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Abstract

Air drying of paper by pure impingement, pure through flow and by combination

of impingement and through flow was studied. For the combined process the inlet and

both outlet air flow rates were held constant throughout drying, thereby providing results

appropriate for analysis of the complex and interacting kinetics.

Pure impingement drying rate curves were quantified with three parameters which

were related to drying prc>cess conditions: constant drying rate, critical moisture content

and the exponent for a power law relationship over the falling rate period. The Churchill 

Usagi asymptotic approach mode! was tested and found not applicable.

For pure through drying the constant drying rate period disappears at higher

drying intensities leaving two drying rate periods, the increasing rate and falling rate

periods. A theoretically based exponential relationship was obtained for the increasing

rate period, where up to 47% of the drying may occur. Drying rate curves were quantified

with no subjective judgements, using five parameters: moisture contents at the end of the

increasing rate and constant rate periods, constant drying rate, and exponents for the

increasing and fal\ing rate period relations. A universal normalized drying rate curve was

obtained. Through drying rates are the sanle with or without impinging jets.

In combined impingement and through air drying, an aàiabatic process, removal

of impingement boundary layer humidity by through flow makes both components of the

process nonadiabatic. Relative to pure impingement drying, impingement water removal

rates are sensitively reduced by through flow. Because critical moisture content is

intrinsically lower for through drying than impingement drying, through flow water

removal rate curves can be strikingly different from pure through drying, with addition of

a unique feature, a secondary increasing rate period when paper temperature is driven up

by the fa\ling rate period of impingement water removal. Parameters for quantitative

representation were determined, analyzed and related to drying process conditions.

Of two prior models for the combined impingement and through air drying of

paper, trends assumed by Randall (1984) are now found contrary to actual rates while the

Crotogino and Allenger (1979) model has the trends correct but over predicts the drying

rates now measured. Results of the pilot plant work of Burgess et al. (1972) are consistent

with the comprehensive model now developed to predict drying time and drying rate for

combined impingement and through flow air drying of paper.
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Résumé

Nous avons étudié le séchage à l'air du papier uniquement par jets, uniquement
par air traversant de même que par le procédé combinant les jets et l'air traversm1t. Pour le
procédé combiné, la conception du montage expérimental permettait de maintenir
cC'nstants le débit d'entrée et les deux débits de sortie, donnant ainsi une mesure
appropriée pour l'analyse cinétique de ces phénomènes complexes et en interaction.

Les courbes de séchage uniquement par jets sont quantifiées par trois paramètres:
le taux de séchage constant, la teneur en eau critique et l'exposant d'une relation de
puissance dans la période à taux décroissant, lesquels paramètres furent rapportés aux
conditions du procédé. Le modèle d'approche asymptotique de Churchill et Usagi tùt
essayé et trouvé inapplicable à la présente situation.

Pour le séchage uniquement par air traversant. la période à taux constant n'est pas
observée aux intensités de séchage les plus élevées, cédant la place à deux périodes de
séchage, la premiere à taux croissant, la seconde à taux décroissant. Une relation
exponentielle basée sur une analyse théorique fùt obtenue pour la période à taux
croissant, qui constitue jusqu'à 47% du séchage. Les courbes de séchage tùrent
quantifiées sans jugement subjectif, en utilisant cinq paramètres: la teneur en eau à la tin
des périodes à taux croissant et à taux constant, le taux de séchage constant, et les
exposants pour les périodes à taux croissant et décroissant. Une courbe de séchage
normalisée universelle fut obtenue. Les taux de séchage par air traversant sont identiques
avec ou sans l'apport de jets.

Pour le procédé combinant les jets et l'air traversant, un pl:énomène adiabatique,
l'enlèvement de l'humidité dans la couche limite par l'effet de l'air traversant, rend les
deux composantes du procédé non-adiabatiques. Par comparaison au séchage uniquement
par jets, les taux d'enlèvement d'eau par les jets sont réduits par l'air traversant, de tacon
très sensible. Comme la teneur en eau critique est intrinsèquement plus basse pour le
séchage par air traversant que pour le séchage par jets, les courbes de taux d'enlèvement
d'eau peuvent être complètement différentes de celles pour le séchage uniquement par air
traversant. Ces courbes comportent une caractéristique unique, une période à taux
croissant secondaire, dans laquelle la température du papier augmente à cause de la
diminution du taux d'enlèvement de l'eau par les jets. Nous avons determiné, analysé et
rapporté aux conditions du procédé les paramètres représentatifs.

Des deux modèles existants sur le séchage combiné par jets et par air traversant,
celui de Randall (1984) prédit des tendances contraires à l'observation, alors que celui de
Crotogino et Allenger (1979) prédit correctement les tendances observées mais avec des
taux de séchage plus élevés que la réalité. Les résultats en usine pilote de Burgess et al.
(1972) s'accordent avec le modèle compréhensif développé pour prédire le temps et le
taux de séchage dans le séchage à l'air du papier par le procédé combinant jets et l'air
traversant.
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Chapter 1 Introduction

1.1 History of papermaking

Papermaking was invented in ancient China and developed in the year lOS AD by

Cai Lun of the East Han Dynasty. From that time until the end of the eighteenth century,

ail paper throughout the world was made one sheet at a time (Clapperton 1967). Rags

were washed, beaten and cooked to produce pulp. The papermaking master dipped his

mould into the vat of pulp and drew out the fibres from the suspension, allowing the

water to drain away through the mesh of the mould, leaving a wet sheet of pulp. This

product was dried under the sun, then stacked for use. An improvement found for drying

paper was to attach il to the surface of an internally heated brick wall.

The secret of papermaking was learned by the Arabs in 704 and introduceà to

Europe in 1189 through France, where six centuries later it was modern!zed. Thus by

producing the required machine, Nicolas Louis Robert in 1799 first put into praciic" the

idea of making paper mechanically in long lengths. The real boom of producing paper

continuously came after another French invention, the mechanically perfected machine

patented in 1804 by the Fourdrinier brothers based on Robert's invention (Butler 1901).

The early machines made hy the Fourdrinier brothers consisted of a flowbox

which supplied the pulp stock to a moving wire supported between two rolls. The wet

web was pressed and accumulated for subsequent drying in sheet form. Since the time of

Louis Robert, the Fourdrinier machine bas undergone continuai change. Figure 1.1

shows a Fourdrinier paper machine integrated into a current paper mil! consisting of four

major sections: formation, pressing, drying, calendering and reeling. ln the formation

section, a uniform fibre-water suspension of 0.2-1.0% fibres is supplied from a headbox.

This suspension is deposited on a continuously moving mesh where a wet sheet of pulp

forms after drainage first by gravity, then by compression under rolls, typically aided

finally by vacuum from below. More recently, !Win wire formers have been replacing the

single wire Fourdrinier design.
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Headbox Fourdmier Table Pre~s Section Dryer Section Calender Stack

Fil.lure 1.1 FQurdrinjer paper machine

This wet web is mQstly water, with abQut 18-23% fibres. AbQut 20% Qf the water

is œmQved in the next sectiQn by the press rQlls, frQm which the paper leaves at abQut 33

55% fibres. Water is remQved in the dryer sectiQn tQ Qbtain the final prQduct at a mQisture

CQntent Qf 6-9%. FQr mQst Qf the WQr1d's paper tQday, drying is achieved by CQntact heat

transfer tQ the wet sheet frQm the surface Qf a series Qf cylinders (usually 1.5 tQ 1.8 ID

diameter) heated intemally by cQndensing steam. The evapQrated IDQisture is carried

away by ventilatiQn air. Depending Qn the grade Qf paper produced, the efficiency Qf the

dryers and the speed Qf the paper machine, there are typically mQre than 40 such cylinder

dryers, making the dryer sectiQn with ils air circulatiQn system a prQcess Qf impressive

size. In the calendering sectiQn, the dried paper passes between heavy calender rolls fQr

surface property improvement before il is reeled fQr shipping.

1.2 Drying paper

In mQdem paper industry, "the trend tQward higher machine speeds. wider

machines, and 1Qwer grarnmages has brought abQut a critical evaluatiQn of the

cQnventional means of drying paper. Not Qnly the water removal capacity of the dryer

section, but also the safe passage of the web through the dryer section is growing in

significance as a factor limiting the production capacity of high speed paper machines"

(CrotoginQ 1975). In addition, drying consumes almQst 75% of the total energy in paper

production. In Canada, about $600 million are spent annually on the drying of newsprint

alone (Mujumdar 1992). Therefore even a modest improvement in drying technology has
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the potential to enable substantial savings in drying cost. Listed in Table 1.1 is the

distribution of dryers from McConnell (1980). The drying rate values are from Cui and

Mujumdar (1984).

Table 1.1 V.S. Industry Paper Dryer Distribution
Drying

Paper Industry Drying Application Total Rate
Pulp Tissue Paper Board Coating % kglm'h

Water removed, %

7 6 34 51 2 100

Dryer Distribution, %

Cylinder Dryer 15 95 95 35 82.3 10-20

Impingement Dryer 70 2 2 50 7.6 100

Yankee Dryer 70 4.2 200

lnfrared Dryer 3 3 15 2.8

Through Dryer 15 0.9 20-140

Flash Dryer 15 1.1

Vacuum Dryer 15 1.1

As conventional cylinder drying is restricted to low drying rates by the inherent

limitation of low rates of heat transfer from a hot surface to the wet sheet the most

promising replacement is sorne form of air convection drying, with which an order of

magnitude higher drying rate can be obtained. üther attractive features of air convection

drying are the ease of control provided in the cross machine (CD) direction and relatively

low capital cost.

In the tissue industry air convection drying is already the standard, as the Yankee

dryer and the through dryer. A Yankee dryer consists of a large diameter (5.5 to 7 m)

steam heated cylinder supporting the wet sheet which is dried by a combination of two

mechanisms - by contact heat transfer as in cylinder drying, and by convection heat

transfer from impinging jets of hot drying air discharging from the nozzle plates of an air

hood. The wet sheet is pressed tightly against the highly polished hot surface of the

cylinder so that good heat transfer rates are achieved. The impinging jets discharge at

nozzle exit velbcities around 150 mis and at nozzle exit temperatures in the range 300-
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• 500 Oc (Corboy Jr. 1991). Figure 1.2 (a) shows a schematic diagram of a Yankee dryer

employed in a tissue machine.

The through dryer was developed for tissue production not only because of its

high drying rate but also because tissue paper of high bulk may thereby be produced. In

through drying, figure 1.2 (b), dry air is either pressured or sucked through the pemleable

wet sheet, producing a much softer product than that produced by a Yankee dryer where

the sheet is pressed against a cylinder. In the highly competitive soft tissue segment of the

paper industry, a bulkier, lighter product containing less fiber provides an economic

advantage (Smook 1986).

Based on pilot plant experiments Burgess and Chapman (1968) patented a

convection dryer, which they termed a "Papridryer" , combining the air impingement and

air through drying techniques. In this kind of dryer, figure 1.2 (c), part of the high

temperature air discharging from nozzles in the hood is withdrawn as an impingement

exhaust, as in an impingement dryer, while the remaining part is sucked through the

porous wet sheet by applying vacuum inside the cylinder, as in a through dryer. In this

process of C.ombined lmpingement and Ihrough Air J2rying, referred to here as CITAD

for ils generic name, part of the water near the impingement surface is evaporated and

carried away by the impingement air flow 50 that, in contrast to through drying, this

moisture is transported through only a small part of the sheet. Furthermore, moisture

evaporated from the center to the through flow exit side of the sheet need not diffuse to

the impingement surface side but can be carried away by the air through flow.

Despite these advantages of the combined impingement and through air dryer,

cnAD, and the brief mill demonstration made about 25 years ago, this process did not

achieve commercial success. While the reasons for this lack of industrial adoption are

complex, the intrinsic advantages of the cnAD technique are such that there remains the

possibility of an improved design achieving industrial acceptance in the future. Design

improvements may come from a basic understanding of this process, including how the

impingement flow affects the through drying, how the through flow affects the efficiency

of impingement drying, how the impingement heat transfer interacts with mass transfer

4
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(a) (b)

,fL---.

(c)

Figure 1.2 Air convection dryers for paper
(a) Yankee dryer ( air impingement and surface contact drying)
(b) Through dryer ( air through drying )
(c) Combined air impingement - air through dryer
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phenomena, what levels of througr. flow are best at the various levels of paper moisture

content from wet to dry, and how to design the nozzle plates for optimum results. The

optimum design of such a complex system for industrial use requires an understanding of

the fundamental principles, which is the basic motivation of the present investigation.

1.3 Objectives of the present study

The objective ofthis thesis is to make the tirst fundamental study of the process of

combined impingement and through air drying of paper, including determination of the

interaction between these two processes of air convection drying of paper when they

occur in combination. The stages towards achievement of this objective are as follows:

(1) Design and. construction of a unique experimental facility which enables

measurement of the performance characteristics of air .impingement drying and air

through drying, alone and in combination, under conditions with the key

parameters of each process controlled and measured.

(2) Determination of the characteristics of air impingement drying of paper.

(3) Determination of the characteristics of air through drying of paper under

irnpinging jets.

(4) Determination of the characteristics of air convection drying of paper for a

combination of air impingement and air through drying, with the proportion of

drying varied between the limits of pure impingement and pure through drying.
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• Chapter 2 Literature Review

2.1 Impingement drying ofpaper

This review does not treat the much larger topics of impingement flow, heat and

mass transfer phenomena as these are available through general reviews such as Gauntner

et al. (1970), Mujumdar and Douglas (1972), Martin (1977), übot (1981), van Heiningen

(1982), Polat S. (I993).

As air convective drying by impinging jets takes advantage of very high heat and

mass transfer rates it is extensively used to obtain rapid drying in relatively small

equipment. Impinging jets tind wide application in drying materials in the form of

continuous sheèts (e.g. tissue paper, photographic film, coated paper, nonwovens, and

textiles) or relatively large, thin shapes (e.g. wood veneer, lurnber and carpets) or even

conveyed beds of granular material (e.g. cat and dog food) (Mujurndar 1987).

Impinging jets are applied in the paper industry for the drying of tissue and

toweling by Yankee dryers. This technique consists a large cylinder heated intemally by

steam, with an impingement air hood for arrays of high velocity air jets impinging on the

surface of the wet web. In modem Yankee dl")'ers where air at about 500 oC issues from

round nozzle arrays at jet velocities of 150 mis, the distribution of drying is about 30% by

contact heat transfer from the Yankee cylinder heated by steam condensing at about 1

MPa, and about 70% by air impingement heat transfer (SoITells 1991, Spraker et al.

1969). Thus CUITent Yankee dryer performance is dominated by the air impingement

drying component.

In contrast to the extensive studies of impinging jet heat and mass transfer rates,

the literature on impingement drying of paper is limited. The few available papers

concem mostly dryer performance and deal with energy or engineering aspects, not the

fundamentals of impingement drying of paper. This shortage of investigations on the

7



impingement drying of paper may derive from a perception that for a thin web of libres,

impingement drying is totally extemally controlled by the impingement heat transfer rate.

Daane and Han (1961) ana1yzed the performance of impinging jets using an index

of performance for a specifie fan power. Based on experimental data of heat transfer they

found the index of performance reached a maximum when the fraction of area tlW the jet

nozzles was about 1.5-3% of the area of the nozzle plate or impingement surface. This

area ratio is commonly called the "open area ratio" of nozzle plates.

Using an array of round nozzles Allender (1961) studied the impingemcnt drying

of paper within the constant drying rate period (up to 70% - 80% solids content). For

constant rate period drying, conditions within the sheet are not involved and the tindings

are simply those of impingement heat and mass transfer.

ln his series of publications on paper drying Cirrito (1963, 1964a,b,c) gave a brier

analysis of impingement drying in combination with hot surtàce conduction l'rom

internally heated cylinders. Thermal efficiency was found to increase directly with drying

air humidity. Recognizing the importance of the falling rate period he suggestcd

increasing the sheet temperature by either increasing the steam pressure inside drycr cans,

increasing the air temperature at the impingement side or by adding radiant energy during

the falling rate period. He noted that the moisture content at the transition l'rom constant

rate to falling rate drying, conventionally called "critical moisture content", is not a paper

property but is aiso affected by drying conditions.

Chance (1974) studied the heat transfer of impinging jets for application in the

paper industry, investigating effects of nozzle exit to impingement surface spacing H/d,

nozzle open area ratio l', jet pattern and temperature. Heat transfer degradation due to

eross-flow resulting l'rom the interferenee of spent flow on jet flows was successfully

correlated with a cross-flow interference parameter proposed, le ' by Kercher and

Tabakoff (1970) as

~~Ie = 1- 0.2361 e (2.1)

for 2::;H/d::;8; 0.012::;1'::;0.07; le::;1.8 ; with le =l'Le / d, where fis the nozzle open area

ratio, d the nozzle diameter and Le the maximum distance traveled by spent flow.
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Martin (1977) published an extensive review of the impingement heat transfer

research. A general correlation, equation 2.2, was found to predict within ±15% the

impingement heat transfer coefficients for a variety of arrays of round nozzles.

.Jf(i - 2.2.Jf) 2/ 042
Nu = K Re/3Pr .

1+0.2~~ -6)H
(2.2)

with

for 2000 ::;Re::; 100,000; 0.004 ::;f::;0.04; 2::;H/d::;12

Wedel (1980) compared slot and round jets for paper drying. Round jets were

found to perform better than the slot jets at equal fan power and air flow rate.

Extensive research on impingement drying of paper using superheated steam as

the drying medium began in 1984 at McGill University. Cui and Mujumdar (1984)

presented a model for a combined impingement and conduction superheated steam dryer.

Cui et al. (1985) made preliminary measurements in the constant drying rate period for a

superheated steam impingement dryer. Drying rate was found to increase nearly linearly

with jet temperature and velocity. The sheet temperature was measured to be that of

saturated steam.

Bond (1991) carried out the most comprehensive investigation of impingement

drying of paper in both air and superheated steam ( Bond et al. 1991, 1992, 1994a,b). The

drying rate was analyzed as a constant rate period followed by a falling rate period for

which the drying rate was treated as a linear function of paper moisture content. For the

constant drying rate period they found that the correlation of Martin (1977) applied. The

critical moisture content for both air and superheated steam was found to increase with

the constant drying rate.

In a recent patent disclosure Pikulik (1992) reported his findings for drying

newsprint by combined hot surface contact and air impingement drying. With his

technique the wet web is pressed onto the surface of at least !wo large diameter cylinders

heated to about 120 oC, which provide about half of the drying heat. The other half of the
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• energy is supplied by convection from the hot jets impinging on the sheet l'rom a hood

surrounding the cylinder as in a Yankee dryer. Pikulik claimed a higher drying rate and

better paper properties. The nature of his pilot plant study does not provide any drying

kinetics.

Thus although impinging air jets are widely used for drying paper, precise

documentation is lacking of the critical moisture content and, especially, of the tàlling

rate period of drying whicl. .'"Introls dryer size, including the important effect of paper

basis weight on impingemen, llrying rate.

2.2 Through drying of paper

As an extensive review on air through drying of paper, the second process of

convection drying, was given by Polat O. et al. (1 992b), including discussion of the

porous structure of paper, flow through porous media and heat and mass transtèr in

porous media, these aspects are not repeated here. Very high rates can be achieved in

through drying paper due to the large area for heat and mass transfer between the air and

the paper web when air passes through the sheet. Water vapor must diffuse only on the

scale of fibre thickness as compared to sheet thickness in the case of hot surface contact

drying or impingement drying. Table 2.1, adapted l'rom Polat O. et al. (1992b),

summarizes the studies on through drying of paper.

In their laboratory study Chu and Kuo (1967) constructed a capacitance meter to

measure moisture content. As documented subsequently by Bond (1991), this technique

has limited accuracy due to the complex relationship of capacitance with moisture

content, temperature and geometrical variables. Because of the large through tlow rate

used, mechanical dewatering occurred at moisture contents as low as 25%. As the

experimental technique allowed large changes in through flow rate during drying,

quantitative interpretation oftheir results is not possible.

Walser and Swenson (1968) conducted through drying experiments ln the

laboratory and a paper mill. A back scatter beta-ray gauge was used to measure the paper

10



• moisture content in their laboratory experimental study, for which a basis weight of 86

g/m2 was obtained with two plies of 43 g/m2 • They reported that the air exited from the

sheet at the adiabatic saturation condition. Again, because the through flow rate was not

controlled during an experiment as much as 100% change in through flow rate occurred

during a drying experiment. ln their mill trials with intermittent sample collection, a basis

weight effect was not detected even though the sheets ranged from 52 - 147 g/m2•

Table 2.1 Range of parameters in through drying of paper

Author Sheet• B T G Xo

g/m2 oc kg/m2s kg/kg

Chu and Kuo (1967) HS Tissue 21-82 0.8-3.3 1.8

Walser and Swenson (\ 968) HS,PM 52-150 60-260 0.05-0.25 2.0

Martin (\ 972) HS 100 <250 0.8-6.0 -
Raj and Emmons (\ 975) HS 13-64 20,80 0.3-1.65 3

Rohrer and Gardiner (\ 976) PM 16-19 150-350 1.2-3.2 -
Wedel and Chance (1977) HS,PM 25-50 200 2 2.0

Gummel and Schlünder (1980) HS 20-23 22-95 0.07-1.8 5-10

Polat O. et al. (1992b) HS 25-150 20-95 0.09-0.55 1-5

Industrial application PM 15-40 100-400 0.07-4 2-3

* HS= handsheets, PM= papermachme formed sheets

Martin (1972) measured through drying rates by applying vacuum across a 100

g/m2 handsheet. As the through flow rate changed three to four fold during each

experiment and the drying rate measured was only the overall average value, such results

provide no information conceming th~ drying kinetics.

Raj and Emmons (1975) through dried paper of basis weight 13 - 65 g/m2 , of

porosity as high as 0.86 - 0.89 in ambient temperature air. The accuracy of their

measurements, Le. monitoring the total weight of the sample holder and the sample, was

limited by their signal-to-noise ratio of 0.1.

Rohrer and Gardiner (1976) calculated the rate of through drying of paper by

modeling the process as one of turbulent flow through ducts. They c1aimed good

agreement between their model prediction and measurements for a mill trial conducted
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with highly permeable paper. Shortcomings of this work were pointed out by Polat O. et

al. (1992b).

Wedel and Chance (1977) analyzed through flow of air as an external flow over a

cylinder. Polat O. et al. (1992b) noted that this model is even further from the reality of

the complex structure of air flow through pores in sheet. Wedel and Chance claimed that

their calculations agreed weil with their experimental measurement, which they did not

document. Moreover, they reported that for their experimental conditions the flow exited

as saturated air, a condition which makes it impossible to test any drying rate model.

The through drying work of Gummel (1977) and Gummel and Schlünder (1980)

was carried out with an infrared analyzer as the air humidity detector, from which

complete drying rate curves could be obtained. For their basis weight of paper, 20 and 23

g/m2, the air exiting the sheet was far from the adiabatic saturation condition, in contrast

to the reports of prior researchers. By normalizing the drying rate with respect to the

maximum value and moisture content as ( X - Xe ) / ( Xc - Xc ) , ail of their falling rate

period drying data collapsed to one curve. An analysis of their data by Polat O. (1989)

indicated that leakage at the sample holder probably occurred for ail their drying

experirnents, so their reported values are probably lower than the actual drying rates.

With an improved through dryer design and better instrumentation, Polat O. et al.

(1987) carried out a systematic study of through drying with the air mass flow rate heId

constant during the entire drying. An infrared analyzer was used to monitor the air

humidity exiting the sheet, thereby providing the instantaneous value of paper moisture

content to associate with the instantaneous drying rate. A relationship between constant

drying rate and the process variables (temperature, flow rate, paper basis weight) was

obtained. Three distinctive drying rate periods were observed, Le. an important increasing

rate period as weil as the constant rate and falling rate periods. It was found that for the

highest drying intensity conditions, G=0.55 kg/m2s, T=88 oC, there was no appreciable

constant drying rate period for 25 g/m2 paper when paper initial moisture content was less

than 3 kg water/kg fibre. For these conditions about half of the water was removed during

the increasing rate period, half during the falling rate period. A model was constructed in

which the controlling factors during the increasing rate and the falling rate periods,
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• respectively, were the development of transport area and the increase of heat of

desorption based on the data of Prahl (1968). The transfer coefficients obtained from the

constant drying rate period were applied to the increasing and falling rate periods using

the characteristic dimension, ~ , derived from the pressure drop measurements and

momentum transfer equation.

This investigation also showed that there is a potential for improvement of

through drying even at 0=0.55 kg/m2s and T=90 oC, because the air exits a 25 g/m2 paper

sheet at only 50% of saturation, far from the maximum possible through drying rate. In

the industrial practice of through air drying of paper as weil as with alilaboratory through

drying studies reported to date, the approach flow of air to the wet sheet has a relatively

uniform velocity profile. One possible way of improving the efficiency of through drying

would be to have the air approach flow be highly turbulent so that the air would enter the

sheet at a higher humidity because of the higher convective heat and mass transfer

coefficients at the sheet surface. One way of generating a highly turbulent inlet flow is to

provide the approach flow as impinging jets. No investigation of through drying with an

impingement approach flow has been reported. Thus the extent to which the rate of

through drying of paper may be enhanced by providing the approach flow as impinging

jets remains to be determined.

2.3 Enhancement ofimpingement heat transfer

by through Dow

For the ideal case of flow of a frictionless fluid of uniform velocity and

temperature over a permeable surface of uniform temperature the enhancement of

convective heat transfer, represented as the Stanton number, St, due to a uniform through

flow is tJ.St=Mu. where Mus is the ratio of through mass flow rate ta the mass flow rate at

the nozzle exit. In a boundary layer flow, however, the enhancement of heat transfer, tJ.St,

is proportional to rather than equal to Mus (Polat S. et al. 1991a,b).
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(2.3)

•
Saad (1981) and Saad et al. (1992) studied the effect of through flow on

impingement heat transfer with slot jets at H!w=8 and Re values of 10200, 22800 and

29100 for through flow velocities ranging from 0 to 0.3 mis at a stationary impingement

surface. A uniform increase in local heat transfer was observed across the entire

impingement surface, Le. from the jet centerline to the wall jet region. The percentage of

enhancement, therefore, varies proportional to the profile of local heat transfer from

impinging jet, for example from about 26% to 50% increases at positions 3 and 12 of

nozzle widths from stagnation for the case of a through flow velocity of 0.1 mis

(u,/tJ.j=0.0074) at Re=10200.

Obot (1982) studied the effect of through flow on average heat transtèr

coefficients from single confined and unconfined round impinging jets for through t10w

velocity in the range 0.3% to 0.7% of the nozzle exit velocity. Two values of Re, about

28000 and 51000, were studied with values of the nozzle spacing H/d in the range 2-10.

A linear increase in local heat transfer coefficient with through flow rate was observed.

Mickley et al. (1954) and Spalding (1960) independently derived the following

relationship for the ratio of local convective heat transfer at a permeable surtàce with

through flow, relative to that at an impermeable surface.

St p = - Ci where C. = Mu,
St j e-e, -1 1 St j

At very low throughflow rates, Mu,<O.OI, Moffat and Keys (1968) found

agreement between equation 2.3 and their experimental data. With higher through flow

their measured Stanton number was, however, always lower than the prediction of

equation 2.3. For turbulent impinging jets, equation 2.3 also predicts much greater effect

of through flow on heat transfer than that measured by Baines and Keffer (1979), Saad

(1981), Saad et al. (1992) and Polat S. et al. (1991a).

The effect of through flow on heat transfer for jets impinging on stationary and

high speed impingement surfaces was determined for multiple slot jets by Polat S. and

Douglas (1990) and for single slotjet by Polat S. et al. (1991a). Inciuding the results of

Saad (1981) for multiple slot jets on a stationary impingement surface, they found the

value of the ratio ~St/Mu, for ail these cases ta be 0.16 - 0.18.
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2.4 Combined impingement and through air drying

Burgess et al. (l972a) provided umque results from a pilot plant test of a

technique designated by their trade name, "Papridryer", referred to here by the acronym

CITAD for the generic name of the process, Qombined Impingement and Ihrough Air

Llrying. The sheet was in contact with a rotating perforated roll covered by a permeable

fine wire fabric as the sheet support. Jets of hot air at velocity up to about 100m/s was

delivered from an array of slot nozzles in an impingement hood. Air through flow was

achieved by applying vacuum inside the roll. For newsprint experiments, never dried

sheets from repulped newsprint formed on a laboratory twin-wire former were used. For

tests with corrugating medium, never-dried machine formed sheets were obtained from

paper mills. Wet pressed paper was fed continuously to the dryer. Sheets moisture

contents entering and exiting the dryer were measured with beta-gauge meters.

Subsequent to their pilot plant study a mill trial was carried out at the Trois

Rivières, Quebec newsprint mill of the Canadian International Paper Company to

evaluate directly in a paper machine the effects of the operating variables, Burgess et al.

(1 972b). Two cylinder dryers, #34 and #35, out of the 46-cylinder dryer section were

replaced by a 1.52 m diarneter dryer employing the combined impingement and through

air drying technique. The geometric pararneters of pilot Papridryer and mill trials are

listed in Table 2.2.

Table 2.2 Geometrie pararneters of pilot plant and rnill trial dryers of Burgess et al.

Pilot pla.'1t Mill trial

Vacuum roll diarneter, m 0.38 1.52

Roll width, m 0.406 4.06

Wrap of hood, 0 300 270

Total dryer length, m 1.06 3.59

Nozzle opening, mm 0.52 1.3

Nozzle-web spacing, mm 8.4 13-19

Inter-nozzle spacing, mm 38 76

Nozzle open area in hood, % 1.4 1.7
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For the pilot plant investigation, two series of tests were perforrned to deterrnine

the influence of operating variables on the drying rate with newsprint, one at fixed jet

velocity, the other at fixed initial moisture content of the paper as listed in Table 2.3.

Table 2.3 Experimental conditions for pilot plant test with newsprint

Series 1 Series II
Jet velocity Paper initial moisture content

96.5 mis 1.8 kglkg
Jet temperature, Oc 149-427 260 315
Jet velocity, mis 0.91 - 97 3.1- 91
Jet flow rate, kg!m"s 1.07 - 0.65 0.008 - 0.85 0.025 - 0.72
Through flow rate, kg!m"s 0.046 - 0.27

Through flow ratio, % 7 - 41
Roll vacuum, kPa 17 - 71 1.0 - 41
Initial moisture content, kglkg 0.25 - 1.95

The air flow rates were norrnalized to the effective dryer surface area. Through

flow ratio is norrnalized to the total drying air mass flow rate from the nozzles. For the

experiments of series 1 to deterrnine the effects of through flow rate and jet temperature

on drying rate, the wet sheet of initial moisture content about 1.95 kg water/kg fibre was

fed in successive passes to the dryer to obtain dry paper at a moisture content of 0.09

kglkg. The number of passes required ranged from 4 to 7 depending on drying conditions.

Representative results were shown as the average drying rate achieved in each successive

pass against the corresponding sheet moisture range. The results are summarized in Table

2.4 with the averaged value of drying rate calculated for 1.4>X>1.0 kg water/kg fibre.

Table 2.4 Results of series 1: Effect ofjet temperature and through flow rate

Jet velocity, mis 96.5

Through flow rate, kg/m2s 0.22 0.32

Jet temperature, Oc 307 427 307

Jet flow rate, kg/m2s 0.78 0.65 0.78

Through flow ratio, % 28 34 41

Average drying rate, kg!m2h 148 186 180

At a fixed through flow rate, 0.22 kg!m2s, an increase ofjet temperature from 307

to 427 Oc resulted in an 26% increase in drying rate, although the total jet mass flow rate
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• decreased by about 17% at the constant jet velocity of 96.S mis. At constant jet

temperature a comparable increase in drying rate was obtained by increasing the through

flow rate from 0.22 to 0.32 kg/m2s although the impingement exhaust flow rate would

have been correspondingly reduced. These drying rates are of course much higher than

the 16 kg/m2h typical for the present hot surface conduction cylinder dryer for paper.

For the four drying rate history curves shown, the drying rate over the first pass is

lower than that for the second pass by up to 34% which indicates the existence of

increasing rate period derived from through flow. Il is amazing, however, to note that

only two out of the four curves display a slight drop in drying rate towards the dry end,

although sheet moisture content range for the final pass was O.4>X>O.OS kglkg. For the

flow conditions listed in Table 2.4, through flow is the dominant factor in affecting the

total drying rate. According to Polat O. (1989), the critical moisture content for pure

through drying is about O.4SXo • Renee il is expected that a decrease in drying rate should

occur at moisture content around O.Y kglkg and a substantial decrease should be found in

the final pass for 0.4>X>O.OS kglkg. There must be other unspecified contributors for the

impossibly high drying rate obtained by Burgess et al. at such a low moisture content.

Experiments carried out over the jet temperature range of 140 - 430 Oc at jet

velocity 96.S mis and through flow rate 0.23 kg/m2s established that drying rate was

linear with jet temperature. Likewise, a linear relationship was found between drying rate

and through flow rate. The slope of this increase, however, is 22% higher at jet

temperature of 427 than at 149°C. At jet temperature and velocity of 427 Oc and 96.S mis

the average drying rate calculated for 0.6>X>O.l kglkg increased from 70 to 136 kg/m2h

when through flow rate increased from 0 to 0.24 kg/m2s.

For experiments of series II atjet temperature of31S oC, four levels ofjet velocity

were tested at three levels of vacuum, 10.2,27.1 and 40.7 kPa. The average drying rate

for complete drying was calculated from 1.8 kglkg down to the final moisture content of

about 0.12 kglkg, as summarized in Table 2.S. As this set of experiments were carried out

at fixed values of vacuum, the through flow rate therefore changed substantially from wet

to dry paper. Through flow rate was estimated based on the paper perrneability given by

Burgess et al. (l972a).
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• Table 2.5 Results of series Il: Effect of total and through flow rate

Jet temperature, Oc 315

Vacuum, kPa 10.2 40.7

Through flow rate, kg/m2s 0.033 - 0.099 0.13 - 0.39

Jet velocity, mis 12 50 12 50

Jet flow rate, kg/m2s 0.096 0040 0.096 0040

Through flow ratio, % 34 - 103 8.3 - 25 140 - 406 33 - 98

Average drying rate, kg/m2h 37 97 58 133

Since the paper permeability changed as much as three fold from 0.6xI0· IO m at a

moisture content of 1.8 kg/kg to 1.8x10.10 m for a fully dried paper, the through tlow

mass flow rate changed accordingly. Hence these drying rates are not comparable with

those obtained at fixed through flow rate. For the condition of high vacuum and low jet

velocity, the through flow ratio was substantially more than 100%, which implies that

large amounts of environment air in addition to ail of the air from the jet was sucked

through the web.

The effect of vacuum was further tested at four levels from 17 to 69 kPa at two

levels of jet velocity, as summarized in Table 2.6. The drying rates are simply average

values over the range 1.8>X>0.12 kg/kg.

Table 2.6 Results of series Il: Effect of vacuum on drying rate

Jet temperature, Oc 260

Jet velocity, mis 96.5

Jet flow rate, kg/m2s 0.85

Vacuum,kPa 17 69

Through flow rate, kg/m2s 0.06 - 0.18 0.23 - 0.69

Through flow ratio, % 7.1-21 27 - 81

Average drying rate, kg/m2h 108 172

The through flow rates were obtained in the same way as those in Table 2.5 as for

each sheet the same vacuum was used for ail passes. Likewise, as the through tlow ratio

changed as much as three fold the drying rates cannot be associated with a specific flow

condition, hence are of only overall relevance. The results they reported at a very low jet
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• velocity, 0.9 mis, have not been shown because their indicated through flow rates were up

to 86 times the total inlet air jet flow. As such through flow air would have mostly from

the room environment, the drying rate results are impossible to interpret. For the case of

high jet velocity, by increasing vacuum from 17 to 69 kPa average drying rate was

increased by as much as 60%.

As the drying rates reported by Burgess et al. are based on paper moisture content

measurements such rates include that by impingement and through flow air plus hot

surface conduction heat transfer from the dryer roll and radiation from the impingement

hood. Their reported paper temperature measurements indicate that during each pass the

paper temperature increases by about 10 - 15 Oc starting from temperature of about the

adiabatic saturation value. This increase indicates that the sheet received significant heat

from the vacuum roll. As no roll temperatures were reported, the hot surface conduction

contribution to their measured drying rate cannot be estimated. In a conventional cylinder

dryer section the average drying rate is of the order of 15 kg/m2h. At higher jet

temperature, the contribution of radiation is significant. For jet temperature of 427 Oc
radiation may contribute about 14 kg/m2h.

For trials with corrugating paper of basis weight 140 g/m2, a similar trend was

observed with the drying rates somewhat higher than those achieved with newsprint.

During a brief mill trial, effects of through flow rate, jet temperature as weil as

total jet flow rate on the average drying rate were investigated similarly to the pilot plant

study. The results showed that the mill trial dryer unit approximated the performance

determined in the pilot plant, with average drying rate reaching as high as 142 kg/m2h for

jet temperature of 430 oC, jet velocity of 85 mis at nozzle open area ratio of 1.6%,

nondimensional nozzle spacing from the sheet of 12 nozzle widths and vacuum of 25kPa

with paper ofbasis weight 52 g/m2• The paper enteredthe dryer at a moisture content of

0.4-0.6 kg water/kg fibre and left at 0.02 to 0.2 kg water/kg fibre, and the drying rates

reported are average values over that range of moisture content. An empirical relationship

without a term for paper moisture content was given which correlated the drying rate with

air temperature,jet velocity and through flow velocity.
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• Two aspects of the report on the pilot plant investigation of Burgcss et al. (1972a)

lead to reservations conceming the quantitative aspect of their results. They measured

both the paper temperature and the temperature of the through flow air exiting the sheet.

Their technique for the latter measurement should have provided reliable values.

However their measurements indicated that the through flow air exited the sheet at a

temperature 5 - 15 Oc below the paper temperature. As it is the sheet which cools and

humidifies the through flow air, it is of course impossible for the air to exit the sheet at a

temperature below the sheet temperature. Secondly, with jet temperature of 307 Oc and

427 Oc they dried the sheet in four passes, with the corresponding moisture content being

approximately 1.8, 1.4, 1.0, 0.5 and 0.05 kg water/kg fibre. Thus they reported four

values of average drying rate, one for the moisture content limits of each pass. The

surprising feature is that all four values of average drying rate are essentially the same.

even the final one for drying from about 0.5 to 0.05 kg/kg moisture content. They

concluded that with combined impingement and through flow, "no falling rate zone

occurs". All paper drying published research indicates that there will always be a falling

rate period. The results of others indicate that for the moisture content rangc from 0.5 to

0.05 kg/kg, the drying rate would be expected to be only perhaps 1/5 of the maximum

drying rate in the moisture content range of about 1.8 - 1.4 kg/kg.

Thus because of the nature of the pilot plant and mill trial tests, the findings of

Burgess et al. do not provide insight conceming the detailed performance of this drying

process or the interaction between the impingement and through flow. However those

were not their basic objectives, and their most valuable investigation revealed the

potential of the combined impingement and through air dryer for paper and proved that

this technique could be reduced successfully to practice.

Crotogino (1975) concluded that air drying is the only viable alternative to

conventional cylinder dryers to meet the trend for increasing paper machine speed and to

reduce operating problems such as frequent sheet breaks in existing paper mi Ils with

conventional cylinder dryers. A review of factors goveming the drying rates attainable

with impingement drying was givcl" in terrns of jet velocity, jet temperature and nozzle

geometries. For through drying, the maximum achievable, Le. with the adiabatic
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saturation condition at the exit was assumed by inference from resuits of Burgess et al.

(1972a). Crotogino discussed the concept of a linear contribution of the two components

in combined impingement and through air drying, in order to have a continuous relation

of drying rate with through flow ratio from the limits of pure impingement to pure

through drying. His analysis of the process emp10ying impingement and through flow by

suction identified the benefits to be gained as high drying rate, uniform drying, flexibility

and improved paper quality. Moreover, it was noted that these benefits are attainable

while the sheet is conveyed through practically the entire dryer section without being

subjected to an unsupported draw. The application of air drying in the manufacture of

various paper grades, tissue and newsprint was discussed. The similarities in solutions to

problems for both grades led to the conclusion that a standard air dryer unit can be buiit

which would be capable of handlin!! a range of types ofpaper.

Crotogino and Allenger (1979) proposed a model coupling the air impingement

and through drying by assuming no interaction between the impingement and through

flow drying. Thus they assumed the impingement drying and the through flow drying

contributions to be directly proportional to the mass flow rate of the impingement exhaust

and the through flow exhaust. For the through drying component they assumed that the

maximum drying rate achievable was obtained, Le. that the through flow air exhaust was

saturated at the adiabatic saturation temperature corresponding to the air inlet conditions.

For the falling rate period, the drying rate was considered to be controlled entirely

by the decreasing vapor pressure and the increasing heat of desorption of water, with

P, = P~ . rp where P~ is the saturation vapor pressure evaluated at the web temperature,

while the fraction rp was calculated based on the experimental data ofPrahl (1968) in the

form suggested by Wedel and Chance (1977) as:

r
p

= 1- e(O.544.14.5.X) for X>0.07 (2.4)

rp = 51.3. X 1.86 for 0.07~~0

The heat of desorption, also taken from Prahl's data, was approximated as:

InÂ.a =7.20-17.3· X (2.5)

Radiation heat transfer from the hood was accounted by
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• (2.6)

(2.7)

where 0' is the Stefan - Boltzmann constant, F the interchange factor, approximated as

0.7, Tj and Tc the jet and air exhaust absolute temperature, and Tp the paper absollite

temperature.

Their linear model satisfactorily predicted the perfonnance reported by Burgess et

al. (1972a) at conditions ofjet velocity of 96.5 rn/s, jet temperature 427 oC, throllgh 110w

mass flow 0.22 kg/m2s, basis weight 52 g/m2, assuming sheet temperature at 25 oC lor

paper moisture content 1.82X2:1.4 and 30 oC for 1.4>X2:0.l kg/kg. 1t also predicted the

mi11 trial results of Burgess et al. (1972b) for the effect of jet temperature, percolation

flow rate and jet velocity on drying rate.

RandaJl (1984) proposed a different model. He separated the impingement and

through flow drying, treating the impingement air drying as taking place first, followcd

by through air drying using part of the impingement exhaust flow. He further assumed

that aJl the nozzle exit air participated in the impingement drying as if there were no

through flow. Thus the contribution of impingement drying was taken as constant for a

given total nozzle exit mass flow rate. Such an assumption is arbitrary.

Correlations reported by Chance (1974) for impingement heat transfer with round

nozzles were used by RandaJl in predicting the impingement heat transfer coeflicient. For

calculations of through flow heat transfer coefficient, the approach of Rohrer and

Gardiner (1976) was employed. In RandaJl's model, the wannup as weil as the falling rate

period was considered. The relation between nonnalized drying rate, defined as the ratio

of drying rate to the constant drying rate, and nonnalized moisture content, ratio of

moisture content to critical moisture content, was adapted l'rom Gottsching and Rhodus

(1977) with RandaJl's own experimental test proof in the falling rate period as:

R X (X )2
-= (i+ar}--ar'-
Re Xc Xc

Good agreement was claimed between his model and his experiments on a pure through

flow pilot dryer, with no supporting data reported.
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• For paper basis weight of 49 g/m2, sheet speed at 18 mis, hood air temperature at

400 oC, nozzle plate open area ratio of 2%, the minimum energy cost was predicted to

occur when through flow water removal is 1/3 of the total drying rate. A roll diameter

larger than Sm was recommended from the model prediction in terms of the total energy

cost. With the increasing rate period contribution (defined by Randall as the warrnup

period ) and the falling rate period for the sheet entering dryer at moisture of 1.38 kg/kg

and leaving at 0.8 kg/kg, an optimal machine speed in terms of drying capacity was found

to be at 10 mis for a cylinder diameter of 4.27m.

