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ABSTRACT

The operating problems of supercalenders and previous studies of

supercalendering mechanisms are reviewed. In spite of observations

which suggest random variations in heat scurce-strengtira one-dimensional

periodic neat source model which describes the heating-up of a super-
calender filled roll is found to approximate radial temperature distri-
outions, measured at a number of combinations of speed and load, within
filled rolls. Subsurface deformations in a transaxial plane of a filled
roll and the rolling friction of supercalender nips have been measured
over a range of speed and load. Friction torque varies as /rgg.where

P is the nip load per unit axial length of roll contact. lNo correlation
between friction and speed or roll temperature was revealed. These
measurements, as well as those of filled roll surface topography and
hardness, indicate that friction and roll heating are surface phenomena

dependent on random deformations of the filled roll.
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' FOREWORD

Supercalenders have existed for about 100 years; about the same
length of time as has the Fourdrinier pepermachine. Significant design
improvements, brought about through increased understanding of how a
paper‘web is formed and dried, have resulted in almost a tenfold increase
in speed of the papermachine and product quality and process reliability
have been improved, notwithstanding. Although a supercalender is no
more than a number of hard and soft roll pairs which rotate and are press-
ed together while a paper web passes between them so as to be smoothed
ané polished no corresponding insight or improvement has marked its

history. Bigger and faster supercalenders, made to serve bigger and

f;§€5;~§E§§?EEEHiﬁES:“incur high cost whenever, through faulty operation,
they require unscheduled maintenence or produce inferior paper finish.
Thus supercalendering has become an expensive way of introducing a rela-
tively small, sometimes negligible or even negative, contribution to the
paper manufacturing process. On this account, abandoning the supercalen-
der altogether has been seriously considered.

Because supercalendering is a minor step in the manufecture of
paper and because most grades of paper are not finisnhed in this manner it
has, in spite of disproportionate cost incurred through the attermpt to
keep pace with production, received the attention of no.more than 200
published articles of all types and no more then perheps two dozen research
projects. These nave inevitably been limited and somewhet superficial.
The most exorbitant claim which can be pede for this work is thet, having

survived some seven years of evaluation end re-evaluetion, it tends to be



less limited and less superficial. Ho design improvements spring forth
et any rate none which the author can visualize. It is felt, however,
that a little light has been shed on the fundamental mechanisms which
govern the operation and malfunction of supercalenders. The heating-up
and subsurface deformation of filled rolls and the rolling friction of a
supercalender nip have been measured: These measurements as well as
those of filled roll surface topography and hardness support the conclu-
sion that roll heating is predominantly a surface phenomenon brought
about through random deformation of the fill materiel of the soft rolls.

One is sorely tempted to say that now, at last, a few additional

ek

experiments—willprovide mnswers upon wiich & betier supercalender can
be built. But that has already been said; once at the outset of this

project and from time to timé during its course.
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ABSTRACT

The operating problems of supercalenders are reviewed along
with previous studies of the basic supercalendering mechenisms. A
one-dimensional periodic heat source model is developed to simulate

the heating-up of a supercalender filled roll. This model is com-

pared with experimental data obtained at a number of combinations

—————"""""5f speed and load and is found to approximate the radial tempera-

o iy

ture distribution within a filled roll reasonably well in spite of
temperature meesurements which suggest random variations in heat
source strength. The subsurface deformations in a transaxial plane
of a filled roll end the rolling friction of a supercalender nip
have been measured over a wide range of speed and load. The fric-
tion torque is seen to vary &s /FEE‘ where P is the nip load in
force per unit lengtn of roll face. There appears to be no rela-
tionship between rolling friction and speed or filled roll tempera-
ture. These measurements as well as tnose of filled roll surface
topograpny and nardness support the conclusion tnat roll neating is
predominantly a surface phenomenon caused by random deformetion of

the filled roll.
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GENERAL INTRODUCTION

An important finishing Qperation in the manufacture of certain
high-quality grades of paper involves passage of the paper web between
alternate rigid and deformable cylinders in series. This operation,
which imparts smoothness and gloss to the paper, is known as super-
calendering and it is performed on a machine known as 2 supercalender.

Fig. 1 is a photograph of a typicel industrial superéalender or
"stack". It consists of a number of contacting rolls pressed together
with their axes in a vertical plane. Only ome roll, generally near
the bottom of the stack, is externally driven and all other rolls turn
as a result of surface traction. In papermaking, superca%gggg;ing.is——-“""‘~#ﬂ—
employed as a final operation to introduce two desirable properties to
the paper surface:-

1) To impart high surface smoothness necessary for good printing.
Intricate print detail is more cleerly defined on smoqther
sheets. Supercalendering reduces the thickness of the sheet
and hence its opacity. However, the showthrough of inked
portions of a sheet printed on both sides is not significeantly
altered by supercalendering since less ink is required for
satisfactory coverage of the smoother surfeace.

2) To impart gloss. For psychological reasons & zlossy sheet is
often considered more pleasing to the eye. Sorme papers sare
heavily coated and then supercalendered so that colour illustra-
tions will eppear like glossy photogrephs.  Such papers are

used in advertising copy, c—egezine covers or book dust-jackets.



196in.

FIG. 1.

Wide Industriel Supercalender
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A schematic of a typical supercalender configuration (1) is shown
in Fig. 2. It consists of alternate hard, polished steel or chilled
iron rolls, and soft rolls. The soft rolls have a thick annular cover-
ing or "f£ill" of axially compressed, transaxially oriented textile fibre.
A roll of paper, U, to be supercalendered is hoisted on an unwind stand
and threaded into the nips between the hard, I, and soft, F, rélls. In
the threading operation the paper web first passes over a pretensioning

1.

roll, T, prior to the first hard roll. Between successive nips the webd
is éérried around flyrolls, FL, to remove wrinkles and corrugations.

This is accomplished by helical grooves of either hand which are cut into
the flyroll surface and proceed towards either end from the centre face
of the roll. One or more laterally spring loaded spreader rolls, SP,
are used after the first few nips to take up the slack which might
develop in the web.

The surface temperature of the rolls is allowed to reach a value
of abput 150°F through frictional heating since paper and coating binder
materials flov more readily at this high temperature. If frictional
heating is insufficient to maintaein the desired temperature, heat is
supplied to the metal rolls which in this case are bored to permit the
circulation of a hot fluid such as water, oil, steam or gaseous products
of combustion. Sometimes heat is supplied by electrical inductive heat-
ing of the roll surface or by resistive heaters embedded in the steel
rolls. If the frictional heating is excessive, the steel rolls are
cooled either externally by compressed air jets or imternally by cool
fluid.

In addition to & sozewhet elevated temperature, effective super-



FIG. 2.
Supercalender Stack Schemetic

U-Roll of paper on unwind stand, T-Web tensioninf rell, I-Steel or chilled
iron roll, FL-Flyroll, F-Filled or soft roll, SP-Spreader roll, D-Toctor
blade, ST-Steam shower, R-Rewind stand; takeup of paper, —e—— -Paper
sheet; direction of motion.
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calendering requires that the paper have a uniform prerequisite mois-
ture content. Moisture and temperature of both-sides of the web can
be adjusted somevhat by steam showers, ST. Debris are cleared from
the steel roll surfaces by doctor blades, D. These are adjustable
knife edges which are parallel to the roll axes and just touch the
roll surfaces. The doctor blades are oscillated in a direction
parallel to the roll axes to help shed debris and control local wear
on bledes and roll surfaces. Paper emerging from the last nip is
held taut by & second tensioning roll, T. To ensure smooth wind-up
a Mount Hope roll, not shown, precedes the rewinder, R. This is é
rubber covered roll whose axis can be bowed or deflected laterally.

It is generally acknowledged (1) that most of the finishing
action occurs in the first two or three nips and that the finishing
effect is virtually the same whether the sheet surface passes against
a steel or a filled roll. Nevertheless, most superéalenders are
usually run with 9 or 10 nips and have, at about mid-stack, an oppos-
ing pair of filled rolls so as to reverse the contacting sides of the
paper sheet from a steel to a filled surface and vice-versa. At any
appropriate operating temperature changes in roll speed appear to have
1ittle effect on the degree of paper fimish (1, 2).

