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ABSTRACT 

The heat transfer characteristics of turbulent Implngil'lg Jets, 

typical of those used ln paper machine cross machine directicn caliper 

profile control were measured. The effect of Jet entrainement on the 

implngement heat transfer by unconflned Jets was successf'.Jlly scaled 

using a Jet thermal entrainement factor. The addition of a confinement 

plate to an existing unconfined impinging Jet control system was shown 

to improve the average heat transfer by 33r. and SOr. fo:- a 

nozzle-to-impingement surface spacing of 2 and 1 respectlvely. 

The thermal deformatlon of calender roll under control actuators 

was predlcted numerically uslng fInI te volume and flnlte element 

techniques. The Most desirable steady state control charateristlcs, i. e 

hlgh peak deformation and small wldth of deformation, were obtained on 

unheated rolls of minimum practical thlckness. The results Indicate that 

control actuator spacings less than O.2m provlde negl Igi ble control 

advantage. 

Experlments were performed on a double calender stack of a production 

newsprint machine to determlne the optimal post tion for CI'oss-machine 

direction calender control actuators wh!ch would minlmize the response 

time and maxlmize the magnitude of the response. Control on the queen 

roll and the two rolls immediately above it produces the strongest 

response. The king roll and the top roll, each of which affects only one 

nip, are shown to be pOOl' choices for the placement of control 

actuators. When two calenders are used in succession, the actuators 

should be placed in the first stack. Calender roll design must he 

considered when choosing the location for control actuators. 
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RÉSùMÉ 

On a étudié experimentallement le transfer de chaleur de jet d'air 

turbulent, typique des actionneur utilise dans un système de contrôle du 

profil d'épaisseur sur une machine a papier. Effect d'entraînement par 

le jet d'aire non contenu sur le transfer de chaleur peut être gradué en 

utilisant un factor d'entrainement thermique. L'addition d'une plac de 

confinement peu améliorer le transfer chaleur par 33% et 80~ 

correspondant a des distance buse-rouleau de 2 et 1 respectivement. 

La déformation de rouleau de calandres par des actionneurs ont été 

calculé numériquement en utilisant des techniques de volume fini et 

d'element fini. Les charact~ristics optimale de control, soit une 

deformation maximal et une largeur de control minimal, ont été obtenu 

avec des rouleau non chauffer et d'eppaiseur de coquille le minimum 

possible. Les resulat indique que des actioneurs espacé de moin que O.2m 

ne resulte pas dans une éfficacité de contrôle superiere. 

Des essais ont été effectués sur des calandres jumelées d'une 

machine à papier commerciale afin de déterminer la position optimale des 

actionneurs (jets d'air refroidissant) d' t:n système de contrôle du 

profil d'épaisseur. L'objectif de cette étude était de minimiser le 

temps de réponse des actionneurs et de maximiser l'effet du système de 

contrôle. L'efficacité est maximale lorsque les actionneurs sont situés 

à partir du second rouleau inférieur jusqu'aux rouleaux supérieurs. Les 

rouleaux inférieur et supérieur s'avèrent être un mauvais emplacement 

car ils n'affectent qu'une seule pince. Lorsque deux calandres 

identiques scnt utilisées successivement, il est préférable d'installer 

les actionneurs sur la première calandre. Le type de roul~aux est aussi 

un factor important dans le choix de l'emplacement des act ionneurs. Les 

résultats de cette étude demeurent valables quelque soit le système 

d'actionneurs utilisé. 
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l CHAPTER 1 
J 

INTRODUCTION 

1.1 Background 

Impinging jets are commonly used in a variety of industrial 

applications where high heat or mass transfer rates are required. The 

possible applications ~nclude processes such as the annealing of metaIs, 

tempering of glass, cooling of electronic components and turbine blades 

and drying of paper and textiles. Another important application, which 

is the subject of this thesis, is the control of the paper machine 

calendering operation. 

Calended '.g is the final step in the manufacture of many grades of 

paper. After Lhe paper has been formed, pressed and dried, it is rough 

and bulky. The calendering operation reduces the thickness of the paper 

and gives it the sUl.face properties required for it.3 end use 

(e.g. printing). 

The paper machine calender stack is essentially a ro11ing mill 

consisting of a vertical staek of cast iron rolls. The paper issuing 

from the dryer section enters the top nip of the calender stack and is 

compressed as it proceeds down through each nip of the staek. 

Of the variables which affect the thickness reduetion of the paper 

in the '~alender, the most important ones are the pressure exerted on the 

paper in the nips and the temperature of the paper in the nip. 

Cross-machine (CD) control of the paper thickness uniformity is 

accomplished by adJustments in these variables. Roll temperatures, and 

consequently local nip pressures, are eontrolled by locally heating 

1 - 1 



and/or cooling the rolls using hot or cold air jets or induction 

heaters. The rolls are cooled where less paper thickness reduction (i.e. 

thicker paper) is required. When a roll is cooled, the local roll 

diameter i5 reduced, by thermal deformation, and the nip pressure i5 

relieved. Where thinner paper is required, the rolls can be heated, 

causing :~e reverse effects. 

The complex interaction5 of the calendering parameters, the control 

variables and their effect on the resulting thickness profiles have been 

understood qualitatively by papermakers, who have been adjusting the CD 

profiling systems manually for many years. However, very little 

quantitative information is available which might help in the design and 

optimization of control systems. 

There exists a large body of fundamental knowledge about the 

heat/mass transfer characteristics of impinging jets which has been 

comprehen5ively reviewed in the recent literature (Obot[1980), 

Saad[l981). However, the literature dealing with their application to 

industrial processes is somewhat less extensive. The design of paper 

dryers, for example, is frequently cited as an application of the 

fundamental work on impingement heat and mass transfer (Holik[1971), 

Martin[1977], van Heiningen[1982), Obot(1980], Polat(1988). The 

application of these fundamentals to the problem of paper machine 

calender control have, with one exception, been very superficial and 

qualitative (Lyne et al. [1976), Mitchell and Sheahan[1978], Crot ogino et 

al. [1982] ) . The exception, is the exploratory work of 

Pelletier[1984,1987]. 

The conversion of the heat flux at the calender roll surface into a 

control response, i.e. a local change in paper thickness, depends on how 

the heat i5 distributed within the calender roll and the corresponding 
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local thermal deformation of the calender roll. Only a few studies have 

dealt with the actual calender roll deformation, either numerically 

(Brierly(1975), Aro[1984) or experimentally (Lyne[1976). Provided 

appropriate boundary conditions can be specified, the problem can now be 

solved using well-tested numerical techniques available in commercial 

software. 

1.2 Objectives and Scope 

The primary objective of this work is to provide a better 

fundamental basis for the design and optimization of paper machine 

calender control systems. To reach this objective, two studies were 

undertaken. The first i5 an experimental study of the factors affecting 

the heat transfer between impinging air jets and calender rolls. The 

second involves the numerical simulation of the heat transfer inside 

calender rolls and the resulting thermal deformation, as a function of 

the experimentally obtained impingement heat transfer boundary 

condition. 

were: 

The objectives of the experimental impingement heat transfer study 

1. To determine to what extent the current impingement heat 

transfer literature could be applied to calender control 

using impingement air systems, where impingement geometry 

and surface motion might play an important role. 

2. To in.restigate the effect of ambient temperature on the 

impingement heat tran5fer performance. 

3. To determine the effect of jet Reynolds number of the 

impingement heat transfer. 

4. To study the effect of the impingement jet geometry on 
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the heat transfer profIles. The geometrlc variables 

Included: 

a) Nozzle-to-roll spaclng 

b) Nozzle-to-nozzle spaclng 

c) Jet lmpingement angle relative 
to normal implngement 

d) Jet impingement position relative 
to the ln-golng and out-going nlps 

e) Semi-confinement of the implnging 
jet 

f) Use of a Jet array vs. single row 
of Jets 

The objectives of the numerical study on calender roll thermal 

deformations were: 

1. To determlne numerically, the thermal deformatlons 

possible with calender control systems. 

2. To determine which roll design has the greatest 

potential for roll diameter correction e·-... ·en a specif1ed 

internaI heat transfer boundary condition. 

3. To evaluate how changes in the Impingement heat transfer 

boundary condition affect the local calender roll 

deformat ion. 

A further object! ve was to determine the most favorable roll in a 

calender stack at which to at tempt the cross-machine thickness 

correction. This objective was met with an experimental study carrled 

out on a commercial newsprint machine calender. 

To meet the overall obJect! ve of this study, recommendations and 

practical guidelines for the design and optlmizatlon of calender control 

systems will be made based on the results of this study. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

The prlmary objective of this work i5 to provide a better 

fundamental basi.s for the design and optimization of paper machine 

calender control systems. To provide the background required for this 

study, two subject areas are reviewed: 

i) calendering technology 

ii) fundamentals of jet impingement heat transfer 

The discussion of the calendering technology will provide the required 

information to understand the ca1ender control problem being studied. 

The discussion of the fundamentals of impingement heat/mass transfer 

will provide the background for the solution of the problem. 

2.2 Calendering of Paper 

2.2.1 Papermaking 

The papermaking process is illustrated in Figure 2.1, which shows a 

schematic representation of the cross-section of a modern pa~_t machine. 

There are four primary operations: 

1. Forming and drainage 

2. Pressing 

3. Drying 

4. Calendering 

In the forming and drainage operation, the dilute fiber suspension 

issues as a jet from a headbox and i5 deposited cnto a cent inuously 

moving forming screen. As the water i5 remcved from the suspension by a 
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combinat ion of gravit y, suction, pressure and/or centrifugaI forces, Il 

fiber web is formed. 

After the paper web has been dewatered to a solids content range of 

10-20%, it i5 contact.ed with a felt which car ries it ioto a series of 

presses, where the web is consolidated and further dewatered to a solids 

content, typically in the range 40-45%. 

After pressing, the paper is dried, usually by contacting the pdper 

with a series of steam-heated drying cylinders. The paper will normally 

leave the dryer section with a moisture content in the range of 5-B%. 

~he final operation for many grades of paper is calendering. Hera, 

the sheet is subjected to a series of rapid compressions in the calender 

stack, which transforms the rough, bulky sheet issuing from the dryer 

section into a sheet with the surface propertie5 and sheet thickness 

suitable for its end use (e.g. printing). 

After calendering, the paper i5 wound onto a ceel. In an 

off-machine operation, these reels are cut to the desired width while 

being rewound into rolls suitable for shipment to the customer. Sorne 

grades of paper require additional finishing operations, such as 

off-machine coating and/or supercalendering, prior to being rewound dnd 

prepared for shippinq. 

2.2.2 The Calendering Operation 

The paper machine calender, shown in Figure 2.2, consists of a 

vertical stack of cast iron rolls. The paper is compressed as it passes 

through successive nips from the top to the battom of the calender and 

becomes progressively thinner and smoother. A review of the parameters 

affecting this operation and a description of the major components of a 

modern calender was presented by Crotogino[19Bl) . 
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The web thickness reduction which oc<":urs in a calender nip is 

affected by the nip load, the machine speed, the roll diameters, the web 

and the calender roll temperatures, the web moisture content and the 

initial bulk. A long-standing equation used to predict the thickness 

reduction was proposed by Macken et al.(1941). However, it only 

considered the effect of one parameter, the nip load app1ied in the 

calender. 

where 

1 
t 

i 

1 

+ mP
n 

out-going web thickness, 

in-going web thlckness 

P nip pressure 

m,n empirical constants 

(2.1) 

8ased on experimental work with a platen press, Peel and 

co-workers (1969, 1972], proposed correlations which accounted for the 

effects of pressure, dwell time, web tempe rature and web moisture 

content. The engineering application of these equat ions was 1 imited 

since the dwell time and maximum pressure in the ca1ender nip cannet 

readily be measured. Kerekes [1976, 1977J proposed modified versions of 

these equations, replacing dwell time and pressure with the measurable 

variables nip load, roll radius and machine speed. 

Crotoginol1980,1982,19831 proposed a comprehensive ca1endering 

equation which accounted for a1l the factors affecting sheet bull< 

reduction including the initial bulk of the paper entering a nip. With 

the incorporation of initial bulk, the equation could be applied 

successively to each nip of a calender stack to calculate the total bulk 

reduction in a multi-nip calender. The re8u1ting equation i8 
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C A + Il B 
l 

where 
t - t B - B 

i f ! 
c B t 

f i 

a + a log L + a log S + a log R + aee + a M 
oLS Il M 

and 8 - initial web bulk, cm
3
/g 

3 
8 - final web bulk, cm /g 

f 

L - nip load, kN/m 

M - web moisture content, % 
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R - effective roll radius, R = --------

Rl + R2 
S - machine speed, m/min 

o e - web temperature, C 

, m 

(2.2) 

(2.3) 

(2.4) 

The coefficients A, a, 
o 

a must be determined 
M 

experimentally. They reflect the viscoelastic behavior of the paper and 

are dependent on the furnish used (i.e. the wood species, pulping method 

used, etc.) and to some extent on the papermaking operations before 

calendering. 

The calendering equation uses the cross-machine (CD) average 

values of the independent parameters, in Equations 2.2 to 2.4, to 

calculate an average bulk reduction. It cannot provide any precise 

quantitative information on the cross-machine variations in the bulk 

reduction. While, in principle, it is possible to measure the local 

paper web and calender roll temperature, as weIl as the entering bulk 

and moisture content across the width of the calender, the local nip 

load cannot bE' measured. It is established by the nip shape and the 

local stress/strain behavior of the paper under compression in the nip . 

The calendering equation describes the bulk of the paper after it has 
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left the nip, not the paper in the nip. However, as it i5 reasonable to 

expect that an in-nip calendering equation would have the same form, the 

calendering equation can give qualitative insight into the CD control 

problem. 

The cross-machine direction control of the calendering process i3 

required ta compensate for CD variations in the basis weight, moisture 

content and temperature of the paper entaring the calender. Also, there 

are differences in the local nip pressures due to calender roll grinding 

tolerances and roll rleflections. These CD variations in the local 

calendering conditions, if left uncorrected, result in paper of varying 

surface properties and thickness. The variations in the surface 

propertie3 results in uneven ink transfer when the paper is pr inted, 

while machine direction {MD, streaks of high or low sheet thickness, 

when built up over hundreds and thousands of revolutions on the windup 

reel, produee hard or soft areas in the reel. The CD variations in reel 

hardness can cause roll structure problems when the paper is rewound anrl 

cut into rolls suitable for use in a printing press. 

A more thorough review of the mechanism of cross-machine direction 

calender control will be presented later. 

2.2.3 Calendering Equipment 

A typical paper machine calender stack, as shawn in Figure 2.2, 

consists of a vertical stack of from two to eight chilI cast iron raIls. 

The roll diameters vary from approximately 300 mm for rolls found on 

old, narrow and slow paper machines ta 800 mm for modern, wide and fast 

machines. The pressure in the nips, or the nip load is a consequence of 

the weight of the rolls. Provisions can be made ta augment or relieve 

the gravit y loading at appropria te intermediate positions in the stack. 
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Provisions are also made on most modern calenders to heat sorne of the. 

rolls. 

There are a variety of different types of calender rolls currently 

in use. They can be classified into three general categories: 

1. solid rolls 

2. heat transfer rolls 

3. variable crown rolls 

Solid rolls are primarily used on older calender stacks and are not 

common in newer installations. The only advantage associated with solid 

tolls is their weight, which contributes to higher nip loads, but with 

the larger roll diameters used in newer calenders, the weight of solid 

rolls can be excessive. As a general practice, solid rolls in existing 

calender stacks are being replaced by either heat transfer or variable 

crown rolls. 

Sorne calender rolls are heated to promote bulk and roughness 

reduction in the paper web. The three most common types of heat transfer 

rolls are shown in Figure 2.3. 

Of the heat transfer rolls, the simplest design is the center-bored 

roll (Figure 2.3.a) rypically the roll is heated by passing steam 

through the center bore. The heat transfer rates in this type of roll 

are relatively low due to the limited internal heat transfer area and 

the thick shell. 

Modern heat transfer rolls, such as the double walled rolls (Figure 

2.3.b) or the peripherally bored rolls (Figure 2.3.c) achieve much 

higher heat transfer rates by increasing the internal heat transfer area 

and reducing the effective shell thickness. The heating fluid (typically 
"P' 
" pressurized water), is passed through the heating channel at high 
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Figure 2.3 

a) center bored roll 

DISPLACEMENT 
BODY 

b) double walled roll 

c) peripherally bored roll 

Various heat transfer roll designs 
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velocl ty, ensurlng hlgh heat transfer rates and uniform axial 

temperatures. There are a number of other heat transfer roll designs 

avallable which are primarily variation of the three basic types shown 

ln Figure 2.3. 

Variable crown rolls are used in calenders to compensate for the 

tendency of the bot tom roll (king roll) in a stack to sag under 1 ts own 

welght and the welght of the rolls above 1 t. They can also be used to 

prevent a roll from bending when additional load is applied (or 

relieved) through its bearlng housings. Crown-controlled rolls (CC 

rolls), a type of variable crown roll, are shown in Figure 2.2 ln the 

king roll position and at the top of the calender where loadlng in the 

calender stack can be increased or rel1eved. 

Al though there Is an increasing number of designs for variable 

crown rolls, aIl share certain features. As shown in Figure 2.4, they 

conslst of a hollow cyllnder, whlch 15 supported on hydraulic or 

hydrostatic bearing systems across the entire wldth of the machine. The 

forces whlch are applled externally are transferred through the sheH 

and the hydraullc support elements to the stationary central beam. The 

desIgn of the rolls vary primarlly in the choice of a internaI hydraulic 

loading system. 

Another type of roll, which should be mentioned here is the soft 

calender roll. Soft rolls are covered with material which has a hardness 

similar to that of paper under compression in the calender nip. The roll 

covering is typically of an elastomeric material or paper under 

exlremely high radial compression. These roll are typlcally used ln 

off-llne super calenders or gloss calenders, but thelr use has recently 

been extended to on-machine calenderlng (Crotoglno and Gratton[ 1987]). 

Overheatlng of the roll coverlng material, due to the heat generated 
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The Nipco variable crown roll 
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wi thln the materiai as a result of rolling frIction or heat transfer 

from the paper. can damage the roll covering materlal. Cooling of these 

roIls wl th aIr Jets ls an Increaslngly Important appl1cation of the 

lmplngement heat transfer results dlscussed in thls thesls. 

2.3 Calender Control Systems 

2.3.1 Sensors and Actuators 

The ent 1re calenderlng operation must be controlled to produce 

unlform paper thlckness and surface propertles across the width of the 

machine, since machine direction streaks of hlgh or low sheet thlckness 

will build up to produce hard or soft spots on the windup reel. 

Trad1tionall~·. reel hardness has been measured by strlking the 

wlndup reel wlth a wooden bat. Based on the sound and feel, the operator 

can adJust the CD calender control system manually. Two sensor types 

have been developed: the Backtenders Friend (BTF) , which measures the 

reel hardness dlrectly (Cherewlck and Walker[ 19741) and web thlckness 

gauges. 

The CD control of the calendering process ls performed by locally 

adjustlng the nlp load and/or sheet temperature. Local heatlng of the 

calender roll resul ts ln a larger roll dlameter. higher nlp pressures 

and thus greater paper thlckness reduction. The reverse ls true when the 

calender roll is cooled. 

Implnging air jets have been the standard actuator system for 

calender control. A varlet y of lmplngement type calender control systems 

are avallable includlng unconfined/conflned in single row and multIple 

jets geometries, as lliustrated ln Figure 2.5, with each having lts 

stated advantages. These sensors wi 11 be dlscussed ln greater detall 

later. 
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The most common new air actuator systems involve the use of , 
semi-confined jets or arrays of nozzles (Hiqham[ 1986] and 

Boissevain [1986)). Rather than adjusting the air flow, these systems 

maintain a constant air flow and modulate the temperature of the air. 

Another recent innovation is the © Cal Coil system (Larive and 

Lindstrom[1986]) which uses AC induction heaters as actuators. Cal Coil © 

actuators, used alone, or in combinat ion with an air impingement 

actuator system, are gaining popularity, particularly with new 

installations due to high heat transfer efficiencies. 

A third approach to calender control has recently been proposed, 

and involves the evaporation of a mist of water in the air near the 

calender roll surface. This technique, a1though promising since it uses 

the latent heat of evaporation as a heat sink, has not received wide 

spread acceptance due ta potential problems if the the water mist does 

nct completely evaporate in the boundary layer and deposits on the paper 

or the calender roll. 

2.3.2 Impingement Jet Geometry and Pos~ioning 

The literature dealing with air jet actuators for CD calender 

control is largely speculative in nature. Experimental data that have 

been published are frequently contradictory and cannot readily be 

generalized to the wide variety of calendering configurations avai1able. 

Kahoun et al. [1965) proposed using cool air impinging directly on 

the web entering the calender stack, as a means of controlling reel 

building. They reported that more effective control had been achieved 

with a faster response time than when air was directed onto calender 

rolls. They speculated that 
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Figure 2. S(a) Industrlal calender control air nozzles 

12 mm nozzle dlameter 
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Figure 2.5(b) Industrial calender control air nozzles 

25.4 mm nozzle dlameter 
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Figure 2.S(c) Industrlal ca~ender control air nozzles 

12mm x SOmm rectangular nozzle 
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1. the hlgh heal transfer efflclency to the paper. 

11. the ablilty of the cooled web to change the temperature .. 
of several rolls in the calender. 

Bryan[ 1972] consldered the air flow patterns around a calender 

stack, Figure 2.6, and concluded that the most efficient heat transfer 

requlred the break-up of the boundary layer carrled wlth the roll 

surface. He argued that the Jet veloc1ty requlred to do thls was 

de pendant on the position of the Jets relative to the In-going and 

out-golng nlps and proposed that the low pressure zone assoclated wl th 

the outgolng nlp would be the most effective location. No dIrect 

evldence supportlng this hypothesls was presented. 

Lyne et al. [1976] reported results obtalned on a production 

calender stack, with the conditions as descrlbed ln Figure 2.7. On the 

1000mm dlameter crown controlled king roll, Lyne observed a surface 

o 
temperature change of 1.5 C and a resultlng web callper change of 1.5~m. 

No surface temperature or web cal1per changes were observed uslng the 

smaller, lower flow rate nozzle on the 750mm dlameter, solld queen roll. 

Lyne argued that the lack of an effect on the queen roll ls due to the 

damplng effect of the heat removed by the paper web on the surface 

temperature change. Based on these argumen~s the king roll was 

recommended as the optimum locatIon for calender prOfile control. The 

direct comparlson of the king and queen roll results and thelr 

generallzation was somewhat mlsleading since Jet Reynolds number for the 

smaller nozzle used on the queen ls half and has about 15Y. of the mass 

flow rate of the larger nozzle used on the king roll. 

Mitchell and Sheahan[19781 carried out experlments on a production 

calender stack, configured as shown in Figure 2.8, to Invest Igale the 
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Figure 2.6 Air flows around a calender stack 
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Figure 2.8 
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Calender stack configuration used in mill trial by 

Mitchell and Sheahan(1978) 
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sununarized in E'igure 2.9. The numbers shown at vadous locat ions in a 

double calender stack represent the effectiveness of a control system in 

that position relative to the performance of a control system located on 

the king roll of the second calender. 

Fjeld and Hickey agree with the analysis of Lyne et al. in that the 

damping effect of the heat removed with the paper during a halt wrap of 

a calender would not be present if the control system were on the top 

roll or at the king roll. However, they contradict Lyne et al. by 

arguing that although the bottom nip may have pressures up to ten times 

greater than the top nip, the potential for average caliper change and 

thus the control bandwidth would be drastically decreased. 

Lyne et al. argued that the caliper correction made with the king 

roll are final. Fjeld and Hickey discounted this argument by painting 

out that in feedback control (typical for paper machine caliper control 

systems) the location where the caliper correction is made is 

irrelevant. This argument is valid provided the actuators are powerful 

enough to make the appropriate correction at any position in the system 

and ignores the relative effectiveness of the actuators at diffecent 

positions in the calender stack. 

Although the literature dealing with the fundamentals of 

impingement heat transfer is quite extensive, the direct application of 

this data to the calender control problem is not immediately obvious due 

primarily ta the unknowns associated with: 

i. the effect of ambient temperature on impingement heat 

transfer. 

ii. the effect of the high velocity of the impingement 

surface relative ta the impinging air jet velocity. 
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effect of cooling impingement air showers on the roll surface 

temperature profiles. They observed that an impingement air jet placed 

on the crown cont rolled king roll of the calender stack prcduced a 

o 
surface temperature drop of 5.0 C while a similar air jet placed on the 

o 
third roll only produced a 1.7 C change with an additional temperature 

o 
drop of 0 • 3 C on the king roll. These surface temperature changes 

resulted in 30% and 20% drops in the reel hardness as measured with the 

on-machine calender control system. It ia not mentioned if the 

intermediate rolls on the calender stack were heated. 

As ta the lateral separation of the nozzles, Mitchell and 

Sheahan(19781 observed that the surface temperature drop achieved with a 

nozzle sep,uation of lOOrrun was only 20% higher than that u5ing a nozzle 

separation of 200rrun using the same jet velocity and thus half the total 

air flow rate. They concluded that a fair amount of air i5 wasted when 

using the closer nozzle separation. Confusing these results, is the 

possibi1ity that the calender control system may have been air 5upply 

limited. This may have lead to decreased jet velocities for the closer 

n07.z1e separation. 

Fjeld and Hickey(1984] discussed the optimum location of calender 

profiling systems. Based primarily on computer control arguments, they 

recommend the use of calender control systems on the upper rolls of a 

calender stack as providing 

i. high speed response and good spatial resolution in the 

cross-machine direction 

ii. wide control band and 

iii. highest potential for relative decrease in caliper 

Their recommendations for the placement of control systems are 
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iii. the effect af complicated air flow patterns araund the 

calender stack. 

The anly study af impingement heat transfer as it applies ta the 

calender control problem is that af Pelletier et al. (1984, 1987J. The 

experirnental results demonstrated the importance of entrainment of 

ambient tempetature air by the uncanfined jets on the resulting 

impingement surface heat transfer. Pelletier et al.showed that over the 

range investigated, the circumferential position and angle of 

inclination af the impinging jets relative to the roll surface had anly 

a minor influence on average heat transfer. 

2.3.3 Roll Deformations 

None of the calender control literature deals with the effect of 

calender roll design (i.e. shell or sol id) ar internaI calender 

operating parameters (~.e. heated, unheated, crown contralled) on the 

performance of a caliper control system. Mitchell and Sheahan (1978 J 

noted the very much slower response of a solid calender roll as compared 

to a shell type roll. Lyne et al.[19761 acknowledged the effect of roll 

design and speculated that unheated hallow raIls will have a larger 

o 
change in radius per C than either sol id or heated rolls. 

The thermoelastic deformations of hollow and solid cylinders lS 

discussed extensively (Boley[1972] , James [1964], Valentin and 

Carey[1970], Emery and Carson[197l] amongst others). The primary cancern 

has often been the study of nuclear fuel rods, which have internaI heat 

generation. The literature available on the prediction and or 

measurement of the roll deformations experienced under typical calender 

operating conditions is v~~y limited. 
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Brierly[l975J, using numerical techniques, predicted the 

temperature distribution and thermal deformation of a calender roll. The 

boundary conditions used consisted of a specified internal surfdce 

temperature and eKternal temperature profile with no traction (no 

external forces) bou iary conditions on all sides. The eKternal 

temperature profile was specified as 

T 
5 

T 
s 

where T 
s 

T 
2 z 

I\T 
sp W p 

T 
sm 

o 
surface temperature, C 

o :S z ~ w 
2' 

w :s z s t 
ï 2' 

o 
~T peak surface temperature difference, T -T , C 

p 

T 
sp 

T 
sm 

w 

Z 

o 
roll surface peak temperature, C 

o 
roll surface minimum temperature, C 

peak width, mm 

axial position, mm 

sp sm 

The calculated displacement fields were found to be dependant on the 

mesh size used, with the errors, estimated by Brierly, to be about 

±2.75%. 
1 

Brierly found that for peak widths greater than 250-500mm, the peak 

roll deformation, ~r, was unaffected by the peak width, w. He proposed 
p 

an empirical correlation for the roll radius change, àr, as a function 

of the ternperature change and peak width, in the form 

{ 1 - exp -(-i-]P } (2.5) 

where àr roll radius change 
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k 
i\ 
p } constants dependant or roll geometry 

and internal tempe rature 

The application of this equation to actual calendering conditions was 

not verified. 

Given the stress boundary conditions of no traction on aIl 

surfaces, whlch allows axial expansion, he makes no mention of any edge 

distort ions, such as the "QXBOW effect" discussed by D'Amata [1980]. This 

effect, illustrated in Figure 2.10, is caused by the difference between 

the inside and outside surface 3l'ial expansion which results in a 

buckling at the calender roll surface. 

The only reference to experimental measurements of the thermal 

deformations of calender rolls under air jets is the work of Lyne et 

al. [1976]. Using a holographie interferometry technique, thermal 

deformations of a solid O. Sm diameter roll under the influence of a 

single heating jet were obtained for several operating conditions. The 

roll radius change at the impingement jet induced temperature peak was 

characterized as 1. 41JIT1 per 
o 
C surface temperature change for the O. Sm 

diameter roll. 

These results are not directly comparable with the Brierly's 

numerical re5ults since the calender roll was solid, as compared to the 

heated shell considered by Brierly. Also the 6T values are modest when 
p 

compared to the assumptions made by Brierly. 

2.3.4 Prediction of CD Paper rieb Thickness 

Haglund[19751 proposed a numerical model to describe the effects of 

cross-direction variations in the calendering and in paper properties on 

the thickness profile of the outgoing sheet. The local cross-machine 
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calendering conditions were linked using the line pressure distribution, 

resulting calender roll deflections and the local roll deformations. 

This procedure requires a conversion from the measurable applied 

line pressure, p . to the resulting pressure distribution in a 
Une 

calender nip. Robertson and Haglund[1974] showed that the relationships 

for t and t proposed.l;y Colley and Peel (1972] could be applied to a 
p 

rolling nip using a method developed by Mardon et al. (1965) which 

related the maximum pressure in the nip, P , 
max 

to the line pressure. 

This procedure is implicit and requires a large amount of experimental 

data. For this reason, Haglund used the simplification suggested by 

Robertson and Haglund, where the pressure pulse in the nip is 

approximated by a rectangular pulse. 

This model produced the interesting prediction that an incoming 

streak of high basis weight might result in a outgoing low thickness 

streak, due to the resulting load concentration. Based on the model 

predictions, Haglund concluded that successful calender control would 

require control of the roll radius profile in the range, ~r ~ 1 ~. 

Derezinski(1981], using the approach of Haglund et al. developed a 

mudel of a complete calender stack incorporating the effect of heat 

transfer within the calender stack on the local roll deformations and 

web caliper reductions. As in Haglund's analysis, difficulties were 

encountered in describing the line pressure distribution along the 

calender nip as a function of the local web thickness and calender roll 

diameter. Also the bending of the calender roll due ta nip pressure 

distribution was not included. 

2.4 Impinging Jets 
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Two separate aspects of impinging jets will be discussed in this 

section: 

the flow characteristics of turbulent impinging jets. 

the heat and mass transfer under axisymmetric jets 

impinging on impermeable surfaces with emphasis on 

the research of particular re1evance to this study. 

2.4.1 Flow Characteristics of Axisymmetric Jets 

The flow field associated with turbulent impinging jets can be 

divided into three distinct regions (poreh and Cermak(1959]). These flow 

regimes are shown in Figure 2.11 and consist of the free jet, the 

impingement (or stagnation) and the wall jet regions. A concise 

description of each flow regime is provided below. 

(a) The Free Jet Region 

The free jet has undergone extensive ana1ysis, both analytical and 

experimental, with information readily available in many standard texts 

(Schllchting[1968) anc Abramovitch [1963)). In an axisymmetric jet, the 

free jet region is composed of three parts: 

i. Potential core 

ii. Developing or transition flow 

iii. Developed flow 

The potential core is characterized as a region where the jet 

center 1ine velocity remains unchanged from the jet velocity at the 

nozzle exit. The length of the potentia1 core has been estimated at up 

to six nozz1~ diameters, with this length being a strong function of the 

jet Reynolds number, Re, and the nozzle geometry (Obot[1980]). Tt has 
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Figure 2.11 Flow regirnes in an axisyrnrnetric irnpinging jet 
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been proposed that the stagnation heat transfer tend to reach a maximum 

when the nozzle-to-impingement surface separation, h, corresponds ta the 

length of the potential core. 

If the nozzle-to-impingement surface spacing is large enough, there 

will also exist a region of developed flow where the jet can be 

characterized by the rate at which the jet centerline velocity decays 

and the rate at which the jet spreads as the distance from the nozzle 

exit increases. 

(b) Impingement Region 

When the free jet begins ta be affected by the impingement surface, 

the impingement (or stagnation) region begins. It is in this region that 

the hydrodynamics of the impinging jet are the most complex. The sudden 

change in jet flow direction leads to a rapid decrease in the jet axial 

velocity and increase in the axial turbulence intensity. The sudden 

change in jet flow direction also gives rise to increased static 

pressures. The strong pressure gradients which can OCcur in this region 

create conditions favorable for the creation of a laminar boundary 

layer, even for cases where there is a high degree of jet turbulence. 

The dimensions of the impingement region for axisymmetric jets has 

been the subject of several studies (Poreh and Cermak[1959], Tani and 

Komatsu[1966], Chia[1972] and Belatos[1977]) but as the definitions are 

inherentlyarbitrary, the dimensions vary somewhat between researchers. 

Obot(1980] confirmed that the approach of Tani and Komatsu[1966] 

was the most realistic method ta describe the extent of the impingement 

region. For the height of the impingement region the point at which the 

impinging jet deviates from the corresponding free jet profile was 

selected, which Tani and Komatsu found to lie between 1.6 and 2.2 nazzle 
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diameters for the H/d range 4 S H/d S 12. The radial extent of the 

stagnation region was defined as the point at which the impingement 

surface pressure gradients approached zero. Using this definition they 

found that the stagnation region extended out radially 1.6 to 3d from 

the jet centerline. These definitions may appear to be imprecise but 

they agree quite well with the actual flow separation shown in 

Figure 2.11. 

(c) Radial Wall Jet 

The radial wall jet region is the region which extends beyond the 

stagnation regian where the jet spreads out over the impingement surface 

and is characterized by negligible pressure gradients. The radial 

velocity reaches a maximum as the flow leaves the stagnation region. The 

decreased pressure gradients cause the laminar boundary layer 

(established in the stagnation region) to become turbulent. An extensive 

review of the available literature characterizing radial wall jets was 

carried ou~ by Obot[1980]. 

2.4.2 Heat and Mass Transfer Under Axisymmetric Impinging Jets 

The impingement heat/mass transfer literature for axisymmetric jets 

is quite extensive. In the recent past there have been several 

comprehensive reviews (Obot[1980] and Saad[1981]) which have critically 

evaluated the current literature. The objective of this review is to 

present the background information required ta place this study in 

perspective. 

The discussion ofaxisymmetric impingement heat transfer will at 

first be restricted to the case of isothermal impingement, where the 

impinging jet is at the same temperature as the surroundings. This 
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condition is common to most of the available impingement literature and 

its understanding i5 crucial to the understanding of the effect of 

ambient temperature on the heat transfer, which will be described in a 

following section. The effects of semi-confinement, surface motion and 

angle of inclination on the impingement heat transfer will also be 

discussed in separate sections. 

(a) Impingement Heat/Mass Transfer 

i. Local Nusselt number profiles 

The classic experimental Nu profiles of Gardon and Cobonpue[1962J 

and Gardon and Akfirat[1965] for impinging axisymmetric jets illustrate 

many characteristics typical of impingement heat transfer. These results 

are reproduced in Figures 2.12 and 2.13 and illustrate the effect of 

nozzle-to-impingement surface spacing, H/d, and jet Reynolds number, 

Re, on the local heat transfer profiles. The general shape of these 
J 

profiles have been observed by many researches including Koopman and 

Sparrow[1975] and Obot[1981] amongst others. 

The results for H/d ~ 4 have several distinct features. There is a 

central minimum at the stagnation point and off stagnation maxima 

located near r/d = 0.6 and 1.9 with an intervening minimum near 

r/d =1.2. The central minimum has been attributed to low radial 

velocities in the region r/d S 0.5. The inner maximum has been 

attributed by Kezios[1956) to a minimum in the boundary layer thickness 

of the developing wall jet in the annular region at I./d = 0.6, while 

Gardon and AkUrat state that they are "not caused by turbulence but by 

sorne mechanism inherent in the flow of impinging axisymmetric jets, 

regardless of whether or not they (the jets) are laminar or turbu l!:mt." 
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As the flow moves radially away from the jet eenterline, the 

thickening boundary layer together with the radial spreading of the jet 

i5 suffieient to produee the local heat transfer minimum near r/d = 1.2. 

The outer heat transfer maximum has been attributed by Gardon and 

Akfirat to the transition from a laminar to a turbulent boundary layer. 

As noted earlier, the pressure gradients within the stagnation region 

for lower H/d and higher Re are favorable for the existence of a laminar 

boundary layer regardless of the jet exit turbulence eonditjons. As the 

flow spreads radially over the impingement surface the pressure 

gradients are relieved allowing the transition to a turbulent boundary 

layer. 

As shown in Figure 2.12, when H/d is increased, the secondary 

maximum at r/d 1.9 decreases in prominence, where between H/d = 4 and 

6 only vestigial shoulders exist and for H/d ~ 8 only the eharacteristic 

bell shaped profile remains. 

As to the influence of jet Reynolds number on the Nusselt profiles, 

Figure 2.13 shows that the sharpness of the maxima and minima are 

accentuated at lower H/d and higher Re. Comparison of the profiles show 

that the outer maxima increasing faster than the inner peaks as Re is 

increased. Sinee the heat transfer is higher in turbulent flow as 

compared with laminar flow it follows that the inner peaks (where 

laminar flow conditions exist) must increase more slowly. 

ii) Stagnation Nusselt number, Nu 
c 

The stagnation point Nusselt number, Nu, has been exhaustively 
o 

studied and numerous correlations have been proposed partieularly for 

larger H/d, which is of limited interest in this study. A eritical 

analysis of the predictive equations available was performed by 
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f 
Obot[1982] who reconciled many existing differences. The existence of a 

maximum in Nu near H/d '" 8 is probably the incentive for proposing 
o 

correlations for H/d a 8, even though many several researchers extended 

their experimental investigations to the range H/d ~ 8. 

For axisymmetric jets, the existence of a maximum stagnation point 

heat and mass transfer coefficient as a function of H/d has been weIl 

documented in the literature. Gardon and co workers [1962, 1965, 1966], 

Nakatogawa et al. [1970], Koopman and Sparrow[1975] attribute the 

presence of this maximum to successively, an initial increase in the 

fluctuating velocity component, u', as a result of entrainment and 

mixing over the potential core and transition regions, the existence of 

a maximum in the u' vs z/d profile, followed by a decrease in both axial 

mean and fluctuating velocities (U and u') as z/d is further increased. 

On the other hand, Obot(1980) and Donaldson et al. (1971] attribute the 

maximum in Nu to a corresponding maximum in the stagnation point radial 
o 

velocity gradient with the optimum separation, H/d, a function of the 

nozzle geometry. The maximum in Nu has been documented by the above 
o 

researchers to lie in the range 4 ~ H/d ~ 8 with the usual value being 

quoted as H/d = 5. Obot observed a maximum in Nu at 
o 

H/d ~ B for 

contoured and long sharp-edged entry nozzles and H/d = 4 for short 

sharp-edged entry nozzles. 

For the industrially important case of H/d :5 B, thE:! only existing 

correlation i5 that of abot: 

Nu 
o ( )

0. lB 

1 . 15 Re 0 
• 4 1 ~ (2.7) 

valid over the range 15,000 :5 Re :5 60,000. Obot[19BO] also proposed a 

correlation based on the exper imental data of den Ouden and 

Hoogendoorn[1974] and Garden and Akfirat[1965] for H/d :5 Band obtained: 
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Nu 
o 

0.64 ReO. 52 
(2.8) 

These are compared with the data of Gardon and Akfirat, den Ouden and 

Hooge'1doorn, Hrycak (1978J, Murray and Patten (1978), Nakatogawa et 

al. (1970) and Obot in Figure 2.14. 

The data fall into essentially three groups. The data of Nakatogawa 

et al. and Obot are in close agreement, as are the data of den Ooden and 

Hoogendoorn, Gardon and Akfirat and Murray and Patten. The differences 

between these two groups has caen attributed by Obot to differences in 

the nozzle exit profiles for both the mean velocity and turbulence 

level. The data of Nakatogawa et al. and Obot i5 for similar nozzle exit 

flow conditions and the agreement is quite good. The results of Gardon 

and Akfirat are probably for a contoured inlet nozzle of t/d = 18 (if 

similar to the nozzle used by Gardon and Cobonpue{1963J), which do not 

have comparable nozzle exit profiles. AlI these results are much lower 

(by a factor of 2) than the experimental data of Hrycak' s which, as 

argued by Obot, can be totally disregarded since the differences cannat 

be attributed to nozzle geometry or other reported experimental 

condition. The influence of nozzle geometry was documented by abot for a 

wide variety of nozzle geometries, with short sharp edged in let nozzle 

or long tubes resulting in higher heat transfer, but no nozzle geometry 

could be found to produce the high heat transfer observed by Hrycak. 

iii) Average Nusselt number, Nu 
r 

The Nu distributions are of particular interest for design 

purposes but are of limited use in the analysis c.f the causative flow 

ph~nomena with the local Nu profiles yielding much more insight. 

In general, it is usually quoted in the literature that Nu 
= 

d~credses as the nozzle-to-impingement surface spacing, H/d, increases, 
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but again, as with the stagnation Nusselt number, the nurnber of data 

available for H/d S 8 are limited. The importance of nozzle geometry, as 

documented by Obot precludes the use of many correlations since they are 

for unknown nozzle configurations. The only recommended correlation i5 

that of Obot[1930] for unconfined contoured entrance nozzle. 