Polat S. et al. (1990, 1991a,b) concluded from their experimental heat transfer

measurements with a porous heat transfer flux sensor that the impingement heat transfer

coefficient increases Iinearly with through flow rate. As their experiments determined

only impingement heat transfer rate and did not involve through drying, those results do

not deal with the effect on through drying of the impinging jet approach condition or the

effect of through flow on drying rate in combined impingement and through air drying.

Thus there are significant differences between the assumptions of the two models, Le.

those of Randall and of Crotogino and Allenger, and it is difficult to relate the

experimental findings of Polat S. et al. To the process of combined impingement and

through air drying.

Thus to provide sound guidelines for the designer of dryers using combined

impingement and through air drying, it remains to be determined by direct measurements

how impingement and through flow affect each other and how drying rate can be

predicted reliably for the cnAD process.
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2.5 Conclusion

Although impingement heat transfer has been extensively studied and

impingement drying of paper widely used industrially, basic knowledge of impingcment

drying remains limited, especially conceming the falling rate period and the point of

onset ofthat key period, the critical moisture content.

Ali through drying results have been obta:'~ed with a uniform f10w of air

approaching the wet sheet, with no investigation of whether the rate of through drying of

paper could be enhanced by providing the inlet air as impinging jets. Therc is inadcquatc

knowledge of the drying rate - moisture content relations for the complete drying rate

curve.

Although the concept of the enhancement of impingement heat transfer by

through flow has been thoroughly investigated theoretically and experimentally, the only

experimental results conceming combined impingement and through air drying of paper

are from an industrial pilot plant and a brief paper mill test which did not lead to an

industrial installation of this process. This work provided the crucial confirmation that

newsprint could be dried successfully by such a combination of drying techniques.

However the scale and nature of this work was not designed to provide fundamental

knowledge of the combined process, including the separaie role of the componcnts of

impingement and through drying, and the interaction between these basic elements of the

combined process.

The two models published treat the application of this combination of techniques

to drying paper from different approaches. One model assumes no effect l'rom the through

flow component on the impingement component. The other model approximates the total

drying rate with each component contribution varying directly with the corresponding

proportion and assumes the maximum possible through flow contribution, Le. for the

through flow exiting saturated. Thus the question of the mutual interaction of

impingement drying and through drying when both processes occur simultaneously

remains to be established definitely by experin·.ental measurement.
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• Chapter 3 Experimental Apparatus

3.1 Overall design concept

An experimental facility was designed and built for the study of the combined

impingement and through air drying of paper. The impingement flow was obtained by air

jets from arrays of 19 or 61 round nozzles impinging on a 100mm diameter sheet.

Nozzles of three diameters were used, 1.59 mm, 2.38 mm and 3.75 mm. The

impingement exhaust ports were located between the nozzles so that the cross flow of the

impingement exhaust was not a factor. Air through flow was achieved by applying

suction downstream of the wet sheet.

Since the prime industrial motivation for this study was to determine the mutual

interaction between the impingement and through flows it was therefore essential that the

apparatus operate from 100% impingement drying to 100% through flow drying. Because

of the high dependence of the permeability of moist paper on its moisture content, the

coupled relationship of through flow rate and pressure drop across the sheet is very

sensitive to moisture content. Therefore an essential feature of the equipment design was

to achieve a constant mass flow rate of ail three air flows, Le. of the total drying air flow

at the inlet and at both the through flow and impingement air exhausts. Only in this way

can the measured drying rates be associated with the precise flow conditions that

produced these drying rates. Of the three flows, the total drying air to the impingement

nozzles and the through flow exhaust were instrurnented to provide constant flow rates,

thereby providing a constant mass flow rate also for the impingement exhaust flow.

The constant inlet mass flow rate was obtained by a pressure regulator in series

with a critical flow valve. The pressure regulator ensures that the air from the central

supply line is controlled to a fixed pressure of 80 psig (552kPa) upstream of the critical

flow valve. With the pressure downstream of tbis critical flow valve always less than 5

psig, the ratio of absolute pressure downstream to upstream is always less th~n the value

of 0.45 required to achieve critical flow across the valve.
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The constant through flow rate was obtained by using vacuum regulators. of

range 0 - 14.5 psi, on the through flow exhaust line, in series with another critical t10w

valve downstream of the vacuum regulators. For the present condition of a fixed mass

through flow rate, pressure drop across the sheet can change in a few seconds as much as

15kPa from beginning to end of one experiment. The system performance and the

required vacuum regulator specifications were determined in advance by a numerical

simulation, which established the feasibility and showed that two vacuum regulators are

necessary for a sufficiently fast response. The small system volume, 1.8 liter, from the

sheet to the critical valve does not affect the through flow rate signiticantly. A vacuum

pump installed downstream of the critical flow valve maintained the pressure downstream

of this valve sufficiently low to maintain critical flow across the valve.

Another aspect of concem was the temperature upstream of the critical t10w valve

in the through flow exhaust. As critical flow is a velocity effect, a constant t10w velocity

at such a valve only becomes a constant mass flow rate if the t1uid pressure and

temperature upstream of the valve remain constant. It was found that although the

through flow exhaust air temperature changes by as much as 50 Oc during a drying

experiment, the uninsulated exhaust line from the vacuum regulator to the critical valve

reduces the temperature variation at the valve to 10 C or less.

Rotameters were used to measure the air flow rates downstream of the critical

valves on the air inlet line and on the through flow exhaust line. Calibration of these

rotameters was carried out against a dry test meter with error less than 0.1 %. Leakage

prevention was achieved by having ü-rings between each flange connection, by placing

the inlet air electrical heaters in a sealed cylindrical housing, and by using special design

of sheet insertion mechanism. From a statie test, it was determined that leakage was Jess

than 0.05% ofthe drying air flow rate.

For pure through drying, the through flow can be obtained easily by the pressure

drop between the drying chamber and the through flow exit without using the large

vaeuum pump. The volume from downstream of the eritieal valve on the inlet line to the

drying ehamber must be minimized to have a fast system response. For the present

apparatus, this volume is less than 7 liter, which requires mueh less than 1s for the flow to
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stabilize at 99% of the set flow rate when paper sarnple is introduced into the drying

chamber. For the subsequent entire drying process, the mass flow rate across the sheet

varies less than 1% from the set value for the present experimental conditions.

Accurate measurement of the rapidly changing paper moisture content was

another challenge. Paper moisture content was determined by monitoring the air humidity

at both the impingement and throughflow exhaust strearns with IR analyzers of response

time less than 0.25s, which thereby provided the impingement and through drying rates

during each experiment. In this way the instantaneous impingement, through flow and

total drying rates were ail obtained as a function of the instantaneous paper moisture

content.

Inlet air temperature was controlled by an electrical heater. To obtain the drying

air at a uniform temperature to ail parts of the sheet the six units of the heater were

installed with a 60° angle between adjacent ones. Each electrical element has an

independently controlled variable voltage supply. A perforated plate of 25% open area

was placed immediately downstrearn of the heater to further assure a completely uniform

air temperature and air flow velocity. Type-E sub miniature thermocouple probes, oftime

constant less than 0.1 s, were used to document the air temperature at the nozzle exit,

impingement exhaust, in the through flow exhaust immediately downstream of the paper.

Because of the possible local nonuniformity in through drying due to local nonuniformity

in the sheet (Polat O. et al. 1992a) the through flow exhaust temperature was monitored

by three thermocouples placed 30 mm downstrearn of the sheet and at three radial

positions - at the center line, 15 mm from the drying charnber wall, and the third one

midway between the other two.

Pressure drop across paper during drying was monitored with a pressure

transducer. Depending on the experimental conditions, a pressure transducer of range ±I

psi or ±5 psi was used. Paper surface temperature at the through flow exit side was also

measured for sorne experiments by attaching to that surface of the sheet a thermocouple

of the sarne type as used for other measurements.
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• 3.2 Equipment description

3.2.1 General Description

Shown in figure 3.1 is the schematic diagram of the experimental apparatus. The

supply air pressure was regulated to SO psig (552kPa) by a pressure regulator, 1 (Norgren

RI7-S01-RNLA), then cleaned with an oil tilter, 2 (Norgren FI7-S00-A3D). A critical

flow valve, 3a (Whitley), was used as the regulating valve for the air mass flow rate. The

pressure downstream of the critical valve was measured with a mercury manometer, 4.

The inlet air flow after the rotameter, 5a (Brooks 1114CL31 CMDAA), brought to the

desired temperature by an electrical heater, 6. The inlet air flow, 7, passes through a

nozzle array, S, and exhausts via either or both exits, the impingement exhaust, 10, or

through flow exhaust, 14 (detailed in figure 3.2). The humidity of the impingement air

exhaust was monitored by an IR analyzer, 16a (Foxboro MIRAN lA CVF). With through

flow, the pressure drop of the air flow across the moist paper in the sheet holder, 13

(detailed in section 3.2.3), was measured with a pressure transducer, 9 (either Statham

PM6TC±I-350 or PM6TC±5-350). The through flow exhaust mass flow rate was

regulated with a critical flow valve, 3b (Whitley), along with two identical vacuum

regulators in series, I9a,b (Fairchild 1626). The through flow exhaust rate was metered

by a rotameter, 5b (Brooks 1I14CL3 1CMDAA), for the vacuum measured at the

rotameter with a vacuum gauge, 20. The critical flow condition through the critical t10w

valve, 3b, was achieved by suction from the vacuum pump, 23 (Leybold D90A). The

humidity of the air of the through flow exhaust was monitored with another IR analyzer,

16b (Foxboro MIRAN lA CVF). To protect the vacuum pump the moisture in the

through flow exhaust was removed by a water vapor condenser, 22 (Leybold A90- II). A

ball valve, 21 (Watts 9214), was installed upstream of the intake of the vacuum pump to

maintain high vacuum so as to protect the pump when system is at idle. SignaIs from the

IR analyzers, pressure transducer for pressure drop across the sheet as well as the

thermocouples were sent to a dedicated PC ( IBM SOS6XT). T-valves, 15a,b, were
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Table 3.1 Geometry of nozzle arrays

Set # d (mm) N f(%) H/d

1 2.38 61 3.1 5.0

2 1.59 61 lA 7.6

3 3.75 19 2.7 8.5

• used to bypass the air flow from the IR measurement celis, 17a,b, to keep the IR detectors

18a,b, at the ambient environment between drying experiments.

3.2.2 Nozzle geometry

Details of the arrays of multiple round nozzles are provided by Table 3.1 and

figures 3.2 and 3.3. Ali nozzles were made from 45 mm tubing. The equilateral triangle

pattern, which is used industrially,

was chosen for the layout of nozzle

arrays to have a uniform flow

distribution from the center to the

edges of the 1.0.100 mm drying

chamber above the sheet.

Nozzle sets #1 and #2, fabricated of brass, share the same layout as shown in

figures 3.3(a) and (b), having 61 arrays with inside diameter 2.38 mm for nozzle set #1

and 1.59 mm for nozzle set #2, uniformly distributed on an equilateral triangle pattern as

shown by the solid circles. Nozzle set #3 of stainless steel, figure 3.3 (c), has 19 round

nozzles ofinside diameter 3.75 mm. The nozzle diameter was planned to be in the range

of 1 - 4 mm with commercially available tube sizes as listed in Table 3.1. The number of

nozzles was so chosen that the open area ratio is 1.5%<f<3%, where the performance

index reaches maximum value (Daane and Han 1961). The spacing between the nozzle

exit and the sheet was planned in the range of 6<H/d<8 where the heat transfer coefficient

frorn arrays of round nozzles reaches a maximum (Garden and Akfirat, 1966; Martin,

1977). The actual values ofH/d are listed in Table 3.1.

The impingement flow exhausts from the ports shown by the open circles around

the nozzle exits as weil as from the annular spacing between the drying chamber wall and

the edge of the nozzle exit plate. The flow area for the impingement exhaust is 4.3 times

of the nozzle open area for set #1,2.9 and 7.2 times the nozzle area for sets #2 and #3.
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• 3.2.3 Sheet holder

The holder for 103 mm diameter sheets consists of two parts, a cover with a 2 mm

circular dm, and a base with a matching 2 mm deep notch. The sheet was held on the

base by the cover rim. The cover and base was assembled by 6x60° screws. An O-ring

was placed on top of the cover to prevent leakage from the drying chamber.

Figure 3.4 shows the detailed design of sheet holder for drying with through flow,

whether alone or with impingement drying. The sample rests on #60 mesh supported in

tum by honeycomb whose strength was enhanced by a coarse wire screen of 0.8 mm

diameter wires on a 6 mm by 6 mm mesh. This screen was sandwiched between two solid

Plexiglas rings.

For the sheet holder for pure impingement drying, figure 3.s, the paper rests on a

thin insulating sheet of polyester from a standard transparency, selected for its

temperature stability and light weight. The plastic sheet rests on honeycomb, mounted on

the solid Plexiglas base. A small hole, less than 0.5 mm diameter, through the support

enabled insertion of a thermocouple from below to contact the support side of the paper.

To minimize heat loss or gain to the sheet the back of the holder was coated with 4 mm

foam insulation.

The sheet holder was introduced into the drying chamber with the insertion

assembly, figure 3.6. O-rings at the top and side of the lifting support prevented leakage

at the movable joints.

3.2.4 Data acquisition

Signais from thermocouples, IR analyzers, and the pressure drop transducer were

connected to an IBM-PC microcomputer data acquisition system. Each output was

connected to a signal conditioning unit, Data Translation Inc. Model DT6701 or DT6702

depending on the signai voltage level. The signal conditioning unit was equipped with a

33



l ' 1
l ' 1
l ' 1
l ' ,

eover

- - - - - -- - - - - - - - -- --- - -- - --- --- - - --- -- - --

base

(a) Sheet holder for drying with through flow

l , 1
l , 1
l , 1
l ,

, , , ~PrJ--------------------"-------------------pu 6

1

1

_ 100 _1 2

• 103 ..
140

fine sereen
\

l
5

T-l
D ~ 8

t
1 •

114
• 1

eoarse sereen
\

(b) Sheet holder design (dimensions in mm)

Figure 3.4 Sheet holder for drying with throughflow

34



caver

base /

(a) Sheet holder for pure impingement drying

prJ po e!-

Il: :~: : Il *
140

plastic sheet
'/

'-,--.,--,-,--,--,-.,.,.-,...,--rr-r-r-r-rr""'--rT""l"--'-'-"--'--'-""'-TT""1rrT"1 --'- 5

T

m~==~==3J] ~
-'

(b) Sheet holder design (dimensions in mm)

Figure 3.5 Sheet holder for pure impingement drying

35



1

C
1,1., :11 1 1 ~
Il:

1 1

U 1 ~ u

• 1..
100 mm

• O-ring

-[

Figure 3.6 Sheet insertion assembly

low-pass filter and gain control unit. The ND board was Data Translation [ne" Mode[

DT280 I-A with 16 single-ended ehanne[s.

The samp[ing frequeney, ranging l'rom 0.5 ta 10Hz, was seleeted in order la have

about 250 sets of data for eaeh drying experiment.

A data acquisition program was written in QuiekBasie with PC-Lab subroutines

used. The program allowed monitoring air humidity, temperature and pressure drop via

an on-sereen disp[ay in real time mode during drying. lt saved the raw data as weil as

preliminary proeessed data for further treatment. The eomp[ete program is given in

Appendix A.

3.3 Commissioning of the apparatus

3.3.1 Vacuum regulators performance test

Figure 3.7(a) shows test results for the response of the vacuum regu[ators with a

step change of 13.6 kPa, the pressure drop aeross a dry blotter 01'250 g/m2. The pressure

drop aeross the sheet and the pressure at the rotameter were measured with pressure

transducers. The total inlet air mass flow rate was 1.45 kg/m2s, and the through Dow

ratio was 34%. The system volUlae, 1.77 liter, l'rom sheet ta upstream of eritiea[ valve, 3b

on figure 3.1, does not affect the through flow rate signifieantiy. The ratio of the actua[
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• pressure to the set value at the rotameter was found to be 1±0.02. The suction system

response time caiculated l'rom the pressure drop across the blotter paper was less than

0.6s. Figure 3.7(b) shows the results of pressure at the rotameter for a drying experiment

carried out with a 50 g/m2 kraft handsheet. The inlet air mass flowrate again was 1.45

kg/m2s, of which 34% exited as through flow. The paper initial moisture content was 3.5

kg water/kg dry fibre. Although the pressure drop across the sheet increased sharply l'rom

oto 10 kPa then gradually decreased to about 1 kPa, the pressure at the rotameter was

always less than 2% percent away l'rom the set value at the rotameter, upstream of the

critical valve.

3.3.2 Infrared analyzer calibration

The Miran l-A IR spectrophotometer was adapted for use with a 25.4 mm inside

diameter measurement cell of length 550 mm to determine the absorbence of water vapor

at a wavelength of 2.70 Ilm. The celliength is the optimal choice between two opposing

factors - the sensitivity of the measurement, which increases in proportion to the cell

length, and the time constant, which is inversely proportional to the ceIl length. 0 l' the

IR25r---------------...,

five strong IR absorbent bands, 2.55, 2.60, 2.66, 2.70, 2.74 Ilm excluding the near and far

IR regions, 2.70 Ilm was selected as having the best reproducibility (Polat O. 1989).

The Miran l-A

o rv'easured value
Calibration 0JfW

spectrophotometer was chosen for its

fast response time and adaptability to

the present apparatus. The 1R

response time was further improved

by removal of the C12 capacitor,

which reduces its time constant to

Figure 3.8 IR analyzer calibration curve

1&i).......:~-1000-:---1500---2-000-:---2:-:500-:---3000~· less than 0.25s. A concave CaF2 lens
IR Absorbenœ (digital)

of focal length 250 mm was placed

at the end of IR source of the
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measurement cell, while a plane CaF2 window was sealed at the IR detector end. The IR

• analyzer was calibrated against a chilled-mirror type dew point hygrometer, (Modei 660,

EG&G), using a number of saturated salt solutions of known vapor pressure. Figure 3.8

shows a typical IR analyzer calibration curve. A second-order polynomial was fitted to

the data for air humidity, g/m3, and IR absorbence, digital. Detailed IR calibration

procedures and the salt solutions used are given inAppendix B.

3.3.3 Overall performance test

As the equipment operation is more complex and subject to more factors for

through drying than for impingement drying, it was tested by replicating a high through

flow rate experiment as reported by Polat O. (1989). Thus his exact experimental

conditions, including data acquisition and data processing procedures, were replicated

prior to the installation of impinging jets. The mass balance for water was 98%. Figure

3.9 shows for drying rate as a function of moisture content the very good agreement

obtained between the present measurements and those of Polat O.
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• 3.3.4 Demonstration of repeatability

Before the experimental program began a test of the repeatability of the apparatus

was conducted at the highest overall flow rate planned, G=1.45 kg/m2s, for two levels of

air temperature, 25 oC and 88 oC, the limits for the present study. The through f10w ratio

q=16.8% was selected to have relative1y equal contribution of water removal by the

impingement exhaust and through flow exhaust in the constant rate period. Paper of

around 50 g/m2 basis weight was used to minimize the influence of paper structure on the

process.

Figure 3.10 shows the results. The total drying rate sums the impingement and

through flow contributions. !ts repeatability rests on that of the impingement and through

flow components.

For the tests run with ambient temperature air the constant rate period values were

replicated within 3% for the through flow exhaust contribution and within 3.5% for the

impingement exhaust. The overall drying rate in the constant rate period replicated to

within 3.5%. At drying air temperature of 88 oC, the drying rate curves replicated

equally well.
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Chapter 4 Impingement Drying of Paper

4.1 Introduction

Impinging jets are widely used to dry light weight grades of paper. for which they

provide the principal drying mechanism in the process known industrially as the Yankee

dryer. There is an extensive literature of numerical and experimental studies of pure

impingement heat transfer, which is summarized in two reviews, Polat S. et al. (1988)

and Polat S. (1993). By contrast, there is little published experimental work on the

impingement drying of paper, of which a notable contribution has been by Bond et al.

(1991, 1992, 1994a, 1994b). Thus the present study, although undertaken as one element

in a research plan for the study of combined impingement and through air drying of

paper, also provides me&Surements supplementing the limited information available on

impingement air drying of paper.

4.2 Experimental conditions

The effects of paper parameters and drying conditions were studied through a

series of 59 experiments using nozzle set #1, which had a nozzle to paper spacing H/d =

5.0 and nozzle open area ratio f= 3.1%. The effect of nozzle geometry was studied in two

supplemental sets of experiments with a single selection of paper parameters and drying

conditions but with two nozzle arrays, #2 ( Hld = 7.6, f = 1.4% ) and #3 ( H/d=8.5. f=

2.7% ). With nozzle sets #2 and #3, the number of experiments made was 13 and II,

respectively. Each of the 83 drying experiments used a handsheet freshly made from dry

unbleached standard laboratory kraft pulp from 100% black spruce, as recorded in

Appendix F. Experimental procedures are detailed in Appendix B. Table 4.1 provides the

test conditions for jet Reynolds number, Re ; impingement air mass flow velocity, G;
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• equivaleiit jet velocity at standard conditions, Vj ; nozzle exit air temperature, Tj ; paper

basis weight, B; and paper initial moisture content, Xo '

Table 4.1 Experimental conditions for impingement drying

Nozzle set #1 Nozzle set #2 Nozzle set #3

Re 450 - 5300 770-9200 940-11100

G, kg/m2s 0.125 - 1.45 0.125 - 1.45 0.125 - 1.45

V;, Std.ml /m2s 3.13 - 36.3 6.92 - 80.3 3.59 - 41.6

T;, Oc 22, 45, 65, 90 22 22

B, g/m2 20, 25, 30, 40, 50 50 50

Xo' kg/kg 1.5-3 1.5-3 1.5-3

4.3 Drying history curve

Shown in figure 4.1 is a typical set of curves which show the drying history for

impingement air drying of paper with the lowest and highest jet temperatures used, 22 °
and 88 oC. Throughout each experiment paper temperature at the support side, Tp ,

impingement exhaust temperature, Te' and air humidity of the impingement exhaust, Ye ,

were monitored continuously, which enabled determination of the complete drying rate 

paper moisture content relationshlp. The wet sheet was introduced into the drying

chamber at an initial moisture content Xo of 1.78 kg water/kg dry fiber for figure 4.1 (a),

2.96 kg/kg for figure 4.1 (b). As data acquisition frequency was selected in the range of

0.5 to 10Hz, the drying rate curves were obtained in essentially continuous form with

instantaneous drying rate R and moisture content X calculated from the Ye measurement.

The drying rate data points obtained experimentally are shown on figure 4.1, but to

facilitate visual examination of the results, the temperatures are displayed as straight lines

connecting the experimental data. Vnless necessary, ail subsequent graphs simply show

such straight lines rather than the very large number of actual data points.

In figure 4.1 (a) the initial short duration sharo spike on the drying rate curve is

accompanied by an equally sharp drop in paper temperature, Tp • This spike in the R - X
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curve results from the initial temperature of the paper, 22 oC, being substantially above

the wet bulb temperature, 7.3 oC, to which the paper quickly drops when drying starts,

hence the large spike in R until the sheet has cooled to the wet bulb temperature.

Thereafter the drying rate remains at Re' the constant drying rate.

During the constant rate period ail conditions remain approximately constant as

sheet moisture content decreases. When the paper moisture content decreased to the value

of Xe ' the critical moisture content, moisture no longer reaches the sheet surface at the

rate it can be removed by the impingement flow, at which point the period of falling rate

slarts. As paper moisture content decreases during the falling rate period the paper

temperature, Tp , and the impingement exhaust temperature, Te' increase to p:oproach Tj

while the drying rate R decreases towards zero for fully dry paper. Similar results can be

seen from figure 4.1 (b) except that there is no initial spike on the drying rate curve as on

figure 4.1 (a) because at the jet temperature of 88 Oc the wet bulb temperature is 29 oC,

higher than the initial paper temperature of 22 oC. Thus during the initial transient period,

Tp and hence R increase quickly to the steady values maintained during the constant rate

period with the sheet at the wet bulb temperature of the air jets. For impingement drying

of material as thin as paper such transient periods are of very short duration and in

general is of negligible importance in the total drying process.

With nozzle set #1 and for paper basis weight of 50 g/m2
, figure 4.2 shows the

effect of jet temperature on impingement drying rate curves at two levels ofjet Reynolds

number, 500 and 2000. With the dry air used, dew point of -20 oC, the jet temperature at

which the initial transient period vanishes is about 63 oC, for which the wet bulb

temperamre is 22 oC. Thus on figure 4.2, large spikes at the start of the R - X curves are

seen for the cases of air at arnbient temperature, small spikes occur for Tj=46 oC, while

there is no perceptible transient period for Tj=66 oC. For the highest value of Tj=93 oC,

there is a short transient period of the opposite kind, i.e. the paper warms quickly from

arnbient temperature to the wet bulb temperature of about 30.3 oC.

Figure 4.3 shows the eITect of jet Reynolds number on impingement drying rates

with nozzle set #1, paper basis weight 50 g/m2 and at two levels of temperature, the
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lowest and the highest for the present study. As Re is increased l'rom 449 to 6150, the

extent of constant rate period decreases, i.e. the critical moisture content increases.

For nozzle set #1 and nozzle exit temperature about 90 oC, figure 4.4 shows the

paper basis weight effect on impingement drying rate at two levels of jet Reynolds

number, 449 and 5290, the lowest and highest used for nozzle set #1 at this jet

temperature. During the constant rate period the drying process is determined extemally,

i.e. completely heat transfer controlled, independent of sheet conditions. The drying rate,

therefore, shouid be independent of paper basis weight, as is seen on figure 4.4. For the

lowest B, 10west Xo shown, the drying rate reaches the constant drying rate value only

momentarily bel'ore the falling rate period starts.

4.4 Quantitative representation of drying rate curves

4.4.1 Conventional treatment

ln drying research it has long been general practice (Sherwood 1941, Bagnoli et

al. 1963, Porter et al. 1973, Porter et al. 1984) to represent drying rate - rnoisture content

curves by two parameters, Re ' the value during the constant rate drying period, and Xe'

the critical moisture content which marks the transition from the constant rate to the

làlling rate period, with the R-X relationship during the falling rate period conventionally

taken as linear. The latter is not just as a convenient empirical approximation but is based

on the theoretical analysis of Sherwood (1929). According to Sherwood, when the drying

rate at a solid surface is controlled by the rate of internai diffusion of liquid rnoisture to

that surface, the moisture distribution - time relation follows equation 4.1.

aX(S,z) a2X(S,z)
as =0 az 2 (4.1)

where 0 is the liquid diffusivity, taken as a constant; z, depth l'rom drying surface; S,

drying time l'rom the start of the falling rate period; X(S, z), local rnoisture content driving

force. For the case of a slab drying l'rom one surface with uniform moisture content at
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(4.2)

• 8=0 and the mass transfer resistance in the adjacent vapor phase negligiblc relative to the

diffusion resistance in the drying material, and assuming the evaporation takes place l'rom

the surface at equilibrium, the solution for average moisture content X in the solid is:

-Dl ")' (2i-I)'·0
X - Xc 8 '" e 2L
----=- =-2 .2: . 2
Xc - Xc 11 ,=\ (21 - J)

where Xc is the critical moisture content; Xc ' the equilibrium moisture content; L, the

thickness of drying material. Similar results were obtained by Sherwood (1931) fol' a

parabolic moisture distribution X(z) at 8=0, the common case at the end of the constant

rate period.

Sherwood (1941) pointed out that because the sum of subsequent terIns of

equation 4.2 is much smaller than the tirst, the solution may be approximatcd by the Iirst

term only. Expressed in terms of drying rate, R = - pLdX!dt ,with p representing the

density ofthe drying material, it follows that

pD1I2
R=4,L(X-Xe) (4.3)

This analysis provides the theoretical basis for the commonly used approximation of the

linear R - X relation during the falling rate period. Il predicts a linear decline of moisture

content with drying time in the constant rate period and an exponential decay of X with t

in the falling rate period. Sherwood assumed that moisture movement follows a Fick's

law diffusion relation and that capillary and gravitational forces wcre ncgligible.

However for the case of moisture transport in the solid controlled by capillary moisture

movement, i.e. by the Hagen-Poiseuille equation:

ôP = 2a cos8
l'

8pvuL
1'2

(4.4)

Porter et al. (1984) reported that the linear relation between drying rate, R, and moisturc

content, X, remains a fairly accurate approximation despite its limitations (Shcrwood and

Comings 1933, Hougen et al. 1940). Thus in the conventional representation, drying ratc

curves pass through the point (Xc, Re) at the transition from the constant to the falling

rate drying period, with a linear R-)( relation thereafter towards R=O at the equilibrium
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• value of moisture content, Xe ' for the drying conditions used. In the present case, Xe=O

effectively.

This procedure has generally been applied without much difficulty because for

moderate intensity drying conditions typically used the constant rate period is relatively

long and ends with a clearly identifiable critical moisture content, Xe . For example,

Wenzel and White (1951) m;td Chu et al. (1959) observed such a linear falling rate period

when drying a bed of sand in a parallel flow dryel with superheated steam. Bond (1991)

also used this linear relationship in fitting his drying rate - moisture content

measurements for the impingement drying of paper in air and in superheated steam.

This conventional treatment of drying rate curves as two straight lines intersecting

at the point (Xe' Re) is applied to the present study by obtaining the statistical best fit

values of the two parameters, Re and Xe' thereby eliminating subjectivity in Re and Xe

determination. This procedure was carried out using a standard regression package,

SYSTAT, to search for the best fit values of these two parameters for representing the

data as two straight lines, i.e. R=Refor X>Xe, and a linear R-X relation from X=Xedown

to X=O. The results of applying this procedure to four typical sets of drying rate data are

shown on figure 4.5. The short initial transient period was excluded in the data

processing. Inspection of these four sets of data and drying rate curves shows that the

conventional treatment does not provide an adequate representation of the experimental

measurements in the falling rate period. This method was therefore rejected for use in the

present study.
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4.4.2 Chu,'chill asymptotic treatment

ln a series of definitive publications Churchill and associates (1972, 1973, 1974,

1983, 1992) developed a rational, if empirical, procedure for modeling rate data of the

type which extend from a region of one asymptotic behavior through a transition region

to another asymptotic relation. They tested this concept for a number of systems of··

transport phenomena, but not for drying. This procedure, often referred to as the

Churchill & Usagi Equation, abbreviated as CUE, may be expressed as:

yn (x) = Yon (x) + yw n(x) (4.5)

where Yo (x) = known asymptote for x~O

y", (x) = known asymptote for x~oo

n = an exponent, the only parameter in the CUE approach

The two asymptotes must have a single intersection and the chosen asymptotes be free of

singularities.

It is of interest to note that the above equation is in the form of the famous

theorem of Pierre de Fermat, which appeared in 1637 in the margin of the French

mathematician's copy of Diophantus' Arithmatic. Fermat's theorem states that the

equation xn + yn =z", where x, y, z and n are positive integers, has no solution if n is

greater than 2. Over the past three and half centuries none of the numerous attempts to

prove this theorem succeeded. Recently Andrew Wiles, an American mathematician

(Cipra, 1993) claimed to have proven this historie theorem. Currently Wiles' proof of

approximately 200 pages, which he acknowledges as incomplete, is being examined by

leading mathematicians around the worId.

Equation 4.5, however, does not depend on Fermat's theorem, but simply states

that ifthe relation is known at two limiting conditions,ylx) andyw(x)' then there exists an

n for the CUE to fit data of y(x) for ail the intervening conditions. While this relation

applies for O<x<oo, for cases involving negative x. or x in a definite domain, a

transformation can always make the CUE applicable. Ify(x) is an increasing function ofx

as x~oo then n will be positive; otherwise n is negative. Negative values of n can be
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• avoided by redefining a variable as z(.'c)=l/y(.'c). The pararneter Il provides a measure of

the deviation of the behavior l'rom that of the asymptotes. Thus when Il is large. the

deviation is small and the region of transition between the asymptotes is small. while for

a small value of Il the deviation is large, with the large region of transition leaving only a

small region of asymptotic behavior.

The eUE approach may be applied to the present drying rate data by considcring

there to be two linear asymptotic R-X relations, one as X approaches O. equation 4.6. the

other as X~OO, equation 4.7. The form of the eUE model for the present case may then

be obtained as equation 4.8.

R(X)=aX

R(X) =Re

1

R(X) = [Re·
n+(a X) .nr ~

Asymptote for X ~ 0

Asymptote for X ~ 00

eUE form for ail values of X

(4.6)

(4.7)

(4.8)

It is important to note that no such parameter as Xe exists in the eUE analysis because

equation 4.8 is a smooth curve from the star! to the end of drying. With the eUE

approach the constant drying rate may either be asymptotically approached at large X or

Re may be predicted to be outside the range of R-X measurements.

The titting of equation 4.8 to the sarne four sets of drying rate data was carried out

with the sarne SYSTAT regression package used in fitting the conventional drying model,

this time yielding for each drying condition a best fit set of values of the three parameters

Re' a and Il. Although Churchill (1993) noted that Il could be rounded off to an integer or

ratio of integers owing to its insensitivity in affecting the general correlation. here the

values of Il were not rounded off. As in the conventional treatment, the data in the short

initial transient period were excluded l'rom the treatment. The results of the eUE tilting

appears on figure 4.6.

While in the previous section the conventional drying model could clearly be

rejected on the basis of the fit to the data, the eUE fits are satisfactory. The asymptotic

slope, a, of the eUE procedure as X~O may be compared with the corresponding slope.

R/Xe, provided by the conventional approach for the falling rate period. These data for

the sarne four cases (a), (b), (c) and (d), of figures 4.5 and 4.6 are summarized in Table
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• 4.2. For cases (b), (c) and (d), it is evident from figure 4.5 that as X~O, the actual slope

of the R-X curve is much greater than that given by the conventional treatment. For these

cases the values of the CUE limiting asymptotic slope R/X=a, Table 4.2, are much larger

than the corresponding values of RclXe from the conventional treatment, with the latter

clearly providing a poor representation of the actual R-X curve.

Table 4.2 Comparison of fitting results from

conventional and CUE treatment

Conventional treatment CUE treatment

Case Re Xe RelXe Re a

(a) 24.4 1.26 19.4 24.7 20.9

(b) 24.4 1.26 19.4 29.2 24.8

(c) 2.53 0.71 3.56 3.17 8.02

(d) 9.72 1.41 6.9 10.3 7.54

Although the conventional treatment is not acceptable for the falling rate pe,iod, it

provides a good estimate of Re . For case (a) on Table 4.2 and figures 4.5 and 4.6, the case

with the longest, best detined period of constant rate drying, the value of Re by the CUE

method is only slightly higher than the best estimate of Re from the conventional

technique. When the constant rate period is short, the Re value from the CUE method is

substantially higher than the best estimate values of Re by the conventional method. Thus

for cases (b) and (c) the CUE method estimate of Re is 20 -25% too high, as may be seen

in Table 4.2 by comparison with the values of Re determined conventionally. As short

constant rate periods are the norm for the present study, the values of Re determined by

the CUE method are generally unrealistically high.

A basic feature of the CUE treatment is that it gives a continuous falling R-X

relation from the beginning to the end of drying with no value of critical moisture

content, Xe , i.e. no constant rate period. For cases of drying which exhibit only falling

drying rate behavior, the CUE would give a good empirical fit and Re becomes simply a

fitting parameter, not to be interpreted as the value of constant drying rate. As the present

case displays a constant rate period although typically quite a short one, the CUE method

was therefore rejected for representing drying rate curves.
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• 4.4.3 Power law treatment of the falling rate period

There is a practical alternative treatrnent which constitutes an intermediate

position between the conventional and the eUE approaches. Thus one rnay retain the

valid and useful concept of a constant rate and a falling rate period with the transition on

the R-X curve at the critical rnoisture content Xc , and the constant drying rate Re .
Instead of forcing the falling rate period to be linear with X as does the conventional

treatment for the entire period and the eUE mode! for an R-loasymptote, it may be taken

as nonlinear as a power law relation,

R (X -Xe )"
Re = Xc -Xe

As Xe-loO, hence (X-Xe)/(Xe-Xe)-loXlXe , and the power law relation simply becomes:

(4.9)

with

{
R = Re at X = Xc the critical point

R = 0 at X = 0 the final point

For n=1 this approach reduces to the conventional treatment with R - X linear over the

entire falling rate period. The power law approach has barely appeared in drying

literature, having only been proposed by Keey (1972) and suggested by Strach for the

drying of colloid materials in food industry (Gineburg, 1973). Il has never been applied

for drying paper.

For the same sets of typical drying rate data tested on figures 4.5 and 4.6, the

results for the power law treatment are shown on figure 4.7. This model produces a c1ear

intersection of the constant and falling rate periods. The disadvantage of a slightly

exaggerated abruptness of the constant rate - falling rate period transition is more than

compensated by obtaining a value of Xc which is not excessively sensitive to

experimental variability around this transition region. The use of any model requiring the

falling rate curve to be asymptotic to the constant rate line makes the value of Xc where
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these two lines merge extraordinarily sensitive to normal small variability of

measurements. Even for àrying rate curves defined by a very large number of data points,

as in the present case, such models by their nature will produce widely fluctuating and

hence misleading values of critical moisture content.

For the same four test cases, the Re values by the three approaches and the Xc

values obtained are compared in Table 4.3. As noted earlier, the CUE method gives no

critical moisture content and gives values of Re which generally unreaE.tically high. With

respect to Re , there is little difference between the values produced by the conventional

and the power law treatment. The major advantage of the latter over the former, in

addition to the much better fit of the falling rate period data, concerns Xc . One

consequence of the conventional treatment forcing a constant R - X slope for the entire

falling rate period is that the predicted values of Xc are always unrealistically low. Only

in the easy case (a) with its exceptionally long constant rate period is the Xc value

determined conventionally not much below the Xc value from the power law treatment. In

the more typical cases (b), (c) and (d), the values of Xc determined conventionally are

seen in Table 4.3 to be, respectively, 15%,40% and 10% below those obtained by the

power law treatment. For all runs but three of very low initial moisture content where no

constant drying rate occurred, the power law method provides a good quantitative

representation of the entire drying rate behavior, and gives realistic values of the three

quantitative parameters, Re ' Xc and n.

Table 4.3 Comparison of Re and Xc from different treatments

Conventional CUE Power law

Case Re Xc Re Re Xc
(a) 24.4 1.26 24.7 24.4 1.32

(b) 24.4 1.26 29.2 24.9 1.49

(c) 2.53 0.71 3.17 2.63 1.17

(d) 9.72 1.41 10.3 9.79 1.57

The CUE approach forces the falling rate period to end with a linear R-X region

while the power law treatment reverses this, with the R~O region having a maximum

nonlinearity and highest sensitivity to moisture content. Having the gr.eatest nonlinearity
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• of R - X at the end of the falling rate period is consistent with the moisture diffusivitv 

moisture content measurements for paper. Thus the D -X relationship for paper as

detennined by Lee and Hinds (1981) and Navarri et al. (1992) shows moisture diffusivity

D dropping very sharply at low moisture content, thus reducing the rate of transport of

water to the impingement surface and thereby sharply reducing R. Thus for this additional

reason the power law representation of the falling rate period was adopted lor the

impingement drying of paper. A detailed analysis of the 80 selS of values of Re' Xe and n

determined by the power law method is given subsequently.

4.5 Analysis of results

4.5.1 Constant Drying Rate, Re

Figure 4.8 shows the effect on the constant drying rate, Re ' of (a) the tempcrature

driving force, (b) air mass flow rate and (c) nozzle geometry and jet Reynolds number,

with the values of Re determined as described in section 4.4.3. As the analysis of section

4.3 confirmed that paper basis weight has no effect on constant drying rate, this parameter

does not appear in the treatment of this section.

In impingement heat transfer the difference in temperature between the nozzle exit

and the impingement surface, Tj - T, , is the driving force for convective heat transfer.

The present measurements confirmed that during the constant rate drying period the paper

temperature measured at the support side of the sheet equals the wet bulb temperature.

Since for the air-water system the wet bulb temperature which is determined by a

dynamic balance of rate process is equal to the thermodynamically determined adiabatic

saturation temperature of the inlet air, Tas, the !!J.T for impingement heat transfer may be

expressed as Tj - Tas' For ail four levels of air mass flow rate used, a linear relationship

was found between constant drying rate and temperature driving force, !!J.T, figure 4.8(a).

This linear relation is expected because the small variation of !!J.T l'rom 14.7 to 30 Oc
when Tj changes l'rom 22 to 90 Oc makes negligible the effect of evaporation flux on
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• impingement heat transfer coefficient, h, as Biot number is so small. Based on heat and

mass balances, the constant drying rate becomes Rc=h !'1T(A. . From the lowest to highest

air temperature used the variation in Tas l'rom 7.3 to 30 Oc corresponds to less than a 2%

decrease of 1.., the latent hea!. The convective heat transfer coefficient, h, also decreases to

the same extent at each mass flow rate level for the same change of Tas . This decrease in

h is not contradictory to the findings of Das et al. (1985) that h increases as temperature

increases. The decrease in h here is due to the decrease of jet Reynolds number at a lixed

G as a result of the viscosity increase with temperature.

The expected logarithmic relation between constant drying rate and air mass llow

rate is demonstrated by the experimental data shown in figure 4.8(b) at the four levels of

drying air temperature used. Thus the dependence of constant drying rate on jet Reynolds

number wi11likewise be logarithmic.

The constant rate period is that part of the drying process during which the

moisture content at the evaporating surface is sufficiently high that drying is heat transfer

controlled. Therefore the constant rates of impingement drying should follow

impingement heat transfer rates. The correlation of Martin (1977) for multiple jet

impingement heat transfer, the most comprehensive available, incorporates both nozzle

and flow variables in the following form:

[

(H V1-
0

.

05- - l %j Jf(l- 2.2.Jf) ?j 0.42
Nu - 1+ 0.6/ IHI Î rë Re Pr

"; .Jf 1+0.2Vd • 6,.,[

l'rom which the constant drying rate can be calculated as:

R = (3600 !'1T k) Nu
cM À. d

(4.10)

(4.11 )

Table 4.4 shows the region of validity c1aimed for equation 4.11 and the experimental

conditions for the present study.

With the confirmation of the absence of any effect on jet heat transfer coefficient

ofpaper basis weight, section 4.3, or of the temperature driving force, figure 4.8(a), only

one basis weight, B=50 g/m2, and one temperature of drying air, Tj around 22 oC, were
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• therefore needed for determining Re - Re data for examination of the effect of geometrical

variables. Figure 4.8(c) shows the comparison between the present experimental

measurements and the predictions from the correlation of Martin (1977). Not al! the

variables of nozzle geometry appear in Martin's correlation, for example, the geometry of

the imp:ngement exhaust ports relative to the nozzle array. Also, as only three nozzle sets

were tested here, with the nozzle geometry variables, f and H/d, being interrelated, no

analysis of individual geometric variables is possible.

