
Paul J .A. Zsombor-Hurray 

ON THE lœCliAUISHS rnVOLVED Hl SUPERCALEIIDERING 

Department of Mechanical Engineering 

Doctor of Philosophy 

ABSTRACT 

The operating problems of supercalenders and previous studies of 

supercalendering mechanisms are reviewed. In spite of observations 

which sugges~ __ r~~_~~:rJ:attQl:ts.-in....heet---scuree--s-t-rength El one-dimenslOnaI 
----------------

periodic heat source model which describes the heating-up of a super-

calender filled roll is found to approximate radial temperature distri

butions, measured at a number of combinations of speed and load, within 

filled rolls. Subsurface de format ions 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 fP3 where 

P is the nip load per unit axial length of roll contact. Ho correlation 

between friction and speed or roll temperature was revealed. Tnese 

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 papermachine. Significant design 

improvements, brought about through increased understanding of hov 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, notvithstanding. Although a supercalender is no 

more than a number of hard and soft roll pairs vhich rotate and are press-

ed together vhile a paper veb passes betveen them 50 as to be smoothed 

and poli shed no corresponding insight or improvement has marked its 

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

faster papermacnlnes,-incur high cost vhenever, through faultyoperation, 

they require unscheduled maintenance or pro duce inferior paper finish. 

Thus supercalendering has become an expensive vay 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 manufacture of 

paper and because most grades of paper are not finished in this manner it 

has, in spite of disproportionate cost incurred through the attecpt to 

keep pace vith production, received the attention of no ~ore than 200 

published 8-~icles of all types and no ocre tha~ perhaps t'JO àozen research 

proJects. 7nese have inevitably been li mi teà and so:::e'llne.t superficial. 

The roost exorbitant claie 'IIhich C~~ oe ~aàe for this .ork is that, having 

survived sor-e seven years of evaluation end re-evaluation, ft tends to ce 



less limited and less superficial. No design improvements spring forth; 

at any rate none which the author can visualize. It is felt, however, 

that a little light has been shed on the fundamental mech~~isms which 

govern the operation and malfunction of supercalenders. The heating-up 

and subsurface de format ion 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 de format ion of the fill material of the soft rolls. 

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

---_ .. _--,.--
--------.e;;-;>.iff;p'n'ê;-tr--l:i:1llltê,ë1'rlfit-&---wH::1: Plovide WlSIle1"S"--upoIf wh1ch a o~er supercarender can 

'be "ouilt. But that has already been said; once at the outset of this 

project and from time to timê during its course. 



ABSTRACT 

The operating problems of supercalenders are reviewed along 

with previous studies of the basic supercalendering mechanisms. A 

one-dimensional periodic heat source model is developed to simulate 

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

pared wi th experimental data obtained at a number of combinat_~~n3 _______________ _ 
_ ... ~_ .. _.----------_.-.. _-~-_._ .. _ .. --... -. __ ... _ .. _ .. -~ -

------ôf speed and load and is found to approximate the radial tempera-

ture distribution vithin a filled roll reasonably well in spite of 

temperature measurements vhich suggest random variations in heat 

source strength. Tne subsurface deformations in a transaxial plane 

of a filled roll and the rQlling friction of a supercalender nip 

have been measured over a wide range of speed and load. Tne fric-

tion torque is seen to vary as ~ where P is the nip load in 

force per unit length of roll face. There appears to oe no rela-

tionship oetween rolling friction and speed or filled roll tempera-

ture. Tnese measurements as well as those of filled roll surface 

topography and hardness support the conclusion that roll heating 15 

predomiü~,tly a surface phenomenon caused oy random defor-wation of 

the filled roll. 
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GENERAL IIrrRODUCl'ION 

An important finishing operation in the manufacture of certain 
, -

high-quality grades of paper involves passage of the paper veb betveen 

alternate rigid and deformable cylinders in series. This operation, 

vhich imparts smoothness and gloss to the paper, is knovn as super-

calendering and it is performed on a machine Y~ovn as a supercalender. 

Fig. 1 is a photograph of a typical industrial supercalender or 

"stack". It consists of a number of contacting rolls pressed together 

vith their axes in a vertical plane. Only one roll, generally near 

the cottom of the stack, is externally driven and all other rolls turn 

as a result of surface traction. In paperrnaking, supercalena~'e~r~l~'n~u~;~l~'S~-------------------employed as a final operation to intr6iluce tvo desirable properties to 

the paper surface:-

1) To impart high surface smoothness necessary for good printing. 

Intricate print detail is more clearly defined on smoother 

sheets. Supercalendering reduces the thicY~ess of the sheet 

and hence its opacity. Hovever, the shovthrough of inked 

portions of a sbeet printed Oh both sides is not significantly 

altered by supercalenderin~ since less ink is required for 

satisfactory coverage of the s~oother surface. 

2) To impart p,loss. For psychological reasons a glossy sneet is 

often considered core pleasing to the eye. So::e papers are 

heavily coated and then supercalendered so tr~t colour illustra-

tions vill appear like ~lossy photographs. Such papers are 

used in advertising copy, ::agazine co'rers or bock dust-Jackets. 
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FIG. 1-

19610. 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 "fill" ofaxially 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, l, and soft, F, rolls. In 

the threading operation the paper web first passes over a pretensioning 

roll, T, prier te the first bard roll. Between successive nips the web 

is carried around flyrolls, Ft, to remove vrinkles and corrugations. 

