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ABSTRACT

The heat transfer characteristics of turbulent Impingingz Jets,
typical of those used in paper machine cross machine directicn caliper
profile control were measured. The effect of Jet entrainement on the
impingement heat transfer by unconfined Jets was successfully 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 33% and 80% for a

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

The thermal deformation of calender roll under control actuators
was predicted numerically using finite volume and finite element
techniques. The most desirable steady state control charateristics, i.e
high peak deformation and small width of deformation, were obtained on
unheated rolls of minimum practical thickness. The results indicate that
control actuator spacings less than 0.2m provide negligible control

advantage.

Experiments were performed on a double calender stack of a production
newsprint machine to determine the optimal position for cross-machine
direction calender control actuators which would minimize the response
time and maximize 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 poor 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 be

consldered when choosing the location for control actuators.



RESUME

On a étudié experimentallement le transfer de chaleur de jet d’air
turbulent, typique des actionneur utilise dans un systéme de contréle du
profil d’épaisseur sur une machine a papier. Effect d'entrainement par
le jet d’aire non contenu sur le transfer de chaleur peut étre 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 characteristics 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. Lles resulat indique que des actioneurs espacé de moin que 0.2m

ne resulte pas dans une éfficacité de contrdle superiere.

Des essais ont été effectués sur des calandres jumelées d'une
machine & papler commerciale afin de déterminer la position optimale des
actionneurs (jets d’air refroidissant) d’un systéme de contrdle du
profil d'4paisseur. L’objectif de cette étude était de minimiser le
temps de réponse des actionneurs et de maximiser l'effet du systéme de
contrbdle. L'efficacité est maximale lorsque les actionneurs sont situés
4 partir du second rouleau inférieur jusqu’aux rouleaux supérieurs. Les
rouleaux inférieur et supérieur s’avérent étre un mauvais emplacement
car 1ls n'affectent qu’une seule pince. Lorsque deux calandres
identiques scnt utilisées successivement, il est préférable d’installer
les actionneurs sur la premidre calandre. Le type de rouleaux est aussi
un factor important dans le choix de l’emplacement des acticnneurs. Les
résultats de cette étude demeurent valables quelque soit le systéme

dfactionneurs utilisé,
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CHAPTER 1

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 include processes such as the annealing of metals,
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,

Calenderi-g is the final step in the manufacture of many grades of
paper. After the 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 surface properties required for it3s end use
(e.g. printing).

The paper machine calender stack is essentially a rolling mill
consisting of a vertical stack of cast iron rolls. The paper 1issuing
from the dryer section enters the top nip of the calender stack and is
compressed as it proceeds down through each nip of the stack.

Of the variables which affect the thickness reduction 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 wuniformity is
accomplished by adjustments in these variables. Roll temperatures, and

consequently local nip pressures, are controlled by locally heating
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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 1local roll
diameter is reduced, by thermal deformation, and the nip pressure is
relieved., Where thinner paper is required, the rolls can be heated,
causing :he reverse effects.

The complex interactions 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
comprehensively reviewed in the recent literature {(Cbot [1980],
Saad[1981)). 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 (19801, 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], Crotogino et
al.(19821). 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 is distributed within the calender roll and the corresponding




|

local thermal deformation of the calender roll. Only a few studies have
dealt with the actual calender roll deformation, either numerically
(Brierly([1975), Aro[l1984]) or experimentally (Lyne[l1976}). 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 1is 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 is an experimental study of the factors affecting
the heat transfer between impinging air jets and calender rolls. The
second inveolves 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 Dboundary
condition.

The objectives of the experimental impingement heat transfer study

were:

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 investigate the effect of ambient temperature on the

impingement heat transfer 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




the heat transfer profiles. The geometric variables
included:

a) Nozzle-to-roll spacing

b) Nozzle-to-nozzle spacing

c) Jet impingement angle relative
to normal lmpingement

d) Jet impingement position relative
to the in-going and out-going nips

e) Semi-confinement of the impinging
Jet

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

The obJectives of the numerical study on calender roll thermal

deformations were:

1. To determine numerically, the thermal deformations

possible with calender control systems.

2. To determine which roll design has the greatest
potential for roll dlameter correction g*'ven a specified

internal heat transfer boundary conditlon.

3. To evaluate how changes in the impingement heat transfer
boundary condition affect the local calender roll
deformation.

A further objective was to determine the most favorable roll in a
calender stack at which to attempt the cross-machine thickness
correction. This objective was met with an experimental study carried
out on a commercial newsprint machine calender.

To meet the overall objective of this study, recommendations and
practical guidelines for the design and optimization of calender control

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




CHAPTER 2

LITERATURE REVIEW

2.1 Introduction
The primary objective of this work 1is to provide a better

fundamental basis 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 calender 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 pap.r machine.
There are four primary operationsg:

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 is deposited onto a continuously

moving forming screen. As the water is removed from the suspension by a
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Figure 2.1 The papermaking process




combination of gravity, suction, pressure and/or centrifugal forces, a
fiber web is formed.

After the paper web has been dewatered to a solids content range of
10-20%, it is contacted with a felt which carries it into 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 paper
with a series of steam-heated drying cylinders. The paper will normally
leave the dryer section with a moisture content in the range of 5-8%.

The final operation for many grades of paper is calendering. Here,
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 properties and sheet thickness
suitable for its end use {(e.g. printing).

After calendering, the paper is wound onto a reel., In an
off-machine operation, these reels are cut to the desired width while
being rewound into rolls suitable for shipment to the customer. Some
grades of paper require additional finishing operations, such as
of f-machine coating and/or supercalendering, prior to being rewound and

prepared for shipping.

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 bottom 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[1981].
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Figure 2.2 A paper machine calender stack




The web thickness reduction which occurs 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 egquation 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 applied in the

calender.
1
tf = S (2.1)
_—
3 mP
f
where tf - out~going web thickness,
t - in-going web thickness
1
2 - nip pressure
m,n - empirical constants

Based 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 temperature and web moisture
content. The engineering application of these equations was limited
since the dwell time and maximum pressure in the calender nip cannot
readily be measured. Kerekes[1976,1977]) proposed modified versions of
these equations, replacing dwell time and pressure with the measurable
variables nip load, roll radius and machine speed.

Crotogino(1980,1982,1983] proposed a comprehensive calendering
equation which accounted for all the factors affecting sheet bulk
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 resulting equation is




> = A + uB {2.2)

where
t -t B -B
i f 1 £
€ = y = — (2.3)
f i
= + + + .4
M a + aLlog L+ aslog S aRlog R aee aMM (2.49)
and B - initial web bulk, cm’/g
1
3
Bf -~ final web bulk, cm /g
L - nip load, kN/m
M - web moisture content, %
2R1R2
R - effective roll radius, R = —E:—:—E;— ; m

S - machine speed, m/min
(-]
8 - web temperature, C

The coefficients A, ao, aL, as, a, a

, a must be determined
R (2] M

experimentally. They reflect the viscoelastic behavior of the paper and
are dependent on the furnish used (i.e. the wood species, pulping.ﬁethod
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 1is possible to measure the local
paper web and calender roll temperature, as well 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




WP

left the nip, not the paper in the nip. However, as it is 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 is
required to compensate for CD variations in the basis weight, moisture
content and temperature of the paper entering the calender. Also, there
are differences in the local nip pressures due to calender roll grinding
tolerances and roll deflections. These CD variations in the local
calendering conditions, if left uncorrected, result in paper of varying
surface properties and thickness. The wvariations 1in the surface
properties results in uneven ink transfer when the paper is printed,
while machine direction (MD) streaks of high or low sheet thickness,
when built up over hundreds and thousands of revolutions on the windup
reel, produce hard or soft areas in the reel. The CD variations in reel
hardness can cause roll structure problems when the paper is rewound and
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 shown in Figure 2.2,
consists of a vertical stack of from two to eight chill cast iron rolls.
The roll diameters vary from approximately 300 mm for rolls found on
old, narrow and slow paper machines to 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 to augment or relieve

the gravity loading at appropriate intermediate positions in the stack.




Provisions are alsc made on most modern calenders to heat some 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
rolls 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,

Some 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) Typically 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

pressurized water), is passed through the heating channel at high
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Figure 2.3 Various heat transfer roll designs
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velocity, ensuring high heat transfer rates and uniform axial
temperatures. There are a number of other heat transfer roll designs
avallable which are primarily varlation of the three basic types shown
in Figure 2.3.

Variable crown rolls are used iIn calenders to compensate for the
tendency of the bottom roll (king roll) in a stack to sag under its own
weight and the weight of the rolls above it. They can also be used to
prevent a roll from bending when additional 1load 1is applied (or
relieved) through its bearing housings. Crown-controlled rolls (CC
rolls), a type of variable crown roll, are shown in Figure 2.2 in the
king roll position and at the top of the calender where loading in the
calender stack can be increased or relleved.

Although there is an increasing number of designs for varlable
crown rolls, all share certain features. As shown In Figure 2.4, they
consist of a hollow cylinder, which is supported on hydraulic or
hydrostatic bearing systems across the entire width of the machine. The
forces which are applied externally are transferred through the shell
and the hydraulic support elements to the stationary central beam. The
design of the rolls vary primarily in the cholce of a internal hydraulic
loading system.

Another type of roll, which should be mentioned here 1s the soft
calender roll. Seft rolls are covered with material which has a hardness
similar to that of paper under compression in the calender nip. The roll
covering 1is typically of an elastomeric material or paper under
extremely high radial compression. These roll are typically used in
off-~1lne super calenders or gloss calenders, but thelr use has recently
been extended to on-machine calendering (Crotogino and Gratton{1987]).

Overheating of the roll covering material, due to the heat generated
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within the material as a result of rolling friction or heat transfer
from the paper, can damage the roll covering material. Cooling of these
rolls with air Jets 1s an Increasingly important application of the

impingement heat transfer results discussed in this thesis.

2.3 Calender Control Systems

2.3.1 Sensors and Actuators

The entire calendering operation must be controlled to produce
uniform paper thickness and surface properties across the width of the
machine, since machine direction streaks of high or low sheet thickness
will build up to produce hard or soft spots on the windup reel.

Traditionally, reel hardness has been measured by striking the
windup reel with a wooden bat. Based on the sound and feel, the operator
can adjust the CD calender control system manually. Two sensor tLypes
have been developed: the Backtenders Friend (BTF), which measures the
reel hardness directly (Cherewlick and Walker[1974]) and web thickness
gauges.

The CD control of the calendering process is performed by locally
adjusting the nip load and/or sheet temperature. Local heating of the
calender roll results in a larger roll diameter, higher nip pressures
and thus greater paper thickness reduction. The reverse is true when the
calender roll is cooled.

Impinging air Jets have been the standard actuator system for
calender control. A variety of lmpingement type calender control systems
are avallable including unconfined/confined in single row and multiple
Jets geometries, as illustrated in Figure 2.5, with each having its
stated advantages. These sensors will be discussed in greater detail

later.
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The most common new air actuator systems involve the use of
semi-confined jets or arrays of nozzles (Higham[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 CoilO system (Larive and
Lindstrom[1986)) which uses AC induction heaters as actuators. Cal Coilo
actuators, used alone, or in combination 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, although promising since it uses
the latent heat of evaporation as a heat sink, has not received wide
spread acceptance due to potential problems if the the water mist does
not completely evaporate in the boundary layer and deposits on the paper

or the calender roll.

2.3.2 Impingement Jet Geometry and Posiftioning

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 available.

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 2.5(a) Industrial calender control air nozzles
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i. the high heat transfer efficlency to the paper.
11, the ability of the cooled web to change the temperature

of several rolls in the calender.

Bryan[1972] considered the air flow patterns around a calender
stack, Figure 2.6, and concluded that the most efficient heat transfer
required the break-up of the boundary layer carried with the roll
surface. He argued that the Jet veloclity required to do this was
dependant on the position of the Jets relative to the in-going and
out-going nips and proposed that the low pressure zone associated with
the outgolng nip would be the most effective location. No direct
evidence supporting this hypothesis was presented.

Lyne et al.[1976] reported results obtained on a production
calender stack, with the conditions as described in Figure 2.7. On the
1000mm diameter crown controlled king roll, Lyne observed a surface
temperature change of 1.5°C and a resulting web caliper change of 1,5um.
No surface temperature or web caliper changes were observed using the
smaller, lower flow rate nozzle on the 750mm diameter, solld queen roll.
Lyne argued that the lack of an effect on the queen roll 1s due to the
damping effect of the heat removed by the paper web on the surface
temperature change. Based on these arguments the king roll was
recommended as the optimum location for calender profile control. The
direct comparison of the king and queen roll results and their
generalization was somewhat misleading since Jjet Reynolds number for the
smaller nozzle used on the queen is half and has about 15% of the mass
flow rate of the larger nozzle used on the king roll.

Mitchell and Sheahan[1978] carried out experiments on a production

calender stack, configured as shown in Figure 2.8, to Investigate the
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summarized in Figure 2.9. The numbers shown at various locations 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 half 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 pointing
out that in feedback control (typical for paper machine caliper control
systems) the location where the <caliper correction 1is 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 different
positions in the calender stack.

Although the 1literature 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 to the unknowns asscociated with:

i. the effect of ambient temperature on impingement heat

transfer.

ii. the effect of the high velocity of the impingement

surface relative to 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 controlled king roll of the calender stack prcduced a
surface temperature drop of 5.0°C while a similar air jet placed on the
third roll only produced a 1.7°¢ change with an additional temperature
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 <c¢ontrol system. It is not mentioned if the
intermediate rolls on the calender stack were heated.

As to the lateral separation of the nozzles, Mitchell and
Sheahan{1978] observed that the surface temperature drop achieved with a
nozzle separation of 100mm was only 20% higher than that using a nozzle
separation of 200mm using the same jet velocity and thus half the total
air flow rate. They concluded that a fair amount of air is wasted when
using the closer nozzle separation. Confusing these results, is the
possibility that the calender control system may have been air supply
limited. This may have lead to decreased jet velocities for the closer
nozzle 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 of complicated air flow patterns around the

calender stack.

The only study of impingement heat transfer as it applies to the
calender control problem is that of Pelletier et al.[1984,1987}. The
experimental results demonstrated the importance of entrainment of
ambient temperature air by the unconfined jets on the resulting
impingement surface heat transfer. Pelletier et al.showed that over the
range investigated, the circumferential position and angle of
inclination of the impinging jets relative to the roll surface had only

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 solid) or internal calender
operating parameters (i.e. heated, unheated, crown controlled) on the
performance of a caliper control system. Mitchell and Sheahan{1978]
noted the very much slower response of a solid calender roll as compared
to a shell type roll. Lyne et al.[1976]) acknowledged the effect of roll
design and speculated that unheated hollow rolls will have a larger
change in radius per °C than either solid or heated rolls.

The thermoelastic deformations of hollow and solid cylinders is
discussed extensively (Boley{1972], James [(1964], Valentin and
Carey[1970], Emery and Carson(1971] amongst others). The primary concern
has often been the study of nuclear fuel rods, which have internal heat
generation. The literature available on the prediction and or
measurement of the roll deformations experienced under typical calender

operating conditions is very limited.
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Brierly{1975], using numerical techniques, predicted the
temperature distribution and thermal deformation of a calender roll. The
boundary conditions used consisted of a specified internal surface
temperature and external temperature profile with no traction (no
external forces) bou dary conditions on all sides. The external

temperature profile was specified as

Too= T - AT oszs‘iz’.
TS = Tsm ;szs%
where Ts - surface temperature, °C
ATp - peak surface temperature difference, Tsp-Tsm, °c
Tsp - roll surface peak temperature, °C
Tsm - roll surface minimum temperature, °c
w - peak width, mm
2 - axial position, mm

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%.
/

Brierly found that for peak widths greater than 250-500mm, the peak
roll deformation, Arp, was unaffected by the peak width, w. He proposed
an empirical correlation for the roll radius change, Ar, as a function

of the temperature change and peak width, in the form

Ar w )P
AT = 1 - exp "[T] (2-5)
p
where Ar - roll radius change
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k
A constants dependant or roll geometry

p and internal temperature

The application of this equation to actual calendering conditions was
not verified.

Given the stress boundary conditions of no traction on all
surfaces, which allows axial expansion, he makes no mention of any edge
distortions, such as the "OXBOW effect" discussed by D’Amato[1980]. This
effect, illustrated in Figure 2.10, is caused by the difference between
the inside and outside surface =arial 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 holographic interferometry technique, thermal
deformations of a solid 0.5m diameter roll under the influence of a
single heating jet were obtained for several operating conditions. The
roll radius change at the impingement Jjet induced temperature peak was
characterized as 1.4um per °c surface temperature change for the 0.5m
diameter roll.

These results are not directly comparable with .the Brierly’s
numerical results since the calender roll was solid, as compared to the
heated shell considered by Brierly. Also the ATP values are modest when

compared to the assumptions made by Brierly.

2.3.4 Prediction of CD Paper Aeb Thickness
Haglund{1975] 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, Plum' to the resulting pressure distribution in a
calender nip. Robertson and Haglund[1974]) showed that the relationships
for tpand t[ proposed by Colley and Peel{1972]) could be applied to a
rolling nip using a method developed by Mardon et al.[1965] which
related the maximum pressure in the nip, Pmm( 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, Ar =< 1 um.

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 1line 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 to 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 Jjets
impinging on impermeable surfaces with emphasis on

the research of particular relevance 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 Jjet regions. A concise

description of each flow regime is provided below.

(a) The Free Jet Region

The free jet has undergone extensive analysis, both analytical and
experimental, with information readily available in many standard texts
(Schlichting(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 Jjet
center line velocity remains unchanged from the jet velocity at the
nozzle exit. The length of the potential core has been estimated at up
to six nozzle 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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been proposed that the stagnation heat transfer tend to reach a maximum
when the nozzle-to-impingement surface separation, h, corresponds to 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 to 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(l1972] and Belatos{1977]) but as the definitions are
inherently arbitrary, the dimensions vary somewhat between researchers.

Obot (1980] confirmed that the approach of Tani and Komatsu({1966]
was the most realistic method to 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 nozzle
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diameters for the H/d range 4 < 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 wWall Jet

The radial wall jet region is the region which extends beyond the
stagnation region 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 Dboundary layer
(established in the stagnation region) to become turbulent. An extensive
review of the available literature characterizing radial wall jets was

carried out 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. 1In the recent past there have been several
comprehensive reviews (Obot[1980) and Saad{1981]1) which have critically
evaluated the current literature. The objective of this review is to
present the background information required to place this study in
perspective.

The discussion of axisymmetric 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 is 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[1962)
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,
Rej, on the local heat transfer profiles. The general shape of these
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 1low 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 1/d = 0,6, while
Gardon and Akfirat state that they are "not caused by turbulence but by
some mechanism inherent in the flow of impinging axisymmetric jets,

regardless of whether or not they (the jets) are laminar or turbulent."
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As the flow moves radially away from the jet centerline, the
thickening boundary layer together with the radial spreading of the jet
is sufficient to produce 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 conditions. 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 characteristic
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. Since 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, Nuc
The stagnation point Nusselt number, Nuo, has been exhaustively
studied and numerous correlations have been proposed particularly for
larger H/d, which is of 1limited interest in this study. A critical

analysis of the predictive equations available was performed by
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Obot [1982] who reconciled many existing differences. The existence of a
maximum in Nuo near H/d = 8 is probably the incentive for proposing
correlations for H/d 2 8, even though many several researchers extended
their experimental investigations to the range H/d s 8.

For axisymmetric jets, the existence of a maximum stagnation point
heat and mass transfer coefficient as a function of H/d has been well
documented in the literature. Gardon and co workers[1962, 1965, 19661},
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 Nuo to a corresponding maximum in the stagnation point radial
velocity gradient with the optimum separation, H/d, a function of the
nozzle geometry. The maximum in NuO has been documented by the above
researchers to lie in the range 4 = H/d = 8 with the usual value being
quoted as H/d = 5. QObot observed a maximum in Nuo at H/d = 8 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 = B8, the only existing

correlation is that of Obot:

0.41 (h 0.18
Nu = 1.15 Re ' [-—] (2.7)
[ d

valid over the range 15,000 < Re = 60,000. Obot(1980) also proposed a
correlation based on the experimental data of den Quden and

Hoogendoorn[1974] and Garden and Akfirat(1965] for H/d = 8 and obtained:
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Nu = 0.64 Rerz {(2.8)

)
These are compared with the data of Gardon and Akfirat, den Ouden and
Hoogeadoorn, Hrycak{1978], 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 been 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 is 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 &¢/d = 18 (if
similar to the nozzle used by Gardon and Cobonpue([l1963)), which do not
have comparable nozzle exit profiles. All 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 cannot
be attributed to nozzle geometry or other reported experimental
condition. The influence of nozzle geometry was documented by Obot for a
wide variety of nozzle geometries, with short sharp edged inlet 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, ﬁ:r

The EE! distributions are of particular interest for design
purposes but are of limited use in the analysis c¢f the causative flow
phenomena with the local Nu profiles yielding much more insight.

In general, it 1is usually quoted 1in the literature that ﬁG_

decreases as the nozzle-to-impingement surface spacing, H/d, increases,
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but again, as with the stagnation Nusselt number, the number of data
available for H/d = 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 is

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

.79 (h -0.19 r -0.48
Nur = 0.099 Re [a] [a] (2.9)
valid for 15000 = Re = 60000
1.7 = r/d s 13.9
2 £ H/d 5 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 function

[5] = “un (2.10)

(b) 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. 1f the ambient temperature lies between the jet and impingement
surface terperatures (T; > Ta > Ts or ’1‘3 < '1‘a < Ts), as is usually the
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 temperature difference so that the effect of jet

entrainment is buried in the reported values of the heat transfer
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coefficients. There has been little work done to quantify this effect.
Schauser and Eustis([1963], working with a two-dimensional jet, used
integral techniques to analyze the effect of thermal entrainment on a

single impinging jet. They presented experimental results limited to the
cases T =T #T and T # T =T .,
P a W b a w
Bouchez and Goldstein(1975] suggest that the analysis used in film
cooling problems could be used in non-isothermal impinging jet problems
to remove the effect of entrainment on h.
Striegel and Diller{1982],(1984) 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,

F = —_— (2.11)

With the proposed definition of entrainment factor, analytical

models for the limiting cases, Ta =T, F =20, (limited effect of
3

thermal entrainment), and Ta = TS, F =1, (large effect of thermal
entrainment), were developed. Solutions for intermediate 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. (1984, 1985] to quantify the

effect of thermal entrainment wuses a film cooling approach. The
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similarity between fllm cooling and non-isothermal impingement was first
noticed by Florschuetz and Metzger([1982]. In film cooling, a coolant is
introduced onto a solid surface forming a blanket with insulates the
solid from the surrounding fluld.

Using this approach, Hollworth et al. showed that the local heat
transfer coefficient profile is not a function of the Jet-to-ambient
temperature difference when h is defined in terms of the difference
between the local recovery temperature (film temperature measured for an
adlabatic surface for a glven flow geometry) and impingement surface
temperature. Figures 2.15 and 2.16 show how the local Nu profiles for
different temperature mismatches ATJa, collapse on to one another when
the recovery temperature is used instead of the Jet temperature.

Hollworth et al. proposed the following equation to specify the

heat transfer coefflcient:

qg =h (Ta - T') + h¢ (TJ - T‘) (2.12)
Tr. -T T -T
where ¢ = a-B=|-—>12_21.] =2 (2.13)
T -T T -T
J a rm a
a -~ dimensionless stagnation point recovery temperature
B ~ dimensionless local recovery temperature
Tr ~ local recovery temperture
T - recovery temperature at the stagnation point

which reduces down to

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

where h is solely a function of Re, H/d and r/d.
The primary difficulty with this approach is the determination of

the recovery temperature, which must be obtained on an adiabatic surface
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Figure 2.15
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Figure 2.16
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under the same conditions as when the heat transfer measurements are

made.
{(c) Effect of Semi-Confinement

Sparrow et al.[1975], using circular jets with a Reynolds number in
the range 38,000 to 115,000, under conditions of low cross flow,
Folayan(1976], using a two dimensional slot jet at a fixed Re = 7100
and Obot{1980) using circular jets in the range 15000 = Re = 60000,
studied the effect of semi-confinement on the heat transfer
characteristics. All observed limited effect of confinement on NuO for
low H/d (or H/w). Sparrow et al., in the range 5 < H/d =< 12 observed a
tendency for higher Nuo for Re > 38000 while Obot and Folayan observed
slightly lower Nuo with confinement.

The presence of a confinement plate prevents the entrainment of the
air which surrounds 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, Nuc might expect to be
unaffected by confinement since the core region 1is not affected by
mixing. For larger H/d, the reduced mixing associated with the presence
of a confinement plate could lead to higher Nuo since the jet arrival
velocity would be higher.

With respect to the Nu profile away from the stagnation point, all
three observed somewhat lower heat transfer with 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) indicate that an unconfined
jet entrains an amount of surrounding fluid equal to 30% ~f the jet flow

at a distance 2d downstream from the nozzle exit.
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Under conditions when T] & Ta, the presence of confinement can be
expected to have little effect on the stagnation Nusselt number 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 is 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 and 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
while Subba Raja and Schlunder(1977]) and Hardisty[1980] wused 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, Mv; defined as
psvs
vs p]Vj

(2.15)
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Hardisty reported that the effect of surface motion on the
impingement flow field was negligible for the practical situations
encountered In ink drying. The work of van Heiningen[1982]) and
Polat[1988] showed that for M" 5 0.1, the surface motion had limited
effect on the local Nu profile while further increases in M" resulted
in a slight increase in Nuo (< 10% ) but no significant displacement of
its position and a skewing of the Nusselt profile in the direction of
surface motion.

With respect to Nu, Fechner observed a slight Increase ( <10%) in
Nu as Mvs was increased while van Helningen reported the opposite effect
with good agreement of the value of Nu corresponding to M“ = 0. The
different trends was discounted by van Heiningen as attributable to an
equipment specific problem. Subba Raju and Schlunder[1977) observed 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, 1i.e.
Mvs « 0.1. The agreement between the data of Fechner and van Heinlngen
would indicate that the large increases in Nu, observed by Subba Raju

and Schlunder, are unrealistic.

(e) Effect of Impingement Angle

The heat transfer characteristics under conditions where the
impinging Jet 1is not necessarily normal to the impingement surface,
Figure 2.17, has been studied by Perryl[1954), McMurray et al.[1866],
Folayan[19761], Pelletier et al.[1984,1987] and Goldstein and
Franchett[1988] for axisymmetric Jets, and Korger and Krizek[1972] and
Huang[1988] for slot Jjets. Perry and Pelletier reported that Nu was a

maximum for normal impingement, ¢ = O. Korger and Krizek observed
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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
that for a confined slot jet angle of impingement over the range +15°
has little effect on average Nu, while inclination by 30° from normal
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 = H/d = 10 and nozzle
inclinations in the range 0 - 60°. They proposed a correlation of the
form

e-(B + C cosd?)(r/d)a'75 c.7

Nu = A Re ’ (2.16)

where r,$ - 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 Nu0 for normal
impingement.

McMurray et al. and Folayan both observed a maximum in Nuo at an
impingement angle of 30° from normal impingement. Baines and
Keffer[1976] 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° directed against the

surface motion. Using a simple form of Reynolds analogy, they

interpreted the surface shear stresses observed in terms of cverall heat
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transfer coefficients, As was pointed out by van Heiningen et al.([1976]
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 to 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 to 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
relative to 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 cannot be predicted from the information
available on the individual effects.

The current study was undertaken to 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.



CHAPTER 3

EXPERIMENTAL EQUIPMENT AND PROCEDURES

3.1 Overall Design Concept

The CALCON (CALender CONtrol) experimental facility was buillt by
Pelletier [1984] for the study of local and average heat transfer from a
horizontal row of unconfined circular air Jets Impinging on the surface
of a roll in a vertical stack of rotating rolls. This experimental
apparatus was designed to closely simulate the alr side heat transfer
which occurs during the control of cross-machlne paper thickness in
paper machine calender stacks when using Impinging alr Jets to locally
cool or heat one or more rolls in the calender stack. The technique used
to obtain the local heat transfer rates on a moving surface was
proposed and developed by van Heliningen [1982].

For the present study, several modifications to the equipment were

made:

i. The nozzle positioning subsystem was modified to allow more
accurate positioning of the impingement nozzles relative to

the impingement surface.

ii. The air supply system was modified to use external air
obtained from outside the laboratory, to prevent the gradual
increase in Jet temperature due to the recirculation of alir
through the fan.

iii. A simplified procedure for building the sensor was
introduced to facilitate the quick replacement of damaged

sensors.

The experimental equipment is shown schematically in Figure 3.1. It

consisted of three vertically stacked rolls, with the heat transfer
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sensor located on the surface of the middle roll. The rolls were not
touching (= 1mm gap) to protect the sensor but by using a chaln drive,
they rotated at the same speed and direction as though they were
touching. On either side of the center roll was a row of nozzles used to
d'rect cold air on the roll surface from one side and hot alir 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 t 2°C as the surface was exposed to the heating and cooling
alr Jets with the average roll surface temperature intermediate to that
of the Jet temperatures. Thus, on average, the roll surface cculd be
considered adiabatic.

The circumferential surface temperature profile was measured by the
heat flux sensor, a gold thin film resistance thermometer capable of
resolving 0.001°C at a 5kHz sampling rate, and recorded using a high
speed data acquisition system. The temperature profile obtained was used
as a boundary condition for the solution of the transient heat
conduction equation, from which the local circumferential heat flux
profile was calculated [van Heiningen, 1982]. A detailed description of
each of the subsystems 1s provided in the subsequent sections of this
chapter.

The photograph shown as Figure 3.2 provides a general view of the
experimental facility. The separate heating and cooling subsystems were
located above the main calender assembly with the heating distribution
header located in the foreground. The cooling header was located on the
opposite side of the equipment.

The range of the experimental parameters were chosen based on

current. industrial operation of calender control systems. The main flow
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parameter, Jet Reynolds number, Rej. was varied from 22000 to 118000.
This covers the range of Iindustrial operating conditions, with
ReJ = 80000 being typical for the nozzles used in this study.

The other parameteré to be investigated included the nozzle-to-roll
spacing, H/d, the nozzle-to-nozzle spacing, S/d, the Jet impingement
angle, ¢, the angular position of the Jet impingement point, ¢ , the
degree of Jjet confinement, Yc. and the effect of ambient temperature.

The schematic diagram, shown in Figure 3.1, provides an overall
fllustration of the CALCON apparatus The subsystems included the air
supply system, the model calender stack and nozzle positloning system,
the heat flux sensor and the data acquisition system. A detalled

description of each of the subsystems s provided.

3.2 The Model Calender Stack

The model calender stack consisted of three polyvinylchloride (PVC)
rolls, each with a diameter of 558mm, a length of 813mm and a wall
thickness of 12mm. The diameter was chosen as to correspond to typlcal
roll diameters 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
satisfy the special requirements of the heat flux sensor, which will be
discussed in Section 3.4. The impingement heat transfer coefficient, in
the case of an adiabatic impingement surface (closely approximated in
this equipment), is an aerodynamic property, and thus independent of the
choice of calender roll material.