Table 4.4 Comparison of validity region of equation 4.11

with present experimental conditions

Validity region of eqn. 4.11 Present condition

2000 <Re< 100,000 449 <Re< 11,050

0.004 <f< 0.04 0.014 <f< 0.031

2 <H/d< 12 5.0 <H/d< 8.5

For al! data of Re>2000 the mean value of the ratio of the present constant drying

rate results to those calculated by the Martin correlation is recorded in Table 4.5 for each

nozzle set as a nozzle geometry factor Cg = Re/ReM' with N indicating the number of

experiments for each set. The values of the nozzle geometry factor for al! three nozzle

sets are within the ±15% validity range c1aimed for Martin's correlation. The lines in

figures 4.8 (a) and (b) represent Re calculated from equation 4.11 and the values of the

nozzle geometry factor from Table 4.5, as is also the case for Re calculated on figure

4.8(d). Even though equation 4.11 is valid only for Re>2000 it was found that for nozzle

set #1 the whole Re range from 450 to 5300 is represented wel! with equation 4.11.

Table 4.5 Results for nozzle geometry factor Cg -
Nozzle Set # Cg N cr for C. 2cr/Cg(%)

1 1.03 34 0.003 0.6

2 0.876 10 0.006 1.4

3 1.15 9 0.002 0.2
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• 4.5.2 Critical moisture content, Xc

For all combinations of conditions used to determine critical moisture contcnt.

evaluated as described in section 4.4.3, these values of Xc rangcd betwccn 0.8 and 1.6 kg

water/kg fibre. For this set of SO values the following correlation was obtained:

(4.12)

The best fit values for the four parameters, designated in general as E, arc listed in Table

4.6, with R2 being 0.55 .

Table 4.6 Correlation parameters for Xc

Parameter E er for E 2er/E (%)

ae 0.46 0.059 26

be 0.11 0.011 20

ce 0.12 0.031 52

de 0.02 0.004 40

Figure 4.9 compares experimental and calculated the values of Xc . The dashcd

lines shown, representing the 2er limits of Xc from cquation 4.12, indieate that this

correlation predicts critical moisture content within about 0.17 kg water/kg fibre lor the

wide range of drying parameters Re, Tj , Band Xo recorded on Table 4.1 and nozzle

geometry parameters f and H/d recorded on Table 3.1. Such a prediction providcs general

confirmation of the precision of the present measurements as well as the adequaey of the

correlations.

The dependence of Xe on drying process conditions is now considercd. From

equation 4.3, the Sherwood approximate solution of the diffusion cquation 4.1, the

expression for Xe can be derived as Xc = 4 ReL/{P D 11
2
). SimiJar resulls were

obtained by Suzuki et al. (1977) who used drying intensily for surface drying, l, , to

represent their approximate solutions at two extremes, i.e. low intensity drying al l, <2

and high intensity drying at l, >2, with l, =Re L/{P X o D). They found
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• Xe/Xo =1,/3 for low intensity and Xe/Xo =l-lt/(41,) for high intensity drying. For

the present study l, ranges l'rom 0 to 3.5, which covers the whole region of low intensity

drying as weil as part of high intensity drying, thus complicating the comparison. The

trend of increase of critical moisture content with increasing values of constant drying

rate Re and paper thickness B for the present case is indicated by the positive values of the

exponents be and Cc recorded in Table 4.6. lt is not surprising that a dependence of Xc on

D (ocT,) was not observed because the tested range of wet bulb temperature of the papcr,

only l'rom 7.3 to 30 oC, was not sufficient to make this effect significant.

The dependence of critical moisture content on the thickness of drying matcrial

was reported long ago by Broughton (1945) for low intensity drying of clay and kaolin

with a convective air flow parallel to the surface. For high intensity impingement drying

of paper with both air and superheated steam Bond et al. (1992) Iikewise found Xc to

increase with Re but they did not observe a dependence of Xc on B. These differenccs

probably derive l'rom experimental techniques, with those of Bond et al. differing l'rom

the present investigation in two important ways. First, they used oscil1ating nozzlcs,

which minimized the local flow nonuniformity effect associated with impingement

drying. Moreover, because ofthe high temperature of the drying medium used they could

not obtain the precisely defined R-X curves of the present study but had to base their

analysis on moisture-time, X-t, relations l'rom sets ofbatch drying experiments.

In contrast to conventionai low intensity surface drying where initial moi sture

content is not a factor, the present study found Xc increases with Xo' This dependencc of

Xc on Xo may be due to nonuniform drying for the system of impinging jets. The local

rate of heat transfer is highest directly under the nozzles, lowest at positions midway

between the nozzle centerlines. Thus once drying starts, paper moisture content is no

longer uniform in the plane of the sheet, but has minimum values directly under nozzles

and higher values in the regions between nozzles. Therefore the value of Xc is reached

locally at tirst directly under the nozzles, and subsequently in regions hetween nozzles.

Once any significant fraction of a ~heet is in the falling rate period, the entire sheet is

considered to be in the falling rate period. The higher the value of Xo ' the longer the

66



drying time before the falling rate starts and the bigger the differences of local moisture

content will have become between the relatively dry and moist areas, hence the higher

will be the sheet average moisture content, Xe.
The severity of local flow nonuniformity depends on nozzle geometry, the two

major factors being the fraction of nozzle open area on the nozzle plate, commonly called

the open area ratio f, and the nozzle to paper spacing H/d. The larger the value of either f

or H/d, the smaller the local flow nonuniformity. For the three nozzle sets used here, each

with a different f and H/d, the product of f and H/d provides a factor representing local

nonuniformity of the flow. As the dependence of Xc on Xo in the present study derives

also from the flow local nonuniformity, the variable Xo appears in equation 4.12

associated with the flow nonuniformity factor, 1/(f H/d) . In industrial practice of

impingement drying of paper the rapid movement of the sheet under nozzles, which are

always staggered in the direction perpendicular to sheet travel, averages out the

nonuniform impinging jet flow thereby producing uniformly dried paper. In that case

there is no local flow nonuniformity effect. In equation 4.12 the flow nonuniformity

disappears as 1/(fH/d) goes to zero, in which case equation 4.12 becomes:

X =a Rb, BC
'ccc (4.13)

Thus equation 4.13 is the correlation for Xc of general interest with the equipment

specifie flow nonuniformity, represented by 1/(f H/d) , having been eliminated. For

industrial drying conditions where typical impingement hood operation would give Re of

about 200 kg/m2h, equation 4.13 predicts the critical moisture content as 1.38 kg water/kg

fibre for impingement drying of printing grades of paper and 1.21 kg/kg for drying tissue.

For a paper moisture content after the wet press of a papermachine for printing papers of

around 1.5 kg/kg, this indicates that if such grades of paper were dried in an impingement

dryer, almost ail of the water would be removed in the period offalling rate drying.
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(4.14)

• 4.5.3 R-X relationship in the falling rate period, n

For the 80 combinations of drying conditions processed the R-X relation during

the falling rate period, represented by the single parameter n in the power law equation

4.9, was found to vary from 0.54 to 1.2. From equation 4.9, dR\ = n Re . Thus for n
dX x=x, Xe

< 1, d%xlx=x, is smaller than RclXe, which corresponds to the falling drying rate R-X

curve being concave downwards, as was found for most conditions used here. For n > 1.

do/dXLx is larger than RcIX" and the falling drying rate curve is convex downwards.
,

Values ofn were found to correlate with drying parameters as follows:

n = an Sb, [1 + f(~~d)]
with R2 being 0.35 . The parameters are statistically significant and the best lit values arc

designated as & listed in Table 4.7.

Table 4.7 Correlation parameters for n

Parameter & 0' for & 20'/& (%)

Un 1.90 0.30 32

bn -0.26 0.04 31

cn
~ .. 0.042 0.015 71

In comparison of experimental and ca1culated values of n, figure 4.10, the 20'

limits shown by dashed lines indicate that values of the power law exponent for the

falling rate curve are predicted by the correlation equation 4.14, with a substantial

uncertainty of about 0.18 for values of n in the range 0.54 - 1.2.

The Sherwood approximation for the falling rate period of surface drying,

equation 4.3, gives dR/dX = pDll l /(4L) . From this approximation the power law

parameter n would be expected to vary inversely with paper thickness, L , or paper basis

weight, S, but not with the other variables of the present experiments, i.e. Re • Tj or X" .
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• Thus the latter three variables are absent from equation 4.14 but paper basis weight B

appears.

Equation 4.3 is for uniform surface drying while the present results are for drying

under impinging jets where there is sorne moisture movement laterally from regions of.

locally higher to lower moisture content, in addition to the z-direction movemenl.

Although in equation 4.14 the value of Cn for the local flow nonuniformity factor.

l/(fH/d), is significant, the value of R2 and the statistical parameters listed in Table 4.7

suggest complex inter-relationships between nozzle geometry. drying conditions and

behavior in the falling rate period. For industrial practice however. with the sheet moving

at high speed under impinging jets so that there is no local flow nonuniformity effect. the

l/(fH/d) term disappears from equation 4.14 as described in the analysis concerning Xc'

The general relation of the power law parameter n with B therefore becornes:

(4.15)

Although the power law representation of the falling rate curve has not previously

been used for paper, Keey (1972) suggested that if the power law treatment were used the

values of n would be in the range of 0.5 for fibrous material, 1 for other hygroscopic

materials and 2 for non-hygroscopic materials. The values of n predicted by equation

4.15, 0.82 for paper with B of 25 g/m2 and 0.69 for paper with B of 50 g/m2
, are then in

the range proposed by Keey for hygroscopic fibrous materials.
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4.6 Prediction of drying time and drying rate

With quantitative relationships now determined for constant drying rate, critical

moisture content and the relationship between drying rate and moisture content in the

fal1ing rate period, the time for impingement drying of paper can be predicted with the

correlations obtained. Specifical1y, drying time can be predicted through combination of

equation 4.11 with the nozzle geometry factor Cg in Table 4.5, equations 4.12 and 4.14

for respectively, Re' Xe and n, using R=~ over the constant rate period and the power

law R-X relationship, equation 4.9, over the falling rate period. As the short transient

period befon: the onset of the constant rate period was excluded in determining Re ' Xe

and n, this very short period, in the order of 0.5 to 1 s for high temperature air and less

than 5s for cases at ambient temperature, was likewise excluded from the drying time

calculation, so the drying times determined apply from the start of the constant drying

rate.

For nozzle set #1 ( f=3.1 %, H/d=5.0 ) the measured and predicted results for the

experimental facility with representative c~nditions are shown in figures 4.11 and 12. For

tissue grade paper, basis weight about 25 g/m2, four levels of Re at the highest jet

temperature tested are compared in figure 4.11. For printing paper, basis weight about 50

g/m2
, results at lowest Re, lowest Tj are shown on figure 4.12 (a); results for intermediate

Re and Tj on figures 4.12(b) and (c); results for the highest Re and Tj tested are shown on

figure 4.12 (d). Because equation 4.11 was found valid with nozzle set #1 for the entire

Re range from 450 to 5300, conditions for drying time and drying rate could be chosen

across this Re range. As the preàictions are made for paper moisture content down to a

value of 0.05 kg water/kg fibre, the values of experimental and predicted drying time

indicated on these figures, 10.05' are for that typical value of final moisture content.

For nozzle sets #2 ( f=2.7%, BJd=8.5) and #3 (f=1.4%, H/d=7.6 ), since only one

jet temperature and one basis weight were tested, results with Re around 2000 - 3000 and

around the highest Re tested for each nozzle set, 9000 • 11000, were compared with the

correlation predictions in figure 4.13.
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Drying time was very successfully predicted for ail cases with nozzle set #1. For

nozzle sets #2 and #3, the prediction was good for high Re but not for the two cases of Re

in the range 2000 - 3000. These low values of Reynolds number were also for cases with

the lowest temperature of drying air, Le. the overall conditions of lowest drying rate,

hence the most difficult conditions to measure and those subject to the greatest

experimental uncertainty. Moreover these lowest intensity drying conditions are not of

intercst for industrial practice. In summary, the prediction of drying rates and drying

times relative to those measured experimentally was good, particularly for drying

conditions of greater practical relevance.

In industrial application of impingement ùrying of paper the local nonuniformity

flow effect present in the laboratory study is absent due to the high speed movement of

the wet sheet under staggered jets. Therefore drying time and drying rate are predicted

with the correlations applicable without this effect, specifically, equations 4.11 and 4.13

for Re and Xc and equations 4.9 and 4.15 for the R-X relationship in the falling rate

period. For four representative conditions with the mos~ studied nozzle geometry, nozzle

set # 1, figure 4.14 shows these predicted drying times and rates with no local flow

'lonuniformity effect as in industrial practice. The corresponding predicted drying times

and rates for the present experimental facility shown for comparison are the curves from

figures 4.11 (c) and (d) and figures 4.12 (c) and (d). The difference in values of Re

between the industrial case and the experimental facility is small, 3%, reflecting the value

of the nozzle geometry factor Cg=1.03 from Table 4.5 for nozzle set #1. For the four

cases shown the drying time, to.os , for the industrial case with no local flow

nonuniformity effect averages about 30% less than in the experimental facility with this

effect. This substantial reduction derives from two beneficial consequences of the

absence of local nonunitbrmity, Le. that for these four cases Xc averages 23 % lower and

the falling rate exponent n is 21 % lower. The advantage of the lower value of n is in

giving a more advantageously curved falling rate period. The effect of the lower Xc and

more curved falling rate period is readily seen on figure 4.14. For the four cases of figure

4.14 the average critical moisture content of 1 kglkg indicates that with a typical moisture

content after the wet press of a mill producing printing paper being about 1.5 kg/kg, 2/3
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• of the water would be removed in the falling rate drying period. As the laboratory

conditions used correspond to much lower drying intensity than in industrial practice, Xc

industrially would be about 1.4 kg/kg, as discussed in section 4.5.2, and drying would be

controlled almost entirely by the falling rate period. The results of the present study

underline the dominance of the falling rate period drying relationship in determining the

industrial performance characteristics for air impingement drying of paper.

4.7 Summary

(1) Pr::ciscly defined drying rate curves were determined by high speed, on line

measurements for the impingement drying of paper with three sets of nozzle arrays that

cover a range of nozzle to paper spacing from 5 to 8.5 nozzle àiameters, nozzle open area

ratios from 1.4 to 3.1 %, with nozzle exit air temperature from 20 to 90 oC, jet Reynolds

number varying l'rom 450 to 11100, and paper basis weight from 25 g/m2 to 50 g/m2• In

ail, 83 drying rate curves were determined for that number of sheets of paper.

(2) Three alternatives were tested for reducing the rneasured complete drying rate

curves to quantitative parameters.

Ca) Conventional treatment:

This procedure defines a constant drying rate Re , a critical moisture content Xc ,

with a linear R-X relation during the falling rate period.

Although this procedure estimates Re adequate1y, it provides a poor representation

of the complete drying rate curie data, hence was rejected.

Cb) Churchill asymptotic treatment:

The drying rate curve is defined by two asymptotes, R=Re for X~CXl and R=aX, a

linear R-X relation for X~O, with a parameter n to define the drying rate in the region

between the two asymptotes. The concept of a critical moisture content is absent from

this approach, which gi"es a smooth R-X curve.
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• This procedure provides acceptable fits to the complete drying rate curve data but

generally predicts values of Re too high. As this approach provides only a continuous

falling rate period from the start of drying, this otherwise attractive method, never before

applied to drying, was therefore rejected for the present case of drying paper.

(c) Power law treatment of falling rate period:

This method provides a quantitative representation of drying rate curves in terms

of Re, Xc and a power law relation with a single parameter, n, for the falling rate period.

As the power law treatment provides acceptable fits to the complete drying rate

curve data with realistic values of Xc and Re from a statistical fitting of this model to the

experimental data, this procedure and the values of the three parameters for each drying

rate curve, Xe, Re and n, were determined for 80 drying experiments, i.e. withoutthe three

experiments at low initial moisture content for which no constant rate drying period was

obtained.

(3) For constant drying rate, the present results agree weil with Martin's correlation of

heat transfer from multiple round jets

for which the region of validity claimed by Martin is 2000 < Re < 100,000 ; 0.004 < l'

<0.04 ; 2 <H/d <12. A mean value of the ratio of measured Re to the calculated ReM at

.Re>2000 for each nozzle set is recorded as a nozzle geometry factor Cg=RclRcM' these

values being 1.03 for nozzle set #1, 0.876 for nozzle set #2 1.15 for nozzle set #3, aU of

which are within ±15% of Martin's correlation, the c1aimed Iimits of accuracy of his

equation.

(4) Values of critical moisture content were analyzed in relation with drying

conditions, paper propertics and nozzle geometry, and were correlated as:

Xc = ~.46 R~·II Bo.l~ [1 + O;(~!~)]
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• The significant effect of Xo on Xc and the presence of the geometrical parameter,

l/(f H/d) , reflect the important effect of local flow nonuniformity for drying rate under

stationary impinging jets. The above correlation predicts Xc \Vith a 20' uncertainty of 0.17

kg water/kg fibre, where the measured values of Xc were in the range 0.8 - 1.6 kg

water/kg fibre.

(5) For the falling rate period, a statistical fitting of the d~.ta l'rom ail experiments

R (X)"according to the power law treatment -R = -
e Xc

exponent, n, for which the general correlation was:

[
0.042 l

n = 1.90 B'026 1+ f(H/d)J

gives values of the power law

The values of n indicates the sIope of the falling rate curve as it intersects the

R=Re line when the drying rate and moisture content are expressed in normalized form,

RIRe and XlXe. The experimentally deterrnined values of n range l'rom 0.54 to 1.2. The

significant experimental variability in n suggests a complex lelationship between nozzle

geometry, drying conditions and behavior in the falling rate period. The R - X curvature

towards the end of the falling rate period is consistent with the great sensitivity which has

been reported for the effect ofmoisture content on the diffusivity of moisture in paper.

(6) Drying time was generally predicted weil with a combination of the above

correlations for Re' Xc, and n for the range of drying process conditions listed in (1).

(7) Industrial practice of impingement drying of paper, where local flow

nonuniforrnity does not exist because the sheet moves at high speed, corresponds to the

limiting case of the present study with the local flow nonuniforrnity tàctor, 1/(1' H/d) ,

going to zero. For this case the Xc relation given in (4) becomes:

Xc = 0.46 R~·II BO. 12

with Xc affected only by Re and B. The above correlation predicts Xc of 1.21 kg water pel'

kg fibre for tissue paper and 1.38 kg/kg for printing grades of paper dried with impinging

jets at typical industrial conditions giving a constant drying rate Re of 200 kg/m
2
h. The
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• appearance of the variables Re and B in this relation is consistent with the theoretical

analyses of Sherwood and of Suzuki et al.

Similarly, in the absence of a local flow nonuniformity effect, the relation for the

power law exponent for th.: falling rate period given in (5) becomes

n = 1.90 B-O.26

which predicts n as 0.82 and 0.69 for drying of paper of basis weight 25 g/m2 and 50

glm2
, respectively. This prediction supports the suggestion made by Keey as to the

expected range of n for hygroscopie and fibrous materials.

With the two above general correlations for Xc and n, and that for ReM given in

item (3), drying history and drying time may be reliably predicted for the industrial

impingement drying of paper within the range of variables for which these correlations

were determined. Relative to the results for the experimental facility, drying times for the

industrial case would be about 30% lower for nozzle set #1. This lower drying time

derives from two consequences of the absence of a local flow nonuniformity effect, Le.

Xc about 23% and the falling rate exponent n 21 % lower, giving a more advantageous1y

curved falling rate period. With typical moisture content after the wet press of a min

being producing printing paper about 1.5 kg water/kg fibre, the results of the present

study indicate the dominant importance of the falling rate period for air impingement

drying of paper.
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• Chapter 5

5.1 Introduction

Through drying of paper

Tissue and other light grades of paper are often dried by the process of air through

drying. The ~emoval of water by flow of air through the wet sheet is used both for the

high heat and mass transfer rates thereby obtained and for the high bulk that through

drying promotes in the dried paper, a commercially valuable property for such grades. Ali

previous research on through air drying of paper, reviewed in chapter 2, hae been carried

out with the same inlet air flow condition, Le. a unifonn flow with a flat velocity profile.

In addition, no totally unsubjective quantitative representation of the complete through

drying rate data is available. Although undertaken as une element.1eading to the study 0 f

combined impingement and through flow air drying of paper, the through drying part of

this thesis research also provides unique measurements towards understanding the

industrially important process of through drying of paper.

5.2 Experimental conditions

Three paper basis weights of handsheets freshly made l'rom dry unbleached

unbeaten laboratory kraft pulp l'rom 100% black spruce were used, ranging l'rom the

levels corresponding to tissue, to toweling and to printing papers. Initial moisture

contents typical for industrial practice of through drying, 1.5 - 3 kg water/kg fibre, were

adopted. The four levels of air mass flow rate chosen were at the lower range of industrial

practice, which is typically between 0.07 to 4 kg/m2s. In their study of through drying

with uniforrn inlet air flow, Polat O. et al. (1987) reported the dependence of transport

coefficients on the temperature driving force !:>T = Tj - Tas in the constant rate period.

Therefore four levels of air temperature were used, 22°, 45°, 65° and 90 oC. With the inlet

dry air of dew point around -20 oC, these temperature values correspond to adiabatic
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saturation temperatures, Tos' of 7.2°, 17°, 23.5° and 30 oC. This range of drying air

temperatures is low relative ta the industrial range of from 100 ta 400 oC. However the

purpose of the present study is not as a commercial pilot plant investigation but to study

the fundamentals of through air dryi!lg preparatory to the examination in chapter 6 of the

interaction between through drying and impingement drying. Nevertheless very rapid

drying was achieved. At G:1.45 kg/m2s and air temperature of 90 oC, tissue grade of

paper, B:25 g/m2
, was dried in about 3.5 s from a moisture content of 2 down to 0.05 kg

water/kg fibre.

The choice of which impingement nozzle array to use of the three sets tested in

the impingement drying study was made by reference to the results analyzed in chapter 4.

Nozzle set #1 (f=3.1 %, Hld:5.0) has the advantage of providing constant drying rates

which are logarithrnic linear with jet Reynolds number from the lowest value ( Re:450,

G:0.125 kg/m2s) to the upper flow limit tested (Re:5300, G=1.45 kg/m2s). This nozzle

set also has the highest open area ratio, f, which reduces the undesired effect of local

nonuniformity of the impingingjet flow. Thus nozzle set #1 was selected for the study of

through air drying of paper.

Table 5.1 lists the experimental conditions for the complete research program of

89 runs for through drying under impinging jets. Eight "dditional experiments were

carried out with a uniform inlet air flow, Le. without impinging jets, at low and high

limits of drying intensities, to determine the effect on clrying characteristics of changing

this inlet air flow boundary condition.

Table 5.1 Experimental conditions for through drying

G, kg/m2s 0.125, 0.55, 1.03, 1.45

T;,°C 22, 45, 65, 90

B, g/m2 25, 37, 50

Xo' kg/kg 1.5-3

Nozzle set #1
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• 5.3 Drying history curves

Figure 5.1 shows two sets of typical through drying data at, (a) low temperature

and low through flow rate, and (b) high temperature and high through t10w rate. To

facilitate examination, data points are shown only for drying rate. While for pressure drop

and temperature only the straight lines connecting the data points are displayed. Except

when the data points are specifically required, subsequent figures show the straight lines

which connect the data points. Variables monitored continuously were air temperature at

the through flow exhaust, Te , (the averaged value from lileasurements at three locations,

as indicated in chapter 3 section 3.1); paper temperature at the exhaust side, Tp; pressure

drop across the sheet, ilP; and air humidity at the through flow exhaust, Ye. By selecting

a data acquisition frequency in the range 1 to 10Hz according to drying intensity (G'ilT),

an effectively continuous drying rate curve was documented. Drying rate Rand paper

moisture content X were determined from the Yemeasurements.

Air temperature at the through f10w exhaust, T, , follows the trend in drying rate

according to the behavior of an adiabatic system, i.e. Te is much below the inlet air

temperature, Tj , during the early part of drying, then rises to approach Tj during the latter

part of drying while the drying rate is dropping towards zero. Since dry air of dew point

around -20 Oc was used, a completely dry sheet was obtained at the end of drying. For the

special case of drying with unheated air, the occurrence of the spike at the beginning of

drying in figure 5.1(a) reflects the paper cooling to the adiabatic saturation temperature,

as discussed in chapter 4 for impingement drying. As paper is not dried industrially in

unheated air, this feature is of no practical interest. An exponential decay of pressure drop

as paper moisture content decreases was observed, as reported by Polat O. et al. (1989).

After the sheet moisture content has dropped to the fibre saturation point, about 0.80 kg

waterlkg fibre for the pulp used here, there is naturally little further decrease in pressure

drop. Since momentum transport of air flow through moist and dry paper was extensively

studied by Polat O. et al. (1989), Polat O. (1989) and Polat O. et al. (1993), these topics

are therefore not dealt with further in the present study.
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• For through drying with 90 oC air the increase of drying rate to the constant rate

value occurs gradually while about 1 kg waterlkg fibre is removed from the sheet. figure

5.1 (b). This behavior contrasts with impingement drying where this increase occurs over

a very short transient period before the onset of the constant rate period. figure 4.1 (b). For

through drying with a uniform inlet air flow field, Polat O. et al. (1987) found that there

are always two important drying periods, Le. those of increasing drying rate and tàlling

drying rate, while the existence of a constant rate period depends on drying process

conditions. Before their work the great importance of the increasing rate period was net

recognized. Conventionally this period had been incorrectly taken as a short transient

period while the sheet temperature adjusts to the adiabatic saturation temperature, T,,, '

which is maintained during the constant rate period. In fact, figure 5.1 (b) shows that the

paper temperalure reaches TIls in a negligibly short period of time in contrast to the slow

approach R to Re . As about 113 of the water is removed in the increasing rate period for

the condition of figure 5.1 (b), this drying period is evidently of central importance.

The observation that the transition from constant to falling rate drying is more

graduaI for through drying than for impingement drying retlects the fact that sorne local

areas enter the falling rate period while the remainder of the sheet is still in the period of

constant rate drying. This behavior results from the coupling between through tlow rate

and through drying rate which introduces a basic instability into the through drying

process. Thus for any region where the local through tlow rate is for any reason initially

marginally higher than the mean tlow rate, the local drying rate will from the start of

drying be higher, which in tum increases the local sheet permeability, thereby increasing

the local drying rate further yet. As measurements give only the sheet average drying rate,

this sheet local nonuniformity effect can be inferred from the observed significantly more

graduai transition from constant to falling rate drying here than observed in chapter 4 for

impingement drying.

The value of the constant drying rate Re for through drying is much higher than

that for the impingement drying at comparable drying conditions due to the much larger

transport area within the sheet for through drying. For example, for a 50 g/m2 sheet dried
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• with 90°C air at 0",,1.5 kglm2s, Re is 25 kg/m2h for impingement drying but is about five

times as high, 120 kglm2h, for through air drying.

The inter-relationship among three aspects of the drying history curves, R, Te and

Tp , is recorded on figure 5.1 (b). The falling rate drying period begins when the sheet

moisture content is about 1.5 kg water/kg fibre, at which point there occurs the

simultaneous onset of two effects - R begins to drop and Te begins to rise, as is

characteristic of the start of the falling rate period for any drying. Although Te begins to

rise, Tp , which is measured at the flow exit side of the sheet, remains at effectively the

adiabatic saturation temperature, 30 oC, until sheet moisture content drops considerably

further, to about 0.8 kg/kg. Thus it appears that for sorne time after the onset of the falling

rate period the paper from the position of a drying front to the through flow exit side of

the sheet remains at Tas' This Te-Tp-X behavior constitutes evidence that through drying

proceeds by a moving front. With these Tp - X profiles across the sheet combined with

local nOlJ.uniformity of Tp - X in the plane of the sheet, it follows that complex three

dimensional profiles of sheet temperature and moisture content develop during the falling

rate period of through drying.

Figure 5.2 shows the effect of air temperature, Tj , on the drying rate curves at low

and high values of mass flow rate, 0, and paper basis weight, B. As Tj increases, Re

correspondingly increases. As the shape of the increasing drying rate curve remains about

the same, this achievement of higher values of Re corresponds to an expanded duration of

the increasing rate period. The higher Re for a higher Tj produces also a higher critical

moisture content, Xe . Because the extent of both the increasing and falling rate periods

expand as Tj increases, the extent of the constant rate period consequently decreases

sharply. At Tj=90 oC, the highest for the present study, there remains no appreciable

extent of constant rate period, only a maximum in drying rate. For this limiting case of

the constant rate period just disappearing, figure 5.2 (b), 37% of the drying occurs during

the increasing rate period and 63% during the falling rate period of <.1rying.

The effect of air mass flow rate, 0, on drying rate curves shown in figure 5.3

indicates that at low Tj , case (a), there is a long constant rate drying period at allieveis of

86



12

• Tj oC
(a) G=O. 125 kglm's

22.1 8=26.5 glm'
10 47.3

...... 65.9

.c: 87.7N

E
8- ... , .Cl

Y.
~

0::::
6

.lB ... ,,1'" ...... _, '\-,, , , ,
l!! \, ,
Cl 4

,
c: 1

.~
, , ,

/ ,,
Cl 1

" ...................... \ ,,
."

........... ,,'0' ,
2 , ....... ,

..', ............ ,
.' ,... ,

:-/ ,
0

0 0.5 1 1.5 2 2.5 3 3.5

Moisture content, X, (kg/kg)

32.5

(b) G=1.47 kglm's
8=50 glm'

.... . . . . . ...

1 1.5 2

Moisture content, X, (kg/kg)

Tj oc
21.4
46.8
66.6
90.5

0.5

",.--_ .... - ... -_ ..... -_ .. _-,
, - \, \. , ,. ' \. ' \

} 1 , \ ..•••
i ,.., , "

• •••• 1 ...
J 0'-" 1

" ~.~ 1
,. ••••• 1

,'l 1
.}:"

140

120

.......

.c:
Ë 100-Cl
..li<:
~

80
0::::
ai..... 60!Il....
Cl
c:
.~ 40
Cl

20

0
0

Figure 5.2 Effect of air temperature: a) low G, low B b) high G, high B

87



35 .....---------------------,
(a) Tj=22 oC

8=26.5 g/m2

,--

G, kg/m2s
0.125
0.547

- - - 1.03
- 1.46

, ,, ,,
\

\

\
\

\.. ,- . . .
1 • • • _ ••••

1 _ • • • 1

/ \

1 \

l '
1 .' 1

J. • ,

l '

1.' "."'" ", •.•..•" :

1:.....·············· rOU;;; .....J.. ....L-........--'""'-.............I... -"-.......J.....l_...........J

o 0.5 1 • 1.5 2 2.5 3 3.5

Moisture content, X, (kg/kg)

5

30

Cl
c:
.~ 10

o

-.c
Ë 25-Cl
~-_ 20
a:::
ai
êiî 15...

140 r-----------------------,

32.5

(b) Tj=89 oC
8=50 g/m2

_ .... -..... -- ... _---

1 1.5 2

Moisture content, X, (kg/kg)
0.5

G, kg/m2s
........... 0.125
... 0.549
---1.03
- 1.48

,
/

/

1
1

1
1

1

1
1 •

'. ' .
1

,)

, ,, ,,
. . . \••••••.•••••.• - "-'0\

t
\

\

\,
1
1

................... 1

':'~.~............... . \ ~

oll:.::;::......_..l----'_...L.._~-L._.......__L_ _J._.~__l

o

20

120

c::::

2"e1 60

Cl
c::
.~ 40

Cl

-.c:§ 100

Cl
.li<:

--- 80

Figure 5.3 Effect of air through f10w rate:
a) low Tj, low B; b) high Tj, high B

88



4r--------------------,
(a) Tj=22 oC

G=0.125 kg/m2s ,
~

/ '
oC 3

,
N

,
E , ,
-. .. ,
Cl ,
~

,
....... ,
0:::

,,_ 2 ,
2 ,,ro B, g/m2 ,
"-
Cl 24.6

,,
c 37.0 1

.~ 1 50.1 1,
0 1,,

" 1

r 1,
1

0
0 0.5 1 1.5 2 2.5 3

Moisture content, X, (kg/kg)

140 r------------------------,
(b) Tj=90 oc

120 G=1.48 kg/m2s

,,,,,,
\

\

\

\

\

\,
\,,,
\

,,,

B, g/m2

24.1
37.0
49.8

... - - ... -
,

l " ", .

,'......... ""

1 .....•... . .

/......... . .
, ....

1 ....,....
L/

./
.';

/;~
....,

/,
.... ,

....,
;.

20

~

oC:ê 100

~
....... ao
ci
i
~ 60

Cl
C
.~ 40

Cl

3.530.5
ot:.........._.L-......._.L-......._.L-......._.L-......._J...,;'-"-".;.-J...,;.....---J

o

Figure 5.4 Effect of paper basis weight: a) low drying intensity;
b) high drying intensity

89



o tested. At the highest jet temperature, case (b), the same trends occur as for the increase

ofTj at constant 0, figure 5.2. Thus on figure 5.3(b), increasing 0 causes increases in Re

and in the extent of both the increasing rate and falling rate periods, with a corresponding

shrinkage of the constant rate period. As the limiting cases of maximum Tj , maximum 0

of figures 5.2(b) and 5.3(b) are the same, the distribution in drying between the periods is

as noted above.

The effect of basis weight B on drying rate curves is shown in figure 5.4 at two

levels of drying intensity, the lowest and highest used. At low drying intensity the effect

of B on the R-X curve is insignificant as the sheet is sufficiently thick that the air

exhausts essentially saturated at all basis weights. For the three values of sheet thickness

tested, the high intensity drying conditions of figure 5.4(b) are such that for Tj =90 oC,

0=1.48 kg/m2s there is effectively no constant drying rate period. For these conciitions

the start of the falling drying rate period either terminates the increasing rate pdod or, at

most, occurs just as the constant rate period is reached, this distinction being impossible

to make when no period of constant rate drying occurs. For these drying conditions, when

the sheet thickness is eut in half, i.e. B reduced from 50 to 24 g/m2
, the maximum drying

rate drops by about 30%, indicating that the thrcugh tlow exhausts are not saturated with

water vapor.

Further analysis of the drying rate characteristics is given after a method has been

developed for quantitative representation of the drying rate curves.

5.4 Quantitative representation of drying rate curves

5.4.1 R-X relationship in the increasing rate period

As through drying rate curves may consist of three drying rate periods, the

increasing rate, constant rate and falling rate periods, quantitative representation of an

entire drying rate curve requires five elements: the values of the constant drying rate Re ,

the moisture content at the end of increasing rate period Xi , the critical moisture content
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(5.\ )

between the constant and falling rate periods Xc , and the R-X re!ationships in the

increasing rate and falling rate periods. The number of elements required in quantifying

drying rate curves increases l'rom three for impingement drying to five for through drying

because of the addition of the important increasing rate period R - X relation and Xi

limiting moisture content.

Polat O. (1989) concluded that the increasing rate period of through air drying

was defined and controlled not by the approach of the sheet to the adiabatic saturation

temperature but by the increase in interfacial area between air and paper for heat and

mass transfer, apeX). Beginning with that concept, new analysis of the increasing rate

period is now developed in order to indicate the form of the R - X relation. i.e. its

dependence on the thermal and flow properties of the through flow air and the transport

properties of the sheet. For a specifie paper of basis weight B, when it is assumed that

h(X)ap(X) is uniform in the z-direetion and paper temperature is at T"s. the <lifferential

heat balance for a paeked bed system, when integrated. gives:

( h(X) ",(X) L J
T

j
- Te = (T

j
- Tas )ll- e---aC;---

where Up(X) is the interfacial area. h(X) heat transfer eoefficient based on the interfaeial

transport area within the wet sheet, L the paper thiekness. Cp the heat capacity of air. That

paper temperature Tp may reasonably be taken as constant at Tas throughout the

inereasing rate period was established by the many Tp - X pro~les determined in the

present study, for which the figure 5.1 (b) profile is typical.

A heat balance over an adiabatic dryer gives the expression between the integrated

drying rate R and drying eonditions:

(5.2)

Here the heat absorbed by the evaporating water is approximated as the latent heat term,

neglecting the small sensible heat effeet for the water vapor. The constant value of the

integral drying rate for the entire sheet, Re , becomes the limiting ease at the end of the

increasing rate period, when h(X)ap(X) has reached the value, hUp at X=Xi, for which:
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(5.3)• Re = 3600GCt{1!=T')(I_e- ~a~.LJ

By dividing equations 5.2 and 5.3 the relationship for drying rate R in the increasing rate

(5.4)=
R

hal' L

l_e- Gc•

Approximating the relationship of h(X)lIp(X) with X as linear during the increasing rate

period relative to the constant drying rate Re is obtained as

h(X) a,(X) L

1- e- --(}C.--

period, with h(X)lIp(X) =hllp at X=Xi, leads to:

Xo-X
h(X)ap(X) = X-X. ha p

o ,
(5.5)

Finally, if ni is defined as

h ap L
ni = GC

p

Equation 5.4 can be expressed as:

(
X -x)

R l_e- n
, x>x,J

(5.6)

(5.7)

Thus in addition to the coordinates (Xi' Re) at the end of this period, ni is the only

parameter describing the R - X relation during the increasing rate period. Equation 5.7, a

theoretically based form for R=f(X) during the increasing rate period, indicates that R

increases exponentially as X decreases. Moreover the parameter ni in this exponential

relation is not simply an empirical constant but is related to flow and physical properties

by equation 5.6. Before the fitting ofthis equation to the drying rate data can be made, Re

and Xi must be determined, as is treated in the following sections.
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• 5.4.2 Complete drying rate curve: Churchill method

for falling rate period

As the constant rate period for through air drying occurs between the increasing

and falling rate periods, the value of Re cannot be determined until both the increasing

and the falling rate periods are defined quantitatively. Because the transitions l'rom one

drying rate period to the next are graduai, not sharp, the determination of Xi ' Xe and Re

for through drying is a challenge. For the falling rate period in impingement drying,

chapter 4, the conventional approach of a linear R-X relation was rejected for the evident

curvature during this period. As the falling rate curves of through drying are generally

even more curved than those of impingement drying, the conventional linear R-X

treatment can therefore be rejected at the outset.

One approach is to consider the falling rate period as a region terminating at both

ends as asymptotes. In this procedure, referred to as the Churchill-Usagi Equation (CUE)

described fully in chapter 4, the two asymptotes wou!d be R=Re for large X and a linear

re!ationship, RJX=a, for X-tO. The following method, termed procedure!, uses equation

5.7 for moisture content above Xi and the CUE approach, adapted l'rom equation 4.8,

when X:0Cj , Le.

R
(x,,-X)-n,--

I-e x.-x,
-

Re I_e- n,
(5.7)

(5.8)

with Re , ni , Xi , a and ni statistically determined l'rom the experimental measurements

using the statistica! regression package, SYSTAT.

Figure 5.5 shows the fitting of drying rate cUrves generated with procedure 1 to

the experimenta! data l'rom paper ofB=25 glm2
, dried by air at Tj 01'90 oC, the highest for

the present study, and at four leve!s ofthrough flow rate. The best fit values of Re' Xi, ni'

a and ni are listed in each graph. The fitting in the increasing rate period is quite

satisfactory, with a constant drying rate approached asymptotically, consistent with the
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• experimental data. This good fitting in the early part of drying confirms the general

adequacy of equation 5.7 in representing the development of the increasing rate period.

but with the deficiency of exaggerating the extent of the increasing rate period to coyer

what is clearly the constant rate period. Thus this procedure leads to Re being approached

at inconsistent values of moisture content for the two parts of the drying rate curves on

figure 5.5. The absence from the eUE based model of a critical moisture content. Xe .

makes it impossible to obtain by this method a continuous R - X curve for the entire

drying process. Thus although equation 5.7 and the eUE based model fit the data weil for

the early and later part of drying, respectively, procedure 1 is not satisfactory for

quantitatively representing the entire drying data from wet to dry.

5.4.3 CGmplete drying rate curve: Power law for falling rate period

The simple power law treatment of the falling rate period found appropriate for

the case of impingement drying, chapter 4, would avoid the undesirable characteristics of

eUE approach. Therefore procedure 2 was developed, using equation 5.7 for the

increasing rate period and equation 5.9 adapted from equation 4.9, the power law R-X

relationship, for the falling rate period.

R
_n, (X,-X )

I-e x,-x,
-Re I_e,n, for (5.7)

R
-=1
Re

for

(5.9)for~=(~)nr
Re Xe

with Re , Xi , ni , Xe' nf to be determined statistically.

For drying rate curves generated with procedure 2, figure 5.6 shows the fitting to

the same four sets of data seen for procedure 1 in figure 5.5. Nowa continuous drying

rate curve has been obtained for the rate data for complete drying from wet to dry. The

value determined for constant dryir.g rate Re is observed on figure 5.6 to be consistent

and
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• with the data over the central region of moisture content. However the transition l'rom

constant to falling rate period produced by this method is much more abrupt than is

consistent with the experimental data. As noted in chapter 4, the simple power law R-X

relationship has a near-linear section immediately below X=Xe and has its maximum

curvature as X~O. This characteristic was consistent with the experimental data for

impingement drying but is clearly not so for through drying where a smooth transition

occurs just below X=Xe and a near-lincar section as X~O. The determined values of Xc

are therefore clearly too low, as is evident from figure 5.6. Thus procedure 2 is

inconsistent with the measurements in two important ways. The R-X relationship,

equation 2.7, for through drying of paper that Randall (1984) adopted l'rom Gottsching

and Rhodus (1977) for convective surface air drying of paper in the falling rate period,

has the same unsatisîactory behavior for X~Xe as does the simple power law R-X

relationship of procedure 2. Such relationships are therefore ~nappropriate to use.

For the power law R-X relationship to adequately represent the through drying

falling rate data it is necessary to reverse the arder of the curved and near-linear sections

by replacing XlXeand RIRe with I-XlXe and I-R/Re, obtaining

R (X )"'Re =1- I-
Xe

(5.10)

Equation 5.10 has the property of d%X =0 at X=Xc . Hence the falling rate period

modeled by equation 5.10 approaches the constant rate period asymptotically. Procedure

2 can then be modified to procedure 3 by using the modified power law R-X relationship,

equation 5.10, for the falling rate period.

With the same four sets of experimental measurements shown on figures 5.5 and

5.6, figure 5.7 shows the excellent fit of procedure 3 for the entire drying rate data. The

values of constant drying rate Re determined in this way are consistent with the measured

R-X data. However, the result of having an asymptotic approach on either side of the

constant rate period is that the length of this period becomes unrealistically short or

vanishes. Within the precision of the numerical procedures there is effectively no

difference between the values of Xi and Xc for the test cases of figure 5.7, with the
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• exception of case (d) where there is a constant rate period but one which. judged by the

data, is unrealistically short.