Nu 0.099 Rec.19 (~rC.19 (arO
'

4B 
(2.9) 

valid for 15000 S Re S 60000 

1.7 s r/d s 13.9 

2 s H/d s 12 

In the literature it is often the practice to represent the 

averaging area in terms of the ratio, heat transfer area to nozzle area, 

termed open area or f. The radial averaging distance, r/d is related to 

the open area by the fun~tion 

(2.10) 

(bl Effect of Ambient Temperature 

In an unconfined or semi-confined system, the temperature of the 

impingement air is often different from that of the surrounding ambient 

air. If the amblent temperature lies between the jet and impingement 

surface te".peratures (T > T > T or T < T < T ), as is usually the 
d sas 

case, the entrainment of the surrounding air by the jets reduces the 

effective fluid-to-surface temperature difference leading to a 

corresponding decrease in the heat transfer at the impingement surface. 

Traditionally heat transfer coefficients have been defined in terms 

of the jet-to-surface tempe rature difference 50 that the effect of jet 

entrainment is buried in the reported values of the heat transfer 

2 - 40 



t 
coefficients. There has been little work done to quantify this effect. 

Schauser and Eustis[19631, working with a two-dimensional jet, used 

integral techniques to analyze the effect of thermal ent rainment on a 

single impinging jet. They presented experimental results limited to the 

cases T , 
; 

= T ~ T and T 
a w 

~ T .. T . 
a w 

Bouchez and Goldstein(19751 suggest that the analysis used in film 

cooling problems could be used in non-isothermal impinging jet problems 

to remove the effect of entrainrnent on h. 

Striegel and Di11er(1982), (19841 developed an analytical 

correlation to determine the effect of thermal entrainment on the local 

heat transfer to a single, plane, turbulent impinging jet with a 

temperature different from the surrounding fluid. For their analysis 

they define a dimensionless entrainment factor, F, 

T - T 
F 

J a 
(2.11) 

T - T 
5 

With the proposed definition of entrainment factor, analytical 

models for the limiting cases, T 
a 

thermal entrainment), and T '" T, F 
a s 

T, F = 0, (limited effect of 

1, (lar:ge effect of ther:mal 

entrainment), were developed. Solutions for inter:mediate values of F 

were obtained by linearly superimposing the limiting cases. The model 

involved four parameters which were determined by comparing experimental 

local heat transfer profiles with the analytical solutions. 

Strigel and Diller found that when the effect of thermal 

entrainment was included, a single jet model would successfully predict 

the heat transfer for widely spaced multiple jets. 

The recent work of Hollworth et al. [1<)84, 19851 to quantify the 

effect of thermal entrainment uses a film cooling approach. The 
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similarlty between film coollng and non-lsothermal Impingement was flrst 

noticed by Florschuetz and Metzger[1982]. In film coollng, a coolant is 

Introduced onto a soUd surface formlng a blanket wl th Insulates the 

solld from the surroundlng fluld. 

Using thls approach, Hollworth et al. showed that the local heat 

transfer coefficient profile Is not a functlon of the Jet-to-ambient 

temperature dlfference when h Is deflned ln terms of the dlfference 

between the local recovery temperature (fIlm temperature measured for an 

adlabatlc surface for a gl ven flow geometry) and lmplngement surface 

temperature. Figures 2.15 and 2.16 show how the local Nu profiles for 

different temperature mismatches AT , collapse on to one another when 
ja 

the recovery temperature Is used Instead of the Jet temperature. 

Hollworth et al. proposed the following equation to specify the 

heat transfer coefficient: 

q = h (T - T ) 
a 8 

where = a . f3 = [ 

+ h 4> (T - T ) 
j a 

T - T 
rI! a 

(2.12) 

(2.13) 

a 

f3 

dlmensionless stagnation point recovery temperature 

dimensionless local recovery temperature 

local recovery temperture T -
r 

recovery temperature at the stagnation point T -r. 

which reduces down to 

q = h (T - T ) + h (T - T ) (2.14) 
c a 8 r a 

wher'e h is solely a function of Re, lVd and r/d. 

The prlmary dlfficulty with thls approach is the determinatlon of 

the recovery temperature, which must be obtained on an adiabatlc surface 
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under the same conditions as when the heat t ransfer measurements are 

t made. 

(c) Effect of Semi-Confinement 

Sparrowet al.[1975), using circular jets with a Reynolds number in 

the range 38,000 to 115,000, under conditions of low cross flow, 

Folayan[19761, using a two dimensional slot jet at a fixed Re a 7100 

and Obot [1980) using circular jets in the range 15000 ~ Re :s 60000, 

studied the effect of semi-confinement on the heat transfer 

characteristics. AlI observed limited effect of confinement on Nu for 
o 

low H/d (or H/w). Sparrow et al., in the range 5 ~ H/d ~ 12 observed a 

tendency for higher Nu for Re > 38000 while Obot and Folayan observed 
o 

slightly lower Nu with confinement. 
o 

The presence of a confinement plate prevents the entrainment of the 

air which sur rounds the nozzle upstream of the nozzle exit plane. For 

this reason, under semi-confined conditions the jet would be expected to 

decay, and spread at a somewhat slower rate. For H/d's less that length 

of the potential core region of the jet, Nu might expect to be 
o 

unaffected by conflnement since the core region is not affectect by 

mixing. For larger H/d, the reduced mixing associated with the presence 

of a confinement plate could lead ta higher Nu since the jet arrivaI 
o 

velocity would be higher. 

with respect to the Nu profile away from the stagnation point, all 

three observed somewhat lower heat transfer wlth the effect of 

confinement decreasing with increasing Re. This can be directly , 

attributed to the decreased volume of flow entrained by the Jet. The 

data provided by Crow and Champagne (1971 J indicate that an unconf ined 

jet entrains an amount of surrounding fluid equal to 30\ Gf the jet f10w 

at a distance 2d downstream from the nozzle exit. 
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Under conditions when T ~ T, the presence of confinement can be 
) a 

expected to have l.ittle effect on the stagnation NU5selt nurnber for 

small H/d, again due to the limited effect of jet mixing when the nozzle 

to impingement surface spacing is within the potential core regardless 

of the presence of a confinement plate. But for locations other than the 

stagnation point, there must exist a point at which the increased heat 

transfer due to higher fluid flow in the absence of confinement is 

balanced by the lower thermal degradation of the jet flow due to the 

restricted interaction between the jet and the surrounding fluid when 

confinement is present. This balancing point has not been documented in 

the literature. 

(d) Effect of Surface Motion 

The effect of surface motion on impingement heat transfer has 

received relatively little attention even though it i5 encountered in a 

variety of engineering situations. The experimental work of Maxwell and 

Nash(1973), using a rotating cylinder, and Popiel et al. (1974) and 

Metzger dnd Grochowsky(1977), using a rotating disk were performed using 

unconfined axisymmetric jets. Fechner(1971) and Zhang[1986] reported on 

the heat transfer under unconfined slot jets impinging on a cylinder 

white Subba Raja and Schlunder(1977] and Hardisty(1980) used a 

continuously moving flat surface. van Heiningen[1982], Polat[1988] and 

Huang(1988) reported on the effects of surface motion on the heat 

transfer characteristics of a confined slot jet. 

The variable surface motion can be represented using the 

dimensionless surface velocity mass ratio, M , defined as 
vs 

M 
vs 

pV 
s s 

pV 
) j 
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Hardisty reported that the effect of surface motion on the 

Imp1ngement flow field was negliglble for the practkal situations 

encountered ln Ink drylng. The work of van Helnlngen[1982) and 

Polat [1988] showed that for H s 0.1, the surface motion had llmlted 
vs 

effect on the local Nu profile whlle further 1ncreases ln H resulted 
va 

ln a slight Increase ln Nu « 10~ ) but no slgnlficant dlsplacement of 
o 

its position and a skewlng of the Nusselt profile in the direction of 

surface motion. 

Wlth respect to Nu, Fechner observed a sllght Increase ( <10~) in 

Nu as H was Increased whlle van Heinlngen reported the apposi te effect 
va 

wi th good agreement of the value of Nu correspondlng to M = O. The 
va 

different trends was discounted by van Helnlngen as attrl butable to an 

equipment specIfie problem. Subba RaJu and Schlunder(1977) ob5erved an 

Increase of 1.5 to 2 times the average heat transfer observed by Fechner 

and van Heiningen for very small values of surface motion, Le. 

M «0.1. The agreement between the data of Fechner and van Helningen 
vs 

would indlcate that the large Increases in Nu, observed by Subba RaJu 

and Schlunder, are unreallstlc. 

(e) Effecl of Impingement Angle 

The heal transfer characteristics under conditions where the 

Impinging Jet 15 not necessarl1y normal to the implngement surface, 

Figure 2.17, has been sludied by Perry[ 1954), McMul'ray et al. [19661. 

Folayan[ 1976], Pelletier et al. [1984,1987] and Goldsteln and 

Franchett[1988] for axisymmetrlc Jets, and Korger and Krizek(1972) and 

Huang[ 1988) for slot Jets. Perry and Pelletier reported that Nu was a 

maximum for normal Implngement, ~ = O. Korger and Krlzek observed 
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1 

Surface Motion 

Figure 2.17 Definition of impingement angle relative to the 

impingement surface motion. 
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that while the local mass transfer profile was dependant on the angle of 

impingement the average mass transfer rate was unaffected. Huang showed 

• • 0 
that for a confined slot jet angle of lmplngement over the range ±15 

o 
has little effect on average Nu, while inclination by 30 from nOlmal 

results in a substantial lowering of average heat transfer. 

Goldstein and Franchett, using a temperature sensitive liquid 

crystal technique, generated very detailed profiles of local Nusselt 

number over the range 10000 ~ Re ~ 30000, 4!5 H/d !5 10 and nozzle 

• 0 
inclinations ln the range 0 - 60 . They proposed a correlation of the 

form 

where 

Nu 

r,~ 

0.75 
A e - (B + C cos ~) (r / d) Re 0 • -, (2.16 ) 

cylindrical coordinates about the jet axis for 

contours of constant Nu 

A function of jet inclination and H/d 

B,C functions of jet inclination 

for the distribution of local Nusselt number. An additional parameter, 

E, was used to account for the shift in the location of the peak Nusselt 

number relative to the geometric interssection of the jet axis and the 

impingement surface. They observed a maximum in Nu for normal 
o 

impingement. 

McMurray et al. and Folayan both observed a maximum in Nu dt an 
o 

o 
impingement angle of 30 from normal impingement. Ba ines and 

Keffer[1976J in a study on the effects of angle of impingement on 

surface shear stress, using a two dimensional jet, found a maximum in 

the shear stress for a jet inclination of about 20
0 

directed against the 

surface motion. Using a simple farm of Reynolds ana logy, ttl<?y 

interpreted the surface shear stresses abserved in term3 of vverall heat 
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transfer coefficients. As was pointed out by van Heiningen et al. [1976J 

and Black and Hardisty (1976) the Reynolds analogy in invalid in the 

stagnation region. 

2.5 Conclusions 

The limited published literature dealing with calender cooling does 

not provide adequate or consistent guidelines for the design of calender 

control systems. The few measurements which are available can not be 

generalized and extrapolated ta other calender stack configurations. The 

discussion relating to the positioning of calender control actuators in 

the calender stack and, in the case of impingement systems, the 

positioning relative to the calender roll itself, are speculative and 

contradictory with little regard being paid ta the type of calender roll 

involved. 

There is a wide body of literature dealing with the fundamental 

aspects of impingement heat transfer. The heat transfer coefficients for 

single round impinging jets as a function of the nozzle orientation 

relat ive ta the impingement surface, impingement surface motion, jet 

flow rate, thermal jet entrainment and jet confinement have been studied 

have been documented. However, all of these elements are present in the 

calender control problem and the combined effects of these variables on 

the impingement heat transfer cannat be predicted from the information 

available on the individual effects. 

The current study was undertaken ta determine to what extent the 

current impingement heat transfer literature could be applied to the 

impingement calender control problem and provide a better fundamental 

basis for the design and optimization of paper machine calender control 

systems. 
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CHAPTE.~ 3 

EXPERIMENTAL EQUIPMENT AND PROCEDURES 

3.1 Overall Design Concept 

The CALCON (CALender CONtrol) experlmental faclllty was built by 

PelletIer [1984] for the study of local and average heat transfer from a 

horIzontal row of unconfined circular air Jets Implnging on the surface 

of a roll in a vertical stack of rotatlng rolls. This experlmental 

apparat us was deslgned to closely slm\llate the air side heat transfer 

whlch occurs during the control of cross-machine paper thlckness ln 

paper machine calender stacks when uslng impinging air Jets to Iocally 

cool or heat one or more rolls ln the calender stack. The technique used 

to obtaln the local heat transfer rates on a movlng surface was 

proposed and developed by van Heinlngen [1982]. 

For the present study, severaI modifications to the equipment were 

made: 

1. The nozzle posltlonlng subsystem was modified to allow more 

accurate positioning of the Implngement nozzles relative to 

the implngement surface. 

il. The air supply system was modif1ed to use external aIr 

obtained from outside the laboratory, to prevent the graduaI 

Increase in Jet temperature due to the recirculation of air 

through the fan. 

iil. A simplifled procedure for building the sensor was 

introduced to facl11 tate the quick replacement of damaged 

sensors. 

The experimental equipment ls shown schematically ln Figure 3.1. It 

consisted of three vertically stacked rolls, with the heat tl'ansfer 
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sensor located on the surface of the Middle roll. The rolls were not 

touchlng (~ Imm gap) to protect the sensor but by using a chain drive, 

they rotated at the same speed and direct ion as though they were 

touchlng. On either side of the center roll was a row of nozzles used to 

d'l'ect cold air on the roll surface from one side and hot air onto the 

other. When the system reached a quasi-steadystate, the roll surface 

temperature cycled with a maximum peak-to-peak temperature varIation of 

the order ± 2°C as the surface was exposed to the heating and cool1ng 

air Jets with the average roll surface temperature intermedlate to that 

of the Jet temperatures. Thus, on average, the roll surface could be 

consldered adlabatlc. 

The clrcumferential surface temperature profile was measured by the 

heat flux sensor, a gold thin film resistance thermometer capable of 

o 
resolvlng 0.001 C at a 5kHz sampl1ng rate, and recorded using a hlgh 

speed data acquisition system. The temperature profile obtained was used 

as a boundary condition for the solution of the transient heat 

conduction equatlon, from which the local circumferential heat flux 

profile was calculated [van Helningen, 1982]. A detailed description of 

each of the subsystems is provided in the subsequent sections of this 

chapter. 

The photograph shown as Figure 3.2 provides a general view of the 

cxperlmental facl1ity. The separate heating and cooling subsystems were 

located above the main calender assembly wlth the heatlng distribution 

header located ln the foreground. The coollng header was located on the 

opposite slde of the equipment. 

The range of the experlmental parameters were chosen based on 

current industrial operation of calender control systems. The main flow 
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parameter, Jet Re~olds number, Rej' was varled from 22000 to 118000. 

This covers the range of industrial operating conditions, with 

Re = 90000 being typical for the nozzles used in this study. 
J 

The other parameters to be Investlgatcd included the nozzle-to-roll 

spac1ng, H/d, the nozzle-to-nozzle spac1ng, S/d, the Jet Impingcment 

angle, I/J, the angular position of the Jet Implngement point, 6 , the 

degree of Jet confinement, Y , and the effect of ambient tcmperature. 
c 

The schematlc diagram, shown in Figure 3. l, provldes an overall 

illustration of the CALCON apparat us The subsystems Included the air 

supply system, the mode 1 calender stack and nozzle post tionl ng system, 

the heat flux sensor and the data acquisition system. A detalled 

description of each of the subsystems 1s provlded. 

3.2 The Model Calender Stack 

The model calender stack consisted of thrce polyvinylchloride (PVC) 

rolls, each wl th a dlameter of 558mm, a length of 813mm and a wall 

thlckness of 12mm. The dlameter was chosen as to correspond to typical 

roll dlameters used in some commercial paper machine calender stacks. 

Although paper machine calender rolls are normally made of chilled 

cast iron, PVC was chosen as the roll material for the model calender to 

satlsfy the special requirements of the heat flux sensor, which wIll be 

discussed ln Section 3.4. The implngement heat transfer coefficient, ln 

the case of an adiabatic Impingement surface (closely approximated ln 

this equlpment), Is an aerodynamic property, and thus indcpcndcnt of the 

cholce of calender roll material. 

Each roll was mounted on 17mm end plates whlch were attached to 

hollow 38mm diameter axles. The roll axles were mounted on the calender' 

frame using baIl bearlng pillow blocks. 
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The calender rolls were driven uslng a chaIn drive wlth the lower 

roll drlven using a non-slip belt from a 1.2kW variable speed D.C. 

motor. In an actual machine calender, only one roll 15 drlven with the 

other rolls rotatlng by frlctlonal contact wlth the drlven roll. ThIs 

was not possible on the modei caiender stack, as contact between the 

rolls would damage the heat flux sensor, whlch was mounted on the 

surface of the mlddle roll. 

3.3 The Air Supply System 

The air supply to the nozzles was provlded by an llkW turboblower, 

3 capable of delivering a.9m Isec at 10kPa. To reduce the noise level ln 

the laboratory, the fan and air intake were located in a specially 

constructed shed on an outside wall of the building. The air from the 

fan was di vided Into two streams, one passing through a heater, the 

other through a cooler, before continuing to the respective distribution 

headers and nozzles. 

The heater conslsted of six separate lkW. 110V heating elements for 

a total of 6kW. Each heater element was controlled separately; fi ve 

elements had on-off controls whlle the 6th was attached to a 

potentiometer for fine adJustment of the nozzle exil temperature. 

The cooler used in this equipment consisted of a 7kW, water cooled 

air condi tioner, that had been modlf1ed for this equlpment by removlng 

the bullt in fan. The air conditioner was designed to operate on a dut y 

cycle, which caused unacceptably large out let air temperature 

fluctuations. Hence it was operated a full capacity during the 

experimental runs. The temperature of the cold aIr was therefore 

dependant on the supply air temperature and was prlmarily determined by 

outside weather conditions. This limited both the choice and the control 
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of the experimental conditions. However, ln normal operation the 

experimental conditions remalned sufflciently stable for the duratlon of 

the dally experlmental runs. 

The distribution headers used on the heating and coollng sldes of 

the equlpment were deslgned wlth five nozzle openlngs, wlth center-line 

spaclngs of 100 mm. This permltted the selection of two 'Hfferent 

nozzle-to-nozzle spaclngs, S/d = 4 and S/d = 8. Each nozzle opening was 

fitted with a flow control v~Jve whlch consisted of a cyllndrical plug 

with three V-shaped openlngs. The plugs fit snugly Ins\de the nozzle 

openlngs and were inserted or retracted uslng threaded rods. 

The shape and dimensions of the nozzles used ln this study are 

shawn in Figure 3.3. These nozzles were chosen because they were readlly 

available and are widely used in commercially available calender control 

systems. The nozzles consisted of a 41mm ID, 210mm long (l.5In. schedule 

40 alumlnum pipe) stralght section, followed by a 70mm long converglng 

sectIon and a 2Smm ID, 2Smm long nozzle tlp. The converglng section and 

nozzle tlp were fabrlcated from cast aluminum. The total length of the 

nozzle assembly was 305mm. 

For experlmental purposes, the nozzle exit velocity, V, was 
J 

measured using a stallc pressure tap loeated 150mm upstream from the 

nozzle exit. The correlation relating V to the nozzle stalle pressure 
J 

was obtalned by comparing the nozzle statlc pressure, P, to the Jet 
• 

centerllne nozzle exit velocity as measured using a 3mm dia. pitot tube 

at a position Smm downstream of the nozzle exi t. The nozzle exi t 

velocity profiles, in the horizontal and vertical planes werc measured 

and found to be fIat (see Section 3.7), thus the Jet centerllne veloclly 

adequately characterizes the Jet. The resultlng calibration was: 
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= 26.438 
[ 

P .pT

b
J ]1/2 

(3. 1) 

where: V - Jet velocity (mis) 
J 

P - statlc Pressure (Pa) 
• 

T
J 

- Jet temperature (K) 

P - barometrlc pressure (Pa) 
b 

As shown ln Figure 3.4, the cal ibration was lndependent of the nozzle 

used. 

The Jet temperatures were measured uslng chromellconstantan 

thermocouples located 100 mm upstream from the nozzle exits. The 

thermocouple output was monltored with a digital voltmeter equipped with 

electronic cold Junctlon compensation. 

The nozzle support system used in thls equlpment, dlffers 

substantlally from that descrlbed by Pelletier[1984]. Positloning of the 

nozzles ln Pelletier' s equlpment was dlfflcui t and Inaccurate. AIso, 

vibrations were transmltted from the calender to the nozzles slnce they 

were attached dlrectly to the model calender frame. 

For thls work the nozzle support system was redesigned to be free 

standing. Rack and pinlon mechanisms and linear bearlngs were used to 

provlde smooth accurate posl tlonlng of the nozzles ln aIl directions. 

Locklng mechanlsms were provlded to fix the assembly ln the deslred 

posi tion. A rack and pinlon an{.' counter welght was used to move the 

nozzle assemblies ln the vertical direction. A rack and pinion was also 

used to adJust the nozzle-to-calender stack separation. Linear bearings 

were used to move the nozzle assemblies in the axial direction relative 

to the calender rolls. 
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3.4 The Heat Flux Sensor 

3.4.1 Measurement Technique 

The technique for determining the local heat transfer for air Jets 

lmpinging on a rotatlng surface was developed by van Heiningen[ 1982]. 

The heat flux sensor consisted of a gold thin f1lm reslstance 

thermometer. The gold film was deposited directly onto a substrate made 

of the ~ame material as the roll, and thus the heat flux sensor assembly 

had the same thermal response characterlstlcs as the roll. The sensor 

was mounted flush with the roll surface in the center of the mlddle 

roll. A friction fit prevented the sensor from moving due to centrifugaI 

forces. 

The thin film resistance thermometer was capable of resolving 

o 
0.001 C at a 5kHz sampling frequency. Hence. even at the high rotatlonal 

speeds used ln this study (up to 600rpm), Instantaneous local surface 

temperat ure profiles consisting of 500 Individual temperature 

measurements were recorded. 

The surface heat flux, q. was obtained by solvlng the one 
o 

dimenslonal translent heat conduction equatlon for a seml-lnflnlte 

sol1d. as gi ven ln Equation 3.2, using the average clrcumferentlal 

surface temperature profile as a boundary condItion. 

aT 
= Il (3.2) 

at 

Since the temperature profIle ls perlodic, the clrcumferentlal 

position Is proportlonal to the lime, t, used in equatlon 3.2, and Is 

direclly relaled to the sampling frequency. 
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The surface heat flux, q, was then obtalned uslng the calculated 

o 

temperature gradient at the roll surface. 

aT 
= - >. 

sub 8x x=O 
(3.3) 

The numerical procedures used to calculate the surface heat flux 

are discussed ln Sectlon 3.6.2. 

The local heal transfer coefflcient, h, was defined using the Jet 

to local surface temperature difference 

h = (3.4) 

where Jet temperalure 

local surface temperature 
• 

The local Nusselt number was defined as 

h d 
Nu = (3.5) 

where d nozzle diameler 

conductlvlty of air at Jet temperature 

3.4.2 Manufacture of lhe Real Flux Sensor 

The original selection of polyvlnylchloride as a construction 

material for the model calender stack was based on requirements of the 

heat flux sensor. Slnce the gold film was deposi ted directly on the 

substrate, the substrate had to be electrically Insulatlng. AIso, the 
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materlal had to he Isotropie with respect to its thermal properties to 

facill tate the solut ion of Equation 3.2. Polyvlnylchlorlde met these 

cri terla and was available in a pipe of the appropriate diameter for 

this study. 

The original sensor used ln the CALCON equlpment (Pelletier, 

[1984]) was fabrlcated using a time-consuming photo fabrication 

technique. The fragility of the sensor meant that the sensor had to he 

replaced frequently. Hence, a more time effIcIent manufacturing 

technique was developed. The new procedure involved the following steps: 

i) Silver lead wlres were glued in place so that the lead wlres 

were flush with the substrate surface. 

ii) A much wlder film pattern was laid out between the leads using 

a thin metal mask. 

111) The substrate was placed ln the vacuum depositlon equlpment 

and gold was deposited untll a flnlte resistance across the 

lead wires was detected. 

Iv) The electrlcal conduction between the sllver lead wlres and 

the gold film was further enhanced by painting the connections 

with electrically conductive paint [Conductlve Silver 200, 

Degussa] . 

v) To stabilize the sensor reslstance (gold film and silver 

paint) the sensor was cured at 70°C in a convection oyen. The 

maximum curlng temperature was determlned by the PVC. 

This procedure allowed the relatlvely rapld productIon a new sensor 

and produced a sensitivity of about 0.5 n per 
o 
C. Figures 3.5 and 3.6 

show respectlvely a schematic and a plcture of the resultlng sensor. 

The sensitlvlty, " of a thin film reslstance thermometer ls 

proportional to the film length and inversely proportional to the square 

root of the film thickness. The relatlonshlp, as derlved by van 
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Figure 3.6 Picture of the heat flux sensor 

3 - 15 



Helningen[ 1982], i5: 

c5 q 
f •• (3.6) 
d 

where: OCt temperature coefficient of 

reslstance 

L length of fi lm 

5f reslsti vi ty 

qsm maximum self-heallng heat flux 

d fllm thlckness 

Decreasing film thickness and Increasing film length, Incrcases the film 

temperature sens! t1 vity. Although the new sensor was much shor-ler- lhan 

that useG by Pelletler[19841, il had a simllar lemperature sensltlvlty 

by vlrtue of the reduced film lhickness. Based on Equation 3.6, the film 

lhlckness on the new sensor was approx\mately one tenth t.hat used by 

Pelletier-. This made the film more fragile but the relative ease wlth 

whlch the sensor could be manufactured made the increased fragi Il ty 

acceptable. 

For calibration purposes, a fine wire (O.lmm dlamcler) 

Chromel-Constantan thermocouple was mounted on the surface of the 

substrate near the gold film. The thermocouple was glued ln place using 

a high thermal conduclivity epoxy adhesive (TRA-BOND 2151, TRA-CON 

Ine. ). 

3.4.3 Calibration of the Heat Flux Sensor 

Even arter curing in a low temperature aven, the resistance of the 

gold film used in the heat flux sensor was found ta dccrease with lime. 

The change ln reslstance and thus the calibration of the sensor was due 
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to the gold film not belng sufflcl .. mtly cured. To avoid dIstortion of 

the sensor durlng curlng, the curlng temperature was kept weIl below the 

o 
glass transI t Ion temperature of pve, 79 C, whlch was Insufflcient to 

fully stabilize the gold film and sllver paint. Consequently, an 

efficient and reliable calibration technique was developed, whlch 

mlnimized the risk of damaging the sensor. This calibration was car~led 

out frequent!y and was updated each day before a series of experlments 

was undertaken. 

The sensor calibrat Ion technique originally used by 

Pelletier[ 1984], w'"" also encountered thls problem, required the removo.l 

of the sensor from the equlpment. This was consldered excessively risky 

and tlme-consuming. Instead a technique was developed whereby the sensor 

could be cali brated while installed in the roll in the model calender 

stack. 

1. The res i stance of the sensor was measured at room 

temperature. 

il. The sensor was then placed directly under an impinging Jet 

and heated to a steady-state surface temperature, whir.h was 

measured using the surface thermocouple. 

i i i. This procedure was repeated at several impingement aIr 

temperatures, ta praduce calibration curves like that shawn 

in Figure 3.7. 

The calibrations could be expressed ln terms of a stralght-line 

relatlonship of the form: 

R =a + bT 
s 

where: R sensor resi~tance (0) 
s 

T 

a 

b 

o 
temperature ( C) 

l ntercept (Cl) 

sensitivity (O/°C) 
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As shown in Figure 3.7, the sensl t1 vit:; of the cali bratlon (1. e. 

the slope of the calIbration curve) was constant with a value of 0.5013 

o 
n; C. Thus, for eali bratlon purposes, the posi tion of the cu. ve (1. e. 

the intercept) could he determlned daily with a single point calibration 

at room temperature. 

Figure 3.8 and 3.9 show the sensltlvity of the Nu profiles to the 

cali bration inlercept. As shown ln Figure 3.8, If both the heatlng and 

the cooling side of the equipment operated under slmilar conditions the 

differences in the Nusse lt profiles and Nu under each Jet were small. 

The healing and coollng Nu dlffer b:; less than 10X. If the cal1brallon 

used 1s in error by 5X, the same experlmental resul ts show there 1s a 

dramatie difference between the Nu profiles, Figure 3.9. Uslng lhls 

calibrations results in a differences of ~ 35X in Nu This error 

magnIflcation, apparent in the eircumferential Nu profile, provided a 

method of verIfying the sensor calibration once a set of experimenlal 

runs \~ slarted. By mainlaining a constant set of operating conditIons 

on the cooling side sharp changes in the sensor calibration during a set 

of experimental l'uns could he monltored. Clearly, the daily updaling of 

the sensor eali bration Intercept, wl th perlodlc verification of the 

sensor sensi t! vit y, (1. e. weekly or bl weekly) was an acceplable 

procedure wh1ch ensured reproducib1e resu1 ts. 

3.4.4 SIgnal Conditioning 

The signal conditioning instrumenlation 1s shawn in Figure 3.10. 

The flucluating componenl of the sensor reslstallce was measured usinEs a 

4-decade Wheatstone bridge. A 1.2218V, 10w noise, high precision 

eleclronic power supply was used as a voltage source. The voltage level 

\>laS speclfled such thal the self-heating heal flux of the sensor he 
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1.. 

negl1g1ble wl th respect to the Implngement convectl ve heat fI ux. These 

calculatlons have be~n carrled out for a slmllar sensor by van 

He1nlngen[ 1977]. 

The fluctuatlng l,ll-,catstone bridge output voltage 1s rclalcd to the 

sensor resistance by tte relatlonshlp: 

v = out 

where: V 
out 

V 
a 

R 
B 

R 
v 

Rl,R2 

The oulput voltage, 

R -w) 

fluctuating bridge output (~V) 

Whetstone bridge voltage 

source (V) 

sensor reslslance (n) 

variable resislance (0) 

measurement range reslstances 

(set to 90.909Q and 909.090 

respectively) 

(3 8) 

V , was ampllf1ed 2500 Urnes by a low noise 
out 

differenUal amplifier (DANA Model 2860). The hlgh frequency noise was 

subsequently removed uslng a low pass rllter. The rllter eut off 

frequency was selected to be half of the sampling frequency (i. e. the 

Nyqulst frequency). The number of samples pel' revolutlon wa.s flxed al 

500 thus the sampllng frequency was a function on the f'oll l'pm The 

signal was acquif'ed using a micro-computer based, 12 bit, hlgh speed 

analog-to-digi tal converteI' (Data Translat ion DT-2801I\). 

In operation the variable reslstance, R, was adJustcd such lhat 
v 

the output voltage 1s near zero but al ways poslt ive. This allowed the 

signal to be further amplified, using an ampl trier on the AlD system 
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ltself, to a value less than lOV, the maximum input voltage for the AlD 

converter. 

Due to the extremely low sIgnal OUtp\lt levels obtained from the 

Wheatstone bridge circuit. reduc1ng the signal to noise l'atio WI\S a 

priol'ity. The noise level in the heat flux sensor was rcduccd to ± lOIlV 

on a peak to peak signal level of IV (after a gaIn of 2!JOO>. The 

measures used to reduce the signal to noise catio are dcscrlbcd in 

Append'x A. 

3.5 Other Sensors 

3.5.1 Sensor Position Signal 

An optical position sensol' was mounted on the central wall to 

Idenlify the clrcumferential location of the sensol' and to measure the 

roll l'pm. Il consisted of a small lever on the clrcumfercnce of the 

calender roll whlch would pass through a slotted optlcal swltch once pel' 

l'evolutlon. 

The roll l'pm was monitored by acquirlng the opl1cal switch signal 

at a specified sampling frequency and calculaUon the Ume betwccn 

swltch closures. Once the l'pm had stabi llzed at the requlred val ue, the 

optical switch signal was used to trigger the acquisition of scnsor data 

and provided a method of al1gning the acqul.red data for aver·aging. 

3.5.2 Temperature Measul'emenl 

Temperatures were moni tOl'ed al val'ious local Ions lhroughoul the 

equlpment uslng chromei-constanldn thermocouples. The fixcd locations 

were: 

one in each nozzle, localed lC'lJmm upstream fI'om lhe n07zIe 

exit. 

one mounted on the surface of the heat fi ux scnsor ncar thf:: 
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gold film. 

one Located on the Interlor surface of the heat flux sensor. 

The amblent lernperature was monllored al 3 separale locations 

in the plane of the nozzle exits, one nozzle dlameter from the 

edge of the central nozzle. 

10 nozzle diameters up stream of the central jet mldway 

between the nozzle exits and the plenum. 

a location, removed from the direct influence of the implnging 

Jets, corresponding lo a T . 
al 

The actual temperature to be monltored was seJected using a 

multiple position rotatlng thermocouple swltch (Omega), wlth the switch 

output golng to an calibrated electronlc cold Junction compensator 

(Omega). The temperatures were recorded at the same time as the surface 

temperature measurements were belng taken 

3.5.3 Pressure Measuremenls 

The local roll surface pressure was measured with a differential 

pressure transducer (Kul1te XT-190-5). The pressure inslde the roll 

(I.e. almospherlc) used as the reference pressure. The transducer was 

mounted flush wi th the 1 mplngemenl surface at the center of the mlddle 

roll opposite (i.e. 180
0 

from) the heat flux sensor. The transducer had 

a sensltivity of 0.0025mV/Pa when a lOV excitation voltage was used and 

o 
has a compensated temperature r~ge of 20-90 C. The response tlme of the 

transducer was tao slow ta obtain useful pressure profiles at normal 

operatl ng condi tIons (1. e. rpm = 300). For this reason the pressure 

profiles were obtalned al low rpm (50rpm) and was strictly used in the 

cvaluatlon of jet symmetry. 

3 - 25 



3.6 Data AcquIsitIon System and Procedures 

A sophisticated computer pro gram was dcveloped to perform the data 

acquisition, data reduclion and provide on-1 inca graphical display of the 

resultlng profilès. The ImmedIate processlng of the expcrlmcntal datd as 

it was acquircd allowed a quick overvlew of th~ experimcntal rcsults, to 

determine if potential problems ln the data exlsted. A flow shcet 

dcscriblng the data acquIsition program Is shawn in Appendix B 

3.8.1 Acquisition of Local Surface Temperature Profile 

The local surface temperature profile wcre calculated from the data 

measured and averaged over 30 i~otations to reduce the random noise in 

the signal. The 50 rotat Ions produced an acceptable average profile ln 

small enough time interval that drift in tne experl.mental conditions 

(1. e. particularly temperature shifts in the nozzle exl t temperaturc) 

were negligible. The optical switch was used to start the acquisition of 

the sensor signal for the durallon of one rotation at the sampllng 

frequE'ncy required to produce the deslred number of samples per 

revolutlon. The rpm al lhe start of the data acquisi tion Is tlsed ta 

calculale the samplirlg frequency. 

The number of samples per revolution was set to 500, which 

corresponds to about two samples per sensor width and five samples per 

nozzle diameter. The 50 circumferential profIles were measured ln rapld 

successIon with the total acquisition lime at 300rpm of less than 30s. 

Since a11 sensor acquisition was started at. the same 

circumferent laI locat Ion, the measurements made duri ng the 1 ndl vldual 

rotations could be directly superimposed for averaging. The average 

reslstance was converted to temperature uslng equation (3.4). Averaglng 
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of the reslstance profile was equivalent ta averag1ng thE. heat flux 

profile since the conversion of resistance ta temperature and flnally to 

heat flux requires only I1near operations. The consequence of thls was a 

dramatlc reduetlon (~ 90X) ln the data storage requlrements. 

3.6.2 CalculaUol of Inslantaneous Local Beat Flux 

The Instantaneous local heat fi ux was ealculated from the 

experimentally dctermined local surface tE'mperatures by treatlng the 

scnsor substrate as a semi-infinite slab and solving the one-dlmenslonal 

unsteady heat conduction equatlon (Equation 3.2). An expl1cit flnlte 

diffcrence procedure, as described by PataJIkar [1980], was used ta 

obta i n the temperature distrl bution wlthln the sensor substrate. The 

resultlng equatlons are of the form: 

a Tn 
p p 

where: 

= 

a 
E 

o 

= 

a = p 

À 
Il 

(ox) 
e 

p Cp llx 
fi 

llt 

À 
Il a = --w (ox) 

If 

a = a + a + a 0 

p E W P 

e,w Indlcate evaluated at control volume face 

o Indlcates ~revlous time step 

n Indicates new time step 

(3.9) 

Figure 3. Il descrlbes the grid point cluster for this one dimenslonal 

proUem. 

For numcrieal stabi 1 i ty when using an expl tell scheme to solve 

EquatIon 3.5, the Fourier number, Fo. must satisfj the condition: 
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(3 10) 

Since At 1s speclfied ln thls problem by the sampllng frequency, the 

distance between neighboring grid poInts, Ax, Is given by: 

!J.X = (3.11) 

Tpe cambinatlan of equatlons 3.9, 3.10 and 3.11 yIelds: 

= (3.12) 

2 

The surface heat flux, q, can be calculated uslng a second arder 
o 

approximation of the derivatlve at the surface: 

= (3.13) 

The initial condItion used ta solve EquatIon 3.2 W1S the average 

cy11nder temperature. Since the problem 1s cycllc in nature, the initIal 
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boundary conditIon used to solve equation (3.5) Is arb1trary, and 

requires only that enough Iterations be performed to remove the effec~ 

of the cho1ce of initial condition. Solving for the temperature profile 

through six conlplete revolution, \J3ing the average roll surface 

lemperature distribution as an initial condition, was found to be 

sufflcienl to remove any effect due to the inItial conditions. 

The InternaI boundary condition 15 that of a 5emi-Infinite 

soiid. Assumlng a sinusoidal surface temperature var'iatlon of 

frequency, w, the thermal penetration depth (Chapman [1967]) where the 

ampli tude of the temperature fluctuation i5 0.1" of that at the heat 

transfer surface is 

= 
1/2 -ln(O. 001) I(ex Iw) 

• 
(3.14) 

For even the slowest rpm used, X
cS 

' determined using Equation 

3.14, is only 2mrn which is much less than the sensor substrate 

lhickness, 14mrn. Thus, semi-infinite heat transfer analysis 15 

Justified. The number of flnite difference grid points, n, used in the 

finite difference solution is glv~n by 

n = (3.17) 

The local values of the local heat transfer coefficIent, hJ and 

Nussel t number, Nu, were evaluated using the defini tions glven in 

Equat Ions 3.4 and 3.5 where the value of T used ln the equations is 
J 

that of the hot or cold Jet, depending on the position of the sensor. 

The numerical procedures f~r the calculation of the radial 

temperature profile and surface heat flux require accurate values for 

the thermal propertles of the substrate. The thermal behavior of PVC is 

not weIl documented and can be a function of the additives used. For 

thls reason the thermal conductivity, À, heat capacity, Cp, and 
• 
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densl ty, p, of the PVC substrate were measured experlmentally. The 

results obtained are in good agreement with the exlsting Ilterature 

Indicating that, if additives were used, they had l1ttle effect on the 

thermal properties of the PVC The proL.edures used to measure these 

thermal propert ies, the experimental data and comparlsons wl th the 

available litcrature are presented in Appendlx C. 

3.6.3 Display of Clrcumferential Profiles 

The clrcumferential profiles of resistance, temperature, heat flux 

and Nusselt number were displayed online using HPPS-PC (HcGill Package 

of Plotting Subroutines for the IBM personal computer). This computer 

pacl<:age allows the easy Integration of sophlstlcated graphies routines 

lo any Fortran program. The same routines were used to create the hard 

copyoutput. Typlcal output profiles were shawn earlier in Section 3.4.3 

as Figure5 3.8 and 3.9. 

3.7 Jet Flow Characteristics 

3.7.1 Symmetry of Flow Under the Impinging Jets 

There are several methods of verifying the impinglng Jet symmetry. 

These include impingement surface heat transfer and pressure 

distribution and the impinging Jet velocity and temperature profiles. 

(a) Impingement surface heat transfer distribution 

During the experimental pro gram a complete profile, ln carleslan 

coordlnates relative to the Jet centerline, of the local heat transfer 

at the impingement surface was obtalned by sampling the circumferential 

heat transfer profile at varlous axial positions along the impingemcnt 

surface. Slnce the sensor Is much larger in the axial direction than ln 

the circumferential direction, (1.45d versus O.27d) the data is 
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obtalned at a much wlder Interval ln the axIal dlrectlon (2 samples per 

nozzle diameter ln the axial direction versus 9 s~~ples in the 

circumferential direction). Comparison of the Jet centerline Nu 

profiles. Figures 3.12 and 3.13. obtained in the circumferential and 

axial directions. for H/d = 2 and 4 and a Jet-ta-Jet spacing. S/d = 8. 

show that the Jet 1s quile axisymmelrlc. The aspect ratIo of the sensor, 

shown if figure 3.14 expla1ns why the local minimum and maximum, at 

y/d = 1. 05 and y/d = 1. 85 respecti vely, do not appear in the axial 

direction profIle. Contour plots of the local Nu profile over the 

Impil.gement surface for several H/d. Figures 3.15 to 3.17, clearly show 

the axisymmetry. 

(b) Impingement surface static pressure distrIbution 

The surf .. :e pressure profiles under an Impinging Jet at low RPM, as 

a function of circumferentiai and axial positIon were measured using a 

pressure transducer, to provide an indicat ion of the Jet symmetry. 

Although the impingement surface static pressure distrIbutIon Is less 

sensi live to asymmelry, the results shown ln Figure 3.18, Indlcate a 

hlgh degree of axial symmetry about the Jet Impingement point. 

