5 o 518 1 95 87 28 6 44 95 34 23 1 00 
52 3 o 518 2 51 87 2B 6 44 95 32 38 1 63 
50 5 o 518 2 49 89 29 1 46 04 32 41 1 46 
49 9 o 518 2 28 83 27 8 42 45 24 90 1 H 
49 1 o 518 3 23 83 27 8 42 45 25 85 2 42 
47 9 o 518 2 90 83 27 8 42 45 22 34 2 23 

101 1 o ,18 2 18 8/ 28 6 44 95 37 98 1 58 
100 6 o 518 2 21 85 28 2 43 70 36 18 1 ~4 

99 e o 518 2 57 82 27. 6 41 83 29 81 1.84 
100 5 o 518 2 38 83 27 8 43 45 31 87 1.91 
150 8 o 518 1 55 85 28 2 43 70 35 22 1.19 
150 7 o 518 1 86 85 28 2 43 70 34.91 1 50 
151 3 o 518 1 65 87 28.6 45.10 35 34 1 01 
149 9 0.518 1 81 87 28 6 45 18 35 12 1 17 

Xc •• kgjkg dpI IJII 4/dp • m'/ .. ' Re 

1 49 26 8 1 49xl0' o 430 
o 95 14 0 2 86 o 219 
1 15 10 S 3 82 o 164 
1 19 10 6 377 o 166 
1 19 10 3 3 87 0.166 
1 29 14 0 2 86 o 225 
0.70 12 1 3 31 o 189 
1.12 119 3 36 o 187 
1.06 14 0 2 86 o 219 
1 34 14 0 2 86 o 219 
1.19 9 2 4 33 o 145 
061 11 4 3 50 o 179 
1.86 39 6 1 01 1 192 
2 06 40 0 1 00 1 125 
2 06 40 0 1 00 1 125 
1.59 37.2 1 07 1.047 
1 58 37 2 1 07 1 047 
1 03 26 8 1 49 o 754 
1 97 44 0 o 91 1 238 
1 95 44 0 o 91 1 23B 
1 68 44 0 o 91 1 237 
1 00 9.1 4 38 o 26~ 
1 00 9 1 4 39 o 262 
1 13 12 1 3 31 o 348 
1 11 119 3 36 o 342 
1 OS 10.7 3 38 0.301 
1 87 14 0 2 86 o 394 
1 01 14.0 2 86 o 403 
1 18 10 9 3 66 o 307 
o 97 1l.1 3 60 o 312 
1 25 134 2 99 0.376 
1.25 12.2 3 29 o 342 
o .. 3 S 0 5 D2 0.224 
1.13 9 5 4 20 o 268 
o BI 8 4 4 74 o 243 
o 89 9.2 4 32 0.266 

~ ~ 
1 28 o 036 
1 09 o 0082 
2 11 0012 
1 61 o 0092 
1 82 o 010 
1 07 o 0079 
2 21 00072 
2 09 o 0067 
1 76 o 0066 
2 19 o 0082 
2 84 o 0045 
2 60 o 0051 
o BB o 061 
o 88 o 067 
o 93 o 070 
o 85 o 060 
o 87 o 062 
o 86 o 043 
o 77 o 065 
o 79 o 066 
o 82 o 068 
1 28 0.011 
1 43 o 012 
1 27 o 015 
1 22 o 014 
o 88 o 0091 
o 94 0013 
o 75 o 0099 
1 87 o 0098 
1 76 o 0094 
1 26 o OOBI 
1 43 o 00B3 
l.64 o 0039 
1 60 o 0046 
1 52 o 0039 
1.50 o 0042 

Sb 

o 039 
o 0044 
o 0048 
o 0037 
o 0042 
o 0045 
o 0033 
o 0031 
o 0036 
o 0044 
o 0016 
o 0022 
o 107 
o 103 
o 108 
o 085 
0.088 
o 045 
o 109 
o 112 
o US 
o 0041 
o 0046 
o 0069 
o 0066 
o 0037 
o 0068 
o 0056 
o 0041 
o 0040 
o 0042 
a 0039 
o 0012 
o 0017 
o 0013 
0.0016 

~ 

tA) 

-...J 
0'\ 
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APPENDIX 9 

ALGORITHM OF THE THROUGH DRYING MODEL 

INl'Ul" AND OU'II.'U'r 

Ta .. ' Tsi ' G, ~, Yi' 
4t, .1%, Ceor.' MMAX 

INITIALIZE 
Ta' Ts ' T~, X, Xo, y, C, M 

YES 

Xci Eqn. 5.8 
t.P Eqn. 4.14 
dl' Eqn. 4.16 
a' Eqn. 4.8 
{J' a' Id,!! 
al' Eqn. 7.22 

kc 
~ 

SOLVE FINI TE DIFFERENCE 
EQUATIONS (Eqns. 7.10-i.13) 

YES 

NO 

OUTpUT 
VARIABLES 