Operating variebles over which there is immediate control are
speed and the gross force with which the rolls are pressed together.
The density and composition of the ma£erial with which the rolls are
rilled and the axial compressive force to which the i1l is subjected
during manufacture cen, to a certain extent, be specified.

Supercelenders are operated off iine with the paper machine
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owing to the difficulties involved in their operation. In spite of
savings in material handling and storage implied by an on-line installa- .
tion, virtually no one is willing to risk production loss due to faulty

or inefficient supercalendering. To reduce the possibility of web

breaks, supercalenders are generally operated as slowly as can be econ-
omically tolerated. Higher nip loading would permit equivalent finish
with fewer nips but only at the expense of shorter filled roll life.

Design specifications of supercalenders and filled rolls are

based on pragmatic experience.

Problems and Difficulties

Subercalenders are susceptible to operating problems. Diffi-
culties arise when the paper is too moist or too dry, is too irregular
in thickness or moisture content or is improperly coated. The super-
calendering operation may suddenly fail to produce the desired finishing
effects when any of these objectionable paper properties are encountered.
To permit their safe passage through the nips, splices in the paper web,
which are the result of breaks which occurred on the paper machine must
be indicated by paper tabs or "flags" inserted between successive wraps
in the roll so that the supercalender may be slowed and unloaded. Even
so, a fold, crease or weak or coarse splice may, as it passes a nip, cause
a breek in the web or damage to a filled roll. Possible damage to filled
roll surfaces caused by sheet defects and foreign material passing tnrough
the nips, can be controlled only through careful operating procedures.
Excessive heat, which accompenies high nip loading and high speed,

produces soft irregulerities or "hot-spots” in the fill. The resulting
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lack of uniform pressure and temperature along the nip, especially along
the first two or three, will cause an uneven paper finish and result in
large differences in cross-sheet thickness. Eventually, if such condi-
tions are not corrected, the fill material will burn and spall. A
burned filled roll inevitably requires costly repair.

Currently there are a number of popular hypotheses which have
been developed to explain certain aspects of supercalender nip finishing
action. Most investigators agree that the moist paper surface is sub-
Jjected to combined compressive and shear stresses at elevated temperature.
Under these conditions the surface becomes plastic and flows, acquiring
smoothness and gloss. This superficially clear statement of super-
calendering mechanism is not reflected in supercalender design or by
operating procedures. There is little agreement regarding the stack
configuration and operating conditions which would best finish a specific
grade of paper. This is probably because no two stacks are alike and
because operators must finish all paper grades manufactured by their mill
on the few, possibly only one, supercalender at their disposal. In order
to save time, an operator will attempt to adapt his machine to a change in
paper grede with e minimum change in operating conditions. He will oper-
ate at the lightest nip loading, lowest speed and fewest nips compatible
with acceptable product quality. To rectify supercalendering faults as
they arise, the operstor will first”make adjustments to nip load, to sheet
temperature and moisture with steam showers or to overheated areas of the
rolls with compressed eir Jets. A chenge in the number of active nips or
the replacement of one or more filled rolls is only contemplated 2s a2 last

resort.
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An apparent understanding of supercalender finishing mechanism
can be reconciled with somewhat arbitrary design and operating proced-
ures if it is noted that there is no clear indicaéion of how heat and
shear stress are produced in a supercalender nip. The hypotheses,
like the procedures, remain neither justified nor refuted by conclusive
evidence. It is therefore felt that no significant improvement in
finishing performance or filled roll life will take place until there
is a better understanding of how heating and shear occur in a super-

calender nip.

Patents and Prior Investigations

The patent literature on supercalenders is quite extensive. It
deals in the main with novel types of filled roll materials, control of
roll temperature, control of the magnitude of the pressure and the uni-
formity of the pressure distributiop along the nip, the design of novel
roll supporting mechanisms and other ancillary features. Inevitebly,
patents provide little insight into the basic mechanics involved in the
rolling contact between a rigid and a deformable roll which may in turn
lead to a better understanding of fhe paper finishing process.

Some technical literature on supercalendering deals with practical
aspects of operating industrial supercalenders (1 -9). It includes a
considerable amount of information regarding changes in the properties
of a paper web as it passes through successive nips. Individual studies
in this category generally deal with one or two specific grades of peper
processed on a specific imstalletion. Such studies do not contribute
ruch to & better understanding of the funcamentel mechanisms involved in

the process.
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In a small number of papers direct attempts have been made to
obtain an understanding of supercalender nip mechanics and to develcp
instrumentation relevant to such studies. Before reviewing this
literature, it should be noted that the study of the paper finishing
process is confused not only by analytical and experimental difficulties
but also by the fact that supercalender design has proceeded through
various stages of technological evolution. Schoonkind (10) mentions
three historical paper finishing methods which represent stages of
development between 1000 and 1800 AD:-

-3)-Hand-burnishingof peper sheets, placed-on a wooden plank,
with a smooth piece of stone or glass;
2) The impact of a polished power driven hammer on the sheet
placed on a smooth metal anvil.
3) The passage of sheet paper between loaded copper or steel

rolls. Sometimes a number of sheets were sandwiched

between polished zinc plates as they passed between the

rolls.

The means by which paper was finished involved successively less
slip between the paper and the polishing members. As higher calender-
ing speeds were sought, the primitive supercalender, in which 2 finite
differencé in roll peripheral velocity was introduced through braking
the driven roll, gave way to e machine in which roll breking was elimin-
ated and in which roll bearing friction was reduced. lNot surprisingly,
some of the first experimental investigetions into supercalendering
dealt with slip between roll surfaces and paper. It was found, as

reported by Schacht and Kirchner (11), that paper could be effectively
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glazed in the absence of intentional slip by applying higher nip loads.
By measuring speed at which paper entered and left a nip these authors
reported that the roll to roll slip was in the range 0.27% - 0.42%.
Mackin, Keller and Baird (12) measured the peripheral speed of the top
and bottom rolls in a machine calender stack consisting of hard metal
rolls only. Operating at a high nip load of 20Lk0 pli.ithey reported
a speed increase through a stack of 6 nips, of slightly less than 0.25%
per nip. They concluded that this speed increase was mainly due to
stretching or extrusion of the paper.

Van den Akker (13), by combining the results reported in the

two preceding sources, concluded that roll to roll slip is trivial or

even nonexistent. He suggested that the combined action of hydro-
static and shear stress was responsible for the finishing action of
the supercalender and he referred to Bridgeman's experiment (14)
vwherein torsional shear was applied to various materials while they
wvere subjected to hydrostatic pressures of up to 710,000 psi. Organic
materials appeared to undergo severe structural modification which
Bridgeman attributed to atomic or moleculer rearrangement. When
paper was subjected to the highest hydrostatic stress in the absence
of torsion no material transformation was observed. This experimental
evidence is claimed by Van den Akker as support for his pressure-shear
hypothesis although he admits that pressure in supercalender nips is no
more than 10% of that used in Bridgeman's experiments.

Schoonkind (10), however, insisted in including roll to roll
slip as & supercalender glazing mechenism. It was claimed that the

nip provided three important conditions:-
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1) Normal stress for pressing the paper.
2) Tangential stress for plastic deformation.
3) Differences in velocity which produce gloss by polishing
the web. |
It was elso claimed that there were two distinct regions which give rise
to a difference in peripheral velocity:-
1) A region of apparent slip due to radial and tangential
deformation of the contacting surfaces. In this zone
there is no velocity difference between contacting
points.

2) A zone of actual velocity difference in the nip caused

by siip between comtactingpoints+:—v ==~ =

Schoonkind felt that an increase in bearing friction accounted for
an extended region of actual slip and that if bearing friction were elimin-
ated the glazing effectiveness of the supercalender would be impeired.

A dzfinite peripheral velocity difference between contacting hard
and deformable cylinders is supported by reliable experimental data only
in cases where the soft material is clearly isotropic, homogeneous and
relatively incompressible. Parish (15) shows why a rubber covered roll
has the lower peripheral velocity, whether driving or driven by a rigid
cylinder. Through a high Poisson's ratio, which is peculiar to rubber,
the indentation produces a tangential stretching. This condition would
persist so long as nip loading produced a finite radial indentation of
the rubber surface and even if the traction between the cylinders approach-
ed zero. An explanetion, involving tangential shear strain produced by

traction, vas presented in order to account for a srmeller peripheral
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(Mvs velocity ratio which was measured when the rubber covered roll drove the
rigid cylinder.