This is accompli shed 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 about 150°F through frictional heating since paper and coating binder 

materials flov more readily at this high temperature. If frictional 

heating is insufficient to maintain the desired temperature, heat is 

supplied to the metal rolls vhich 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 i8 supplied by electrical inductive heat

ing of the roll surface or br resistive heaters embedded in the steel 

ralls. If the frictional heating is excessive, the steel rolls are 

cooled either externally br compressed air jets or internally Dy cool 

fluid.. 

In addition to a socevnat elevated temperature, effective super-
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FIG. 2. 

Supercalender Stsck Schematic 

U-Roll of paper on unvind stand, T-Web tensioninp, roll, !-Steel or chilleë 
iron roll, FL-F13~oll, F-Filled or soft roll, SP-Spreader roll, D-Doctor 
blade, ST-Steam shover, R-Revind stand; takeup of paper, • -Paper 
sheet; direction of cotion. 
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c81endering requires that the paper have a uniform prerequisite mois

ture content. Moisture and temperature of both'sides of the web can 

be adjusted somewhat by steam showers, ST. Debris are cleared !rom 

the steel roll surfaces by doctor blades, D. These are adjustable 

knire edges which are parallel to tl;le 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 blades and roll surfaces. Paper emerging from the last nip is 

held taut by a second tensioning roll, T. To ensure smooth wind-up 

a }~ount Hope roll, not show, precedes the rewinder, R. This is a 

rubber covered roll whose axis can be bowed or deflected laterally. 

It is generally acknowledged (l) 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 supercalenders are 

usually run with 9 or 10 nips and have, at about mid-stack, an oppos

ing pair of filled rolls 50 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 finish (1, 2). 

Operating variables over which there is immediate control are 

speed and the gross force vith vhich the rolls arc pressed together. 

Tne density and composition of the materiel vith which the rolls are 

filled and the axial compressive force to which the fill 15 subjected 

during canufacture ~a.n, te a certain extent, be specified. 

Supercalenders are operated off line .~th the paper ~achine 
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oving to the difficulties involved in their operation. In spite of 

savings in material handling and storage implied ~ an on-line installa-

tion, virtually no one is villing to risk production loss due to faulty 

or inefficient supercalendering. To reduce the possibility of veb 

breaks, supercalenders are generally operated as slovly as can be econ-

omically tolerated. Higher nip loading vould permit equivalent finish 

Vith fever 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 

Supercalenders 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 finishin~ 

effects vhen any of these objectionable paper properties are encountered. 

To permit their safe passage through the nips, splices in the paper veb, 

vhich are the result of breaks vhich occurred on the paper machine must 

be indicated by paper tabs or "flags" inserted betveen successive vraps 

in the roll 50 that the supercalender ~Ay be sloved and unloaded. Even 

50, a fold, crease or weak or coarse splice may, as it passes a nip, cause 

a break in the web or damage to a filled roll. Possible d~Age to filled 

roll surfaces caused by sheet defects and foreign material passing through 

the nips, can be controlled only through careful operatinv, procedures. 

Excessive heat, vhich acco~panies high nip loading and high speed, 

produces soft irregularities or "hot-spotsll in the fille The resulting 

--------
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lack of uniform press~e and temperature along the nip, especially along 

the first tvo or three, vill 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 viII bum and spall. A 

bumed filled roll inevitably requires costly repaire 

Currently there are a number of popular hypotheses vhich have 

been developed to expIa in certain aspects of supercalender nip finishing 

action. Most investigators agree that the moi st paper surface is sub-

jected to combined compressive and shear stresses at elevated temperature. 

Under these conditions the surface becomes plastic and flovs, 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 vhich vould best finish a specifie 

grade of paper. This is probably because no tvo stacks are slike and 

because operators cust finish all paper grades manufactured by their mill 

on the fev, possibly only one, supercalender at their disposal. In order 

to save time, an operator viII attempt to adapt his machine to a change in 

paper grade vith a minimum change in operating conditions. He vill oper-

ate at the lightest nip loading, lovest speed and fevest nips compatible 

vith acceptable product quality. To rectity supercalendering faults as 

they arise, the operator vill first make adjustments to nip load, to sheet 

temperature and moi sture vith steam sbovers or to overheated areas of the 

rolls vith compressed air jets. A change in the number of active nips or 

the replacement of one or more filled rolls i5 ooly contemplated as a lest 

resort. 
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( i An apparent understanding of supercalender finishing mechanism 

can be reconciled vith somewhat arbitrary design and operating proced-

ures if it is noted that there is no clear indication of hov 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 

ls 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 vith novel types of filled roll Materiels, control of 

roll temperature, control of ~he magnitude of the pressure and the uni-

formity of the pressure distribution along the nip, the design of novel 

roll supporting mechanisms and other ancillary features. Inevitably, 

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 the paper finishinp, process. 

Some technical literature on supercalendering deals vith practical 

aspects of operating industrial supercalenders (1 - 9). It includes a 

considerable acount of information regarding changes in the propertles 

of a paper web as it passes through successive nips. Individual studies 

1n th1s category generally deal vith one or two specifie grades of paper 

processed on a specific installation. Such studies do not contr1bute 

r-· ''1; ;. 

