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ABSTRACT

A dynamic model of the calendering of paper which incorporates relationships for

both roll local thermal deformation and the stress-strain behaviour of paper in and after

the nip was developed~ validated, then used to demonstrate its application to model

predictive control of calendering. The experimentai determination of the stress-strain

behaviour of paper included documenting the effect of initial temperature and moisture

content as well as process parameters, and was expressed as the in-nip calendering

equation. The rheological behaviour of commercial newsprint made from

thermomechanical pulp was found to he a strong nonlinear function of temperature and

nloisture content over the wide range of20 to 80 Oc and 1 to 14% moisture.

A simplified model for the transient local defonnation of a calender roll in

response to a local cross-machine (CO) control action was determined and validated

against the previous complete numerical analysis solution for a variety of roll designs and

thermal boundary conditions. This model. appropriate for use in real-time control~ was

sho\vo to be effective in seeking a compromise between the conflicting CO control

objectives of large roll defonnation, fine CD resolution and fast control response time.

From the above two elements a dYQamic model of the calendering process was

developed by appropriate combination of the model of transient local calender roll

deformation with the in-nip calendering equation used ta estimate~ at a specific CO

position~ in-nip strain from permanent strain. Use of the model shows that paper response

to a control action is highly sensitive ta local nip load and to temperature and moisture

content of the paper. After validation with published measurements on an industrial

calender~ the effectiveness of this model for minimizing thickness nonuniformity in the

CD dimension through implementation of model predictive control of calendering was

demonstrated. For a multi-roll calender stack of industrial specifications this

demonstration showed an impressive reduction in CD control response time through use

of multi-step control action. This model opens the prospect of a significant industrial

innovation through the introduction of model predictive control to the difficult problem

of CD control of calendering.
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Résumé

Un modèle dynamique du calandrage du papier, comprenant des équations à la fois pour la

déformation thennique locale du rouleau et pour le comportement contrainte-déformation du

papier à l'intérieur et à la sortie de la pince, a été développé, validé puis utilisé pour être

appliqué à la commande prédictive du calandrage. La détermination expérimentale du

comportement contrainte-déformation du papier comprend l'étude de l'influence des conditions

initiales de température et d'humidité, et a été traduite dans l'équation de la pince de calandrage.

Nous avons constaté que le comportement rhéologique de papier journal commercial fait de pâte

thermomécanique est une fonction fortement non-linéaire de la température et de l'humidité,

pour des températures variant de 20 à sooe et des taux d'humidité de 1 à 14%.

Un modèle simplifié pour la déformation transitoire locale du rouleau de calandrage en

réponse à une action de contrôle local dans le sens travers a été déterminé puis validé par

rapport à la solution numérique complète pour plusieurs types de rouleaux et différentes

conditions thermiques aux limites. Ce modèle, approprié pour un contrôle en sens travers et en

temps réel, peut aider à trouver un compromis entre la défonnation importante du rouleau, la

haute résolution en sens travers et le temps de réponse rapide.

De ces deux éléments a été développé un modèle dynamique du procédé de calandrage, par la

combinaison du modèle de déformation locale transitoire du rouleau de calandrage et de

l'équation de la pince de calandrage utilisée pour estimer, à une position sens travers donnée, la

déformation dans la pince en fonction de la défonnation pennanente. L'utilisation de ce modèle

indique que la réponse du papier à une action de contrôle est très sensible à la force locale de la

pince ainsi qu'à la température et l'humidité du papier. Après la validation par des mesures

effectuées sur une calandre industrielle, l'efficacité de ce modèle pour minimiser la non­

uniformité de l'épaisseur dans le sens travers par l'utilisation de commande prédictive a été

prouvée. Pour une calandre à plusieurs rouleaux de spécifications industrielles, nous avons

montré qu'il est possible d'obtenir une réduction impressionnante du temps de réponse pour le

contrôle du sens travers grâce à une action de contrôle multi-pas. Ce modèle ouvre la voie à des

améliorations industrielles significatives grâce à l'introduction d'une méthode de commande

prédictive pour le difficile problème du contrôle du calandrage en sens travers.
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• 1 Introduction

•

Uniformity of paper thickness and surface properties is a key factor determining

the end-use performance of paper. Nonuniformity in sheet thickness causes variation in

reel hardness2 and thus problems with roll structure during the winding process as weIl as

when paper is rewound and cut ioto narrow rolls. Those variations are also the major

source of sheet breaks in printing presses2 causing loss of production. Lack of unifonnity

in surfaëe properties2 roughness and glOSS2 which are often related to paper thickness

variatioDS:t lead to nonuniform quality ofimages printed on paper.

Calendering is for Many grades of paper the final papennaking operatio~ and thus

the Iast processing step where nonuniformity ofpaPer properties can be controUed both in

its direction of travel in the paper machine:t the machine direction (MD), and in the

direction across the width ofthe machine, the cross-machine direction (CD).

A calender is effectively a rolling mill, a vertical stack of two or more cast iron

rolls machined to a very high quality ofuniformity. The rough and bulky paper:t product of

the preceding steps in the papermaking process enters the top calender nip and proceeds

down through successive nips between each pair of roUs in the stack. High pressure

imposed on the paper in these nips permanently defonns the wood fibres both on the

surface and inside the paper, reducing sheet roughness and thickness. Passing from top to

bottom of the calender the sheet becomes progressively thinner and smoother, which

improves the quality of the end produet. Sheet thickness is typically reduced by about 30

to 60% in calendering.

Improvement in the uniformity ofpaper properties in the CD dimension is achieved

by adjustment in local nip load and/or temperature distribution. :MD variation, usually

changing slowly, is controUed by aItering the average calendering load using rolls with hot

water circulation, variable crown or selective hydraulic loading adjustment. The response

action in this type of control is quick, 50 real-time MD calender control is straight­

forward.
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The much more diflicult reduction in nonuniformity of paper tbickness in the CD

dimension is accomplished by adjustment in local roll radius, and consequently the CD

profile of local nip load on the paper by manipulating the CD profile of local roll

temperature [16, 38, 53, 58, 63]. Arrays oflocally adjustable impinging air jets, induction

coils or infrared heaters are used as the control aetuators to change local roll temperature,

thereby changing local nip load and the extent of compression of the paper. Because the

reaction time for thermal control is relatively long while sheet speed is high, the diflicult

challenge in CD control ofcalendering is to minirnize the delay in control action.

CD variation in paper temperature and moisture content ftom conditions of the

drying process affect not ooly the rheological properties of the paper but also the CD

profile of roll surface temperature. Varying roll temperature alters the local roll diameter,

and thus the CO distribution oflocal nip pressure which controls thickness reduction in the

nip. Nip load along with roll radius and machine speed define the magnitude and duration

ofthe pressure pulse in the nip, while the properties ofpaper determine its response to this

pulse. Physical problems related to CO control include calender roll srinding accuracy,

crowning, roll deflection and wear.

The complex interaction of calendering parameters, control variables and their

effect on the thickness profile have been understood qualitatively by calender operators

who tirst used manual control, now commonly closed-loop control, to adjust the CD

profiling system. Current practice is to use closed-Ioop automatic CD control of the paper

thickness profile and thus of reel building, thereby reducing system response time,

improving paper quality, increasing productivity and minimizing waste. Accurate paper

thickness sensors, fast signal processing and more powerful actuator systems ofbetter CD

resolution 100 to improved CD control systems.

As for the system being controlled, by far the slowest element to respond to

change is the calender itself because of the high thermal inertia of the heavy roUs. For

systems difficult to control through having elements ofgreatly divergent tinte constants, an

approach intrinsically superior to feedback control is model predictive control, which can

allow for the dynamic response of the calender. However use of model predictive control
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requires a precise description of the system behaviour, which in this case means of wbat

occurs in the nip of the calender. Determination of that description of the behaviour of

paper in the nip of a calender in order to construct a Madel predictive control of

calendering bas been the goal of two preceding theses, Journeaux [42] and Browne [7],

and ofthe present thesis.

In the first stage Journaux [42] focused on relationship between thermal roll

deformatioD, resulting from heat transfer provided by an aetuator syst~ and the CD

radius profile, which was obtained for a variety of roll designs and thermal boundary

conditions. Next, Browne [7] determined the permanent and in-nip CD local thickness

reduction as a function of the local calendering variables, that is, contnbuted the in-nip

calendering equation. However, this was done ooly for the ambient conditions of two key

variables, paper temperature and moisture content.

The permanent and in-nip versions of the calendering equation allow calculation of

the desired localload distribution, corresponding to a local roll deformation. Availability

of an in-nip calendering equation enables calculation of the control response to a local

change in paper thickness as a function of local thermal deformation of the calender roU.

However, in order that this cao be done over the range of industrially relevant conditions

requires that the in-nip calendering equation incorporate the effects of paper temperature

and moisture content.

The objective of the present step of the project is to determine the effect of paper

temperature and moisture content on the in-nip behaviour of paper, to assemble the

existing information ioto a comprehensive dynamic model and to demonstrate the use of

this knowledge in the CD control of calendering by model predictive control. Achieving

this objective iovolved the design and construction of a controUed environment

calendering facility, a modified version of the equipment used in the second stage of the

project. An extensive experimental program was required for the measurement of in-nip

paper thickness under wide ranging calendering conditions. Development and testing ofa

comprehensive dynamic simulation for model predictive control completed the present

work.
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2.1

Literature review

Control of the caleDdering process

•

Paper thickness reduetion in the nip of a calender is affected primarily by nip load,

machine speed, roll diameter, paper and calender roU temperature, paper moisture content

and initial bulk (specifie volume). Crotogino [15] compiled a comprehensive review ofthe

parameters affecting calendering. Nip load is the MOst effective parameter for calendering

paper. The thickness reduetion that accompanies increasing nip load al50 increases paper

surface smoothness and gloss but may decrease paper strength. Temperature, the second

most effective parameter, makes the paper web more plastically defonnable and pliable, 50

paper structure is more predisposed to change. Similarly, increasing its moisture content

makes paper more sensitive to calendering. However, moisture content higher than 15 to

20% can result in calendering blackening. Moreover, only up to about this level of

moisture content, depending on temperature, does permanent deformation increase with

paper moisture content. High temperature and moisture content also increase paper

sensitivity to disturbances such as temperature and moisture streaks. On the other band

higher paper temperature or/and moisture content aUows a specific calendering effect to

be achieved at a lower nip load with correspondingly reduced loss in paper strength. The

initial bulk descnoes the potential for compression of the paper up ta the limit beyond

which no further bulk reduction is possible. Passing through successive nips from top to

bottom of the calender stack the web becomes thinner and more resistant to further

compression. Roll diameter affects the length and surface area of the nip, which thereby

a1ters the caIendering dwell time and the distnoution of nip Joad. Machine speed Iikewise

affects caIendering through controUing the dweU time in the nip.

A typical paper machine calender consists of a vertical stack of tram two to eight

chili cast iron roUs. Roll diameters vary trom approximately 300 mm for old paper

machines to 800 mm for modem, fast machines. The pressure in the nip, or the nip load,

that is provided by the gravity loading trom the weight of the rolls may be augmented or

relieved at intermediate positions in the staclc. The great variety of types of roUs used in
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industrial calenders can be divided into three major groups, Le. solid roUs, heat transfer

rolls, and variable crown roUs.

The solid rolls used on older ca1ender stacks are not common in newer

installations. The only advantage, the higher nip load associated with the weight of these

rolls, has become a disadvantage with the larger roll diarneters used in newer calenders

where the weight of solid rolls can be excessive. Consequently solid roUs in existing

calender stacks are being replaced by heat transfer or variable crown roUs.

Heat transfer rolls are internally heated to promote bulk and roughness reduction

ofpaper. The simplest design is the center-bored roll with steam passing through the core

as the heating fluid. Typically the heat transfer rate for this type ofroll is relatively low, a

consequence ofthe limited internaI area available for heat transfer with the thick sheD. On

modem calender stacks this type of design is being replaced by the more sophisticated

double walled and peripheralIy bored rolls. The advantage of these roUs is their much

larger internai heat transfer area and thinner effective sheD thickness, both of which

inCfease the heat transfer rate. The heating fluid, most typical1y pressurised hot water, is

passed through the heating channel at high velocity, ensuring an axially uniform

temperature profile.

Variable crown rolls typically consist of hoDow shells supported across the entire

width of the roll on hydraulic or hydrostatic bearing systems. ExtemaUy applied force is

transferred through the shell and the hydraulic support elements to the stationary central

beam. This design allows compensation for the tendency of the bottom roll, the king roll,

to sag onder its own weight and that of the roll above it. Another application for the

variable crown roU is to use additional load applied through its bearing housings in order

to prevent roU bending. The several designs of variable crown roll differ primariIy in the

choice ofinternaI hydrauIic loading system.

A type not considered here is the soft calender rolt A1though this version of roU

was developed originaIly for oft:line super calenders or g10ss calenders, recently it is being

used increasingly for on-machine, temperature gradient calendering. Synthetic polymers,
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CD control actuators CD prome caliper sensor

•

Figure 2. 1: Calender CO caliper control system with impingement air jets

rubber or paper under extremely high radial compression is used as the soft cover for the

roll.

The aetuator systems most commonly used to control the local variation in CD

paper thickness profile are air showers and induction heaters, with the latter being the

predominant industriai praetice now. Arrays of air jets or induction pads placed along the

width of calender rolls constitute the calendering control elements, Figure 2.1.

Development of precise, continuous and direct on-lïne thickness measurement enabled

inu·oduction of automatic CD control of calendering. Calïper sensers with fast signal

processing and very good resolution, ± 1 J.lID, are interfaced with the aetuator systems

through a process control computer [20). CD control system architecture now captures

snapshots of the raw sensor data and position of the measurement scanner head for

sending to the profile transformation module using a high speed seriallink. The high speed

ofthe data processing and ofthe inner controlloops ofthe scanner system now enables
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high resolution of spatially-aligned profiles tram up ta 480 measurement zon~ a

significant inCfease from the 60 zones of older systems [69]. The larger sample aIlows

more precise alignment of the CO profile, which in tum pennits identification and

elimination ofpreviously invistble process problems, i.e. fine streaks.

This high resolution data link permits adoption ofadvanced profile processing and

control techniques. Thus adaptive profile estimation can be used to identifY the persistent

CD high-resolution profile by eliminating short term variation, usually measurement noise.

This uncontrollable variation is eliminated by digital filtration schemes. Use of non-linear,

adaptive controDers aIlows fast and precise control of paper thickness, with faster

recovery after upsets and breaks. Profile transformation a1gorithms aUow for precise

alignment of aetuator position with the profiles. The power of inductive heating systems

bas been doubled from about 2 ta 4 kW/zone while the width of control zones bas been

reduced from 120 mm ta 75 mm [53]. Joumeaux [42] show that axial heat conduction in

the roll makes this 75 mm wide control zone the narrowest achievable control of roll

deformation. These high power heating systems aUow raising the roll temperature trom 40

to 60 Oc , with resulting local roU defonnation being up to 15 J.UIl at steady state [42, 52].

Ta further enhance the effectiveness of CD control of calendering, a heatinglcooling

control can be exercised on more than one roU, thus giving more control ovec final

uniformity ofCD thickness profile.

Closed-Ioop feedback control is the strategy currently used in CD sheet thickness

proflling. When the controUed variable, paper caliper as measured after calendering by a

traversing sensor, starts deviating from the set-point the error signal generated initiates

corrective action regardiess of the source or type ofdisturbance. However the calender is

sa massive that it requires 10 to 30 minutes to reaet. Wrth the high speed ofmodem paper

machines, up to 1500 rn/min, feedback control ofcalendering requires either excessive time to

settle if a strong control action is used to rnjnjmize the time that the load caliper is off

specification, or else aIlows extended time off specification ifa restrained control action is used

ta avoid overshooting. Although new CD control systems provide a significant reduetion of
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this response time, with reduced overshooting, corrective action still requires 8 to 10 minutes

[37,69].

A 9 meter wide newsprint machine nmoing at 1100 mlmin produces about 30

tonneslhour; ifthe control system requires 10 minutes to arrive at 95% ofthe target variation,

about 5 tonnes of substandard paper will have been made. Two POSSIbilities for improved

control system response are: reduction in response time by reducing roll thermal inertia or

improvement in the effectiveness ofthe control action. The thermal inertia ofcalender roUs bas

aIready been reduced to the Iimit permitted by roll bending and other mechanical consider­

ations. Improvement of control etrectiveness requires the ability to predict the future

behaviour ofthe system in response to various process and control variables.

Model predictive control (MPC) is an advanced control sttategy wbich uses an explicit

dynamic model of the process ta predict, based on past control outputs, the effect on the

process output of future actions of the manipuIated variable. The future moves of the

manipulated variable are selected such that the predieted response bas desired cbaracteristics.

The behaviour ofthe process is considered over a certain prediction horizon wbich is a design

parameter that influences control system performance and is usuaIly longer than any process

time delay. One sampling period after the application of the current control action, the

predieted resPOnse is compared with the aetual response given by measure system. Using

corrective feedback action for any errors between aetual and predieted response, the entire

sequence of caIculation is then repeated at each sampling instant with the horizon moved by

one time interval. The future outputs predieted by the internaI dynamic model MaY he displayed

to provide operator confidence in the effectiveness of the control system and to aIIow

transparent on-line tuning. Corrective action is taken through automatic adjustment of the

individual aetuators.

The MPC strategy bas found wide acceptance in the chemical process industry over

last decade for its high performance capability ofmanaging difficult to control systems without

expert interventions for long periods oftime [26]. MPC is the best solution for multivariable

processes with very dynamic and unpredictable changes in process conditions and with large

dead times. The popularity ofthis control strategy in the pulp and paper industry is increasing
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steadily, especiaIly in combination with adaptive control strategy [21, 22, 28, 71]. Model

predictive control wouid he highly advantageous for CD control of paper ca1iper through the

abiIity to predict the dynamic response ofthe caJender.

The:MPC strategy wouid aIIow prediction of local CD caliper for a number offuture

time steps, thereby compensating for the large time delays typical ofthe calendering proœs5. In

combination with both feedback and feedforward compensation, MPC couId produœ a much

more effective and robust control system than any of the current strictly feedback systems for

CD caliper profiling.

The accuracy, robustness and stability ofthe MPC approach requires having a precise

model of the process [26, 72]. For control by MPC of the CD load thickness of p8per, the

process for wbich a precise model is required is of the bebaviour of paper to CD local

conditions in the nip between calender roDs. The absence of knowledge of the bebaviour of

paper to local in-nip conditions bas been the obstacle to the adoption of model predictive

control to this difficult control problem.

2.2 Factors involved in a model of calendering

Consideration of the evolution of progress in CD control of ca1endering starts with

Haglund [31], who proposed a numerical model to descnbe the effect of CD variation of

calendering variables and of initial paper properties on the thickness profile of the

outgoing shoot. The local CD calendering conditions were linked using the line pressure

distnoution, the resulting calender roU deflection and local roll defonnation. This

procedure requires conversion from the measurable applied line pressure, PIiac, to the

resulting pressure distnoution in a calender nip. Robertson and HagIund [30] showed that

the relationships for permanent and in-nip paper strain proposed by Peel and co-workers

[Il, 12] could be applied to a rolling nip using a method developed by Mardon et al. [59]

which related the maximum pressure in the nip, Pmax, to the line pressure. This procedure

is implicit and requires a large amount ofexperimental data. For this reason Haglund used
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the simplification suggested by Robertson and Haglund, where the pressure pulse in the

nip is approximated by a rectangular pulse. Their model predicted that successful calender

control would require change in the local roU radius equal or less than 1 J.UIl.

Derezinski [19] used the approach of Haglund et al. to develop a model of a

complete calender staele, incorporating the effect ofheat transfer within the calender stack

on the local roU deformation and resulting local thickness correction. As in the previous

analysis, difficulties were encountered in descnoing the line pressure distribution a10ng the

calender nip as a function of local sheet thickness and eaIender roll diameter.

According to Lyne et al.[57] and Robertson et al.[30} development ofa complete

model ofthe calendering proœss should contain the foUowing elements:

- a local model for a single cross-machine position in an ideal eaIender nip,

- the local pressure increase and accompanying compressive effect caused by varying

calender roU radius profile

- the effect of paper web moisture content and temperature on web compression given a

constant diameter profile,

- the relationship between temperature distnoution and diameter profile in a calender roll,

- the change in roll temperature distribution due to exœss heat generation and heat

transfer effect,

- the amount ofcontrol over roll temperature distribution exercisable with an available

aetuator system.

Finally, this model should he extended taking into account roll crowns and

deflection as weU as a multi-nip eaIender staele.

2.3 Stress-strain behaviour of paper during and after calendering

Chapman and Peel [11] investigated the effect of a pressure pulse on paper

thickness using a platen press. They derived empirical relationships, the master creep

equations, for compressed and recovered paper thickness as functions of maximum

10



• pressure and pulse duration. The shortest pulse duration wu about 6 ms, wbich is an

order ofmagnitude or more greater than the dwell time in a commercial calender, and the

pressures applied were fairly constant over that duration. Thereby their results descnoe

more the defonnation charaeteristics of paper than the response to a calendering pulse.

The work was extended by Colley and Peel [12] to include the effect ofpaper temperature

and moisture content. In neither study was the etrect of successive compression

investigated.

Kerekes et al. [47,49] modified these relationsbips to prediet directIy the thickness

reduction in a calender in terms of the more easily measured nip load, roll radius and

machine speed rather than maximum pressure and pulse duration. Predictions were based

on assomptions regarding the viscoelastic behaviour of paper and were verified using a

laboratory-scale calender at speeds approaching industrial values.

Hag1und and Robertson [30] used optiCal methods to measure paper thickness in the

nip ofa smalllaboratory calender run at low speeds. Compared to industrial practice their roll

diameters and sheet speeds were both extremely smaII, thus limiting the app6cability of their

results. However their results showed, in agreement with Colley and Pee~ that whiIe initial

density had an effect on thickness reduction, initial thickness did not. They suggested therefore

modification ofthe master creep equations to include the e1fect ofinitial density on permanent

and in-nip paper strain:

e".P = 0.5 (1- p; /P".P_ma:J [1 + tanh (p",P)] [Eq.2.1]

•

for which the permanent and in-nip calendering intensities, J,1p and J,1n, are defined as:

[Eq.2.2]

where PU_lUX and PP_max are the maximum density obtainable either in or after the nip,

g/cm3
, Pi is the initial paper density, glcm3

, and thus the inverse of initial paper bulk

Il



• (specific volume) Bi, L is the nip load, kNIm, S is the machine speed, mlmin, R is the roll

radius, nt, 0 is the paper temperature, oC, and M is the moisture content, %. ao a.p, ar. D4I , as G.p

, élR.G.P '~G.P and aea.p are regression coefficients. The permanent and in-nip versions ofthe

master creep equation provide strain relative to initial bulk, thereby enabling both versions of

Equation 2.1 to he used successively for multiple nips.

Crotogino et al [14, 17, 18] proposed a comprehensive calendering equation, an

empirical reJationship for permanent bulk reduetion in terms ofweb speed, roll radius, nip load

and the initial paper properties: initial bulk, sheet temperature and sheet moisture content. The

fractional reduetion in permanent bulk defines the strain, 6p:

&p (Bq. 2.3]

where Bi and Hp are initial and permanent recovered bulks, bulk being the ratio ofthickness to

basis weight. Since the CD and MD paper dimensional changes in calendering were shown to

he negligIble [2, 27, 29, 54], i.e. less than 1% for the most severe calendering conditions, basis

weight remains essentially constant during the process. Thereby 6p as defined by Equation 2.3

is the strain, positive for thickness reduetion:

(Eq.2.4]

•

for which the ca1endering intensity J.Lp, is defined as for the master creep equation:

[Eq.2.5]

This calendering equation bas been used extensively to calaJlate the cross-direetion average

thickness reduction as a function ofCO average calendering variables [14, 17, 18, 33, 34, 74].

12



• Browne et al. [6, 7) determined a calendering equation for in-nip conditiollSy thereby

providing aIso a quantitative description of the viscoelastic bebaviour of paper in and

immediately after the nip in calendering, wbat contnbuted a significant advance. This

infonnation was obtained by measuring paper thickness in and immediately after the nip under

precisely known nip Joad for industrial conditions using a Iaboratory calender with a web only

70 mm wide. Wlth aIl other conditions in the industrial rang~ calendering for a DalTOW width

enabJed maintaining constant radius and pressure profiles across the width of the calender,

thereby enabling precise determination of in-nip conditions. Their calender [4, 5, 7], wbich in

modified version was used in the present SbJdy, was effectively of a di.flèIential CD slice ofan

industrial calender designed ta enable measurement of CD local values of the calendering

conditions and in-nip strain. From this data they obtaïned an in-nip calendering equation,

compJementing the permanent version of the calendering equation Their results [6, 7]

established the validity of the calendering equation of the form of Equations 2.3 t02.5 for

quantitative description ofin-nip strain Ea as:

where:

e" = Ait + p" Bi

p" = 0011 + aLn /oguL + astI/ogloS + aRJoguJ?

[Eq.2.6]

[Eq.2.7]

The dependence ofin-nip strain on sheet temperature and moisture content was not determined

by Browne et al. [6, 7] as ail experiments were made at ambient conditions. Thus Equations

2.6 and 2.7 do not contain terms for temperature and moisture content, the effect of these

variables being included in the curve-fitting coefficient a., Equation 2.7.

EquationsA-'andl.'are valid between the Iimits:

(Eq.2.8a]

• 13



• Outside these Iimits a new set ofequations must be used:

~,n =0

f1,.n = (1 - A p,,/ /4B; f.Ip,n

if

if

Bi < Ap,n/ /Jp.n

Bi > (I-Ap"J / 211wr

(Eq.2.8b]

(Eq.2.8c]

•

The lower limit is the point below which, for the specifie calendering nip intensities I/p.lb no

further bulk reduction will 0CClIr. Below this limit bath versions of the calendering equation,

which are the result of empirical curve fitting, would prediet the impoSSlbility of final bulk Bp

being larger than initial buIk Bi. The upper Iimit ofapplicability of the calendering equations is

the point beyond which an increase in initial bulk bas no measurable eftèct on buIk reduetion.

Above this point the calendering equation would predict the final bulle Bi as a parabolie

function ofBi, which is not true.

Those Iimits are particularly important for the in-nip calendering equation for wbich

strain was shown by Browne et al. [7] to he genera1ly above the upper limit ofthe calendering

equation. The lower Iimit is relevant only for very light calendering conditions for wbich, a

result of the viscoelastic bebaviour of paper, there is no permanent deformation ofthe paper.

Browne et al. [6, 7] established that although the relationship between permanent paper

strain and the logarithm ofnip load is essentially linear over the industrially relevant range

of loads, this is not 50 for in-nip strain. Dnly for loads lighter than industrial praetice is the

in-nip compression ofpaper mostly elastic, with the sheet subsequendy recovering most of

its thickness.

Coefficients for the permanent and in- nip equations are different. While in-nip strain

concems the material behaviour under rapid compression ooly, permanent strain reflects the

final deformation after two very different processes - first extremely rapid compression, then

expansion to a 24-hour equihbrium state. Thus the coefficients of the equations for in-nip and

permanent strain are independent measures ofdifferent aspects ofrbeological behaviour which

must each he determined experimentally. These coefficients are dependent on the furnish

used (Le. the wood species, pulping conditions, etc.) and to sorne extent on the

papermaking operations before calendering. Beamse bath the permanent and in-nip versions

14



• of the calendering equation express strain relative to initial bulk, the calendering equation

treatment may he applied sucœssively for multiple nips, with the final buIk from the previous

nip serving as the new initial bulk.

The relationship for in-nip strain obtained by Browne et al [6, 7] is valid for a very

narrow range of initial bulk. Due to this Iimited range the dependence of the coefficients on

initial bulk couId not he detennined with statistica1 reliability. To account for this eftèct Browne

and Kawka [10] performed experimental measurements for TMP paper in ambient tempeiature

and relative humidity with this same laboratory calender. These resuIts show that for a specifie

nip load, in-nip strain is essentiaIly independent of initial buIk. Dy contrast they again fuund a

large effect ofinitial buIk on permanent strain, in agreement with Crotogino [14]. Thus a dense

compact sheet recovers more completely after calendering than one of low density wbieh

experiences greater in-nip deformation.

The effect offurnish on in-nip calendering coefficients, not investigated in the Browne

et al. study, requires exploration in order to provide the basis for extending the potential ofthe

MPC concept to mills making paper from fumishes other than TMP. Previous studies [33]

have shown that the permanent version of the calendering equation and the master creep

equation hold for various types of paper but with different sets ofcoefficients.

Browne et al. [6, 7] aIso obtained a convenient reIationship between permanent

and in-nip strain, thus verifYing the earlier suggestion of Ionides et al. [39] made on

theoretical considerations. Using a Poisson model offiber distn"bution inside the paper and

an exponential relationship for stress-strain behaviour of paper, Ionides et al. argued that a

simple linear funetion should relate a specifie permanent strain to an unknown in-nip

strain:

Sn=a+œp [Eq.2.10]

•
The Browne et al. results showed that Equation 2.10 fits the experimental data relatively

well only for permanent strain higher than about 0.20. To cover their full set ofpermanent

lS



• strain data with strain ranging trom 0 to 0.45, an nonIinear funetion is required.

Accordingly, they proposed a logarithmic fit:

Eu = a + c 10g1O 8p (Eq.2.11]

•

The concept ofan En-8p relation will be further examined in the present study.

Timms [74] reported optimisation of industrial calender performance and

troubleshooting of problems using the permanent version of the calendering equation

obtained using inexpeDsive laboratory results instead ofmore costly machine trials. Hamel

et al. [34] used the calendering equation to calculate the nip load distn"bution trom the

recovered thickness profile ofpaper calendered at low speeds. Although this procedure is

useful for locating misaligned or poorly ground roUs it provides no information about the

nip shape or paper thickness in the nip. As this approach does not provide a ünk between

roll radius profile and final thickness profile it cannot therefore yield an in-nip stress-strain

relationship or be used to build a dYlléllllÏc model ofcalendering.

Aside from empirical descriptions of paper strain during and after calendering a

number of theoretical descriptions of paper response to a compressive stress have

appeared. Based on work by Mayet al. [60], Hunter [39] and AlbIas and Kuipers [1],

Kerekes [48] predicted that the pressure pulse in a calender nip would be basically

parabolic but somewhat skewed due to the time-dependent response of paper. However

this model is based on the assumption that permanent paper deformation is small

compared to the initiaI thickness, a poor approximation as permanent strain is often in the

range of30 to 60010.

RodaI [70] proposed separating the compressive stress-straïn curve for paper into

three more or less distinct phases. Under low load Hooke's law applies and Yooog's

modulus, E= ÔG / œ, is a constant. At intennediate load the fibre network does not just

deform but begins to coUapse, leading to a much lower modulus ôa / &. Finally, large

loads result in little additional strain as the fibres themselves collapse; here the Young's

modulus E approaches infinity as the stress-strain curve becomes vertical. These three

16



• regimes are integrated by using a version of Hooke's law modified by a nonlinear term

F(e):

(Eq.2.12]

•

The stress-strain curve "shape factor" F(e) is further decomposed into two additive

parts, one due ta buclding ofthe fiber network, one to coUapse of individual fibres, which

are then derived in terms of a critical strain eN at which buckling of the fibre Detwork

begins. The model fits literature data in the high stress regimes but requires estimatOO

values for critical strain and severa! other parameters. Rodai notOO that the best resu1ts are

obtained when calendering in the low modulus region, which is not the region of prime

industrial importance.

Based on the assumption that there are two compressive regim~ one due to fibre

network coUapse, the other due to fibre crushing, Osaki et al. [45, 46] derive separate

stress-strain relationships for the two regimes using statistical descriptions of fibre

distnbutioos. Supporting tests were perfonned in a platen press at compression rates up to

only 0.085 J.UI1/ms, extremely low relative to typical industrial rate is 50 J,.UD/ms.

Browne et al. [7, 9] used the Burger mode~ a combination of elastic and viscous

elements, to descnoe the viscoelastic behaviour of paper during calendering. However

model parameters were shawn to be not material properties but strang functions of the

process parameters. Typical scales for roughness and structure of the TMP newsprint

investigated were found to be similar to the dimensions of the gap and length of the nip

[8]. Taking into account that fibre compressibility depends on coarseness, a sheet made of

a stack of such different fibre types acts as a stack of mechanical elements, each with its

own stifIiless properties. They established that with this non-unifo~ non-homogenous

structure in the plane of the sheet and in its thickness dimension, paper behaviour under

compression in the nip ofa calender cannot be described by a Iinear viscoelastic model.

17



• 2.4 Reat transfer aspects ofa model

•

Kerekes [50] proposed simplified equations ta prediet the temperature distribution

in a sheet under transient heat transfer during calendering for three specific cases: the

sheet in a nip, in contact with a roll, and in an unsupported draw. His simulations show

that a high speed calender, avec 600 rn/min, heat transfer in the nip ta a sheet initially at 52

oC frOID a heated roll with surface temperature in the range 72 to 83 oC penetrates ooly a

fraction ofsheet thickness. Thus paper passing through a nip with 20 ta 30 oC temperature

difference between the roll surface and the paper is heated substantially at the surfàce

while the center of the web remains unheated, thus creating large thickness dimension

temperature gradients. Only at a machine speed as low as 200 rn/min would the heat

penetrate in the nip ta the centerline of a sheet. At high speeds, moreover, heat transfer in

the nip was shawn ta be a substantial portion of the total heat transfer between the roll

and the sheet, being as high as 115 ta 113 of the total. This distnoution of roll-to-paper

heat transfer is particularly impressive because the nip dwell time is ooly about 1% of the

total roll-sheet contact rime. Another important implication from Kerekes' work is that

there is no heat conduction between rolls in a high speed calender stack as they are totaIly

insulated from each other by the paper. Such downward conduction in the stack from

upper heated rolls ta lower unheated rolls would oecor ooly at calender speeds less than

200 rn/min. Comparison of predicted and experimentally measured temperatures showed

good agreement when a small moisture evaporation effect was taken into account.

Roll to sheet heat transfer is govemed by the paper thermal conductivity and its

contact resistance with the roll surface. Based on experimental measurements, Kerekes

[51] proposed a model involving these two resistances. His results show that the heat

conduction charaeteristics of paper change dramaticalIy in a calender nip. As the sheet is

consolidated by calendering, the roll-to-paper heat transfer rate increases significantly as a

result of the changing material properties of paper. In the initial stages of compression in

the nip, heat transfer is limited by the sheet surface roughness. As the paper becomes

smoother with further compression the roll to sheet contact resistance decreases, thereby
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•

increasing the heat transfer rate. Two other factors contributing to an increased heat

transfer rate in the nip are decreased thickness of the sheet and increased thermal

conduetivity as the air providing the good thermal insuIation characteristic of paper is

squeezed out.

The above findings are in general agreement with the calculations by Keller [45,

46] for heat transfer between a hot Metal roll and paper wbieh he based on measured

paper-roll temperature differences under a range of conditions encompassing industrial

praetice. Keller's results show the strong effect of nip pressure on heat conduction due to

the reduetion in paper porosity in the nip. Wrtb other parameters fixed, the calender nip

transfers less heat at light than heavy loads. Keller also found a mueh higher heat transfer

rate for coated than uncoated paper, a consequence of the differences in density, surface

smoothness and material properties that retlect the difference in these properties between

fibres and minerai pigments and the reduced porosity from coating.

Based on an earlier model for convective heat transfer from a single heated

calender roll in still air Hamel and Dostie [35] derived a model for computing heat transfer

from a stack of rolls operating in more realistie conditions. Convective heat transfer was

round to be affected by the presence of the adjacent roll. Their model can be used to

determine the heat balance in high temperature calendering, for modelling of heat transfer

in calendering, and to evaluate heat transfer from hot calender rolls to paper.

2.5 Local temperature and thermal expansion of. calender roB

An essential element ofany CD calender control system is the ability to predict the roll

radius deformation, and thus the calender nip profile, due to a specifie heatinglcooling CD

profile from a control actuator. Through extension of the measurement by Pelletier et al. [67,

68] of local heat transfer for a calender roll with heating or cooling impinging air jets as the

control actuator, Joumeaux [42] obtained the associated transient and steady state aspects of

the CD profile of local radius of a calender roll. The basis of the latter study, where finite
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• volume and finite element numerical methods were used to predict for a variety ofron designs

the CD local roll deformation profile due to a CD local heat flux profile is now summarized.

The Fourier equation for unsteady-state heat transfer without heat generation is,

(Eq.2.13a]

which at steady state is,

[Eq.2.13b]

where rp and z are radial and axial position along the roIL e is temperature, t is time, with k

and C the material properties. The corresponding equations for stress Gr in the roll are

o (Eq.2.14]

The stress-strain relationships are given in tenns ofthe roll material properties~ Vm and tt as

Ev E EaEJ-----( . + ).
(1+ v",)(1-2v",) &"."r&:r &88 . (l+Wn)&'" - (1-2v",)

[Bq. 2.15]

where the roll strain components e.r, &zz, 8eo and ~ are related to the radial and axial

displacements, \Je and Uz by Equation 2.16:

(Bq. 2.16]

•
Ur'

r,

OUr
&n = oz
!..(ÔUr + OUr]
2 oz or,)
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•

Wlth the applicable boundary conditions they solved Equations 2.13b tbrough 2.16

simultaneously using finite element methods to anive al the steady state solution.. In the

unsteady state case, the neœssary additional relationship for elastic deformation of a sheIl in

plane strain is:

(Bq. 2.17]

= a {(1+ v.) /", 9rpt;/r, + (1-3v.)r/ + (1+ v.)rf r· 9r~ }
Ur rp(1 - Kr) rI P r~ - rf rI P

where the temperature distnbution e(rp,z,t) was obtained by solving Equation 2.13 using finite

volume methods. Equation 2.17 was then used to caladate the roll defonnation profile u, a

function of z and 1. Steady and unsteady state solutions were verified with publisbed results.

From these numerical solutions they determined for a variety of roll designs the maximum

value ofu(z,t), denoted .drpcat, and a eharaeteristic width ofdefonnation.

As eharacteristic width of deformation Wtir, Joumeaux [42] used the definition first

proposed by Verkasalo [75], i.e. the z-direction width over wbieh &- ~ &-..- 13, Figure 2.2.

As the results of Journeaux show that the local roll deformation approximates a normal

distrIbution, the above definition ofdeformation width corresponds to W& = 1.48 a.

For effective CD calender control it is desirable to maximize &-p* while minimizing

W&. Accordingly Joumeaux defined the calender control deformation index Jo =W~Mpt:;ak, the

width ofdeformation (m mm) per micrometer ofpeak radial deformation. Wrth a low ID index

being desirable, Joumeaux reports values ran8ÏDg trom a high of86 mm/J.Ull for a large radius,

thiek-waIled internally heated roll to a low of 35 mm/J.Ull for a smaU radius, thin-walled

unheated roll. Thus for a given radial deformation, the control action will he feh over a

narrower width with the latter type ofroll.

Joumeaux [42] aIso demonstrated that their exact solution for the local defonnation

ofroll radius &(t) in response to a particu1ar local heat flux couId he approximated as a
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Figure 2.2: Definition ofcharaeteristic width ofroll deformation, WAr

simple two-parameter exponential decay, a procedure particularly suitable for real-tinte control:

where:

/ -tIf'
k(t) = k""t 1 - e )

&-pcak - peak roU deformation at steady state [mm]

't - deformation rime constant [min]

t - time [min]

[Bq. 2.18]

•

In a comparison of &(t) al t= 10 minutes, Joumeaux showed that the Iargest

defonnation is given by tbin shelled unheated rolls, this advantage indieating that for such mils

the advantage of a Iarger steady state deformation Ârp:alc is more important than their slower

defonnation rime constant 't. Thus according to Joumeaux the most effective type ofroU on
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Figure 2.3: Comparison of resuIts: heated rolls with heating and cooling control jets

a) Effect of roU radius and sheD thickness on peak roU deformation
b) Effect ofroU radius and sheD thickness on deformation time constant

Data: numerical simulation ofJourneaux [42]
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•

which to place the control aetuator for quick initial response, large radial deformation and sman
width ofdeformation is a thin-walled unheated roll.

As Joumeaux demonstrated bis numerical solution with the control aetuator as

either one heating jet in an array ofcooling jets or the opposite, one coaling jet in an anay

of heating jets, there is the question of the equivalence or non-equivalence of the control

actuator providing a local heating or cooling flux. With intemaIly unheated rolls, the e1fect

of heating and cooling control action on steady state roll deformation is always equivalent

because the boundary conditions are symmetric. This equivalence does not exist for

intemally heated roIls, where the boundary conditions are unsytDDletric becallse the radial

heat flux within the roDs is always outward from the heated core whereas the direction of

heat flux at the roll surface reverses with a switch between heating and cooling control

action. However the results of Joumeaux [42] showed that for conditions of industrial

relevance the absolute D188I1Ïtude of thermal roll deformation for heating or cooling

control jets is generally indistinguishable, Figure 2.3a, as it the case a1so for the

deformation tinte constant, Figure 2.3b. Thus there is no need ta distinguish between

heating or cooling control action.

In S1lrnmary, the CD roll deformation profile due to a CD heat flux profile can he

calcuIated using finite element and finite volume methods, the eftèctiveness of a given control

action on a variety of roll designs can he estimated using the deformation index 10, and the

dynamic characteristics can he approximated with a two-parameter exponential relation based

on the steady state peak deformation Arpeak and the deformation time constant t.

2.6 Thesu objectives

Most of the elements for a CD local in-nip calendering model now exist. The

control a1gorithms and powerful actuator systems are available [3, 16, 32, 38, 52, 53, 63]

as weU as the precise on-line caliper sensors. The relationship between the heat flux profile

and the resulting roll radius profile is known [42]. Wbat is incomplete is the effect of local

24



•

•

temperature and moisture content on the local in-nip behaviour of paper during

calendering, which is necessary for establishing as a funetion ofall calendering parameters

the relationship between nip shape and nip pressure distnoution, i.e. a reliable stress-strain

model for paper in the caIender nip. This in-nip stress-strain model incorporating the

effects of the key variables of paper temperature and moisture content is an essential

element for developing a comprehensive dynamic model ofthe calendering process.

The objective of the present work is to provide this relation, to assemble the

existing knowledge into a comprehensive dynamic calendering model suitable for model

predictive control, and to demonstrate its use for incorporation into a superior calender

control system.
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3.1

ExperimeDtaI procedure and equipment

OveraU mechanical design

•

The calendering equipment of Browne et al. [4 to 7], designed to reproduce

industrial conditions of nip load, roll radius, and machine speed whüe allowing accurate

measurement of the separation distance between the roUs, was modified to provide a

unique controlled environment calendering facility. With this facility the web temperature

and web moisture content are independendy controUable over a quite extended range, 20

ta sooe, 1% to 14% moisture. The strategy of the present researeh requires that ail

sources of cross-machine and machine direction variation in web temperature and

moisture content as weil as cross-machine direction thickness variation he rnjnirnised. This

objective was achieved by preconditioning an entire roll of paper to a particular

temperature and moisture content, then maintaining it at those precise conditions while

calendering it between narrow rolls at the same temperature as the paper. Measurable

error due to roU bending or bearing detlection was eliminated tbrough use ofa face width

of calender roUs of ooly 75 nun, with maximum paper width of 70 mm. This particular

combination of calender and paper dimensions provided a good compromise between

rninirnising width while maintaining sufficient web strength.

The new experimental calendering equipment consists of three basic elements: (1)

a facility for bringing a complete roll of paper to a specific temperature and moisture

content in advance of calendering, (2) the controlled environment calender, (3) a facility

for producing air conditioned to a temperature and humidity independently controllable

over a wide range for use in both the preconditioning chamber and the controlled

environment hoods ofthe calender.

26



•

•

3.1.1 PreconditioDÎDg and rewindÎDg chamber

A stand-alone preconditioning and rewinding enclosure, 3 m long x 1 m wide x 1.8

m high, Figure 3.1, was designed to allow reels of paper one meter in diameter,

comprising a length of about 6 km, to he pre-conditioned by rewinding slowly in an

atmosphere of controUed temperature and relative humidity. The roll being UDWound is

shown in the left, that being wound on the rigbt. In tbis slow rewinding chamber a total

exposed length of 15 meters of paper was achieved by passing the web back and forth the

1.5 m ofvertical spacing between two sets of 9 idle roDs of 51 mm diameter, as seen in

Figure 3.1. The sheet wraps each idler effectively 180 degrees. The surface of the idler

roUs was rougbened during manufacturing, minimising the possibility of slip between the

sheet and idler. AlI sides ofthis enclosure except the tloor were insuIated with 38 mm

Figure 3.1: Preconditioning rewinding enclosure.
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Figure 3.2 established that this

contact time provided about a 900.!'o

approach to the target paper

moisture content. Various

measurements, most recently thase
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slabs ofpolyurethane in arder ta insuIate the enclosure tram the room envîronment.

An optical sensor measuring the rotational speed of an idler roll, and thus the

paper web speed, was used ta adjust the variable speed 0.5 HP D.C. motor drive which

was connected with the shaft ofthe wind-up roll through a gear set with an overall ratio of

50:1. The sensor consists of a 20 mm diameter shiny disk with 250 small hales dri1Ied

along its cïrcumference, thereby generating 250 square wave cycles per rotation. Wrth the

idIer roll coooected ta the disk through the 4:1 ratio gear set, each idler roll rotation

generated 1000 square wave cycles. Each rotation of this 50.8 mm diameter idler roll

corresponds to a sheet length of 160 mm. Pulses were counted using the counter/timer

function on the AID computer board. The sheet speed is given by pulse count 1tïme.

The paper rewinding speed was controlled at 1.7 mlmin by the pm loop in the

control program 50 that the web was exposed to the conditioned air for about 9 minutes.

A manual control option was used at the beginniog of the rewinding process to align the

position of the reel on the unwind stand. Complete rewinding of lm diameter

reel took about 84 hours. The

measurements at about 40 oC of

~.

Figure 3.2: Paper sorption and desorption
ofHashemi et al. [36], establish that

the diftùsivity of moisture in paper

drops precipitously at low moisture content. Thus it was not surprising that the paper had

ta be run a second time through the conditioning chamber to achieve the low moisture

content of 1 to 2%, especially for a low paper temperature of20 ta 30 oC. Data displayed

on Figure 3.2 were collected using TMP newsprint, 70 mm x 100
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IllDl, placed in a seaIed controUed environment enclosure, 0.15 m x 0.15 m x 0.1 m high,

which was linked with the facility for the conditioned air descn'bed in Section 3.1.2. With

air at 0.5 CFM at a specific temperature and humidity circulating wough this conditioning

chamber, a microprocessor based BSP-901 Continuous Moisture Analyser, descnbed in

Section 3.3, was used to measure the transient change in moisture content of the sheet.

These measurements were performed at 40 oC and at two levels ofrelative bumidity, 80 to

90% for sorption, 5 to 8% for desorption. The resuIts are tabulated in Appendix AI.

With the objective of operating the paper conditioning cbamber at from 20 to 80

oC and at levels of absolute humidity up to 0.3 kg waterl kg air, wbich is about 4 times

that of saturated air at 20 oC, it was necessary to insuIate conditioning chamber weil. AlI

sides of this enclosure except the floor were insuIated with 38 mm thick slabs of

polYUrethane. Also a beating and air circulation system was provided to achieve uniform

temperature within. Air temperature inside the rewinding cbamber was controUed at three

locations with custom-built beating units. Located close to both the unwind and windup

stands are units consisting of a manually controlled, variable speed heavy-duty fan of

range 0 to 2.8 m3/min (100 CFM) with a compact, powerful (1.74 kW) 30 mm diameter

spiral heating element mounted at each fan outlet. The tbird unit was a 1.74 kW heating

element placed at the air inlet to the conditioning chamber from the speciaUy designed

facility for providing air of controlled humidity and temperature. Each heater had a

computer controUed voltage supply. The temperatures at each of these tbree locations

were measured in range 0 to 100 Oc with an accuracy of±O.l Oc using Platinum type-IOO

RTD thermocouple. The air exhaust retum to the conditioning unit was located in the

lower, right corner at the back ofthe chamber.

This rewinder heating system was controUed by a computer program using three

PlO aJgorithms to control air temperature by independently varying the power supply for

each beating unit from 0 to 220 VAC. Experience established that typically only the

unwind and wind-up stand heating units were needed, the third heating unit generally

being switched off by the control program. For safety reasons and to prevent a bumout
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without air flow, a protective on/off switch installed on the main 220 VAC heating

element line tumed the heater power offwhen the blower power supply was otL

The humidity of the air in the paper conditioning chamber, supplied from the air

conditioning facility, was monitored using an accurate dew point hygrometer. To avoid

moisture condensation intemally, the sensor head was placed inside the cbamber while the

remaining electronics box, very sensitive to high temperature and humidity, was kept

outside. A small pump provided the flow through the sensor head of the air to he

monitored.

Sheet tension, which influences windup reel hardness, was controUed automatical1y

by a simple device comprising two limit switches and the dancing idler roll installed

immediately after the unwind stand. When tension exceeded the controllimits an electric

signal from one ofthe limit switches was sent to a smaIl 75 RPM stepper motor mounted

on a general purpose winch. The force on the brake on the unwind stand was thereby

adjusted to maintain the target sheet tension. A photoelectric sensor just before the

windup stand, which sensed the presence of paper by measuring reflected light, tumed off

the power supply for the rewinder and tension control motors when the rewinding ofa roll

was complete or the sheet broke.

After being placed on the unwind stand ofthe rewinding chamber the position of a

new roll was carefully a1igned sc as to provide the required path of the web threaded

through the idler rolls and the impingement nozzles. The manual mode of the rewinder

speed controller was used for that purpose. Once set up correctIy, the rewinding chamber

was tightly sealed with tape to prevent heat or moisture loss during rewinding and the

rewinder heating system was tumed on to provide the required temperature.

While the conditioning chamber was being brought up to temPerature the

conditioned air facility, descnoed in Section 3.1.2, was set to provide air at the desired

temperature and humidity. After the target conditions were obtained the conditioned air

was then directed to the rewinding chamber. The time rëquired to bring the whole system
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to 90010 of the required air humidity and temperature ranged ftom 2 hours for low

temperature and ambient humidity, to 12 hours for high temperature and high humidity.

3.1.2 Facility for controlling air humidity and temperature

Conditioned air for both the paper preconditioning chamber and the controUed

environment hoods of the calender was provided by a specially designed facility for

independent control of these variables. The required operating ranges are 20 to 80 oC and

2 to 98% relative humidity in order to calender paper ovec the moisture range of 1 ta 14%

over this temperature range. Purchase of a commercial unit was rejected not just for its

high priee but because the quality and reliability of control over the very wide range

required was uncertain, a fact frustratingly familiar to researchers requiring precisely

controUed environment rooms even at a single value of humidity and temperature. The

overall view, Figure 3.3, shows the five major parts: humidifier, dehumidifier, duct heater,

water cooler and precision humidity and temperature sensers. Air was circuIated within

this facility at a constant tlow rate of 2.8 m3/min (100 CFM) and was circuIated to the

paper preconditioning chamber by a variable speed heavy-duty fan at a rate in the range 0

to 2.8 m3/min(IOO CFM).