Malmstrom and Nash {16) calculated the friction losses incurred in
rolling contact between a pair of supercalender rolls. Their calculations
were based on the following assumptions:-

1) That only the soft roll is deformed.

2) That the soft roll may be regarded as an isotropic elastic
body whose deformation is governed by continuum mechanics
theory.

3) That hysteresis losses occur in the soft roll; the extent
of these losses is Getermined by its material properties

and the total elastic strain energy incurred in deformation.

~—Am-expression—for-the-friction loss, 6r more specifically the energy loss

per second per unit length of the roll face, was developed in terms of

the elastic constants of the soft roll, a dimensionless numeric factor
describing the hysteresis loss, the normal load, or force, per unit length
of roll face, the peripheral speed and the roll diameters. This expression
vas used to calculate the power required to drive actual commercial super-
calender stacks. Fairly good agreement with the measured values was
obtained. The treatment was extended to calculate the radial temperature
distrivution in a typical filled roll under operating conditions and it
wvas predicted that a maximum temperature would travel inward from the
surface and reach an equilibrium position at a depth of ebout 0.6in. It
vas suggested that this maximum temperature was responsible for the onset
of subsurface charring which leads to burn-out, a fairly common failure

o of overheated supercalender filled rolls. o attempt was mede tc measure
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actual temperature distribution within a filled roll nor was the finishing
mechanism investigated. No recommendations were made for the improvement
of filled roll performance.

Larsson and Gregersen (17) have measured a radial temperature distri-
bution with a maximum some 0.10 to 0.15in. below the surface of a filled
roll. They claimed that these measurements supported Malmstrom and Nash's
model which was based on a constant roll surface temperature provided by
the cooling effect of a paper web. Larsson and Gregersen, however, con-
ducted their experiment without paper.

Mack and Schlegel (18) attempted to apply elasticity theory to
supercalender nip mecheanics. They formulated a model which described
tangential extension of the filled roll surface in the nip due to inden-
tation and traction. The Young's moduli of four filled rolls were
measured. These were found to increase continually as the applied load
was increased, but at a diminishing rate. Considerable differences in
the four moduli versus load characteristics were noted although measure-
ments were made on four supposedly identical filled rolls. Peripheral
velocity differences were measured between a pair of adjacent filled
rolls, between a pair of adjacent steel rolls aad between the paper
entering and leaving the stack. The first meesurerent indicated that
the driven roll ran 0.6k to 0.71% slower than the driver, the second
feiled to produce meaningful results while the third indicated that, on
the average, there was e peripherel speed reduction of from 0.075 to
0.L6% per nip. The model predicted velocity differences 5 to 10 times
larger than eny which vere measured.

Leporte (19) attempted 2 viscoelastic extension to the work of Meck
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and Schlegel and presented evidence of stretching of the filled roll
surface in the nip. Peel and Hudson's tachometric measurements (20)
of roll to roll angular velocity differences seem to be in agreement
with the general consensus that peripheral velocity decreases through
a supercalender stack at an average rate of less than 0.5% per nip.

On the other hand Pfeiffer (21) shows, through & series of very
convincing photomicrographs, that light scratch patterns cut into the
steel roll surface replicate quite perfectly on a sheet passing through

the nip. Peel (22) has suggested, however, that the scratches inten-

“tionally-introduced by Pfeiffer could egsily have increased the local .

tractive effectiveness in the nip, thereby eliminating the local slip
or creep which would have otherwise occurred.

Three fundamental mechanisms comprise the essential features of
previous vork on supercalender nip mechanics. These mechanisms, vhich
might account for observed differences in peripheral or angular velocity
between contracting rolls, are:-

1) Tangential stretching of the contacting surface by a
normal force or compression.

2) Decrease in distance between the contacting surface
and the centre of rotation.

3) Tangential stretching of the contacting surfacevby a

shear force or traction.

The first mechanism can be most clearly illustrated by e material
of Poisson's ratio 0.5 in plane strein. Such a materiel extends in a
direction normal to that of an applied compressive stress so that its

cross-sectional area remesins comstant. Referring to Pig. 3, even if no
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traction is transmitted by the contacting surface, the compressed
material, which is in tangential extension under the rigid roll, must
proceed from left to right at a greater speed than the tangentially
unextended material outside the nip. In this case the deformable
cylinder turns more slowly than the indenting rigid cylinder of

identical diameter. It might be considered, as a useful concept,

FIG. 3. Tangential
extension of
material by

contact stress

Rigid Cylinder

ble Cylinder

that the deformed cylinder undergoes en increase in effective radius.
Slipping need occur in the zone of contact only to the extent necessary
to accommodate the progressive stretching, then relaxation, of the
deformed material.

The second mechanism, shown in Fig. b, can best be understood by
considering a deformable cylinder maede of & material with a Poisson's
ratio approaching zero or of an anisotropic material whose radial Young's
modulus is much less then the tangential modulus. In plane strein the
cross-sectional area of such materials, when deformed by compression, is
reduced in proportion to the mormel strein. When such a cylinder rotates
against an indenting rigid cylinder, the deformed cylinder will tend to

turn faster as the indentation is increased. This effect is opposite to
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that produced by the previous mechanism. The deformed cylinder actually
sustains a reduction in radius on its contacting surface. This mechanism
implies that, except at points of maximum normal stress, there is slip

throughout the efitire zone of contact.

FIG. 4. Ho lateral (
extension caused

+ | Rigid Cylinder
by contact stress 3

Deformable Cylinder

A direct tangential extension or contraction of a deformable sur-
face can be produced by traction. This mechanism can be most clearly
visualized if it is assumed to teke place between surfaces with a high
coefficient of friction so as to transmit traciicn vith negligible com-
pressive strain. Fig. 5a shows a region of the deformable surface in
extension as the rigid cylinder is driven. Fig. 5b shows a correspond-
ing region of the deformable surface in compression as the rigid cylinder
drives. This effect will produce a difference in angular velocity between
& contecting pair of rigid and deformable cylinders of identical diemeter
only if the deformeble material {s not perfectly elastic. A perfectly
elastic cylinder in single nip contact vill incur a skewv~syrmetric tractive
strain distribution as shown in Pig. Sec. In order to produce a velocity
difference the deformable material must transmit tractive force to successives
nips, must be plastic or viscoelastic or must have 2 strain propegation rete

vhich is finite in magnitude.
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Greenwood, Minshall and Tebor (46) describe how mechanical hysteresis
can account for friction when a material such as rubber is deformed in roll-
ing contact: "For example, vhen a hard sphere rolls over a plane rubber
surface the rubber in the front portion of the circle of contact is compress-
ed so that elastic work is done on it; the rubber in the rear portion of
the circle of contact recovers elastically end urges the ball forward. If
the rubber were ideally elastic the energy restored as the rubber recovered
would be exactly equal to the energy stored in the front portion of the
contact region and no net force would be required, on this account, to roll

the ball over the rubber. In practice, however, all rubbers lose energy

T —hén they mre—defermed, by internal friction or hysteresis, and it is this

e’

loss which is reflected in the work required to roll the ball along."
Furthermore these authors show, by invoking purely elastic contact deforma~
tion, that the energy stored in the forvard half of a rolling nip between a

rigid cylinder and a rubber plane is

$1 = ____W3/2 ;.é. ..__.._l"vz !5
g2 \ond\ E

vhere W is the load per unit length of axial contact, R is the cylinder
radius, v is the Poisson's Ratio and E is the Young's Modulus of the rubber.
Thus it is argued that if only a constant fraction of ¢; is recovered in

the trailing half of the nip then the torque necessary to overcome rolling
resistance is proportional to the 3/2 power of the specific nip loed, W.
This velocity difference is produced by asymmetric tractive strein distribu-
tion as shown in Figs. 5d and Se. Barring tractive effort large enough to

{pitiate skidding, this mechenism is similar to the first. Slip in the
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zone of contact is limited to that which is made necessary by a stretch
gradient, i.e. if the tangential extension of the deformable surface
changes in the contact zone, the deformeble surface must move with respect

to the rigid surface.
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FIG. 5.