When faced with the challenge in determining values of Xi and Xc for through

drying paper without knowing the R-X relation in either the increasing or falling rate

period, Polat O. (1989) developed the following practical method: when there was clearly

a constant rate period and value of Re but the transition was graduai l'rom the increasing to

the constant rate period or from the constant rate period to the falling rate period, he took

as Xi or Xc the moisture content where the drying rate was 0.95Re . Where there was a

constant rate period but with an irregular drying rate, he took as Xi and Xc the moisture

contents at R=0.95R.nax' then took as Re the average rate over the period between Xi and

Xc' Where there was no appreciable extent of constant rate period, Polat O. took as Re the

drying rate value 5% below the maximum drying rate, and defined Xi and Xc as the

values of moisture content at the points of R=0.95Rmax • Polat's choice of the 95%

criterion was arbitrary.

As procedure 3 gives an excellent fit for complete drying rate curves, these curves

provide a better basis for definition of Xi and Xc than the use by Polat O. of Rmax values

which are very sensitive to experimental noise. On the curves of normalized drying ratc

RIRe for these same four drying conditions, figure 5.8, the two values of moisture content

at Polat's criteria of R=0.95Re can be seen to give an over-estimated Xi and an under

estimated Xc, Le. to exaggerate the length of the constant rate period. In order to select an

appropriate criterion for defining the star! and end of the constant rate period, and hence

the values of Xi and Xc, Table 5.2lists for the four figure 5.8 cases the values of X in the

increasing and falling rate periods as a function of normalized drying rate, RIRe' varying

from 0.995 to 0.95 . Also included are the Xc and Xi values determined with procedure 3

as listed on figure 5.7. For one typical set of data, figure 5.8 (b), these values are shown

on figure 5.9. There is no firm basis for adopting a particular value of normalized drying

rate RIRe as the standard for the definition of Xi and Xc and thereby the length of the

constant rate period. However the value ofRlRe=0.95 used by Polat O. clearly appears to

be too low, giving a constant rate period of exaggerated length, while the use of
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RlRe=0.995 correspondingly appears on figure 5.9 to be clearly too high, giving an

unrealistically short constant rate period.

Table 5.2 Values ofmoisture content in increasing and falling rate periods

~
Increasing rate period Falling rate period

RIRe (a) (b) (c) (d) (a) (b) (c) (d)

Fig. 5.7 1.53 1.61 1.20 1.52 1.54 1.63 1.21 1.31

0.995 1.58 2.20 1.85 1.69 1.20 1.50 1.15 1.26

0.99 1.62 2.30 1.95 1.76 1.13 1.46 1.11 1.22

0.98 1.66 2.38 2.06 1.88 1.05 1.40 1.07 1.17

0.97 1.68 2.44 2.13 1.95 0.98 1.34 1.03 1.14

0.96 1.70 2.47 2.18 2.00 0.93 1.30 1.00 LlO
0.95 1.72 2.50 2.22 2.05 0.90 1.25 0.97 1.08

(5.7)for
R

Figure 5.9 shows that the X - RIRe relations change slowly for RIRe from 0.95 to

0.98, while above 0.98 the values of X change rapidly. Thus RlRe=0.98 was adopted as a

rational value for determination of the extent of the constant rate period and hence of Xi

and Xc' This method of deterrnining Xi and Xc is denoted as procedure 4.

With the adoption of procedure 3 for deterrnining Re and procedure 4 for

obtaining Xi and Xc , only a final step remains to obtain the complete quantitative

expression for drying rate curves. This step, referred to as procedure 5, involves using the

determined values of Re' Xi and Xc in the equations

1- e' n, (~:~~J
1- e'"'

and for (5.10)

to obtuin the power law exponents ni and nr from reapplying the statistical regression.

This three step method, Le. procedures 3, 4 and 5, is easily executed by computer.

For the same four test sets of experimental data, figure 5.10 shows the fitting of

the complete drying rate data and the values of the set of quantitative parameters, Re , Xi ,

Xc , ni and nI' determined from the combined procedure 3, 4 and 5. The quality of fit to the

102



• e et

12 60

10 0" 50
if 0 :2 ,-.()(j(',{,'

~ 8
Ë ~ Uo
~40 ,.0

i!O. (a) G=0.125 kg/m's
i!O. OJ (b) G=0.549 kg/m's

~ 6 ~ 30

~ Rc=9.84 kglm2h 2 Rc=45.7 kg/m2h
Xi=1.65 kglkg i!! Xi=2.37 kglkg

g> 4 ni=3.6 g> 20 '. ni=3.8 \).~ Xc=1.09 kglkg :. )
.~

(.~ Xc=1.5? kg/kg
Cl n1=2.0 Cl 1n , n1=1.9

, ! ! fi 1 oW ! , , ! , ~
0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5 3 3.5

Moislure conlenl. X. (kglkg) Moislure conlent. X. (kglkg)

0 BO 100w

~ BO~
~ r,

r. n r', " .-, /u =

i~~
'---' \..-) ~-'

'-' lj

/
r

C>

(c)
i!O. 60

(d)
"'.40

' c' G=1.03 kg/m's OC G=1.47 kg/m's

~ Rc=67.6 kg/m'h ~ '. " Rc=B7.8 kg/m'h40 cXi=2.06 kglkg C> . ~ Xi=1.88 kglkg
ni=3.8 c ni=3.6.~

Xc=1.07 kglkg Cl 20 Xc=1.17 kglkg
nl=1.6 n1=1.5

0.5 1 1.5 2 2.5 3 3.5 0.5 1 1.5 2 2.5 3
Moislure conlenl. X. (kglkg) Moislure conlenl. X. (kglkg)

Figure 5.10 Fitting of through drying rate data at Tj=90 oC, B=25 g/m2 with combined procedures 3, 4 & 5



drying rate data shown on figure 5.10 cannot be differentiated from that of figure 5.7.

However the unreasonable sets of values of Xi and Xe of figure 5.7, where Xi",Xe , have

been replaced now by values of Xi and Xe , which are realistic with respect to the

measured R - X curves. Correspondingly, the extent of constant rate periods are also

consistent with the R - X measurements. Thus the final composite method of procedures

3, 4 and 5 has the advantage of providing a complete drying rate curve giving an

excellent fit to the data, with three well defined drying rate periods, and a quantitative

representation of the drying rate curves in terms of five pararneters, Re' Xi, Xe' ni and nr

which are obtained by one comprehensive procedure which is totally unsubjective and

which is applied to the complete experimental data from the start to the end of drying, in

the sarne way for all experiments.

Table 5.3 lists the values of Re, Xi and Xc determined by the above procedure and

by Polat's method for these four test cases. The values of Re from these methods agree

very weil, but Re is the easiest pararneter to obtain. While the values of Re by Polat's

method are obtained from only the constant rate period, the present procedure has the

advantage that the determined value of Re is in harmony with the complete drying rate

data. Relative to the present procedure, all the values of Xi and Xe from Polat's method

are generally slightly higher for Xi and lower for Xe , as expected since he used

R/Re=0.95 while R/Re=0.98 is used here.

Table 5.3 Comparison of values ofR" Xi and Xe

Combined procedure 3, 4 and 5 Polat O. method

Case 2
Xi' kg/kg X" kg/kg Re, kg/m2h Xi> kg/kg Xe' kg/kgRe' kg/m h

(a) 9.84 1.65 1.09 9.78 1.73 0.86

(b) 45.7 2.38 1040 46.6 2.28 1.39

(c) 67.6 2.06 1.07 67.8 2.15 0.99

(d) 87.8 1.88 1.17 87.9 2.00 1.13

Figure 5.11 provides a further demonstration of fitting, using procedures 3, 4 and

5, with results for four more conditions which cover the whole spectrum of drying

intensity conditions from very low ( Re"'5 ) to very high ( Re '" 120 ). Il is interesting to

note that seven out of the eight conditions tested in figures 5.10 and 5.11 give the value of
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ni within narrow range 3.6-3.8, and that six out of eight values of nr are in the limited

range of 1.5-1.9 . This feature of stable values ofni and nr will be treated in section 5.5.4.

The combined procedures 3, 4 and 5 were then applied to ail 89 experimental mns

in order to obtain the quantitative representation of the drying rate data for each drying

condition in terms of just five parameters, Re' Xi , Xe' ni and nr. For those experiments

carried out with unheated air, the initial short transient period while the paper was cooling

was ignored as it has no relevance to the industrial practice. As such drying rate curves

consist of only a constant and a falling rate period, there are no values of Xi and ni'

5.5 Analysis of results

5.5.1. Moisture content at end of increasing rate period, Xi

For the 60 drying conditions which give an increasing rate period, i.e. ail except

those using unheated air, a significance test was carried out on the values of Xi with

respect to the variables Xo' Tj , G and B. The extent of increasing rate period, Xo - Xi '

was found to correlate with paper basis weight Band with the drying conditions G and

~T = Tj - Tas' A regression using equation 5.11 gave the best fit values listed in Table 5.4

with parameters designated as E, with R2 being 0.84.

(5.11)

Table 5.4 Correlation parameters for Xo-Xi

Parameter E a for E 2a/E (%) Polat O. (1989)

ai 0.30 0.13 87 1

bi 0.41 0.03 15 0.27

Ci 0.78 0.09 23 0.39

di -0.73 0.07 19 -0.37

The extent of increasing rate period, Xo-Xi, calculated from equation 5.11, is seen

on figure 5.12 to compare satisfactorily with the experimentally determined values in the
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• range 0.10 to 0.84 kg/kg. The 20 uncertainty of the calculated values of Xo-Xi is ±0.16

kg/kg, represented by the dashed lines of figure 5.12. For drying from Xo of 2 kg

water/kg fibre to a typical practical value of 5% final moisture content, the proportion of

drying effected during the increasing rate period, (Xo-XY(Xo-0.05), predicted with

equation 5.1 1 for the lowest basis weight - highest intensity drying conditions tested is

47%. For the higher intensity drying conditions of industrial practice, there would be no

period of constant rate drying and the percentage of total drying occurring in the

increasing rate period would probably remain at about that impressively high level.

As constant drying rate increases with G and LlT it coald be expected that the

extent of the increasing rate period, Xo-Xi , would increase with G and LlT, as is indeed

shown by equation 5.1 I. The independence ofXo - Xi from paper initial moisture content

Xo shows that the extent of the increasing rate period is not affected by paper

perrneability, which increases exponentially as paper moisture content decreases, Polat O.

et al. (1989). This behavior can be explained by the fact that the development of transport

area during the increasing rate period is achieved by opening pores, from larger to smaller

ones. The negative dependence of Xo-Xi on B may be explained from the large increase

of interfacial area, about 50% for dry paper (Polat O. 1989), for an increase in paper basis

weight from 25 to 50 g/m2
• Hence the amount of water removed during the increasing

rate period to develop the amount of interfacial area needed to get R up to Re should be

much less for 50 g/m2 than for 25 g/m2 paper, as is represented by (Xo-Xi)ocB·o.73.

The effect of temperature driving force LlT on Xo-Xi for the present study is

significant1y higher than found by Polat O. (1989). There is a significant difference in

data treatment between the two studies, with the present one using only the results with

heated air while Polat O. included his measurements with unheated air. With ambient

temperature drying air the initial transient due to paper cooling, which results in the peak

vr.iue of R seen on figures 5.I(a) and 5.4(a) immediately after drying starts, has a

distorting effect on the results. It is believed that the exclusion in the present study of

such results provides a more soundly based correlation.
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• The difference in the effect of paper basis weight between this study and that of

Polat O. derives from the difference in the range investigated. 25 to 50 g/m" with here, 25

to 250 g/m2 by Polat O. The specifie surface of paper becomes independent of basis

weight for thicker papers. Thus considering the mechanism proposed above for the effect

of basis weight on extent of the increasing rate period, this dependence should be much

less when the high basis weight data are included, as is the case for Polat's study.

Because the industrial interest in through drying focuses on for the 25-50 g/m" range of

basis weight, the correlation obtained here, based on data only in this range, is of grcater

relevance.

5.5.2 Constant drying rate, Re

During the constant rate period of through drying the sheet should be at the

adiabatic saturation temperature of the inlet air, as was confirmed experimentally. During

this period the drying rate driving force is that for heat transfer, LiT=Tr Ta.<' From the Re

liT results of figure 5.13 il is seen that at low levels of liT, Re is independent of basis

weight, indicating that the through flow exiting the sheet is saturated. For thicker papcr, B

of 50 g/m2
, a linear relationship between Re and liT can be observed for ail lcvels of air

mass flow rate, G. However for higher levels of liT, the Re·LiT relation deviates l'rom

linearity with thin paper, B of 26.5 g/m2
• Stated otherwise, at higher levels of liT, Re is

not independent of B but decreases with the decrease of B, for which cases the through

flow is evidently not saturated when it exits the sheet. This effect is il!ustrated again on

figure 5.14 which, at four levels of drying temperature, shows directly the effect of G on

Re . The ReG relation was found to be independent of paper basis weight only at

conditions of lower drying intensity. For the two lower values of G, figure 5.14 shows

that Re is independent of B for Tj of 22 oC. At Tj=89°C, figure 5.14 (d) shows that Re is

independent of B only at the lowest value of G, for which the through flow still exists

saturated. At al! other combinations ofTj and G, figures 5.13 (d) and 5.14 (d) show that

the through flow does not become saturated even for the thicker paper, B=50 g1m2
, as the
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(5.2)

• paper does not provide sufficient interfacial area for the heat and mass transfer to produce

saturated air out of the sheet.

The dependence of Re on B can be further examined by comparing Re \Vith the

maximum achievable through drying rate, Ras, when the through flow exits adiabatically

saturated, figure 5.15. By definition, Ras is directly proportional to ~T and G, independent

of B. At low values of Ras the difference between Re and Ras on ligure 5.15 is

insignificant. As the drying intensity increases, constant drying rate Re becomes strongly

dependent on B, indicating that the through flow exits the sheet at substantially below the

saturation condition. At the highest drying intensity for the present investigation the

through flow exited the sheet at 88% of saturation humidity for paper of basis weight

B=50 g/m2, but at only 62% of saturation for B=25 g/m2• The present results for through

drying with and without impinging jets follow the same trend. For through drying without

impinging jets the results of Polat O. (1989) coincide with those of the present study at

low levels of drying intensity but are below the present measurements in the range of

drying intensities which are the highest (Ras '" 50 kg/m2h ) of his study, but which

correspond to interrnediate levels of Ras here.

The treatment for the constant drying rate proceeds l'rom the analysis of section

5.4.1, specifically equation 5.2,

3600GC fT- _ T ) [ _ h (X) ',(X) L Î
R = ~\ J as 1- e G C, J

For constant rate drying R is independent of X, and is denoted as Re' During the constant

rate period, Re may be controlled sole!y by therrnodynarnics, Le. Re=Ras , which applies

when hUpL»GCp , or L»GCpI(hUp) for a sufficiently thick bed, the exponential part of

equation 5.2 goes to zero. Alternatively if Re<Ras, then R can be independent of X only

when h(X)Up(X) remains at a constant value of hUp . For the therrnodynarnic equilibrium

case:

(5.12)
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(5.13)

For the case of dynamic equilibrium with hllp independent of X and Re<Ras , equation 5.2

may be expressed in a Taylor's series as:

R = J!OO~C,6T [ha, L • !(ha. L)' + ... +(.I)"~ (ha, L)"+ ...J
~ 1'. GCp 2 GCp nI GCp

While the existence of a constant rate period wilh Re=Ras is readily

understandable, the observation of constant rate periods with Re substantially below R,. ,

figure 5.15, requires examination. The development of interfacial area for heat and mass

transfer, the predominant effect during the increasing rate period, does not stop at X=X j

but continues during the constant rate period because, as will be seen subsequently, all the

experimental values of Xi and most of those of Xc are higher than the fibn: saturation

point of X=0.8 kg/kg for the kraft pulp used. This continued opening of pores during the

constant rate period has two effects, increasing IIp(X) but decreasing the transfer

coefficient h(X) because of the decreasing interstitial air velocity in the pores at constant

G. During the constant rate period the thickness of the high moisture content region

below the drying front would decrease, tending to decrease the drying rate. Thus the

occurrence of a constant rate period with Re<Ras represents a dynamic equilibrium

between an increasing IIp(X) but a decreasing h(X) and decreasing thickness of the high

moisture content region of the sheet.

As h ex: Re" wilh Re = G d p If! , IIp=f(X, B) and L=f(B) , but with a lack of

relations among h(X), IIp(X), G, X and B, equation 5.13 is expressed in a power law forrn

as

(5.14)

Before continuing with the general case il may be noted that on figure 5.15 the Re

data falls into two categories, Le. results that are at or close to the saturation limit of

Re=Ras , and those for which Re is significantly below Ras' As Re=Ras is a therrnodynamic

limit which in practice is never quite reached, the region 0.9SR,.<Re<Ras may be taken as

consisting of data for a close approach to saturation. Included in this region are

essentially all the results at Ras<IS kg/m2h. For all of the 89 combinations of conditions

studied, 30 runs fall into the above definition of near-saturated exhaust, the other 59 tests
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giving values of Re substantially less than Ras . For conditions giving Re=R", . the values

of the exponents in the power law correlation, equation 5.14, would be br=cr=1 and dr=O.

For the 30 conditions giving near-saturated through flow exhausts. the best fit values of

br> Cr' dr in Table 5.5 indicate a very close approach to those limiting values. When br. Cr'

dr are taken as their 1, 1,0 limit, the regression constant becomes a,=1.39. a value which

is very close to the theoretical value of a,=1.44 from equation 5.12.

Table 5.5 Correlation parameters for Re

Near-Saturated conditions Non-saturated Polat O. (1989)

€ cr € cr € cr €

a, 1.24 0.16 1.39 0.02 0.87 0.14 0.87

br 0.96 0.02 1 0.85 0.03 0.80

cr 1.00 0.02 1 0.91 0.02 0.87

dr 0.01 0.04 0 0.19 0.04 0.16

R2 0.995 0.98 0.98

For non-saturated conditions at the sheet exit, the effect of through tlow rate on

drying rate is indicated by the value of the exponent, br=0.85 . It is not possible to draw

quantitative inferences from this value because br is affected not only by the structure of

the flow in the sheet but by the extent of displacement from saturation of the through

flow exiting the paper. As noted earlier, b,=l for a saturated exhaust, while the data used

for the non-saturated exhaust case corresponded to 0.95Ras>Re>0.6Ras . With this

reservation, not recognized in the studies of others, it may however be noted that for

through circulation drying of solids Marshall and Hougen (1942) obtained for this

exponent a similar value, 0.8 .

The exponent of DoT, cr=0.91, is within the range of 0.76 - 0.93 reported by

Gummel (1977). As for the exponent for G, the DoT exponent converges to c,=1 for

Re=Ras , so ail experimentally deterrnined values for the non-saturated case are again

affected by the degree of approach of Re to Ras .

The sensitivity of Re to B is the most complex of the equation 5.14 effects. The

transport phenomena analysis of the constant rate period of through drying paper by Polat

O. et al. (1992a) reported that the Sherwood number decreased sharply as basis weight
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was increased from 25 to 50 glm2
• For the same type of paper as used in the present

study, Polat O. (1989) determined that because of paper structure changes, the specific

surface ap of dry paper increases by about 50% with increase of paper basis weight from

25 to 50 glm2
, and that correspondingly the characteristic dimension dp for air flow

through the dry sheet decreases from about 17flm for 8=25 g/m
2 to 4f.lm for 8=50 g/m

2
•

Therefore in equation 5.13 not only does 8 directly affect L in the series terms, but ap and

h also depend on 8. While d,=O represents the lack of dependence of Re on 8 for the limit

of a saturated through flow exhaust, the above factors cause the d, exponent to increase

from zero to about 0.2 for drying conditions with Re lower than Ras .

Although the results of Polat O. remain the best available for comparison, it

should be noted that the value of a,=2.4 given by Polat O. (1989) and by Polat O. et al.

(1992b) is not correct. On re-processing Polat's data the author found that the best fit

value should be a,=0.87, but the values ofb" c, and d, found were those reported by Polat

O. The through flow rate exponent, b,=0.84, found here agrees with 0.80 obtained by

Polat O. for through drying without impinging jets. The temperature driving force

exponent, 0.86, is also in good agreement with 0.87 from Polat O. The paper basis weight

exponent, 0.26, is higher than that obtained by Polat O. for two reasons. First, the present

results exclude conditions giving near-saturated through flow exhausts while Polat O. did

not separate his results which include considerable data for near-saturated exhausts for

which it is shown here that the basis weight exponent approaches zero. Secondly, the

range of 8 tested was 25 - 250 g/m2 by Polat O., 25-50 glm2 here. Polat's results show

that on all effects the sensitivity of results over the 25-50 glm2 range was much greater

than above 50 g/m2
•

For the comparison between experimental and correlation values of Re' figure

5.16, the Table 5.5 correlation parameters for near-saturated conditions, a,=1.39, b,=c,=1

and d,=O, were used for all results with Re~0.95Ras , and the values for non-saturated

exhausts for all other cases. As the ±15% lines contain almost all of the experimental

values of Re ,equation 5.14 represents the experimental results quite well in spite ofall of

the uncertainties noted above.

116



e e e

.••..•................ / .

± 15% Iimits

..........f6 .

...............
....

20

40

80

60

::>1....
......

....140 1 ~/~
..'

120
;2
N

El 100-bD
~
0....../

0

~
......- cd..., E

Q)

El.-1-<
Q)

~

o lé!, l , ! , ! , 1 , , , l , 1

o 20 40 60 80 100 120 140
R from correlation (kg / m2 h)

c

Figure 5.16 Comparison of Re fram correlation eqn. 5.14 with experimental Re



5.5.3 Critical moisture content, Xc

The critical moisture content Xe is the that at which the drying rate can no longer

be maintained at Re . Analysis of the phenomena which bring this period to an end al

X=Xe requires analysis of the mechanisms which for sorne time maintain R=Re. As

detailed in section 5.5.2 conceming Re' the principal effects which give rise to a period

with R independent of X in the general case where Re<Ras are the simultaneous

occurrence of an increasing IIp(X), a decreasing h(X) and a decreasing thickness of the

high moisture content region of the sheet below the drying front, which may be

represented as Bw • As X decreases from Xi towards Xe , the progressively smaller size

pores being opened to through flow would have less effect on interstitial air velocity and

hence of decreasing h(X), than on increasing specific surface for heat and mass transfer,

IIp(X). However, the tendency for R to increase because of an increase in the product

h(X)lIp(X) is off-set by the decreasing thickness of wet region, Bw , thus maintaining

R=Re ·

As the amount of water in the pores decreases, IIp(X) eventually approaches an

upper limit, as does the product h(X)lIp(X). At that point the remaining effect, the

decrease in Bw , would cause R to star! dropping, Le. for the falling rate period to start at

X=Xe . Other phenomena associated with the falling rate period are decreasing vapor

pressure and increasing heat of desorption of water for lower moisture content paper and

increasing diffusional resistance for moisture removal from inside the fibers. With so

many factors potentially contributing to controlling the falling rate period R-X curve it is

not possible to know which of these was crucial to deterrnining the critical moisture

content point.

Another basic characteristic of through drying, described in section 5.3, is the

basic instability of this process, i.e. that-small differences in local sheet perrneability

initially at X=Xo are amplified by the coupling between through flow rate and through

drying rate, with the result that local moisture content becomes increasingly nonuniforrn

in the plane of the sheet as drying proceeds. Il follows that a sheet being through dried
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will enter the falling rate period not when ail parts of sheet simultaneously reach the

critical moisture content, but when a significant part of the sheet can no longer locally

maintain R=Re . Therefore the average moisture content over the entire sheet, Xc, will be

determined both by those drying variables which affect average conditions in the sheet

and those which affect the degree of local nonuniformity in the sheet.

The sensitivity of Xc to the effect on sheet average conditions caused by the four

variables studied, G, Tj , B and Xo as listed in Table 5.1, are considered tirst. Thc

variables G and Tj affect constant rate period drying through the drying intensity, as

represented by Ras, whicn varies directly with G and ilT=TrTas . At constant Band Xo '

an increase in Ras requires a greater thickness of the wet region of the sheet, i.e. greater

Bw , to have sufficient transfer area to achieve Re . Thus an increase in Rn, would be

expected to increase Xc .

For a specific Xo and Ras, the effect of basis weight would relate to the thickness

of wet fibres, Bw , required to maintain drying rate at Re . As this Bw value could be

expected to be independent of the thickness of relatively dry fibres above the wet region,

i.e. independent of B-Bw , it follows that a higher value of B should correspond to a lower

value of Xc .

Considering now the effect of process conditions on the degree of local

nonuniformity in the sheet during the constant rate period, a higher value of Xo , which

allows a longer time for local nonuniformity of X to develop, would result in a higher

sheet average value of Xc . This increase of Xc with Xo occurred also for pure

impingement drying, chapter 4, for the same reason. However one drying process

variable, through flow rate G, may act on development of local nonuniformity through a

mechanism which is in addition to its effect via Ras (ocGilT) on sheet average conditions

described earlier. At low G the low pressure drop across the sheet would be insufficient to

open air flow channels through the smaller pores, with the result that such pores may

remain for a longer time blocked to through flow. As local nonuniformity effects couId

thereby be enhanced by low G but reduced by high G, critical moisture content could be

reduced with increasing G through this effect.
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• Thus Xc should be tested in the form

(5.15)

Using values of Xc from the 89 experimental conditions, the results obtained are given as:

Table 5.6 Correlation parameters for Xc

Parameter E cr for E 2cr/E (%) Polat O. (1989)

ac 0.67 0.23 69 0.28

bc 0.58 0.16 55 1

Cc 0.15 0.04 53 0.13

de -0.19 0.07 74 0

ec -0.17 0.04 47 -0.13

Thus a statistically significant correlation was obtained for the effect on Xc of the

four drying process variables tested with, as expected from the above analysis, Xc

increasing with Xo and Ras and decreasing with B and G. On the figure 5.17 comparison

between experimental and equation 5.15 values of Xc the dotted lines show the 2cr

uncertainty limits of 0.35 kg water/kg fibre. This uncertainty could be expected to be

almost double that for Xi , 0.16 kg/kg on figure 5.16, as the uncertainty at the end of the

constant rate period includes that at the star! of this period. Hence a lower R2 is expected

for the Xc correlation than the R2=0.84 for the Xi correlation. As the absolute values of Cc

and ecin equation 5.15 are effectively the same, the net effect of G and Ras (ocGè>T) on Xc

could be expressed in terms only of è>T. However, as there are mechanistic reasons for

separate effects by G and R." the correlation was retained in the equation 5.15 form. For

the highest Tj - lowest B - highest Xo tested, equation 5.15 predicts Xc= 1.3 kg/kg, which

may be compared with the prediction of Xc=0.62 kg/kg for the lowest Tj - highest B •

lowest Xo studied.

Polat O. (1989) did not detect the dependence of Xc on Ras and G that was found

here, but reported a correlation of Xc with Xo and è>To. 13
• As R., ocGè>T, the values of Cc

and ec for Polat's case are given in Table 5.6 as 0.13 and -0.13 respectively. Three

differences between the studies which may have contributed to this difference in Xc

correlation are that the present study used a more standardized method of determining
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Xc , that a much wider range of G was used (0.1-1.5 kg/m2s compared to 0.1-0.5 kg/m2s

by Polat O.) and the use of a much narrower range of B (25-50 g/m2 instead of 25-250

glm2
). The higher values of G may have helped reduce the local nonuniformity effect for

the present study, hence the smaller dependence of Xc on Xo obtained here than by Polat

O. lt may be for the same reason why Polat O. did not detect a paper basis weight effect

although he used B up to 250 g/m2
•

With more than one third of the sheets dried in the present study being 25 g/m2

paper, the well known difficulty of forming reproducible handsheets in the range of tissue

paper no doubt is the source of a significant fraction of the experimental uncertainty in

critical moisture content.

For each set of drying process conditions there exists a unique initial moisture

content, denoted as Xo
ic, for which Xi=Xc and the constant drying rate is therefore

reached only momentarily. From equations 5.11 and 5.15, Xc
iC

can be expressed as:

. a.G b, toTC, Bd,
XIC = 1 (5.16;

o l-a (Xic)b'-'Rc'Bd'Ge,coas

Xo
ic increases as Ras increases and as B decreases. The present study provides

measurements for through drying with a constant rate period, up to the limit of this period

just variishing, Le. to the Xo=X/ limit. For the higher drying intensity conditions of

industrial air through drying of paper, Xocould be less than Xo
ic , with drying progressing

directly from the increasing rate to the falling rate period.

5.5.4 Normalized drying rate curve, ni and nf

Having now analyzed Xi , Re and Xe and obtained appropriate correlations, it

remains only to treat the R-X curves in the increasing and falling rate periods, rerresented

by the power law exponents ni and nr , in order to have all elements to describe

quantitatively the complete drying rate curves. With respect to ni it was noted in section

5.4.3 that for the eight test cases shown on figures 5.10 and 5.11, ni values are within a

narrow range despite the wide range of drying process conditions. For conditions giving
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(5.17)

• Rc=R"" equation 5.2 may be rearranged by combining equations 5.5, 5.6 and 5.12 to give

the R-Rcrelation as:

( xo-x ')
R =Rcll-e-n; Xo·X, J

With R=0.98Re at X=Xj , as used in the comprehensive procedure detailed in section

5.4.3, equation 5.17 gives a single value of n;=3.9, independent of drying process

conditions. For conditions that give Re substantially below R", ' nj would be expected to

be somewhat lower than 3.9. The scatter in the determined n; derives primarily l'rom the

curve fitting over an extent of increasing rate period, Xo - X; , which varied greatly, l'rom

0.\ to 0.84 kglkg as seen in figures 5.10 and 5.11. Thus a universal value of nj=3.6, the

mean of the 60 values ofn; determined in the present study, may be used in equation 5.7

R-X relationship in the increasing rate period.

Similarly in the falling rate period, the power-law exponent nI' is almost normally

distributed around a mean of 1.7, with a standard deviation of 0.4. A universal value of

nFI.7 satisfactorily describes the R-X relationship in the falling rate period. Gummel and

Schlünder (1980) found a similar behavior for air through drying of textiles and tissue

paper. They reported that for each material tested a single normalized drying rate curve,

RIRe as a function of X!XC , independent of drying process conditions, represented the

results weil. Randall (1984) also reported that for through drying of paper, equation 2.7

could be used to describe the R-X relationship in the falling rate period using a single

value ofhis parameter al"

Air through drying may then be represented by a drying rate curve of universal

form defined by the following equations, with nj=3.6 and nFI.7 .

R
_n,{Xo-X)

l-e Xo-X,
-Re I_e- n,

R
-=1
Re
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and for

ln the model of Polat O. et al. (1991) for through drying of paper, the R-X

relationship in increasing rate period was in a similar form of equation 5.7 with ni",3,

although it was not stated explicitly. Instead oftreating the product ofh(X) and apeX) as a

function of paper moisture content, equation 5.5, they applied over the increasing rate

period the heat and mass transfer coefficient obtained from the constant drying rate

results. For the interfacial transport area, Polat O. et al. obtained an eXiJonential ap(X)-X

relationship, with ap(X)ocÔP(X)"I/2, by assuming the pressure drop across the sheet, ÔP(X)

oc exp(X), and ÔP(G)ocG according to Darcy's law. The rapidly decreasing pressure drop

was related to the increase in number of pores open for through flow, hence the interfacial

area for heat and mass transfer.

During the falling rate period Polat O. et al. attributed the drop of drying rate to

vapor pressure depression and increase of heat of desorption, the same as in the model of

Crotogino and Allenger (1979) reviewed in chapter 2, section 2.4. Their model over

predicts the drying rate.

Shown in figure 5.18 are comparisons of resu1ts when the universal values of ni

and nI' are used, relative to the results when the best fit values of ni and nI' for each

individual drying process condition, determined by procedures 3, 4 and 5. Cases (a) and

(b) represent the highest and the lowest values of ni found for the 60 experimental

conditions that gave an increasing rate period, while cases (c) and (d) are the cases for the

highest and the lowest values of nr determined for the 89 conditions.

A1though figure 5.18 shows the four worst cases out of al1 the experiments the

differences in drying rate curves are relatively smal1 between use of the universal ni and

nI' values relative to the best fit ni and nI' values from the individual experiment. The

agreement between Xi individual1y determined, and Xi determined using ni=3.6 for the

two worst cases, (a) and (b), are wel1 within the 0.16 kglkg uncertainty of equation 5.11

for Xi . The differences between Xc determined individual1y and that determined with

nt"'1.7 are also within the uncertainty limits ofequation 5.17 except for case (c). For this
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extreme case however the normalized drying rate curve not only fits the data weli but by

visual inspection gives the more realistic value of Xc . Therefore, it is concluded that

drying rate curves can be constructed using the universal values of the parameters ni and

nr. This conclusion will be reinforced in section 5.6 where drying time, which is much

more important than the individual parameters Xi , Xc , Re , ni and nr, will be seen to be

reliably calculated using the universal values of ni and nr.

5.5.5 Comparison with through drying without impinging jets

For through drying with and without impinging jets, the air flow and temperature

fields are quite different abave the moist sheet. Withjets, the high heat and mass transfer

coefficients under turbulent impinging flow leads to the air entering the sheet at a

considerably lower temperature and higher humidity than for the air entering the drying

chamber at the nozzle plate. For through drying without jets, the very low heat and mass

transfer coefficients for a flat velocity profile - low turbulence flow approaching the paper

surface leads to the air entering the sheet at a temperature and humidity little different

from the flow entering the drying chamber. The poten~ial advantage for the impingement

case derives from the convective drying already accomplished before the flow enters the

sheet. However, as the impingement flow enters the sheet at a lower temperature and

higher humidity, it enters with a lower drying potentia!. As the boundary layer under

turbulent impinging jets is so thin it is not feasible to determine how much drying is

accomplished by the impingement heat and mass transfer process. However, of final

importance is not the partitioning of the total drying between that of surface convection

and that within the sheet, but whether the total drying rate is enhanced by impingement.

This question can be answered by inspection of the drying rate curves for the two cases.

As noted in section 5.5.2, for through drying at low intensity or high paper basis

weight, the exhaust air in the constant rate period is nearly saturated, therefore such

conditions are inappropriate for testing for any difference in drying rate with or without

impinging jets. From the 8 experiments made without jets, figure 5.19, shows the
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comparison for the thinnest paper, B=25 g/m2
, through dried at the highest drying

• intensity. Table 5.7 lists values of the key quantitative parameters for these drying rate

curves, determined using the equations of the universal drying rate curve.

Table 5.7 Comparison ofthrough drying with and without impingingjets

With impinging jets Without impinging jets

Xe, kg/kg 2.60 2.83

Re, kg/m2h 80.0 78.5

Xi> kg/kg 1.95 2.12

X" kg/kg 1.42 1.33

Xo-X j , kg/kg 0.65 0.71
X/Xoo,ss 0.82 0.73

With and without impinging jets the extent of the increasing rate period differs

only by 0.05 kg/kg, much less than the 0.16 kglkg uncertainty for the value of Xi

predicted by equation 5.11. The increasing rate period would be expected to be

independent of the use of impinging jets as this period reflects the development of area

within the sheet for heat and mass transfer and is therefore govemed by the paper

structure, not by the conditions of the approach flow to the sheet. The values of Re with

and without jets agree within 2%, weil within the accuracy of the measurement. This

invariance of Re indicates that the extra convective drying accomplished with jets before

the flow enters the sheet is lost because of the corresponding drop in through drying

potential due to the correspondingly higher humidity and lower temperature of air

entering the sheet. The difference in Xe from the use of jets, 0.09 kglkg, is likewise

smaller than the experimental reproducibility of Xe . Thus the local n::muniformity

associated with the impingement flow of the present study does not cause a significantly

earlier onset of the falling rate period, as expected because falling rate periods of drying

are controlled by conditions within the sheet and are unaffected by the nature of the

approach flow of the air to the sheet.

One aspect of the present investigation to be considered in this comparison is the

local nonuniformity under the impinging jets, a feature which does not exist in industrial

practice where paper dried by impinging jets passes under the nozzles at speeds of up to
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• 30 rn/s. As the present data acquisition prograrn has the ability to display the calculated

drying history on screen, on-line as drying proceeds, the sheet can therefore be withdrawn

from the drying charnber for a visual exarnination at any desired point in the drying.

During the constant rate period no difference could be detected between drying with or

without impinging jets, with the sheet appearing uniformly weI. After the falling rate

starts, dry areas form randomly from the edge to the center of the sheet in a way which.

with or withollt impinging jets, is indistinguishable. During the falling rate period with

impinging jets, dry spots directly under the nozzles become visible in large scale wet

regions. The finding that the use of impinging jets does not significantly change the value

of Xc , Table 5.7, or change the R-X curve in the falling rate period. figure 5.19.

establishes that the local nonuniformity generated by stationary impinging jets causes no

significant changes to the drying in the falling rate period.

The conclusion is therefore that there is no measurable difference between the

through drying of paper with or without impinging jets.

5.6 Prediction of drying time and drying rate

With quantitative relationships having been obtained for Re' Xi and Xc relative to

drying process conditions G, Tj , B and Xc , and the R-X relationships during the

increasing and falling rate periods found in terms of ni and nI', drying time and drying rate

may now be predicted for any condition for which Re is reached even momentarily. For

this purpose Xi, Re and Xc are calculated using equations 5.11, 5.14 and 5.15. The R-X

relationship over the increasing rate period, Xc;:0(>Xi , is described by equation 5.7 with

the exponent ni=3.6, while R=R., during the constant rate period, Xi~)Q:Xe . For the

falling rate period, Xe>X, the R-X relation is given by equation 5.10 with the exponent

nFI.7 . As equation 5.7 starts with R=O at the initial moisture content Xc, it is evidently

not possible to start the drying time calculation at X=Xc, R=O, the drying time calculation

was therefore started at X = Xc - 0.05 kg!kg.

129



For industrial operation where a constant pressure drop is maintained across the

sheet during drying, the values of Xi , Re, Xc and the R-X relationships in increasing rate

and falling rate period would depend on the transient value of G which is a function of

the rapidly changing paper moisture content X. The value of G can be calculated using

i1P-G-X correlations documented in Polat O. et al. (1989) for air fiowing thfough wet

paper made from the same kind of pulp as used here.

For the present study, figures 5.20 and 5.21 show the prediction of drying time

and drying rate at eight representative drying conditions. The predicted total drying time

to X=0.05 kg/kg, designated 10.05 , is listed in each graph. For the range of drying

conditions from the lowest to the highest intensity of the present study and for the range

of basis weights, with drying time varying from 5 to 68 s, the predictions are in very good

agreement with the experimental measurements.

In connection with the R-X curves given in section 5.5.4, the differences between

the structure of the drying rate mode! of Polat O. et al. (1991) and that of the present

study were noted. With the Polat O. et al. model, their drying time curves during the

increasing rate period were in sorne cases more optimistic than their measurements, but

these differences were not substantial. During the falling rate period, however, their

drying time curves were consistently overly optimistic by a substantial amount as a result

of a consistent over-prediction of drying rate, as noted in section 5.5.4. Thus the good

drying time predictions of figure 5.20 and 5.21 indicate that the difference in model

structure for the falling rate period developed in the present study represents an advance

over the earlier mode! of Polat O. et al.
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5.7 Summary

(1) 89 experiments were carried out for through drying kraft handsheets of three basis

weights, 25, 37 and 50 g/m2
, under impinging jets with mass tlow rate ranging l'rom

0.125 to 1.45 kg/m2s and drying air temperatures from 22 to 90 oC. Eight more

experiments carried out without impinging jets enabled comparison of through drying

with this difference in the air inlet boundary condition.

Precisely defined drying rate curres were determined by fast response, on-line

measurements of air humidity at the exhau,·t. Two drying rate periods, the increasing rate

period and falling rate period, were observed for all experiments, with the generally

present constant rate period just disappearing at the high intensity limit of drying process

conditions tested.

(2) Based on a theoretical analysis, an exponential R-X relationship in the increasing

rate period was obtained as

R
=

(X-X)
l_e~n, x:~

with the exponent nj=hapL/(GCp)'

(3) Together with the above equation, five procedures were tested for quantitative

representation of the entire through drying rate curve.

(a) Chur~hill asymptotic approach, procedure 1

When the above relation for the increasing rate period was combined with the

Churchill approach for the subsequent part of drying, the data in the early and later part of

drying were well fitted. However, as it is not possible to obtain with this method either a

value of critical moisture content, Xc , or a continuous R-X relation for the entire drying

rate curve, this approach was rejected.

(b) Power law approach for falling rate period, procedure 2

When a simple power law approach was tested for the falling rate period, the

transition l'rom the constant to falling rate period was inconsistent with the experimental
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•
measurements. This treatment was therefore rejected.

(c) Modified power law approach for the falling rate period, procedure 3

With the power law relation applied with a change of variables from RIRe and

XlXe , to I-RlRe and I-XlXe , the location of the high and low curvature regions is

reversed, with the low curvature section at the onset of the falling rate period, consistent

with the experimental measurements. This modified power law relation,

~= l_(l_~)nr
Re Xe

represents the falling rate data weil. This approach combined with that for the increasing

rate period generated a continuous drying rate curve that fits the experimental R-X data

weil, gives good values of the constant drying rate, Re , but does not provide realistic

values of Xi and Xe due to the constant rate period being approached asymptotically from

both sides.

(d) Determination ofXjand Xe' procedure 4

Analysis of the results indicated that it is realistic to define the end of the

increasing rate period Xi and the start of the falling rate period Xe as the moisture contents

at R=O.98Reon the continuous R-X curve determined by procedure 3.

(e) Determination of nj and nr, procedure 5

The final step in quantitatively representing the entire drying rate data is

determination of the values of ni and nr by reapplying the equations for the increasing rate

and falling rate periods but now with the values of Xj , Re and Xe determined in (c) and

(0.) above.

The composite procedure 3, 4 and 5 produces a drying rate curve consistent with

experimental observations and with reasonable values ofXj, Xe and Re. This procedure is

totally unsubjective and is applied to ail the experimental measurements to obtain the !ive

parameters, Re, Xi, Xe, ni ad nr, to quantify the entire drying rate curve.

(4) The extent of the increasing rate period, Xo-Xi, was found to vary with the drying

conditions and paper properties as
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which predicts Xo·X j with a 20" uncertainty of 0.16 kg water/kg libre. The dependence of

• Xo - Xi on G, L'.T and B is qualitatively consistent with those found by Polat O. (1989).

As the above correlation excludes results for drying in ambient air, the exponent for L'.T

is, as it should be, larger than 0.39 obtained by Polat O. The stronger dependence of Xi on

B for the present study (han -0.37 for Polat O. results l'rom the dilTerence in the range of

B studied, 25-250 g/m2 for Polat O. and 25-50 g/m2 here. As the latter range is more

likely to be used industrial1y for through drying the present correlation is more

industrial1y relevant.

(5) For constant drying rate, the drying conditions produce two distinct groups, one

for air exiting the sheet near-saturated and the other for non-saturated exhausts. For non

saturated exhausts, Re correlated as

The exponents found here agree with those reported by Polat O. et al. (l992b). The

dependence of Re on L'.T also agrees with the exponent of 0.76 - 0.93 l'rom the data of

Gummel (1977). The dependence of Re on B agrees with the value fLund by Polat O. The

present work points out the limitation on the significance of these exponents depending

on the degree of saturation in the exhaust.