ItUch to a b,etter understanding of the fund8l!!ental mechan1sms invol ved in 

the process. 
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In El small number of papers direct attempts have been made to 

obtain an understanding of supercalender nip mechanics and to develop 

instrumentation relevant to such studies. Before revieving this 

literature, it should be noted that the study of the paper finishing 

process is confused not only br analytical and experimental difficulties 

but also by the fact that supercalender design has proceeded through 

various stages of technologie al evolution. Schoonkind (10) mentions 

three historical paper finishing methods vhich represent stages of 

development betveen 1000 and 1800 AD:-

-1-)--Hand-burnishing et-pap~~-t.s, placed-.on a vooden plank, 

vith a smooth piece of stone or glass. 

2) The impact of a poli shed pover driven hammer on the sheet 

placed on a smooth Metal anvil. 

3) The passage of sheet paper betveen loaded copper or steel 

rolls. Sometimes a number of sheets vere sandviched 

betveen polished zinc plates as they passed betveen the 

rolls. 

The means by vhich paper vas fini shed involved successively less 

slip betveen the paper and the polishing members. As higher calender-

ing speeds vere sought, the pricitive supercalender, in vhich a finite 

difference in roll peripheral velocity vas introduced through braking 

the driven roll, gave ~~y to a machine in vhich roll braking vas elimin-

ated and in vhich roll bearing friction vas reduced. not su.~risingly, 

soce of the first experimental investigations into supercalendering 

dealt vith slip betveen roll surfaces and paper. It \las found, as 

.f"" •• 

t\ 
reported by Schacht and Kirchner (11), that paper could he effective!y 
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C,: glazed in the absence of intentional slip by applying higher nip loads. 

By measuring speed at vhich paper entered and left a nip these authors 

reported that the roll to roll slip vas in the range 0.27% - 0.42%. 

Mackin, Keller and Baird (12) measured the peripheral speed of the top 

and bot tom rolls in a machine calender stack consisting of hard metal 

rolls only. Operating at a high nip load of 2040 pli. they reported 

a speed increase through a stack of 6 nips, of slightly less than 0.25% 

per nip. They concluded that this speed increase vas mainly due to 

stretching or extrusion of the paper. 

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

--._---------- .. tvo preceding sources, .cQnc~~ded that roll to roll slip is trivial or 
._ .... _._----- .. -._-- ...... _. - ......... _ .... -----------

even nonexistent. He suggested that the combined action of bydro-

static and shear stress vas responsible for the finishing action of 

the supercalender and he referred to Bridgeman's experiment (14) 

vherein torsional shear vas applied to various materials vhile they 

vere subJected to hydrostatic pressures of up to 710,000 psi. Organic 

materials appeared to undergo severe structural modification vhich 

Bridgeman attributed to atomic or molecular rearrangement. When 

paper was subJected to the highest hydrostatic stress in the absence 

of torsion no material transformation vas 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 i8 no 

more than 10!' of that used in Bridgeman' s experi.I:lents. 

Schoonkind (10), however, insisted in including roll to roll 

slip as a supercalender glazing mecheni~. It vas cla~ed 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 b,y 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 t9 radial and tangential 

de format ion 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 

Dy slfPOètveen contactÏng poin~~s •• ----______________ _ 

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 vould be impaired. 

A definit€ peripheral velocity difference between contacting hard 

and deformable cylinders is supported ~J 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 

bas the lover peripheral velocity, whether driving or driven by a rigid 

cylinder. Through a high Poisson's ratio, vhich is peculiar to rubber, 

the indentation produces a tangentiel stretching. This condition vould 

persist so long as nip loading produced a finite radial indentation of 

the rubber surface and even if the traction betveen the cylinders approach-

ed zero. An explanation, involving tangential shear strain produced by 

traction, vas presented in order to account for a sr;a11er peripheral 
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( velocity ratio which vas measured when the rubber covered roll drove the 

rigid cylinder. 

Halmstrom 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 de format ion is governed'by continuum mechanics 

theory. 

3) That hysteresis losses occur in the soft roll; the extent 

of these los ses i5 determined by its material properties 

and the total elastic strain energy incurred in deformation. 

------An--expre-ssion--for-the"" friction loss, or inaré spëëÜically the energy loss 

per second per unit length of the roll face, vas 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 pover required to drive actual commercial super-

calender stacks. Fairly good agreement vith the rneasured values vas 

obtained. The treatment vas extended to calculate the radial tempe rature 

distribution in a typical filled roll under operating conditions and it 

vas predicted that a maximum temperature vould travel invard from the 

surface and reach an equilibrium position at a depth of about 0.61n. It 

vas suggested that this maximum tecperature vas responsible for the onset 

of subsurface charring vhich leads to burn-out, a fairly COl:!!:lOn failure 

of overheated supercalender filled rolls. 1io attet:lpt vas made te r:easure 
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actual temperature distribution vith in a filled roll nor vas the finishing 

mechanism investigated. No recommendations vere made for the improvement 

of filled roll performance. 

Larsson and Gregersen (17) have measured a radial tempe rature distri-

bution vith a maximum some 0.10 to 0.15in. belov the surface of a filled 

roll. They claimed that these measurements supported Malmstrom and Nash's 

model vhich vas based on a constant roll surface temperature provided by 

the cooling effect of a paper web. Larsson and Gregersen, hovever, con-

ducted their e,~eriment without paper. 