The custom-built humidifier providing steam at 0 to 2.3 kg / hour consisted of a

water container, which is fiUed to a constant level and heated with an electric immersion

heater. The 4 kW, 220 VAC power supply was manually adjusted.

The air humidity was reduced by a modified Cargocaire HC-lSO-I dehumidifier

with a desiccant honeycomb structure wheel charged with titanium enhanced silica gel.

Rotation of the desiccant wheel through the regeneration position alIowed for continuous

desiccant regeneration using stream of a reactivation heated air. Continuous regeneration

of the desiccant aIlowed for uninterrupted dehumidification. The level ofmoisture removal

by this dehumidification was varied manually by adjusting the temperature of the
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Figure 3.3: Facility for conditioned air.

regeneration air between 20 to 146 oC. Flow of the conditioned air through the

dehumidifier was adjusted manually from 0 to 2.8 m3/min (100 CFM) using two air duet

dampers installed upstream ofthe dehumidifier.

The conditioned air humidity was measured using a microprocessor based Vaisala

HMP 230 series transmitter which incorporated a thin-film Humicap H-sensor. The

humidity measuring range was 0 ta 10OO.!'o RH with an accuracy of ±l% of the reading

from 0 to 90% RH and ±2% from 90 ta 100% RH. The sensor response time (900.!'o of

target humidity) in still air at 20 Oc was about 15 s. Temperature was measured in range 0

to 100 Oc with an accuracy of±O.l Oc using platinum type-lOO RTD thermocouples.

A custom written program was used for data acquisition, control and processing

(Appendix A2). Two PID algorithms were incorporated in the computer program to

control air humidity and temperature independently, no decoupling terms were used to

account for the interaction between these two variables. The humidity was controlled by
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Figure 3.4: Steam flow controL

adding steam to the dehumidified air. This was accomplished with a computer controUed,

motorized two-way valve (Figure 3.4), which discharged the excess steam from the

manually controUed steam generator. The target temperature was obtained with a second

PlO laap controUing the power supply ofthe 2 kW duct heater, which worked against the

water cooled exchanger. This cooler was controUed manually by adjusting the cooling
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water flow. Using that simple control strategy this custom-built air conditioner was able to

supply any combination of air relative humidity from 2% to 98%, with air temperature

frOID 200 to 80 oC, thereby providing sheet moisture content in the range of 1 to 14% for

paper ofthis temperature range.

3.1.3 ControUed enYÏrOnment calender

The controlled environment calender, Figures 3.5 and 3.6, was designed to process

continuous webs of paper up to 6 km long from reels up to 1 m diameter at speeds ta

1000 mlmin through a single calender nip between controUed temperature rails and in an

atmosphere of controUed temperature and relative humidity. Ta achieve controlled

environment calendering, several constant temperature and humidity enclosures were built

around key parts of the calender. These hoods maintained constant temperature and

moisture content of the sheet tram a reel of preconditioned paper, before and during the

paper passing from the unwind stand to the nip. These enclosures were supplied with air

fram the same controlled supply as used for the paper preconditioning enclosure.

The controlled environment calender stack coosisted of two bard rolls, supported

in a stiffened frame designed to withstand the high nip loads. The basic facility was as

descn1>ed by Browne et al. [4 to 7], with the major modification to convert it to a

controUed environment calender. Nip loads were varied using a hydraulic pump and

cylinder which pulled down on the upper roll supporting arm. This configuration achieved

nip loads up to 210 kN/m while minimizing the bending load applied to the main calender

stand and thus the movement of the upper roll relative to the displacement sensors. The

hydraulic system could also be used for nip relief: alIowing loads less than those due to

gravity loading from the mass of the upper roll. The load cell for measuring nip load was

placed under the hydraulic cylinder clevis.
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Figure 3.5: ControUed environment calender.

1 IJINDUP REEL
2 SURFACE DRIVE
3 TRIM MOTOR
4 IJINDUP STAND
5 DANCING ROLL
6 CALENDER ROLL
7 INDUCTION HEATER
8 S'w'INGARH
9 MOISTURE SENSOR
10 TEMP SENSOR
11 DANCING ROLL
12 TENSION AND SPEED

SENSORS
13 CONTROLLED HUHIDITY a.

TEMPERATURE ENCLOSURE
14 REEL CYLINDER
15 7.5 HP DC MOTOR
16 TENSION GAUGE
17 LOAO CYLINDER
lB CALENDER STAND
19 UN'w'IND STAND
20 UN'w'IND REEL
21 UN'w'IND BRAKE
22 HEATING SET AT

CONDITIDNED AIR INLET

•
Figure 3.6: Overall view ofthe experimental calender
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Figure 3.7: Roll displacement sensors.

Three pairs of roUs were provid~ ofdiameters 404, 508 and 711 mm. A shoulder

machined into the side of each roI1, Figure 3.7, served as the target for two non-contact

Kaman KD-2300 series inductive type sensors which react to the presence of a metallic

mass. Signais from these displacement sensors recording the position ofbath rails relative

to the fixed calender base were used to calculate the nip gap, i.e. the in-nip paper
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Figure 3.8: On-line caliper gauge 296 mm after the nip.

thickness, with a target resolution of± 1 J.1IIl over the range of 0 to 500 mm, regardless of

calender speed.

Paper caliper was also measured at two other positions, 296 mm and 1050 mm

after the nip, using inductive sensors placed in a ceramic anvil, Figure 3.8. The target for

each sensor was an aluminium dise, 10 mm diameter, carried in the tloating head of a
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modified industrial caliper gauge. Sïnce these sensors involve a contact element, some

bounce occurs under certain conditions.

The lower roll of the calender was driven by a 7.5 HP OC motor through an idler

shaft, which aise served as a surface drive roll for the windup reel A taehometer installed

on the main drive motor permitted calcu1ation of surface speed of the lower (driven)

calender rolL the in-nip sheet speed as used for ail calcu1atioDS.

Two other devices, before and after the nip, were used to measure sheet speed at

two more points in arder to compute the change in sheet speed from the unwind stand to

the winder for each set ofcalendering conditions. These measurements pcovided necessary

information to calcu1ate the machine-direction strain imposed by the calendec. The design

and principle of operation of these speed measuring devices were similar to the one used

to control paper speed in the preconditioning chambec. An optical sensor facing the idler

roll covered with 10 alternating strips of matte black paint and shiny aluminium tape

responded by generating a square wave. Sïnce the diameter of the idlers, bath before and

after the nip, was 63.35 mm., each idler roll rotation corresponds to a sheet length of 199

mm and generates 10 cycles of a square wave. The output was filtered using a Schmidt

trigger, the pulses being counted with the counter/timer function on the AID computer

board. The number ofpulses in a given time, divided by the pulses per rotation, multiplied

by the idIer cîrcumference, is proportional ta the sheet speed at that idler. Comparison of

the speed before and after the nip gave the speed ïncrease, i.e. the MD stretch.

Ta minimise the possibility of slip between the sheet and idler, the idlers were

roughened by sandblasting and were installed 50 that the sheet wrap was a full 180

degrees. Pulse counting using A/D counter funetion was initiated sequentially for the two

counters just before the start ofacquisition of the in-nip thickness data. The counters were

stopped in the same sequence immediately after the end ofthe in-nip data acquisition. The

?\1D stretch data was thus typically computed ovec a distance ofabout 17 melees, or about

1000 pulses from each sensor.
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Sheet tension, another factor influencing sheet stretch, was measured before and

after the nip using two identical load cells mounted under an idler rolL Control of sheet

tension on the unwind side of the nip was provided by an extemal d.rum brake adjusted

manually with a handscrew. Sheet tension on the wind-up side ofthe nip was controlled by

a small DC motor driving a differential gearbox built into the idler shaft; this gearbox and

motor allowed the web speed at the windup reel to be varied slightly relative to the speed

at the calender roll, resulting in fine control of the sheet tension. The target tension on

both sides ofthe nip was set at 600 N/m.

Temperature of the calender rails was controlled by induction heat~ on loan

from Measurex Corp. One induction heating coiI per roll and one power module Per coiI,

both rated at 4 kW, were installed, Fi8UI'e 3.9. The induction coil covered a distance of

Figure 3.9: Induction heater and temperature sensors.
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about 350 mm a10ng the roll surface. The heat-up stage was carried out with the rate of

surface temperature increase limited to about 1 °C/mi.n, thus requiring about one hour to

heat the rolls to the maximum calendering temperature of 80 oC. The slow heating rate

avoided the build up ofexcessive thermal stresses which could seriously damage the roll.

In arder to bring bath calender rolls to the same temperature as the sheet, prior ta

each experiment the roUs were rotated to give a very slow speed, ooly 5 mlmin, wbile the

roll temperature was raised slowly. The lime required for the roll warm-ups ranged from

30 minutes for small roUs and a temperature of 30 oC, to 3 hours for large rolls and a

temperature of80 oC.

With roll speeds ta 2500 rpm, both sides of the rolls were insulated in arder to

minimise heat loss. Induction heating requirements were thereby lowered and roU surfàce

temperature control was improved as weil. The cross-machine direction variation in roll

surface temperature was monitored by a thermocouple-type sensor which measured

directly the temperature difference between the roll surface centre and edges. Tests

established that with the roll surface temperature steady at 80 oC, the maximum variation

over the 75 mm CD roll dimension was about 1.5 oC.

The temperature of the air inside the calender hoods, provided from the

conditioned air supply facility, was contralied at two locations by a heating system similar

to that described for the rewinding facility. One heating set, a spiral heating element and

variable speed heavy-duty fan, was placed in the upper pan of the hoods. The other unit, a

heating element ooly, was located inside the inlet of the air supply system at the unwind

stand. The specifications for the above heating sets were the same as described for the

rewinder heating sets. The temperatures in each of these locations were measured to an

accuracy of±O. 1 Oc over 0 to 100 oC, using platinum type-lOO RTD thermocouples.

Sheet moisture content and temperature were monitored continuously using infra­

red type sensors. The moisture measuring range of a microprocessor based BSP-901

Continuous Moisture Analyser was 0 to 80% with an accuracy of ±D.I% of the reading

ovec the whole range. The response time (90010 oftarget value) of the humidity sensor was
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about 0.15 s. The range of the OMEGA OS62-MVC non-contact temperature

measurement system was 0 to 538 Oc with an accuracy of ±1 Oc of the reading, with

response time (95% of target value) was 0.8 s. Both sensors were instaIled sa that the

measurements were made just prior to the sheet entering the caIender nip, by about 0.08 s

for a sheet speed of950 mlmin and a 404 mm diameter rolL and byabout 1 s for 90 mlmin

sheet speed and a 711 mm diameter roll.

Most operations ofthe controlled environment calender were fully automated. The

computer data acquisition system recorded and displayed sheet tension and speed before

and after the nip, upper and lower ron surface temperature and their positions relative to a

fixed point, CO variation in upper roll surface temperature, nip load, paper caliper at two

positions immediately after the nip, and sheet temperature and moisture content

immediately before the nip. The acquisition rate was keyed to sheet speed and roll radius

in order to keep the distance along the sheet between sampIes approximately constant.

With about 150 to 200 data points acquired per roll revolution, over a total of lOto 15

roll revolutions, the acquisition rate was about 2000 Hz for a 404 mm diameter roll with

1000 rn/min sheet speed, about 200 Hz with a 711 mm diameter roU at 90 rn/min. In this

way the data were taken while about 17 m of paper were calendered, as is detailed later.

Calender speed and thus sheet speed was controlled using a PlO loop in software, which

sent a 0 to 10 V signal to a modified controller of the main motor drive. Sheet tension

after the nip was controlled in the same way by sending a correction signal to a similar

controller of the trim motor. Nip load was controlled by a pm loop which adjusted a

pressure regulator in the hydraulic circuit supplYing the load cylinder. The calender heating

system was controlled by the same computer program as the rewinder heating system.

Sheet tension before the nip and roll surface temperature were controlled manually in

response to the displayed value.
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With the objective of providing reliable information on paper behaviour in the

calender nip, treatment of the output ftom the roll displacement gauges to give the paper

in-nip thickness was the key data processing concern. The central aspect was the

relationship between the position of each roll and appropriate displacement sensor.

CalIbration ofthese gauges was essential for reliable in-nip paPer thickness measurement.

Neither the lower nor the upper roll remain fixed relative to the displacement

sensor during use. The presence of paper in the nip a1ters the position of the upPer roll

without atrectïng the lower roll. However, an imperfection in design of the roU bearings

allows vertical movement ofboth rails. The amount ofdisplacement depends on roll speed

and nip load, which have opposing effects. At constant load, hydrodynamic forces

between the ball bearings and race cause the roll ta lift. At constant speed, load causes the

roll to drop by forcing grease out tram the lower bail races in the bearings. Although these

effects concem mostly the lower roll, the position of bath rails was affected because the

upper roll rides on the lower one.

In the case of the lower roll, increasing speed at constant Joad from the lowest to

highest (90 to 900 m1min) could lift the roll as much as 10 J.101. By keeping speed constant

and increasing the load from the lowest to highest (15 to 210 kN/m), the roll could be

pushed down as much as 15 J.UI1. Such disturbances, while negligible on the scale of a 0.4

to 0.7 m diameter roll, are large relative to in-nip paper thickness of30 to 40 J.1Dl.

Measurement of roll separation and thus in-nip paper thickness was further

complicated by the slight eccentricity, relative to the bearing axes, of the surfaces and

shoulders of ail rails used in the present study. The roll generates a sinusoïdal wave of

period and amplitude equal to the period ofroll rotation and magnitude ofthe eccentricity,

which affects the output from the displacement gauges. The eccentricities of the roll

surface and roll shoulders are identical as to phase and comparable in amplitude, ranging

from 25 to 40 J.U11. The position of the upper roll, riding on the lower ro~ is even more
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disturbed, being determined by the sum ofthe amplitudes and the relative angular position

of both rolls. Again the efFect of such eccentricities, smaIl in the scale of the roll, are

enormous relative to in-nip paper thickness.

To overcome the above problems two displacement sensors were used, one per

roll, ta accurately measure the sensor-roll surface distance. The distance between the rolls

thus corresponded to the som of the distances trom the gauges to those rolls. For

constant paper speed and nip load the displacement due to roll bearing imperfection was

likewise constant, 50 the in-nip paper thickness was the difference between the roll

separation without paper in the nip, and that measured with paper.

The efFect of roll eccentricity was eliminated by averaging the measured senser-to­

roll distances over lOto 15 roll revolutions, the number of revolutions used depending on

paper speed and roll radius. Sïnce the acquisition rate was keyed to those parameters, the

in-nip paper thickness was an average over about 17 m of paper, these measurements

being taken over a period ofabout 1.1 to Il.3 s.

For two runs, one with paper and the other withou!, Figure 3.10 shows lypical

outputs trom both displacement sensors, obtained as a function of the elapsed time t

normaIised relative ta the total acquisition time T. Data for both readings were collected al

the same nominalline load, 95 kN/m, and same nominal speed, 90 rn/min. The lower roll

eccentricity of approximately 38 J.UD is easily visible. The slightly more deflected position

of the upper roll, in the range 55 ta 60 J..101, reflects the combination of the upper and

lower roll eccentricities.

AIl outputs from the controlled environment calender sensers were collected by

two 12 bit anaIog-to-digital conversion boards installed at a 386 DX-33 based PC

computer. Simple Re filters with a cut-ofF frequency of 34 Hz were used to eliminate

interference from 60 Hz supply circuits for ail analog outputs to be digitised. After

digitization each signal was initially processed by taking the moving average which

replaces each data point with the average of the four preceding points. The original set of

2048 data were thus reduced to 512 as ooly every fourth point need he saved. This
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Figure 3.10: Typical displacement sensor output

(data from Exp.8 runs #e (with paper) and #Oe (without paper)).

processing was performed on each signal. The equipment was controlled using the digital

input/output ports as weIl as the digital-to-analog conversion feature of the boards. A

custom written program was used for data acquisition, control and initial processing

(Appendix AJ).

Finally, the in-nip paper thickness was caIculated using the following equation:

t,,= (II - 110) + (v - VO)= (II + v) - (110 + VO)

where:

v - average position ofthe lower roll with paper (average of512 data points)

VQ - average position ofthe lower roll without paper (average of 512 data points)

u - average position ofthe upper roll with paper (average of512 data points)
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uo - average position ofthe upper ron without paper (average ofS12 data points)

For the example shown in Figure 3.10, the upper roll was def1ected by the

presence of paper in the nip trom its average position, uo= 195.6 J.1D1. measured from a

fixed reference point, to a new position u= 238.7 J.1D1. as measured trom the same referenœ

point. At the same time average position of the lower ro~ measured trom a different but

likewise fixed reference point was cbanged trom vo= 112.9 JlDl without paper to v= 111.2

J.Ull with paper. The average in-nip paper thickness was therefore:

tn= (u - uO) + (v - vol = (238.7 - 195.6) + ( 129.7 - 131.0) = 43.1-1.3 = 41.8 JIIII

The smaU displacement ofthe lower ro~ only -1.3 J.1Dl, resulted primarily trom the

two measurements, one with paper and one without, heing taken about 4 minutes apart at

slightly different nip loads, even though the nominal nip loads were the same. Another

factor affecting the roll displacement readings was that this data set was collected during

the experiment for paper moisture content 5% and temperature 40 oC. To maintain that

constant temperature at the nip, the calender rails were heated, which in tum could result

in a small difference in position reading due to thermal deformation ofthe rolls.

Roll eccentricity aIso aItered the output trom the load œil, which controls the nip

load, because the rotating rolls act to lift the upper arm. Varying nip load (±I kN/m)

caused varying paper speed (±5 m1min) by distorting the OC drive load. Variation in

speed in tum changed the paper tension at the unwind stan~ which was controlled

manually. For low values of nip load, which required relief from the loading system, a

small oscillation of the paper web resulted. Web oscillation affected outputs from the

paper moisture analyser (± 10% of reading) and, to a much smaller extent, the paper

temperature sensor (± 1 to 2% of reading) because both instruments were sensitive to

distance trom the sheet. AlI of the above disturbances were sinusoidal and were eliminated

by averaging over the same distance as with the roll displacement gauges.
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AlI experiments were performed using an Eastern Canadjan newsprint supplied by

the Abiboi-Price Company mill at Stephenville, Newfoundland, made trom

thermo-mechanical puIp (TMP) and of basis weight 48.8 'i/m2
• Tbree master rolls of

paper, each 1.492 m wide and 1.09 min diameter, were slit into 64 narrow rolls ofwidth

70 mm. Each test roll was preconditioned to a specific paper moisture content and

temperature, then maintained at these conditions while run in the environment comolled

calendering facility.

The in-nip and permanent paper thickness after calendering were determined using

a full faetorial experimental design. Experiments were perfonned for a wide selection of

calendering conditions and for a range of paper moisture content and paper temperature

well beyond that of any reported study. Several replicates were obtained at selected

caIendering conditions. The in-nip and permanent strain computed trom experimental data

were used to obtain the parameters for the full versions of both master creep and

caIendering equations. Experimental conditions are shown in Table 3.1.

AIl paper properties except the initial thickness were measured after conditioning

for 24 hours at 23 oC and 500,./0 relative humidity. Initial thickness, and consequently initial

Table 3. 1: Calendering conditions.

Load, kN/m 15, 30, 40, 95, 135, 175 and 210

Paper speed, rn/min 90, 180, 300, 500 and 950

Roll radius, mm 202 and 355

Paper temperature, oC 20, 30, 40, 50, 60 and 75

Paper moisture content, % 2to 14

Initial bulk, cm3/g 2.16 to 2.35
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• bulk of the uncalendered paper, was measured just prior to calendering. Initial paper

thickness was affected not ooly by its temperature and moisture content, but also to a

lesser degree by a slight stretching as it passed through the set of the rewinder idler roUs.

AIthough kept to a minimum, some tension was required to maintain good tracking ofthe

web and good build-up of the windup ree~ especially its hardness. The initial bulk,

different for each combination ofpaper temperature and moisture content, was determined

at those exact conditions just before calendering.

From literature data [55, 56] an initial estimate was made of the air humidity

required to achieve the target moisture leveL Figure 3.1 1 shows initiai settings for the 10

combinations of the air temperature and humidity used for the calendering experiments.

When a low level of air humidity was used, the measured paper moisture content was

almost identical to that estimated. However, at higher levels of humidity the measured

moisture content was considerably lower than that estimated, especially at higher

temperatures. The discrepancy resulted from the humidity ofthe air with which the paper
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Figure 3.11: Effeet ofair temperature and humidity on paper temperature and moisture content.
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was equilibrated being lowered due to moisture 1055 by water condensation inside

unheated parts of the air supply system, there being about 8 m between the facility for the

conditioned air and the rewinding chamber. The conditioned roll was moved from the

preconditioning chamber ta the unwind stand of the controlled environment ca1ender

enclosure. Conditions there were maintained constant with the common facility for

conditioned air, as previously detailed. The calender heating system ensured that roll

temperature matched the sheet temperature precisely throughout the experiment. Records

of monitoring these variables for a range of conditions are shown in Figures 3.12a ta

3.12c. For each of these cases, four temperatures are shown 00 Figure 3.12a, Le. at the

conditioned air facility, and at three locations inside the rewinder chamber.

AIl sensors were allowed to warm up for a minimum of 2 hours. This time was

used to measure the initial paper thickness at the constant air temperature and humidity,

using a standard electronic micrometer. In order to maintain a specifie paper temperature

and moisture content constant during this procedure, these measurements were performed

in one of the eovironment controUed hoods of the calender. Paper thickness was

determined at 60 points in three rows of20 each along the machine direction of the web,
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over a length ofabout 1.5 Dl, one row along the centre-fine ofthe 70 mm wide sheet, and

the other two at 15 mm trom each edge.

Once the roUs reached the required temperature, paper from the preconditioned

roll was threaded through the calender. Under computer control of the main motor7 sheet

speed was increased slowly to 90 mlmin onder a 90 kN/m load while the tracking and

tension ofthe sheet were checked. The calender was then speeded up to the desired value

and the target nip load applied. When speed and tension were reasonably stable, the

complete set of sensors was scanned 2048 times at the rate descnbed in the previous

section. The location in the wound roll corresponding to the data set was marked using

slips ofpaper inserted in the winder nip.

The above process was then repeated at the same sheet speed for a sequence of 5

or 6 nip loads, ending each such sequence with a repeat of the initial value of load.

Immediately after the data for a complete load sequence was obtained and saved to disk,

the paper was cut and a similar set of data, this time without paper in the nip, was

obtained for the identical sequence offine loads. This procedure enabled calculation ofthe

calibration offset (Uo+vo) required to determine in-nip paper thickness, as described in the

previous section. This entire procedure was then repeated to cover each of the five sheet

speeds.

Usually sheet speed was increased successively from 90 to 950 mlmin. The load

sequence differed slightly between the calendering speeds in order to maintain about the

same range of calendering intensity, which depends primarily on speed and nip load. Thus

for higher speed, more higher loads were used. For example, at the slowest speed of 90

rn/min the load sequence was: 95, 135, 40, 175 and 95 kN/m but at the highest speed of

950 rn/min the load sequence was changed to: 175, 1357 210, 95, 210 and 175 kN/m. It

required 20 to 30 minutes to complete a set of experiments for all combinations of speed

and nip load but for one paPer moisture content- temperature condition.

Such a time consuming experimental approach was required because the thermal

deformation ofthe roU depends on the temperature distribution inside the roUe As heat Joss

so
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Figure 3.13: Displacement sensor output, "long experiment" for paper and roU

temperature 40 oC, S= 90 rn/min., L= 95 kN/m, T- 20 min

(data from Exp.S runs Ob and Ob'- before and after the whole experiment)

from the rails is speed dependent, quite apparent at 500 ànd 900 rn/min, the distance

between roUs varied during a long experiment. Roll separation measured without paper in

the nip first at the beginning and then at the end ofthe 20 ta 30 minute experiment differed

by up ta 15 J.LIIl for roll surface temperature ofSO oC.

Figure 3.13 shows readings from the displacement sensors obtained for base nms,

i.e. without paper in the nip, during an experiment·for the paper temperature and moisture

content of40 oC and 5%. The readings taken twïce, just before the beginning and just after

the end of the experiment were collected at the same nominal speed, 90 mlmin, and same

nominal nip load, 95 kN/m. The average values of position of the roUs measured from

fixed reference points is seen ta change between these readings. For the lower roll this
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Figure 3.14: Displacement sensor output, "short experiment" for paper and roll

temperature 40 oC, S= 90 rn/min, L= 95 kN/m, T= 5 min.

(data from Exp.8 runs #Oa and #Oe)

difference was smaIL changing from 112.9 f.I.In to 111.2 J.1ID, by only -1.7 J.1IlL However

the upper roll position changed from 217.9 J.UD to 227.2 J.1ID, by 9.7 JlDL In summary the

calibration offset (vo + Ua), required for the in-nip paper thickness caIcuIation, differed

over the long experiment by 11.4 J.U11. This difference was due to thermal deformation of

the calender roll occurring during long experiments. As speed varied, and roll heat loss

varied with speed, roll heating had to be varied accordingly. Thus the roll experienced

unsteady state conditions, 50 roll thermal deformation varies and produces this effect.

With the calibration effect, Vo + Ua, varying in this case by Il.4 J.1IIl over a long

experiment, only the fust 8 such long experiments were done for the caIendering

measurements reported here. The only way to obtain reliable measurements of in-nip

paper caliper was to use a succession ofshort experiments, each without paper, before and
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after each such sub-set. In this way any variations in the roU temperature were negligibly

small (Figure 3.14).

The data in Figure 3.14 were obtained during an experiment which differed tram

those in Figure 3.13 ooly in that the time interval between taking the two base readings

was about 4 minutes instead of30 minutes. With the short time between base readings the

difference in average values of roll position from fixed reference points was mjnimal for

bath rolls: -0.6 J.UD for the lower roll and 1.1 JlIIl for the upper one. The change in the

calibration offset (vo + Ua) for both base readings was ooly 1.7 J.lDl, a very acceptable

value. The value used for Vo + Ua was the average of these ''before" and ,..after"

determinations, hence is within 0.9 J..I.Il1 ofthe two limiting values.

As the unsteady state roll conditions due to the interaction ofconvection heat 105s,

variable roll rpm and compensating roll heating that the rolls experienced were of much

more limited scope over 5 than 30 minutes operation, greatly reducing the variable roll

deformation, the approximately 5 minutes interval between recording the base readings

was adopted as standard procedure.

Taking advantage of the faet that each load sequence began and ended with the

same value of load, each set of data for a particular paper speed was evaluated after the

end of the experiment. If the in-nip paper thickness caIculated using the tirst and the Iast

data points, measured at almost identical conditions, differed more than 2 J..I.Il1, the entire

set ofdata obtained for that speed was discarded and the experiment repeated.

A second advantage of the above procedure was in helping ta solve a problem

arising from the difficu1ty in a1igning the (oad cylinder perfectIy with the machine-direction

centreline ofthe paper. This effect resuIted in a slight twist ofthe calender stand whenever

the loading system switched from providing load to relief. As the frame twisted the

position of the upper roll was moved slightly, resulting in about 3 J..I.Il1 difFerence in the

dispIacement sensor reading since it faced a different circumference of the upper roll

shouider. The solution to that problem was taking the measurement of roll separation with

and without paper in the nip at the same load and speed. Although initial experiments
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perfonned by Browne [S to 7] at ambient air temperature and humidity showed that the

above procedure was insensitive to roll speed, this procedure could introduce an error

now because of the varying thermal defonnation of the roUs which, as noted above,

depends on roll speed. Since the switch between loading and relieving mode occurs when

nip load is decreased below 40 kN/m (the nip load trom the weight of the upper roll was

Il to 31 kN/m) the number of experiments performed for loads below 40 kN/m was

reduced to minimum.

Once ail experiments for one combination of paper temperature and moisture

content were complet~ the raw data were immediately processed using the same

computer used for calendering control and as well, the measurement of the thickness

profile ofthe uncalendered paper was repeated.

From the reel of calenderOO paper the samples trom the markOO sections

eorresponding to eaeh combination ofconditions were then collected. From these lengtbs,

ofabout 17 m as ootOO earlier, samples were eut to a length equal to one circumference of

the particular calender roll, thereby averaging out any small machine direction variation

due to roll crowns or eccentricities. For each constant speed part of the experiment there

would be 5 or 6 samples, 50 for a specifie paper moisture content and temperature there

were typically 27 or 28 samples for a complete sequence. With 30 full experiments

performed, in ail 760 samples were processed. These samples were moved to the

environment cootroUOO room to be conditiooOO for 24 hours at 23 oC and 500A» relative

humidity.

The thickness of ail calendered samples was measured according to TAPPI

Standard 411 (CPPA standard 0.4) using a standard electronic micrometer, at 36 points in

three rows of 12 aloog the machine direction ofeach strip (one row in the centre ofthe 70

mm wide sheet, the other two rows at 15 mm tram each edge). Where the average

cross-direction variation in the recovered thiekness exceeded 3 J,.Un, the data were

discarded, the roll alignment was checked and the experiment repeated; otherwise the
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Figure 3. 15: Paper thickness profile before and after calendering.

(data trom Exp.25 run #h)

average of all 36 measurements was used as the permanent paper thickness after

calendering.

Typical tbickness profiles ofthe uncalendered and calendered paper are shawn on

Figure 3.15 as a funetion of the paper length normalised by dividing by the roll

circumference. These data for both calendered and uncalendered paper were obtained for

paper temperature and moisture content of 30 oC and 12%, the sheet was calendered at

180 rn/min between 202 mm diameter rolls under a line load of 175 kN/m. The average

value of the uncalendered paper thickness was 113.4 JlDl (STD= 2.35 J..lD1), and after

calendering, 72.5 J.Ull (STD= 1.12 ~). The apparent improvement in bath machine and

cross-machine thickness profiles obtained after calendering should be interpreted with
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Figure 3.16b: Paper moisture content profiles, nominal moisture contents of2, 6 and 12%

(data from Exp.8 run je, Exp.14 nm #fand Exp.25 run #ml
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caution.. Although both samples were taking trom the same roll, they came tram a quite

different part ofthat roll

The first set of experiments, which was performed for a total of 23 combinations

ofpaper temperature and moisture content, were made with the 355 mm roUs. Once a full

set of data had been acquired, the pair of 202 mm roUs was instaIled and data for seven

combinations of paper temperature and moisture content were acquired. Figure 3.16a and

Figure 3.16b display machine direction variations in paper temperature and moisture

content obtained during various experiments.
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• 4 Experimental results

•

The experimental work focused on measurements of the in-nip and permanent

paper strain as paper was calendered under wide selection of industrially relevant

conditions. This program involved over 22 combinations of paper temperature and

moisture content (30 sets ofexperiments with combinations ofcalendering Joad, speed and

roll radius). AlI combinations ofthe latter are shown on Figure 4.1.

16

14 •~
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12 • •J! 10 •c:

0 •Co) •! 8 •= • •- 6en
"0 •• • •e 4 • .... • •B-
I. 2 •• • I~ •• •0
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Paper temperature. OC

Figure 4.1: Experimental combinations ofpaper temperature and moisture content.

Data for most of these 30 sets were acquired for 29 combinations of calendering

speed and nip load. For the latter, Many replicates were taken as these are easily attainabJe

with this calendering facility. However, 50ch repetition involved only a few complete

replicates with the same combination of all calendering variables: nip Joad, speed, paper

temperature and moisture content. Two sets of calender roUs were used, 0.355 m and

0.202 m radius, with 23 experiments using the large roll, 7 with the small ones. The initial

intention of using the third pair of rolls of intermediate size, 0.254 m radius, was

abandoned in order to maintain an acceptable length ofexperimenta1 program.
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4.1 The calenderiDg equatioDs

The whole set of 760 data points was used to calcu1ate the coefficients ofboth the

permanent and the in-nip versions of the calendering equation. As ail six calendering

variables were investigated, the full version of the equation was used. Wlth in-nip and

permanent strains as 8n and 8p, initial bulk Bi, line load L, calendering speed S, roU radius

R, and paper temperature and moisture content e and M, the calendering equations are:

en = An + J.I"Bi~

and [Eq.4.1]

where J.1n and J.lp are the in-nip and permanent nip intensities:

•
and

59

[Eq.4.2]



•
The limits ofvalidity ofthese equations relative to initial bulle Bi are:

-An 1p" ~ Bi 50.5 (I-A,J 1p"

and

-Ap 1 Pp ~ Bi ~0.5 (1 - Ap) 1J.lp

(Eq.4.3]

As the measured~ in-nip and permanent, were a1ways greater than zero, the

lower limit is not relevant. The upper limit was involved for bath in-nip and permanent

paper strain. For in-nip and permanent bulk., and thus in-nip and permanent strain, the

corresponding relationships are:

Bn = 0.25 (1 - A,J2 1 p"

6ir = 1 - 0.25 (1 - A,J2 / (Bi p,J

and

Bp = 0.25 (1 - Ap)2 / JIp

op = 1 - 0.25 (1 - Ap)2/ (Bi f.Jp)

The above equations are valid for:

Bi ~ 0.5 (I-A,,) 1p"

and

Bi ~ 0.5 (1 -Ap) / JIp

[Eq.4.4]

[Bq. 4.5]

•

The calendering equations and these upper limits were elements of the data

processing program. AIl experimental data were processed using the direct search

procedure ofthe SYSTAT Simplex method for non-linear funetion minimisation [64]. This

procedure searches for the global minimum to a funetion by calculating a value at one
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point of the loss function, in this case the least squares, comparing this value with values

elsewhere, and then stepping to a new point and repeating the procedure. When these

steps become smaIL it stops. This procedure is slow compared with the Quasi-Newton

method [24], an alternative SYSTAT method of non-linear regression, because the

Simplex method does not use the information in the second derivatives to determine the

size of$lep. However the Quasi-Newton method requires the existence oftirst and second

derivatives at all points being computed. Ifthese derivatives are undefined in the region of

the true minimum value of the loss function this method is likely to find the closest local

minimum rather than the global minimum, unIess the initial estimate was exceptionally

fortunate. In practice when using the Quasi-Newton method, first derivatives cannot be

computed using finite differences because of truncation and cancellation errors. The more

robust Simplex method is immune to such problems because it computes new estimates

with each iteration.

The coefficients for the calendering equations, along with the asymptotic standard

error (A.S.E.) and the 95% confidence limits, are presented in Tables 4.1 and 4.3.

Estimates and residual errors are shown in Figures 4.3 to 4.6 for both permanent and in­

nip strain. Figures 4.7 to 4.40 provide the data, regression curves, and conditions used.

Figures 4.7 ta 4.35 show the data for permanent and in-nip strain obtained from 30

experiments for the unique combinations of roU radius, sheet temperature and moisture

content of the present study. Variarion in sheet speed is the main source of experimental

variability, which is quite smalL The calendering equation predictions are caIculated for the

Mean value ofsheet speed, except forexperiment 13 (Fig. 4.18) where data were collected

only for the sheet speed of 300 rn/min. For experiment 30 (Fig. 4.35) ooly in-nip data are

presented. In Figures 4.18 and 4.36 to 4.40, data for a single combination of ail

experimental variables are plotted along with the calendering equation predictions and the

corresponding 95% confidence limits.

Browne et al. [6, 7] provided the first in-nip version of the calendering equation

and measured in-nip coefficients for a TMP newsprint, Table 4.2. Their study was

performed for ambient conditions ooly, which did not include variation in paper
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Table 4.1: In..nïp coefficients for the calendering equation, present study.

PARAMETER ESTIMATE A.S.E. (%) LOWER. 95% UPPER 95%

An -IJ.3172 0.0238& (7.S) -IJ.3641 -8.2704

30n CI!/an3) -IJ.0239 0.01275 (53) -IJ.049fJ -IJ.fJfJI1

3 0.1781 0.00853 (S) 0.1614 0.1949aLnCI!/an )

3 -IJ.0128 0.00412 (32) -IJ.0209 -8.0047asnCI!/an )

3 -IJ.0413 0.01265 (31) -IJ.0662 -IJ.0165aRn(glan )

3 0.00347 0.000112 (3) 0.00325 0.00369aea (gIcm "C)

3 0.00299 0.00031l3 (13) 0.00214 0.00375aMn(glan )

R-squan:d 0.76

Table 4.2: In-nip coefficients for the calendering equation, Browne et al. [6, 7].

PARAMETER TMP

An -IJJ647

3on(glan
3

) 0.0247

3 0.1920ar.n(glan )

3 -IJ.0216asn(pjan )

3 -IJ.1068aRo(glan )

R-squaml 0.86

temperature and moisture content while the present study is the first to determine the

effect ofthe sheet temperature and moisture content on the in..nip behaviour of paper. The

coefficients of the in-nip calendering equation as found by Browne et al. [6, 7] and from

the present studyare shown in Tables 4.1 and 4.2.
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The in..nip intercept coefficient A. measured by Browne et al. for a TMP newsprint

is seen to be just within the 95% confidence limits ofthe vaiue found in the present study_

This coefficient is the paper property which shows the ease with which in..nip strain is

achieved. As the paper used in the two studies was in both cases made ftom a TMP pulp,

those coefficients should to be similar.

As the in..nip coefficient 80a ofBrowne et al. includes the temperature and moisture

content terms, a8 8 + QMM, which they did oot determine, the 80a coefficients of the two

studies cannot he compared. As the Browne et al. version of this coefficient alIows for all

effects not included in their version of the calendering equation their 80a wouId depend

strongly on the pulp processing and papermaking conditionsu~ Le. type of spruce and

the refinin~ forming, pressing and drying conditions. Thus even for grades of paper made

from the same type of pulp, the coefficient 80a can vary. However, if the ambient

conditions ofBrowne et al. were approximated as paper temperature e = 20 oC and paper

moisture content M = 5%, the value of this coefficient can be corrected for these two

effects. Using the permanent temperature and moisture content coefficients of the present

study, aea= 0.00347 and élMn= 0.00299, the new value for the present study becomes

aon=O.060S, a value within the 95% confidence limits of the 80a value, 0.0247 (S.E.=

0.0194), ofthe Browne et al. data.

The in-nip load coefficient 8Ln reported in this study is slightly lower than as

determined by Browne et al. The permanent load coefficients reported by Crotogino et al.

[14, 17] and Browne et al. [6, 7 ] appear to he effectively a paper property. By similarity

ta the permanent strain case, the in-nip load coefficient could he expected ta he a paper

property as well. However, the in-nip load coefficient is strongly depeodent on nip load. In

the present work the nip [oad was varied from 15 to 210 kN/m, with MOst experiments

using loads above 40 kN/m, whereas Browne et al. used the range 8 to 210 kN/m. Their

measurements showed in-nip paper compression to he extremely sensitive to nip load,

especially in their lower range of [oad. A detailed discussion of this subject appears

subsequently in Section 4.1.1 .
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The in-nip speed coefficient êlsa measured in the present study is considerably lower

than that reported by Browne et al. but, again by similarity to the case for permanent

strain, this coefficient is expected ta be a paper property. However, extensive use here of

high temperatures and moisture contents, a10ng with mostly heavy line loads, resulted in a

high proportion of results with very high in-nip paper compression, in the range 60 to

73%. When the in-nip paper thickness is in the order of ooly 113 of the initial thickness,

the effect of sheet speed for such extreme calendering conditions could be expected to be

considerably lower than with in-nip paper strain of30 ta 600A,.

This hypothesis was tested by determining the in-nip speed coefficient for two

subsets of the data; 307 data with normal in-nip strains (30 ta 6()oA,) and 442 data with

high in-nip strains (60 ta 73%). The in-nip speed coefficient values were -0.0175 for the

30 to 60% strain data, but a much lower value -0.0116, for the 60 to 73% strain data.

These two values for 8sa naturally bracket the value -0.0128 applicable for the complete

set of data. As the standard error calculated for the data set at the lower strains was

0.00274, the asn value of Browne et al. -0.0216 is DOW seen to be witbin the 95%

confidence limits for the lower strain value of -0.0175 from the present study. In the

Browne at el. study the range of in-nip strain varied from 13% ta 65%, with most values

below60%.

The radius coefficient a.m is aIso lower in the present study than in that ofBrowne

et al. This difference may be attributed to the unequaI number of experiments performed

for different size rolls used here (23 experiments for the larger rolls, 7 experiments for the

smaller rolls) and ta the associated effect of loads from 15 ta 210 kN/m with the larger

rolls, but 40 ta 210 kN/m for the smaller raIls. This aspect is discussed further in Section

4.1.1.

The in-nip temperature and moisture content coefficients, &en and aTn, presented in

Table 4.1 have never previously been determined. Although Colley and Peel [12]

measured the effect of temperature and moisture content on in-nip paper thickness, they

used a fundamentally different form of equation to fit those data, the master creep

equation, and thus their in-nip temperature and moisture content coefficients cannat be
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compared directly with the corresponding coefficients obtained for the calendering

equation. A complete study of the master creep equation is given in Section 4.5. For both

in-nip and permanent behaviour it is notable tbat temperature and moisture content have

an effect on paper compression second ooly ta tbat from nip load, thus confirming the

need for the present study.

AIl calculated in-nip coefficients are statistically different from zero~ and ail the

asymptotic standard errors are relatively small except for the in-nip intercept coefficient 80D

for which the coefficient ofvariation is about 5()O1O~ and thus the 95% confidence limits for

aonjust barely exclude the aon= 0 possibility.

The permanent calendering coefficients as determined in the Crotogino et aL [14~

17] and Browne et al. [6, 7] studies are shown in Table 4.4. Since ail the above

measurements were performed for a variety of newsprints, the permanent coefficients

reported in present study, Table 4.3, are compared with their results.

The permanent intercept coefficient Ap reported here is significaotly different trom

that of Browne et al. but is exactly the average of the three determinations of the Ap

coefficient reported by Crotogino et al. The variation between the three Ap deterrninations

ofCrotogino et al. is large compared to the standard error ofAp in the present study.

For the permanent coefficient 3op, the three values reported by Crotogino et al.

vary greatly, trom -0.001 to 0.057, with their highest value close to the present value of

0.0642. As the etfects of all variables not included in the calendering equation, including

particularly the conditions of pulping and papermaking processes prior to calendering,

appear as variability in 8op, the observed wide fluctuations in 80p between studies are not

unexpected.

The éIop coefficient obtained by Browne et al. is much bigher yet but, as for the in­

nip case, cannot be compared directIy with the 80p value of the present study. Their &op

coefficient includes the temperature and moisture contentt~ as they did not have the

Q(5p éJ + QMpM terms of the present study. As for the in-nip case, byapproximating the

ambient conditions ofBrowne et al. as paper temperature e = 20 oC and paper moisture

content M = S% the value ofthis coefficient cao be corrected for these two e1fects. Using
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Table 4.3: Permanent coefficients for the calendering equation, present study.

PARAMETER ESTIMATE A.S.E. LOWER 95% UPPER 95%

As» .fJ.41B6 0.01671 -0.45011 -O.31161J

30p CBlcm
3

} 0.0642 0.00179 0.0601 0.0673

3 0.0973 0.0fU51 0.OM2 0.1065aLpCBIcm }

3 -0.0211 0.00124 -0.0237 -6.01118aspCBIcm }

3 -0.0351 0.0fU06 -0.04311 -6.0279aRp(glcm )

3 0.00097 0.(J(J(J(J53 0.(J(J(JB69 0.00107aTpCWcm GC}

3 0.00607 0.000363 0.00534 0.006110aMpCWcm )

R.squared 0.90

Table 4.4: Permanent coefficients for the calendering equation, from Crotogino et al. (1~

2, 3) and Browne et al. (4).

PARAMETER 1 2 3 4

As» -0.3340 -0.5000 -0.4170 -6.6095

(Iop(glar?) .0.0010 0.tU91 0.056B 0.1256

3 0.0922 0.09BII 0.0912 0.10B5aLp(glan )

3 .0.0115 -6.02011 .0.0204 -6.0170asp(glan }

3 .0.0314 -6.0390 -6.0354 -0.0530aRp(glcm }

3 O.OOOBI 0.(J()(J94 0.(J(J(J16aTp (gIcm GC) -
3 0.00462 0.00545 0.00520aMp(glcm ) -

R-squared 0.94 0.93 0.89 0.90
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• the permanent temperature and moisture content coefficients of the present study, aep

0.00097 and 8Mp= 0.00607, the new value becomes 8op=O.1140, a value within the 95%

confidence limits ofthe 80p value, 0.1256 (S.E.= 0.0101), ofthe Browne et al. data.

The value of permanent load coefficient ~ reported here is similar to those of

Crotogino et al. and Browne et al. and thus seems independent ofnip load, contrary to the

case ofthe in-nip load coefficient.

The permanent speed coefficient aspmeasured in the present study is slightly higher

than those reported previously. However, the variation in values of the speed coefficients

reported by Crotogino et al. and Browne et al. suggests that it is a paper-property which

varies with the type ofpaper.

The permanent radius coefficient 8Rp here is considerably lower than that reported

by Browne et al. but is similar to the three determinations of the radius coefficient

reported by Crotogino et al. It was suggested by Kerekes [49] that the radius coefficient

be caIculated iTom the average ofthe load and speed coefficients:

~ = - 0.5 ( 8Lp + asp ) (Bq. 4.6]

•

The above equation predicts that for the present study, with 8Lp= 0.0973 and asp= -0.0218,

the permanent radius coefficient élRp shouid be -0.0377, which is not statistieally different

from the measured value of-0.0351, Table 4.3.

The permanent temperature coefficient aep found in this investigation is slightly

higher than those ofCrotogino et al., which in tum are within 95% confidence limits ofthe

aep value obtained here. The smaU variations in value of this coefficient suggest that it

cao also be paper dependent.

The permanent moisture content coefficient 8Mp measured during present study is

higher than those of Crotogino et al., but again is probably a paper property as weil. In

previous stlldies the 8Mp coefficient varied between 0.00462 to 0.00545, with the present

value of Q.00607 not differing greatly trom this range. Browne et al. did not measure the

effeet ofeither paper temperature or moisture content on permanent paper deformation.
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• For the permanent case, ail coefficients are non-zero at the 95% confidence limits

since ail standard errors are at least one order ofmagnitude smaller than the corresponding

estimates. The residual error computed trom the full set of data are plotted in terms of

strain in Figure 4.4 for both the permanent and in-nip cases. For the in-nip case, Figure

4.4b, there is a tendency for the residuals to be negative at low values of in-nip strain, 0.30

to 0.55, and positive at higher values ofthat strain, over 0.60. These trends imply that the

fonn of the calendering equation used to descnbe bebaviour of the paper in the nip tends

to prediet higher values of in-nip strain for the lower range of strain, and Iower values for

the higher range of strain. This tendency can he seen in the estimate of in-nip strain vs.

measured in-nip strain on Figure 4.3b. In the permanent case, Figures 4.3a and 4.4a, no

such trend is observable, with the residuals distributed more uniformly over the full range

of strain. There is a slight tendency for these residuals to he more scattered at lower and

higher values ofstrain than at intermediate values.

The plots of residual error as a funetion of ail independent calendering variables

used here, Figures 4.5 and 4.6, show that the forms of the calendering equation proposed

in this section, Equations 4.1 and 4.2, do not adequately predicted the moisture and

temperature effeets for in-nip strain, the moisture effeet for permanent strain.

4.1.1 EtTect ornip load on radius and load coefficients

The in-nip radius coefficient aRa calculated here, Table 4.1, is less than half the

corresponding coefficient reported by Browne et al., Table 4.2. Kerekes [49] suggestion

that the radius coefficient be calculated trom the average ofthe load and speed coefficients

was verified by Browne et al. [6, 7] to apply to both the permanent and in-nip calendering

coefficients:

•
8Rp,n = - 0.5 ( 8Lp,n + élsp.n )
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•

•

When results obtained during the present study are used., Table 4.1, the above

equation predicts an in-nip radius coefficient êlRn of -0.0827, which is similar to the value

obtained by Browne et al. but twice the value ofthis coefficient, -0.0413, as detennined

during the present study. This disagreement between measured and predicted values ofthe

in-nip radius coefficient derives from the unequal number of experiments performed for

the two sets ofcalender rolls, 23 experiments for the largest rolls, 7 for the smaIIest rolls.

Those two sets of experiments were also performed for a slighdy different range of nip

load; 15 to 210 kN/m for the largest roUs, 40 to 210 kN/m for the smalIest ones. Although

the experimentalline loads differ ooly al the lower part of the range, this is where in-nip

paper defonnation is MOst sensitive to nip load.

To correct for the above differences, the calendering coefficients were re-estimated

for the common range of line load by excluding the data for line load of 15 to 40 kN/m

with the largest roUs. This more restrieted data set contained 385 data points. To ensure

equal weight to ail data points, single average values of independent and dependent

variables were used when two or more data points were obtained at a similar combination

ofexperimental conditions. This process reduced the data set to 312 points.

Estimates of the resultant in-nip and permanent calendering coefficients are

presented in Table 4.5 along with the asymptotic standard errors ofin-nip estimates. In-nip

data and prediction curves generated with the in-nip version of the calendering equation

and the conditions used to generate those curves are given in Figures 4.41 to 4.46 using

both sets ofin-nip coefficients, Table 4.1 and 4.5b.

The permanent coefficients obtained for the narrower set ofstrain data, Table 4.58,

were found to be statistically indifferent from those of Table 4.3, thus there is no major

effeet ofnip load.

The in-nip calendering coefficients reported in Table 4.1 are significandy different

from those ofTable 4.5b. However for loads higher than 40 kN/m the in-nip version ofthe

calendering equation is seen (Figures 4.41 to 4.45) to generate simiIar prediction curves

for both sets of calendering coefficients. For loads lower than 40 kN/m, Figure 4.46, the

in-nip strain curves stan to respond differendy. Curves generated using
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• Table 4.5: Calendering coefficients for narrower range ofnip loatis, present study.

a.) permanent coefficients b.) in-nip coefficients

PARAMETER ESTIMATE

Ap -/J.3233

~(gIcm3) 0.0070

3 0.1011aLp{glcm )

3 -IJ.0222aSp(glcm )

3 -IJ.0375aRp{glcm )

3 0.00109aTp {gIcm oC)

3 0.00647aMp(glcm )

R-squared 0.91

PARAMETER ESTIMATE A.S.E.