@ - Rigid cylinder driving, gg - Upstream extension transmits traction,

C) - Rigid cylinder driven, - Upstream contraction transmits tracticn,
€g - Tangential strain induced by traction,
8 - Angle of rotation from nip centre.

Aside from mechanical hysteresis of the deformatle material,
tne only fundamental concept which is embodied in the preceding
descriptions is that the rolling kinematics of contacting cﬁlinders
is eltered by deformative chenges in redius and circumference locelized
in the region of contact. lievertneless, it is indicated thet such

changes can be brought about by three possible mechanisms. Cre which
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tends to decrease the speed of a filled roll with increasing nip load,
another which tends to increase it. If the filled roll is driving a
steel roll the third mechanism will tend to decrease the speed of the
latter with an increase in tractive force. This relationship between
speed and traction remains if the driving order is reversed.

Desirable finishing effects, as well as undesirable effectis
which burn or otherwise damage filled rolls, appear to depend solely
upon the way in which filled rolls are deformed and upon the extent
to which this deformation involves energy loss. Prior experimental
investigations on the heat build-up in filled rolls and the rolling
friction which causes it have not been satisfactory and no one has

measured the internal deformations sustained by a filled roll opera- = ——

ting in a supercalender. It was the purpose of this work to pursue
these important experimental aspects of supercalender nip mechanics

which have been neglected thus far.

Development of an Experimental Program: Part-I (Heat Generation)

The entire published work on heat build-up in supercalender
filled rolls consists of the analysis of Malmstrom and Nash (16) and
the presentation, by Larsson and Gregersen (17), of a single plot of
temperature versus depth beneath the £ill surface of a supercelender
roll which was run for 15 minutes at a specific load and speed. Con-
sidering that damage to filled rolls through burning remeins an
unresolved problem it was felt that further analysis and more exhaus-
tive measurement of temperature in operating filled rolls would lead,

if not di}ectly to a satisfactory solution, to a better understanding
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of a phenomenon which, in view of its importance, has received woefully
little attention. |

Malmstrom and Nash's analysis of heat generation and conduction
in a filled roll was based on the followiug assumptions:-

1) The roll surface is maintained at some arbitrary constant
temperature because of the cooling effect of the paper web.
2) The heat source and temperature distributions are axi-

symmetric about the axis of the filled roll.

The first assumption is unrealistic because in a supercalender the web
_-______'__~__SQEﬁ_EEE_EIEE_Ekg_iilled<zollmbut passes through the nip more or less

tangentially as illustrated in Fig. 2. The surface of the roll cannot
be considered isothermal. A convective bbundary condition, wherein
the negative tempersture gradient is provortional to the instantaneous
temperature, is more appropriate. Furthermore, a paper web at some
constant ambient temperature will acquire heat from a hot surface, if
equilibrium is attained, in direct proportion to the temperature of
that surface; even the nip region is convective rather than isothermal.
The second assumption mey be attacked ot the grounds that if heat is
continually generated in the fill near the nip, the heat source is
moving with respect to the material of the filled roll. With respect
to a point in the f£ill material the source is thus periodic but not
axisymmetric.

It was therefore decided to undertake the development of a thermel
model of a supercalender filled roll based on a convective boundary condi~
tion and e periodic heat source. In order to test this model, messure-

{ cents of filled roll temperature vere rade. Three rolls of different
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material composition were instrumented with miniature thermocouples

at 8 radial positions in each of a number of cross-sectional planes.
These rolls were run in turn, in conjunction with a steel roll but
without paper, over a wide range of speed and nip load. Fill surface
temperature at the centre of the roll was measured with a total radia-
tion pyrometer while the thermocouples measured temperatures at various
depths between 3/32 and 2 in. Tests were started at ambient tempera- -
ture and run st constant speed and load while all temperatures were
recorded versus time.

Temperature at a given depth versus time as predicted by the

thermal model was compared with experimental data. It was shown that
the heating up of a filled roll was adequately simulated. Rolls were
found to behave as if heated by an axial line source on the surface and
that in the presence of surface cooling, a temperature maximum exists
beneath the surface for more than half of each revolution. The depth
of the maximum at any angle downstream of the nip varies directly as
the rate of surface heat loss.

Development of an Exverimental Program: Part-II (Deformation and Friction)

The deformations and stresses within elastic bodies in static contact
vere investigated by Hertz (23, 24). Conditions of contact involving
traction between bodies of identical elastic properties were studied by
Carter (25) and later by Poritsky (26). Morland (27, 28) extended the
vork on the rolling contact of cylinders to include the effect of visco-
elastic material behaviour. Bentall and Johnson (k5) have developed &
numericel solution to the problem of contact between rolling cylinders of

different elastic modulus. As Schoonkind (10) realized, losses due
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to supercalender roll bearing friction, however small, cannot be ignored
because the rolling resistance of the nips themselves is small and a
stack contains 2(N + 1) bearings, where N is the number of nips. Fric-
tion loss in ball and roller bearings was treated by Harris (29) end
empirically by Palmgren (30) who represented rolling resistance as a
function of bearing load, speed, size, type and lubricant viscosity.
Attempts (16, 18, 19) to apply existing theory on rolling contact pheno-
mena to supercalender nips have, in the absence of thorough experimentel
investigation, been unsuccessful in producing improvement of supercelender
performance.

Apart from Pfeiffer (20) who carried out an individualistic photo-
Wﬁrmmas_hmidﬂje_ .
define mainly the stress, strain and slip distribution in a supercalender
nip through measurements of:-

1) anguler speed of rolls and peripheral speed of roll and
paper surfaces,
2) applied nip load,
3) the static Young's modulus of roll fill material in com-
pression and the reduction under load of axial centre-to-
centre distance of a pair of rolls ir a supercalender
stack,
4) rolling friction in a stack from the electricel power
consumption of the drive,
and by applying the theories of clessical elasticity and continuum mech-
anics to their ovn concepts of hov a supercalender filled roll is deformed

{ by & rigid cylinder, so as to esteblish asgreement with values of those
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variables which were amenable to measurement.

Prior to our investigation on a stack consisting of an 8in.
diameter steel roll driving a similar roll through an intermediate
12in. diameter filled roll, measurements of the angular velocity of
the two steel rolls were made over a speed range of 50 to 500 rpm.
and at nip loads from 250 to 2000 pli. These measurements were
accurate to one part in 600 at the highest speed and proportionally
less at lower speeds. At no time was there recorded a difference
in angular velocity between the two steel rolls. Measurements made

over the same ranges of load and speed on a 12in. diameter steel and

filled roll pair also failed to detect an angular speed diff e——

I——
between the rotating elements although 5 filled rolls of different

material composition and fill pressure were tested. The digital
counting method used to measure speed could easily have been adapted
to yield any desired degree of resolution. It was felt, however,
that experimental techniques more powerful than speed measurement
could be devised to aid in the study of filled roll deformation and
supercalender nip mechanics.

It was not intended to embark upon yet another analysis of a
hypothetical supercalender nip. It was felt that measurements of
the distribution of subsurface deformation in the filled roll and
the rolling friction coefficient of & single nip stack would yield
critical information or insight necessary to develop a good mechani-
cel model of e supercelender nip. These two measurements were

deemed fundamental to our study because:-
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1) The deformed surface of a body is defined by the-distortion
of material beneath the surface.
2) Mechanical hysteresis of a single nip system is, in the
absence of other losses, defined by the torque necessary
to overcome resistance to rolling.
Previous investigators have not measured subsurface deformation, and
have only expressed rolling friction as the total power supplied to
a multinip stack, paying attention neither to the transmitted traction

necessary to drive successive nips nor to the obvious losses in the

drive system, the bearings and the aﬁcillary equipment.