In the limiting case of a saturated exhaust with drying rate controlled by thermo

dynamic equilibrium, Re is independent of B and linearly proportional to the product

G·L'.T with a theoretical1y predictable proportionality constant that was conlirmed

experimental1y to within 3%.

(6) The critical moisture content relates to drying process conditions as:

The dependence of Xe on the drying conditions and paper properties is consistent with

analysis. The difference l'rom the dependence on conditions as found by Polat O. (1989)

is the result l'rom the focus here on conditions closer to industrial application.
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• (7) A unique paper initial moisture content, Xc
ie, exists for the constant drying rate

only momentarily reached at given drying conditions for a given paper basis weight B.

The value of Xc
ic

, which can be predicted from the equations given in (4) and (6),

increa<es with Ras and decreases with B.

(8) No measurable difference was found in through drying with and without

impinging jets. The increasing rate period is govemed mainly by the paper structure

hence is unaffected by the nature of the approach flow to the sheet. During the constant

rate period, the advantage of water removal by the turbulent impinging jets before the air

enters the sheet is apparently lost because of the corresponding drop in heat and mass

transfer potential. As the onset of the falling rate period and its development are govemed

by the paper structure, the effect of impinging jets flow is insignificant during the falling

rate period.

(9) A normalized drying rate curve of universal form was obtained to represent

quantitatively the complete through drying rate data as:

R
-=1
Re

R (X )1.7
Re = \- \- Xe for Xe>X>O

The above form of universal falling drying rate curve differs from those reported

by Gummel (\977) for through drying of tissue paper and textiles and by Randall (\984)

of through drying of paper. However, the obtaining of a universal form of increasing rate

curve for through air drying is specifie to the present study.

(10) Drying time and drying rate were successfully predicted with the correlations for

Re' Xi , Xe and for the R-X relationships during the increasing and falling rate periods of

the universal normalized drying rate curve.
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• Chapter 6

6.1 Introduction

Combined Impingement and
Through Air Drying of Paper

The idea of a paper dryer making simu!taneous use of two air drying mechanisms,

impingement air drying and through air drying, was proposed and tested by Burgess et al.

(1972a, b). This proeess, referred to in the present study as Ç,ombined lmpingement and

Ihrough âir 12rying, abbreviated as CITAD, is of interest for the potential advantages of

higher drying rate than pure impingement drying and more uniform drying than pure

through drying. The enhaneement of impingement heat transfer by through flow, derived

theoretically by Mickley et al. (1954) and Spalding (1960), was studied experimentally

by Baines and Keffer (1979), Polat S. et al. (1990, 1991a, b) and Saad et al. (1992). ln

contrast, measurements of drying by CITAD have been limited to two reports of the

development of a pilot plant and a subsequent short paper mil! trial of this process by

Burgess et al. The mil! trial did not lead to industrial implementation of their process,

referred to as a "Papridryer". As their pilot plant and mil! trial scale work was not

oriented to the study of drying kinetics, the nature of the interaction between

impingement drying and through flow drying has never been determined. The overall

results obtained by Burgess et al. were however impressive in that they reported obtaining

drying rate of 186 kg/m2h for an air temperature of 427 Oc and jet velocity of 96.5m/s

with 34% of the impingement nozzle exit flow was drawn through the sheet as through

flow, as reviewed in chapter 2. Currently it is standard industrial practice to dry the

lightest grades of paper, tissue and toweling, by air through drying, by air impingement

drying or by the former followed by the latter technique. There is no current paper dryer

incorporating simultaneous use of these two air drying techniques. Air drying of heavier

grades of paper, which was the objective of the work by Burgess et al., is not industrial

practice.
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• The objective of the present study of drying paper by the CITAD process is to

provide the tirst measurements of the interaction of the impingement and through flow

components in the combined process, and to do so over the complete limits from pure

impingement to pure through flow drying.

6.2 Fundamental characteristics of the CITAD process

The research concerns the inter-relation of complex heat and mass transfer

phenomena taking place above the surface, at the surface and within the paper as the

sheet progresses rapidly from wet to dry under combined impingement and through air

drying. For heat transfer under jets accompanied by flow through the impingement

surface but without evaporation, the heat flux between air jets and the impingement

surface has now been measured accurately (Polat S. 1988). For the comparable process

but with evaporation at and beneath the impingement surface, it is not possible to

determine the humidity of the air entering the impingement surface of the paper which

means that it is not possible experimentally to separate the total drying into two

unambiguous components, drying by impingement up to the surface of the wet sheet and

drying by through flow beneath the wet sheet surface. For the CITAD process, air

humidity at the impingement exhaust and through flow exhaust are the only feasible

measurements.

A basic feature of combined impingement and through air drying is that ail of the

through flow air exhaust was initially part of the impingement flow to the wet surface of

the sheet. Because part of the humidity measured in the through flow exhaust was

therefore originally humidity in the impingement boundary layer above the paper surface

and because it got there by impingement heat transfer, the water removal processes by air

impingement and by through drying are individua11y nonadiabatic although the overall

CITAD process is adiabatic. An alternate statement of this basic characteristic of the

CITAD process is that the water vapor carried out in each exhaust stream does not

represent the heat transfer from that air flow to the paper. It fo11ows that the evaporation
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• rates from measurement of the humidity of the through f10w exhaust cannat he

interpreted as through drying rate, and likewise impingement exhaust l11easurt;menls do

not give an il11pingement drying rate. Thus with CIl'AD it is necessary to detine two

water removal rates to represent the 1110isture carried out in the impingel11ent exhausl und

in the through f10w exhaust. The summation of the water removal rates or the two

exhausts is the drying rate for CIl'AD.

6.3 Experimental conditions

The central aspects of the experimental procedure are that the three muss Ilow

rates, impingement exhaust f10w G1 , through f10w exhaust Gr, and total Ilow or drying

air G=G)+Gr , were maintained constant from beginning to the end or drying, und thut the

ratio of through flow rate to the total drying air flow rate, qr=Gr/G , could be varied over

the entire range from 0 to 100%. Air mass flow rates are norl11alized as kg/m2s to thl~ areu

of the sheet being dried. The humidity of both exhaust streams was moni tored

continuously so that the water removal rates in the impingement and through Ilow

exhausts, R) and Rr , hence the total drying rate, R=R,+Rr , were known as a limetion al'

sheet moisture content X throughout each drying test. Two levels of air temperature T j

were tested, i.e. unheated ambient air and the highest possible with the present

equipment, around 90 oC, using paper of two basis weights B, 25 g/m2 und 50 g/m2,

representative of tissue and printing papers, at initial moisture contents X" Irom 2 - 4 kg

water/kg fibre. Of the total of 144 experiments, about hall' were with each jet temperature

and halfwith each basis weight. Nozzle set #1 was selected for ail of the 144 experiments

for reasons given in chapter 5. Complete experimental procedures are detailed in

Appendix Band experimental results in Appendix E.

The experimental program was carried out in three stages. 1n part 1 (34

experiments) the impingement exhaust mass flow rate G) was kept constant while total

mass flow rate G varied in order to document the effect of through flow; in part 2 (40

experiments) the through flow mass flow rate Gr was kept constant and total mass Ilow
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rate G was varied to investigate the effect of impingement; in part 3 (64 experiments)

total mass flow rate G was kept constant and the mass flow rate ratio of through flow to

total flow, qr=Gr/G, was varied to complete the investigation of interaction of the two

processes, water removal by impingement and by through flow, in the combined process

of air drying paper. The paper basis weight effect was further studied at one drying

condition, qr=IO%, G=\.O kg/m2s, Tj =90 Oc with six levels ofbasis weight from 25 g/m2

to 83 g/m2
• Table 6.1 Iists the detailed experimental conditions.

Table 6.1 Experimental conditions for CITAD

Part 1 Part 2 Part 3

Gh kg/m2s 0.5, 1.2
2 0.1,0.5Gr, kg/m s

qr, % 0-100

G, kg/m2s 0.5 to 1.5 0.1 to 1.5 0.1 to 1.5

T;, oc 20,90 20,90 20,90

B, g/m2 25,50 25,50 25, 50

Xo, kglkg 2-4 2-4 2-4

6.4 Drying history curves for the CITAD process

Basic characteristics of this combined drying process are first identified. Figure

6.1 presents for the first time the key features of the water removal history for the CITAD

process applied to paper. For clarity of representation, data points are shown only for the

total drying rate R and its two components, RI and Rr , while the temperatures are

displayed by tines connecting the data points. Except when specifically needed,

subsequent figures generally show straight lines between data points. Almost

immediately after drying starts the rate of water removal by the impingement exhaust RI

reaches and remains at a constant value Rlc until paper moisture content has decreased to

the critical point Xc, around 1.7 kg water/ kg fibre for the figure 6.1 example, after which

the impingement water removal rate starts to faH. One difference immediately evident for

the impingement water removal rate curve is that the shape of the falling rate period of RI
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is strongly convex downwards, just the opposite to typical concave downwards curves for

the falling rate period of pure impingement drying of paper, chapter 4. Thus clearly the

impingement water removal process in CITAD is basically different from pure

impingement drying.

For the through flow exhaust water removal rate RT , the process begins similarly

to that of pure through drying with an important increasing rate period which extends

until, for the figure 6.1 case, paper moisture content has dropped from 2.9 to about 2.3

kg/kg. A short constant rate period for through flow water removal ends at the moisture

content which is the critical point for the impingement water removal rate, Xc"'1.7 kg/kg

as noted above. Nowa new and distinctive feature starts, one not seen in pure through

drying, with RT increasing again, reaching a maximum at X",O.7 kg/kg for the case

shown, at which point the falling rate period starts for the through flow water removal.

The reasons for the occurrence in CITAD of this secondary increase of through flow

water removal rate is analyzed subsequently.

The drying rate R for the combined process, i.e. RI+RT , shows characteristics of

the two constituent drying processes with an increasing rate, a constant rate and a falling

rate period, the latter starting at the critical point for the impingement water removal rate.

The critical point for the combined drying rate curve coincides with that for the

impingement water removal curve because for paper moisture contents below Xc the

increase of through flow water removal rate RT is less than the decrease in RI . The

critical moisture content can therefore be designated as Xc without further subscript. The

falling rate period R - X curve is concave downwards because at this stage the total

drying rate is dominated by through flow water removal.

The figure 6.1 CITAD drying history curves include various T - X curves as weil

as those for R-X. The air temperature at the impingement exhaust Tle almost immediately

assumes a temperature of about 79 Oc where it remains until the end of the constant water

removal rate period, 8.6 Oc below that at the nozzle exit, 87.6 oC. After the critical

moisture content Xc is reached and RI starts to fall, Tle naturally starts to increase. For

through flow exhaust air, the initial decrease in temperature TTe parallels the increasing
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rate curve Rr over the moisture content range from 2.9 to 2.3 kglkg. Thereafter T re

remains at a relatively constant value slightly above the adiabatic saturation temperature

of 29 Oc for the figure 6.1 case, not only over the entire constant rate period but until

X",0.7 kglkg which marks the start of the coupled effects of onset of the tlu'ough t10w

exhaust falling rate period and increasing Tre .

The paper temperature Tp measured at the through t10w exhaust side of the sheet

undergoes four distinct regions which reveal more yet about the eITAD process. First Tp

undergoes a very fast increase from ambient temperature to the adiabatic saturation

temperature of 29 oC, then remains at this temperature until the critical point Xe'" 1.7

kg!kg. From that moisture content Tp increases slowly until the onset of the falling rate

period of through flow water removal, X",0.7 kglkg. Thereafter one observes the typical

behavior of Rr falling coupled with Tp increasing rapidly to approach Tj . Thus the

measurements of the various temperatures and water removal rates provide a consistent

and very informative record of the drying history for paper dried by the CITAD proccss.

6.5 Water removal rate curves

6.5.1 Effect of through Dow on impingement water removal at fixed GI

For two fixed levels of impingement exhaust mass flow rate, GI of O.S and 1.2

kg!m2s respectively, figures 6.2 and 6.3 show the impingement exhaust water removal

rate curves for four levels of through flow mass t10w rate Gr , starting with the limiting

case of pure impingement drying, GrO=qr . A common feature is that as through t10w

rate Gr increases, the level of constant rate of impingement exhaust water removal Rie

decreases substantially, by 2S-S0% for the conditions of figures 6.2 and 6.3. In the falling

rate period the change in RI curves with the various levels of Gr becomes even stronger.

In fact as moisture content decreases to X"'O.S kglkg, RI becomes very low, in sorne cases

approaching zero, whereas without through flow the corresponding impingement drying
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• rate at X=O.5 kg/kg is typically about 1/3 to 1/2 of the corresponding Re . These major

differences in R) are the result of humidity, originally present above the sheet due to

evaporation by impingement, entering the sheet and leaving the dryer as part of the

through flow exhaust water removal rate. Consequently the shape of the impingement

exhaust falling rate curve changes from the concave downwards forrn characteristic of

pure impingement drying, to convex downwards with the water removal rate approaching

zero asymptotically when the through flow rate GT is as much as 1/4 to 1/3 of the total

drying air rate G. Another consequence ofthe sensitivity ofR) to GT is that at constant G)

the critical moisture content Xc increases significantly as GTincreases.

For the conditions of figures 6.2 and 6.3 the effect on air temperature at

impingement exhaust T)c caused by increasing GT at constant GI is shown on figures 6.4

and 6.5. In pure impingement drying (GT=O) the Tle temperature is significantly less than

Tj by the mixing into the impingement exhaust of the air coming from the irnpingement

boundary layer, where the air has been cooled and humidified by the impingement heat

and mass transfer processes. As GTis increased from the GT=O limit, some cool humid air

from the impingement boundary layer which forrnerly exited with G) is drawn into the

sheet with the through flow, which has the coupled effects of reducing RI (figures 6.2 and

6.3) and increasing Tic (figures 6.4 and 6.5). Thus the water removal rates and

temperatures of the impingement exhaust flows, figures 6.2 - 6.5, record a consistent

pattern for the interaction of the impingement and through flows in the cnAD process.

6.5.2 Effect of impingement on through Dow water removal at fixed GT

For seven out of the eight cases shown, i.e. figures 6.6 and 6.7(a), (b), (c), there is

little apparent effect of impingement exhaust flow rate on through flow water removal

over the entire range from pure through drying to drying by CITAD for conditions

dominated by the impingement exhaust flow rate. This stability of RT relative to GI is in

sharp contrast to the opposite case, demonstrated by figures 6.2 and 6.3, of R) being

profoundly sensitive to and reduced by GT for ail levels of G) or GT and over the entire
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• region from star! to finish of drying. As RT is generally little affected by G, ' also shown

on figures 6.6 and 6.7 are the values of RTas , the value of RT if the through flow exhaust

were saturated at the adiabatic saturation temperature of the inlet drying air. Although it

is not valid to apply RTas because the through flow water removal process is not adiabatic

it nonetheless provides a useful reference. Examination of figures 6.6 and 6.7 shows that

for ail cases with RTas<15 kg/m2h, the limit for pure through drying exhaust being near

saturated as analyzed in chapter 5, the values of water removal rate RTe reach 80-100% of

RTas independent ofpaper basis weight. For cases with RTas>15 kg/m2h the average of the

peak values for the RT-X curves is about 0.8RTas , significant1y below saturation. With the

general insensitivity of RTe from G, , il is not surprising that the Rre-Rras relation here is

similar to the Re-Ras relation analyzed in chapter 5.

The interesting exception to the general lac.k of significant effect of Gion Rr is

very evident for the combination of lowest GT, highest Tj and highest B, the ligure 6.7(d)

case. Of this combination of conditions, lowest G-r and highest Tj maximize the relative

importance of impingement heat transfer to the sheet, while high B extends the time for

the drying to pass from the impingement side to the through 110w exit side of the sheet.

With the figure 6.7 (d) combination of GT , Tj and B the through flow exhaust water

removal rate is seen to increase and reach a maximum following its constant rate period.

This effect can even be seen to a marginal extent for lower levels of gT on ligures 6.7 (a),

(b) and (c). This maximum value of through flow water removal, RTln , increasing with

higher impingement exhaust flow rate G" is 40% above the constant rate, ligure 6.7(d),

or 17% higher even than RTas .

As paper basis weight was observed to affect the through flow water removal rate,

a set of experiments was carried out at six levels of B, from 25 to 83 g/m2, with the

importance of the impingement exhaust flow accentuated by fixing the ratio GT/G=gT at

the relatively low value of 10.\ %, and the importance of the impingement heat transfer

further maximized by using the highest available air temperature. The results of this set of

experiments, figure 6.8, reinforce those of figure 6.7(d). The value of maximum Rrm

following the constant rate period increases with paper basis weight. No such increase

after the constant rate period is ever observed in pure through drying. The values of
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•
maximum RT after the constant rate period may even exceed the rate RTas=9.14 kg/m1h.

for through flow exiting saturated at the adiabatic saturation temperature. 29.5 "c. which

is the maximum possible value for pure through drying at G=GT .

This remarkable feature of drying by the CITAD process, the occurrence

sometimes of a maximum RTm in through flow water removal rate after the constant rate

period requires analysis. For the figure 6.1 case this feature starts at a moistt:re content of

about 1.7 kglkg which marks the fol1owing four events: critical moisture content for both

impingement exhaust water removal rate and total àrying rate, Xc; start of an increase in

paper temperature Tp after a steady value during the constant rate period; start of an

increase in through flow water removal rate RT after a steady value at RTe' This period.

which may be termed as secondary increasing rate period, is a very important feature 0 l'

the CITAD process for sorne drying conditions while being completely absent for others.

The reasons why CITAD sometimes has such a period are now developed.

The two component processes, water removal by impingement and by through

flow, would each normal1y have a "critical moisture content" associated with the

particular process, after which paper temperature starts to rise and rate starts to fall. Wi th

the two water removal processes occurring simultaneously, the process which

intrinsical1y has the higher value of critical moisture content and which is therefore

reached earlier during the drying may behave qualitatively similarly in CITAD as when it

is alone. By contrast the other water removal process, the one which if alone would have

the lower critical moisture content, cannot behave similarly in CITAD as when alone.

Specifical1y, by causing Tp to rise, as shown in figure 6.1 and for additional conditions in

figure 6.9, the process of higher critical moisture content changes fundamental1y the

paper conditions for the process which, when alone, has the lower critical moisture

content.

The research of chapters 4 and 5 shows that for the same drying process

conditions, the critical moisture content for impingement drying is higher than for

through drying. In drying by CITAD, because Xc for the RI process occurs before that for

RT it is as expected in figures 6.1, 6.2, 6.3 and 6.9 that the impingement water removal

rate curves are of two distinct periods, similar to the R-X curves for pure impingement
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• drying. However the behavior of the through flow water removal rate curves. figures 6.1.

6.7 and 6.9, is basically different from the R-X curves for pure through drying.

Although the secondary increasing rate period was observed for the conditions of

figures 6.1, 6.7 and 6.8, the drying history curves of figure 6.9 permit a more detailed

analysis. For B=83 g/m2
, figure 6.9 shows that as the constant rate periods for R,-X and

RT-X come to an end at X",1.6 kg/kg, the same coupling of events occurs as was seen less

strongly on figure 6.1, Le. as RI starts to drop, Tp and RT start to increase. Tp increases

from about 30 Oc to 39 oC. At X"'0.6 kg/kg again two coupled events occur. Le. RI' enters

the falling rate period, dropping rapidly towards RrO at X=O, with Tp increasing rapidly

towards Tj=89 Oc at X=O, which is standard behavior for falling rate period drying. For

38.6 and 25 g/m2 paper figure 6.9 shows that the values of Xc are eorrespondingly higher

than for the thickest paper tested, so the beginning of the increasing of Tp and RI' at the

start of the secondary increasing rate period occurs earlier. With these two thinner papers

the sections of the Tp - X curves are not as distinct as with 83 g/m2 paper but in bath cases

they show first a period of a relatively slow increase coincident with RT increasing l'rom

the RTe value, and end with Tp increasing rapidly towards Tj as RT l'ails.

At the moisture content X=Xe , paper temperature at the impingement surface

starts to rise as RI starts to fall. The increasing paper temperature for X<Xc during the

falling rate period for RI is convected into the interior of the sheet by the through flow,

and very quiekly the paper temperature at the through flow exit side, as seen by the Tp

curves on figures 6.1 and 6.9, also starts to increase. Thus the paper temperature l'rom one

side of the sheet to the other is driven up by the increase in impingement surfaee paper

temperature in the falling rate period for RI . At X=Xe for the RI process the sheet

moisture content is still above what would be the "critical moisture content" for the RI'

process which, therefore, is still govemed by the driving foree term Pv - PT' where Pv and

PT represent the vapor pressure of water for the paper and for the through flow air. The

maximum achievable value for RT now would be the value saturated at the new level of

paper temperature. This increasing temperature throughout the sheet while sheet moisture

content is still relatively high for the RT process thus gives rise to the observed secondary
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• increase in RT . Eventually RT must end in a falling rate period caused by sorne

combination of the decrease in Pv at low X even at the ever increasing paper temperature,

by the increase in diffusional resistance for water removal from inside the fibres and

increase in heat of desorption of water with paper of decreasing moisture content. At the

limiting moisture content, Xm , these effects exactly balance the tendency for RT to

increase, hence the RT - X curve passes through the maximum point (Xm, RTm) after

which through fiow water removal is in its falling rat<; period.

The mechanism by which in the CITAD process RT can be basically different

from that in pure through drying thus derives from the R, component of cnAD forcing

Tp to increase at a moisture content for which RT is still controlled by paper temperature.

1t follows that the extent of the maximum value of RT would be increased (or be

decreased or disappear) for conditions increasing (or decreasing) the role ofR,. For 8=50

g/m2
, this behavior can be seen on figure 6.7 (d) where RTm does not occur for qT of 84%

and steadily increases in importance as qT decreases over the range 23% - 10% - 7% as

the role ofR, correspondingly increases. For qT=IO.I%, figures 6.8 and 6.9likewise show

that as basis weight increases, thereby extending the period during which the interior

sheet temperature can be driven up by impingement heat transfer, the extent of the

secondary increasing rate period increases. Quantitative analysis of RTm dependence on

drying process conditions will be given in section 6.8.5.

6.5.3 Drying rate curves for CITAD at fixed G

Subsequent to the above analysis of the two components of the CITAD process.

the water removal rates in the impingement and through fiow exhausts, the summation of

these two components, Le. the total drying rate for cnAD, is now examined. Drying rate

curies are shown for 25 g/m2 and 50 g/m2 paper, dried at two levels of air temperature,

ambient and around 90 oC, with four levels of total inlet mass fiow rate G of 0.125, 0.55,

1.03, 1.46 kg/m2s respectively on figures 6.10, 6.11, 6.12 and 6.13. In ail cases the

through fiow ratio qT=GT/G was varied from 0 to 100%. Shown for reference are values

156



• • •
4,r--------------------,

32.51 1.5 2
Moistur. content, X, (kgfkg)

0.5

(b)
Tj=22 "C
6=50 glm'
Ras=2.7a kglm'h

... ,._~ .... -..... -
". _,' .....' . '. ' 1

• ..' '" 1.,,1 , 1"\......... "",'-',' ... " ..... " .......
.' _ ".r ,. ~ • 1

;~;;..:.:::/.··,-·..·-.......~····;..···..-'I : :

.,.... . '1
• 1

4

;F3
.€

/1 1 ~
1 -

1 0:2
1 2
, i!!
1 g>
, .~ 1
, 0

,, ~

3 0o

/

2.5

Rel '1.-1 = 1.9
Re! '1,.0

1 1.5 2
Moistur. content, X. (kgfkg)

0.5

(a)
Tj=21.a "C
6=25 glm'
Ras=2.76 kglm'h

".... ""-',",,.. ,-' -1'J~l""'i\'",,1 • .. • -
, / • • 0"

f /, "•.,'.. :::.: ~ ..•..•..

~!~~.:.::~ _..
-,-

!?3

!
"'.2
2
i!!
C>

".~ 1
o

32.5

--
.' .

~~!!..:! = 2.0
D, .0
~ "

...
...........................................1~ l'

1 ':

\ ;
1 :
1 :

1 1.5 2
Moisture content, X, (kgfkg)

. - .,,- ....... ,,-. , -
" ........
0"-

0.5

J

.: ..,

. ,. /

12

_ 10
-'=

~ a
~

0: 6
2
i!!
C>

".~
0

32.5

, ...
,

~!~ =2.2
R", ",.0

. . .
......... /--"," .... -

/

1 1.5 2
Moistur. content, X, (kgfkg)

..............................................,.......•.....\ ... \ ".
.. 1 :

l '

1,

'""

.'.'

0.5

.....

.,./

~

(c)
Tj=91.5 "C
6=25 glm'
Ras=11.6 kglm'h

12 1 i

_10
if'
-â, a
~

"', 6
2
i!!
C>

".~
0

<Jo....

qT=O qT=50% - -- qr=75% qT=100%

Figure 6.10 Effect of through flow ratio on CITAD drying rate: G=0.125 kg/m2s



• • •

3

3

2.5

2.5

R"lq,._~ ;; 3.0
Rel '1,-0

1 1.5 2
Moisture conlent, X, (kg/kg)

" '

1 1.5 2
Moisture content, X, (kglkg)

........

",. ... .,1'"' ...
'

\.. .. ,,- "\ .. .. .. .. ...
... - , .·····..···..·· ·· ·..·· ·· ..r·..··\"··:·:·:..·..··\

.
0.5

0.5

... ...
, .... ,.,"' ... \1 ,.,..r \ ...

, " ....... ' ,"_"'1'1'" -.' •• • ... '1 ..

..... " .," 1
.. ... -. .. .... ..., .. ".' .. 1

.. ' -. ,
.' .. 1

•••' • • 1

(b) 1]=19.5·C
6=50 g/m'
Ras=II.2 kg/m'h

SOi 1
(d)

1]=88.5 ·C. 6=50 g/m'
. Ras=49.3 kg/m'h-40

~
'"C. 30

cr:
~ 20

'".~
010

15

:2
Ëm10:.
cr:
~
g> 5
.~

0

3 00

32.5

..
..

'.

--- ...

2.5

\ .... - ..... - ... ~ .......
'-... " .. ..." .. .. .. ...... ..

" ..., ....... ,.,-,- ... ,,- \
,,""/ " .. ' ,

-~ _",.", .• 1

1

1

1
1

1 1.5 2
Moisture content. X, (kg/kg)

..................~ ~ ..
_.i!.r -1 \ .....

Rel 'l,:: = 2.9 \":.'l '.~ ,

0.5

0.5

(c)
1]=88.5 'C
6=25 g/m'
Ras=49.3 kg/m'h

(a)
1]=21.5 'C
6=25 glm'
Ras=II.9 k9/m'h~

~ "," '"

.1.;;~:::;:.:: ...~'::"'~"'~"'~"~;'::~~:'~"':"':'1 .
"" ~I .3.1'1,_0

15

:2
Ë
m10:.
cr:
2
f!!

'" 5c
.~

0

00

U>
00 50

:2 40

~
:. 30
cr:
2
f!! 20

'"c.~
010

qr=D qr=25% qr=50% qr=75% --qr=100%

Figure 6.11 Effect of through flow ratio on CITAD drying rate: G=O.55 kg/m2s



• • •
25 i 1

,.. ,

R~J q -1--,-
R~I '1. _0 = 4.0

. . ,

,.;.... ..:.:.;....~...~....:..:;.:::<.>,.../
J'. ...p./...•....

ol,"a~""': i' : l, 1
a Q5 1 1.5 2 25 3

Moisture content, X. (kgf<g)

(b)
25 i ~_ 1

:ê 20

:ê
Cl

:. 15
li
2Ïœ10
Cl

"'E-
Cl 5

~~!~ = 3.6
Rel qT.O

~." ..

(a)
1]=21.5 'C
B=25g/mll

Ras=22.3 kg/m'h

.. , . t

,•. ~...:/i··~·"····:··"··:··········--···················<

2Ï
!'! la
go
'E-
Cl 5

a' lE" • J

a 0.5 1 1.5 2 2.5 3
Moisture content. X. (kglkg)

:2 20

t5
li

U>

'" 100, 1 100 i 1

Rej q _1

R.-;--'--'-- = 3.9
~, q,-O

.. ... -
,...... '.

. .

(d)
1]=88.5 'C
8=50 g/m'
Ras=92.3 kg/m'h

.,.
. .

:ê 80 ,.

](
~ 60
li
2Ï
f!:! 40'-
Cl

"E-
Cl 20

Qv..··- . • ,

a 1 234
Moisture content, X. (kglkg)

32.5

. .

R... 1 qL..!. = 3.1
R,: q,.o

.. .. .. ..
.. .. .. .. ..

...........................

1 1.5 2
Moisture content. X. (kglkg)

...... .......

(c)
Tj=eg ·c
8=25 g/m'
Ras=92.4 kg/m2h

, .
·f· .. · .

o L ..:;:.. ••• ..•

a 0.5

~ aD

~
- 60
li
2Ï
~ 40
Cl

"'E-
Cl 20

qT=O qT=25% . - - qT=50% --qr-100%

Figure 6.12 Effect of through flow ratio on CITAD drying rate: G=1.ü3 kg/m2s



• • •

32.5

.., -.. ' ....

R.:!q,.l = 4.2
R.:t'l,-O

-..

1 1.5 2
Moisture content. X, (kglkg)

..

0.5

(b) Tj=19.5·C
6=50 g/m'
Ras=29.7 kg/m2h

.. . .. . .... .. .. -." .. " .

{;~:;,~: :..:.: , , \. ':

40

~ 30
.§
C>
~

0: 20

~
C>

".~ 10
0

0
3 02.5

R...i '1,-\ = 3.9
R,,: '1,-0

......................
: .

.. ..... ".

1 1.5 2
Moisture contenl, X. (kglkg)

.............
. .' -....

0.5

(a)
Tj=21.5 'C
6=25 glm'
Ras=31.6 kg/m'h

40 i 1

0: 20
J!!
i!!
g>
·~10
o

~ 30
.§
E

3

,-

2.5

Rel '1,-1

Rd'l.'o =4.8

.... ,'. - ...-
-_ ..... ---

1 1.5 2
Moisture content, X, (kglkg)

. '\ "

0.5

(d)
1]=90 'C
6=50 g/m'
Ras=132 kg/m2h

140

120
;?:
.§ 100
C>
x
; aD

~ 60
C>

.~ 40
0

20....,

~hr_~ "" 2.8
Rel '1,-0

.. .. .. ..
.. ... ~ .. "'"

..........................................................

(c)
Tj=90.1 'C
8=25 g/m:l
Ras=132 kg/m2h

20

120

140 ...., ----------------1'

oW····· .' ,\ -1

o 0.5 1 1.5 2 2.5 3
Moisture content, X, (kglkg)

:2
:ê 100
~
; ao

~ 60

.~ 40
o

0
o

qT=O qT=25% - - - qT=50% --qr-100%

Figure 6.13 Effect of through flow ratio on CilAD drying rate: G=1.46 kg/m2s



of Ras ' the maximum possible pure through drying rate with the exhaust saturated at the

adiabatic saturation temperature of the inlet air.

The drying rate curves for air at arnbient temperature are presented for reference

only, as paper is never dried industrially in such low temperature air. At low G. ligure

6.10, a short transient period of relatively high R at the start of drying occurs for all

values of qT from pure impingement and pure through drying. At high G this effect is

seen only for q-r0 because with higher Gr this transient effect becomes negligible. This

transient period reflects the time for the paper temperature to drop l'rom its initial ambient

temperature to the wet bulb or adiabatic saturation temperature. As this limiting case of

drying was discussed in chapters 4 and 5, the R-X curves for drying in ambient air by

CITAD are not discussed further.

The most striking feature of the rate curves for drying by CITAD is the large

increase in R as the contribution of through flow increases, Le. as qr goes l'rom 0 to

100%. Beca1.!se of the large contribution of Rr to R, drying rate curves for the ClTAD

process with as low as through flow ratio q-r25% show the features of pure through

drying rate curves, i.e. always with periods of increasing rate and falling rate, and a

constant rate period if conditions 50 permit. With the change of qr l'rom 0 to 100% for 25

g/m2 paper, the great sensitivity of CITAD rate to through flow ratio provides a doubling

in the constant drying rate at th~ lowest air flow rate, G=0.125 kg/m2s, increasing to a

tripling of Re at the highest air rate, G=1.46 kg/m2s. These ratios in Re are not

significantly affected by drying air temperature over the limits from ambient air to

Tj""90°C. Il should be expected that this ratio of Re between the qr=O and qr=100% limits

should vary over even a wider range for thicker paper. Thus for 50 g/m2 paper at thc

lowest air rate, G=0.125 kg/m2s, the constant drying rate for qr=lOO% is again about

double that for qr=O, but as G increases so does this ratio so that by the highest air rate,

G=1.46 kg/m2s, this ratio of total drying rates is 4.5: 1, again essentially independent of

air temperature. The unique feature for through flow water removal rate after the constant

rate period, i.e. the increase of RT to a sometimes impressive maximum value, never

appears on the total drying rate curves because over the region of X for the secondary
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(6.1)

increase in R r , the decrease in RI is always greater yet, as can be seen on figures 6.1 and

6.9. Since the CITAD rate curves of figures 6.10 - 6.13 invo1ve the complex interaction

between impingement and through flow, the water remova1 rate by the impingement

exhaust and by the lhrough flow exhaust are now ana1yzed quantitatively.

6.6 Quantitative representation ofwater removal rate curves

6.6.1 Impingement water removal rate

Impingement water removal rate curves, figures 6.2 and 6.3, consist of a constant

rate and a falling rate period just as for the pure impingement drying case of chapter 4.

Analysis of pure impingement drying showed that the complete drying rate curve can be

quantificd with three parameters: constant drying rate Ro; critica1 moisture content Xc; the

exponent for a power 1aw R-X re1ationship over the falling rate period, n. Although there

is a major difference over the falling rate period between the shapes of impingement

water removal rate curves for CITAD (convex downwards) and pure impingement drying

rate curves (typically concave downwards) as noted in sections 6.4 and 6.5.1, the power

law R-X relation accommodates both cases with an exponent, n, greater or 1ess than one.

It follows that in CITAD the impingement water removal rate curves may be

quantified with three elements: RI=Rle for the constant rate period; Xc for juncture of the

constant and falling rate periods; and the chapter 4 type power law relationship for RI - X

in the falling rate period:

RI (X )"'
Rie = Xc

As for the case of pure impingement drying, the parameters Rie' Xc and ni are determined

l'rom the experimental data by statistica1 regression.

The fitting of sets of values of Rie' Xc and ni and the resulting water remova1 rate

curves for experimental data from four representative conditions is shown in figure 6.14.

With through flow ratio qT varied over a wide range, 5-50%, the fitting of the falling rate
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period by the power law treatment is good, with the value of nI seen to vary from less

• than one, typical of pure impingement drying, to considerably greater than one for drying

by CITAD at substantiallevels of qT. Figure 6.14 (a) shows that as little through flow as

qT=5% is sufficient to remove almost ail the concave downwards curvature, producing a

near linear R - X relation with nl=0.90 . By as low as a through flow ratio as qT=16.6%,

figure 6.14 (c) indicates the strongly convex downwards R • X curvature as RI is greatly

reduced by RT . The sharp transition from the constant to falling rate period given by the

power law method, although slightly exaggerating the actual transition which is however

sometimes sharp, figure 6.14(a), but more often graduai, figures 6.14 (c) and (d), has the

merit of giving a clearly defined Xc value. For high through flow ratio, figures 6.14 (b)

and (d), the impingement water removal rate becornes effectively zero at a moisture

content of about 0.4 kg/kg. A precise fitting of the RI - X data in this region is of little

practical significance because drying rate and drying time for CITAD are controlled not

by RI but by RTwhich is very much higher than RI .

Thus it is established that the above procedure of obtaining three parameters, RIe'

Xc and the falling rate period exponent nI provides an adequate and practical quantitative

representation of the entire impingement water removal rate data. It was therefore applied

to the experimental data for each of the 144 CITAD runs, \Ising the same regression

package, SYSTAT, as used in chapter 4 for pure impingement drying.

6.6.2 Through Dow water removal rate:

Increasing and constant rate period

ln drying by CITAD the evolution of through flow water removal rate passes from

the initial moisture content Xo successively through the values of moisture content XTi at

the end of increasing rate period, critical moisture content Xc for total drying rate of

CITAD, moisture content Xm when a maximum of RT occurs, to dryness at X=O. This

evolution shows both similarities to and differences from the drying history for pure

through air drying, TAD. The analysis of section 6.5.2 showed that in drying by CITAD a
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single value of Xe applies for impingement water removal, RI , and for total drying rate,

• R. For the general case of through flow water removal no moisture content is referred to

as the critical moisture content as thatterm in drying is always understood to represent

the juncture of the constant and falling rate periods, white these two periods for the

complete RT • X curve may be separated by the secondary increasing rate period. Thus

the constant rate period of RT is terminated at the value of Xe for the RI • X and R • X

curves, and the falling rate period ofRTbegins at the value ofXm.

For drying by TAD chapter 5 developed a method, referred to as combined

procedures 3, 4 and 5, for treating an entire set of R - X data to extract the live

quantitative parameters Re , Xi , Xc , ni and nr. This comprehensive treatment cannot be

applied to an enlire RT• X data set for CITAD because of the unique feature in the Rr X

curve of a maximum at (Xm, RTm ) for sorne CITAD conditions. However, as the RI' - X

curve for CITAD is analogous to the R-X curve for TAD over the moisture content range

from Xo through XTi to Xc , and as Xc for RI - X and R - X has been determined in section

6.6.1, a reduced version of the chapter 5 procedures 3, 4 and 5 can be applied to RrX

data for Xo;:::X~e' Equation 5.7 for TAD rewritten for CITAD becomes:

_n .xg-x
R

T
_ I-e nX,·Xn

RTe - I_e,nn
(6.2)

RT-- = 1 for XTi~;;::Xe (6.3)
RTe

Because the asymptotic approach of RT to RTe given by equation 6.2 results in under

estimated XTi , the above equations were fitted twice to the data. From the tirst titting the

value of RTe was retained and the value of XTi was determined as the moisture content at

RT=O.98RTe , as in chapter 5, procedure 4. The exponent n'ri was obtained by rcapplying

equation 6.2 to the experimental data but with the above values of Rre and Xn .

Figure 6.15 shows the above fitting procedures for four representative sets of

experimental data. Because for intermediate values of qT the Rf - X curves become very

similar to the R - X curves for TAD, the data sets chosen for figure 6.15 are those for the

more informative levels of lower qT . The fitting of equation 6.2 to the increusing rate
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• period data is very good and the constant through flow water removal rate RT, is

estimated satisfactorily although the extent of constant rate period may he as short as only

XTi - Xe=O.1 kg/kg, figure 6.15 (d). When the through flow ratio qT is very low, in the

range 7-8% for cases (a) and (b), the RT - X relationship is nearly linear with non

consequently low. At a through flow ratio still relatively low, qT=33.6% in figure 6.15(c),

the effect of impingement flow on the curvature of the RT- X curve in the increasing rate

period is not significant with the determined value of nTi=3.7, the same level for pure

through drying. With the erTAD process conditions essentially the same for ligure

6.15(c) and (d) except for paper thickness, it is impressive that the proportion ofthrough

flow water removal occurring in the increasing rate period changes by about a factor 0 r
two, from about 17% to 32%, when basis weight is halved l'rom 49 to 24 g/m", with a

much lower nTi for the thinner paper. As the increasing rate period reflects development

of area for heat and mass transfer within the sheet, the larger extent of this period for the

24 g/m2 sheet reflects the fact that such low basis weight sheets have a much lower

specific surface than does 50 g/m2 paper.

With confirmation of the good fitting from using equation 6.2 and the composite

procedures for quantifying the data over the increasing rate and constant rate periods, lhis

procedure was then applied to ail 77 out of 88 experiments with Tj of 90 ne that the

constant water removal rate period is reached at least momentarily. The entire data for

each experiment yields a set of values of RTe' XTi and nTi .

6.6.3 Through flow water removal rate:

Secondary increasing rate and falling rate periods

The RT-X relation over the entire period l'rom the end of the constant rate period

up ta the maximum point (Xm, RTm), and down to dryness (0, 0), must inëorporale the

following properties:

First, the Rr-X curve must pass through the three points (X" Rr,), (Xm, R rm) and

(0,0).
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Second, at X=Xmthere may be a maximum of RT=RTm .

Third, for through flow ratio qT~100%, this equation should reduce to the R-X

relationship, equation 5.10, for pure through drying.

Equation 6.4, an exponential power law relationship, meets ail these

requirements. The form of equation 6.4 makes it pass through (0,0) and (Xm, RTm) with

the parabolic form ensuring a maximum ofRT=RTm at X=Xm.

[

X X]21"'-c _cm
e Xc _ e XC

RT = RTm 1- -c Xm J
l-e x,

When X=Xe, equation 6.4 becomes:

(6.4)

(6.5)
RTe r(e-c _e-c i~]2 n,
--=1-. 1-=----.:.-
RTm II -C X

m

l-e x,

When the value chosen for C satisfies equation 6.5, then (Xe' RTe) would satisfy equation

6.4. Finally, when qT~100%, C~O and equation 6.4 reduces to:

(6.6)

(6.7)

with RI'Ill~Rl'e and Xm~Xe as qT~100%. This equation 6.6 is exactly the same as the

power law R - X relation for pure through drying in the falling rate period, equation 5.10.

Furthermore, nT=O.85 can be obtained by comparing equation 6.6 with equation 5.10

because n,= 1.7 was found to be the universal power law exponent for ail pure through

drying experiments. Hence equation 6.4 becomes:

I I[ ]2 0,85)_ -l e-c ~~ - e-c ~~
RT - RTm 1 X

m-c .....
l 1- e x, J

Note that equation 6.7 is written as the square and then to the power of 0.85 because

-c x_ -c Xn•

when X>XIll, e x, < e x, and the group in small brackets is less than zero which

cannot be taken to a real number exponent.
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The fitting of equation 6.7 to four representative sets of through t10w water

removal data in the secondary increasing and falling rate periods is shown in figure 6.16.

with the best fit values of Xm , RTm and e shown for each condition. For drying

conditions which produce a secondary increasing rate period, the values of the maximum

point (Xm, RTm) were predlcted weil, figures 6.16 (a) and (b). Where there is no such

maximum, with the falEng rate period following immediately the constant rate period. the

RT- X curve was also weil represented, figures 6.16 (c) and (d). With this indication of

the adequacy of equation 6.7 in quantitatively representing the complexity of the through

flow water removal rate after the constant rate period, the RI' - X data for al! 144

conditions tested for drying by enAD were fitted to this equation, obtaining for each

condition a set ofbest fit values ofXm, RTm and e.
The regression and experimental values of Xmand RTm are compared in ligures

6.17 (a) and (b). As an accurate identification of the (Xm, R rm ) point direct!y from the

RT-X curve requires a distinct RTm , only those cases with RTm >1.1 RTe were considered.

Figure 6.17 (a) shows that the equation 6.7 values of Xmare about 15% higher than the

values taken directly from the drying rate curves. For those conditions wherc

RTm/RTe>1.2 it is seen that 0.5<Xm<1 kglkg, hence a 15% error in Xmcorresponds to only

0.075-0.15 kg/kg. For RTm/RTe<1.2, figure 6.16 shows that the RI' maximum region is !lat

and this small error in Xm has negligible effect on the general RT - X titting of the

secondary increasing rate and falling rate periods provided RTm is determined accurately.