(c) Jet velocity profile 

The nozzles used in thls study (Figure 3.3) conslsted 210mm long 

straight section wlth an Inside dlameter of 41mm followed by a 100mm 

converglng section and a 25.4mm long, 25.4mm dlameter nozzle exJ t 

sectIon. The Jet flow was expected to be very turbulent. because of the 

flow control valve located immediately upstream of the nozzle and the 

hlgh Jet Reynolds number. Figure 3.19 shows the Jet veloclty profile 

obtained in the vertical and horizontal planes at a positIon 5 mm 
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downstream of the nozzle exit. The profiles were obtalned by traversing 

the Jet wlth a 3mm diameter pitot tube. The Jet velocity can be 

considered unlform over the Jet exit area. 

(d) Jet tcmperature profIle 

The accurate determlnat Ion of the Nu profi les requlres an 

accuralely known and uniform Jet exit lemperature profIle. Under normal 

operating conditions (i.e. Jet to surface temperature dlfference of the 

order of 10 ta 20°C.) an error of O.5°C will resui t ln errors of 

J_ 2.5-5Y. in the Nussel t number profiles. Figure 3.20 shows the Jet 

temperature profiles in the horizontal and vertical planes measured 5mm 

downstream of the nozzl~ exi t. As expected due to the high turbulence 

leveis the temperature profiles were flat wlth a maximum dlfference of 

O.2°C «1:1.). This 1s weIl within the acceptable experimentai error of 

this study. 

Based on these observations the profiles obtained for normal 

o 
1mpingement (~ = 0 ) under unconfined conditions can be consldered to be 

axlsymmetrlc. 

3.7.2 Conf1ned Implnglng Jet Pressure Recovery 

When an Impinging Jet 15 confined, the Jet flow can experience 

pressure recovery where the pressure drop across the nozzle is greater 

than pressure dlfference between the nozzle and the exhaust ports. The 

Importance of pressure recovery when using confined siot Jets was 

discussed extensi vely by van Heiningen [1980, 1982}. For confined 

axisymmetr1c jet~, the wall jet veloci ty Is inversely proport ional to 

the radial posItion away from the nozzle centerllne which 15 unfavorable 

for pr~ssure recovery. Thus for axlsymmetric Jets the effect of jet 
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confinement on the pressure drop across the nozzle exit can normally he 

considered negligi ble. As shown in Figure 3.21, where pressure drop 

across the nozzle is compared to the static pressure in the impingemcnt 

nozzle, the pressure recovery was less than 6Y. for H/d ~ 1 and less than 

3Y. for H/d ?; 2. 

3.7.3 Effect of Inlet Air Humidity 

An unexpected result of the many qualification l'uns was the 

uncovering of an effect of inlet air humidi ty. In the curr'ent 

experimental setup the inlet air to the fan was outslde the buildl ng. 

Undt;;" condit ions of high relative humldi ty (as experienced durl ng the 

summer months) the air cooler could bring the ~lr temperature down below 

the dew point and cause the formation of a water mist in the air stream. 

This phenomena was fir'st observed when air candi t ions caused watcr to 

condense and seep through the c10th flexible ducting used between the 

air cooler and the nozzle header. 

Figure 3.22 shows Nusselt number profiles obtained under condItIons 

leading to condensation in the coollng side of the air supply system. 

The coollng side Nu profiles are seen to be approximately 30Y. higher 

than the Nu profiles on the heating side for similar operatlng 

condi t ions. This dlffel~ence is not evident in Figure 3.23, which shows 

results measured under conditions where no condensation occurred in the 

air system. 

The increase in heat transfer is caused by the evaporation of the 

water mist in the boundary layer near the roll surface, lowering the 

film temperature, which increases the effective driving force for hcat 

transfer. Since the Nu profi les are based on the Jet temperature, the 

actual drivinb force is underestimated, resuiting in higher Nu profiles. 
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A calender coollng control system, uslng thls evaporatlve coollng 

phenomena, has been marketed but under the brand name Mystifier, but it 

has not received wlde spread acceptance, due to perceived problems wlth 

the wat~r mist condenslng ln the paper and/or calender roll and changlng 

the paper web cross dlrection moisture profile. 

For the experlmental measurements reported here, condensat ion Is 

not a factor since experiments were only performed under condition when 

condensation would not occur. The presence of condensatlon was 

determined by u~. ng simllar operation condi t lons on the heati ng and 

cool1ng sldes a!ld ':lbserving the result lng Nu prof1les for dl fferences. 
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CHAPTER 4 

IMPINGING JET HEAT TRANS FER IN 

CALENDER CONTROL SYSTEMS 

4.1 ~m~~gln~~ts and their Application in Paper Calenders 

Impjnging Jets are commonly used in inaustrial processes for their 

high heat and mass transfer characteristics. Applications include 

processes such as the annealing of metals, tempering of glass, drying of 

paper and textiles, cooling of electronic components and turbine blades 

and, of primary interest in this study, the control of paper machine 

calender stacks using localized heating and/or cooling. 

A paper machine calender stack, Figure 4.1, consists of a vertical 

stack Di from two to eight chill cast iron rolls of diameter between 300 

ana 800mm. As lt passes through the nips of the calender stack the web 

of paper is subJected to a series of rap; -1 compres::.ions, transforming 

the rough bulky sheet issuing from the dryer section of a paper machine 

into a sheet with the desired surface properties and thickness. 

Cross-machine direction (CD) control of the calendering process is 

required since vanations in moisture content and temperature affect the 

rheological properties of the paper. Also, there are differences in the 

local nip pressure due to CD variations in basis weight, calender roll 

grinding tolerances, thermal deformations and roll deflections. If le ft 

'lncorrected, these variations cause the surface properties, and thus 

printing properties, of the paper to vary across the width of the 

machine. Paper thickness variations when built up over hundreds of 

layers cause hard Or soft reglons in the reel which lead to problems 
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during rewinding and during high speed unwIndlng ln the press room. 

Cross machine direction control of calendering Is perl'ormed by 

locally adJustlng the nip load and/or sheet temperature. Local heatlng 

of the calender roll 1ncreases the roll dl.ameter and thereby the nl.p 

pressure, thus produclng a greater paper thlckness rcductlon. The 

converse applles when the calender roll 15 locally cooled. 

Tradltlonally Most calender control systems used Imp1nging aIr Jets 

for locally heating or cooling calender rolls. Al though Many such 

systems are still ln use, the CUIrent state of the art ln CD calender 

control are InductIon heatlng systems. On the other hand, air systems 

have found an important new applicatIon ln the control of soft 

calcnders. The heat generated ln the soft plastic covers as they are 

repeatedly compressed and the uneven cross direction temperature profile 

whlch May be introduced wlth the paper from the dryer section must be 

controlled carefully to prevent damage to the soft covers. This has 

generally been accomplished using cooling aIr Jets. 

Little is known about the heat transfer characteristlcs of the air 

Jet~ used to control paper thickness ln commercial calenders. The paper 

industl y li terature on thls subJect, revlewed ln Chapter 2, Is largely 

speculative ln nature (Kahoun et al.[1964], Bryan[1972]). The extensive 

lI.terature on the fundamentals of impinging Jets has recently been 

reviewed by abot [1981], Polat [1988], Huang [1988] and in Chapter 2 of 

this thesls. However, It Is not r"lear whether the results avallable for 

heat transfer for single ro~~d Jets impinging on stationary fIat 

surfaces, for example, can be appl1ed dlrectly for Implngement from 

arrays of round Jets on cylinders ratating at hlgh speed. 

( 
• 

To apply ta the calender control problem the large body of 

knowledge available on the subJect of impingement heat transfer, 
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specifie information is required for the case of round Jets Implnglng on 

rotat Ing cyllnders. In addl t Ion to determinlng the effecls on heal 

lransfer of the basIc flow and geomelrlc paramelers, measuremenl of the 

effects of ambient aIr temperature, Impingement sur'face speed, Jet 

location and jet confInement ls requlred. Thcse questions are addressed 

ln the present study. 

4.1.1 Literature Revlew 

Al though the Il terature on the fundamentals of impingement hcat 

transfer 1s quite extensive, direct application of thls data to lhe 

special cr ~traints of the calender control problem 1s subJect lo 

uncertainly. For example, there is considerable speculalion as la whal 

calender impingement configuratIons result ln the highest heat transfer 

rates, an important industrial problem whlch cannot be resolved with the 

avallable studies. 

The only measurement of heat. transfer rate between mulliple round 

jets and a calender roll was ln the exploratory study by Pellet ier et 

al. [1984, 19871. These resul ts clearly demonstrate the imporlance of 

entralnment of amblent air by unconfined Jets on impingement heat 

transfer rates. Unconfined Jets entrain substantial amounts of the 

surrounding air, Obot [1981], so when jets are used for heatlng or 

cooling an impingement surface, such entrainment will always affect the 

heat transfer rate. Even in the special case of a jet discharging into 

air of the same temperature as the noz.~le exit, implngement heat 

transfer would be expected to be different between unconflned and 

confined Jets because of the correspondingly different flow fields. 

Besides this flow field effect, there is generally a lhermal effect as 

described below. 
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When an unconflned heatlng jet discharges from a nozzle into air of 

t • .:rr.p.~rature less than that at the nozzle eXlt, or when a cooling jet 

~13charges into air warmer than the jet temperature at the nozzle exit, 

the ~nt.ralnment of surrounding alr by the jet reduces the effective 

t\.:rnp'_'rature difference for impingement heat transfer, thereby reducing 

t ulnsfer rates, Because impingement heat transfer coefficients are 

traditionally defined with /lT , the difference between the nozzle exit 
jS 

temperature, T, and impingement surface temperature, 

entrainment appears implieitly in ,-he values of h. 

Although important in equipment design, little 

T , the effect of 
s 

has been do ne ta 

quantify the effect of entrainment. Sehauser and Eustis (1963] used 

lntegral solutions to analyze the thermal effeet of entrainment for a 

single lmplnging jet and compared their ana1ytical work with 

experlmental results for uneonfined air jets diseharging into air at 

i) the nozzle exit tempe rature 

ii) the impingement surface temperature. 

Vlachopoulos and Tomleh (1971) numerically predicted velocity and 

temperature profiles in the wall jet for a single heated axisymmetrie 

air jet issuing into a cool environment and ealeulated heat transfer 

based on empirical correlations. As the speclfie thermal boundary 

condltions used in the experiments were unspecified, it is not possible 

to lnterpret the results. 

Kataoka et al. [1976) investigated the influence of the surrounding 

f luid on impinging jet cooling with a slot jet and found that the 

surrounding fluid temperature had to be taken into account. They 

observed that if the arrlving fluid temperature was used in the 

calculation of heat transfer coefficients, then results were in good 

agreement with Gardon and Akfirat(1965) for H/w > 8. 
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Strlegel and Ddler [1982] proposed analytical mode15 to predlct 

heat transfer from unconfined turbulent slot jets dlscharglng lnto fluld 

at a different temperature and generated some experimental results to 

support their models. They deflned a thermal entr,llnment factor or 

nondlmensional temperature mismatch, F, as 

T - T 
F 

T - T 
a 

(1\ 1) 

Wlth the use of thls thermal entrainment factor they successfully 

extended single jet t:esults ta a multiple jet configuration As one 

would expect they observed the strongest effect of F in the wall Jet 

region. 

Hollworth and Wilson [1984] and Bouchez and Goldsteln [197:' 1 

discussed the similat:ity between implngement heat transfer and film 

cooling where a coolant lntroduced on a solid surface insulates the 

surface from the ambient fluid. The performance of film coollng systl.:~ms 

is typically characterized by a film effectlveness, ~, deflned as 

T - T 

T - T 
5 

(4.2) 

The recovery temperature, T, is usually IT,easured or predicted for an 
r 

adiabatic surface, then applled to calculate the heat transfer rate for 

a non-adiabatic surface. This approach is attractive since it attempts 

to define the heat transfer using a local temperature drivlng frJrc€. 

Unfortunate1y, the difficLllty of measurement of the 

temperature, in industrial applications, limits the use of this 

approach. 

Hollworth and Gero [1985] show'::!d that the local hedt t Cdfl')flH 
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coefficient 1S not a function of the temperature mismatch, àT , between 
)a 

the nozzle eX1t and ambient fluid, provided the heat transfer 

coeffic1.ent 1.5 defined in term5 of the difference between the local 

recovery temperature and the imp1ngement surface temperature, àT . As 
r5 

ln the case of film coollng, the problem is ta meaSure or predict the 

local recovery temperature for use in calculating the local Nusselt 

number. 

The effect of surface motion on local impingement heat traosfer 

proflles for con~ined slot jets has been determined by van Heiningen 

(1982] and Polat (1988] using the non-dimensional mass velocity ratio, 

M (4.3) 
vs 

which appropriately characterizes surface motion. They observed that the 

Nu prof ile becomes skewed in the direct ion of surface motion for M 
vs 

above about 0.13. As typically the M ratio can be as large aS 0.25 in 
vs 

calender control systems, surface velocity was included as a variable 

wlth the round Jets of the present study. 

The presence of complex air flow patterns around the calender stack 

has led ta speculation about the effect of impingement geometry on heat 

transfer. Experiments by Mitchell and Sheahan [1978], 00 an operating 

calender stack, indicated that the calender control system performance, 

measured by observing the resulting change in paper thickness, improved 

when the nozzle-to-calender roll spacing was reduced. Bryan [1972] 

hypothesized that the most effective heat transfer from air jets would 

occur when the boundary layer was removed by the jet. He reasoned that 

the jet velocity required ta do this was a function of the boundary 

Idyer thickness and thus dependant on the nozzle location relative to 
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the in-going and out-going nips. He concluded that the hlghe5t hedt 

transfer would occur when the jet WdS dlrected lnto the low pressure 

area associated with the outgoing nip. 

4.2 Experimental 

4 2 1 Equipment and Procedures 

The CALCON (CALender CONtrol) experimental facility WdS bullt oy 

Pelletier et al. [1987) for the study of local and average heat transfer 

from a horizontal row of circular air jets impinging on the surface of a 

roll in a vertical stacJe of rotating rolls. This experimèntal appardtus 

was designed to simulate closely the air side heat transfer WhlCll occurs 

during the cross-machine dlrection control of paper machine cdlender 

stacKs when using impinging aIr jets to locally cool or heat one or more 

rolls in the calender stack. The technique used to obtain local hblt 

t ransfer rates on a moving surface was proposed and deve loped by Vdn 

Heiningen et al. [1985). For the present study, several modificaLlons to 

the CALCON equipment wùre Made: 

1. The nozzle positioning subsystem was modified to allow more 

accurate orIentation of the nozzles relative to the Implngement 

surface. 

ii. The air supply system was modlfled to use aIr from out'lide 

instead of inside the laboratory, thereby lowerlng the 

temperature of the cooling Jet, prevlously tao close ta the roll 

surface temperature. 

iii. The manu:acturing procedure for the heat flux sensor WdS 

simplified to reduce the time required to replace damaged 

sensors. 

The experimental equipment, Figure 4.2, COn'31sts of thrl-,c 

vertically stacked rolls (diameter: 558 mm) with the heat flux ).:ns',r 
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located on the sur face of the middle roll. To protect the senso/: the , 
1 rolls do not touch (:>: 1mm gap). Roll rotation is accomplished using a 

chaln drive so a11 rotate at th~ same speed. On either side of the 

center roll is ~ row of nozzles (nozzle exit diameter: ~5.4 mm) one for 

heatlng Jets, the other for cooling jets. The nozzle support systl~ms 

permitted two nozzle-to-nozzle separatlons, i.e. S/d = 4 ilnd S/d ~ 8. 

When the system reaches a quasi-steady state, the roll surface 

o 
temperature undergoes cyclic variations in the arder of ± 2 C dround a 

steady average temperature intermediate between the heating and cooling 

jets. Convective heat transfer eoeff~cients thus obtained correspond lo 

an adiabatic surface boundary condition. 

The circumferential surface temperature profile, composed 01 ')00 

data points, was measured by the heat flux sensor, Figure 4.3, a gold 

o 
thin film resistance thermometer capable of resolving 0.001 C at a 5 kH~ 

sampling rate. A personal computer based system was used for data 

acquisition. This circumferential temperature profile was used as a 

boundary conditlon for solution of the transient heat conducllvn 

equatl.on, from whieh the local heat flux and Nusselt number ç,rofllf~s 

could be caleulated [van Heiningen et al. 19851. An essentlal constl lnt 

that enables determination of the surface heat flux by sueh a sensor 13 

that the heat transfer surface behaves as a semi-infinite SOlld wlth the 

temperature variations at the impingement surface not reaehing the othE!r 

surface. 

In the phocograph, Figure 4.4, the air supply systems are locau.:!d 

above main calender assembly, the heating distribution header ln the 

foreground, the cooling header on the opposite side of the equiprnent. 

The equipment and procedures are detailed in Chapter 3. 
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Figure 4.4 Photograph of the CALCGN e~~erlmental façlllty. 
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4.2.2 Experimental Program 

The four major topics were: 

1. An extensive study of the primary variables affecting heat 

transfer between unconfined air jets and the calender roll, 

covering the 

nondimensional 

nondimensional 

entrainment, 

variables of jet Reynolds 

jet-to-impingement surface 

jet-to-jet 

characterized 

spacing, 

using 

S/d; 

the 

temperature mismatch factor, F. 

nurnber, Re; 

spacing, H/d; 

and thermal 

nondimensional 

2. The effects of jet orientation on heat transfer between 

unconfined air jets and the calender rolls in terms of two 

position variables, the nozzle circumferential position, -0, 

and nozzle inclination, ~. 

3. The difference in heat transfer performance characteristics 

between unconfined and contined jets. 

4. Consideration of the potential for increasing heat transfer 

pr:rformance by using a staggered array of nozzles instead of 

the standard in-line array, as suggested by Pelletier et 

al. [1987J. 

The geometric variables, H/d, S/d, -0, ~, and Y/d are shown in 

Figure 4.5. The sign convention for nozzle inclination, W, is specified 

relative to surface motion with W positive for a nozzle inclined in the 

direction of surface motion and vice versa, a convention consistent with 

the work of Pelletier et a1.(1985] and Huang(1989] . For the 

Cltcumferential position variable, -0 = 0 and 180 are on the plane 

passIng through the centers of the vertically stacked rolls. Thus the 

positions of the heating and cooling jet nozzles are at 
o 

-0 = 90 and 

o 
-0 = no . 

Jet Reynolds nunmer is specifled for fluld properties at the nozzle 

eXIt. The lange of Re used corresponds to nozzle exit velocities in the 
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range 15 - 85m/s. The maximum value of the impingement surface motion 

parameter, M = 0.65, at the maximum value of the jet Reynolds number, 
vs 

Re 118,000, would correspond to an impingement surface speed of 

v 81m/s. The thermal entrainment factor, F, is that defined by 

Stoegel and Diller(1982) (Equation 4.1). 

The range of experimental parameters, Table 4.1, 'lias chosen to 

reflect current industrial practice for paper machine calender control 

systems. 

Table 4.1: Range of Experimental Parameters 

Variable 

Nozzle to Impingement 
Surface Spacing, H/d 

Nozzle ta Nozzle 
Spacing, S/d 

Extent of Confinement, Y/d 

Jet Reynolds number, Re 

Circumferential Nozzle 
position , fi 

Nozzle Inclination, ~ 

Impingement Surface 
Motion, M 

vs 

Thermal Entrainment 
Factor, F 

Jet ta Surface Temperature 
difference, T - T 

J s 

Range 

1 < H/d < 8 

S/d of 4, 8 

0.0 < Y/d < 5.75 

22000 < Re < 118000 

0 0 
60 ~ fi ~ 120 

0 0 

-45 < ~ < 30 

0.02 < M < 0.65 
vs 

-0.1 < F < 1.35 

3 < T - T < 30 
J s 
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4.2.3 Sample Experimental Data 

A typical circumferential profile of local Nu for unconfined Jets 

(Y/d 0) at the jet centerline, x/d = 0, IS shown ln Figure 4.6. Each 

such profile shown here is in fact the average for the data collected 

over 50 succeSSlve rotations. On each rotatlon the sensor moves frl1m 

'il = OOto 'il = 360°, passing flrst through the heatwg then thlOUgh the 

cooling jet impingement regions. Negative values of y/d indicate the 

region where the impingement surface is approadllng the lfnpingement 

region (terroed the upstream side of the proflle) while positive y/d 

corresponds ta the reglon leaving the Jet impingement point (telmed the 

downstrearo side). The general features of these profiles of local Nu dte 

not discussed here because the existence of off-stdgnatlon minima and 

maxima and their causes are well known and have been descrlbed for round 

jets most recently by Obot[198l]. These Nu profiles, besldes provirllng 

lnformation regarding local conditlons, forro the baslS the 

integrated average Nusselt number used in most of the di'3cU5~lon. 

Examination of heat flux profiles for heating Jets, Figure 4 l, 

shows that, for the range of nozzle exit ternperatures (l9°C ta 55 oC) dnd 

jet confinement (O:s Y/d~ 5.75) which are the expenmental Ilmits ln 

o 0 

this study, 90% (l1T 4.89 C, Y/d; 0) ta 97'1, (l1T ; 23.1 C, Y/d = 0 dlld 

o 
l1T = 12.5 C, Y/d = 5.75) of heat occurs ln the range y/d = tlO. To dVOld 

Including regions where heat transfer is dominated by drnbl~nt 

temperature effects, proflles ln aIl subsequent fIgures w~re llrnlted ta 

the range y/d = ±10. 

On the cooling jet of the equiprnent the a~r tr,rnperdture r.0uld n(jt 

readl.ly be controlled as the air c00ler was best operdteri dt ';'ju<;t Mit 

load. Although the cooling n0zz1e eXlt t",rnpr=ratclre vdrled dS ir.let <lit 

temperature changed, the rate of T charlge WdS nr,!vr.!r 'Ju_,,! ':r '-h'HI :,fftd 11 
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relative to the duratlon of an experlmental l'un «2 min). On the heating 

sid~. the air temperature could he varled read\ly from room temperature 

o 
to approxlmately 65 C. Since T

j 
of the heatlng Jet could he preclsely 

controlled, most of the experlmental data are for the heatlng slde. The 

cool1ng side was used to monitor the condition of the heat flux sensor. 

Under constant or slowly changlng operating conditions, changes ln the 

calibration of this very fragile sensor could he monltored and thus the 

tlme when a recallbratlon was needed could he conven1ently detected. 

4.2.4 Erfect of Surface Motion 

The effect of surface motion on the clrcumferentlal proflle of 

local Nusselt number, at the nozzle centerllne, x/d = 0, 1s shown ln 

figures 4.8 and 4.9. As in the studles of van Helningen [1982]. 

Huang[1988] and Polat [1988], surface motion 15 character1zed by the 

nondimensional mass flux ratio, 

M = (4.4) 
vs 

which is consIstent wi th the characterlzatlon of crossflow used by 

Bouchez [1973] and Sparrow et al. [1975]. 

figure 4.8 shows that for the axlsymmetrlc Jets used here there Is 

no signif1cant effect of impingement surface motion on Nusselt number 

prof! le for M up to 0.26 at Re = 100000. At that Reynolds number the 
vs 

M 
vs 

range corresponds to implngement surface velocl ty up to 

v = 14.3 rn/s. There are no discernable effects of H on the magnitude 
s V8 

of the heat transfer or on the location of the stagnation point or the 

!' off-stagnation maxima and minima. 

The work of van Heinlngen (1982) and Polat [1988] showed that for a 
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-

slot jet the Nu profile becomes skewed in the direct lùn of SUl face 

mot ion at values of M near 0.13. Because a slot Jet maxlmi zes the 
vs 

effect of a moving impingement surface on the jet, it would be expected 

that the threshold value of M whlch would cause skewing of the 
vs 

profiles would be higher for a round jet than a slot jet, as established 

by the present results. 

Ta increase the range of M values ta 0.64, Re WdS leduced to 
vs 

21400 from 100000, with the surface speed held constant dt 7 Sm/s. 

Figure 4.9 shows that the Nu profiles remain symmetrical at M = 0.3') 
v~ 

but are significantly asymmetrical when surface motion is incl.ea:wd to 

M '" 0.64. At thi,; value of M the wall jet region on th-:: dpprodchlng 
vs vs 

side of the Nu profile, always shown with negative y/d, i5 displaced in 

the direction of surface motion. On the downstrearn side, surface motion 

as high as M = 0.64 suppresses the off-stagnation minimum and mdXlmu~ 
vs 

As the associated boundary layer phenomena have been weIl rlescrlLed Ly 

Polat(1988) and Huang(1988), this a3pect is not discussed here. 

As M is increased, the decrease ln Nu prof iles on the up3t [(;dm 
vs 

side of the stagnation point, as also observed by van HenJingen[1982] 

and Polat [1988] for confined slot jets, is attributed ta a deCI';d',e HI 

the actual film temperature driving the heat transfer, due ln turn t() 

the entrainment of a boundary layer of al[ by the Implngern\~nt ",urfdce 

motlon. Sinr.:e impingement Nu is tradltlonally defined in terrns of the 

jet ta surface temperature dlfference, 6T , thlS decrea3E! ln hec:lt fllJX 

is :eflected by a corresponding reduetlon ln Nu. 

Although the mechanism whereby surface rnotlon dffects Nu ~r0fll~, 

may be the same for round and slot j ... ~·_s, the latter dre rr" ... re :,l~r, ,lt iv'! 

are affected at values of M as lc,w as 0 1 fr>r slot J<.:ts Lut, d" U.(: 
vs 
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present study indlcates, not until this parameter i5 in the range 

0.35 :li M :li 0.64 for round jets. In the case of slot jets, air 

entralned by the surface motion must either r~verse direction as it 

dpproaches the jet centerline or, given the ~ight conditions, pass under 

the jet. For round jets, the air entrained by the surface motion has 

less effect si~ce it may continue from the approach to the leaving side 

by dmply def lect ing off the jet centerline. There is, therefore, less 

thermal degradation of the impinging jet ai~ flow and thus less effect 

of surface motion on impingement heat transfer for round as ~ompared to 

slot J~'-s .. 

For impingement on stationary surfaces, stagnation Nusselt number, 

Nu, varies as the square root of Reynolds number. A plot of the 

o.~ 
Nu /Re - M data, Figure 4.10, shows no effect of surface motion on 

(J vs 

vs 
with an average the stagnation point Nusselt number for M < 0.35, 

value of NU/Re2.~; 0.59. At M 0.64 the value of Nu/Re:: 5 is 
vs 

slightly lower by only 3%, a differ~nce within the experimental error. 

Another illustration of the lack of a surface motion effect is 

provlded by comparing the local NU3:.elt nurnber profiles which result 

from sWltching the roll rotation from clockwise ta counterclockwise, 

Figure 4.11. The small diffcrence between these profiles is well within 

measurement error. It interesting ta ncte that in both cases the 

secondary maximum for negative y/d is higher than that on the positive 

side The profile obtained with counterclockwise rotation has been 

t Ilpped 50 that on Figure 4.11, the same y/d correspond,> to the same 

physlcal location on the roll surface. Thus the negative y/d side for 

clockwise rotation is where the surface is approaching the nozzle while 

for counterclockwlse rotation, negative y/d corresponds, exceptionally, 

t0 the SUtfdCe leavlng the nozzle. Therefore the slight skewing of the 
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• 

Nusselt profile 15 clearly not caused by surface motion or any sensor 

asymmetry, but 1s due to el ther a sllght nozzle m1sallgnment or to 

imperfect symmetry of the industrial calender control nozzles used ln 

the present study. 

The concl us10n from these observat Ions 15 that over the range of 

jet Reyn01d number (60000 < Re < 118000) and surface veloclty up to 

14.3 mis, a range of Interest for calender control, the effect of paper 

machIne speed on Implngement heat transfer at the calender roll 15 

sufflclently small to be neglected. 

4.3 Heat Transfer Under Unconfined, Normally Implnglng Jets 

4.3.1 Circumferential Profile of Local Nusselt Number 

(a) General Features 

The effect of Re and H/d on the circumferential dIstribution of 

local Nusselt number at the axial position corresponding to the nozzle 

centerline, x/d = 0, 1s shown ln Figures 4.12 and 4.15 for Implngcmcnt 

heat transfer wi th a thermal effect of entralnment corresponding to a 

temperature mismatch, F = 1.0. This value of F is chosen frequently for 

comparlson purposes in the present study because ln typlcal Industrlal 

calender control systems the temperature mlsmatch 15 usually ln the 

range, 0.75 s F s 1. 2, with heating Jets sllghtly greater than 1. 0 and 

cooling Jets sllghtly less than 1. O. As these profiles 111 ustrate the 

characteristics ofaxisymmetric impingement heat transfer profiles, 

which are weIl known, the results (the base case of the present study) 

are dlscussed only briefly. Thus at comblnatlons of sufflclently hlgh Re 

and sufficiently low H/d, the previously studied occurrence of minima 

and maxima at y/d of about ±1. 2 and ±2.0, respect! vely, 15 secn again 
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chere for the conditions of Figure 4.12. For this range of Re, these 

off-stagnalion fealures are prominent at spaclngs, Hld, of 1 and 2, are 

barely discernlble al Hld = 4, while by H/d = 8, Figure 4.12(d), they do 

not occur. For H/d ~ 2, Figures 4.12(a) and 4.12(b) show that the values 

of Nu at the off-stagnation maxIma are more sensl tl ve ta Re than Is 

stagnation point. The sllght sl<ewlng of the Nu pi~oflle ln the 

tmp! ngement reglon, apparent for the close Hld spaclngs of Figures 

4.12(a) and 4.12(b), which dlsappears for Re < 40000 was analyzed ln 

connectlon with Figure 4.11. 

These characteristics are ln agreement wlth the work of Gardon and 

Cobonpue[1962J, Gardon and Akfirat[1965J. Koopman and Sparrow[19751 and 

Obot[ 19aO). The profiles obtalned by Gardon and co-workers, generally 

acknowledged as being among the best available, are shown in 

Figures 4.13 and 4.14. The absence in the present resul ts of the 

slagnation point minimum they found can be attrlbuted ta sensor 

averaging since the stagnation point minima has a dlameler of about 0.6d 

while the dimensIons of the sensor used in the present study ls O.27d by 

1.45d ln the circumferentiai and axIal directions respectlvely. 

None of the present resul ts show a minimum in local Nu near 

y/d = 5.2 that was reported by Obot [1980]. As that is the only study ta 

report such a minimum, 1 t may be atlributed to some equipment specifie 

effect. 

The effect of nozzle to roll spacing, Hld, on the circumferential 

profile of local Nu is shawn ln Figure 4.15 for the measurements made at 

Re = 100000 and F = 1. O. At this Re the off-stagnation maxima begln to 

dlsappear as nozzle spac1ng,H/d, 1s 1ncreased from 2 to 4.The vestiglal 

shoulders remaining at H/d = 4 have completely dlsappeared when Hld = 6. 

The behavior of the stagnation point Nussel t number, Nu, is discussed 
o 

in Section 4.3.2. 
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lb) Effect of Entralnment 

The ~ffect on clrcumferentlal prof lIes of local Nu which is caused 

Ly the t:ntrdH,ment by unconfined jets of air at ambient temperature is 

'Oh'~wn ln Flgures 4.16(a) ta 4.16(d) for a fixed Ra == 100000 and a range 

0t r,',nI\; t.a roll spacings, H/d, from 1 to 8. Nusselt number is defined 

u.31ng Jet to Hnplngement surface temperature difference, IT -T) or 
5 

flT wIth the physlcal properties evaluated at T. This standard 
" 

Nusselt number lS strongly dependant on the temperature mismatch, 

(T -T ) or flT , 
d 

expressed tere nondlmensionally as F, the ratio 

Wlth thlS definitlon, wnen the ambient temperature is the 

'3dme as the nozzle exit temperature, F = 0.0. F increases as T drops 
a 

below T for a heating jet ana as T increases above T for a cooling 
a 

Jet, in both cases with a degradation of the heat transfer by 

entrainement. In the opposite, but less frequent case, F becomes 

negatlve and Impingement heat transfer is enhanced by entrainement 

With Increasing temperat~re mismatch, F, the strong reduction in 

heat transfer over the entire cireumferential profile at the larger 

nOlzle to impingement surface spacing, H/d of 4 and 8, is readi1y 

understandable. These spaeings provide for substantial entrainment and 

thus degradation of the temper~~ure drivIng force for heat transfer at 

the impingement surface. While the absolute reduetion in local Nu for a 

specIfie temperature mismateh, F, is about uniform over the entire 

profiles, Figure 'l.H(c) and 4.1tl(d), the relative reduction increases 

strOnjly Lrom the stagnation point to the wall jet region. This trend is 

as e~pected, because degradation of the local potential for heat 

ttansfer caused by entrainmer.t increases with the time available for 

entrdinment, hence wIth ctistac=e from the stagnation point. 

Wlth lncreasing temperature mismatch, F, at close nozzle to 
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mean v~locity at the Jet centerllne at higher H/d. Obot(1980) showed the 

l'nportance of nozzle geometry on the location of the maximum. It is 

generally reported the Nu reaches a maXlmum for a 
o 

spacing of about 

B/d = 8. The f lnding here is that the maximum Nu occurs at an H/d 
o 

ar(~ulld 4 or 5 which is in qualitative agreement with the results of 

Hollworth and Gero [1985), Flgure 4.18 (bl, for a square edged orifice 

with an aspect ratio (l/d) of 1. The lndustrial nozzles of the current 

study, Figure 3.4, were chosen because they are used in paper machine 

calender control systems. The converging section and use of cast 

alumlnum with rough surfaces would contribute ta high nozzle exit 

turbul""nce, to a shorter potential core, and hence to the Nu ma>.iml<m 
" 

occurrlng at a closer H/d spaclng. 

Flgure 4.19 shows that Nu decreases slightly with increasing F 
:; 

for H/d s 4. As pOlnted out ln the previous section in connectlon to 

Figure 4.17, the SlZe of the sensor in the axial direct ion (1. 45d) 

contrlbutes to the small apparent effect of entrainment on Nu~ for small 

H/d At H/d 8, Figure 4.19 shows that Nu is much more sensltlve to 
" 

~ntralnment, as has already been dlscussed. 

The agreement of the current results for the Nu - Re relationship, 
o 

FIgure 4.20, wlth the extensive record of such measurements is very 

ynod. The dlfferences which do eXlst derive from numerous sources, i.e. 

the Slze of the heat flux sensor, nozzle geometry, nozzle exit proflles 

ln veloclty, turbulence lntenSlty and other turbulence variables, and 

the T - T - T relat lonshlps represented here by the nondlmensional 

tcmperature mlsmatch factor, F. For example, the sensor used by Gardon 

and Akftrat was of diameter 0.0 7 10, whl1e that of the current study was 

O.27d x l 45ù .. n.s indlcated by ebot, the flow conditlons of Gardon and 

!\kftrJt wete I-'r,'bably for a cor.toured ln1et nozzle of length l8d, and 
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thus would not be dlrectly comparable wlth the nozzles used here. 

A correlatlon of the followlng form for stagnation Nusselt number 

for the H/d ~ 4 reglon was obtalned uSlng a nonlinear regression ptogldm 

cased on a standard Marquart algorlthm. 

Nu (4 4) 
o 

which reduces to the corrunonly used equation when F: 0.0. The results 

obtained in the Re range 22000 to 118000 yield the followlng equdtlon. 

Nu [ (dH) C 53 F] 0.962 - 0.100 Re (4.:' ) 

The fit of this equatlon to the experimental results lS shawn ln 

Figure 4.21. The correlation coefficient, 
Î 

r , for thlS 

0.96. Equation 4.5, for F=O.O and F=1.0, is compared ln F'lgure 420 wlth 

results reported for small H/d. 

For the case where the amblent temperature, T, '~qUd 15 the J',t 
d 

temperature, T., or F = 0, Equation 4.5 reduces to 

Nu 0.962 Re H (dH) , (4 6) 

The present results for F' = 0 compare qUlte weIl wlth thG~ie [l'El(J! t I,r.1 Ly 

abot [1982] and Nakatogawa [1978] and are in the tdng~ r,f 4-81 ;',1,01,.[ 

than the results of Gardon and Al<fIrat [:965] and 

(1978] . 

abot proposed the relat10nshlp: 

Nu 1.15 Re 
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valld for 15,000 < Re < 60, 000 and ;;:S H/d :S 8 The agreement with 

Equatlon 4 6 lS excellent, Obot [1980] perLHmed a 10gitrlthmlC best ht 

of the data of Ouden and Hoogendoorn [19 7 4] (f0r H/d : l, ;; dnd 4) and 

Gardon and Akfuat [1965) (for H/d = 2) and ol'tained, 

Nu 0.64 Re (4.7) 

As argued by Obot, the modest dlffcLcnces between the 

correlation, Equatlon 4.5, Wl.th the results of 0uden and HClogefl<-ÎoUln dlld 

Gardon and Akf1rat can be attrlbuted to differences in the nozzle eXit 

flow condltlons. To that observat1on one should now add the dlftt!renru3 

él:.le t:> vary::-:g '.'al:.les vf the thermal entra.r.ment factor, F 

4.3.3 Rd::ilal __ ;..ver~<I~!'l.l_sse1t Number 

Although proflles of local Nu and values of Nu al speClflC pUlIIt5 

sueh as at the stagnatlon pOlnt, and at the cff-'3tMjnatlun mlnlmd ilnd 

maxima are .emportant in the analysls of ~mplnglng Jets, dveLdgl~ hlJdt 

t ransfer prov:des another essentlal perspective, partlr::uldrly f () r 

proeess design, 

Ail profiles of local Nu shown ta date have be",n clr'-=uml.'p!rlt 1011 

prof lIes at the jet centerllne, x/d = a As shr~wn ln Chdpter 3, "lIt h 1 h.; 

nozzle set perpendleular to the roll and ln the db':3ence of c'Jr.f lTlt:rntJrlt, 

profiles of local Nu are effectlvely ëI/.lsyrnmt:tri:::: u'Jer the r,H1rJ'': 'jt 

elrcumstances, evaluatlon of the radlal 

Nu = J Nu r dr, can be slmpllfiéd Ly taking 

a t x / d = a a sas a t 1 S fa c t 0 r y a pp r 0 Jo' 1 rn;; t Fm 

radial dlrectlon, 
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The Figure 4.22 profiles as a function of Re and H/d are the Nu 

~quivalents of the Figure 4.12 circumferential profiles of local Nu, and 

show the same features, although somewhat attenuated by the integration. 

At r : 0, thase prof~les converge, as Nu 
r=: 

= Nu . Values of Nu becüme 
o r 

nf practlcal Interest only for values of r significantly larger than the 

nozzle radlus, d/2. For the same reasons noted earlier for the local Nu 

profiles, the Nu profiles were extended ta lOd from the jet centerline, 

i.e. avoiding the larger areas where heat transfer rates are tao low la 

be of lnterest. 

The Nu profiles of Figure 4.23 show that at Re = 100000 and F = l, 

Nu lS essentially independant of H/d for spacings up to 4, with a 

slgnlflcant drop off ln Nu for H/d of 6 and higher. 

The very large effect of thermal entralnment, F, on Nu is shawn by 
:: 

the Figure 4.24 proflles, analagous ta those of Flgure 4.16 for profiles 

of local Nu. The informatlon is condensed ta illustrate, on Figure 4.25, 

the radial average Nusselt number H/d relationship for a single 

civeraging dlstance, l.e. Nu _ for (r/dl la. 

Figure 4 25 may be contrasted wlth the correspondlng Nu - H/d 
" 

relatlonshlp, Figure 4.18. Thus for the nozzles used in the present 

study the Nu,- H/d relation passes through a well-defined maXlmum at H/d 

Clr,-'und 4 or 5, wtllie no maximum occurs for NU~. The Independance of Nu 

[cH H/d:5 4 was noted earller wlth the prailles of Figure 4.23. The 

str,'ng d~trlm~ntal effect of Jet entrainment IS apparent f rorr. 

Flgure 4 25, which shows th~t the radial average heat transfer drops by 

bSô ~s the entrainment factor, F, increases from a ta 1. In typical 

c~l~nderlng configuratIons the entralnment factor 15 ln the range 

Thus these results establ1sh the not generally 

dt'l--l,-'cldte,i l'rplHLmce of entralnmer.t in the deslgn of Implnging jet 
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calender control systems. 