In order to reduce the number of experimental variables we chose
to make our measurements on e stack of the simplest possible configura-
tion; a single nip, without paper, between a 12in. diameter steel roll
and driven filled rolls with a face length of 12in. and similar diameter.
The deformation of a typical cross-section of fill in a supercalender
nip was studied by obtaining X-radiogrems of patterns, in polar array,
of 1/32in. diameter platinum-20% iridium spheres. These were mounted
on a stiff annular cardboard disc which was included between the fill
material when the roll was manufactured. Priction loss or the resist-
ance to rolling associated with a single supercalender nip was measured
with a strain gauge torque cell. This instrument was mounted so that
the only source of friction which was measured, other than the contact-
ing roll faces, was that of the U bearings supporting the supercalender
rolls. It was found necessary to measure the bearing resistance separate-
ly and to subtract this from the total driving torque.

Friction torque measurements were found to be unreproducible. At
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slow speeds, as the rolls turned through a fraction of a revolution,
the measured resistance to rolling was seen to change drastically;
sometimes to double the long term mean value and on occasioﬁ £o become
negative for an instant. The deformation measurements revealed large,
and apparently random displacements of the f£ill. The unexpected
behaviour of rolling resistance and deformation led us to make profile
and hardness measurements over the surfaces of all available filled
rolls. These rolls had been finished to within 0.00lin. of a perfect
cylindrical surface. However, measurements revealed that radial

" differences-of-as-much as 0.015in. had developed. Surface hardness

variations were found to be as much as 30% of the mean value while
surface hardness distribution was completely altered during the period
over which a filled roll was in operation.

There appeared to be no relationship between the data and the
speed at wnich a particular test was conducted, hovever, the crude
approximation that resistance to rolling varies as /f;g‘, where P is
the nip load, appears to be velid. Although a supercalender filled
roll can, with some reservation, be regarded as a homogeneous continuum
for purposes of heet conduction, no such assumption cen be made in

connection with its deformative behaviour and rolling friction.
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EXPERIMENTAL APPARATUS AND INSTRUMENTATION

Laboratory Supercalender Apparatus¥*

The supercalendering test apparatus used in this experimental
program is shown, along with the panels containing controls and instru-
mentation, in Fig. 6. Previous experience obtained on a small conven-
tional single nip vertical stack clearly showed the need for equipment
adaptable to instrumentation. For this reason and because, a number
of times in the course of the experiments, several filled rolls had to
be installed in and removed from the stack, an open horizontal stack

rather than the usual vertical configuration was adopted.

- The frame was made—enti ctural steel plate and rolled

e

sections. The "ways" or parallel tracks, upon which the stack roll
bearing blocks rest, were formed by machining a length of the centre
portion of the upper flanges of the two channel sections. Other struct-
urel steel components were used to ensure the rigidity of the frame, td
support the motor and to provide for stack loading and support. A 6in.
diameter bore by bin. long stroke pneumatic cylinder was mounted at the
end of each way channel. These cylinders could te operated at pressures
up to 750 psi. and apply a loading force on the stack of up to 12 tonms.
The force is transmitted to the roll bearing blocks from the cylinder
piston rods through spacer blocks which rest on the ways. All rolls
have a standard shaft end. The roll bearings and bearing blocks are
also identical and interchengeable. Each shaft has a 3in. diameter

tore all the way through to accommodate either a drive shaft or instrument

* See APPZINDIX V for e more detailed description and drawings.
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signal leads.

_The stack is driven by a separately excited shunt-stabilized
30 hp. direct-current motor whose speed is infinitely variable down
to 1/40 of full speed. The motor can operate over two speed ranges
to a maximum of 1150 rpm. or 2600 rpm. Power is supplied by a motor-
generator set and speed control is provided by a modified Ward-Leonard
system. The drive transmission was designed so that ;ny roll in the
stack could be driven through a torsion dynamometer or torque meter
simply by moving the motor to the appropriate position on its mounting.
An automotive universal coupling connects the motor to a 32in. long
shot-peened steel quill shaft which passes through the roll bore and
connects to a second universal coupling. The dynamometer is contained
in an extension sleeve bolted coaxially to the end of a roll. A
second universal coupling is attached to the inside of a blanking plate
on the sleeve. This drive is self-aligning and whenever it is dis-
assembled and reinstalled or whenever the motor is moved no subsequent
adjustments are necessary. A 25:1 double helical geer reduction unit
can be installed, as shown in Fig. T, between the motor shaft and the
first universel coupling to permit operation of the stack at very low
rolling speeds and to permit the measurement of rolling friction on
impending motion or breakaway.

Priction torgue of the stack beerings can be conveniently
measured on this apparatus by mounting the bearings, four at & time in
their bearing blocks, as shown in Fig. 3. Surther details of these
measurements, along with other work on the losses in rolling element

peerings, is given in APPENDIX IV.
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—  niip Loading and Speed Control

The stack is loaded by supplying compressed gas to the rear
ports of the two pneumatic cylinders. The pressure control apparatus,
the cylinders and the five high pressure gas reservoirs are shown in
Fig. 9. Pressure can be applied independ;nti; to either cylinder.
Utility compressed air supply can be used to provide nip loads up to
500 pli. on a 12in. long roll face. Nitrogen, from the reservoirs,
is used to apply higher loads. Total load applied to the nip was

measured as
F = A(p; + pp)

P) and p; are the pressures applied to the first and second pneumatic
c¢ylinders respectively andvA is the cross-sectional area each cylinder
bore. Fig. 10 is a labelled schematic of the nip load controls.

The motor control cubicle is shown in Fig. 6. Speed control
is effected by a 10-turn potentiometer or variable resistor with micro-
meter adjustment. A tachometer is located immediately to the right of
the speed control. This instrument monitors the speed of the motor
shaft. Each roll in the stack is equipped with a tachometric pulse
generator as seen in Fig. 11. The angular velocity of each roll in
the stack cen thus be measured independently. Each pulse generator
consists of a 72 tooth, 6in. diameter steel gear rmounted on the end of
a roll shaft and a telephone receiver cartridge located, with its die-
phregn removed and the pole pieces of its permanent U-megnet at a
minimurm clearance from the gear teeth, on an adjustable support aettached

to a2 tearing block. This arrangement can be seen in Fig. 11. The
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Pressure Control Apparatus
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FIG. 10

Schematic of Nip load Controls

A-Nitrogen reservoirs, B-Pressure reducing and relief valve, C-Rate
control needle valve, D-Shut-off cock, E-Distribution branch to either
cylinder, P-Air filter, G-Compressed air supply gauge, H-Compressed

air supply shut-off cock, I-High pressure check valve, J&K-Separate
cylinder check valves, L&M4-Separate cylinder shut-off cocks, li-Equaliz-
ing cock, O&P-Separate cylinder supply lines, O&R-Separate cylinder
monitoring gauges, S-Precision gauge, T&U-Separate cylinder connections
to precision gauge, V,W&X-Cylinder isolation check valves, Y-Safety valve,
Z2,AAkAB-Vent cocks for each gauge, AC-Cylinder retraction pressure reduc-
ing valve, AD-Cylinder retraction pressure Rauge, AE-Cormon cylinder
retraction pressure supply line.
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Tachometric Pulse Generator
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frequency of the alternating voltage produced by the rotation of the
gear is induced in the coil of the receiver and is proportional to
the speed of the roll on vwhich the gear is mounted. This frequency
is measured, without amplification, by a digital counter. The pulse
generator produces T2 cycles per revolution and is accurate to *1 Hz.
over the entire speed range down to 20 Hz.  Accuracy can be meintained
at very low speeds, while using the gear reducer, by using a single
pulse tachometer on the motor shaft. In this way, 1860 cycles per
revolution of the roll are produced.
Drive torque was measured by a reaction type, bonded strain
gauge torque cell shown in Fig. 9. This dynamometer rotates with the
roll and the signal leads are attached to instrument slip rings. Torque
calibration was carried out as illustrated in Fig. 12 by applying weights,
up to 1000 1b., in 25 1b. increments, to a calibrating yoke.
Specifications of the torque cell and the instrument slip rings
are as follows:-

1) Lebow Associates, Inc. Reaction Torgue Cell #2L06-101

Qutput: linear to 4O mv. at 10,000 1lb. in. torgue

Input: 20 v. D.C.

Capacity: 10,000 1b. in. maximum with 50% overload

Type: temperature compensated single full bridge
bonded wire strain gauge.