Au 0.10111 0.0306

&on {gIatl
3

) -/J.tJ416 0.0110

3 0.tJ9tJ7 0.0053aLn{glatl )

3 -/J.0tJ45 0.0025aSn (gIc::m )

3 -/J.0534 0.00117aRn(Watl )

3 0.tJOO9 O.fJfJOlaTn (Watl DC)

3 0.0fJ131 O.fJfJ03aMn(glc:m )

R-cquared 0.78

•

calendering coefficients obtained for the full range of the nip loads follow the strongly

nonlinear behaviour of the experimental data, while those for the Table 4.Sb coefficients

do not.

The finding of Browne et al. [6, 7] that the logarithmic relation between in-nip

paper defonnation and line load is strongly nonlinear, especially at lower loads, was

confirmed in the present study.

The regression anaIysis ofFigures 4.41 to 4.46, Tables 4.1 and 4.5b attempts to fit

a linear part of the calendering equation through data at the lowest loads. The result of

this procedure is that for different ranges of line loads, the linear part of the calendering

equation is applied to different sets of in-nip strain data, Figure 4.47, and thus different

calendering coefficients are estimated, as given in Table 4.1 and 4.Sb.

Table 4.6 shows the results of splitting both the narrower (386 points) and full

(760 points) in-nip data sets into subsets based on which part of the calendering equation

is applied to fit those data Since no in-nip strain data faIl below the lower limit of the

calendering equatio~ ooly the upper limit ofthe calendering equation is used to classify
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•

For the data set with the narrower range of load-strain, 82% of the in-nip strain

data fall in the nonlinear range of the calendering equation. However, when the data set

including the full range of load-strain is used, the calendering equation predicts that

virtually aIl ofthe in-nip strain data fall above their upper Iimits. The calendering equation

is seen to fit these two sets ofdata differently, which in turn suggests that the standard

98



•

•

Table 4.6: Distributif'n ofdata according to calendering equation upper limit, narrow
and full data sets.

IN-NlP STRAINS LlNEARPART NONLINEARPART

NARROW LOAD-sTRAIN RANGE

(TABLE 4.58)
75 (18%) 310 (82%)

FULL LOAD-S1RAIN RANGE

(TABLE 4.1)
1 (0%) 759 (100%)

fonn of the calendering equation is, for the in-nip case, extremely sensitive to the line

load-strain range.

Results obtained for the full range ofline load, 15 to 210 kN/m, are consistent with

the Browne et al. [7] report that 95% of the in-nip data, measured for a similar range of

line load, also fall above the upper limit. For the industrially relevant range of line load

therefore, virtually ail in-nip data are fitted ooly with the nonlinear part of the calendering

equation.

Since the in-nip strain data used for the radius effect correction are just a subset of

the whole in-nip data set, a nonlinear portion ofthe calendering equation could be used to

fit these results as weil. Such results for the above set of 386 in-nip data points are given

in Table 4.7. AIl coefficients, except those for radius and temperature, are similar to those

ofTable 4.1.

The in-nip radius coefficient reported above differs from that reported in Table 4.1

but is simiIar to the coefficient reported by Browne et al., Table 4.2. Using the Joad and

speed coefficients reported in Table 4.6, Kerekes' prediction (Equation 4.7) gives 8Ra =

-0.0958, which statisticaIly is not different fram the in-nip radius coefficient reported here.

For the calendering coefficients ofTable 4.5b, Equation 4.7 predicts a radius coefficient of

-0.0431, which is statistically similar to the calcu1ated radius coefficient of - 0.0534 at the

95% confidence limits. Thus Kerekes' prediction for the radius effect works for both sets

of in-nip calendering coefficients obtained for the narrower set ofin-nip data.
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•

Table 4.7: In-nip coefficients for the nonlinear portion ofthe calendering equation, 386
data points.

PARAMETER ESTIMATE A.S.E.

Au -DJ565 0.0372

800 CP/cm
3

) -D.0307 0.0157

3
0.1'20 0.0126a[.n C1!Icm )

3 -D.tJtJ9j 0.(J(J5jaSn(gfcm )

3
-D.1f1'7 0.016'aRn C1!Icm )

3
0.001' 0.tHJtJ5aTn cp/cm oC)

3 0.0029 0.tHJtJ1aMnC1!lcm )

R-tJqUaRd 0.7B

The in-nip temperature coefficient reported here is approximately half the value

determined using the whole set ofin-nip data, Table 4.1. This difference can be attributed

to an unequal distribution ofdata over the range ofpaper temperature; 9QO../c) ofdata were

obtained at the paper temperature of-28 oC, the remaining 100,-'0 at -60 oC.

4.2 Eft'ect of moisture content and temperature on uncalendered p.per tbiclmess

As the thickness of uncalendered paper varied with paper temperature and

moisture content, thickness was measured at the exact conditions with a.'l electronic

micrometer. Bach measurement was taken at 60 points, as three rows of 20, along the

machine direction of the paper, over a length of about 2 meters, one row along the

centreline of the 70 mm wide sheet, the other two rows about 15 mm ftom each edge.

Uncalendered paper thickness was measured using paper located in the roll just before and

just after that which was calendered, before and after each experiment, thus 120 data were
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• collected for each experimental combinatioo of paper temperature and moisture content.

Sïnce 00 significant differeoce in thickness, before and after each experiment, was found,

the single average value of uncalendered thickness, shown in Figures 4.48 to 4.51, was

used in data processing.

The inccease in uncalendered paper thickness caused by swelling of the wood pulp

fibers is seen to be linear throughout the experimental range for bath moisture content,

Figures 4.48 and 4.49, and temperature, Figures 4.50 and 4.51. Thus at constant paper

moisture content the pulp fibers expand linearly with temperature for these levels of

moisture contents. The Forseth and HeDe [25] investigation of the etÏect of moisture

content on thickness of calendered paper showed that an increase in thickness with

moisture content is caused of two factors: the cross-sectional expansion of compressed

mechanical pulp fibers, and the development of interfibre voids and pores in the paper

structure. The two factors are interrelated, as cross-sectional expansion of fibers pushes

surrounding fibers up, and thus creates voids between them.

For paper temperature of approximately 30 oC, Figure 4.48a, uncalendered paper

thickness incceases from approximately 107 to 114 J.1ID when moisture content is increased

from 2 to 12%, an increase of 0.7 lJ.IIl per percentage point increase of moisture content.

Figure 4.50 shows that by increasing paper temperature from 30 to 75 oC at a relatively

constant moisture content of 1.8%, uncalendered paper thickness increases from

approximately 106 to 110 lJ.IIl, a change of 0.9 lJ1D per 10 oC. Over the industrially

relevant ranges there is thus a comparable sensitivity of paper thickness to its temperature

and moisture content.

The data show that uncalendered paper thickness can be approximated as a linear

function ofboth temperature and moisture content,

•

li = to + tM M + t 9 @

101

[Eq.4.9]



• .. 120
c

Paper temperature 27.8 to 32.5 oCe
u
E 116
M •..
CD
C...

112.2
~-..
CDa-
ca 108a-

l
cu
." 104 •c
.J!
ca
u
C= 100

0 2 4 6 8 10 12 14

Moisture content, %

120 __------------------------------,

1412106 8

Moisture content, %

42

Papertemperature 47.3 to 50.6 oC

•

116

112

108

104

100+--......--+----......----"""t----.---+-__--+-__---+-__---i
o

III
Ce

.S!
E
rÀ
III
CD
C...

.S!
5..
1caa-

lcu
."

j
ca
uc=

•

Figure 4.48: Effect ofmoisture content on tbickness ofuncalendered paper

a) &=-30°C
b) &=-40 oC

Lines fram Equation 4.9

102



Paper temperature 59.5 to 61.8 oC

• • 120
c
0-u
E 116
,,;
1
c
~

112u:;:--1
ca 108
~

"QI-QI

" 104 ~c
QI

'Ciu
c

=» 100

0 2 4

.
6 8

.
10 12 14

Moi.tur. content, %

Figure 4.49: Effect ofmoisture content on thickness ofuncalendered paper: 9= -60 oC

Line from Equation 4.9

Figure 4.50: Effect oftemperature on thickness ofuncalendered paper: M= 1.8%

Line from Equation 4.9
103

• ..
• • •

• • •
~ •
•

Paper moisture content 1.8%

80
.

70
.

6050

Temperlalure, deg C

.
4030

.

120.,.
ce
Ji 116 ~E.,...,.
QI
c:

112 ..~
u:s-..
1 108 ..1
1
QI
'a 104 ~c:
oS!
fic:
~ 100

20

•



• 120
'"ce Paper moisture content 3.1 %u
Ë 116
tG

'"euc
..a.: 112u
:ë- ......
1. •• 108
Cl. •'a •!
CIl
'a 104c
.!!
3c
~ 100

20 30 40 50 60 70 80

Temperature, deg C

120.,.
c
e Paper moisture content 4.3%.Si
E 116
tA
'"CIlc

..a.: 112.~

= -.. •!. - •al 108 La~

i •
GJ
'U 104c
.2
B
c:::a 100 . . .

20 30 40 50 60 70 80

Tempendure, deg C

•
Figure 4.51: Effect oftemperature on thickness ofuncalendered paper

a) M=-3.1%
b) M=-4.3%

Lines fram Equation 4.9

104



•

•

Table 4.8: Parameters ofcorrelation for uncalendered paper thickness, Equation 4.8.

PARAMETER ESTIMATE STDERROR C.V.

10 (J.un) 102.69 1.056 1%

tM (J.un) 0.70 0.079 Il %

te (JlIIl/ OC) 0.08 0.020 25%

R-sguared 0.74

The resuIts for the entire set of initial thickness data tram ail 30 experiments is presented

in Table 4.8. AIl the coefficients are statistically non-zero, and the predieted lines appear in

Figures 4.48 to 4.51.

4.3 Effect of moisture content and temperature on paper strain.

Both moisture content and temperature are important parameters for calendering;

their importance lies in the corresponding effeet of the fibers becoming more pliable and

plastically deformable, making the paper more easily deformable. The increased paper

compressibility alIows the desired final deformation to be obtained at a lower nip load,

thus reducing the stress to which the paper is subjected during calendering. This effeet is

very important in minimizing the loss in paper strength trom heavy calendering.

The effect of paper moisture content on bath permanent and in-nip strain was

determined here for severa! paper temperatures. However the most intensive

measurements were perfonned at the low temperatures, 21 to 33 oC, with the paper

moisture content varied from 1.5 to 13.5%, Figures 4.52 to 4.57. The effeet of paper

temperature was determined for both permanent and in-nip strain. Figures 4.58 and 4.59

give the permanent and in-nip strain data as a funetion of paper temperature at two levels

ofmoisture content of-l.8 and 4.1%. In the case ofmoisture content of-1.8%, the paper
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temperature is varied trom 20 to 75 oC, while for the higher moisture content the paper

temperature range is slightly narrower, 20 to 60 oC. Line load and paper speed were varied

trom 20 to 210 kN/m, 90 to 900 mlmin. For the case of moisture etr~ data obtained

with both sets ofthe calender roUs are used while ooly data for the largest roUs are used to

show the temperature effect.

The effect of moisture content and temperature on permanent paper strain bas

been well documented in earlier studies, the results reproduced in Figure 4.60 showing the

trends for calendering a western Canadian newsprint, made trom a fumish containing 24%

semi-bleached kraft and 76% groundwood, at 3 mlmin under a Joad of 30 kN/m. The

permanent deformation-moisture content relation displays a maximum in the range of 15

to 20% moisture content. As the temperature increases and the permanent paper strain

shifts to higher values, this maximum in permanent defonnation shifts to lower values of

moisture content.

The data for paper at 23 to 30 oC displayed on Figures 4.52 to 4.57 show

consistent trends. With other calendering conditions fixed, the slope of the permanent

defonnation-moisture content relation decreases with increasing paper moisture content.

This sensitivity decreases at first sIowly then, at moisture contents above about 8%,

decreases substantiaUy, in some cases vanishing. Such behaviour is caused by a confliet

between two phenomena encountered when paper moisture content is increased: with the

sorption of water, wood pulp fibers both sweU and become more pliable.

Ifthe ooly effect was the fibers becoming more pliable, paper strain would increase

continuously with paper moisture content. If fiber pliability did not change and the ooly

effect was the increasing amount of incompressible water in the fibers, then paper strain

would decrease steadily with increasing moisture content. With in fact both effects present

and the fiber pliability increase being greater at lower moisture contents, the actual

behaviour is ofa decreasing sensitivity ofdefonnation to moisture content with increasing

moisture content.

For paper at 23 to 30 oC al lower moisture contents, the sensitive increase in
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Figure 4.52: Effect ofmoisture content and line Joad on paper strain

R= 0.355 ID, 9= - 23.5 oC, S= 90 mlmin

107



• 0,8
Nlp load:

0,7' .30kNfm

.95kNfm

c 0,6 .~ A 135lcNm
!- e • e175kWmIf)- • A
1 0,5· • • •1 &

~ •"E 0,4 •.
~ •

•0,3'10

0,2
2 4 6 8 10 12 14

Moisture content, %

0,4
Nip load:

0 .30kWm

0 A

c 0.3· • • .95kNfm
1&- • 6135 ktoVm-•- r. 0175 kNfm1
1 0,2 10 •- •c
cu •c
ca
E- •cu 0,1.:la

14126 8 10

Mofsture content, %
4

o+----.......----....~-....-_+----.....---_+---_-_4
2

•

Figure 4.53: Effect ofmoisture content and line load on paper strain

R= 0.355 ~ e= - 23.5 oC, S= 180 rn/min

108



0,8
Nip load:

0,7 1-
In-n/p

0,6 .95kHm

tif :. A135kNfm
~ 0,5 1- • A

S • • • e175kNm
Cft 0,4 1- Penn....,... z210kNm1ca 0,3· •

~CL •
\ • •0,2'1- •

0,1 •
0

..
2 4 6 8 10 12 14

Moi....... content, %

•
Figure 4.54: Effect ofmoisture content and line load on paper strain,

R= 0.355 Dl, e= -.. 23.5 oC
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b) S= 900 rn/min
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Figure 4.55: Effect ofmoisture content and line load on paper strain,

R= 0.355 Dl, 0 =- 30 oC

a) S= 180 rn/min
b) s= 500 rn/min

110



• 0,8
Nip ICNld:

.301cNm

O,7·~
.95kNm

.5 .. 135lcNm

i •• , ...
e175lHm.. .. ..1 0,6 • •1 •A- •T •oS •

O,5,~
ra

•
0,4 -.

2 4 6 8 10 12 14
Moislure content, %

0,6
Nip ICNld:

0,5 .30lHm

c: • • .95Wm'! • •
~ 0,4 ,~ .. .1361Hrn.. •GJ
A- G 81751Hrnal
a. 0,3 .~ •- 0Il: •GJ •c: •ê 0,2. ~ ••GJ

CL
0,1 • ~ •
0,0 . . . .

2 4 6 8 10 12 14

MoillUre content, %

•
Figure 4.56: Effect ofmoisture content and line load on paper strain,

R= 0.202 Dl, 9= - 30 oC, S= 90 rn/min
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Figure 4.57: Effect ofmoisture content and line load on paper strain,

R= 0.202 ID, 8= - 30 oC, S= 300 rn/min
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Figure 4.58: Effect oftemperature and line load on paper~

R~ 0.355 Dl, M= -1.8%
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b) S= 500 mlmin
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Figure 4.59: Effect oftemperature and line load on paper strain,
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pennanent strain with increasing moisture content indicates that the effect trom the fibers

becoming more pliable is 50 strong that it more than compensates for the additional

resistance to deformation coming from the increased amount of water in the fibers.

However at higher moisture content the situation is reversed, with a now smaller increase

in fiber pliability being insufIicient ta compensate for the restriction on paper defonnation

coming from the larger amount of water in the fibers. In numerous cases displayed on

Figures 4.52 to 4.59, there is little or no increase in permanent strain for paper at 12%

moisture content relative to that for 8% moisture. In Figure 4.56 at the heaviest line load,

175 kN/~ the permanent strain is aetually less al 12% than at 8% moisture content.

The increase in uncalendered paper thickness with moisture content was seen in

Section 4.2 to be about linear over the range of moisture content investigated. The

observed permanent defonnation-moisture content behaviour thus provides evidence that

the extent to which pulp fibers become more pliable with increasing moisture content
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declines at higher moisture content, probably becoming quite small above about 12%

moisture content.

The effect of moisture content for paper at 23 to 30 oC is smaller on in-nip than

permanent strain, which is reasonable considering the high compression ûfpaper in the nip

shown on Figures 4.52 to 4.57. Wrth the much higher levels of in·nip strain it would he

expected that, of the two counteracting effects noted above, that of the restraint on

deformation from the increased amount of water in the fibers would be more important

than increased fiber pliability. This is the behaviour observed, with the relation between in­

nip strain and paper moisture content either reaching a plateau or, most often, passing

through a maximum. When the in-nip strain does not exceed about 0.4 to 0.5, i.e. at the

lowest calendering loads of 20 and 30 kN/m, the in-nip strain dependence on moisture

content is, as wouId be suspected, similar to that for permanent strain. However at heavier

calendering loads, when paper thickness in the nip is as little as 113 the entering thickness,

the in-nip strains pass through a maximum which occurs at approximately 7 to 901'0

moisture content. In such cases the in·nip paper thickness is as little as 30 to 40 J.1IIl and

thus a change in initial thickness of 8 J.1.ID, caused by the additional water in the fibers at a

moisture content of 10% comparerl to 2%, bas naturally a stronger effect on in-nip than

permanent strain.

At any paper moisture content, pulp fibers are more pliable at higher temperature.

Thus at higher paper temperature the fibers are already more pliable at low moisture

content, hence there is less scope for increase of fiber pliability with increasing moisture

content. Consequently it would be expected that, of the two counteracting effects at

increasing moisture content i.e. increased fiber pliability and increased amount of

incompressible water in the fibers, the latter effect would more quickly become the

dominant effect. Thus aIl the effects descnbed above are more pronounced at 30 oC

(Figures 4.55 to 4.57) than at 23 oC (Figures 4.52 to 4.54). Results obtained at higher

temperature, Figure 4.61, indicate that as paper temperature is increasecl from 30 oC to 48

oC the maximum in the defonnation-moisture content relation shifts trom approximately 7

to 9% to between 2 and 5% ofmoisture content. Moreover Figure 4.61 clearly shows that
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Figure 4.61: Effect ofmoisture content and load on paper in-nip strain, aIl speeds

a) R=0.355 Dl, 0=-48 oC
b) R= 0.202 Dl, 0= -60 oC
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at 60 oC, aIl data are now above the maximum in the deformation-moisture content curve,

with in-nip strain in ail cases decreasing with increasing moisture content, even at the

lowest nip load of40 kN/m where in-nip strain is in the range 0.50 to 0.55. Thus al 60 oC

the maximum in the deformation-moisture content relationship occurs at some very low

value of moisture content, less than 2%. At 60 oC the pulp fibers are 50 pliable at these

very low levels of moisture content that the in-nip strain-moisture content relation is

completely dominated by the restraint on paper deformation coming trom the varying

amount of incompressible water in the fibers.

Data displayed on Figures 4.52 to 4.57 is cross-plotted on Figures 4.58 to 4.59 as

a function of paper temperature at two levels of moisture content which are limited to

about 4% in order to show results up to about 60 oC. The sensitivity ofpaper strain, both

in-nip and permanent, is naturally less at the higher level ofmoisture content for which the

levels of strain are higher. As was already seen in connection with Figures 4.52 to 4.57,

the higher the level of deformation, the less increase there is in paper strain. At the high

levels of in-nip deformation existing for temperatures above 50 oC, especiaJly at the higher

moisture content, there is little increase in in-nip strain with further increase in paper

temperature. The present work supports the tindings of Colley and Peel [12] that at high

moisture content the effect of increase of temperature is very small above 50 oC for

groundwood furnish paper and above 70 oC for cotton paper.

4.4 Modified calendering equation

The results of Section 4.3 suggest that the present form of the calendering

equation, which is Iinear with paper temperature and moisture content, could be improved.

Although the moisture etfect bas been shown to be nonlinear for both permanent and in­

nip paper strain, for permanent strain the linear approximation appears satisfactory. The

range ofpaper moisture content for calendering in industrial practice is 4 to 1(lOlO, which is

below the strongly nonlinear range. However, the nonlinear effect of the paper moisture
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• content must he allowed for when operating at a high level of moisture content, for

example 14% moisture for 30 oC paper.

For in-nip strain, however, the strong nonlinear effect of moisture content is seen

to occur within the operating range of a standard calender stacle. This suggests that one

possibility for providing a better fit to the in-nip data is addition to the standard

calendering equation ofa second order term for paper moisture content:

where:

C' =A +" Jl.
~ n JADUl,

en = 1 - 0.25 (1 -A,J2 / (p"BiJ

when:

when:

Bi < 0.5 (1 -A) 1 p,.

Bi ~O.5 (1 -A) /1Sn

(Eq.4.10]

•

This equation is valid within the limits detined for the standard calendering

equation. Because the condition of zero in-nip strain was never experienced, the lower

limit is irrelevant. Thereby Equation 4.10 along with the upper limit was used as input to

the data processing program to fit the full set ofin-nip strain data.

Estimates of the coefficients for Equation 4.10, along with their asymptotic

standard errors (A.S.E.) are presented in Table 4.9. Figures 4.62 to 4.65 show the

experimental data and the regression curves which include that for the standard

calendering equation.

Compared with results obtained for the standard calendering equation, Table 4.1,

the coefficients which are changed the most when Equation 4.10 is used are those for the

intercept and moisture content, 80a and élMu, changed by 45 and 76%. The other

coefficients change by less than 8%, except 14% change for the intercept coefficient An.

The R.squamt value using Equation 4.10 of is higher, but ooly slightly i.e. 0.77 vs. 0.76.

Inspection ofFigures 4.62 to 4.65 indieates that the curves generated with Equation 4.10

better predict the nonIinear behaviour ofin-nip strain with moisture content.
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Figure 4.62 Effect ofmoisture content on in-nip strain, R= 0.356 Dl, e= 27 to 30 oC,

a) L= 20 kN/m, S= 90 rn/min
b) L= 40 kN/m, ail speeds
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Figure 4.63: Effect ofmoisture content on in-nip strain, R 0.202 ID, E)= 29 to 32 oC, all
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• Table 4.9: In..oip coefficients for Equation 4.10.

PARAMETER ESTIMATE A.S.E. C.V.

An -0.3727 0.02681 7"
8onWc:m

3
) -0.0438 0.01344 31 "

3 0.1926 0.0fJ966 S"a[.n (gIc:m )

3 -0.0141 0.fJ0440 31 "8sn(glc:m )

3 -0.0440 0.01348 31 "aRn(glc:m )

3 0.00381 0.000125 3"aTn (gIc:m OC)

3 0.01230 0.000403 3"aMn(gfan )

3 -O. ()(J(J66 O.(J(J(J()(JS 1"aM2n (gfc:m )

R~ 0.77

The in..oip moisture effect bas been seen to be a function of line Joad and paper

temperature, which suggests the alternative of including those two calendering parameters

with the moisture coefficient~ :

(Eq.4.11]

•

However, there is insufficient data available at low line load and high paper

temperature to be able to extraet a statisticaUy meaningfuI relationship involving those

variables. Thereby fitting Equations 4.10 and 4.11 to the set of ïn..nip strain data provided

only a small improvement over that of Equation 4.10 alone, as seen on Figures 4.65 to

4.68.

A1though the overalI fit and thus value of R«{'W'Cd is slightly improved with each

modification (Tables 4.1, 4.9, and 4.10), none of these versions of a calendering equation

adequately predicts the nonlinear effect ofincreased moisture content that is particular
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Table 4.11: In-nip coefficients for Equation 4.10 modified with Equation 4.11

PARAMETER ESTIMATE A.S.E.

Au -1).3241 0.02681

élan CJ!/cm.J) -1).0252 0.00721

3 0.1774 0.00875au (y/cm )

3 -1).0126 0.003418sn (glcm )

3 -1).0323 0.0118aRn(y/c:m )

3 0.00333 0.tJtJ0112aTn (gIcm oC)

3 0.00946 0.tJtJ03U8MnCJ!/an )

3 ..0.00092 0.(J(J(J(J(J5aMoCJ!/an )

3 0.000016 O.(J(J(J(J(U8MT (&fan OC)

3 0.(J(J(}()(J75 O.(J(J()(JfJ(J3S8ML(gIan )

R~ 0.7B

evident for in-nip strain at high level of strain, Figures 4.52 to 4.59. This inadequacy

results in 8 lower value of the in-nip moisture coefficient than could he expected. On the

other han~ the value of the in-nip temperature coefficient is much higher than the

permanent temperature coefficient despite the faet that the experimental data shown on

Figure 4.61 indicate otherwise. It seems that the inadequate prediction of the in-nip

moisture effect is compensated by the value of the in-nip temperature coefficient being too

high.

The relatively low values of R~ can also be attributed to the use of

experimental data coUected during the tirst 7 experiments. As explained in Section 3.3" a

change in an experlmental procedure was necessary to provide more accurate

measurement of the in-nip paper strain at higher temperature. However" experiments 1 to

7 were performed using earlier, slightly less accurate procedure, as seen on Figures 4.9 to
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• Table 4.11: In-nip calendering coefficients, Experiments 8 to 30

a.) the calendering equation b.) Equation 4.10

PARAMETER ESTIMATE

Au -0.3534

élan CE/cm3) 0.9118

3 9.1219alnCE/cm )

3 -0.0072asnÛ!/cm )

3 -0.0592aRnCE/cm )

3 0.00141aTn (gIcm oC)

3 0.00161aMnCE/cm )

R-squared 0.10

PARAMETER ESTIMATE

Au -0.3733

éIon (gIcm3) 0.0292

3 0.1829al.n(glan )

élsn (gIcm3) -0.0103

3 -0.0866aRn(glcm )

3 0.00291aTn (gIcm oC)

3 0.00481aMn(glcm )

3 -0.00019aM2n(glan )

R~ 0.81

•

4.15. Table 4.11 lists the in-nip calendering coefficients computed for both the standard

calendering equation and Equation 4.10 using ooly data from experiments 8 to 30. The

exclusion ofthe less aceurate data from experiments 1 to 7 is clearly beneficiaL the R-squar'CCl

values increasing to 0.80 and 0.81.

The coefficients in Table 4.11 differ slightly from those computed for the full set of

data, Table 4.1. These differences can be attributed not ooly to the elimination of the data

frOID less accurate procedure but aise to a resulting change in range ofline load, 30 to 210

kN/m for Experiments 8 to 30, 15 to 210 kN/m for the full set of data. As explained in

Section 4.1.1, the regression analysis attempts to fit a linear part of the calendering

equation through data at the lowest loads. Consequently for different ranges of line Joad,

the linear part ofthe calendering equation is applied to a different set of in-nip strain data,

leading to different calendering coefficients.

The in-nip temperature coefficient is still higher than that for permanent strain but

now their difference is much smal1er. The in...nip load coefficient is smaller than that
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• Table 4.12: In-nip coefficients for Equation 4.12.

PARAMETER ESTIMATE S.E. C.V.

A2 1.4525 0.56795 39"

3 -0.7109 0.27333 3'"302CWan )

3 0.4297 0.01450 3"auCWan )

3 -0.0321 0.(}(J117 21"aS2(g1an )

3 -0.0914 0.02"2 32 "aR2(g1an )

3 0.(}(J145 0.000307 4"an (gIan oC)

3 0.(}(J940 0.(}(J17S. 19"aM2(pJan )

R-squaRd 0.75

reported in Table 4.1 for a wider range ofline load, 15 ta 210 kN/m, but is higher than the

Table 4.5 vaIue for a narrower range ofline load, 40 ta 210 kN/m.

Another alternative ta the standard calendering equation was proposed by Browne

et al. [7]. As 90% of their in-nip data fell above the UpPer limit of the calendering

equation, they suggested that in-nip paper defonnation be descnoed in terms ofthe density

ratio pIpi.

1 / (1 - Sn) = P / Pi = A2 + 1-12 / Pi

where: (Eq.4.12]

•

In the present study as well, ail in-nip strain, except for one data point, fell above

the upper limit ofthe calendering equatio~ Table 4.6 in Section 4.1.1. For the industrially

relevant range of line loads, 15 to 210 kN/m, virtuaIly ail in-nip data can then he fitted

with the nonlinear part ofthe caIendering equation ooly, and thus with Equation 4.12
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Figure 4.69: Effect ofline load on density ratio, R= 0.356 ID, all speeds
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• which is its aIgebraic equivalent. This was done, with results shown in Table 4.12 and

Figures 4.69 to 4.70.

The overall fit is simiIar to that from the standard calendering equation, with its

lower and upper ümîts, Table 4.1. However, the importance ofthis approach lies mainly in

the fact tbat Equation 4.12 is less likely to be sensitive to the range of in-nip strain

investigated, as was shown in Section 4.1.1. Another advantage ofthis method is its Iinear

fonD, which eliminates the need for complex and time consuming non-ÜDear regression

analysis.

4.5 Muter creep equaüoD

An equation ofa quite different fonn, the master creep equation, can aIso be used

to relate permanent and in-nip paper strain to the same variables as the calendering

equation. The orisinaI fonn of the master creep equation, as proposed by Peel and 00­

workers [Il, 12] to fit data obtained in the platen press, was modified by Kerekes [49]

and Haglund and Robertson [30] in order to fit data from a more realistic calendering

process. The final version of the master creep equation, suitable for the present study, was

proposed by Browne et al. [6, 7]:

&",p = 0.5 (1- Pif Pn.p_maJ [1 + tanh (p".p)J [Eq.4.13]

•

The permanent and in-nip calendering intensities J.1 n.p are bath defined as for the

calendering equation:

where: Pn,P_ZIIU is the maximum density obtainable either in or after the nip, q/cm3
; Pi is

initial paper density, glcm3
, the inverse of initial paper bulk Bi; L is line load, kN/m; S is
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• paper speed, mlmin; R is a relative roll radius, DI; e is paper temperature, oC; M is paper

moisture content, %.

The SYSTAT statistical software was used to fit the modified version of the

master creep equation, Equation 4.13, to the set of 760 strain data, exactly as with the

calendering equation. As SYSTAT does not have a built-in hyperbolic tangent function the

exponential definition ofthis function was used.

The permanent and in-nip calendering coefficients, along with the asymptotic

standard error (AS.E.) and 95% confidence limits, are presented in Tables 4.13 and 4.15.

Estimates and residual errors are shawn in Figures 4.71 to 4.74 for both in-nip and and

permanent strain. The experimental data and regression curves with the master creep

equation are plotted in Figures 4.75 to 4.79 wim, for comparison, prediction curves from

the calendering equation.

Tables 4.14 and 4.16list the permanent and in-nip coefficients reported previously

by Colley and Peel [12], Kerekes [49] and Browne et al. [6, 7]. Since Colley and Peel

measured strain data in a platen press, the original version of the master creep equation,

Equation 4.14, used the maximum applied pressure P [MPa] and dwell time t [sec] as the

calendering variables instead ofnip load L and paper speed S.

&n.p = AlI,p {1 + tanh ( #n,p)J

the permanent and in-nip calendering intensities IlIl,P are

[Eq.4.14]

•

The folloWÎDg relationships between the coefficients of those variables, as

proposed by Kerekes [49], are used:

[Eq.4.15]
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• Table 4.13: Permanent coefficients for the master creep equation, present study.

PARAMETER ESTIMATE A.S.E. LOWER 95% UPPER 95%

Pp_max (gIcm~ 0.79113 0.02461 0.7499 O.U66

élop -2.5126 0.09150 -2.6922 -2.3330

aLp 1.0510 0.05364 0.9456 1.1563

asp -0.2219 0.01736 -0.2629 -0.1941

aRp -0.4397 0.04394 -0.5242 -0.3551

aTp 0.011BO 0.0fJ0643 0.01054 0.01206

~p 0.07597 0.0043B2 0.06736 0.01U57

R-squarcd 0.90

Table 4.14: Permanent coefficients for the master creep equation

•

a) Colley and Peel (1) and Kerekes (2)

PARAMETER 1 2

Ap 0.33 0.39

frlXal "..)

~ -6.71 -
ar.p 0.900 0.B90

asp -0.130 -0.165

aRp (predicted) -0.39 -0.363

aTp 0.0069 -
aMp 0.022 -

131

b) Browne et al.

PARAMETER ESTIMATE

Pp_1IWt (gfcm~ 0.5930

30p -3.1502

ar.p 1.B863

asp -0.2729

aRp -0.8294

R-equucd O.u



• Table 4.15: In-nip coefficients for the master creep equation, present study.

PARAMETER ESTIMATE A.S.E. LOWER 95% UPPER 95%

Pa_max (gfcm~ 1.4071 0.02'21 1.351' 1.4625

30n -1.1J394 0.11629 -2.0677 -1.6111

ar.n O.1J394 0.04154 0.'150 0.9710

aSa -0.0604 0.02207 -0.1037 -0.0171

aRn -0.3196 0.07065 -0.4493 -0.1719

aTa 0.02341 0.(iOI940 0.01960 0.02722

~ 0.02305 0.002256 0.01"2 0.0274'

R-squaRd 0.77

Table 4.16: In-nip coefficients for the master creep equation

a) Colley and Peel b) Browne et al.

PARAMETER ESTIMATE

An 0.33

30n -7.32

ar.n 1.090

aSa -0.063

aRa (predicted) -0.514

aTa 0.00305

aMn 0.018S

PARAMETER ESTIMATE

PD_lUX (gfcm~ 1.2807

30n -1.4197

ar.n 1.0076

aSn -0.0976

aRn -0.4340

R-squarcd 0.87
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Figure 4.71: SYSTAT estimates ofthe permanent paper strain: Master creep equation
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Figure 4.72: Residual error vs. permanent strain: Master creep equation
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• The radius effect was measured experimentally ooly by Browne et al. [6, 7]; in the

case of the data ofKerekes and Colley and Peel the radius effect was predieted using the

suggestion of Kerekes that the radius coefficient be calculated as an average of the load

and speed coefficients:

élR = - (81. + as) 12 = (3t - ap) 12 (Eq.4.16]

•

The limiting density obtainable after the nip is higher in the present study, PP_lUX =

0.80 g/cm3
, than that reported by Browne et al., Pp_1IWt =0.59 glcm3

. This difference is

attributed to the higher paper temperatures and moisture contents used in the present

study. As paper temperature or moisture content increases, the wood fibers become more

pliable and plastically deformable. Application of the extreme calendering conditions, high

load plus high temperature or moisture content, resulted after just one heavily loaded nip

in the final bulk as lowas 1.39 to 1.43 cm3/& or paper density of 0.70 to 0.72 g1cm3
.

When nips more heavily loaded yet are useJ, final paper densit·i èaû approach the limiting

value of0.80 g/cm3
•

The limiting in-nip density is 1.41 g1cm3
, which is higher than that reported by

Browne et al. This high density is attributed mostly to the use ofhigh paper temperatures.

In the previous Section 4.3 it was shown that the strongest moisture effect on the in-nip

strain is achieved around 8% moisture, sa the use of higher levels is counterproduetive.

The in-nip data obtained here showed that a combination ofhigh nip load with high paper

temperature produces in-nip paper compression approaching 70010, even at the low level of

moisture content, i.e. in-nip paper thickness ooly 300..10 of its initial value. At this point the

actual in-nip paper density was 1.40 glcm3
, very close ta the rePOrted limiting density

obtainable in the nip. This implies that in-nip strain of 0.72 to 0.75 is the highest possible

compression the paper cao experience in the nip after heavy calendering, a reasonable

conclusion as such a paper density would be only slightly lower than the accepted value

for the density of the component fibers, 1.50 g/cm3
•
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• Values of the permanent and in-nip limiting densities for data reported by Colley

and Peel were computed using a relationship between the coefficient~ Equation 4.147

and the limiting density obtainable either in the nip or after, as proposed by Haglund and

Robertson [30]:

Ap•n = 0.5 (1- P; / l'P.n_ma:J [Eq.4.17]

•

Using resu1ts given in Tables 4.12a and 4.13a and a typical initial density of 0.45

glcm3
, which corresponds to the initial bulk of 2.20 cm3/g, Equation 4.17 estimates the

limiting density to be 1.32 glcm3
, for both the permanent and in-nip data. This impües that

paper in the nip could be deformed 50 strongly that it would not recover at ail. The above

value of the limiting density is slightly smaller the corresponding value reported in the

present study but it is higher than the in-nip limiting density given by Browne et al.

However there is a large differeoce in values of limiting density for the permanent data.

The present results and those of Browne et al. show that the limiting density for

permanent compression is substantially lower than the corresponding limiting density

given by CoUey and Pee~ and thus that it is lower than the limiting density for in-nip

compression..

The in-nip load, speed and radius coefficients reported in the present study, Table

4.15, are statistically oot different from the previous data, given in Table 4.16. As Kerekes

and Browne et al. did not measure the effect of temperature and moisture content on

paper behaviour in the nip, only CoUey and Peel data cao he used for comparison with the

effect reported here ofpaper temperature and moisture content.

The in-nip moisture effect is slightly higher than the corresponding moisture

coefficient ofColley and Pee~ but are within the 95% confidence limits. On the other band

the in-nip temperature coefficient found here is one order of magnitude higher in the

present work than that reported previously. This difference cao be attributed to the

different combinations ofpaper temperature and moisture content used in the two studies.
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•

•

Colley and Peel [12] investigated extensively the effect oftemperature on the in­

nip paper compression for high levels ofmoisture content ranging from 9 to 13%, where

the effect of increased temperature was reported to be very smaII above 50 oC for

groundwood. But their data also showed that, for the temperature range 20 to 80 oC, the

temperature effect is approximately 3 to 4 times bigger for a moisture content of 2.3%

than for 9.3 and 12.6% moisture.

The temperature eifect was investigated here over nearly the same range ofpaper

temperature, 20 to 74 oC, but only for a moisture content of 2%. The temperature effect

for higher levels ofmoisture content was investigated for a range of temperature: 20 to 60

oC for moisture content of3 to 4%, 20 to 50 oC for moisture content of6 to 7%. On the

other band, this difference can be a1so attributed to the compensation effect for the

inadequate prediction of the nonlinear moisture effect, as in the case of the calendering

equation.

For permanent~ the Joad and radius coefficients are substantially lower than

those given by Browne et al. but are not statistically different from the Joad and radius

coefficients of Colley and Peels and Kerekes, Table 4.14a. The permanent speed

coefficient is the same as round by Browne et al. but is higher than those reported by

Kerekes anà Colley and Peel. The temperature and moisture content coefficients obtained

in the present study are significantly different from those reported in Table 4. 14a.

This difference cao he attributed to the different value of the limiting density or Ap

hetween those studies. Colley and Peel assumed that the limiting densities are the same for

both permanent and in-nip strain, and thus their value of the coefficient Ap corresponding

to the value of the permanent limiting density of 1.32 glcm3 is much higher than that

ohtained bere. To correct for this difference, the present permanent data were fitted with

the master creep equationag~ but this lime with the limiting density fixed at 1.32 glcm3
•

For those results, given in Table 4.17, aIl coefficients but those for temperature and

moisture content are statistically not different from the corresponding coefficients given in

Table 4.13, but the new coefficients are generally slightly lower. The moisture and

temperature coefficients are changed but in this case are comparable with the coefficients
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•

•

Table 4.17: Permanent coefficients for the master creep equation, PP_lUX = 1.32 glcm3
•

PARAMETER ESTIMATE AS.E.

At_lUX (gfcmJ
) 1.32 (o.(J(J(J(J)

80p -2.16' 0.10150

aLp 0.1'10 0.06621

asp -0.1190 0.01316

aRp -0.3781 0.04134

aTp 0.fHJ64 0.0tHJ352

~p 0.0374 0.003211

R~ 0.88

obtained by Colley and Peel. Apparently the lower value of the limiting density used here

was balanced mostly by the higher values ofthose two coefficients.

Overall the fit of the master creep equation is similar to the calendering equation,

as shown on Figure 4.75 to 4.79, especially for permanent strain. The only visible

distinction is at strains lower than 0.10 where the master creep equation predicts the

permanent strain better than the calendering equation, Figure 4.75. For the in-nip case, the

master creep and calendering equations fit the data somehow differently but with about the

same precision. Since for the industrially relevant range of calendering conditions bath the

calendering and master creep equations require non-Iinear regression to obtain the

coefficients, the computational effort is the same for both ofthem.

Thus the continuous fonn of the master creep equation is an attractive alternative

to the calendering equation with its lower and upper limitsll especially for the in-nip case

where the pieced-together form ofthe calendering equation was shown to depend on the

range ofnip intensities investigated.
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• 4.6 RelatioDship between permanent and in-nip strain

Browne et al. L6, 7] showed that a convenient relationship exists between

permanent and in-nip strain, thus verifYing the suggestion made by Iouides et al. [40] trom

theoretical considerations. Using a theoretical anaIysis offiber distnoution inside the sheet

Ionides et al. argued that a simple Iinear function cao. be used to relate permanent strain to

an unknown in-nip strain:

(Eq.4.18]

Browne et al. showed that Equation 4.18 fits the experimental data relatively weil

when permanent strains higher than 0.20 are used. They showed that a nonlinear funetion

is required with strain data covering the range of strains 0 to 0.45. Accordingly, they

proposed a logarithmic relationship:

(Bq. 4.19]

•

Since in the present study the permanent strains cover the range 0.05 to 0.45, a

logarithmic relationship was used to fit the full set of strain data. The coefficients for

Equation 4.19 and their standard errors (S.E.) are listed in Table 4.18a.. The present

results are comparable with the coefficients gjven in Table 4.18b but R-squarcd is much

lower, which suggests that the simple form of relationship proposed by Browne et al.

provides a poor fit ofthe present data.

This problem cao. be attributed to the different experimental conditions used.

Browne et al. measured the permanent and in-nip strains at ambient conditions, whereas a

wide range of paper temperature and moisture content was investigated in the present

study. As paper temperature and/or moisture content increases, the pulp fibers become

more plastically defonnahle which allows obtaining the final deformation at a lower nip

load. Sïnce paper bas been shown to have a visco-elastic behaviour, the application of
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•

•

Table 4.18: Coefficients for Equation 4.19.

a) present study

PARAMETER ESTIMATE STDERROR

a 0.7587 0.00787

Ce 0.3029 0.01243

R2 0.45

h.) Browne et al. data.

PARAMETER ESTIMATE STDERROR

a 0.778 0.049

Cs 0.354 0.007

R2 0.74

different combinations ofnip load, temperature and moisture content makes it possible ta

obtain the same permanent strain through compressing the paper in the nip to different

levels. On the other band, Section 4.4 bas shown that for paper at 23 to 30 oC increasing

the moisture content from 2 to 12% with other calendering variables fixed causes the ÏD­

nip strain to pass through a maximum at approximately 8% ofmoisture content. Therefor

by changing its moisture conten~ paper can be compressed to the same or even a lower in­

nip strain, while its permanent strain would be higher.

This analysis suggests that the relationship between in-nip and permanent strain is

a funetion of the calendering variables. Since nip load, temperature and moisture content

are three calendering variables which affect both permanent and in-nip paper defonnation

the most, a modified version ofEquation 4.19 is proposed:

[Eq.4.20a]
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• Table 4.19 Coefficients for Equation 4.20.

PARAMETER ESTIMATE SmERROR

a 0.7602 0.01432

Co 0.4956 0.02326

CL -0.0636 0.01474

Ce (11°C) -0.0028 0.00025

CM 0.0089 0.00142

R2 0.76

where the slope coefficient Ctt is a function ofline load L, paPe( temperature 8, and paper

moisture content:

(Eq.4.20b]

•

The coefficients defined in Equation 4.20 are listed in Table 4.19 and the

prediction curves are plotted in Figure 4.80. AlI coefficients are statistically significant and

the new R-squared, 0.76, is much better than the 0.45 value in Table 4. 18a. The value of the

intercept coefficient, a, is the same as for Equation 4.19, but the other coefficients cannot

be compared directly with the previous results. The overall fit ofEquation 4.20 and the R­

squared = 0.76 value are comparable with the in-nip versions of the calendering and master

creep equations. Taking into account the form of this equation, continuous and linear with

respect to the calendering variables, it is a very attractive alternative for estimating in-nip

strain from permanent strain, and thus for implementing in a model for a cross...direction

control ofcalendering.
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Figure 4.80: Relationship between permanent and in-nip strain

a.) 9 =25 ta 33 oC, aIlloads and moisture contents
b.) M = 1.3 to 2.3%, allioads and temperatures

Lines from Equation 4.20
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• 4.7 CondusÎons

•

In-nip and pennanent paper strain was determined in a controUed environment

calender for 30 sets of combinations of calendering lo~ speed and roll radius, and for

paper temperature and moisture content covering the range 22 ta 7S oC and 1 to 14 %

moisture.

The calendering and master creep equations are shown ta provide almost identical

descriptions of permanent paper defonnation after a caIender nip for industrially relevant

line Ioads. However for a very low Ioads, the master creep equation provides better

predictions.

The in-nip version of the calendering equation, proposed by Browne et al., is now

verified to give a satisfaetory description ofpaper deformation in the calender nip over the

wide range ofpaper temperature and moisture content. This equation cao he used to relate

local in-nip strain to local values ofthe calendering variables.

The calendering equation is found ta be sensitive ta the range of in-nip strain

obtained experimentally. Because the regression anaIysis attempts to fit a Iinear part of the

calendering equation through the data with the lowest values, and thus for different sets of

in-nip data, different in-nip coefficients are found. Caution must be used when comparing

in-nip calendering coefficients obtained at different experimental conditions.

Because essentially ail the in-nip strain data faIIs above the upper limit of the

calendering equation, ooly the nonlinear part ofthe calendering equation cao be used to fit

this in-nip data obtained for industrially relevant calendering variables. This relationship is

less likely to he sensitive ta the range of in-nip strain investigated. To eliminate the

consuming non-Iinear regression analysis, in-nip paper defonnation cao be descnoed in

terms ofthe density ratio p 1Pr..

The in-nip master creep equation, another alternative for the standard calendering

equation, provides a similar description ofpaper deformation in a calender nip and, at the

same rime, its continuous fonn makes it less Iikely to be sensitive to the range of in-nip

strain investigated.
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Initial paper thickness is round to be a linear function ofbath paper temperature

and moisture content.

Increased moisture content is seen to be have a strong nonlinear eifect on in-nip

paper strain. Permanent strain is also affected but, for industrially relevant moisture

contents, a Iinear relationsbip can be used. Increased temperature bas a similar effect on

paper deformation both after and in a calender nip.

The relationsbip between permanent and in-nip strain is a function of paper

temperature and moisture content as well as line load. This relationship is advantageous

for estimating local in-nip strain for a given local permanent strain, but another calendering

equation must be used to estimate the local value ofline load.

149



•

•

5 Thermal derormatioD of. calender roU

5.1 Transient and steady state local bat transrer and roB def'ormation

5.1.1 Introduction

An essential element ofany CD calender control system is the ability to predict the roll

radius deformation, and thus the calender nip profile, due to a specifie heatinglcooling CD

profile from a control actuatOf. Subsequent to the measurement by Pelletier et al. [67, 68] of

local heat transfer for a calender roll with heating or cooling impinging air jets as the control

actuator, Iourneaux [42] obtained the transient and steady state aspects the CD profile oflocal

radius of a calender roll. The latter study used finite volUme and finite eIement numerical

methods to calculate, for a variety ofroll designs, the CD local roll deformation profile due to a

CD local heat flux profile. Although this determination of the dynamic local roIl defonnation

was obtained with the heat flux from air showers, their anaIysis applies with any type ofcontrol

device for which CD local heat transfer rates to the roll can he specified, provided the heat is

appüed sufficiently close ta the roll surlàœ to he a boundary condition not a volumetric term.

Induction heaters (CalcoiIs), now the industry standard, generate the heat in the body ofthe roll

but very close to the surfilee, thus for aIl practical pwposes they cm he treated as a boundary

condition. The Ioumeaux steady state and unsteady state analysïs, detailed in Chapter 2,

Section 2.5, used a finite element solution for the steady state deformation of a shen u.(z),

combined with a finite volume solution for the temperature distribution 0(rp,z,t) in order to

calcu1ate the roll deformation profile u, a funetion of z and 1. Steady and unsteady state

solutions were satisfactorily validated agaiDst pubüshed results ofexperimental measurements.

The resuIts of the steady state solutions were represented by the maximum heigbt of

the deformation, Ar.,., and the characteristic width ofthis peak, W&, taken as the width in the

axial direction over which Ar ~ ArIJQk /3 (Chapter 2, Figure 2.2). The resuIts of the unsteady

state solution may he simplified to the maximum value ofthe deformation profile as a function

oftime, denoted &(t). However, due to the substantial time required for numerical solution of

the unsteady state roll response to a calender control action, this method is currently practical

ooly for off-fine analysis. Journeaux [42] expressed these unsteady state results for the
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• maximum local deformation of roll radius, Ar(t), in terms of a simple two-parameter

exponential relation:

(Eq.5.1]

•

The specifie configuration of control device used by Iourneaux consisted ofa row

of 10 identical jets with a repeating sequence ofeither 1 cooling jet and 9 heating jets, or 1

heating jet and 9 cooling jets. For the jets, of Re= 60, 000, the nozzle exit temperature

was 20 oC for cooling or 150 oC for heating. A jet-to-jet spacing of Sj 1 d = 4 was used

throughout, corresponding to a separation, Sj, of 100 mm. between the centerlines of

impinging jets from nozzles of diameter d = 25 mm. For heated roUs the temperature of

the internal heating fluid was 150 oC. Ioumeaux obtained the numerical solution results for

unheated and intemally heated rolls of a range of roU radius and shell thickness covering

industrial practice and including solid rolls, the case which connects the results for

unheated and heated shell rolls.

According to Equation 5.1 the dynamie response of a calender roll is represented

as a function of two parameters, the limiting steady state value of the maximum local roll

deformation, Le. the peak deformation Ar~ and a roll defonnation time constant, 't.

Iourneaux [42] showed that Equation 5.1 gives a satisfactory approximation of the complete

finite element and finite volume simulation. They used their numerical solution to

determine, for a variety ofroU designs and thermal boundary conditions, values ofthe the peak

roll deformation Arpcak, the characteristie width of deformation W&, and the transient roll

response to local heating/cooling &'(t). The transient state roll deformation resuIts were used

with Equation 5.1 to compute the deformation time constant 'te

Wrth respect to the two parameters ofEquation S.l, Arpalk and 't, Ioumeaux did not

relate these to the system operating conditions. In the present study the numerical methods

results ofIoumeaux were used to obtain relations between the system parameters and the

three defonnation charaeteristies, Ar~ W!Je and 't, thereby obtaining praetical control

model equations for predicting the transient response ofa calender roll.
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5.1.2 Facton governing roU thermal deCornaation

Before the detailed results of calender thermal deformation are presented sorne

general eharacteristics are outlined whieh underlay all the specifie cases to he discussed

subsequently. As the difference in eharaeteristics between exercising control on internally

heated or unheated shell rolls is a central feature of the results, this aspect is considered

first.