Each roll was mounted on 17mm end plates which were attached to
hollow 38mm diameter axles. The roll axles were mounted on the calender

frame using ball bearing pillow blocks.




The calender rolls were driven using a chain drive with the lower
roll driven using a non-slip belt from a 1.2kW variable speed D.C.
motor. In an actual machine calender, only one roll is driven with the
other rolls rotating by frictional contact with the driven roll. This
was not possible on the model calender stack, as contact between the
rolls would damage the heat flux sensor, which was mounted on the

surface of the middle roll.

3.3 The Air Supply System

The air supply to the nozzles was provided by an 11kW turboblower,
capable of dellvering 0.9m/sec at 10kPa. To reduce the noise level in
the laboratory, the fan and alr intake were located in a specially
constructed shed on an outside wall of the building. The air from the
fan was divided into two streams, one passing through a heater, the
other through a cocler, before continulng to the respective distribution
headers and nozzles.

The heater consisted of six separate 1kW, 110V heating elements for
a total of 6kW. Each heater element was controlled separately; flve
elements had on-off controls while the 6th was attached to a
potentiometer for fine adjustment of the nozzle exii temperature.

The cooler used In this equipment consisted of a 7kW, water cooled
alr conditioner, that had been modified for this equipment by removing
the built iIn fan. The air conditioner was designed to operate on a duty
cycle, which caused wunacceptably large outlet ailr temperature
fluctuations. Hence it was operated a full capacity during the
experimental runs. The temperature of the cold alr was therefore
dependant on the supply air temperature and was primarily determined by

outside weather conditions. This limited both the choice and the control
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of the experimental conditlons. However, {n normal operation the
experimental conditions remalned sufficiently stable for the duration of
the dally experimental runs.

The distribution headers used on the heating and cooling sides of
the equipment were designed with five nozzle openings, with center-line
spacings of 100 mm. This permitted the selection of two different
nozzle-to-nozzle spacings, S/d = 4 and S/d = B. Each nozzle opening was
fitted with a flow control valve which consisted of a cylindrical plug

with three V-shaped openings. The plugs fit snugly Inside the nozzle

openings and were Inserted or retracted using threaded rods.

The shape and dimensions of the nozzles used in this study are
shown in Figure 3.3. These nozzles were chosen because they were readily
avallable and are widely used in commercially avallable calender control

systems. The nozzles consisted of a 4imm ID, 210mm long (1.5in. schedule

\
|
\
40 aluminum pipe) straight section, followed by a 70mm long converging
section and a 25mm ID, 25mm long nozzle tip. The converging section and
nozzle tip were fabricated from cast aluminum. The total length of the
nozzle assembly was 305Smm.

For experimental purposes, the nozzle exit velocity, VJ. was
measured using a static pressure tap located 150mm upstream from the
nozzle exit. The correlation relating VJ to the nozzle static pressure
was obtained by comparing the nozzle static pressure, P., to the Jet
centerline nozzle exit velocity as measured using a 3mm dia. plitot tube
at a position 5mm downstream of the nozzle exit. The nozzle exit
velocity profiles, in the horizontal and vertical planes were measured

and found to be flat (see Section 3.7), thus the jet centerline velocity

adequately characterizes the Jjet. The resulting callbration was:
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p T 12
v = 26.438 |—2 1 (3.1)
J P
b
where: VJ - Jet velocity (m/s)
P_ - static Pressure (Pa)
Tj - Jet temperature (K)
P_ - barometric pressure (Pa)

As shown in Figure 3.4, the calibration was independent of the nozzle
used.

The Jet temperatures were measured using chromel/constantan
thermocouples located 100 mm wupstream from the nozzle exits. The
thermocouple output was monitored with a digital voltmeter equipped with
electronic cold junction compensation.

The nozzle support system used 1in this equipment, differs
substantially from that described by Pelletier[1984]). Positioning of the
nozzles in Pelletier's equipment was difficult and inaccurate. Also,
vibrations were transmitted from the calender to the nozzles since they
were attached directly to the model calender frame.

For this work the nozzle support system was redesigned to be free
standing. Rack and pinion mechanisms and linear bearings were used to
provide smooth accurate positioning of the nozzles in all directlons.
Locking mechanisms were provided to fix the assembly In the deslred
position. A rack and pinion and counter weight was used to move the
nozzle assemblies in 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 directlon 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 alr Jets
impinging on a rotating surface was developed by van Heliningen[1882].
The heat flux sensor consisted of a gold thin fllm resistance
thermometer. The gold fllm was deposited directly onto a substrate made
of the same material as the roll, and thus the heat flux sensor assembly
had the same thermal response characteristics as the roll. The sensor
was mounted flush with the roll surface In the center of the middle
roll. A friction fit prevented the sensor from moving due to centrifugal
forces.

The thin film reslistance thermometer was capable of resolving
0.001°C at a S5kHz sampling frequency. Hence, even at the high rotational
speeds used in this study (up to 600rpm), Instantaneous local surface
temperature profiles consisting of 500 individual temperature
measurements were recorded.

The surface heat flux, qo, was obtalned by solving the one
dimensional transient heat conductlon equation for a semi-infinite
solid, as given in Equation 3.2, using the average circumferential

surface temperature profile as a boundary condition,

aT a°T

at a%x

(3.2)

Since the temperature profile is periodic, the clircumferential
position is proportional to the time, t, used in equation 3.2, and is

directly related to the sampling frequency.
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The surface heat flux, q,. was then obtalined using the calculated
temperature gradient at the roll surface.
aT

q = - A —— (3.3)
° sub x |x=0

The numerical procedures used to calculate the surface heat flux
are discussed in Section 3.6.2.
The local heat transfer coefficient, h, was defined using the Jet

to local surface temperature difference

q
h = - (3.4)
(TJ -T)
where Tj - Jet temperature
T - local surface temperature

The local Nusselt number was defined as

Nu = — (3.5)

where d - nozzle diameter

A - conductivity of air at Jet temperature

3.4.2 Manufacture of the Heat Flux Sensor

The original selection of polyvinylchloride as a construction
material for the model calender stack was based on requirements of the
heat flux sensor. Since the gold film was deposited directly on the

substrate, the substrate had to be electrically insulating. Also, the
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material had to be isotropic with respect to its thermal properties to
facilitate the solution of Equation 3.2. Polyvinylchloride met these
criteria and was avallable in a pipe of the appropriate diameter for
this study.

The original sensor used in the CALCON equipment (Pelletier,
[1884]) was fabricated using a time-consuming photo fabrication
technique. The fragility of the sensor meant that the sensor had to be
replaced frequently. Hence, a more time efficlent manufacturing

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

1) Silver lead wires were glued in place so that the lead wires

were flush with the substrate surface.

11) A much wider film pattern was laid out between the leads using

a thin metal mask.

111) The substrate was placed in the vacuum deposition equipment
and gold was deposited until a finite resistance across the

lead wires was detected.

iv) The electrical conduction between the silver lead wires and
the gold film was further enhanced by palinting the connections

with electrically conductive paint ([Conductive Silver 200,
Degussal].

v) To stabilize the sensor resistance (gold film and silver
paint) the sensor was cured at 70°C in a convection oven. The

maximum curing temperature was determined by the PVC.

This procedure allowed the relatively rapid production a new sensor
and produced a sensitivity of about 0.5 Q per °c. Figures 3.5 and 3.6
show respectively a schematic and a picture of the resulting sensor.

The sensitivity, 4 of a thin film resistance thermometer is
proportional to the film length and inversely proportional to the square

root of the film thickness. The relationship, as derived by van
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Heiningen{ 1982}, is:

172
3. q
4 = f ‘sm
= qt L [t S (3.8)
d
where: o - temperature coefficient of
resistance

L - length of film
af - resistivity
Ap maximum self-heating heat flux
d - film thickness

Decreasing film thickness and increasing film length, increases the film
temperature sensitivity. Although the new sensor was much shorter than
that used by Pelletier[1984]), it had a similar temperature sensitlvity
by virtue of the reduced film thickness. Based on Equation 3.6, the film
thickness on the new sensor was approximately one tenth that used by
Pelletier. This made the film more fragile but the relative ease with
which the sensor could be manufactured made the increased fragllity
acceptable,

For calibration purposes, a fine \wire (0.1imm dlameter)
Chromel-Constantan thermocouple was mounted on the surface of the
substrate near the gold film. The thermocouple was glued in place using

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

Inc.).

3.4.3 Calibration of the Heat Flux Sensor

Even after curing in a low temperature oven, the resistance of the
gold film used in the heat flux sensor was found to decrease with time.

The change in resistance and thus the calibration of the sensor was due
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to the gold film not being sufficivntly cured. To avoid distortlon of
the sensor during curing, the curing temperature was kept well below the
glass transitlon temperature of PVC, 79°C, which was Insufficlient to
fully stabilize the gold film and silver paint. Consequently, an
efficient and reliable calibration technique was developed, which
minimized the risk of damaging the sensor. This callbration was carried
out frequent!y and was updated each day before a series of experiments
was undertaken.

The sensor callbration technique originally used by
Pelletier[1984], w'~ also encountered this problem, required the removal
of the sensor from the equlipment. Thls was considered excessively risky
and time-consuming. Instead a technique was developed whereby the sensor
coculd be calibrated while installed in the roll in the model calender
stack.

i. The resistance 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, which was

measured using the surface thermocouple,

111. This procedure was repeated at several impingement air
temperatures, to produce calibration curves like that shown
in Figure 3.7.

The callbrations could be expressed in terms of a stralght-line

relationship of the form:

R =a + bT (3.7)

where: R - sensor resirtance (Q)
T - temperature (°C)
- intercept (Q)
- sensitivity (/°C)

3 -1




As shown in Figure 3.7, the sensitivity of the calibration (i.e.
the slope of the callbration curve) was constant with a value of 0.5073
/°c. Thus, for callbration purposes, the position of the cu.ve (i.e.
the intercept) could be determined dally with a single point callbratlon
at room temperature.

Figure 3.8 and 3.9 show the sensltivity of the Nu profiles to the
calibration intercept. As shown in Figure 3.8, If both the heating and
the cooling side of the equipment operated under similar conditlions the
differences in the Nusselt profiles and Nu under each jet were small
The heating and cooling Nu differ by less than 10%. If the callbration
used is in error by 5%, the same experimental results show there s a
dramatic difference between the Nu profiles, Figure 3.9. Using this
calibrations results in a differences of « 35% in Nu This error
magnification, apparent in the circumferential Nu profile, provided a
method of verifying the sensor calibration once a set of experimental
runs was started. By maintalning a constant set of operating conditions
on the cooling side sharp changes in the sensor callibratlon during a set
of experimental runs could be monitored. Clearly, the dally updating of
the sensor calibration Intercept, with periodic verification of the
sensor sensitivity, (i.e. weekly or biweekly) was an acceptable

procedure which ensured reproducible results.

3.4.4 Signal Conditioning

The signal conditioning instrumentation is shown in Figure 3.10.
The fluctuating component of the sensor resistance was measured uslng a
4-decade Wheatstone bridge. A 1.2218Y, 1low noise, high precision
electronic power supply was used as a voltage source. The voltage level

was specified such that the self-heating heat flux of the sensor be
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negligible with respect to the impingement convectlve heat flux. These
calculations have been carried out for a similar sensor by van
Heiningenf 1877]).

The fluctuating Wheatstone bridge output voltage is related to the

sensor resistance by the relationship:

vout = Rv (3 8)
(R- + R1) 1+ g
2
where: Vout - fluctuating bridge output (uVv)

- Whetstone bridge voltage

source (V)

R - sensor resistance ()
Rv - variable resistance (Q)
R1,R2 - measurement range resistances

(set to 90.909Q and 809.080Q

respectively)

The output voltage, V

ot VS amplified 2500 times by a low nolse

differential amplifier (DANA Model 2860). The high frequency nolse was
subsequently removed using a low pass filter. The filter cut off
frequency was selected to be half of the sampling frequency (i.e. the
Nyquist frequency). The number of samples per revolution was fixed at
500 thus the sampling frequency was a function on the roll rpm The
signal was acquired using a micro-computer based, 12 bit, high spced
analog-to-digital converter (Data Translation DT-2801A).

In operation the variable resistance, Rv’ was adjusted such that
the output voltage 1s near zero but always positive. This allowed the

signal to be further amplified, using an amplifier on the A/D system
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itself, to a value less than 10V, the maximum input voltage for the A/D
converter,

Due to the extremely low signal output levels obtalned from the
Wheatstone bridge circuit, reducing the signal to nolse ratio was =
priority. The nolse level in the heat flux sensor was reduced to t 10uVv
on a peak to peak signal level of 1V (after a galn of 2500). The

measures used to reduce the signal to noise ratio are described in

Appendix A.

3.5 Other Sensors

3.5.1 Sensor Position Signal

An optical position sensor was mounted on the central wall to
identify the circumferential location of the sensor and to measure the
roll rpm. It consisted of a small lever on the clircumference of the
calender roll which would pass through a slotted optical switch once per
revolution.

The roll rpm was monitored by acquiring the optical switch signal
at a specified sampling frequency and calculation the time between
switch closures. Once the rpm had stablilized at the required value, the
optical switch signal was used to trigger the acquisition of sensor data

and provided a method of aligning the acquired data for averaging.

3.5.2 Temperature Measurement

Temperatures were monitored at various locatlons throughout the

equipment wusing chromel-constanten thermocouples. The fixed locatlons

were:

- one in each nozzle, located 1CUmm upstream from the nozzle

exit.

- one mounted on the surface of the heat flux sensor near the
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gold film.

- one iocated on the interlor surface of the heat flux sensor.

The ambient temperature was monitored at 3 separate locatlons

- 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 Jjet midway
between the nozzle exits and the plenum.

- a location, removed from the direct influence of the impinging

Jets, corresponding to a Tm.

The actual temperature to be monitored was selected using a
multiple position rotating thermocouple switch (Omega), with the switch
output going to an callbrated electronic cold Junction compensator
(Omega). The temperatures were recorded at the same time as the surface

temperature measurements were being taken

3.5.3 Pressure Measurements

The local roll surface pressure was measured with a differentlal
pressure transducer (Kulite XT-190-5). The pressure inside the roll
(1.e. atmospheric) used as the reference pressure. The transducer was
mounted flush with the Impingement surface at the center of the middle
roll opposite (i.e. 180° from) the heat flux sensor. The transducer had
a sensitivity of 0.0025mV/Pa when a 10V excitatlon voltage was used and
has a compensated temperature range of 20-90°C. The response time of the
transducer was too slow to obtain useful pressure profiles at normal
operating conditions (i.e. rpm = 300). For this reason the pressure

profiles were obtained at low rpm (S50rpm) and was strictly used in the

evaluation of jet symmetry.
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3.6 Data Acquisition System and Procedures

A sophlsticated computer program was developed to perform the data
acquisition, data reduction and provide on-linea graphical display of the
resulting profiles. The Immedlate processing of the experimental data as
it was acquired allowed a quick overview of the experimental results, to
determine if potential problems In the data existed. A flow sheet

describing the data acquisition program is shown in Appendix B

3.58.1 Acquisition of Local Surface Temperature Profile

The local surface temperature profile were calculated from the data
measured and averaged over 30 iotatlons to reduce the random nolse in
the signal. The 50 rotations produced an acceptable average proflle in
small enough time interval that drift in tne experimental conditions
(i.e. particularly temperature shifts in the nozzle exit temperature)
were negligible. The optical switch was used to start the acquisition of
the sensor signal for the duration of one rotation at the sampling
frequency required to produce the desired number of samples per
revolution. The rpm at the start of the data acquisition is wused to
calculate the samplirg frequency.

The number of samples per revolution was set to 500, which
corresponds to about two samples per sensor width and flive samples per
nozzle diameter. The 50 circumferential profiles were measured in rapid
succession with the total acquisition time at 300rpm of less than 30s.

Since all sensor acquisition was started at the same
circumferential location, the measurements made during the indlividual
rotations could be directly superimposed for averaging. The average

resistance was converted to temperature using equation (3.4). Averaging
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of the resistance profile was equivalent to averaging the heat flux
profile since the conversion of resistance to temperature and finally to
heat flux requires only linear operations. The consequence of thls was a

dramatic reduction (« 90%) in the data storage requirements.

3.6.2 galculation of Instantaneous lLocal Heat Flux

The Instantaneous local heat flux was calculated from the
experimentally determined local surface temperatures by treating the
sensor substrate as a semi-infinite slab and solving the one-dimensional
unsteady heat conduction equation (Equation 3.2). An explicit finite
difference procedure, as described by Patarkar [1980], was used to
obtain the temperature distribution within the sensor substrate. The

resulting equations are of the form:

aT = aT® + aT® + a'1° (3.9)
p EE WoW
A A
where: aE = e du = 2
{(8x%) (6x)
e w
p Ccp AOx
[+ 8 (o]
% o g = ag t At e
At
e,w - indicate evaluated at control volume face
o - indicates grevious time step
n - indicates new time step

Figure 3.11 describes the grid point cluster for this one dimensional

protiem.

For numerical stabjlity when using an explicit scheme to solve

Equation 3.5, the Fourier number, Fo. must satisf, the condition:
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unsteady problem.

Since At is specified in this problem by the sampling frequency, the

distance between neighboring grid points, Ax, is gliven by:
Ax = V2 @ At (3.11)

The combination of equations 3.9, 3.10 and 3.11 yields:

( T; + T: )
2

The surface heat flux, q,. can be calculated using a second order

approximation of the derivative at the surface:

A
_ s - n n_ .on
@ = & (-3T7 +4T -T) (3.13)

o]

The 1initial condition used to solve Equation 3.2 was the average

cylinder temperature. Since the problem is cyclic in nature, the initial
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boundary condition used to solve equation (3.5) 1is arbitrary, and
requires only that enough iterations be performed to remove the effec:.
of the choice of initial condition. Solving for the temperature profile
through six complete revolution, using the average roll surface
temperature distribution as an 1initial condition, was found to be
sufficient to remove any effect due to the initial conditlons.

The Iinternal boundary condition 1is that of a semi-infinite
solid. Assuming a sinusoidal surface temperature variation of
frequency, w, the thermal penetration depth (Chapman [1967]) where the
amplitude of the temperature fluctuation is 0.1% of that at the heat
transfer surface is

1/2

pY (3.14)

-1n(0.001) /(& /w)
3 s

For even the slowest rpm used, X5 determined using Equation
3.14, 1is only 2mm which 1s much less than the sensor substrate
thickness, 14mm. Thus, semi-infinite heat transfer analysis |1is

Justified. The number of finite difference grid points, n, used In the

finite difference solution 1s given by
n = 1integer of ( xa/Ax ) +1 (3.17)

The local values of the local heat transfer coefficlent, hJ and
Nusselt number, Nu, were evaluated using the definitions given in
Equations 3.4 and 3.5 where the value of TJ used In the equations is
that of the hot or cold jet, depending on the position of the sensor.

The numerical procedures fcr the calculation of the radial
temperature profile and surface heat flux require accurate values for
the thermal properties of the substrate. The thermal behavior of PVC is
not well documented and can be a function of the additives used. For

thlis reason the thermal conductivity, A, heat capacity, Cp'. and
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density, p, of the PVC substrate were measured experimentally. The
results obtained are In good agreement with the existing literature
indicating that, if additlives were used, they had little effect on the
thermal properties of the PVC The procedures used to measure these
thermal properties, the experimental data and comparisons with the

available literature are presented in Appendix C.

3.6.3 Display of Circumferential Profiles

The circumferential profiles of resistance, temperature, heat flux
and Nusselt number were displayed online using MPPS-PC (McGill Package
of Plotting Subroutines for the IBM personal computer). This computer
package allows the easy integration of sophisticated graphics routines
Lo any Fortran program. The same routines were used to create the hard

copy output. Typical output proflles were shown earllier in Section 3.4.3

as Figures 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 impinging 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 program a complete proflile, in carteslan
coordinates relative to the jet centerline, of the local heat transfer
at the impingement surface was obtained by sampling the clrcumferential
heat transfer profile at various axlial positions along the implingement
surface. Since the sensor is much larger in the axial direction than in

the circumferential direction, (1.45d versus 0.27d) the data |is
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obtained at a much wider interval in the axial direction (2 samples per
nozzle dlameter in the axial direction versus 9 samwples 1In 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 Jjet-to-jet spacing, S/d = 8,
show that the jet is quite axisymmetric. The aspect ratio of the sensor,
shown if Figure 3.14 explains why the local minimum and maximum, at
y/d = 1.05 and y/d = 1.85 respectively, do not appear in the axlal
direction profile. Contour plots of the local Nu profile over the
impingement 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 circumferential and axial position were measured using a
pressure transducer, to provide an Iindication of the Jet symmetry.
Although the impingement surface static pressure distribution is less
sensitive to asymmetry, the results shown in Figure 3.18, indicate a

high degree of axial symmetry about the Jjet impingement point.

(c) Jet velocity profile

The nozzles used in this study (Figure 3.3) consisted 210mm long
straight section with an inside diameter of 4lmm followed by a 100mm
converging section and a 25.4mm long, 25.4mm diameter nozzle exji
section. The Jet flow was expected to be very turbulent, because of the
flow control valve located immediately upstream of the nozzle and the
high Jjet Reynolds number. Figure 3.19 shows the Jet velocity profile

obtained in the vertical and horizontal planes at a position 5 mm
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Figure 3.16

Contour plot of local Nusselt number at H/d-4
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Figure 3.17

Contour plot of local Nusselt number at H/d=8
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downstream of the nozzle exit. The profiles were obtained by traversing
the Jet with a 3mm dlameter pltot tube. The Jet velocity can be

considered uniform over the Jet exit area.

(d) Jet temperature profile

The accurate determination of the Nu proflles requires an
accurately known and uniform jet exit temperature profile. Under normal
operating conditions (i.e. Jet to surface temperature difference of the
order of 10 to 20°C.) an error of 0.5°C will result in errors of
L 2.5-5% 1in the Nusselt number profiles. Figure 3.20 shows the Jet
temperature profiles in the horizontal and vertical planes measured Smm
downstream of the nozzle exit. As expected due to the high turbulence
levels the temperature profiles were flat with a maximum difference of
0.2°C (<1%). This is well within the acceptable experimental error of
this study.

Based on these observations the profiles obtained for normal
impingement (¢ = 0°) under unconfined conditions can be considered to be

axlsymmetric.

3.7.2 Confined Impinging Jet Pressure Recovery

When an impinging Jet 1Is confined, the Jet flow can experience
pressure recovery where the pressure drop across the nozzle is greater
than pressure difference between the nozzle and the exhaust ports. The
impertance of pressure recovery when using confined slot jets was
discussed extensively by wvan Heiningen [1880, 1982]. For confined
axlsymmetric Jjets, the wall Jjet velocity is Inversely proportional to
the radial position away from the nozzle centerline which Is unfavorable

for pressure recovery. Thus for axisymmetric Jets the effect of jJet
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confinement on the pressure drop across the nozzle exit can normally be
considered negligible. As shown In Figure 3.21, where pressure drop
across the nozzle is compared to the static pressure in the impingement
nozzle, the pressure recovery was less than 6% for H/d # 1 and less than

3% for H/d 2 2.

3.7.3 Effect of Inlet Alr Humidity

An unexpected result of the many qualification runs was the
uncovering of an effect of 1inlet air humidity. In the current
experimental setup the inlet air to the fan was outside the building.
Unde:* conditions of high relative humidity (as experlienced during the
summer months) the air cooler could bring the air temperature down below
the dew point and cause the formatlion of a water mist In the air stream.
This phenomena was first observed when alir conditions caused water to
condense and seep through the cloth flexible ducting used between the
air cooler and the nozzle header.

Figure 3.22 shows Nusselt number profiles obtained under conditlons
leading to condensation in the cooling side of the alr supply system.
The cooling side Nu profiles are seen to be approximately 30% higher
than the Nu profiles on the heating side for similar operating
conditions. This difference 1s 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 hecat
transfer. Since the Nu profiles are based on the Jet temperature, the

actual driving force is underestimated, resulting in higher Nu profiles.
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A calender cooling control system, using this evaporative cooling
phenomena, has been marketed but under the brand name Mystifler, but it
has not received wide spread acceptance, due to perceived problems with
the water mist condensing in the paper and/or calender roll and changing
the paper web cross direction molsture profile.

For the experimental measurements reported here, condensation 1is
not a factor since experiments were only performed under conditlon when
condensation would not occur. The presence of condensation was
determined by ucsi‘ng similar operation conditions on the heating and

cooling sides and observing the resulting Nu profiles for differences.
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CHAPTER 4

IMPINGING JET HEAT TRANSFER IN

CALENDER CONTROL SYSTEMS

4.1 Impinging Jets and their Application in Paper Calenders

Impinging 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 of from two to eight chill cast iron rolls of diameter between 300
ana 800mm. As 1t passes through the nips of the calender stack the web
of paper is subjected to a series of rapid compressions, 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 variations 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 left
uncorrected, 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 regions in the reel which lead to problems
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Figure 4.1 A paper machine calender stack.




during rewinding and during high speed unwinding in the press roonm.

Cross machine direction control of calendering is performed by
locally adjusting the nip load and/or sheet temperature. Local heating
of the calender roll increases the roll diameter and thereby the nip
pressure, thus producing a greater paper thickness reduction. The
converse applles when the calender roll is locally cooled.

Traditlionally most calender control systems used impinging alr jJets
for locally heating or cooling calender rolls. Although many such
systems are still in use, the cwrent state of the art in CD calender
control are induction heating systems. On the other hand, air systenms
have found an Important new application 1n the control of soft
calenders. The heat generated in the soft plastic covers as they are
repeatedly compressed and the uneven cross direction temperature profile
which may be introduced with 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 characteristics of the air
Jets used to control paper thickness in commercial calenders. The paper
industiy literature on this subject, reviewed in Chapter 2, is largely
speculative in nature (Kahoun et al.[1964]), Bryan[1972]). The extensive
literature on the fundamentals of impinging Jets has recently been
reviewed by Obot [1981], Polat [1988}, Huang [1888] and in Chapter 2 of
this thesis. However, it is not ~lear whether the results avallable for
heat transfer for single round Jets impinging on stationary flat
surfaces, for example, can be applled directly for impingement from
arrays of round Jets on cylinders rotating at high speed.

To apply to the calender control problem the large body of

knowledge available on the subject of impingement heat transfer,




specific information 1s required for the case of round jets impinging on
rotating cylinders. In addition to determining the effects on heat
transfer of the basic flow and geometric parameters, measurement of the
effects of ambient alr temperature, {mpingement surface speed, Jet

location and jet confinement is required. These questions are addressed

in the present study.

4.1.1 Literature Review

Although the literature on the fundamentals of impingement heat
transfer is quite extensive, direct application of this data to the
special cr straints of the calender control problem is subject to
uncertainty. For example, there is considerable speculation as to what
calender impingement configurations result in the highest heat transfer
rates, an important industrial problem which cannot be resolved with the
avallable studies.

The only measurement of heat transfer rate between multiple round
Jets and a calender roll was in the exploratory study by Pelletier et
al. [1984, 1987]. These results clearly demonstrate the Importance of
entrainment of ambient 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 entralnment will always affect the
heat transfer rate. Even in the special case of a Jet discharging Into
alr of the same temperature as the nozsle exit, implngement heat
transfer would be expected to be different between unconfined and
confined Jets because of the correspondingly different flow flelds.

Besides this flow field effect, there is generally a thermal effect as

described below.



When an unconfined heating jet discharges from a nozzle into air of
temperature less than that at the nozzle exit, or when a cooling jet
di1scharges into air warmer than the jet temperature at the nozzle exit,
the entrainment of surrounding air by the jet reduces the effective
remperature difference for impingement heat transfer, thereby reducing
transfer rates. Because impingement heat transfer coefficients are
traditionally defined with AT)S, the difference between the nozzle exit
temperature, T , and impingement surface temperature, Ts, the effect of
entrainment appears implicitly in che values of h.

Although important in equipment design, little has been done to
quantify the effect of entrainment. Schauser and Eustis ([1963] used
integral solutions to analyze the thermal effect of entrainment for a
single impinging Jjet and compared their analytical work with

experimental results for unconfined air Jets discharging into air at

i) the nozzle exit temperature

1i) the impingement surface temperature.

Vlachopoulos and Tomich [1971] numerically predicted velocity and
temperature profiles in the wall jet for a single heated axisymmetric
air jet 1issuing into a cool environment and calculated heat transfer
based on empirical correlations. As the specific thermal boundary
conditions used in the experiments were unspecified, it is not possible
to i1nterpret the results.

Kataoka et al.[1976] investigated the influence of the surrounding
fluid 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 arraving fluid temperature was wused in the
calculation of heat transfer coefficients, then results were in good

agreement with Gardeon and Akfirat[(1965) for H/w > 8.




Striegel and Diller (19821 proposed analytical models to predict
heat transfer from unconfined turbulent slot jets discharging into fluid
at a different temperature and generated some experimental results to
support their models. They defined a thermal entrainment factor o1

nondimensional temperature mismatch, F, as

F = [, (4 1)

With the use of this thermal entrainment factor they successfully
extended single jet results to 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 Goldstein ([1975])
discussed the similarity between impingement heat transfer and film
cocling where a coolant introduced on a solid surface insulates the
surface from the ambient fluid. The performance of film cooling systems

is typically characterized by a film effectiveness, n, defined as

n = —T—‘_ (4.2)

The recovery temperature, Tr, is usually measured or predicted for an
adiabatic surface, then applied to calculate the heat transfer rate for
a non-adiabatic surface. This approach 1is attractive since it attempts
to define the heat transfer using a local temperature driving force.
Unfortunately, the difficulty of measurement  of the recovery
temperature, in industrial applications, 1limits the wuse of this
approach.

Hollworth and Gero {1985) showed that the 1local hedt transfer




coefficient 1s not a function of the temperature mismatch, AT;a' between
the nozzle exit and ambient fluid, provided the heat transfer
coefficient 1s defined in terms of the difference between the local
recovery temperature and the impingement surface temperature, ATrs. As
1n the case of film cooling, the problem is to measure or predict the
local recovery temperature for use in calculating the local Nusselt
number.

The effect of surface motion on local impingement heat transfer
profiles for confined slot jets has been determined by van Heiningen

[1982] and Polat [1988] using the non~dimensional mass velocity ratio,

pv
M = >3 (4.3)

vs f)1V1

which appropriately characterizes surface motion. They observed that the
Nu profile becomes skewed in the direction of surface motion for Mvs
above about 0.13. As typically the Mvs ratio can be as large as 0.25 in
calender control systems, surface velocity was included as a variable
with the round jets of the present study.

The presence of complex air flow patterns around the calender stack
has led to speculation about the effect of impingement geometry on heat
transfer. Experiments by Mitchell and Sheahan ([1978], on 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 wvelocity required to do this was a function of the boundary

layer thickness and thus dependant on the nozzle location relative to




the in-going and out-going nips. He concluded that the highest heat
transfer would occur when the jet was directed into the low pressure

area associated with the outgoing nip.