2) Northern Precision Leboratories Instrument Siip Rings #200050-1

Hurmber of conductors: 6; L used
Speed range: 0 to 3000 rpm.

Ring rmaterisl: coin silver
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Brush material: silver/graphite

Maximum noise: < 0.5 uv.

X-ray Instrumentation

The subsurface deformation of a supercalender filled roll
wes measured in the nip region in a specific transaxiel plane using
a high speed X-ray apparatus. Radiograms, taken while the super-
calender was operating, were used to map the disposition of an array
of small dense metal spheres embedded within the £ill material.

The X-ray unit, shown in Fig. 13, consists of a 30 kv. power
supply, & parallel/series capacitor bank or pulser, the delayed
trigger amplifier for accurate adjustment and synchronization of the
occurrence of the X-ray "flash", the X-ray tube and its holder and a
distribution system for dry nitrogen and "Freon-12" high voltage
insulation gases.

A special X-ray film holder or cassette, shown in Fig. 1k,
was constructed. It has the shape of an annular disc and is attached
to the nut of a filled roll, concentric with, and perpendiculer to, the
roll axis so as to rotate with the roll. Two pieces of arc sheped
£ilm are inserted under light-tight plastic covers and are sandwiched
between "Radelin-TI2" intensifying screens. For this application a
high speed X-ray film, such as "Yodak Royal 3lue Medicel" or "Dupont
Cronex-II Metallurgical” is requirec.

Since the array of spheres is in & transaxial plene Lin. from
the film end the distance from the X-ray source +o the film plane is

25in., the images of the stheres are spread or ‘enned out abtout the
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FIG.

X~-ray Film Holder
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point which describes the line, from the radiation source, perpendicular
to the film plane. It is thus necessary to apply a coordinate correc-
tion to each of the images to obtain a parallax free pattern. For this
burpose a 1/16in. diameter, 1%in. long tungsten rod was attached to each
film cover. The direction and length of the image cast by these rods
were used to locate the centre point of the X-ray beam on each radiogram.

A film cutter, shown in Fig. 15, which consists of two rowel-
blades equidistantly constrained on a radius arm to run in grooves of
parallel circular arc trajectories, was devised. It cuts the required
arc shaped film from standard 6%in. wide sheet.

In order to obtain an X-ray picture of the deformation field
within the filled roll the X-ray unit must be flashed by a firing inter-
lock, as described in APPENDIX V, when a pattern of spheres is in position
beneath the nip.

A scintillation probe, shown in Fig. 13, connected to an amplifier
with an audio output or loudspeaker and a visual output or galvanometer
needle gives a quantitative indication of the momentary rise in backeround
radiation when the X-ray apparatus is fired. Abnormal functioning of the
equipment or a faulty tube can thus be detected without wasting time and
film. Electroscopic pocket dosimeters were used by the experimenters to

monitor radiation dosage absorbed during the test program.

Data Logging and Signal Conditioning Instrumentation

Readings {rom &s many &8s 50 seperate instrument transdéucers were
recorded for periods up to & hours during certain tests in the progran.

On occesion readinzs nad to te mede at & rate of 5 per seconé. Transducer
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FIG. 15.
Film Cutter
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outputs of frequency, from 50 to 2000 Hz., and D.C. voltage, from 10 mv.
to 20 v., had to be accommodated. Voltage resolution of 0.5 pv. was
required. These measurements were made by a digital data acquisition
system which was capable of keeping a real time record of all these
readings. This system consisted of the following intercommunicating
moduler units:-

1) Digital Clock

2) Integrating Digital Voltmeter

3) Analogue Input Scanner

L) Data Entry Keyboard

5) Perforated Paper Tape Punch

6) Guarded Data Amplifier

7) Digital Printer

8) Digital to Analdgue Convertor

A 24 channel thermoelectrically cooled, thermostatically con-
trolled thermocouple reference system was provided for filled roll
thermocouple compensation. When more than 2k temperature points were
logged this was supplemehted with a2 conventional Dewar flask ice bath.

The data logging and sipgnal conditioning instrumentation is

described in detail in APPENDIX I.



-4 -

PART I: THE DEVELOPMENT OF TEMPERATURE IN A SUPERCALENDER
FILLED ROLL

Synopsis

A one-dimensional theoretical model of the development of the
radiael temperature distribution within a supercalender filled roll is
formulated. The model has & simple closed form solution which can
be used to compute thé témperature distribution as a function of time.

The technique used for the instrumentation of supercalender
filled rolls with miniature thermocouples is described. Two instru-
mented filled rolls were run in turn in single nip configuration
against a steel roll without a paper web. Runs were made at various
speeds up to 1700 fpm. (580 rpm) and at loads up to 1400 pli. Tempera-
tures were measured at 20-40 preselected locations within the fill as
a function of time. It was discovered that compressed fill material
is inhomogeneous and that the distribution of inhomogeneity alters
as the roll operates. However, measured values of the temperature
profiles agree with those predicted by the model. It has been demon-
strated that the predominant fraction of heat due to rolling friction
in supercalender nips is generated in a surface layer no deeper than

0.0lin.
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Symbols
Units
q Strength of a line heat source (continuous) (°F in3)/in.min.
w Angular speed of filled roll min,~!
r Radial coordinate in.
] Angular coordinate -
H Film coefficient of heat transfer Btu./°F min.in?
k Thermal conductivity of £ill material Btu./°F min.in.
v Temperature ' °F
t Time min.
x
y Cartesian coordinates in.
z
x! Depth of source below surface in.
n An integer implying a revolution of the -

filled roll
T Period of revolution of the filled roll nin.

K Number of complete revolutions executed -
by the filled roll

u Temperature function due to a plane source °F

w Temperature function due to a mirrer image 3
of u and convection at the plane of symmetry

K Thermal diffusivity of fill material in?/min.

h Surface film coefficient/thermal conductivity in."!
of fill

L Laplace transformation operator -

u The Laplace transform of u -

q A function of p end X -
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The transform of the variable t

Coefficient required to satisfy negative
exponential root of transformed differential
equation

Coefficient required to satisfy positive
exponential root of transformed differential
equation

The Laplace transform of w

The Laplace transform of v

Complement of the error function, erf
(i.e. erfe(x) = 1 - erf(x)

x @®
2 2
=1-2 | a2 | )
e v
o X

Strength of an instantaneous plane source
per unit area

A vanishingly smell time increment

An arbitrary, constant angle of rotation of
the filled roll which signifies the time at
which a temperature measurement is made
Density of fill material

Specific heat of fill material

Coefficient of rolling friction

Energy dissipated per unit length of nip
Energy generated per unit area of source
Source area per unit length

Peripheral velocity of roll

Roll speed

Time scaling factor

Units

°F in3/in?

1b. /£t 3
Btu./1b. °F
1b.in./in.min.
1o.in./in? min.

in?/in.

in. /epin.
min.=! (rpm.)
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THEORETICAL

When a steel roll is run in loaded rolling contact with a filled
roll heat is generated within the fill in the nip region. Under all
conditions of loading the arc subtended by the nip is small compared to
the circumference of either roll. .

This heat is conducted to the surface of the filled roll, to the
steel shaft which forms the core of the roll and to the steel nuts or end
plates which confine the fill. Heat is also lost by convection from the
filled roll surface to the surrounding air and, by conduction through the
nip, to the contacting steel roll. Heat will be generated at some point
along any radius of the filled roll at a recurring period 2n/w, where w
is the angular speed of the roll. Based on these general observations
the following assumptions can be made:-

1) Heat is generated by a line source parallel to the axis of
and within the filled roll.

2) The source moves within the fill in a circular path concentric
with the roll axis and at an angular speed w.

3) Heat is lost from the whole surface of the filled roll at a
uniform rate proportional to the surface temperature.

L) The effect of heat conduction to the steel core may be ignored
since raximum temperatures and temperature gradients are known
to occur within lin. of the fiil surface.

5) The effect of heat flow to the end plates and hence the axial
temperature gradient is ignored because the length of the

filled rolls is large compered to the radial depth of fill

N T RSN O W ST RS 2, s L T e
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and because bearing friction heats the roll shafts and
nuts tending to limit axial heat flow.
Based on these assumptions the important heat source and sink in a

typical transaxial plane of the filled roll are shown in Fig.16.