Mack and Schlegel (18) attempted to appl~ elasticity theory to 

supercalender nip mechanics. They formulated a model vhich described 

tangential. extension of the filled roll surface in the nip due to in den-

tation and traction. The Young's moduli of four filled rolls vere 

measured. These vere found to increase continually as the applied. load 

vas increased, but at a diminishing rate. Considerable differences in 

the four moduli versus load characteristics vere noted although measure-

ments vere cade on four supposedly identical filled rolls. Peripheral 

velocity differences vere measured betveen a pair of adjacent filled 

rolls, betveen a pair of adjacent steel rolls aud betveen the paper 

entering and leaving the stack. Tne first measur~ent indicated that 

the driven roll ran 0.64 to 0.71% slover than the driver, the second 

fai1ed to produce meaningful results vhile the third inàicated that, on 

the average, there vas a peripheral speed reduction of fram 0.075 to 

0.46% per nip. The model predicted velocity differences 5 to 10 times 

1arger thon any vhich vere ceasured. 

Leporte (19) atte~ted a viscoe1astic extension to the york of Hack 
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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 

vith 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) shovs, through a 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, hovever, that the scratches inten-

-----------ttê:mal:ly--introduced by Pfeiffer could easily have increased the local . 

tractive effectiveness in the nip, thereby eliminating the local slip 

or creep vhich vould have othervise occurred. 

Three fundamental mechanisms comprise the essential features of 

previous york on supercalender nip mechanics. TheBe mechanisms, vhich 

might account for observed differences in peripheral or angular velocity 

betveen contracting rolls, are:-

1) Tangential stretching of the contacting surface by a 

normal force or compression. 

2) Decrease in distance betveen the contacting surface 

and the centre of rotation. 

3) Tangential stretching of the contacting surface by a 

shear force or traction. 

The first mechanism can be MOst clearly illustrated by a rnater1al 

of Poisson's ratio 0.5 in plane strain. Such a Materiel extends in a 

direction normal to that of an applied compressive stress sa that its 

cross-sectional area remains constant. Referring to Fig. 3, even if no 
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traction is transmitted b,y the contacting surface, the compressed 

material, vhich is in tangential extension under the rigid roll, must 

proceed trom lett to right at a greater speed than the tangentially 

unextended material outside the nip. In this case the deformable 

cylinder turns more slovly 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 an 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. Ii, can best be understood by 

considering a deformable cylinder made of a material vith a Poisson's 

ratio approaching zero or of an anisotropie material vhose radial Young's 

modulus 15 much less than the tangential modulus. In plane st rein the 

cross-sectional aree of such materials, vhen deformed by compression, is 

reduced in proportion to the normal strain. When such a cylinder rotetes 

against an indenting rigid C)"linder, the defor=ed cylinder vill tend to 

turn faster as the indentation i5 increased. This effect 15 opposite to 



- 16 -

that produced by the previous mechanism. The deformed cy1inder actual1y 

sustains a reduction in radius on its contacting surface. This mechanisrn 

imp1ies that, except at points of maximum normal stress, there is slip 

throughout the entire zone of contact. 

FIG. 4. no lateral 
extension caused 
by contact stress 

/'-""'-
1 \ 
( +: Rigid Cylinder 

\ 

~ \+) 
oç::::;::: 

Deformable Cy1inder 

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 take place betveen surfaces vith a hi~h 

coefficient of friction sa as to transmit traction vith neg1igible com-

pressive strain. Fip,. 5a shovs a region of the deformable surface in 

extension as the rigid cy1inder is driven. Fig. 5b shovs a correspond-

ing region of the deformable surface in compression as the rigid cylinder 

drives. This effect vill produce a difference in angular velocity betveen 

a contacting pair of rigid and deformable cylinders of identical diameter 

only if the deformeble material i8 not perfectly elastic. A perfectly 

e1astic cy1inder in single nip contact viII incur a skev-symmetric tractive 

strain distribution as shovn in Fig. 5c. In order to produce a ve10city 

differenee the deformable materia! must transmit tractive force to successive. 

nips. must be plastic or viscoe1astie or must have a straln prop~at1on rate 

vhich i5 tinite in ~itude. 
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Greenwood, Minshal1 and Tabor (46) describe how mechanica1 hysteresis 

can account for friction when a material such as rubber is deformed in ro11-

ing contact: "For examp1e, when a hard sphere rolls over a plane rubber 

surface the rubber in the front portion of the circ1e of contact is compress-

ed 50 that e1astic work is done on it; the rubber in the rear portion of 

the circ1e of contact recovers elastical1y and urges the bal1 forward. If 

the rubber were ideally e1astic the energy restored as the rubber recovered 

would be exact1y equal to the energy stored ih the front portion of the 

contact region and no net force would be required, on this account, to roll 

the bal1 over the rubber. In practice, however, al1 rubbers 105e energy 

wnèictlley axe detemed, bl" internal friction or hysteresis, and it i5 thi5 
------------------

10ss which is reflected in the work required to roll the bal1 a10ng." 

Furthermore these author5 show, by invoking purely e1astic contact deforma-

tion, that the energy stored in the forvard half of a ro11ing nip between a 

rigid cy1inder and a rubber plane is 

vhere W is the 10ad per unit 1ength of axial contact, R i8 the cy1inder 

radius, v is the Poisson's Ratio and E i5 the YOung'5 l·iodulus of the rubber. 