4.2 Experimental

4 2 1 Equipment and Procedures

The CALCON (CALender CONtrol) experimental facility was built by
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 stack of rotating rolls. This experimental apparatus
was designed to simulate closely the air side heat transfer whicn occurs
during the cross-machine direction control of paper machine calender
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 heat
transfer rates on a moving surface was proposed and developed by wvan
Heiningen et al.[1985]. For the present study, several modificacions to

the CALCON equipment were made:

1. The nozzle positioning subsystem was modified to allow more
accurate orientation of the nozzles relative to the impingement

surface.

ii. The air supply system was modified to wuse air from outside
instead of inside the laboratory, thereby lowering the
temperature of the cooling jet, previously too close to the roll

surface temperature.

iii, The manulacturing procedure for the heat flux sensor was
simplified to reduce the time required to replace damaged

sensors.

The experimental equipment, Figure 4.2, consists of three

vertically stacked rolls (diameter: 558 mm) with the heat flux sensor
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located on the surface of the middle roll. To protect the sensor the
rolls do not touch (= lmm gap). Roll rotation is accomplished using a
chain drive so all rotate at the same speed. On either side of the
center roll is a row of nozzles (nozzle exit diameter: 25.4 mm) one for
heating jets, the other for cooling 3jets. The nozzle s3support systems
permitted two nozzle-to-nozzle separations, i.e. S/d = 4 and S/d = 8.
When the system reaches a quasi-steady state, the roll surface
temperature undergoes cyclic variations in the order of # 2°C around a
steady average temperature intermediate between the heating and cooling
jets. Convective heat transfer coefficients thus obtained correspond to
an adiabatic surface boundary condition,

The circumferential surface temperature profile, composed ot %00
data points, was measured by the heat flux sensor, Figure 4.3, a gold
thin film resistance thermometer capable of resolving 0.001°C at a 5 kHe
sampling rate. A personal computer based system was used for data
acquisition. This circumferential temperature profile was used as a
boundary condition for solution of the transient heat conduction
equation, from which the local heat flux and Nusselt number profiles
could be calculated [van Heiningen et al. 1985]. An essential consti int
that enables determination of the surface heat flux by such a sensor 1is
that the heat transfer surface behaves as a semi-infinite solid with the
temperature variations at the impingement surface not reaching the other
surface.

In the photograph, Figure 4.4, the air supply systems are located
above main calender assembly, the heating distribution header 1in the
foreground, the cooling header on the opposite side of the equipment.

The equipment and procedures are detailed in Chapter 3.
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Figure 4.4 Photograph of the CALCON edperimental facility.




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 variables of jet Reynolds number, Re;
nondimensional jet-to-impingement surface spacing, H/d;
nondimensional jet-to~jet spacing, S5/d; and thermal
entrainment, characterized using the nondimensional

temperature mismatch factor, F.

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, ¥,

and nozzle inclination, .

3. The difference 1in heat transfer performance characteristics

between unconfined and confined jets.

4, Consideration of the potential for increasing heat transfer
pnrformance by using a staggered array of nozzles instead of
the standard in-line array, as suggested by Pelletier et

al. [1987].

The geometric variables, H/d, S/d, 9, Y, and Y/d are shown in
Figure 4.5. The sign convention for nozzle inclination, ¥, is specified
relative to surface motion with Y positive for a nozzle inclined in the
direction of surface motion and vice versa, a convention consistent with
the work of Pelletier et al,[1985] and Huang{198%]. For the
circumferential position variable, ¥ = 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 9 = 90 and

Jet Reynolds number is specified for fluid properties at the nozzle

exi1t. The range 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, MvS = 0.65, at the maximum value of the jet Reynolds number,
Re = 118,000, would correspond to an impingement surface speed of
v = 8lm/s. The thermal entrainment factor, F, is that defined by
Striegel and Diller[1982] (Equation 4.1).

The range of experimental parameters, Table 4.1, was chosen to

reflect current industrial practice for paper machine calender control

systems.

Table 4.1: Range of Experimental Parameters

Variable Range

Nozzle to Impingement 1 < H/d < 8
Surface Spacing, H/d

Nozzle to Nozzle S/d of 4, 8
Spacing, S/d

Extent of Confinement, Y/d 0.0 < Yy/d < 5.75
Jet Reynolds number, Re 22000 < Re < 118000
Circumferential Nozzle 60°5 9 < 120°

Position , ¢

Nozzle Inclination, y -45°< ] < 30°
Impingement Surface 0.02 < M < 0.65
Motion, M vs
vs
Thermal Entrainment -0.1 < F < 1.35
Factor, F
Jet to Surface Temperature 3<T~-T < 30
b] s

difference, T]- T
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, 18 shown in Figure 4.6. Each
such profile shown here is in fact the average for the data collected
over 50 successive rotations. On each rotation the sensor moves from
% =0to 9 = 360°, passing first through the heating then through the
cooling jet impingement regions. Negative values of y/d indicate the
region where the impingement surface 1is approaching the 1impingement
region (termed the upstream side of the profile) while positive vy/d
corresponds to the region leaving the jet impingement point (termed the
downstream side). The general features of these profiles of local Nu are
not discussed here because the existence of off-stagnation minima and
maxima and their causes are well known and have been described for round
jets most recently by Obot[1981]. These Nu profiles, besides providing
information regarding local <conditions, form the basis f{or the
integrated average Nusselt number used in most of the discussion,

Examination of heat flux profiles for heating jets, Figure 4 7,
shows that, for the range of nozzle exit temperatures (19°C to 55°C) and
jet confinement (0 = Y/d= 5.75) which are the experimental limits 1n
this study, 90% (AT = 4.89°C, Y/d = 0) to 97% (AT = 23.1°C, Y/d = 0 and
AT = 12.5°C, Y/d = 5.75) of heat occurs in the range y/d = *10. To avoid
including regions where heat transfer is dominated by ambient
temperature effects, profiles in all subsequent figures were limited to
the range y/d = %10.

On the cooling jet of the equipment the air temperature could not
readily be controlled as the air cnoler was best operated at constant
load. Although the cooling ncozzle exit temperature varied a3 inlet aar

temperature changed, the rate of T change was never greater than osimall

4 - 16



l

|

LT - ¥

"39f oTppTW Byl 3O ‘O = P/X ‘LurTIa3ULd 33( oyl e IsquNu

9y 2anbty

3T3ssnN Teo0T 30 a7t13cad (eriusIejunoxtd 93a7dwod TeotdAg

Nu

400

350

300

250

200

150

100

S0

i |
Z0 uny 98/60/60

Position, © (degrees)

y/d y/d
-12 -8 -4 0 4 8 12 -12 -8 -4 0 4 8 12
Heating Jet l I I L ' ' I l ' Co:)ling :Jet
" Ty = 29.6°C H/d = 2.0 Ty = 7.4°C ]
L F = 0.8 S/d = 8.0 Foe 11 -
Re = 102700 Y/d = 0.0 Re = 101400 |
[ My = 0.14 x/d = 0.0 My = 0.15
- Nu = 55.5 T, = 19.4°C Nu = 50.7 A
8 = 90° T, = 21.0°C 3 = 270°
v =0° V., = 8.85 m/s y = 0°
| -
- )
- -
i i 1 1 1 1 1 1 1 1 1 i i 1 1
0 45 90 135 180 225 270 315

360



5000 T T T T 1

L H/d = 1 f AT Y/d
S/d = 8 II\ ,A\ N —— 48°C O
4000 x/d =0 YRR WA 11.0°C 0
. Re = 100000 | \/ \/1——-231°C 0
& L My = 0.135 | L 12.5°C 5.75
S 8 =90° | |
~ o | . \
Z 3000F ¥=0 | \ .
3 P o b
i AR B
+ 2000 F VAR IR -
3 j
O ]
T /
1000
0 Lol
12 -8 -4 0 4 8 12
Circumferential Position, y/d
Figure 4.7 Circumferential heat flux prcfiles.

4 ~ 18



relative to the duration of an experimental run (<2 min). On the heating
side, the alr temperature could be varied readily from room temperature
to approximately 65°C. Since T’ of the heating Jet could be precisely
controlled, most of the experimental data are for the heating side. The
cooling side was used to monitor the condition of the heat flux sensor.
Under constant or slowly changlng operating conditlions, changes in the
calibration of this very fragile sensor could be monitored and thus the

time when a recallbration was needed could be convenlently detected.

4.2.4 Effect of Surface Motion

The effect of surface motion on the circumferential profile of
local Nusselt number, at the nozzle centerline, x/d = 0, is shown in
Figures 4.8 and 4.8. As 1in the studies of van Heiningen [1982],
Huang[1988] and Polat [1988], surface motion 1s characterized by the

nondimensional mass flux ratio,

M = (4.4)

which 1s conslstent with the characterization of crossflow used by
Bouchez [1973] and Sparrow et al. {1975].

Figure 4.8 shows that for the axlsymmetric Jets used here there is
no significant effect of impingement surface motion on Nusselt number
profile for Mvs up to 0.26 at Re = 100000. At that Reynolds number the
Mvs range corresponds to Impingement surface velocity up to
VB = 14.3 m/s. There are no discernable effects of Mvs on the magnitude
of the heat transfer or on the location of the stagnation point or the

off-stagnation maxima and minima.

The work of van Heiningen [1982] and Polat [1988] showed that for a
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slot djet the Nu prnfile becomes skewed in the direction of su:iface
motion at values of MVS near 0.13. Because a slot jet maximizes the
effect of a moving impingement surface con the jet, it would be expected
that the threshold value of Mvs which would cause skewing of the
profiles would be higher for a round jet than a slot jet, as established
by the present results.

To increase the range of MVS values to 0.64, Re wdas 1ireduced to
21400 from 100000, with the surface speed held constant at 7 8m/s.
Figure 4.9 shows that the Nu profiles remain symmetrical at MV\ = 0.35
but are significantly asymmetrical when surface motion is increased to
MVs = 0.64. At this value of Mvs the wall jet region on thc approaching
side of the Nu profile, always shown with negative y/d, is displaced in
the direction of surface motion. On the downstream side, surface motion
as high as MVS = 0.64 suppresses the off-stagnation minimum and maximum
As the associated boundary layer phenomena have been well described by
Polat [1988] and Huang(1988], this aspect is not discussed here.

As Mvs is increased, the decrease in Nu profiles on the upstream
side of the stagnation point, as also observed by van Heiningen{1982)
and Polat{1988] for confined slot jets, 1is attributed to a decrease in
the actual film temperature driving the heat transfer, due 1n turn to
the entrainment of a boundary layer of air by the 1impingement surface
motion. Since impingement Nu is traditionally defined in terms of the
jet to surface temperature difference, AT(J this decrease 1n heat flux

is reflected by a corresponding reducticn in Nu.

Although the mechanism whereby surface motion affects Nu profiles

may be the same for round and slot jets, the latter dre more sLuensitive
to surface motion. Thus according to van Heiningen and Polat, profiles
are affected at values of M as low as 0 1 for slot jets hut, ., the

vs

4 - 22




present study indicates, not until this parameter is in tbhe range
0.35 = Mvs < 0.64 for round jets. In the case of slot jets, air
entrained by the surface motion must either reverse direction as it
apprcaches the jet centerline or, given the right conditions, pass under
the jet. For round Jjets, the air entrained by the surface motion has
less effect since it may continue from the approach to the leaving side
by cimply deflecting off the jet centerline. There is, therefore, less
thermal degradation of the impinging jet air flow and thus less effect
of surface motion on impingement heat transfer for round as ~compared to
slot Jetis..

For impingement on stationary surfaces, stagnation Nusselt number,
Nu , varies as the square root of Reynolds number. A plot of the

0.5 . )
Nu /Re - M data, Figure 4.10, shows no effect of surface motion on
[§) vs

the stagnation point Nusselt number for Mv < 0.35, with an average
S

value of Nu/Re’’" = 0.59. At M = 0.64 the value of Nu/Re’ ’ is
slightly lower by only 3%, a difference within the experimental error.
Another illustration of the lack of a surface motion effect is
provided by comparing the local Nusselt number profiles which result
from switching the roll rotation from clockwise to counterclockwise,
Figure 4.11. The small difference between these profiles is well within
measurement error. It interesting to 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
tlipped so that on Figure 4.11, the same y/d corresponds to the same
physical location on the roll surface. Thus the negative y/d side for
clockwise rotation is where the surface is approaching the nozzle while

for counterclockwise rotation, negative y/d corresponds, exceptionally,

to the suirface leaving the nozzle. Therefore the slight skewing of the
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Nusselt profile 1s clearly not caused by surface motlon or any sensor
asymmetry, but 1s due to either a slight nozzle misalignment or to
imperfect symmetry of the industrial calender control nozzles used in
the present study.

The conclusion from these observations is that over the range of
Jet Reynold number (60000 < Re < 118000) and surface veloclity up to
14.3 m/s, a range of interest for calender control, the effect of paper
machine speed on Iimpingement heat transfer at the calender roll |1is

sufficiently small to be neglected.

4.3 Heat Transfer Under Unconfined, Normally Impinging Jets

4.3.1 Circumferential Profile of lLocal 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, is shown in Figures 4.12 and 4.15 for Iimpingement
heat transfer with a thermal effect of entrainment corresponding to a
temperature mismatch, F = 1.0. This value of F Is chosen frequently for
comparison purposes in the present study because in typical industrial
calender control systems the temperature mismatch is usually 1in the
range, 0.75 = F = 1.2, with heating Jets slightly greater than 1.0 and
cooling Jets slightly less than 1.0. As these profiles 1llustrate the
characteristics of axisymmetric impingement heat transfer profiles,
wvhich are well known, the results (the base case of the present study)
are discussed only briefly. Thus at combinations of sufficliently high Re
and sufficiently low H/d, the previously studied occurrence of minima

and maxima at y/d of about *1.2 and #2.0, respectively, is seen agaln
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chere for the conditions of Figure 4.12. For this range of Re, these
off-stagnation features are prominent at spacings, H/d, of 1 and 2, are

barely discernible at H/’d = 4, while by H/d = 8, Figure 4.12(d), they do

not occur. For H/d s 2, Figures 4.12(a) and 4.12(b) show that the values

of Nu at the off-stagnation maxima are more sensitive to Re than lIs

stagnation point. The slight skewing of the Nu profile in the

impingement region, apparent for the close H/d spacings of Flgures

1.12(a) and 4.12(b), which disappears for Re < 40000 was analyzed in

connection with Figure 4.11.

These characteristics are in agreement with the work of Gardon and
Cobonpue[1962], Gardon and Akfirat(1965], Koopman and Sparrow(1975] and
Obot[188Q). The profiles obtained by Gardon and co-workers, generally
acknowledged as being among the best available, are shown Iin
Figures 4.13 and 4.14. The absence in the present results of the
stagnation point minimum they found can be attributed to sensor
averaging since the stagnation point minima has a diameter of about 0.6d
while the dimensions of the sensor used in the present study is 0.27d by
1.45d in the circumferential and axial directions respectively.

None of the present results show a minimum in local Nu near
y/d = §.2 that was reported by Obot [1980]. As that is the only study to
report such a minimum, it may be attributed to some equipment specific

effect.
The effect of nozzle to roll spacing, H/d, on the circumferential

profile of local Nu is shown in Figure 4.15 for the measurements made at

Re

100000 and F = 1.0. At this Re the off-stagnation maxima begin to
disappear as nozzle spacing,H/d, 1s increased from 2 to 4.The vestigial
shoulders remaining at H/d = 4 have completely disappeared when H/d = 6.
The behavior of the stagnation point Nusselt number, Nuo, Is discussed

in Section 4.3.2.
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(b) Effect of Entrainment

The effect on circumferential profiles of local Nu which is cavsed
Ly the entrainment by unconfined jets of air at ambient temperature is
shown 1n Figures 4.16(a) to 4.16(d) for a fixed Re = 100000 and a range
of noezle to roll spacings, H/d, from 1 to 8. Nusselt number is defined
using jet to impingement surface temperature difference, (T: -Ts) or
AT , with the physical properties evaluated at T . This standard
Nusselt number 1s strongly dependant on the temperature mismatch,
(T —TJ) or AT K expressed hLere nondimensionally as F, the ratio
AT i/AT .- Wwith this definition, when the ambient temperature is the
same as the nozzle exit temperature, F = 0.0. F increases as Ta drops
below T for a heating jet ana as 'I‘a increases above T: for a cooling
jet, in both cases with a degradation of the heat transfer by
entrainement. In the opposite, but less frequent case, F becomes
negative and impingement heat transfer is enhanced by entrainement

With 1increasing temperature mismatch, F, the strong reduction in
heat transfer over the entire circumferential profile at the larger
nozzle to impingement surface spacing, H/d of 4 and 8, 1is readily
understandable. These spacings provide for substantial entrainment and
thus degradation of the tempera-ure driving force for heat transfer at
the impingement surface. While the absolute reduction in local Nu for a
specific temperature mismatch, F, is about uniform over the entire
profiles, Figure 4.14(c) and 4.14(d), the relative reduction increases
stronjiy .rom the stagnation point to the wall jet region. This trend is
as espected, because degradation of the 1local potential for heat
transfer caused by entrainment increases with the time available for

entrainment, hence with distance from the stagnation point.

With increasing temperature mismatch, F, at close nozzle to
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impingement surface spacings, H/d of 1 and 2, Figures 4.14(a) and
4.14(b), the decrease 1n local circumferential Nu protile i1in the wall
et regicn 1s not much different from that for large H/d This would be
ex.pected cons.dering the mechan:ism of Jdegradation ot heat transter
dr.oveorg f::ce by the total d:istance -~ver which entra:inment acts, 1 e

cver the =ortal distance H/d p.us y/d However, 1n the i1mpingement reqgion

cf y/d cul to apout #2, 1t wculd seem sarpris:ing to tind that local Nu

'™
(7]

sti1ll reduced significantly w.th H/d of 1 and & This a.pect ot the
results may ke unierstood by reference to the heat flux sensor sise
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mean velocity at the jet centerline at higher H/d. Obot([1980)] showed the
1mportance of nozzle geometry on the location of the maximum. It is
generally reported the Nuo reaches a maximum for a spacing of about
H/d = 8. The finding here is that the maximum NuO occurs at an H/d
around 4 or 5 which is in qualitative agreement with the results of
Hollworth and Gero[198%], Figure 4.18(b), for a square edged orifice
with an aspect ratio (l1/d) of 1. The industrial 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
aluminum with rough surfaces would contribute to high nozzle exit
turbulence, to a shorter potential core, and hence to the Nuo maximum
occurring at a closer H/d spacing.

Figure 4.19 shows that Nu: decreases slightly with increasing F
for H/d = 4. As pointed out in the previous section in connection to
Figure 4.17, the size of the sensor in the axial direction (1.45d)
contributes to the small apparent effect of entrainment on Nu: for small
H/d At H/d = 8, Figure 4.19 shows that NuD is much more sensitive to
entrainment, as has already been discussed.

The agreement of the current results for the Nuo - Re relationship,
Figure 4.20, with the extensive record of such measurements is very
good. The differences which do exist derive from numerous sources, i.e.
the size of the heat flux sensor, nczzle geometry, nozzle exit profiles
1n velocity, turbulence intensity and other turbulence variables, and
the T - ’I‘b - Td relationships represented here by the nondimensional
temperature mismatch factor, F. For example, the sensor used by Gardon
and Akfirat was of diameter 0.071d, while that of the current study was
0.27d x 1 45d. As indicated by Cbot, the flow conditions of Gardon and

Akfirat were probably for a centoured inlet nozzle of length 18d, and
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thus would not be directly comparable with the nozzles used here.
A correlation of the following form for stagnation Nusselt number
for the H/d = 4 region was obtained using a nonlinear regression program

based on a standard Marquart algoraithm.

< e
H af{H
NuO = [ a+b [a] F ]Re {a] (4 4)

which reduces to the commonly used equation when F = 0.0. The results

obtained in the Re range 22000 to 118000 yield the following equation.

0.962 - 0.100 |2 " rl re” ¢ |8 e (4.5)
. > . d d -

Nu
2

The fit of this equation to the experimental results 1s shown 1n
Figure 4.21. The correlation coefficient, rP, for this regression is
0.96. Equation 4.5, for F=0.0 and F=1.0, is compared in Figure 4 20 with
results reported for small H/d.

For the case where the ambient temperature, Td, equals the jet
temperature, T, or F = 0, Equation 4.5 reduces to

) t
Nu = 0.962 Re” '© [g] (4 6

The present results for F = 0 compare quite well with those reported by
Obot [1982] and Nakatogawa (1978] and are in the rtange of 4-81 1wer
than the results of Gardon and Akfirat [1965] and Murray and Patren

(1978].

Obot proposed the relationship:

-

. .
Nu = 1.15 Re [—] (4 %n)
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valid for 15,000 < Re < 60,000 and 2 = H/4d

IA
@

The agieement with
Equation 4 6 1s excellent. Obot [1980] performed a logarithmic best fat
of the data of Ouden and Hoogendoorn [1974] (for H/d =1, 2 and 4) and

Gardon and Akfirat {1965] (for H/d = 2) and obtained.

Nu = 0.64 Re" (4.7)

As argued by Obot, the modest differences Letween the proposed
correlation, Equation 4.5, with the results of Ouden and Hoogendourn and
Gardon and Akfirat can be attributed to differences in the nozzle exit
flow conditions. To that observation one should now add the difterences

aue to vary:ing values of the thermal entra.nment factor, F

4.3.3 Radial Average Nusselt Number

Although profiles of local Nu and values of Nu at specific points
such as at the stagnation poant, and at the cff-stagnation minima and
maxima are .mportant in the analysis of .mpinging jets, average heat
transfer prov:des another essential perspective, particularly for
process design.

All profiles of local Nu shown to date have been circumferential
prcfiles at the jet centerline, x/d = 0 As shown in Thapter 3, with the
nozzle set perpendicular to the roll and in the absence of confinement,
profiles o¢f local Nu are effectively azisymmetric over the range of
noczle exit and 1mpingement surface velocities investigated Under these
circumstances, evaluation of the radial average Nusoelt rnamber,

Nu = J Nu r dr, can be simplified by taking the circumferential profile

at x/d = 0 as a satisfactory approrimation ~f the Nu profile in any

radial direction.




The Figure 4.22 profiles as a function of Re and H/d are the Nu
equivalents of the Figure 4.12 circumferential profiles of local Nu, and
show the same features, although somewhat attenuated by the integration.

At r = 0, these profiles converge, as Nu . = Nu . Values of N:r become

nf practical ainterest only for values of r significantly larger than the
nozzle radius, d/2. For the same reasons noted earlier for the local Nu
profiles, the ﬁﬁr profiles were extended to 10d from the jet centerline,
i.e. avoiding the larger areas where heat transfer rates are too low to
be of interest.

The ﬁGr profiles of Figure 4.23 show that at Re = 100000 and F = 1,
Nu 1s essentially independant of H/d for spacings up to 4, with a
significant drop off 1in ﬁi: for H/d of 6 and higher.

The very large effect of thermal entrainment, F, on ﬁE' is shown by
the Figure 4.24 profiles, analagous to those of Figure 4.16 for profiles
of local Nu. The information is condensed to illustrate, on Figure 4.25,

the radial average Nusselt number - H/d relationship for a single

averaging distance, 1.e. Nu _

for (r/d): = 10.

Figure 4 25 may be contrasted with the corresponding Nuc~ H/d
relationship, Figure 4.18. Thus for the nozzles used in the present
study the Nu - H/d relation passes through a well-defined maximum at H/d
around 4 or 5, while no maximum occurs €or ﬁ:r. The independance of Nu
for H/d = 4 was noted earlier with the precfiles of Figure 4.23. The
strong  detrimental effect of jet entrainment 1s apparent from
Figure 4 25, which shows that the radial average heat transfer drops by
©5% as the entrainment factor, F, increases from 0 to 1. In typical
calendering cenfigurations the entrainment factor 1s i1n the range
0 75 =¥ =< 1.2 Thus these results establish the not generally

aptreclated 1rTportance of entrainment in the design of 1impinging jet
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calender control systems.

A correlation for ﬁG' is complicated by the eaistence of masima
and/or minima 1n r/a For this reason the correlation 1s testricted to
r/d > 3, 3ust beyond the location of the maxima in EG'. This is not a
particularly important lim:itation on the resulting regression -~ince 1n
impinging jet dapplications, the averaging area 1s usually larger than

r/d = 3. A nonlinear regression, performed using the procedure desciibed

in Section 4.2.2, gaives
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2 = H/d = 12. This 15 1n good agreement with the curient correlation for
the case of no thermal entrainment, F = 0, for which Faquataion 4.9
reduces to

. -2 03}
Nu =  0.133 Re' lé] (4 11

4.3.4 Circumferential Average Nusselt Number

For a round jet :impinging on a rotating cylinder, however, there
ex1sts another basis for averaging the heat transter, 1 e the hoeat
transfer averaged over circumferential area of the roll, for a specitied
axial length o¢of the roll. In the present case the relavant axial Tength
1s evidently (.{/d)4 = *(S/d)/2, covering the neszle to noszle axial

spacing. Thus the radial jet based average Nusselt nunber was Jdesignat ed
p g g J

Nu, and the roll circumferential based 4average Nu.selt numoer 1o
dencted Nu For the calernder control application of :interest in the
present study, 1t 1s clearly the circumferential average Nasselt number,

Nu , which is mcre irportant.  The kasic definition 15 evilently

Nu = J J Nu dxdy. Figure 4 27 compares tne respetive averading dre.a s

for Nu and ﬁE‘.

The calculation of the double integral, Nu, _.arn bLe accomplished 11

two ways. In the simple case where the impilogement heat transfer from

the :mpinging _et to the cylindrical surface calender roll can be
considered axisywnetric, the crircumferential Nu profile at xn/d 7 an
be used to calculate a lccal Nu value at euch z-y grid pro.t ion con r1ng

the entire averaging area, c.rcumferentially to *(y/d) , and sr1ally 1o
1
r(x/d) or 5/d. When this simplificati.n does  not apply, Hu
A
circumferenti1al profiles at a nurewer of ar14l prositions owver the /4

range must be measured.
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For the case of unconfined jets impinging normal to the 1o0ll
surface, a number of verifications established that i1t was acceptable to
assume the Nu profile was axisymmetric, so ﬁﬁ‘ could be determined trom
a single circumferential Nu profile determined at x/d = ¢ Typical
ver:ficat:ons, Figure 4.28(a), (b) and (c), show the agrecment 18
excellent, particularly as the averaging area 1s 1ncreased

In the non-axisymmetric heat transfer case, which always applies
for ccnfined jets or with jets not impinging normal to the roll surtace,
determination of ﬁE: requires the measurement of the Nu cicumferential
profiles at a sufficient number of axial positions over the axial range
r(s/d)y/2.

Typical profiles of Nu, Figures 4 29{(a)-(c), illustrate the eftect
of Re, H/d and F and correspond to the circumferentlial profiles chown
in Figures 4.12(b), 4 15 and 4 lo(b) respectively. The profiles of Nu
generally show similar trends to those apparent in earlier figures ot
EG,' The maximum in ﬁﬁr at r/d = 2, 1s no longer apparent since the
averaging area in the axial direction, x/d = *4, 1is large enough to
average out the maximum 1n the local Nu profiles which occurs near
r/d = 2.

The correlation obtained for the circumferential average, Nu, 19
{

30 PR
/
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Nu = [0.114 -0 0234[5]

or, in terms of the nozzle-to-nozz'e separaticn, §/d,

. ) -0l 3z LRV
5 _ I A I N £ -.’ .
o aiz - ooz ] {77 () w1

)
jod
]

2]



Q
=
- 175 1 ¥ ¥ ] I | ] | L]
> Basis of Calculation
a
£ 150+ Circumferential Nu Profiles at -
= ——x/d = -4,-3,-2,-1,0,1,2,3,4
--------- x/d = 0
S 125 ]
7
%]
2
100 .
©
o
O
.
g ]
O
= S0 H/d = 2
g Re = 100000
G N Yy“d = () -
£ 2° F=10
- |
£
© 9 ) 4 6 8 10

Circumferential Averaging Distance, y/d

Figure 4.28(a) Comparison of the methods of calculating Nu : Unconfined,

normally impinging jets, H/d = 2, Re = 100000.

4 - 67




175 L LI 1 L ] v 1

Basis of Calculation

150 F Circumferential Nu Profiles at
-4,-3,-2,-1,0,1,2,3,4

[ ]

1]

[ ]

'

i

i

i

1

]
x

\

Q.

nu
(e ]

125 k

100

Circumferential Average Nusselt Number, Nu,
~
o

Seo
S
o~
=~
-
-
—

SOr H/d = 4 :
Re = 100000
. Y/d =0 i
2 F = 1.0
% 2 4 6

10

Circumferential Averaging Distance, y/d

Figure 4.78(b) Comparison of the methods of calculating Nu : Unconfined,
c

normally impinging jets, H/d = 4, Re = 100000.

4 ~ 68




[
=2

- 175 I 1 A} 1 1 ¥ 1 i LD
_Eg Basis of Calculation

£ 150+ Circumferential Nu Profiles at -
= — x/d = —4,-3,-2,-1,0,1,2,3,4
PO x/d = 0
© 125} i
0

o
=

100 F 4

o

o

O

S 75
z
.S 50

-

L

)
Y- 225'_ Yo/d = 0 _
£ F = 1.0
2
© 9 2 N 6 8 10

Circumferential Averaging Distance, y/d

Figure 4.28(c) Comparison of the methods of calculating Nu : Unconfined,
C

normally impinging jets, H/d = 8, Re = 100000.

4 - 69




250 1 ¥ L T 1 1 1 1 H
A H/d = 2 Re |
Y/d = 0 ——— 117000
200 L F=10 = e 100000
------ 80000
[ 59000
150 |- ]

—
o
()

o
o

i i 1 1 i 1 1 ] Jd

2 4 6 8 10
Circumferential Averaging Distance, y/d

Circumferential Average Nusselt Number, Nu,

(&
o

Figure 4.29(a) Effect of jet Reynolds number, Re, on circumferential
average Nusselt number of unconfined jets: H/d = 2 and

F=1.0.

4 - 70



et

250 LD T L L) T L 1 | ]

i Re = 100000 H/d i
Y/d = 0 1

200 F F=10 e 2 -
------ 4

PP 6 i
—————— 8

150 | LA

—_
o
o

O
o

Circumferential Average Nusselt Number, Nuc

L ] | 1 1 1 L i

2 4 6 8 10
Circumferential Averaging Distance, y/d

o
o

Figure 4.29(b) Effect of nozzle-to-impingement surface spacing, H/d, on
circumferential average Nusselt number of unconfined

jets: Re = 100000 and F = 1.0.

4 - 71




N
n
o

200

150

100

Cicumferential Average Nusselt Number, Nu,

50 H/d = 2 ]
Y/d = 0

5 Re = 100000 N

OO 2 4 6 8 10

Circumferential Averaging Distance, y/d

Figure 4.29(c) Effect of thermal entrainment factor, F, on the circum
ferential average Nusselt number of unconfined jets:

H/d = 2 and Re = 100000.