The shell-type unheated roll is the base case, with its effectively adiabatie boundary

condition at the interior surface. As a result of the control aetuator there is within sueh a

sheD a radial heat flux which at steady state is equalled by axial heat flows to or ftom the

region beyond the influence ofthe aetuator. For an unheated roll at steady state the height

of the deformation, the' ârpcak ofEquation 5.1, and the axial width of the deformation W/k

are determined by the interaction between these radial and axial heat tlows and the

associated radial and axial temperature distnèution. For a specifie roll radius, the thicker

the shell, the luger the cross-sectional area for axial heat conduction and hence the smaller

the expected steady state peak defonnation drpcak. For a specifie sheD thiekness, the larger

the roll radius, likewise the larger the cross-sectional area for axial heat conduction, and

again the smaller the expeeted ârpcü value. In bath cases just cited the decreased

resistance ta axial heat conduction associated with the increased ratio, cross-section

area/externaI shell area, would also produce a relatively flatter axial profile of the roll

deformation. The latter feature is represented by the ratio WtJârpcü., the roll defonnation

index ID. For fine resolution of CO control it is advantageous to have more peaked

profiles, not flatter profiles i.e. a low value of the ID index. Wbile the sensitivity to roll

geometry of height and width of steady state roll defonnation is clear, as noted above,

there is no comparable reason for the deformation lime constant 't for unheated rolls ta he

sensitive to roll geometry.

By contrast to an unheated sheD, an internally heated roll bas an additional radiai

heat flux at the interior surface ofthe roll and an additional parameter, Le. the temperature

of the heated core whieh contraIs that heat flux. Results from Joumeaux [42] show that
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with the roll heating tluid at 150 oC, the switch between aIl heating jets at 150 oC and ail

cooling jets at 20 oC never moved the roll surface temperature beyond the range 121 to

138°C. This indieates that with shell thickness not greater than about haIf the radius, the

behaviour of the shell, including its temperature distribution, is dominated by radial

conduction from the heated core. This dominance is a consequence of the much higher

value of heat transfer coefficient for the heating fluid (water) than for the air from the

control jet, as hair « hcorc liquid, plus the faet that heat transfer from the control actuator is

applied to just haIfthe roll circumference.

The faet that the temperature distribution in the sheD ofan intemally heated roD is

dominated by the heated core boundary condition means that the effect of the control

actuator would be less than for an unheated roD, Le. the steady state peak deformation

t1rpcak must be less than for an unheated roU. With the temperature distribution within a

heated sheD dominated by the large radial heat flux from the heated core it aIso follows

that the characteristic time constant ofthe heated sheD would be significantly less than for

the unheated shell. As sheU thickness ofa heated roll increases, the etfect that the heat tlux

from the heated core bas on thermal deformation at the roll surface wouId decrease for

two reasons: the area available for heat transfer from the heated core decreases, and the

resistance to radial conduction of this flux increases with the increased sheD thickness.

Thus as the shell thickness ofa heated roll încreases, the Arpcak must Încrease. A solid roU

represents the Iimiting common case where, for unheated and heated rolls, values of

control charaeteristics - height and width of the defonnation and its response tinte - will

converge.

With the heat flux from the heated core depending on the heating fluid-roll

temperature difference, then as the temperature of the heating fluid is decreased the

internaI heat flux decreases and the behaviour ofa heated roll will become more similar to

the base case ofan unheated roll. Thus for a fixed roll geometry, as the temperature ofthe

internai heating fluid approaches that of the adiabatic core of an unheated roll, the values

ofail roll deformation charaeteristics for heated and unheated roUs would converge.
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• S.2 Peak roB deformatioD at steady !tale

•

The numerical solution results ofJourneaux [42] for a 250 mm radius roll of shell

thickness 100 mm, Figure 5.1, show that the peak defonnation at steady state for an

unheated roll is somewhat over 3 times that for a heated roll. This enonnous etfed is a

consequence of the difference for heated and unheated rolls in the radial boundary

condition at the interior surface of the roll as descnbed in Section 5.1.2. Local roll

defonnation at steady state is a funetion of the thermal boundary condition and of roll

design - the roll radius and sheD thickness, as iIlustrated by Figure 5.1.

The effect of roll radius on peak: roll deformation is essentially the same for

unheated and heated roUs. In bath cases, as roU radius increases at constant shell

thickness, the peak roU defonnation decreases. The peak deformation is created by the

radial heat flux tram the control aetuator, but this defonnation is moderated by the axial

heat conduction between the region under the control actuator and that beyond. Thus as

detailed in Section 5.1.2, peak deformation is a function of the ratio of the roll perimeter

acted upon by the control aetuator, ta the cross-sectÎonal area for axial heat transfer. W!th

the results for four roU sizes available for heated rails, Figure 5.1, this effect is seen to be

nonlinear, with the sensitivity to roll radius decreasing with larger rolls. A1though ooly

data for two roll sizes are available for unheated roUs, similar trends would be expected.

Figure 5.1 shows that, between intemally heated and unheated rolls, the effect of

shen thickness on peak roll defonnation is just the opposite, with an increase in shell

thickness increasing the &-pcak of heated roUs but decreasing it for unheated roUs. With the

adiabatic boundary condition at the inside surface ofan unbeated roll, as the shen becomes

thicker, the larger cross-sectional area leads to increased axial heat conduction to the

regions of the roll beyond the control actuator which in tum reduces the thermal

deformation. As outlined in Section 5.1.2, with heated rolls the large heat flux ftom the

internaI core reduces Arpcüo With a thicker shell this atteouation of Arpcak. becomes less

strong as the heat flux from the heated core decreases with decreasing heat transfer area

and increasing distance ofthe core from the extemal surface.
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Figure 5.1: Effect ofroll geometry on peak roll defonnation

Data: oumerical simulation ofJourneaux [42]
Lines: Equations 5.2 and 5.3

•

For unheated rails, the effects of shell thickness and roll radius on peak roll

deformation are in the same direction, with âTpcak decreasing as either r or s Ïncreases. The

effect of shell thickness is clearly nonlinear, Figure 5.1, but with data available for ooly

two values of r, this effect was assumed linear. For unheated rails, âTpcak becomes

increasingly insensitive ta shell thickness as s approaches the limit ofa solid roll.

As notOO in Section 5.1.1 the numerical solution results ofIoumeaux were used in the

present study as input data for a regression analysis ta relate the deformation

charaeteristics Mpcak, Wik, ID and 't ta the system parameters, thereby determining the

equations constituting a roll deformation model appropriate for use in real-tïme CD control

of calendering. As reported in Chapter 2, Journeaux [42] showed that for conditions of

industrial relevance the magnitude of thermal roU deformation for heating and cooling jets

is generally indistinguishable. Thus their numerical analysis results with both types of
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• control actuator were combined here for this regression analysis. For unheated roUs the

local peak deformation is descnoed as:

[Eq.S.2]

where ris roU radius [mm], and s is shell thickness [mm].

For intemally heated rolls, because peak roll deformation increases nonIinearly

with shell thickness and decreases nonlinearly with roll radius, an exponential relation

descnoes weIl these roll geometry effects:

Lir..... = ao + a. e (sir) [Eq.S.3]

•

Coefficients ofthese correlations for unheated and heated rolls are given in Tables 5.1 and

5.2, with the resulting prediction curves plotted on Figure 5.1. The favorable coefficient of

variation values in Tables 5.1 and 5.2 for these experimentally detennined parameters are

retlected in the good predictive ability apparent on Figure 5.1, thus supporting the

acceptability of the approach taken here. Figure 5.1 shows the effect of shell thickness,

with peak roll defonnation for heated and unheated rolls proceeding in the opposite

direction from the common case ofa solid roll.

Table 5.1: Coefficients for Equation 5.2, unheated rolls.

PARAMETER ESTIMATE STD.ERROR C.V.

ao [ JlItl ] 27.4661 1.71539 6%

élsl -0.1010 0.01677 17%

éIs2 [mm-1 ] 0.00022 0.000049 22%

3R -0.0263 0.00435 17%

~ 0.98
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Table 5.2: Coefficients for Equation 5.3:r intemally heated raDs.

PARAMETER ESTIMATE STO.ERROR C.V.

ao [JlD1] -1.5793 0.10685 7%

éIsR.(JlD1] 3.8825 0.06215 2%

~ 0.99

For heated rolIs the &-peak values for solid roUs, the common case for heated and

unheated rolls, were not included in the regression analysis and thus the Figure 5.1 curves

do not extend to these fimits. For such rolls the industrially relevant range of shen

thickness is 80 ta 160 mm. To include solid rails in the regression, which would require

adding higher arder terms, would increase the complexity of Equation 5.3 in order ta

make it applicable over a region for which it would not be used.

5.3 Width of roB deformatioD at steady !tale

The width ofdefonnation , like peak roll deformation, dePends on roU design and

thennal boundary conditions as discussed in Section 5.1.2. Because W t.c and Mpak are the

two dimensions of roll deformation, a considerable similarity in their behaviour should be

expected. As for &-p:aIu the values ofWt.c, Figure 5.2, depend stroogly 00 whether the roll

is intemally heated. For hollow rolls that are heated intemally the presence of a strong

radial heat flux which is uniform in the axial direction is the etfect which decreases bath of

these axially local etfects, Wâr and Mpcak. The thinner the shell, the stronger this etfect. As

for &-pcak, the difference in W t.c for heated and unheated roUs vanishes as shell thickness

approaches roll radius.

For the base case, an unheated roll with its adiabatic boundary condition at the

inside surface, Figure 5.2 shows that Wâr is essentially invariant with respect ta both
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geometric parameterso For use in a calendering control model, an average of this set of

data serves as the charaeteristic dimension WM for unheated roUs, independent of roU

geometry i.e.:

Wb = 463mm [Eq.5.4]

The charaeteristic deformation width ofheated rolls can he represented as:

•
Wb = Co + Cs S
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• Table 5.3: Coefficients for Equation 5.5, internally heated roUs.

PARAMETER ESTIMATE STD.ERROR C.V.

Co [mm] 188.369 8.8868 5%

Cs 1.0133 0.0552 5%

~ 0.98

The coefficients for Equation 5.5, Table 5.3, provide the prediction line plotted on Figure

5.2. For reasons given in connection with Figure 5.1, values ofWAr for 50lid roUs were not

included in this regression analysis, 50 the Figure 5.2 lines do not include this limit.

Discussion of the interrelation between effects of roU geometry and internai thermal

conditions 00 height and width ofroll defonnation is deferred ta Section 5.4.

5.4 RoU defonnatioD indes

The most effective steady state limit for calender control wouId combine a high Arp*

with a low W!JE. Accordingly Joumeaux defined a calender control deformation index., 10, as the

characteristic width ofdeformation, millimeters, per micrometer ofpeak roU deformation:

(Eq.5.6]

•

As the steady state limit for CD control ofcalendering a low value of this ID index is

desirable. Based on bis oumerical solution resuIts Joumeaux reported values ranging from a

high oflo= 86 mm/J.UIl for a large radius, thick-walled intemally heated roll, ta a low oflo= 35

mmlJ.1IIl for a small radius, thin-walled unheated roll. Thus for a given roll deformation, use ofa

conditions giving a low value of the ID index provides a control action that is feIt over a

159



• narrower width of roll thereby petmitting at steady state a finer resolution ofCD control over

the width ofthe paper machine.

Using correlations 52 to 5.5 for Ârpak and WM, , the defonnation index: le can now he

evaluated for a variety ofroll designs for unheated roUs as:

and for heated roUs:

ID = (CD + C, s) / ( a, + a, e S / r )

[Bq. 5.7]

(Eq.5.8]

•

The Figure 5.3 results for the defonnation index: ID from Equations 5.7 and 5.8 show

that, for the base case of unheated rolls, the improvement of a lower ID index is acbieved by

reducing both roll radius and shell thickness. As Figure 5.1 showed that reducing r and s gives

a largerM~ such changes are doubly good in giving a roll defonnation profile that is both

larger and more peaked. For intemally heated rolIs, the desired lower ID is still acbieved by

decreasing roll radius but the effect ofshell thickness is just the opposite. At steady state a finer

resolution ofcross-machine direction control is achieved by increasing shell thickness, a change

which is again doubly good as Figure 5.1 shows that Mpcak would aIso he increased. Unheated

raIls are seen ta he strongly advantageous over heated rolIs, combining finer resolution ofCD

controL Figure 5.3, with larger deformation, Figure 5.1. Current industrial practice is for

calender rolIs in the range of shell thickness 80 to 160 Il1IIl, with 120 mm being a commonly

used tlückness. For shell thickness in the 80 to 160 mm range, the ID deformation index values

for unheated rolls are in the range 30 to 40 mmlJ.UIl while heated roDs have considerably Jess

advantageous values of10in the range 50 to 70 mm/J.LDl.

As the definition of the ID index provides the ratio of the width ta the height of the

defonnation profile, Figure 5.3 shows that roll defonnation profiles are flatter on heated rails,

are more peaked on unheated roUs. Furthermore, to obtain the more peaked deformation

profiles that are advantageous for fine
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resolution of CD control, the sheD thickness of heated roUs should be increased wbile that for

unheated rails should he decreased.

The above resuIts show tbat the greatest potential for fine resolution of CD control at

steady state is provided by unheated roUs of smaIl radius and thin shells. AIthough the

deformation index Jo constitutes a useful combination oftwo characteristics, the definition of10

gives equal weight to the variables Arpcak and W!Je. Thus if the optimum control strategy gives

more importance to one of these variables, the deformation index In could not he used as a

precise guide to the best control system. Also~ as the ID index relates to the potential for CD

control at steady state it provides no guidance as to the other desirable control characteristic~

Le. fast response~ the aspect considered next.
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• 5.5 RoU deformatioD tilDe constant

With charaeterization of the steady state values of roll deformation dimensions as

functions of roll design and control action parameters, it remains only to characterize the

time constant ofthis deformation. Wrth the symmetry of thermal conditions for unheated

roUs, the deformation time constant is independent of the choice of heating or cooling

control actuator, hence this aspect of control conditions need not be considered. For

unheated raIls the numerical solution data on Figure 5.4 shows that 't is ooly very weakly

affected by either r or s. With the time constant for unheated raDs effeetively independent

of roll geometry, for control model use an average value yields:

r=21.8min [Eq.5.9]

Figure 5.4 shows that the deformation rime constant can be very much lower for

heated than for unheated raIls, again due ta the dynamic behaviour of the shell being

dominated by the large radial heat flux from the heated core which, for the internai core

and external actuator conditions used here, is much greater than the heat flux from the

aetuatof. For the internai heating and extemal aetuator conditions tested, and over the 80

to 160 mm shell thickness range common ta industry, the 22 minute time constant 't for

unheated raIls is very much longer than the 2.5 ta 8 minutes applicable for heated raIls. As

s ~ r, for intemally heated raIls 't increases exponentially toward that for a solid roll, the

limiting case common ta heated and unheated roUs.

The deformation rime constant of interna1ly heated roUs varies somewhat with roll

radius but greatly with shell thickness. The results for a 200 mm radius roll, Figure 5.4,

show that the t= j{s) effect is distinctly nonlinear. For intemally beated roUs the time

constant should then he taken as linear with roll radius, nonIinear with shell thickness:

•
r = bo + b31 s + bS2 $1 + br r
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Table 5.4: Coefficients for Equation 5.10, internally heated roUs.

PARAMETER ESTIMATE STD.ERROR C.V.

ho [min] 6.0865 0.85483 14%

bSl [min/mm] -0.0726 0.01364 19%

bS2 [min/mm2
] 0.0006 0.00005 8%

br [min/mm] -0.00553 0.00162 29%

~ 0.99
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Coefficients for Equation 5.10 and the corresponding coefficient of variation values are

given in Table 5.4, and the resulting prediction curves for a variety ofroll designs appear

on Figure 5.4. Values of 't for solid rolls were not included in the regression anaIysis, as

notOO for Figures 5.1 and 5.2.

5.6 Comparison of unheated and beated ealender roUs

The preceding sections demonstrate the very large differences between the

characteristics with control exercised on unheated and heated rolls. To integrate this

aspect we now examine the ratio ofeach parameter, peak defonnation &l'pcü, deformation

index 10, and defonnation tinte constant 't, for the case of intemally heated rolls relative to

that for unheated roUs. Of the three characteristics, Arpcak, W!Jr and 10, ooly two are

independent. For this comparison ID is used rather than W tir because ID gives a direct

measure of the axial dimension shape ofthe profile, Wtir / Arpcak, and therefore provides a

direct measure of the fineness of resolution of control in the CD dimension. As Wtir is

defined relative to Arpcak as the deformation width where Mpcü ~ M/3, W fjr cannat be

interpreted independently of &l'pcü. For these parameters the data cao be further

condensed by presenting these ratios as a function of relative shell thickness, sir. The

results in this condensed form appear on Figure 5.5. The ratio plots must converge to the

value of one for the slr= 1 limit. As it is apparent that use of the nondimensional variable

sir does not account entirely for the separate etfects of roll geometry, thus separate lines

are shown for roU radius.

These three figures show clearly the contliet between conditions which are

advantageous for the various desirable aspects for CD control. To have at steady state

high values ofpeak roU defonnation and low values ofthe defonnation index, Fi8UCes S.Sa

and 5.5b show the superiority ofunheated over heated rolls. This advantage ofunheated

rolls is counterbalanced by heated rolls of conventional wall thickness having a response

time constant 't ooly 1/5 ta 116 as long. Even for quite thick walled roUs, ofsir in the range
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0.6 to 0.7, 't for such heated roUs is still ooly 1/4 to 1/3 that for unheated roDs. Thus

Figure 5.5 is effective in demonstrating the impossibiIity of identifying any single

combination of conditions which would give the ideal control system: high Âr~ low ID

and small 'te For a specifie calender CD control system it is therefore neœssary to seek a

satisfactory compromise between the conflicting objectives of the potential for large roll

deformation, fine CD resolution and fast control response time.

5.7 Simulation of dynamic roU derorm.tion

The anaIysis in the preceding sections of the effect of various geometrie and

thermal parameters on calender roll response to a control action in terms of its steady state

charaeteristies Ar~ ID, and W!Je and the response time constant 't provides an integrated

perspective and shows that changes which are favorable to one or more of these are

unfavorable to the other eharacteristics. Thus the anaIysis in terms ofthese eharacteristics,

while necessary, is insufficient to identifY optimal CD control strategy. Therefore the

dynamic response of calender rolls to a specifie control action, Figures 5.6 and S.7, was

determined as the roll surface deformation, Ar(t), evaluated at the axial centreline of the

control aetuatof. These simulations fOf 200 mm radius rolls with a local cooling control jet

in an array ofheating jets are generated with Equation S.l, combined with correlations S.2

and S.9 fOf unheated fOUS, with correlations S.3 and S.lO for internally heated rolls. As

already noted, resuIts with heating and cooling control jets are equivalent. This choiœ of

conditions pemüts comparing the simulation results for Ar(t) with the resuIts that Iourneaux

[42] computed numerically for the same conditions.

The dynamic roU deformations on Figures S.6 and 5.7 compare weIl with those

obtained by finite volume and finite element numerical methods. As this agreement

supports the correctness of the approximation of transient roll defonnation presented as

Equations S.l to 5.S, the approaeh taken here cao he considered a satisfaetory
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representation of the dynamic behaviour ofthe system. A major advantage of the present

method is tha~ using similar computing power, the time required ta compute the local

defonnation ofthe calender roU is seconds where the numerical simulation takes hours.

For an unheated roll the thermal deformation, which was seen on Figure 5.1 to

increase with a decrease in shell thickness for the steady state limi~ is seen on Figure 5.6

to do sa starting immediately after the control action. As Figure 5.4 showed the time

constant is effectively independent of roll geometry, for unheated rolls there is no confliet

between the raie of &rpcak and 't,50 in practice one would chose calender roll parameters

giving the MOst favorable steady state peak deformation. In Figure 5.6 this criterion is seen

to correspond ta use of the thinnest praetical shell thickness. Because Figure 5.3 showed

that for unheated roUs the use of the thinnest practical shell thickness also provides the

lowest deformation index 10, i.e. the MOst peaked deformation profile and thereby the

smallest resolution control in the CD dimension.

For heated rolls the relationship between dynamic roll deformation and shen

thickness is more complicated, Figure 5.7. At longer times âr(t) increases as s increases

towards the solid roll limit, as applies al50 for the Mpc:ak steady state limit on Figure 5.1.

However between 4 and 10 minutes ail the Figure 5.9 curves cross, 50 that at times

shorter than 4 minutes the thermal deformation of a 200 mm radius heated roll is just the

opposite, Le. decreases with increasing shell tbickness. This behaviour at short times was

qualitatively predietable trom Figure 5.4 where the rime constant 't of heated rolls is

shown to improve strongly as shell thickness is decreased. For heated rolls the opposing

trends of Arpcak and 't with changes in shen thickness are reflected on Figure 5.7 by the

crossing of lines at sorne intermediate value of time, which is now seen to start at 4

minutes after the control action.

Thus the control charaeteristics for heated rolls constitute a particu1arly interesting

case of contlict between the etfects of various parameters on Mpeak and 't. Figure 5.1

shows that the desirably large steady state Arpeak is obtained by the use of thick walled

shells, while Figure 5.4 shows that a favorable small time constant 't is obtained by the use

of thin shells. Thus at large values oftime it is clear that the resPODse of thick walled sheDs
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• will be superior, but the resu1ts in terms ofArpcak and 't do not establish directly the time at

which this behaviour becomes dominant. At short times after the control action the results

expressed as Arpeak and 't leave even more uncertainty because it would he possible that a

shell thickness giving a high value of &-pcak at steady state could produce the better

performance at short times ofpractical interest in spite ofthe disadvantage ofa larger time

constant 'te

n is the transient deformation results on Figure 5.7 that resolve this question. Here

we see the important finding that thin sheDs, giving a smaller time constant 't, do indeed

give a better roU deformation for a significant period initially. However for the period up

to 5 minutes after the control action the response for rolls of 100, 120 and 140 mm sheD

thickness is essentiaUy indistinguishable (within 0.3 J.lID) from tbat for a roll with s= 80

mm. This insignificant difference in short time dynamic roll deformation occurs in spite of

the faet that Figure 5.4 shows the tinte constant 't for 100 to 140 mm thick sheDs being up

to double that for s= 80 mm. Thus for s of 100 to 140 mm, during the period up to 5

minutes their disadvantage ofa longer time constant 't is nearly fully compensated by their

correspondingly Iarger values of Arpcü at steady state. For the thinnest sheU roll, s= 80

mm, the disadvantage of the lowest Arpcak at steady state becomes dominant by 5 minutes

following the control action, after which its deformation is exceeded by that of rolls with

thicker wall sheDs. For the s= 100 mm roll, by 7 minutes after the control action its

disadvantage of low &-peak becomes dominant over its low 't, hence its deformation is

exceeded by that ofthicker shelled rolls.

From the results of the present simulation for control on heated roUs of 200 mm

radius, Figure 5.7a, the shell thickness which gives the best CD control, i.e. the largest

peak defonnation is seen ta be as follows:

rime, min s,mm sIr

5 120 or less 0.6 orless
5 to 10 120 0.6
10 to 13 140 0.7
13 to 22 190 0.95

• 22 to 30 solid 1
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• At Il minutes after the control action with 200 mm radius rolls an interesting

cross-over at roll deformation of Ar(II) = 4 lJ.Ill occurs between the s= 80 mm and the

solid roll. This cross-over constitutes an equivalence between the opposing effects on roll

defonnation from the steady state and dynamic control charaeteristics which, from Figures

S.l and 5.4, are as foUows:

sheD tbiclmess

s=SOmm

solid roll

Ar..., IJ.m

4.2

10.8

T, min

3.3

21.8

•

Thus for 200 mm radius rolls at Il minutes, the advantage ofthe solid roll having a steady

state Mpeak value 2.6 times that of the thin (s= 80 mm) wallOO heated shell exactly

counterbalances the disadvantage ofhaving a time constant 1: that is 7 times that of the 80

mm shell thickness roU.

At 5 minutes after the control action the deformation for 200 mm radius roUs of

shell thickness 80 < s < 140 mm is about 1 JlID. greater than for the poorest case, a solid

roll. At Il minutes, which is the time of the solid roll - 80 mm. shell roll cross-over notOO

above, the defonnation of the best case (s of 120 to 140 mm) is about 1 JlIIl greater than

for the poorest choice, either a very thin (s= 80 mm) walled shell or a solid roll. At 17

minutes the deformation ofthe best case (s= 190 mm) is about 2 J.U1l greater that the worst

case (s= SO mm). At 23 minutes, when the highest deformation is given by the solid roll,

its defonnation is 3 J.1Ol greater than the worst case (s= 80 mm).

Since transient roll defonnation is affected by both peak roll defonnation at steady

state and defonnation time constant, which in Sections 5.1 ta 5.5 showed quite different

charaeteristics for internally heated and unheated rails, it is of interest ta make this

comparison for the transient deformation. Although unheated rolls have an unattractively

large time constant their steady state defonnation is, advantageously, very much larger.

For this comparison oftransient control charaeteristics Joumeaux [42] used the values of

local roll defonnation al 10 minutes after the control action. Their numerical analysis
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results are shown in Figure S.Sb for 200 and 250 mm radius roUs with a range of shell

thickness. Corresponding simulations were performed in the present study, Figure 5.Sa.

Again the results based on the approximation of Equations 5.1 to 5.3, 5.9 and 5.10

compare weil with those based on the full numerical simulation, thus further supporting

the reliability ofthe approach developecl here.

The Figure 5.8 results from both studies show that for roDs of the same diameter

and with sheDs thinner than 140 mm, the thermal defonnation obtained after 10 minutes is

greater for unheatecl rolls. With increasing sheD thickness the present simulation, Figure

5.8~ shows that the peak thermal deformation ofa 200 mm radius unheated roD after 10

minutes decreases from 5.3 J.Ull for 100 mm sheD to 4 J.UD for a solid roDe For a heated,

200 mm radius roll, the deformation initially incceases trom 4 to 4.5 J.UIl with shell

thickness incceasing trom SO to 190 l1llIl, then with a further increase in sheD thickness

deformation decreases to the value for a solid rolL 4 J.UD. The resuIts for heated and

unheated rolls of course converge as sheD thickness approaches that of the common case,

a solid roll.

For the heated roll results on Figure 5.8a it is not surprising to see the deformation

at 10 minutes pass through a maximum as shell thickness is changed. For heatecl roUs, the

opposing effects ofsheU thickness on Arpcak and 't lead to the cross-over of lines on Figure

5.7a and to the occurrence ofthe maximum on Figure 5.8a.

The roU with the combination of the advantage of the Iowest time constant 't but

the disadvantage of the lowest Arpcalc at steady state is shown by Figure 5.7a to have the

highest deformation for ooly about the first 5 minutes after the control action. Figure 5.8

shows that unheated roUs generalIy give a higher deformation at 10 minutes after the

control action. Figures 5.1 and 5.4 show that, relative to heated roUs, unheated roUs have

a longer response tinte 't but larger values of Arpak. Therefore in the Figure 5.Sa

comparison of unheated and heated roUs at 10 minutes after the control action the

dominant effect is trom Arpcak, not 'te Rad Joumeaux made tbis comparison ofunheated
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and heated roUs at shorter time, say 3 minutes after the control action, the results would

have been the opposite of those they reported after 10 minutes. After ooly 3 minutes the

combination having the faster response time 't, not the larger steady state Arp:ak, Le. thin

walled heated rolls, would give the largest deformation.

From the large number of CToss-overs apparent on Figure 5.7a at 10 minutes after

the control action, due ta the transition :tram the early advantage of rolls with a low 't to

the later advantage of roUs with a high Arpeak, it is not surprising that at 10 minutes the

differences in defonnation on Figure 5.8 are rather small, in the order of 0.5 ~. If this

type of comparison of unheated and heated roUs had been made at a longer time, say 20

minutes after the control action, inspection of Figures 5.6 and 5.7 shows that the Figure

5.8 differences of less than about a micron at 10 minutes after the control action would

have been substantially greater at 20 minutes. Figure 5.7a shows that for heated roUs al 20

minutes after the control action the advantage of Iarger defonnation is now more strongly

with solid or near-solid cylinders with their much higher steady state peak deformation,

Figure 5.1. Figure 5.7 indicates that at 20 minutes the peak deformation of heated rolls is

in the range 4 to 6 JllIl for shells of 80 to 140 mm thickness. For shell thickness in the

range 100 to 140 mm and after 20 minutes, Figure 5.6 shows that the peak defonnation

for unheated rolls, 7.3 to 8.4 J.UIl, considerably surpasses the 5 to 6 J.UIl indicated by Figure

5.7a for heated rolls. Thus at 20 minutes after the control action for a shell thickness of

100 to 140 lDJIl, unheated roUs give 2 to 2.5 JllIl greater deformation than heated roUs.

Moreover, not ooly is the roll deformation of unheated rolls higher at 20 minutes but

Figure 5.3 shows that the deformation index ID= WAr / Arp:ak at steady stale for unheated

rolls is ooly about 2/3 of that for heated roIls, 50 the roll defonnation for the unheated

rolls is bath substantially larger and more peaked, thus giving a higher resolution CD

control.

As the industrial objective is ta maintain the time the paper is off specification to

weU under 20 minutes, the availability ofthe model ofdynamic roU deformation developed

here provides the capability of choosing roll design parameters consistent with practical

needs.
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• S.8 Conclusions
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The thermal deformation ofcalender roUs in. response to a local CD control action

for a variety of roll designs and thermal conditions, as determined previously by a full

numerical solution, cao be satisfaetorily approximated as an exponential decay depending

on two parameters, a local peak: deformation of the roll at steady-state and a roD

deformation time constant. The characteristics which descnbe the thermal defonnation of

caIender rolls, the height and width of the deformation at steady state, Arpcak and either

WM or ID and the deformation tinte constant 't were obtained as a funetion of roll geometry

and whether the roll is internally heated or unheated. These relations constitute a model of

dynamic roll deformation appropriate as an element in a model of calendering for use in

CD control.

For unheated rolls, with an effectively adiabatic boundary condition at. the interior

surface, the steady state and dynamic charaeteristics of local roU deformation are

determined by the balance between a radial heat flux trom the control aetuator and the

axial heat conduction between the region of the roll under the control aetuator and that

beyond the influence of the aetuator. For internally heated roUs, local defonnation is

dominated by the large radial heat flux al the interior surface of the roll. This heat flux,

substantially larger than that from the control aetuator, gives heated rails the advantage of

a much lower time constant 't but the disadvantages of much smaller peak deformation

àrpeak and much flatter defonnation profiles at steady state as shown by the deformation

index ID. Flatter defonnation profiles mean a less fine resolution of deformation in the CD

dimension.

Increasing the shell thickness is disadvantageous for both &-pcak and ID ofunheated

roUs but is advantageous for heated roUs, with a solid roll being the limiting case common

ta unheated and heated sheUs. The deformation time constant of unheated rolls is

independent of roll radius and shell thickness. Wrth the dynamic response of internally

heated shells being dominated by the large heat flux from the core, the deformation time
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constant for such raDs decreases sensitively with decreasing sheD thickness because this

change increases the importance ofthe heat flux from the central core.

For a specifie calender CD control system it is therefore necessary ta seek a

compromise between conflieting objectives - a large roU deformation and fine CD

resolution (unheated roUs), and fast control response time (with heated roUs). Thus the

dynamie resPOnse of calender roUs to a control action was determined, using the dynamic

model of roU defonnation developed here, in order to identify optimal CD control

strategy. For unheated roUs, with the deformation time constant effectively indePendent of

roU geometry, the response time is not a factor. For such roUs, both the peak defonnation

Arpcak and the deformation index: In improve with decreasing sheU thickness and roU radius.

Therefore with unheated roUs, the smallest diameter and thinnest sheU thickness that is

practical would be the best choice. For heated roUs the relationship between dynamic roll

deformation and geometric parameters is complex. Thin shells, with a smaU time constant

't, give a better roU deformation initia1ly. However at longer times after the control action

it is thick wa1led heated sheUs, giving at steady state bath better peak roU deformation

Arpcak and better deformation index: In, which produce both a larger deformation and a

finer resolution in the CD dimension.

The additional results available for deformation 10 minutes after the control action

lead ta the folloWÎDg observations. These simulation results show that for roUs ofthe same

diameter and with shells thinner than 120 mm, the 10 minute thermal deformation is

greater for unheated roUs. With increasing shell thickness, the 10 minute defonnation for

unheated roUs decreases ta the value for a solid roll. For a heated roll, as sheU thickness is

increased the 10 minute deformation initially increases, passes through a maximum then

decreases ta the common value for a solid roll.

As the industrial objective is ta mjnjmjze the time the paper is off-specification, the

model of dynamic roll deformation developed here enables determining combinations of

roll geometry and thermal conditions which are consistent with achieving this objective.
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6.1

Simulation of calendering

Introduction

Systems using feedback methods ta rnioimize nonuniformity of thickness of paper in

the CD dimension require excessive time to settIe ifa strong control action is used to minimize

the time that the local caliper is off specification, or else produœ extended times off

specification ifa restrained control action is used to avoid overshooting. The response time to

corrective action of current systems may he as long as lOto 20 minutes. As a 9 meter wide

newsprint machine nmning at 1100 mlmin produces about 30to~ if the conttol

system requires even 10 minutes to arrive at 95% of the target variation, about 5 tonnes of

substandard paper will have been made. The objective of the present work is to provide a

dynamic model ofthe calendering proœss, thereby enabling application to CD caIender control

of the most effective strategy for processes difficult to controL i.e. model-based predictive

control.

An explicit CD profile controllaw involves four steps to determine the control action:

1. From an existing CD thickness profil~ calœlate the load profile required to obtain a

unifonn thickness profile;

2. CaIculate the in-nip paper strain profile to produce the required load profile;

3. CaIculate the roll radius profile equivalent to the desired in-nip strain profile;

4. Calculate the roll temperature profile which will generate the required roll radius

profile, and select the actuator settings to reach that profile quickly.

Methods for accomplishing each ofthese steps are given next.

The calendering equation, descnbed in Chapters 2 and 4, gives permanent buIk

reduction in tenns of web speed S, roll radius R, nip load L and the paper properties: initial

bulle Bi, sheet temperature 0, and sheet moisture content M:

[Eq.6.1]

•
where J,lp is the permanent calendering intensity:
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• [Eq.6.2]

The in-mp calendering equation complemeoting the above equation, described in

Chapter 4, provides an empirical relationship relating in-nip paper deformation to the same

calendering variables, and is expressed as:

en =A + •• Q.
" ~lJ

where J.1n is the in-nip calendering intensity:

Equations 6.1 and 6.3 are valid between the Iimits:

Outside these limits a new set ofequations must be used:

(Eq.6.3]

[Eq.6.4]

Bp.n = 0

Bp.n = {I-AJ /4Bi PP.n

if

if

Bi < Ap.n / J.Ip.n

Bi > (1 -AwJ /2)Jp.n

•

Those Iimits are particularly important for the in-nip calendering equation healuse in­

nip strains were shown in Section 4.1.2 to he generally above the upper Iimit ofthe calendering

equation.

Both the permanent and in-nip versions of the calendering equation express strain

relative to initial bulk, thus the calendering equation treatment may he applied successively for

multiple nips, with the final bulk nom the previous nip serving as the new initial bulle, Figure

6.1.
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An equation of quite different forro, referred to as the master creep equation

(Section 4.5), provides an alternate mathematical form for relating both permanent and in­

nip paper deformation to the same calendering variables:

&n.p = 0.5 (1- P; /p",p_ma:J [1 + tanh (J.In.~J (Eq.6.5]

•

for which the permanent and in-nip calendering intensities, IJ.p and IJ.n, are defined as with

the caIendering equation:

with PD_max and Pp_max the maximum density obtainable either in or after the nip, glcm3, Pi

is the initial paper density bulk, gjcm3
, and thus the inverse of initial paper buIk (specifie
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• volume) Bi. As in the caIendering equation, the permanent and in-nip versions of the master

creep equation provide strain relative to initial bulk, thereby enabling bath versions ofEquation

6.3 to he used successively for multiple nips.

Dynamie defonnation of a calender roll, &'(t), cm he calculated trom the

maximum local defonnation of the roll at steady state, drPMb through uSÏDg an exponential

decay involving a roU deformation lime constant 't:

(Bq. 6.7]

•

Bath the peak roll deformation and deformation lime constant are functions of roll design and

whether the roll is intemally heated. Methods for computing those two parameters are shown

in Chapter 5.

6.2 Calculation procedure for simulation ofca.lendering

The caIcuIation procedure for calendering simulation is shown as a block diagram in

Figure 62. Both the calendering equation and master creep equation have been shown in

Section 4.5 to provide comparable resu1ts, thus either one can he used to estimate the in-nip

strain at a specifie CD position, given the permanent strain measured at that position. The ïn­

nip and permanent versions ofthe calendering equation, Equations 6.1 to 6.4, were cbosen for

present demonstration. The dynamie roll thermal deformation is given by Equation 6.7.

The required input data are:

- details ofthe calender stack configuration:

n : nwnber ofrolls in the stack

Ci: radius ofeach roll [mm], i = 1,2,.....,n

Si : shell thickness ofeach roll [mm], i = 1,2,.....,n

whether each calender roll is internally beated.
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Figure 6.2: Procedure for simulation ofmulti-nip calendering

- calendering parameters:

S : machine speed [mlmin]

Lï : initiallocalload for each nip [kN/m], i = 1,2,....,n-l

W : sheet width [ml

- paper properties:

Bi : initial local paper bulk [cm3/g]

Si : local paper temperature entering each nip re] , i = 1,2, ....,n-l

Mï : local paper moisture content entering each nip [%], i = 1,2,....,n-l

permanent and in-nip coefficients for the calendering equation.

The sheet width for this illustration was set at 6 m for the reasons explained in Section

6.3. The required input data also include the cross-direction profiles of local paper properties

entering each nip - bulle, temperature and moisture content The initial bulk entering each nip is

tbat leaving the previous nip.
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• AIthough paper temperature can he measured accurateIy before each nip, sueh data

may not he availabJe. A1temately, the paper temperature leaving a nip can he estimated

satistàctorily from the temperatures of the entering paper and the roll surfilee, as outlined by

Hamel and Dostie [32] and Kerekes [50, 51].

Likewise, moisture content of the paper may he measured before each nip, but this is

not practical. The paper moisture content in a nip may he estimated based on the measured

value ofmoisture content either entering or leaving the calender stack, adjusted by 0.2 to 0.4

percentage points moisture Joss per nip, depending on calender roll temperature [42].

To simplitY the present illustration of the method for sjrmJlation ofcalendering, paper

temperature and moisture content were assumed constant in the machine direction throughout

the calender stack, i.e.

o (i) =0-miIial

M(i)=Maa.

(Eq.6.8]

where i indicates the specifie nip, i = 1,2,....,n-1, for n rolls in the calender staek.

Average nip load cao. generally he determined ftom roll weigbt and applied force. Local

nip load cannot he measured but must he calculated using the calendering equation applied for

the measured CD thiekness profile of the paper leaving the calender. The procedure for sueh

calculations was proposed by Hamel et al. [ ]. In the present illustration the initial profiles of

local nip load were assumed uniform over the CD width ofeach nip, Le. the local value ofnip

load in each nip was taken equal to the average value ofnip load for that nip.

As the calender rolls forming a nip MaY differ in diameter, the Hertzian average roll

radius

[Eq.6.9]

•
was used in the calendering equation.
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• When ail the input data listed above are available for each nïp, the sinndation can start.

The reduction oflocal paper bulk is calcuJatM for each nip. Ifa particuJar oip is formed by two

rolIs, neither of which is used for CD controL the permanent version of the calendering

equation, Equations 6.1 and 6.2, is used ta calculate buIk reduction directly.

When ooly one of the two mUs is used for CD control the calculation procedure is

more complieated. F'trSt the in-oip strain at time zero, &.0, is caIculated for the given calendering

parameters using the in-oip calendering equation, Equations 6.3 and 6.4, while the local

thermal deformation of the calender ron as a funetion of time, Ar(t), is determined from

Equation 6.7. As the change in local roll deformation is equal and opposite to the change

of in-nip paper thickness, then for a given time the new local in-nip strain is calculated as:

where:

&n(t) = &no - LJr(t) / (Bi BW)

t - time, min

Bi - initial bulle, cm3/g

BW - paper basis weight, g/m2

(Eq.6.10]

•

The in-nip caIendering equation is then rearranged to yield the new local nip load,

L(t), which results from the change in the local pressure distribution caused by the change

in local shape ofthe nip:

if Bi < (1 -A,J /2p"

[oglO L(t) = ((e" (t) - A,J - Bi p"-; / Bi QLn

(Eq.6.11]

if Bi > (I-A,J /2p"

[oglO L(t) = {(I - A,.l /4B; QLn e,,(t)) - JIn. / aLn

where:

}ln. = Qo" + as" /oglO S + ah /OgIO R + Qtjh 9 + QMn M
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• Average nip load, Lavg, remains the same before and after the control action, thus

the resulting new CD profile ofnip load cao be estimated as:

[Eq.6.12]

•

The new local L(t) is then use<!, along with other calendering variables, to calculate

the final paper bulk usÎDg the permanent version ofthe calendering equation, Equation 6.1,

this final bulk becoming the initial bulk for the next nip.

For the case of ooly one of the two roUs being used for CD control, if this control

is exercised on one of the inner rolls of the calender stack the thermal deformation of this

roll affects two nips. In this case the above procedure must he used for the next nip as

well.

6.3 Simulation of single nip catendering

6.3.1 Effect ofcalendering parameters on control response

The tirst single-nip calender simulations were performed with two identical roUs.

Intemally heated roUs of radius 250 mm and shell thickness 120 mm were chosen,

consistent with common practice in industry. The paper response ta calendering was based

on experimental data for a TMP newsprint, as reported in Chapters 3 and 4. The

coefficients for the in-nip and permanent versions of the calendering equation are those

listed in Tables 4.1 and 4.3. CD thickness control was simulated for the use of a cooling

control jet installed on either of the identical rolls. The detailed configuration of the

simulated control system is given in Section 5.1.

For this demonstration it is assumed that paper contacts the calender roUs ooly in

the nip, which minirnizes the effect on the average paper temperature and moisture content

trom heat transfer between the rolls and paper. Thus the initial values ofthese two paper

184



• Table 6.1: Parameters for simulation ofsingle-nip calendering

Papeproperties:

TMP newsprint

BW = 48.8 g/m2

e =30,50,80 oC

M=2, 6, 8, 10, 12 %

Bi =t/BW

ti = 1:0 +t~ + tee [ Eq. 4.9, Table 4.8]

ProcesspllrtUllelen:

S = 500 rn/min

L=25 to 210 kNIm

W=6m

Configuration ofSÎlIg/e-llip ca/elltler:

roll number roU radius

1

2

RI =0.250m

R2 =0.250 m

shell thickness

SI = 120 mm

SI = 120 mm

roll type

heated roll

heated roll

•

properties are used as the input parameters for the calendering equation, regardless of the

roll surface temperature. A detailed specification ofthe process is given in Table 6.1.

For a fixed step change in the control action coming trom the local roU

heatinglcooling control device, the following caiendering simulations illustrate the effect

on paper response trom three calendering parameters: nip load, paper temperature and

moisture content. These tests were made for 9 combinations of those three intluential

calendering parameters in order to examine which combination gives the best control. For

paper temperature and moisture content of30 oC and 8%, five tests were performed with

nip load varied from 25 to 210 kN/m. Results of these simulations are presented on Figure

6.3 in terms of change of a variable, thereby providing a clearer illustration of how the

same step input control action affects paper response for various cases.

These results show that paper response to the step change in control action

depends greatly on nip Joad. By inspection ofthe curve ofeach ofthe five simulations it is

apparent that for any specific change ofin-nip paper thickness, the associated change in
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Figure 6.3: Effect of initial nip load on paper response: single nip control action

L= 25 to 210 kN/m, e= 30 oC, M= 8%, other parameters as listed in Table 6.1.

•

permanent thickness increases significantly with increasing local nip load. This sensitivity

of the response to the level of nip load is however not constant over the range

învestigated. As shown in Figure 6.4, the change in permanent paper caliper after 25

minutes varies linearly with the logarithm of nip load over the entire range of nip loads

investigated. At low nip loads the response is quite small (3.6 J.UIl at 25 kN/m), but the

increase in this response with an increase in nip load is large (0.5 l-lI11 increase per 10

kN/m). Conversely, at the top end of the nip load range the response is large (6.6 J.UIl at

135 kN/m) but the increase in this response with increasing nip load is small (0.07 J,Un

increase per 10 kN/m). For control purposes an intermediate nip load such as 6S kN/m

might be optimal as both the response and the change in response to change in nip load are

moderately high.
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Figure 6.4: Effect ofinitial nip load on paper response after 25 minutes: single nip

control action. L= 25 to 210 kN/m, f)= 30 oC, M= 8%, other parameters as

listed in Table 6.1.

•

The more sensitive paper response ta a change in control action at higher nip loads

derives from the visco-elastic behaviour of paper in the calender nip. Recent work from

this Iaboratory by Browne et al. [6, 7] and the present study (Chapter 4) establishes that

a1though the relationship between permanent paper strain and logarithm of nip load is

essentially linear over the industrially relevant range of loads, this is not 50 for in-nip

strain. For loads lighter than industrial praetice the in-nip compression of paper is mostly

elastic, hence the paper subsequently recovers most of its thickness. For heavy nip loads,

with paper compression in the nip as high as 55% - 65%, further compression is more

permanent.

Nip loads are chosen to satistY paper quality requirements. Results presented on

Figures 6.3 and 6.4 show that over the entire range of nip load considered, effective

control cao be achieved. Provided paper quality requirements are satisfied, for achieving
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Figure 6.5: Effect ofmoisture content on paper response: single nip control action

L= 65 kN/m, e= 30 oC, M:..... 2 to 12%, other parameters as listed in Table 6.1.

•

CD uniformity of paper caliper effectively a load of approximately 65 kN/m would be

desirable, i.e. high enough to provide in-nip compression which exceeds the elastic

behaviour but low enough to prevent reduction in produet quality from excessive

calendering.

Paper temperature and moisture content are effective for influencing paper

compressibility because increasing either parameter makes the fibers more pliable and

plastically deformable. Figure 6.5 gives the results of simulating the response of 30 oC

paper to a control action for nip load of 65 kN/m over the moisture content range 2

toI2%. The paper response both at short times and the steady state limit are seen to

increase with paper moisture content over this range. For calendering at this temperature

and nip Joad the change in permanent paper thickness after 25 minutes is 4.2, 5.2 and 5.8

f.1IIl for paper moisture content respectively of2, 8 and 12%. This response is seen on
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Figure 6.6: Effect ofmoisture content and temperature on paper response after 25

minutes: single nip control action.

a) 9=30°C,M=2to 12%,

b) 9= 30 to 80 oC, M= 2 %,

L= 65 kN/m, other parameters as listed in Table 6.1.
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Figure 6.7: Effect oftemperature on paper response: single nip control action

L= 65 kN/m, 8= 30 to 80 oC, M= 2%, other parameters as listed in Table 6.1.

•

Figure 6.6a to be linear with moisture content, with a slope of 0.16 J.Ull per percentage

point of moÏsture content. As the 4.2 J.UIl change in permanent paper thickness which

requires 65 kN/m nip load for calendering paper of2% moisture content, as noted above,

could be obtained with ooly a 45 kN/m nip load for paper of 8% moisture content, Figure

6.4, the high effectiveness of increased moisture content is apparent. Another such

comparison is that to obtain the same 5.2 to 5.8~ increase in paper response under 6S

kN/m nip load through increasing the moisture content from 8 to 12%, as noted above,

would have required a major nip Joad increase, from 65 to approximately 95 kN/m, had

moisture content remained at 8%. Obtaining the same calendering control action response

through reducing the nip load but increasing the paper moisture content is advantageous

because lower load MaY eliminate the degradation ofpaper quality caused by excessive nip

Joad.
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The simulation results shown on Figure 6.7 indieate that, as for the case of

increasing moisture content, increasing the paper temperature improves the paper

response to a control action at a specifie nip load. As the temperature for paper of 2%

moisture content is increased from 30 to 50 to 80 oC, both the short term and steady state

paper response is seen on Figure 6.6b to increase dramatically: the response 25 minutes

after a step change in control action is changed from 4.2 J.I.1Il for 30 oC paPe[, to 6.1 J.lDl

for 50 oC paper, to 9.5 J.1Dl for 80 oC paper, a change ofl.l J.lDl per 10 oC. Although these

results demonstrate the eff~ use of such a low moisture content is uneconomic, with

moisture contents of 6 to 8% being normal practice. In the other direction, previous

studies showed that increasing paper moisture content higher than 15 to 200AJ, depending

on paper temperature, eventually causes permanent strain to decrease, not încrease. The

Chapter 4 experimental results showed that with other calendering conditions fixE<!, the

permanent deformation increases with paper moisture content only up to about 14%

moisture content.

Such behaviour for permanent deformation is even more evident for in-nip

behaviouc. For 30 oC paper the in-nip defonnation actually passes through a maximum at

about 8% moisture content. As for permanent deformation, the evidence is that with

increasing temperature the moisture content for the occurrence of the maximum in in-nip

deformation shifts to lower values. Thus the use of high paper temperature and high

moisture content can be beneficiai for improving the local paper response to a control

action, but this may also require using undesirably high nip loads in order to maintain the

required overall reduction of paper bulle. Furthermore, high paper temperature and

moisture content also increases paper sensitivity to such disturbances as temperature and

moisture streaks. An attractive compromise is use of a combination of moderately higher

moisture content and temperature. Figure 6.8 shows the simulation results for 50 oC paper

at two moisture contents, 6 and 10%. Such combinations give a strong response of the

paper to the standard step change in control action, this resPQnse after 25 minutes

reaching 6.8 J.UIl for 6% moisture, 7.2 J.UIl for l()OAJ moisture. However, as is the case with

nip load, process and paper quality considerations generally govern the operating levels of
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Figure 6.8: Effect oftemperature and moisture content on paper response: single nip

control action.

L= 65 kN/m, 8= 50 oC, M= 6 to 10%, other parameters as listed in Table 6.1.

•

paper temperature and moisture content. The choice ofactuator location will he faciIitated

by knowing how these variables affect the control action.