Thus it is argued that if only a constant fraction of 91 i5 recovered in 

the trai1ing half of the nip then the torque necessary to overcome rolling 

resistance is proportion al to the 3/2 power of the specifie nip load, W. 

This valocity dif!erence 15 produced by asymmetric tractive strain distribu-

tion as shown in Figs. 5d and 5e. Barring tractive effort large enough to 

initiate skidding, this mechaniso i5 sicilar to the first. Slip in the 
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zone of contact is limited to that vh1ch is made necessary by a stretch 

gradient, i. e. if the tangentiel extension of the deformable surface 

changes in the contact zone, the deformable surface must move vith respect 

to the rigid surface. 

(b) 

- ---
® 

(c) 

e--
\ -----.-------.---------- ------~------~\l-----,E..,lÏ<iai""Cs;Tt'ïl,.c:-;;;-maD't,,-;e ... r ... liïarii-------------

\"'-...------, ___ +!J 
(d) (e) 

e- 9-

Ine1astic material 

FIG. 5. 

<D - Ridd cylinder driving, ® - Upstream extension transmits traction, 
CD - Rigid cy1inder driven, Q9 - Upstream contraction transmits traction, 

te - Tan~ential strain induced by traction, 
e - An~~e of rotation from nip centre. 

Aside from mechanicel hysteresis of the dcfo~-Able material, 

the only fund~ental concept ~hich 1s ecbodied in the precedin~ 

descriptions is that the rolling kinctlatics of contactinf" c:rlinàers 

is altered by deformative chanRes in radius ~~d circ~ference locelized 

in the region of contact. fievertneless, it is inàicateâ tant su ch 

cnanp'es can be brought about by three possible ~ec~~~isos. One .... hicn 
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tends to decrease the speed of a filled roll vith increasing nip load, 

another which tends to increase it. If the filled roll is driving a 

steel roll the third mechanism vill tend to decrease the speed of the 

latter with an increase in tractive force. ~nis relationship between 

speed and traction remains if the driving order is reversed. 

Desirable finishing effects, as well ·as undesirable effects 

which burn or otherwise damage filled rolls, appear to depend solely 

upon the vay 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 

______ ~m~e~a~sur~e~d~t.he internal defo~~_~~_s _s_us_t~~~ed by a filled roll op~r~a!t-:.-__ ----

ting in a supercalender. It was the purpose of this york to pursue 

these important experimental aspects of supercalender nip mechanics 

yhich have been neglected thus far. 

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

The entire published york 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 sin~le plot of 

tecperature versus depth beneath the fill surface of a supercelender 

roll vhich vas run for 15 minutes at a specific load and speed. Con-

sidering that damage to filled rolls through burning remains an 

unresolved problem it vas felt that fUrther analysis and more exhauB-

the measurement of temperature in operating filled rolls vould lead, 

if not directly to a satisfactory solution, to a better understanding 
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of a phenomenon vhich, in viey of ~ts importance, has received voefully 

little attention. 

Malmstrom and Nash's analysis of heat generation and conduction 

in a filled roll vas based on the folloviug assumptions:-

1) The roll surface is maintained at some arbitrary constant 

temperature because of the cooling effect of the paper veb. 

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 

does not vrap the f.ill.e.d~ll .. but passes throu.gh the nip more or less 

tangentially as illustrated in Fig. 2. The surface of the roll cannot 

be considered isothermal. A convective boundary condition, wherein 

the negative temperature gradient is proportional to the instantaneous 

temperature, is more appropriate. Furthermore, a paper veb at some 

constant ambient temperature viII acquire heat from a hot surface, if 

equilibrium 15 attained, in direct proportion to the temperature of 

that surface; even the nip region is convective rather than isothermal. 

The second assumption May be attacked on the grounds that if heat i8 

continually generated in the fill near the nip, the heat source Is 

moving vith respect to the material of the filled roll. With respect 

to a point in the fill material the sourCe ls thus periodic but not 

axisymmetric. 

It vas therefore decided to undertake the development of a thermal 

model of a supercalender filled roll based on a convective boundarJ condi

tion and a periodlc heat source. In order to test this model, measure-

cents of filled roll temperature vere tl'Ade. Tbree rolls of different 
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material composition vere instrumented vith miniature thermocouples 

at 8 radial positions in each of a number of cross-sectional planes. 

These rolls vere run in turn, in conjunction vith a steel roll but 

without paper, over a vide range of speed and nip load. Fill surface 

temperature at the centre of the roll vas measured vith a total radia-

tion pyrometer vhile the thermocouples measured temperatures at various 

depths betveen 3/32 and 2 in. Tests vere started at ambient tempera-

ture and run at constant speed and load vhile all temperatures vere 

recorded versus time. 

Temperature at a given depth versus time as predicted by the 

thermal model vas compared vith experimental data. It vas shown that 

the heating up of a filled roll vas adequately simulated. Rolls vere 

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 Exnerimental 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 betveen bodies of identical elastic properties vere studied by 

Carter (25) and later by Poritsky (26). ~!orland (27, 28) extended the 

york on the rolling contact of cylinders to include the effect of visco-

elastic material behaviour. Bentell and Johnson (45) have developed a 

numerical solution to the problem of contact betveen rolling cylinders of 

different elastic codulus. As Schoonkind (10) realized, losses due 
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() 
to supercalender roll bearing friction, hovever 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 108s in ball and roller bearings vas treated by Harris (29) and 

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 experimental 

investigation, been unsuccessful in producing improvement of supercalender 

performance. 