A correlatIon for Nu is ccmrlicated by the e:-"Islence of m.l'\lma. 

and/or mInIma ln ria For this leason the correlatIon 19 lestlicted ta 

r!d > 3, just beyond the locatIon of the maxima in Nu TIlls i5 not d 

partIr::ularly iIT.portant Ilmltatlon on the lesultlng ll~yrt.'SSh'n ,1nCI.~ ln 

implnglng jet applIcations, the averdging area 15 u:>ually 1.1l.} ... "r th.,n 

r/d = 3. A nonlinear regression, performed u5ing the proce.Jure dl'"'' 1 lllt_'d 

ln Section 4.2.2, glves 

[0.133- 0.0227(a) 
" :; '\.-] (~) < 

"J 
" Nu Re (4 'J) 

valld cver the range 35000 :s Re :s 117000 

l :s H/d :s 4 

3 :s rld :s 10 

C :s F :s 1 l 

:..he l ri jus t r : a ... : y H/J :s 4, 

F • y ) r.:c, 4 .' t, (cl ) '1 ,fJ ( 

: ; 1 ~, 1 t l r • ~1 f j'Jlll' 

, r r 1 

'.1. t 1: 'Ji', 

, , 
Nu 

':a Ild c··.lt~r the :': r / ,j ~ 
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" oS H/d :s 12. This ~s ~n good agreètTIènt vil th the CUL lent C,'ll clat lL'n f" l "-

the case of no thèrmal entrLllnment, F 0, for WhlCh Fqu.n 1,'n 4.9 

reduces to 

(~) --
0\ 

0.133 
c 

Nu Re (4 1 1 ) 

4.3.4 Circumferentlal Average Nusselt Number 

For a round jet :mplnging on a rotatlng -:yllnder, huwc'vt=t, tllt'll! 

eXlsts another basis for averaging the hedt t r.ln·,t.!r, l e the hl'dt 

transfer avelaged over clrcumferentlal area of the [nll, flH .3 'pC"'1 t 1,'<1 

axial length of the roll. In the present case the rf-'ldvant .ixial l"II.pt\ 

1S ev idently (.{ Id) 

spac1ng. Thus the radlal Jet based average Nusselt n'llnlJ8r Wd'5 ,1t'91qndt "J 

Nu , and the roll clrcumferentlal based clver,ly'~ NU_Jelt IIUIlIH'l 1 ) 

denoted Nu 

Nu , which i5 mcre The t,aslc lef ln l t l'Al 15 I!V 1 l.-nt 1 y 

for Nu and Nu 

The ca1.culatlon of the double ir.teIJral, Nu, _rJr. LI! dcc,,[r'id l"h.-o 11, 

two ways. In the sl.mple case where the 1tTIfJUI',J'!IT.ellt hlJdt tr,H,,!'}! lf'.fli 

') '<1 n 

bt~ used to calcu~dte a lccal Nu value at (!,j,:h /-y (Jt~d 1".,.tl":1 ".J'111,'/ 

tr.e entire averdglr,g area, c.rcurnf'Jentlrll.ly trJ ±(y/d) , dfld j/l,d!y If, 

± (x/d) or S/j. When this s i r'lp l l f l': a t l _ n Il,, 
" 

range must be mea3~red. 
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For the case of unconflned Jets 1mplnglng IhHmal to the toll 

surface, a number of vellflcatlons establlshed that It WdS d("("t'pt"blt' to 

dssume the Nu profile was axisymmetrlc, so Nu c',Hlld bt:' ,iL't.!IInlned tl,)m 

a s1ngle c1rc~mferent1al ~u pr0flle detelmlned at x/d TyplCdl 

Figure 4,28(a), (b) dnd (c), 1 S 

è..:::ellent, partlcularly as the averaging area IS lI1C::I'_',I'jed 

In the non-a..:isymmetrlc heat transfer case, whiè:h "lW,IYS dpr1lt':1 

for ccnflned Jets or wlth Jets not lmpinging normal ta th~ roll surl,lel', 

determlnation of Nu requlres the mea'1urement of t!le Nu çiL'lIrnf~IL'nt l,li 
.:: 

profiles at a sufflclent number of axi'll positions over the dXl,d r,lll<jv 

±(S/d)/2. 

Typlcal proflles of Nu, Figures 4 29(a)-(c), illustrate th(~ l,tft'l'I 

of Re, H/d and F and correspond to the circumferentidl ptof i les "h(lwII 

ln F1gures 4,12(b), 415 and 4 16(b) rcspect1vely, The profile:} ()f Nu 

generally show '31mllar trends to thüse apparent in edrller fJ(Jule', (lI 

Nu . The maximum in Nu at r/d = 2, 15 no longer cll'rd[f~nt '3lllre th.} 

averaglng area in the aXial direct1on, x/d = ±4, i'3 Idrge '1[lCJUljh 1 () 

average OL..t the maXlfnum ln the local Nu proflles Whlr::h OCC\lr:, fl'~"l 

r/d = 2. 

The correlation obtained for the circumferenti~l ~ver"ge, Nu l~ 

Nu [ ( ) ~,;>8( ):.7Y ] 
0.114 - 0 0234 ~ ~ F ( ., 12 ) Re 

') 1/ 

or, ln terms of the nozzle-to-no~z18 St~aratlGn, S/d, 

'_.1 
Nu Re (" 13) 

c 
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J 
whlch Is valld of the range 

35000 s Re $ 117000 

1 $ H/d s 4 

3 $ (y/d) $ 10 
Il 

2 ~ (X/d) $ 10 (or 4 s S/d $ 20) 
Il 

0$ F :51.1 

The correlatlon coeffIcient was 0.91. 

As most of the impingement heal transfer to the calender roll i5 

accomplished by (y/d) = la (or y/d = ilO), the above correlation can he 
Il 

rewrltten for (y/d) = 10 as: 

Nu = 
c 

Il 

r (S)O.28 ] Re0 . 71 (Sd)-0.32 lo.068 - 0.0219 d F (4.14) 

As expected, the Reynolds number exponent ln both the radial (Equation 

4.9) and the circumferential (Equation 4.12 - 4.14) averages are slml1ar 

(in this case, equal) since one would not expect the relatlvely small 

dlfferences ln averaging area, between a rectagular or square area and a 

circular area (Figure 4.27), to have a pronounced effect on the Reynolds 

number behavior, for r/d or (X/d) ,(y/d) gï'eater than 3, 
a a 

This lack of an effect of change ln averaglng area Is further 

illustrated when Equation 4.12 Is rewrltten for (x/d) = (y/d) , 
• a 

correspondlng ta a square averaging area, ±x/d by ±y/d in slze. Thl~ 

resul ts ln 

(4. 10c) 

where only the coefficients associated with F are changed by any 

significant amount. 

4 - 73 



The relationship between Nu and the entrainment factor, F, as a 
clO 

function of H/d is shawn in figure 4.30. The value of Nu
c10 

for F '" 1.0 

i5 less than 45% of that at F '" 0, over the range 1 ~ H/d ~ 8, 

illustrating the severe heat transfer performance decrease in typical 

unconfined impinging jet heat tran5fer applications. 

The value of Nu for (y/d) = 10, termed Nu , as a function of Re 
c a clO 

and H/d is shown in Figure 4.31. For any given Re or entrainement 

factor, F, the highest average heat transfer occurs for H/d < 4, with a 

modest maximum near H/d = 2. 

The circumferential average is of particular interest in the design 

of impingel1'ent jet calender control systems since it reflects the heat 

transfer over the circumference of the calender roll under the influence 

of the calender control system. 

4.4 Effect of Nozzle Orientation Relative to Calender Roll 

Air movement caused by the high velocity of the calender roll 

surfaces and by the presence of converging and diverging nips leads to 

complex air flow patterns around a paper machine calender stack, 

Figure 4.32. There has been considerable unsubstantiated speculation in 

the calender control literature about the potential benefits that might 

derive from "optimum" nozzle positioning relative to the raIls. Few 

published data relate the impinging jet heat transfer to the overall 

machine calender geometry. The limited data of Pelletier et al. [1984, 

1987) suggested the effect of these geometric variables might be small. 

The two geometric variables which specify impingement positioning, 

Figure 4.5, are the circumferential impingement position relative to the 

diverging nip, iJ, and the nozzle inclinat ion, !/J, relative to normal 

impingement. 
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Figure 4.32 
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4.4.1 Effecl of Circumferentlal Implngemenl PositIon 

The circumferentlal Nu profiles passing trrough the nozzle 

cenlerline, x/d = 0, are shown in figure 4.33. AlI the profiles, wi th 

o 
the exception of the neutral pos,tlon, ~ = 90 , are shifted such that 

the Impingement points are matched, hence the deslgnatlon y' /d rather 

than y/do The corr'esponding radial average Nusselt number profiles are 

shown in figure 4.34. Clearly there Is 11 ttle effect of ~ on the Nu 

profiles in the range ± 30
0 

(± 5.75 d) from the neutral position. As 
o 

pointed out earlier, with ~ = 90 heat transfer becomes Independent of 

Jet temperature by about 10d from the nozzle center 11ne. With the roll 

o 
and nozzle dlameters used here, the 180 angular dlsplacement from nlp 

to nlp corresponds to a clrcumferentlal distance of ~ 34d. Therefore the 

o and 120 0 
~ positions of 60 still leave about lld from the Jet 

centerline to the nearest nlp. The lack of any slgnlflcant effect on 

heat transfer rate of varylng clrcumferentlal Implngement posItIon 

wIthln the range 60
0 
~ ~ ~ 120

0 
Indlcates that wlthln about 10d of the 

centerllne the Jet flow fIeld completely domlnates that created by the 

rotatlng rolls, FIgure 4.32. 

In FIgure 4.33 some mlnor effects of the nlps on the local Nu 

profil es can be seen 1 n the profil es for ~ = 60
0 

and tJ = 120 0
• For 

o 
~ = 60 , a sudden drop ln the Nu profile can be observed at y/d = -6 

whlch Is withln 5d - 6d of the dl verglng nlp. For the tJ 
o = 120 nozzle 

posItion, a drop can also be observed at y/d = 8. However these effects 

do not affect Nu , Figure 4. :;4. 
r 

These experlmental observations contradlct the hypothesls of 

Bryan[ 1972] that Impingement heat transfer rate would be sensitive to 

circumferential position of the Jet. The absence of such an effect Is 

however consistent with the earlier observation, SectIon 4.2.4, of the 
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lack of an effect of surface motion. The surface motion variable, H 
vs 

has no effect on heat transfer over the industrially signif icant range, 

0.1 < M < 0.3. Thus the air dragged by calender roll rotation is not 
vs 

able ta affect the impingement heat transfer. 

Bryan proposed that the most effective posit ion would be with the 

impingement control nozzles directed into the low pressure zone of the 

diverging nip, the position of the thinnest boundary layer. This 

configuration could not be studied on the present equipment because of 

the existence of a Imm gap between the raIls, required to avoid damaging 

the thin film sens or. However, the lack of an observed effect of the 

surface boundary layer on impingement heat transfer discounts this 

hypothesis since the only thing gained by this configuration is the 

reduced boundary layer. Furthermore, the nozzle inclination rel at ive to 

the roll surface at the impingement point will be high, which, as shown 

in Section 4.4.2, is detrimental to the impingement heat transfer. 

4.4.2 Effect of Nozzle Inclinat ion 

The possibility of a maximum in heat transfer coefficient for an 

impingement angle other than normal to a moving impingement surface was 

proposed by Baines and Keffer [1976). With a slot jet they found a 

maximum in shear stress for the nozzle inclined against the direction of 

surface motion. Huang[1988] showed that for a confined siot jet, angle 

o 
of impingement over the range ± 15 has little effect on average Nu, 

o 
while inclination by 30 from normal results in a substantial lowering 

of average heat transfer. 

(a) Circumferential Profile of Local Nusselt Number 

The direction of surface motion and the orientation of the nozzle 
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relative to the roll are shown on the profiles of Figures 4.35 and 4.36 

for nozzle-to-roll spacings, H/d of 2 and 4. With positive values of 

nozzle inclination, ~, the jet is directed in the same direction as the 

impingement surface motion, and vice versa. 

With increasing nozzle inclination the Nu profile is skewed in the 

direction of the jet flow. The profiles lose their symmetry as Nu 

decreases more rapidly on the side from which the jet arrives. Thus on 

the jet arrival side the off-stagnation maximum for H/d = 2 i5 

suppressed and merges with the stagnation point maximum. Also, with 

increasing nozzle inclination there is a steady increase in Nu with 
max 

H/d ; 2, but for H/d = 4 the Nu 
'"'la x 

is independent of nozzle inclination. 

For confined slot jets, Huang [1988] observed effects of nozzle 

inclination on local Nu profiles similar to those found here for round 

jets. With inclined nozzle13 there i13 an une ven split in the jet flow, 

and Nu decreases on the side with the smaller flow. 

Another feature of the local Nu profiles for H/d = 2 appears to be 

the result of surface motion. For negative values of t/J, where the jet is 

directed against the surface motion, the off-stagnation maximum on the 

side from which the jet arrives is seen to decrease more slowly than the 

corresponding maximum for positive t/J. With the jet directed agdinst the 

surface motion, the velocity gradients near the impingement surface are 

higher, aiding the transition irom a laminar to a turbulent boundary 

layer, resulting in a higher off-stagnation maximum. 

(b) Stagnation or Maximum Nusselt Number 

Stagnation or maximum Nusselt nurnber from Figures 4.35 and 4.36 is 

shown in Figure 4.37 as a function of the angle of inclination. For 

H/d=2, where there exist off-stagnation maxima, it is difficult to 
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) 
° locate the position of Nu for Jet inclinations other than 0 . When the 

o 

impingement surface is moving there is no true stagnation point since 

the boundary layer does not change directions but always moves in the 

direction of surface motion. Thus, for Jet inclinations other than 

l'ormal, the position of the stagnation point Nu is difflcult to 
o 

determlne. Fer thls reason the maximum in local Nusselt number, 

designated Nu , will be used. For larger lVd, there exists only a 
IllaX 

single maximum whlch coincides wlth the stagnation point. 

For lVd = 4, Nu exhibits 0. very shallow maximum for normal 
max 

o ° implngement, wlth less than sr. change over the range -30 ~ ~ ~ 30 . For 

lVd = 2, Nu appears to reach maxima for ~ near ± 35°. 
IllaX 

Figure 4.38 shows the effect of nozzle inclination on the 

displacement of Nu from the Intersection of the Jet centerline at the 
IllaX 

implngement surface, termed the geometric Jet Impingement point. The 

displacement ls symmetrlcal, wl th a maximum of O.Sd. This effect has 

been observed by Korger and Krelzek[ 1972] using mass transfer 

measurements under slot Jets and was shown analytically for slot Jets by 

Schauer and Eustis[1963], ln both cases for stationary impingement 

surfaces. However, slot Jets are much more sensitive in this respect. 

Thus where the present study establ1shed that the point of Nu is 
IllaX 

shifted by less than O.Sd for a nozzle inclination of about 40°, 

Huang[ 1988] showed that for comparable nozzle spacings, Nu for slot 
max 

Jets is shlfted by around three times the nozzle width. 

(c) Clrcumferentlal Average NU 
c 

As noted ln Section 4.3.4, for a round Jet impinging on a cy11nder, 

two average Nusselt numbers can be deflned, Nu, defined relative to the 
r 

nozzle centerllne and Nu relative to the impingement surface. As the 
c 
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radial average Nu is meaningful only for axisymmetric Implngement, the 
r 

cl rcurnferent laI average, Nu, must be used to eval uate the effect of 
c 

nozzle inclination. For a Jet-to-Jet spaclng of 8 d, Nu ls calculated 
c 

over an axial distance of ± 4 d on either side of the Jet centerllne. 

Figures 4.39 and 4.40 l11ustrate the effect of nozzle inclination 

on the profiles of Nu for two nozzle-to-roll spacings. For calender 
c 

roll temperature control the only interest is in the total heat transfer 

at the roll. In Section 4.4.1 it was noted that for the roll and nozzle 

diameters used here, the clrcumferential distance between nips ls about 

29d. As it was demonstrated earller, the heat transfer beyond y = ±10d 

Is negl1g1 ble when compared to that occurrlng wlthln y = ±10d for the 

range of experlmental conditions in this study, maklng this value of y 

is an appropriate limit for the extent of calender roll circumference to 

use for comparlson. Thus Figure 4.41 shows the clrcumferential average 

Nusselt number ev~luated for ±10d. This circumferential distance of 20d 

accounts for essentlally aIl of the heat transfer between the impinging 

Jets and the roll. As documented in Section 4.3, for constant F, Nu ls 

independent of Hld in the range Hld S 4. In Figure 4.41, the values of 

Nu at Hld = 2 are somewhat lower because of the deleterious effect of 
ctO 

the hlgher thermal entrainment factor, F. Although the differences in 

Nu wl th nozzle Inclinations are not large, from Figure 4.41 1 t ls 
ctO 

clear that the highest heat transfer coefficient at the calender roll is 

with 
o 

t/J = 0 • 1. e. for normal Implngement. Contrary to prevlous 

speculation, the present measurements establish that there ls no 

advantage to be gained from inclining the nozzles away from normal 

impingement on calender rolls. 

This limited effect of Jet inclination on average Nusselt number is 

consistent with Korger and Krizek who found the average mass transfer to 
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o 0 
he Independent of '" over the range 0 :S '" :S 30 . Likewlse for' conflned 

slot Jets on fast and slow movlng Implngement surfaces. Huang[ 19881 

round that with respect to average Nusselt number there was no advantage 

o 
for Incl1nlng the Jets wi thln ±15 from perpendicular and a strong 

dlsadvantage for nozzles Incllned greater than ±30° from normal. 

4.5 Effecl of Confinement 

Although for most Industrlal applications confinement of implnging 

Jets Is consldered a requirement for reasons of thermal efflciency, thls 

has not been the practlce ln calender control systems untll qui te 

recently. Jet thermal entrainment has been demonstrated by the present 

sludy to be an important design variable because of its strongly 

delrimental effect on implnglng Jet heat transfer. However. even ln the 

thermally neutral case of F = 0, there remains an effect of entralnment 

on the flow field and hence on the heat transfer for unconflned Jets. 

Therefore 1 t 1 s of 1 nterest to document the heat transfer 

characterlst ics wlth the implngement surface Is01ated from aIl direct 

effects of the external envlronment by use of a Jet confinement surface 

set flush with the nozzle exit and exlendlng parallel to the Implngement 

surface. 

For a temperature mlsmalch of AT = 0, or F = 0, the presence of 
Ja 

confinement has been documented by Obot[1982] and Sparrow et al.[1975] 

to decrease heat transfer, attrlbuted to decreased Jet flow wlthout 

entralnment. For a Jet Reynolds number of 100000, the data of Crow and 

Champagne [1971] show that, at a position 2d downstream of the nozzle 

exl t, an unconflned round Jet has entrained an amount of surroundlng 

fI uld cqual to about 3m~ of the nozzle exit fluid. Therefore the present 

experlments were designed to examine the sensitivlty of impingement heat 
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experiments were designed to examine the senaitivity of impingement heat 

transfer to the combinat ion of these thermal and f low field 

effects. Results are presented for jets with the limita of confinement, 

Y/d, (i.e. nondimensional extent of confinement circumferentially on 

either side of the jet centerline) of 0, 3.0, 4.5 and 5.75. The geometry 

of the confinement surface is shown in Figure 4.42. 

4.5.1 Circumferential Profile of Local Nusselt Number 

For a thermal entrainment factor of F = 1.15, Figures 4.43 (a) -

4.43 (c) show the effect of jet confinement on the circumferent ial 

distributions at the axial position corresponding to the jet centerline 

for local Nussej t number with H/d = l, 2 and 4 and Re = 100000. The 

effect is most pronounced at the cl03est spacing, H/d = l, and largest 

confinement, Y/d = 5.75. T~e Nusselt number at the stagnation point and 

the off-stagnation minima 'ire essentially independent of jet 

confinement. However, as the confinement is increased to Y/d = 4.5, the 

secondary maxima grow and move outwards, with the whole profile 

broadening. With a further increases in confinement to Y/d = 5.75, the 

increase in heat transfer occurs almost excluaively on the aide 

downstream from the stagnation point (i.e. at positive y/dl with little 

or no increase occuring on the upstream side. The same trends are 

substantially diminished at H/d 2, and almost vanish at H = 4. 

On the upstream side, the presence of a sharp break in the local 

Nusselt profile near y/d = 5 combined with the lack of an lncrease in 

the heat transfer profile when increasing confinement from Y/d = 4.5 to 

5.75, indicates that the boundary layer ente ring the impingen,ûnt a rea 

with the moving surface successfully insolates the roll from the 

impingement jet air. The transition point from he3t transfer dùminated 
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1 

by the impingement air to one dominated by the boundary layer associated 

with the moving surface occurs near y/d = -5. The location of the 

transition point is a function of Reynolds number, Figure 4.44(a), with 

the transition near 4.5 at Re = 60000 and 5.5 at Re = 118000. 

On the downstream side, confinement helps establish a layer of air 

which travels with the impingement surface, inhibiting the mixing of the 

cooler ambient air with the hotter impingement air at locations beyond 

the confinement surface. 

At the maximum extent of conf inement tested, Y/d = 5.75, 

Figures 4.44 (a) - 4.44 (c), portray Nusselt number profiles at x/d = 0 

f',)r H/d of l, 2 and 4, over a wide Reynolds number range. Comparison 

with the corresponding Nu profiles for unconfined jets, Figures 

4.13(a) - (c), confirms the same effects noted above for Figures 4.44. 

Thus relative to the unconfined case, \üth confinement of Y/d = 5.75 the 

value of Nu at the off-stagnation maximum is inc.:~ased and occurs 

further from the stagnation point, with the Nu profile correspondingly 

broadened. These effects are strongest at H/d = l, are still important 

at H/d = 2 and become minimal at H/d = 4. The location of the local 

Nusselt minima at y/d:o 1.1 is unaffected by H/d, Re and Y/d. The 

position of the off-stagnation maxima is near y/d = 1.8 for unconfined 

jets, independent of Re, while it shifts away from the stagnation point 

with increasing confinement. 

Onot (1980), using short, contoured inlet, circular nozzles with a 

circular confinement plate of radius R/d = 8.7, jet Reynolds number in 

the range 30000 - 53000 and with a thermal entrainment factor likely 

about F = 0, found that heat transfer, relative to the corresponding 

unconf ined jet, decreases by about 10%-15%. There is of course no 

contradiction between the finding that confinement reduces heat transfer 
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for F .. 0 but increases heat transfer for higher thermal entrainrnent 

factors in the range 0.75-1.15 as tested here. With F ~ 0, the absence 

of a confinement plate enhances heat transfer because the entrained 

fluid contributes to the heat transfer at the impingement surface. With 

F in the range 0.75 - 1.15, the use of unconfined jets can only produce 

a decrease in heat transfer due to the thermal degradation of the jet by 

the un favorable ambient fluid temperature, as is documented in the heat 

transfer profiles reported here. 

4.5.2 Circumferential Average Nusselt Number 

The effects of confinement on calender roll impingement heat 

t ransfer that are seen on the profiles of local Nu at x/d = 0 are 

expressed quantitatively in terms of the circumferentially averaged 

Nusselt number, Nu, on Figures 4.45 (a) -4.45 (c). Consistent with the 
c 

earlier profiles of local Nu, the extent of the increase in calender 

roll heat transfer by confinement for the case of a hlgh thermal 

entrainment factor, F = 1.15, is seen to be highest for H/d = 1, still 

substantial at H/d = 2, and small at H/d = 4. At the standard extent of 

roll circumference for comparisons of y/d = ±IO, Nu is increased 
clO 

relative to the unconfined jet case by 80% at H/d = 1, by 33% at H/d = 2 

and by 15% at H/d = 4. 

The reason why the increase in Nu with y/d is highly nonlinear can 
e 

be understood only by reference ta the boundary layer phenomena which 

characterize impinging jet flows. At Y/d = 3, where the confinement 

surface extends just past the secondary maximum located near y/d = ±2, 

the surface is tao small to protect from entrainment that part of the 

impingement surface which, when protected, contributes to the increase 

in heat transfer. Thus for Y/d in the range 0 - 5.75, there is little or 
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no increase in Nu with confinement in the range of Y/d up ta 3, but 
cIO 

Nu . n increases sharply with Y /d above 3 for close nozzle spacings, 
c .... 

H/d :s 2. 

The Nu - y /d c:c 
relationship shawn on Figure 4.46 is for the 

conditions of Figure 4.45. The increase of Nu is large over the Y/d 
clO 

range of 3 - 5.75, particularily for H/d = 1. The present data do not 

extend to a sufficiently high value of Y/d to determine the maximum 

value that the circumferential average Nusselt number would reach. It 

appears from Figure 4.46 that though use of a sufficiently large 

confinement surface there is the potential ta increase Nü by perhaps 
clO 

50% for H/d = 2, by more than 100% for H/d = 1. If an ideally designed 

confinement plate could eliminate the effect of thermal degradation, the 

Nu results shown in Figure 4.30 for H/d = 1 and an entrainement 
cIO 

factor, F ; 0, would indicate that the theoretical maximum is near 125% 

increase in average heat transfer. 

A correlation for average circumferential Nusselt number, Nu , when 
c 

the extent of confinement is Y/d = 5.75, in a form similar to 

Equation 4.9, obtained using the nonlinoar regre5sion procedure 

described in Section 4.2.2, i5 as follows: 

Nu [ ( )O.30( )O.13( )1.41 ] ( )-O'12( )-0.62 o . 3 67 - 0 • 0 0 7 ~ ~ a F Re 
0 

• 6
3 a: ~ ( 4 • 16) 

which is vaU d over the range 

60000 :s Re :s 118000 

1 :s H/d :s 4 

3 :s y/d :s 11 

3 :s S/d s 8 (or 1.5 s x/d :s 4) 

0.95 :s F :s 1.35 
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Figures 4.47 (a) to 4.47 (b) illu5trate the effectiveness of the propo8ed 

correlations in the representation of the experimental data for Nu • 
c 

In summary, under conditions when entrainment is unimportant, i.e. 

wh en the ambient temperature i5 closer to the jet temperature than to 

that of the impingement surface temperature, confinement reduces the 

heat transfer rate. Under conditions typically encountered in calender 

control, entrainment should definitely be avoided, thJJs confinement 

would be greatly beneficial. 

4.6 Effect of Multiple Rows of Offset Nozzles 

When round jets are arranged in a row, as typical for many calender 

control systems, the nozzle-to-nozzle spacing, S, become8 a compromise 

between the larger heat transfer achieved with a closer inter-nozzle 

spacing, and the corresponding diminished heat transfer per nozzle with 

the interference between the wall jets from closely spaced jets. For 

large spacing, in the range S/d = 10, the detrimental effect of 

jet-ta-jet interference is small. In sorne calender control systems, 

however, spacings as low as S/d = 4 are used. 

Kan [1986) argued that non-uniform heat transfer in the axial 

direction associated with impinging jets would result in a "burnpy" roll. 

AS shown in Chapter 5, the high thermal conductivity of cast iron 

calender rolls is 8ufficient ta damp such any axial differences in 

calender roll surface temperature and correspondingly in roll diameter. 

Pelletier et al. (1984, 1987] showed that for S/d = 4 the heat 

transferred per nozzle i5 considerably lower than that for S/d = 8. Ta 

use the h.aat transfer potential of each jet more effectively, their 

analysi5 indicated an advantage for the use of two rows of jets, spaced 

at S/d = 8, but offset between the rows by S/d = 4 and separated in the 

4 - 110 



circumferential direction such that the minimum spacing between the 

nozzles was 8d. Thus nozzles would be spaced on equilateral triangles 

with sides of 8d, as illustrated on Figure 4.48. The experimental test 

of that analysis is now presented though comparison between a single 

row of nozzles with S/d = 4 and two staggered rows with a spacing of 

S/d = 8. 

4.6.1 Circumferential variations of local Nu 

Heat transfer under nozzle arrays is best illustrated with the aid 

of contour graphs, Figures 4.49 and 4.50 showing lines of constant local 

Nusselt number. In both in-line and staggered nozzle arrangements there 

are nozzles at axial positions x/d = -4, 0, 4. For staggered arrays, the 

jets are seen to spread with much less interference that for the in-1ine 

arrays. Consequently the contours for Nu = 50, for example, enclose a 

much greater area in the staggered configuration, Figure 4.50, than with 

in-line nozzles, Figures 4.49. 

The heat transfer area for in-Une nozzles is limited by the 

neighboring jets. The staggered configuration, with an increased 

nozzle-to-nozzle separation, subjects more of the calender roll surface 

ta higher heat transfer. Where this improvement occurs can be observed 

by comparing the circumferential heat transfer profiles for the in-1ioe 

jets, Figure 4.51, and staggered jets, Figure 4.52, at the axial 

positions,x/d, of 0 and ±2, i.e. axial locations directly under a jet 

and midway between two jets. With the staggered conf igurat ion, at a 

given axial position the calender roll experiences heat transfer from 

both rows of jets, resulting in the higher heat transfer efficieocy. 

The effect of confinement on the Nu prof iles for the in-line and 

staggered geometry can be observed by comparing the size of the Nu = ~O 
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contours in Figures 4.49 and 4.50. Thus the Nu z: 50 area in Figure 

4.49(b) exceeds that in Figure 4.49(a) and that in Figure 4.50(b) 

exceeds that in Figure 4.50(a), consistent with the observations made in 

Section 4.5. 

4.6.2 Circumferential Average Nusselt Nun~er 

Figures 4.53 and 4.54 provide the quantitative comparison of the 

in-line and staggered configurations for impingernent heat transfer at a 

calender roll. This circumferential average Nu extends in the axial 
c 

direction (x/d) = ±2 from the nozzle centerline (corresponding to a 
il 

nozzle-to-nozzle spacing, S/d = 4), with circumferential averaging 

distance varying up to (y/d) = ±10. For the staggered configuration the 
il 

averaging starts at a position mid-way between the two rows of nozzles 

and for this reason the average is lower until an averaging distance, 

(y/d) = ±4. At that point, as shown in Figure 4.53, the two averages 
il 

include the heat transfer of effectively one impinging jet, and thus are 

equal. For (y/d) ~ ±4, Figure 4.54, the staggered configuration reaches 
il 

a maximum average heat transfer at (y/d) 6. The most relevant 
il 

cornparison is for (y/d) = 10, a circumferential position by which m05t 
il 

of the heat transfer to the calender roll has been accomplished. Figures 

4.53 and 4.54 indicate that the improvement in total heat transfer at 

the calender roll, Nu , by the staggered configuration i5 30% for 
clO 

either confined or unconfined jets. 

Also shawn in Figures 4.54 and 4.55 are the Nu profiles for a 
c 

single row of impinging jets with a nozzle to nozzle spacir.g, S/d = 8. 

As can be observed, keeping a single row of jets and changing S/d from B 

to 4 on1y resu1ted in 34% and 26% increases in Nu for the unconfined 
ciO 

and confined cases. Staggering the jets and rnaintaining an effective 
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nozzle to nozzle separation of 8 resulted in increases of 73% and 69% 

respectively. 

These improvements in heat tranRfer are further illustrated through 

th~ axial profiles of local values of NU
c10

' Figures 4.55 and 4.56 show 

that for the staggered configuration of both unconfined and confined 

jets,the axial profile of circumferential average heat transfer is both 

higher and more uniform with improvements in Nu of improvements of 22% 

and 33% respectively. Although the improvements measured here are 

somewhat lower than those predicted analytically by Pelletier et 

al. [19871, it is significant that their predication of an advanlage of 

staggered over in-line nozzle configurations has now been confirmed by 

direct measurement. 

4.7 Conclusions 

1. It has been shown that the published data on impingement heat 

transfer for axisymmetric jets are generally applicable to the calender 

control problem, provided the entrainment of ambient air is correctly 

treated. 

2. The effect of surface motion and the accompanying air flow was 

found ta have no significant effect on impingement heat transfer over 

tne range of the nondimensional surface motion parameter, 

0.027 < M < 0.64. 
vs 

3. Entrainment of ambient air by axisymmetric jets, as used for 

calender control, can reduce the impingement heat transfer by as much as 

65% when the jet to ambient temperature difference is equal to or larger 

than the jet to impingement surface temperature difference. 

4. For the stagnation and average Nusselt number, comprehensive 

regreS5ion equations were developed which incorporate the effect of 
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entrainment. 

5. The effect on average heat transfer of jet orientation relative to 

the calender roll was found to be negligible over the range of the 

variables considered, i.e. impingement position from 60° to 120
0 

relative to the outgoing nip, and nozzle inclinations from _45
0 

to 35
0 

relative to impingement normal to the wall. 

6. Confinement of the impingement flow by a plate parallel to the roll 

surface can produce substantial improvements, by as much as doubling the 

heat transfer, through reduction of the strongly deleterious effect of 

thermal entrainment for temperatures in the range relevant to paper 

machine calender control. The extent of the confinement surface should 

be as large or larger than 5. 75d, the maximum extent tested in the 

present study. 

7. The switch from an in-line row of nozzles to a staggered 

configuration for the nozzles results in a higher heat transfer rates 

and a correspondingly higher jet heat transfer efficiency. For 

conditions typical in the calender control application, measured heat 

transfer rates were higher by 22% and 33% for unconfined and confined 

jets respectively. 

Il - 123 



5.1 Introduction 

CHAPTER 5 

HEAT TRANSFER AND THERMAL DEFORMATION 

IN 

PAPER MACHINE CALENDER ROLLS 

In the manufacture of paper two requirements are that the paper be 

uniform in thickness and have an ac~qptable surface finish. Production 

of the desired surface characterist1cs and the final control on 

uniformity of thickness is accomplished by c ' .... ndering the paper. A 

calender stack, Figure 5.1, is essentially a rolling mill, a vertical 

array of cast iron rolls. Paper, from the dryer section, passes through 

successive nips from top to bottom of the calender stack. T~e weight of 

the rolls compresses the paper. The final sheet thickness and surface 

finish is controlled by adjusting the nip pressure and local roll 

surface temperature. 

The change in paper thickness is determined by a complex 

interaction of the pap~r and the calendering parameters, of which 

pressure in the nips and temperature of the paper are the most 

important. Figure 5.2 shows these parameters and their multiple 

interactions as represented by Lyne et al. [1976]. 

Control of the calendering process in the cross machine (CO) 

direction is required because the final sheet thickness is affected by 

var iat ion in sheet properties (i.e. web temperature, moisture content 

and basis weight) and variation in the nip lo'\d (due to grinding 

tolerances on calender rolls and to CD temperature variations). Machine 

direction streaks of low or high thickness paper, when built up over a 
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large number of revolut ions, produce soft or hard zones in the windup 

reel which in turn cause unacceptable problems during high speed 

unwinding for printing. Calender control provides a means of correcting 

small variations in shcet thickness in the cross machine direction. 

Colley and Peel [1972) calculated that a calender roll radius 

change of only 1.5~ would produce paper of uniform final thickness from 

incoming paper differing in basis weight by 5%. The challenge of cross 

machine direction control can be appreciated by noting that this 

micron-level control of local calender roll radius must be achieved in a 

modern paper machine, of width about 6m running at about 15m/s, with 

calender rolls typically 0.3 - O. 6m in diameter and paper thickness, in 

the case of newsprint, about 60~. 

The correction of cross machine thickness var iat ions is 

accomplished by: 

i. use of a variable crown roll, a roll fitted with hydraulic 

devices capable of varying the roll diameter, useful for 

correcting paper thickness over wide streaks, and/or 

ii. control of the loca: calender roll temperature using systems 

of heating/cooling air jets, induction heaters or friction 

pads, these control actuators providing local adjustment of 

roll diameter by thermal deformation. 

The complex interaction of the operating parameters on the outgoing 

paper thickness have been understood qua1itatively by papermakers, who 

have been adjusting cross machine direction profiling systems manually 

for years. This considerable body of practical knowledge does not 

however provide the quantitative basis ta optimize existing calender 

stack operations or to design better control systems. 

The thermoe1astic deformation of hollow and 50lid cylinders has 

been studied extensive1y (Boley (1972], James [1964J, Valentin and Carey 

5 - 4 



t 
[1970], Emery and Carson [1971] amongst others) where the primary 

cancern has been the behavior of nuclear fuel rads. By contrast there 

has been little quantitative investigation of the thermoelastic response 

of calender rolls ta calender control actuators. The few such studies 

have simplified the problem by specifying either roll surface 

temperature boundary conditions, Brierly et al. {1975], or roll 

deformations, Haglund (1975). Neither study provides evidence as ta 

whether these boundary conditions are realistic, and moreover, roll 

surface tempe rature and roll deformation ùre in reality dependent 

variables. 

The objective of the present work i5 to provide a quantitative 

basis for calender control system design and optimization, through 

development of a numerical simulation for a calender roll including the 

control actuators. Thus this simulation links the heat transfer of the 

control actuators with the thermal deformation of the calender roll. 

Moreover,as the limited amount of previous work on calender roll 

deformation has been entirely concerned with steady state simulation, 

the objectives of the present study include unsteady state simulation 

because thermal deformation response time is a centrally important 

control characteristic. The control system model presented here allows 

investigation of the following parameters associated with roll 

deformat ion: 

A. Thermal effects 

i. extel:nal surface heat transfer profiles 

H. heat flux to/from paper web 

iii. internaI heat transfer 

B. Roll geometry effects 

i. external roll diameter 

ii. shell thickness 

iii. roll type (i.e. solid, shell) 
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5.2 Llterature Revlew 

The comprehensl ve steady state calenderlng equatlon of Crotogino 

[1980] relates thickness reductlon in a calender nip to the properties 

of the lncoming paper web (temperature, moisture content, densi ty) and 

to the operatlng cond1tions of the calender stack (machlne speed, nlp 

load, roll dlameterl. As thls calendering equation Is vaUd only for 

cross machine average conditlons it ls not relevant to the problem 

consldered here, local control ln the cross machine directlon. 

Based on the paper thlckness reduction equatlons of Peel and 

co-workers [1969, 1972), Haglund [1975} proposed a steady state 

numerical model. Haglund' s model descri bes the effects that cross 

dlrection variation ln the calenderlng and paper web properties have on 

the outgolng sheet thickness profile. The local cross machine 

calendering conditions are linked using the line pressure distribution, 

the resulting calender roll deflectlon and the local roll deformatlon. 

ThIs model requlres conversion from the measurable applied llne 

pressure, P ,to the result Ing pressure distributlon ln a calcnder 
Une 

nlp. Haglund [1975} accomplished thls uslng the simplificatIon suggestcd 

by Robertson and Haglund [1974], where the pressure pulse ln the nip is 

approxlmated by a rectangular pulse. The model produced the Interestlng 

prediction that the load concentrat ion due to an incoming streak of hlgh 

basls welght could resul t ln an outgoing streak of low thickness. 

Although the occurrence of thls unexpected result has yet to bc 

documented ln actual calenderlng practlce, the difficul ty of definlng 

the pseudoplastic properties of paper makes 1t Impossible to discount 

the posslbllity. The model also indicated that calender control would 

require adJustment of the calender roll radius in the range âr ~ 1 ~m. 
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This magnitude of roll radius change would appear to be too low since 

the grinding tolerances on calender rolls are larger than l ~. 

Brierly et al. (1975), using a steady state finite difference 

numerical technique, predicted the temperature distribution within the 

roll and the local thermal deformation in roll radius of a hollow 

calender roll. Their thermal boundary conditions are a specified uniforrn 

temperature on the heated internaI surface and a specified tempe rature 

profile on the external surface of the roll. Their roll external surface 

temperature profile is triangular, varying linearly between the peak and 

the base value of roll surface temperature, T and T , over the width, 
sp sb 

W, of the temperature peak. ALI surfaces were specified as being free 
T 

from externally applied stresses. Brierly et al. found that for surface 

temperature peak width, W, 
T 

greater than 250-S00mm the maximum roll 

deformation, f!.r , 
p 

was unaffected by W
T

• They proposed an empirical 

correlation for the peak difference in roll radius, àr, as a function 
p 

of the peak difference in roll surface temperature, 

temperature peak width, W, in the form 
T 

where 

àr 
p 

llT 
sp 

= 

llr 
p 

k { 1 - exp [ - [ :')' 1 } 

peak difference in roll radius 

àT , and 
sp 

(5.1) 

llT peak difference in roll surface temperature, 
sp 

W 
T 

k 
;'\ 

P 
} 

IT - T 1 sp 50 

width of the surface temperature peak 

parameters dependant on roll geometry 
and internaI tempe rature 

Application of the above equation to actual calendering conditions 

5 - 7 



1 
was not verified. Moreover, a basic shortcoming of thi3 method i3 that 

the temperature profile at the surface of the calender roll, T , 
s 

specified by 8rierly et al., i3 not an independent variable. Rather, it 

is the operating conditions of the calender stack and the control 

actuators which are the independent variables. To be of practical value, 

a simulation must be based on the actual independent variables of the 

s~stem. 

Lyne et al. (1976) used holographie interferometry te measure the 

steady state thermal deformation of a pilot scale solid calender roll 

(O.5m dia. K l.lm long) under the influence of a heating impinging air 

jet.. with peak surface temperature difference, 6T , 
sp 

between 1 to 

o 
2 C the surface temperature peak width was of the order of O. 3m. They 

found the peak difference in roll 

AT , with a proportionality Ar làT 
sp p p 

radius, Ar, 
p 

o = 1. 4j1Il\1 C. 

varied linearly with 

Previous studies make little mention of the effect of calender roll 

type (i.e. shell c..'T. solid) Or internaI calender operating parameters 

(i.e. heated, unheated, crown controlled) on the thermal roll 

deformation associated with calender control actuators. Mitchell and 

Sheahan [1978] reported a very much slower response for a solid calender 

roll as compared to a shell type roll. Lyne et al. (19761, acknowledging 

the effect of roll type, speculated that unheated hollow rolls wou Id 

have a higher thermal sensitivity, i.e. a larger change in radius per 

degree change in roll surface tempe rature than either solid or heated 

rolls. 

In summary, the literature provides some useful isolated 

observations about cross machine direction profiling and sorne approaches 

to partial modeling of steady state thermal deformation. Howcver these 

~esults are incomplete, sometimes conf licting and provide no 
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quantitative information on response time of the local roll deformation. 

Thus previous work does not provide the quantitative basis required to 

optimize existing control systems or to guide the design and positioning 

of new, high performance calender control systems. 

5.3 Mathematical Model 

The system for which steady and unsteady state numerical 

simulations were obtained is shown in axial and radial sections as 

Figure 5.3 and 5.4. For the axisymmetric coordinate system (r,z), Figure 

5.3, the origin is located at the intersection of the center lines of 

the roll and the controlling actuator. The section being simulated is 

suff iciently far from the ends of the calender roll to exclude end 

effects. A specified repeating sequence of cooling and heating control 

actuators is located symmetrically, in the axial direction, on either 

side of the origin. The base case repeating sequence comprises a line of 

9 identical actuators, either aIl heating or all cooling, and one 

cont rolling actuator producing the opposite thermal effect. The 

repeating sequence provides sufficient spacing between the controlling 

actuator jets that calender conditions under one actuator are unaffected 

by the next controlling actuator. Although detailed results of the 

simulation are given for the case where the actuators are impinging jets 

of cooling or heating air, the model is general and could be used for 

any actuators for which the heat flux between the actuator and the roll 

surface can be expressed quantitatively, e.g. a water mist evaporator. 