This sensitivity to changes in temperature and moisture content also creates a

problem in calender control, as the MOst common disturbances that require action by the

control system are temperature and/or moisture streaks. Such streaks must be

compensated for by the control system, using adjustments in the cross-direction nip load

profile and to sorne extent, the temperature profile. Fortunately there is sorne synergy in

the control effects ofnip loa<L temperature and moisture content. A hot streak in the paper

from overdrying at that position will be associated with a lower caliper. Cooling the

calender roUs serves both to reduce the paper temperature and the nip Joad. Both will
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contnoute to achieving a higher caliper after calendering. A moisture streak will often be

cooler than the dryer paper. Local heating ofthe calender roll will then compensate for the

effect of the moisture streak. However, the best way to deal with moisture streaks is to

eliminate them ahead of the caIender. Such correction should he done weil hefore the

calender as a moisture correction system in the immediate vicinity of the calender could

interfere seriously with the control system, particularly since the dynamics of the two

systems are very different. Thus taking advantage of the fast response from using moisture

correction for calender control is likely to create paper quality problems (Le. roll structure

and print quality problems).

6.3.2 Model Predictive Control: SiDgie nip calendering

Although the steady state response of paper to a control action must be large in a

good CO control system, another important control performance charaeteristic is the

speed of response. So far, ail simulations ilIustrated here were performed for a single step

change in control action, thus the time required to reach a 95% approach to steady state is

the same for each case, approximately 25 minutes. To improve the response time a more

powerful control action is required. Tbus simulation of paper response to a two-step

control action is presented on Figure 6.9 for nip load of65 kN/Dl, paper moisture content

and temperature of 6% moisture and 50 oC. The value of the peak roll deformation at

steady state was assumed to be proportional to the strength ofcontrol action.

Figure 6.9 shows the change in control action normalised relative to the single step

change used for the previous simulations. The strength of the first step control action was

doubled from tbat used previously in arder to decrease the time required to bring the

system to steady state. As paper response approached the target value, the strength of this

simulated control action was reduced by half to maintain this desirable change in

permanent caliper. The simulation results Îndicate that initial doubling ofthe control action

improves the speed ofpaper response substantially, with the time required to reach a 95%
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Figure 6.9: Comparison ofsingle and two-step aetuator change on speed ofpaper

response: single nip control action

L= 65 kN/m, e= 50 oC, M= 6%, other parameters as listed in Table 6.1.

approach to steady state reduced from 25 minutes for single step controL to 3.2 minutes

for two-step control.

The sharp change in the paper resPOose curves at the change from high to low

aetuator strength is due to the simulation procedure, which does not account for the

thermal inenia of the systellL Thermal inertia would cause a smoother transition than

indicated in Figure 6.9. To take thermal inertia into account would however require use of

the full numerical solution to calculate roll deformatioD, which would add considerable

complexity for a smaII gain in fidelity. The essential conclusion is that a creative
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application of model predictive control for calendering bas been demonstrated for the first

time, and that this basis of control is shown to reduce dramatically the response rime for

CD control ofcalendering.

6.4 Simulation of multi-nip calendering

6.4.1 Single calender stack

In the performance ofa system for local CD calender control of paper thickness

the effect ofactuator position within a calender stack is a major parameter. The technical

literature on this subject contains divergent recommendations as to the optimum position

for CD control aetuators. Based on experimental measurements on commercial calenders

Lyne et al. [57] and Mitchel and Sheahan [61] concluded that the best placement of the

CD control system is on the bottom (king) roll. Fjeld and Hickey [23] speculated that from

the viewpoint offeedback control theory the location where the thickness correction takes

place is irrelevant, and that the optimal place for CD thickness control is then on the

second roll from the top. Kahoun et al. [44] suggested that the best way to control the CD

uniformity of paper thickness is by altering the CD temperature profile of the paper web

entering the calender stack. None of these recommendations takes into consideration the

effect ofeither roll design, thermal conditions or the stress-strain relationships for paper in

the nip or its rheological behaviour after the nip. The preferred location in industrial

praetice has been on the third or fourth roll from the bottom [43].

The measurements MOst relevant to this question are those ofJourneaux et al. [42,

43] giving paper response to a step change in control action, with the control action

coming from local heatinglcooling jets on the rolls ofan industrial newsprint calender. The

nature ofthe control actuator, Le. whether it provides local heating or cooling, or whether

with air jets or electrically, is relevant to the basic question. With the control jets installed

on a different roll for each test, the objective of their work was to determine the location

for best control. Those measurements showed that effecting CO control on the second roU

from the bottom of the calender stack (queen roll), or the roll immediately above,
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produces respectively the strongest and second strongest response to a control action,

both short term and steady state. The king roll and the top roll in the staek were found to

be the two poorest choices. Thus their work disproved recommendations from some of

the earlier literature. They also showecl, for two identical calender stacks used in series,

the ineffectiveness of the second stack whieh provided very little control over local paper

thiekness. Thus the Joumeaux et al. measurements on an industrial calender provide a

broad insight into expected trends with CD control ofcalendering.

The dYD8IDÏe model of calendering obtained in the present study was used ta

sîmulate the calendering of newsprint, the grade of paper used for the Joumeaux et al.

measurements [42, 43]. The first three simulations were carried out on a single calender

stacle, Figure 6.10, with eight raIls. The first simulation, for the sPeCifications shawn in

Table 6.2, was performed for a staek having roUs ail of the same design and thermal

parameters, and with the same values of initialload in each nip. Sueh a case, wliich never

occurs in practice, serves ta show how the location ofthe control device affects the paper

response to a specifie control action, independent ofdifferences in roll design and thermal

conditions. The calender roll dimensions chasen (250 mm radius, 120 mm shell thickness)

are however commonly found in industIy.

Paper response was based on experimental data obtained here for a TMP

newsprint, Chapters 3 and 4. The coefficients for the in-nip and permanent versions of the

calendering equation are listed in Tables 4.1 and 4.3. CD thickness control was simulated

for a heating control jet installed on one of the calender rolls; a detailed configuration of

the control system simulated is given in Section 5.1. Using procedures outlined in Section

6.2 the final paper response to the standard step change in control action was calculated

for control effected on each ofthe eight positions.

Figure 6.11 shows that the largest effect is obtained with the control jet instaIIed

on the second roll from the bottom, the queen roll, the response becoming progressively

less for each higher position. The small response for the actuator on the king roll (number

8) is similar to that with the control aetuator installed on a roll near the midd1e of the

stack. Thus a thickness correction made on any roU neac the bottom ofthe stack, with the
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Figure 6.10: Single calender stack for simulation

Table 6.2: Parameters for single calender stack simulation, Case 1.

Paper properties:

BiO = 2.23 cm3/g

BW = 48.8 g/m2

0= 55 oC

Process partuneters:

S = 500 mlmin

IrrilillIa9J/DtMfto-l8p" bt1fttMI ofdN6IiId:

Lï = 65 kN/m, i= 1 to 7 for the lit through 7da nip

M=6%

Ca/entier stack configllration from top roU (1) ID botto.. roll (B):

•
radius

Rs = 0.250 m
for i= 1 to 8

sheD thickness

Si= 120 mm
fori= 1 to 8

roll type

heated roll

roll temperature

0i = 55 oC
fori-l to 8
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exception of the lowest rolI, is much more effective than ifmade on the upper nips. This

trend reflects the very non-linear behaviour of paper in the nip of a calender, as

documented in Chapter 4. Rolls number 1 and 8 are special cases. Whereas for ail other

locations of a control actuator there are two nips affected (nips with the roll above and

below that with the control device) a control action on the top or bottom rolls of the stack

affects only a single nip.

With control exercised on roUs 2 and 3 the Figure 6.11 response curves clearly

have two sections, a very low response at short times, then a much larger response

subsequently. For the relatively low compression experienced by paper in the nips near the

top of the stack this break point in behaviour is a consequence ofpaper deformation being

linear and elastic for the low strain during the period immediately following the control

action. By contrast, paper deformation becomes quite nonlinear and inelastic with the

higher strains reached later. The predominantly elastic deformation represented by the

linear part of the calendering equation produces the low response seen on Figure 6.11 at

short times. When at larger times the deformation becomes less elastic, more permanent,

the Figure 6.11 curves for control on rolls 2 and 3 are seen ta provide more effective

control. With the level ofnip load increasing from rolls 2 to 3 ta 4, the region over which

paper behaviour is quite elastic and descnoed by the Iinear part ofthe calendering equation

is Iargest for roll 2, smaller for roll 3, and is disappearing for roll 4. As the control system

is moved down the stack the paper defonnation caused by the same control action

becomes mostly permanent, which in turn makes caliper control more effective. The

ineifectiveness ofthe upper nips for control is even more striking because these nip loads,

as used in this simulation, are much higher than in industrial practice.

One effect not taken iota consideration is transport of heat from local

heating/cooling control down the stack with the paper. Results from Journeaux [42] show

that the local roll surface temperature peak, depending on roll radius and shell thickness,

cao reach 3 ta 5.5 oC for a heated roll, 6 to 8 oC for an unheated roll. This local

temperature disturbance is passed down the stack by the paper, causing local cooling or

heating of the roUs. As this effect moves down the stack it spreads axially along length of

the roll, thus introducing very long dynamics. However as a relatively small change in
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Figure 6.11 : Effect on final paper bulk of location ofcontrol aetuator, Case 1

•

local roU temperature compared to that induced by the control actuator, in the order of20

oC change al steady state for the system used by Joumeaux, this effect can be neglected.

Further to the speed of response aspect ofcontrol Performance characteristics, the

Figure 6.11 simulations indicate that, with the control jet located on any of the top four

rolIs, 50% of the steady state response occurs within 6 to 9 minutes. When the control jet

is installed on any of the bottom four rolls, it takes less than 5 minutes to achieve 5()OJO of

the steady state response. This response time improvement for control on the lower rolls

reflects the absence here of the ineifective time when paper in the upper nips is in its

primarily elastic behaviour.

Paper response to a corrective control action depends on two parameters: location

of the control device within the stade, and the roll geometric and thermal conditions. The

first simulation, Figure 6.11, tested ooly the first aspect, aetuator location, and this with

the line load constant in all nips. The Case 2 simulation is for the more realistic ealender
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• Table 6.3: Parameters for single calender stack simulation, Cases 2 and 3.

p.O"properties:

BiO = 2.23 ccmlg

BW = 48.8 g/m2

e = 55 oC

M=6%

Process plll'tllllelers:

S = 500 mlmin

fllililll..ltMtlIN-,. III'-- tlfdlemd:

LI = 13.3 kN/m

~=26.6kN/m

L3 = 39.9 kN/m

L.. = 53.2 kN/m

Ls = 66.5 kN/m

4 = 79.8kN/m

L, = 99.5 kN/m

•

CaJender stack cOllfipratioll from top roll (1) to botlom roll (8):

radius shell thickness roll type roll temperature

RI = 0.178 Dl, SI = 128 mm, unheated roll SI = 55 oC

Rï = 0.178 ID, Si = 128 mm, heated roll S.- 55 oC
for i= 2 to 5 for i- 2 to 5 fori=2to 5

~ =0.178 Dl, Ss = 128 mm, heated roll - Case 2 Sr 55 oC
unheated roll - Case 3

R7 = 0.238 Dl, Ss = 178 mm, heated roll es=: 55 oC

Rs = 0.355 ID, Ss = 355 mm, solid roll er 55 oC

stack configuration given in Table 6.3, one resembling the calender ofthe loumeaux et aL

[42, 43] measurements. The paper response was again calcu1ated as outlined in Section

6.2, based on data obtained in the present study, Chapter 4. For ail positions ofthe heating

control jet Figure 6.12 shows the response to a fixed step change in control action.

As for the ficst simulation, the paper response for Case 2 again becomes both

stranger and faster with the control effected lower in the staek. The very smaU response
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Figure 6.12: Effect on final paper bulk oflocation ofcontrol actuator, Cases 2 and 3

•

obtained with the control installed on any ofthe top four roUs, apparent on Figure 6.12, is

caused by the low line loads, with the stress-strain behaviour of paper even more

predominantly in the elastic domain than for the previous simulation. For the industrial

calender conditions used for Case 2, the effect of actuator location is much more

significant than for Case 1, Figure 6.11. The response recorded on Figure 6.12 for control

on any ofthe top four roUs or on the king roU is simply negligible. Between roUs 4 and 7,

as the control jet is moved down the stae~ roll by ro~ there is a big improvement in both

the short term and steady state response.

It is worth examining why the response with control on the king roll is much worse

yet for Case 2 than the Case 1 simulation. Figure 6.12 shows that, even with the high line

load, the response for roll 8 is essentiaUy as insignificant as tbat for the ligbt line load of
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roll 3. There are two causes, both relating to roll geometry: the Case 2 king roll radius is

larger (60% larger than the queen roll, more than twice that of the other rolls and more

than 40010 larger than the Case 1 king roll), and it is the only solid roll in the stacle.. It was

shawn by Journeaux [42] and again here in Chapter 5 that for a fixed sheD thickness the

steady state thermal deformation decreases with increasing roll radius. It is the pressure to

which paper is subjected that causes its deformation, and for a specific line load the

pressure decreases with increasing roll radius as the line load is distributed over a wider

nip. The deformation time constant is aise much larger for solid than hoUow shell rolls.

Thus the much better king roll response in the Case 1 simulation derives ftom two roll

design differences: a smaIL hoUow sheU king l'oU (Case 1) vs. a large solid one (Case 2).

Of these two effects the dominant one is obviously roll diameter, thereby giving the greatly

reduced steady state response ofFigure 6.12, which is only 200A. ofthat for Case 1, Figure

6.11.

Although the steady state response of paper is significantly higher when control

action is located on the queen roll than on the roll just above, by contrast there is a small

difference in the dynamic response over the tirst 10 minutes for rolls 6 and 7, Figure 6.12 ­

Case 2 simulation. For longer than 10 minutes after the control action the larger steady

state deformation from the higher line load of the queen roll determines the larger

response of roll 7. The smaller difference over the first 10 minutes results ftom the effect

of roll design. Of the two rails, both heated, the queen roll is of larger radius: 238 mm

compared to 178 mm, and oflarger shell thickness, 178 mm vs. 128 mm. For an intemally

heated roll, the deformation time constant is much less sensitive ta roll radius than ta shell

thickness, increasing substantially with increasing shell thickness, Figure 5.4 (Chapter 5).

Thus the short response time for control on these rolls is subject to two effects: the queen

roll bas the higher nip load, giving it a faster response, but bas the thicker sheD, giving a

slower response. For about the tirst 10 minutes after a control action the slower response

from the thicker shell of the queen roll is seen on Figure 6.12 to he the more important of

these two effects, giving a slower response ofroll 7 than l'oU 6.

Based on their theoretical study Joumeaux [42] concluded that locating control on

an unheated thin-walled roll situated above a heated queen roll would give local CD

202



•

•

control superior ta that performed on a thick-walled queen roll. Their prediction was

tested here using the Case 3 configuration of the stade, that modified from Case 2 by

changing roll 6, the roll just above the queen roll, from intemally heated ta an unheated

roll, Table 6.3, ail else remaining the same. Wrth the control action the sante as for Cases 1

and 2, Figure 6.12 shows the results ofthis test as the Case 3 simulation.

The steady state paper response with the control jet on unheated roll 6 is shown to

be far superior, by about 500/0, than that obtained for control on the queen roll. However it

takes about 20 minutes for control on roll 6 ta surpass that on the queen roll. After 10

minutes for example, the response with control on the unheated roll 6 is only about 2!) of

that with control on the thicker-walled, heated roll 7. Thus for the specifications ofrons 6

and 7 used for this test, paper defonnation with the thicker-walled, heated queen roU is

better for the first 20 minutes after the control action, but control on the thinner-walled,

unheated roll above the queen roll is substantially better thereafter.

Experimental results from Journeaux et aL [42, 43] on change in paper caliper for

the effect of control jet position within the stack of an industrial calender are gïven in

Figure 6.13b. They measured paper response to a step change in control action with

control coming from a cooling jet placed successively on four ofthe rons. For compariso~

the dynamic model of calendering obtained in the present study was used to recreate their

measurements. The simulation was carried out for the calender stack configuration given

in Table 6.3 (Case 2), one approximating the calender of their experiments. For clarity the

Journeaux et al. roll notation is related ta that used here as foUows: their roll Al stands for

roU 8 here (king roU), Cl for roU 6, DI for roll 5, and FI for roU 3. The paper response

was again calculated as outlined in Section 6.2, based on data obtained in the present

study, Chapter 4. For ail positions of the cooling control jet Figure 6.13a shows the

response to a fixed step change in control action in the form of change in final paper

caliper.

ln bath cases the largest effect, both short term and steady state, was with the

control jet on roll 6 (Cl), with progressively smaller effects on roUs 5 (Dl) and 3 (FI).
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a) simulation results, present study
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• The soIid king rolL roll 8 (AI), shows a very weak response to the control jet, effectively

indistinguishable from that of roll 3 located neac the top of the stade. The general trends

and magnitude ofthese responses, as predieted on Figure 6.13a, as measured on Figure

6.13b, are remarkably close, given some difference in operating conditions and the paper

used. The demonstrated consistency between the results measured and simulated for an

industrial caIender provides validation of the correctness of the dynamic model of

calendering developed in the present study.

6.4.2 Double calender stack

The nen simulation is for the double calender stack ofFigure 6.14. The two stacks

are identical, each being the configuration used in the Case 2 simulation, Table 6.3. The

permanent paper response to a specific step change in control action for a heating control

jet was calculated for two alternatives: first, control on the queen roll on both stacks;

second, control on the queen roU ofthe tirst stack ooly.

Local heating 1 Localheating1
cooling system cooIing system

queen roll .. queen roll ~

• ~

king roll Final bulk alter king roll Final bulk alter
filSt stacle second stack

•
Figure 6.14: Double caIender stack for simulation
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•

The results on Figure 6.15 clearly establish the negligible role of the second stacle,

both for calendering and for control. Before the control action the tirst of the identical

stacles delivers approximately 94% of the bulk reduction from two stacks. Moreover, in

response to a step change in control action the change ofpaper bulk is seen to be aImost

completely due to thermal defonnation of the queen roll on the first stack. The same

thermal deformation of the queen roll on the second stack bas ooly a very small effect on

the final bulk. The Figure 6.15 results indieate that when the local thickness control is

carried out ooly on the first stack, the second stack provides oolyan insignificant increase

in paper final deformation. The complete agreement between these results from this

simulation and the industrial calender measurements of 10urneaux at el. [42, 43]

constitutes further validation ofthe model developed here.

This weak response obtained in the second stack results trom the small potential

for further deformation of the paper passing through this stacle. Sînce paper leaving the
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first stack is already compressed by 30 to 40010, it would require a substantial increase in

nip loads in the second staek to achieve any further significant bulk reductioD. Such heavy

calendering is avoided because ofposSIble loss in paper strengtIL

6.4.3 Model Predictive Control: Multi-nip calenderiDg

The last simulation was carried out to demonstrate the use of model predictive

control to compare single and two-step control action for the single calender stack of 8

rolls, Figure 6.10. This is the configuration ofthe Case 2 simulation, Table 6.3. The paper

final response to a single and two-step control action was calculated for a heating control

jet installed on the queen roll. The value of the peak roll defonnation at steady state was

assumed to be proportional to the strength ofthe control action.

Figure 6.16 shows the change in normaIised control action, defined as in Section

6.3. As for the single nip simulation (Figure 6.9), the strength of control action on the

queen roll of the 8-roll stack was doubled for an initial period 50 as to decrease the time

required to bring the system ta the target specification, then reduced by half to just

maintain this desirable change in permanent paper bulk. The simulation results on Figure

6.16 indicate that varying the strength of the control action in this way substantiaIly

improves the speed of paper response, with the time required to 95% of the steady state

value from a 8-roll stack reduced dramatically from approximately 50 minutes for single

step contro~ to 6.5 minutes for two-step control.

AIl the tests reported in this cbapter indicate that the results of the simulation

developed here are reliable, with the minor exception that the transition in paper buIk at

the time of the second step is in reaIity smooth rather than sharp as shown on Figures 6.9

and 6.16. The approximation that is the source ofthis effect was noted in connection with

Figure 6.9 of Section 6.3. The results of the Figure 6.16 simulation extend the

demonstration of the use of model predictive control as developed in the present study

from the single-nip case presented tirst, Figure 6.9, to the industrially relevant case ofa 8­

roll calender stack.
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response: multi-nip calender stacle.

6.S Summary and conclusions

•

Adynamie model of the calendering process can he developed by combining the

calendering equation used to estimate the in-nip strain at a specifie CD position, given the

permanent strain measured at that position (Chapter 4), with dynamic Madel of a calender

roll deformation (Chapter 5). This model was then used ta simulate the paper response to

a specifie step change in the control action for a variety of process parameters and to
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determine the optimal location of the control aetuator within the calender stack for the

best control of local paper thickness.

Simulation of single nip caIendering shows that the paper response to a specific

step change in control action is highly sensitive to the local value of initial nip load and to

local properties of the paper entering the nip: local paper temperature and moisture

content. Increasing either nip load, paper temperature or moisture content increases the

potential for paper thickness control.

The dynamic model of calendering developed in the present study was used ta

prediet the resu1ts of the industrial calender for which Ioumeaux et al. reported

measurements. The effect of three roll design variables was simulated: radius and shell

thickness, and whether the roll is intemally heated. Also simuJated was the control

sensitivity of the calender stack ta two position variables: which stacle, and which roll

within the stack, is used ta effect the CD controL

Paper response to a standard control action was shown ta be very sensitive to the

position of the control deviœ within the stack. With the notable exception of the lowest

(king) roll, the lower the control is effected in the stack, the stronger and faster is the

paper response. Simulation ofa single caIender stack indicates that as the control actuator

position is moved from the top to bottom roll, the paper response to a step change in the

control action is both the largest and the fastest for control effected on the second lowest

roll, the queen roll, and is second best for control on the roll just above. When two

identical calenders are used in series, the tirst stack was shown to be by far the MOst

effective place for control, with the second stack providing only a marginal effect on bath

the average and the local paper thickness.

Paper response for control on the king roll was shawn ta be very small,

comparable with that for the three top roUs. The disadvantage of affecting only one nip is

more significant than any anticipated higher control potential of the higher nip load of the

king roll. Moreover as the king roll bas typically the largest diameter by far, the

proportionally wider nip reduces the pressure ta which the paper is subjected in the nip, sa

the potential for paper deformation is thereby substantially reduced.
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The excellent agreement between the simulation resu1ts and those measured by

Journeaux et al. [42,43] on an industrial calender provides key validation of the dynamic

model ofcalendering contributed by the present study.

The suggestion of Journeaux that a thin-walled unheated roll situated above the

queen roll could provide superior control to the commonly used internally heated queen

roll was tested. Simulation results showed that although response obtained with control on

a thin-walled unheated roll above the queen roll is the stronger by far at the steady state,

exercising control on a thick-shelled internally heated queen roll provides much better

paper response for about the first 20 minutes after the control action. As the industrial

objective is ta maintain the rime the paper is off specification to weil under 20 minutes,

this application of the dynamic model of calendering developed and validated in the

present study illustrates the value ofsuch a madel.

The dynamic model ofcalendering, subsequent to the validation tests, was used ta

demonstrate its application in model predictive control of calendering. This was done

through simulation ofpaper response to two-step control action with the first step at twice

the strength of the second. The simulation results show a dramatic increase in response

speed, with the response time for two-step control ooly about 118 that for single-step

controL This advantage was demonstrated for both single nip calendering and for a multi­

roll calender stack of industrial specification. These results provide strong evidence of the

large improvement in control of calendering possible through application of the model

predictive approach developed in the present study. An important advantage of the

dynamic model of calendering presented here is the short time (seconds) required ta

compute the future paper response ta a control action, making this technique applicable

for real-time CD control of calendering. This model may therefore be used with

confidence ta start the introduction of model predictive control ta the difficuIt industrial

problem ofCD control ofcalendering.
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7.1

Condusions

Contributions to knowledge

•

The contnoutions of the present study may first be summarized in three distinct

categories. The rheological behaviour of paper in calendering depends sensitively on its

temperature and moisture content. In the experimental part of the study therefore, the ïn­

nip behaviour of paper was determined over a wide range of temperature and moisture

content, thus substantially extending the knowledge of the stress-strain behaviour ofpaper

in the high speed calender nip. Secondly, a simplified model for the transient deformation

of a calender roll in response to a local CD control action was determined, then validated

by testing against the results for the complete numerical solution for a variety of roll

designs and thermal boundary conditions. Finally, a dynamic model of calendering which

incorporates relationships for both roll thermal deformation and the stress-strain behaviour

of paper in and after the nip was developed and validat~ then used to prediet future

paper response to control action. This final stage demonstrated the application of this

work to model predictive control of calendering paper. These contributions are now

detailed.

Determination of the effect of initial paper properties and process parameters on

the stress-straïn behaviour of paper in the nip of a calender produced the following

contributions:

1. The in-nip version of the caIendering equation for relating local in-nip

strain to local values of the calendering variables, as introduced by Browne et al.,

bas now been shown to give a satisfactory description of paper deformation in the

calender nip over a wide range of paper temperature and moisture content,

industriaUy important parameters which had not previously been investigated.

2. Increased moisture content is shown to have a strong nonlinear effect on

in-nip paper strain. Permanent strain is a1so atrected but, for industrially relevant

moisture contents, a finear relationship cao be used. The effect of temperature on
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paper deformation bath in and after a calender nip is sirnilar to that for moistuTe

content.

3. As a consequence of the above, a MeaT tyPe of calendering equation is

shown to he inadequate to provide a comprehensive prediction ofthe moisture and

temperatuTe effects on sheet behaviour in the nip.

4. The coefficients of the calendering equation are found to be sensitive to

the range of in-nip strain for which it is applied because the MeaT part of the

calendering equation, which is from 0 to 18% of the total, is fitted to the data of

lowest strain. Thus for different sets of in-nip data, covering different ranges of

strain, different in-nip coefficients apply.

5. The logarithmic relationship between permanent and in-nip strain

proposed by Browne et aL is verified for estimating local in-nip strain for a given

local pennanent strain. However this relationship is now shown to be a function

not ooly ofline load, but ofpaper temperature and moisture content as weU.

6. Uncalendered paper thickness is found to be a lineaT function of both

paper temperature and moisture content over the range 20 to 80 oC, 1 to 14%

moisture.

7. The conclusion by Browne et al. that the Kerekes approximation (radius

coefficient aR taken as the average of the load and speed coefficients) cao be used

in the in-nip case has now been verified.

Contnbutions pertaining to the development of a model for calender roU thermal

deformation appropriate for use in real-time CO control ofcalendering are:

8. A simplified model of dynamic roll deformation in response to a CD

local control action bas been obtained and validated successfully against the full

finite element and tinite volume solution ofJoumeaux.
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9. The very short time this method requiTes for computation of the

dynamic deformation of calender roUs makes this model the appropriate tool for

use in improved methods ofCD real-time control ofcalendering.

10. This roll deformation model may he used with confidence to examine

the effects of roll geometry and the difference between unheated and heated shell

rolls over the range ofconditions for which it was obtained and validated.

Il. This dynamic model for thermal deformation was shown to he a

valuable tool in seeking the choice between unheated and heated roUs and roU

geometry variables which provide a satisfaetory compromise hetween three

sometimes contlieting objectives - the potential for large roll deformation, for fine

CO resolution and for fast control response time.

The modeling ofcalendering led to the following contrIbutions:

12. The dynamic model of calendering that was developed was validated

with results measured by Joumeaux et al. on an industrial calender. The excellent

agreement between predicted and measured results establishes the reliability ofthis

model for use in improving the CD control of calendering by enabling the adoption

ofmodel-based predictive control.

13. Simulations ofsingle nip calendering established that paper response to

a control action is highly sensitive to local values of the nip load and ta local

properties of the paper entering the nip: local paper temperature and moisture

content.

14. This dynamic model of calendering was demonstrated to he a valuable

tool for determining optimal conditions for CO control oflocal paper thickness.

15. The suggestion of Joumeaux that a thin-walled unheated roU situated

above the queen roll could provide superior control ta the commonly used

internaUy heated queen roU was tested. Simulation results showed that with control

on a thin-walled unheated roll above the queen roll the paper response starts ta he
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strongec ooly aftec 20 minutes from the control action, while control on a thick­

shelled internally heated queen roll provides much better papec response foc the

first 20 minutes. As the industrial objective is ta maintain the time the papec is off

specification to well under 20 minutes, this application of the dynamic model of

calendering developed here illustrates the value ofsuch a modeL

16. Simulations of paper response to a two-step control action with the

strength of the ficst step twice that ofthe second showed that the response time for

the two-step control was ooly about 118 that for single-step control.

17. With the above demonstration of the application of the dynamic model

of calendering, this model May now be used to introduce model predictive control

for CD control of calendering.

Suggestions for future stady

The present study bas aIso been useful in raising interesting new questions.

•

1. The nonlinear effeet of moisture content and temperature on paper behaviour in

the nip needs to be further examined foc higher levels ofthese two calendering variables.

2. The effeet of fumish on the coefficients of the in-nip ca1endering equation was not

examined in either the present study or that of Browne et al, as bath studies used a TMP

newsprint. Therefore the in-nip calendering equation for grades of paper made from fumisbes

other tban TMP should he determined.

3. The stress-straïn behaviour ofpaper in and after the nip was investigated for the

standard machine calender ooly. The usefulness of the various relationships for celating

local in-nip strain to local values of the calendering variables remains to be determined foc

soft calendering and supercalendering.

214



•

•

4. The internaI heat flux from heated sheD rolls bas been shown to have a large

impact on both the dynamic and steady state charaeteristics of local roU deformation. This

effect should therefore be investigated for varying conditions in the heated core, including

the temperature ofthe internai heating fluid.

5. The effect on local roU defonnation of varying the heat transfer rate trom a

control actuator should be investigated and incorporated into the model of thermal roU

deformation.

6. The local deformation response to local heatinglcooling control action of

various designs ofvariable crown roUs used for fine resolution CD control of calendering

should be investigated and their usefulness in fine resolution CD control of calendering

evaluated.

7. The effect of roU bending should be incorporated into the dynamic model of

calendering.

8. The dynamic model of caIendering developed here needs to be tested for use in

industrial calender CD control architectures.
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• Table A1.1: Paper sorption and desorption•
TMP newsprint (Figure 3.2. Chapler 3)

M1. M2 - sorption experiments
M2. PM - desorption experiments

lime M1 M2 M3 M4
min % % % %

0 3.83 8.00 2.26 11.50
0.17 7.00 4.36 9.43
0.33 5.89 8.08 8.47
0.50 8.79 5.30 7.22 7.SS
0.87 7JM 6.90
0.83 8.45 6.40

1.0 8.29 4.20 8.81 5.98
1.5 9.10 3.60 9.60 4.82
2.0 9.57 3.25 9.96 4.14
2.5 9.95 3.05 10.10 3.61
3.0 10.30 2.90 10.20 3.36
3.5 10.60 2.82 10.10 3.15
4.0 10.80 2.74 10.10 2.99
4.5 10.90 2.67 10.30 2.88
5.0 11.10 2.64 10.60 2.69
5.5 11.20 2.59 10.80 2.65
6.0 11.20 2.55 11.10 2.61
6.5 10.90 2.52 11.20
7.0 11.10 2.48 10.80 2.55
7.5 11.20 2.47 10.50 2.51
8.0 11.40 2.46 11.00 2.48
8.5 11.50 2.45 11.30 2.48
9.0 11.60 2.44 11.40 2.41
9.5 11.70 2.42 11.60 2.40

10.0 11.80 2.41 11.70 2.39
10.5 11.90 2.39 11.90 2.36
11.0 11.90 2.37 11.90 2.33
11.5 12.00 2.35 12.10 2.34
12.0 12.10 2.35 12.20 2.33
12.5 12.10 2.32 12.20 2.31
13.0 12.10 2.32 12.30 2.30
13.5 12.20 2.31 12.30 2.30
14.0 12.30 2.30 12.40 2.27
14.5 12.30 2.32 12.00 2.27
15.0 12.40 2.29 12.00 2.26
15.5 12.40
16.0 12.40
16.5 12.50• 17.0 12.40
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• lime Mi M2 M3 M4
min % % % %

17.5 12.50
18.0 12.60
18.5 12.60

•
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Table Al.2: Command log input to SYSTAT, calenderiDg equatioD

By
Select
Weight
Use 'c:\dariusz\phd\data\enep.sys"
By
Select
Weight
Nanlin

Madel EN = (A + B * (AO + AL * LL + AS * LS + AR * LR + AT * T + AM • M»,
*(B < 0.5 * (1 - A) / (AO + AL * LL + AS * LS + AR * LR + AT * T + AM * M»,

+(1-0.2S*(1 - A)A2/ (B * (AO + AL * LL + AS * LS + AR * LR + AT * T + AM • M»),

*(B >= O.S * (1 - A) / (AO + AL * LL + AS * LS + AR * LR + AT * T + AM * M»

Format 9
Print=Long
Estimate /Simplex, Iter=SOO, Tolerance=le-15, Start=-.3, -.03, .18, -.01, -.OS, .0008, .003

By
Select
Weight
Use 'c:\dariusz\phd\data\enep.sys"
By
Select
Weight
Nonlin

Madel EP = (A + B * (AO + AL * LL + AS * LS + AR * LR + AT * T + AM * M»,
*(8 < 0.5 * (1 - A) / (AO + AL * LL + AS * LS + AR * LR + AT * T + AM * M»,

+(1-0.2S*(1 - A)"2/ (B * (AO + AL * LL + AS * LS + AR * LR + AT * T + AM * M»),

*(8 >= O.S * (1 - A) / (AO + AL * LL + AS * LS + AR * LR + AT * T + AM * M»

Fonnat 9
Print=Long
Estimate /Simplex, Iter=SOO, Tolerance=Ie-IS, Start= -.4, .06, .1, -.02, -.04, .001, .00S
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• Table Al.3: SYSTAT output, caJ.endering equatioD

DEPENDBHT VARXABLB IS BR

SOURCE SOM-OF-SQUARES DF MEAN-SQUARE

REGRESSION .258011E+03 7 .368587E+02
RESIDUAL 0.634492196 709 0.000894911
TOTAL .258495E+03 716
CORRECTED 2.695851113 715

RAW R-SQUARED (l-RESIDUAL/TOTAL) 0.997545440
CORRECTED R-SQUARED (l-RESIDUAL/CORRECTED) = 0.764641232

PARAMETER
A

AO
AL
AS
AR
AT
AM

ESTIM1\.TE
-0.310059640
-0.027216367

0.176948810
-0.012647153
-0.048484065

0.003346414
0.002884097

A.S.E.
0.023984106
0.012546509
0.008578737
0.004159703
0.012615274
0.000109465
0.000374341

LOWER <95%> UPPER
-0.357148023 -0.262971257
-0.051849131 -0.002583603

0.160106037 0.193791583
-0.020813965 -0.004480340
-0.073251836 -0.023716293

0.003131499 0.003561328
0.002149147 0.003619047

DEPENDBHT VARXABLE lS EP

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE

REGRESSION • 525675E+02 7 7.509639609
RESIDUAL 0.416722729 723 0.000576380

TOTAL .529842E+02 730
CORRECTED 3.875110137 729

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.992134962
CORRECTED R-SQUARED (l-RESIDUAL/CORRECTED) = 0.892637801

•

PARAMETER
A

AO
AL
AS
AR
AT
AM

ESTIMATE
-0.418576264

0.064182781
0.097337064

-0.021799218
-0.035103791

0.000972998
0.006071144

A. S.E.
0.059784343
0.027920252
0.002012262
0.001244960
0.004063393
0.000000093
0.000162950
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LOWER <95%> UPPER
-0.290814009 -0.533929350

0.013921878 0.114292945
0.093335834 0.119236987

-0.023679188 -0.018790851
-0.043830655 -0.027875734

0.000972652 0.000973216
0.005735177 0.006395000



• Table Al.4: Experimental resala: TMP newspriDt

Exp. Initial Basis Initial Roll caIen. Une Moisture Paper Tn-nip Perm.

number caliper weight bulk radius speed Load content temp. strain strain

J.IIIl glm1 cm3/g m mlmin kNIm. % degC

Ex. No lï BW Bi R S L M T en ep

1 a 10S.3 48.8 2.22 0.355 98 94 4.3 23.3 0.41 0.22

1 b 10S.3 48.8 2.22 0-355 97 129 4.2 23.4 0.46 0.24

1 c lOS.3 48.8 2.22 0.355 101 31 4.2 23.3 0.33 0.14

1 d 108.3 48.8 2.22 0.355 98 21 4.2 23.5 0.27 0.11

1 e 10S.3 4S.8 2.22 0.355 94 95 4.2 23.4 0.43 0.21

1 f 10S.3 4S.8 2.22 0.355 186 94 4.1 24.6 0.43 0.20

1 g lOS.3 48.8 2.22 0.355 IS9 129 4.1 24.6 0.47 0.24

1 h 10S.3 4S.8 2.22 0.355 186 165 4.1 24.6 0.49 0.24

1 i 10S.3 48.8 2.22 0.355 191 132 4.2 24.6 0.47 0.24

1 j 10S.3 4S.S 2.22 0.355 197 31 4.2 24.6 0.33 0.12

1 k 10S.3 4S.8 2.22 0.355 321 93 4.0 24.6 0.43 0.19

1 1 10S.3 4S.8 2.22 0.355 318 129 4.0 24.6 0.47 0.21

1 m 10S.3 4S.S 2.22 0.355 320 166 4.0 24.6 0.49 0.24

1 n 108.3 48.8 2.22 0.355 327 133 4.0 24.5 0.48 0.22

1 0 10S.3 4S.8 2.22 0.355 325 96 3.9 24.6 0.44 0.20

1 P 10S.3 48.8 2.22 0.355 574 95 4.1 24.6 0.43 0.18

1 q lOS.3 48.8 2.22 0.355 528 129 4.0 24.6 0.47 0.21

1 r 10S.3 48.8 2.22 0.355 535 165 4.0 24.7 0.48 0.23

1 s lOS.3 4S.8 2.22 0.355 531 207 4.0 24.6 0.50 0.25

1 t 108.3 48.8 2.22 0.355 539 170 4.1 24.7 0.49 0.23

1 u 10S.3 48.8 2.22 0.355 539 133 4.1 24.6 0.47 0.22

1 v 108.3 48.8 2.22 0.355 983 133 4.1 24.6 0.47 0.19

1 w 108.3 48.8 2.22 0.355 956 166 4.0 24.6 0.50 0.22

1 x 108.3 4S.8 2.22 0.355 954 206 4.0 24.6 0.51 0.23

1 Y 108.3 48.8 2.22 0.355 966 169 4.0 24.8 0.50 0.21

1 z 10S.3 48.8 2.22 0.355 964 168 4.0 25.6 0.51 0.22

lza 108.3 48.8 2.22 0.355 958 206 4.0 25.5 0.52 0.23

2 a 113.9 48.8 2.33 0.356 97 94 12.5 25.0 0.51 0.34

2 b 113.9 48.8 2.33 0.356 96 132 12.5 25.1 0.56 0.37

2 c 113.9 48.8 2.33 0.356 98 31 12.5 25.1 0.43 0.25

2 d 113.9 48.8 2.33 0.356 96 20 12.4 25.0 0.36 0.22

2 e 113.9 48.8 2.33 0.356 95 95 12.5 25.1 0.51 0.35

2 f 113.9 48.8 2.33 0.356 187 95 12.5 25.0 0.51 0.33

2 g 113.9 48.8 2.33 0.356 186 131 12.5 25.2 0.54 0.36

2 h 113.9 48.8 2.33 0.356 186 170 12.5 25.1 0.57 0.38

2 i 113.9 48.8 2.33 0.356 190 134 12.5 15.7 0.53 0.36

2 j 113.9 48.8 2.33 0.356 188 31 12.5 15.4 0.42 0.23

2 k 113.9 48.8 2.33 0.356 321 94 12.3 15.1 0.50 0.31

• 2 1 113.9 48.8 2.33 0.356 31S 132 12.4 15.1 0.54 0.34

2m 113.9 48.8 2.33 0.356 31S 170 12.6 15.2 0.57 0.36
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• Table A1.4: Experimental lesults: TMP newsprint (contiD:ued)
Ex. no ~ BW Bi R S L M T en ep

2 n 113.9 48.8 2.33 0.356 325 135 12.6 25.1 0.53 0.33

2 0 113.9 48.8 2.33 0.356 323 96 12.4 25.1 0.50 0.30

2 P 113.9 48.8 2.33 0.356 532 96 12.6 25.1 0.49 0.29

2 q 113.9 48.8 2.33 0.356 533 132 12.5 25.1 0.51 0.31

2 r 113.9 48.8 2.33 0.356 532 170 12.5 25.1 0.56 0.34

2 s 113.9 48.8 2.33 0.356 533 209 12.4 25.1 0.59 0.36

2 t 113.9 48.8 2.33 0.356 540 174 12.2 25.1 0.55 0.34

2 u 113.9 48.8 2.33 0.356 538 135 12.4 25.1 0.55 0.32

2 v 113.9 48.8 2.33 0.356 982 135 12.8 24.2 0.53 0.30

2 w 113.9 48.8 2.33 0.356 957 170 12.9 24.1 0.56 0.31

2 x 113.9 48.8 2.33 0.356 953 208 12.7 24.2 0.59 0.34

2 Y 113.9 48.8 2.33 0.356 963 173 12.6 24.2 0.56 0.32

2 z 113.9 48.8 2.33 0.356 960 208 12.6 24.2 0.58 0.33

2za 113.9 48.8 2.33 0.356 973 96 12.5 24.2 0.49 0.25

3 a 110.8 48.8 2.31 0.356 98 95 8.0 21.9 0.51 0.28

3 b 110.8 48.8 2.31 0.356 98 132 8.0 21.8 0.54 031

3 c 110.8 48.8 2.31 0.356 98 29 7.9 21.1 0.38 0.18

3 d 110.8 48.8 2.31 0.356 98 19 8.0 21.8 0.34 0.14

3 e 110.8 48.8 2.31 0.356 91 96 7.9 21.7 0.51 0.28

3 f 110.8 48.8 2.31 0.356 98 132 7.9 21.8 0.54 0.32

3 g 110.8 48.8 2.31 0.356 190 97 7.9 21.7 0.50 0.27

3 h 110.8 48.8 2.31 0.356 188 132 7.9 21.7 0.54 0.31

3 i 110.8 48.8 2.31 0.356 188 171 8.0 21.7 0.55 0.33

3 j 110.8 48.8 2.31 0.356 190 135 8.0 21.7 0.54 0.31

3 k 110.8 48.8 2.31 0.356 187 29 8.0 21.7 0.38 0.17

3 1 110.8 48.8 2.31 0.356 321 95 8.0 21.7 0.50 0.27

3 m nO.8 48.8 2.31 0.356 321 132 8.0 21.7 0.54 0.29

3 n 110.8 48.8 2.31 0.356 322 170 7.8 21.7 0.56 0.31

3 0 110.8 48.8 2.31 0.356 325 135 8.0 21.7 0.54 0.29

3 P 110.8 48.8 2.31 0.356 325 97 7.9 21.8 0.49 0.25

3 q 110.8 48.8 2.31 0.356 536 96 7.8 21.7 0.50 0.24

3 r 110.8 48.8 2.31 0.356 530 132 7.7 21.7 0.54 0.27

3 s 110.8 48.8 2.31 0.356 530 169 7.8 21.7 0.56 0.29

3 t 110.8 48.8 2.31 0.356 532 209 7.8 21.7 0.56 0.31

3 u 110.8 48.8 2.31 0.356 538 174 7.7 21.7 0.56 0.30

3 v 110.8 48.8 2.31 0.356 527 130 7.6 21.7 0.53 0.28

3 w 110.8 48.8 2.31 0.356 984 130 7.6 21.8 0.52 0.25

3 x 110.8 48.8 2.31 0.356 963 167 7.5 21.8 0.55 0.28

3 Y nO.8 48.8 2.31 0.356 952 208 7.6 21.7 0.56

3 z 110.8 48.8 2.31 0.356 960 172 7.4 21.8 0.54 0.28

3za 110.8 48.8 2.31 0.356 964 208 7.5 21.8 0.55 0.29

3 zb 110.8 48.8 2.31 0.356 965 97 7.4 21.8 0.46 0.22

4 a 114.7 48.8 2.39 0.356 98 97 13.9 23.9 0.55 0.36

4 b 114.7 48.8 2.39 0.356 99 136 13.7 23.8 0.58 0.39

• 4 c 114.7 48.8 2.39 0.356 97 26 13.7 23.9 0.42 0.24

4 d 114.7 48.8 2.39 0.356 98 17 13.6 23.9 0.39 0.21
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• Table Al.4: Experimental results: TMP newsprint (contitme1f)
Ex. no lï 8W Bi R S L M T en cp

4 e 114.7 48.8 2.39 0.356 99 98 13.6 23.8 0.55 0.36

4 f 114.7 48.8 2.39 0.356 189 98 13.6 23.9 0.55 0.33

4 g 114.7 48.8 2.39 0.356 189 135 13.6 23.8 0.57 0.36

4 h 114.7 48.8 2.39 0.356 189 175 13.6 23.9 0.60 0.39

4 i 114.7 48.8 2.39 0.356 190 138 13.7 23.8 0.57 0.36

4 j 114.7 48.8 2.39 0.356 190 27 13.7 23.9 0.42 0.22

4 k 114.7 48.8 2.39 0.356 326 97 13.7 25.1 0.33

4 1 114.7 48.8 2.39 0.356 322 134 13.8 25.0 0.35

4 m 114.7 48.8 2.39 0.356 322 173 13.8 24.8 0.61 0.37

4 n 114.7 48.8 2.39 0.356 325 136 13.8 24.8 0.58 0.34

4 0 114.7 48.8 2.39 0.356 323 97 13.7 24.8 0.54 0.31

4 P 114.7 48.8 2.39 0.356 525 97 13.9 23.9 0.54 0.30

4 q 114.7 48.8 2.39 0.356 537 133 13.6 23.8 0.57 0.33

4 r 114.7 48.8 2.39 0.356 537 172 13.7 23.9 0.61 0.34

4 s 114.7 48.8 2.39 0.356 534 210 13.9 23.9 0.61 0.35

4 t 114.7 48.8 2.39 0.356 540 176 13.8 23.8 0.58 0.34

4 u 114.7 48.8 2.39 0.356 537 137 13.7 23.9 0.56 0.32

4 v 114.7 48.8 2.39 0.356 741 135 13.7 23.9 0.56 0.30

5 a 107.1 48.8 2.23 0.356 98 93 22 24.8 0.46 0.16

5 b 107.1 48.8 2.23 0.356 98 129 2.2 25.8 0.47 0.19

5 c 107.1 48.8 2.23 0.356 98 31 2.2 25.6 0.38 0.10

5 d 107.1 48.8 2.23 0.356 98 166 22 25.7 0.48 021

5 e 107.1 48.8 2.23 0.356 98 95 2.3 25.7 0.47 0.17

5 f 107.1 48.8 2.23 0.356 190 95 2.2 27.1 0.47 0.16

5 g 107.1 48.8 2.23 0.356 190 129 2.1 27.1 0.47 0.17

5 h 107.1 48.8 2.23 0.356 190 166 2.2 27.1 0.48 0.20

5 i 107.1 48.8 2.23 0.356 189 132 2.2 27.1 0.47 0.18

5 j 107.1 48.8 2.23 0.356 188 33 2.1 27.1 0.37 0.09

5 k 107.1 48.8 2.23 0.356 323 32 2.1 27.1 0.36 0.08

5 1 107.1 48.8 2.23 0.356 322 129 2.1 27.0 0.48 0.17

5 m 107.1 48.8 2.23 0.356 324 166 2.2 28.0 0.48 0.19

5 n 107.1 48.8 2.23 0.356 323 207 22 28.0 0.50 0.20

5 0 107.1 48.8 2.23 0.356 320 95 2.1 28.0 0.46 0.15

5 P 107.1 48.8 2.23 0.356 529 95 2.2 28.0 0.45 0.14

5 q 107.1 48.8 2.23 0.356 536 129 2.1 28.0 0.47 0.17

5 r 107.1 48.8 2.23 0.356 531 166 1.9 28.0 0.47 0.19

5 s 107.1 48.8 2.23 0.356 535 207 1.9 27.9 0.50 0.19

5 t 107.1 48.8 2.23 0.356 540 169 2.0 28.0 0.48 0.17

5 u 107.1 48.8 2.23 0.356 535 132 2.1 28.0 0.48 0.17

5 v 107.1 48.8 2.23 0.356 977 132 1.9 28.1 0.48 0.16

5 w 107.1 48.8 2.23 0.356 952 166 2.1 28.1 0.48 0.18

5 x 107.1 48.8 2.23 0.356 959 206 2.1 28.0 0.50 0.18

5 Y 107.1 48.8 2.23 0.356 966 168 2.2 28.0 0.47 0.18

5 z 107.1 48.8 2.23 0.356 958 206 2.1 28.0 0.51 0.18

• 6 a 107 48.8 2.23 0.356 92 93 1.7 29.1 0.47 0.13

6 b 107 48.8 2.23 0.356 92 130 1.8 292 0.49 0.16
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• Table A1.4: Experimental resolts: TMP newsprint (continoed)
Ex. no lï HW Bi R S L M T en ep