Apart from Pfeiffer (20) who carried out an individualistic photo-

micrographie study of supercalendered paper, Investi-gat-er--s-haY.'IL~J:j~~_~~ __ 

define mainly the stress, strain and slip distribution in a supercalender 

nip through measurements of:-

1) angular 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 in a 5upercalender 

stack, 

4) rolling friction in a stack from the electrical pover 

consumption of the drive, 

and by applying the theories of clessical elasticity and continuum mech-

anics to their ovn concepts of h~J a supercalender filled roll is deformed 

{; 
~I ' 

by a ri~d cylinder, 50 as to establish agreement vith values of those 
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variables vhich vere amenable to measurement. 

Prior to our investigation on a stack consisting of an 8in. 

diameter steel roll driving a similar roll through an intermediate 

l2in. diameter filled roll, measurements of the angular velocity of 

the tvo steel rolls vere made over a speed range of 50 to 500 rpm. 

and at nip loads from 250 to 2000 pli. These measurements vere 

accurate to one part in 600 at the highest speed and proportionally 

less at lover speeds. At no time vas there recorded a difference 

in angular velocity betveen the tvo steel rolls. Measurements made 

over the same ranges of load and speed on a l2in. diameter steel and 

filled roll pair also failed to detect an angular speed differen~e--""·"" 

betveen the rotatin"g"elëïiientSaïthough 5 filled rolls of different 

material composition and fi II pressure vere tested. The rligitel 

counting method used to measure speed could easily have been adapted 

to yleld any desired degree of resolution. It vas felt, hovever, 

that experimental techniques more powerful than speed measurement 

could be devised to aid in the study of filled roll de format ion and 

supercalender nip mechanics. 

It vas not intended to embark upon yet another analysis of a 

hypothetical supercalenàer nip. It vas felt that measurements of 

the distribution of subsurface deformation in the fi lIed roll and 

the rolling friction coefficient of a single nip stack would yield 

critic~l information or insight necessary to develop a good mechani

cal ~del of a supercalender nip. Tnese tvo measur~ents vere 

deemed fundamental to our study oecause:-
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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 pover 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 ancillary equipment. 

In order to reduce the number of experimental variables ve chose 

to make our measurements on a stack of the simplest possible configura-

tion; a single nip, without paper, betveen a 12in. diameter steel roll 

and driven filled rolls vith a face length of 12in. and similar diameter. 

The deformation of a typical cross-section of fill in a supercalender 

nip vas studied by obtaining X-radiograms of patterns, in polar array, 

of 1/32in. diameter platinum-20% iridium spheres. These vere mounted 

on a stiff annular cardboard disc vhich vas included betveen the fill 

material vhen the roll vas manufactured. Friction loss or the resist-

ance to rolling associated vith a single supercalender nip vas measured 

vith a strain gauge torque celle This instrument vas mounted 50 that 

the only source of friction vhich vas measured, other than the contact-

ing roll faces, vas that ot the 4 bearings supporting the supercalender 

rolls. It vas found necessary to ~easure the bearing resistance separate-

ly and to subtract this froc the total driving torque. 

Friction torque ~~asurements vere found to be unreproducible. At 



{ 

- 24 -

slov speeds, as the rolls turned through a fraction of a revolution, 

the measured resistance to rolling vas se~n to change drastically; 

sometimes to double the long term Mean value and on occasion to become 

negative for an instant. The deformation measurements revealed large, 

and apparently random displacements of the fille The unexpected 

behaviour of rolling resistance and deformation led us to make profile 

and hardness measurements over the surfaces bf all available filled 

rolls. These rolls had been finished to vithin O.OOlin. of a pcrfect 

cylindrical surface. Hovever, measurements revealed that radial 

differences---{)f'--as--muc~ __ fJ._s ___ Q-,91_5in. had developed. 
--_.'._-."_ 0_- _. . ". ___ . __ ~ 

Surface hardness 

--------:--::------
variations vere found to be as much as 30% of the Mean value while 

surface hardness distribution vas completely altered during the period 

over vhich a filled roll vas in operation. 

There appe~red to be no relationship between the data and the 

speed at vhich a particular test vas conducted, however, the crude 

approximation that resistance to rolling varies as ~, vhere P is 

the nip load, appears to be valid. Althoueh a supercalender filled 

roll can, vith sorne reservation, be regarded as a homogeneous continuum 

for purposes of heet conduction, no such assumption can be made in 

connection vith its de format ive behaviour and rolling friction. 
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EXPERIMENTAL APPARATUS AND DISTRUMENTATION 

Laboratory Supercalender Apparatus* 

The supercalendering test apparatus used in this experimental 

pro gram is shown, along vith the panels containing controls and instru-

mentation, in Fig. 6. Previous experience obtained on a small conven-

tianal single nip vertical stack clearly shoved 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 vas adopted. 

----------,T'P1hh.eii1r'irOj;jamimPe.....,vUiaslnr"mlllOatrld~e-ent-mly of structural steel plate and rolled 
----------

sections. The "ways" or parallel tracks, upon vhich the stack roll 

bearing blocks rest, vere formed by machining a length of the centre 

portion of the upper flanges of 'the tvo channel sections. Other struct-

ural steel components vere used to ensure the rigidity of the frame, to 

support the motor and to provide for stack loadinp, and support. A 6in. 

diameter bore by 4in. long stroke pneumatic cylinder vas mounted at the 

end of each vay channel. These cylinders could be operated at pressures 

up to 750 psi. and apply a loading force on the stack of up to 12 tons. 