The use of induction heaters can be approximated with this model or it 

could be modified by the addition of a heat generation term to Equations 

5.2(a) and 5.2(b). 
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5.3.1 Equations of State 

The governing Fourier equations without heat generation, Equations 

5.2a and 5.2b, are: 

unsteady-state 

1 a 
r ar 

steady-state 

1 a (rk aT ) + a r ar ar az 

( kaT) 
8z 

( kaT) 
az = 

pC aT 
8t 

o 

(S.2a) 

(5.2b) 

The corresponding relations for equilibrium stress, (J', Equations 5.3, 

are: 

1 a ( r(J' ) 
+ a «(J' ) 

+ .!.(J'tH} 0 
r ar 

rr 
az 

rz 
r 

(5.3) 

a «(J' ) 
+ 

1 a (r(J' ) 
0 

az 
zz 

r ar 
rz 

The stress-strain relationship is given by the Duhamel-Neumann 

law, Equations 5.4, 

Ev 
(c ) 

E Ea:T 
(J' +c +c + 

(l+v) 
c (1-2v) rr (l+v) (1-2v) rr fHj zz rr 

EV E Ea:T 
(J' = (c +c +c ) + c -

tH} (l+V) (1-2v) rr tH} zz (l+v) fHj (1-2v) 

EV 
(c ) 

E Ea:T 
(J' 

(l+v) (1-2v) +c +c + c 
(1-2v) zz rr fHj zz (1+v) zz 

E 
(J' 

(l+v) 
e 

rz rz 

The strains in Equations (5.4) are related to the radial, 

uz ' displacements by Equations 5.5. 
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8u u 
r r 

C == C .. 
rr Br 00 r 

(5.5) 
8u 

1 [ 
8u 8u 

1 
z r + z 

c c 2" zz 
8z 

rz 
8z 8r 

5.3.2 Simplifying Assumptions 

i) Calender roll physical properties are assumed homogeneous and 

isotropie. As ealender rolls are generally chill cast, a layer of 

chilled iron extends about 10 mm from the outside surface. There is a 

o 
large difference in thermal conductivity, ;\. = 58W/m C for grey cast 

iron, À = 2lW/moC for chill cast. Since the chilI iron thickness is less 

than 10% of the total shell thickness, the assumption of uniform 

eonductivity (weighted ave::age) will net have a significant effect on 

the temperature distribution. 

ii) The physieal properties of the calender roll, i\, (l, V and E, 

are taken to be independent of temperature, a good assumption for the 

small temperature differences involved. 

iii) The effect on thermal deformation of residual stresses, created 

during manufacturing, was neglected. These stresses are linearly 

additive ta the numerically predicted thermal stresses. 

iv) The elastic stress waves produced in the calender roll by its 

rotary motion under t}:le Une load from the rolls higher in the calender 

staek can be neglected sinee the rate of propagation in iron is about 

5km/sec, K01.sky (1953]. The corresponding response time, 0.0002s, is 

three orders of magnitude smaller than the period of rotation. 

v) Roll deformation due ta gravit y and rotation is negligible. 

Brierly et al. (1975] estimated the critical peripheral speed at which 

centrifugaI forces cause plastic deformation te be about 146m/s, far 
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1 
beyond the lSm/s typical of a high speed paper machine). 

5.3.3 Boundary Conditions 

(a) Thermal boundary and initial conditions 

There are two radial boundary conditions, i.e. at the exter~or 

(Equations 5.6-5.8) and interior (Equations 5.9-5.11) su~faces of the 

roll, two axial boundary conditions (Equation 5.12) and an init ial 

condition (Equation 5.13). 

The heat transfer experienced by the external surface of the 

calender roll, Equation 5.6, has two components, and each 

applying to half the roll circumference, Figure 5.4. The haIt of 

particular interest in this study, q , 
c 

is defined by the calender 

control actuators, the other halt by heat transfer between the roll and 

the paper web due to latent and sensible heat ef fects of the web, ~. ln 

the axial direction, the half of the ~oll exposed to the cant rol 

actuators experiences the repeating sequence of heating and cooling 

actuators in the cross machine direction. 

(\(Z) (T 

(5.6) 

2 
o 

For impinging jet type actuators the heat tl:ansfe~ under each 

actuator, the h (z) (T - T) term in Equation 5.6, is described by a 
C J S 

ci~cumfe~entially ave~aged Nusselt numbe~, Nu. Fo~ use in 
c 

th i.s 

numerical simulation, the axial Nu data for base case used in Chapter 
c 

4, a unconfined single roll of jets, Re = 100000, S/d ~ 8, as sh0wn in 

Figure 4.55, was ~epresented as a function of axial distanr;e [r0m t.h';! 

nozzle centerline, as follows 
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",, 

Nu = 
a' 

+ d' (5.7) 
c 

In the axial direction this equation has the bell shape characteristic 

of Nu profiles. The values of the parameters a', b', c' and d' used 
c 

were those detailed in Chapter 4 for the following typical impingement 

calender control system conditions with unconfi~ed jets: 

entrainment factor, F = 1 

jet Reynolds number, Re 100,000 

nozzle diameter, d = 25.4mm 

nozzle-to-impingement surface spacing, H/d ~ 4 

nozzle-to-nozzle spacing, S/d ~ 8 

For these conditions, the parameters of Equation 5.7 as determined in 

Chapter 4, give: 

Nu 
c 

94.68 

( )

2.09 
1 + 0.019 â 

38.84 (5.8) 

For a control system using confined jets with H/d = 2, the value of Nu 
c 

is 33% higher. 

The boundary condition for the half of the calender roll wrapped by 

the paper, Figure 5.4, is the ~/2nro term in Equation 5.6. The ~ term 

for contact heat transfer between the roll surface and the paper, 

difficult to specify, could invo1ve several factors, Le. sensible and 

latent effects for the paper web and compressive heating in the nips. As 

this study focusses on the effect of control actuators on the exposed 

half of the calender roll, the paper side heat transfer assumptions of 

Aro [1985] are used. Thus the effect of roll-paper heat transfer from 

h~dt generated by compression in the nips is assumed negligible. As for 
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sensible and latent heat effects, the dssumptions of Ara for a roll 

without internal heating, are: 

i) no change in sheet moisture content. 

ii) no change in sheet temperature. 

1. e. no sensible or latent heat effects. Thus for an unheated roll, 

~ = O. For internally heated rolls, Aro assumed: 

i) 

H) 

sheet moisture content decreases by 0.2% 
• 0 

sheet temperature lncreases by 9.3 C 

The present model may of course use any other paper 5ide boundary 

conditions. 

For the case of an internally heated calender roll, specification 

of the radial boundary condition at the internal surface i5 by the heat 

transfer coefficient, hl' from the heating medium at a bulk ternperdture, 

BT 1 
Br 

r = r 
h (Tb - T ) (5.9) 

For a solid roll or a center-bored or shell (double-wall) type roll 

which is unheated, h = O. Otherwise h was obtained using McAdaIns' 

correlation: 

Nu 0.023 ReO. 8 prn 
(5.10) 

where: n 0.4 for heating ), 0.3 (for cool ing 

ln the case of a double-walled temperature controlled shell type roll, 

Figure 5.5, the equiva1ent diameter, d , 
e 

number is: 

d 
e 

5 - 16 

for bath Nusselt and P(~ynrJJrj'3 

(').11 ) 



1 

TEMPERATURE 

CONTROL FLUID 

Figure 5.5 

DOUBLE WALLED ROLL 

A double walled, internally heated roll. 
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where r Is the outslde radius of the displacement body. For the 
d 

double-walled roll the heatlng medium flow rate is flxed at 8L1s of 

o 
150 C water with a gap wldth, r - r = 60mm, agaln those documented by 

1 d 

Aro [1985] ln his numerical study of calender roll edge effects. These 

assumptions yield an internaI heat transfer coefficient, h ~ 11000. To 
1 

simpllfy the data analysis, over a large range of roll diameters and 

shell thickness. this value of hl was used for aIl heated roll cases. 

The axial boundary conditions for the numerlcal simulation, 

Equation 5.12, are by contrast quite simple, i.e. no axial heat transfer 

at the centerline of the controlling actuator, 

81 1 = 0 
8z z = o,t 

(5.12) 

where l Is the length of calender roll occupied by one repeating set of 

actuators. As noted earlier, this simulation is valid at axial positions 

sufflciently far from the extremltles of the roll to exclude end effects 

such as heat transfer changed by the absence of paper and the presence 

of the calender roll journal. 
1 

The inItial condition for the unsteady state solution was taken as 

the temperature distribution (Equation 5.13) for the steady state 

solution with either a row of heating Jets aIl wlth nozzle exit 

o 0 

temperature T = 150 C or a row of cool1ng Jets aIl wlth T = 20 C. 
J J 

Tlt!'iO = T(r,z) (5.13) 

The candi lion imposed at t = 0 was a repeat lng sequence of el ther 1 

o 0 
cooling jet at T = 20 C and 9 heating Jets at T = 150 C, or 1 heatlng 

j J 

Jet and 9 coollng Jets at these values of T , The Jet-to-Jet spaclng, S, 
J 

was generally taken as 5 = 4d = 100mm, in sorne cases as S = 8d = 200mm, 

as listed subsequently in Table 5.1. These condit Ions bcfore and artel' 
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t ... 0, although acbitcary, provide a .5tandard ba::!i.5 for the 

determination of the characteristic response tirne of calender rolls. 

(b) Stress equilibrium boundary conditions 

In the r-direction 

At r == r , rand 0 ~ z ~ l 
l 0 

cr == rr 
o 

} cr == rz 
o 

In the z-direction 

- symmetry boundary 

v == o 

} cr == rz o 

- no traction beundary condition 

cr zz 

cr = 
rz 

o 

} o 

z = 0 

r. !S r S r 
l. 0 

z = l 
r. !Sr !S r 

l. 0 

(5.14) 

(5.15) 

(5.16) 

The beundary conditions specified in Equations 5.14 te 5.16 express 

the absence of external forces at aIl radial and axial boundaries of the 

calender roll, i.e. the no-traction boundary conditions. For this case 

the roll can expand freely, axially and radially, responding to the 

temperature and stress distributions within the calender roll. 

5.3.4 Solution Method 

(a) Steady State solution 

The steady-state temperature field and corresponding stress and 
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displacement profiles were determined by solving Equations 5.2(b), 5.3 

and 5.4 simultaneously using IMSL PDE PROTRAN~ which i5 a general 

purpose, two dimensional, finite element procedure. The pseudo-fort ran 

source code for the POE PROTRAN© finite element method i5 given in 

Appendix O. 

Although POE PROTRAN© greatly simplifies the coding of numerical 

problems, specification of the boundary conditions for the present 

problem involves difficulties. In calender roll operation there i5 a 

temperature gradient through the roll wall. Under the no-traction 

boundary condition at z = l, the inside to outside surface temperature 

difference for an internally heated roll causes differential axial 

expansion of the roll, resulting in a distortion of the calender roll 

called the "oxbow effect", Figure 5.6. This roll distortion i5 an 

artifact of the no-traction boundary condition which i5 valid only at 

the edge of a roll and not at internal boundaries. Attempts to remove 

the oxbow effect in the solution domain, which is located away from the 

calender roll edges, by modifying the no-traction boundary condition ta 

one of uniform axial expansion at the z = l boundary were unsuccessful. 

Previous work by Rothenbacher and Vomhoff (1982J on internaI heat 

transfer from peripherally bored calender rolls. has shown that the 

oxbow effect is limited to a distance less than 1 roll diameter from the 

end of a roll. As this effect is not relevant ta the present study it 

was eliminated by extending the axial dimensions of the simulation to 

not less than 2 roll diameters. Although effective, this procedure 

greatly increased the required processing time. 
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(b) Unsteady State Solution 

An analytical solution is available for thermal deformation when a 

cylinder behaves as an assembly of disks which are physically separate 

but thermally connected. The elastic deformation of shells and solid 

rolls for this case when there are no externally applied forces, 

commonly referred to as the plane 5train solution, i5 

0: 
U = 

r r (l-v) 
r dr + 

2 2 r 

_(_1_-_3_V_)_:_;_:_:_:_+_v_)_r_, Ir' T r dr} 
o l 

(5.17) 

l 

Equation 5.17 i5 central to the solution of the unsteady stdte 

case, for which the temperature and stress distributions were considered 

to be uncoupled, i.e. that the stress distribution is constantly in 

equilibrium with the temperature profile. rhe temperature distribution, 

T(r,z,tl, wa5 obtained by solving Equation 5.2 using the finite volume 

method of Patankar(1980). Equation 5.17 can then be used to approximate 

the roll deformation, u (z, t). The validity of the approximation of 

uncoupling the temperature and stress distribution equations is tested 

for the present case in Section 5.5. The fortran source code for lhe 

finite volume procedure is given in Appendix C. 

5.3.4 Validation of the Numerical Models 

(al Steady State Model 

Of the studies of thermoelastic deformation of hollow and sol id 

cylinders, only that of Brierly et al. (1975) examined conditions 

approximating those for paper machine ca18nder stacks. Their numerical 

results for a steady state simulatl.on by the finite difference met.hod 
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were for specified internai and external temperature profiles. Their 

candi t ions were rerun with the current numerical procedures as a 

validation of the latter. The temperature boundary conditions specified 

by Brierly et al. correspond ta the !ollowing values of parameters: 

o 

00 

In practice, 
5 h =h =10 is a suitably large number. Their external 

l C 

temperature profile was specified as 

2 
w 

T T 
z 

AT 0 ~ z :s T - --- 2" s sp W sp 
T 

W 
l ~ 

T T -'~ z :s 2" s sb 2 

The run of Brierly et al. which was rerun here was one for which the 

thermal boundary conditions and roll geometry gives large axial surface 

temperature gradients, a test case which has the greatest opportunity to 

expose differences. The conditions used were: 

l 0.625m 

W 0.0625m 
T 

T 
sb 

., 
50 C 

., 
T 70 C 

sp 

1 T - Tsp 1 
., 

âT 20 C 
sp sm 

., 
T 30 C 

b 

Tt is demonstrated that the steady state temperature fields 

obtained here using the finite volume (difference) and finite element 

methods, Figures 5.7 and 5.8 respectively, do not differ significantly 

from the results of Brierly obtained with a finite difference method. 
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Further, the lack of an effect of grid spaclng wi th the large AT 
.p 

Justifies the use of the grid spacings selected for subsequent runs, 

i. e. 100 node per meter in the axial and radial direct ions. 

A comparison of profiles of steady state roll deformatlon as 

predicted by the current simulation and by Brierly et al., Figure 5.9, 

shows that the di fferences , :S SX, are not signlf1cant. Brlerly et al. 

found their displacement field to be grid dependent and estimated the 

errors to be in the range ±lX to ± 2.75X. The roll deformatlon predlcted 

by either method is seen to be less, as must be the case, than the plane 

strain solution, Equation 5.17. Although not shown, the deformal Ions 

predicted in aIl three cases converge, as expected, for peak wldths, W , 
T 

grp.ater than Sm. 

The only experimental measurement of thermal deformation ls that of 

Lyne et al. [1976) for a pilot scale calender roll (solid, O.Sm dia. x 

1. lm long) using a single round or slot heating Jet. At steady state 

they observed a surface temperature peak width, W
T

, in the order of 

o 
300mm for a peak difference ln roll surface temperature, I1T , of 1 to 

HP 
o 

2 C. They characterlzed the steady state deformatlon of roll radius 

under a single Jet as 1. 4J.unl11T • 
sp 

Uslng the approximation of a 

Brierly-type triangular profile of surface temperature, whlch closely 

approximates the axial temperature distribution observed by Lyne et 

al. ,along wi th the measured AT , the resul ting thermal deformat.lon 
sp 

calculated using the current model Is shown in Figure 5.10. The peak 

value of the predicted roll deformation profile agrees closely wlth that 

measured by Lyne et al. For the very modest values of calender surface 

o 
peak temperature difference obtalned by Lyne et al., AT of 1 or 2 C, 

sp 

Figure 5.10 also shows that the thermal stresses are sufflclently small 

that the plane strain solution closely approximates the present 
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simulation. Under conditions encountered on paper machlne calender 

° stacks, axial surface temperature dlfferences may reach la C, for whlch 

the plane strain solution can be Inadequate. 

Roll response Is characterlzed as elther the local or peak value, 

àr or àr
p

' of deformatlon and as the width of thi5 deformatlon, W
âr

, as 

11lustrated ln Figure 5.11. As the deformation, Ar, is a distrlbuted 

variable in the z-dlmenslon, a specIfie deflnition Is required for WAr. 

For conslstency, the deflnltlon of characteristic width of deformatlon 

used here Is that of Verasalo [1984), 1.e. W
Ar 

15 the z-dlrectlon wldth 

over whieh Ar ~ Ar /3. As will beeome apparent, the local deformatlon 
p 

approximates a normal distribution, thus W
Ar 

would corresp~nd ta 

\olAr = 1. 48 CT. 

Figure 5. 12 gl ves the axial profiles of local roll deformat 10n 

produced wlth the control Jet, a single cool1ng Jet at T
J 

= 20°C ln a 

row of heatlng Jets at T = 150°C, for the case of heated (wlth 150°C 
j 

water) double-walled rolls of flxed outslde radIus, r = 250mm and 
o 

varlous shell thlekness, s. Roll deformatlon obtalned assumlng the plane 

slrain solution (Equation 5.17) Is also shown. The values of AT 
ap 

calculated by the model are recorded on Figure 5.18. Relative to the 

IdC'allzed plane strain solution for an assembly of physlcally separate 

thln dlsks, in the real case the thermal stresses aet ta reduce the 

maximum value of the roll deformation, Ar , and ta Increase the wldth of 
p 

the region of roll deformation, W
Ar

. Thus the numerleal simulation of 

the plane straln solution, gives values of Ar about Sr. too large. On 
p 

the same basis, the approximation of W
Ar 

by the plane strain solution 

varies from about 25r. too low for s = 100mm, to negllg1ble dlfference as 

a solld roll 15 approached, FIgure 5.13. The error ln the plane straln 

approximation decreases as shell thickness increases because, for the 
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Figure 5.12 Profiles of local roll deformation, by numerical simulation 
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boundary conditions used, the temperature gradients and thus the thermal 

stresses decrease correspondingly. 

For local control of sheet thickness in the cross machine 

direction, the characteristic width of the roll deformation, W 6r' with a 

single control jet is of central importance because this value defines 

the minimum width of strip over which control of sheet thickness may be 

effected. The axial heat flux, q, through the high conductivity cast 
z 

iron roll spreads the thermal effect of the control jet sa that, for the 

heated roll cases of Figures 5.12 and 5.13, the control width, W
6r

, is 

about 300-400 mm, Le., about 3-4 times the jet-to-jet spacing of 

S = 100 mm. 

(bl Unsteady State Madel 

Although the f inite volume procedure used to solve the unsteady 

state model converges on the steady state solution, the validity of the 

unsteady state behavior predicted by the model must be validated. For 

this geometry, validation can be readily accomplished by judicious 

chol.ce of genera1 boundary conditions for the numerical simulation. Two 

classic textbook examples of one dimensional unsteady state thermal 

behavior, for which analytical and tabular solutions exist, can be 

s l.mu1ated with the two dimensional finite difference procedure. These 

are: 

1. Sudden change in tewperature of the fluid surrounding a 

semi-infinite cylinder initially at a constant temperature 

i i . Sudden change in tempe rature of the fluid surrounding a 

semi-infinite slab initially at a constant temperature 

5 - 33 



Both cases can be calculated using an internal heat transfer 

coefficient, h 0, a constant value for the external heat t ransfer 

coefficient with h ~ f(z). The 
c 

semi-infinite cylinder is an obvious 

subset of the current simulation, while the thermal behavior of a 

semi-infinite slab is approached, in cylindrical coordinates, as 

r / r ~ 1.0. In the case of the semi inf inl.te slab, the boundary dt r 
o 1 

corresponds to the center plane of the slab. The temperature-time 

history for both cases were tabulated in the numer Ica l resu lts of 

Heisler (19471, commonly presented as Heisler charts. 

The predicted temperature-time history at the centerline of the 

cylinder and the slab are presented in Figures 5.14(a) and 5.14(b) and 

are in good agreement with the results obtained from Helsler charts. 

In summary, these results establish that the finite element steaJy 

state and finlte difference transient models presented here ploduce 

reliable, grid independent predictions, consistent with the limiter! 

amount of prevl.ous work. 

5.4 Numerical Simulation of Steady State Thermal Deformation 

The effects at steady state of roll design and operating variables 

for systems of implnging jets used as calendet control actuat0rs were 

determined by numerical simulation. 

5.4.1 Conditions Used in Numerical Simulations 

The operating conditions for which the steady state nurnr::rical 

simulation were performed are listed in Table 5.1 
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Figure 5.14(b) Comparison of unsteady state response obtained using th8 

finite volume model with results fram Heisler: chart:>: 

semi-infinite cylinder, r -? 0.0 
l 
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Table 5.1 Conditions for steady state numerical simulations 

Externa1 
Diameter 

r (mm) 
(, 

250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
270 
300 
300 

Shell 
Thickness 

s (mm) 

100 
120 
150 
200 
240 
100 
120 
150 
180 
250 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
150 

InternaI 
Heated/ 
Unheated 

heated 
heated 
heated 
heated 
heated 
unheated 
unheated 
unheated 
unheated 
unheated 
heated 
heated 
heated 
heated 
heated 
heated 
heated 
heated 
heated 
heated 
heated 
heated 
heated 
heated 

Jet-to-Jet 
Separation 

S (mm) 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
200 
200 
200 
100 
100 
100 
100 
100 
100 
100 
200 
100 
100 
100 

( 1 ) solid roll 

Number of 
heating jets/ 
cooling jets 

9-1 
9-1 
9-1 
9-1 
9-1 
9-1 
9-1 
9-1 
9-1 
9-1 
9-1 
9-1 
9-1 
9-1 
9-2 
9-3 
1-9 
2-9 
3-9 
9- ... 
9-1 
9-1 
9-1 
9-1 

(2) sharp Nusselt number profile 

Comment 

(1 ) 

(2) 
(3) 

(4 ) 

(3) extremely sharp Nusselt number prof~le 

(4) confined impinging jets 

5.4.2 Equivalence of Heating and Cooling Control Jets 

The equivalence of heating and cooling central jets with respect to 

steady state deformation, 6r, is as expected for unheated rolls because, 

with q = 0 '"' q, the boundary conditions are syrnmetric. However, the 
p l 

subsequent displays of results show that the absolu te magn~tude of the 

thermal deformation for heating and cooling control jets is generally 

indistinguishable even for the case of heated rolls. Here the boundary 

conditions are not symmetric because radial heat flux withi~ such rolls 
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i, 
L 

is always outward from the heated core whereas the direction of 

convective flux at the roll surface reverses with a switch between 

heating and cooling control jets. Inspection of the radial and axial 

temperature profiles at t!i 0 with those at steady-state provides 

insight into this behavior. 

Figures 5.15 to 5.15a show the profiles of radial temperature at 

z = 0 and of axial temperature at r , i.e. T , in each case at both t !i 
o 5 

o and at steady state. While Figures 5.15 and 5.15a are for a shell 

thickness, s, of 100 mm, the corresponding profiles for 120 and 150mm 

shells are shown as Figures 5.16 and 5.16a, and Figures 5.17 and 5.17a. 

Visually from Figùres 5.15-5.17(a), comparison of the profiles between 

the initial and the steady state conditions indicates the same shift 

occurs for heating and cooling control jets, although the direction of 

the shift is of course opposite. As the boundary condit ions are not 

symmetric, it is of interest to examine this behavior. 

with an internal1y heated calender roll subjected to either all 

heating jets or all cooling jets for the t !i 0 condition, the roll 

assumes a steady state temperature distribution which satisfies the heat 

balance at the surface, r = r , where 
o 

o 

When all heating jets are used, the Iq 1 heat sink is satisfied by two 
p 

heat sources, Iq 1 and Iqçl. When all cooling jets are used, the single 

source !ql! satisfies the two heat sinks, ! q! and 1 q 1. These t !i 0 
ç P 

conditions are seen as the highest and lowest prof iles on bath the 

radial temperature profiles, Figures 5.15, 5.16 and 5.17, and the axial 

profiles of T , Figures 5.15a, 5.16a and 5.17a. The steady state control 
s 
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conditl.on ral.ses the lowest profile or deCrea:-lèS the h19he!>t ptC't Ill', 

relative ta the t :!: 0 initl.al condition profl.les, thcreby ph'du':1l1g the 

l.nterlor pacr of radIal or a~<lal profiles. rhe relatIve lrnt'l'ttancè l't 

the three heat fluxes at the t :!: a InItial c,'n,ütllJn 15 shown Hl 

Table 5 2. 

Heat 

Table 5 2 Heat Balance at t~O at the Surface of an Int .'rn,llly 

Heated Calender Kol] 

Initial Condition: Inltlal Condllion: 

Al.l Heatl.ng Jets AlI Cùollnq J~ts 

Shell Thickness, s/ rrun Shell Thlckn0ss, s, rrun 
------- --------

Flow, W/m 100 120 150 100 120 ISO 

q 7795 7674 7472 11467 11354 11146 

q 405 526 728 -3267 -3154 -~g46 

<-) 
-8200 -8200 -8200 -8200 -8200 -8200 q 

p 

(-)a l.S constant by virtue of the chol.ce of paper side b<Jurldary 
·0 

conditl.on. 

For the initial condition of all heatlng jets, the relClt.lve 

l.mportance of q in sat isfying the sl.ngle heat sink q, 
f' 

l '3 

apparent, witn qc providing only 5-10% of the heat transfer requtrwj by 

the paper sl.de boundary condition. Likewise, for the Initial con,htlofl 

of aIl cooll.ng jets, the split of the single heat source, q, t,.~t WI:(;fI 

the two heat sinks, q and q, is still de,minated by the par,er sid(~ h(~c.t 
c D 

transfer. Also, comparison of the magnitudes of q and q inrjj r:al8'> th,~ 
c 

large extent to whl.ch the calender roll surface t'=rnp'=rature, T., i3 

dorninated by radial conduction from the heaterj CfJre afld U.e fJdfJ':[ wd) 

o 
5.:'5-5.17, that with the roll heating fluid at 150 C, the '3witch L'_IWI_"fI 
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o 0 

dll h(~t1tlng JE:ts at 150 C and all cool~ng Jets at 20 C' never moves the 

o 
roll 3~rface t~m~erature beyond the range 121 - 138 C. 

For the initial conditlon of aU coollr.g Jets, the aXlal profiles 

r~f J:f)ll surface temp2rctture, T , shown ln ~lgJreS 5.l5a, 5.16a and 5.17a 
5 

dre not ~trd1ght 11nes but display a bare y perceptible per~odic r~pple 

wtllch is assc:::iatf'd w~th the location of t "e cooling jets at the axial 

[YJSltlons 0, ±S, ±2S, ±3S and ±4S. In t:-'e aJscciated control mode wlth 

(Jne heating Jet, the same r lpple in T perllsts except 
5 

in the r<:!gion 

rlom1ndted by the heating jet. This T r ipple must be present a lso for 
5 

the initial condülon of aIl heating Jets, b.t in thlS -:..ase w~th q 

actlng in the same dlrectlon as the do:-ninant q term, the a:r,plitude of 

the rlpple lS too small to be detected. 

The value of the peak difference ln roll suri 3ce temperature, ~T , 

1S seen as the dlfference between the 

ba'3e temperature, T , 
st-

on figur~s 5.l5a, 

peak tempt.::::ature, T , 
5" 

SI) 

and the 

5.l6a, 5.l7a. These values of 

ln are dlsplayed on Flgure 5.18. For the thlckest shell, s = 240mm, 
',~ 

the bdSic non-equlvalence of the heating and coo1ing control jet cases 

wlth a heated roll can be seen on Figure 5.18, wlth of Course the 

coollng control Jet producing a larger roll surface temperature peak, 

which would be accompanied by a co r responding ly larger thermal 

defolmatlon peak, ~r 
p 

These differences between the heating and cooling 

control jet cases are very small even for the extreme case of 5 = 240mm, 

and soon become undetectably small for the thinner shells ge~erally used 

ln lndustrial practice. 

Wlth unheated calender ro11s, q = 0 = q, 50 that the heating and 
l p 

coollng control Jet cases are always equivalent for steady state roll 

tempe ratures and thermal deformation. 1hus for unheated rolls, all 

results ln the pLesent study cione w~ch heating or cooling control Jets 
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rl!":: ln fact dppll':able in either case. In prlnclple, this equivalence 

dr,~3 not àfJply for hç.;ated rolls. However, the present quantitative 

cH",! ~y3lS Sh0WS that the nor.-equivalence is sa small for conditions of 

~r, ju'jtrial relevance that even for heated rolls, all results with 

r,'~dl lflg dnd r::r)ollng control jets could, ln practlce, be used for either 

i::ase 

~ 4.3 Effect of Ro]l Deslgn 

For the case of unheated rolls wlth a single control Jet, profiles 

of lccal roll deformation, ~i, for various shell thicknesses are 

illustrated in Flgure 5.19. The much larger steady ~tate deformation for 

unheated rolls than for heated rolls is clearly evident by comperison 

wlth the proflles shown earlier as Figure 5.12. 

Figure 5.20 shows that, for heated and unheated rolls, the effect 

of shell thlckness, s, on peak roll deformation, !lr, is just the 
p 

Opposlte. As the sheli thickness approaches the roll radius, ~r for 
p 

heated and unheated raIls converge as expected, Slnce the area available 

for InternaI heat transfer approaches zero. For the commonly used shell 

th:ckness of 120mm it is highly significant that ~r is 2.2 times higher 
? 

wlth the unheated calender roll, Flgure 5.20. For solid calender rolls, 

the dashed Ilne between the re~ults for the two solid rolls on Figure 

s. ~O indicates the extent of the increase in!lr associated with the use 
p 

of 5maller roll dlameters. 

The peak deformations obtained with a heated calender roll are 

c0nsistant wlth the values quoted by Verkasalo[1984], i.e. 2 - 5.5~ for 

cl ,jouble walled roll and 3 - 6f1ID for a center-bored roll. Verlasko made 

no melltion of the effect of shell thickness, s, other than the implied 
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1 
l~C[easlng s at constant r increases the axial heat transtt::": '::'iea 

o 

relative ta that for heat transfer f~om the control jet, hence increases 

q relative to q, which reduces the temperature difference that the 
c 

control jet produces, thereby decreasing roll deformation, 6r. 

The higher roll deformation obtainabLe with unheated rolls is 

~articularly interesting for control purposes. For example, in an 

e~lsting cal~ndering configuration where a control system of impinging 

Jets is Installed on a heated roll, the advantage of a much higher 

control bandwidth could be obtai:1ed by simply moving the control system 

te an unheated roll. 

5.4.4 Calender Control Deformation Index 

A single index of calender roll deformation performance is 

dE:sirable because what is required is a control system with high peak 

roll deformation, /).r
p

' but low width of deformation, W/).r' The results 

Lecorded in Figures 5.19 ta 5.22 indicate invariably a trade-off between 

these two desirable criteria, i.e. conditions which give high /).r , as is 
p 

desired, also give high W/).r' a negative characteristic for local 

control. Therefore inspection of the effect of a variable on /).rpand W/).!" 

provides no guidance as ta the nèt effect on cenerol characteristics. 

However the absolute value of the ratio of these two characteristics, 

1 W
6
/6r

p
l, i.e. millimeters of width of deformatlon per micron of peak 

deformation, provides a deformation characteristic which is relevant ta 

control. This ratio i5 therefore termed the calender control deformation 

ind2X, I~. In Table 5.2 the corresponding values of W
6r

, 6r
p 

and control 

ind0x, I~ = 1 W/).r//).rpl, are given for the cases recorded in Figures 5.12 

- 5.13 and 5.19 - 5.22. By definition, the 10wer the l value the better 
:J 

the control characteristics. 

5 - 54 



Table 5.3 Calender control deformation index 

(a) Internally heated roll, r = 250mm, S "" 100rrun. 
o 

Shell thickness W
Ar Ar 

p 

s, mm mm J.Lrn 

100 278 -4.14 

120 305 -4. 7 2 

150 337 -5.55 

200 385 -6.97 

240 421 -8.41 
(a1most solid) 

(b) Unheated roll, r = 250mm, S 100mm. 
0 

Shell thickness W
Ar 

Ar 
p 

s, mm mm iJ.IT1 

100 475 -13 .32 

120 472 -11.88 

150 466 -10.53 

180 462 -9.74 

250 (solid) 457 -9.10 

(c) Internally heated roll, s = 120mm, S 100rrun. 

Roll radius, r W
Ar 

Ar 
0 " mm mm jJ.ffi 

200 290 -5.58 

250 305 -4.72 

270 317 -4.48 

300 356 -4 16 

(d) Unheated roll, s 120mm, S 100mm. 
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Roll radius, r W~r ~r l 
0 p :' 

mm mm ~- _~un~~ _ 

200 450 -12.98 35 

25(, 472 -1l.88 40 

270 480 -11.55 42 

300 490 -11.16 44 

For internally heated rolls, the vdlues of the defùrmôt 10n index, 

I, found in Table 5.3 show that lncreasing the shell thickness ptoduces 
il 

an improvement (i.e. a decrease) in the deformatlon index for values of 

shell thickness in the range 100 to 150mm. 

For a fixed shell thickness in the range commonly found ln eXlst lng 

heated calender rolls, s l20mm, the results in Table 5.2(cl indicate a 

substantial improvement in l as roll radius is dûcroélsed. 
!J 

Fur a 

calender roll of fixed radius, the opposite effects of shell chtckness 

on deformation index for heated and unheated rolls, apparent ln Tdhle 

5.2 (a) and (b), are portrayed on Flgure 5.23. With unheat~d rails, the 

deformation inè.:=x improves strongly with reduction in ShEdl lhl(~kne"is 

Moreover, for a 250mm radius hollow roll, Figure 5.23 illust rdles lhe 

dramatic improvement in calender control deformation lnaex t.o be 

obtained by switching from heated to unheated rolls. 

Clearly the system with the highest control potential, c0nsiderlng 

the desirability of both high local roll deformation and narrow conl roI 

width, is a small diameter unheated roll of minImum prdr::tl'::al sh.-ll 

thickness. Of the specif ications for unheated rolls test'ê!d h'~re 

Table 5.2 (b) and (d), those glving the best (lowest) value (Jt the 

def~rmation index, l of about 35mm/f.U1\, are f0rtunately a1',rJ thr)'.>.; Whlf~h 
J 

give the highest absolute value Jf the peak roll def')rrndtlfJn, tH r,f ,. 

about 13 ~. 
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It has been t rad1.tional praet:.iee 1.n the paper industry ta avoiJ 

placlng calender control equipment on ad)ustable erown raIls (sueh as 

(;t0Wn Controlled or © N1.pCO rolls) because these rolls are already 

rl~'H'3tlng in the control process through hydraulically produced roll 

def()rmatlon. However, hydraul1.cally aetuated adjustable crown rolls have 

control w1.dths, W~r' 1.n the order of meters while impinging jet control 

sy~'ems provide control widths, W~r' in the range 300 - 500mm, 

Figure 5.21, Table 5.2. The bandwidths of under 500mm associated with 

unheated shell rolls can probably be extended to ad~ustable crowc type 

rolls , although internally, s~ch rolls may not be completely adiabatic. 

Although peripherally bored heat transfer rolls were not simulated 

in this study, che current results provide guidance con~erning this roll 

design. The high internal heat transfer and thin effective shell 

th1.ckness of sueh rolls would elearly result in a small thermal 

deformat1.on, Figure 5.20, and a pocr control index, Figure 5.23, making 

these rolls a poor cho1.ce for calender control. 

5.4.5 Effect of Actuator Heat Transfer Profile 

Kan [1986) and Hilden and Randle (1984) recommended higher control 

actuator resolution in the cross machine direction in arder to produce 

the "ideal" step funct1.on temperature profile at the roll surface. They 

claimed th1.s strategy would provide larger calender roll deformation 

dlrectly at the actuator eenterline and a uniform roll diameter between 

àctuators. A3 shown in Chapter 4, for jet-ta-jet separation of S/d ~ 8 

the c1.rcumf~rentially averaged local heat tra.sfer between jets is 

Lelatively uniform. Moreover, the effect of axial heat conduction in the 

cal.;nder roll is high, as shown by the finding that the characteristie 

width of the roll deforrr.ation, W~r' is about 3 - 5 times that of the 
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jet-to-jet spacing, S = lOOmm. H~gh ax~al heat transfer ctamps the 

surface temperature prof~le and, consequently, the profile of tht'rma 1 

deformation, 6r. 

To provlde a quantjtative analysis of thlS e:fect, roll defolmatlon 

was calculated for three heat transfer proflles as b0undary ~0nctltluns 

Profile #1 of Figure 5.24 1S that for an Implnglng Jet 0btalnect 

exper1mentally in Chapter 4 and represented by equation 5 12. The other 

profiles were arbitrarily chosen to approach a step funetlon hedt 

transfer profile while maintaining the same heat flux per actuator dS 

for Profile #1. In the extreme case, Profile 1/3, half the area bt.!tWl~t!ll 

aetuators has no heat transfer. The ealculated profiles of roll 

deformation, Figure 5.24, ~how that concentrat1ng the hedt flux to 

effectively a step function profile around the actuator re'3ults in dn 

increase in the roll deformation dlrectly at the actuator centerllne by 

only ~ 12'1;, with less than 12% decrease in control width, W
6r 

(Table 

5.4). An impinging jet heat transfer proflle 1S seen to glve values rd 

roll deformation, control wldth and deformation control index which dIt.! 

almost as good as those for the ideal case of a step function h'.:!dt fIlJ-o( 

profile. 

Table 5.4 Effect of heat transfer proflle on roll deformdtlon 

characterlst~cs of a heated roll wlth r = 2~Ornm, 

s = l20rrun, S = 200mm (S/d = 8). 

Heat Transfer W
flr 

flr l , 
Profile 

rnrn/JlITl rrun /1ffi ------ -- - ---

1. implnglng jet 348 -7.26 48 
2. medIum 320 -8.00 40 
3 extrerne 309 -8 65 36 
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Thus the more nearly step functlon heat flux proflle with 1nduct1on 

heaters as the CD control actuator/ pOlnted out by Kan and by Hilden and 

Randle as advantageous, lS seen ta be an advantage wlth mlnlmal 

quantItative eEfect. On the other hand, implnglng jets provlde the 

un1que control advantage of ready access ta elther a -:0011ng e)[ a 

heating control flux. As for the conceln of plevlous lrlVt.'StlCjdtoIS th,ll 

bell shaped heat transfer profiles would create a "bumpy" roll, the 

present analysis demonstrates that for Impinging Jets, the ITIdXlmum 

"bump" in roll dia-neter between actuators, Figure 5.24, IS less than 

0.3 ~. Such concerns are clearly groundless. 

5.4.6 Effect of Actuator Arrangement 

Two parameters describing actuator arrangement ale the jet-t 0- JPt 

separation, S/ and the number of ad)acent control Jets u'3ed. InCrpd''\lllg 

S increases the Jet heat l.ransfer efficiency, I.e., mure heat trdfl~1f'~r 

pûr Jet. Increasing the m,mber of adjacent control jets affects the 

prof1le of local roll deformat1on. 

(a) Effect of number of adjacent control jets 

For a Jet-ta-jet spacing S cA 100mm, FIgure 5.25 dnd Table C, 5 sh(>w 

the roll deformat1on of a heatE:d roll with varlOUb numbers, N, (Ji 

adJacent coollng or heat ing cont ra 1 Jets. The use of N = 2 r0'3U 1 t S j'. 

increasing by a factor of 1.7 the peak roll deformatlon, tH , 
[, 

relfitlve 

ta that produced by a sH.gle control jet. For N ~ 3, t:.r 13 Chût ;> 1 
p 

times that for a single control jet. For S 100mm, r = 250mm dnrj 
o 

s == 120mm, the values of ().r produced l:Jy uS1ng 1, 2 and 3 ,;rj jd'.I:flt 
f-

control jets are, respect i vely, 39~, 6"~ ..>0 dnd 8'H <. -, r>f t hr; ffI<1/lrr,ljTfl 

deformation possible (i.e. ':.hat wlth a: 1 j8t s dt t. he 1;,>(,'.r,>1 j (: t. 
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condition. From Figure 5 25 lt would app0ar that an a~(lal dIstance of 

about 700mm would be required to go from mllllmUm roll diametE'r (a t~'W ~'f 

coollng control Jets) to maXlmum roll dllmeter la row of heatiny C0ntrol 

jets) Wlth the hlgh thermal conductlvity of the calender n'lI, W
tI

. is 

about 300rr.rr :or S =lOOmm, 50 closer spêlc1ng of the contr~,l )I:'ts WIll 

clearly have 11ttle inflt..:ence on local deformatlon. Typlcal cunun,'rcIdl 

practice 15 to place calender control actuators at dXlal sepdldt lelnS ln 

the range 80 to 200 mm. The high degree of coupllng between the effects 

of neighboring control actuators, illustrated by the present rC'Hllt '5, 

provides the basis for rational design of CD caliper process cont roi 

schemes. 

Table 5.5 

Control 
jet 

heatlng 

Effect of number of adjacent control Jets Oll the 

roll deformation characteri:stlcs of a heated roll 

wlth r ~ 250mm, s = 120mm, S = 100rrun. 

N, Number of W
tlr 

tir 
p " 

adJacent control 
jets mm J1lTl _~/ JlIn ---------- ------

{ 
l 305 4.73 65 ., 357 7.97 45 <. 

3 422 9 91 42 

{ 1 300 -4.70 64 
2 351 -7.95 44 
3 416 -9.89 42 

Under the conditions test~d, tne aGsolute magnit.ude üf th(" 

deformat ion achleved by l, 2 or 3 adJacent heat Ing Jtts sur rour.dwj r;y 

cooling Jets 1S 1ndIstlngulshable from that OGlalf,ed [or coollng c(,ntrc)l 

jets in a rcw of heating Jets. This effectl';e équ~'Jalence (;E h'~at ii.g "i.ri 

coollng c~~tlJl jets on heated rolls was explalned ln Secti0n 5.4 2. 

lb) Effect of Jet-to-jet separation 

jet-tc-Jét spac:ng of S ':'ess than 8d (2%;rt:'.) 
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h~dt lraGsfer eff.ciency. FIgure 5.26 and Table 5.6 show the effect of 

Jut-t0-Jet spaclng on roll deformatlon characterlstics by comparing the 

r_d'~E: of a '31ng le c0nt rol jet at a spacing of S/d = 8, i. e. S = 200mm, 

wlth that obtalned for control with 2 adJacent jets at a standard 

'3r~d':lflg r)f S/d = 4, S = 100 mm. The alr flow rate per jet is thE. same in 

tr,.", two cases. The maXlmum roll deformation, ô'r, with 2 control jets 
p 

"nr:l S/J=4 15 on1y 81 greater than that with a single control jet at 

rJ0uble the S/d. As the calender roll deformation index, 1:>, is also 

\:ss0ntially the same between the two cases, there is no aavantage ln 

narrower Jet-ta-Jet spacing. 