6 c 107 48.8 2.23 0.356 94 32 1.9 29.1 0.40 0.07

6 d 107 48.8 2.23 0.356 89 168 1.9 29.1 0.53 0.17

6 e 107 48.8 2.23 0.356 93 95 1.8 29.2 0.45 0.14

6 f 107 48.8 2.23 0.356 184 95 1.8 29.4 0.46 0.13

6 g 107 48.8 2.23 0.356 181 130 1.8 30.1 0.49 0.15

6 h 107 4S.8 2.23 0.356 184 171 1.9 30.1 0.51 0.16

6 i 107 48.8 2.23 0.356 187 134 1.9 30.1 0.47 0.14

6 j 107 4S.S 2.23 0.356 184 32 1.8 30.1 0.40 0.06

6 k 107 48.8 2.23 0.356 315 32 1.8 30.1 0.40 0.05

6 1 107 4S.8 2.23 0.356 312 130 1.9 30.1 0.50 0.14

6m 107 4S.S 2.23 0356 315 167 1.9 30.1 0.53 0.16

6 n 107 4S.8 2.23 0.356 314 208 1.8 30.1 0.55 0.17

6 a 107 48.8 2.23 0.356 325 95 1.9 30.1 0.45 0.11

6 P 107 48.8 2.23 0.356 533 95 1.9 30.1 0.45 0.11

6 q 107 48.8 2.23 0.356 519 130 1.8 30.1 0.48 0.13

6 r 107 48.8 2.23 0.356 530 !67 2.0 30.1 0.52 0.16

6 s 107 48.8 2.23 0.356 536 207 1.9 30.1 0.56 0.16

6 t 107 48.8 2.23 0.356 530 170 1.9 30.1 0.51 0.16

6 u 107 48.8 2.23 0.356 535 133 1.9 30.1 0.46 0.13

6 v 107 48.8 2.23 0.356 976 133 1.8 31.0 0.46 0.13

6 w 107 48.8 2.23 0.356 960 167 1.8 31.0 0.51 0.14

6 x 107 48.8 2.23 0.356 944 207 1.7 31.0 0.55 0.16

6 Y 107 48.8 2.23 0.356 953 170 1.9 31.0 0.51 0.15

6 z 107 48.8 2.23 0.356 958 207 1.7 31.0 0.55 0.14

6za 107 48.8 2.23 0.356 962 95 1.8 31.0 0.43 0.08

6 zb 107 48.8 2.23 0.356 ISO 208 1.9 30.1 0.55 0.18

7 a 112.3 48.8 2.34 0.356 92 93 9.2 28.0 0.52 0.30

7 b 112.3 48.8 2.34 0.356 92 132 9.2 28.0 0.55 0.33

7 c 112.3 48.8 2.34 0.356 91 32 9.1 28.4 0.45 0.21

7 d 112.3 48.8 2.34 0.356 93 172 9.2 29.2 0.58 0.36

7 e 112.3 48.8 2.34 0.356 92 9S 9.2 29.2 0050 0.30

7 f 112.3 48.8 2.34 0.356 182 95 9.1 27.9 0.50 0.29

7 g 112.3 48.8 2.34 0356 ISO 132 9.1 27.9 0055 0.32

7 h 112.3 48.8 2.34 0.356 183 171 9.0 27.9 0.58 0.34

7 i 112.3 48.8 2.34 0.356 179 131 9.0 29.1 0.54 0.32

7 j 112.3 48.8 2.34 0.356 189 32 9.1 29.2 0.44 0.19

1 k 112.3 48.8 2.34 0.356 322 32 9.1 27.9 0.45 O.lS

7 1 112.3 48.8 2.34 0.356 322 131 9.0 27.9 0.55 0.32

7m 112.3 48.8 2.34 0.356 313 170 8.9 21.9 0.58 0.33

7 n 112.3 48.8 2.34 0.356 315 209 8.9 21.9 0.62 0.35

7 a 112.3 48.8 2.34 0.356 324 9S 9.0 28.0 0.50 0.29

7 P 112.3 48.8 2.34 0.356 513 95 9.1 21.9 0.50 0.27

7 q 112.3 48.8 2.34 0.356 529 132 8.9 27.9 0.55 0.30

7 r 112.3 48.8 2.34 0.356 529 170 9.0 27.9 0.58 0.33

• 7 s 112.3 48.8 2.34 0.356 531 209 8.9 27.9 0.62 0.34

7 t 112.3 48.S 2.34 0.356 534 174 9.0 27.9 0.58 0.31
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• Table Al.4: Experimental results: TMP newsprint (contilJUClAl)

Ex. no lï BW Bi R S L M T en ep

7 u 112.3 48.8 2.34 0.356 534 135 8.9 27.9 0.54 0.29

7 v 112.3 48.8 2.34 0.356 971 135 S.9 28.0 0.54 0.28

7w 112.3 48.8 2.34 0.356 950 170 S.8 28.0 0.5S 0.30

7 x 112.3 48.8 2.34 0.356 948 20S 8.9 27.9 0.62 0.32

7 Y 112.3 48.8 2.34 0.356 960 173 9.0 28.0 0.57 0.30

7 z 112.3 48.8 2.34 0.356 958 208 8.9 27.9 0.62 0.32

7m 112.3 48.8 2.34 0.356 964 95 S.7 28.0 0.50 0.23

8 a 108.8 48.8 2.27 0.356 91 92 5.0 39.8 0.59 0.25

8 a' 108.8 48.8 2.27 0.356 92 92 5.6 39.0 0.57 0.29

8 b 108.8 48.8 2.27 0.356 90 128 5.0 39.9 0.63 0.28

8 b' 108.8 48.8 227 0.356 91 125 5.6 38.S 0.59 0.31

8 c 108.8 48.8 2.27 0.356 96 32 5.0 39.8 0.54 0.15

8 ri lOS.S 48.S 2.27 0.356 91 33 5.6 38.9 0.53 O.lS

8 d 10S.8 48.S 2.27 0.356 93 164 5.0 39.8 0.64 0.30

8 d' 108.8 48.8 2.27 0.356 92 160 5.6 38.8 0.62 0.33

8 e 108.8 48.8 2.27 0.356 95 94 4.9 39.7 0.60 0.25

8 e IOS.8 48.S 2.27 0.356 90 94 5.6 38.8 0.59 0.25

8 f 108.8 48.8 2.27 0.356 184 92 5.5 40.0 0.5S 0.27

8 g 10S.8 48.8 2.27 0.356 181 126 5.5 40.0 0.60 0.29

8 h' 108.8 48.8 2.27 0.356 183 160 5.5 40.0 0.61 0.31

8 i' 10S.S 48.8 2.27 0.356 184 129 5.3 39.9 0.61 0.29

8 j' 10S.S 48.8 2.27 0.356 183 32 5.5 37.9 0.52 0.16

8 k 108.8 48.8 2.27 0.356 316 93 5.0 3S.7 0.54 0.24

8 1 10S.S 48.8 2.27 0.356 315 32 5.0 38.8 0.51 0.14

8 m 10S.8 48.S 2.27 0.356 314 129 5.0 38.8 0.60 0.26

8 n 10S.8 48.8 2.27 0.356 316 166 5.1 38.S 0.62 029

8 0 10S.8 48.S 2.27 0.356 315 207 5.0 38.7 0.64 0.30

8 p 108.8 48.S 2.27 0.356 535 93 5.0 38.7 0.57 023

S q lOS.8 48.8 2.27 0.356 525 129 5.2 38.8 0.59 0.25

8 r 10S.8 48.8 2.27 0.356 526 166 5.1 38.8 0.60 0.28

8 s 10S.8 48.8 2.27 0.356 527 207 5.0 38.8 0.63 0.30

8 t 108.8 48.8 2.27 0.356 533 170 5.2 38.S 0.63 0.27

S u 10S.8 48.8 2.27 0.356 532 133 5.1 38.8 0.61 0.25

8 v 108.8 48.8 2.27 0.356 987 127 5.1 37.S 0.60 024

S w 108.8 48.8 2.27 0.356 965 163 5.2 37.8 0.62 0.26

S x 10S.S 48.8 2.27 0.356 944 205 5.3 37.8 0.63 0.28

S y 10S.8 48.8 2.27 0.356 944 16S 5.2 37.7 0.62 0.26

S z lOS.8 48.8 2.27 0.356 950 20S 5.3 37.8 0.62 0.28

Sza 10S.S 48.8 2.27 0.356 962 94 5.1 37.7 0.58 0.20

8zb 10S.8 48.8 2.27 0.356 956 167 5.0 37.8 0.62 0.26

9 a 109.3 48.8 2.28 0.356 92 100 2.2 49.5 0.59 0.20

9 b 109.3 4S.8 2.28 0.356 93 138 2.1 50.5 0.60 0.23

9 c 109.3 48.8 2.28 0.356 91 39 2.0 50.4 0.53 0.13

9 d 109.3 48.8 2.28 0.356 92 174 2.1 50.4 0.64 0.25

• 9 e 109.3 48.8 2.28 0.356 94 109 2.1 50.4 0.61 0.21

9f 109.3 48.8 2.28 0.356 188 100 1.9 50.6 0.59 0.22
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• Table Al.4: Experimental. results: TMP newsprint (contïnued)
Ex. no ~ BW Bi R S L M T en ep

9g 109.3 48.8 2.28 0.356 187 138 2.0 50.5 0.62 0.23

9h 109.3 48.8 2.28 0.356 187 173 2.0 49.3 0.64 0.25

9 i 109.3 48.8 2.28 0.356 188 141 2.0 49.3 0.62 0.24

9j 109.3 48.8 2.28 0.356 192 40 1.9 48.9 0.54 0.12

10 a 109.3 48.8 2.28 0.356 528 137 1.9 46.0 0.59 0.25

10 b 109.3 48.8 2.28 0.356 540 107 2.0 46.1 0.57 0.22

10 c 109.3 48.8 2.28 0.356 519 172 2.0 45.2 0.62 0.27

10 d 109.3 48.8 2.28 0.356 508 212 1.8 45.2 0.61 0.28

10 e 109.3 48.8 2.28 0.356 576 176 1.9 45.2 0.61 0.25

10 f 109.3 48.8 2.28 0.356 534 142 1.9 45.3 0.60 0.25

lOg 109.3 48.8 2.28 0.356 566 136 1.9 48.3 0.60 0.24

Wh 109.3 48.8 2.28 0.356 530 106 2.0 48.2 0.57 0.21

10 i 109.3 48.8 2.28 0.356 530 171 2.0 48.2 0.62 0.26

lOj 109.3 48.8 2.28 0.356 526 211 2.1 48.4 0.63 0.27

lOk 109.3 48.8 2.28 0.356 539 175 1.9 48.4 0.61 0.26

10 1 109.3 48.8 2.28 0.356 S44 142 1.9 48.2 0.61 0.24

10m 109.3 48.8 2.28 0356 96 98 1.9 49.3 0.58 0.24

IOn 109.3 48.8 2.28 0.356 96 133 2.0 49.3 0.61 0.27

100 109.3 48.8 2.28 0.356 99 42 1.9 49.1 0.51 0.17

10 P 1093 48.8 2.28 0.356 92 167 1.9 49.0 0.63 0.29

10q 109.3 48.8 2.28 0.356 95 208 1.9 49.0 0.63 0.30

10 r 109.3 48.8 2.28 0.356 97 106 1.9 49.1 0.58 0.24

10 s 109.3 48.8 2.28 0.356 340 140 1.4 48.1 0.60 0.25

10 t 109.3 48.8 2.28 0.356 280 176 1.4 48.1 0.61 0.27

11 a 110.4 48.8 2.30 0.356 565 137 6.4 48.4 0.61 0.32

11 b 110.4 48.8 2.30 0.356 544 108 6.5 48.3 0.62 0.29

11 c 110.4 48.8 2.30 0.356 524 171 6.5 47.1 0.64 0.34

11 d 110.4 48.8 2.30 0.356 528 212 6.5 47.1 0.64 0.36

11 e 110.4 48.8 2.30 0.356 538 177 6.4 47.2 0.62 0.34

11 f 110.4 48.8 2.30 0.356 542 143 6.5 47.1 0.62 0.32

11 g 110.4 48.8 2.30 0.356 321 137 6.5 46.7 0.58 0.33

11 h 110.4 48.8 2.30 0.356 317 170 6.4 46.0 0.62 0.36

11 110.4 48.8 2.30 0.356 319 211 6.4 46.0 0.65 0.37

11 j 110.4 48.8 2.30 0.356 339 42 6.5 46.1 0.52 0.22

11 k 110.4 48.8 2.30 0.356 310 100 6.4 46.0 0.59 0.30

11 1 110.4 48.8 2.30 0.356 319 135 6.4 46.0 0.61 0.33

11 m 110.4 48.8 2.30 0.356 186 137 6.4 48.4 0.61 0.35

11 n 110.4 48.8 2.30 0.356 198 106 6.5 48.3 0.58 0.32

11 0 110.4 48.8 2.30 0.356 191 172 6.5 48.3 0.64 0.35

11 P 110.4 48.8 2.30 0.356 202 41 6.4 47.5 0.52 0.22

11 q 110.4 48.8 2.30 0.356 184 136 6.S 47.1 0.61 0.34

11 r 110.4 48.8 2.30 0.356 96 98 6.4 48.2 0.60 0.33

11 s 110.4 48.8 2.30 0.356 96 135 6.5 48.1 0.62 0.36

11 t 110.4 48.8 2.30 0.356 98 42 6.5 48.1 0.54 0.24

• 11 u 110.4 48.8 2.30 0.356 94 171 6.4 48.1 0.65 0.37

11 v 110.4 48.8 2.30 0.356 98 107 6.4 48.1 0.60 0.32

233



• Table A1.4: Experimental results: TMP newsprint (contimwd)

Ex. no ~ BW Bi R S L M T en ep

11 w 110.4 48.8 2.30 0.356 982 171 6.4 43.1 0.63 0.32

11 x 110.4 48.8 2.30 0.356 980 140 6.2 42.9 0.62 0.31

11 Y 110.4 48.8 2.30 0.356 956 211 6.2 42.9 0.66 0.32

11 z 110.4 48.8 2.30 0.356 947 176 6.5 43.1 0.64 0.32

llza 110.4 48.8 2.30 0.356 953 211 6.3 41.9 0.65 0.34

11 zb 110.4 48.8 2.30 0.356 965 109 6.3 40.9 0.59 0.27

12 a 110 48.8 2.29 0.356 S66 135 4.0 59.9 0.62 0.30

12 b 110 48.8 2.29 0.356 540 105 3.9 59.9 0.59 0.27

12 c 110 48.8 2.29 0.356 523 170 3.9 59.9 0.63 0.32

12 d 110 48.8 2.29 0.356 525 210 3.9 59.9 0.65 0.33

12 e 110 48.8 2.29 0.356 565 170 3.9 60.6 0.62 0.32

12 f 1I0 48.8 2.29 0.356 544 140 3.9 59.9 0.62 0.30

12 g 110 48.8 2.29 0.356 986 169 4.0 56.6 0.61 0.31

12 h 110 48.8 2.29 0.356 971 140 3.8 55.7 0.62 0.29

12 i 110 48.8 2.29 0.356 955 210 3.7 55.7 0.64 0.33

12 j 110 48.8 2.29 0.356 957 108 3.8 55.7 0.61 0.26

12 k 110 48.8 2.29 0.356 960 210 3.8 55.7 0.63 0.32

12 1 110 48.8 2.29 0.356 958 174 3.8 55.7 0.62 0.30

12 m 110 48.8 2.29 0.356 317 136 3.8 59.9 0.60 0.33

12 n 110 48.8 2.29 0.356 323 170 3.8 59.9 0.64 0.34

12 0 110 48.8 2.29 0.356 317 210 3.9 59.9 0.64 0.35

12 P 110 48.8 2.29 0.356 330 108 3.8 59.8 0.60 0.28

12 q 110 48.8 2.29 0.356 321 137 3.9 59.9 0.62 0.32

12 r 110 48.8 2.29 0.356 327 41 3.7 59.8 0.56 0.21

12 s 110 48.8 2.29 0.356 194 136 3.9 59.9 0.63 0.33

12 t 110 48.8 2.29 0.356 195 106 3.9 59.9 0.61 0.31

12 u 110 48.8 2.29 0.356 187 171 3.8 59.8 0.64 0.35

12 v 110 48.8 2.29 0.356 204 41 3.8 59.8 0.57 0.21

12 w 110 48.8 2.29 0.356 179 136 3.7 59.0 0.64 0.33

12 x 110 48.8 2.29 0.356 96 99 3.6 59.7 0.61 0.30

12 Y 110 48.8 2.29 0.356 90 135 3.7 60.1 0.63 0.31

12 z 110 48.8 2.29 0.356 104 41 3.8 59.7 0.56 0.22

12 za 110 48.8 2.29 0.356 98 170 3.8 59.7 0.65 0.35

12 zb 110 48.8 2.29 0.356 93 106 3.7 59.8 0.62 0.31

l2ze 110 48.8 2.29 0.356 527 169 3.8 59.9 0.63 0.32

13 a 107.6 48.8 2.24 0.356 323 97 1.5 49.3 0.59 0.21

13b 107.6 48.8 2.24 0.356 306 210 1.6 49.3 0.61 0.28

13 c 107.6 48.8 2.24 0.356 328 139 1.5 49.2 0.57 0.21

13d 107.6 48.8 2.24 0.356 322 170 1.5 49.3 0.60 0.26

13 e 107.6 48.8 2.24 0.356 331 41 1.6 49.2 0.51 0.14

13 f 107.6 48.8 2.24 0.356 315 134 1.6 49.2 0.59 0.24

14 a 110.3 48.8 2.30 0.356 564 133 1.3 74.9 0.65 0.28

14 b 110.3 48.8 2.30 0.356 533 104 1.3 75.0 0.63 0.26

14 c 110.3 48.8 2.30 0.356 524 167 1.3 74.7 0.66 0.30

• 14 d 110.3 48.8 2.30 0.356 532 208 1.3 74.9 0.67 0.33

14 e 110.3 48.8 2.30 0.356 S40 167 1.2 73.7 0.65 0.29
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• Table A1.4: Experimental resuIts: TMP newsprint (continued)
Ex. no ~ BW Bi R S L M T en cp

14 r 110.3 48.8 2.30 0.356 525 138 1.2 72.8 0.64 0.31

14 g 110.3 48.8 2.30 0.356 355 134 1.3 74.8 0.60 0.30

14 h 110.3 48.8 2.30 0.356 307 167 1.2 73.7 0.65 0.33

14 i 110.3 48.8 2.30 0.356 305 208 1.3 73.5 0.67 0.35

14 j 110.3 48.8 2.30 0.356 327 107 1.2 73.6 0.62 0.29

14 k 110.3 48.8 2.30 0.356 320 135 1.2 73.6 0.65 0.31

14 1 110.3 48.8 2.30 0.356 321 42 1.3 73.5 0.57 0.20

14 m 110.3 48.8 2.30 0.356 974 137 1.4 69.7 0.64 0.28

14 n 110.3 48.8 2.30 0.356 189 133 1.1 73.0 0.64 0.34

14 0 110.3 48.8 2.30 0.356 191 104 12 72.8 0.64 0.31

14 P 110.3 48.8 2.30 0.356 181 168 12 72.S 0.67 0.35

14 q 110.3 48.8 2.30 0.356 201 42 12 72.2 0.57 0.21

14 r 110.3 48.8 2.30 0.356 176 133 12 72.2 0.65 0.32

14 s 110.3 48.8 2.30 0.356 93 98 1.4 74.2 0.65 0.31

14 t 110.3 48.8 2.30 0.356 90 134 1.3 74.1 0.67 0.33

14 u 110.3 48.8 2.30 0.356 98 42 1.4 73.9 0.59 0.24

14 v 110.3 48.8 2.30 0.356 84 169 1.3 74.0 0.69 0.37

14 w 110.3 48.8 2.30 0.356 95 104 1.4 73.5 0.65 0.32

14 x 110.3 48.8 2.30 0.356 556 134 12 74.9 0.64 0.30

14 Y 110.3 48.8 2.30 0.356 977 168 1.3 69.7 0.30

15 a 109.5 48.8 228 0.356 530 135 3.3 38.7 0.63 0.25

15 b 109.5 48.8 228 0.356 523 104 3.4 38.7 0.60 0.23

15 c 109.5 48.8 228 0.356 527 171 3.3 38.6 0.65 027

15 d 109.5 48.8 228 0.356 523 211 3.3 38.6 0.65 0.29

15 e 109.5 48.8 228 0.356 529 176 3.4 38.5 0.64 0.27

15 f 109.5 48.8 2.28 0.356 535 141 3.3 38.7 0.63 0.26

15 g 109.5 48.8 2.28 0.356 179 134 3.4 40.8 0.62 0.29

15 h 109.5 48.8 2.28 0.356 193 103 3.3 40.0 0.62 0.26

15 i 109.5 48.8 228 0.356 182 170 3.2 39.9 0.64 0.31

15 j 109.5 48.8 2.28 0.356 201 41 32 39.8 0.55 0.17

15 k 109.5 48.8 2.28 0.356 177 135 3.3 39.9 0.63 0.29

15 1 109.5 48.8 2.28 0.356 92 99 3.3 39.9 0.62 026

15 m 109.5 48.8 2.28 0.356 90 135 3.4 39.9 0.62 0.29

15 n 109.5 48.8 2.28 0.356 97 41 3.4 39.8 0.55 0.18

15 0 109.5 48.8 2.28 0.356 84 171 3.4 39.9 0.65 0.31

15 P 109.5 48.8 228 0.356 96 105 3.3 39.8 0.60 0.27

15 q 109.5 48.8 228 0.356 298 134 3.4 39.9 0.64 0.28

15 r 109.5 48.8 2.28 0.356 318 169 3.3 39.9 0.63 0.30

15 s 109.5 48.8 2.28 0.356 318 209 3.3 39.9 0.64 0.30

15 t 109.5 48.8 2.28 0.356 319 104 3.3 39.9 0.57 024

15 u 109.5 48.8 2.28 0.356 327 41 3.4 39.8 0.55 0.17

15 v 109.5 48.8 2.28 0.356 309 134 3.4 39.9 0.62 0.27

15 w 109.S 48.8 2.28 0.356 218 98 3.2 40.8 0.61

16 a 108 48.8 225 0.356 90 103 7.0 30.1 0.57 0.27

• 16 a: 108 48.8 225 0.356 92 101 6.8 30.2 0.56 0.27

16 b 108 48.8 225 0.356 91 135 6.9 30.2 0.58 0.30
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• Table A1.4: Experimental results: TMP newsprint (continued)
Ex. no lï BW Bi R S L M T en ep

16 b' 108 48.8 2.25 0.356 92 135 6.8 30.0 0.58 0.30

16 c 108 48.8 2.25 0.356 97 40 6.9 30.1 0.50 0.18

16 r! 108 48.8 2.25 0.356 93 39 6.9 30.1 0.48 0.17

16 d 108 48.8 2.25 0.356 86 169 7.0 30.3 0.60 0.31

16 cl' 108 48.8 2.25 0.356 92 171 6.9 30.0 0.59 0.32

16 e 108 48.8 2.25 0.356 94 105 7.0 30.1 0.56 0.27

16 ft 108 48.8 2.25 0.356 92 106 7.0 30.2 0.55 0.27

16 f 108 48.8 2.25 0.356 186 134 7.0 30.2 0.59 0.29

16 g 108 48.8 2.25 0.356 192 105 6.9 29.2 0.57 0.26

16 h 108 48.8 2.25 0.356 181 168 7.0 29.2 0.60 0.30

16 i lOS 4S.8 2.25 0.356 202 40 7.0 29.2 0.50 0.17

16 j 108 48.8 2.25 0.356 175 134 7.0 29.2 0.58 0.29

16 k 108 48.8 2.25 0.356 536 138 7.1 28.0 0.59 0.25

16 1 108 48.8 2.25 0.356 536 110 7.1 28.0 0.57 0.23

16 m 108 48.8 2.25 0.356 525 171 7.1 28.0 0.60 0.28

16 n 108 48.8 2.25 0.356 521 210 7.0 27.9 0.61 0.30

16 0 108 48.8 2.25 0.356 529 175 7.1 28.0 0.59 0.28

16 P 108 48.8 2.25 0.356 537 141 7.1 28.0 0.58 0.25

16 q 108 48.8 2.25 0.356 309 134 7.0 29.2 0.56 0.27

16 r 108 4S.8 2.25 0.356 319 167 7.0 29.2 0.59 0.29

16 s 108 48.8 2.25 0.356 313 208 7.1 29.3 0.60 0.31

16 t 108 48.8 2.25 0.356 324 108 7.1 29.2 0.54 024

16 u 108 48.8 ... ,,~ 0.356 315 135 7.0 29.3 0.56 0.25
~""J

16 v 108 48.8 2.25 0.356 325 41 7.0 29.2 0.49 0.15

16 w 108 48.8 2.25 0.356 982 167 7.0 2S.0 0.59 0.27

16 x 108 48.8 2.25 0.356 974 137 7.0 28.0 0.57 0.25

16 Y 108 48.8 2.25 0.356 950 206 7.0 28.0 0.59 0.28

16 z 108 48.8 2.25 0.356 949 108 7.0 28.0 0.55 0.21

16 za 108 48.8 2.25 0.356 958 207 7.2 28.0 0.61 0.27

16 zb 108 48.8 2.25 0.356 951 172 7.1 27.1 0.57 0.24

17 a 110.8 48.8 2.31 0.356 93 103 10.6 27.3 0.59 0.34

17 b 110.8 48.8 2.31 0.356 91 138 10.6 27.3 0.62 0.36

17 c 110.8 48.8 2.31 0.356 95 38 10.6 27.4 0.52 0.25

17 d 110.8 48.8 2.31 0.356 93 174 10.5 27.2 0.64 0.39

17 e 110.8 48.8 2.31 0.356 93 110 10.5 27.4 0.60 0.35

17 f 110.8 48.8 2.31 .0.356 179 138 10.3 27.1 0.61 0.36

17 g 110.8 48.8 2.31 0.356 187 108 10.2 27.1 0.59 0.32

17 h 110.8 48.8 2.31 0.356 177 172 10.2 27.2 0.62 0.37

17 i 110.8 48.8 2.31 0.356 196 38 10.1 27.1 0.51 0.23

17 j 110.8 48.8 2.31 0.356 172 137 10.2 27.1 0.60 0.35

17 k 110.8 48.8 2.31 0.356 565 137 10.1 25.8 0.60 0.32

17 1 110.8 48.8 2.31 0.356 535 108 10.1 25.8 0.58 0.30

17 m 110.8 48.8 2.31 0.356 520 172 10.2 24.9 0.62 0.33

17 n 110.8 48.8 2.31 0.356 525 210 10.0 24.9 0.63 0.35

• 17 0 110.8 48.8 2.31 0.356 532 176 10.2 24.9 0.62 0.33

17 P 110.8 48.8 2.31 0.356 537 142 10.2 24.8 0.60 0.31
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• Table A1.4: Experimental results: TMP newsprint (confiDIJed)

Ex. no li BW Bi R S L M T en cp

17 q nO.8 48.8 2.31 0.356 322 137 10.4 27.1 0.59 0.32

17 r nO.8 48.8 2.31 0.356 306 172 10.3 27.1 0.61 0.34

17 s 110.8 48.8 2.31 0.356 330 39 10.3 25.8 0.50 0.21

17 t 110.8 48.8 2.31 0.356 305 212 10.4 25.7 0.62 0.36

17 u 110.8 48.8 2.31 0356 316 108 10.4 25.7 0.57 0.29

17 v 110.8 48.8 2.31 0.356 322 141 10.5 25.7 0.60 0.31

17 w 110.8 48.8 2.31 0.356 974 166 10.1 22.7 0.60 0.30

17 x 110.8 48.8 2.31 0.356 971 137 10.0 22.8 0.59 0.27

17 Y nO.8 48.8 2.31 0.356 940 205 9.4 22.8 0.62 0.29

18 a 104.1 48.8 2.17 0.356 92 97 1.1 28.0 0.52 0.14

18 b 104.1 48.8 2.17 0.356 92 129 1.1 28.1 0.53 0.17

18 c 104.1 48.8 2.17 0.356 95 41 LI 28.2 0.46 0.07

18 d 104.1 48.8 2.17 0.356 87 163 1.0 28.0 0.56 0.19

18 e 104.1 48.8 2.17 0.356 94 103 1.0 28.0 0.53 0.15

18 f 104.1 48.8 2.17 0.356 184 132 1.1 28.0 0.53 0.17

18 g 104.1 48.8 2.17 0.356 186 104 1.1 28.0 0.52 0.16

18 h 104.1 48.8 2.17 0.356 177 164 1.1 28.1 0.55 0.19

18 i 104.1 48.8 2.17 0.356 194 41 1.1 28.1 0.46 0.08

18 j 104.1 48.8 2.17 0.356 171 130 1.1 28.1 0.54 0.17

18 k 104.1 48.8 2.17 0.356 560 130 1.2 28.1 0.55 0.17

18 1 104.1 48.8 2.17 0.356 536 103 1.2 28.1 0.53 0.15

18 m 104.1 48.8 2.17 0.356 518 163 1.2 28.1 0.57 0.19

18 n 104.1 48.8 2.17 0.356 520 204 1.2 28.0 0.59 0.20

18 0 104.1 48.8 2.17 0.356 530 167 1.2 28.0 0.57 0.19

18 P 104.1 48.8 2.17 0.356 538 135 1.2 28.2 0.55 0.17

18 q 104.1 48.8 2.17 0.356 978 162 1.6 27.1 0.56 0.18

18 r 104.1 48.8 2.17 0.356 979 133 1.4 27.1 0.54 0.16

18 s 104.1 48.8 2.17 0.356 950 165 1.8 27.1 0.58 0.19

18 t 104.1 48.8 2.17 0.356 942 203 1.4 27.1 0.58 0.19

18 u 104.1 48.8 2.17 0.356 959 103 1.4 27.1 0.53 0.13

18 v 104.1 48.8 2.17 0.356 960 203 1.5 27.1 0.57 0.19

18 w 104.1 48.8 2.17 0.356 948 167 1.5 27.1 0.56 0.17

19 a 106.7 48.8 2.22 0.356 92 98 4.5 27.2 0.55 0.23

19 b 106.7 48.8 2.22 0.356 90 132 4.5 27.0 0.57 0.26

19 c 106.7 48.8 2.22 0.356 97 40 4.5 27.1 0.49 0.14

19 d 106.7 48.8 2.22 0.356 87 167 4.5 27.1 0.61 0.29

19 e 106.7 48.8 2.22 0.356 96 104 4.4 27.1 0.56 0.23

19 f 106.7 48.8 2.22 0.356 177 132 4.5 28.1 0.56 0.24

19 g 106.7 48.8 2.22 0.356 187 102 4.5 28.0 0.55 0.22

19 h 106.7 48.8 2.22 0.356 176 166 4.5 28.1 0.60 0.27

19 i 106.7 48.8 2.22 0.356 197 40 4.5 28.0 0.48 0.14

19 j 106.7 48.8 2.22 0.356 170 132 4.5 28.0 0.57 0.25

19 k 106.7 48.8 2.22 0.356 556 131 4.5 28.1 0.57 0.23

19 1 106.7 48.8 2.22 0.356 533 102 4.4 28.0 0.54 0.21

• 19 m 106.7 48.8 2.22 0.356 520 165 4.5 28.1 0.58 0.25

19 n 106.7 48.8 2.22 0.356 532 206 4.4 27.1 0.61 0.27
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• Table Al.4: Experimental results: TMP newsprint (continued)
Ex. no lï BW Bi R S L M T en ep

19 0 106.7 48.8 2.22 0.356 532 169 4.5 27.2 0.59 0.24

19 P 106.7 48.8 2.22 0.356 533 136 4.5 27.2 0.57 0.23

19 q 106.7 48.8 2.22 0.356 319 131 4.6 28.1 0.56 0.23

19 r 106.7 48.8 2.22 0.356 315 164 4.5 28.1 0.56 0.25

19 s 106.7 48.8 2.22 0.356 328 40 4.4 28.1 0.48 0.14

19 t 106.7 48.8 2.22 0.356 302 207 4.5 28.1 0.60 0.28

19 u 106.7 48.8 2.22 0.356 320 102 4.5 28.1 0.53 0.21

19 v 106.7 48.8 2.22 0.356 321 132 4.5 28.1 0.56 0.23

19 w 106.7 48.8 2.22 0.356 985 164 4.4 27.2 0.61 0.24

19 x 106.7 48.8 2.22 0.356 979 134 4.5 27.2 0.59 0.22

19 Y 106.7 48.8 2.22 0.356 957 205 4.5 27.1 0.62 0.26

19 z 106.7 48.8 2.22 0.356 948 102 4.5 27.2 0.54 0.19

19 za 106.7 48.8 2.22 0.356 956 205 4.5 27.2 0.59 0.25

19 zb 106.7 48.8 2.22 0.356 951 168 4.4 27.1 0.57 0.23

20 a 106.4 48.8 2.22 0.356 92 97 3.4 28.1 0.54 0.22

20 b 106.4 48.8 2.22 0.356 90 130 3.5 28.1 0.55 0.24

20 c 106.4 48.8 2.22 0.356 97 41 3.5 28.3 0.47 0.15

20 d 106.4 48.8 2.22 0.356 86 164 3.5 28.1 0.58 0.27

20 e 106.4 48.8 2.22 0.356 95 103 3.5 28.0 0.54 0.22

20 f 106.4 48.8 2.22 0.356 176 130 3.5 28.1 0.55 0.22

20 g 106.4 48.8 2.22 0.356 188 103 3.6 28.1 0.54 0.21

20 h 106.4 48.8 2.22 0.356 177 162 3.6 28.0 0.57 0.24

20 i 106.4 48.8 2.22 0.356 197 40 3.5 28.1 0.46 0.12

20 j 106.4 48.8 2.22 0.356 171 129 3.6 28.1 0.56 0.23

20 k 106.4 48.8 2.22 0.356 550 128 3.6 28.0 0.53 0.20

20 1 106.4 48.8 2.22 0.356 521 101 3.6 28.1 0.53 0.20

20 m 106.4 48.8 2.22 0.356 520 162 3.5 28.1 0.56 0.23

20 n 106.4 48.8 2.22 0.356 524 203 3.5 28.0 0.57 0.26

20 0 106.4 48.8 2.22 0.356 532 167 3.5 28.1 0.55 0.24

20 P 106.4 48.8 2.22 0.356 538 134 3.6 28.2 0.55 0.21

20 q 106.4 48.8 2.22 0.356 337 129 3.5 29.4 0.55 0.23

20 r 106.4 48.8 2.22 0.356 303 161 3.6 29.4 0.54 0.24

20 s 106.4 48.8 2.22 0.356 326 40 3.6 29.4 0.48 0.13

20 t 106.4 48.8 2.22 0.356 304 204 3.5 29.3 0.59 0.26

20 u 106.4 48.8 2.22 0.356 321 102 3.4 28.4 0.52 0.19

20 v 106.4 48.8 2.22 0.356 320 131 3.5 28.1 0.55 0.22

21 a 106 48.8 2.21 0.356 92 98 1.2 47.9 0.59 0.17

21 b 106 48.8 2.21 0.356 92 130 1.3 48.3 0.61 0.20

21 c 106 48.8 2.21 0.356 98 40 1.3 48.5 0.54 0.08

21 d 106 48.8 2.21 0.356 85 164 1.3 48.2 0.61 0.24

21 e 106 48.8 2.21 0.356 96 103 1.2 48.5 0.58 0.18

21 f 106 48.8 2.21 0.356 190 131 1.2 47.1 0.61 0.20

21 g 106 48.8 2.21 0.356 191 101 1.3 47.1 0.59 0.17

21 h 106 48.8 2.21 0.356 182 165 1.3 47.1 0.62 0.23

• 21 106 48.8 2.21 0.356 202 40 1.3 47.1 0.54 0.11

21 j 106 48.8 2.21 0.356 191 131 1.3 47.1 0.60 0.20
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• Table A1.4: ExperimeDtaI results: TMP newsprint (continued)

Ex. no lï BW Bi R S L M T en ep

21 k 106 48.8 2.21 0.356 567 131 1.3 48.3 0.58 0.19

21 1 106 48.8 2.21 0.356 537 103 1.3 48.3 0.57 0.16

21 m 106 48.8 2.21 0.356 517 164 1.3 48.4 0.59 0.20

21 n 106 48.8 2.21 0.356 519 205 1.3 48.3 0.60 0.23

21 0 106 48.8 2.21 0.356 530 169 1.2 48.3 0.59 0.20

21 P 106 48.8 2.21 0.356 539 136 1.2 48.4 0.58 0.19

21 q 106 48.8 2.21 0.356 316 130 1.4 47.6 0.58 0.21

21 r 106 48.8 2.21 0.356 312 164 1.4 47.1 0.58 0.22

21 s 106 48.8 2.21 0.356 330 40 1.3 47.1 0.53 0.10

21 t 106 48.8 2.21 0.356 303 206 1.4 46.1 0.62 0.23

21 u 106 48.8 221 0.356 317 102 1.4 46.2 0.56 0.17

21 v 106 48.8 2.21 0.356 322 132 1.4 46.2 0.59 0.19

21 w 106 48.8 2.21 0.356 977 165 1.3 46.2 0.60 0.20

21 x 106 48.8 2.21 0.356 973 134 1.3 46.2 0.59 0.18

21 Y 106 48.8 2.21 0.356 954 206 1.4 46.2 0.61 0.22

21 z 106 48.8 2.21 0.356 949 102 1.2 46.2 0.58 0.15

21 la 106 48.8 2.21 0.356 955 206 1.4 46.2 0.61 0.21

21 zb 106 48.8 2.21 0.356 952 169 1.3 46.2 0.59 0.19

22a 109.9 48.8 2.29 0.356 93 102 2.9 61.7 0.60 0.26

22b 109.9 48.8 2.29 0.356 92 134 2.9 61.5 0.60 0.28

22e 109.9 48.8 2.29 0.356 9S 38 2.9 61.5 0.55 0.16

22d 109.9 48.8 2.29 0.356 88 168 3.0 61.6 0.62 0.30

22e 109.9 48.8 2.29 0.356 95 103 2.9 61.6 0.60 0.26

22f 109.9 48.8 2.29 0.356 186 135 3.0 62.4 0.62 0.28

22g 109.9 48.8 2.29 0.356 187 103 3.0 62.4 0.61 0.25

22h 109.9 48.8 2.29 0.356 177 170 3.1 62.2 0.62 0.30

22i 109.9 48.8 2.29 0.356 199 38 3.1 62.1 0.55 0.15

22j 109.9 48.8 2.29 0.356 171 134 3.2 61.8 0.61 0.29

22k 109.9 48.8 2.29 0.356 547 134 3.1 60.4 0.62 0.26

221 109.9 48.8 2.29 0.356 522 103 3.1 60.5 0.59 0.24

22m 109.9 48.8 2.29 0.356 521 168 3.1 60.7 0.61 0.28

22n 109.9 48.8 2.29 0.356 525 209 3.2 60.4 0.62 0.30

220 109.9 48.8 2.29 0.356 533 1'72 3.2 60.5 0.62 0.28

22p 109.9 48.8 2.29 0.356 538 138 3.1 60.4 0.61 0.26

22q 109.9 48.8 2.29 0.356 309 133 3.2 60.5 0.62 0.27

22r 109.9 48.8 2.29 0.356 317 167 3.3 60.4 0.61 0.29

22s 109.9 48.8 2.29 0.356 329 38 3.3 60.4 0.56 0.15

22t 109.9 48.8 2.29 0.356 305 209 3.4 60.2 0.64 0.31

22u 109.9 48.8 2.29 0.356 317 103 3.4 60.1 0.59 0.23

22v 109.9 48.8 2.29 0.356 322 134 3.3 60.3 0.62 0.27

22w 109.9 48.8 2.29 0.356 980 169 3.5 57.2 0.63 0.27

22x 109.9 48.8 2.29 0.356 977 137 3.4 57.2 0.62 0.26

22y 109.9 48.8 2.29 0.356 957 209 3.5 57.2 0.63 0.28

22z 109.9 48.8 2.29 0.356 949 103 3.3 57.2 0.61 0.23

• 22za 109.9 48.8 2.29 0.356 9SS 209 3.5 57.1 0.64 0.28

22zb 109.9 48.8 2.29 0.356 953 173 3.6 56.2 0.64 0.26
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• Table A1.4: Experimœtal results: TMP newsprint (continued)
Ex. no ft BW Bi R S L M T en ep

23 a 108.6 48.8 2.26 0.356 92 98 4.6 46.1 0.59 0.27

23 b 108.6 48.8 2.26 0.356 91 132 4.8 46.0 0.60 0.32

23e 108.6 48.8 2.26 0.356 97 39 4.6 46.0 0.54 0.19

23d 108.6 48.8 2.26 0.356 88 167 4.6 46.1 0.63 0.34

23e 108.6 48.8 2.26 0.356 94 103 4.5 46.2 0.60 0.29

23f 108.6 48.8 2.26 0.356 182 132 4.7 48.3 0.61 0.31

23 g 108.6 48.8 2.26 0.356 187 102 4.7 48.2 0.60 0.28

23 h 108.6 48.8 2.26 0.356 176 167 4.8 48.3 0.62 0.32

23 i 108.6 48.8 2.26 0.356 197 39 4.8 47.2 0.55 0.19

23j 108.6 48.8 2.26 0.356 171 132 4.8 47.0 0.61 0.31

23k 108.6 48.8 2.26 0.356 543 132 4.9 45.2 0.62 0.28

231 108.6 48.8 2.26 0.356 530 101 5.1 45.1 0.60 0.26

23m 108.6 48.8 2.26 0.356 524 167 4.9 44.0 0.63 0.31

23 n 108.6 48.8 2.26 0.356 521 20S 5.0 44.0 0.64 0.33

23 0 108.6 48.S 2.26 0.356 527 172 5.1 44.0 0.63 0.31

23p 10S.6 48.8 2.26 0.356 537 137 4.9 44.0 0.63 0.28

23 q 108.6 48.8 2.26 0.356 353 132 5.2 47.0 0.64 0.29

23 r 108.6 48.8 2.26 0.356 314 167 5.2 46.7 0.63 0.31

23 s 108.6 48.8 2.26 0.356 320 39 5.1 46.1 0.57 0.17

23 t 108.6 48.8 2.26 0.356 309 20S 5.1 46.2 0.65 0.33

23 u 108.6 48.8 2.26 0.356 314 103 5.2 46.1 0.60 0.26

23v 108.6 48.8 2.26 0.356 321 134 5.1 42.6 0.63 0.28

24 a 110.6 48.8 2.30 0.202 97 99 2.2 30.1 0.61 0.21

24 b 110.6 48.8 2.30 0.202 94 128 2.2 30.1 0.63 0.25

24 c 110.6 48.8 2.30 0.202 108 45 2.2 30.1 0.57 0.11

24 d 110.6 48.8 2.30 0.202 85 173 2.2 30.2 0.65 0.29

24 e 110.6 48.8 2.30 0.202 104 104 2.2 30.6 0.61 0.22

24 f 110.6 48.8 2.30 0.202 187 128 2.2 30.2 0.60 0.24

24 g 110.6 48.8 2.30 0.202 193 103 2.2 30.2 0.59 0.21

24 h 110.6 48.8 2.30 0.202 177 172 2.1 30.2 0.62 0.27

24 i 110.6 48.8 2.30 0.202 210 45 2.1 30.1 0.49 0.11

24 j 110.6 48.8 2.30 0.202 171 128 2.1 30.1 0.60 0.24

24 k 110.6 48.8 2.30 0.202 321 131 2.1 30.1 0.61 0.22

24 1 110.6 48.S 2.30 0.202 314 175 2.1 30.1 0.65 0.25

24 m 110.6 4S.S 2.30 0.202 346 45 2.0 30.0 0.s5 0.10

24 n 110.6 48.8 2.30 0.202 294 207 2.0 30.1 0.65 0.28

24 0 110.6 48.8 2.30 0.202 331 105 2.1 30.1 0.61 0.20

24 P 110.6 48.8 2.30 0.202 323 131 2.2 30.1 0.62 0.22

24 q 110.6 48.8 2.30 0.202 544 129 2.0 30.1 0.62 0.22

24 r 110.6 48.8 2.30 0.202 540 104 2.1 30.2 0.60 0.20

24 s 110.6 4S.8 2.30 0.202 527 172 2.0 30.1 0.65 0.25

24 t 110.6 4S.8 2.30 0.202 527 206 2.1 30.1 0.65 0.27

24 u 110.6 4S.8 2.30 0.202 538 1'n 2.2 30.1 0.65 0.24

24 v 110.6 48.8 2.30 0.202 S46 134 2.2 30.1 0.62 0.22

• 24 w 110.6 48.8 2.30 0.202 971 170 2.1 30.2 0.64 0.25

24 x 110.6 48.8 2.30 0.202 972 132 2.3 30.3 0.62 0.21
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• Table A1.4: Experimental results: TMP newsprint (continued)

Ex. no lï BW Bi R S L M T CIl ep

24 Y 110.6 48.8 2.30 0.202 948 203 2.2 30.3 0.64 0.26

24 z 110.6 48.8 2.30 0.202 970 105 2.2 30.2 0.61 0.19

24 za 110.6 48.8 2.30 0.202 953 204 2.5 30.2 0.64 0.25

24 zb 110.6 48.8 2.30 0.202 955 175 2.1 30.2 0.64 0.23

25a 114.7 48.8 2.39 0.202 97 99 12.3 30.2 0.61 0.39

25 b 114.7 48.8 2.39 0.202 95 126 12.3 30.5 0.63 0.42

25 c 114.7 48.8 2.39 0.202 101 45 12.3 31.0 0.58 0.24

25d 114.7 48.8 2.39 0.202 97 167 12.1 31.0 0.64 0.45

25 e 114.7 48.8 2.39 0.202 102 104 12.1 31.1 0.61 0.39

25 f 114.7 48.8 2.39 0.202 194 128 12.1 31.1 0.63 0.39

25g 114.7 48.8 2.39 0.202 197 103 12.1 31.0 0.61 0.36

25 h 114.7 48.8 2.39 0.202 185 168 12.1 31.0 0.64 0.42

25 i 114.7 48.8 2.39 0.202 213 45 12.0 31.1 0.58 0.22

25 j 114.7 48.8 2.39 0.202 179 128 12.0 31.0 0.62 0.39

25 k 114.7 48.8 2.39 0.202 321 129 12.0 31.1 0.62 0.38

25 1 114.7 48.8 2.39 0.202 316 170 12.2 31.2 0.64 0.41

25 m 114.7 48.8 2.39 0.202 345 45 11.9 31.1 0.57 0.21

25 n 114.7 48.8 2.39 0.202 298 202 11.9 31.0 0.65 0.43

250 114.7 48.8 2.39 0.202 331 104 11.9 31.1 0.61 0.35

25 P 114.7 48.8 2.39 0.202 323 130 11.8 31.0 0.62 0.38

25 q 114.7 48.8 2.39 0.202 537 130 12.1 30.3 0.62 0.36

25 r 114.7 48.8 2.39 0.202 541 103 11.8 30.2 0.60 0.33

25 s 114.7 48.8 2.39 0.202 528 172 12.0 30.1 0.63 0.39

25t 114.7 48.8 2.39 0.202 524 204 11.8 30.2 0.65 0.42

25 u 114.7 48.8 2.39 0.202 537 176 11.9 30.2 0.63 0.39

25 v 114.7 48.8 2.39 0.202 S44 134 12.1 30.2 0.61 0.35

25 w 114.7 48.8 2.39 0.202 971 176 11.5 30.1 0.62 0.39

25 x 114.7 48.8 2.39 0.202 969 135 11.4 30.0 0.61 0.36

25 Y 114.7 48.8 2.39 0.202 953 207 11.2 30.1 0.63 0.40

25z 114.7 48.8 2.39 0.202 968 106 11.1 30.1 0.59 0.31

25 za 114.7 48.8 2.39 0.202 951 207 10.5 30.1 0.63 0.40

25zb 114.7 48.8 2.39 0.202 950 180 10.3 30.1 0.63 0.37

26 a 109.7 48.8 2.28 0.202 98 103 2.1 60.4 0.63 0.27

26 b 109.7 48.8 2.28 0.202 95 129 2.1 60.2 0.64 0.32

26 c 109.7 48.8 2.28 0.202 109 42 2.1 60.3 0.55 0.11

26 d 109.7 48.8 2.28 0.202 83 167 2.2 60.3 0.65 0.35

26 e 109.7 48.8 2.28 0.202 104 102 2.2 60.2 0.63 0.28

26 f 109.7 48.8 2.28 0.202 188 124 2.1 60.3 0.72 0.29

26 g 109.7 48.8 2.28 0.202 193 101 2.1 60.4 0.70 0.26

26 h 109.7 48.8 2.28 0.202 179 160 2.0 60.4 0.74 0.32

26 i 109.7 48.8 2.28 0.202 210 43 2.2 60.6 0.63 0.12

26 j 109.7 48.8 2.28 0.202 173 123 2.2 60.3 0.72 0.30

26 k 109.7 48.8 2.28 0.202 322 122 2.1 61.0 0.65 0.30

26 1 109.7 48.8 2.28 0.202 317 157 2.1 60.9 0.66 0.33

• 26 m 109.7 48.8 2.28 0.202 344 43 2.1 60.7 0.56 0.13

26 n 109.7 48.8 2.28 0.202 296 191 2.2 60.6 0.66 0.34
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• Table Al.4: Experimental resuits: TMP newsprint (continued)
Ex. no ~ BW Bi R S L M T en ep

26 0 109.7 48.8 2.28 0.202 334 102 2.1 60.9 0.63 0.26

26 P 109.7 48.8 2.28 0.202 322 124 2.2 60.7 0.65 0.29

26 q 109.7 48.8 2.28 0.202 545 123 2.2 61.0 0.66 0.30

26 r 109.7 48.8 2.28 0.202 541 101 2.1 60.9 0.65 0.26

26 s 109.7 48.8 2.28 0.202 525 159 2.1 61.0 0.68 0.32

26 t 109.7 48.8 2.28 0.202 527 192 2.2 60.4 0.69 0.34

26 u 109.7 48.8 2.28 0.202 538 165 2.3 61.0 0.68 0.32

26 v 109.7 48.8 2.28 0.202 S44 127 2.0 61.0 0.67 0.29

26 w 109.7 48.8 2.28 0.202 971 160 2.4 58.8 0.66 0.31

26 x 109.7 48.8 2.28 0.202 972 126 2.3 58.9 0.65 0.28

26y 109.7 48.8 2.28 0.202 956 191 2.4 58.2 0.67 0.33

26 z 109.7 48.8 2.28 0.202 967 102 2.5 57.6 0.64 0.26

26 za 109.7 48.8 2.28 0.202 956 191 2.4 57.8 0.68 0.33

26 zb 109.7 48.8 2.28 0.202 956 164 2.7 57.6 0.67 0.31

26 zc 109.7 48.8 2.28 0.202 532 194 2.2 60.9 0.69 0.34

27 a 112.7 48.8 2.35 0.202 98 99 8.5 32.3 0.63 0.37

27 b 112.7 48.8 2.35 0.202 95 126 8.4 32.3 0.64 0.42

27 c 112.7 48.8 2.35 0.202 108 44 8.4 32.3 0.52 0.21

27 d 112.7 48.8 2.35 0.202 83 169 8.5 32.3 0.65 0.45

27 e 112.7 48.8 2.35 0.202 104 102 8.5 32.3 0.62 0.37

27 f 112.7 48.8 2.35 0.202 189 126 8.5 32.3 0.63 0.38

27 g 112.7 48.8 2.35 0.202 193 101 8.5 32.3 0.62 0.36

27 h 112.7 48.8 2.35 0.202 179 167 8.4 32.3 0.65 0.43

27 i 112.7 48.8 2.35 0.202 210 44 8.4 32.3 0.52 0.18

27 j 112.7 48.8 2.35 0.202 172 126 8.5 32.3 0.63 0.40

27 k 112.7 48.8 2.35 0.202 325 122 8.5 31.1 0.63 0.36

27 1 112.7 48.8 2.35 0.202 318 161 8.4 31.1 0.65 0.39

27 m 112.7 48.8 2.35 0.202 343 44 8.2 30.9 0.53 0.17

27 n 112.7 48.8 2.35 0.202 301 195 8.5 31.1 0.66 0.42

27 0 112.7 48.8 2.35 0.202 331 101 8.2 31.1 0.62 0.33

27 P 112.7 48.8 2.35 0.202 323 126 8.4 31.1 0.63 0.35

27 q 112.7 48.8 2.35 0.202 537 124 8.5 31.8 0.63 0.34

27 r 112.7 48.8 2.35 0.202 530 161 8.3 31.1 0.65 0.37

27 s 112.7 48.8 2.35 0.202 545 101 8.3 31.1 0.62 0.31

27 t 112.7 48.8 2.35 0.202 527 197 8.2 31.2 0.66 0.39

27 u 112.7 48.8 2.35 0.202 527 169 8.1 31.2 0.65 0.38

27 v 112.7 48.8 2.35 0.202 545 130 8.3 31.1 0.63 0.34

27 w 112.7 48.8 2.35 0.202 972 162 8.4 31.2 0.65 0.36

27 x 112.7 48.8 2.35 0.202 970 127 8.2 31.1 0.63 0.32

27 Y 112.7 48.8 2.35 0.202 957 194 8.2 31.0 0.66 0.37

27 z 112.7 48.8 2.35 0.202 966 101 8.3 31.1 0.62 0.28

27 za 112.7 48.8 2.35 0.202 961 193 8.3 31.1 0.66 0.37

27 zb 112.7 48.8 2.35 0.202 953 166 8.4 31.1 0.65 0.33

28 a 106.7 48.8 2.22 0.202 98 99 5.2 29.3 0.59 0.25

• ·28 b 106.7 48.8 2.22 0.202 94 129 5.2 29.3 0.61 0.30

28 c 106.7 48.8 2.22 0.202 109 4S 5.2 29.3 0.49 0.30
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• Table A1.4: Experimental results: TMP newsprint (contimJed)
Ex. no ~ BW Bi R S L M T en cp