The force i5 transmitted to the roll bearing blocks from the cylinder 

piston rods through spacer blocks vhich rest on the vays. All rolls 

have a standard shatt end. The roll bearings and bearin~ blocks are 

~so identical and interchangeable. Each shaft has a 3in. diameter 

bore ail the vay through to accommodate ei ther a drive soaft or instrument 

• See APPEm>r..< V for a more detailed description and dravings. 
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FIG. 6. 
Supercalender Test Apparatus 
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signal leads. 

The stack is driven by a separately excited shunt-stabilized 

30 hp. direct-current motor vhose speed is infinitely variable dovn 

to 1/40 of full speed. The motor can operate over tvo speed ranges 

to a maximum of 1150 rpm. or 2600 rpm. Power is supplied by a mot or-

generator'set and speed control is provided by a modified Ward-Leonard 

system. The drive transmission was designed so that any 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 thro~h the roll bore and 

connects to a second universal couplinp,. 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 gear reduction unit 

cao be installed, as shown in Fig. 7, between the motor shaft and the 

first universal 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. 

Friction torque of the stack bearinl1:s can be conveniently 

measureà on this apparat us by mountin~ the bearings, four at a time in 

their bearing blocks, as shown in Fig. 8. Further àetails of the se 

measureoents, alon~ vith other york on the los ses in rolling elenent 

bearings, is given in AP?E1iDIX IV. 
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!dp 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 independently 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 

Pl and P2 are the pressures applied to the first and second pneumatic 

cylinders respectively and A i5 the cross-sectional area each cylinder 

bore. Fig. 10 is a labelled 5chematic 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 can thus be measured inàepenàently. Each pulse ~enerator 

consists of a 12 tooth, 6in. diameter steel gear ~ounted on the end of 

a roll shaft and a telephone receiver cartridge located, vith its dia-

phragc re~oved and the pole pieces of its pe~anent U-mav,net at a 

minimum clearance from the gear teeth, on an adjustable support attached 

to a bearin~ block. Tnis arran~eoent can be seen in Fi~. Il. The 
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Pressure Control Apparatus 
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FIG. 10 

Schematlc of Nip Load Controls 

A-Nitro~en reservoirs, B-Pressure reducing and relief valve, C-Rate 
control needle valve, D-Shut-off cock, E-Distribution branch to either 
cylinder, F-Air filter, G-Compressed air supply ~a~e, H-Coopressed 
air supply shut-off cock, I-Hlgh pressure check valve, J&K-Separate 
cyl1nder check valves, L&M-5eparate cylinder shut-off cocks, li-Equaliz
ing cock, O&P-5eparate eylinder supply lines, Q&R-5eparate cylinàer 
conitoring gauges, S-Precision ga~e, T&U-Separate cylinder connections 
to precIsion gauge, V,W&X-Cylinder isolation check valves, Y-Safety valve, 
Z,AA&AB-Vent cocks for each ga~e, AC~JlInder retraction pressure reduc-
1ng valve, AD-Cyl1nder retraction pressure ga~e, AE-COl!'Z!1on cylinder 
retraction pressure supply line. 
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FIG. 11-

Tacho~etric ?ulse r,enerator 
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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 vhich the gear is mounted. This frequency 

is measured, vithout amplification, by a digital counter. The pulse 

generator produces 72 cycles per revolution and is accurate to ±l Hz. 

over the entire speed range dovn to 20 Hz. Accuracy can be maintained 

at very lov speeds, vhile using the gear reducer, by using a single 

pulse tachometer on the motor shaft. 

revolûtion of the roll are produced. 

In this vay, 1860 cycles per 

Drive torque vas measured ~J a reaction type, bonded strain 

gauge torque cell shown in Fi~. 9. This dynamometer rotates vith the 

roll and the signal leads are attached to instrument slip rings. Torque 

calibration vas carried out as illustrated in Fig. 12 by applying veights, 

up to 1000 lb., in 25 lb. increments, to a calibrating yoke. 

Specifications of the torque cell and the instrument slip rings 

are as follovs:-

l} Lebov Associates, Ine. Reaction Torque Cell #2406-101 

Output: linear to 40 ~v. at 10,000 lb. in. torque 

Input: 20 v. D.C. 

Capacity: 10,000 lb. in. maximum vith 50% overload 

TYPe: temperature eompensated single full bridge 

bonded vire strain gauge. 

2) Northern Precision Laboratories Instrument S110 Rings ueOOO50-l 

!hmber of conductors: 6; 4 used 

Speed range: ° to 3000 rp:n. 

Ring r::.aterial: coin silver 
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silver/graphite 

~ 0.5 ~v. 

The subsurface deformation of a supercalender filled roll 

was measured in the nip region in a specific transaxial 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 fill material. 

The X-ray unit, shown in Fig. 13, consists of a 30 kv. power 

supply, a parallel/series capacitor bank or pulser, the delayed 

trigger amplifier for accurate adjustment and synchronization of the 

occurrence of the X-ray "flashu , the X-ray tube and its holder and a 

distribution system for dry nitrogen and "Freon-12u high voltap;e 

insulation gases. 