4 - 72



which is valid of the range
35000 = Re s 117000
1s H/d s 4
3= (y/d). < 10
2 3 (x/d) s 10 (or 4 s S/d s 20)
0s F =s1,1

The correlation coefficient was 0.91.
As most of the impingement heat transfer to the calender roll is
accomplished by (y/d)a = 10 (or y/d = $10), the above correlation can be

rewritten for (y/d)a = 10 as:

0.28 -0.32
No = [o.oss - o.oz19[§] F] Re% " [§] (4.14)
c d d

As expected, the Reynolds number exponent In both the radial (Equation
4.9) and the circumferential (Equation 4.12 - 4.14) averages are similar
(in this case, equal) since one would not expect the relatively small
differences in 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)a,(y/d)a gireater than 3.

This lack of an effect of change In averaging area is further
illustrated when Equation 4.12 1is rewritten for (x/d)a = (y/d)a.
corresponding to a square averaging area, ix/d by ty/d in size. This

results in

. )0 56 o1 )08
Nu = E0.114 - 0.0234&ﬂ F] Re™ &ﬂ (4. 10c)

where only the coefficients associated with F are changed by any

significant amount.
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The relationship between ﬁcw and the entrainment factor, F, as a
function of H/d is shown in figure 4.30. The value of ﬁaao for F =1.0
is less than 45% of that at F = 0, over the range 1 s H/d s 8,
illustrating the severe heat transfer performance decrease in typical
unconfined impinging jet heat transfer applications.

The value of ﬁ:c for (y/d)a = 10, termed ﬁGdo, as a function of Re
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 impingement 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 rolls, 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, 9, and the nozzle inclination, ¥, relative to normal

impingement.
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4.4.1 Effect of Circumferentlal Implngement Poslition

The circumferential Nu profiles passing through the nozzle
centerline, x/d = 0, are shown in Figure 4.33. All the profiles, with
the exception of the neutral position, ¢ = 90°. are shifted such that
the impingement points are matched, hence the designation y’/d rather
than y/d. The corresponding radial average Nusselt number profiles are
shown in Figure 4.34. Clearly there is little effect of 6 on the Nu
profiles in the range # 30° (+ 5.75 d) from the neutral position. As
pointed out earlier, with ¢ = 90° heat transfer becomes independent of
Jet temperature by about 104 from the nozzle center line. With the roll
and nozzle dlameters used here, the 180° angular displacement from nip
to nlp corresponds to a circumferential distance of = 34d. Therefore the
9 positions of 60° and 120° still leave about 11d from the Jjet
centerline to the nearest nip. The lack of any significant effect on
heat transfer rate of varylng circumferential impingement position
within the range 60° s 6 s 120° indicates that within about 10d of the
centerline the Jet flow fleld completely dominates that created by the
rotating rolls, Figure 4.32.

In Figure 4.33 some minor effects of the nips on the local Nu
profiles can be seen in the profiles for ¢ = 60° and ¢ = 120°. For
o = 80°. a sudden drop in the Nu profile can be observed at y/d = -6
which is within 5d - 6d of the diverging nip. For the ¢ = 120° nozzle
position, a drop can also be observed at y/d = 8. However these effects
do not affect Wr, Figure 4.34.

These experimental observations contradict the hypothesis of
Bryan[1972] that impingement heat transfer rate would be sensitive to
circumferential position of the Jjet. 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 wvariable, Mvs
has no effect on heat transfer over the industrially significant range,
0.1 < Mvs < 0.3. Thus the air dragged by calender roll rotation is not
able to affect the impingement heat transfer.

Bryan proposed that the most effective position 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 lmm gap between the rolls, required to avoid damaging
the thin film sensor. 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 relative 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 Inclination

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 slot jet, angle
of impingement over the range # 15° has little effect on average Nu,
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, Y, 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 3jet arrival side the off-stagnation maximum for H/d = 2 is
suppressed and merges with the stagnation point maximum. Also, with

increasing nozzle inclination there is a steady increase in Numax with
H/d = 2, but for H/d = 4 the Nun‘ax is independent of nozzle inclination,
For confined slot jets, Huang(l1988] observed effects of nozzle
inclination on local Nu profiles similar to those found here for round
jets. With inclined nozzles there is an uneven 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 Y, 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 Y. With the Jjet directed against the
surface motion, the velocity gradients near the impingement surface are

higher, aiding the transition from a laminar to a turbulent boundary

layer, resulting in a higher off-stagnation maximum.

(b) Stagnation or Maximum Nusselt Number
Stagnation or maximum Nusselt number 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 Nuo for Jet inclinations other than 0°. When the
impingement surface is moving there is no true stagnation point since
the boundary layer does not change directlions but always moves in the
direction of surface motion. Thus, for Jet Iinclinations other than
rormal, the position of the stagnation point Nu° is difficult to
determine. Fecr this reason the maximum 1n 1local Nusselt number,
designated Numx, will be used. For larger H/d, there exists only a
single maximum which coincides with the stagnation point.

For H/d = 4, Nu.hax exhibits a very shallow maximum for normal
impingement, with less than 5% change over the range -30° = T/ 30°. For
H/d = 2, Nuwm appears to reach maxima for ¥ near * 35°.

Figure 4.38 shows the effect of nozzle Iinclination on the
displacement of Numx from the intersectlon of the jet centerline at the
impingement surface, termed the geometric Jet impingement point. The
displacement 1s symmetrical, with a maximum of 0.5d. This effect has
been observed by Korger and Kreizek[1972] wusing mass transfer
measurements under slot jets and was shown analytically for slot jets by
Schauer and Fustis[1963], in both cases for statlonary implingement
surfaces. However, slot Jets are much more sensitive in this respect.
Thus where the present study established that the point of NuInax is
shifted by less than 0.5d for a nozzle inclination of about 40°,
Huang[ 1988] showed that for comparable nozzle spacings, Numx for slot

Jets 1s shifted by around three times the nozzle width.

(c) Circumferential Average Nu

As noted in Section 4.3.4, for a round Jet impinging on a cylinder,
two average Nusselt numbers can be defined, ﬂﬁ;, defined relative to the

nozzle centerline and Nﬁc relative to the impingement surface. As the
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radlal average ﬁﬁr is meaningful only for axlsymmetric implingement, the
circumferential average, ﬁﬁ;. must be used to evaluate the effect of
nozzle inclination. For a Jjet-to-Jet spacing of 8 d, ﬁﬁ; is calculated
over an axlal distance of * 4 d on either side of the Jet centerline.

Figures 4.39 and 4.40 illustrate the effect of nozzle inclination
on the profiles of ﬁﬁ; for two nozzle-to-roll spacings. For calender
roll temperature control the only Iinterest 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 circumferential distance between nips is about
29d. As it was demonstrated earlier, the heat transfer beyond y = *10d
is negliglble when compared to that occurring within y = *10d for the
range of experimental conditions in this study, making this value of y
is an appropriate limit for the extent of calender roll circumference to
use for comparison. Thus Figure 4.41 shows the circumferential average
Nusselt number evaluated for *10d. This circumferential distance of 20d
accounts for essentially all of the heat transfer between the Iimpinging
Jets and the roll. As documented in Section 4.3, for constant F, Nu is
independent of H/d in the range H/d s 4. In Figure 4.41, the values of
ﬁﬁ;lo at H/d = 2 are somewhat lower because of the deleterious effect of
the higher thermal entralnment factor, F. Although the differences in
ﬁi;u) with nozzle inclinations are not large, from Figure 4.41 it is
clear that the highest heat transfer coefficlent at the calender roll is
with ¢y = 0°, i.e. for normal Impingement. Contrary to previous
speculation, the present measurements establish that there 1s 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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be independent of y over the range 0° = ¢ s 30°. Likewise for confined
slot Jets on fast and slow moving impingement surfaces, Huang{1988]
found that with respect to average Nusselt number there was no advantage
for inclining the Jets within +15° from perpendicular and a strong

disadvantage for nozzles Inclined greater than +30° from normal.

4.5 Effect of Confinement

Although for most industrial applications confinement of impinging
Jets is conslidered a requirement for reasons of thermal efficliency, this
has not been the practice in calender control systems until quite
recently. Jet thermal entrainment has been demonstrated by the present
study to be an important design variable because of its strongly
detrimental effect on impinging Jjet heat transfer. However, even in the
thermally neutral case of F = 0, there remalns an effect of entralnment
on the flow field and hence on the heat transfer for unconfined Jets.
Therefore it 1s of 1interest to document the heat transfer
characteristics with the Iimpingement surface isolated from all direct
effects of the external environment by use of a jet confinement surface
set flush with the nozzle exit and extending parallel to the lmpingement
surface.

For a temperature mismatch of ATJa =0, or F = 0, the presence of
confinement has been documented by Obot{1982] and Sparrow et al.[1975]
to decrease heat transfer, attributed to decreased Jet flow without
entrainment. For a Jet Reynolds number of 100000, the data of Crow and
Champagne [1971] show that, at a position 2d downstream of the nozzle
exit, an unconfined round Jet has entrained an amount of surrounding
fluid equal to about 30%4 of the nozzle exit fluid. Therefore the present

experiments were designed to examine the sensitivity of impingement heat
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experiments were designed to examine the sensitivity of impingement heat
transfer to the combination of these thermal and flow field
effects. Results are presented for jets with the limits 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 circumferential
distributions at the axial position corresponding to the jet centerline
for local Nusseit number with H/d =1, 2 and 4 and Re = 100000. The
effect is most pronounced at the closest spacing, H/d = 1, and largest
confinement, Y/d = 5.75. The Nusselt number at the stagnation point and
the off-stagnation minima are 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 exclusively on the side
downstream from the stagnation point (i.e. at positive y/d) 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 increase in
the heat transfer profile when increasing confinement from Y/d = 4.5 to
5.75, indicates that the boundary layer entering the impingenent area
with the moving surface successfully insclates the roll from the

impingement jet air. The transition point from heat transfer dominated
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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 confinement tested, Y/d = 5.75,
Figures 4.44(a) - 4.44(c), portray Nusselt number profiles at x/d =0
for H/d of 1, 2 and 4, over a wide Reynolds number range. Comparison
with the corresponding Nu profiles for unconfined Jets, Figures
4.13(a) - (¢), confirms the same effects noted above for Figures 4.44,.
Thus relative to the unconfined case, with confinement of Y/d = 5,75 the
value of Nu at the off-stagnation maximum is inczeased and occurs
further from the stagnation point, with the Nu profile correspondingly
broadened. These effects are strongest at H/d = 1, are still important
at H/d = 2 and become minimal at H/d = 4. The location of the local
Nusselt minima at y/d = 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.

Ohot [1380], 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
unconfined 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 entrainment
factors in the range 0.75-1.15 as tested here. With F s 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 unfavorable 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
transfer that are seen on the profiles of local Nu at x/d = 0 are
expressed quantitatively in terms of the circumferentially averaged
Nusselt number, ﬁﬁc, on Figures 4.45(a) -4.45(c). Consistent with the
earlier profiles of local Nu, the extent of the increase in calender
roll heat transfer by confinement for the case of a high 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 = 10, ﬁaclo is increased
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 ﬁﬁ; with y/d is highly nonlinear can
be understood only by reference toc 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 too 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 ﬁGlo with confinement in the range of Y/d up to 3, but
(o4

Nu _ increases sharply with Y/d above 3 for close nozzle spacings,
C.

The Nu . - Y/d relationship shown on Figure 4.46 is for the
e

conditions of Figure 4.45. The increase of ﬁﬁ;lo is large over the Y/d
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 to increase EGC by perhaps

10
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

Nuclo results shown in Figure 4.30 for H/d = 1 and an entrainement
factor, F = 0, would indicate that the theoretical maximum is near 125%
increase in average heat transfer.

A correlation for average circumferential Nusselt number, ﬁ:c, when
the extent of confinement is Y/d = 5.75, in a form similar to

Equation 4.9, obtained using the nonlinear regression procedure

described in Section 4.2.2, is as follows:
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Figures 4.47(a) to 4.47(b) illustrate the effectiveness of the proposed
correlations in the representation of the experimental data for ﬁc.

In summary, under conditions when entrainment is unimportanti, i.e.
when the ambient temperature is 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, thus 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, becomes 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-to-jet interference is small. In some 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 "bumpy" roll.
As shown in Chapter 5, the high thermal conductivity of cast iron
calender rolls is sufficient to damp such any axial differences in
calender roll surface temperature and correspondingly in roll diameter.

Pelletier et al.[1984, 1987] showed that for §8/d = 4 the heat
transferred per nozzle is considerably lower than that for S/d = 8. To
use the heat transfer potential of each Jjet more effectively, their
analysis indicated an advantage for the use of two rows of jets, spaced

at §/d = 8, but offset between the rows by S/d = 4 and separated in the
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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-line
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-line nozzles 1is limited by the
neighboring jets. The staggered configuration, with an increased
nozzle~to-nozzle separation, subjects more of the calender roll surface
to higher heat transfer. Where this improvement occurs can be observed
by comparing the circumferential heat transfer profiles for the in-line
jets, Figure 4.51, and staggered Jjets, 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 configuration, at a
given axial position the calender roll experiences heat transfer from
both rows of jets, resulting in the higher heat transfer efficiency.

The effect of confinement on the Nu profiles for the in-line and

staggered geometry can be observed by comparing the size of the Nu = 50
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contours in Figures 4.49 and 4.50. Thus the Nu 2 50 area in Figure
4.49(b) exceeds that in Figure 4.49%9(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 Number

Figures 4.53 and 4.54 provide the quantitative comparison of the
in-line and staggered configurations for impingement heat transfer at a
calender roll., This circumferential average ﬁﬁc extends in the axial
direction (x/d)a = 2 from the nozzle centerline (corresponding to a
nozzle-to-nozzle spacing, §/d = 4), with circumferential averaging
distance varying up to (y/d)a = %10. For the staggered configuration the
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)a = ¥4, At that point, as shown in Figure 4.53, the two averages
include the heat transfer of effectively one impinging jet, and thus are
equal. For (y/d)a 2 %4, Figure 4.54, the staggered configuration reaches
a maximum average heat transfer at (y/d)a = 6. The most relevant
comparison 1is for (y/d)a = 10, a circumferential position by which most
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, ﬁﬁcuy by the staggered configuration is 30% for
either confined or unconfined jets.

Also shown in Figures 4.54 and 4.55 are the ﬁﬁc profiles for a
single row of impinging jets with a nozzle to nozzle spacirg, S/d = 8.
As can be observed, keeping a single row of jets and changing §/d from 8
to 4 only resulted in 34% and 26% increases in ﬁﬁ,g for the unconfined

Ci

and confined cases. Staggering the 3Jjets and maintaining an effective
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nozzle to nozzle separation of 8 resulted in increases of 73% and 69%
respectively.

These improvements in heat tranasfer are further illustrated through
the axial profiles of local values of ﬁacm. 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.[1987), it is significant that their predication of an advantage 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 to have no significant effect on impingement heat transfer over
the 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

regression 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°
relative to the outgoing nip, and nozzle inclinations from -45° to 35°
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.
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CHAPTER 5

HEAT TRANSFER AND THERMAL DEFORMATION
IN

PAPER MACHINE CALENDER ROLLS

5.1 Introduction

In the manufacture of paper two requirements are that the paper be
uniform in thickness and have an acueptable surface finish. Production
of the desired surface characteristics and the final control on
uniformity of thickness is accomplished by ¢ “~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. The 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 papzr and the calendering parameters, of which
pressure in the nips and temperature of the paper are the most
important., Figqure 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 (CD)
direction is required because the final sheet thickness is affected by
variation in sheet properties (i.e. web temperature, moisture content
and basis weight) and variation in the nip load (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 revolutions, produce soft or hard zones in the windup
reel wh:'..ch in turn cause unacceptable problems during high speed
unwinding for printing. Calender control provides a means of correcting
small variations in sheet thickness in the cross machine direction.

Colley and Peel [1972] calculated that a calender roll radius
change of only 1.5um 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 6ém running at about 15m/s, with
calender rolls typically 0.3 -~ 0.6m in diameter and paper thickness, in
the case of newsprint, about 60um.

The correction of «cross machine thickness variations 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 qualitatively by papermakers, who
have been adjusting c¢ross machine direction profiling systems manually
for years. This considerable body of practical knowledge does not
however provide the quantitative basis to optimize existing calender
stack operations or to design better control systems.

The thermoelastic deformation of hollow and scolid cylinders has
been studied extensively (Boley [1972], James [1964], Valentin and Carey

5 - 4




[1970], Emery and Carson {1971] amongst others) where the primary
concern has been the behavior of nuclear fuel rods, By contrast there
has been little quantitative investigation of the thermoelastic response
of calender rolls to 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 to
whether these boundary conditions are realistic, and moreover, roll
surface temperature and roll deformation are in reality dependent
variables.

The objective of the present work is 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 1limited 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 contrel system model presented here allows
investigation of the following parameters associated with roll
deformation:

A. Thermal effects

i. external surface heat transfer profiles

ii, heat flux to/from paper web

iii, internal 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 Literature Review

The comprehensive steady state calendering equation of Crotogino
(1980] relates thickness reduction in a calender nip to the properties
of the Incoming paper web (temperature, moisture content, density) and
to the operating conditions of the calender stack (machine speed, nlp
load, roll dlameter). As this calendering equation is valid only for
cross machlne average conditions it 1is not relevant to the problem
conslidered here, local control in the cross machine direction.

Based on the paper thickness reduction equations of Peel and
co-workers [1969, 1972], Haglund [1975] proposed a steady state
numerical model. Haglund’'s model describes the effects that cross
direction variation in the calendering and paper web properties have on
the outgoing sheet thickness profile. The 1local cross machine
calendering conditions are linked using the line pressure distribution,
the resulting calender roll deflection and the local roll deformation.
This model requires conversion from the measurable applied 1line
pressure, P“m. to the resulting pressure distribution in a calender
nip. Haglund [1975] accomplished this using the simplification suggested
by Robertson and Haglund [1974], where the pressure pulse in the nip is
approximated by a rectangular pulse. The model produced the interesting
prediction that the load concentration due to an incoming streak of high
basis weight could result in an outgoing streak of 1low thickness.
Although the occurrence of this unexpected result has yet to be
documented in actual calendering practice, the difficulty of defining
the pseudoplastic properties of paper makes it Impossible to discount
the possibility. The model also indicated that calender control would

require adjustment of the calender roll radius in the range Ar = 1 um.
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This magnitude of roll radius change would appear to be too low since
the grinéing tolerances on calender rolls are larger than 1 pm,

Brierly et al. 1[1975), wusing 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 uniform
temperature on the heated internal surface and a specified temperature
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 surxface temperature, '1‘sp and st, over the width,
WT, of the temperature peak. All surfaces were specified as being free
from externally applied stresses. Brierly et al. found that for surface
temperature peak width, WT, greater than 250-500mm the maximum roll
deformation, Arp, was unaffected by WT. They proposed an empirical
correlation for the peak difference in roll radius, Arp, as a function
of the peak difference in roll surface temperature, ATSP, and

temperature peak width, WT, in the form

Arp WT P
——EE = k 1 - exp [ -[T] ] (5.1)
sp
where Arp - peak difference in roll radius
ATsp - peak difference in roll surface temperature,
T - T
sp sD
wT - width of the surface temperature peak
k
A parameters dependant on roll geometry

and internal temperature

Application of the above equation to actual calendering conditions



was not verified. Moreover, a basic shortcoming of this method is that
the tem;;erature profile at the surface of the calender roll, Ts,
specified by Brierly et al., is 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
system.

Lyne et al., (1976] used holographic interferometry to measure the
steady state thermal deformation of a pilot scale solid calender roll
(0.5m dia. x 1l.lm long) under the influence of a heating impinging air
jet: With peak surface temperature difference, ATSP, between 1 to
2°C’the surface temperature peak width was of the order of 0.3m. They
found the peak difference in roll radius, Arp, varied linearly with
ATSP, with a proportionality Arp/ATp = 1.4um/°C.

Previous studies make little mention of the effect of calender roll
type (i.e. shell or solid) or internal 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. [1976], acknowledging
the effect of roll type, speculated that unheated hollow rolls would
have a higher thermal sensitivity, i.e. a larger change in radius per
degree change in roll surface temperature than either seolid or heated
rolls.

In summary, the literature provides some useful isolated
observations about cross machine direction profiling and some approaches

to partial modeling of steady state thermal deformation. However these

results are incomplete, sometimes conflicting 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 wunsteady 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
sufficiently 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 all heating or all cooling, and one
controlling 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

5.2a and 5.2b, are:

unsteady-state

14 ar 3 ar

;a?[rka';]*a—z[kaz]
steady~state

18 ar 8 ar

;5;["‘5;]*3;["55]

The corresponding relations for equilibrium

are:

a (e )
a—z- re +

(o (rO‘r )

z

QﬂQ)
(a1

ZZ) + l
r

The stress-strain relationship is given by

law, Equations 5.4,
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N
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stress,

heat generation, Equations

(5.2a)

{5.2b)

Equations 5.3,

(5.3)

the Duhamel-Neumann

EaT

T 1-2v)

EaT
(1-2v)

EaT

T 11-2v)

s (5.4)

The strains in Equations (5.4) are related to the radial, ur, and axial,

u e displacements by Equations 5.5.
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5.3.2 Simplifying Assumptions
i) Calender roll physical properties are assumed homogenecus and

isotropic. As calender rolls are generally chill cast, a layer of
chilled iron extends about 10 mm from the outside surface. There is a
large difference in thermal conductivity, A = 58W/m°C  for grey cast
iron, A = 21W/m’C for chill cast. Since the chill iron thickness is less
than 10% of the total shell thickness, the assumption of uniform
conductivity (weighted average) will not have a significant effect on
the temperature distribution.

ii) The physical properties of the calender roll, A, «, v and E,
are taken to be independent of temperature, a good assumption for the
small temperature differences involved.

1ii) The effect on thermal deformation of residual stresses, created
during manufacturing, was neglected., These stresses are linearly
additive to the numerically predicted thermal stresses.

iv) The elastic stress waves produced in the calender roll by its
rotary motion under the line load from the rolls higher in the calender
stack can be neglected since the rate of propagation in iron is about
5km/sec, Kolsky [1953]. The corresponding response time, 0.0002s, is
three orders of magnitude smaller than the period of rotation.

v) Roll deformation due to gravity and rotation is negligible.
Brierly et al. [1975] estimated the critical peripheral speed at which

centrifugal forces cause plastic deformation to be abocut 146m/s, far
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beyond the 15m/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 exterior
(Equations 5.6-5.8) and interior (Equations 5.9-5.11) surfaces of the
roll, two axial boundary conditions (Equation 5.12) and an initial
condition (Equation 5.13).

The heat transfer experienced by the external surface of the
calender roll, Equation 5.6, has two components, q, and q each
applying to half the roll circumference, Figure 5.4. The half of
particular interest in this study, a is defined by the calender
control actuators, the other half by heat transfer between the roll and
the paper web due to latent and sensible heat effects of the web, qa,- In
the axial direction, <the half of the roll exposed to the control
actuators experiences the repeating sequence of heating and cooling

actuators in the cross machine direction.

aT
dr

= 2 (5.6)
= r 2

For impinging jet type actuators the heat transfer under each
actuator, the hc(z) (T] - Ts) term in Equation 5.6, is described by a
circumferentially averaged Nusselt number, EGC. For wuse in this
numerical simulation, the axial ﬁﬁc data for base case used in Chapter
4, a unconfined single roll of jets, Re = 100000, S/d = 8, as shown in

Figure 4.55, was represented as a function of axial distance frocm the

nozzle centerline, as follows
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NG = —2 o+ g (5.7)

c xc
- + b'l=
2+ (3]

g

In the axial direction this equation has the bell shape characteristic
of ﬁﬁc profiles. The values of the parameters a’, b’, ¢’ and d’ used
were those detailed in Chapter 4 for the following typical impingement
calender control system conditions with unconfined 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, $/d =< 8
For these conditions, the parameters of Equation 5.7 as determined in

Chapter 4, give:

Mo = 34.68 - 38.84 (5.8)

c x 2.09
1+ 0.019[5)

For a control system using confined jets with H/d = 2, the value of ﬁﬁc
is 33% higher.

The boundary condition for the half of the calender roll wrapped by
the paper, Figure 5.4, is the qp/Zm:° term in Equation 5.6. The qp term
for contact heat transfer between the roll surface and the paper,
difficult to specify, could involve several factors, i.e. 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 cf
Aro [1985] are used. Thus the effect of roll-paper heat transfer from

heat generated by compression in the nips is assumed negligible. As for
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sensible and latent heat effects, the adassumptions of Aro for a roll
without internal heating, are:

i) no change in sheet moisture content.

ii) no change in sheet temperature.

i.e. no sensible or latent heat effects. Thus for an unheated roll,

qp = 0, For internally heated rolls, Aro assumed:

i) sheet moisture content decreases by 0.2%

ii) sheet temperature increases by 3.3°c

The present model may of course use any other paper side boundary
conditions.

For the case of an internally heated calender roll, specification
of the radial boundary condition at the internal surface is by the heat
transfer coefficient, hl, from the heating medium at a bulk temperature,
T

b’

5}_ = h“ (Tb - T‘) (5.9)

For a solid roll or a center-bored or shell (double-wall) type roll
which is unheated, h = 0. Otherwise h} was obtained using McAdams’
1

correlation:

0.023 re’ % p.° (5.10)

Nu

where: n = 0.4 { for heating ), 0.3 ( for cooling )

In the case of a double-walled temperature controlled shell type roll,
Figure 5.5, the equivalent diameter, dh, for both Nusselt and Feynolds
number is:

d = 2(:i -r.) (5.11)
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where r, is the outside radius of the displacement body. For the
double-walled roll the heating medium flow rate is fixed at 8L/s of
150°C water with a gap width, P-T, = 60mm, again those documented by
Aro [1985] in his numerical study of calender roll edge effects. These
assumptions yleld an internal heat transfer coefficlent, hl & 11000, To
simplify the data analysis, over a large range of roll diameters and
shell thickness, thils value of hl was used for all heated roll cases.
The axlal boundary conditlons for the numerical simulation,
Equation 5.12, are by contrast quite simple, l.e. no axial heat transfer

at the centerline of the controlling actuator,

gg = 0 (5.12)
z=0,¢

where ¢ is the length of calender roll occupied by one repeating set of
actuators. As noted earlier, this simulation is valid at axial positions
sufficiently far from the extremities 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.

The initial condition for the unsteady staie solution was taken as
the temperature distribution (Equation §5.13) for the steady state
solution with either a row of heating Jets all with nozzle exit

temperature Tj = 150°C or a row of cooling Jets all with TJ = 20°C.

T\ <o = T(r,2) (5.13)

The condition imposed at t = 0 was a repeating sequence of either 1
cooling Jet at T = 20°C and 9 heating Jjets at T = 150°C, or 1 heating
Jet and 9 cooling Jjets at these values of TJ. The Jet-to-jet spacing, S,
was generally taken as S = 4d = 100mm, in some cases as § = 8d = 200mm,

as listed subsequently in Table 5.1. These conditions before and after

5~ 18




t = 0, although arbitrary, provide a standard basis for the

determination of the characteristic response time of calender rolls.

{b) Stress equilibrium boundary conditions
In the r-direction

At r=r, r and 0 sz s ¢
1 (2]

¢ = 0
rE (5.14)
c = 0
rz
In the z-direction
~ symmetry boundary
v = 0 z =0
r. S %z {5.195)
¢ = 0 i (o)
rz
- no traction boundary condition
., = 0 z = ¢
r <r <t {(5.16)
¢ = 0 i o}

re

The boundary conditions specified in Equations 5.14 to 5.16 express
the absence of external forces at all 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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displace%ent profiles were determined by solving Equations 5.2(b), 5.3
and 5.4 simultaneously using IMSL PDE PROTRANC2 which is a general
purpose, two dimensional, finite element procedure. The pseudo-fortran
source code for the PDE PROTRANO finite element method is given in
Appendix D.

Although PDE PROTRANC)greatly simplifies the coding of numerical
problems, specification of the boundary conditions for the present
problem involves difficulties. In calender roll operation there is a
temperature gradient through the roll wall. Under the no-traction
boundary condition at z = f, 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 1is an
artifact of the no-traction boundary condition which is 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 to
one of uniform axial expansion at the z = { boundary were unsuccessful.
Previous work by Rothenbacher and Vomhoff (1982] on internal 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 to 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 strain solution, is

. 5, (1-3v) ri vy v [fo
= +
ur T, (1 V) T r dr + rz - :2 T r dr (5.17)
Y o] 1 r

Equation 5.17 1is central to the solution of the unsteady state
case, for which the temperature and stress distributions were considered
to be uncoupled, 1i.e. that the stress distribution is constantly in
equilibrium with the temperature profile, The temperature distribution,
T(r,z,t), was 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 the

finite volume procedure is given in Appendix C.

5.3.4 validation of the Numerical Models

(a) Steady State Model

Of the studies of thermoelastic deformation of hollow and solid
cylinders, only that of Brierly et al.[1975] examined conditions
approximating those for paper machine calender stacks. Their numerical

results for a steady state simulation by the finite difference method




were for specified internal and external temperature profiles. Their
conditions were rerun with the current numerical procedures as a

validation of the latter. The temperature boundary conditions specified

by Brierly et al. correspond to the f{ollowing values of parameters:

In practice, h =h =105 is a suitably large number. Their external
1 [

temperature profile was specified as

2 WT
T = 71 - 2% AT 0 szs%=
s sp W sp 2
T
W
T = 7 LR
s sb 2 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:

¢ =  0.625m
W = 0.0625m
T = 50°¢C
sb
T = 70°C
sp
AT = fT_ -7 - 20°C
sp sm sp
T = 30°C
b

It is demonstrated that the steady state temperature fields
obtained here using the finite wvolume (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 spacing with the large A’!‘.p
Justifies the use of the grid spacings selected for subsequent runs,
i.e. 100 node per meter in the axial and radial directions.

A comparison of profiles of steady state roll deformation as
predicted by the current simulation and by Brierly et al., Figure 5.9,
shows that the differences, = 5%, are not significant. Brierly et al.
found their displacement fleld to be grid dependent and estimated the
errors to be in the range *1% to + 2.75%. The roll deformation predicted
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 deformations
predicted in all three cases converge, as expected, for peak widths, NT,
greater than Sm.

The only experimental measurement of thermal deformation is that of
Lyne et al. [1976] for a pilot scale calender roll (solid, 0.5m dia. x
1.1m long) using a single round or slot heating Jjet. At steady state
they observed a surface temperature peak width, WT, in the order of
300mm for a peak difference in roll surface temperature, ATap, of 1° to
2°C. They characterized the steady state deformation of roll radlus
under a single Jet as 1.4um/ATsp. Using the approximation of a
Brierly-type triangular profile of surface temperature, which closely
approximates the axial temperature distribution observed by Lyne et
al.,along with the measured ATsp. the resulting thermal deformation
calculated using the current model is shown in Figure 5.10. The peak
value of the predicted roll deformation profile agrees closely with that
measured by Lyne et al. For the very modest values of calender surface
peak temperature difference obtained by Lyne et al., AT“Pf 1 or 2°C.
Fligure 5.10 also shows that the thermal stresses are sufficlently small

that the plane strain solution closely approximates the present
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simulation. Under conditions encountered on paper machine calender
stacks, axial surface temperature differences may reach 10°C. for which
the plane strain sclution can be inadequate.