Table 5.6 Effeet of jet-to-Jet spacing, S, on roll deformation 

characteristlcs of a heated roll with r == 250mm, 
c 

s = 120mm. 

Jet-to-jet Wô,r Iô,r 1 l 

Spacing, 
p J 

S 
mm mm JllTl rrun/1J.ffi 

100 356 7.97 45 
200 348 7.26 47 

On an operat ing calender, Mitchell and Sheahan [1976 J observed 

that the maximum difference l.n roll surface temperature under jets 

spaced at S/d=8 was only 15% less than that for S/d=4. Thus the 

concluslon reaehed from the present numerical simulation is identical ta 

that obtained from the measurements by Mitchell and Sheahan on an 

llklust r laI ca lender. Conslder ing the Important disadvantage of use of 

double the amount of air with the S = 4d spacing and the negligible 

control advantaJe of the narrower spacing, a jet-ta-jet spacing closer 

than S 8d appears uneconomic. 
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5.4.7 Effect of Jet Confinement 

The effect of placing at the nozzle exi t a confinement plate, 

concentric wi th the calender roll, cont inuous ln the cross machine 

direction and extendlng 5.75d ln the c1rcumferential direction on elthel' 

side of the nozzle centerline was reported ln Chapter 4. Those results 

dcmonslrate that, for Hld = 2, use of such a confinement plate increases 

the circumferent lally averaged heat transfer coefficient by 33r. 

(Figure 4.45(b». To determine the influence of Jet confinement on local 

roll deformation, the axial heat transfer boundary condi tion for the 

Jets, Equation 5.8, was modified simply by increaslng Nu by 33X. 
c 

With the associated 33Y. increase ln local heat transfer from use of 

confinement, Figure 5.27 and Table 5.7, there Is a corresponding 

substantial improvement in both peak roll thermal defo\rmatlon, Ar , and 
p 

calcnder roll deformation index, ID, ln both cases by about 23Y.. 

Table 5.7 Effect of Jet confinement on roll deformatlon 

characterist ics of a heated roll wilh r = 250 mm, 
o 

s = 120 mm, S = 100 mm 

Jet W
Ar IAr 1 1 

Confinement p 0 

mm J-lm .nmlJ-lm 

wlthout confinement 305 4.72 65 
wlth confinement 299 5.84 51 

The use of a ·~onfinement surface on Impinging Jet calender control 

systems was recommended in Chapt.er 4 for reasons of heat transfer energy 

cfflciency. This advantage Is now supplemented by the documented 

substantial improvement in CD calender control characteristics with 

confincd Jets. For exisUng unconfined impingement calender control 

systems, this improvement can easlly be reallzed by retrofittlng a 

confinement surface at the nozzle exit. 
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5.5 Numerical Simulation of Unsteady State Thermal Deformation 

The desired characteristics of a system for cross-machine direction 

control are large steady state thermal deformation over a narrow strip 

of the calender roll and a short response time to each new steady state 

control objective. The previous section dealt with the former aspect 

while the present section deals with the second of these two control 

characteristics. 

5.5.1 Analytical Solution 

Analytical solutions are readily available for the transient 

thermal behavior of a semi-infinite cylindrical body of CO~5tant thermal 

conductivity when subjected to axially uniform convective heat transfer 

bounda ry conditions, i.e. no axial variation in heat transfer 

coefficients, h and h, or heat transfer fluid temperature. The 
c 

solution, Equation 5.18, takes the form of a Bessel equation, 

T(r,t) 

where 

co 

e 

2 
-af3 t 

11', 

K (f3 f r) 
a m 

K (f3 , r) 
Q :" 

R (f3 ,r) o 1" 

J (f3 r) 
o III 

·f a 

r' K~(f3 ,ri) F(r') dr' 
u !"\ 

y (f3 r) o fT, 
R (f3 ,r) o 'Tl 

k f3 J' «(3 bl + h J' ({3 bl 
nO m ca m 

k (3 y' (f3 bl + h y' ({3 b) 
rr. 0 rr l a m 

N 

1 
R2 «(3 ,r ) o m l 

(5.18) 

Solving Equat~on 5.18 requires solving for the roots of Equation 5.19 
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where ~ are the roots to the transcendental equation 
m -

-(3k J' ({3r ) + h J _ «(3r ) 
c • 

(3k J' ({3 r ) + h J «(3 r ) 
o 0 C J 0 

-~k. Y~({3r) + h.YJ({3r) 

~k. y: ({3 r ) + h ~ Y _ ({3 r ) 
:) ..........) 

o (5. 19) 

This unwieldy equation applies only to the case of one dlmenslonal, 

radial heat transfer. with respect to providing ins1ght concerning 

thermal response of the body ta changes ln the boundary condlt1ons, thlS 

analytical solution offers no advantage over a numerical solution. For 

the case of interest here, furthermore, the external thermal boulldary 

co;"!dition is non-uniform axially, which makes this a two-dimensional 

problem. 

5.5.2 Conditions Used in Numerical Simulations 

The conditions for which the unsteady state slmulation was made dIe 

listea in Table 5.8. 

5.5.3 Results of Unsteady State Simulation Madel 

The tracking of process disturbances with minimum time lag, deS1red 

for optL-" m control characteristics, requires use of calender rolls Wl th 

minimum response time. The response of a calender roll to a change HI 

the centrol dctuator heat transfer from a ;:ow of ldentical jets to a 

repeating sequence of either l cooling Jet and 9 heating jets, Gr l 

heating jet and 9 cooling jets, 1S 11lustrated by following the t lm(~ 

response of the deformat ion at the center Ilne of the coot roI jr:t., 

The steady state limlt of tHI "is the peak roll deforlfti1t.l()n, 
l -. 

tu as used in Section 5.4. The close agreement of st€:ady-!>tdte [J,odk 
p 
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Table 5.8 Conditlons for unsteady state numerical simulations 

External ShAll :::tltprnal Jet-ta-Jet Number of 
Dlameter Thlckness Heatedl Separatlon heating jetsl Comment 

r (mm) s (mm) Unheated S (mm) cooling jets 
" -------

150 80 heated 100 9-1 
150 100 heated 100 9-1 
200 80 heated 100 9-1 
200 100 heated 100 9-1 
200 120 heated 100 9-1 
200 140 heated 100 9-1 
250 80 heated 100 9-1 
250 100 heated 100 9-1 
250 120 heated 100 9-1 
250 140 heated 100 9-1 
300 80 heated 100 9-1 
300 100 heated 100 9-1 
300 120 heated 100 9-1 
300 140 heated 100 9-1 
200 80 heated 100 1-9 
200 100 heated 100 1-9 
200 120 heated 100 1-9 
200 140 heated 100 1-9 
250 80 heated 100 1-9 
250 100 heated 100 1-9 
250 120 heated 100 1-9 
250 140 unheated 100 1-9 
200 100 unheated 100 9-1 
200 120 unheated 100 9-1 
200 140 unheated 100 9-1 
200 200 unheated 100 9-1 solid roll 
250 100 unheated 100 9-1 
250 120 unheated 100 9-1 
250 140 unheated 100 9-1 
'">cf> 
.t..JV 250 unheated 100 9-1 solid roll 

roll deformation, tu, predicted using with the plane strain solution 
p 

(i.e. Equation 5.2(a) and 5.17) with that from the complete numerical 

model (Le. Equation 5.2(b), and 5.3,5.4 and 5.5), was shown in 

Figure 5.12. This good agreement at steady state between the approximate 

and exact solutions and the excellent unsteady state thermal behavior 

predicted by the approximate model permits the simplification of the 
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unsteady-state model. Under the conditions examlned here lt 1S thetefote 

legitimate to obtain the tranS1ent response of a calender roll uSlng the 

plane strain solution, i.e. EquatIon 5.2(a) to solve for the tempetatutt' 

field and Equation 5.17 to determjne the instantaneous roll defotmatlon 

Thus aIl the unsteady state results are obtained by appll~dtlon of the 

plane strain approximation to the tranS1ent state. 

F1gures 5.26 to 5.35 show the development of roll 3urtdce 

deformation at the control jet centerline, tul " from the time c)t 
1 0 

sW1tching from a row of identical jets to one of the control modes nOLeJ 

above. Figures 5.28 to 5.33 are for heated shell type rolls of valious 

ext .:rnal diameter and shell thickness. Figures 5.34 and 5.35 are fur 

unheated calender rolls. In Figures 5.32 and 5.33 the control Jet 13 a 

single heating jet in a row of cooling jets, while aIl other flgUrPS 

show the complimentary case of a single cooling jet ln a row of heatlng 

jets. A jet-to-jet spacing of S/d = 4 is used throughout, correspondlng 

to a separation, S, of lOOmm between the center l1nes of the implnglng 

jets issuing from nozzles of d1ameter d = 25mm. The nozlle exll 

o 0 

temperatures of the jets, T. of 20 C and 150 C and the va lues of cl Il 

other operating conditions are as specified in Section 5.3.3. 

5.5.4 Simulation Results as Deformation Time Constant 

The transient response of a ca lender roll illuslraLed in 

Figure 5.28 to 5.35, by the development of the peak value of roll 

surface deformation, t::.r 1 n can be represented in the form of dn 
7-v 

exponential decay: 

t::.r t::.r 
p 

---/"r 
(1 - e ) (5.20) 
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where the deformation time constant, T, and the peak roll deformation, 

hr, depend on the geometrical and thermal boundary condition. 
p 

Desirerable control characteristics are a high value of peak deformation 

and of low deformaUon Ume constant. Figure 5.36(a) and (b) show 

comparlsons of time histories of numerically predicted values of hrl ' 
z=o 

with the fit obtained by Equation 5.20. As the agreement Is excellent, 

the values of T and hr obtained by fHUng Equation 5.20 to the tlme 
p 

history resul ts dlsplayed ln Figures 5.28 to 5.35 can be cons\dered a 

satlsfactory representatlon of the system. 

Figures 5.31 to 5.40 display the results as expressed in terms of 

Equation 5.20. These simulations cover the range of parameters 

150 ~ r ~ 300 mm and 80 ~ s ~ 140 mm for internally heated rolls wi tr 
o 

hcating and cooling control Jets, and for unheated rolls wlth cooling 

control Jets. As alrea1y noted, results wlth heating and cooling control 

Jets are elther exactly equivalent or are effectlvely equivalent. 

A comparison of steady··state peak roll deformatlons obtalned for a 

heated roll under heatlng and coollng control Jets Is shown ln 

Figure 5.38. The near equl valence of heating and cooling control Jets 

wlth a heated roll, established in Sectlon 5.4.5, ls again illustrated. 

Peak roll deformation obtained by steady-state simulation (Section 5.4) 

compares weIl wi th that obtained by expressing the unsteady state 

thermal deformation in terms of Equation 5.20. This agreement further 

supports the correctness of the approximate transient model based on the 

plane straln assumption, 1.e. Equations 5.2(a) and 5.11, and 

representation of these results using Equation 5.20. 
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W1th a heated roll, the coollng control Jet data of Figure 5.39 

Indlcate that the deformation time constant, T, for constant shell 

thickncss 15 little affected by r. Increaslng r from 200 ta 300mm 
o 0 

Improves the lime constant, but only by less than 10X. The effect of 

shell thlckness on T at constant r 15 much stronger. Thus for 
o 

r = 250mm the time constant Is greatly Improved, ln fact ls reduced by 
o 

more than SOX, for a decrease ln shell thickness from 140 to 80mm. These 

aT/ar and aT/aS effects bath reflect an Increase ln the external roll 
o 

surface heat transfer area for the control Jet, relative to the mas5 of 

the metal shell. Heat conduction out through the metal shell attenuates 

the rate at whlch deformat Ion of the roll surface 1s obta1ned ln 

response to a step change ln convectl ve heat transfer rate by the 

control Jet at the roll surface. 

The deformatlon time constant for unheated raIls Is much greater 

than for heated rolls and is 11ttle affected by elther roll diameter or 

shell thickness. Figure 5.40. with T ~ 21-23mln, much higher than 

determlned for heated rolls As a heated roll of r = 200mm appl'oaches a 
o 

solld roll (increasing shell th1ckness) Figure 5.40 shows that T 

1 ncreases exponent ially because, as s~r, 
o 

the deformation time 

constant must approach that shown for a solld roll. 

Since the the peak deformatlon 15 different for aIl cases, 1t 1s 

Inapproprlate to compare the maximum peak deformation and time constant 

separately. Although unheated raIls have comparatlvely large tlme 

constants, the roll deformations are also much larger. For control ta he 

effective on calender stack. the response to the control action should 

occur wlthin a 10 minute period. Using this sorne' hat arbitrary time 

per1od. the defor'mation achieved ln a 10 minute perlod.!J.r • gl ves a 
plO 

me ans of compar i ng overall translent control characterlstlcs. 
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Figure 5.41 shows the peak roll deformation obta1ned within 10 ~_~~~e~ 

l of the control action. For raIls of equal d1ameter, thv ther~d. 

deformation after 10 minutes is always greater for unheated rolls As 

expected, the heated and unheated results converge as the shell 

thickness 1ncreases and approaches that of a 501_1 roll. 

For heated roll there is a modest maXlmum roll deformatlon nadr a 

shell thickness of 14 Omm. As shell thickness increases, the thermal 

influence of the internaI heat transfer on t:.r decreases, due to the 
p:2 

increased separation and a decrease in the internal heat tran~fer arèd 

Thus initially an improvement in the deformation is observed. As the 

shell thickness is increased further, the relative importance ofaxlal 

heat conduction increases, due to a larger available heat tran~fer alea 

This results in a small decrease in llr behavior as the hE'dted roll 
plC 

results dpproach that for unhedted rolls. 

5.6 Summary 

The thermal deformation of calender rolls under un'3teddy-3tdt" 

conditions was numerically simulated u'31ng f1nlte volume MId flnlte 

element techniques, for which independent solutions Wf;re 

ascertained. The effect of calender roll design and of control byit,~m 

design and operat10n on steady state and transient response Oi Cd l,-,ndo,r 

rolls was thereby determined. 

The only previous numerical study n;,qulred the use of rln rI'3~,urrl(··1 

surface temperature profile, which in praeliee lS an unknr~wn dqjf;T"jdfll 

var1able. A key feature of the present simulatIon lS the rlv'JlddTI(.(; 'Ji 

that assumpt10n by linking the thermal deforf"dt10n to the! hedt lrdT,.,f!:! 

characteristl.cs of the control dctuator Cr;Hlg used. The rjr(:~'~nt, fP(j!'; 
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bQundary conditions, closely reproduces the results of the previous 

simulation. 

As shown, the deformation time constant of a calender roll 

decreases with decteasing shell thickness due to a smaller thermal mass 

which must be heated or cooled. This criteria applies for bath heated 

and unheated raIls. For a given roll design, however the increased 

penetration depth into the shell of the heat transfer associated with 

the control acluators with unheated calender raIls results in larger 

time constants than for heated raIls. 

The transient behavior of calender raIls, as characterized by 

llr , the peak roll deformation, 10 minutes after the control action, 
Pli) 

indicates that in most cases optimum transient behavior for calender 

control purposes is observed on unheated roll. For heated rolls there is 

a broad maxima where a heated roll with a large shell thickness would 

have a larger flr than a solld roll of equal diameter. 
plO 

Although the effect from thermal stresses associated with ax.ial 

temperature gradlents must be taken into consideration for most typical 

calender control situations, the plane strain solution given by Equation 

5 16 IS a very good approximation for control purposes. 

The local steady state deformation of calender rolls was 

characterized in the radial direction a~ roll deformation, llr, and the 

peak deformation, llr, and in the axial direction by the characterlstic 
o 

wldth of this deformatlon, W
llr

. The simulation was carried out for a 

wide range of calender roll design parameters, including roll diameter, 

shell thickness, unheated rolls and internally heated rolls. As for the 

system ùf control actuators, the simulation investigated the use of 

heat ing and cooling air jets as the ('ontrol actuator (s), various heat 

ltdnsfèr profiles, variations ln the number of control jets used, 
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variations in the jet-to-jet spacing and the difference betw~en confined 

and unconfined jets. 

Because there is generally a trade-off between the desirability for 

calender control for purpose5 of a high peak roll deformation, ~r , and 
p 

a low width of deformation, W.:
h

, a criterion i5 proposed for the 

evaluation of alternative systems. The recommended chalacterlstic, 

denoted the calender control performance index, l, 
c 

15 the rat io 

WA /f}.r , i.e. the width of deform~ lon in millimeters per micron of peak 
ur p 

deformation. 

The investigation of nurnerous roll designs indicates that the most 

desirable steady-state and transient control characteristics are 

provided by unheated rolls of small diameter and of minlmum plact ic:al 

shell thickness. 

The placement of calender profiling equipment on adjustélble crllwn 

rolls should not be disc:ounted as has been t raditional prdc:t ice. The 

performancf.. of the control system is complicated by the prc0ence of 

hydraulic crown control but considering the thin shell wall and 

adiabatic internal boundary condition, the ad)ustable crown roll ~dy be 

an optimal control position location. The hlgh heat tran'ifer 

characteristics and relatively thin effective shell thickne5s rl~S0clated 

with the perlpherally bored type of heated rolls make such raIls 

unsuitable for cross machine direction calender control. 

As to design parameters for air jet control systems, a sWltch frum 

unconfined to confined jets yields a 33% increase in the hedL trdn3fc[, 

which in t urn resul ts in a Imost as la rge an impre;Vément in r-"~dk roll 

deformation, ~r, wlth no 1055 ln the calender c0rltrol f,(~r f'dmrH,CC 
p 

index, 1 . 
J 

The addition of a confinerr,ent surface to rfldny '~/lst lnq 

calender control systems lnvolvlng L.r,ccmf:r.ed J'~lS 1S a r8ld'-lv.~ly '-d.,y 
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and in~xpensive metr.cd to obtain a substant ial improvement in calender 

control performance. 

The present investlgation also indicates that there is negligible 

control advantage ta using jet-ta-jet spacing, S, of less than O.2m, 

whlle closer spacings thô .• that have the disadvantage of wasting a large 

amount of air. 

The concern recorded in sorne previous work as to the production of 

a "bumpy" roll between impinging jets, reflecting the axial 

non-uniformlty of the actuator heat transfer prOfile, is shown in the 

present study to be groundless. It appears that the previous work did 

not appreclate the magnitude of the role played by axial heat conduction 

in calender control systems. 

Finally, although the present numerical simulation has been 

demonstrated for a cross direction control system with local control 

effected by impinging unconfined jets of heating and cooling air, the 

simulation is sufficiently general to be readily used with other control 

actuators such as induction heaters or water mist coolers. 
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CHAPTER 6 

THE EFFECT OF ACTUATOR POSITION ON PERFORMANCE OF A CD 

CALENDER CONTROL SYSTEM: AN EXPERIMENTAL STUDY ON A 

COMMERCIAL CALENDER 

6.1 Introduction 

The optimum positlon of an actuator system ln a calender stdck tor 

local control of web thickness is a commercially impOttdnt, yet 

u~resolved issue. The rather limited technical literature on thlS 

subject agrees that the position of the actuator system is a signi.flcdl1t 

parameter in the performance of a cross-machine (CD) calender cont ro l 

system. However thers is considerable disagreement as to the uptIlllum 

position and 1ittle convincing experimental evidence to supputt dny [Jf 

the stated opinions. 

An experlmental scudy was carried out on a commerCIal n{!WRl't ltlt 

calender to provide better insi':lht inlo the effect of the v.~rt lul 

posl.tloning of actl.lators on the response tl.me and maynltude nt rtH.! 

response of a CD calender control system. The experiments were pell'>lfl,,,,j 

on only one calender conflguration and, strlctly speaklnq, dIe VdJ ld 

only for it and other siml.lar configurations. However, together wlth the 

experimental and numerical results presented by Journedux[l')')Ol, th.~ 

data presented here provlde a somewhat broader lnslght thdl1 th.~ 

literature which has sa far been published on this subject. 

6.2 Literature Review 

Traditlonally the calende! control nuzzles, or "ci'll(,rl,l'~r '_',',llTlq 

nozzles" as they were called, were pldcl:!d 0n the ';/.fJo'3f!d rrJll'j ,)1 't..~ 

entering side of the calender stac:k. ThIS qd'Je the LdC)r!.I:T.,j.:r '-"_y 
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access to the nozzles and avoided the potential problem of condensation 

water drippl.ng on the calendered paper. As described by Janett[1955], 

thl.s practice gradually changed to positioning the nozzles on the third 

dnd fourth roll from the bottom of the stack, which is currently the 

prevalent practice. Janett commented: "It now becomes apparent that air 

'3hould be supplied to the f irst roll above the queen roll on the 

entering :::ide of the calender stack, and on the second roll above the 

Queen roll on the leaving side of the stack, with the necessary headers 

on bath sl.des. In addition, a considerable number of papermakers feel it 

desl.rable ta :::upply air to the queen roll on the leaving side of the 

stack". It is apparent from these remarks that positioning was based on 

undocumented practical experience and that papermakers are engaged in a 

constant struggle to get better performance from their control systems. 

Kahoun et al. (1965) suggested that papermakers might make better 

use of cooling air by applying it to the paper web entering the calender 

rather t.han to the calender rolls. Using this approach, they were able 

ta make substantl.al improvements in the thl.ckness profile on a 

pùper-machine over a perl.od of 40 minutes.They claimed that an 

equl.valent response with air blowing on a calender roll might take as 

long as 2-6 hours, which is unrealistl.cally long. The alleged reduction 

in the response time (from several hours to under an hour) was 

attributed to a higher heat transfer efficiency from the air to the 

p~per and from there ta the calender rolls, as weIl as the ability of 

the coo1er paper to affect more Lhan one calender roll. 

Lyne et al. [1976] made measurements on the commercial calender 

o 
shùwn ln Figure 6.1. They observed a 1.5 C surface temperature change 

a 5 j.LITl ch cl nge in 
• 0 

blowl.ng 27 C for thickness air web after 30 

nllnlltes, at md~lmum flow rate, onto the 1.Om diameter crown-controlled 
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o 
Je ing roll üperated at 6 C. No measurable effect was observed by their 

c(;rnpilni0n experiment carried out on the O. 75m diameter solid queen roll 

o 
at 55 C. Based on these experimental results and the following 

reasoning, they recommended the k~ng roll as the optimum location for 

paper lhickness control: 

i. Heat transfer from the roll surface to/from the travelling web is 

minimized. 

il. Thickness adjustments are final rather than the beginning of an 

iteratlve effect as occurs in the upper nips of a calender stack 

(less thickness reduction at one spot in a nip result ing in more 

compression at that spot in the following nip) . 

ili. When using cold air Jet showers, general stack cooling is avoided. 

Their comparisnn of results between control jets on the king and 

queen roll was inappropriate because of the large diff~rences in nozzle 

size, mass flow; rate, and jet Reynolds number. For the low pressure air 

jet irom the small nozzle on the queen roll, the heat transfer rate 

would have been only about 15% of that on lhe king roll. The consequent 

low response on the queen roll would evidently have been below that 

measurable by their technique. 

From experiments performed on the newsprint c31er.':er shown in 

Flgure 6.2 Mitchell and Sheùhan[1978] found control jets êtcting on the 

crown-controlled king roll to be 50% more effective at producing web 

cal; pel changes than when located on the center-bored third roll. The 

o 
alr supply system provided air at 28 C in the nozzle headers while the 

o 
1011 surface temperatures averaged 54 C. They agreed with the comments 

dnd conclusions presented by Lyne et al. 

Fjeld ,iI1d llickey[198l) approached the problem of actuator location 

u~Hng lcngely undisclcsed reasoning based on control theory. Their 
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\ 
recommendations are sUIrmarized in Figure 6.3 in term5 of est im.ned 

relative con~rol improvement as a functiùn the control actuator position 

in a double calender. According to their analysis, actuators placed 

higher in the stack are more effective because they prùvide: 

i. h1gh system response time and good spdt ial tesolution in tt..~ cross 

machine d~rection: 

ii. a w~de control band: 

i~~. highest potential of relative decrease ln ca11per. 

In their analysis, FJeld and Hickey assume that a th1ckness 

correction made in the top nip is as effective as one made in lower nips 

because under feedback control the locat~on where the correctlon i3 made 

15 ~rrelevant. However that argument, which holds provided th~ dctudlor 

can make the changes called for by the control system, says nothing 

about the magn~tude of this change. This magnitude depends on the 

process, which in this case is h~ghly non-l~near. As the bulk duCllun 

i5 much greater in the top nips than ~n the bottom of the ca l eCldt:> [ , ct 

much larger roll reflection is needed in the top n1ps to produce t hl: 

same permanent thickness change. 

In summary, the placement of CD control acluator:S [e(~(-,rrlfnended by 

Lyne et al[1976) and Mitchell and Sheahan[1978) 15 on the king roll, Ly 

FJeld and Hlckey[1981] on the second roll from the top of the stack, dnrl 

by Kahoun et al. [1965] is on the web eilter~ng the stack. They all d'F'!': 

that the traditionally preferred locatlon on the thlrd and [ourth rGIl~ 

from the bottom, as described by Janett[1955], ia not the optimum. 

The available literature makes little mention of the f..!fh:cl (Jf 

calender roll type (i.e. shell or SOlldl or internaI cal'::nd':L Uf"'!['JI.u.q 

par.ameteLs (l.e. heated, unhedted, crown r;(~ntrrJllf;d) on the th'~[rn,jl T',ll 

6 - 7 



Sheah,in (1978) noted the very much slower response of a saUd calender 

c011 as compared ta a shell type roll. Lyne et al. [1976] acknowledge the 

~fféct of roll type and speculated that unheated hollow rolls would have 

o 
a latger change in radius per C than either solid or heated rolls. 

Thus the published literature takes little consideration of the 

~ffect of roll design and, moreover, provides conflicting results which 

theudore do not provide the needed guidance in the design of high 

!)0rf'Hmance calender control systems or in the optimization of existing 

cc,ntrol systems. 

6.3 Mill Calender Stack Configuration 

The experiments were carrled out on the double calender of a 3.7m 

wlde corrunercial newspnnt machine operating at a speed of 500m/min, 

producing a 
2 

45-47g/m roto-news sheet from a furnish containing 53% 

thermomechanical pulp, 32% stone groundwood and 15% seml-bleached kraft 

pulp. 

This calender, shawn in Figure 6.4, is dpscribed in Table 6.1. The 

calender stacks were identical with the exception of the king roll,a 

SOlld roll in the first stack, a hydraulically pressured, variable-crown 

roll in the second stack. AlI rolls above the king roll were 

center-bored (lOOmm) and, with the exception of the top rolls in each 

st ack, were steam-heated. The steam pressure was varled ta adjust the 

average thickness of paper produced during the five days of mill trials, 

as shawn in Table 6.2. 

On each roll CD thickness control was automatically controlled by 

two lOWS cf cooling air jets. The jet-ta-jet spacing was 200mm, with the 

twù 10WS on each stack offset by lOOmm ta provide an effective 

Jet-to-Jet spacing of lOOrrun. The nozzles in the CD control system were 
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13rnm diameter, set at a nozzle-to-roll separation, H, of 100mm 

çorrespondlng to a non-dimensional nozzle-to-roll separation of H/d = 8. 

6.3.1 Experlmental Procedures 

The followlng procedure was used: 

i. For ~ach trIal a cross-machine location was chosen near the center 

of the machine, WhlCh had a relatlvely fIat and stable web 

thickness profile as measured by the CD control system. 

li A test nozzle, Figure 6.5, attached to a compressed air line at 
o 

18 C was placed on the roll to be investigated, mounted at the 

center of the ehperimental regiùn with a nozzle-to-roll separation 

of H = 50rnm, giving H/d = 2. 

li i. The control system cooling air showers in the experimental region 

were turned off and the w~b thickness was allowed to drop. 

iv. When the web callper reached a minimum the test air nozzle was 

turned on and the change in web thlckness, as measured by the CD 

control system, was recorded as a function of the elapsed time. 

A nozll~ eXIt veloclty of 200m/s, corresponding to a jet Reynolds 

number of 343000, was used ln the test nozzle. Although much hlgher than 

normally used in calender control air showers, this jet flow rate 

provided faster system response time and a web thickness change 

sufficlently large to be readily separated from the back.ground noise 

associated wlth normal mill operation. 

AXIal profIles of roll surface temperature were measured using an 

Intra-red pyrometer fltted with an emissivity converter, Figure 6.6. The 

t~mlSSlvlty .:::onverter, required since the chlilej iror· surface of the 

calcnder rolls has a Low emlssivity, consists of a thin blackened teflon 

stllp m0untcd on a bracket in front of the Iens of the pyrometer. The 

tetlan strlp .:::ontdcts the roll dnd assumes the roll surface temperature 
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very qUlckly. The pyrometer measures the tèmperature of the T~f10n 

strip. 

Table 6.1 Calender Stack Configuration 

Stack tl Stùck li::' -------- -- -- - -- --
Roll Roll type Diameter Welght Roll type Dlarneter w.> lyht 

Posltion (m) (kg) (m) (kg) 

H steam(off) 0.356 5000 steam (of f) 0 35b ':>000 
G steam 0.356 5000 steam 0.356 5000 
F steam 0.356 5000 steam 0.356 SOOO 
E steam 0.356 5000 steam 0.356 5000 
D steam 0.356 5000 steam 0.356 5000 
C steam 0.356 5000 steam 0 356 5000 

(queen) B steam 0.457 7273 steam 0.457 7273 
(king) A solid 0.711 swunming 0.711 

Table 6.2: Operating Conditions During the Tria 13 

Date Basis Wt. Caliper Slearn Prl's'3ure 

--~~._--

9 lm· \ -~-- (p51g) 

Day l June 7/85 46.0 70.0 3 

Day 2 June 8/85 46.0 70.0 3 

Day 3 Sept 2/85 46.9 62.1 ') 

Day 4 Sept 4/85 46.9 62.1 5 

Day 5 Nov 3/85 45.4 64.B 4 

6.4 Results 

The experlments, very time cons,lmlng, requlred flV':! day'3. Th • .! I),'p.~r 

machine operating conditions dld vary sGmewhat frr.Jm '::iay t.o ddy, d', 

suggested by the basis weight, paper thlckness and st~am pr~'3~ur~ vaJu~1 

durlng days 3 and 4 are listed l~ ~au~e 6.3. 
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Figure 6.6 The lnfra-red pyrometer with emlss1vtty converter. 
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Calender Roll Surface Temperatures Observed During Days 3 

and 4. 

Roll 
Pos II ion 

H 

G 

F 
E 

0 

C 
(queenl B 
(kl.ng) A 

o 
Surface Temperatures ( Cl 

Stack f1 

82 
88 
86 
89 
81 
66 

Stack *2 

83 
85 
87 
87 
82 
65 

Tt-le effect of nozzle position for results obtained during days 1 

and 2 are shown on Figures 6.7 and 6.8, and for days 3 and 4 on 

F 19ure 6.9. During the f irst two days Roll Bl was not accessible. In 

addl tian to the measurements made on Roll B1, the repeat measurements 

made on Roll Cl provide an estimate of the reproducibility of the 

measurements. 

Fo~ the series of measurements performed on day 5, shown in Figure 

6.10, the e~perimental nozzle was moved successively to different 

positions in Stacks 1 and 2 for a :urther comparison of the 

effectiveness of these positions. 

The control air jet produced much smaller changes in web thickness 

when located on the second stack, Figure 6.8, than on the first stack, 

Figures 6.7 and 6.9. The largest effect was with the control jet on Roll 

Bl, the queen roll, with progressively smaller effects on Rolls Cl and 

Dl Roll Al, the solid king roll, and Roll F1, near the top of the 

st "ck, showed very weak response to the control air jet. 

The repr<.)dUClbility of results is illustrated with measurements 

m.lde <.'n Ro Ils Cl and Dl For Roll Cl, Figure 6.9 demonstrates the 

C,'IlSl:5t ency L1etween the two measurements Ir,ade on day 4 and those made on 
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• 

~dy 3. The !~sponse of Roll Cl 15 slightly stronger on day -, 

Flg~re 6 7, most l~kely as a consequence of sorne difference in operating 

r":0r,dit lons of the paper machine and calenders. The two measurements made 

on Roll Dl on day 2, Figure 6.7, are ln very good agreement. In s~mmary, 

',d',l:'ifdctory reproduc1bll ity of measurerr.ents made on t:-.e same day and on 

dl! [(:ferlt days 15 establisned. 

A further illustration of the relative eftect~veness of the var10US 

llozzle locat1ons is snown in Figure 6,10. At t = 0 the aùt:,matlc 

calen~cr cuntrol cooling system was tutned off at the axial region being 

considered and the web thickness allcwed to drop. After 10 minutes the 

test nozzle was moved to position Cl, and thereafter at per':'ods of 

dpprUXlmately 10 mlnutes the nozzle was moved to a new roll but at the 

same axial position. The four positions tested, two in each stack, 

cOlresponded to the placelt.~nt of the calender control air showers ln 

thlS machine. Wlth the te:::t nozzle, only locatlons in the flrst s':..J::k 

are effectlve for control, i.e. produce increases ln the web thlckness, 

whlle the tWQ positions in tl,e second calender stack are total:y 

lneffectlve. While it is difficult ta measure roll deformatlon dlrectly, 

t011 surface lemperature changes on two slmila~ calender rolls indlcates 

the relat lve deformat~on of the raIls. Axial roll surface terr,peratt.:re 

prot iles w8I'e measured immedlately before and after coolH;g alr was 

drplied wlth the control test nozzle on RaIls Cl and C2 on day 1. As the 

1 esulls, shown Flgure 6.11, indlcate that the magnl tude of 

tt'rnpeI.Hure change achieved on bath rolls was slmilar, tJ:e magnitude of 

1011 deLilmation would likewise have been slmllar. Yet the change ln 

1'·1per thic1,ness achieved with Roll Cl was much larger than that achieved 

W l t h RaIl C:2. 
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6.5 D1SCUSSlon 

The web thlckr.ess resp,-'r:se, Flgur..:s 6 7, 6 8 dnd b 9, t,) the 

standardlzed control change lS for rol:s that ,il ffcr ln fOll! ..... ly5, 1 t' 

W 1 th 

respect tü posit1on, the rolls dlftet dS tê' location wlthln ,; SLh'k ,ilh1 

Wh1Ch of the two stacks As tü ge(,metly, rclls ,ilffe! ln dldllll't('r ,10.1 III 

shell thickness. Moreover, tht:!te dre two Cl)mpOn",nts to thl' ,'''Ilt [nl 

response, i.e. the steady stdte limlt dnd the rate of apP[Udl'h tll Un', 

limit. These two aspects of the control respl-,nse dre I1l)W dllcllY:"d 

relative to the four variables, two cuncetning pOSlt Ion dnD t Wll 

concerning roll geometry, 

':'he mûst pronoè.r,ced a3f-'ect of trIe results IS the v,:ry lolo' [",'f' >ll',e 

for rolls located ln the second stack, Figure 6,8 calerlder roll qU[fd{'I~ 

te::-,perature mea3urements, F:g,He 6.11, cont1rm t hat t t'lrlp" [ cl t ur.: 

response, and hence the deformation rcsp'..Jnse, of rnils ln the t Il it dlld 

second stack are 1nd1st ingulsr.ab:e T~us the weak !'~sp(AISe ln t hf~ ,>f'l ,,[pl 

stack is a cûnsequence of the small p<:tt:nt:dl fJr U1ICknt..:'ss lI.~dllr:t l',[) III 

et al. [1980, 1983], when t'NO Identlcal calE:nder stdr:ks <ln; Il,.d ll. 

se r ~es t.he reductlon in ave~age t~:ckness l, 

15 only small. Effective local Cl~r.t roI vf 

nlps of the sE:cund stack wc,uld Ge ['"l'ost ,:f:,=ct l'Je, Lut' hl: Idf' ,1_[.' ;11,'11 
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Ar,r,tn,::r strl.Ylng a'speet of the resuJts 1.S the demonstrated low 

,:ff,::,.! l'Jt.:r,'.:'35 of cal • .:r,der c()ntrel when applled to the kl.ng roll, 

r lql~re 6 7 HHS flndlng eontradlcts the recommendatl.ons of Lyne et 

cl 1 [l 'j 1 te, 1 dr,rj Mltchell dnd Sheahan [19781 that the king roll 1.S the 

The conclus10ns of Lyne et al appear te be the 

'.,)r'~'':'.J.u\.:r,c(; of the lack of consIstent test conditlons on the dl.fferent 

rails ln their exp~rlments and to dlfferences in desIgn of these rolls, 

rcllher thdn to roll posl.tion in the stack. They supported their 

(:()OClu'jI,~n with the argufTlent that for thickness corrections to be f1.nal, 

web thl.-::).;ne'3S control should be performed on the king roll. Th1.s 

dl':jumefJt 15 not vaild cecause corrections performed by control on the 

(lue~n roll are Just as flnal. Moreover, any local change in dl.ameter of 

! tH" klng roll affects only one nip while the same diameter cha;,ge on all 

"th.:r rolls effects two nlps. This intrInslc feature places calender 

'-uotrol on the klng roll, ar,d by extrapolatlon, the top roll, at a 

:it:Vt:r~ ,ilsddvantage relat Ive to that on the adJacent rolls. 

The the0retlcal study of local therfTlal deformatlon of :aler,der 

[(,Ils under CD control eondl.tions by Journeaux[19901 shcws that for 

10115 of the same dlameter, l.nheated rolls with thln shells have a 

larger deformation than heated thick-walled rolls. The klng roll on most 

c,lleoders lS a large dlameter variable-crown roll, a favorable deSIgn 

t,Il good control lesponse. The complete lack of response from Roll A, a 

~~l Lable-clown roll, FIgure 6.e, establishes that thlS desl.gn advantage 

l~, lll,>uitlclent to cùrnpensate for the double dl.sadvantage of location, 

l e the king roll posit:.on, on the second stack. All subsequent 

dl'),·ll~,:qOn there!Ole relates to control alternatives on the first 
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1 

Immedla t ely above l t This 15 well t. .. y0nct thè LI-:l~'r of :: .ilttt..'It.'n-:e 

affecting only il 51ng':'e rllp Instedd of tW0 nlps as t.)[ the l'ltJt-'r l\dls 

Roll geùmetry dlfferences must theref,-'re be the ~. ur,'c ('! the 11~';!,,'Il·,'.' 

cllfference teyond that assoc1.ilted wlth Le:ng the :d,t r.'11 ln th", ~,t,l,'k 

The tWQ factors dlfferentiatlng this kIng roll fr'.JIn 10115 hl\Jller III the 

stack ln are. 

(i) 

( l.l. ) 

It is a 5011d roll, dnd 

It 15 of much hlgher dIctmeter - 56' lary~r than the 'Iul!.m 

roll and double the Size of the 0ther rol1s. 

In hlS study cf the ~ocal thermal àefornlntlcr, of cdlt.·r.der (0115 un,j.'r ''L! 

control C':indltlcns, Jcurneaux[1989] has shüwn thdt, fur tfll" ').lIlie ", III l''! 

change, the steady state thermal deforf'\at10n of s011,j [,)115 ,lt'.-I"d ,t"i 

assoclated with belng the last roll ln the '5tdck dfl(l UlI':let'.'p,: d'.LJIlY "fi 

of thlS klng roll relatIve to the rolls abGve It. 

calender stack are subJected to trlE: SdInE: c'"l.':rr~l ';frdrrgt'!, fl'jJI'" 61 

sh,::;ws that the rcll in the posltior. two u)lls "I.,C,v(: the KHI'] r',ll, 

lcilger tr'an the èeformat lon arr ,,-::.11 F1 
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lf.,jlf:dl.e t r.at t r.e cont rel response decreases the l:lwer the roll ~s 

L (.J fIl J t_ f: (j l n a '3 t d r: k S.ilce the trE:nd of control sens1tlvlty w~th roll 

V,',ltUin H. a '3':.a-:k ilS n:f-'.:,rted here lS based on d:..rect measurements 

',ri -1 '.' .. Lt rr.1 t.L~,:,r'l clna:ys:..s, lS eVlder.tly ~n error 

1, '.J'J(in ïD r: Jn'. r~)~ systerr, lS c:r.aracter :..zed both by a large change ln 

l, '-11 w.,L ~rd(~kr.· '35 êlt ::,~edJy state after a centrol actuator cr.ange, the 

, ! Ill:! l()n llsed Hl tf.e above d::.~cussion, and by a fast response to an 

dl:t Ur1t<Jr dld!lge. :he present set of rneasurements on the first calender 

stdck, flgures 6 7 and 6 9, Indicates that for aIl but one of the 

(:< mc,lndt iuns tE:sted, 50~ of the steady state response occurs in about 

(,-7 rrllnuU:s. The ::.r.terestlng exceptlon 1.S that, for the control Jet 

located on the queen roll, Roll Bl on Figure 6.9, 50% of the steady 

Sldl.::! rf!'3ponse (Jccurs ln only dbout 2-3 mlnutes. Comparing control on 

thlS queen 1011 to that on the roll immediately above it, this large 

dlff\.!rence ln dynamlc response contrasts wlth the small dlfference in 

3tE:d,jy sldte respGnse, Flgure 6 9. Relat Ive to the rolls located h~gher 

ln the stack thlS queen roll dlffers ln two ways, Le. it has a larger 

Jld!ll,=,ter, 4')7mm compdred to 356mm, and a larger shell thickness, l79mm 

,'()!nl'dted to 128rrun. The numerlcal study of Journeaux[1990] on local 

\ ht.'tmal oefc!mation of calender rolls found that the deformation time 

':l'[I.3\ dllt for d hedted roll 100lth a cooling control jet, i.e. the 

~0n~ltluns of the mlll calender of the present Investigation, was fairly 

1 n:".'n.., 1 t ive ta roll dldmeter but decreased substantiall y with s;naller 

..,h~ll thl~kness. Thls trend is opposite of that observed in this study. 