Figure 6.17 (b) shows excellent agreement of experimental with best fitted values of R rm .

The parameter e can be calculated from equation 6.5 when Xm, Xe', Rre and R rlll

are known, but only by trial. Hence the regression was carried out with e retained as a

parameter in equation 6.7, which was then not forced through the point (Xe' R re). The

prediction of RTe by equation 6.5 from the best fit values of Xm, R rm and e along with

the known Xe therefore allows a performance check of equation 6.7. Figure 6.17 (c)

shows the excellent comparison between ail values of RTe determined using the procedure

glven in section 6.5.2 and RTe calculated from equation 6.5 using Xc , Xm, R rm and e.
Such a comparison reinforced the adequacy of equation 6.7 in representing RI' - X data in

the secondary increasing and falling rate periods.
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Thus equation 6.7 is established as an adequate single representation of the RrX

relationship over this region where it sometimes passes through a maximum, RTm , which

separates the secondary increasing rate and falling rate periods, and sometimes is a

monotonie function for the falling rate period when drying process conditions do not

produce a secondary increasing rate period. The relationships of Xe , RTe' Xmand RTm

with drying process conditions can now be determined.

6.7 Analysis of characteristics of impingement water removal

6.7.1 Constant impingement water removal rate, RIe

At a constant impingement exhaust rate GI and variable through flow ratio qT the

through flow changes the flow field and temperature distribution above the sheet. Most

importantly, at constant GI and increasing qr the impingement exhaust flow is

increasingly deprived of the humidity in the impingement boundary layer above the sheet

because air from the region close to the sheet is increasingly drawn into the sheet with the

through flow. For drying by CITAD at constant GI - variable qT , figures 6.18 and 6.19

show for two levels of GI the linear relationship between RI in the constant rate period,

RIe' and the through flow ratio qT, The decrease in RIe may be expected by the loss,

proportional to the through flow rate, of impingement boundary layer humidity from the

impingement exhaust to the through flow. As these data concern Rie' paper thickness or

basis weight should have no effect, as is confirmed by figures 6.18 and 6.19.

When the constant drying rate for pure impingement, Rel' at total inlet mass flow

rate of GI is known, the constant impingement water removal rate, RIe' at this G1 and any

qr is therefore simply:

RIe = Rel (i - qr ) (6.8)

Rel is affected by the nozzle exit values of Reynolds number and Tj as weil as by various

nozzle and impingement exhaust geometry variables as discussed in chapter 4, where Rel
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is represented as equation 4.11. When instead, the total drying air mass t10w rate 0 is

held constant, at any through t10w ratio qr , the impingement exhaust t10w rate would be

01=O(I-qr). When the constant impingement drying rate for 0 1=0 is known as R~I ' the

constant drying rate for pure impingement drying at GI = G( I-qr) would be (l-qr)"/) R'"

as constant drying rate is proportional to jet mass t10w rate to the power of 2/3, equation

4.14. Hence Rie becomes:

Rie = R~I (I - qrY/
3

(6.9)

Figure 6.20 shows the comparison of the results l'rom the present study, as

surnmarized in equation 6.9, with the model predictions of Randall (1984) and Crotogino

and Allenger (1979). Randall's mode1, assuming Rie independent of qr at constant total G,

is clearly quite unrealistic and should therefore be rejected. Although the trend of change

in impingement water removal rate of the Crotogino and Allenger mode! is correct, th.:

present measurements show that the decrease of Rie with qr is not linear as they assumcd,

but decreases with (I -qr Y;3. Thus at qr respectively of 25, 50 and 75%, the Crotogino

and Allenger mode! would over estimate Rie substantially, by 21, 59 and 150%. Thesc

!evels of qr may be viewed from the perspective that for a specifie case analyzed, Randall

(1984) reported the economic optimum to be when through air is removing 33°1., of th.:

total water load.

There is no contradiction between the present finding that in drying by CITAD at

constant total drying air t10w rate the constant impingement water removal rate~~

significantly with increasing through flow rate, and the finding of another rccent study

from this laboratory, Polat S. et al. (1990, 199Ia,b), that with the same constraints,

impingement heat transfer increases significantly with increasing through tlow rate.

Impingement heat transfer coefficients certainly increase as the boundary layer is thinncd

by increasing through flow rate into the impingement surfacL However the present study

focuses not on what happens at the impingement surface in drying by CITAD, but on

what happens to the two exhaust streams, the impingement and through flow cxhausts.

With increasing through flow rate the significant incrcase in impingcmcnt heat transfcr,

hence the increase in evaporation rate at the impingement surface, is however not
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reflected by a correspondingly increased impingement exhaust water removal rate. This

• higher humidity boundary layer, which would be extremely difticult to measure, is to an

increasing extent drawn into the sheet. As the impingement exhaust is progressively

deprived of the humidity closer to the wet sheet this exhaust becornes of lower humidity

and higher temperature. Thus at higher qr, the benefits of higher impingement heat and

mass transfer coefficients are reflected by higher humidity, lower temperature air in the

through flow entering the sheet. Therefore concerning the effect of qr on impingement

water removal rate in drying by cnAD, there is no inconsistency between the

experimental results of present study and those ofPolat S. et al.

6.7.2 Critical moisture' content, Xc

An understanding of the variation between 0.9 and 1.8 kg/kg for the 144 values of

critical moisture content Xc deterrnined in section 6.6.1 for the drying of paper by cnAD

derives from two considerations, the behavior of Xci , critical moisture content for pure

impingement drying, and the variation of Xc in the presence of through fJow in drying by

CITAD. For pure impingement drying, Xci increases with drying intensity and with paper

basis weight, as is expected for surface drying. Xci is also a function of nozzle geometry

and paper initial moisture content for locally nonuniforrn flow conditions at the

impingement surface, as given by equation 4.12. Because of the water removal from the

sheet by through fJow, the z-direction moisture content distribution will be different for

cnAD from that in pure impingement drying. Specifically, after the paper surface is

relatively dry and the impingement water removal rate is approaching its critical point,

for sufficiently thick paper the wet portion of sheet towards the through fJow exit side can

still sustain a constant rate for through flow water removal. Because the deterrnined Xc

for cnAD is the volumetrie average moisture content over the entire thickness of the

sheet, such a removal of water by through flow would decrease the overall average value

of moisture content, hence the deterrnined Xc for the impingement water removal process.

This effect of through flow is related to paper basis weight as follows:
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• Xc b
-=a B"X xc

cl

with R2=O.74 and the best fit values of élo<c and bxc listed in Table 6.2.

Table 6.2 Correlation parameters for Xc

Parameter E cr 2criE, %

élo<c 1.96 0.16 16

bxc -0.13 0.02 31

(6.10)

On the figure 6.21 comparison between experimental and calculated values of Xc

the dashed lines represent the 2cr uncertainty limits of the prediction of equation 6.10,

0.28 kg/kg.

Equation 6.10 indicates that the values of Xc for drying by C1TAD follow

essentially the same relation with drying process conditions as Xci for pure impingement

drying, except for the paper thickness effecl. As Xc for the CITAD process has not

previously been deterrnined, no comparison with the resu1ts of others is possible. The

negative value of bxc is expected, as the thicker paper would be of higher z-direction

moisture gradient when there is no water removed from the bottom by through flow. Xc

for CITAD is higher than Xci' with the ratio of X/XCI varying from 1 to 1.7, with an

overali average value X/XcI=1.2 for ail the conditions tested. The increase in

impingement heat transfer coefficient and hence in drying intensity at the paper surface

because of through flow is believed to be a contributing cause to this earlier onset of the

falling rate for impingement water removal than for pure impingement drying.

6.7.3 Impingement water removal in the falling rate period, nI

The exponent, nI , representing the RI - X relation in the falling rate period of

drying by CITAD was correlated, as was the critical moisture content, as a ratio to the

value of the exponent n for the corresponding correlation for pure impingement drying,

i.e. from equation 4.14 in chapter 4. The relationship obtained was:
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(6.11 )• ~I =(~:I) 0+anlBb"q~')
with R2=0.66. Table 6.3 lists the best fit values of these parameters, designated as &.

Table 6.3 Correlation parameters for ni

Parameter f- er for & 2er/& (%)

a.1 0.069 0.004 12

bnl 0.87 0.12 28

Cnl 0.26 0.04 31

In the figure 6.22 comparison between experimental ni values determined as

described in section 6.6.1 and those calculated by the above correlation, the dashcd lincs

represent the 2er=0.56 limits for ni . The considerable complexity of the CITAD

experiments leads to correspondingly greater uncertainty in the calculated parametcrs.

noted for Xc in section 6.7.2 and seen here in the 2er value for ni being about three timcs

that for pure impingement drying.

As noted first in section 6.4, the falling rate curves for impingement watcr

removal in CITAD differ greatly from those for pure impingement drying in that the lattcr

are general concave downwards, with most values of n in the range 0.5-\, while the

former are convex downwards, with values of ni in the range of 1-2.6. Although the

presence ofthrough flow reduces the RI - X curves ovcr the entire moisture content range.

this difference is most dramatie in the falling rate period. In addition to the loss in CITAD

of impinging boundary layer humidity into the through flow, discussed in section 6.6.1,

CITAD brings also an important change in transport mechanism for moisture to reaeh the

impingement surface. In the falling rate period of pure impingement drying, watcr

reaehes the surface by two meehanisms, i.e. humidity diffusion through the stagnant air in

the pores and by moisture diffusion through the moist fibres, with the latter proccss

probably slower than the former. In the falling rate period of CITAD, the humidity

diffusion proeess is no longer effective because the through t10w velocity of air in the

pores exceeds the humidity diffusion in the opposite direction, leaving the relatively

sIower moisture diffusion through fibres as the only mechanism by which water reachcs
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• the impingement surface. Moreover, published measurements by Lee and Hinds (l'lX 1)

and Navarri et al. (1992) show that moisture diffusivity in moist paper decreases greatly

in the range of 0<X<0.2 kg/kg, as was discussed in section 4.4.3 eonccrning the ltllling

rate period of pure impingement drying. Thus CITAD brings a large reduction in rate of

diffusion of moisture to be evaporated at the impingement surface, combined with loss of

sorne of such evaporation by imrnediate convection back into the sheet by the enlering

through flow. These mechanisms explain the great change in curvature of the RI - X

curves from concave downwards for lAD to strongly convex downwards for Crl'AD,

6.8 Analysis of characteristics of thrf.ough flow water removal

6.8.1 Moisture content at end ofincreasing rate period, XTi

The increasing rate period ends when the amount of water rcmoved trom thc porcs

in the paper provides sufficient heat and mass transfer area for through flow air 10 rcach

the constant water removal rate, If, in the extreme case, water removal by impingcmcnt in

CITAD drying made no contribution to the development of transport area wilhin the

sheet, then the extent of the increasing rate period for CITAD, X" - X Iï ' would bc simply

the sum of moisture removed by through flow and by impingement, i.c. by RT and RI ,

until that removed by RT reaches, Xo - Xi , the extent of increasing ratc pcriod for purc

through drying at G=GT. For this limiting case the value of X Iï for CITAD would thcn bc

less than Xi by the entire amount of the moisture removed from impingcmcnt cxhausl,

~XI = RIe tTi /B , where tTi is the drying time for the increasing rate period. From

equation 5.7, for pure through drying, t'r; = (Xo - XJ B/RTi with R'Iï expressed as:

X -X 1
where W = X and ni=3.6

o -Xi

Defining RTe / RTi = CRi, then CR1=1.81 for W l'rom 0 to 0.99. Thc moisturc contcnt Xr;

at the end of the increasing rate period of CITAD for the limiting case of watcr rcmoval
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•
by RI rnaking no contribution to the developrnent of transport area within the sheet,

becornes:

However, as rnoisture diffuses in the z-direction from within the sheet to

evaporate at the impingement surface, water removal by impingement will make sorne

contribution to the development of transport area within the sheet. Thus the amount of

water removed during the increasing rate period for CITAD will be less than for the

lirniting case noted above. In the place of CRi in the above limiting case correlation, a

parameter CXi rnay be determined from the experimental data. Hence the extent of the

increasing rate period for through flow water removal of cnAD, X o - XTi , may be

ccrrelated as:

+ C . Rie)x, R
Te

(6.12)

Application of equation 6.12 for ail experimental values of XTi from conditions gi'(ing at

least a momentary constant rate period i.e. XTi ;::: Xe , gives the best fit value of CXi as

1.07. This value of CXi is intermediate betwllen 0 and 1.81, values that would apply,

respectively, if the water removed by the impingement exhaust contributed fully or made

no contribution to transport area development during the increasing rate period. One

should expect that this contribution would depend on basis weight, and in fact CXi was

found to be the case, giving CXi=a,.i Sbxi, hence providing the following general

correlation ofXo-XTi :

(6.13)

For pure through drying, R1e=0 and the value of Xo - XTi given by equation 6.13

converges to the value Xo- Xi, as should be the case. The correlation gave R2 = 0.43, and

the best fit values of the parameters, which are designated as E, are listed in Table 6.4.

In the figure 6.23 comparison between experimental and correlation of Xo-XTi '

which varied from 0.1 to 1.4 kglkg, the 2er uncertainty of 0.32 kg/kg, represented by the

dotted lines, is lWice that for simpler case of pure through drying. This larger scatter in
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• the prediction by equation 6.13 of Xo- XT, reflects the extra complication of the important

interaction from impingement flow for drying by CITAD in addition to al! the factors

whieh affect X" - Xi in pure through drying, chapter 5.

Table 6.4 Correlation parameters for Xo-XTi

Parameter E a for E 2a/E (%)

dxi 0.043 0.003 14

bxi 0.92 0.18 39

As B increases the effectiveness of impingement water removal for development

of transport area within the sheet should deerease and CXi should increase towards the

limit of B= 1.81 for no contribution to transport area. The finding that the exponent for B,

b,=0.92, is positive and not much below one reflects exactly this expectation, giving

Cxi=0.83 for B=25 g/nl and eXi=1.57 for B=50 g/m2
• As the limits of CXi are 0 and 1.81,

the above values indicate that with 50 g/m2 paper, water removed by impingement

contributes little to the development of transport area within the sheet while for B=25

g/m2 this contribution is substantial. Equation 6.13 predicts that for paper basis weight as

high as 58 g/m2
, Cxi=1.81 and hence the water removed by impingement flow would

make negligible contribution to the development of transport area for heat and mass

transfer within the sheet for through flow water removal during the increasing rate period.

The consequence of this effect on the extent of the increasing rate period between CITAD

and TAD operation is given in Table 6.5 for the conditions offigure 6.8.

Table 6.5 Extent of increasing rate period:

Comparison for CITAD and for TAD

B=25 g/m2 B=50 g/m2

Xo - Xi , kg/kg 0.27 0.16

Xo - Xr; , kg/kg 0.76 0.71

(X" - XTi )/( Xo - Xi) 2.8 4.4

The higher values of Xo - XTi than Xo - Xi reflect the fact that water removal by

impingement contributes to only a limited extent to the development of area for heat and

mass transfer within the sheet. The higher ratio of (Xo" Xr; )/( Xo - Xi) for 50 g/m2
paper
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• reflects even less contribut'on of impingement water removal to the devclopment of

transport area.

The constant drying rate values R re and Re apply over the extent of the constant

rate period, XTi - Xc . For any drying process conditions there e).ists an initial moisture

content for which the constant drying rate period is reached only momentarily at Xn=Xe .

With an increase in qT' Xc increases while X n decreases, hence the extent of constant rat"

period decreases rapidly. From equations 6.10 and 4.12 for Xc and equations 6.13 and

5.11 for XTi , this initial moisture content Xo
ie can be calculatcd. For X.,<X.,ie there is no

constant rate period. For the crrAD conditions used hcre, 77 out of the 88 experiments

carried out at Tj"'90 Oc gave at least momentarily a constant rate period.

6.8.2 Through flow water removal in the increasing rate period, n'n

In equation 6.2 for the R r - X curve in the increasing rate period the exponent Iln

reflects the curvature of this relation, analogous to the exponent ni for pure through

drying, equation 5.7 of chapter 5. The exponential RI' - X relationship lor CITAD is

however complicated by the contribution from the impingement flow in CITAD. Thus the

RT - X curvature during the increasing rate period is reduced, figure 6.15, and n'n is

correspondingly reduced from the universal value of ni=3.6 for pure through drying. For

CITAD operation at relatively low through flow, i.e. at qT of7-9%, figure 6.15 shows that

although Xo - XTi is substantial, the R - X curve is almost linear, with nn < 1. Based on

above analysis, values of nTi for al! CITAD experiments that give an increasing rate

period, varying from -1.3 to 4.0, were correlated as:

(6.14)

with R2=0.66 and the best fit parameters, designated as 8, listed in Table 6.6.

In the figure 6.24 comparison between experimental and calculatcd values of n/ï

the degree of scatter in nTi , 2cr=1.5, reflects the measurement difficulties for drying by

CITAD. The value of CnT reflects the expected strong dependence of n'n on qT . When

186



;=
c
ëii-c
Q)

E
';::
Q)
c-
X
Q)

.c-'§
"<t..-

Ln (0
N

c c
0 C"

:;:::: Q)

CIl c
Qi 0.... :;::::.... CIl0
(J Q)....
E ....

0
0 (J
-l=

E;=
c 0........

- 0 ;=
c....
0
c
0
ln

';::
CIl
C-
E
0
Ü

"<t
Ln

N

Ln":l
(0

Q)....
":l ::J

C)

i.i:

(]

oo
()

C)

Cl 'q
o l,-,
cO @o,

Cl (J_ 0 '
00 0" ,

- OC C-)e,
o '-- \

o , ,,,,,,,

o

Ln 0
N

llU le~uew!Jedx3

,-
'( dr.l

\) 0
On 0

- \ , ,,
\ ,

, 0
\

\ ,, ,,,,,,

, ,
C(~(OJ \

r®r:.JC)Uc \ ,,
\ ,,,

cS)

o \

\
\ ,

\

\ ,

Ln

187



• qT=1 equation 6.14 reduces, as it should, to the value for pure through drying, 11n=ni=3.6 .

The dependence of nTi on the ratio (Xo-XTi) 1 (Xo-Xi) indicates the paper basis \vcight

effect because with an increase in 8 at a specifie qT' the analysis in the previous section

shows that this ratio would increase, giving an increased nTi . Thus the RI' - X curvature

of the increasing rate period is for thicker paper doser to that of pure through drying,

which is consistent with the experimental results.

Table 6.6 Correlation parameters for n'n

Parameter ê 0' 2ê/0' (%)

u"T 3.54 0.80 45

bol' -0.70 0.13 37

Col' 5.93 0.85 29

6.8.3 Constant through flow water removal rate, RTe

In the figure 6.25 representation of data for through flow watcr rernoval in the

constant rate period at four levels of through flow rate GT , the values at lh= 100% arc

calculated from the chapter 5 correlation for pure TAO, equation 5.14. For low through

flow water removal intensity, i.e. RTas<15 kg/m2s, the parameters for near saturation in

Table 5.5 were used. For al! other cases the non-saturation condition pararneters were

applied.

At a fixed GT, RTe was found to be independent of GI ' from the qT=IOO% limit

where G1=0, down to the lowest experimental value of qT , about 7%, where G, is about

15 times the value of GT . This independence of RTe with respect to GI applies even for

the thinnest sheets tested, 8=25 g/m2
, for which sorne effect of G, on Rre would not have

been surprising. The relationship between the constant water rernoval rate Rre for crI'AD

and the corresponding Rel' for pure TAO at the sarne through flow rate G=Gr ' is then

simply:

(6.15)
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• The independence of RTe with respect to qT or 0, derives l'rom the paper

temperature Tp being essentially independent of 0, during the constant rate period. In this

period the impingement flow brings paper temperature to the wet bulb value Twh ' while

through flow brings it to the adiabatic saturation temperature Tas . Thus paper tempemture

for drying by CITAD would be between Twh and Tas depending on qT . But for the air

water system TWb and Tas are essentially identical. At constant OT , as on ligure 6.25.

decreasing qT means increasing 0 1 and increasing O. hence the temperature and humidity

in the impingement flow boundary layer above the sheet change, thereby changing the

temperature and humidity of the through flow entering the sheet. However ligure 6.25

shows that such changes in through flow entering the sheet leave RTe quite unaffected.

The conclusion is that such changes in heat and mass transfer potentials of the through

flow entering the sheet cause no change in RTe because RTe is dominated by conditions

within the sheet where paper temperature is invariant to qT . The finding that Rre is

independent of qT is consistent with that in chapter S, section 5.5.5, that impinging jets

have no effect on drying rate for pure TAD.

The independence of constant through flow waler removal rate l'rom qT providcs

experimental validation of one assumption made in the model of Crotogino and Allenger

(1979). However, their further assumption that in CITAD the through tlow exhaust is

saturated at the adiabatic saturation temperature of the inlet air, i.e. RTe=Rras , is a poor

approximation which leads to overpredicting RTe substantially, as discussed fully for the

corresponding Re - Ras relationship for TAD in chapter S. For the CITAD conditions of

figure 6.25(c), the Crotogino and Allenger model would over estimate the through tlow

constant water removal rate at Tj=90 Oc by 30%. Even bigger differences between the

Crotogino and Allenger model predictions and the actual drying rates would be cxpcctcd

at higher drying intensity, as analyzed subsequently in section 6.9.
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(6.16)

•
6.8.4 Moisture content at maximum through flow water removal, Xm

After the constant rate period there are opposing effects on the through flow water

removal rate, one tending to increase RTby the paper temperature being driven up by the

impingement heat transfer, and other effects tending to bring RT into the falling rate

period as discussed in section 6.5.2. The principal factors of the latter are the increase in

resistance for water removal from inside the fibres, the depression of vapor pressure and

the increase in heat of desorption of water with paper of low moisture content, and the

decrease in heat transfer driving force, ilT, as paper temperature is driven up by the

falling rate period of RI . Because CITAD performance is affected so strongly by through

flow it is only at low values of qT that the effect of impingement heat transfer is

sufficiently strong to produce a secondary increasing rate period and hence a maximum at

(Xm, RTm) in the RT - X curve. Xmwas found to vary from 0.5-1.5 kg/kg. At X=Xmthe

opposing factors tending to increase and to decrease RT are exactly in balance. For pure

through drying at G=GT , the equation 5.15 value of critical moisture content XcT reflects

the point where factors making RT decrease become dominant. For CIIAD, this balance

of factors is in addition evidently a function of qT' Therefore the CITAD parameters Xm,

similar to the analysis of Xc and ni ' section 6.7.3, is also correlated relative to the

corresponding TAD pararneter XcT , plus an additional CIIAD factor, in this case qT , as

follows:

X m 1

XcT = am +(i-am)qT

with 0-=0.03 for the best fit value ofUm =1.12, indicating a good fit.

In the figure 6.26 comparison between Xmby experiment and by correlation, the

dashed lines represent the 20- uncertainty of 0.34 kg/kg of the Xm prediction, comparable

with that of Xc for pure through drying. According to equation 6.16 the value of Xm

always decreases with a decrease of qT , which is consistent with the experimental result

recorded in figure 6.7(d). Thus the smallest value of XmlXcT is 0.89 at qT=O. As

Gr-~ 100%, XmlXcT~1 as it should.
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(6.17)

• 6.8.5. Maximum through flow water removal rate, RTm

As analyzed in section 6.5.2 the secondary increase ofRT for sorne drying process

conditions is due to the increase of paper temperature and hence the vapor pressure of

water in a sheet having a moisture content sufficiently high that for pure through drying it

would be still in the constant rate period.

According to the Clausius-Clapeyron equation:

dPy À

PydT = RT2

where Py is the vapor pressure at temperature T, À the latent heat, R the gas law constant.

Driven by the increasing impingement surface paper temperature during the RI falling

rate period, paper temperature Tp increases from Tas (or from Twb ) the steady value

during the constant rate period to sorne higher temperature, Tp' • The vapor pressure of

free water in the sheet would change correspondingly:

À( 1 1)
P' = pas ii -r: - 'i';

v v e

For a small change of Tp , If the increase of paper temperature,

Tp-Tas, is approximated as linear with the decrease of paper moisture content, Xc-X, then:

À
, - a RT' (x-x.)

Pv",P:'e • (6.18)

with a as a proportionality constant. The through flow exhaust water removal rate would

then increase as:

(6.19)

(6.20)

Equation 6.19 is valid when free water is present, which is evidently the case until

the ma-dmum in through flow water removal rate at the moisture content of X=Xm.

Equation 6.19 then gives the expression for RTm as:

À (x,-x.)
a l

RTe e RT.
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•
The relationship of the proportionality coefficient o., figures 6.1 and 6.9. with the relative

importance of two factors, impingement heat transfer to the through llow water removal,

RI/RTe' and paper thickness represented by basis weight, may be expressed as:

Eliminating a. from equation 6.20 with equation 6.21, hence:

n (~!c)bm B'm ÀJx,:xm)
R =R emRTC RT~

Tm Tc

The best values ofUm, bmand cm' designated as 8, are listed in Table 6.7.

(6.2! )

(6.22)

Table 6.7 Correlation parameters for R rm

Parameter 8 cr for 8 2criE (%)

Um 0.62 0.28 90

bm 0.42 0.09 43

Cm 0.51 0.19 75

For this correlation R2 =0.61 . While RTm varies greatly, from 1 to 52 kg/m
2
h.

RTm/RTc varies only from 1 to 1.82. Il is however impressive to have the maximum in the

RT - X curve be up to nearly twice the constant rate period value, R re . The conditions

giving the highest experimental value, RTm/RTe = 1.82, are qT=4.6%, B=48.3 g/m2
,

Tj=88.2 Oc at 0=1.28 kg/m2s. Figure 6.27 shows the comparison of predicted and

experimental RTm values. The positive values of bm and cm are consistent with the

experimental observation that the more dominant the role of impingement heat transier.

the greater the increase ofRTwith decrease of X, hence the higher the value of R rm .

With the relations of Xm and RTm to drying process conditions obtained. a

quantitative analysis is now possible. For example, as paper basis weight increases, the

increase in RTm/RTe can be analyzed as follows. From equations 6.10 and 4.12 for Xe ,

and 6.16 and 5.15 for Xm, the extent of the secondary increasing rate period would be:

[
002 X] 0 67Xo.58 R0.15B-o,190:0.17

Xe-Xm =0.90B·o.0IRr~1I 1+ f'(H/do) - . ~.12~~.12qT r (6.23)

For the flow conditions of figure 6.8 and Xo=3 kglkg, Table 6.8 lists the values of a. and

Xe - Xmcorresponding to each RTm/RTe for three levels of basis weight. Table 6.8 clearly
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• shows that increasing paper thickness causes the extent of the secondary increasing rate

period to increase, leading thereby ta the increase in the peak value Rrn/Rr, of the

secondary increasing rate period. For tissue grade paper, RTn/Rr, is marginal while for

printing grades of paper this effect is substantial. At lower through f10w ratio. Rrn/Rr,

could be higher yet, with 1.82 measured for B=48 g/m2 paper at qT of 4.6%.

Table 6.8 Effect of basis weight on RTm/RTe
B 1 2 25 50 83,g,m

a. 3.91 5.56 7.21

Xc-Xm, kg/kg 0.26 0.60 0.65

RTm/RTc 1.06 1.21 1.31

The effect of Tj on RTm/RTc can also be analyzed l'rom equation 6.23. As Rie and

RTas are both directiy proportional to t:..T, X,-Xmmay be taken as proportional ta t:..To lJ
.

For a change of air temperature l'rom 22 0 ta 90 oC, the corresponding·· increase in Tas .
•

from 280 to 303 K, would be less than 8%. A change in t:..T~TrTa.s l'rom about 15 to 60 Oc
would result in a 20% increase in Xc-Xm. Hence a net increase in Rrm/Rre with increase

in Tj would be expeeted, as documented in figure 6.7 where R rm is seen strongly for

Tj"'90 Oc but not for Tj""22 oC.

For industrial operation, where the local nonuniforrnity of the impingement tlow

is not a factor, the relation for Xc is equation 4.13 instead of equation 4.12, for whieh the

extent of the secondary increasing rate period is obtained as:

(6.24)

which clearly indicates a dependence of Xc-Xm, and hence of Rrm/Rre . on the paper

initial moisture content Xa . Such a dependence could not easily be observed l'rom the

water removal rate curves. When Xoincreases, Xc-Xmdecreases due to an increase in Xm,

and RTm/RTc then decreases.

There must exist a limiting value of paper initial moisture content, denoted as

Xome, where for any specifie drying process conditions Xc·Xm=O and R rm = R rc . There

will be a secondary increasing rate periad for Xo<Xome and no such period for Xo>X"me .
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For the present study this value of Xo can be calculated by trial and error from equation

6.23 or, for industrial operation, from equation 6.24,

1 34R0.11 BO.1800.17
(X~etS8 =' le 0.15 T (1.l2-0.12qT) (6.25)

RTas

Thus the value of Xome for CITAD is predicted to increase with paper basis weight due to

the combined result of the increase in Xe and decrease in Xm, while Xome would decrease

with an increase in qT' Recalling that RTasocOTLlT and that RleocLlT, the effects of LlT and

OT on Xome would be marginal.

6.8.6 Through flow water removal after the constant rate period

With the completion of analysis of Xe , RTe' Xm and RTm ' through flow water

removal rate RT over the entire region after the constant rate period can now be predicted

at any moisture content using equation 6.7. Before the present study the region after

X=X< was naturally treated as an ordinary falling rate period as for through drying in the

models of both Randall (1984) and Crotogino and Allenger (1979). For the falling rate

period Randall (I984) used equation 2.7 to correlate the RT - X relationship while

Crotogino and Allenger considered factors leading to the decrease of RT in this period,

which they attributed to water vapor pressure depression and to increase of heat of

desorption for water from paper of low moisture content. It is now seen that following the

constant rate period the RT - X curve may consist of two periods, the secondary

increasing rate period to a maximum RTm at Xm, then the falling rate period, or else

simply a conventional falling rate period if the impingement water removal process is not

sufficiently important, as analyzed in section 6.5.2 and 6.8.5. Equation 6.7 has the merit

of using only two points over the entire post-constant rate region, i.e. (Xe, RTe) and (Xm,

RTm) to predict the complete RT - X curve. At small values of qT , where the CITAD

process would more likely be employed in industry, the value of RTm/RTe could be

impressive, especially for drying heavier paper. The reliability of equation 6.7 will be

seen in the CITAD drying rate and drying time predictions of section 6.10.
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• 6.9 Constant drying rate for CITAD, Re

The constant drying rate for CITAD at a particular value of total inlet mass tlow

rate 0 is the sum of the constant rate values for impingement water removal and through

flow water removal, Re=Rle + RTe . With completion of the Rie and RTe analysis in

sections 6.7.1 and 6.8.3, the complete picture for CITAD drying rate can now he

examined. In the figure 6.28 comparison the values at qT=O, pure impingement drying.

and at qT=IOO%, pure through drying, were calculated from equations 4.11 and 5.14,

respectively. As there is no industrial relevance for drying in ambient air the discussion is

limited to the case of 90 Oc air. Because of the higher rates for pure through drying, Re

increases with qT as the through flow contribution increases, as seen in section 6.5.3.

When the pure through drying and the pure impingement drying rates at a total mass tlow

rate of drying air 0 are represented as R'eT and R'el ' from equation 5.14, ReToc(Gdl.K5
,

hence ReT= R'eT qTo.85
• Together with equations 6.9 and 6.15, one obtains:

(6.26)

Excellent agreement between the predictions of equation 6.26 and the experimental

measurements is recorded in figure 6.28.

Shown in figure 6.28 also are the predictions of the Crotogino and Allenger

(1979) model at the same drying conditions. As the trend of the model by Randall (1984)

for the CITAD process is quite inconsistent with the present experimental measurements,

as analyzed in section 6.7.1, it is not dealt with further here. Although the assumption of

the Crotogino and Allenger model that the increase of Re with qT is effectively linear is

seen on figure 6.28 to be not far from the experimental findings, their model however

over estimates the Re measured here for the CITAD process due to the over prediction of

RIe and RTe' as analyzed in sections 6.7.1 and 6.8.3. For example, at 0=1.46 kg/m
2
s,

Tj=90°C, and B=50 glm2
, the Crotogino and Allenger model over predicts the constant

drying rate ofClTAD by 20, 31 and 32% at qT respectively of25, 50 and 75%. With 25

glm2 paper for the same conditions and same levels of qT, the percentages by which their

model over predicts are, respectively, 33, 46 and 49%.
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The only other measurements reported for a CITAD dryer are those of Burgess <:l

al. (I972a). Although slot nozzles were used in their study, the tindings with an array of

round nozzles in the present study can still be applied as the through tlow water removal

is independent of the impinging jets. For impingement water removal, the correlation by

Martin (1977) can be used to calculate R'cl for slot nozzles. The change of impingemenl

water removal rate with through flow ratio, qT , should not be significantly differenl

between arrays of round or slot nozzles. Martin's correlation for impingement heat

transfer l'rom slot nozzles, with 1'0 = ~ (1 )'
60+2 H/w-4

, ts:

(6.27)
_ 2 3/4( 2 Re )2/3 0.42

NUI - "3 1'0 l' / 1'0 + 1'0 / l' Pr

The geometric parameters for the Burgess et al. in pilot plant trial and the valid region for

equation 6.27 are listed in Table 6.9.

Table 6.9 Geometrie parameters for Martin's correlation and for Burgess et al.

Burgess et al. (1972a) Martin's correlation, eqn. 6.27

Nozzle opening, w=0.51 mm

H/w= 16.1 1 <H/w< 80

35 <Re< 3860 1500 <Re< 40,000

Open area ratio, [=0.0134 0.008 <1'< 2.5~,(I-1/W)

The absolute humidity was assumed to be 0.03 kg water/kg air in the inlet air, as

did Crotogino and Allenger, corresponding to a dew point of 32 Oc. Effeet of water vapor

flux on the heat transfer coefficient was accounted as:

R' lÂ.wBi .

l
e k 1 ( .) with BlOt number Bi =

800~T ni + BI

Air physical properties were deterrnined at the film temperature, i.e. (Tj +Ta,)/2, while

latent heat was evaluated at Tas'

Burgess et al. (I972a) provide drying rates l'rom their pilot plant only as average

values over a considerable range of paper moisture content. Most of their data is for R

averaged l'rom X=1.9 down to X=0.04 kg/kg, which is not useful because such average

values are dominated by the low value of R for nearly dry paper at the end of the falling
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rate period of drying. The most useful data that they provided are four R-X curves

obtained with 48.5 g/m2 paper, and 96.5 mis jet velocity. Based on equation 6.10, the

critical moisture content for operation Burgess et al. is estimated to be around 1.2 kg/kg.

Since the initial region would have the effect of increasing rate period, the mean values of

drying rate from X=\.4 down to X=\.2 kg/kg can then be taken for comparison. Table

6.10 lists these four values of average drying rate R from Burgess et al. and Re values

predicted from the correlation of the present study. Their brief mill trial (Burgess et al.

1972b) reported the averaged drying rates for paper entering the dryer at 0.43 - 0.61 and

exiting around 0.1 kg/kg, therefore cannot be used as the R-X relation is unknown.

Table 6.10 Comparison of Re from Burgess et al. with Re predicted from present study

Tj Tas G GT qT RBurgess ct al. Re Prcdictcd

Case ('C) ('C) (kg/m's) (kg/m's) (%) (kg/m'h) (kg/m'h)

1 149 47.5 \.07 0.26 24 77 64

2 307 56 0.78 0.22 28 148 132

3 307 56 0.78 0.32 41 180 142

4 427 65 0.65 0.22 34 186 175

The values of Burgess et al. are only about 17% greater than the values of Re

obtained from the present model despite the great differences in experimental techniques

between these studies. The biggest difference (27%) is for case 3, where their measured

drying rate was also stated to have the highest uncertainty, 20 kg/m2h, compared with 10

kg/m2h accuracy claimed for case 1. The differences in nozzle geometry (round vs. slot)

and in the geometry of the impingement exhaust ports have been noted. Also, equation

6.26 is derived from experiments with Tj of 22 - 90 Oc with only the air convective heat

transfer while the work of Burgess et al. was in the industrial range of Tj from 150° to

over 400°C with the measured drying rate including contributions from surface

conduction and radiation as reviewed in chapter 2 section 2.4. Thus it is interesting to

have obtained the tirst drying rate data by the CITAD process that compares excellently

with results of the pioneering investigation of Burgess et al.
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6.10 Prediction ofdrying time and drying rate for CITAD

The various correlations for drying by pure impingement. by pure through tlow

and by CITAD, may now be integrated as follows into a comprehensive model for the

prediction of drying time and drying rate for the CrTAD process.

Specified variables:
total inlet air flow rate
inlet air temperature
ratio, through flow : total flow
paper basis weight
initial moisture content

G, kg/m2s
Tj , oc
qT' fraction
B, g/m2

XO' kg fibre/kg water

Calculated variables:
impingement exhaust rate
through flow exhaust rate
impingement water removal constant rate
through water removal constant rate
critical moisture content
exponent for R1-X relationship

in the falling rate period
moisture content at the end of

increasing rate period
exponent for Rr-X relationship

in increasing rate period
maximum through flow water removal rate
moisture content at RTm
parameter for RT-X relationship

in region after constant rate period

GI, kg/m2s
GT, kg/m2s

Rie' kg/m2h
Rrc' kg/m2h
Xc, kg/kg

XTi' kg/kg

nT;
RTm, kg/m2h
Xm' kg/kg

C

( O( l-qT))
(OqT)
(eqn. 4.11 and 6.9)
(eqn. 5.14 and 6.15)
(eqn. 4.12 and 6.10)

(eqn. 4.14 and 6.11)

(eqn. 5.11 and 6.13)

(eqn.6.14)
(eqn. 6.21 and 6.22)
(eqn. 5.15 and 6.16)

(eqn. 6.5)

When Xc<XTi ' Le. when there is a pericd of constant rate drying, the complete
drying rate and drying time curve can be predicteri by using the knowledge obtained in
this thesis as:

for
for
for

Xo~~Ti

XTi>X~c

Xc>X

R=Rlc + RT(X)
R=R1c + RTe
R=R,(X) + RT(X)

(eqn.6.2)

(eqn. 6.1 and 6.7)

The good comparison obtained between experimental value, of Rand t and those

predicted by the comprehensive mode! is shown on figure 6.29 and 6.30 for a range of

values of drying air rate G, through flow ratio qT , and paper basis weight B. The

specified and calculated variables used in prediction of drying rime and drying rate for
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• conditions of figures 6.29 and 6.30 are listed in Appendix C. The predicted drying time at

a final paper moisture content of 0.05 kglkg is listed for each condition as to.os' The

experimental drying time data is shown down to the same moisture content of 0.05 kg/kg.

The above calculations and comparisons apply from the star! of the constant rate period

for impingement water removal. As the omitted transient period for impingement water

removal rate is so short, figure 6.2 and 6.3, in the range of about 0.5 - 1 s drying time

according to experimental measurements for conditions shown on figures 6.29 and 6.30,

the effect on predicted drying times, about 13 - 65 s, is insignificant.

For industrial drying by cnAD the pressure drop across the sheet would be

constant instead of the constant through flow rate GT of the present investigation. For

drying under constant pressure drop, through flow rate and hence through flow ratio qT as

weil as the impingement exhaust flow rate GI would vary with the rapidly changing paper

moisture content and permeability. As discussed in chapter 5, section 5.6, the dynamic

value of GT(X) can be calculated based on the tlP-G-X relationship reported by Polat O.

et al. (1989). Once GT is obtained the correlations obtained in the present research may

be applied for cnAD drying time and drying rate prediction.

The successful demonstration of the predictive model for drying rate and drying

time in the cnAD process completes the objectives of this research. The detailed

analysis of drying kinetics provides guidance conceming the interaction between

impingement and through flow for future investigation of the CITAD process at higher

intensity drying conditions. Il is the author's hope that the addition of the present

measurements to those of the pioneering study ofthis process in the 1960's may help the

deve10pment of sorne type of commercial dryer based on the cnAD concept.
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• 6.11 Summary

1) Two grades of paper, 25 and 50 g/m2 basis weight, were dried by the CITAD

process, with air of two levels of temperature, 22 Oc and 90 Oc. Experiments were made

keeping the impingement exhaust mass flow rate G, constant to test the effect of through

flow; keeping the through flow exhaust mass flow rate Gr constant to study the

impingement effect; finally keeping the total inlet air mass flow rate G constant and

varying the ratio of through mass flow rate to the total inlet mass flow rate, qT=GT/G,

from pure impingement to pure through drying, in order to complete the investigation of

the interaction between the two components. Water removal rate curves for each exhaust

flow were obtained. In total 144 experiments were conducted, including six tests of the

basis weight effect.

2) The complete impingement water removal rate curve was represented

quantitatively by three elements: constant impingement water removal rate Rie; critical

moisture content Xe; and a power law RI - X relationship over the falling rate period.

Values of Rie , Xe and the power law exponent ni were obtained statistically l'rom the R,-X

data.

3) The impingement water removal rate over the enlire RI - X curve was found to be

strongly reduced by through flow. Constant water removal rate Rie decreases with qT as:

Rie =Rel (l-qT)

This decrease in Rie results from humidity present in the impingement boundary layer

being incorporated into the through flow. This effect of through flow also changes thc

impingement exhaust air temperature. Thus although the enlire CITAD process is

adiabatic, each of the component processes, impingement water rcmoval and through

flow water removal, are individually nonadiabalic.

4) The same value of critical moisture content Xe applies for impingement watcr

removal and for total drying rate, and correlates with drying process conditions as:
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•
Xc = 1.96 Xci B- 0.13

In pure impingement drying XeT acBO. 12. Finding an exponent with CITAD which cancels

the 0.12 exponent for TAD reflects a decrease in the z-direction sheet moisture content

gradient due to through flow water remova1. Xc for CITAD is higher than for pure

impingement drying because of through flow water removal and the increase in

impingement heat transfer coefficient and drying intensity. For ail conditions tested, Xe

for CITAD averaged 20% higher than in pure impingment drying.

5) The exponent ni for the power law RI • X relationship over the falling rate period

of impingement water removal was related as:

~=(Xe )(J+0.069BO.87q~26)
n Xci

where n is the exponent for pure impingement drying.

In CITAD the shape of the impingement water removal rate curve is convex

downwards instead of the typical concave downwards form for pure impingement drying.

This difference is the consequence of the loss to the through flow air of impingement

generated humidity, noted above, and the highly nonlinear diffusivity of moisture in

relatively dry paper near the impingement surface. Hence nI varies from 1 - 2.6 in CrTAD

compared with n<1 for most of the pure impingement drying.

6) For through flow water removal rate over the increasing rate period an

exponential RT • X relationship, adapted from pure through drying, represents the data

weIl. The constant through flow water removal rate RTe' moisture content at the end of

the increasing rate period XTi , and the exponent nT; were determined using procedures

adapted form chapter 5.

7) The extent of the increasing rate period for through flow viater removal is:

X -X. =(X -X.~1+0043BO.92RIe)
o TI 0 1 • R

Tc

The dependence on B is expected because the degree of effectiveness of water removed

by impingement flow on development of transport area within the sheet depends on paper
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• thickness, being very effective for thin, 25 g/m2 paper but only slightly so for 50 g/m2

paper.