Roll response s characterized as elther the ilocal or peak value,

Ar or Ar , of deformation and as the width of this deformation, as
P

wAr,
illustrated in Figure 5.11. As the deformation, Ar, is a distributed
variable in the z-dimension, a specific definition is required for wAr'
For consistency, the definition of characteristic width of deformation
used here is that of Verasalo [1984], {.e. wAr is the z-direction width
over which Ar Arp/3. As will become apparent, the local deformation
approximates a normal distribution, thus W would correspend to

Ar
W = 1,48 o.

Ar

Figure 5.12 gives the axial profiles of local roll deformation
produced with the control Jet, a single cooling Jjet at TJ = 20°C in a
row of heatlng Jets at ’I” = 150°C, for the case of heated (with 150°C
water) double-walled rolls of fixed outside radius, r = 250mm and
various shell thickness, s. Roll deformation obtained assuming the plane
strain solution (Equation 5.17) 1is also shown. The values of ATsp
calculated by the model are recorded on Figure 5.18. Relative to the
idealized plane straln solution for an assembly of physically separate
thin disks, in the real case the thermal stresses act to reduce the
maximum value of the roll deformation, Arp, and to increase the width of
the region of roll deformation, NAP' Thus the numerical simulation of
the plane strailn solution, glves values of Ar'p about 5% too large. On
the same basis, the approximation of HAI_ by the plane strain solution
varies from about 25% too low for s = 100mm, to negligible difference as

a solid roll is approached, Figure 5.13. The error in the plane strain

approximation decreases as shell thickness increases because, for the
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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 with a

Ar’
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, 9. through the high conductivity cast
iron roll spreads the thermal effect of the control jet so that, for the
heated roll cases of Figures 5.12 and 5.13, the control width, WAr' is

about 300-400 mm, i.e., about 3-4 times the jet-to-jet spacing of

S = 100 mm.

{(b) Unsteady State Model

Although the finite 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
choice of general 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
simulated with the two dimensiocnal finite difference procedure. These

are:

i. Sudden change in temperature of the fluid surrounding a

semi-infinite cylinder initially at a constant temperature

ii., Sudden <change in temperature of the fluid surrounding a

semi-infinite slab initially at a constant temperature



ad

Both <cases can be calculated using an 1internal heat transfer
coefficiént,h} = 0, a constant value for the external heat transfer
coefficient with hc # f(z). The semi-infinite cylinder 1is an obvious
subset of the current simulation, while the thermal behavior of a
semi-infinite slab is approached, in cylindrical coordinates, as
ro/r‘ -~ 1.0. In the case of the semi infinite slab, the boundary at r
corresponds to the center plane of the slab. The temperature-time
history for both cases were tabulated in the numerical results of
Heisler [1947), 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 Heisler charts.

In summary, these results establish that the finite element steady
state and finite difference transient models presented here produce

reliable, grid independent predictions, consistent with the limited

amount of previous work.

5.4 Numerical Simulation of Steady State Thermal Deformatrion

The effects at steady state of roll design and operating variables
for systems of impinging jets used as calender control actuators were

determined by numerical simulation.

5.4.1 Conditions Used in Numerical Simulations

The operating conditions for which the steady state numerical

simulation were performed are listed in Table 5.1
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Table 5.1 Conditions for steady state numerical simulations

External Shell Internal Jet-to-Jet Number of

Diameter Thickness Heated/ Separation heating jets/ Comment
r (mm) 3 {(mm) Unheated S {mm) cooling jets
19

250 100 heated 100 9-1

250 120 heated 100 g-1

250 150 heated 100 9-1

250 200 heated 100 9-1

250 240 heated 100 9-~1

250 100 unheated 100 9-1

250 120 unheated 100 9-1

250 150 unheated 100 9-1

250 180 unheated 100 9-1

250 250 unheated 100 9-1 (1)
250 120 heated 200 9-1

250 120 heated 200 9-1 (2)
250 120 heated 200 g9-1 (3)
250 120 heated 100 9-1

250 120 heated 100 9-2

250 120 heated 100 9~3

250 120 heated 100 1-9

250 120 heated 100 2-9

250 120 heated 100 3-9

250 120 heated 100 9~-. (4)
250 120 heated 200 9-1

270 120 heated 100 9-1

300 120 heated 100 9-1

300 150 heated 100 9-1

(1) solid roll
(2) sharp Nusselt number profile
{3) extremely sharp Nusselt number profile

(4) confined impinging jets

5.4.2 Equivalence of Heating and Cooling Control Jets

The equivalence of heating and cooling centrol jets with respect to
steady state deformation, Ar, is as expected for unheated rolls because,
with qp= 0 = 9. the boundary conditions are symmetric. However, the
subsequent displays of results show that the absolute magnitude 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 within such rolls
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is always outward from the heated core whereas the direction of
convecti;e 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 s 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 o i.e, Ts, in each case at both t =
0 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 Figures 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 conditions are not
symmetric, it is of interest to examine this behavior.

With an internally heated calender roll subjected to either all
heating jets or all cooling jets for the t = 0 condition, the roll
assumes a steady state temperature distribution which satisfies the heat

balance at the surface, r = r where
q +qg +q =0
1 c P

When all heating jets are used, the iqp| heat sink is satisfied by two
heat sources, |q | and |qc|. When all cooling jets are used, the single
source |q1| satisfies the two heat sinks, |qc| and |qp|. These t = 0
conditions are seen as the highest and lowest profiles on both 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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condition raises the lowest profile or decreases the highest pictile,
relative to the t = 0 initial condition profiles, thereby producing the
interior pailr of radial or axial profiles., The relative mportance ot

the three heat fluxes at the t = 0 1nitial condition 1s shown 1n

Table 5 2.

Table S5 2 Heat Balance at t=0 at the Surface of an Internally

Heated Calender Kkoll

Initial Condition: Initi1al Condition:

Ali Heataing Jets All Cooling Jets
Shell Thickness, s, mm Shell Thickness, s, mm
Heat Flow, W/m 100 120 150 100 120 150
7795 7674 7472 11467 11354 11146
. 405 526 728 ~3267 -3154 -294¢
£ -8200 -8200 -8200 -8200 -8200 -8200

P

g 1s constant by virtue of the choice of paper side boundary

condition.

For the 1initial condition of all heating jets, the relative
importance of g and q. in satisfying the single heat sink , qr‘, 13
apparent, witn qc providing only 5-10% of the heat transfer required by
the paper side boundary condition. Likewise, for the 1nitial condition
of all cooling jets, the split of the single heat source, q . bt ween
the two heat sinks, qcand a is still deminated by the paper side heat
transfer. Also, comparison of the magnitudes of g and a, indicates the
large extent to which the calender roll surface temperature, T, i3
dominated by radial conducticn from the heated core and the paper web
This conclusion 1s guantitatively evident from the choervarion, F.iqures

5.15-5.17, that with the roll heating fluid at 150°7, the switeh betwoen
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4ll heating jets at 150°C and all cooling jJets at 20°C never moves the
roll surface temperature beyond the range 121 - 138°C.

For the initial conditicn of all coclirg jets, the axial profiles
of roll surface temparature, TS, shown in Figures 5.15%a, S5.16a and 5.17a
are not straight lines but display a bare y perceptible per:odic ripple
which is associated with the location of the cooling jets at the axial
positions 0, *5, *25, #3585 and $4S. In the asscciated control mode with
nne heating jet, the same ripple in TS persists except in the region
dominated by the heating jet. This TS ripple must be present also for
the initial condition of all heating jets, b.t in this case with q:
acting in the same direction as the dominant q- term, the amplitude of
the ripple s too small to be detected.

The value of the peak difference 1n roll surtace temperature, ATSH
1s seen as the difference between the peak temperature, T , and the

sT

base temperature, T , on Figures 5.15a, 5.16a, 5.17a. These values of
SL

%

A'I"‘p are displayed on Figure 5.18. For the thickest shell, s = 240mm,
the basic non-equivalence of the heating and cooling control jet cases
with a heated roll can be seen on Figure 5.18, with of course the
cooling control jet producing a larger roll surface temperature peak,
AT“D, which would be accompanied by a correspondingly larger thermal
deformation peak, Arp These differences between the heating and cooling
control jet cases are very small even for the extreme case of s = 240mm,
and soon become undetectably small for the thinner shells generally used
1n industrial practice.

With unheated calender rolls, ql = 0 = qp, so that the heating and
cocling control jet cases are always eguivalent for steady state roll

temperatures and thermal deformation. 7Thus for unheated rolls, all

results 1in the present study done wicth heating or cooling control jets
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are 1n fact applicable in either case. In principle, this equivalence
dres nog apply for heated rolls., However, the present gquantitative
aralysis shows that the non-equivalence is so small for ccnditions of
ir.justrial relevance that even for heated rolls, all results with
heat 1ng and cooling control jets could, 1in practice, be used for either

case

5 4.3 Effect of Roll Design

For the case of unheated rolls with a single control jet, profiles
of lccal roll deformation, AY, for wvarious shell thicknesses are
illustrated in Figure 5.19. The much larger steady -tate deformation for
unheated rolls than for heated rolls is clearly evident by comparison
with the profiles shown earlier as Figure 5.12.

Figure 5.20 shows that, for heated and unheated rolls, the effect
of shell thickness, s, on peak roll deformation, Arp, is Jjust the
opposite. As the shell thickness approaches the roll radius, Arp for
heated and unheated rolls converge as expected, since the area available
for internal heat transfer approaches zero. For the commonly used shell
thickness of 120mm it is highly significant that Arp is 2.2 times higher
with the unheated calender roll, Figure 5.20. For solid calender rolls,
the dashed line between the results for the two solid rolls on Figure
5.20 indicates the extent of the increase in Arp associated with the use
of smaller roll diameters.

The peak deformations obtained with a heated calender roll are
consistant wath the values quoted by Verkasalo{1984], i.e. 2 - 5.5um for
a Jdouble walled roll and 3 - 6um for a center-bored roll. Verlasko made

no mention of the effect of shell thickness, s, other than the implied
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differences due to shell wall th.ckness changes “etween the twd types of
rolls., There must ke an effect of shell thickness, s, since thermal

defoirmation 1s a functien ¢f the length over which a temperdture change

.5 rade.
F.gure 5 21 sfows that the magnitude ot the charicteristice width of
the roll defcrmation, WA , and again the opposite ettests ot 5 on WA

for heated and unheated rnlls. Wrth unhcated rolls the larger values ot

Ar , Figure 5 20, naturally give larger values of W Firgure % 21, with

A’

i8]

these differences disagpearing as s - r The values of wAr obtarned are
ccns.stent with the wvalues quoted by Verkasalo [(1384) For double-walled
and center-bored rolis, le claims W 1s i1n the range 340 to 424 nmm,
witn the larger valies £ wAr being for the center-bored rolls Al
mentioned earlier, Verkasalo does not consider the etfect ot whell

th.ckness amce evident 1n the present work For s»>lid 1aells, the

significant :mprovement in peak deformation, Figure 5 20, 15 seen on

ct

Figure 5 21 to ke sbtairned with no penalty as to width of deformation

Figure 5.22 3hows the effect of external roll rad.uz, r, on t b
profiles of local roil deformation, Ar, for heated ralls of hell
thickness 120mm with a single control et When r 15 1ncreased by 200
the  peak roll Jdeformation, Ar , decreases by 12 while t hes
characteristic width, wAr' decreases, as 1s typical, by a -maller
prcoportion, 1n this case about 5%

For unrheated rolls, wher the internal wall 15 conoidered
ad:abatic, roll deformat:on 1s larger than with the cqgiivalent hoated
roll, Figure £ 20, due to the abzence ¢f an intecnal neat source  In the
absence of q. the response of the roll surface to the control jet 19 now
limited only by arial heat transfer, q/, Lot wezeern the reqg.oon bLencath *he

control cet and the sarr<.rnaiing reguloen Thus with Lrheated reolls,
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increasing 8 at constant r increases the axial heat transfes aiea
zelative-to that for heat transfer f.om the control jet, hence increases
q, relative to q_s which reduces the temperature difference that the
control jet produces, thereby decreasing roll deformation, Ar.

The higher roll deformation obtainabie with unheated rolls is
particularly interesting for control purposes. For example, in an
ex1sting calendering configuration where a control system of impinging
jJets is installed on a heated roll, the advantage of a much higher

control bandwidth could be obtained by simply moving the control system

to an unheated roll.

5.4.4 Calender Control Deformation Index

A single index of calender roll deformation performance is
desirable because what 1s required is a control system with high peak

roll deformation, Arp, but low width of deformation, wAr' The results

recorded in Figures 5.19 to 5.22 indicate invariably a trade-off between
these two desirable criteria, i.e. conditions which give high Ar , as is
P

desired, also give high W a8 negative characteristic for local

A’
control. Therefore inspection of the effect of a variable on Ar and wA

P r
provides no guidance as to the net effect on concrol characteristics.

However the absolute value of the ratio of these two characteristics,

, i.e. millimeters of width of deformation per micron of peak

deformation, provides a deformation characteristic which is relevant to
control. This ratio is therefore termed the calender control deformation

index, I_. In Table 5.2 the corresponding values of wAr’

WAI/Arp

Ar and control
P

index, I =
~

, are given for the cases recorded in Figures 5.12

- 5.13 and 5.19 - 5.22. By definition, the lower the ID value the better

the control characteristics.



Table 5.3 Calender control deformation index

(a) Internally heated roll, r = 250mm, S = 100mm.
Q

Shell thickness W Ar I
Ar P J
s, _mm mm _pm _mm/pm_
100 278 -4.14 67
120 305 -4.,72 65
150 337 -5.55 61
200 385 ~-6.97 55
240 421 -8.41 50

(almost solid)

(b) Unheated roll, rO = 250mm, S = 100mm.

Shell thickness W Ar 1
Ar p o)
S, mm mm pm _fm/pm
100 475 -13.32 36
120 472 -11.88 40
150 466 ~10.53 44
180 462 -9.74 47
250 (solid) 457 -9.10 50

(c) Internally heated roll, s = 120mm, S = 100mm,.

Roll radius, r W Ar I
o] Ar L P
mm mm Hm _mm/pm
200 290 -5.58 52
250 305 -4.72 65
270 317 -4.48 71
300 356 -4 16 86

(d) Unheated roll, s = 120mm, S = 100mm.
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Figure 5.23 Effect of shell thickness on calender control deformation

index for heated and unheated rolls of r = 250 mm.
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Roll radius, r W Ar I

- o Ar ) o
mm _mm _Hm _nn/ pm_
200 450 -12.98 35
250 472 -11.88 40
270 480 -11.55 42
300 490 ~11.16 44

For internally heated rolls, the values of the deformation index,
ID' found in Table 5.3 show that increasing the shell thickness produces
an improvement (i.e. a decrease) in the deformation index for values of
shell thickness in the range 100 to 150mm,

For a fixed shell thickness in the range commonly found in existing
heated calender rolls, s = 120mm, the results in Table 5.2(c} indicate a
substantial improvement in ID as roll radius 1is decreased. For a
calender roll of fixed radius, the opposite effects of shell chickness
on deformation index for heated and unheated rolls, appatent 1n Table
5.2 (a) and (b), are portrayed on Figure 5.23. With unheated rolls, the
deformation incdex improves strongly with reduction in shell thickness
Moreover, for a 250mm radius hollow roll, Figure 5.23 illustrates the
dramatic improvement 1in calender control deformation 1nagex to be
obtained by switching from heated to unheated rolls.

Clearly the system with the highest control potential, considering
the desirability of both high local roll deformation and narrow control
width, is a small diameter unheated roll of minimum prdctical shell
thickness. 0Of the specifications for unheated rolls tested here |,
Table 5.2(b) and (d), those giving the best (lowest) value ot the
deformation index, ID of about 35mm/um, are fortunately also those which
give the highest absolute value o0f the peak roll deformat:on, Ar  of

b

about 13 um.




It has been traditional practice in the paper industry to avoid

placing calender contrcl equipment on adjustable crown rolls (such as
©

Crown Controlled or Nipco rolls) because these rclls are already

assisting in the control process through hydraulically produced roll

deformation. However, hydraulically actuated adjustable crown rolls have

control widths, W, , 1n the order of meters while impinging jet control

Ar

sysrems provide control widths, W in the range 300 - 500mm,

Az’
Figure 5.21, Table 5.2. The bandwidths of under 500mm associated with
unheated shell rolls can probably be extended to adjustable crown type
rolls , although internally, such rolls may not be completely adiabatic.

Although peripherally bored heat transfer rolls were not simulated
in this study, the current results provide guidance concerning this roll
design. The high internal heat transfer and thin effective shell
thickness of such rolls would clearly result in a small thermal

deformation, Figure 5.20, and a poor control index, Figure 5.23, making

these rolls a poor choice for calender control.

5.4.5 Effect of Actuator Heat Transfer Profile

Kan [128€) and Hilden and Randle [1984] recommended higher control
actuator resolution in the cross machine direction in order to produce
the "ideal” step function temperature profile at the roll surface. They
claimed this strategy would provide larger calender roll deformation
directly at the actuator centerline and a uniform roll diameter between
actuators. As shown in Chapter 4, for jet-to-jet separation of S/d = 8
the cirrcumferentially averaged local heat trarsfer between jets is
relatively uniform. Moreover, the effect of axial heat conduction in the
calender roll is high, as shown by the finding that the characteristic

width of the roll deformation, WA:' is about 3 - 5 times that of the
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jet—to-j?t spacing, S = 100mm. High axial heat transfer dJdamps the
surface temperature profile and, consequently, the profile of thermal
deformation, Ar.

To provide a quantitative analysis of this effect, roll deformation
was calculated for three heat transfer profiles as boundary conditions
Profile #1 of Figure 5.24 1s that for an 1mpinging jet cobtained
experamentally in Chapter 4 and represented by equation 5 12. The other
profiles were arbitrarily chosen to approach a step function heat
transfer profile while maintaining the same heat flux per actuator as
for Profile #1. In the extreme case, Profile #3, half the area bhetween
actuators has no heat transfer. The calculated profiles of roll
deformation, Figure 5.24, show that concentrating the heat flux to
effectively a step function profile around the actuator results in an
increase in the roll deformation directly at the actuator centerline by
only = 12%, with less than 12% decrease in control width, wAr (Table
5.4). An impinging jet heat transfer profile 1s seen to give values of
roll deformation, control width and deformation control index which are
almost as good as those for the ideal case of a step function heat flux

profile.

Table 5.4 Effect of heat transfer profile on recll deformation

characteristics of a heated roll with r = 25%0mm,

4

s = 120mm, S = 200mm (S/d = 8).

Heat Transfer W Ar 1
. Ar r Y
Profile
mm__ _Hm mn/ gam
1. impinging jet 348 ~-7.26 48
medium 320 -8.00 40
3 extreme 309 -8 65 316
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Figure 5.24 Profiles of local roll deformation: alternative Nusselt

number profiles, r = 250 mm, s = 120 mm.
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Thus the more nearly step function heat flux profile with i1nduction
heaters ;s the CD control actuator, pointed out by Kan and by Hilden and
Randle as advantageous, 1S seen to be an advantage with minimal
quantitative effect. On the other hand, impinging Jjets provide the
unique control advantage of ready access to either a cooling or a
heating control flux. As for the concern ¢of previous 1nvestigators that
bell shaped heat transfer profiles would create a “bumpy" roll, the
present analysis demonstrates that for impinging jets, the maximum

"bump" in roll diameter between actuators, Figure 5.24, 13 less than

0.3 pum. Such concerns are clearly groundless.

5.4.6 Effect of Actuator Arrangement

Two parameters describing actuator arrangement are the jet-to-jet
separation, 8, and the number of adiacent control jets used. Increasing
S increases the jet heat transfer efficiency, 1.e., more heat trdansfer
per 3Jet. Increasing the number of adjacent control jets affects the

profile of local roll deformation.

(a) Effect of number of adjacent control jets

For a jet-to-jet spacing S of 100mm, Figure 5.25 and Table % S show
the roll deformation of a heated roll with wvarious numbers, N, of
adjacent cooling or heating control jets. The use of N = 2 results -
increasing by a factor of 1.7 the peak roll deformation, Arh, relative
to that produced by a single control jet. For N = 3, Ar 13 that 2 1

P
times that for a single control jet. For S = 100mm, r = 250mm and
[¢)
s = 120mm, the values of Ar produced by using 1, 2 and 3 adjacent
E

control Jjets are, respectively, 39%, 65% and 82% «of the imasimum

deformation possible (i.e. that with all Jjets 4t the control et
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Figure 5.25 Profiles of local roll deformation for heating and cooling

control jets, r =250 mm, s = 120 mm, S = 100 mnm,
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condition. From Figure 5 25 i1t would appear that an axial distance of
about 706mm would be required to go from minimum roll diameter (a row of
cooling control jets) to maximum roll diimeter (a row of heating contiol
jets) With the high thermal conductivity of the calender roll, wA_ is
about 300mr for 35 =100mm, so closer spacing of the control jets will
clearly have little influence on local deformation. Typical commercial
practice 1s to place calender control actuators at axial sepdrations in
the range 80 to 200 mm. The high degree of coupling between the effects

of neighboring control actuators, illustrated by the present results,

provides the basis for rational design of CD caliper process control

schemes.

Table 5.5 Effect of number of adjacent control jets on the
roll deformation characteristics of a heated roll
with r = 250mm, s = 120mm, S = 100mm,.

N, Number of w Ar I
Ar p o
control adjacent control
jet jets mmo um _mm/pm
1 305 4.73 65
heating 2 357 7.97 45
3 422 9 91 42
1 300 -4.70 64
cooling 2 351 -7.95 44
3 416 -9.89 2

Under the conditicns tested, the aksolute magnitude of the
defcrmation achieved by 1, 2 or 3 adjacent heating jets surrounded by
cooling jets 1s indistinguishable from that obtairned for cooling contral
jets in a rcw of heating jets. This effective equivalence of heat ing and

cooling contrd>l jets on heated rolls was explained 1n Section 5.4 2.

(b) Effect of jet-tg~jet separation
As nevailed :1n Chapter 4, for a sirgle row of amp.rging et s a

jet-to~jet spac:ing of S less than 8d {(2%Cmm) results in decreaced e




herat transfer eff.ciency. Figure 5.26 and Table 5.6 show the effect of
Jjut-to-jet spacing on roll deformation characteristics by comparing the
case of a single control jet at a spacing of S/d = 8, i.e. § = 200mm,
with that obtained for control with 2 adjacent jets at a standard
spacing of S/d = 4, 5 = 100 mm. The air flow rate per jet is the same in
the two cases., The maximum roll deformation, Arp, with 2 control Jjets
and S/d=4 1s only 8% greater than that with a single control jet at
dnuble the S/d. As the calender roll deformation index, Ia' is also
¢ssentially the same between the two cases, there is no advantage in

narrower jet-to-jet spacing.

Table 5.6 Effect of jet-to-jet spacing, S, on roll deformation
characteristics of a heated roll with rc = 250mm,

s = 120mm.

Jet-to-jet W |ar | I
. Ar P 2
Spacing, S
_mm mm um mm/ pm
100 356 7.97 45
200 348 7.26 47

On an operating calender, Mitchell and Sheahan ([1976] observed
that the maximum difference 1in rocll surface temperature under Jets
spaced at S/d=8 was only 15% less than that for S/d=4. Thus the
conclusion reached from the present numerical simulation is identical to
that obtained from the measurements by Mitchell and Sheahan on an
industrial calender. Considering the important disadvantage of use of
deuble the amount of air with the S = 4d spacing and the negligible
control advantaje of the narrower spacing, a jet-to-jet spacing closer

than § = 8d appears uneconomic.
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spacing, r = 250 mm, s = 120 um
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$5.4.7 Effect of Jet Confinement

The effect of placlng at the nozzle exit a conflnement plate,
concentric with the calender roll, continuous in the cross machine
direction and extending 5.75d in the circumferential direction on either
side of the nozzle centerline was reported In Chapter 4. Those results
demonstrate that, for H/d = 2, use of such a confinement plate increases
the circumferentially averaged heat transfer coefficlient by 33%
(Figure 4.45(b)). To determine the influence of Jet confinement on local
roll deformation, the axial heat transfer boundary condition for the
Jets, Equation 5.8, was modified simply by increasing ﬁﬁ; by 33%.

With the assoclated 33% increase in local heat transfer from use of
confinement, Figure S5.27 and Table 5.7, there 1s a corresponding
substantial improvement in both peak roll thermal defo\rmation, Arp. and

calender roll deformatlon index, ID, in both cases by about 234.

Table 5.7 Effect of Jet confinement on roll deformation
characteristice of a heated roll wiih ro = 250 mm,
s = 120 mm, S = 100 mm

Jet W |ar_| I
Confinement Ar P D
mmn Bm o/ pm
without confinement 305 4.72 65
with confinement 299 5.84 51

The use of a ~onfinement surface on impinging Jet calender control
systems was recommended in Chapter 4 for reasons of heat transfer energy
efficiency. This advantage 1is now supplemented by the documented
substantial improvement in CD calender control characteristics with
confined Jets. For existing unconfined impingement calender control

systems, this Iimprovement can easily be realized by retrofitting 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 constant thermal
conductivity when subjected to axially uniform convective heat transfer
boundary conditions, i.e. no axial wvariation in Theat transfer
coefficients, h‘ and hc, or heat transfer fluid temperature. The

solution, Equation 5.18, takes the form of a Bessel equation,

-aBi t
T(r,t) =Z e KO(BM,r) . r’ Kh(ﬁﬁ,r') F(r’) dr’ (5.18)
r=J a
RC (Bplr)
where KO(B (B =
m N
JO(Bnr) YO(B"r)
RG(B'\'\'I) = - ‘
k BJ'(Bb) +h I (BDb) k BY (Bb) + h ¥ (BDb
m 0 m c O m w0 m 1 0 m
2 2
2 h 2 h
b c 2 a 1 2
N = = 1+ e RB,r) - =—] 1 + ——— R (B,r)
2 k?B; 0 ' r o 2 szi 0 ' 'm 1

Solving Equation 5.18 requires solving for the roots of Egquation 5.19




where Bm are the roots to the transcendental equation

-Bk Jé(Br ) + h J_(Br) =Bk Y. (Br) + h Y (Br)
- — - — = 0 (5.19)
Bk J‘(Br ) + h J _(Br) Bk Y (Br) + h Y (Br)

2 o) c o z o) c 2 a

This unwieldy equation applies only to the case of one dimensional,
radial heat transfer. With respect to providing insight concerning
thermal response of the body to changes in the boundary conditions, this
analytical solution offers no advantage over a numerical solution. For
the case of interest here, furthermore, the external thermal boundary
condition 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 simulation was made are

listea in Table 5.8.

5.5.3 Results of Unsteady State Simulation Model

The tracking of process disturbances with minimum time lag, desired
for optir~ m control characteristics, requires use of calender rolls with
minimum response time. The response of a calender roll to a change 1in
the control actuator heat transfer from a cow of 1dentical Jjets to a
repeating sequence of either 1 cooling jJet and 9 heating jets, or 1
heating jet and 9 cooling jets, 1s 1illustrated by follcwing the time
response of the deformation at the centerline of the control jet,
Ar| . The steady state limit of Ar|l$ is the peak roll deformation,

2=y

Ar as used in Secticn 5.4. The close agreement of steady-state pieak
P
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Table 5.8 Conditions for unsteady state numerical simulations

External Shell Internal Jet-~to-Jet Number of
Diameter Thickness Heated/ Separation heating jets/ 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 -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

250 250 unheated 100 9-1 solid roll

roll deformation, Arp, predicted using with the plane strain solution
{i.e. Equation 5.2(a) and 5.17) with that from the complete numerical
model (i.e. 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 examined here 1t 1s therefore
legitimate to obtain the transient response of a calender roll using the
plane strain solution, i.e. Equation 5.2(a) to solve for the temperatute
field and Equation 5.17 to determine the instantaneous roll deformation
Thus all the unsteady state results are obtained by application of the
plane strain approximation to the transient state.

Figures 5.28 to 5.35 show the development of roll surtace
deformation at the control jet centerline, Ar|1 N from the time ot
switching from a row of identical jets to one of the control modes noted
above. Figures 5.28 to 5.33 are for heated shell type rolls of various
ext :rnal diameter and shell thickness. Figures 5.34 and 5.3% are for
unheated calender rolls. In Figures 5.32 and 5.33 the control jet 15 a
single heating jet in a row of cooling Jets, while all other figures
show the complimentary case of a single cooling jet in a row of heating
jets. A jet-to-jet spacing of S/d = 4 is used throughout, corresponding
to a separation, S, of 100mm between the center lines of the impinging
jets issuing from nozzles of diameter d = 25mm. The nozzle exit

temperatures of the jets, T, of 20°C and 150°C and the values of all

other operating conditions are as specified in Section 5.3.3.

§.5.4 Simulation Results as Deformation Time Constant

The transient response of a calender roll illustrated in
Figure 5.28 to 5.35, by the development of the peak value of roll
surface deformation, Ar| _ can be represented in the form of an

exponential decay:

Ar = Ar (1 -¢e % (5.20)
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where the deformation time constant, T, and the peak roll deformation,
Arp. depend on the geometrical and thermal boundary condition.
Desirerable control characteristics are a high value of peak deformation
and of low deformation time constant. Figure 5.36(a) and (b) show
comparisons of time histories of numerically predicted values of Ar|z=°,
with the fit obtained by Equation 5.20. As the agreement is excellent,
the values of T and Arp obtained by fitting Equation 5.20 to the time
history results displayed in Figures 5.28 to 5.35 can be considered a
satisfactory representation of the systenm.

Figures 5.37 to 5.40 display the results as expressed in terms of
Fquation §5.20. These simulations cover the range of parameters
150 = r 5 300 mm and 80 s 5 = 140 mm for internally heated rolls with
heating and cooling control Jjets, and for unheated rolls with cooling
control jets. As already noted, results with heating and cooling control
Jets are either exactly equivalent or are effectively equivalent.

A comparison of steady-state peak roll deformations obtained for a
heated roll wunder heating and cooling control Jets 1is shown 1in
Figure 5.38. The near equivalence of heating and cooling control Jets
with a heated roll, established in Section 5.4.5, 1s again i1llustrated.
Peak roll deformation obtained by steady-state simulation (Section 5.4)
compares well with that obtalned 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 strain assumption, 1.e. Equations 5.2(a) and 5.17, and

representation of these results using Equation 5.20.
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With a heated roll, the cooling control jet data of Figure 5.39
indicate that the deformation time constant, T, for constant shell
thickness is little affected by r.- Increasing r from 200 to 300mm
improves the time constant, but only by less than 104. The effect of
shell thickness on T at constant r, is much stronger. Thus for
r, = 250mm the time constant is greatly improved, In fact ls reduced by
more than 50Y%, for a decrease in shell thickness from 140 to 80mm. These
ar/aro and 8t/8s effects both reflect an increase in the external roll
surface heat transfer area for the control Jjet, relative to the mass of
the metal shell. Heat conduction out through the metal shell attenuates
the rate at which deformation of the roll surface is obtalned 1n
response to a step change in convective heat transfer rate by the
control Jet at the roll surface.