It ~"','ms unllkely that the improved response time observed wlth control 

f'L'lt,'l:lk>,i c'n lhe queen roll would be due entirely ta its position in the 

"t,l~k. Pnt"llllndlely, the dlff:culty:n placing the Impingement jet on 
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the queen roll preclèlded a repllcate belng petfc'tmed dt that pc'SltlL)rl 

and this potentlally Intelesting flndlng must remalrl unsubstarltlated. 

6.6 Conclusions 

C;.,.per Iments on the double calender st dck L'f d l'll'duct Inn I1L'WSPI 1 nt 

machlne made tü determlne the most sUltable p,,:"nt H'n for ('1) ,'unt 101 

actuators on the rolls of thlS c::alender Led to the t 0 II c'w 1 ng 

conclusions: 

1. Measurements of control sensitivity made on a calendcr in d mlll 

have the advantage of correspondlng directly ta operdtillg 

condltlons in industrlal practlce, ln cunl rdst tü puhll',llt>.j 

theoretical analyses or measurernents on labotatory Cd l.~nders Thp 

assoclated disadvantage of these mlll calender meilSUremf-'llts IS thdt 

InterpretatIon of such results lS cumpllcated ber'ause the tW(} 

aspects of control response, steady state and dynamlc Ie~punse, dIe 

affected by two position varlables (WhlCh of two stdcks and lnll 

posltlon within a stack) as weil as by three deSign var lables (f',j l 

diameter, shell thlckness, and whether heated Gr uflheated) . 

2 The king roll and the top roll in the stack wc.:rp. <_h(jwrl tn Gr.: th .. 

poorest choices for the placement Gf control dctudt(Jrs Contrry! (,fi 

these raIls suffers from the disadvdntage thdt 0n!y il ~lngle nlp l~ 

affected whlle aIl other rails affect tWQ nlps 

should be placed on the flrst "tdck as v':ry I1ttle 1G,=,;1 (:rj!,tUJ! ·,1 
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s0~tr0l on the flrst calender stack. 

4 ':'he rr_"",en roI:' and the rolls lfr.:nedlately above lt produce the 

st. r'-,Lg'o'St '3teady state response to a control change. When the 

élr:tu"Vors are placed on rolls hlgher ln the calender stack, which 

calender are of ldentlcal deslgn and thermal 

C(Jmht:l(Jn, the steady :otate response wlth control on the second 

r 011 aD(~Ve t. he queen roll is s llght ly less than for the roll 

,rnmecllately above the queen roll. 

'J. Wht::n chcoslng the locatlon for control actuators lt is essentlal to 

cunslder the sev~ral calender roll deslgn varlables noted in 

l tt::m 1 For example the results of the present mill calender 

meaSLJrernl;;!nts ccmLlr.ed wlth the the:;retical study of Jouri.eaux 

Indlcate that locatlng control aCluators on an unheated th ln walled 

roll (e g. a varlable-crown roll) situated above the queen ra:':' 

would be superlor to local CD control effected on a thick-walled 

queen roll 
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CHAPTER 7 

CONCLUS IONS 

7.1 Contrlbutlons to Kncwledge ------

1. Applicability of published Impingement. data to the cal'c·n,-ler CcllllCl1! 

problem 

It is demonstrated that the published data on Ullp11.lJ,_·m.~nt ht'.!t 

transfer for a 'U s yrnmet rie Jets, usually with fIat, 

lr:1pl;ger.ent surfaces, lS general:'y dppl1cable to the cdl.:nd .. r ,:t,ntrol 

problE.m, with a cylindrlcal 1mpir,gement surf.3ce rotc1t ing at hl<jh 'or)t~.:d, 

prcvlded the entralnment of amblent aIr 1S prclperly tlt:dtt~d 

2. Effeet on impingement heat transfer of entra.r.mellt hy une"llfll •• :d J"'') 

Entra1nment of amblent aIr by unconflned, aXlsymJT\<:t ric JI-,tS, cI~ U ",.j 

for calender control, cao reduce Impingement heat tr,~n3fer by 6J' wh.·:) 

the absolute Jet to ambient temperature dlfference, IT - T 1, 1::> '!(Jljd~ 
1 

te> the absolute jet to impiogement surface temperature dlffr!U"llce, IT 

T 1. ThlS study establlshes that the entralnrnent factor, F, the Id! lU (,f 
5 

those two terrperature differences 

T - T 
d 

T - T 
s 

fluld by unconflned and confined :ets. 
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:. !-.ffect vf lITIPlll'J",[T.ent surfase motion' ax~syrrJT\etric impinging jets 

Tr.e il!:jSènCe of a slgniflcant effect of surface motion on heat 

!,! dn 'j fer under a,<lsyrnmetric lmp~ngement jets was documented for 

IHlf,.rl(l'~mf~nt surface speeds up to the hlgh levels relevant to paper 

Hlddl1ne calenders. Thls flndlng ~s in sharp contrast to the strong 

",[ ft'ct of lmplngement surface mot ion and the accompanying al.r flow on 

the heat transfer performance of slot Jets measured by Polat (1988J and 

Vdn Helnlngen [1982 J. Polat observed that for slot jets, on a rapldly 

rnovlng implngement surface, M = 0.34, average heat transfer was about 
vs 

2 CJ) lower than that for a stationary surface. The present study, using 

ct v 1 ., ymme t r le Jet s , found that impi~gement surface motion had no 

~lgnlflcant effect on heat transfer over the range of the nondimensional 

surface motion parürneter from effectively zero up to M ~ 0.64. 
vs 

4 Effect of Jet orientation 

The effect on average heat transfer of Jet orientation relatlve to 

the rotating cyllnder was found to be negligible over the range of the 

o 
vdrlables consldered: l.e. circumferential lmpingement posltlon from 60 

o 0 

to l~O ,relative to the out-going nlp, and nozzle inclinations from -45 

o 
to 35 , relatlve to implngement normal to the surface. In the case of 

':\ rcumfetential lmplngement position, provided that the jet center line 

ll'In.'1ins at least lOd from the in-golng or out-going nip, no effect of 

p0s1tlon w0uld be e~pected. As for nozzle incllnation, a slight maximum 

ln dverage heat transfer is apparent at '" = 0 
o 

(normal tO the surface) 

tor H/d = 2 but thlS maximum does not appear for nozzle spacings of 
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5. Comprçhensive correlations for heat tr3nsf~r Unc~nflnej Jets 

Local dnd average heat trans(er ul1Jer ur~('~'llf ll1ec1 ,n.lsyrrunet IlC Jt.t::., 

impinging on a moving surface wele determlned for the 

variables: 

1 :S HI d :S 8 

22000 :S Re :S 118000 

-0.1:S F :S 1.35 

S/d 01, 8 

Idnqt.' c't 

Correlations were obtalned for stagnation dnd dVeLhje hedt t Idll ileL 

under those cond1tions. In correlations for aVelctye heat t Idn:3ter, t >Nd 

basically different averag1ng areas were used The racildlly ilVt.'ldljt>d Nu 

gives an average rate relative to the geometry of the Jet nOL;"le, ri::' 1::, 

eommonly "sed ln the aXlsyrrunet r le lffip lng ing hl~d t 

literature. The c1rcumferent1ally averaged Nu provi.dcs the dv~rdge Idt e 

relat1ve tù the geometry of the implrigement Sllrt",:e, a l:yllndrl'"dl 

surface in the present study. Of these two bases for an dveld~e, Nu l~ 

the average Which 15 most relevant to the Jt;;S 19n of ''':ril .. nde r ':Ullr r'.1 

syst.ems. 

6. Effect of impinging Jet confinement 

Confinement of the impingement flüw by cl plate ':UlfL':lllellt Wltti t lit.! 

nozzle exit and parallel to the rcll surface Cdn pUJduc'} 5l.lL'3tMit Idl 

lmprovements, by as much as doubling the h8at traflsfer Thl'l lrtClt.!<I·,I~ If' 

heat transfer by a conf1nement surface results from !I:duct11)n of tli!: 

strcngly deleterious effect of thermal erltrainfr.ent [Gr t'·f['f,l'ratuII,.., tri 

the range relevant to papeI machine calender c01ltrol. Tr.l~ (·/.t'-,flt rof t t..~ 

confinement surface on either side of the nüLzle cI·nt Î.r llfi/~ ,hr)1I !,j LI, 

as ::'arge or larger than 5. 75d, thE:: maxurlum é/.t/-,rit t Î1 ,U~'l 1 fi t hÎ-' f,r. " f.t 

study. In existing calender c0rltrc;1 Si"H':'1nS '.l'llng ':'of.f .r.,.rj <lI r J'"' ':, ': ,. 
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ci'iell l10r, rA a crJnf H.ement plate of wldth :t5 75d would i.mprove average 

hr:dt trdr.sfer by approx~mately 80% for H/d = l, by 33% for H/d = 2, and 

by 1S~ at H/d = 4. Wider confinement plates, particularly on the 

!jrJwr,::,1 ro~dm side of the nozzle, could give even greater improvement. 

7 (_ro~r~henslve çorrelatlons for heat transfer: Unconflned je·ts 

V..,çal dnd average heat transfer under canflned aX1symmetric jets 

lfnf>lnglng on a moving surface were determined for the following range of 

Vdll..lbles: 

l :S H/d :S 4 

60000 :S Re :S 118000 

0.95:S F :S 1.35 

Y/d 0, 3, 4.5, 5.75 

S/d 4, 8 

COlr~lations for the circumferentially averaged heat transfer are 

piovided. 

8. Comparlson of a staggered array with an 1n-line row of nozzles 

The switch from an in-11ne raw of nozzles to a staggered 

configuratlon for the nozzles results ln a higher heat transfer rate and 

a C(li r8spondlngly higher Jet heat transfer efficiency. For conditions 

lyplcal ln the calender control appllcat1on, measured heat transfer 

lates fur the staggered atray were hi.gher by 22\ and 33\ for unconflned 

dod conflned Jets respectively. 

9. Thermal d~formation of calender rolls under control actuators 

The stcady-state and unsteady-state thermal deformation of 

,cl l~'nJ,er 10115 11l1,ier control actuator conditions was determined by 

Illdl\01 h.'.11 'llIT.ulat Ion using flnlt0 \'·olu:'".e and fInlte element technIques. 
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The effect of calender roll des1gn and of control system 0~eration was 

thereby established. The on"..y prevlous numerical study requned use of 

an assumed surface temperature proflle, Wh1ch ln practlce lS an unknown 

dependant varlable. A key feature ot the plt.~sent sImulation 13 the 

avoldance of tha~ a3s~nptlon by link1ng the thelmal deformatlon ,illectly 

to the heat trar.sfer character1stics of the control actudt()t belng used. 

10. Steady-state thermal deformation of calender raIls 

The local steddy state deformat10n 01 calender ra Il s Wd5 

characterized in the radIal direction as roll deformation, tH, dnd lts 

maximum value, the peak aeformation, tJ.r, and ln the axial dUeL.tlun by 
p 

the characteristlc wldth of thlS defolmation, WtJ.r' The slmuldlJün ClIVur!) 

a wide range of calender roll design parameters, includlng roll 

diameter, shell thlckness, unheated raIls and interna Ily heated rails. 

As for the system of control actuators, the simulation Invest HJdtud the 

uJe of confined and unconflned air jets of varlUUS spaclngs as cunt rul 

actuators, as weIl as varlOUS actuator heat transfer profiles, the Junlt_ 

belng effectlvely fIat profiles as would correspond to the use of 

electrlcal heatp.rs as control actuators. 

The f indings indicate that the most des 1 rable steady stdte CUfit ln 1 

characterlstics are provlded by unheated rolls of 5mall dlarr,.:ter dnd oi 

mlnlmum practical shell thlckness. 

The placement of calender proflllng equlpment con adju·)td(Jlu ('rGWCl 

rolls should not be dlscounted, dS has ceen ':.rddltlondl [-,rdet lef~. ThfJ 

performance of a control system Insta.:.led on a hydraullc (,If,Wn rrJll l') 

chfflcult tü calculate preclsely, but ln Vlew of tne thln ',[.1·11 wdll "11'1 

adlabatic internaI bounrJary CrJndltirJn, dn adju:otc!l:,l'J f;r~wn rc)ll rr",y Lf; 
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high InternaI heat transfer characterlstic~ of peripherally bored, 

hr;dted rolls r'1ake them unsultable for cross machlne directlon calender 

cr;ntrol. 

Allhough the simulcttion was demonstrated for local control by 

irn[JIW:}H.g Jets, the sImulatIon is sufficlently general to be readlly 

a~apted lur use with other contrel actuators such as Induction heaters 

or wdter mlst coolers. 

Il Cale~der control performance Index 

Because of the trade-off in caler.der control between 

dt::Sltablllty of a hlgh peak roll deforrr.atlon, 6r , 
10 

and a low wldth cf 

Wl:J.r' a crlterion is pro~:sec fer t~e eva:~atlon cf 

altt::tliatlve roll designs. The recommended characterlstlc, denoted t.he 

calt::nder cuntrel performance inde~, is the ratlo W" ll:J.r , 
ur c 

i . e.. ~ r,e 

wlJth (Jf dt::fo~mdtlon ln meters per mlcror. of peak deformatlor .. Trous a 

gc",d system for cale'1der control, an ur:-eated ca:e!1der roI: with a 

i:dIT,eter ,)f 4C8rr.m ar.d a shp.ll thlckness of g::.\,es a pè!rforrr,ar.:::e 

lnie:-- cf about l 3Smlllln whlle a pcor cor.trol systerr, a!1 heate. 

.:aler.der roll wlth a d:ameter of 600rrJT and a shell th::::kness of 120rr.'":'\, 

'J l Vt'S \'él ~ Ut3:, : f Uns ccnt roI index ln t '":.e rd:,ge l 86:n/jJITl. 

1:' A.idltlûn of 2':n!inement pl.ate ta e~.,:sé.::"g ':::o'1tro':' system 

For .:,:ncil~ :ùns "easured 1:-. the present st\..dy, a SWltch from 

UIlCt'ntlned to ,:ci',f~r.ed Jets in an eXlstl:-.g ::a:ender control system uSlng 

urlcC'nf lned :ets cculd yleld a 33'" increase :r. tr.e heat transfer, for a 

rh',:::le tü ci1:er.,ler 1011 spaclng, H/d, of 2 (even higher lf closer H/d 

dre p0~~lble), a:mc~t as large an improvement in peak roll deformation, 

\o\'lth no l..:,ss ln t.he ca!e!1der control performance inaex, I~. The 
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L 

'-i',.;rr1u,rj dt IT ... c:h hlgr.er r.lp lcads than the first stack. Subsequent 

",r.r;~èj:'F-,rjS r~"dt.e tt'.t::::efore to control on the flrst calender stack. 

Te'3t'3 ':drrH!d vc:t 0n an lr.du.3trlal paper machint:: ca.u::r.der stack 

.. Lr:r1te U.d', the Lc.t':om rê;l: Ik:ng roll) a:,.d the top :::::1::' are the 

l rjt.~_! '1lt:(j~atE: pcs.J. t.. ~::"r~s, the "q ... een" 

~;n;r'':o"d:ately above 'tl ~ , 

roll, second from the 

produced the st::ongest 

.... ltr. l·jentica::'::'y \.leslgned calender ::o::':s, the 

,->1'.Cl-:!y"tct'.e r • .;'5F-~ns'ê: .1 • .:::::rE"sed wlth pOSltlOfl above the queen rc::'l, w:th 

f, d r t h r)ll ctL<.ve tr.e qL.eer. roll y:eldlng only 30\ cf 

'r .• , lr:·2.l llTlr~,(:a.dt.=:y "ccve the queer. roll. 

l, 

· . .. . ~ ~ 

• > 

tutJrt.. W::rk 

Th.' ù,~·,_gr. c,f ccnfl'.c!:'·=:.t f,':3tes should be lnvestlgated to opt::n:ze 

· L,· :.c!dt t td'l::-f~t ln tr.e calellcler r:oll cür.tr:ol confl.gur:at:::m 

.' The t ;,-'w dnd t,-rr~perat .... re ùomaln a3soclated wlth the entralnrnenL 

l.-w, tl"tl: Io.lth tl.e :.-t and wlth the implngement surface ['.ctlon, should 
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be rneasured. 

3. The pe r f ù t :".a :i.::e charactetlstlcs of cao 11 ng dS 

ca':'v:1der control systo:;!r. shculJ be dctCtrnlned ln or ier tü t.'v.lludte t hel t 

ll'3efll::'r.ess. 

4. The cùrf.!:resslblilty vf the 

wCclld al::'ow the d.:.r(,ct coupllng of local calen,let t"ll dt.,t, IIndt lntl '-' 

teS.l:t:ng ~n-nlp r!1d r(;:~':",red paper thlckness 

,:";- e .; .• _ e ~ ;. ," ~ • '= Cl :. ._ ~ :l; S: e r ,~ h Cl : cl ,:' '= r 1 -._ • 1', T· t: ~ y '. ci t .0\ i 
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APPENDIX A 

Signal Noise Reductlon 
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The noise level3 in the heat flll~ sensùr sl':Jnal Wc1S lL>,iu(;t'd tn 

ato\.;t +/- la I-LV cn a peak-ta-peak signal of 1 V (.H~er a Cjdll1 \1f .':--00) 

by tr.e fcllcwlng meas~res: 

use of low nOIse In~ttUn~ntat10n 

a. clmplifier with 3 I-LV rms RTI dl1d ;: mV 

RTO for a la kHz bandwldth. 

t SlIP rlng assembly wlth 2 5 I-LV noise 

per rIng with 12 mA into 3~0 0 

use of low pass filter ta remove any 

nOlse above the Nyquist fp:,qu,'r,cy 

use of a common ground 3hart.:d belw"en 

aIl instrumentatIon and equl~ment. 

use of shlelded cables for all 

Inter-instrumentatlon leads 
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APPENDIX B 

Schematic of the Data Acquisition program 
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Figure B.l Schematic of the data acquisition program 
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The~mophysical Properties of Polyvinylchloride 
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Accurate values of the thermal properties of the substrate were 

required for the calculation of the surfi'\ce heat flux. However 1 the 

lh.~rrnophysical properties of PVC are not weil documented af'ld the 

available 8xperimental data for sorne properties are widely divergent and 

subject ta large uncertointy. Ho et al. (1977) prese.1ted a comprehensive 

compilation and critical evaluation of the available experimental data 

and recornmended values for the thermal conductivity, ~, specifie heat, 

Cp, and thermal diffusivity, «, of PVC with or with only a few percent 

of stabilizer and plasticizer but without filler. B~t, since it was not 

possible to obtain the ehact composition of the PVC used in the 

con~truction of the model calender stack and the heat flux sensor, it 

was necessary to determine experimentally the requued thermophysical 

properties. 

1. Thermal Conductivity 

The thermal co~ductivity of PVC was determined using the transient 

method developed by roffe and loffe (1958). The test apparatus is shown 

in Figure C.l. Due to the low conductivity of the PVC the apparatus was 

modified to improve the accuracy low thermal conductivities by: 

i. using a sample with a large surface area to sample thiekness, 

typically with an area of 19 em
2 

and thickness of .2 -.5 cm thiek. This 

maximizes the heat flux, Q, and increases the accuracy of the 6T 

measurement. 

i i . us ing d vacuum .in the ehamber surroundil1g the sample and upper 
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Outer Stainless Cover 

Teflon Screw 

Thermocouples Upper Copper Block 

Inner Stainless Caver 

Test Sample ---....1 'r:====r ... a++f:::P-- Higll Thermal 
Conductivity Material 

Teflon Insulator 

lawer Copper Black 

Figure C.1 Test assembly for thermal conductlvity meaSUH~rn(!nts U'll ng 

transient method of roffe and roffe[1958) 
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1"( 

copper block, min1miz1ng neat 105ses from the up~ar copper block through 

the air '3[Jaces. 

The experlmental procedura used has been described by Vdn Heiningen 

(1982). The measurement of i\ involves the measurement ûf the 1 emperature 

()t the upper block, T , along with the temperature difference "cross the 

sample (T -T ). A typical signal output is shown in Figure ('.2. When 
LlT 

(T -T) reaches a maximum (A-B), ___ u/(T -T,) remains constant. T~'\e slope 
l. 1 t J. 

of the T curve dur ing that interval (C-D) is measured and the \~hermal 
u 

conductivity, À, can be calculated using 

r 6T ) 
cpl~ 

(T -T ) 
u : 

(C. n 

where i\ 
o 

sample thermal conductivity (W/m/ C) 

o 
Cp heat capacity of upper block (J/ C) 

L sample thickness (m) 
5 

A sample area (m
2

) 

0 
T temperature of 

u 
upper block ( C) 

0 
T temperature of lower block ( C) 

LlT 
J 

temperature change of uFper blor.k during time 
o 

interval, Llt ( C) 

The accuracy of the experimental apparatus was verified using 

Pyrex and teflon samples where the thermal c('nductivities were found to 

be 1.14 and 0.23 W/m/K respectively, within 6% of the reported 

literature values. The reproducability of the experiments was within 5%. 

The measurements of i\ obtained for PVC are compared with the 
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Figure C.2 Typical outrut from the thermal conductivlty appdrdtu3 
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reçr~mInended values of Ho et al. (1977) shown in Figure C.3. The 

repruducabiU ly of the expertments was found to be within 3%. The 

results lie within 3% of the recommended values provided by Ho et al. 

The t~mperature dependance of ~ over the temperature range of interest, 

280K - 320K, was represented using 

0.128 + 0.0001 T (C.2) 

wh~re À and Tare W/m/K and K respectively. 

2. Heat Capacity -------
The heat capacity of the PVC was determ~ned using a Differential 

Scanniqg Calorimeter (DSC) and standard procedures (O'Neill [1966]). The 

heat capacity versus temperature profile for the range 300K to 350K is 

shown in Figure C. 4. The reference material used for the measurements 

was synthetic sapphire over (Al
2

0
3
). The ternperature dependance of Cp 

the temperature range of interest, 280K - 320K, was represented using 

Cp -171.7+3.75T (C.3) 

where Cp and Tare J/kg/K and K respectively. 

3. Density 

Ta obtain a value for the thermal ù~ffusivity, using the heat 

capacity and thermal conjucti"üy measured previously, the density must 

be measured. Using weight and volume measurements, the density was found 

1 
ta be 1400kg/m with a reproducability of ±2% which is in good agreement 
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with the recclnrner.ded values .)f Ho et al, Flgure C 5. The tempèt,llute 

j 
dependance of p over the temperature range of lntètCst, 280K - 320K, Wd3 

represented uSlng 

p 1492.9 - 0.312 T (e 4) 

1 

where p and Tare kg/m- and K respectively. 

4. Conclusions 

The e;,perimental values compare favorab1y with the lL'CUrnm~>II.h:-,d 

values, indicatir>g either the absence of ddditlves (le. flllt'rs dlHI/ur 

!:>tabilizers and plasticizbrs) or that the additives used did not dft.>ct 

the thermophjslcal properties. 
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The finite volume unsteady-state sim\;lation program was written 

us~ng FOR'fRAN-77 (Microsoft Fortran version 3.31) and should compile 

wit.h little or no modification using any FORTRAN-77 compiler. 

C PROGRAM NONDIMENSIONAL HEAT TRANS FER IN A CYLINDER 

IMPLICIT REAL*8(A-H),REAL*8(J-Z) 
REAL*8 L 
INTEGER'"2 KOUNT1, KOUNT2, M, N,Ml, N1,MF, NF, J, curve 
CHARACTER*l filrla(12),filr2a(12),filr3a(12) 
CHAr ACTER* 12 FILER1, FILER2, FILER3, FILEN, ftemp 
DIMENSION texpan(50,3),NU(50),f(SO) 
DIMENSION XP(50),YP(50),8(50),C(SO),D(50) 
DIMENSION TRIGL(3000) 
COMMON/HTCOEF/HP,HI,HNO,HZ1,HZN,FLX,HJ(SO) 
COMMON/TEMPER/TJ(50),TJET(50),TIN(50),TP(50),T(50,50,3),TZ1,TZN 
COMMON/PROPERT/K(50),RHO(SO),CP(SO) 
COMMON/GRIDNO/M,N,M1,N1,R(SO),Z(SO),DELT 
COMMON/COEF/AE(50,50),AW(50,50),AN(50,50),AS(SO,50), 

Il APO(50,50),AP(SO,50),81(2,50),82(50,2) 
equivalence (filer1, filrla), (filer2, filr2a), (filer3, filr3a) 

C Properties are for grey iron portion of roll 
Jakko Aro thesis c kroll=36.34 

c kgrey = 58.0 \ 
c kchill = 7.0.0 / 

SHW design technical data 
(date of issue: 1980) 

c cproll=544 
c droll=7334.9 
c clinexp= 11.34e-6 
c Pratio = 0.27 

C Initial values for array pointers 
ITOLD=l 

C 

ITNEW=2 
ITRES=3 
press=101330.0 
kgray = 58.0 
kchill = 21.0 
WRITE(*,*) '# of simulations to perform: ' 
read ( .. , *) insim 
write(*,*) 'depth of chilI in gridlines: ' 
read (*,"; ix 
open(2,file='dimhtsim.dat') 

C File should not use the extentions .RLT or .ARR or .UST 
C these are use by the prograrn 

OPEN(3,FILE='prn:') 
do 9999 ifile~ = l,insirn 
read (2,' (a)') filen 
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C 

1 

open(l,file=filen,status='old') 
Read in the description of the Simulation 

read (l, *) clinexp 
read (l, *) prat io 
read (l, *) rpm 
read (l, *) M 
read (1, *) N 
read (l, *) RI 
read (l, * j RO 
read (l, *) L 
read (l, *) ITMAX 
read (l, *) IRMAX 
read (l, *) critr1 
read (l, *) critr2 
read (l, ,.) nozdia 
read (1, *) DELT 
read (l, *) TZl 
read (l, *) TZN 
read (l, *) HP 
read(l, *) HI 
lead(l, *) HNO 
read(l, *) HZl 
read (l, *) HZN 
read (1, *) FLX 

read(l, *) ijcnst 
if(ijcnst.eq.l) then 

READ(l,*) (TJet(J),J=l,N) 
else 

read(l, *) temp 
do 110 J=l,N 

110 tJet(J)=temp 
endif 

read(l,*) ipcnst 
if(ipcnst.eq.l) then 

READ(l,*) (TP(J),J=l,N) 
el se 

read(l,*) temp 
do 115 J=l,N 

115 tp(J)=temp 
endif 

read(l,*) iicnst 
if(iicnst.eq.1) then 

READ(l,*) (TIN(J),J=l,N) 
else 

read(l,*) temp 
do 118 j=l, n 

118 tin(j)=temp 
endif 

read(l,*) ikcnst 
if (ikcnst .eq.ll then 
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PEAD(l,*) (k(i),i=l,M) 
else 

read (l, *) ktemp 
do 120 i=l,M 

120 k(i)~ktemp 

endif 
do 122 i=m,m-ix+l,-l 

122 k(~)~kch~ll 

read(l,*) ircnst 
if(ircnst.eq.l) then 

READ(l,*) (rho(i),i=l,M) 
else 

read(l,*) rtemp 
do 130 i=l,m 

130 rho(i)=rtemp 

c 

endif 

read (1, *) icpnst 
if(icpnst.eq.l) then 

READ(l,*) ccp(i),i=l,M) 
else 

readCl,*) cptemp 
do 140 i=l,m 

140 cp(i)=cptemp 
endif 

t:ead (l, *) CURVE 

C This cantains the spline fit information for the Nu profiles 
C at the surface. 
C 

read ( l, *) INUPRF 
read(1,·) ISPLN 
IF(ISPLN.EQ.l) THEN 

read(l,' CA)') ftemp 
open(4,file=ftemp,status='unknown') 
READ (4,·) INUM 
READ(4,.) (XP(I),YP(I),I=l,INUM) 
READ C 4, *) 
READ ( 4, .. ) (B ( 1) , C ( 1) , D ( 1) , 1'" l, INUM-l) 
CLOSE(4) 

ELSE 
read(l,*) incnst 
ifCincnst.eq.l) then 

READ(l,*) (nu(j),j=I,n) 
else 

t:ead(l,*l nutemp 
do 150 j=l, n 

150 nu(j)=nutemp 
endif 

ENDIF 

C Rcad in starting Temperature profile if required 
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C or Initialize Temperature array and Thetmal Expansion Array 
re~d(l,*) ITPROF 

if(ITPROF.eq.l) then 
read(l,' (A)') ftemp 
open(4,file=ftemp,status='old') 
read(4,*) mf,nf 
if «mf.ne.m) .or. (nf.ne.n)) then 

write(*, *) m,mf,n,nf 
write(*, *! 'Temperature File Array Size Does Not Match' 
write(*,*) 'Specifications Given In Description.' 
write(*,*) 'Simulation Was Skipped.' 
goto 9999 

endif 
clinexp,pratio 
(r (i), i=l,m) 
(z(j),j=l,n) 

read(4,*) 
read(4,*) 
read(4,*) 
read(4, *) 

READ (4, *) 

CLOSE (4) 

«T(I,J, 1), I=l,M) ,J=l,N) 
(TEXPAN(J,l) ,J=1,N) 

DO 160 I=l,M 
DO 160 J=l,N 
DO 160 IK=2,3 

160 T(I,J,IK)=T(I,J,l) 
ELSE 

read(l,*) TINTER 
DO 170 J=l, N 
TEXPAN(J,l)=O.O 
DO 170 IK=1,3 
DO 170 1=1, M 
T(I,J,IK)=TIN(1)-(i-1)/(m-l)*tinter 

170 continue 
ENDIF 
CLOSE(l) 

C For Plane strain poisson ratio and coef of Linear expansion in equation 
C are modified since the equation is one for plane stress 
C Under these conditions the calender roll is under plane strain 
C Thermal Expansion is given by eqllation 9.10.4 in Theory of Thermal 
C Stresses by Boley, B.A. and Weiner, J.H. page 290 TA405.5 B64 

c prat=pratio 
c clnex = clinexp 

clnex = clinexp*(ltPratiol 
Prat = Pratio/(l-Pratio) 

C Constants for calculation of Thermal Expansion 
C 

TECST1 
TEeST2 
TEeST3 

(1-prat)*RO**2 + (ltprat)*RI**2)/(Rok*2-R~""2) 
clnex/ro 
Itprat 

write(*,*) tecstl, tecst2, tecst3 

C Initialization of the various variables and arrays 

e Calculate grid node position arrays 
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c 

OELR=(RO-RI) /(M-l) 
OE~Z=L/ (N-l) 
Ml=M-l 
Nl"'N-l 
00 210 J=l,N 

210 Z(J)=(J-l)*OELZ 
00 220 1=1, M 

220 R(I)=(I-l)*OELR+RI 
filer1 filen 
fi ler2 = f ilen 
filed = filen 
filr1a(9) " 
filr1a(10) 'R' 
filrla(ll) , L: 

filrla(12) , T' 

filr2a (9) , , 
fi lr2a (l0) , A' 

filr2a(1l) , R' 

filr2a (12) , R' 

filr3a (9) , , 

filda(10) , U' 

filr3a(1l) , S' 

filr3a (12) , T' 

OPEN(9,FILE=filer3,STATUS='UNKNOWN') 

WRITE (3,2011) M, filen 
WRITE (3,2021) N 
WRITE (3,2026) L 
WRITE(3,2031) RI 
WRIl'E(3,2036) RO 
WRITE (3, 2039) nozdia 
WRITE(3,2041) DELT 
WRITE (3,2071) TAMB 
WRITE(3,2091) HP 
WRITE(3,2096) HI 
WRITE (3, 2101) HNO 
WRITE (3, 2106) FLX 

IF(INUPRF.EQ.1) then 
C Hot Jet Bounded by Hot Jets 

00 310 J=l,N 

320 

330 

ZTEMP=Z(J)/nozdia 
IF(ISPLN.EQ.1) THEN 

00 320 I=l,INUM 
IF(ZTEMP.LT.XP(I» THEN 

IP=I-1 
GOTO 330 

ENOIF 

CONTINUE 

NU(J)=YP(IP)+B(IP)*(ZTEMP-XP(IP» 
+C(IP)*(ZTEMP-XP(IP»**2 
+0(IP)*(ZTEMP-XP(IP»**3 
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--------------------------------

else 

est1 94.68 
est2 0.019 
est3 2.09 
cst4 -38.84 
nu(j) = est1/(1+est2*ztemp*~cst3) + cst4 

ENDIF 
HJ(J)=NU(JI*thmcair(tjet(j»/NOZDIA*20*nozdia/3.14159/t(m) 

310 CONTINUE 

ELSEIF(INUPRF.EQ.2) THEN 
C Alter~~ting Hot and Cold Jets with Simular Nu Profiles 

if(n/2*2.eq.n) then 

360 

370 

* 
350 

inend=n/2 
else 

inend=n/2+l 
endlf 

do 350 j=l,inend 
ZTEMP=Z(J)/nozdia 

IF(ISPLN.EQ.1) THEN 
DO 360 I=1,INUM 
IF(ZTEMP.LT.XP(I» THEN 

IP=I-1 
GOTO 370 

ENDIF 

CONTINUE 

NU (J) =YP (IP) +8 (IP) * (ZTEMP-XP (IP) ) 
+C(IP)*(ZTEMP-XP(IP»**2 
+O(IP)*(ZTEMP-XP(IP» **3 

else 

est1 
est2 
est3 
est4 

94.68 
0.019 
2.09 
-38.84 

nu(j) = cst1/(l+est2*ztemp**est3) + cst4 
nu(n-j+1) = nu(j) 

ENDIF 
HJ(J)=NU(J)*thmeair(tjet(j»/NOZDIA*20*nozdia/3.14159/[(ml 
HJ(n-j+l)=NU(J) *thmcair(tjet(n-j+l»/NOZDIA* 

20*nozdia/3.14159/r(m) 
CONTINUE 

ELSEIF(INUPRF.EQ.3) THEN 
C No Jets, Roll Turning in Stagnant Air at Speeified PPM 
C Nu relation is as given by Fec:mer 

densa=density(tamb,press) 
visa=visair(tamb) 
Rerot=2*RO*(2*PI(15)*RO*RPM/60)*Den5a/VISA 
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------------------------------------------------------------

'f 

Nurot=0.0226*Rerot**0.8 
DO 380 J=l, N 

380 
NU ( j) ,.. NuRot 
HJ(J)=Nurot*thmcair(tamb)/(2*RO) 

ELSEIF(INUPRF.EQ.4) THEN 
C Specifed h, HJ=NU(J), mainly for testing purposes 

DO 390 J=l, N 
390 HJ(J)=HNO 

ENDIF 

c if(tp(l) .ne.O.Oi then 
c densa~density(tp(l),press) 

c visa=visair(tp(l)) 
c Rerot=2*RO*(2*P1(15)*RO*RPM/60)*Densa/VISA 
c Nurot=0.0226*Rerot**O.8 
c Hp = Nurot*thmcair(tp(1)/(2*RO) 
c endif 

CALL ABCOEF(CURVE} 

DO 520 J=1,2 
WRITE(*,2550) (B2(1,J),I=1,M) 

520 WR1TE(*,*) 
DO 530 1=1,2 
WRITE(*,25501 (B1(1,J),J=1,N) 

530 WRITE(*,*) 

C Write out array of A's to file 'UNSTEADY.PRN' 
c DO 540 I=l,M 
c DO 540 J=l,N 
c 540 WRlTE(*,2560) I,J,AN(I,J),AS(I,J),AE(I,J),AW(I,J), 
c # APO(I,J),AP(I,J) 

DO 550 I=l,M 
550 F(!) = T(l,l,l)*F,(I) 

CALL SIMPSON(F,RI,RO,M,TRORG) 

C Steadystate Criteria 
CRITI = CRITRl*N*M 

C Convervgence criteria 
CRlT2 = CRITR2*N*M 
WRITE(*,*) CRIT1,CRIT2 

DO 5000 KOUNT1 = 1 , ITMAX 

DO 5500 KOUNT2 = 1 , IRMAX 

C Solve in one direction J = 1 ta N 
CALL SWEEP1(ITNEW,ITOLD,T) 

C then in the other J = N to 1 
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CALL SWEEP2(ITNEW,ITOLD,T) 

RES=O.O 
DO 610 I=I,M 
DO 610 J=I,N 

610 RES=RES+ABS(T(I,J,ITNEW)-T(I,J,ITRES» 

IF(RES.LT.CRIT2) GOTO 5600 

C Update pointers 
ITEMP=lTNEW 
ITNEW=ITRES 
ITRES= ITEMP 

5500 CONTINUE 

5600 CHANGE=O 
DO 620 I=l,M 
DO 620 J=I,N 

620 CHANGE=CHANGE+ABS(T(I,J,ITNEW)-r(I,J,ITOLD» 

WRITE(*, *) kountl,critl,change,kount2 

DO 640 I=l,M 
640 F(I)=T(I,l,itnew)"R(I) 

CALL SIMPSON(F,RI,RO,M,TRIGL(KOUNT1» 

IF (CHANGE.LT.CRIT1) GOTO 5100 

C Update pointers 
ITEMP=ITOLD 
ITOLD=ITNEW 
ITNEW=ITRES 
ITRES=ITEMP 

5000 CONTINUE 
5001 CONTINUE 

C Print out profiles 

5100 TIME=KOUNTl*DELT 
WRITE(3,2130) TIME,CHANGE 
WRITE(3,2135) RES,KOUNT2 

MM=M 
IF(M.GE.I0) MM=9 
WRITE(3,2140) (I,I=l,MM) 
DO 710 J=1,N 

710 WRITE(3,2l45) J, (T(I,J,ITNEW),I=l,MM) 
IF(M.LE.9) GO TO 799 

MM=M 
IF(M.GE.19) MM=lB 
WRITE(3,2140) (I,I=10,MM) 
DO 720 J=l,N 

720 WRITE(3,2l45) J, (T(I,J,ITNEW),I=lO,MM) 
IF(M.LE.18) GO TO 799 
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MM=:M 
IF(M.GE.28) MM=27 
WRITE(3,2140) (I,I=19,MM) 
DO 730 J=l,N 

730 WRITE(3,2145) J, (T(I,J,ITNEW),I=l,MM) 
IF{M LE.27) GO TO 799 

MM=M 
IF{M.GE.37) MM=36 
WRITE(3,2140) (I,I=28,MM) 
DO 740 J=l,N 

740 WRITE(3,2145) J, (T(I,J,ITNEW),I=l,MM) 
IF(M.LE.36) GO TO 799 

MM~M 

IF(M.GE.46) MM=45 
WRITE(3,2140) (I,I=37,MM) 
DO 750 J=l,N 

750 WRITE(3,2145) J, (T(I,J,ITNEW),I=I,MM) 
IF(M.LE.45) GO TO 799 

799 CONTINUE 

C Ca1culate roll expansion 
do 800 j=l, n 

DO 810 I=l,M 
810 F(I)=T(I,J,itnew)*R(I) 

CALL SIMPSON(F,RI,RO,M,TRint) 
texpan(j,2) ~ TECST2*(TECST3*TRint+TECST1*TRint) 
TEXPAN(J,3) = TEXPAN(J,2)-TEXPAN(J,1) 
write(*,*) trint 

800 continue 

write (3, *) 
write (3,2500) 
do 510 j=l,n 

510 WRITE(3,2510l j,Z(J),TIN(J),TP(J),Tjet(j),NU(J),hj(j),texpan(j,3) 

write(3,*) 
write (3, 2520) 
do 515 I=l,M 

515 WRITE(3,2530) i,R(I),k(i),cp(i),rho(i) 

DO 830 1=1, M 
830 F(I)=T(I,l,itnew)*R(I) 

CALL SIMPSON(F,RI,RO,M,TRintl) 

tr95 = 0.95*(trintl-trorg)+trorg 
if (t r int 1. gt . t rorg) then 

do 850 i = l,itmax 
if(tr95.lt.trigl(i» goto 870 

850 continue 
else 

do 860 i l,itmax 
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if(tr95.gt.téigl(i» goto 870 
860 continue 

endif 
870 continue 

rt im95= i *delt 
write(3,*) 
write(3,2570) rtim95 
write(3,*) char(12) 

9998 OPEN(4,FILE=tller2,STATUS='UNKNOWN') 
WR1TE(4,*) 
write(4,*) 
write(4,*) 
write(4,*) 
WR1TE(4,*) 
W~ITE(4,*) 

CLOSE (4) 

9999 continue 
STOP 

m,n 
clinexp, pratlo 
(r (i), i=1,m) 
(z(j), J=1,n) 
«T(I,J, 1Told), I=1,M) ,J=1,N) 
(TEXPAN(J,2),J=1,N) 

2011 FORMAT(' # of Grld Points in r-Direction? ',12,20x,a15) 
2021 FORMAT(' # of Gud Points in z-DHection? ',12) 
2026 FORMAT(' Axial Length of Jet Zone ' ,F8.5) 
2031 FORMAT (' Internal surface radius , , Fa. 5) 

, , Fa. 5) 

, , F8 .5) 
, , F8. 5) 

2036 
2039 
2041 

FORMAT (' Exterr.al surfact' rad~us 
FORMAT(' Nozzle Diameter 
FORMAT(' Time step forward 

2051 FORMAT (' Internal temperat ure , , F8. 4) 

2061 
2071 
2081 
2091 
2096 
2101 
2106 

FORMAT(' Paper temperature ',F8.4) 
FORMAT(' Amb. air temperature ',F8.4) 
FORMAT(' Jet Temperature ',F8.4) 
FORMAT(' Nu (Crotogino) paper <--> cylinder 
FORMAT(' h (McAdams) inter. <--> cylinder 
FORMAT(' Nu (Fechner) amb. air <--> cylinder 
FORMAT(' Flux due to evap. and heatup 

2130 FORMAT('-Time = ' ,F15.6,' Change = ' ,FlO.6) 

, , F15. 7) 
, , fl5. 7) 

',F15. 7) 
, , fl5. 7) 

2135 
2140 
2145 

FORMAT(' Residual = ',F8.G,' after ',13,' Loops') 

2400 

2500 

2510 
2520 
2530 
2550 
2560 

FORMAT('0',7X,' R(',8(I2,') R('),I2,')') 
FORMAT(1(' 2(',12,') ',9(F7.3,lX») 

FORMAT(f8.4,2x,6pf6.3) 

Forma t ( 3 x, , j' , 3 x, , z ( j ) , , 2 x, , Tin ( j) , , 2 x, , Tp ( j ) , ,lx, , T j é t ( j ) , , 

& 2x,'Nu(j)',2x,'Hj(j)',3x,'Th. Expan.') 
FORMAT(2x,i2,4(f7.3,lx),f6.2,lx,f6.2,3x,6pf8.3) 
Format(lx,' i R(i) Kroll(i) CProll(l) DenSltY(l)') 
FORMAT(2x,i2,lx,f7.4,3x,f7.4,5x,f7.3,5x,f7.2) 
FORMAT (5 (F9. 3, 2x) ) 
FORMAT(lX,12,lX,12,2X,6(F8.3,lX» 

2570 FORMAT(lx,' Response Tjme (95%) -> ' ,f8.2) 

END 
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\ c 
c 
C 
C 
C 

C 
C 
C 
C 

SUBB0UTINE ABCOEF(CURVE) 

The Coefflclents calculated are for a uniform grid spacing only. 
The changes for a none unlform grid are simple but there are 
several. Peferences to DELZ, DELZ2, DELR, DELR2 h~ve to be changed 
tû expllcltly calculate the required difference. 
The routine calculates the A's and B's for Cartesian and Cylindrical 
Coordlnates. 
If CUPVE = 1 coefficients for cylindrical coordinates are made. 
olherwlse cartesian coordinates are used. 
P1Gp~rty varlatlon are in in the R direction only. 