8) The nTi parameter in the RrX relationship during the increasing rate period is

related to the through flow ratio qT , and the increase in the extent of the increasing rate

period relative to pure through drying as:

Water removal by the impingement exhaust reduces the curvature of the RI' - X relation in

the increasing rate period, hence decreases nTi from its limiting value of3.6 at qT=I. purc

through drying.

9) The constant water removal rate from through flow exhaust, Rre . is not

significantly affected by the amount ofimpingement flow above the sheet, hence its value

is the same as for pure through drying Rel' , i.e.

RTe=ReT

This equality derives from the stability of paper temperature relative to qT during the

constant rate period, and is expected from the finding in chapter 5 of no difference in pure

through drying with and without impinging jets.

10) A unique feature, a secondary increasing rate period, was found for through flow

water removal rate after the critical moisture content Xc . For conditions making

impingement a dominant effect RT can increase and reach an impressive maximum value

RTm , up to nearly double the RTe value. RTm increases with increasing Band decreasing

qT' For X<Xe the falling rate period of impingement water removal drives up the paper

temperature while there is still free water present within the sheet for the through flow

water removal process, thus producing for CITAD this new drying rate period.

II) An empirical equation represents the RT • X data for X<Xc over both the

secondary increasing rate period, the maximum at (Xm, RTm ) and the falling rate period.

As qT~I, Xm~Xc and this relation reduces to the power law R·X relationship for pure

through drying over the falling rate period:
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12)

• ! r[ ]210'85\- le-Ck -e-<:- j
RT - RTm 1- X

_c-.-!!l-
l 1- e x, J

The moisture content Xm at RTm relates to the through flow ratio qT as:

X = XeT
m I.l2-0.I2qT

with XeT the value for pure through drying. Xmis the moisture content where the factors

making RT increase just balance those causing the onset of the falling rate period.

13) Maximum through flow water removal rate RTm relates to process conditions as:

0.62 B""(~')'" <(X'~Xm)
R -R Rf, lIT.

Tm - Tc e

As increase in Rie/RTe makes the impingement effect more important while an increase in

basis weight extends the secondary increasing rate period, hence increases RTm .

14) Constant drying rate for CITAD, Re=Rie+RTe , at a fixed value of G increases with

qT due to through drying rates being higher than for impingement drying, and relates with

drying process conditions as:

Re =R~I(\-qd/3 + R~e q~85

where R.:I' and RTe' are the constant drying rate at the same G for pure impingement and

pure through drying. This relation satisfactorily predicts the pilot plant results of Burgess

et al. (1972a), the only such data available. Of the two models which have been reported

for drying paper by CITAD, that of Randall (\ 984) should be rejected as quite

inconsistent with the measured effect of through flow on impingement water removal

rates. The model of Crotogino and Allenger (1979) shows the correct trends but deviates

quantitatively from the present measurements in over predicting drying rate.

15) Drying rate and drying time can be predicted with the experimentally based

comprehensive model obtained for drying by the CITAD technique. Very good

comparisons were obtained for eight widely different drying conditions tested for dryil!;!;

paper by the CITAD process.
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• Chapter 7 Conclusion

7.1 Contributions to knowledge

Impingement drying of paper

1) Determination of complete drying rate curves: Precisely detined drying rate

curves were deterrnined by high speed, on line measurements for the impingement drying

of 83 kraft handsheets with three sets of nozzle arrays that cover a range of nozzle to

paper spacing from 5 to 8.5 nozzle diameters, nozzle open area ratios lA - 3.1 %, jet

Reynolds nurnber 450 • 11100, with nozzle exit air temperature 20 - 90 cC. and paper

basis weight 25 g/m2 - 50 g/m2•

2) Quantitative representation of drying rate curves: Complete curves were

quantified satisfactorily with three parameters: constant drying rate Re, critical moisture

content Xe , and falling rate period power law exponent n . The Churchill and Usagi

asymptotic treatment was shown to be inappropriate.

3) Quantitative parameters: The results for constant drying rate agree to ±15%

with predictions from correlation by Martin (1977) of heat transfer rates for multiple

round jets. The effect ofdrying process conditions on the other two parameters is

X = 0.46 R0.11 80.12 [1 + 0.02 Xo ]
e e fCH/d)

n = 1.90 8,0.26 [1 + f(~;~)]
4) Prediction of drying time and drying rate: Drying time was predicted by

combination of the correlations for Re , Xe and n. Industrial practice of impingement

drying of paper, where local flow nonuniforrnity does not exist because of the sheet

speed, corresponds to the limiting case of the present study with the local flow

nonuniforrnity factor, lI(fHld), going to zero, for which
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•
Xc = 0.46 R~·l1 BO. 12

n = 1.90 B·O.26

Drying rate and drying time were thereby predicted for industrial impingement drying of

paper. With the typical moisture content after the wet press of a mil! producing printing

papers being about 1.5 kg/kg, the results indicate no constant rate drying period, with

performance for air impingement drying of paper controlled by the falling rate period.

Through drying of paper

5) Determination of complete drying rate curves: Complete drying rate curves

were determined for through drying 89 kraft handsheets with impinging jets at mass flow

rates 0.125 - 1.45 kg/m\ air temperature 22 - 90 oC, with basis weights 25 g/m2 (tissue);

37 glm2 (toweling) and 50 glm2 (printing paper). For determining the effect of the inlet

flow condition, 8 experiments were carried out without impinging jets. Two drying rate

periods, those of increasing rate and falling rate, occur for ail cases with the exist~nce of a

constant drying rate period depending on drying conditions.

6) Quantitative representation of drying rate curves: The drying rate - moisture

content relationship in the increasing rate period was derived from a packed bed heat

balance analysis as:

R

1-e' n,

This relation together with a power law, RIRe=1 - ( 1- XIX, )nr for the falling rate period

provide the basis for statistical treatment of the entire data set. The end of the increasing

rate period Xi , and the critical moisture content Xc were taken as the values at R=0.98Rc .

Five parameters, Re , Xi , Xc , ni and nr provide a quantitative representation of the

complete drying rate curves.

7) Quantitative parameters: The eITect of drying process conditions on extent of

increasing rate period was determined as:
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• Constant drying rate data was segregated between conditions for which the air

exited the sheet either near-saturated or distinctly unsaturated, as has not previously been

done. For near-saturated exhausts, drying rate was confirrned to be directly proportional

to flow rate and tlT, independent of paper basis weight. When controlled by adynamie

balance betw<:en various rate phenomena, Re relates to drying process conditions as:

Lumping of results for near-saturated and distinctly unsaturated exhausts, as done in ail

earlier work, does not provide a valid basis of analysis.

The effect of drying process conditions on critical moisture content is:

Xc = O.67Xg·58R~'5 B·O.190·O.l7

The correlations for X; , Re and Xc were related to previous work and to the range

of conditions used here.

8) Effect of impinging jets as air inlet flow: No difference was found in drying

rate for through drying with and without impinging jets. As the increasing rate period and

the onset and development of the falling rate period are ail govemed by factors related to

the paper, the air approach flow structure has no effect. During the constant rate period,

the advantage of increased water removal by the turbulent impinging jets before the air

enters the sheet is lost because of the corresponding drop in heat and mass transfer

potential of the air entering the sheet.

9) Universal form of normalized drying rate curve: As the increasing rate and

falling rate periods were found to be represented satisfactorily for ail conditions with a

universal value of the respective exponents, n;=3.6 and n,==1.7, one nonnalized curve

represents ail paper through drying rates as:

R
Ix,,-x)

1_ e. 3.'1.j":x,
-=

1- e· 3.6
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R (X )1.7
Re = 1- 1- Xe for Xe~

Gummel (1977) and Randall (1984) reported similar behavior during falling rate periods

of the through drying paper, but the universal form for the complete drying rate curve,

including for the increasing drying rate period, is a contribution of the present study.

10) Prediction of drying time and drying rate: Drying time was predicted by a

comprehensive model incorporating the correlations for Re , Xi and Xe in connection with

the universal drying rate curve.

Combined impingement and through air drying of paper

Il) Determination of complete drying rate curves: Kraft handsheets of basis

weight 25 and 50 g/m2 were dried at air temperatures of 22 and 90 Oc by the CITAD

process. Water removal rate curves from the impingement and through flow exhausts

were obtained with through flow ratio varying from 0 to 100%. In total 144 sheets were

dried.

12) Fundamental characteristics: In the combined process part of the humidity in

the through flow exhaust was originally humidity in the impingement boundary layer

above the paper surface, having been evaporated by impingement heat transfer but not

withdrawn in the impingement exhaust. Thus although the combined process is adiabatic,

the two components are individually nonadiabatic, thus eliminating the simplifications

appropriate for analysis of adiabatic processes. With this transfer of impingement

generated humidity from the impingement exhaust to the through flow, and because the

humidity of air entering the sheet cannot be determined, the total drying rate cannot be

separated into an impingement and a through flow drying rate, but only into an

impingement and through flow water removal rate.
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• A) Impingement water removal rate

13) Quantitative representation: Three parameters detennined by statistical

analysis, the constant impingement water removal rate Rie' critical moisture content Xc

and power law exponent ni for the falling rate period represent the complete impingcment

water removal rate curves.

14) Quantitative parameters: The effect of drying process conditions is:

Rie = Rel (l-qr)

Xc = 1.96 Xci B- 0.13

~ =(Xe )(1+ 0.069B087 q~26)
n Xci

Impingement water removal rate is very sensitively reduced by through tlow. This

trend of RI decrease is consistent with measured impingement exhaust air temperaturc

increase and oecurs because the through flow removes part of the impingement boundary

layer humidity which, without through flow, would leave in the impingement exhaust.

The critical moisture content Xc for impingement water removal and for the

overall drying rate curve is the same. While Xc for pure impingement drying increases

with basis weight, that effect disappears in cnAD because through flow decreases the

z-direction moisture content gradient.

The shape of the impingement water removal rate curve is convex downwards

instead of the typical concave downwards fonn for pure impingement drying, again

because the through flow air carries humidity in the impingement boundary layer into the

through flow as well as the low diffusivity of moisture through low moisture content

paper near the impingement surface of the sheet.

B) Through flow water removal rate

15) Unique feature in complete rate curves: For conditions where impingement

heat transfer is a dominant effect the Rr • X curves display an effect not previously

reported. This unique feature is that after the constant rate period Rr does not decrease
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but increases and reaches a maximum value, RTm , which may be nearly double the

constant rate value, RTe' The occurrence of this secondary increasing rate period derives

from the fact that the impingement water removal process reaches its falling rate period

earlier than that by through flow. Thus the falling rate RI process drives up the paper

temperature while the moisture content within the sheet is still sufficiently high that

through flow water removal has not yet entered its falling rate period. Hence RTincreases

with increasing paper temperature. The point Xm, RTm marks the end of this secondary

increasing rate period and the start of the falling rate period for RT. The complete RT- X

curve is quantified in terrns of RTe' XTi , nTi and Xc for the increasing rate and constant

rate periods, and during the secondary increasing rate and falling rate periods by the

values ofXmand RTm .

This comprehensive equation covers ail drying below X=Xe , whether this consists oftwo

water removal rate periods, the secondary increasing rate and falling rate periods or, for

conditions giving no secondary increasing rate period, when the falling rate period starts

at Xc'

16) Quantitative parameters: The effect of drying process conditions is:

X -X. ={X -X.~1+0043BO.92Rie]
o TI \: 0 l ' R

Te

with the extent of the increasing rate period varying up to 1.4 kglkg, in the order of half

the total water removed by through flow. The contribution of RI to the transport area

development for through flow is small for 50 g/m2 paper but substantial for thin paper of

25 g/ni basis weight.
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The water removal by impingement flow reduces the RT- X curvature in the increasing

rate period, hence decreases nT; from its limiting value of 3.6 for the highly curved R - X

relation for qT= 1, to approach linearity for sorne conditions of the CITAD process.

The constant water removal rate in the through flow exhaust. Rrc • IS not

significantly affected by the impingement flow, hence its value is the same as for pure

through drying, RTc=RcT .

X = XcT

m 1.12-0.12 qT

where XcT is the value for pure through drying. Xmis the point where factors making RI'

increase just balance those causing the onset of falling rate period drying.

0.62 B'-'I (~)'" À (X,~Xm)
R = R e RT, RT.Tm Te

RTm increases for conditions making impingement effect dominant such as increasing

R1/RTe . Increasing B extends the secondary increasing rate period, hence increases Rrm .

17) Constant CITAD drying rate, Re: For Rc=RéRTe , it was found that

Re = R~I(I-qT)5/3 + R~c q~85

where Rel' is the constant drying rate for pure impingement at the same rate of total drying

air G, and RTc
l is likewise the rate for pure through drying for the same G. This

correlation predicts weil the pilot plant results of Burgess et al. (l972a), despite the great

differences in experimental techniques from those used here.

18) Models for prediction of drying time and drying rate: The sensitive effect

found of through flow on impingement water removal rate establishes that the model of

Randall (1984), assuming no influence of through flow on impingement, is invalid. The

Crotogino and Allenger (1979) model for combined impingement and through air drying

follows the trends correctly but over predicts both components of water removal rates.

The quantitative analysis of combined impingement and through air drying of paper was

assembled into a comprehensive model validated by measured complete drying rate

curves for 324 kraft handsheets, and with which the ClTAD process drying time and

drying rate can be predicted.
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• 7.2 Recommendations for future studies

1) Drying intensity: With the principles determined from the present investigation

at low air temperature, drying intensities should be increased with air temperatures of 300

- 500 Oc to document CITAD characteristics at conditions ofindustrial drying intensity.

2) Numerical study: As it is a great experimental challenge to measure CITAD

performance at high intensity conditions for which the drying could be completed in the

order of a second, numerical studies should be carried out with the knowledge obtained in

the present study as a guide.

3) Pulp furnish and sheet formation: As the results of the present investigation

were for handsheets made from one fumish, i.e. unbleached, unbeaten kraft pulp, and as

both the increasing rate period and the falling rate period are determined by phenomena

within the sheet which can be a function of the pulp fumish and the sheet formation, the

process of drying by CITAD should be investigated for other pulps and with

papermachine formed sheets.

4) Paper properties: As the drying history of paper temperature and paper moisture

content locally within the sheet would be quite different between printing grade paper

dried by the CITAD process from that dried conventionally, the dependence of paper

properties on drying conditions must be determined in addition to the drying rate results,

in order to establish that good quality product could be obtained by drying with the

CITAD process.

5) Nozzle geometry: A laboratory facility for the study of CITAD should be built in

which the local nonuniformity of the impinging jet flow is eliminated by relative motion

between the nozzle plate and the sheet.
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• Appendix A Flow chart of data acquisition
program
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'SDYNAMIC
DECLARE FUNCTION rhol (x!, )'1, Tl)

DECLARE FUNCTlON visu (flfI!)
DECLARE sun Tplol
DECLARE SUD Acq
DECLARE SUD Savedata
DECLARE SUD TsHs
CLEAR"I200
ON ERROR GOTO ErrorProc
DEFINT A-Z
SCREEN 2

10 KEYOFF
CLS
UNE (SO, 20)-(560, ISO), ,BF
LOCATE 5, 20, l, 7, 7
PRINT"
LOCATE 6, 20, \, 7, 7
PRINT .. This Program is Designed 10 Perfonn"
LOCATE 7, 20, 1,7,7
PRINT M the Datn-acquisalion for Experimenls ..
LOCATE S, 20, 1,7,7
PRINT" ;;:Jf combined impingement and through M

LOCATE 9, 20, 1,7,7
PRINT" flow air drying of Papcr
LOCATE Il, 20, l, i, 7
PRINT" Calibralion Coefficienls of IRs arc"
LOCATE 12,20, 1,7,7
PRINT " Pre-saved in a file named CCmmddr.PRN ..
LOCATE 14,20, 1,7,7
PRINT "Channel 5 - TIlrough Flow T al Buek "
LOCATE 15, 20, l, 7, 7
PRINT "Channel 6 - TIlrough Flow IR signal ..
LOCATE 16, 20, 1,7,7
PRINT" Channel 7 - Through Flow T nt baek ..
LOCATE 17,20, 1,7,1
PRINT "Channel S - Pressure Tmnsducer ..
LOCATE 18,lO,1, 7, 7
PRINT "Channel 9 - Through Flow T al Back "
LOCATE 19, 20, \, 7, 7
PRINT" Channel 10 - Jcl & Papcr Temp
LOCATE 20, 20, 1,7,7
PRINT "Channel Il - ImpingemenllR Sib'llal ..
LOCATE 21, 20, 1,1,1
PRINT M Channel 12 _ IR ccII Temperature "
LOCATE 22, 20, 1,7,7
IIRlNT" Channel 13 - TIlrough Flow T al Bnck ..
LOCATE 25, 20, 1,7,7
PRlNT " press an)' kc)' 10 continue ...... "

IS IF INKEYS· "" mEN 15

'TIll: AID converter i$ assumed la be sel up for
'SE, unipolar operation
'DMA is nol used for the dala conversion
'in Ihis progrnm

'TIle s)'slem clock is used 10 control the sampling frequenc)'
'TimeS i5 set la zero al each locp
'Timer is used 10 counllhe lime elapsed
'bctween scans

'The sampling lime is controlled b)' the opcrnlor

'Samplillll frequenc)' is ehanged according 10 the expcrimenlal
'conditions (see line 225)

'deline conslants

DlM dala.vl1lue(8, 2800) AS INTEGER
DlM gainlO TO 15) AS INTEGER
DIJo,1 factor!(I5)
DlM heginl!(2800)
DlM sml(15), >,)'!(6)
DlM u!{15, 2)
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DIM wl(6), y#(6), scaleyl(6)
DIM mvo!(15)
DIM fai!(2. 2), mvisl(2). ymole,'(2), mw!(2)
DlM h#(5)

txO# c .1053451266#
t:d# '" 16.87319253#
tx2# = ·,1669079643#
nump =0
1n%=0
ecw=O
nrun <; 0
ccc'" 48
adcschan = 6
adcechan = 13
mw!(I) = 18: mw!(2)= 28.97
fai!(1, 1) '" 1: rai!( l, 2) = .775: fai!(2. 1) '" 1.3583: [nU(Z, 2) = 1

'Gain orthe board

gain(4) '" 1
gaineS) = 4
gain(6) '" 8
gain(7) '" 2
gain(S)::o 8
gain(9) '" 2
gain(lO) = 2
gaill(ll)= 8
gain(12) = 4
gain(13) = 2
gain(l4) = 2
gain(IS) = 1

'Gain of the sib'l1il1 conditioner

'gainsc!(S) = 302.8
'gainsc!(6) = 1
'gainsc!(?) '" 305.17
'gainsc!(8) = 304.13
'gainsc!(9) '" 1
'gainsc!( 10) = 305.75
'gainsc!(11) '" 1
'gainsc!(12) '" 1

factor!(5) = .0019665205#
factor!(6);; 1
faclor!(?) '" .003998016#
fnctor!(S} '" .0022478171 #
faclor!(9) '" ,004006943#
factor!(lO) '" .0040038859#
faclor!( Il) '" 1
faclor!(12) '" .0023216427#
faclor!(13) '" .0016364626#
f'''''!(14)· ,0019222317#

mvo!(5) "" -.:091859548#
mvo!(7) '" -.033401853#
mvo!(8) '" -.39186
mvo!(9) oz ••001377932#
mvoJ(IO) '" -.0397460027#
mvol(12) '" .035835663#
mvo!(13) .. .3925755198#
mvo!(I4) ....33104

rai! '" .0862
ra2! oz .4761
ra3! oz .,1233
ra4! '" .0668
raS! '" .2394
ra6! '" ,6315
ra?! ... 1866
ra8! .. .1951
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cvl!'" 1.7078
cv2! ... -2.7307
cv3!'" J.312
t.v4! ...0632
cvS!-.IJ2

'TsHs data
hl/(O)" .003%5557075911
hll( 1) ....000417616079911
hll(2)" -.000004866217511
hl/(3) ...000000575986411
hll(4)" 0

DEF fnrho! (lt!, y!, T!) - (lt! + y!)' 1329.4691 (T! + 273.15) , .003484

, Rho air density in Kg/m"3
. lt barabolic pressure in cm IIg
• Y llalle pressure in cm 1111
, T lemperaturc in Deg. C
'air is considered as ideallla5 wilh M"28.97

DEF fnvisil (IllI!)" (1.214708111 + 6,79118IE-02 ' (lUt! + 273.15) - .000034311 ' (tltl! + 273.15)" 2)" .000001

'visicosily calculatian valid 250 K la 400 K (.25 la 130 C)
ihis correlalion for Ihe viscasily of air is valid over the
'ranlle of250 dell. K ta 400 dell. K (-25 la 130 deg. C)
"nu: correlation was oblained bl fitting a polynomial 10
'the dola givc::n by Touloukian, Liley and Saxena
'in TIlennophysicall'roperties of Mailer, IFVPlenum,
'N.Y.1970
'Tempc::rnlure is given in C and convcrted 10 K

17 CLS
LOCATE 12,20, 1,7,7
INPUT" Inpullhc:: IR calibrnlion dala liIename "; coldS
OPEN caldS FOR INPUT AS '1
INPUT III. hhOIi. nOIi. aill. a211, rsq!. aiOlI, aHIi. ai21/, rsqi!
CLOSE Ifl

20 CLS

, input the variables from the keyboard

IF ln% <> 0 nlEN 200
JO INPUT" Inpui the dale {mmdd)"; aS

IF ln% <> 0 TUEN 200
40 INPUT" Input the run numbcr ofloday «100)"; BS
50 chk" LEN(DS)

IF chk ;. 2THEN
INPUT" l\Iellal run l1umber, relry "; BS
GOTO SO
ELSE
IF ln% <> 0 ll1EN
GOTO 200
ELSE
END IF
END IF

60 INPUT" Inpuilhe ambienllemperalure (Deg C)"; Il!
IF ln% <> 0 THEN 200

70 INPUT" Input Ihe lemperalure in Ihe main rolameter (Dell' C)"; trI
IF ln%ll <> 0 mEN 200

80 INPUT" Inpullhe main rolameler reading (CFM) "; flowr!
IF In% <> 0 THEN
LOCATE 21, 4. l, 7, 7

END IF
90 INPUT" Inpulthe pressure in Ihe main rotarnelc::r (cmHg)"; pd!

IF In% <> 0 mEN
LOCATE 22, 4.1. 7. 7
END IF

100 INPUT" Inpullhc:: pressure at Ihe back ofpaper (cm M) "; p2!
IF In% <> a mEN 200

lia INPUT" Inpullhe baromelrie pressure (cmHg)"; pl!
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IF In% <> 0 TItEN 200
120 INPUT" Input the through !low rotameler reading (SCFM)"; !l0"11

IF In% <> 0 TItEN 200
125 rNPUT" Inpui the vacuum at the rotameter (inHg) "; pt l!

IF In% <> 0mEN 200
130 INPUT" The level ofBasis Weight (20.30,40.50) "; bb

IF In% <> 0 mEN 200
135 INPUT" The pressure transducer is H (hlH) "; pilIlSS

IF pilIlSS = "h" OR pansS = "H" mEN
factor!(8) = .010426#
rnvo!(B) '" -.5909

ELSE
'use low values as default
faclor!(8) = .0022478171#
mv01(8) = -.39186
END IF

",

ISO

140 'Another ntn retums 10 here wilh updated Tj!
sum# = 0
FORi= 1T040
ehannel = la
CALL xav(channel. gain(channel), anolog.data)
sum# = sum# + anolog.data / 40#
NEXTi
Ij! = sum#
Ij! "" tj! • factorl(channel) + mvo!(channel)
Ij! = Ixa# + Ixl#' tj! + Ix2# • Ij! " 2
IFlj!<10THEN
BEEP
PRINT " Check the Power switch, make sure Ihey are on "
PRJNT " Press any key to continue "

IF rNKEYS = "" mEN 150
GOTO 140
END IF

PRINT" TIle jet temperature is
PRJNT USrNG "###.##"; tj!;
PRrNT " Deg. C"

160 '
channel = 12
suml# = 0
FORi= 1T030
CALL xav(channel. gain(channel), analog.value)
sumt# = sumt# + analog.valuc /30!
NEXTi
sumt# '" mvo!(channel) + faclor!{channel) • sumt#
Irol! "" txO# ... tx1# • sumt# + tx2# • sumt# • suml#
PRINT" TIle tempcralure is ";
PRINT USrNG "###.#"; trot!
IF ln% <> a THEN 200

200 'Mass l1ux calculalion

areal! = 3.1415926# •.1"2/4!
areal! = 3.1415926# •. 103" 2/4!

'llow area Square meler
'paper area m2

rhoc! = fnrho!(76!, O!. 25!) 'Kgim3

'Main stream

denair! '" fnrho!(pl!, pd!.tr!)
ratio! '" (rai! + ml! • EXP(ra31 • 110wr!» • (ra4! • !lowr! "2 + ra5! • l1owr! + ra6!) 1(ra7! • Oowr! ~ rail!)
VSCfM! '" flowr! • SQR(rhoc! 1denair!) • ratio! 'CFM
VSCfM!.., VSCfM! • 4,719474E"()4 'cubic meter/sec
g! = VSCfM!' denair! 1areal! 'Kglm2s
IF g! <= 0 TIIEN
CLS
LOCATE 5.12. 1,7,7
PRINT" You have 10 check if main flow rate is ZERO"
LOCATE 7,12,1.7.7
PRINT" Press any key to continue '"

210 IFlNKEYS=""THEN210
END IF

'Through Flow stream

IF flowt! '" 0 mEN
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cvv! ,. 1

ELSE
cvv! .. cvl! • cv2! • LOG(e...3! .. cv41 1 (cvS! • nowt!»
END IF
psv!" ·2.54' ptl!
drotair!"' fnrho!(pl!. psv!, tTot!)
vscfml! '" l1owt1 • SQR(thoc! 1drolairl)' cvv! 'ÇFM
vscfml!" "scfml! • 4.719474E·O-l 'eubic meler/sec
~l! .. vscfml! • drolair! 1arcal! 'Kg/m2s

220 'Reynolds numbcr calculalion
visairU .. fnvisll(lj!)
'Dl" .0028: F!" 61 • (2.8/103)" 2
REJ! .. il! • ,0028! (61! • (2.8/ 100) 1'1 2) f visnÎr#

'Calculalc the spacc bcforc chamelet channels

'Select the sampling frequene)'

'Avoid division by zero errar

IF bb • 0 mEN bb • SO
IF g! <.. 0 ll-lEN
g!" .S
llIIS"" G WOlS ZERO"

END IF

225 samfi! '" il! • (Ij! + 5) 1SQR(bb)
IF samft! .: \.5 TIIEN
sarni'! '" 1
ELSE
IF salnft! < 31llEN
saron .. 2
ELSE
IF snmfi! < 6.5 nlEN
samfl '" 5
ELSE
samf! .. \0
END IF
END IF

END IF

'calculalc the Ts and Rs

GOSUD TsHs

2.10 '
'Display the variables enlcrcd
CLS
PRINT" 1 TIle Dale is (mm/dd) "; aS
PRINT" 2 TIle Run Number is "; BS
PRINT" 3 The Ambient Temperature is ."; U!;" C"
PRINT" " Thejellemperalure is ".
PRINT USING "111111.1111"; lj!;
PRINT" C"
PRINT" S The Temperature in Ihe main RoliUTleter is "; Ir!;" C"
PRINT" 6 TIle Barometric pressure is ; pl!; " crnHg"
PRINT" 7 The main ROliUTleler reading is .'.; nowr!; "CFM"
PRINT" 8 The Pressure in lhe main RoliUTleler is "; pd!; .. cmHg"
PRINT" 9 The paper back pressure is "; p2!; "cmM"
PRINT" 10 TIle throgh now roliUTleler reading is ."; nowt!; "CfM"
PRINT" Il The vacuum nllhe Rotarncler is "; pli!; "inHg"
PRINT" 12TIIe Basis Wcightlevel is "; bb;" gtm2"
PRINT" 13 The sampling rreqency is fixed ~ "; samf!; " Hz"
PRINT" 14 The air tcmpenuure al suclion rOlaJneler ";
PRIN! USING "IJIIII.IJIJ"; Irol!;
PRINT " Deg. C"
PRINT" 15 The preSsure lransducer range is
IF pansS • "h" OR pansS - "H" TIŒN
PRINT" high"

ELSE
PRINT" low"

ENDIF

A ·S



. .."; REJ!;"

.:'; g!; "Kg/mU'•
LOCATE 16,4, 1.7,7
PRINT .. Masst10w flux is ...
LOCATE 17,4. J. 7, 7
PRINT" Jel Reynolds number is .....
LOCATE 18.4,1, 7. 7
PRINT" Through flow mass flux is "; gl!; "Kglm2s"
LOCATE 19,4. l, 7, 7
PRINT" The suction 10 overal flowralc ratio is,.
PRINT USING "#1(###"; b1! 1 g!

'Edit the variables Iiere irnecessary

240 LOCATE 23,15, 1,7,7
INPUT "Type dr 10 aceept or Ihe number 10 edit"; pc%
IFpl! <=OTHEN
pe%= B
LOCATE 18,4,1.7,7
PRINT " THe Baromctric pressure cali not he ZERO ..
EL5E
END IF

LQCATE 20. 4, \, " 7
IF pe% '" 0 TIlEN In% = \00: GOTO 250
IF pe%:: 111ŒN 10% '" 1: GOTO 30
IF pe% = 2 mEN 10% = 2: GOrD 40
IF pc% '" 3 THEN 10% '" 3: GOrD 60
IF pe% = 4THEN 10% c4: GOTD 140
IF pe% = 5 mEN 10% = 5: GOrD 70
IF pe% =61HEN 10% = 6: GOTO 110
IF pc% '" 71l1EN 10% = 7: GOTO 80
IF pe% '" 8 THEN 10% = 8: GOTO 90
IF pe% = 9THEN 10%= 9: GOTO 100
IF pe% = 10 THEN In% = 10: GOTO 120
IF re% = Il THEN In%= Il: GOTO 125
IF pc% = 12 THEN 1n% = 12: GOTO 130
IF pe% = 13 THEN In% = 13: GOTO 240
IF pe% = 14 THEN In%= 14: GOTO 140
IF pc%= 15 THEN In%= 15: GOTO 135

LOCATE 22,15. l, 7, 7
PRINT" Wrong Hne number. Redo il !!!!!!!": GOrO 240

250 CLS
UNE (100. 70)-(540, ISO)" BF
UNE (94, 68)-(544.152),. B
LOCATE 10,20. 1,7,7
PRINT "1 Edit the input pararnctcrs"
LOCATE 12,20, 1,7.7
PRINT" 2 Plot Temperalure Hislory "
LOCATE 14, 20, 1,7,7
PRINT "3 Stan Data Aequisation "
LOCATE 16,20. l, 7, 7
PRINT" 4 End of experirnents
LOCATE 18,20, 1.7.7
INPUT" Option to choose is "; opt
IF opt = 1THEN
GOT0230
ELSE
IF opt ::1 2 THEN
GOSUB Tplot
ELSE
IF opt = 3 THEN
GOSUB Acq
ELSE
IF opl El 4 THEN
GOTO 280
EL5E
GOlO 250
END IF
ENOIF

END IF
END IF

260 CL5
LINE (100. 70)-(540,160).. BF
UNE (96, 68)-(544,162)" B
LOCATE 12.20, 1,7.7
INPUT" Save the dala ft; savS
IF savS = "y" OR savS = "Y" THEN GOSUB Savedata
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IF S3V$" "OH OR savS" "N" 1lIEN 270
LOCATE 13.30,1.7,7
f'RINT "Only YIN ": GOTO 260

270 'Check for llfIother run

LOCATE 18, 20, 1,7,7
INPUT" Another acquisition (yin) "; gS
IF (gS" "y" OR gS" "Y" OR g$ .. "") nlEN 'Automaticlilly increasc run number by 1
nnn .. LEN(BS)
IF nnn .. 2 lliEN
TS • RIGHTS(DS, 1)
,S • LEFTS(DS, 1)
DS -TS
CCC" ASC(cS)
bbb" ASC(OS,
IF bbb .. 57 TIlEN
ccc "'ccc + 1
bbbnbbb·9
DS • CHRS(",) + CHRS(bbb)

ELSE
BS" CHRS(ccc) + CHRS(bbb + 1)

END IF
ELSE

bbb • ASC(DS)
IF bbb • 57 mEN
CCC" ccc + 1
bbbabbb·9
BS" CHRS(ccc) + CHRS(bbb)

ELSE
DS - CHRS(bbb + 1)
END IF

END IF
GaTO 230

ELSE
IF (g$ la "n" OR gS .. "N") TI-lEN
GGTOl80
ELSE
LOCATE20, JO. 1, ,. 7
PRINT "Only YIN"
GOT0270
END IF
END IF

280 CLS
LOCATE 12.25,1.7,7
PRINT " Byebyc. Have a niet IÎme! "
END 'This is the cnd of Ihis program

'subroutincs
Acq:

, mcasuring air tcmpcrnturc III the rolametcr

288 CLS
UNE (100, 70)-(540,160).. DF
LlNE (94, 68)-(S44, 16l), , B

IIk-O
'Wail for tlle signa110 start dala-acquisalion

bsS· ....
LOCATE 12, 20, 1,7,7
PRINT" Swilch toggle swilch 1 to Ihe 1R posilion"
LOCATE 14, 20. \, 7, 7
PRINT" Swiclh toggle swilch 210 the Paper posilion"
LOCATE 16,20, \,7,7
PRINT " press ENTER 10 Sim dala-acquisalion "

290 bsS" INKEYS
IF bsS <> CHRS(13) TI-lEN 290

:Ornw Ihe frame oflhe grnph
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• CLS
IFlj! <OTHENtj! = 1
scaley!(1) '" (INT«tj! • 1) 120!)'" 1) • 20!
scaley!(2) .. (INT«g! - .01)' bb) + 1)
scalcy!(3) = INT(SQR«tj! + 5)/15) + .S}· .015
scalcy!(4) '" senley!(3)
sealex! '" ID! 15! 1samfl

LOCATE 20.13.1.1.7
FORi .. l T04
PRINT"
PRINT"I";

NEXTi
PRINT
LOCATE 21.11. 1,7,7
PRINT "0 ";
FORi=ITOS
PRlNT" ";
PRINT USlNG "##.#"; i • scalex.!:

NEXTi
fORi=ITOS
1'" i • 4
LOCATE 1.12.1.7,7
PRINT"·"
LOCATE l, 8, 1, 7, 7
PRINT senley!(I) - (i - 1) • scaley!(l) 14!
LOCATE 1. 72. 1. 7, 7
PRIi'lT "."
LOCATE 1. 73, 1,7,7
PRINT USING "Im.#"; sC:lleyl(2) - (i - 1)' scaley!(2) /4!
LOCATE l, 7, l, 7, 7
PRINT"-"
LOCATE l, l, 1, 7, 7
PR!NT USING "IUI##"; sealey!(3) - (i • 1)' sealey!(3) 14!

NEXTi
UNE (46, ISS)-{46, 27)
LlNE(S70, ISS)-(90, 27).. B
LOCATE23, 33. 1. 7, 7
PRINT" Time Elapsed (min) "
LOCATE 2. 7,1.7,7
PRINT " .... T (Otg C) "
LQCATE 23, 3,1.7,7
PRINT"_H KglKg"
LOCATE2.69, 1.7,7
PRINT" PKpa"

v::; 90
FORk-1 T04
w!(k) = 155
y'(k) - 0
NEXTk

LOCATE 2, 23,1.7,7
PRINT "Press ESC key to stop"; : PRINT lmS
ImS::;''''

CALLxinil
CALL xsecw(ecw)
1I0op=0
ansS" ''''
TIMES .. "00:00:00"
delayt! '" T1MER
complO! '" -.OOS
compll!=I!/samfl

DO WHll.E ansS <> CHRS(27) AND lIoop < 2799

Iloop .. lIoop + 1
besintl(lIoop) = TlMER

nloop% = 20! 1samfl
FOR channel ::; adcschan TO adcechan
sum#" a

FOR i ... 1TO nloop%
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CALL l(av(channcl.llain(channcl), anolog.data)
sum#" sumll + analng.data
NEXTi

dala.valuc(channcl, lIoap) '" sumlll nloop%

NEXT channel

'Draw the P, li •T turves vs reallime

x! .. TIMER 1scalcx! 160! 151 • 480! + 90

:cmperafurç Dcg C

yll(l) .. dala.valuc(7.lloop)· factor!(7) + mvo!(7)
y#(I) ""lxO# + Ixill' yll(l) + Ix2#' y#(I) " 2

'Pressure Drop Kp:r

yll(2)" datn.valuc(8. lIoop) • faclor!(8) + mvo1(8)

'Humidity Kg/Kg Throullh Flow

)'#(3)" nO# + 31# ' dalu,valuc(6.11oop) + aU • dala.valuc(6.lIoop)' datil.vnluc(6, lIoop)
yll(3)" )'11(3)' (tr! + 27J!}/298! 1pl! 1rhoc!' 76! 1 IODa! 'kgIKg

'I-Iumidity Kg/Kg Impingcmcnl Flow

)'#(4) -aiOIi + ail#' data.valuc(lI,lIoop) + ai2#' datil.valuc(II.lloop)· dala.value(11. lloop)
y#(4)" y#(4) • (Ij! + 273!) 1298! 1pl! 1rhoc! • 76! /1000! 'kgIKg

FORi .. IT04
y#(i) .. 156!· y#{i) • 128! 1scn1cy!(i)
NEXTi

300 'Dmw lines

UNE (v, w!(I»)-{x!, y#(I»), • , &HAAAA
UNE {v. w!(2))-{x!, yll(2»", &IIEEEE
UNE (v, w!(3»)-{x!, yU(J», , ,&HFFFF
UNE (v, w!(4»-(x!, y#(4», , , &HFFFF

V" x!
FORi-1 T04
w!(i)-y#(i)

NEXTi

:Loop 10 delny

compl! .. bcgint!(lIoop) + comptO! + comptl!
DO UNTIL de1ayl! ::> compt!
delnyl! .. TIMER
LOOP

nnsS .. INKEYS

LOOP
samt! - TtMER

CALL xllec(error.code)
CALLxlenn

CLS
UNE (100. 70)-(540. 160).. OF
UNE (96. 68)-(544. (62)•• 0
LOCATE 12.20.1.7.7
PRINT MError..code is M; error.code
LOCATE 14,20, 1,7,7
PR1NT M Acquisition compleled M
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• LOCATE 16,20, 1,7,7
PRINT " press any key 10 continue"

310 IFINKEY$sM"TIŒN310

RETURN

Savedata:

IIk= 1

LOCATE 14, 16. 1.1,7
INPUT" The initial weight ofpapcr samplc (g) "; WI!
LOCATE 15.16, l, 7, 7
INPUT" The final wcight ofpapcr samplc (g) "; WFl

330 LOCATE 16, 16. 1.7.7
nump'" nump + 1
IF nump '" 1THEN
INPUT" The file palh (without slash) is "j ncwpS
transs$ .. newpS

ELSE
PRINT" The file path (withOUI slash) is "; lranssS:
INPUTncwpS
IF LEFTS(ncwpS. 1) '" "Y" OR LEFfS(ncwpS. 1) = "y" OR ncwpS = "" TIŒN
newpS = trnnss$
ELSE
END IF

END IF
LOCATE 17,16,1,7,7
IF nump '" 1THEN
INPUT" The drive orthe data file (A·C) is "; drvS
lranss 1S = drvS
ELSE
PRINT" The drive orthe data file (A-C) is "; drvS;
INPUT<hvS
IF <hvS·"" OR LEFTS(<hvS, 1)· "y" OR LEFTS(<hvS, 1) = "Y" mEN
drvS = trnnsslS
ELSE
END IF

END IF
<hvS· LEFTS(<hvS, 1)

340 palhlS = drvS + newp$,

ddlS = pathlS + "\r" + aS + es + ".pm"
dd2S = pathlS + "\p" + aS + es + ",pm"

350 CLS
UNE (100. 70)-(540.160)" BF
UNE (96. 68)-(544. 162),. B
LOCATE 12. 20, 1,7,7
PRINT " Are you sure to save the raw data 10 file "
LOCATE 14, 15. 1,7.7
PRJNT" "; ddlS;
INPUT" YIN"; ns
IF (fiS, "y" OR ns • "Y" OR fiS ••") TIlEN 370

360 LOCATE 16.15.1.7.7
INPUT "Input Ihe new filename (must without ,exl) "; mainlS
LOCATE 17. 15. 1. 7, 7
INPUT" Input the drive for the abve filename "; drvlS
<hvIS· LEFTS(<hvIS. 1) + ";"
ddlS = deviS + mainlS + ",pm"
GOT0350

370 CLS
UNE (100. 70)-(540.160)" BF
UNE (96, 68)-(544. 162),. B



• 'open file #1

380 OPEN ddlS FOR OUTPUT AS III

LOCATE ID, 20,1.7,7
PRiNT" Saving the raw cxperimcnlal data ~

'saving the cxperimenlal conditions

WRITE fil, " The cxperimcntal conditions arc:"
WRlTE #1, "1 The: Date: is(mmldd) , """', ".. ,,.", "", "", "", ...., ..... "", aS
WRJTE fil, "2 The Run Number is "" ,,", "", "", "", "". "", es
WRITE 1# 1. "3 The IR Calibralion Coefficient AD is ". "", "", "". "", "". "", nO#
WRITE #1, "4 The IR Calibration Coefficient AI is :'. "", "", n", "", "", "", al#
WRITE III, olS The IR Calibration Coefficient Al ;5 ". ,," 1 "". "". "", "". ''''. 11211

WRITE #1, ::S~ The R squ;uc ~f lR calib~lion .is ";. ":::. "::~ ":~ "::. ":~ ":::. rs~!
WRITEHI, 31TIIC Ir CalIbratIOn Cocfficu:nt AIO 15 , • 1 •• , ,mOIl
WRlTE #1. "4i The Ir Calibration Coefficienl Ail is ". "". "". "". ''''. "". "". ail#
WRITE /II. "Si The Ir Calibration Coefficient Ai2 is ". "". "". "". "", "". "". ai2#
WR!TE iii. "Sr The R square orlR calibration is ". "". "" "". n. "". rsqil
WRITE III. "6 The Ambient Temperature is ,',.", "" , "". "". "". "". It!." C"
WRiTE UI."7 Thejetlemperature is ,." ,,". , "", "". "". "". "". tj!." mv"
WRiTE UI. "8 The Tempernture in Ihe main Rotameteris ", ''''. "". "" tr!," C"
WRiTE #1. "9 TIle main rotameter rcading is , "". "", "". "". "". '''', flowrl. "CFM"
WRITE #1, "9t The through flow rOlameterreading is , "". '''. "", "" , "", l1owt!. "CFM"
WRITE III, "9v The vacuum at Ihe rotameter is " ". "". "", "". "". "". "", pU!. "in HS"
WRITE #1. "la TIle Barometric pressure is , , ,". ""...... "", "", "", "", pl!... cmHg"
WR!TE /1 1. "11 The Pressure in the Rotametcr is ", "" t "" "". "", "". pd!, .. cmHg"

WRiTE #1. :12 The papcr back presSure i~ ,':: :.'; ':': :,:: ':':' :,:' '::: p2!. " cmM"
WRITEIII, IJ The star1 channel numberls " ,., , • , •••• adcschan
WRITE #1, "14 The End Channel Number is , ". "". "". "". ""t "" adcechan
WRiTE 1#1. "IS TIle sam91ing freqency is ". "", "". "\ "". "". "". sarofl, "Hi'
WRITE UI. "16 The Iempcrnture al suction rotametcr is ". ''''. "". "". "", ""t ..... trot!." Deg, C"
WRJTE #l,
WRITE #1," TIle Massflow nUlt is .., ''''. "\ "", "". "", "\ SI. "Kglm2s"
WRITE #1, "TIlc Through Flow Mass flux is ", "", "" ''''. "", ''''. brt!. "Kglm2s"
WRITE/:II Thejet Reynolds number is "". "". "", "". "", "". REJ!
PRiNT #1,
WRITE #1. "Wini-". WI!." S"
WRITE #1. "Wlin"". WFl," g"
WRiTE #1. "TlIcq"". samt!." S"
WRITE #1, "Ts-", 151. '. Oc!:: C"
WRITE/:II, "Rs"". Rs!. "Kglm2h"
PRiNT #1,
PRIN!'!.
WRiTE #1, " ,', , ,", , , ,', , :'
WRlTE #1," RliW Dailloflilc". "", "" ddlS
WRITE #1." ".""," "," n .....," Channels"
WRITEIII."Time(s) "
PRINT III. "lime".
FOR i .. lldcschan TO adcechan
PRiNT #1. i.