28 d 106.7 48.8 2.22 0.202 82 174 5.2 29.3 0.63 0.33

28 e 106.7 48.8 2.22 0.202 104 102 5.2 29.3 0.59 0.26

28 f 106.7 48.8 2.22 0.202 189 129 5.3 29.3 0.61 0.28

28 g 106.7 48.8 2.22 0.202 194 102 5.3 29.3 0.58 0.24

28 h 106.7 48.8 2.22 0.202 177 173 5.1 29.3 0.63 0.32

28 i 106.7 48.8 2.22 0.202 211 45 5.2 29.4 0.49 0.11

28 j 106.7 48.8 2.22 0.202 171 129 5.2 29.3 0.60 0.28

28 k 106.7 48.8 2.22 0.202 321 129 5.2 29.4 0.62 0.28

28 1 106.7 48.8 2.22 0.202 315 174 5.2 29.3 0.64 0.31

28 m 106.7 48.8 2.22 0.202 348 45 5.2 29.4 0.50 0.11

28 n 106.7 48.8 2.22 0.202 294 207 5.2 29.3 0.65 0.32

28 0 106.7 48.8 2.22 0.202 336 102 5.2 29.3 0.60 0.23

28 p 106.7 48.8 2.22 0.202 323 131 5.2 29.3 0.62 0.26

28 q 106.7 48.8 2.22 0.202 547 129 5.2 29.3 0.61 0.25

28 r 106.7 48.8 2.22 0.202 547 101 5.2 29.3 0.58 0.22

28 s 106.7 48.8 2.22 0.202 526 174 5.2 29.3 0.63 0.28

28 t 106.7 48.8 2.22 0.202 522 208 5.2 29.4 0.64 0.31

28 u 106.7 48.8 2.22 0.202 537 179 5.2 29.4 0.63 0.29

28 v 106.7 48.8 2.22 0.202 547 134 5.3 29.3 0.61 0.24

29 a 107.5 48.8 2.24 0.202 97 98 2.7 31.1 0.54 0.19

29 b 107.5 48.8 2.24 0.202 95 130 2.7 31.1 0.57 0.23

29 c 107.5 48.8 2.24 0.202 105 45 2.7 31.4 0.46 0.09

29 d 107.5 48.8 2.24 0.202 96 177 2.8 31.1 0.59 0.27

29 e 107.5 48.8 2.24 0.202 106 90 2.7 32.3 0.56 0.18

29 f 107.5 48.8 2.24 0.202 189 129 2.7 32.4 0.57 0.22

29 g 107.5 48.8 2.24 0.202 194 100 2.7 32.4 0.54 0.18

29 h 107.5 48.8 2.24 0.202 177 172 2.6 32.4 0.60 0.24

29 i 107.5 48.8 2.24 0.202 212 45 2.6 32.4 0.45 0.08

29 j 107.5 48.8 2.24 0.202 171 127 2.6 32.4 0.57 0.22

29 k 107.5 48.8 2.24 0.202 322 129 2.6 32.4 0.55 0.21

29 1 107.5 48.8 2.24 0.202 315 175 2.5 32.4 0.57 0.24

29 m 107.5 48.8 2.24 0.202 346 44 2.5 32.4 0.42 0.08

29 n 107.5 48.8 2.24 0.202 322 208 2.7 32.4 0.59 0.25

29 0 107.5 48.8 2.24 0.202 339 102 2.8 32.3 0.51 0.18

29 P 107.5 48.8 2.24 0.202 319 130 2.7 32.4 0.54 0.21

29 q 107.5 48.8 2.24 0.202 538 129 2.7 33.3 0.57 0.20

29 r 107.5 48.8 2.24 0.202 540 100 2.7 33.4 0.54 0.18

29 s 107.5 48.8 2.24 0.202 526 175 2.5 33.4 0.60 0.24

29 t 107.5 48.8 2.24 0.202 524 208 2.7 33.4 0.61 0.26

29 u 107.5 48.8 2.24 0.202 541 ISO 2.5 33.3 0.60 0.24

29 v 107.5 48.8 2.24 0.202 548 135 2.4 33.3 0.57 0.21

29 w 107.5 48.8 2.24 0.202 973 175 2.6 33.2 0.58 0.22

29 x 107.5 48.8 2.24 0.202 974 134 2.7 33.2 0.56 0.20

29 Y 107.5 48.8 2.24 0.202 957 207 2.6 33.3 0.60 0.24

• 29 z 107.5 48.8 2.24 0.202 968 102 2.8 33.2 0.54 0.17

29 za 107.5 48.8 2.24 0.202 954 207 2.4 33.2 0.60 0.24

243



• Table Al.4: Experimental results: TMP newsprint (continued)
Ex. no lï BW Bi R S L M T en ep

29 zb 107.5 48.8 2.24 0.202 952 179 2.5 33.2 0.59 0.22

29 zc 107.5 48.8 2.24 0.202 323 202 2.6 32.4 0.59 0.25

30 a 110.5 48.8 2.30 0.202 97 99 3.5 60.0 0.64

30 b 110.5 48.8 2.30 0.202 95 132 3.5 59.6 0.66

30 c 110.5 48.8 2.30 0.202 108 45 3.6 59.6 0.52

30 d 110.5 48.8 2.30 0.202 97 180 3.5 60.0 0.67

30 e 110.5 48.8 2.30 0.202 104 102 3.5 59.7 0.64

30 f 110.5 48.8 2.30 0.202 188 132 3.5 59.7 0.64

30 g 110.5 48.8 2.30 0.202 193 102 3.5 59.4 0.62

30 h 110.5 48.8 2.30 0.202 177 179 3.6 59.4 0.66

30 i 110.5 48.8 2.30 0.202 212 45 3.5 59.5 0.50

30 j 110.5 48.8 2.30 0.202 173 132 3.5 59.2 0.64

30 k 110.5 48.8 2.30 0.202 322 131 3.5 59.1 0.63

30 1 110.5 48.8 2.30 0.202 316 178 3.5 59.0 0.65

30 m 110.5 48.8 2.30 0.202 347 44 3.6 59.2 0.49

30 n 110.5 48.8 2.30 0.202 293 210 3.6 59.2 0.66

30 0 110.5 48.8 2.30 0.202 340 102 3.6 58.8 0.61

30 P 110.5 48.8 2.30 0.202 321 132 3.5 58.8 0.63

30 q 110.5 48.8 2.30 0.202 539 130 3.6 58.7 0.64

30 r 110.5 48.8 2.30 0.202 539 100 3.6 58.8 0.61

30 s 110.5 48.8 2.30 0.202 526 178 3.5 58.7 0.65

30 t 110.5 48.8 230 0.202 524 209 3.6 58.7 0.66

30 u 110.5 48.8 2.30 0.202 537 181 3.4 58.6 0.65

30 v 110.5 48.8 2.30 0.202 546 133 3.5 58.7 0.63

30 w 110.5 48.8 2.30 0.202 973 176 3.5 56.4 0.64

30 x 110.5 48.8 2.30 0.202 973 134 3.5 55.6 0.63

30 Y 110.5 48.8 2.30 0.202 958 209 3.7 5S.6 0.66

30 z 110.5 48.8 2.30 0.202 965 102 3.6 SS.5 0.61

30 za 110.5 48.8 2.30 0.202 961 209 3.5 55.5 0.66

30 zb 110.5 48.8 2.30 0.202 956 181 3.7 55.5 0.65

•
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•

APPENDIX A2: Computer programs for data acquisition and control: facility for

controDed air bumidity aud temperature, preconditioninl chamber

(detailed specifications concerning system software and hardware

are available from electronics shop at Np and Paper Research

IDstitut~ Pointe Claire)
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•
rev: Mars 1995 Heacer PIO
rev: Avril 1995 Speed Paper pro
rev: Mai 1995 5 temperacure PIO ajoutes

HUMPID2.C

Charge#: 358

PIO concroL humidicy paper speed and cemperacure

Programmacion: M. Drainville

Analog Inpucs: cha. position of humid~=~er valve: valve~ J-100~

chl. position of dehumidifier valve: valve2 0-100\
ch2. posisicion of divider valve; valve3 0-100\
ch3. temperacure 0-100 C
ch4. humidicy 0-100\
cnS. vicesse encodeur
ch6: cempl
ch?: cemp2
cha: cemp3
ch9: temp4
chl0:temp5

Digital Outputs A: doO. close humidifier valve
dol. open humidifier valve
do2. close dehumidifier valve
do3. open dehumidifier valve
do4. close divider valve
doS. open divider valve
do6. ducc heater
do? cempl heater

Digical Outputs B: doO. cemp2 heater
dol. cemp3 heacer
do2. cemp4 heater
do3. tempS heacer
do4.
doS.
do6. P23, ~lOv REF
do? PlO, ..Sv

Analog Outpucs: AoO. motor concrol

logique posicive
l=accif

•

*/

#include<stdio.h>
#include<conio.h>
#include<string.h>
#include<graph.h>
#include<scdlib.h>
#include<time.h>
#include<math.h>
#include<dos.h>
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•

~includeumichel.hU

#incluàe"humpid2.h"

#define DELAY VALVES 20
#define BASE Ox300
#define ENABLED l
#define DISABLED"O
#define AUTO 1
#define MANUAL 0
#define REV 0
#define FWD l
#define ON l
#define OFF °
#define LOW OxOS
#define MIDDLE o~ooa

#define HIGH Ox200a
#define LOAO Ox300a
#define SIMULATION ON

short panel,panel_temp,calibration,set,handle,cptr_d~c~=O,mode_speed=~~-u~;

short mode=AUTO,heater,id,cptr_templ=0,cptr_temp2=o,c?tr_~emp3=0.cptr_~=~p~=û;

short cptr_tempS=0,acq=OFF,val,x,y,pointeur_array[5420: ;
short qty-point=l,time_chart=l,cptr_moy=O,intervale;
short point (9] ,deadband_manual=SO,cptr_array=O;
long sP_Vl,pv_Vl,Sp_v2,pv_v2,sp_v3,pv_v3,sp_h,pv_h,min_vl,min_v2,min_v3:
long sp_duct,pv_duct,sp_templ,pv_templ,max_vl,max_v2,max_v3;
long sp_temp2,pv_temp2,sp_temp3,pv_temp3,tableau_moy(201 ,moy_hum;
long sp_temp4,pv_temp4,sp_tempS,pv_tempS,pv_dp=O,sp_speed;
double ratio vl=l,ratio v2=1,ratio v3=1,bO h,bl h,b2 h,o h=O,i h=O,d n=O;
double error=h(]={O,O,O~o},value_duct=O,temp_duty,p_s,i~s,d_s,output=h=û;
double value_templ=0,value_temp2=O,value_temp3=O,value_temp4=0,value_tempS=O;
double bO t,bl t,b2 t,p t=O,i t=O,d t=O,output t=O,error t()={O,O,O,O};
double bO=s,bl=S,b2=s,output_s=0,error_s(]={0,O,0,0}.pv_speed,sp_speedf;
double bO_tl,bl_tl,b2_tl,output_tl=o,error_tl(J=10,0,a,01,p_tl,~_tl,d_~:;
double bO_t2,bl_t2,b2_t2,output_t2=0,e~ror_t2[]=0,0,0,0 .p_t2.~_t2,d_~2;

double bO_t3,bl_t3,b2_t3,output_t3=0,error_t3(]= 0,0,0,0 ,p_t3,i_t3,d_~3:

double bO_t4,bl_t4,b2_t4,output_t4=O,error_t4(]= 0,0,0,0 ,p_t4,i_t4,d_t4;
double bO_tS,bl_tS,b2_tS,output_tS=O,error_tS(]: 0,0,0,0 ,p_tS,i_tS,d_tS;
àouble templ_duty,temp2_duty,temp3_duty,temp4_duty,cempS_duty,val_fi
char *setup file="humpid2.cfg", *selection, *DATA FILE;
FILE *fichier; -
time_t tstart.tend;

void close vl(void);
void close-v2(void);
void close-v3(void);
void open vl(void);
void open-v2(void);
void open-v3(void};
void stop-Vl(void);
void stop-v2(void);
void stop-v3(void);
void heater duct on(void);
void heater-duct-off(void) ;
void heater-tempï on (void) ;
void heater-temel-off(void);
void heater-temp2-on(void) ;
void heater=temp2=off(void);
void heater_temp3_on(void) ;
void heater_temp3_off(void);
void heater_temp4_on(void);
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•

void heacer cemc4 off {voidl ;
void heacer-eempS-on{void) ;
'laid heater-eemcS-off(void)i
void getvalue màin(void) ;
void getvalue=setupCvoid):
void humidity_loop(void) :
void duct_loop(void) ;
void duce oidCvoid);
void temcllooc (void) :
void temôl-cid(void):
void temp2_1oop(voidJ :
void temo2 cid (void) ;
void temô3~ooc(void);
void temp3-cid(voidJ:
voià eemp4_1oop(void) ;
void eemp4 cid (void) ;
void cempS_loop(void) ;
void cempS-pidCvoid)i
void posieion valves(void):
long acquireClong);
void adi542Cshort);
void motor_loop(voidJ ;

#pragma check cointer(off)
#pragma check:5tack(off)

main C)
{
pane l =LoadPanel ("humpid2 _uir" , hum) ;
calibration=LoadPanel{"humpid2.uir",cal):
see=LoadPanel ("humpid2. uir", setup) ;
panel_t.emp=LoadPanel C"humpid2. uir", temp) ;
DisplayPanel{panel) ;
SeeCtrlValCpanel,hum text,"Prog_M.Drainville");
SetActiveCtrl(hum-panel_select) ;
RecallPanelState(set,setup_file);
SeeCtrlValCset,setup_led_acq,OFF) ;
SeeActiveCt.rl(set,setup-p_h );
outp(BASE~Ox3006,Ox89}: /* port A,B en sortie C en encree .j
ouep(BASE+Ox06,OxOO); /* reset le port, scoc valves et heaeer -j
ad7542(O): /* initialise AoO a Ov ./
InseallPopup(calibracion) ;
SetCcrlValCcalibration,cal text box,"Strike a key when bath valves will"

" be closed\n\n"); -
close v1C);
close-v2() ;
close-v3C) ;
time (&t.start) ;
t.ime (&tend) ;
while(! (kbhit.() Il (difftime(tend,tst.art»DELAY VALVES»)time(&tend);
if(difftimeCeend,tstart)c=DELAY VALVES) -

getch()i -
st.0p_V1C);
stop v2C);
stop=v3() ;
min v1=acquire(O) ;
min-v2=acquire(1) i
min-v3=acquire(2) ;
Set.CtrlVal(calibration,cal text box, "Strike a key when both valves will"

Il be fully open");
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ooen v2();
open-v3 () ;
time(&tstart};
t:ime(&tend} ;
while{! (kbhit{) Il (difftime(tend,tstart»DELAY_VALVESi )J~ime~&~end);
if (difftime(tend, tstart} c=DELAY VALVES)

getch(); -
stop vIC);
stop-v2() ;
stop-v3C) ;
max_vl=acquire(O) ;
max_v2=acquire(li;
max_v3=acquire(2) ;
if ( ! SIMtïLATION)

{
if({max vlc=min vI} Il (max v2c=min v2} I! (max v3<=min v3ll

{- - - -' - -
printf("\n\n\n\n\n\a\a\a • • • ERROR • • * Something is wrong wi~h ~~;

" valves."};
printf("\n\n\nStrike any key ~o end progra!:1."l;
while ( !kbhit () ) ;
getch() ;
exit (0) ;
}

ratio vI=(double)4095/(max vI-min vI);
ratio-v2=(double)4095/(max-v2-min-v2) ;
ratio-v3={double)4095/(max-v3-min-v3) ;

}- --
RemovePopup(O) ;
SetActiveCtrl(hum-panel_select);
getvalue main();
getvalue:setup();
time{&cstart) ;

do
{
GetUserEvent(O,&handle,&id) ;
if (handle==panel_temp)

{
switch (id)

{
case temp_exit:

HidePanel(panel temp);
DisplayPanel(panel);
SetActiveCtrl{hum oanel select);
break; --

case temp_sp_duct:
GetCtrlVal(panel temp,cemp sp ducc.&sP duce);
sp_duct=«doubleTsp_duct/lOO)*409S; ­
break;

case temp_sp_tempI:
GetCtrlVal(panel_temp,temp_sp_templ,&sp_templ};
sp_templ=«double)sp_templ/IOO) *4095:
break;

case temp sp temp2:
GetCtrlVal(panel_temp,temp_sp_temp2,&Sp_temp2) :
sp temp2=({double)sp temp2!100) *4095;
break: -

case cemp sp temp3:
GetCtrlVal(panel_temp,temp_sp_temp3,&:sp_temp3) ;
sp_temp3=«double)sp_temp3/100)*409S;
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break:
case temp_sp_temp4:

GetCtrlValCpanel_temp,temp_sp_cemp4.&sp_Cemp4) ;
sp_temp4=(Cdouble}sp_cemp4/100) *4095;
break;

case temp sp tempS:
GetCtrlVal (panel_cemp, cemp_sp_cempS,&sp_cempSl ;
sp_tempS;«(double)sp_cempS/100) *4095;
break;

}
if (hanàle==oanel)

{ .
switch (id)

{
case hum mode soeed:

GetCtrlvaï{panel,hum_moâe_speed.&mocie_speedl
if(mode speed==AUTO)

{ -
sp_speeà=pv_speeà;
SecCtrlVal(canel.hum so soeed. l ;~ouo~eisp_speed/4C95!*4;;} . _._.

else
{
sp_speed=O;
SetCtrlVal{panel,hum_sp_speed, (dcublelsp_speeàl;
}

SecActiveCtrl(hum-panel_selecc} ;
break;

case hum mode:
GetCtrlVal(panel,~um_mode,&mode);
if (mode==AUTO)

{
stop vi(};
stop-v2() ;
stop-v3(} ;
SetCtrLAttribute (panel,hum_sp_vl, 15,DISABLEDl ;
SetCtrLAttribute{oanel,hum so v2,15,DISABLED);
SetCtrlAttribute (panel,hum-sp-v3, I5.DISABLED) ;
SetCtrLAttribute (panel,hum-so-humidicy, lS,ENABLED) ;} _.-

if (mode==MANUAL)
{
stop VIC):
stoo-v2() :
stop-V3 () :
SetCtrlAttribute(panel,hum so Vl,15,ENABLED};
SetCtrLAttribuce (panel,hum-sp-v2. lS,ENABLED) :
SetCtrLAttribute(panel,hum-sp-v3,lS,ENABLED) :
SetCtrLAttribute{panel,hum-sp-humidity,IS,DISABLED):
} - -

Se~ctiveCtrl(hum-panel_select) ;
break:

case hum-pb_vi: /* push button */
if (mode==MANUAL}

SetActiveCtrl{hum sp vi):
break; - -

case hum-pb_v2:
if (mode==MANUAL)

SetActiveCtrl(hum_sp_v2):
break;
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• case hum cb v3:
if (mëde~=MANUAL)

SetActiveCtrl(hum SD v3);
break; - --

case hum-pb_humidity:
if (mode==AUTO)

SetActiveCtrl{hum 50 humiàitv);
break; - -- •

case hum ob mode:
SetAetiveCtrl{hum mode);
break; -

case hum cb sceed:
SetAëtiveètrl(hum_sp_speed) ;
break;

case hum cb mode soeed:
SetACéiveCtrI(hum mode sceed} ;
break; - - -

case hum-panel_select:
GetCtrlVal{panel,hum-panel_select,seleccicn) ;
if{! (strcmp(selection, "exit"»)

{

i* reset le pert */

? " j ~if{ConfirmPoouc("Exi~ software{ - -
outp(BASE~Ox06,OxOO) ;
exit(O) ;
}

}
if{! (strcmp(selection,"setup"»}

{
HidePanel(panell;
DisplayPanelCset);
SetActiveCtrl(setup_filenamel;

}
if(! (strcmp{selection,"temperature"l))

{
HidePanelCpanel) ;
Displaypanel(panel_temp) ;
SetAct~veCtrl(temp_exit) ;

}
break;
case hum sp humidity:
case hum- sp- vI. :
case hum-sp-v2:
case hum-sp-v3:
case hum:sp:speed:

getvalue_main{) ;
SetActiveCtrl(hum-panel_select} ;
break;

•

}
if (handle===set)
{
switch{id)

{
case setup acq:

if (acq';'==OFF)
{
SetCtrlVal{set,setup led acq,ON);
acq==ON; - -
}

else
{
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f* valeurs dans var~ao~es et: *,
/* sauve sur ~isque ./

•

•

SetCtrlVal(set,secuc led aca,O~F:
acq=OFF; - - - -
}

break;
case secup_exit_setup:

getvalue_setup() ;
HidePanel(sec};
DisplayPanel(panel) ;
SetActiveCtrl{hum oanel selecc);
break; --

case setuo save co disk:
GetCtrIVal(set~secup_filename,CATA_=:~Ei;
fichier=fooen (DATA ~!LE, ".,,") ;
if(!fichier) -

{
princf{"\a\a\a"};
princf("\nerror cpening =i.le"~;

exic(O);
}

intervale=6*tirne charc; ;. cime chart=1~12r~,S*/

fprintf(fichier,~ - ~~~!DI7Y"

" SYST1="-M\n\n"I;
forintfCfichier," %s",_scrdace(»);
f;rintf(fichier," %s", s~r~ime(j);
fprintf(fichier,lI\n\nAcquisicion ~ate: %"d sec. ", in.cervale; ;
fprintf(fichier,"\n\n Tduct: 7: 72 73 T4 75 SPD "
"HUM DEW POINT"} ;
val=round{«double)so duct*100)/409S); /* sauve secpoincs ./
fprintf{fichier,"\n\nSETPOINTS %3d ",vall;
val=round{«doublelsp_templ*lOO)/409SJ;
fprintf{fichier,"%3d ",val);
val=round{«doublelsp temp2*lOOl/409Si;
fprincf(fichier,"%3d ~,vall;
val=round({(double)sp_cemp3*100)/409S) ;
fprintf(fichier,"%3d ",val);
val=round«(double)sp_temp4*100)/4095) ;
fprintf{fichier,"%3d ",vall;
val=round{({double)so cemoS*100}/409Sl;
fprintf (fichier, "%3d~ ~, ·...ai) ;

if(mode speed==MANUALl
{ -
val=round({sp_speed*100}/409Sl;
forincf (fichier, "t'3d" ,val) ;
}-

else
{
val_f=«double)sp_speed*41/409S;
fprintf(fichier,"\3.11f ",val f};
} -

val=round«{double)sp_h*lOO)/409S) ;
fprintf(fichier,"t'3d\n\n",val) ;
fprintf(fichier,"PROCESS VAL.");
x=O;
while(x«cptr array-l» f* save data */

{ -
fprintf(fichier,"\n ");
for{y=0;y<6;y++)

{
val=round«(float) (*(poinceur_array+xi )/4095)*100);
fprintf(fichier,"\3d ",val);
X++;
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}
val_f=«*(pointeur_array+x»/409S}*4;
fprintf(fichier,n%3.~fn,val_f:;
x++;
val=round«(floatl (*(pointeur_array.xJjI409=j*~C:

fprintf(fichier,n~3d",val);
X++;
}

Eclose (fichier) ;
cptr array=O;
break;

pv_vl=acquire(O) ;
pV_Vl=(pv_vl-min_vl)*ratio_vl;
if (pv_vl<:O)

cv vl=O;
if(p~ vl:>409S)

pv vl=4095;
cv v2=acauire(1);
èV-V2=Cpv v2-min v2)*ratio v2;
lfTpv v2<:O) - -

pv v2=0;
if(pv v2:>4095)

pv v2=409S;
pv_v3=acquire(2) ;
cv v3=Cov v3-min v3)*ratio v3;
lf(Dv v3c::ë) - -

~ pv v3=O;
if(pv v3:>409S)

pv v3=409S;
pv_duct=acquire(3);
pv_h=acquire(4) ;
pv_speed=acquire(S);
pv_templ=acquire(6);
pv_temp2=acquire(7);
pv_temp3=acquireCS);
pv_temp4=acquire(9);
pv_tempS=acquire(lO);

if (qty-point:> l )
{
for(cptr_moy=qty-point;cptr_moy>l;cptr_moy--. /* àecale le tableau *i

tableau_moy(qty-point-cptr_moy]=tableau_moy[qty-point-cptr_moy+l];
tableau_moy(qty-point-l]=pv_h; /* nouvelle lect. a la fir- */
moy_hum=tableau_moy[OJ;
for (cptr_moy=l;cptr_moy<:qty-point; cptr_moy++! /* fait la moyenne */

moy_hum=moy_hum~tableau_moy[cptr_moyj;
moy hum=moy hum/qty· noint;
} - - ~

else
moy hum=pv h;

SetCtrIVal(panel,hum-pv_vl, (long) «Cdouble)pv_vl/409Sl*lOO»;
SetCtrlVal(panel,hum DV v2, (long) «(doublelpv v2/409S}*lOO)};
SetCtrlVal(panel,hum:pv=v3, (long) CC(double)pv=v3/409S}*lOO»;
SetCtrlVal(panel,hum-pv_humidicy, (long) «(double}pv_h/409S)*lOOI);
S7tCtrlValCpanel,hum-pv_speed, «double)pv_speeà/409S)*4);
t~meC&tend} ;
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if(difftime(~end,~start»=6*time char~) /* c~ar~ var~acle 1-12~ •
{ -
if(Cacq==ON)&&(cptr_array<4800)j

{
* Cpointeur_array+cptr_array)=pv_duct;
cptr_array++;
* (pointeur_array+cptr_arrayi=pv_templ;
cptr_array++;
*(pointeur_array+cptr_arrayl=pv_temp2;
cptr_arraY++i
*{pointeur_array+cptr_array)=pv_temp3;
cptr_array++;
*(pointeur_array+cptr_array)=pv_~emp4;

cptr_array++;
*(pointeur_array+cptr_a~~ayl=pv_tempS;

cptr_arraY++i
*(pointeur_array+cp~r_arrayl=pv_speed;

cptr_array+... ;
*{pointeur_array+cptr_arrayl=pv_h;
cptr_array++;
/* * (pointeur_array+cptr_array)=pv_dp; dew ~ci~c

cptr array++; */
} -

point(OJ=({short) «(double)moy_hum/409S}*100});
coint [lJ = ( (short) { ( (double) so h/409S) *100) ) ;
point(21={(short) «pv_speed/409S) *40» i
PlotStripChart(panel,hum_strip,point,3,0,0,1) ;
point [0] =( (short) « (doub1e)pv ducc/409S) *lOOi);
SetCtrIVa1(panel_temp,temp_duët_digit,pv_duct/409S*lOO) ;
P1otStripChart{pane1_temp,temp_strip_duct,poinc,l,O,O,li ;
point [0] = «short) ( ( (double) pv_cempl./409S) *100) j ;
SetCtrlVal (panel_temp, temp_tl_digit,pv_templ/409S*lOO) ;
PlotStripChart(pane1_temp,temp_strip_temp1,poinc,l,O,O,1) ;
point [0] = «short) ({ (double)pv_temp2/409S) *100) 1 ;
SetCtr1Val (panel_temp, temp_t2_digit,pv_temp2/409S*100l ;
P1otStripChart(panel_temp,temp_strip_temp2,point,l,O,O,1);
point[O]={(short) «(doublelpv_temp3/409S)*100l);
SetCtr1Val(panel_temp,temp_t3_ôigit,pv_temp3/409S*:OO) ;
PlotStripChart(pane1_temp,temp_strip_temp3,poinc,1,J,O,1);
point(O]=«short) «(doub1elpv_temp4/409S}*lOO»;
SetCtrlVal {pane1_temp, temp_t4_digit,pv_temp4/409S*lCO) ;
PlotStripChart(panel_temp,temp~strip_temp4,point,l,O,O,1);

point [0] ={ (short) « (double)pv_tempS/409S) -lOO});
SetCtr1Val (pane1_temp, temp_tS_digit,pv_tempS/409S*lOOl ;
PlotStripChart{panel_temp,temp_scrip_tempS,point,l,C,O,1)

time(&tstart) ;
}

if (moôe==AUTO)
{
humidity 100p () ;
} -

duct loop();
templ 100p () i

temp2=loop{) ;
temp3_100p() ;
temp4_100p{) i
tempS loop{);
motor=loop() ;
position_valves();
duct.J)id () ;
templ-pid () i
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cemo2 oid();
temp3-;id() ;
~emp4J>id();

tempSJ>id(};
SetCtrlVal(panel,hum_text_time,time_chart); /* ~emps d~ gra9~ :-:2h */
SetCtrlVal(panel,hum display time, strtime()}; /* affiche ~eure -;
} - - -
while (U ;

void aetvalue main (voidl
{- -
GetCtrlVal (panel,hum_sp_vl, &sp_vll ;
sp_vl=({double)sp_vl/100l*4095;
GetCtrlVal (panel,hum_sp_v2, &sp_v2i ;
sp_v2=( (double}sp_v2/100) *4095;
GetCtrlVal(panel,hum_sp_v3,&sp_v3) ;
sp_v3=«double)sp_v3/100i*409S;
GetCtrlVal(panel,hum_sp_humidity,&sp_h} ;
50 h=«double)sc h/100)*409S;
GètCtrlVal(panel~hum_sp_speed,&sp_speedf);
~f(mode soeea==MANUALI

{ --
sp_speed=round«sp_speedf/100)*4095} ;
}

else
{
sp 5peed=round«sp speedf/4} *4095) ;} - -

void getvalue_setup(void)
{
GetCtrlVal(set,setup-p_h,&p_h);
GetCtrlVal(set,setup i h,&i h);
GetCtrlVal(set,setup-d-h,&d-h);
GetCtrlVal(set,setup:p=t,&p=t);
GetCtrlVal(set,setup i t,&i t);
GetCtrlVal(set,setup-d-t,&d-t);
GetCtrlVal(set,setup:p=s,&p=sl;
GetCtrlVal(set,setup_i_s,&i_s);
GetCtrlVal(set,setup d 5,&d s);
GetCtrlVal(set,setup:p=tempI,&p_tl) ;
GetCtrlVal(set,setuc i Cemcl,&i t1);
GetCtrlVal(set,setup=d=templ,&d=t1);
GetCtrlVal(set,setuPJ>_temp2,&p_t2) ;
GetCtrlVal(set,setup_i_temp2,&i_t2) ;
GetCtrlVal(set,setup_d_temp2,&d_t2) ;
GetCtrlVal(set.setup-p_cemp3.&p_t3) ;
GetCtrlValCset,setup_i_temp3.&i_t3);
GetCtrlValCset,setup_d_temp3,&d_t3) ;
GetCtrlVal(set,setup-p_temp4,&p_t4) ;
GetCtrlVal(set,setup_i_temp4,&i_t4);
GetCtrlVal (set,5etup_d_temp4, &d_t4} ;
GetCtrlVal(set,setup-p_tempS,&p_tSI;
GetCtrlVal(set,setup_i_temp5,&i_tS) ;
GetCtrlVal(set,setup_d_tempS,&d_tS) ;
GetCtrlVal(set.setup_time_chart,&time_chart};
GetCtrlVal(set,setup_qty-point,&qty-point} ;
GetCtrlVal(set,secup_filename,DATA_FILE) ;
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SavePanelScace(sec,setuc file);
} --

void humidity 1000 (void)
{ --
bO h=c h~i h~d hi
bl-h=~(p h~(2*d hl);
b2:h=d_h; -

error h(3]=error h(2];
erro=-h(2J=error-h[1] i

error:h[lJ=(double) «pv_h-sp_h)*lOOl/409Si /* ~everse accion */
output h=oucput h~bO h*error h[l]~bl h*error ~:2}.b2 ~*error hl3: i
if(outout h<O) - - - - - - -

ouèpuê h=Oi
if (outcut h>lOO)

ouèout h=100:
Sp_V1=(ôutput_h*409S)/lOO:
}

voià duct 1000 (void)
{ - -
bO t=o t+i t+d Ci
bl:t=~Tp_t~(2*d_t});
b2_t=d_t;

error t[3]=error c(2];
error-t[2]=error-c[l]: /* foward action */
error:t (1] = (doubïe) {(sp_duct-pv_ductl*100)/4095:
outout t=OUtput t+bO t*error t[l]+bl t*error t~21~b2 t*error t[3]:
if (output_t<O) - - - - - - -

outout t=O;
if (outpùt t>lOOl

output t=lOO;
terno dutv=(outout t*30}/100:} -_. --

voià ternpl_loop(void)
{
bO tl=o t1+i tl+d tl;
bl-tl=:To tl~(2*d-tl»;
b2=tl=d_èI; -

error tl(3]=error tl(2];
error-tl[2]=error-tl(I]: /* foward actioc */
error:tl[l] = (double) «sp_templ-pv_ternp1)*100l/~09S:
output_tl=output_tl~bO_tl*error_tl(l]+bl_tl*error_tl[2]+b2_tl*error_tl[3} ;
if (output_t:I<O)

output_tl=O;
if (output_tl>IOO)

output tl=IOO;
ternpl duty~(output tl*30)/IOO:} - -

void temp2 loop{void)
{ -
bO t2=p t2+i t2+d t2;
bl-t2=-(p t2~{2*d-t2»;

b2:t2=d_t2i -

error t2[3]=error t2[2];
error-t2(2] =error-t2 [1] ; /* foward action */
error:t2[1] = (double) {(sp_temp2-pv_temp2)*lOO}/409Si
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• output C2=outcut t2~bO t2*error t2[1].bl c2*errcr t2[2;.b2 ~2*error ~2:;:;
if(oucput t2<à) - - - - - - -

outout t2=Oi
if(outpùc t2~lOOI

output t2=lOOi
temp2 duty~{outout t2*30)/lOOi} - - -

voià temp3 loop(void)
{ -
bO t3=c t3~i ~3+d t3;
bl-t3=:7o t3~(2*d-t3» i

b2=t3=d_~3i -

error t3[3]=error t3[2] i
error-t3[2}=error-t3(l] i /* foward actic~ */
error=t3(l]=(doublel «sp_temp3-pv_temp3)*lOO)/4C9S;
output t3=outout t3+bO t3*error t3(1].bl t3*error t3(2].b2 t3*error =3(3J;
if (output_t3<à) - - - - - - -

output t3=0;
if(output t3>100)

output t3=100i
temp3_duty~(output_t3*30)/lOO;
}

void temp4_1oop(void)
{
bO t4=p t4+i t4+d t4i
b1-t4=-(p t4~(2*d-t4»i
b2=t4=d_t4 i -

error c4[3]=error t4(2];
error-t4[2]=error-t4[l] i /* foward actioc */
error=t4 [lJ = (double) «sp_temp4-pv_cemp4)*100)/409Si
outpuc_t4=OUcput_t4TbO_t4*error_t4 (11 +bl_t4*errcr_t4 [2 ].b2_t4*error_=4(3];
if (outpuc_t4<O)

output t4=0;
if(outpuc t4>lOO)

outcut t4=lOOi
temp4_dùcy~(outpuc_C4*301/100;
}

void tempS_loop(void)
{
bO CS=c cS+i cS+d tSi
b1=tS=:Tp_tS~{2*d=tS»i
b2_tS=d_tS;

error tS[3]=error tS[2] i
error-t5(2]=error-cS[l] i /* foward action */
error=cS[l]=(doublel «sp_tempS-pv_cempS)*lOO)/409Si
outpüc_cS=ouCput_tS+bO_tS*error_tS [1] +b1_cS*error_t5 [2 ].b2_tS*error tS(3];
if(output tS<O)

output tS=Oi
if (output_tS>lOO)

outpuC_CS=lOOi
tempS ducy=(output cS*30)/lOOi} - -

•
void ducc-pid(void)

{
if (cpcr duct==30)

{ -
cptr_duct=Oi

/* dutY cycle pour PID */
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•

value_duct=temp_duty;
}

i=«value duct>O)&&(value ducc>cptr duct»
heater duct on(): - -

else --
heater duct off():

cptr_duct.~; -

}
void ~emel oid {void} / .. dutY cycle pour PIn ....

{ --
if (cptr_templ==30)

{
cptr_templ.=O:
value templ.=temcl. duty:} - - -

if({value_templ.>O)&&{value_templ>cptr_cempl})
heater cempl. on{}:

else - -
heater_cempl._off{) ;

cccr cerne1++:
}- - -

void~ternp2-pid(void) /* ducy cycle pour PID *,

t
if{cptr cemp2==30)

{ -
cptr temp2=O:
value temp2=ternp2 duty:} - -

if«value_temp2>O}&&(value_ternp2>cptr_ternp2»
heater temp2 one);

else - -
heater temc2 offC);

cptr temp2~+: - -
} -

void terne3 oid(void) /* duty cycle pour ?I:n */
{ - - -
if (cptr ternp3==30)

{ -
cctr ternp3=O:
vâluë temp3=temp3 duty:
} - -

if{(value_temp3>O}&&(value_ternp3>cptr_ternp3J)
heater temc3 one};

else - --
heater temp3 offC}:

cptr temc3~+: -
} - -

void temc4 nidCvoid) /* duty cycle pour pro */
{ --&"

ifCcptr temp4==30)
{ -
cptr temp4=O:
value temp4=temp4 duty:} - -

if(Cvalue temp4>O)&&{value temp4>cptr temp4})
heater temp4 one): - -

else - -
heater_temp4_off();

cptr_temp4++:
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• }
void cempS-pid(void) /* ducy cycle pour PIO */

{
ifCcpcr cempS==30l

{ -
cpcr_cempS=O;
value cempS=cempS ducy;
} - -

if«value cemDS>O)&&(value cemoS>cocr ~emoS)}

heacer_~e~pS_on(); - - - - -
else

heater cempS offC);
cctr temDS~.; -( - -

}
if«(pv_V2>=sp_V2}&&(pv_v2«sp_v2+deadband_manual»}!1

«pv_v2>(sp_v2-deadband_manual»&&(pv_v2<=sp_v2» j
stOD v2();

else --
{
ifCsp_v2<Cpv_v2-deadband_manual})

close v2();
if(sp_v2>Tpv_v2+deadband_manual})

open_v2(} ;
}

if«Cpv_v3>=sp_v3J&&(pv_v3«sp_v3+deadband_manual») il j
(Cpv_v3>Csp_v3-deadband_manual»&&(pv_v3<=sp_v31) )
scop v3();

else -
{
ifCsp_v3«pv_v3-deadband_manual»

close v3();
ifCsp_v3>(pv_v3+deadband_manual»

open_v3();

void position valves (void}
{ -
if«(pv_v~>=Sp_vl)&&(pv_vl<Csp_vl+deadband_manual») j 1 i

«pv_Vl>{sp_vl-deadband_manual»&&(pV_Vl<=sp_Vl) i)
staD Vl();

else --
{
if(sp vl«pv vl-deadband manual»

close v~(}; -
if(sp v~>Tpv vl+deadband manual»

open_v~ (f; -

•

long acquire(long channel)
{
long data,dacal;

ifCchannel<8)
outpCBASE,Ox21+(channel*2)}; /* select channel */

else
outpCBASE,0x30+«channel-8)*2» ;

forCdaca=O;daca<200;daca++) ;

oucp(BASE+03,OO); /* debuce conversion */
for(daca=O;daca<lOOO;data++);
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• dacal=ino{BASE+03);
daca={(dàcal«4l&OXOFFOl 1 (inp(BASE~02»>4)&OxGCOF);
recurn{datal;
}

void close vl(voià)
{ -
oucp(BASE+OxOG, (inp{BASE+OxOG) lOx02)&OxFE); f* REV vl */
} .

void close v2{void}
{ -
outp(BASE+Ox06, (inp{BASE~Ox06)IOxOS)&OxFBi; f* REV v2 *i
}

void close v3{void)
{ -
outp(BASE+Ox06, (inp(BASE+Ox06) IOx20)&OxEF}; /* REV v3 *;
}

void ocen vl{void)
{- -
cucp(BASE+Ox06, (inp(BASE+Ox06) !OxOl}&OxFDl; f* ~ vl */
}

void ooen v2(void)
{- -
outp(BASE+Ox06, (inp(BASE+Ox06) IOx04)&OxF7l; /* FWD v2 */
}

void open v3{void)
{ -
outp(BASE+Ox06, (inp(BASE+Ox06) IOXIO)&OxDFl; f* FWD v3 */
}

void stop vl{void)
{ -
oucp(BASE+Ox06,inp(BASE+Ox06)&OxFC) ;
}

j* arrece valve l */

void scop v2{void)
{ -
outp{BASE+Ox06,inp(BASE+Ox06)&OxF3); 1* arrece valve 2 *1
}

void stop v3{void)
{ -
outp{BASE+Ox06,inpCBASE+Ox06)&OxCF); /* arrete valve 3 */
}

void heacer duct on (void){ --
outp {BASE+OxOG, inp(BASE+Ox06) IOX40); /* turn on heater */
SetCtrlVal(panel temp,temp led duce, ON) ;} - --

•
void heater duct off (void)

{ --
outp(BASE+OxOG,inp(BASE+Ox06)&OxBF);
SetCtrlVal(panel eemp,temp led duce, OFF) ;} - --

void heaeer_templ_on(void)
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•

{
èutP(BASE~OxOG,inp{BASE+OxOG) IOx80);
SetCtrLVal(panel ternp,~ernp Led ternp~,ON);
} - --

void heater ternpl offCvoidl
{ - -
outp(BASE+OxOG,inp{BASE+OxOG)&OX7F) ;
fetCtrlVal(panel_ternp,temp_led_cernPl,OFF);

void heater teme2 on (void)
{ - --
outp(BASE+OX1006,inp(BASE~Oxl006liOxOll;
SetCtrlVal(panel temp,terne led ternc2,ONl;
} - -- - -

void heater cemp2 off (void)
{ - -
outp(BASE+Oxl006,inp(BASE+Oxl006l&OxFE);
SetCtrlVal(panel ternp,temc led temc2,OFF);} - -- - -

void heater terne3 on (void)
{ - --
outp{BASE+Oxl006,inpCBASE~Oxl006l'Ox02l;
SetCtrlVal(panel temp,temc led teme3,ON);} - -- - -

void heater temp3 off (void)
f - -
àutp(BASE+OX~006,inp(BASE+OX1006)&OxFD);
SetCtrlVal(panel temp,temp led ternc3,OFF};
} - - - -

void heater temp4 on (void)
{ - -
outp(BASE+OX1006,inp(BASE+Oxl00G) IOx04);
SetCtrlVal{panel terne,terne led temc4,ONi;
} - - -- - -

void heater terne4 offCvoid)
{ - --
outo{BASE+Oxl006,ine(BASE+Oxl0a6}&OxFB);
SetètrlVal(panel terne,terne Led temp4,OFF);
} - - -- -

void heater tempS on (void)
{ - -
outpCBASE+Oxl006,inp(BASE+Oxl006) ,axOS);
SetCtrlVal (panel_temp, temp_led_tempS,ON) ;
}

void heater tempS offCvoid)
{ - -
outp(BASE+OX1006,inp(BASE+Oxl006)&OxF7) ;
SetCtrlValCpanel temp,temp Led temp5,OFF);
} - --

void ad7542 (short value) /* 0-4095 */
{
outp(BASE+LOW,value);
outp(BASE+MIDOLE, (value»4»);
outo(BASE+HIGH, (value»8»;
} -
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•

void motor loop(void)
{ -
if(mode speed==AOTO)

{ -
bO_s=p_s+i_s+d_s;
bl s=-(p s+(2*d s»;
b2:s=d_s; -

error s[3J=error 5[2];
error-s[2]=error-s[l] ;
error:5[1] =(double) {(sp_speed-pv_speeà)"1!JC:/40SS; /* fcwarci act.~cn .. .:
output_5=output_s+bO_5*error_s[1]+b1_s*error_s[21-b2_s"~rror_s[3J;

if(output 5<0)
output s=O;

if (out.put._s>l.OO)
output_5=lOO:

ad7542«output s*4095)/100):
} -

else
ad7542(sp_5peed);

#pragma check-point.er{on)
#pragma check_stack(on)
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•

APPENDIX A3: Computer programs for data acquisition ud control: environlDent

controUed calender
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• /* Data Acquis~t~on and contro~ proqram for Wor~d's Narrcwest Ca1ender */
/* Written by Mi~es Shennan, Auqust 1990 */
/* This version inc1udes averaqinq and convers~on routines from TX.C */
/* Modif~ed for 2 A/D boards, May 1992, by Thomas Browne */
/* Automat~c tr~ contro1 ~sta~1ed, June/Ju1y 1992, by Thomas Browne */
/* Counters for draw insta1~ed J~y 1992, by Thomas Browne */
/* Modif~ed for Dar~usz Kawka by Thomas Browne, March 1993 * /
/* Modif~ed for new sensors, Dar~usz Kawka 1994 */
/* G~oba~ var~ab~e def~tions are in the f~~e DAQSUBS2.C */

#inc1ude <dos~drv.h>

tinc1ude <conio.h>
tinc1ude <stdio.h>
tinc~ude <std1ib.h>
#include <dos.h>
tinc~ude <ma11oc.h>
tinc~ude <qraph.h>
iinc1ude <ctype. h>
tinc~ude <f~oat.h>

iinc~ude <math.h>
iinc~ude <t~e.h>

tinc~ude "daqsubs2.c"

main(}
(

FILE *outfbin,
*inftxt,
*outftxt;

double el_time;
int cont,

asc~i,

i,j,
press,
errNum,
pdest,
lenqth,
overf~ow,

cr;
char quit,

ve1 char,
vel-temp[100],
firstdta[S] = "f:\\";

time t tstart,
- tstop;

float DeltaVFact;

/* data fi~e */
/* parameter file */

/* ascii value */

/* value read from nip load cell */

/* carr~aqe return */
/* first character entered for vel */

/* next character entered for vel */
/* temporary velocity as char strinq */

•

clearscreen ( GCLEARSCREEN);num samples =-num scans*num chans; /* al~ocate data buffers */
exp-buff1 = NULL;- -
exp-buff2 = NULL;
if T! (exp buff1=(int huqe *) halloc «unsiqned

~onq}num samp~es,s~zeof(int)}})
{ -

perror ("error allocatinq memory for buffer ln);
printf("endinq proqram•••• ");
exit(l);

}
if (~(exp_buff2=(inthuqe *) halloc «unsiqned

lonq}num samples,sizeof(int}»)
{ -

perror ("error allocatinq memory for buffer 2");
printf("endinq proqram..•• "};
ex~t(l};

if «inftxt=fopen(par_file,"rt"» != HULL}
{
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/* Open and read INF02.TXT */•

•

fscanf(inftxt,"%f",&data.dry buLb);
fscanf(inftxt,"%f",&data.dew:pt);
fscanf(inftxt,"%f",&data.baro);
fscanf(inftxt,"%f",&data.rel hum);
fscanf(inftxt, "%f", &data.ca1roll d1);
fscanf(inftxt,"%d",&data.ca1roll-nl);
fscanf(inftxt,"%f",&data.ca1roll-d2);
fscanf(inftxt,"%d",&data.ca1roll-n2);
fscanf(inftxt,"%f",&data.bas wt);
fscanf(inftxt,"%s",data.pap_type);
fscanf(inftxt,"%lf",&data.s rate);
fscanf(inftxt, "%lf", &data.scan rate);
for (i=O; i<num. chans; i++) -

fscanf(inftxt;"%d",&data.chan seql[i]);
for (i=O; i<num. chans; i++) -

fscanf(inftxt;"%d",&data.qain seql[i]);
for (i=O: i<num. chans; i++) -

fscanf(inftxt;"%d",&data.chan seq2[i]):
for (i=O; i<num chans; i++) -

fscanf(inftxt;"%d",&data.qain seq2[i]);
for (i=O; i<num. chans-li i++) ­

fscanf(inftxt;"%d",&data.sens seq(i]);
for (i=O; i<num. chans-li i++) -

fscanf(inftxt;"%f",&data.volt seq(i]):
fscanf{inftxt,"\n%f",&data.i ver);
fscanf(inftxt,"\n%d",&data.fîle no);
fclose{inftxt): -

}
el.se
(

perror("error openinq DINFo2.TXT");
exit(l):

}
if «inftxt=fopen(cal.ibr_file,"rt"» != NULL)
{

for (i=0;i<3;i++)
(

for (j=O:j<num. chans:j++)
fscanf(inftxt,"%f",&cons[i] [j]):

}
for (i=0:i<3:i++)
{

for (j=num._chans;j«2*num_chans):j++)
fscanf(inftxt, "%f", &cons[i] (j]);

}
el.se
(

perror("error openinq DCALIBR2.TXT"):
exit (1) ;

if «inftxt=fopen(control file,"rt"» != NULL)
( -

fscanf(inftxt,"%f",&Tp); /* Open and read CONTROL.TXT */
fscanf(inftxt,"%f",&Ti):
fscanf(inftxt,"%f",&Td):
fscanf(inftxt,"%f",&Lp);
fscanf(inftxt,"%f",&Li):
fscanf(inftxt,"%f",&Ld);
fscanf(inftxt,"%f",&del.taT);
fclose(inftxt);

}
el.se
(

perror("error openinq DCONTROL.TXT");
exit(l);
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• }
tensadj(O] Tp + 0.5*Ti*de~taT + Td/de~taT;

tensadj(l] -Tp + 0.5*Ti*de~taT - 2*Td/de~taT;

tensadj(2] Td*de~taT;

~oadadj(O] Lp + 0.5*Li*de~taT + Ld/de~taT;