FIG. 16.

Convective Heat Loss from Roll Surface Hv(0,0,t)
Heat Source Q(r,w,t).

This model can be simplified to a one-dimensional representation;
a half-space with surface heat loss and a periodically recurring infinite
plane heat source parallel to the surface. By employing the qualitative
analogy illustrated in Fig. 17, a suggested temperature distribution
within a typical filled roll cross-section consistent with the features
shown in Fig. 16 can be obtained. Consider the heat source to be re-
placed by a thin stream of viscous liguid flowing axially and striking
near the edge of the rotating disc which represents the filled roll cross-
section. The strength of the heat source is represented by the rate of
fluid flow. As heat-fluid strikes the disc it builds up to some depth

or temperature. As flow proceeds, part of the liquid falls off the edge
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A DEVELOPING TEMPERATURE
PROFILE : A RIDGE OF
MAXIMUM SPIRALING
INWARD FROM SOURCE
AND DECREASING

FIG- 17-

Qualitative analogy of heat build-
up in supercelender filled rolls.
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of the disc analogous to the convective heat loss from the surface
and the remainder flows toward the centre analogous to heat con-
duction in the fill. At any section, cut by radiél plane perpen-
dicular to the disc but not containing the source, there is a ridge
of maximum temperature. This maximum spirals at decreasiné radius
in the direction of rotation of the filled roll or in a direction
opposite to the motion of the source. This flow is maintained by
a spiral "tail" of heat supplied from the source. Thus the follow-

ing propositions may be put forward:-

1) A surfece source can produce a temperature distribution
with maxima below the surface.

2) Although a roll might eventually achieve a temperature
distribution resembling the second or developed profile,
intuitively the first or developing profile appears to
be the more valid approximation of é typical fill temp-
erature distribution. In this regard it will be noted
that an industrial supercalender runs for about 20
minutes and is then shut down to remove the finished
roll of paver and instell the next. It will be shown
that in tests run in this program filled rolls did not
reach equilibrium temperature in one or even tvo hours

of continuous operation.
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3) Tangential flow of heat, i.e. along the ridge, is
secondary. Thermal gradients are predominantly
radial.
Using the preceding arguments a one-dimensional model can be justified
for the following reasons:-
1) The third proposition implies that significant tempera-
ture gradients occur only in the radial direction.
2) It was assumed that heat loss to the roll core could
be ignored and that it was unnecessary to analyze
thermal behaviour at depths over lin. below the fill
surface. Furthermore, the second proposition was
formulated because of the fact that rolls burn where
the highest effective temperatures occur; in regions
of the fill near the surface.
A one-dimensional polar configuration can be approximated by a one-
dimensional cartesian system if the space variable encompasses & rela~

tively small radial distance. By implication the fill becomes &

. half-space or semi-infinite solid with uniform convective heat loss

from its infinite plane surface. The point source, or end view of
e line source as shown in Fig. 16, is replaced by an infinite uniform
instantaneous plane source at some depth below and parallel to the

surface.

Formulation and Analysis of the Model

The proposed model can be defined concisely as: The temperature
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distribution within a semi-infinite solid, initially at constant
ambient temperature, v = o, with an instantaneous plane source
located at a depth, x = x' parallel to and beneath the surface.
The source recurs at equal period, T. Heat is lost from the
body by uniform convection, at the surface, x = o, into a medium
at constant ambient temperature, v = o.

There is uniformity in the direction y and z and the model

is represented diagrammatically in Fig. 18.

Heat loss over the area of the plane surface, x = o,
at a rate Hv(o,t)

LRl IC I W P Y

Successive instantaneous
heat source over the area
of the plane surface,

x = x', at times, t = nT,
(n = 0,1,2,...,H)

FIG. 18.
One-Dimensional Heat Flow.

The mathematical development of this model will proceed viea
the following steps.
1. Tne solution of a one dimensional temperature distri-
bution in an infinite btody due to an instantaneous

plane source of unit strength* at x = x' and occurring

®* A source of unit strength is defined as that which liberates a gquantity
of heat sufficient to raise the temperature of 2 unit volume of the body

being heated by one degree.
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at time t = o.

The addition of a linear term to this solution to account
for the convective heat loss at the plane at x = o. This
is a boundary condition of temperature gradient at the
surface proportional to the surface temperature.
Investigation of a possible alternate solution generated
by the analysis.

Formation of a solution consisting of a finite series of
terms of 1 and 2. Each term has a time argumeht less,
by the period T, than the time argument of the preceding
term. In this way the thermal contribution of successive
sources is accumulated. The number of terms is equal to
the number of complete and partial revolutions which thne
filled roll has undergone.

2 are from (31)

The temperature at any depth, x', and any time, t > 0, in

an infinite solid in which a unit plane source occurred at

t = o is given as u(x,t).

u = 1 e_(x—x‘)zlhl(t - (l)

2/nKt

The addition of a plane of symmetry at x = o from which con-
vective heat loss occurs will be accounted for by a term
w(x,t) vhich may be added to u(x,t). The temperature dis-
tribution now becomes v(x,t).

v==u+ v - (2)
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The function w(x,t) must have the following properties
i) It must approach o as time approaches o; an
initial condition w o at t = o

ii) It must satisfy the conduction or diffusion

equation
Sw _ Ké%w
§t 6x?

iii) It must cause the temperature function, v, to
satisfy a boundary condition such that the sur-
face temperature gradient be proportional to the
surface temperature. The boundary condition of

convective heat transfer from the surface is

-§l= hv x:o
§x

It is intended to obtain v via Laplace transformation, i.e.
L{w) + L(u) = L(v) - (3)

where L is the operation of transformation and L-! is inverse
transformation

« v =L1L(v)] - (k)

define L{u) = u and g = ¥ p/K where p is the variable in the

transformed equation which nas replaced time, t.

Soous e - (5)
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The transformed equation is a total differential equation

with the solution

7= BT 4 g™ - (n

It is noted that as e3* > = when x + = we must have B = o
for finite temperature to exist at very great depth beneath

the surface. Therefore w is retained eas

¥ = he 3 - (8)
-q|x-x"| -qx
and W-f = 21 e + Ae - (9)
Kq

The parameter, A, is evaluated from the Laplace transformation

of the equation which represents the surface condition, i.e.

p(8v_ v . dv _ hv
i gives - =
=0 X=0
- - 1
From (9) 1% (0)= h e *¥ An - (10)
2Kg
- - -y’
and d&v _ -q qlx-x'| d|x-x| - Aqe™?* - (11)
dx Kq dx

For (11) to remain finite for all x the exponent -q|x-x'|
must be non-positive. This is accomplished by selecting

a = + / p/K, the positive root only, and the modulus |x-x'].
However, (x-x') can be negative. Thus it is evident that
alx-x'| _ , & (x-x') where the appropriate sign is invoked

dx T 7 dx
to preserve non-negativity.
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- - ' -
. %§'= 5%_ a|x-x'| Age™ %%
q
- - 1
and av(o) - _%_‘ e "X ~Aq - (12)
dx 2Kq
to satisfy dv _ .-
ax hv
- 1
A= g-h ¥ - (13)
g+h  2Kq

When A is substituted into (9),

‘_r _ _l-e-q;lx.x'l + (g "h) _e_-Q.|X+x'I
T 2Kq (a+h) 2Kq

- (1b)
Equation (14) can be simplified to a sum of individual terms

contained in a table of Laplace transforms

- - - -I - - 1]
R RT TRk Pl
q a+h / Ka - (15)

which hes an inverse transform

v = 1 [-e-(x-x;)z/th R e-(x+x')2/hx{]
o/nKkt

2 ' !
- pefthinlxext) oL xxt ] - (26)
2/ Kt

The diagram, Fig. 19, illustrates the physical significance

2/aKt
equation (16).

of the term 1 [e~(x;x')2/hxt . e-(x+x')2/hK€] in
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v(x) ‘,v(to)
V(tl)
V(tz)
{ {
J v(t3)
V) )
yd 5
TNV TINSSS=—,
x=-x' x = x'
(Source) (Source)
X =0
FIG. 19.