The deformation time constant for unheated rolls 1is much greater
than for heated rolls and is little affected by either roll diameter or
shell thickness, Figure §.40, with < % 21-23min, much higher than
determined for heated rolls As a heated roll of r = 200mm appioaches a
solid roll (increasing shell thickness) Figure 5.40 shows that =
increases exponentially because, as s - Po, the deformation time
constant must approach that shown for a solid roll.

Since the the peak deformation is different for all cases, 1t lis
inappropriate to compare the maximum peak deformation and time constant
separately. Although unheated rolls have comparatively large time
constants, the roll deformations are also much larger. For control to be
effective on calender stack, the response to the control action should
occur within a 10 minute period. Using this some'hat arbitrary time
period, the deformation achieved in a 10 minute period, Ar}xo’ glves a

means of comparing overall transient control characteristics.

5 - 88




Figure 5.41 shows the peak roll deformation obtained within 10 r.n.tes
of the control action. For rolls of equal diameter, the therras.
deformation after 10 minutes is always greater for unheated rolls As
expected, the heated and unheated results cocnverge as the shell
thickness increases and approaches that of a sol.d roll.

For heated roll there is a modest maximum rcll deformation nedr a
shell thickness of 140mm. As shell thickness increases, the thermal
influence of the internal heat transfer on Arp’ﬁ decreases, due to the
increased separation and a decrease in the internal heat transfer areaq
Thus initially an improvement in the deformation is observed. As the
shell thickness is increased further, the relative importance of axial
heat conduction increases, due to a larger available heat transfer area

This results in a small decrease in ArIC behavior as the heated roll
p

results approach that for unheated rolls.

5.6 Summary

The thermal deformation of calender rolls under unsteady-state
conditions was numerically simulated using finite volume and finite
element techniques, for which grid independent solutions were
ascertained. The effect of calender roll design and of control system
design and operation on steady state and transient response oL cCalender
rolls was thereby determined.

The only previous numerical study required the use of an assumed
surface temperature profile, which in practice 1s an unknown dependant
variable. A key feature of the present simulation 18 the avoidance of
that assumption by linking the thermal deformation to the heat transfer
characteristics of the control actuator keing used. The present, more

comprehensive simulation, when adapted to specified surface tormperature




boundary conditions, closely reproduces the results of the previous
simulatién.

As shown, the deformation time constant of a calender roll
decreases with decreasing shell thickness due to a smaller thermal mass
which must be heated or cooled. This criteria applies for both heated
and unheated rolls. For a given roll design, however the increased
penetration depth into the shell of the heat transfer assoclated with
the control actuators with unheated calender rolls results in larger
time constants than for heated rolls.

The transient behavior of calender rolls, as characterized by
Arpm' the peak roll deformation, 10 minutes after the control action,
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 Arplo than a solid roll of equal diameter.

Although the effect from thermal stresses associated with axial
temperature gradients must be taken into consideration for most typical
calender control situations, the plane strain solution given by Equation
5 16 1s a very good approximation for control purposes.

The local steady state deformation of calender rolls was
characterized in the radial direction as roll deformation, Ar, and the
peak deformation, Aro, and in the axial direction by the characterastic
width of this deformation, wAr' 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 of control actuators, the simulation investigated the use of

heating and cooling air jets as the control actuator(s), various heat

transfer profiles, variations in the number of control jets used,
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variations in the jet-to-jet spacing and the difference between confined
and unco;fined jets.

Because there is generally a trade-off between the desirability for
calender control for purposes of a high peak roll deformation, Arp, and
a low width of deformation, wAr, a criterion 1is proposed for the
evaluation of alternative systems. The recommended characteristic,
denoted the calender control performance index, IC, 18 the ratio
WAr/Arp, i.e. the width of deforma i1on in millimeters per micron of peak
deformation.

The investigation of numerous roll designs indicates that the most
desirable steady-state and transient control <characteristics are
provided by unheated rolls of small diameter and of minimum practicatl
shell thickness.

The placement of calender profiling equipment on adjustable crown
rolls should not be discounted as has been traditional prdctice. The
performance of the control system is complicated by the presence of
hydraulic crown control but considering the thin shell wall and
adiabatic internal boundary condition, the adjustable crown roll may be
an optimal control position location. The high heat transfer
characteristics and relatively thin effective shell thickness associated
with the peripherally bored type of heated rolls make such rolls
unsuitable for cross machine direction calender control.

As to design parameters for air jet control systems, a switch from
unconfined to confined jets yields a 33% increase in the heat transfer,
which in turn results in almost as large an improvement in peak roll
deformation, Arp, with no 1loss 1n the calender controcl performance
index, ID. The addition of a confinement surface to many ©-s15t 109

calender control systems 1nvciving unconfirned jets 1S a relatively casy



and inexpensive methocd to obtain a substantial improvement in calender
control éerformance.

The present investigation also indicates that there is negligible
control advantage to using jet-to-jet spacing, S, of less than 0.2m,
while closer spacings tha.. that have the disadvantage of wasting a large
amount of air,

The concern recorded in some previous work as to the production of
a "bumpy" roll between 1impinging jets, reflecting the axial
non-uniformity of the actuator heat transfer profile, is shown in the
present study to be groundless. It appears that the previous work did
rnot appreciate 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.

5 - 92




CHAPTER 6

THE EFFECT OF ACTUATOR POSITION ON PERFQORMANCE OF A CD
CALENDER CONTROL SYSTEM: AN EXPERIMENTAL STUDY ON A

COMMERCIAL CALENDER

6.1 Introduction

The optimum position of an actuator system in a calender stack tor
local control of web thickness 1is a commercially important, vyet
urresolved issue. The rather limited technical literature on thais
subject agrees that the position of the actuator system is a significant
parameter in the performance of a cross-machine (CD) calender control
system. However there is considerable disagreement as to the optimum
position and little convincing experimental evidence to support any of
the stated opinions.

An experimental study was carried out on a commercial newsprint
calender to provide better insight into the effect of the vertical
positioning of actuators on the response time and magnitude ot the
response of a CD calender control system. The experiments were performed
on only one calender configuration and, strictly speaking, are valid
only for it and other similar configurations. However, together with the
experimental and numerical results presented by Journedaux[19%0], the
data presented here provide a somewhat breocader 1nsight than the

literature which has so far been published on this subject.

6.2 Literature Review

Traditionally the calender control nozzles, or "calender cooling
nozzles™ as they were called, were placed on the ezposed rolls of the

entering side of the calender stack. This gave the Lackterder caLy




access to the nozzles and avoided the potential problem of condensation
water dr;éplng on the calendered paper. As described by Janett[1955],
this practice gradually changed to positioning the nczzles on the third
and fourth roll from the bottom of the stack, which is currently the
prevalent practice. Janett commented: "It now becomes apparent that air
should be supplied to the first roll above the queen roll on the
entering side 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 both sides. In addition, a considerable number of papermakers feel it
desirable to supply 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 than to the calender rolls. Using this approach, they were able
to make substantial improvements in the thickness profile on a
paper-machine over a period of 40 minutes.They claimed that an
equivalent response with air blowing on a calender roll might take as
long as 2-6 hours, which is unrealistically 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
paper and from there to the calender rolls, as well as the ability of
the cooler paper to affect more Lhan one calender roll.

Lyne et al.[1976] made measurements on the commercial calender
shown 1n Figure 6.1. They observed a l.5°C surface temperature change
and a 1 5um change in web thickness after blowing 27°C air for 30

minutes, at marimum flow rate, onto the 1.0m diameter crown-controlled
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king roll operated at 6°C. No measurable effect was observed by their
companicn experiment carried out on the 0.75m diameter solid gueen roll
at SSOC. Based on these experimental results and the following

reasoning, they recommended the king roll as the optimum location for

paper thickness control:

i. Heat transfer from the roll surface to/from the travelling web is

minimized.

i1. Thickness adjustments are final rather than the beginning of an
iterative effect as occurs in the upper nips of a calender stack
(less thickness reduction at one spot in a nip resulting in more

compression at that spot in the following nip).

i1i. When using cold air jet showers, general stack cooling is avoided.

Their comparison of results between control jets on the king and
queen roll was inappropriate because of the large differences in nozzle
size, mass flow; rate, and jet Reynolds number. For the low pressure air
jet from the small nozzle on the queen roll, the heat transfer rate
would have been only about 15% of that on the 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 calern:ier shown in
Figure 6.2 Mitchell and Sheahan{1978)] found control jets acting on the
crown-controlled king roll to be 50% more effective at producing web
caliper changes than when located on the center-bored third roll. The
air supply system provided air at 28°C in the nozzle headers while the
toll surface temperatures averaged 54°C. They agreed with the comments
and conclusions presented by Lyne et al.

Fjeld und Hickey[1981] approached the problem of actuator location

using largely undisclcsed reascning based on control theory. Their
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recommendations are summarized in Figure 6.3 in terms of estimated

relative éon:rol improvement as a function the control actuator position

in a double calender. According to their analysis, actuators placed

higher in the stack are more effective because they provide:

i, high system response time and good spatial resolution in the cross
machine direction;

ii. a wide control band;

i11. highest potential of relative decrease in caliper.

In their analysis, Fjeld and Hickey assume that a thickness
correction made in the top nip is as effective as one made in lower nips
because under feedback control the location where the correction is made
1s 1rrelevant. However that argument, which holds provided the actuator
can make the changes called for by the control system, says nothing
about the magnitude of this change. This magnitude depends on the
process, which in this case is highly non-linear. As the bulk duction
is much greater in the top nips than in the bottom of the calender, a
much larger roll reflection is needed in the top nips to produce the
same permanent thickness change.

In summary, the placement of CD control actuators recommended by
Lyne et al(1976]) and Mitchell and Sheahan(1978} 1s on the king roll, by
Fjeld and Hickey(1981] on the second roll from the top of the stack, and
by Kahoun et al.[1965] is on the web entering the stack. They all agree
that the traditionally preferred location on the third and fourth rnlls
from the bottom, as described by Janett[1955], is not the optimum,

The available literature makes little mention of the effect of
calender roll type (i.e. shell or solid) or internal calender operasting
parameters (1.e. heated, unheated, crown ~ontrolled) on the thermal roll

defcrmations associated with caliper cortrol actuators. Mitohell o




Sheahan{1978) noted the very much slower response of a solid calender
roll as compared to a shell type roll. Lyne et al.([1976] acknowledge the
effect of roll type and speculated that unheated hollow rolls would have
a larger change in radius per °c than either solid or heated rolls.

Thus the published literature takes little consideration of the
effect of roll design and, mcreover, provides conflicting results which
therefore do not provide the needed guidance in the design of high
performance calender control systems or in the optimization of existing

control systems.

6.3 Mill Calender Stack Configuration

The experiments were carried out on the double calender of a 3.7m
wide commercial newsprint machine operating at a speed of 500m/min,
producing a 45—47g/m2 roto-news sheet from a furnish containing 53%
thermomechanical pulp, 32% stone groundwood and 15% semi-bleached kraft
pulp.

This calender, shown in Figure 6.4, is described in Table 6.1. The
calender stacks were identical with the exception of the king roll,a
solid roll in the first stack, a hydraulically pressured, variable-crown
roll in the second stack. All rolls above the king roll were
center-bored (100mm) and, with the exception of the top rolls in each
stack, were steam-heated. The steam pressure was varied to adjust the
average thickness of paper produced during the five days of mill trials,
as shown in Table 6.2.

On each roll CD thickness control was automatically controlled by
two rows cf cooling air jets. The jet-to-jet spacing was 200mm, with the
two 1ows on each stack offset by 100mm to provide an effective

jet~to-jet spacing of 100mm. The nozzles in the CD control system were
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13mm diameter, set at a nozzle-to-roll separation, H, of 100mm

rcorresponding to a non-dimensional nozzle-to-roll separation of H/d = 8.

6.3.1 Experimental Procedures
The following procedure was used:

i. For edach trial a cross-machine location was chosen near the center
of +the machine, which had a relatively flat and stable web

thickness profile as measured by the CD control system.

1 A test nozzle, Figure 6.5, attached to a compressed air line at
18°C was placed on the roll to be investigated, mounted at the
center of the e«perimental regioun with a nozzle-to-roll separation

of H = 50mm, giving H/d = 2.

1ii. The control system cooling air showers in the experimental region

were turned off and the web thickness was allowed to drop.

iv. When the web caliper reached a minimum the test air nozzle was
turned on and the change in web thickness, as measured by the CD

control system, was recorded as a function of the elapsed time.

A nozzle exit velocity of 200m/s, corresponding to a jet Reynolds
number of 343000, was used in the test nozzle. Although much higher than
normally used in <calender control air showers, this jet flow rate
provided faster system response time and a web thickness change
sufficiently large to be readily separated from the background noise
associated with normal mill operation.

Axial profiles of roll surface temperature were measured using an
intra-red pyrometer fitted with an emissivity converter, Figure 6.6. The
emissivity converter, required since the chilled iror surface of the
calender rolls has a low emissivity, consists of a thin blackened teflon
stiip meunted on a bracket in front of the lens ¢of the pyrometer. The

tetlon strip contacts the roll and assumes the roll surface temperature




very quickly. The pyrometer measures the temperature of the Teflon

strip.

Table 6.1 Calender Stack Configuration

Stack #1 Stack #2

Roll Roll type Diameter Weight Roll type Diameter Weight
Position (m) (kg) (m) (kg)

H steam(off) 0.356 5000 steam(off) 0 356 5000

steam 0.35%6 5000 steam 0.356 5000

F steam 0.356 5000 steam 0.356 5000

E steam 0.356 5000 steam 0.356 5000

D steam 0.356 5000 steam 0.35%6 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 — swimming 0.711 -

Table 6.2: Operating Conditions During the Trials

Date BasiSJWt. Caliper Steam Pressure
g/m ) o fpm) __ (psig)
Day 1 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 5
Day 4 Sept 4/85 46.9 62.1 5
Day 5 Nov 3/85 45.4 64.8 4

6.4 Results

The experiments, very time consaming, required five days. The paper
machine cperating conditions did vary somewhat from day to day, as
suggested by the basis weight, paper thickness and steam pressure values

listed i1n Table 6.2. The aversge roll surface UGemperatures ol ser gerd

during days 3 and 4 are listed :n Tap.e 6.3.
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Table 6.3 Calender Roll Surface Temperatures Observed During Days 3

and 4.
Surface Temperatures (°C)
Roll
Peosition Stack #1 Stack #2
H - - -——
G - _—
F 82 83
E 88 85
D 86 87
c 89 87
(queen) B 81 82
(king) A 66 65

The 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
Figure 6.9. During the first two days Roll Bl was not accessible. In
addition to the measurements made on Roll Bl, the repeat measurements
made on Roll Cl provide an estimate of the reproducibility of the
measurements.

For the series of measurements performed on day 5, shown in Figure
6.10, the experimental nozzle was moved successively to different
positions in Stacks 1 and 2 for a <further 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
B1, the queen roll, with progressively smaller effects on Rolls Cl and
Dl Roll Al, the solid king roll, and Roll Fl, near the top of the
stack, showed very weak response to the control air jet.

The reproducibility of results 1is illustrated with measurements
made on Rolls Cl1 and D1 For Roll Cl, Figure 6.9 demonstrates the

consistency between the two measurements made on day 4 and those made on

6 —- 14
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fday 3. The =response of Roll Cl1 1s slightly stronger on day =<,
Figure 6 7, most l:kely as a consequence of some difference in cperating
conditions of the paper machine and calenders. The two measurements made
on Roll D1 on day 2, Figure 6.7, are in very good agreement. In summary,
~a*.15factory reproducibility of measurements made on the same day and on
dirfferent days 15 establisned.

A further illustration of the relative eftectiveness of the various
nozzle locations is snown in Figure 6.10. At t = 0 the automatac
calender control cocling system was turned 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 periods of
approximately 10 minutes the nozzle was moved to a new roll but at the
same axial position. The four positions tested, two 1in each stack,
corresponded to the placement of the calender control air showers in
this machine. With the test nozzle, only locations in the first scuack
are effective for control, i.e. produce increases in the web thickness,
while the ¢two positions in tlhe second calender stack are totally
ineffective. While it is difficult to measure roll deformation directly,
roll surface temperature changes on two similacs calender rolls indicates
the relative deformation of the rolls. Axial roll surface temperature
protiles were measured immediately before and after cool:ing air was
arplied with the control test nozzle on Rolls Cl and C2 on day 1. As the
results, shown 1n Fagure 6.11, indicate that the magnitude of
temperature change achieved on both rolls was similar, the magnitude of
roll deformation would likewise have been similar. Yet the change in
paper thickness achieved with Rell Cl1 was much larger than that achieved

with Roll C2.
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6.5 Discussion

The web thickness response, Figures 6 7, 6 8 and 6 9, to the
standardized control change 1s for rolls that differ in four ways, 1 e
1n two aspects of position and two aspects of roll geemet:y With
respect to position, the rolls d:ifter as to location within a4 stack and
which of the two stacks As to geometry, rclls differ 1n diameter and in
shell thickness. Moreover, there are two compeonents to the contirol
response, i.e. the steady state limit and the rate of apptroach to this
limit. These two aspects of the control respense dare now analysed
relative to the four wvariakles, two concerning position dand two
concerning roll gecmetry.

The most pronounced aspect of the resuits 15 the very low te,p nse
for rolls located i1n the second stack, Figure 6.8 calender roll surface
temperature measurements, Figure 6.11, contirm that temperature
response, and hence the deformation response, of rolls 1n the tirit and
second stack are indistingu:ishabl Thus the weak response in the second
stack is a consequence of the small potentidal f2r thickness reduct 1on an
this stack. As can be shown using the <atendering equat:ion of Crot gino
et al.[1980, 1983), when two 1dentical calender stacks qdare u,ed g1
series the reductaion 1in average thickness 1n the second Sta koo,
negligible near the top, and even rnear the bottom, thickness re futaon
1s only small. Effective local control <f thickness can only  bee
accomplished i1n nips which have potential for siqgnificant redaot ion g
average bulk. If the second stack was operats:d a2t higher mip load,,
significant reduction in average bulkx would coccur resar thee Lottom of tre
second stack. Under these cornditions, actuators lorated near the oottom
nips of the secound stack would be must effective, but *he pre,cnt study

clearly shows that CD lccal ~.rtrol shiuld te carr.ed out on o thee far ot
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calender stank,

Anctner striking aspect of the results 1s the demonstrated low
ffect 1veness of calender contrel when applied to the king roll,
Figure € 7 This finding contradicts the recommendations of Lyne et
al [197€] and M:rtchell and Sheahan([1978] that the king roll ais the
preferred location  The conclusions of Lyne et al appear tc be the
cotoequence of the lack of consistent test conditions on the different
rolls 1n their experiments and to differences in design of these rolls,
rather than to roll position in the stack. They supported their
conclusion with the argument that for thickness corrections to be final,
web thickness control should be performed on the king roll. This
argument 15 not valid because corrections perfermed by control on the
queen roll are just as final. Moreover, any local change in diameter of
the king roll affects only one nip while the same diameter change con all
other rolls effects two nips. This intrinsic feature places calender
control on the king roll, and by extrapolation, the top roll, at a
severe disadvantage relative to that on the adjacent rolls,

The thesretical study of local thermal deformaticn of calender
rolls under CD control conditions by Journeaux{1990] shcws that for
1tolls of the same diameter, unheated rolls with thin shells have a
larger deformation than heated thick-walled rolls. The king roll on most
calenders 1s a large diameter variable-crown roll, a favorable design
tor good cont:ol response. The complete lack of response from Roll A, a
vdatriable-crown roll, Figure 6.f, establishes that this design advantage
18 1nsuttacient to compensate for the double disadvantage of location,
1 e the king roll pesition, on the second stack. All subsequent

discussion theretore relates to control alternatives on the first

calender stack




Figures 6.7 and 6.9 indicate that, for the same cont:rol change, the
steady state web thickness response with contral on the king toll was
only 1/4-1/3 o¢f that with control erftected on cne of the 1olls
immediately above 1t This 1s well keyond the factor of 2 ditterence
that might result froem a local change 1n Jdiameter ot the kaing 1toll
affecting only a single nip 1instead of two nips as tor the other rolls
Roll gevmetry dJdifferences must therefore be the scurce of the respense
difference beyond rhat associated with being the last roll in the stack

The two factors differentiating this king roll from rolls higher in the

stack in are,

(1) 1t is a solid roll, and

(11) 1t 1s of much higher diameter - 56+ larger than the queen

roll and double the size of the other rolls.

In his study cf the local thermal deformaticn of calender rolls uniter D
control c¢onditicons, Jcurneaux{1989] has shown thart, for the same contreol
change, the steady state thermal deformation of scliid rolls decriegaes
with 1increasing roll diameter. Thus the 1low web thickness responie
associated with being the last roll 1in the stack ana theretore acting on
but a single nip, 1s further reduced because of the much larger frameter
of this king roll relative to the rolls abcve 1t.

When rolls of :1dentical geometry and tnermal condition an rhe far ot
calender stack are subjected to the same control change, Figare 6 ]
shcows that the rell in the positicn two rnlls above the kang roll,
Roll C1, yields a steady state wep thickrecs ~narge slightly larger than
the roll located three rolls, Roli D1 abouve “he king roll, and 304 4w o
larger than the deformation on R21l Fl1  This firnding contradior s *he

results of the treoret._cal stuiy Ly Foeod and Hooveyli9%1), ahoch




inddicate that the contrcl response decreases the lower the roll 1is
lorated 1n a stack Z.nce the trend of ccntrol sensitivity with roll
position 1na statk as reported here 1s based on direct measurements
with 4 mill calernder, rrne contrary prediction c¢f Freld and Hickey, based
oh A4 Lortrol thecry analys:s, 1s evidently in error

A good CD control system 15 cnaracter:zed both by a large change in
]« ~al wel, thickne ss at steady state after a centrol actuator change, the
cr1terion used in the above discussion, and by a fast response to an
actuator change. The present set of measurements on the first calender
stack, Figures 6 7 and 6 9, 1indicates that for all but one of the
combinat ions tested, 50% of the steady state response occurs in abcut
-7 minutes. The interesting exception 1s that, for the control jet
located on the queen roll, Roll Bl on Figure 6.9, 50% of the steady
stale response occurs in only about 2-3 minutes. Comparing control on
this queen toll teo that on the roll inmediately above it, this large
di1fference 1n dynamic response contrasts with the small difference in
stea.dy state response, Figure 6 9. Relative to the rolls located higher
1n the stack this queen roll differs in two ways, 1.e. it has a larger
Jiameter, 457mm compared to 356mm, and a larger shell thickness, 179mm
compated to 128mm. The numerical study of Journeaux(1990]1 on local
thermal defermation of calender rolls found that the deformation time
constant for a heated roll with a cooling control jet, 1i.e. the
conditions of the mill calender of the present investigation, was fairly
insensitive to roll diameter but decreased substantially with smaller
shell thickness. This trend is opposite of that observed in this study.
It scems unlikely that the improved response time observed with control
pertormed on the queen roll would be due entirely to its position in the

Jtack. Untortunately, the difficulty :n placing the impingement jet on




Wt

the queen roll precluded a replicate being performed at that position

and this potentially interesting finding must remain unsubstantiated.

6.6 Conclusions

Experiments on the double calender stack of a production newsprint
machine made to determine the most suitable position for ¢D control
actuators on the rolls of this vcalender led to the tollowing

conclusions:

1. Measurements of control sensitivity made on a calender in a mill
have the advantage of corresponding directly to operating
conditions in  industrial practace, 1n contrast  to  published
theoretical analyses or measurements on laboratory calenders The
associated disadvantage of these mill calender measurements 1s that
interpretation of such results 1s complicdated berause the two
aspects of control response, steady state and dynamic response, ate
affected by two position variables (which of two stacks and roll
position within a stack) as well as by three design variables (roll

diameter, shell thickness, and whether heated or unheated) .

2 The king roll and the top roll in the stack were <hown to be the
poorest choices for the placement cf control actuators Control on
these rolls suffers from the disadvantage that <nly a single nip o
affected while all other rolls affect two nips

3. When two 1dentical calenders are used 1n succession, the actuators

should be placed on the first stack as very little lecal control of
web thickness 1s obta.ned i1n the second stack  The wecond otacy
might be suitable only 1f 1t was cperated at ruch higher nap load,

than the first stack. S.bsequent conclius:ions relate therelore 1o,
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~ontrol on the first calender stack.

The gueen roll and the rolls 1mmediately above 1t produce the
st.rur.gest steady state response to a control change. When the
actunat-rs are placed on rolls higher in the calender stack, which
in this mill calender are of 1dentical design and thermal
condirtion, the steady state response with control on the second
rnll above the queen roll is slightly less than for the roll
.mmediately above the queen roll.

When choosing the location for control actuators it is essential to
consider the several calender roll design variables noted in
1tem 1 For example the results of the present mill calender
measurements combined waith the thecretical study of Journeaux
indicate that locating contrel actuators on an unheated thin walled
roll (e g. a variable-crown roll) situated above the queen roll
would ke superior to local CD control effected on a thick-walled

queen roll




CHAPTER 7

CONCLUSIONS

7.1 Contraibutions to Knowledge

1. Applicability of published i1impingement data to the calender control

proklem
It 1is demonstrated that the published data on 1mpingement heat
transfer for axisymmetric jets, usually with flat, stationaty
impirgernent surfaces, 1s generally applicable to the calender control
problem, with a cylindrical impingement surface rotating at high speed,

prcvided the entrainment of ambient air 1s properly treated

2. BEffect on impingement heat transfer of entra.nment by uncontined jets

Entrainment of ambient air by unconfined, ax:isymmetric Juts, das used
for calender control, can reduce impingement heat transfer by 6%+ when
the absolute jet to ambient temperature difference, T - T‘|, 15 equai
to the absolute jet to impingement surface temperature difference, |T -
TS . This study establishes that the entrainment factor, F, the ratic of

those two temrperature differences

T-T

T- T

scales the effect on impingement heat transfer of en'rainrent of ambioent

fluid by unconfined and confined :ets.




3 R{fect of impingement surface motion- axisymmetric impinging Jets

The absence of a significant effect of surface motion on heat
transfer under axisymmetric aimpingement jets was documented for
imp, . ngement surface speeds up to the high levels relevant to paper
machine calenders. This finding 1s in sharp contrast to the strong
«ffect of impingement surface motion and the accompanying air flow on
the heat transfer performance of slot jets measured by Polat{1988] and
van Heiningen([1982]). Polat observed that for slot jets, on a rapidly
moving impingement surface, Mvs = (0.34, average heat transfer was about
25: lower than that for a stationary surface. The present study, using
avisymmetric Jets, found that impirngement surface motion had no

significant effect on heat transfer over the range of the nondimensional

surface motion parameter from effectively zero up to M = 0.64.
Vs

4 Effect of jet orientation

The effect on average heat transfer of jet orientation relative to
the rotating cylinder was found to be negligible over the range of the
variables considered: 1.e. circumferential impingement position from 60°
to 120°,re1ative to the out-going nip, and nozzle inclinations from -45°
to 350, relative to impingement normal to the surface. In the case of
circumferential impingement position, provided that the jet center line
remains at least 10d from the in-going or out-going nip, no effect of
position would be expected. As for nozzle inclination, a slight maximum
1n average heat transfer is epparent at Y = 0° (normal to the surface)
tor H/d = 2 but this maximum does not appear for nozzle spacings of

H/d = 4 or higher.




5. Comprehensive correlaticns for heat transfer Unconfined jets
Local and average heat transfer under uncenfined axlsymnetiic jets

impinging on a moving surface were determined for the range ot

variables:

—
A

H/d = 8
118000
1.35
S/d =4, 8

22000
~-0.1

A

Re

1A

A
L]
IA

Correlations were obtained for stagnation and averdge heat transter
under those conditions. In correlations for average heat transter, two
basically different averaging areas were used The radially averaged Nu_
gives an average rate relative to the geometry of the jet nozzle, as 1o
commonly used 1in the axisymmetric impinging Jet  heat  tranoter
literature. The circumferentially averaged EG: provides the average rate
relative to the geometry of the impingement surtdace, a cylindrical
surface in the present study. Of these two bases for an average, Nu a1

the average which 15 most relevant to the design of calender control

systems.

6. Effect of impinging jet confinement

Confinement of the impingement flow by a plate coincident with 1 he
nozzle exit and parallel to the rcll surface can produce  substant 1al
improvements, by as much as doubling the heat transfer This 1ncreane n
heat transfer by a confinement surface results from reduction of
strengly deleterious effect of thermal entrainment for temperatures 1o
the range relevant to paper machine calender control. The catent of 1 b
confinement surface on either side of the nozzle center line shou'd be
as large or larger than 5.75d, the marilum e4tent Te.ted in the [Pt

study. In existing calender control systems using conf.red air
9
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addition of a confinement plate of width *5 75d would improve average
heat rransfer by approxaimately 80% for H/d = 1, by 33% for H/d = 2, and
by 15 at H/d = 4, Wider confinement plates, particularly on the

Adownst ream side of the nozzle, could give even greater improvement.

7. C.nprehensive correlations for heat transfer: Unconfined jots
Lorcal and average heat transfer under confined axisymmetric jets
impinging on a moving surface were determined for the following range of

varilables:

1 = H/d = ¢

60000 = Re = 118000

0.95 = F = 1.35
y/d = 0, 3, 4.5, 5.75
S/d = 4, 8

Correlations for the circumferentially averaged heat transfer are

provided.

8. Comparison of a staggered array with an in-line row of nozzles

The switch from an in-line row of nozzles to a staggered
configuration for the nozzles results in a higher heat transfer rate and
a correspondingly higher jet heat transfer efficiency. For conditions
typical 1in the calender control application, measured heat transfer
rates for the staggered array were higher by 22% and 33% for unconfined

and confined jets respectively.

9. Thermal deformation of calender rolls under control actuators
The steady-state and unsteady-state thermal deformation of
calender 1olls nunder control actuator conditions was determined by

numeracal simulatien using finite volume and finite element techniques.




The effect of calender roll design and of control system operation was
thereby established. The only previous numerical study required use of
an assumed surface temperature profile, which 1n practice 1s an unknown
dependant variable. A key feature ot the present simulation 13 the
avoidance of that assumption by linking the thermal deformation directly

to the heat transfer characteristics of the contiol actuator being used.

10. Steady-state thermal deformation of calender rolls

The local steady state deformation of calender rolls was
characterized in the rad:al direction as roll deformation, Ar, and its
maximum value, the peak aeformation, Arp, and 1n the axial direction by
the characteristic width of this deformation, wAr' The simulation covers
a wide range of calender roll design parameters, including roll
diameter, shell thickness, unheated rolls and internally heated rolls.
As for the system of control actuators, the simulation investigated the
use of confined and unconfined air jets of wvarious spacings as control
actuators, as well as various actuator heat transfer profiles, the lunit
being effectively flat profiles as would correspond to the use of
electrical heaters as control actuators.

The findings indicate that the most desirable steady state control
characteristics are provided by unheated rolls of small diameter and of
inimum practical shell thickness.