~oadadj(l] -Lp + 0.5*Li*deltaT - 2*Ld/deltaT;
~oadadj(2] = Ld/de~taT;

for (i=O; i<3; i++)
(

tenserr(i] 0;
loaderr(i] = 0;

dos getdate(&ddate);
:dos:gettime(&dtime);
if «AQerrNum = AO Config(board1,0,1,10.0,O» t=O)

DAQ error("AO Config l, channe~ 0",10);
if ({AQerrNum =-AQ Config(board1,1,1,10.0,0» t=O)

DAQ error(WAO Confiq l, channe~ l W,20};
if {(AQerrNum =-AQ Config(board2,0,1,10.0,0» !=O)

DAQ error("AO Config 2, channe~ 0",30);
if {(AQerrNum =-AO Config(board2,1,1,10.0,0» !=O)

DAQ error("AO Config 2, channe~ 1",40);
if «AQerrNum. =~_ Config (board1, 0,5, 0) ) !=0)

DAQ error("AI Config 1",50);
if «AQerrNum. =-AI_Config(board2, 0, 10, 1) ) !=O)

DAQ error("AI Config 2",60);
if «AQerrNum. =-DIG Prt config(board1,0,0,0» !=O)

DAQ error("DIG Prt Contig 1",70);
if «AQerrNum = OIG Prt Config(board1,1,0,1» !=O)

DAQ error{"DIG Prt Contig 1",80);
if «AQerrNum = OIG Prt Config(board2,O,O,O» !=O)

DAQ error("DIG Prt Contig 2",90);
if «AQerrNum. = 'DIG Prt Config (board2, l, 0, 1) ) !=0)

DAQ_error("DIG_Prt_contig 2",100);

/* PID constants */

motor bits = 0;
trim bits = Oi
load-bits = 0;
DeltaVFact = DRollOUt*NumEdgeIn/(DRo~lIn*NumEdgeOUt);
if «AQerrNum. = AO Write(board1,0,motor bits» !=O) /* Kain motor off */

DAQ error ("AO wrI'te Main", 110) ; -
if «AQerrNum =-AO Write(boardl,l, load bits» !=O) /* load off */

DAQ error("AO wrI'te Load",120); -
if «AQerrNum =-AO Write(board2,0, trim bits» !=O) /* Trim motor off */

DAQ error("AO wrI'te Trim",130); -
mask ~ mask & 11; /* leave load alone */
if «AQerrNum = DIG Out Port(board1,1,mask» !=O) /* Release brake */

DAQ_error("DIG_OUt_port",140)i

data screen(); /* displays current parameters */
settextposition{22,1);

printf{" Enter choice:\n\t>");
cr = getche();
while «cr != 'c') && (cr != 'C'»
(

change(cr); /* change selected parameter */
clear(23,10,2);
cr = getche{);

•
_settextposition(24,1)i
printf ("Lowering rol~ .
mask = raise lead mask;

relIs er smaller cylinders)
lead bits = SOOi

bits for larger relIs */

. .");
/* ~ower roll • • • (raise_Ioad_mask for larger

*/
/* using less pressure than required te ~ift; 500
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• /* 1575 bits, small cyl, sma11 rolls */
if «AQerrNum = AD Write(board1,1,load bits» !=O)

DAQ error("AD Wrrte",150); -
if «AQerrNum =-DIG OUt Port (board1, l,mask» !=O) /* pressure .•• */

DAQ error("DIG OUt Port",160);
do - - -

if «AQerrNum = AI Read
(boardl,loadchan,data.gain seql[loadchan],&press» !=O)

DAQ error("AI Read",lL70);
while ([press> cantactload) && (!kbhit(»): /* • until contact or

keypress. */
mask = 0;
if «AQerrNum = DIG OUt Port(boardl,l,mask» !=O) /* then release */

DAQ error("DIG OUt Port",180);
if «AQerrNum = Ao Write (boardl, 1,0) ) !=O)

DAQ_error("AO_wrIte",190):

_clearscreen(_GCLEARSCREEN)i
settextposition{lO,I};

printf (If TO Tl dT2 dT3 t4 tS L6 V7 no NIl c12 C13 Tl4
HIS Tl6 Ml7\n"):

printf(" C C C C N/m N/m kN/m mlm um. um um. um C
RH C % ") :

do
(

/* experiment loop begins here */

cont = 1:
settextposition(2,1);

printf(" \"e\" - CONTINUE
_settextposition (4,52);
printf("Velocity: %8.2f mlmin",data.i vel);
settextposition (5,52); -

printf("Load: %6d kN/m",load array[load sel]);
settextposition(4,1); - -

printf("Press V for Velocity, L for Load; ");
_settextposition{5,1):
printf("Press GREY + or - to increment or decrement:");
quit = 0;
while (quit != 'C') /* Get new sheet speed and load */
(

") ;

•

while (! kbhit () )
(
get last data();
display rast data():
if (firstrun-> 1)
(

trim_control(O);
}

}
quit = getch () ;
ascii = toupper(quit);
quit = ascii;
if «ascii == 'L') Il (ascii
{

settextposition (5,45);
printf("%lc",ascii);
while (! kbhit () )
(

get last data();
display rast data();
if (firstrun-> 1)

trim.-control(O);
}
quit = getch () ;
if (quit = '+')
{

_settextposition (5,46);

/* read latest data */
/* display */

/* control */

/* key has been hit */
/* get the key */
/* convert to upper case */

'V') )
/* increment or decrement */

/* read latest data */
/* display */
/* while waitinq for second key */

/* control */
/* key bas been hit */
/* get tbe key */
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• printf ("+");
if (ascii == 'L')
{

load sel++;
if (road_sel > load_sel_max) load_sel

}
else
{

vel sel++;
if (vel sel > vel sel max) vel sel = vel sel max;
data.i vel = vel array[vel self;
data.scan rate =- -

20*ceil(O.OS*num scans*data.i vel/(3.l4l6*60*data.calroll dl*minrevs»;
} - - -

}
else if (quit = '-')
{

settextposition (S,46):
printf{"-");
if Cascii == 'L')
{

load sel--;
if (road_sel < load_sel_min) load_sel

}
else
{

vel sel--;
if (vel sel < vel sel min) vel sel = vel sel_min;
data.i vel = vel array[vel self:
data. scan rate =- -

20*ceil(0.OS*num scans*data.i vel/(3.1416*60*data.calroll d1*minrevs»;
} - - -

}
settextposition (4,52);

printf("Velocity: %8.2f mlmin ",data.i_vel);
settextposition (5,52):

printf("Load: %6d kN/m ",load_array[load_sel]);
settextposition (S,4S):

printf(" "):
}

} /* End qet sheet speed and load*/
load_bits = load_array_bin[load_sel]:

/* apply load */

/* gets current time*/

\n",data.file no,firstrun);
\n",data.scan=rate);

",VinCount,VoutCount,ClockCount,deltaV);

/*

clearl (4,1,45):
clearl (5,1,45);

dos gettime(&dtime);
-settextposition (1,1}:
printf("\"ESC\" - EMERGENCY EXIT"):
settextposition(7,1);

printf("File number: %4d; Run: %4d
printf("Acq. rate: %8.2If Hz
settextposition (20,1);

printf("startinq motor...... );
errNum = 0;
mask = apply load mask;

if (load dIr[load start] == 1)
load bits = -

load_bitsjPer_kN*loq(load_array[load_start])+load_bits_offset;
else

load bits =
relief_bits-per_kN*log(load_array[load_start])+relief_bits_offset;

*/ if «AQerrNum = AO Write(boardl,l,load array bin[load sel]» !=O)
DAQ error("AO Write",280); - - -

if «AQerrNum =-DIG Out Port(boardl,l,mask»!=O)
DAQ error("DIG Out Port",290);
settextposition (lS,l);

printf("%5d %Sd %5d %6.6f
/*•
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• */

*/
if «cont = motor(» != 27) /* if motor() returns without ESC pressed

/* if (load dir[load sel] == 1)
load bits~ -

load_bits-p~r_kN*log(load_array[load_sel])+load_bits_offset;
else
load bits =

relief_bit~er_kN·log(load_array[load_sel])+relief_bits_offset;
*/ if «AQerrNum = AO Write(boardl,l,load array bin[load sel]» !=O)

DAQ error ("AO Write": 292); - - -
if ((AQerrNum~ DIG OUt Port (boardl, l, load dir[lo~d sel]» !=O)
DAO error ("DIG OUt Port" , 294) ; - -
if ((cont = wait () )-!= 27) /* if wait () returns without ESC pressed * /
{
if «AQerrNum = CTR EvCount{boardl,ctrS,4,1» !=O)

DAO error{"CTR EVCount clk",300); /* start clock */
if {(AQerrNum = CTR EvCount (board2, ctrl, sourcel, 1) ) !=O)

DAQ error("CTR EVCount Vin",310); /* start in counter */
if «AQerrNum = CTR EvCount (board2,ctrS, sourceS, 1» [=0)

DAQ error("CTR Evëount Vou",320); /* start out counter */
if «cont = expœt () ) =27)

errNum = eexit(l); /* if exprmnt() retums with ESC */
if «AQerrNum = CTR EvRead(board1,ctrS,&overflow,&ClockCount» !=O)

DAQ error{"CTR EvRead clk",330): /* Read clock */
if «AQerrNum = CTR EvRead(board2,ctrl,&overflow,&VinCount» !=O)

DAQ error("CTR EvRead Vin",340); /* Read pulses in */
if «AQerrNum = CTR EvRead{board2,ctr5,&overflow,&VoutCount» !=O)

DAO error("CTR EvRead Vou",350); /* Read pulses out */
if «AQerrNum = CTR Stop (boardl, ctrl) ) [=0)

DAO error("CTR Stop clk",360); /* stop clock */
if «AOerrNum = CTR Stop (board2, ctrl) ) [=0)

DAQ error("CTR Stop Vin",370); /* stop in COllOt */
if ({AOerrNum = CTR Stop(board2,ctrS» !=O)

DAQ_error("CTR_Stop Vou",380): /* Stop out COllOt */
if (VinCount > 0)

deltaV = 100*(VoutCount*DeltaVFact/VinCount-l):
else deltaV = 9999;
get last data(); /* read latest data */
display rast data{); /* display */
trim controITo): /* control */

} -
eise errNum = eexit(2); /* if wait() returns with ESC */

}
else errNum = eexit(3);

if (errNum < 2)
{

/* if motor() returns with ESC */

/* save whatever data was acquired */

•

itoa(data.file no, file name,lO);
pdest =strcpy(-firstdta-+ 3, file_name );
Iength=strlen{firstdta);
pdest =strcpy( firstdta + length, dta ):
pdest=strcpy{ file name , firstdta):
_settextposition(20,l);
printf("writing file %s, data set' %d ",file_name,firstrun);
if «outfbin = fopen(file name, "ab"» != NULL
( -
for (i=O: i<8; i++)

fwrite (&endblock, sizeof(endblock), l, outfbin):
fwrite (&ddate, sizeof(ddate), l, outfbin);
fwrite (&dtime, sizeof(dtime), l, outfbin);
fwrite (&data, sizeof(data), l, outfbin);
fwrite (cons, sizeof(cons), l, outfbin);
fwrite (&deltaV, sizeof(deltaV), 1, outfb~);

fwrite (&VinCollOt, sizeof(VinCount), l, outfbin):
fwrite (&VoutCount, sizeof(VoutCount), l, outfbin);
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• fwrite ('ClockCount, sizeof(ClockCount), l, outfbin);
for (i=O; i<4; i++)

fwrite (.endblock, sizeof(endblock), l, outfb~);

fwrite (.exp_buffl[O), sizeof(exp_buffl[O), nUDLsamples, outfbin);
fwrite (.exp_buff2[O), sizeof(exp_buff2[O), num_samples, outfbin);
fclose(outfb~);

}
cle~(20,l,1);

firstrun++;
}
if (! errNum)
{

settextposition(l,l};
printf{" \"E\" - END \nn);
pr~tf{" \nC\" - CHANGE VELOCITY OR LOAD AND CO~~INUE");

while «cont != 69) && (cont != 67»
( /* if E or Chas not been pressed */
qet l.ast data();
triDi control{O);
disp1ay last data{);
if (kbbI"t () )-
(

cont = qetch();
ascii = toascii(cont);
if (ascii = 27)
(

cont = 69;
errNum = eexit(S);

}
else

cont = toupper{cont);

/* ASCII 69 , Er, for exit * /

}
}

} else cont = 69;
while (cont 67);

data. file no++;
write data 0 ;
if (fI'rstrun>l)
(

/* force exit if errNum */
/* end exper~ent loop un1ess C pressed */

/* If this is not the first run */

outfbin = fopen{file name,"ab");
for (i=O; i<8; i++) ­

fwrite{&endfile,sizeof(endfile),l,outfbin);
fclose{outfbin);

if (errNum)
{

do {} while (! kbhit () ) ;
cont = getch();

}
else
(

/* If emerqency exit ... */

/* don't release brake until keypressed */

/* Otherwise normal exit, lift roll */

•

settextposition(2l,1);
printf("Raisinq upper roll \n");
t~e (&tstart);
if {(AQerrNum = DIG OUt Port (boardl, l, (raise load mask») !=O)

DAQ error("DIG OUt Prt",480); --
if ({AQerrNum = AD Write(boardl,1,4000» !=O)

DAQ error("AO wrI'ten,490);
do - - /* Wait */
(

time (&tstop);
el_time = difft~e{tstop,t5t~t);

}
while (el_time < lift_t~e);

271



• if( (AQerrNum - AO Write(boazd~,O,O» !=O) /* Main motor off */
DAO error{"AO Write Main",500);

if«AQerrNum - AO Write(boazd1,1,0» !=O) /* Load off */
DAQ error{"AO W~te Load",510);

if «AOerrNum --AO Write {boazd2, 0,0) ) !=O) /* Trim motor off */
DAO error("AO Write Trim",520);

if «AQerrNum =-DIG OUt Port(board~,~,O» !=O)
DAO error("DIG OUt Prt 1",530);

if «AOerrNum - OIG Out Port (boazd2, ~, 0) ) ! -0 )
DAO error("DIG OUt Prt 2",540);

if «AQerrNum - AI Cïear(board~» !=o)
DAQ error("AI Clear 1",570);

if ( (AQerrNum --AI Clear (board2) ) !=0 )
DAO error("AI Clear 2",580);

data.file no--;­
txconvert(data.file_no);

if «outftxt = fopen{control file,"wt"» !- NULL)
( -
fprintf{outftxt,ft%~0.8f\nft,Tp);

fprintf(outftxt,"%~0.8f\n",Ti);

fprintf{outftxt,"%~0.8f\n",Td);

fprintf{outftxt,"%~0.8f\nn,Lp);

fprintf(outftxt,ft%~O.8f\nft,Li);

fprintf{outftxt,"%~0.8f\nft,Ld);

fprintf{outftxt,"%~0.8f\n",deltaT);

fclose(outftxt);
}
hfree (exp buff1);
hfree (exp-buff2) ;
printf ("\0") ;

/* frees allocated memory */

/ * END MAIN PROGRAM * /

/***********************************************************************/

/* Global definitions */
/* and subroutines */

/* for DAQ2.C */
/* Last modification: 27 February
/* Modified for 2 A/D boards, May

1992 */
1992 */

*//* 4.043256 bits/Cm/min), 60:30
/* 14.19529 bits, 60:30 */
/* tr~ bits/Cm/min) */

/* digital output to apply load */
/* digital output to relieve load */
/* digital output to apply brake */
/* relieve load and apply brake */
/* 8 channels per board */
/* read each channel 2048 times */
/* continuous averaqing parameter */
/* num scans/num avq */
/* winder tension is board 1, channel 5 */
/ * nip load is board 1, channel 6 * /
/* load cell output when roll contacts;

525 for 711 rolls and 4" cylinder,
-50 for 404 rolls and 4" cylinder,
120 for 404 rolls and 2" cylinder*/

/* initiate A/D; 1 for hardware trigger */
/* board addresses */

1
8
4

12

apply load mask
raise-load-mask
brake-reel-mask
emerg-stop-mask
num chans -8
num- scans 2048
num-avg 4
num-saved 512
tenschan 5
loadchan 6
contactload 525

idefine
idefine
idefine
Idefine
#define
#define
#define
#define
#define
#define
fdefine

idefine trigger 0
#define boazd1 1
idefine board2 2
idefine lift_time 3.0
/*time in sec to lift at end of exprmnt; longer for large rolls or small
cylinder */
idefine motor .bits-per_vel 2.143033
Idefine motor bits offset -20.45419
Idefine trim_bits-per_vel 44.045435•
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/* target winder tension in bits */
/* tdefine LMid -200 */

load in bits; converted to variable */
/* filtering for tension control */

/* factor to alter gains on the fly

• fdefine
fdefine
for 711
idefine
idefine
'define
Idefine
idefine
Idefine
'define
idefine
Idefine
array*/
fdefine
Idefine
idefine
fdefine
fdefine
idefine
fdefine
Idefine
fdefine

idefine
idefine
*/
idefine
idefine
idefine
idefine
Idefine
Idefine

trim bits offset
10ad:bits:per_kN

rolls ooly */
10ad bits offset
relief_bits.J)er_kN
relief bits offset
min load bits 0
max-load-bits 2500
load sel-min 0
load-sel-max 5
load-start 2
vel sel min 0

vel sel max 4
min- triÜÏ bits 0
max-trim-bits 4095
d v- 1 -
d-t 110
mInrevs 25
xerror 15
yerror 60
TMid 950

smoothfact 0.4
gain_adjust 1.50

ctr1 1
ctrS 5
source1 6
sourceS 10
NumEdqeln 10
NumEdgeOUt 10

249.16481
2235.597

-9574.39
-325.18
1578.596

/* target

/* trim bits offset */
/* bits/kR/m, loading, log fit */ /*

/* bits, loading, log fit */
/* bits/kR/m, lifting, log fit */
/* bits, lifting, log fit */
/* limits on analog output */

/* indices for load select array */

/* initial load selection */
/* indices for velocity select

/- limits on analog output */

/* vel increment, bits */
/* time increment, ms */

/* min acq time in roll revs */
/* x, y coords for error messages */

/* counter addresses */

/* number of risinq edqes */

/* raw data buffers */

/* most recent block of data */

/* 8 for relief, l for load */
/* index for loadinq */
/* digital output mask */

/* number of runs saved in a file */
num scan5 * num channe15 * /
flaq at the end-of a file */
flaq at the end of a block */
end of acquisition flaq */
error handling */
winder tension deviation from setpoint */
continuous averaginq for ten5ion control */

/* main motor output, bits */
/* trim motor output, bits */

/* load control output, bits */

/*
/*
/*
/*
/*
/*
/*

{90,17S,300,500,900,1100},
/* index for velocities */

int

int

huge *exp buff1,
huqe *exp-buff2;

double outbuff1 (num saved] (num. chans], /* converted data buffers * /
outbuff2 (num saved] (num. cltans] ,
avg dataI [num chans], -
avg-data2[num-chans];

mOtor bits, -
trim bits,

load bits, -
- LMid,

velo array[6]
vel-sel = 0,
load array[6] = (15,25,95,135,175,210},

- /* for 404 rolls and 2" cylinder: (10,20,40,65,15,50}*/
/* for 404 rolls and 4" cylinder: (70,80,95,135,175,175}, */

load array bin[6] = (875,550,750,1500,2000,2500},
- /* for 404 rolls and 2" cylinder:1450,600,1100,3000,1250,1825},*/

/* for 404 rolls and 4" cylinder:
(700,971,1253,1865,2346,2346},*/

load dir(6] = {8,8,1,1,1,1},
load-sel. = 2,
mask-= 0,
firstrun = l,
num samples,
endfile =; 11111,
endblock = 10000,
AQStatus,
AQerrNum,
tenserr(3],
avq tens = 0,
10aderr(3],
monitor_buff[2*num_chans];•
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/* idler roll. diameters */

/* converted data files */
/* raw data files */
/* summary fil.e */
/* ca1ibration constants */

/* PlD controller coefficients */

/* PlD control dt */
/* speed change due to stretch */
/* PID control.ler coefficients */

/* ~dex to most recent b10ck of data */
/* count from ingo~g speed square wave * /
/* count from outqoing speed square wave */
/* count ~ ms from c1.ock */

/* data fi1e name */
/* parameter fil.e name */

char

un.signed int buff ~dex,

VinCoÙÏlt,
VoutCount,
Cl.ockCount;

fi1.e name[50],
par file[15] = "dinfo2.txt",
cal.1br fi1e[15] = "dca1ibrZ.txt",
controï file[15] = Wdcontrol..txt", /* PlD gains */
firstpr.n[50] c wc:\\dariusz\\data\\exper~e", /*converted data

fil.es*/
pm[5] := ".pm",
dta[5] := ".dta",
sum[5] := ". sum.";

cons [3] [16],
Tp,
Ti,
Td,
Lp,
Li,
Ld,
deltaT,
deltaV,
tensadj[3],
1.oadadf[3] ,
DRol.l.ln = 0.06335,
DRollOUt := 0.06334;

fl.oat

•

struct
struct
struct

dosdate t ddate;
dostime-t dtime;
{ -
float dry_bul.b,

dew....pt ,
baro,
rel. hum,
bas-we,
vo1.t_seq(71,
cal.roll. dl,
cal.rol.l.-d2,
i ve1.; -

int fil.e no,
ca1.roll nI,
ca1.roll.-n2,
chan seql(8],
gain- seql [8] ,
chan-seq2 [8] ,
gain-seq2[8],
sens-seq[7] ;

char pap type [30];
doub1.e s rate,

scan_rate;

/* laboratory ambient temp */
/* l.aboratory dew point */
/* laboratory barometric pressure */
/* laboratory relative humidity */
/* ba~is weight */
/* sequence of supply voltages */

/* ca1.ender reel diameters in m */
/* velocity in meters/min */

/* file identification number */

/* calender roll id numbers */
/* sequence channel.s read * /
/* sequence of gains */
/* sequence channels read * /
/* sequence of ga~s */
/* sequence of sensor connections */

/* type of paper */
/* rate between channels, Hz */

/* rate between consecutive scans, Hz trI
data;

/**********************************************************************/
/* Subroutines beqin here */
/**********************************************************************/

int motor()
{

/* ramp motor up to desired speed */

•
int dd_v,

exitNum. := 0,
elt~e,

over,
old_time,
new time,
new=motor_bits;

/* time spent in loop */

/* time when 1.oop starts */
/* time when loop finishes */

/* desired velocity in bits */

* li
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• if (new motor bits>4095) new motor bits=4095:
if (motor bit'i>new motor bit'i) dd V = -d v:
e~se dd v- = d V; - - - -
whi~e «(motor bits <= (new motor bits-d v»

Il (motor bits >= (new motor bits+d v»)
&& (exitNüm != 27» - - -

e~time=O;

if «AQerrNum = CTR EVCount(boardl,5,4,l» !=O) /* starts timer */
DAQ error("CTR EVCount",lOOO);

if «AQerrNum = CTR EvRead(boardl,5,&over,&old time» !=O)
DAQ error("CTR EvRead",lOlO): -

whil.e-( (e~time<d-t) && (exitNum != 27»
{ -

if (kbhit () )
exitNum = qetch();
if (exitNum != 27)
(
qet ~ast data ();
display rast data();
trLm control.(exitNum);
load-control.(exitNum):
exitNum = 0;

/* settextposition(22,23) ;
printf("motor %6.2f ", «motor bits­

motor_bits_offset)/motor_bits-per_vëï»;
*/ if ({AQerrNum = CTR EvRead (boardl,5, &over, &new time» !=O)

DAQ error("CTR EvRead",l020}: -
eltime new timê-old timei
} --

}
motor bits=motor bits+dd v;
if (abs(motor bits-new motor bits»O.Ol*new motor bits)

motor bits=Dlotor bits+dd v; --
if (abs(motor bits=new motor bits»O.l*new motor bits)

motor bits=Dlotor bits+dd v; --
if {(AQerrNum = AO-write (boardl, 0, motor bits» !=0)

DAQ_error("AO_WrIte",l030): -
}
if «AQerrNum = CTR Stop (boardl, 5) ) !=0 ) / * s top the timer * /

DAQ error("CTR Stop",l040);
if «AQerrNum =AO Write (boardl, O,new motor bits» !=O)

DAQ error("AO WrIte",lOSO); --
/* _settextposition(22,23)i

printf("motor %6.2f ", «new motor bits­
motor_bits_offset)/motor_bits-per_vel.»;
*/ return exitNumi
}

/**********************************************************************/

int wait ()
(

/* wait for a keypress while readinq and controll.inq */

•

int exitNum=O;
_settextposition(2,l):
printf (" \ "A\" - beqin ACQUISITION

_settextposition(20,1);
printf("requested speed reached of %6.2f m/min
while «exitNum!=27) && (exitNum!=97) && (exitNum!=6S»'
(

if (kbhit(» exitNum = qetch();
else exitNum = 0;
qet last data () ;
display rast data{);
trim control(exitNum);
load=control(exitNum);
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• }
return exitNum;

/**********************************************************************/

int expDl11'lt ()
(

int exitNum - 0,
scan_inti

/* acquire the data and store in two arrays */

if «AQerrNum = AI Clear (board1» ! =0 )
DAQ error("AI Clear 1",1120);

if «AQerrNum =-AI Clear(board2» !=O)
DAQ error("AI Clear 2",1130);

if «AQerrNum =- DAQ Confiq (board1, triqqer, 0) ) !=0)
DAQ error("DAQ Confiq 1",1140);

if «AQerrNum = DAo Confiq (board2 , triqqer, 0) ) !=0 )
DAO error("DAQ Confiq 2",1150);

if ({AQerrNum = DAQ DB Confiq{board1, O)} !=O}
DAQ error{"DAQ DB-Confiq 1",1160);

if {(AQerrNum = DAQ-DB Confiq(board2,O» !=O)
DAQ error("DAQ DB-Confiq 2",1170);

buff 'Index = 1; - ­
_settextposition(20,1);
printf("acquirinq data •.
scan int = 1000000.0/data.scan rate;
if «(AQerrNum = SCAN Setup(boaÏd1,num chans,data.chan seql,

data.qain seq1» !=O) - -
DAQ error("SCAN Setup 1",1180);

if ({AQerrNum = SCAN_Setup(board2,mIm,_chans,data.chan_seq2,
data.gain seq2» !=O)

DAQ error("SCAN Setup 2",1190);
if {(AQerrNum. = SCAN_Start (boardl, exp_buff1,num_samples,l, 50, l,

scan_int» != 0)

DAQ error("SCAN Start 1",1200);
exitNum=4; -
return entNum.;

}
if «AQerrNum. = SCAN_Start (board2, exp_buff2,num._samples, l, 50,1,

scan_int» != 0)

DAQ error("SCAN Start 2",1210);
exitNum.=4; -
return exitNum.;

");

•

}
while (buff index < 2*num. chans)

if ({AQerrNum = DAQ Check (board1, &AQStatus, &buff_index) ) !=O)
DAQ error("DAQ Check",1220);

do - - /* Check acquisition proqress, display and control */
{

if«AQerrNum = DAQ Monitor(boardl,-1,0,num chans,monitor buff,
&buff index,&A<2Status» !=O) - -

DAQ error("DAQ Monitor 1",1230);
if ( (AQerrNum = DAQ Monitor (board2, -l, 0, num chans, &monitor buff (num chan.s],

&buff index, &AQStatus» !=O) - --
DAQ error("DAQ Monitor 2",1240);

if (kbhit{» exitNum=qetch();
display last data();
trim. control(exitNum) ;
load-control(exitNum);
if (ëxitNum != 27) exitNum = 0;

} while {(!AQStatus) && (exitNum != 27»;
if «AQerrNum = DAQ Clear (board1) ) !=0)

DAQ error("DAQ Clear 1",1250);
if «AQerrNum = DAQ_Clear (board2» !=O)
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• DAO error("DAQ Clear 2",126a};
retuiD exitNum; -

/********************************************************************/

int tr~ control (Num)
i.nt Num;-
{

int ii;
if (Num > a)
{

switch (Num)
{

/* adjust trim. as necessary */

case 56:
Tp *= gain adjust;
tensadj(a]- Tp + O.5*Ti*deltaT + Td/deltaT;
tensadj(l] -Tp + O.5*Ti*deltaT - 2*Td/deltaT;
tensadj(2] = Td*deltaTi
break;
case 53:
Tp /= gain adjust;
tensadj(O]- Tp + O.S*Ti*deltaT + Td/deltaTi
tensadj(l] -Tp + O.5*Ti*deltaT - 2*Td/deltaT;
tensadj(21 = Td*deltaT;
break;
case 57:
Ti *= gain adjust;
tensadj(Ol- Tp + O.5*Ti*deltaT + Td/deltaT;
tensadj(l] -Tp + O.5*Ti*deltaT - 2*Td/deltaT;
tensadj(2] = Td*deltaT;
break;
case 54:
Ti /= gain adjust;
tensadj(O]- Tp + O.S*Ti*deltaT + Td/deltaT;
tensadj(l] -Tp + 0.5*Ti*deltaT - 2*Td/deltaT;
tensadj(2] = Td*deltaT;
break;

}
settextposition (23,40);

printf("Tr~ gains: Tp= %f, Ti = %f",Tp,Ti}i
}
avg tens = smoothfact*avg tens + (l-smoothfact) *monitor buff(tenschan];
tenserr(O] = TMid - avg tens; /* compute devi.ation * /
for (ii=0;ii<3;ii++) -
tr~ bits -= tensadj[ii]*tenserr[ii]; /* compute corection */

if (trIm bits > max tr~ bits) trim. bits max_trim._bits;
else if (tr~ bits < min-trim. bits)-trim bits = min trim bits;
tenserr[2] = tenserr(l];- - /*-save current de~ation ••• */
tenserr(l] = tenserr(O); /* ••• for next loop */
if «AQerrNum = AO Write (board2, 0, trim bits) } ! =0 }

DAQ error("AO wrîte", 13aO}; li: output new value to trim */
settextposition(22,62);
printf("tr~g%d bits ",tr~_bits);

/********************************************************************/

int load control(Num}
int Num.;-
{

•
int ii;
float load_corr

if (Num > a )
{

0.0250;

/* adjust load as necessary */
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•
*/

swi tch (Hum)
{

case 43:
if (load dir(load sel] -- 1)

1oad_bits *= (1+load_corr);

else
load bits *- (1-load_corr);

break;-
case 45:
if (load dir(load sel] -- 1)

Ioad bIts *- (1=load corr);
else - -

Ioad bits *= (1+load_corr);
break;-

}
settextposition(22,40);

printf{"loading %d bits; ",load_bits);

/* adjust gains if neccessary */
/* remove once controller is fully

/- debuqged. */

/* convert and display latest data */

•

}
/*

loaderr(O] = LMid - monitor buff[loadchan];
if (load dir(load sel] - 8)-
{ - -

for (ii=0;ii<3;ii++)
load_bits -= loadadj(ii]*loaderr(ii];

}
if (load bits > max load bits) load bits = load bits;
else if (load bits < min-Ioad bits)-load bits -min_1oad_bits;
loaderr(2] loaderr(1];- - -
loaderr(l] = loaderr(O];

*/
if «AQerrNum - AO Write(boardl, 1, load_bits» !-O)

DAO_error("Ao_write",1350);

/********************************************************************/

get last data ()
(- -
int ii;

for (ii=O; ii<num chans;ii++)
if «AQerrHum =-AI Read(boardl,ii,data.qain seq1(ii],

&moilitor buff(ii]» !=O) -
DAQ error("AI Read 1";1420); /* read 8 channeis frcm each

board */ - -
for (ii=num chans; ii«2*num chans)iii++)

if «AQerrNum = AI Read (board2, (ii-nlun chans),
data.gain seq2[ii-num Chans],&monitor buff[ii]» !=O)

DAO error ("AI Read 2·r
, 1'!30) ; - -

return;- -

/**********************************************************************/

display last data()
( --
int ii;

settextposition(13,1);
for (ii=O; ii«2*num chans);ii++)

printf("%4.0f ", (cons (0] (ii]+monitor_buff(ii] * {cons (1] (ii]
+cons(2] (ii]*monitor buff[ii]»);

/* settextposition (14,1);-
for (ii=O; ii«2*num chans);ii++)

printf("%4d ",monitor_buff[ii]);
*/ settextposition(21,30);

printf("%6u",buff index);
return; -
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• /********************************************************************/

write data ()
( -

FILE *x;
int i,

j,
endblock = 10000;

/* update parameter file */

if «x=fopen(par_file,"wt"» != NULL)
(

fprintf(x,"%5.3f\n",data.dry bulb);
fprintf{x,"%5.3f\n",data.dew:pt);
fprintfex,"%5.3f\n",data.baro);
fprintfex,"%5.3f\n",data.rel hum);
fprintf(x,"%5.3f\n",data.calroll dl);
fprintf(x,"%d\n",data.calroll nI);
fprintf(x,"%5.3f\n",data.calroll d2);
fprintf(x,"%d\n",data.calrollolT;
fprintf(x,"%5.3f\n",data.bas wt);
fprintf(x,"%s\n",data.pap type);
fprintf(x,"%8.2lf\n",data~srate);
fprintf(x,"%8.2lf\n",data.scan rate};
for (i=O; i<num chans; i++) -

fprintf(x,"%ld\t",data.chan_seql[i]);
fprintf(x,"\n");
for (i=O; i<num chans; i++)

fprintf(x,"%3d\t",data.qain seq1[i]);
fprintf(x,"\n"); -
for (i=O; i<num chans; i++)

fprintf(x,"%ld\t",data.chan_seq2[i]);
fprintf(x,"\n");
for (i=O; i<num chans; i++)

fprintf(x,"%3d\t",data.qain seq2[i]);
fprintf(x,"\n"); -
for (i=O; i<7 ; i++)

fprintf(x,"%ld\t",data.sens seq[i]);
fprintf(x,"\n"); -
for (i=O; i<7 ; i++)

fprintf(x,"%5.2f\t",data.volt seq[i]);
fprintf(x,"\n%6.2f",data.i vell;
fprintf(x,"\n%.4d\n",data.file_no);

}
else
(

perror("write error: can't open DINF02.TXT for writing");
exit(l);

}
fclose(x);
retu.rn;

/*******************************************************************/

data screen ()
( - /* display parameters */

•
clearscreen ( GCLEARSCREEN);

printf(" World's Narrowest Calender Data Acquisition Proqram Version 936.Slb
\n");

printf("C. THESE VALUES ARE CORRECT\n");
printf("l. Dry bulb temperature \t\t\t%5.3f

\nn,data.dry bulb);
printf("2.-Dew point temperature \t\t\t%S.3f

\n", data.dewyt) ;
printf("3. Barometric pressure \t\t\t%S.3f \n",data.baro);
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• printf("4. Re1ative humidity \t\t\t%5.3f
\n",data.re1 hum);

printf("5.-top ca1ender ree1 - diameter (cm): \t\t\t%5.3f
\n",data.ca1ro11 dl):

printf("6. - - id ,: \t\t\t %d
\n",data.ca1ro11 nI):

printf("7. bottom ca1ender ree1 -diameter (cm): \t\t\t%5.3f
\n",data.calrol1 d2):

printf("S. - -id .: \t\t\t %d
\n",data.calr011 02):

printf("9. basis weiqht (Kq): \t\t\t%5.3f
\n",data.bas wt);

printf ("10:- paper type: \t\t\t %s\n" ,data.pap_type) ;
prietf("ll. scan rate-one channe1 (scan/sec):

\t\t\t%S.21f\n",data.s rate);
printf("12. --a11 channe1s (scan/sec):

\t\t\t%8.21f\n",data.scan rate);
printf("\n-- Edit INFO.TXT to a1ter Gain vector --\n\n\n");
printf("17. initia1 velocity (m/min): \t\t\t%6.2f\n"',data.i vel);
printf("lS. fi1e number: \t\t\t-

%4d",data.file no);
_settextposition(22,1);
return:

/***********************************************************************/

int chanqe (chI)
char chI;
{

int ascii,
x,
i;

char temp [100] ,
y[3] :

strcpy(y, &chl):
chI = qetche();
ascii = toascii(chl);
if (ascii != 13)
{

strepy (y + 1, &ch1);
chI = getch():

}
x=atoi(y);
if «x>O) && (x<=18»
(

/* alter se1ected parameter */
/* first character of inputted choice */

/* ascii value */

/* final choice to input data */

•

clear1«x+2),40,3S):
settextposition«x+2),66):

if «x!=ll) && (x!=12»
scanf("%s", temp );

if (x=l)
data.dry bulb=atof( temp ):

else if (x- 2)
data.dew-pt = atof( temp ):

else if (x=3)
data.baro = atof( temp );

e1se if (x=4)
data.rel hum = atof( temp );

else if (x- 5)
data.calroll dl atof( temp );

else if (x=6)-
data.calroll nI atoi( temp );

else if (x=7)-
data.calr011 d2 atof( temp );

else if (x=8)-
data.calroI1_02 atoi( temp ):

280



• el.se if (x=9)
data.bas wt = atoi( temp );

el.se if (x- 10)
strcpy(data.pap type, temp);

el.se if (x==ll) ­
scanf("%l.f",&data.s rate);

el.se if (x==12) -
scanf("%lf",&data.scan rate);

el.se if (x==17) -
{

data.i vel. = atof( temp );
data. scan rate =

20*ceil(0.OS*num scans*data.i vel/(3.l416*60*data.cal.roll dl*minrevs»;
cl.earl.«14),40,38); - -
settextposition«14),66);

printf("%8.2lf",data.scan_rate):
}
else if (x==l8)

data.file_no = atoi( temp };
}
return;

/*********************************************************************/

int txconvert (filenum)
int filenum.i
{

FILE *dtabin:
int i,

end,
temp,
trial. = 0,
ch = 96:

char fil.e_[10];

/* convert raw binary file •.. */
/* ••• to .PRN files */

settextposition (21,1):
printf("Readinq file: %s
if «dtabin = fopen(file name, "rb"»
{ -

printf("error openinq file"};
exit(l):

}
itoa(filenum,file (10):
for (i=0:i<8:i++)-
{

fread (&end, sizeof(end), l, dtabin);
}
do
(

NULL}

•

trial++;
ch++;
clearl.(22,1,78):
printf("Readinq trial %d; ",trial);
fread (&ddate, sizeof(ddate), l, dtabin);
fread (&dtime, sizeof(dtime), 1, dtabin);
fread (&data, sizeof{data), 1, dtabin);
fread (cons, sizeof(cons), l, dtabin):
fread (&del.taV, sizeof{deltaV), l, dtabin):
fread (&VinCount, sizeof(VinCount), l, dtabin):
fread (&VoutCount, sizeof(VoutCount), l, dtabin);
fread (&Cl.ockCount, sizeof(ClockCount), l, dtabin):
for (i=O; i<4; i++)

fread (&temp, sizeof(temp), l, dtabin);
fread (&exp buff1[O], sizeof(exp buffl[O]), num samples, dtabin);
fread (&exp-buff2[O], sizeof{exp-buff2[O]), num:samples, dtabin);
for (i=0;i<8;i++) -
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• fread (&end, sizeof(end), l, dtabin);
}
average();
svetxt(file ,ch):

} while (end T= 11111):
fclose(dtabin);

/***************************************************************/

average ()
{

/* average and de-mu1tiplex data */

int divisor,
ch,
sc,
ii

float tempC12 = 0.0,
tempC13 = 0.0:

printf ("a dding: "):
sc == Oi
for (ch==O;ch<num chansich++)
( -

outbuffl[sc] [ch]=O.Oi
outbuff2[sc] [ch]=O.O:
avg datal[ch]==O.O;
avg-data2[ch]=0.0:
for-(i=O:i<num avg+lii++)
{ -

/* First channel scan */

/* add data from first num_avg+l scans */

/* Scans 2 through 2047 */

outbuffl [sc] [ch] += exp buffl [i*num chans+ch];
outbuff2 [sc] [ch] += exp-buff2 [i*num- chans+ch] ;
avq datal [ch] += exp buffl [i*num chans+ch];
~vq:data2[ch] += exp:buff2[i*num:chans+ch];

for (sc=l:sc«num_saved-l):sc++)
{

for (ch=O; ch<num chans; ch++)
{ -

outbuffl[sc] [ch]==O.O;
outbuff2[sc] [ch]=O.O:
for (i=-num avq:i<num avq+l:i++) /* add data from 9 scans about the

current one * / - -
{
outbuffl [sc] [ch] += exp buffl [(num avg*sc+i) *num chans+ch];
outbuff2[sc] [ch] += exp-buff2[(num-avg*sc+i)*num-chans+ch]:
avg datal[ch] += exp_bUffl[i*num_Chans+ch]; -
avg-data2[ch] += exp_buff2[i*num_chans+ch];
} -

outbuffl [sc] [ch] += exp buffl [(num avq*sc+i) *num chans+ch];
outbuff2[sc] [ch] += exp-buff2[(num-avg*sc+i)*num-chans+ch];
avq datal [ch] += exp buffl [i*num Chans+ch]; -
avq:data2 [ch] += exp:buff2 [i*num:chans+ch];•

sc = num saved-l;
for (ch=O:ch<num chans:ch++)
{ -

outbuffl[sc] [ch] =0;
outbuff2[sc] [ch] =0;
for (i=-num avg;i<num avg;i++)
{ - -

/* last channel scan */

/* add data from last scans */
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• printf ("averaqLnqi ");
*/

divisor = num avg+l;
sc = 0; -
for (ch=O;ch<num chan.s;ch++)
{ -

/* divide sums by appropriate divisors

/* and convert to real. variables */

outbuffl[sc] [ch] = cons [0] [ch]
+outbuff1[sc] [ch] * {cons (1] (ch] +
cons (2] (ch]*outbuff1[sc] (ch]/divisor)/divisor:

outbuff2 [sc] (ch] = cons [0] (ch+num chans]
+outbuff2[sc] (ch] * (cons [1] (ch+num chans]+
cons [2] (ch+num chans]*outbuff2[sc)[ch]/divisor)/divisor;

avq_datal[ch] = avq_data1(ch]/num_scansi
avq_data2[ch] = avq_data2(ch]/num_scans;

}
tempC12 += outbuff2[sc] [2]:
tempC13 += outbuff2[sc] [3]i

/* compute average for Cl2 and C13 */

divisor = 2*num avg+l:
for (SC=lisc«nUm saved-l):sc++)
{ -

for (ch=Oich<num chans;ch++)
{ -

outbuffl[sc] [ch] = cons (0] [ch]
+outbuff1[sc] [ch] * (cons [1] [ch]+
cons [2] [ch]*outbuff1[sc] [ch]/divisor)/divisor;

outbuff2 [sc] [ch] = cons [0] [ch+num chans]
+outbuff2[sc] [ch] * {cons [1] [ch+num chans]+
cons [2] [ch+num_chans]*outbuff2(sc}[ch]/divisor)/divisor;

}
tempC12 += outbuff2[sc] [2J;
tempC13 += outbuff2[sc] [3];

divisor = 2*num avq:
sc = num saved-I:
for (ch=O;ch<num chans:ch++)
{ -

outbuff1[sc] [ch] = cons [0] [ch]
+outbuff1[sc] [ch] * (cons[l] [ch]+
cons [2] [ch] *outbuff1 [sc] [ch]/divisor)/divisor:

outbuff2[sc] [ch] = cons [0] [ch+num chans]
+outbuff2[sc] [ch] * (cons [1] [ch+num chans]+
cons [2] [ch+num_chans]*outbuff2[sc][ch]/divisor)/divisor;

}
tempC12 += outbuff2[sc] [2];
tempC13 += outbuff2[sc] [3];
tempC12 /= num saved:
tempC13 /= num:saved:

/*
for (SC=Oisc<num savedisc++)
{ -

tempC12 = smoothfact*tempC12 + (1-smoothfact)*outbuff2[sc][Z];
tempC13 = smoothfact*tempC13 + (1-smoothfact)*outbuff2[sc] (3];
outbuff2[sc] [2] tempC12;
outbuff2[sc] [3] = tempC13;

}
*/
}

/***************************************************************/

•
svetxt (filel, chext)
char file1[SO]i
char chext;
{

/* save converted data after averaqing */
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• FILE *dtatxt;
int lenqth,

pdest,
divi.sor,
ch,
sc,
j, k;

char ext[S],
file[SO];

strepy (firstprn,"c:\\dariusz\\data\\exper~e");

strepy (pm,".pm");
strepy(file,filel);

pdest = strepy( firstprn + 16, file );
lenqth = strlen (firstprn) ;
pdest = strepy( firstprn + length, r.chext );
length = strlen (firstprn) ;
pdest = strepy ( firstprn + length, pm );
pdest = strepy( file, firstprn);

dtatxt = fopen(file, "wt");
save_data(file,chext,dtatxt);

for (sc=O;sc<num saved;sc++)
( -

for (ch=O;ch<num chans;ch++)
fprintf(dtatxt;"%4.8f, ",outbuffl[sc] [ch]);

for (ch=O;ch<num chans;ch++)
fprintf(dtatxt;"%4.8f, ",outbuff2[sc] [ch]);

fprintf (dtatxt,"\n");
}
fclose(dtatxt);

/***************************************************************/

save data(file,ext,dtatxt)
char-file[SO],

ext;
FILE *dtatxt;
(
int j, k;

/* save parameters with converted data */

•

printf("writing file: %s\n",file);
fprintf(dtatxt,"\"DATE: \"\"%u/%u/%u\"\t\"TlME: \"\"%u/%u/%u\"\n",ddate.day,

ddate.month,ddate.year,dt~e.hour,dt~e.minute,dt~e.second);

fprintf(dtatxt,"\"Ory bulb \" %S.3f \n",data.dry bulb);
fprintf(dtatxt,"\"Oew point \" %S.3f \nn,data.dew-Pt);
fprintf(dtatxt,"\"Barometer \" %S.3f \nn,data.baro);
fprintf(dtatxt,"\"R.H. \" %S.3f \nn,data.rel hum);
fprintf(dtatxt,"\"TrollO \" %S.3f \n",data.calrolI dl);
fprintf(dtatxt,"\"id \" %d \n",data.calroll nI);
fprintf(dtatxt,"\"BrollO \n %5.3f \n",data.calroll-dl);
fprintf(dtatxt,"\"id \" %d \n",data.calroll 02);
fprintf(dtatxt,"\"BW \" %S.3f \n",data.bas WE);
fprintf(dtatxt,"\"paper type\"\" %s\"\n",data.pap type);
fprintf(dtatxt,"\"CRate \" %8.2lf\n",data.s rate);
fprintf(dtatxt,"\"SRate \"%8.2lf, ~

%8.2lf\n",data.scan rate, data. scan rate/num avq);
fprintf(dtatxt,"\"channel v:\""); -
for (j=O; j<8 ; j++)

fprintf(dtatxt,"%ld ",data.chan_seql[j]);
for (j=O; j<8 ; j++)

fprintf{dtatxt,"%ld ",data.chan seq2[j]);
fprintf(dtatxt,"\n\"gain v: \""); -
for (j=O; j<8 ; j++)
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• fprintf(dtatxt,"%3d ",data.gain_seql[j]);
for (j=O; j<8 ; j++)

fprintf(dtatxt,"%3d ",data.gain_seq2[j]);
fprLntf(dtatxt,"\n\"sensor v: \"");
for (j=O; j<7 ; j++)

fprintf(dtatxt,"%ld ",data.sens_seq[j]); /**/
fprintf(dtatxt,"\n\~in,Vout,Clock,Deltav:\"%5u %5u %5u %6.6f",

VinCount,VoutCount,ClockCount,deltaV);
fprintf(dtatxt,"\n\~el\" %6.2f %6.2f",data.i vel,data.i vel);
fprintf(dtatxt,"\n\"file:\" %.4d \" %c \"\n",data.file no, ext); -
fprintf(dtatxt,"\n\"calibration \" \n"); -
for (j=0;j<3;j++)
{

for (k=0;k«2*num chans);k++)
fprintf (dtatxt,"%. 8f, ",cons[j] [k]);

fprintf(dtatxt,"\n");

fprintf(dtatxt,"\n\"TO\"\t\"Tl\"\t\"dT2\"\t\"dT3\"\t\"t4\"\t\"t5\"\t\"L6\"\t\"
V7\"\t");

fprintf(dtatxt,"\"N10\"\t\"Nll\"\t\"C12\"\t\"C13\"\t\"X14\"\t\"X15\"\t\"T16\"\
t\"M17\"\t\n");
}

/*********************************************************************/

int DAQ error(err msg, location)
char err_msg(30);-
int location;
{

/* general error message hand1er */

_settextposition(xerror,yerror);
printf("%s error 1 %d at %d",err msq,AQerrNum,location);
return; -

/*********************************************************************/

int eexit{int x)
{

/ * emergency erit subroutLne * /

•

time t etstart, etstop;
float emerq t~e;
if «AQerrNum = DIG OUt Port(boardl,l,emerq stop mask» ~=O)

DAQ error("DIG Out Port",3000); --
if «AQerrNum = AO Write(boardl,O,O») !=O)

DAQ error("AO Wrrte 1",3010);
if «AQerrNum =-AO Write(board1,1,4000» !=O)

DAQ error("AO Wrrte 1",3020);
if «AQerrNum =-AO Write(board2,O,O») !=O)

DAQ error{"AO wrîte 2",3030);
if «AQerrNum =-AO Write(board2,1,4000» !=O)

DAQ error{"AO Wrîte 2",3040);
motor-bits= 0; ­
settextposition{xerror,yerror);

printf ("Emergency stop");
settextposition{xerror+l,yerror);

printf ("error t %d",x);
_settextposition(xerror+2,yerror);
if (x=l)

printf("subroutine EXPRMNT tf
);

eise if (x=2)
printf("subroutine ~Tn);

else if (x=3)
printf("subroutine MOTOR");

eise if (x=4)
printf{"subroutine SCAN_Start");

eise if (x=5)
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printf{"subrout~e MAIN"):
_settextposition (xerror+3,yerror):• time (&etstart):
do
(

/* Wait */

time (&etstop);
emerq_time = difftime(etstop,etstart);

}
while (emerq_time < lift_time):

if«AQerrNum = AO Write(boardl,l,brake reel mask» !=O)
leave brake on * / - -

DAQ_error("AO_Write Load",30S0):

printf{"Press a key to exit:");
return Xi

/* Load off,

/*********************************************************************/

int clear(row,column,num)
int row,

column,
num.:

int i,j;
settextposition(row,column):

for (j=column:j<79:j++)
printf(" ");

printf("\n")i
for (i=lii<num;i++)
(

for (j=Oij<79:j++)
printf(" "):

printf ("\n"):
}
settextposition(row,column):

return:

/* Clear n lines */

/********************************************************************/

int clearl(row,column,num)
int row,

column,
numi

int ii
settextposition(row,column):

for (i=O:i<num;i++)
printf(" ");

_settextposition(row,column);
return;

/* Clear n spaces */

•

/********************************************************************/
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