NEXTi
PRINT#!,
WRITE #1." ., ,.. ,', ,', " , ..

FOR i .. 1TO lloop
PRiNT #1, USING "UU/I.##"; beginl!(i);
FOR channel - adcschan Ta adcechan
PRINT /:II. USING "##111#11.#"; dalll.value(channci. i);
NEXT thannel
PRINT #1,
NEXTi

LOCATE 12. 20. 1,7.7
PRINT" Daia successfully saved! "

CLOSE#!

38S 'check for data processing

LOCATE 14. 20.1.7.7



•
lNPUT " Processing the raw dala "; sm»
IF sms$ .. "y" OR smsS .. "Y" OR sm» .. "" THEN 390
IF smsS" "n" OR smsS = "N" mEN 430
LOCATE 15.30, \, 7, 7
PRINT" Only YIN ": GOTO 385

390 CLS
UNE (100, 70)-(540,160)" BF
LINE (96, 68)-(544, 162)" B
LOCATE 12. 16, \.7,7
PRINT .. Arc you sure 10 save the proccsscd data 10 file H

LOCATE 14, 15, 1. 7, 7
pR/NT" "; dd2S;
INPUT" YIN"; FLIS
IF (FLIS' "y" OR FLIS = "Y" OR FLIS· "") TIlEN 410

400 LOCATF. 16, 15, 1,7,7
INPUT" Input the new filcname (must without .exll "; mainlS
LOCATE 18, 15. 1.7,7
INPUT" Input the drive for the above filcnarnc "; drvlS
drvlS '" LEm(drvIS. 1) + ":"
dd2S" drvlS + mainlS + ".pm"
GOT0390

410 CLS
LINE (100, 70)-(540,160)" BF
LINE (96, '8)-(544, 162), , B

'Processing the data
llk a 2

420 OPEN dd2S FOR OUTPUT AS #2
WRITE #2. " This is the processed data from "
WRITE #2, ddlS
WRITE #2, "Rej=", REJ!
WRITE #2," Tj= n, Ij!
WRITE #2... G= ", !lI
WR.ITE #2. H Ts= H. Is!
WRITE#2." Rs== ", Rs!
WRlTE #2. " GI= ", gt!
WRITE #2, " Qi.. H, gt • Ill!

LOCATE 16, 20, 1, 7, 7
PRINT" Processing the data whilc saving "
PRINT #2,
WRITE #2. "Time (s)", "T5". "17", "T9", "TIO". "TI2", "TI3", "P8", "Dair!", "Viss!", "His", "HIs", "H(im)", "R(im)", "II(T)", "R(T)"
PRINT#2,

FOR channel =>' adcschan TO adcechan
sssr!{channel) =>' 0
NEXT channel

le! - )'#(1)
FaRia 1TOlloop
PRINT #2. USING "###.1;#"; begint!(i);
FOR channel"" adcschan TO adcechan
sssr!{channel)" dala.value(channel. i)
IF sssr!(channel) < 0 TIŒN sssr!{channel} ... 0
IF channel'" t 1llŒN ' Impingemenl flow
hhci# .. aiO# + ait# ' sssr!{channel) + ai2# ' sssr!{channel) , sssr!(channel)

ELSE
IF channel"" 8 llŒN
ppp#' .. sssrl(channel) , factor!{channel) + mvo!(channel)
pdair! .. -ppp#' IIOt.33 ' 76! 12! + p2! ' 2.95/13.6

ELSE
IF channel ... 6 TIŒN •Through flow
hhc#" aO# + at# ' sssr!{channel) + al# ' sssr!(channel)' sssr!(channel)
ELSE
sssr! III sssr!(channel) , factor!{channel) + mvo!{channel)
sssr! -rxO# + rxl# ' sssrl + rx2# ' sssr! "2
IF chilllncl- 7llŒN
le! .. sssr!
ldair! ... (Ij! + le!) 12!
ELSE
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IF channel - SllJEN
lej! .. sssr!

ELSE
IF channel .. 12 lltEN
Ici! .. sssr!
ELSE
END IF

END IF
END IF

PRINT 112. USING "IIIIII/UIII"; 5ssr!;
END IF

END IF
END IF

NEXT channel

hhcill - hhcilt • (Iej! + 273!) 1298! 1pl! 1rhoc! • 76! IIOOO! 'kgIKg
mil - hhcill • (g! - gl!)· 3600! • arealll alea2!
hhC# -hhcll· (ICI! + 273!)/298! I(pl! +p2!· 2.9S/13.6/41-pppll/ 101.33· 76)/rhocl· 76! 11000!'kgIKg
ml" hhell • g! • 36001 • arealll alea2!

'calculait air densil)'

dnirrl .. fnrho1{pl 1. pdair!.ldair!)

'calculale viscosity of air and waler vapor mixture

mvis!(2)" fnvisll(ldair!)· 1000000!
mvisl(l) - .3SS· mvis!(2)
ymolt!(I) - hhclll mw!(I)
ymolc!(I) - )'molel(l) 1(I! 1mw!(2) + ymolel(l»
ymolc!(2)" 11· ymole!(1)
Vis,! - 0
FORI-IT02
sigmal" 0
FORj- 1T02
sigmal .. sigma! + ymole!(j) • fai!(I. j)
NEXTj
Viss! .. Viss! + ymole!(I)· mvis!(I) 1sigma!
NEXTI

'calculalc lhrough cxhausi absolUle humidity

hhtsll - hII(O)
FORki-IT03
hhls#" hhlsll + M(ki)· le! 1\ ki
NEXTki

'calculaIt impingcmenl absolule humidity

hhisll - hll(O)
FORik .. t T03
hhisll - hhis/l + hll(ék) • lex! 1\ ik
NEXTik
PRINT 112, USING "11/1/111.11/1"; pppll;
PRINT U2. USING "m.um": dairr!;
PRINT /12, USING "####.#/1#"; Viss!;
PRINT #2, USING "/1##.11#11#/1"; hhisll:
PRINT 112, USING "1I##.IIII##tf."; hhts#;
PRiNT #2. USING "tf.II#.tf.tf.###"; hhci#;
PRINT #2. USING "ltll#.##"; mi!;
PR1NT #2, USING "###';11I###"; hhc#;
PRINT #2, USING "##11.1111"; ml;
PRINT #2,
NEXTi

CLOSE.2

430 RETIJRN 270

TsHs:
This is lhe 5ubroulin for cnlculaling Ts and Rs

ImO! - 1075.18
Iml! - ·1.01816
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ccO! =- ,24' 1.8
ccl!:::>.44· 1.8

hhnO# = hhO# • (II! + 273!) 1298! 1pl! 1rhoc! • 76! IIOOO! 'kgIKg'

calpl! "" ccl! + lm!!
calp2! "" ImO! - ccl! • Ij!

IF lj! < t8 THEN
Is! "" 5,5
GOT0460
END IF

ls! "Ij! • .s
difl! .. -.005

450 ts! = Is! + difl!
camlh# =- hhnO# • ImO! + ccO! • tjl - h#(O) • calp2!
comrh# = Is! • (ccO! - hhnO# • lm I!)
FORi=lT04
comrh# Cl comm# + Is! "'i' (h#(i - 1)' cnlpl! +hI/(i)' cnlp2!)
NEXTi

comrl# .. comlh# • comrhff
IFlj!<19.2THEN
dîfl! = ·,OOS
ELSE
de! =- ABS(comrl# 1comlh#)
difl! = -5 • dc!
END IF
IF ABS(comrIU) > ,0005 • ABS(comlhU) lliEN 450

460 hhsU Cl hIl'(O)
FORi=tT03
hhs# Cl hhsU + h#(i) • ts! 1\ i
NEXTi
hhs# = hhs# + (ccO! + ccl! • hhs#) • (Ij! - tsl) 1(ImO! + lm I! • ts!) + hhnO#
hhs# "" hhs# 121
Rs! "" 3600! • g! • hhS# • arent! 1area2!
RETURN

ErrorProc:

'Error recovery subrouline

CLS
UNE (120, 30)-(440,90), , BF
LOCATE S, 30, t. 7. 7
BEEP
PRlNT" ERROR "
LOCATE 7. 20. l, 7. 7
PRINT" Press any key to continue ......"

500 IF INKEY$ = "" mEN 500
CLS
LOCATE 12,20. l, 7, 7

SELECT CASE ERR
CASE 76,
PRINT" Palh nol round. ret!)' "
IF SSI" 999 THEN RESUME 530
RESUME 330

CASE 53
PRINT" File nol round. retry "
RESUME 17

CASE61:
PRINT " Disk Full. change another disk "
LOCATE 13,20, 1,7,7
PRINT" Press any key 10 conlinue ,.. H'"

510 IF INKEY5· "" THEN 510
IF Ilk '" 1TIlEN RESUME 380
IF IIk • 2 THEN RESUME 420
CASE7t:
PRINT" Disk drive not rcndy"
LOCATE 13.20. t. 7, 7
PRINT " Press any kcy 10 continue ... ,.."

520 IF lNKEY5 • "" TIŒN 520
RESUME
CASEELSE,
'disable error trapping and
'print standard syslem message
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ON ERROR GOTO 0
END SELECT

TplOl:

'Temperature history ploting subroutine

CLS
sst- 0
LOCATE 12,20.1, 7, 7
INPUT" Do you want 10 save the Temperature History "; tanS
IF tanS" Y' OR tanS" "Y" ll-IEN
CLS
sst - 999

530 LOCATE 12,20, 1,7,7
INPUT" The filename is"; !fileS
OPEN llileS FOR OUTPUT AS #1
ELSE
END IF
CLS
LOCATE20, 13, l, 7, 7
FORi .. IT04
PRINT" ":
PRJNT "1":
NEXTi
PRIm
LOCATE 21. Il. l, 7, 7
PRlNT"O ";
FORi .. ITOS
PRINT" ",
PRINT i· 5;
NEXTi
FORi .. IT04
1.. i • 4
LOCATE 1.12,1,7,7
PRINT "."
LOCATE 1. 8,1.7.7
PRiNT 120-(i -1)- 30
NEXTi
LINE (570, IS6)·(90, 27)" B
LOCATE 23. 33, l, 7, 7
PRINT" Time Elapsed (min)"
LOCATE 2, 3.1,7,7
PRINT "Temperature ".
PRINT "Deg C"
v"90
FDRi-! TD6
w!{i)" 156
NEXTi
TIMES' ·00:00:00"
cS .. ""
DO WHILE cS .. ""
cS -INKEYS
ddl-TIMER+3.11
delay! ·0

DO UNTIL delay! > 0 OR cS <>""
delny! .. T1MER ~ dd!
LODP

x! • TIMER 125! 160! ·480!
",lOI"'! +90
IF sst • 999 n-lEN
PRiNT ~I,limerS;

END IF
FOR tchannel - 1TO 6
IF tchannel - 1THEN channel .. 5
IF tchannel • 2 mEN channel .. 7
lF tchnnnei • 3 llIEN channel. 9
IF tchlUlnel- 4 mEN channel- 10
IF tchanuel - 5 THEN chnnnei .. 12
IF tchnnnei .. 6 mEN channel. 13
sumU -0
FORIi-1 Ta 20
CALL xllv(channel. gain(chnnnel), anolog.dala)
sumU • sumU + anolog.data 120#
NEXTIi
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tj2! = sum#
lj2! = lj2! • faclor!(channel) + mvo!(chnnnel)
lj2! = lXO# + txl# • lj2! + Ix2# • tj2! /'02
YY!(lchannel) "lj2!
lF ssl =999 TIŒN PRIm 1101, USING "110##.#"; lj2!;
NEXT tchannel
lF sst = 9991lŒN PRINT 1101,
FORi"'IT06
1=15+i·9
LOCATE3,I, l, 7, 7
PRINT USING "###.#"; yy!(i)
NEXTi
FORi=IT06
yy!(i) = 156 - yy!(i)· 128! fl20!
UNE (v, w!(i»-(x!, yy!(i»
v=x!
w!(i) = yy!(i)
NEXTi
LOOP
CALL xterm
IF ss' = 999 THEN CLOSE #1
RETURN 140
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Appendix B Experimental procedure

Preparation oftest sheets

Handsheets of ail basis weight were prepared from dry, unbleached, unbeaten

laboratory kraft pulp, 100% black spruce, according to CPPA Standard CA. Freshly made

handsheets were stacked in tum with thin plastic sheets and sealed in a plastic bag. Then

they were stored in a refrigerator for later drying experiments.

Calibration of the IR·Analyzer as a moisture meter

During IR 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, the dew point meter and a circulation fan. The signais

from IR absorbance and from the dew point meter were acquired by computer. Dew point

reading was converted to humidity according to the humidification table given by Dean

(1985a). A secondary polynomial correlation of humidity with absorbance was then

obtained as a calibration curve using Lotusl23.

The salt solutions and their relative humidities used in the calibration runs are

listed in Table B.I. Equilibrium relative humidity is a strong function of ambient

temperature for sorne salt 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 B.l Salt solutions and their relative humidities at 20 Oc
used for IR calibration (Dean 1985a)

Solid phase Relative humidity, %

LiCI·H2O 12.0

CH3COOK·I.5H2O 23.0

MgCI2·6H2O 33.0

Mg(N°3)2·6H20 55.0

NaCI 75.7

KBr 84.0

KN03 93.0

K2S04 97.0
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Drying experiments

1) Open the main compressed air line and adjust the air f10w rate to the desired

value, meanwhile monitor the humidity of the dry air both by the IR analyzer and,

for calibration purposes, by the dew point meter.

2) Connect the measuring chamber of the IR analyzer(s) to the calibration system,

and follow the calibration procedure described above.

3) Upon the completion of the calibration runs, reconnect the measuring chamber of

the IR analyzer to the drying apparatus with two T-valves.

4) Tum on the vacuum pump for warm up if CITAD experiments are to be

conducted.

5) Run data acquisition program and adjust the air heater controis to the desired inlel

air temperature, monitor the air temperature with the on-line screen display of

temperature reading and fine tune the heater controls as required.

6) For CITAD experiments, set the vacuum value upstream of the critical f10w valve

to achieve a stable through f10w rate by adjusting the load share of the two

vacuum regu!ators. Adjust the vacuum gage reading and that from the rotameter

to obtain a desired through flow rate. Once it's done, shut the bail valve on lhe

inlet Hne of vacuum pump to protect the pump from oil flooding.

7) Cut the 103mm diameter test sheet for the sample holder from a 160mm diameler

handsheet using a specifically designed stainless steel punch. Place the test sheet

into the sample holder described in chapter 3, and secure it in place with lhe six

screws of the sample holder to prevent any air by-passing. Add water to the weI

sheet if higher moisture content is desired using a spray cano

8) Open the through flow Hne for CITAD experiments. Start the data acquisition to

monitor the drying conditions prior to the experiment.

9) After 10-30 seconds, weigj1 the sample holder - sheet assembly on a top-Ioading

electronic balance then insert it immediately into the drying chamber.

10) Upon the completion of the experiment judged from the on-Hne screen drying

history display, stop the data-acquisition, pull out the sampie and weigh the
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13)

Il)

12)

e
sample holder - sheet assembly again. Immediately shut the vacuum line for

CITAD experiments.

Save the acquired digital data.

Convert the digital data into temperature, pressure and humidity readings and

calculate the drying rate, moisture content ofpaper sheet.

Remove the paper from the sample holder and placed it into a 104°C oven for at

least 8 hours prior to obtaining the bone dry weight for basis weight, initial and

final moisture content determination.

14) Check mass balance from the IR humidity measurement against that of the

electronic balance. Any experiment with error of mass balance higher than 5%

was rejected for further data processing.

15) Further process the data from the successful experiments using Lotus 123 for

windows as weil as SYSTAT for windows if necessary. The graphical output was

prepared by Freelance Presentation for Windows and printed out from HP Laser

JetIV.
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• Appendix C Variables used in drying time and drying rate

prediction for CITAD process

~
Figure 6.29 Figure 6.30

Variable (a) (b) (c) (d) (a) (b) (c) (d)

G, kg/m', 1.02 1.02 1.02 1.02 1.46 1.46 1.47 1.46

Th 'c 92.7 91.0 88.3 90.8 91.9 88.9 90.0 87.6

qn% 10.2 10.2 10.2 10.2 6.9 7.1 16.5 16.6

B, g/m' 25.0 34.6 46.7 83.3 23.0 48.7 24.7 48.1

X o, kglkg 3.40 3.41 3.84 2.78 2.53 2.97 3.05 2.90

G!, kg/m', 0.916 0.916 0.916 0.916 1.36 1.36 1.23 1.22

GT, kg/m', 0.104 0.104 0.104 0.104 0.101 0.104 0.243 0.242

RIe' kg/m'h 16.2 15.8 15.4 15.8 21.5 20.7 17.6 17.1

Xe' kglkg 1.69 1.71 1.74 1.58 1.62 1.66 1.65 1.60

nI 1.35 1.44 1.58 1.96 1.28 1.50 1.42 1.73

RTe kg/m'h 8.94 8.75 8.57 8.81 8.68 8.55 19.9 22.1

X Th kglkg 2.57 2.79 3.28 2.03 1.43 2.14 2.31 2.32

nTi 0.69 0.82 2.06 1.83 -1.11 0.86 0.76 0.92

X m, kglkg 1.37 1.29 1.30 0.97 1.17 1.10 1.29 1.10

R Tm, kg/m'h 9.53 9.75 9.80 11.3 9.68 10.3 21.1 24.6

C 0.36 0.43 0.27 0.84 0.74 0.72 0.79 1.08

Ro.os kg/m'h 0.82 0.84 0.76 1.24 1.10 1.08 1.95 2.61

to.os, s 25.1 34.9 53.4 64.4 16.0 37.6 12.9 21.0



• Appendix D Error analysis

[

n ( àf )2 l !
Total rms error is expressed as ôf = j~ Oxj 8xj J

1) Basis weight:

4W
B=

7tD2

with W the bone dry weight
D the sheet diameter.

8: =[(:~8:J + (:~ 8~J J=[(8:J + (- 2~JJ
As 8W=0.000Sg, W>0.21 g

8D=0.000Sm, D=0.103 m
8B

Hence B < 1%

2) Inlet air mass flow rate:

and

50

with

G=pV/A

PM V=V {P;
P=RT' s't"P

_ Vs JP, t M
G- A RT

P air density
Ps air density at standard conditions, constant
V vo1wnetric flow rate from rotarneter
Vs volwnetric flow rate frOID rotameter at standard conditions
A cross section area ofdrying chamber, constant
P abso1ute pressure at rotarneter
M air molecule weight, constant
T air temperature at rotameter

8G =[(aG 8P)2 +(~ 8Vs )2 +(aG 8T)2 ]!
G ap G avs G aI G
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• ùG r(8P)2
O=l2P (

8VS)2 ( 8T)2 II
+ vs· + - 2T J

as 8P=0.13 kPa, P>lOl kPa
8T=0.5 K, T>290 K
8VsN s<0.7% from calibration
8G

Hence G < 0.8%

3) Through flow rate of eITAD:

Similarly for through flow mass flow rate of CITAD, GT:

G = VTS.JP: t™
T A RTT

with VTs volumetrie flow rate from rotameter at standard conditions
ps air density at standard conditions, constant
A cross section area of drying chamber, constant
PT absolute pressure at rotameter on through flow exhaust line
M air molecule weight, constant
TT air temperature at rotameter on through flow exhaust line

8GT =[(aGT8PT)2 +(aGT8VTS )2 + (aGT8TT)2 J~
GT aPT GT aVTs GT aIT GT

=[(8PT)2 +(8VTS )2 + (_ 8TT)2 JI
2PT VTs 2TT

as 8PT<0.5 kPa, PT>35 kPa
8TT<2 K
Tr>280 K
8VTsN Ts< 0.8% from calibration
8G

Hence __T < 1.2%
GT

4) Impingement flow rate:

G1 = G - GT
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< 4.9%

qT the through flow ratio, GT/G

liG
G < 0.8%

liGT
G

T
< 1.2%

For the 3 nms with Qr=M.3.

liG I- < 75%G
I

.

For ail other CITAD experiments qT<0.75

liG I
Hence ~

with

as

5)

with

Constant drying rate:

Re=3600 G (Ye-Yj)=3600 G I:!.Y

G as the flow rate
Ye exhaust air humidity
Yi inlet air humidity

Ii~e =[(a~ ~~J +(;:~ 1i:~J J=[(Ii~J +(o:~J J
as

liGG < 0.8% and

For pure impjnl:ement dryinl:,

MY<O.OOOI kglkg air and I:!.Y>0.002 kglkg air

oRe
Hence R < 5.1%

e

For pure throul:h dryiOl:,

MY<O.OOOI kglkg air and I:!.Y>0.006 kglkg air
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• .sR
Hence _e < 1.8%

Re

6) Constant water removal rate from impingement exhaust:

Rle=3600GI(Yle-Yj)=3600GlilYI

.sRTe }l(aRTe .sGT)2 +(aRTe MyT)2 JI =f
l

(.sGT)2 +(MyT)2 lJ:
RTe aGT RTe ailYT RTe GT ilYT

as
.sG I
~ < 4.8%

M YI<O.OOO1 kg/kg air and

as

For ambient air al qr=7S%.

ilYI"'O.OOOS kg/kg air

.sRle
-R can be up ta 21 %.

le

For conditions with Tj of 90 ole

ilYI>0.002 kg/kg air

.sRHence __le < 7%
Rie

7) Constant water removal rate from through flow exhaust:

8GT
G

T
< 1.2%

MYT<O.OOOI kg/kg air and ilYrO.006 kg/kg air

Hence .sRTe < 2.1%
RTe
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E1: Experimental conditions and important data for pure impingement drying
Nozzle Ile! • HI. G B Ti Twb Re X. Xc Re "

1 2.38 0.031 5 0.125 25.6 23.6 8.10 525 2.62 0.99 1.42 1.03
1 2.38 0.031 5 0.125 48.7 22.0 7.29 525 1.85 1.01 1.38 0.87
1 2.38 0.031 5 0.125 49.5 21.9 7.35 525 1.86 0.93 1.31 0.93
1 2.38 0.031 5 0,125 50,1 21.9 7.27 525 1.39 0.86 1.33 0.98
1 2.38 0.031 5 0.125 51.0 21.9 7.35 525 0.268
1 2.38 0.031 5 0,232 sa.4 21.9 7.28 9T5 1.a7 0.99 2.02 0.95
1 2.38 0.031 5 0.388 48.6 21.9 7.28 1620 2.0a 1.10 2.85 0.73
1 2.38 0.031 5 0.386 49.3 21.9 7.28 1620 2.11 1.0a 2.78 0.98
1 2.38 0.031 5 0.502 25.2 22.8 7.72 2110 2.90 1.15 3.57 0.97
1 2.38 0.031 5 0.502 25.6 22.9 7.79 2110 2.40 0.99 3.43 0.96
1 2.36 0.031 5 O,S07 ".0 24.4 7.aO 2130 2.83 1.27 3.77 O.BB
1 2.38 0.031 5 0.S01 47.1 24.4 7.80 2130 2.93 1.31 3.71 0.90
1 2.38 0.031 5 O.... 49.0 21.8 1.26 2300 1.95 1.02 3.46 0,98
1 2.38 0.031 5 0.541 45.9 21.9 7.27 2300 1.78 0,96 3.36 0.87
1 2.38 0.031 5 0.788 49.9 21.8 7.24 3300 2.08 1.26 4,47 0.68
1 2.38 0.031 5 1.03 49.9 21.7 7.23 4320 2.01 1.08 5.00 1.00
1 2.38 0.031 5 1.19 47.2 24.4 7.80 5010 2.30 1.42 5.94 0.76
1 2.38 0.031 5 1.19 48.1 24,4 7.80 salO 2.68 1.39 6.05 0.81
1 2.38 0.031 5 1.19 49,9 22.1 7.30 5010 1.37
1 2.38 0.031 5 1.19 50.9 21.9 7.29 5010 2.10 1.17 5.35 0.92
1 2.38 0.031 5 1.48 48,4 22.5 7.sa 61sa 1.96 1.34 6.44 0.86
1 2.38 0.031 5 1.47 46.0 21.7 7.23 6170 1.96 1.15 5.78 0.81
1 2.38 0.031 5 0.126 45.3 45.6 17.4 496 1.82 0.97 2.40 0.97
1 2.38 0.031 5 0.126 49.9 45.4 17.2 49B 1.51 0.91 2,42 0.99
1 2.38 0.031 5 0.547 49.9 45.8 17.4 2170 2.19 1.11 6,49 0.98
1 2.38 0.031 5 1.03 48.7 45.4 17.3 4070 2.36 1.27 9.73 0.88
1 2.38 0,031 5 1,47 51.7 45.2 17.2 5820 1.64 1.33 11.7 0.83
1 2.38 0.031 5 0.125 52.2 88.2 24.0 4T4 1.94 1.01 3.50 0.99
1 2.3B 0.031 5 0.543 48.0 65.7 23.7 2060 2.08 1.27 9.56 0.92
1 2.38 0.031 5 0.543 50.1 65.7 23.7 2060 2.52 1.23 9.25 0.91
1 2.38 0.031 5 1.03 50.8 65.5 23.6 3690 1.99 1.35 14.6 0.81
1 2.38 0.031 5 1.47 sa.5 66.6 23.9 5540 2.03 1.30 18.0 0.79
1 2.38 0.031 5 1.47 51.5 66.2 23.8 5540 2.22 1.43 18.1 0.81
1 2.38 0.031 5 0.128 19.7 95.0 30.3 449 1.94 1.12 5.15 1.10
1 2.38 0.031 5 0.126 22.7 96.1 30.8 449 2.20 1.20 5.24 1.04
1 2.36 0.031 5 0.125 23.6 91.5 30.0 449 2.83 1.27 4.88 1.05
1 2.38 0.031 5 0.125 24.7 92.3 29.7 449 2.74 1.15 4.72 1.09
1 2.38 0.031 5 0.126 2B.0 93.3 30.4 449 1.97 1.07 5.1B 1.08
1 2.3B 0.031 5 0.126 41.9 92.8 30.2 449 2.54 1.16 5.09 1.09
1 2.38 0.031 5 0.125 44.5 94.0 30.2 449 2.98 1.26 4.99 0.96
1 2.38 0.031 5 0.128 48.7 92.9 30.3 449 2.59 1.19 4.97 0.98
1 2.3B 0.031 5 0.508 47.7 89.5 29.2 1820 279 1.39 12.1 0.91
1 2.38 0.031 5 0.549 22.2 91.7 30.0 1970 2.11 1.10 13.2 1.15
1 2.38 0.031 5 0.549 27.1 91.2 30.0 1970 2.54 1.18 13,4 1.18
1 2.38 0.031 5 0.549 41.2 9O.B 29.8 1970 2.01 1.24 13.6 0.95
1 2.38 0.031 5 0.549 49.8 92.5 30.3 1970 2.55 1.35 13.8 0.88
1 2.36 0.031 5 1.03 23.8 89.0 29.5 3720 2.50 1.21 20.0 1.1~

1 2.38 0.031 5 1.03 27.8 89.3 29.B 3720 1.89 1.11 19.7 0.85
1 2.3B 0.031 5 1.03 4O.B 89.2 29.5 3720 2.45 1.34 20.3 0.66
1 2.38 0.031 5 1.03 43.9 89.1 29.5 3720 2.37 1.31 20.3 0.94
1 2.38 0.031 5 1.19 24.8 88.0 29.2 4290 2.76 1.30 20.8 1.04
1 2.38 0.031 5 1.19 26.0 69.0 29.2 4290 2.45 1.20 20.7 1.01
1 2.38 0.031 5 1.19 45.7 89.0 29.1 4280 2.69 1.44 20.6 1.01
1 2.38 0.031 5 1.19 48.0 89,4 29.3 4260 2.70 1,43 21.9 0.83
1 2.38 0.031 5 1.46 42 96.4 30.9 5240 1.59
1 2.38 0.031 5 1... 23.9 68.1 2S.2 5290 2.96 1.32 24.5 0.91
1 2.38 0.031 5 1.48 27.7 87.7 29.1 5290 2.16 1.10 23.7 1.00
1 2.38 0.031 5 1.48 38.9 89.3 29.5 5290 2.19 1.28 25.8 0.87
1 2.3B 0.031 5 1,.48 47.9 88.5 29.3 5290 2.46 1.48 24.7 0.76
2 1.59 0.014 7.6 0.125 49,6 24.4 8.38 772 2.B6 1.12 1.59 0.96
2 1.59 0.014 T.B 0.125 49.6 24.8 8.68 772 1.79
2 1.59 0.014 7.B 0.232 50.4 24.3 8.33 1430 2.66 1.19 2.59 1.0B
2 1.59 0.014 7.B 0.386 49.5 24.5 B.57 2380 3.02 1.31 3.60 0.81
2 1.59 0.014 T.6 0.466 50.3 24.5 8.58 2880 2.15 1.30 4.42 1.01
2 1.59 0.014 T.6 0.546 51.4 24.5 8.58 3370 2.75 1.40 4.54 0.86
2 1.59 0.014 7.B 0.789 49.6 24.6 8.55 4870 2.79 1.38 5.51 0.15
2 1.59 0.014 7.B 1.04 49.3 24.1 8.62 .390 2.58 1.41 8.89 0.94
2 1.59 0.014 7.• 1.04 51.3 24.9 8.75 6390 2.63 1,21 6.19 0.97
2 1.59 0.014 7.B 1.21 48.0 25.1 B.79 7460 2.79 1.4B 7.73 0.92
2 1.59 0.014 7.B 1.50 48.5 25.1 9.14 9200 3.10 1.54 9.64 0.94
2 1.59 0.014 7.B 1.sa 49.2 25.4 8.91 9200 2.82 1.38 9.92 0.92
2 1.59 0.014 T.6 1.sa 50.9 25.9 9.21 9200 2.87 1.57 9.79 0.88
3 3.75 0.027 6.5 0.125 sa.6 24.5 B.46 943 1.85 0.93 1.41 0.79
3 3.75 0.027 B.5 0.232 sa.4 24.5 8.46 17sa 1.8B 0.87 1.95 0.77
3 3.75 0.027 B.5 0.385 51.0 24.6 8.58 2900 2.58 1.10 2.60 0.55
3 3.75 0.027 B.5 0.466 sa.B 24.6 8.60 3515 1.87 0.82 2.75 0.82
3 3.75 0.027 B.5 0.545 48.7 24.8 8.59 4110 1.73 0.97 3.12 0.73
3 3.75 0.027 6.5 0.545 49.7 24.6 6.55 4110 1.78 1.13 3.14 0.56
3 3.75 0.027 B.5 0.B26 51.4 24.6 8.57 4720 2.01 1.07 3.39 0.73
3 3.75 0.027 B.5 0.785 sa.1 24.7 8.63 5920 2.21 0.96 3.93 0.80
3 3.75 0.027 B.5 1.03 51.0 24.8 8.63 7730 1.78 0.88 4.36 0.97
3 3.75 0.027 6.5 1.19 49.5 24.9 8.71 89BO 1.95 1.05 5.31 0.71
3 3.75 0.027 6.5 1,.47 49.5 24.9 8.71 11100 2.06 0.96 5.97 0.89
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• E2: Experimental conditions and important data for pure through drying
G B n T.. x, ~ "' R.. R, 0'

0.125 21.6 2,., 7.30 2.21 1." 2.80 2.59 1.98
0.125 22.0 22.2 1.:10 2.09 1.01 2.80 2.56 1.'"
0.125 24.6 22.2 1.:10 2.33 1.15 2.80 2.S!' 2.43
0.125 28.3 22.1 7.25 1.58 0.58 2.79 2.54 1.22
0.125 37.0 ZI,ô 7.03 2.58 0.68 2.75 2,62 1.19
0.125 39.7 22.2 7.30 2.54 0.89 HO 2.53 2.11
0.125 48.7 22.2 7.30 2.58 MI 2.aD 2.56 1.52
0.125 ".1 21.7 7.08 2.41 0.68 2.76 2.1:0 1.32
0546 21.5 22.' 7.27 2.43 0,98 12.2 10.5 1.25
0.546 n.2 22.1 7.27 2.2' 1... 12.2 10.8 1.76
0.546 27.6 22.1 7.27 2.76 1.42 12.2 10.7 2.10
0.5018 38,11 22.1 7,27 2.59 0.74 12.2 10.5 1.32
0546 41.9 22.1 7.27 2.65 1.32 12.2 10.3 2.37
0.5017 26.4 21.6 7.03 2.96 0.93 12.0 10.7 1.19
0.547 38.5 21.6 7.03 2.58 0.52 12.0 11.1 0.93
0.547 49.6 21.6 7.03 2." 0.58 12.0 \1.1 1.50

1.03 .23,11 22.1 7.27 2.32 0.87 22.9 18.1 1.13
1.03 26.5 21.8 7.11 2.54 1.20 22.6 19.0 1.54
1.03 28.7 22.1 7,27 2.61 1.38 22.9 19.2 1.38
1.03 39.0 22.1 7.27 2.oC7 1.80 22.9 \9.5 1.90
1.03 .(0.0 21.8 7.11 2." 0.85 22.B 19.1 1.31
1.03 ,(9.0 22.1 7.27 2.95 1.82 22.9 18.6 2.00
1.03 50,2 21.8 7.11 2.38 0.72 22.B 20.6 1.88
1." 27,0 21.4 B.90 2.54 1.03 31.8 27..( 1..(1
1... 37,8 21..( '.90 2.09 0.90 31.8 28,8 1.53
1." .... 21..( B.90 2.38 1.05 31.8 29..( 2•.(8
1..(7 22.' 22.1 7.27 2.37 0.98 32.7 25.1 1.33
1..(7 27.1 22.1 7.27 2.58 1.21 32.7 28.8 1..(6
1..(7 .(11.1 22.1 7.27 2.80 2.05 32.7 30.0 1.58

0.125 28,5 ,(7,3 17.9 2.94 2.75 1.89 '.44 '.58 2.44 2.13
0.125 37,9 ,(7.8 18.0 2.20 2.11 1.19 5..(9 '38 2.13 3."
0,125 oC7.7 ,(8.3 17.6 2.oC3 2.37 1.25 5.33 5,23 2..(8 3.77
0,5.(8 28.4 .(7.3 17.9 2.94 2.54 1.44 23.8 22.0 1.59 3.86
0.548 38.1 .(7.3 17.9 2.42 2.2.( 1.18 23.8 21.8 1.79 3.80
0.5411 '(8,5 47,0 17.8 2.39 2.2.( 1.30 23.11 22.8 2.09 3.76

1.03 25.9 ..., 17.6 2.31 1.94 1.13 44.1 34.1 1.50 3,77
1.03 34.B .... 17.6 2.28 1.96 1.02 440 38.6 2.04 3.83
1.03 .(7.1 41H 17,6 2.07 1.83 0.&7 440 40.3 1.34 3.83
1." 28,6 "B 17.7 2.74 2.28 1.07 63.8 52.6 1.34 3.67
1.46 38.3 46.8 17.7 2.111 1.58 0.83 63.8 ,.... 1.50 3.89
1.48 ".1 ... 17.7 2.22 1.95 0.77 63.8 61.0 1.54 3.117

0.125 26.4 65.9 23.7 2,29 2.07 1.25 7.85 1.98 1.112 3.87
0.125 39.5 .. 0 23.8 2.31 2.15 1.34 7.86 7.97 2.21 '81
0.125 ... 87..( 24.1 2.20 2.04 0,97 8.05 7.87 1.54 3.87e 0.5,(6 28.0 56.0 23.8 2.oCl 2.05 1.18 34.' 30.1 1.87 384
0,548 39.1 58.0 23.8 2.18 1.83 0.96 34.' 30.5 1.72 3.04
0.5.(8 51.3 58.0 23.8 2.40 2.21 1.03 3.(..( 33.7 1.51 3.75

1.03 211.0 811.1 24.4 2.33 1.110 D.85 67.3 54.0 1..(0 3.79
1.03 38.3 67.7 24.2 2.16 1.79 D.82 58.B 58,4 1.G3 3.84
1.03 51.6 58.' 24.0 2.30 1.96 o.n 65.9 62.5 1.32 3,6'(
1... 26.0 56.' 23.9 2.60 2.13 1.13 93.9 75.5 0.96 3.61
1." 37.4 56.B 23.9 2.73 2.22 0.99 ".1 83.8 1.37 3.n
1." .(8.4 58.B 23.9 2.50 2.09 0.89 94.1 63.7 1.30 3.63

0.125 23.2 90.' 29.9 1.97 1.85 1.09 11.5 9.8,( 2.03 3.62
0.125 23.2 91.1 30.0 2.90 2.59 1.27 11.6 9.74 2.11 2.76
0.125 26,3 87.7 29.1 2.17 1.83 1.25 11.0 11.2 2." 3,59
0.125 35.5 87.7 29.1 2.26 1.98 1.14 11.0 11.7 1.80 3.8,(
0.125 36.6 91.1 30.0 2.46 2.25 1.10 11.6 '.90 2.33 3.62
0.125 .(J.6 86.2 26.6 1.89 1.58 0.95 10.6 10.2 1.63 3.81
0.125 .(8.4 91.1 30.0 2.61 2•.(3 1.11 11.6 10.0 2.47 3,88
0.125 .(9.5 92.9 30..( 2.07 1.85 1.01 11.8 10.7 2.25 4.08
0,5.(7 20.i 811.3 29.6 2.58 2.38 1.34 ,(9.2 38.' 1.53 2.54
0.547 26.9 89.oC 29.6 2.37 2.0\ 1.29 .(9.3 38.8 1.62 3.27
0.547 38.0 90' 29.8 2.63 2.24 1.10 ".0 4U 2.27 3.63
0.547 .(8.0 91.0 30.0 1.69 1.36 0.80 ..., 40.9 2.18 3.72
0.549 28.6 90.2 29.7 2.92 2.37 1.57 .(9.8 45.7 1.88 3.77
0.549 37.7 89.9 29,6 2.83 2.38 1.52 .(9,6 oC9,2 1.91 3.54
0,549 43.1 88.3 29,3 1.97 1.68 1.17 .(8.7 41.8 2.01 3.18
O.54i 48.0 88.3 29.3 2.54 2.37 0.95 48.5 ,(9.6 1.57 3.99

1.03 25.7 88.7 29.4 2.86 2.07 1.54 92.3 65.8 1.58 3.42
1.03 32.6 88.4 29.3 2.93 227 1.04 91.5 7U 0.90 3."
1.03 ".3 88.5 29.3 2.58 2.14 1.08 92.0 81.5 1.30 3.78
1.03 24.7 89.2 29,5 2.71 2." 1.07 92.8 67.8 1.56 3.80
1.03 26.0 811.5 211.6 2.61 1.85 1.05 92.9 68.7 1.22 4.77
1.03 37.8 89,5 29.8 2.72 2.43 1.21 92.9 58.1 1.89 3.98
1.03 .(6.8 88.8 29.5 2." 1.87 1.13 92.1 67,8 2.05 3.51
1.03 47.2 8U 29,5 3.30 2.97 1.80 92.6 68.11 2.24 2.73
1.47 24.1 90B 29.9 2.54 1.89 1.07 13' 87.8 1.52 3.60
1.47 27.5 89.7 29.6 2.53 1.71 1.23 133 92.4 1.65 3.40
1.47 37.4 9O.B 2U 2.82 2.05 1.22 135 58.B 2.22 3.83
U7 47.7 BU 29,5 2.65 2.20 1.69 ." 102 1.54 3.17
U7 ".3 611,9 29.5 1.38 1." 0.59 132 92.7 1.07 3.09
1.47 51.7 811.9 29.5 2.40 2.07 1.50 132 90.0 1.96 3.01
1.48 4U 87.2 29.1 2.75 220 l.41 129 96.0 1.62 3.75
1.48 25.7 .... 29,.( 2.80 1.97 1.13 133 79.6 1.22 3.83
HII "., 88.8 29.4 2.50 1.54 1.22 ." 77.1 1.04 3.05
1.48 37.0 90.1 2U 2.91 2.16 0.88 138 122 1.04 3.72
1.48 .(u 90.' 29.8 3.1oC 2." 1.29 138 111 1.48 3.73
1.46 4'U 90.' 29.11 2.72 2.08 1.38 138 llB 2.05 3.48

(Through œying llIithoul Jeu)
o.... 2U 21.5 7.03 2.56 11.9 10.3 1.83
o.... 24.1 21.5 7.03 2.39 11.9 10.oC 1.88
o.... 49.5 21.5 7.03 2.42 11.9 10.4 1.27
o.... ".3 21.5 7.03 2.33 11.9 10.8 1.'

1.45 24.1 98.2 28.8 2." 1.33 1.16 125 n.1 2,01 3.35
1.45 25.1 58.2 28.8 2.03 2.11 1.23 125 n.s 1.52 3.88
l.45 411.7 58.2 28.8 2.58 2.04 1.08 125 liB 1.88 3.75
l.45 49.3 .. 2 211.11 2.42 1.95 0.911 12' 119 1.74 3.76
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Experimental conditions and important data for CITAD drying (continued)• E3:
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• Appendix F Characterization of the pulp

The freeness of the dry, unbleached standard laboratory kraft pulp (100% black

spruce) and the physical properties of the handsheets are as follows:

Canadain standard freeness, ml 685

Grammage ( Basis weight), g/m2 (0.0.) 59.8

Bulking caliper, flm 120.1

Bulk, cm3/g 2.01

Burst index, kPa m2/g 1.96

Tear index, mN m2/g 21.05

Breaking length, km 3.30

Stretch, % 1.77

Toughness index, mJ 37

Stress-strain factor, mJ/g 417

Zero-span breaking length, km (Pulmac) 16.84

Tensile index, N rn/g 32.38

TEA, J/m2 24.97