The placement of calender profiling equipment on adjustable crown
rolls should not be discounted, as has keen traditional practice. The
performance of a control system installed on a hydraulic crown roll 15
difficult to calculate precisely, but in view of tne thin <hell wall and
adiabatic internal boundary condition, an adjustable crown roll may bLe

an optimal cholice for pos.tiuning the control system. By contrast, the




high 1n§ernal heat transfer characteri13tizs of peripherally bored,
heated rolls make them unsuitable for cross machine direction calender
control.

Although the simulation was demonstrated for local control by
impingirg jets, the simulation 1is sufficiently general to be readily
adapted ror use with other contrcl actuators such as induction heaters

or wdter mist coclers.

11 cCalerder control performance index
Because of the trade-off in calerder <control Dbetween the
desirability of a high peak roll deformation, Ar , and a low width cf
| *]

defermaticn, W a craterion 1s propcsea fcr the eval.ation ~2f

Ar'
alternative roll designs. The recommended character:stic, denocted cthe
calender contrcl performance index, I:, is the ratio WA{/ArC, i.e. =re
width of deformation in meters per micron of peak defcrmation. Thus a
good system for calender control, an urreated caliender roll with a
1:ameter of 430mm and a shell thickness cf 120mm, gives a performanc

inles c¢f abcut I = 3Em/um while a pcor contrel system, an heate.

calender roll with a diameter of 600mmr and a shell thickness of 120mm,

Jives values -f this control index in the rarge I = 86ém/um.

12 Addition of continement plate to existing ccatrel system

For c¢ondit:ons reasured n the present study, a switch from
uncontined to cenfined jets in an exasting ca.ender control system using
unconfined -ets could yield a 33% increase :n the heat transfer, fcr a
noezle to cailender roll spacing, H/d, ©of 2 (even higher 1f closer H/dJ
are possible), almest as large an improvement in peak roll deformation,

Ar , with nc loss in the calender control performance inaex, I_. The

> ~
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wf#zrated at wuch higher nip lcads than the first stack. Subsequent
crnnlusions resate therefore to control on the first calender stack.

Tests <arried ovat on an industrial paper machine caiender stack
ot.cate that the bettom roil (king roll) and the top rcll are the
prorest choites for mne placterment of control actaatcrs. Contrcli on these
"o..5 utfers fr1om the disadavantage that only a single nip 1s affected
wic..we all other rolls affect two nips.

At antermediate pcsations, the "gueen" roll, second from  the
bote .m, and the twe rells .mmed:iately above it, procduced the strongest
v aly state response with 1dentically ges:gned calender rclls, the

stendy-state response lecreased with position above the queen rcll, with

+

tte frurth r>il atceve the gqueen roll yrelding only 30% ¢

s

the resporse

t *he roll rmmediately abcve the queen reil.
When "ho -L.g the locatizn for control actaators it 1S essent.al to
ceLder vhe soveral caleraer roll des:ign var.ables rz2. iianeter,
Pell thukress, and whether treated or unheated) Fcr e¢.ample, <ne
TeooLuts o f e present stoldy andlcate tnat locating contrcl ast.atirs on
ar "Mearter whan walled roll (e g a variarcle-crown roll) s.t.ated akcowve

he  tween roll owould be super.cr to the lccal control effected on a

“

L Fecommendat ns £ r Futuare Wor

The des.gn of confinerent plates should be investigated to opt:mize

Lee tedt transtfer in the calender roll corntrol configuration

> The tiow and remperature domain associated with the entrainment

tlow, both with the -t and with the impingement surface rction, should




be measured.

3. The erformanc characteristics of evaporative coolin as  a
g

calender control system shcould be determined in order to evaluate thei:

usefulness.

4. The compressibility of paper under the dynamic conditions

esperrenced 1in a calender nip should investigated. This i1ntormat 1on

wcald allcow the direct coupling of local calender roll det. rmation to

resalting .n-nip end resivered paper thickness
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APPENDIX A

Signal Noise Reduction




The noise levels in the heat flus sensor signal was i1educed to
about +/- 10 pv con a peak-to-peak signal of 1 V (atter a gain of J2500)

by the fellcwing meas.res:

~ use of low nolse instrumentation

a. amplifier with 3 uv rms RTI and 2 mv

RTO for a 10 kHz bandwidth.

£ slip ring assembly with 2 5 uv noise

per ring with 12 mA into 350 Q

- use of low pass filter to remove any

noise above the Nyquist frequency

- use of a common ground shared between

all instrumentation and equipment .

- use of shielded cables for all

inter~instrumentation leads



APPENDIX B

Schematic of the Data Acquisition Program
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APPENDIX C

Thermophysical Properties of Polyvinylchloride




Accurate values of the thermal properties of the substrate were
required for the calculation of the surface heat flux. However, the
thermophysical properties of PVC are not well documented and the
available experimental data for some properties are widely divergent and
subject to large uncertainty. Ho et al. [1977] preseated a comprehensive
compilation and critical evaluation of the available experimental data
and recommended values for the thermal conductivity, A, specific heat,
Cp, and thermal diffusivity, a«, of PVC with or with only a few percent
of stabilizer and plasticizer but without filler. But, since it was not
possible to obtain the exact composition of the PVC used in the
construction of the model calender stack and the heat flux sensor, it
was necessary to determine experimentally the required thermophysical

properties.

1. Thermal Conductivity

The thermal cornductivity of PVC was determined using the transient
method developed by Ioffe and loffe [1958]. The test apparatus is shown
in Figure C.1. Due to the low conductivity of the PYC the apparatus was

modified to improve the accuracy low thermal conductivities by:

i. using a sample with a 1large surface area to sample thickness,
typically with an area of 19 cm2 and thickness of .2 -.5 cm thick. This
maximizes the heat flux, Q, and increases the accuracy of the AT
measurement.

ii. using a vacuum in the chamber surrounding the sample and upper
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Figure C.l1 Test assembly for thermal conductivity measurements using

transient method of Ioffe and Ioffe[1958])




copper block, minimizing neat losses from the upper copper block through
the air spaces.
“

The experimental procedure used has been described by van Heiningen
(1982]). The measurement of A involves the measurement of the 'emperature
ot the upper block, T , along with the temperature difference across the
sample (T -T ). A typical signal output is shown in Figure (.2. When

- 4 AT
. u »
(T —Tl) reaches a maximum (A-B), —E—/(TJ—T') remains constant. The slope
") +

of the T curve during that interval (C-D)is measured and the *hermal
u

conductivity, A, can be calculated using

( AT
A = i W B (. i)
(T -T_) A !
u N
where A - sample thermal conductivity (W/m/OC)
Cp - heat capacity of upper block (J/°C)
L_ - sample thickness (m)
2
A - sample area (m)
Tu - temperature of upper block (OC)
T - temperature of lower block (OC)
AT - temperature change of upper block during time

interval, At (OC)

The accuracy of the experimental apparatus was verified using
Pyrex and teflon samples where the thermal conductivities 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 A obtained for PVC are compared with the
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Figure C.2 Typical outnut from the thermal conductivity apparatus




recommended  values of Ho et al. [1977) shown in Figure C.3. The
reproducability of the experiments was found to be within 3%. The
results lie within 3% of the recommended values provided by Ho et al.

The temperature dependance of A over the temperature range of interest,

280K - 320K, was represented using

A = 0.128 + 0.0001 T {C.2)

where A and T are W/m/K and K respectively.

2. Heat Capacity

The heat capacity of the PVC was determined using a Differential
Scanning Calorimeter (DS5C) and standard procedures (0’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 (Al,_O_). The temperature dependance of Cp over

2°3

the temperature range of interest, 280K - 320K, was represented using
lp = -171.7 + 3.75 T (C.3)

where Cp and T are J/kg/K and K respectively.

3. Density

To obtain a wvalue for the thermal dJdiffusivity, using the heat
capacity and thermal conductivity measured previously, the density must
be measured. Using weight and volume measurements, the density was found

3
to be 1400kg/m with a reproducability of %2% which is in good agreement




0.20 1 L] L ¥ 1 ¥ I

_ Recommended [Ho et al. 1977]
° Experimental

0.18 -

-

0.16 -_/__’L,,,’F/—-—-——-‘“f

0.14 -

012 | i

Thermal Conductivity, W/m/C

1 1

300 320 340

Temperature, K

01960 280

Figure C.3 Measured thermal conductivity of PVC as compared  to

recommended values

(@]
|
~J




1400

—
N
o
(@
T

Heat Capccity, J/kg/C
o
3

800

' 1 L] T LB L]

Recommended [Ho et al. 1977]

° Experimental

L i

300 320

Temperature, K

280

Figure C.4 Measured heat capacity of PVC as compared to recommended

values

340




with the reccmmended values of Ho et al, Figure C 5. The temperature

dependance of p over the temperature range of interest, 280K - 320K, was

represented using

p = 1492.9 - 0.312 T (c 4

.
where p and T are kg/m  and K respectively.

4. Conclusions
The e=xperimental values compare favorably with the recommended
values, indicatirg either the absence of additives (1e. fillers and/or

stabilizers and plasticizers) or that the additives used did not aftect

the thermophysical properties.
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APPENDIX D

Source Code for Finite Volume Unsteady-State Simulation



using FORTRAN-77 (Microsoft Fortran version 3.31) and should compile

with little or no modification using any FORTRAN-77 compiler.

C
c
c
c
c
c
c
c

C Initial values for array pointers

C

The finite volume unsteady-state simulation program was written

#

Properties are for grey iron portion of roll

PROGRAM NONDIMENSIONAL HEAT TRANSFER IN A CYLINDER

IMPLICIT REAL*8 (A-H), REAL*8(J-2)

REAL*8 L

INTEGER*2 KOUNT1,KOUNT2,M,N,M1,N1,MF,NF,J,curve

CHARACTER*1 filrla(l2),filr2a(12),£ilr3a(12)

CHAFACTER*12 FILER]1,FILERZ2,FILER3,FILEN, ftemp

DIMENSION texpan(50,3),NU(50), £(50)

DIMENSION XP(50),YP(50),B(50),C(50),D(50}

DIMENSION TRIGL(3000)

COMMON/HTCCEF /HP,HI, HNO,HZ1,HZN, FLX,HJ (50Q)

COMMON/TEMPER/TJ(50) , TJET(50) , TIN(50), TP (50),T(50,50,3),Tz21,T2N

COMMON/PROPERT/K (50) , RHO (50),CP (50)

COMMON/GRIDNO/M,N,M1,N1,R{(50),2(50),DELT

COMMON/COEF /AE (50,50) , AW(50,50) , AN (50, 50),A5(50,50),
APQ(50,50),AP(50,50),B1(2,50),B2(50,2)

equivalence (filerl,filrla), (filer2,filr2a), (filer3,£filr3a)

kroll=36.34 - Jakko Aro thesis

kgrey = 58.0 \ SHW design technical data
kchill = 20.0 / (date of issue: 1980)
cproll=544

droll=7334.9
clinexp= 11.34e-6
Pratio = 0.27

ITOLD=1

ITNEW=2

ITRES=3

press=101330.0

kgray = 58.0

kchill = 21.0

WRITE(*,*) '# of simulations to perform: '
read (*,*) insim

write(*,*) ‘depth of chill 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 program

OPEN(3,FILE='prn:’)
do 9999 ifiler = 1,insim
read(2,(a)’) filen




open{l,file=filen, status='0ld’)
C Read in the description of the Simulation Conditions
read (1, *) clinexp
read (1, *) pratio
read(1l, *) rpm
read(l,*) M
read(1l,*) N
read (1, *) RI
read (1, *) RO
read (1, *) L
read (1, *) ITMAX
read(l, *) IRMAX
read {1, *) critrl
read(l, *) critr2
read (1, *) nozdia
read(1l, *) DELT
read (1, *) T21
read(l,*) TZN
read (1, *) HP
read (1, *) HI
read (1, *) HNO
read (1, *) HZ1
read (1, *) HZN
read(1l, *) FLX

read (1, *) ijcnst
if(ijcnst.eq.l) then
READ (1,*) (TJet (J),J=1,N)
else
read(l,*) temp
do 110 J=1,N
110 tJet (J)=temp
endif

read(1l, *) ipcnst
if (ipcnst.eq.l) then
READ (1,*) (TpP(J),J=1,N)
else
read(1l,*) temp
do 115 J=1,N
115 tp (J)=temp
endif

read(1l, *) iicnst
if(iicnst.eq.1l) then
READ (1,*) (TIN(J),J=1,N)
else
read(l,*) temp
do 118 j=1,n
118 tin(j)=temp
endif

read (1, *) ikcnst
if (ikcnst.eq.1l) then




READ(1,?*) (k(i),1=1,M)
else

read(1l,*) ktemp

do 120 i=1,M

120 k (i) =ktemp

endif

do 122 i=m,m-ix+1,-1
122 k (1) =kchall

read (1, *) ircnst
if(ircnst.eq.l) then
READ(1,*) (rho(i),i=1,M)
else
read(l,*) rtemp
do 130 i=1,m
130 rho(i)=rtemp
endif

read (1, *) icpnst

if (icpnst.eq.1l) then
READ(1,*) (cp{i),i=1,M)

else
read(l,*) cptemp
do 140 i=1,m

140 cp(i)=cptemp
endif

read (1, *) CURVE

C
C This contains the spline fit information for the Nu profiles
C at the surface.
C
read (1, *) INUPRF
read (1, *) ISPLN
IF (ISPLN.EQ.1) THEN
read(l,’ (A)’) ftemp
open(4,file=ftemp, status='unknown’)
READ (4,*) INUM
READ(4,*) (XP(I),YP(I),I=1, INUM)
READ (4, *)
READ (4, *) (B(I),C(I),D(I),I=1,INUM—1)
CLOSE (4)
ELSE
read(1l,*) incnst
if (incnst.eq.l) then
READ(1, *) (nu(j),3i=1,n)
else
read (1, *) nutemp
do 150 j=1,n
150 nu())=nutemp
endif
ENDIF

C Read in starting Temperature profile if required




C or Initialize Temperature array and Theimal Expansion Array
read(1l, *) ITPROF

if (ITPROF.eq.1l) then
read(l,’ (A)’) ftemp
open{4,file=ftemp,status='o0ld’")
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
read(4,*) clinexp,pratio
read(4,*) (r(i),i=1,m)
read(4,*) (z(3),3j=1,n)
read(4,*) ((T(1,J,1),I=1,M),J=1,N)
READ (4,*) (TEXPAN(J,1),J=1,N)
CLOSE (4)
DO 160 I=1,M
DO 160 J=1,N
DO 160 IK=2,3
160 T(I,J,IK)=T(I,J,1)
ELSE
read(l,*) TINTER
DO 170 J=1,N
TEXPAN(J,1)=0.0
DO 170 IK=1,3
DO 170 I=1,M
T(I,J,IK)=TIN(1)-(i-1)/(m-1) *tinter

170 continue
ENDIF
CLOSE (1)
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 equation 9.10.4 in Theory of Thermal
C Stresses by Boley, B.A. and Weiner, J.H. page 290 TA405.5 B64

0

prat=pratio
c clnex = clinexp
clnex = clinexp*(l+Pratio)
Prat = Pratio/(l-Pratio)
C Constants for calculation of Thermal Expansion

c
TECST1 = ((l-prat)*RO**2 + (l+prat)*RI**2)/ (Ro**2-R1**2)
TECST2 = clnex/ro
TECST3 = l+prat

write(*,*) tecstl, tecst2, tecst3

C Initialization of the various variables and arrays

C Calculate grid node Position arrays




210

220

DELR= (RO-RI) / (M-1)
DELZ=L/(N-1)
M1=M-1

N1=N-1

DO 210 J=1,N
Z(J)=(J-1) *DEL2Z
DO 220 I=1,M
R(I)=(1-1) *DELR+RI

filerl = filen

filer2 = filen

filer3 = filen

filrla(9) = .’
filrla(l0) = 'R’
filrla(ll) = L7
filrla(l2) = 'T/
£ilr2a(9) = *./
fiir2a(10) = 'a’
filr2a(ll) = 'R’
filr2a(l12) = 'R’
filr3a(9) = '.’
filr3a(10) = "y’
filr3a(ll) = 'S’
filr3a(l2) = 'T'

OPEN(9,FILE=filer3, STATUS=' UNKNOWN’)

WRITE(3,2011)
WRITE(3,2021)
WRITE (3,2026)
WRITE(3,2031)
WRITE (3,2036)
WRITE (3,2039)
WRITE (3,2041)
WRITE (3,2071)
WRITE (3,2091)

M, filen

z

L

RI

RO
nozdia
DELT
TAMB
HP

WRITE (3,2096) HI

WRITE(3,2101) HNO
WRITE(3,2106) FLX
IF (INUPRF.EQ.1l) then

C Hot Jet Bounded by Hot Jets

32¢

330

DO 310 J=1,N

2TEMP=2 (J) /nozdia
IF(ISPLN.EQ.1) THEN
DO 320 I=1, INUM
IF (ZTEMP.LT.XP(I)) THEN
IP=I-1
GOTO 330
ENDIF

CONTINUE
NU(J) =YP (IP) +B(IP)* (2TEMP-XP (IP))

+C (IP) * (ZTEMP-XP (IP)) **2
+D (IP) * (ZTEMP-XP (IP) ) **3




else

cstl = 94,68

cst2 = 0.019
cst3 = 2,09
cstd = -38.84

nu(j) = cstl/(l+cst2*ztemp**cst3) + cstd

ENDIF

HJ(J)=NU(J) *thmcair(tjet (j)) /NOZDIA*20*nozdia/3.14159/t (m)
310 CONTINUE

ELSEIF (INUPRF.EQ.2) THEN
C Altern-ting Hot and Cold Jets with Simular Nu Profiles
if(n/2*2.eq.n) then
inend=n/2
else
inend=n/2+1
endlf

do 350 j=1,inend
ZTEMP=2 (J) /nozdia
IF(ISPLN.EQ.1) THEN
DO 360 I=1, INUM
IF(2ZTEMP.LT.XP(I)) THEN

IP=I-1
GOTO 370
ENDIF
360 CONTINUE
370 NU (J)=YP (IP) +B (IP) * (ZTEMP-XP (IP))
# +C(IP) * (2ZTEMP-XP (IP) ) **2
# +D (IP) * (2ZTEMP-XP (IP)) **3

else

cstl = 94.68

cst2 0.018

cst3 = 2.09

cstd4 = -38.84

nu(j) = cstl/(l+cst2*ztemp**cst3) + cstd
nu{n-j+1) = nu(j)

]

ENDIF
HJ(J) =NU(J) *thmcair{tjet (j)) /NOZDIA*20*nozdia/3.14159/r (m)
HJ(n=-3+1)=NU(J) *thmcair (t jet (n-j+1)) /NOZDIA*
* 20*nozdia/3.14159/r (m)
350 CONTINUE

ELSEIF (INUPRF .EQ.3) THEN
C No Jets, Roll Turning in Stagnant Air at Specified RPM
C Nu relation is as given by Fechiner
densa=density(tamb, press)
visa=visair (tamb)
Rerot=2*RO* (2*PI (15) *RO*RPM/60) *Densa/VISA




Nurot=0.0226*Rerot**0.8
DO 380 J=1,N
NU(j) = NuRot
380 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=1,N
390 HJ (J) =HNO
ENDIF

if(tp(l).ne.0.0; then
densa=density(tp(l),press)
visa=visair{tp(l))
Rerot=2*RO* (2*PI(15) *RO*RPM/60) *Densa/VISA
Nurot=0.0226*Rerot**0.8
Hp = Nurot*thmcair{tp(1l))/(2*RO)

endif

OO0 00000

CALL ABCOEF (CURVE)

DO 520 J=1,2

WRITE (*,2550) (B2(I,J),I=1,M)
520 WRITE(*,*)

DO 530 I=1,2

WRITE (*,2550) (Bl(I,J),J=1,N)
530 WRITE(*, *)

C Write out array of A’s to file ’'UNSTEADY.PRN'
c DO 540 I=1,M

c DO 540 J=1,N
c 540 WRITE(*,2560) I,J,AN(I,J),AS(I,J),AE(I,J),AW(I,J),
(o # APO(I,J),AP(I,J)

DO 550 I=1,M
550 F(I) = T(I,1,1)*R(I)
CALL SIMPSON(F,RI,RO,M, TRORG)

C Steadystate Criteria
CRIT1 = CRITR1*N*M

C Convervgence criteria
CRIT2 = CRITRZ2*N*M
WRITE(*,*) CRIT1,CRIT2

DO 5000 KOUNT1 = 1 , ITMAX
DO 5500 KOUNT2 = 1 , IRMAX

C Solve in one direction J = 1 to N
CALL SWEEP1 (ITNEW, ITOLD,T)

C then in the other J = N to 1




610

CALL SWEEPZ2 (ITNEW, ITOLD, T}

RES=0.0

DO 610 I=1,M

DO 610 J=1,N

RES=RES+ABS(T(I,.J, ITNEW)-T(I,J, ITRES}))

IF(RES.LT.CRITZ) GOTO 5600

C Update pointers

5500

5600

620

640

ITEMP=1TNEW
ITNEW=ITRES
ITRES=ITEMP
CONTINUE

CHANGE=(

Do 620 I1=1,M

DO 620 J=1,N
CHANGE=CHANGE+ABS (T(I,J, ITNEW)-T(I,J, ITOLD))

WRITE(*,*) kountl,critl,change,kount2
DO 640 1I=1,M
F(I)=T(I,1,itnew)*R(I)

CALL SIMPSON(F,RI,RO,M, TRIGL (KOUNT1))

IF (CHANGE.LT.CRIT1) GOTO 5100

C Update pointers

50C0
5001

ITEMP=ITOLD
ITOLD=ITNEW
ITNEW=ITRES
ITRES=ITEMP
CONTINUE
CONTINUE

C Print out profiles

5100

710

720

TIME=KOUNT1*DELT
WRITE(3,2130) TIME, CHANGE
WRITE(3,2135) RES,KOUNT2

MM=M

IF (M.GE.10) MM=9

WRITE(3,2140) (I,I=1,MM)

Do 710 J=1,N

WRITE(3,2145) J, (T(I,J,ITNEW),I=1,MM)
IF(M.LE.9) GO TO 799

MM=M

IF(M.GE.19) MM=18

WRITE(3,2140) (I,I=10,MM)

DO 720 J=1,N

WRITE(3,2145) J, (T(I,J, ITNEW), I=10,MM)
1F(M.LE.18) GO TO 799




730

740

750

799

MM=M

IF (M.GE.28) MM=27

WRITE(3,2140) (I,I=19,MM)

Do 730 J=1,N

WRITE(3,2145) J, (T(I,J, ITNEW),I=1,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=1,N

WRITE (3,2145) J,(T(I,J, ITNEW),I=1,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=1,N

WRITE (3,2145) J,(T(I,J, ITNEW),I=1,MM)
IF(M.LE.45) GO TO 799

CONTINUE

C Calculate roll expansion

810

800

510

515

830

850

do 800 j=1,n
DO 810 I=1,M
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
cont inue

write (3, *)

write(3,2500)

do 510 j=1,n

WRITE(3,2510} 3j,2(J),TIN(J),TP(J),Tjet(3),NU(J),hi(j),texpan (], 3)

write (3, *)
write (3, 2520)
do 515 I=1,M
WRITE (3,2530) i,R{(I),k(i),cp(i),rho(i)

DO 830 I=1,M
F(I)=T(I,1,itnew) *R(I)
CALL SIMPSON(F,RI,RO,M,TRintl)

tr35 = 0.95*(trintl-trorg) +trorg
if(trintl.gt.trorg) then
do 850 i = 1,itmax
if(tr95.1t.trigl(i)) goto 870
continue
else
do 860 1 = 1,itmax
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860

870

9998

9999

2011
2021
2026
2031
2036
2039
2041
2051
2061
2071
2081
2091
2096
2101
2106

2130
2135
2140
2145
2400

2500

2510
2520
2530
2550
2560
2570

if(tr95.qt.trvigl(i)) goto 870
_continue
endif
continue

rtim95= ix*delt

write (3, *)

write(3,2570) rtim95

write(3, *) char(l2)
OPEN(4,FILE=tiler2, STATUS='UNKNOWN’)
WRITE(4,*) m,n

write(4, *) clinexp,pratio

write(4,*) (r(i),i=1,m)

write(4,*) (z{(j),3=1,n)

WRITE(4,*) ((T(I,J,ITold),I=1,M),J=1,N)
WRITE (4, *) (TEXPAN(J,2),J=1,N)

CLOSE (4)

continue
STOP

FORMAT(’ # of Grid Points in r-Direction? /,12,20x,alb)
FORMAT (' # of Grid Points in z-Direction? ’,12)
FORMAT (' Axial Length of Jet Zone = ’',F8.5)

FORMAT(’ Internal surface radius = ’,F8.9)
FORMAT (’ Exterral surface rad:us = ’',F8.5)
FORMAT (' Nozzle Diameter = ’,F8.5)
FORMAT ( Time step forward = ! ,FB8.5)
FORMAT (' Internal temperature = ',F8.4)
FORMAT (* Paper temperature =',F8.4)

FORMAT ('’ Amb. air temperature = ',F8.4)
FORMAT (' Jet Temperature =',F8.4)
FORMAT (’ Nu (Crotogino) paper <--> cylinder r,F15.7)
FORMAT(* h (McAdams) inter. <--> cylinder = *,£f15.7)
FORMAT (’ Nu (Fechner) amb. air <--> cylinder = ',F15.7)
FORMAT (* Flux due to evap. and heatup = ,f15.7)

FORMAT (' ~Time = *,F15.6," Change = ' ,F10.6)
FORMAT (Y Residual = ’,F8.6,’ after ’,I3,’ Loops’)
FORMAT(' 0’ ,7%X,' R{(',8(12,") R('),I2,')")
FORMAT (1 (' 2(',I2,’) ',9(F7.3,1X)))

FORMAT (£8 .4, 2%, 6pf6.3)

Format (3x,"3',3%,'2(3)',2%,'Tin{(3j) ', 2%, ' Tp(3) ', 1x,'Tier (})',

& 2x,'Nu(i)’,2x%x,'H3i(3j)',3%,'Th. Expan.’)
FORMAT (2x,12,4(£f7.3,1x),£f6.2,1x%,£6.2,3x%,6pf8.3)
Format (1x,’ i R (1) Kroll (i) CProll(a1) Density (1))

FORMAT (2%,12,1%,£7.4,3%,£7.4,5%,£7.3,5x%,£7.2)
FORMAT (5 (F9.3,2X))
FORMAT(1X,12,1X,12,2%,6(F8.3,1X))

FORMAT (1x,’ Response Time (95%) -> '/ ,£8.2)

END

D~ 11




SUBKOUTINE ABCOEF (CURVE)

The Coefficients calculated are for a uniform grid spacing only.

The changes for a none uniform grid are simple but there are
several. PReferences to DELZ, DELZ2, DELR, DELR2 have to be changed
to explicitly calculate the required difference.

The routine calculates the A’s and B’'s for Cartesian and Cylindrical
Coordinates.

If CURVE = 1 coefficients for cylindrical coordinates are made.
otherwise cartesian coordinates are used,

Property variation are in in the R direction only.