IMPLICIT REAL*8(A-H,J-Z) 
IMPLICIT INTEGER*2(1) 
INTEGER*2 M,N,M1,N1,CURVE,J 
DIMENSION RHOCP (50) 

COMMON/HTCOEF!HP,HI,HNO,HZ1,HZN,FLX,HJ(50) 
COMMON/TEMPER!TJ(50),TJET(SO),TIN(50),TP(50),T(JO,50,3),TZ1,TZN 
COMMON!PROPERT!K(50),RHO(50),CP(50) 
COMMON/GR1DNO!M,N,M1,N1,R(50),Z(50),DELT 
CO~~ON/COEF!AE(50,50),AW(50,50),AN(50,50),AS(50,50), 

# APO (50,50), AP (50,50) , BI (2, 50),82 (50,2) 

kintf(k1,k2)=~*k1*k2/(kl+k2) 

CPI = 4.0*ATAN(1) 
DELZ =Z (2) -Z (1) 
DELZ2=DELZ/2 

DELR=R (2) -R ( 1 ) 
DELR2 =DELR/2 

F'X~FLX*DELZ 

do 300 1=1, M 
300 rhocp(i)=rho(i)*cp(i) 

200 

# 

205 

~rite(*,*) 'Calculating As and Bs' 
1FICURVE.eq.1) then 

DO 200 J=l, N 

B1(l,J) 2*CP1*R(1)*DELZ*HI*T1N(j) 
B1(2,J) 2*CP1*R(M)·DELZ*«HJ(J)*TJET(J)+HP*TP(j»!2) + FX 

W r 1 te ( *, .) cp l, r ( 1) , r (m) , de l z, hi, tin ( 1) , h j ( 1) , t jet ( 1) , h p, t P ( 1) , 
fx 

B1(1,1) 
B1(1,N) 
81(2,1) 
BI (2, N) 

BI (l, 1) /2 
B1(l,N)/2 
B1 (2, 1) /2 
B1(2,N)/2 

DO 205 I=2,M-l 
B2(1,1) = 2*CPI*R(I)*DELR*HZ1"TZI 
82(I,2) = Z*CP1*R(I)*DELR*HZN*TZN 

82(1,1)= CPI*(R(I)*DELR+(DELR2)**2)*HZ1*TZ1 
82(M,l)= CPI*(R(M)*DELR-(DELR2)**2)*HZl*TZl 
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B2(1,2)= CPI*(R(1)*DELR+(DELR2)**2)*HZN*TZN 

_B2(M,2)= CPI*\R(M)*DELR-(DELR2) '*2)'HZN*TZN 

AR 2*CPI*DELZ/DELR 

AZ 2*CPI*DELR/DELZ 

AT 2*CPI*DELR*DEL2/DELT 

C Ca1culate lnterna1 A's 
DO 220 I=2,M-l 

DO 225 J=2,N-l 

AE ( 1 , J) = AR • k l nt f (k ( 1) , k ( l + 1 ) ) • (R ( 1) + D E LR2 ) 

AWII,J)=AR*kintf(kli),kI1-1))*IRII)-DELR2) 

ANII,J)=AZ*kli) *R(I) 

ASII,J)=AN(I,J) 

APO(I,J)=AT*R(I)*rhocp(i) 

AP ( I, J) =AE (l, J) +AW (l, J) +AN (l, J) +AS II, J) + APO ( l, J) 

225 CONTINUE 

220 CONT!NUE 

C Ca1culate corner A's 

C L0wer Left 
AE(l,1) 2*CPI*(Rl1)+DELR2)*DELZ2/DELR*klntflk(l),k(2)) 

.r.,.W (1,1) 

AN (1,1) 

AS (1,1) 

APO (1,1) 

AP (l, 1) 

# 
# 

C Top Left 
AE(l,N) 

AW(l,N) 

AN(l,N) 

AS (l,N) 

APO (l, N) 

AP (l, N) 

t 
# 

C Lower Right 

# 
# 

AE (M, 1) 

AW(M,l) 

AN(M,l) 

AS (M, 1) 

APO (M, 1) 

AP (M,l) 

C Top Right 
AE(M,N) 

AW(M,N) 

AN(M,N) 

AS (M,N) 

0.0 
CPI*IR(l) *DELR+(DELR2)'*2)/DELZ*KIl) 

0.0 
CPI* (R(l) *DELR+ (CELR2) **2) *DELZ2*thocp(1) /DELT 

AE (1,1) +AW 1 l, 1) +AN (1,1) +AS (l, 1) + APO 1 l, 1) 

+ CPI*(R(1)*DELR+(DELR2)*'2)*HZ1 

+ 2*CPI*R(l) *DELZ2*HI 

AE (1,1) 

o . 0 
o .0 
AN(l,l) 

APO (1,1) 

AE (1,1) +AW Il, 1) +AN (1,1) +AS (l, 1) tAPO (l, 1) 

+ CPI*(R(1)*DELR+(DELR2) **2) *HZN 

+ 2*CPI*R(1) *DELZ2*HI 

0.0 
2*CPI*(R(M)-DELR2) *DELZ2/DELR*klntf(k(m),k(m-l)) 

CPI*(R(M) *DELR-(DELR2)**2)/DELZ*K(m) 

o. a 
CPI*(R(M)*DELR-(DELR2) '*2) *DELZ2*rhocp(m)/DELT 

AE(M,1)+AW(M,1)+AN(M,1)+AS(M,1)tA20(M,1) 

+ cpp (R(!-1) *DELR- (DELR2) '*2) "HZl 

+ 2*CPI*F(M)*DELZ2*(HPtHJ(1))/2 

0.0 
l<.W (M, 1) 

0.0 
AN(M,l) 
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Il , 
APG(M,N) 
AP(M,N) 

APO(M,l) 
AE(M,l)+AW(M,l)+AN(M,l)+AS(M,l)~APO(M,l) 

; CPI*(R(M)*DELR-(DELR2) ~*2)·HZN 
+ 2*CPI*R(M)*DELZ2*(HP+HJ(N))/2 

C ~~lculate border A's 
00 230 I=2,M-l 

C Top 

# 

230 

C Left 

235 

AE ( l , 1) =AE ( l, 2) /2 
AW (1,1) =AW (1,2) /2 

AN ( l, 1 ) ~AN ( l , 2) 

AS(I,l)=O.O 
APO(I,I)=APO(I,2)/2 
AP (l, 1) =AE (1,1) +AW(I, 1) +AN(I, 1) +AS (T, 1) +APO(I, 1) 

~2*CPI*R(I) *DELR*HZl 

AE(I,N)=AE(I,N-1)/2 
AW(I,N)=AW(I,N-l)/2 
AN(I,N)=O.O 
AS(I,N)=AS(I,N-l) 
APO(I,N)=APO(I,N-l)/2 
AP(I,N)=AE(I,N)+AW(I,N)~AN(I,N)+AS(ItN)+APO(I,N) 

+2*CPI*R(I)*DELR*HZN 

CONTINUE 

DO 235 J=2,N-l 

AE(l,J)=AE(l, 1) *2 
AW(l,J)=O.O 
AN ( l, J) =AN (l, 1) 

AS(l,J)~AS(l,N) 

APO(1,J)=APO(1,1)*2 
AP ( 1 , J) =AE (l, J) +AW ( l, J) + AN (l, ,J) +AS (l, J) +APO (l, J) 

+2*CPI*R(1)*DELZ*HI 

AE (M, J) = 0 . 0 

AW(M,J)=AW(M,1)*2 
AN (M, J) =AN (M, 1) 

AS(M,J)=AS(M,N) 
APO(M,J)=APO(M,1)*2 
AP(M,J)=AE(M,J) tAW(M,J)+AN(M,J)+AS(M,J)+APO(M,J) 

+2*CPI*R(M)*DELZ*(HP+HJ(J»/2 

CONTINUE 

else 
DO 530 J~l,N 

BI (l, J) =HI*TIN (J) *DELZ 
530 B1(2,J)=(HJ(J) *TJET\J)+HP*TP(j) )*DELZ/2 + FX 

BIO, 1) =B1 0, 1) 12 
BI0,N)=Bl(l,N)/2 
BI (2, 1) -BI (2, 1) /2 
BI (2, N) =B1 (2,N) 12 
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DO 535 1=l,M 
82(1,1) = HZ1*TZ1*OELR 

535 82(1,2) = HZN*TZN*OELR 
82 (1, 1) = 82 (1, 1) /2 
82(M,1)= 82(M,1)/2 
82 ( 1 , 2) = 82 (l, 2) /2 
82(M,2)= 82(M,2)/2 

AR=OELZ/OELR 
AZ=DELR/DELZ 
AT=DELR*DE~Z/OELT 

C Calculate internal A's 
DO 750 1=2,M-1 

DO 755 J=2,N-l 
AE(1,J)=AR*kintf(k(i),k(~+l» 

AW(1,J)=AR*kintf(k(i),k(i-1» 
AN(1,J)=AZ*k(i) 
AS (1, J) =AN (1, J) 
APO(1,J)=AT*rhocp(I) 
AP(1,J)=AE(I,J)+AW(I,J)+AN(I,J)+AS(I,J)+APO(I,J) 

755 CONTINUE 
750 CONTINUE 

C Ca1cu1ate corner A's 
C Lower Left 

AE(1,1)=AR/2*k~ntf(k(1),k(2) ) 
AW(l,l)=O.O 
Jl.N (1,1) =AZ/2*k (1) 

AS(1,l)=O.O 
APO(1,1)=AT/4*rhocp(1) 
AP(1,1)=AE(1,1)+AW(1,1)+AN(1,1)+AS(1,1)+APO(1,1) 

# +HZ1*DELR/2+H1*DELZ/2 
C Top Left 

AE ( 1, N) =AE (1, 1) 
AW(1,N)=O.0 
AN(1,N)=O.O 
AS(1,N)=AZ/2*k(1) 
APO(1,N)=AT/4-rhocp(1) 
AP(1,N)=AE(1,N)+AW(1,N)+AN(1,N)+AS(1,N)+APO(1,N) 

# +HZN*DELR/2+HI*DELZ/2 
C Lower Right 

AE(M,l)=O.O 
AW (M, 1) =AR/2 *kint f (k (m) , k (m-1) ) 
AN(M,1)=AZ/2*k(m) 
AS(M,l)=O.O 
APO(M,1)=AT/4*rhocp(m) 
AP (M, 1) =AE (M, 1) +AW (M, 1) +AN (M, 1) tAS (M, 1) tAPO li., 1) 

# +HZ1*OELR/2+(HJ(1)+HP)/2*OELZ/2 
C Top Right 

AE(M,N)=O.O 
AW (M, N) =AW (M, 1) 
AN(M,N)=O.O 
AS(M,N)=AZ/2*k(m) 
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APO(M,N)=AT/4*rhocp(m) 
AP(M,N)=AE(M,N)+AW(M,N)+AN(M,N)+AS(M,N)+APO(M,N) 

* +HZN*DELR/2+(HJ(N)+HP)/2*DELZ/2 

c r.alculate border A's 
DO 760 I=2, M-l 

C Bottom 

1/ 
C Top 

1/ 

760 

C L8ft 

AE (I, 1) =AE (I, 2) /2 
AW(I,l'=AW(I,2)/2 
AN ( I, 1) =AN ( l , 2 ) 

AS(I,l)=O.O 
APO(I,1)=AT/2*rhocp(I) 
AP (I, 1) =AE (l, 1) +AW (1,1) +AN (l, 1) +AS (l, 1) +APO (1,1) 

+HZl*OELR 

AE(I,N)=AE(I,N-l)/2 
AW(I,N)=AW,I,N-l)/2 
AN(I,N'=O.O 
AS(I,N)=AS(I,N-l) 
APO(I,N)=AT/2*rhocp(I) 
AP(I,N)=AE(I,N)+AW(I,N)+AN(I,N)+AS(I,N)+APO(I,N) 

+HZN*OELR 

CONTINUE 

DO 765 J=2,N-l 

AE(1,J)~2*AE(1,1) 

AW(l,J)=O.O 
AN(l,J)=AN(l,l) 
AS (1, J) =AS (1, N) 
APO(1,J)=AT/2*rhocp(1) 
AP(l,J)=AE(l,J)+AW(l,J)+AN(l,J)+AS(l,J)+APO(l,J) 

1/ 
C Right 

+HI*OELZ 

1/ 

765 

AE(M,J)=O.O 
AW(M,J)~2*AW(M,1) 

AN(M,J)=AN(M,l) 
AS(M,J)=AS(M,N) 
APO(M,J)=AT/2*rhocp(m) 
AP(M,J)=AE(M,J)+AW(M,J)+AN(M,J)+AS(M,J)+APO(M,J) 

+(HJ(J)+HP)/2*OELZ 

CONTINUE 

endif 

RETUru. 
END 

SUBROUTINE SWEEPl(IN,IO,T) 

IMPLICIT REAL*8(A-H),REAL*8(J-Z) 

D - 16 



INTEGER"'2 M,N,M1,N1,J,JPl,JM1,IMl 
DI~ENSION T(50,50,3) 
COMMON/COEF/AE(50,50),AW(50,50),AN(50,50),AS(50,50), 

# APO (50, 50), AP (50, 50), B1 (2, 50), B2 (50,2) 
COMMON/TDMAVA/P(50),Q(50) 
COMMON/GRIDNO/M,N,Ml,Nl,R(50),Z/50) 

C Solve for temperature at J=l boundary 
P (1) =AE (1,1) /AP (1,1) 
Q ( 1 ) = (AN (l , 1) '" T (l, 2 , IN) + AP 0 (1, 1) * T ( l, 1 , 10) 

* + B 1 (1 , 1) + B2 (1, l ) ) / AP ( l, 1) 
DO 20 I=2,M-l 
IM1=I-1 
DEN=AP(I,1)-AW(I,1)*P(IM1) 
P(I)=AE(I,l)/DEN 
Q (I) = (AN (1,1) *T (1,2, IN) +APO (1,1) '" T (l, l, 10) tB2 (l, 1) 

* +AW(I,1)"'Q(IM1»/DEN 
20 CONTINUE 

DEN=AP(M,1)-AW(M,1) "'P(M1) 
P(M)=O.O 
Q(M)=(AN(M,I)*T(M,2,IN)+APO(M,1)"'T(M,I,IO) 

# +B1(2,l)+B2(M,1)+AW(M,1)"'Q(Ml»/DEN 
CALL TDMAT(T,l,IN) 

C Solve for internaI temperature distribution 
DO 10 J=2,N-l 
JP1=J+1 
JM1=J-1 
P(1)=AE(1,J)/AP(1,J) 
Q (1) = (AN (1, J) *T (1, JP 1, IN) +AS (1, J) *T (1, JM1, IN) tAPO (l, J) *T (1, J, ro) 

* + BI (l, J) ) 1 AP ( 1 , J) 

DO 21 I=2,M-l 
IM1=I-1 
DEN=AP(I,J)-AW(I,J) *P(IMl) 
P(I)=AE(I,J)/DEN 
Q ( l ) = (AN ( l, J) '" T ( l , JP 1, IN) +AS ( l, J) * T (I, JM 1, IN) +APO ( r , J) * T ( l , J, IO) 

* +AW(I,J)*Q(IMl»/DEN 
21 CONTINUE 

DEN=AP (M, J) -,. 1 (M, J) *p (Ml) 
P(M)=O.O 
Q (M) = (AN (M, J) *T (M, JPl, IN) +AS (M, J) *T (M, JM1, IN) tAPO (M, J) *T (M, J, rO) 

# +B1(2,J)+AW(M,J)"'Q(M1»/DEN 
CALL TDMAT(T,J,IN) 

10 CONTINUE 

C Solve for temperature at J=N boundary 
P(l)=AE(l,N)/AP(l,N) 
Q (1 ) = (AS ( l, N) '" T ( l , N l, IN) + APO ( l, N) * T ( 1 , N, 10) 

* + BI (l, N) + B2 (1, 2) ) / AP ( l , N) 
DO 22 I=2,M-l 
IM1=I-1 
DEN=AP(I,Nl -nW(I,Nl *P(IM1) 
P(I)=AE(I,N)/DEN 
Q ( l ) :; (AS ( l, N) * T ( 1 , N l,IN) + APO ( l, N) * T ( l , N, 10) + 82 ( l, 2 ) 

... +Awn,N)*Q(IMl»/;:)EN 
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22 CONTINUE 
DE~=AP(M,N)-AW(M,N)*P(Ml) 

P(Ml=O.O 
Q(M)=(AS(M,N)*T(M,N1,IN)+APO(M,N)*T(M,N,IO) 

t +81 (2,N) +82 (M, 2) +AW(M, N) *Q (Ml» /DEN 
CALL TDMAT(T,N,IN) 

RETURN 
END 

SUBROUTINE SWEEP2(IN,IO,T) 
IMPLICIT REAL*8 (A··H) ,REAL*8 (J-Z) 
INTEGER*2 M,N,Ml,Nl,JP1,JMl,IMl 
DIMENSION T(50,50,3) 
COMMON/CCEF/AE(50,50),AW(50,50),AN(50,50),AS(50,50), 

# APO ( 50, 50) , AP (50, 50 ) , 81 (2, 50) , 82 ( 50, 2 ) 
COMMON/TDMAVA/P(50),Q(50) 
COMMON/GRIDNO/M,N,M1,N1,R(50),Z(50) 

C Solve for temperature at J=N boundary 
P(l)=AE(l,N)/AP(l,N) 
Q (1) = (AS (l,N) *T (l, NI, IN) +APO (l, N) *T (1, N, 10) 

* +B1(1,N)+82(1,2»/AP(1,N) 
DO 22 I=2,M-l 
IM1=i-l 
DEN=AP(I,N)-AW(I,N)*P(IMl) 
P(I)=AE(I,N)/DEN 
Q(I)=(AS(I,N)*T(I,Nl,IN)+APO(I,N)*T(I,N,IO)+82(I,2) 

* +AW(I,N)*Q{IM1»/OEN 
22 CONTINUE 

DEN=AP(M,N)-AW(M,N)*P(Ml) 
P(M)=O.O 
Q(M)=(AS(M,N)*T(M,Nl,IN)+APO(M,N)*T(M,N,IO) 

# t8l(2,N)+82(M,2)+AW(M,N)*Q(Ml) )/DEN 
CALL TDMAT(T,N,IN) 

C Solve for internal temperature distribution 
DO 10 J=N-l,2,-1 
JP1=J+l 
JM1=J-l 
P(1)=AE(1,J)/AP(1,J) 
Q(1)=(AN(1,J)*T(1,JPl,IN)+AS(1,J) *T(1,JM1,IN)+APO(1,J)*T(1,J,IO) 

* +8l(l,J»/AP(1,J) 
DO 21 I=2,M-l 
IM1=I-l 
DEN=AP(I,J)-AW(I,J)*P(IM1) 
P(I)=AE(I,J)/DEN 
Q (I) = (AN (l, J) *T (l, JP 1, IN) +AS (I, J) *T (l, JM1, IN) +APO (l, J) *T (l, J, 10) 

* +AW(I,J)*Q(IM1»/OEN 
21 CONTINUE 

DEN=AP(M,J)-AW(M,J'*P(M1) 
P(M)=O.O 
Q(M)=(AN(M,J)*T(M,JPl,IN)+AS(M,J)*T(M,JM1,IN)+APO(M,J)*T(M,J,IO) 

# +B1(2,J)+AW(M,J)*Q(Ml»/DEN 
CALL TDMAT(T,J,IN) 
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10 CONTINUE 

C Solve for cemperature at J=l boundary 
P ( 1 1 =AE ( 1, Il / AP ( 1 , 1 ) 

20 

* 

* 

Q ( 1 l '" (AN (1, 1 1 * T ( 1 , 2, IN) + AP 0 (l, 1 l '" T ( 1, 1, 10) 
+ B 1 (1, 1) + B2 ( 1 , 1 l ) / AP ( 1, 1 ) 

DO 20 I=2,M-1 
IM1=I-1 
DEN=AP(I,1)-AW(I,11*P(IM1) 
P(I)=AE(I,l)/DEN 
Q(I)=(AN(I, 1) *T(I,2, IN) +APO(I, 1) *T(I, l, 10) +82 (1,1) 

+AW(I,ll*Q(IM1ll/DEN 
CONTINUE 
DEN='.P (M, 1) -AW (M,Il *p (Ml l 
P(M)=O.O 
Q(M)=(AN(M,1)*T(M,2,IN)+APO(M,11"'T(M,1,IO) 

# +Bl(2,1)+B2(M,1)+AW(M,11*Q(M1»/DEN 
CALL TDMAT(T,l,INI 

RETURN 
END 

SUBROUTINE TDMAT(T,J,IN) 
C TDMA procedure as described in Patankar 

c 

U1PLICIT REAL*8 (A-H) ,REAL*8 (J-Z) 
INTEGER*2 M,N,M1,N1,J 
DIMENSION T(50,50,3) 
COMMON /TDMAVA/P(50),Q(50) 
COMMON /GRIDNO/M,N,Ml,N1,R(501,Z(501 
T(M,J,INl-=Q(M) 
DO 10 I=M1,1,-1 
T(I,J,IN)=P(I)*T(I+1,J,INI+Q(I) 

10 CONTINUE 
RETURN 
END 

function thrncair(ternpl 
irnplicit real*8(a-h, j-zl 

c This correlation for the thermal conductivity of air is valld over 
c the range of 250 deg. K to 400 deg. K (-25 to 130 deg. Cl 
c The correlation was obtained by fitting a polynomial to 
c the thermal conductivity data given by Touloukian,Liley and Saxena 
c in Thermophysical Properties of Matter, IFI/Plenu~, 

c New York, 1970. 
c 
c temperature input is to be given in deg. C. 
c internaI to the function, the tempe rature i3 
c converted to deg. K. 
c thermal conductivity is in W/m*C 
c 

t=temp+273.15 
thmcair=(-8.98737e-3+1.057024e-3*t-5.21e-7*t*tl/10. 
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c 
c 

c 

return 
e:1d 

function visair(templ 
implicit real*8(a-h,j-z) 

c This correlation for the viscosity of air is valid over 
c the range of 250 deg. K to 400 deg. K (-25 to 130 deg. C) 

c The correlation was obtained by fitting a polynomial to 
c the viscosity data given by Touloukian,Liley and Saxena 
c in Thermophysical Properties of Matter, IFI/Plenum, 
c New York, 1970. 
c 
c temperature is to be given in deg. C. 
c internaI to the function, the tempe rature is 
c converted to deg. K. 
c viscosity is in N/s*m~2 
c 

c 

c 

t=temp+273.15 
visair=1.2147081+0.0679118*t-0.0000340*t*t 
visair=visair*1.E-6 
return 
end 

function density(temp,pres) 
implicit real*8(a-h,j-z) 

c The idea1 gas 1aw is used to predict gas density. 
c The l~lationship is va1id over the temperature 
c range 200 deg. K to 1500 deg. K and for pressures 
c up to a few atmospheres. MW air = 28.97 
c 
c temperaturc is to be giver' in deg. C. 
c internal to the function, the tempe rature is 
c converted to deg. K. 
c pressure is in Pa. 
c density is in kg/m**3 
c 

t=temp+273.15 
density=pres/t*0.003484 
return 
end 

SUBROUTINE SIMPSON(F,A,B,N,SINTEG) 

IMPLICIT REAL*8(A-H,J-Z) 
IMPLICIT INTEGER*2(I) 
INTEGER*2 I,M,N 
DIMENSION F (1) 

M=(N-1)/2 
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IF«2*M) .EQ.N) TH EN 
_WRITE(*,lOO) 

100 FORMAT (' INTEGRAL CANNOT BE CALCULATED. N MUST BE ùDD.') 
RETURN 

ENDIF 

H= (B-A) 1 (2. *M) 

EVEN=O.O 
DO 10 I=2,N-1,2 

10 EVEN~EVEN+F(I) 

EVEN~4*EVEN 

ODD=O.O 
DO 20 I=3,N-2,2 

20 ODD=ODD+F(I) 
ODD=2*ODD 

SINTEG = H/3*(F(1)+EVEN+ODD+F(N» 
RETURN 
END 

Function pi (n) 
C Listing from BYTE May 1987 page 22 

Implicit real *8 (a-h, j-z) 
integer*2 N 
fnp(s,p)=(p+s/p)/2 
fns(s)= fnp(s,fnp(s,dsqrt(s») 
s=fns(3) 
p=2 
do 10 k=l, n 
s=fns (s-'-2) 

la p=2*p/s 
pi=p+p/s 
return 
end 
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APPENDIX E 

Source Code for Finite Element Steady-State Simulation 

E - 1 

~ 

1 



This source code was developed using IMSL' s PDE PROTRAN, a F0B.TRAN 

pre-processor. A descr1ption of POE PROTRAN lS aV1alable in the 

reference by ******* 

IINFO MVS CL(62) R(MUSIC) TI(80) MSGL(O) 
Il EXEC PROTRAN,PARM.FORT='NOSF,NOTF' 
IIPREPROXX.SYSIN DO * 
C 
C TSTRESS 
$ DECLARATIONS 

C 
$ 

,.. 
'" 

IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
DOUBLE PRECISION MATRIX TSOL(11,5l),USOL(11,51),VSOL(11,51) 
DOUBLE PRECISION VECTOR EXPPS(5l), EXPRL(51), TSURF(51) 
DOUBLE PRECISION VECTOR YLOe(51), XLOe(ll) 
DOUBLE PRECISION VECTOR NU(51), HJET(51) 

DEFINE COORDINATE SYSTEM 
FORTRAN 
Xl = 0.13 
X2 = 0.25 
X12= (Xl+x2) /2 
YJZ= 0.1 
YI = 0.0 
Y2 = Yl+YJz/2 
Yl2= (Yl+Y2) /2 
Y3 = Y2+YJZ 
Y23= (Y2+Y3)/2 
Y4 = Y3+YJZ 
Y34= (Y3+Y4) 12 
YS = Y4+YJZ 
Y4S= (Y4+Y5)/2 
Y6 = Y5+YJZ 
Y56= (Y5+Y6)/2 
Y7 = Y6+YJZ 
Y67= (Y6+Y7)/2 
YB = Y7+YJZ 
Y78= (Y7+Y8)/2 
Y9 = YB+YJZ 
Y89= (Y8+Y9)/2 
YlO Y9+YJZ 
Y910 (Y9+Y10)/2 
Yll YlO+YJZ 
YIOll (YlO+Yll) /2 
Y21 Yll+YJz/2 
Yl1l2 (Yll+Y21) /2 
NX 11 
NY = 51 

TIN 150.0 
TJI 20.0 
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TJ2 150.0 
XHIN 
VNU 
ALPHA 
XN 

11000.0 
0.27 
11.34E-6 
VNU 
ALPHA XA 

TECSTI 
TECST2 
TECST3 
DIA 

«l-XN) "X2""2+(l+XN) *Xl**2) / (X2**2-X1**2) 
XA/X2 
1 + XN 

0.0254 
PI 3.141592654 
PI2 2 "'PI 
CAIR1= CAIR(TJl) 
CAIR2= CAIR(TJ2) 
CST11= 94.68"'CAIRI/DIA 
CST12= 94.68*CAIR2/DIA 
CST2 = 0.019 
CST3 = 2.09 
CST41= 38.84*CAIRI/DIA 
CST42= 38.84"'CAIR2/DIA 
FLUX 8200.0 
RI Xl + 0.0001 
RO X2 + 0.0001 
RDIA2= 20.*DIA/PI 

$ PDE2D 

PRECISION = DOUBLE 
UNKNOWNS = ( T, U, V ) 

1 PARTIAL DIFFERENTIAL EQUATION 

A X'COND*TX, 
& X'«El+E2)*UX+E2*U/X+E2*VY-E3*(T-TEMPO», 
& X*E1/2"'(UY+VX) ) 

B X*COND"'TY, 
& X*El/2*(UY+VX), 
& X*«E1+E2) *VY+E2*U/X+E2*UX-E3* (T-TEMPO» 

F 0.0, 
& -«El+E2)*U/X+E2*UX+E2*VY-E3*(T-TEMPO», 
& 0.0 ) 

DEFINE 

COND 
VNU 
ALPHA 
EM 
El 
E2 

58.0 
0.27 
Il. 34E-6 
20.0E7 

EM/ (1+VNU) 

E1*VNU/(1-2*VNU) 
E3 EM*ALPHA/(1-2*VNU) 
TEMPO = 0.0 
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1 

GLOBAL 

eOMMON /TEMP/ TIN, 'l'JI, TJ2, FLUX 
eOMMON /DIMX/ Xl,X2,X12 
eOMMON /DIMYI/ YI,Y2,Y3,Y12,Y23,Y4,Y5,Y34,Y45,Y6,Y7,Y56,Y67 
eOMMON /DIMY2/ Y8,Y78,Y9,Y89,YIO,Y910,Y11,Y10l1,Y21,Y1112 
eOMMON /HTeOEF/ CSTII,CST12,eST2,CST3,CST41,CST42,XHIN 
eOMMON leONST/ RI, RO, DIA, RDIA2, PI, PI2 

UG (140.0, 0.0, 0.0) 

BOUNDARY CONDITIONS 

GB (l, 0.0, 0.0, -1.0E15*V) 
& (2, 0.0, 0.0, 0.0) 
& (3,XHIN*RI*(TIN-T), 0.0, 0.0) 
& (4, RO* (TJI-T) /2* (RDIA2/RO) * 
& (CST11/(1+CST2*(ABS(Y-YI)/DIA)**CST3)-CST4I)-FLUX/(PI2), 
& 0.0, 0.0) 
& (5, RO* (TJ2-T) /2* (RDIA2/RO) * 
& (CST12/(1+CST2*(ABS(Y-Y23)/DIA)**CST3)-C5T42)-FLUX/PI2, 
& 0.0, 0.0) 
& (6, RO*(TJ2-T)/2*(RDIA2/RO)* 
& (CST12/(1+CST2*(ABS(Y-Y34)/DIA)**e5T3)-CST42)-FLUX/PI2, 
& 0.0, 0.0) 
& (7, RO*(TJ2-T)/2*(RDIA2/RO)* 
& (CST12/(1+CST2*(ABS(Y-Y45)/DIA)**C5T3)-C5T42)-FLUX/PI2, 
& 0.0, 0.0) 
& (8, RO*(TJ2-T)/2*(RDIA2/RO)* 
& (CST12/(1+CST2* (ABS(Y-Y56)/DIA) **CST3)-CST42)-FLUX/PI2 , 
& 0.0, 0.0) 
& (9, RO*(TJ2-T)/2*(RDIA2/RO)* 
& (CST12/(1+CST2*(ABS(Y-Y67)/DIA)·*C5T3)-C5T42)-FLUX/PI2, 
& 0.0, 0.0) 
& (10, RO* (TJ2-T) /2* (RDIA2/RO) * 
& (CST12/ (1+CST2· (ABS (Y-Y7 8) ID lA) **C5T3) -C5T4 2) -FLUX/ PI 2, 
& 0.0, 0.0) 
& (11, RO* (TJ2-T) /2* (RDIA2/RO) * 
& (CST12/(1+CST2"(ABS(Y-Y89)/DIA)**C5T3)-C5T42)-FLUX/PI2, 
& 0.0, 0.0) 
& (12,RO*(TJ2-T)/2*(RDIA2/RO)* 
& (CST12/(1+CST2*(ABS(Y-Y910)/DIA)**CST3)-C5T42)-FLUX/PI2, 
& 0.0, 0.0) 
& (13,RO* (TJ2-T) /2* (RDIA2/RO) * 
& (CST12/(1+C5T2*(ABS(Y-YIOll)/DIA) *~CST3)-e5T42)-FLUX/PI2, 
& 0.0, 0.0) 
& (14,RO*(TJl-T)/2*(RDIA2/RO)* 
& (C5T11/ (1+CST2" (ABS (Y-Y2l) IDIA) " *e5T3) -C5T41) -FLUX/ PI 2, 
& 0.0, 0.0) 

, INITIAL TRIANGLULATION 

VERTICES = (Xl,Yl) (X2,Yl) (X2,Y2) (X1,Y2) 
& (Xl2, Yl2) (x2, Y3) (Xl, Y3) (X12, Y23) 
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& (X2, y 4) (X1,Y4) (X12,Y34) 
& (X2, YS) (Xl, YS) (X12, Y45) 
& (X2, Y6) (X1, Y6) (X12, 'l'56) 
& (X2/Y7) (X1/Y7) (X12,Y67) 
& (X2, YB) (X1,Y8) (X12/Y78) 
& (X2, Y9) (X1/Y9) (X12/Y89) 
& (X2, Y10) (X1/Y10) (X12, Y910) 
& (X2, Y Il) (X1/Yll) (XI2, Yl011) 
& (X2, Y21) (X1/Y21) (X12, Y1l12) 

TRIANGLES'" (1/2/5,1) (2,3,5/4) (3,4,5,0) (4, l, 5, 3) 
& (4/3,8,0) (3/6,8,5) (6,7,8,0) (7,4,8,3) 
& (7/6/11,0) (6/9/11,6) (9,10,11/0) (10/7,11,3) 
& (10/9,14/0) (9,12,14,7) (12,13/14/0) (13/10,14,3) 
& (13/12,17,0) (12/15/17,8) (15,16/17,0) (16,13,17,3) 
& (16,15,20,0) (15/18/20,9) (18/19,20,0) (19,16,20,3) 
& (19/1B,23,0) (18/21/23,10) (21/22,23/0) (22,19,23/3) 
& (22,21,26,0) (21,24/26,11) (24/25,26,0) (25,22,26/3) 
& (25/24,29/0) (24,27,29,12) (27/28/29/0) (28,25,29/3) 
& (28,27,32/J) (27,30/32,13) (30/31,32/0) <31,28/32,3) 
& (31,30,35,0) (30,33/35,14) (33/34,35/2) (34,31,35,3) 

1 TRIANGULATION REFINEMENT 

NTRIANGLES = 132 

1 OUTPUT 

GRIDPOINTS = (11,51) 
PRINTSOLUTION 
SAVEARRAY = (TSOL,USOL,VSOL) 

$ FORTRAN 

DELX (X2-X1) / (NX-1) 
DELY (Y21-Yl) / (NY-1) 
M (NX-l) /2 
H (X2-X1)/(2*M) 

DO 5 1 = 1,NX 
5 XLOC(I) = Xl + (I-1)*DELX 

DO 30 J = 1,NY 
YLOC(J) = (J-1) *DELY + YI 
IF (YLOC(J) .LE.Y2) THEN 

HJET(J)= CST11/(1+CST2*(ABS(YLOC(J)-Y1)/DIA)**CST3)-CST41 
NU(J) = HJET(J)*DIA/CAIR1 

ELSEIF(YLOC(J) .LE.Y3) THEN 

HJET(J)= CST12/(1+CST2*(ABS(YLOC(J)-Y23)/DIA)**CST3l-CST42 
NU(J) = HJET(J)*DIA/CAIR2 

ELSEIF(YLOC(J) .LE.Y4) THEN 

HJET(J)= CST12/(1+CST2*(ABS(YLOC(J)-Y34)/DIA)**CST3)-CST42 
NU(J) = HJET(J)*DIA/CAIR2 

ELSEIF(YLOC(J) .LE.Y5) THEN 

HJET(J)= CST12/(1+CST2*(ABS(YLOC(J)-Y45)/DIA)**CST3)-CST42 
NU(J) = HJET(J)*DIA/CAIR2 
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ELSEIF(YLOC(J) .LE.Y6) THEN 
HJET(J)= CST12/(1+CST2*(ABS(YLOC(J)-Y~6)/DIA)*'CST3)-CST42 
NU(J) = HJET(J)*DIA/CAIR2 

ELSEIF(YLOC(J) .LE.Y?) TH EN 
HJET (J) '" CST12/ (l+CST2 * (ABS (HOC (J) -Y67) ID lA) "CST3) -C5T42 
NU(J) ~ HJET(J)*DIA/CAIR2 

ELSEIF(YLOC(J) .LE.YB) THEN 
HJET(J)= CSTl2/(l+CST2*(ABS(YLOC(J)-Y7B)/DIA)**CST3)-CJT42 
NU(J) = HJET(J) *DIA/CAIR2 

ELSEIF (YLOC (J) . LE. Y9) THEN 
HJET(J)= CSTl2/(l+CST2*(ABS(YLOC(J)-YB9)/DIA)"CST3)-CST42 
NU(J) = HJET(J)*DIA/CAIR2 

ELSEIF(YLOC(J) .LE YlO) THEN 
HJET(J)= CSTl2/Cl+CST2*(ABS(YLOC(J)-Y910)/DIA)**CST3)-CST42 
NU(J) = HJET(J)*DIA/CAIR2 

ELSEIF(YLOC(J) .LE.Yll) THEN 
HJET(J)= CSTl2/(1+CST2*(ABS(YLCC(J)-YIOll)/DIA)**CST3)-CST42 
NU(J) = HJET(J)*DIA/CAIR2 

ELSE 
HJET(J)= CSTll/(1+CST2*(ABS(YLOC(J)-Y2l)/DIA)**CST3)-CST41 
NU(J) HJET(J)*DIA/CAIRl 

ENDIF 
WRITE(6,lOOO) J, YLOC(J), NU(J), HJET(J) 

1000 FOF~TC2X,I2,2X,FIO.6,2(2X,F11.6}} 

TSURF(J) TSOL(NX,J) 
EXPRL(J) = USOL(NX,J)*1.OE6 

EVEN = 0.0 
DO 10 l = 2, NX-l,2 

10 EVEN = EVEN + TSOL(I,J)*XLOC(I) 
EVEN = 4 * EVEN 
ODD :: 0.0 
DO 20 l = 3, NX-2,2 

20 ODD = ODD + TSOL(I,J)*XLOC(I) 
ODD = 2 * 000 
TINT=H/3*(TSOL(1,J) *XLOC(l)+EVEN+ODDtTSOL(NX,J) *XLOC(N x» 
EXPPS (J)=TECST2* (TECST3*TINT + TECST1*TINT)*1.0E6 

30 CONTINUE 

XRL = EXPRL«NY-l)/2+l) 
XPS = EXPPS«NY-l)/2+l) 
DO 40 J = l, NY 
RL = EXPRL(J) - XRL 
PS = EXPPS(J) - XPS 
WRITE(6,10l0) J, YLOC(J),TSURF(J), EXPRL(J), RL, EXPPS(J), PS 

1010 FORMAT (2X, 12, 2X, FlO. 6, 2X, Fll. 6, 4 (2X, FIO. 6» 
40 CONTINUE 

$ END 

FUNCTION CAIR(T) 
REAL T 

1 CALCULATE CONDUCTIVITY OF AIR 
TK = T + 273.15 
CAIR = (-B.98737E-3 + 1.05702E-3 * TK- 5.21E-7 t TK*TK)/lO 
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S EllD 

1 * 
1/(;0 PLOT DO DSN=CY4Q. TEMPER1, DISP= (NEW) , UNIT=ONLN 
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APPENDIX F 

Error Analysis of Nusselt and Reynolds Hu ... .ber 

• 
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The total rms errors of a Nusselt ûnd Reynolds numbers can be 

variable can be expressed as: 

1 ot 
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1. Nusselt Number 

The Nusselt number is defined as: 
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Dlfferent_iation of Equation (A? 5) with respect to the experimental 

variables yields the individual error terms 
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The error in Nu associated with the effect of entrainment measured uSlng 

the entrainment factor, F, was estimated to be == 8%. The rms error 

in vol ved in the ÂT term was est ima ted to be 1'~ ba sed on the sc:nso r 
5 

calibration and data aquisition resolutlon. Thus, including these 

additional errors, under typical experimental conditions, the totdl 

percent rms error in Nu was calculated to be 8.5%. 

2. Reynolds Number 

In a simular fashion, the definitinn of Reynolds nurr~er is 

Re 
p V d 

Il 
(F.6) 

where the jet velocity is based on the statl.C pressure rnÎ~aGuF~d at a 

distance upstream of the no~zle exit, and was currelated Il',ing the: 
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equation 

V 
J 

Thus the individual error terms can be defined as: 
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The resulting total rms error in Re f)r typical operating conditions was 

calculated to be less than 5% over the range 40,000 S Re S 120,000. 
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