Cheracteristics of Zero and
Subsequent Times, ti, t2+...

[Eqn.(16)]
Notice that &v/éx = o x=o end there is symmetry ebout the
surfece plane, x = o.  This configuration precludes heat
transfer scross the boundery by placing companion sources
et x = + x". Such e temperature distribution would be

expected if h = o, which is equivalent to dropping the term,

2 ' '
nekth?#n(x#x") e, [ XX 4w/ ke ] , in equetion (16).

27 Kt

liote .that, as well as meking &v/éx > o |x=o’ this term
decreases v et positive values of x. Such temperature

depression is expected to eccompany surface heat loss.
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On the other hand, if h + =, the convective boundary condi-
tion reduces to an isothermal boundary condition, v x=0"-0"

then equation (16) yields the following expression for v

-7

vz L [ e-(x—x')"-/hxt _ o-(x#x')2 /Kt

2/1Kt

The diagram Fig. 20, 11lustrates the physicel significance of

this solution.

t
V(to)
v(x) / v(t1)
(ts)
3 V(t3)
(Sink) v(ty)
x=-x' . v(ts)
x = x' X ==
(Source)
x ®0
FIG. 20.

Characteristics of Zero and
Subsequent Times, tj, ta,...
{Ean.(17)]

Thic is e mirrored source-sink configuration with en infiecction
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at the origin as well as the femnerature v = 0 by skew-
symmetry.

By linear superposition the temperatures resulting from
the effect two sources may be added at all times after
the occurrence of the second source. For example, con-
sider the decay of temperature at or very near the plane
x', first with a source occurrins at t = 0, then with a
source occurring at t = T and finally the combined effect.

This superposition is shown in Fig. 21.

vig'} iz} iz}

* -4
4 4+ e = ~
{.&a(r»‘-n
o -
— {vlal2ees})
| / ~
— 11(!:(7-(”
a—
" riat2veca}}
~e -~ —_—
c - % o —t o [ .
o v ° T teo T 24 r
feo 2v be (<]
FIG. 21.

The Effect of Successive Heet Sources.
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If sources continue to occur at integer intervals nT, the
minima, or any other arbitrary points at intervals of T,

in the train of decaying temperature spikes describe an
ascending temperature envelope corresponding to the gemeral
heatiﬁg-up of the filled roll. This heating along with

the combined effect of successive sources is shown in Fig. 21
and is represented mathematically by equation (18). Tempera-
tures fof any number of sources are described for all depths,
x, below the surface and all times, t # nT, n = 0,1,2,...,N,

by the finite series

v =8 1

=0 2V mK(t-nT)

. ~(x-x")2/WK(t-nT) e-(x+x-)2/ux(t-nvr)}

K(t-nT)h2+h(x+x") x-x'
-h erfe + h/"ETEZ'Ef}
© {j;/ K(t-nT) i

- (18)
vwhere a scale factor, the source strength, S, has been included

for the sake of generality.

EXPERIMENTAL

Instrumentation

Temperature measuring instrumentation was included in two filled
rolls described and illustrated in Fig. 22. The rolls were filled with
"Filnat-2" which was mounted on a 6in. diameter steel shaft or core and
finished to 12in. outer diameter. Pilmat is the trade name of a cotton

£ill material evailable in sheet form in various grades which cover a
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range of fibre length and precompaction. For example, Filmat-2
has longer fibre and is softer than Filmat-3. Roll B was "locked-
up" under a mean axial compression of 10,000 psi. and contained a
25% proportion by weight of glass fibre mixed with the Filmat.
Roll A was pressed at 8000 psi. In both rolls the axial length
of f£ill between the reteining nuts was about 12in. after pressing.

The test rolls contained miniature iron-constantan thermo-
couples. Fill temperatures, at the various transaxial planes:
depicted in Fig. 22, were measured while the supercalender was
operating. The instrumentation was similar in both rolls. Roll
B contained 6 planes of 8 thermocouples and roll A had only U
planes of coupies. Note the differences in axial spacing of the
instrument planes or discs and that the four discs in roll A have
serial numbers 8, 7, 4 and 6. These discs will be subsequently
identified by these numbers. Eight thermocouples were placed at
equal angular spacing on 0.020in. thick annular paper cards.
Fig. 23 shows the location of couple junctions which were from
3/32in. to 2in. beneath the finished surface of the filled rolls.
All thermocouples were commercially fabricated from either 0.002in.
diameter wire with 0.005in. diameter spherical junction beads or
from 0.005in. diameter wire. It was thought that the larger wire
may withstand the pressing phase of the roll manufacturing process
better than the finer wire. Howvever, probably due to its greater
fiexibility, the 0.002in. diameter wire proved to have a better

record of survival.
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ROLL A
MANUFACTURED : 10 s - _‘ T‘
LETON , MAY 65 6 . 12 0.D. TYPICAL
MATERIAL :
FILMAT -2 , 8000 PSI. .

L t Y e 3 —— 6 SHAFT TYPICAL

fe— 2 FACE TYPICAL ——»|

2

ROLL B | | :
MANUFACTURED : F 10 3/4 ®
WHEELER , NOV. 67 -9 /2 -
MATERIAL : fe—8i1/a—
FILMAT =2 +25 % o
GLASS FIBRE , 10000 PS!. ¢ T 6"[;_43,4

fe—3—»

5 4@ DO @ _

SCALE : QUARTER SIZE + PLANE OF THERMOCOUPLES
DIMENSIONS IN INCHES

FIG. 22.
Instrumented Filled Roll.
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Thermocouple Location
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Thermocouple junctions were located accurately on their mount-
ing cards by threading one jead of each couple through pinholes and
drawing the beads into these locating holes. The bare wire leads
were passed, on either side of the cards, towards the centre of the
roll annuius. The leads were fixed to the card by lacing them
through pinholes near the inner circumference as shown in Fig.2h.
Thirty-gauge iron-constentan extension leads, individually insu-
lated with "Teflon" covering, were connected to the couple leads
near where they were laced to the card. Connections were made by
striking a 10v. A.C. arc between two hend held miniature electrodes
of either soft pencil or brush graphite. Oxidation of the welds
vas prevented by flushing the region of the arc with helium or
argon.

The thermocouple mounting cards and the elements of Filmat
from which the rolls were built have three equidistant cutouts on
their inner circumference. There are three corresponding axial
grooves in the outer surface of the roll shafts over which the cards
and fill material were assembled. In one of these channels was
placed a steel key to prevent rotation of £i11 relative to the shaft.
The other two channels provide paths for the thermocouple extensioﬁ
leads which run from the welds, circumferentially along the inner
edge of the cards and converge at the cutouts in groups of four pairs
of leads per card. In the two rolls which contain six cards, each
groove carries toree jeaé bundles, in either direction, through the

roll nut and via redial holes in the shaft, to the roll bore.
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WIRE FROM ONE SIDE OF
CARD TO OTHER

WELD OF CONSTANTAN LEAD:
30 GAUGE TO WRAPPED 0.002 DiA.
CONSTANTAN THERMOCOUPLE WIRE

FIG. 2k.

Hounting of Thermeccouples.
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Extension leads emerge from either end of the roll. These leads
terminate in a perforated circular plastic plate shown in Fig. 25.
The terminations are collet couplings individually press fitted
into the plate. Plug-in connection of the leads was thus made to
the rotating side of a Northern Precision Laboratories fifty channel
instrument slipring driven by the roll through a miniature universal
coupling. A slipring terminal assembly was provided at either end
of the roll. The signals from the thermocouples were transmitted
via further extension leads through ice bath reference junctions to
the scanner and integrating digital voltmeter which recorded all
temperature measurements.

Filled roll surface temperature was measured by an "Ardonox"
(33) total radiation pyrometer in which incident radiation emitted
from a three inch wide circumferential strip at centre face is
focused by a parabolic mirror onto a thermopile. Correction for
roll emissivity was made by making two static temperature measure-
ments on the roll surface under the pyrometer with a hand held
indicating thermocouple surface pyrometer. The first calibration
measurement was made at room temperature before a test was run.
The second was m