OO0 000

IMPLICIT REAL*8 (A-H,J-2)
IMPLICIT INTEGER*2(I)
INTEGER*2 M,N,M1,N1,CURVE,J
DIMENSION RHOCP (50)

COMMON/HTCOEF /HP ,HI, HNO, H21,H2ZN, FLX, HJ (50)

CCMMON/TEMPER/TJ (50) , TJET (50), TIN(50),TP(50),T (50,50, 3),TZ1, T2ZN
COMMON/PROPERT/K (50) , RHO (50) ,CP (50)

COMMON/GRIDNO/M, N,M1,N1,R(50),2(50),DELT
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)

kintf (k1,k2)=2*k1*k2/{k1+k2)
CPI = 4.0*ATAN(1)
DELZ=2(2)-2(1)

DELZZ2=DELZ/2

DELR=R(2)-R(1)
DELR2=DELR/2

FX=FLX*DEL2
do 300 I=1,M
300 rhocp (i) =rho (1) *cp (i)
write(*,*) 'Calculating As and Bs’

IF(CUJRVE.eq.1) then

DO 200 J=1,N

Bl1(1,J) = 2*CPI*R(1) *DELZ*HI*TIN(J)
200 B1(2,J) = 2*CPI*R(M)*DELZ*((HJ(J)*TJET(J)+HP*TP(j))/2) + FX
write(*,*) cpi,r{l), r(m),delz, hi, tin(1l),hj(1l),tjer (1), hp, tp(l),
# fx
B1¢(1,1) = B1(1,1)/2
B1(i,N) = B1(1,N)/2
B1¢(2,1) = B1(2,1)/2
B1(2,N) = B1(2,N)/2

DO 205 1=2,M-1
B2(I,1) = 2*CPI*R(I)*DELR*HZ1*TZ1
205 B2(I,2) = 2*CPI*R(I)*DELR*HZN*TZN
B2(1,1)= CPI*(R(1)*DELR+(DELR2) **2)*HZ1*TZ1
BZ(M,1)= CPI*(R{M)*DELR-(DELR2) **2)*HZ1*Tz1




B2(1,2)= CPI*(R(1)*DELR+(DELRZ)**2)*HIN*T2N
_B2(M,2)= CPI*\R(M)*DELR-(DELRZ) **2) *HIN*T2ZN

AR 2*CPI*DELZ/DELR
AZ = 2*CPI*DELR/DELZ
AT = 2*CPI*DELR*DELZ/DELT

C Calculate 1internal A's
DO 220 I=2,M-1
DO 225 J=2,N-1
AE(I,J)=AR*kintf(k(1),k(1+1))*(R(I)+DELR2)
AW(I,J)=AR*kintf(k{i),k(1-1))*(R(I)-DELR2)
AN(I,J)=AZ*k (1) *R(I)
AS(I,J)=AN(I,J)
APO(I,J)=AT*R(I)*rhocp(i)
AP(I,J)=AE(I,J) +AW(I,J) +AN(I,J)+AS(I,J)+APO(I,6J)
225 CONTINUE
220 CONTINUE

C Calculate corner A’'s

C Lower Left ‘
AE(1,1) = 2*CPI*(R(1)+DELR2)*DELZ2/DELR*kintf(k(1l),k(2))
Aaw(i, 1) = 0.0
AN(1,1) = CPI*(R(1l)*DELR+(DELR2)**2)/DELZ*K(1)
AS(l,1) = 0.0
APO(1,1) = CPI*(R(1l)*DELR+(CELR2)**2)*DELZZ2*thocp(1l)/DELT
AP (1,1) = AE(1l,1)+AW{(1,1)+AN(1,1)+AS5(1,1)+APO(1,1)
# + CPI*(R(1)*DELR+(DELR2)**2) *HZ1
# + 2*CPI*R(1) *DELZ2*HI
C Top Left
AE(1,N) = AE(l,1)
AW(l,N) = 0.0
AN(1,N) = 0.0
AS (1,N) = AN(1l,1)
APO(1,N) = APO(1,1)
AP(1,N}) = AE(1,1)+AW(1,1)+AN(1,1)+AS(1,1)+APO(1,1)
# + CPI*(R(1)*DELR+ (DELRZ) **2) *HZN
# + 2*CPI*R(1l)*DELZZ*HI
C Lower Right
AE(M,1) = 0.0
AWM, 1) = 2*CPI*(R(M)-DELR2)*DELZZ/DELR*kintf (k{m),k(m-1))
AN (M, 1) = CPI*(R{(M) *DELR-(DELR2) **2) /DELZ*K{m)
AS(M,1) = 0.0
APO(M,1) = CPI*(R{M) *DELR-(DELR2) **2) *DELZ2*rhocp (m) /DELT
AP (M,1) = AE(M,1)+AW(M,1)+AN(M,1)+AS(M, 1) +tAPO(M, 1)
# + CPI*(R(M)*DELR-(DELR2)**2) *HZ1
# + 2*CPI*R (M) *DELZ2* (HPtHJ (1)) /2
C Top Right
AE (M, N) = 0.0
AW (M,N) = AW(M,1)
AN (M, N) = 0.0
AS(M,N) = AN(M,1)
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#
#

]

APC (M, 1)

AE(M, 1) *AW(M, 1) +AN(M, 1) +AS (M, 1) +APO (M, 1)
+ CPI*(R(M)*DELR-(DELR2) **2) *H2ZN

+ 2*CPI*R(M) *DELZ2* (HP+HJ(N)) /2

APGC (M, N}
AP (M, N)

C Calculate border A's

-~
Y

> Bottom

C Top

C Right

235

DO 230 I=2,M-1

AE(I,1)=AE(I,2)/2

AW(I,1)=AW(I,2)/2

AN(I,1)=AN(I,2)

AS(I,1)=0.0

APO(I,1)=APO(I,2)/2

AP (I, 1)=AE(I,1)+AW(I,1)+AN(I,1)+AS(T,1)+APO(I,1)
+2*CPI*R(I) *DELR*HZ1

AE(I,N)=AE(I,N-1}/2

AW(I,N)=AW(I,N-1)/2

AN(I,N)=0.0

AS (I, N)=AS(I,N-1)

APO(I,N)=APO(I,N-1)/2

AP (I, N)=AE(I,N)+AW(I,N)+AN(I,N)+AS(I,N)+APC(I,N)
+2*CPI*R(I) *DELR*HZN

CONTINUE

DO 235 J=2,N-1

AE(1,J)=AE(1,1)*2

AW(1,J)=0.0

AN(1,J)=AN(1,1)

AS(1,J)=AS(1,N)

APC(1,J)=APO(1,1)*2

AP (1,J)=AE(1,J)+AW(1,J) +AN(1,J)+AS(1,J)+APO(1,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)

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

530

DO 530 J=1,N
B1(1,J)=HI*TIN(j)*DELZ
B1(2,J)=(HJ(J) *TJET(J) +HP*TP (j) ) *DELZ/2 + FX
B1(1,N)=B1(1,N)/2
B1(2,1)-B1(2,1)/2
Bl(2,N)=B1(2,N)/2
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DO 535 I=1,M

- B2(I,1) = HZ1*TZ1*DELR
535 B2(I,2) = HZM*TZN*DELR

B2(1,1)= B2(1,1)/2

B2(M,1)= B2(M,1)/2

B2(1,2)= B2(1,2)/2

52(M12)= BZ(M,Z)/2

AR=DELZ/DELR
AZ=DELR/DELZ
AT=DELR*DELZ/DELT

C Calculate internal A's
DO 750 I=2z,M-~1
DO 755 J=2,N-1
AE(I,J)=AR*kintf(k(i),k(1+1))
AW(I,J)=AR*kintf(k(i),k(i-1))
AN(I,J)=AZ*k (1)
AS(I,J})=AN(I,J)
APO(I,J)=AT*rhocp(I)
AP(I,J)=AE(I,J)+AW(I,J)+AN(I,J)+AS(I,J)+APO(I,J)
755 CONTINUE
750 CONTINUE

C Calculate corner A’s
C Lower Left
AE{1,1)=AR/2*kintf(k(1),k(2))
AW(1,1)=0.0
AN (1,1)=AZ/2*k (1)
AS(1,1)=0.0
APO(1,1)=AT/4*rhocp(l)
AP(1,1)=AE(1,1)+AW(1,1)+AN(1,1)+AS(1,1)+APO(1,1)
# +HZ1*DELR/2+HI*DELZ/2
C Top Left
AE(1,N)=AE(1,1)
AW(1,N)=0.0
AN(1,N)=0.0
AS(1,N)=AZ/2*k (1)
APO(1,N)=AT/4*rhocp(1l)
AP (1,N)=RAE(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,1)=0.0
AWM, 1)=AR/2*kint £ (k{(m),k (m—1))
AN (M, 1)=AZ/2*k (m)
AS(M,1)=0.0
APO({M, 1) =AT/4*rhocp (m)
AP (M, 1)=AE (M, 1) +tAW(M, 1) +AN (M, 1) +AS (M, 1) tAPO(i., 1)
# +HZ1*DELR/2+ (HJ (1) +HP) /2*DELZ/?2
C Top Right
AE (M,N)=0.0
AW (M,N)=AW(M, 1)
AN(M,N)=0.0
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*DEL2/2

C Calculate border A’s
DO 760 I=2,M-1
C Bottom
AE(I,1l)=AE(1,2)/2
AW(I,1)=AW(I,2)/2
AN(I,1)=AN(I,2)
AS(I,1)=0,0
APO(I, 1) =AT/2*rhocp(I)
AP(I,1)=AE(I,1)+AW(I,1)+AN(I,1)+AS(I,1)+APO(I,1)
# +HZ1*DELR
C Top
AE(I,N)=AE(I,N-1)/2
AW(I,N)=AW{I,N-1)/2
AN(I,N)=0.0
AS(I,N)=AS(I,N-1)
APO{I,N)=AT/2*rhocp(I)
AP (I,N)=AE(I,N)+AW(I,N)+AN(I,N)+AS(I,N)+APO(I,6N)
# +HZN*DELR

760 CONTINUE

DO 765 J=2,N-1
C Left
AE(llJ):Z*AE(ll l)
AW(1,J)=0.0
AN(1,J)=AN({(1,1)
AS(1,J)=AS{1,N)
APO{1, J)=AT/2*rhocp (1) |
AP (1,J)=AE(1,J)+AW(1,J)+AN(1,J)+AS(1,J)+APO(1,J)
# +HI*DELZ
C Right
AE(M,J)=0.0
AW(M,J)=2*AW(M, 1)
AN (M,J)=AN(M, 1)
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) +tAPO (M, J)
# +(HJ(J) +HP) /2*DEL2

765 CONTINUE
endif

RETURN
END

SUBROUTINE SWEEP1(IN, IO, T)
IMPLICIT REAL*8(A-H),REAL*8(J-2)



INTEGER*2 M,N,M1,N1,J,JP1,JM1, IM]

DIMENSION 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, M1,N1,R(50),2(50)

C Solve for temperature at J=1 boundary
P{(1)=AE(1,1)/AP(1,1)
Q(l)=(AN(1,1)*T (1,2, IN)+APO(1,1)*T(1,1,1I0)

* +B1(1,1)+B2(1,1))/AP(1,1)
DO 20 I=2,M-1
IM1=I-1

DEN=AP (I,1)-AW(I, 1) *P (IM1)

P(I)=AE(I1,1)/DEN
Q(I)=(AN(I,1)*T(I,2,IN)+APO(I,1)*T(I,1,I0) +B2(I,1)
* +AW(I, 1) *Q(IM1))/DEN

20 CONTINUE
DEN=AP (M, 1) -AW (M, 1) *P (M1)
P(M)=0.0
Q(M)=(AN(M,1) *T (M, 2, IN) +APO(M, 1) *T (M, 1, I0)
# +B1(2,1) +B2 (M, 1) +AW (M, 1) *Q(M1)) /DEN
CALL TDMAT(T, 1, IN)

C Solve for internal temperature distribution
DO 10 J=2,N-1
JP1=J+1
JM1=J~-1
P(1)=AE(1,J)/AP(1,J)
Q(1)=(AN(1,J)*T(1,JP1,IN) +AS(1,J)*T(1,JIM1, IN)+APO(1,J)*T(1,J, 10)

* +B1(1,J)) /AP (1,J)
DO 21 I=2,M-1
IM1=I-1

DEN=AP (I,J)-AW(I,J) *P (IM1)
P(I)=AE(I,J)/DEN
Q{I)=(AN(I,J)*T(I,JP1,IN)+AS(I,J) *T(I,JIM1, IN)+APO(I,J)*T(1,J, I0)
* +AW(I,J) *Q(IM1))/DEN

21 CONTINUE
DEN=AP (M, J) -:. 1 (M, J) *P (M1)
P{M)=0.0
Q (M) =(AN(M,J) *T (M, JP1, IN) +AS (M, J) *T (M, JM1, IN) +APO (M, J) *T (M, J, 10)
# +B1(2,J) +AW(M, J) *Q (M1) ) /DEN
CALL TDMATI!(T,J, IN)

10 CONTINUE

C Solve for temperature at J=N boundary
P(1)=AE(1,N)/AP(1,N)
2(1)y=(AS(1,N)*T(1,N1, IN) +APO(1,N) *T(1,N, IOQ)

* +B1(1,N)+B2(1,2)) /AP (1,N)
DO 22 I=2,M-1
IM1=I-1

DEN=AP (I,N) -aW (I,N) *P (IM1)

P(I)=AE(I,N)/DEN
Q(I)=(AS(I,N)*T(I,N1,IN)+APO(I,N)*T(I,N,IC)+B2(I,2)
* +AW(I,N) *Q(IM1)) /DEN
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22 CONTINUE
DEN=AP (M, N) AW (M, N) *P (M1)
P(M)=0.0
Q{M)=(AS (M,N) *T (M, N1, IN) +APO (M, N) *T (M, N, I0)
# +B1 (2,N) +B2 (M, 2) +AW (M, N) *Q (M1) ) /DEN
CALL TDMAT(T,N, IN)

RETURN
END

SUBROQUTINE SWEEPZ2 (IN,IO,T)

IMPLICIT REAL*8 (A--H),REAL*8 (J-2)

INTEGER*2 M,N,M1,N1,JP1,JM1, IM]l

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),B1(2,50),B2(50,2)
COMMON/TDMAVA/P (50) ,Q(50)
COMMON/GRIDNO/M,N,M1,N1,R(50),2(50)

C Solve for temperature at J=N boundary
P(l)=AE(1,N) /AP (1,N)
Q(1)=(AS(1,N) *T(1,N1,IN)+APO(1,N)*T(1,N,I0)

* +B1(1,N)+B2(1,2))/AP(1,N)
DO 22 1=2,M-1
IM1=L-1

DEN=AP (I, N)-AW(I,N) *P{IM1)
P(I)=AE(I,N)/DEN
Q(I)=(AS(I,N)*T(I,N1,IN)+APO(I,N)*T(I,N,IC)+B2(I,2)
* +AW(I,N)*Q{IM1))/DEN

22 CONTINUE
DEN=AP (M, N) —AW (M, N} *P (M1)
P{M)=0.0
Q (M) = (AS (M, N) *T (M, N1, IN) +APO (M, N) *T (M, N, I0)
# +B1(2,N) +B2 (M, 2) +AW (M, N) *Q (M1) ) /DEN
CALL TDMAT({(T,N, IN)

C Solve for internal temperature distribution
DO 10 J=N-1,2,-1
Jp1=J+1
JM1=J-1
P(1)=AE(1,J)/AP(1,J)
Q(1)=(AN(1,J)*T(1,JP1,IN)+AS(1,J)*T(1,JIM1,IN) +APO(1,J)*T(1,J,10)

* +B1(1,J))/AP(1,J)
DO 21 I=2,M-1
IM1=1-1

DEN=AP (I, J)~AW(I, J) *P (IM1)
P(I)=AE(I,J) /DEN
Q(I)=(AN(I,J)*T(I,JP1,IN)+AS{I,J) *T(I,JIM]1,IN)+APO(I,J)*T(I,J,10)
* +AW(I, J) *Q(IM1))/DEN
21 CONTINUE
DEN=AP (M, J) ~AW (M, J) *P (M1)

P(M)=0.0
Q(M)=(AN(M,J) *T (M, JP1, IN) +AS (M, J) *T (M, IM1, IN) +APO (M, J) *T (M, J, 10)
# +B1 (2,J) +AW (M, J) *Q(M1) ) /DEN

CALL TDMAT(T,J, IN)



10 CONTINUE

C Solve for temperature at J=1 boundary
N P{(l)=AE(1,1)/AP(1,1)
Q(1)=(AN(1,1)*T(1,2, IN)+APO(1,1)*T(1,1, I0)
* +B1(1,1)+B2(1,1))/AP(1,1)
Do 20 I=2,M-1
IMl=I-1
DEN=AP (I, 1)-AW(I, 1) *P (IM1)
P(I)=AE(I,1)/DEN
Q(I)=(AN(I,1)*T(I,2,IN)+APO(I,1)*T(I,1,I0)+B2(I,1)
| * +AW(I, 1) *Q(IM1))/DEN
| 20 CONTINUE
DEN=AP (M, 1) -AW (M, 1) *P (M1)

P(M)=0.0
Q(M)=(AN(M,1)*T(M, 2, IN)+APO(M, 1) *T (M, 1, I0)
# +B1(2,1)+B2(M, 1) +AW (M, 1) *Q(M1)) /DEN

CALL TDMAT(T, 1, IN)

RETURN
END

SUBROUTINE TDMAT(T,J, IN)
C TDMA procedure as described in Patankar

IMPLICIT REAL*8(A~H),REAL*8(J-2)

INTEGER*2 M,N,M1,N1,J

DIMENSION T (50,50, 3)

COMMON /TDMAVA/P (50),Q(50)

COMMON /GRIDNO/M,N,M1,N1,R(50),2(50)

T(M,J, IN)=Q(M)

DO 10 I=M1,1,-1

T(I,J,IN)=P(I)*T(I+1,J,IN)+Q(I)
10 CONTINUE

RETURN

END

function thmcair (temp)
implicit real*8(a-h, j-2z)

This correlation for the thermal conductivity of air is valid over
the range of 250 deg. K to 400 deg. K (-25 to 130 deg. C)

The correlation was obtained by fitting a polynomial to

the thermal conductivity data given by Touloukian, Liley and Saxena
in Thermophysical Properties of Matter, IFI/Plenum,

New York, 1970.

temperature input is to be given in deg. C.
internal to the function, the temperature is
converted to deg. K.

thermal conductivity is in W/m*C

OO0 000000a00Q0a0

t=temp+273.15
thmcair=(~8.98737e-3+1.057024e-3*t~5.21le~7*t*t) /10.

D - 19




O

G0 000000600000

On00o000a00.00000

return
end

function visair (temp)
implicit real*8(a-h, j-z)

This correlation for the viscosity of air is valid over
the range of 250 deg. K to 400 deg. K (-25 to 130 deg. C)
The correlation was obtained by fitting a polynomial to
the viscosity data given by Touloukian,Liley and Saxena
in Thermophysical Properties of Matter, IFI/Plenum,

New York, 1970.

temperature is to be given in deg. C.
internal to the function, the temperature is
converted to deg. K.

viscosity is in N/s*m"2

t=temp+273.15
visair=1.2147081+0.0679118*t~-0.0000340*t*t
visair=visair*l.E-6

return

end

function density (temp,pres)
implicit real*8(a-h, j-z)

The ideal gas law is used to predict gas density.
The r2lationship is valid over the temperature
range 200 deg. K to 1500 deg. K and for pressures
up to a few atmospheres. MW air = 28.97

temperature is to be giver in deg. C.
internal to the function, the temperature is
converted to deg. K.

pressure 1is in Pa.

density is in kg/m**3

t=temp+273.15
density=pres/t*0.003484
return

end

SUBROUTINE SIMPSON(F,A,B,N,SINTEG)

IMPLICIT REAL*8 (A-H,J-2)
IMPLICIT INTEGER*2 (1)
INTEGER*2 I ,M,N
DIMENSION F (1)

M=(N-1)/2




IF((2*M) .EQ.N) THEN
_WRITE (*,100)
100 FORMAT (! INTEGRAL CANNOT BE CALCULATED. N MUST BE ODD.')
RETURN
ENDIF

H=(B-A) / (2.*M)

EVEN=0.0

DO 10 I=2,N-1,2
10 EVEN=EVEN+F (1)

EVEN=4 *EVEN

oDp=0.0

DO 20 I=3,N-2,2
20 ODD=0DD+F (I)

ODD=2*0DD

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=1,n
s=fns (s+2)

10 p=2*p/s
pi=ptp/s
return
end
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APPENDIX E

Source Code for Finite Element Steady-State Simulation



This source code was developed using IMSL’s PDE PROTRAN, a FORTRAN
pre-processor. A description of PDE PROTRAN 1s avialable 1in the

reference by ***xx*x,

/INFO MVS CL(62) R(MUSIC) TI(80) MSGL(0)
// EXEC PROTRAN,PARM.FORT='NOSF,NOTF’
//PREPROXX.SYSIN DD *

C
C TSTRESS
S DECLARATIONS

IMPLICIT DOUBLE PRECISION (A~H,0-2)

DOUBLE PRECISION MATRIX TSOL(11,51),US0L(11,51),VSOL(11,51)
DOUBLE PRECISION VECTOR EXPPS{51), EXPRL(51), TSURF(51)
DOUBLE PRECISION VECTOR YLOC(51), XLOC(1l1l)

DOUBLE PRECISION VECTOR NU({51), HJET(51)

C DEFINE COORDINATE SYSTEM

$ FORTRAN

X1 = 0.13

X2 = 0.25
X12= (X1+X2)/2
YJZ= 0.1

Yl = 0.0

Y2 = Y1+YJZ/2
Yl2= (Y1+Y2)/2
Y3 = Y2+4YJZ
Y23= (Y2+Y3)/2
Y4 = Y3+YJZ
Y34= (Y3+Y4)/2
Y5 = Y&+YJZ

Y45= (Y4+YS)/2
Y6 = Y5+4YJ2
Y56= (Y5+Y6)/2
Y7 = Y6+YJZ
Yo7 (Y6+Y7) /2
Y8 = Y7+YJ2
Y78= (Y7+Y8)/2
Y9 = YB8+YJZ
Y89= (YB8+Y9)/2

Y10 = Y9+YJ2
Y910 = (Y9+Y10)/2
Y11 = Y10+YJ2Z
Y1011 = (Y10+Y1l)/2
Y21 = Y11+4YJZ/2
Y1112 = (Y11+Y21)/2
NX = 11

NY = 51

TIN = 150.0
TJ1 = 20.0




S

TJ2 = 150.0
) XHIN = 11000.0
N VNU = 0.27
ALPHA = 11.34E-6
XN = VNU
XA = ALPHA

TECST1 = ((1=-XN)*X2**2+ (1+XN) *X1**2)/ (X2**2-X1**2)
TECST2 = XA/X2
TECST3 = 1 + XN

DIA = 0.0254
PI = 3.141592654
PI2 = 2*PI

CAIR1= CAIR(TJ1)
CAIR2= CAIR(TJ2)
CST11= 94.68*CAIR1/DIA
CST12= 94.68*CAIR2/DIA
CST2 0.019

CsT3 = 2.09

CST41= 38.84*CAIR1/DIA
CST42= 38.84*CAIR2/DIA
FLUX = 8200.0

RI = X1 + 0.0001

RO = X2 + 0.0001
RDIA2= 20.*DIA/PI

S PDE2D

PRECISION = DQUBLE
UNKNOWNS = ( T, U, V )

' PARTIAL DIFFERENTIAL EQUATION

A = ( X*COND*TX,
& X* ((E1+4E2) *UX+E2*U/X+E2*VY-E3* (T~TEMPO) ),
& X*E1/2* (UY+VX) )

B = ( X*COND*TY,

& X*E1/2* (UY+VX),
& X* ((E1+E2) *VY+E2 *U/X+E2 *UX-E3* (T~TEMPO) ) )

F = (0.0,

& - ((E1+E2) *U/X+E2*UX+E2*VY-E3* (T~TEMPO)),
& 0.0 )
DEF INE

COND = 58.0

VNU - 0.27

ALPHA = 11.34E-6

EM = 20.0E7

E1l = EM/ (1+VNU)

E2 = E1*VNU/(1-2*VNU)
E3 = EM*ALPHA/ (1-2*VNU)
TEMPO = 0.0



COMMON /TEMP/ TIN, TJ1, TJ2, FLUX

COMMON /DIMX/ X1,X2,X12

COMMON /DIMY1/ Y1,Y2,Y3,Y12,Y23,Y4,Y5,Y34,Y45,Y6,Y7,Y56,Y67
COMMON /DIMY2/ Y8,Y78,Y9,Y89,Y10,Y910,Y11,Y1011,Y21,Y1112
COMMON /HTCOEF/ CST11,CST12,CST2,CST3,CST41,CST42, XHIN
COMMON /CONST/ RI, RO, DIA, RDIA2, PI, PI2

UG = (140.0, 0.0, 0.0)

! BOUNDARY CONDITIONS

@
9]

= (1, 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*(TJ1-T)/2*(RDIA2/RO)*
(CST11/(1+CST2* (ABS(Y-Y1) /DIA)**CST3)-CST41)-FLUX/ (PI2),
0.0, 0.0)
(5, RO* (TJ2-T)/2*{(RDIA2/RO)*
(CST12/(1+CST2* (ABS(Y-Y23) /DIA) **CST3)-CST42)~-FLUX/PI12,
0.0, 0.0)
(6, RO* (TJ2-T)/2*(RDIA2/RO)*
(CST12/(1+CST2* (ABS(Y-Y34) /DIA) **CST3)-CST42)-FLUX/P1I2,
0.0, 0.0)
(7, RO*(TJ2-T)/2*(RDIA2/RO)*
(CST12/ (1+CST2* (ABS(Y-Y45) /DIA) **CST3)-CST42) -FLUX/P1I2,
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) **CST3)~CST42)~-FLUX/PI2,
0.0, 0.0)
{10, RO* (TJ2-T) /2* (RDIA2/RO) *
(CST12/(1+CST2* (ABS(Y-Y78) /DIA) **CST3)-CST42)~-FLUX/PI2,
0.0, 0.0)
(11,RO* (TJ2-T) /2* (RDIA2/RO) *
(CST12/(1+CST2* (ABS(Y-Y89) /DIA) **CST3)-CST42)-FLUX/P12,
0.0, 0.0)
(12, RO* (TJ2-T)/2* (RDIA2/RC) *
(CST12/ (1+CST2* (ABS (Y-Y910) /DIA) **CST3) -CST42) ~-FLUX/PI2,
0.0, 0.0)
(13,RO* (TJ2~T)/2* (RDIA2/RC) *
(CST12/(1+CST2* (ABS(Y-Y1011)/DIA) **CST3)-CST42)~-FLUX/P12,
0.0, 0.0)
(14, RO* (TJ1-T)/2* (RDIA2/RO) *
(CST11/(1+CST2* (ABS(Y-Y21)/DIA) **CST3)-CST41)-FLUX/P12,
0.0, 0.0)

R R R R R RO R R R

' INITIAL TRIANGLULATION

VERTICES = (X1,Y1l) (X2,Y1l) (X2,Y2) (X1,Y2)
& (X12,Y12) (X2,Y3) (X1,Y¥3) (X12,Y23)




(X2,Y4)
(X2,Y5)
(X2,Y6)
{(X2,¥M
(X2,Y8)
(X2,Y9)
(X2,Y10)
(X2,Y11)
(%2,Y21)

(X1,Y4)
(X1,Y5)
(X1,Y6)
(X1,¥YM
(X1,Y8)
(X1,Y9)
(X1,Y10)
(X1,Y11)
(X1,Y2L)

(X12,Y34)
(X12,Y45)
(X12,Y56)
(X12,Y87)
(X12,Y78)
(X12,Y89)
(X12,Y910)
(X12,Y1011)
{X12,Y1112)

2 R

TRIANGLES =
(4,2,8,0)
(7,6,11,0)
(10,9,14,0)
(13,12,17,0)
(16,15,20,0)

(1,2,5,1) (2,3,5,4)
(3,6,8,5) (6,7,8,0)
(6,9,11,6) (9,10,11,0)
(9,12,14,7) (12,13,14,0)
(12,15,17,8) (15,16,17,0)
(15,18,20,9) (18,19,20,0)

(3,4,5,0)
(7,4,8,3)
(10,7,11,3)
{13,10,14,3)
(16,13,17,3)
(19,16,20,3)

(4,1,5,3)

ol o B S TS W o T - S T - W - ST - SO - o

(19,18,23,0)
(22,21,26,0)
{25,24,29,0)
(28,27,32,9)
(31,30,35,0)

(18,21,23,10)
(21,24,26,11)
(24,27,29,12)
(27,360,32,13)
(30,33,35,14)

(21,22,23,0)
(24,25,26,0)
(27,28,29,0)
(30,31,32,0
(33,34,35,2)

(22,19,23,3)
(25,22,26,3)
{28,25,29,3)
(31,28,32,3)
(34,31,35,3)

' TRIANGULATION REFINEMENT

NTRIANGLES = 132

' QUTPUT

GRIDPOINTS =
PRINTSOLUTION
SAVEARRAY = (TSOL,USOL,VSOL)

{11, 51)

$ FORTRAN

DELX (X2-X1) / (NX-1)
DELY (Y21-Y1)/ (NY-1)
M = (NX-1)/2

H = (X2-X1)/(2*M)

DO S I = 1,NX
5 XLOC(I) = X1 +
DO 30 J = 1,NY
YLOC (J) = (J-1) *DELY + Y1
IF (YLOC(J) .LE.Y2) THEN
HJET (J)= CST11/(1+CST2* (ABS(YLOC (J)~-Y1) /DIA) **CST3)-CST41
NU(J) = HJET(J)*DIA/CAIR]
ELSEIF(YLOC(J).LE.Y3) THEN
HJET (J)= CST12/(1+CST2* (ABS(YLOC (J)~-Y23) /DIA) **CST3)-CST42
NU(J) = HJET(J)*DIA/CAIR2
ELSEIF (YLOC(J) .LE.Y4) THEN
HIET (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

(I-1) *DELX




1000
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30

1010
40

ELSEIF(YLOC(J) .LE.Y6) THEN
HJET (J)= CST12/(1+CST2* (ABS(YLOC (J)-Y56) /DIA) **CST3) -CST42
NU(J) = HJET(J)*DIA/CAIR2

ELSEIF (YLOC(J) .LE.Y7) THEN
HJET (J)= CST12/(1+CSTZ2* (ABS(YLOC(J)-Y67) /DIA) **CST3) -CST4A2
NU(J) = HJET(J)*DIA/CAIR2

ELSEIF(YLOC(J) .LE.Y8) THEN
HJET (J)= CST12/(1+CST2* (ABS(YLOC (J)-Y78) /DIA)**CST3)-CJT42
NU(J) = HJET(J)*DIA/CAIR2

ELSEIF(YLOC(J) .LE.Y9) THEN
HJET (J)= CST12/(1+CST2* (ABS(YLOC(J)-Y89) /DIA)**CS5T3)-C5T42
NU(J) = HJET(J)*DIA/CAIR2

ELSEIF(YLOC(J) .LE Y10) THEN
HIET(J)= CST12/(1+CST2* (ABS(YLOC (J)~Y¥910) /DIA} **CS5T3)-CST42
NU(J) = HJET(J)*DIA/CAIRZ

ELSEIF (YLOC(J) .LE.Y11l) THEN

HJET (J)= CST12/ (1+CST2* (ABS(YLCC(J)-Y1011l) /DIA)**CST3)-CST42

NU(J) = HJET(J)*DIA/CAIR2

ELSE
HJET(J)= CST11/(1+CST2* (ABS(YLOC(J)-Y21) /DIA)**CST3)-CST41
NU(J) = HJET(J)*DIA/CAIR1

ENDIF

WRITE (6,1000) J, YLOC(J), NU(J), HJET(J)
FOFMAT (2X,12,2X,F10.6,2(2X,F11.6))

TSURF (J) TSOL (NX, J)

EXPRL (J) USOL{NX,J) *1.0E6

EVEN = 0.0

DO 10 I = 2, NX-1,2

EVEN = EVEN + TSOL(I,J) *XLOC(I)
EVEN = 4 * EVEN

DO 20 I = 3, NX-2,2

ODD = ODD + TSOL(I,J)*XLOC(I)

ODD = 2 * ODD

TINT=H/3*(TSOL(1,J) *XLOC (1) +EVEN+ODD+TSOL (NX, J) *XLOC (NX) )

EXPPS (J) =TECST2* (TECST3*TINT + TECST1*TINT)*1.0E6
CONTINUE

]

XRL EXPRL ( (NY-1)/2+1)

XPS = EXPPS ((NY-1)/2+1)

DO 40 J = 1, NY

RL = EXPRL(J) - XRL

PS = EXPPS(J) -~ XPS

WRITE(6,1010) J, YLOC(J),TSURF(J), EXPRL(J), RL, EXPPS(J), PS
FORMAT (2X, 12,2X,F10.6,2%,F11.6,4(2X,F10.6))

CONTINUE

END

FUNCTION CAIR(T)
REAL T

' CALCULATE CONDUCTIVITY OF AIR

TK = T + 273.15
CAIR = (-B8.98737E-3 + 1.05702E-3 * TK- 5.21E-7 * TK*TK)/10




S END
/t
/ /GG PLOT DD DSN=CY4Q.TEMPER1,DISP=(NEW), UNIT=ONLN



APPENDIX F

Error Analysis of Nusselt and Reynolds Nurber



The total rms errors of a Nusselt

variable can be expressed as:

and Reynolds numbers can be

2
1 J9f &x
it = . .1
g o Z [Bx f‘] (F.1)
1 =1 1
1. Nusselt Number
The Nusselt number is defined as:
hd
Nu = }_(_: (F.Z)
q
where h = —,F—Ti‘—— (F.3)
3 s
ks ('I‘s - T.)) AT
- 5
q B Ax ks Ax (F.4)
T1 = temperature one grid point in from
the surface
Therefore
AT d k
Nu = —_—t (F.5)
(T -T) Ax %k )
: 5 3

Differentiation of Equation (A?.5)

variables yields the individual error terms

1 OJNu 1 .
WFET‘ST; = - 3T

with respect to the experimental




The error in Nu associated with the effect of entrainment measured using

the entrainment factor, F, was estimated to be = 8%. The rms error
involved in the AT5 term was estimated to be 1% based on the sensor
calibration and data aquisition resoclution. Thus, including these
additional errors, under typical experimental conditions, the total

percent rms error in Nu was calculated to be 8.5%.

2. Reynolds Number

In a simular fashion, the definition of Reynolds number is

[ Vﬁ d
Re = — i (F.6)
u

-

where the jet velocity is based on the static pressure measured at a

distance upstream of the norzle exit, and was correlated using the




equation

v = 26.438 P T (F.7)

P
b

Thus the individual error terms can be defined as:

Re

The resulting

calculated to

Re

oRe

dRe
ap

JRe
aT

JRe
ad

oP
b

opP

ST

total

1
éd = 3 ad
[B(pjvﬂ)
)
b
= PV 8p
)
dlp V)
(=]
= PV BPS
dp_ V) o
=
= 2 - . 8T
pJVI “) :
rms error in Re for typical operating conditions was

be less than 5% over the range 40,000 = Re s 120,000,