A special X-ray fi~ holder or cassette, shown in Fig. 14, 

was eonstrueted. It has the shape of an annular dise and is attaehed 

to the nut of a filled roll, eoneentrie with, anà perpendicular to, the 

roll ~<is 50 as to rotate with the roll. Tvo pieees of arc shaped 

film are inserted under light-tight plastic covers and are sandwiched 

between "Radelin-TI2" intensifyinp; screens. For this application a 

high speed X-ray filr.l, suco as "Kodak Royal 3lue l~edieal" or "Dupont 

C!"onex-II t~etallurgical" is requireè. 

Since the array of spheres i5 in a transaxial pl~~e 4in. ~rom 

the filr.l and the distance fron the X-ray sou!"ce to the fil~ plane i5 

25io., the icages of the sphere5 a:-e spreaà or ~anneà out about the 
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point vhich 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 

purpose a 1/16in. diameter, l~in. long tungsten rod vas attached to each 

film coyer. The direction and length of the image cast by these rods 

vere 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 rovel-

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 ~in. vide sheet. 

In order to obtain an X-ray picture of the deformation field 

vithin the filled roll the X-ray unit must be flashed by a fi ring inter-

lock, as described in APPENDIX V, vhen 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 loudspew~er and a visual output or galvanometer 

needle gives a quantitative indication of the mornentary ri se in back~round 

radiation vhen the X-ray apparatus is fireà. Abnormal functionin~ of the 

equipment or a faulty tube can thus be detected vithout '.asting time and 

film. Electroscopic pocket dosimeters vere used by the experimenters to 

monitor radiation dosage absorbed during the test program. 

Data LoRging and Si~al Conditioning Instrumentation 

Reaàings fro~ as ~any as 50 separate instrument transèucers vere 

recorded for periods up to 6 hours durin~ certain tests in the prou,ram. 

On occasion readin~s had to ce =ade et a rate of 5 per second. Transducer 
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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 ~v. vas 

required. These measurements vere made by a digital data acquisition 

system vhich vas capable of keeping a real time record of all these 

readings. This system consisted of the fOlloving intercommunicating 

modular units:-

1) Digital Clock 

2) Integrating Digital Voltmeter 

3) Analogue Input Scanner 

4) Data Entry Keyboard 

5) Perforated Paper Tape Punch 

6) Guarâed Data Amplifier 

7) Digital Printer 

8) Digital to Analogue Convertor 

A 24 channel thermoelectrically cooled, thermostatically con

trolled thermocouple reference system vas provided for filled roll 

thermocouple compensation. When more than 24 temperature points vere 

logged this vas supplemented vith a conventional Dewar flask ice bath. 

The data logging and sip,nal conditioning instrumentation is 

described in detail in APPEUDIX 1. 
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PART 1: THE DEVELOPMENT OF TEMPERATURE nI A SUPERCALENDER 
FILLED ROLL 

Synopsis 

A one-dimensional theoretical model of the development of the 

radial temperature distribution vith in a supercalender filled roll is 

formulated. The model has a simple closed form solution vhich can 

be used"to compute the temperature distribution as a function of time. 

The technique used for the instrumentation of supercalender 

filled rolls vith miniature thermocouples is described. Tvo instru-

mented filled rolls vere run in turn in single nip configuration 

against a steel roll vithout a paper veb. Runs vere made at various 

speeds up to 1700 fpm. (580 rpm) and at loads up to 1400 pli. Tempera-

tures vere measured at 20-40 preselected locations within the fill as 

a function of time. It vas discovered that compressed fill material 

is inhomogeneous and that the distribution of inhomogeneity alters 

as the roll operates. Hovever, rneasured values of the tempe rature 

profiles agree vith those predicted by the model. It has been demon-

strated that the predominant fraction of heat due ta rolling friction 

in supercalender nips is generated in a surface layer no deeper than 

O.Olin. 
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Symbols 

Units 

Strength of a line heat source (continuous) (OF in3)/in.min. 

w Angular speed of filled roll min.-1 

r Radial coordinate in. 

e Angular coordinate 

H Film coefficient of heat transfer 

k Thermal conductivity of fill material Btu./OF min.in. 

v Temperature 

t Time 

x 

y Cartesian coordinat es 

z 

X' Depth of source belov surface 

n An integer implying a revolution of the 
filled roll 

T Period of revolution of the filled roll 

li Humber of complete revolutions executed 
by the filled roll 

u 

K 

h 

Temperature tunction due to a plane source 

Temperature function due to a mirror image 
of u and convection at the plane of symmetry 

Thermal diffusivity of fill material 

Surface film coefficient/thermal conductivity 
of fill 

L Laplace transformation operator 

-u The Laplace transforn of u 

q A function of p and K 

min. 

in. 

in. 

min. 

in2 /min. 

in.-1 
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p The transform of the variable t 

A Coefficient required to satist,y negative 
exponential root of transformed differential 
equation 

B Coefficient required to satist,y positive 
exponential root of transformed differential 
equation 

v The Laplace transform of w 

V The Laplace transform of v 

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

S 

E 

2 = 1--
/Tf 

x CI) 

J e_
t2 

dt = ~ J e_
t2 

dt ) 

o x 

Strength of an instantaneous plane source 
per unit area 

A vanishingly small time increment 

tP An arbi trary, constant angle of rotation of 
the filled roll vhich signifies the time at 
vhich a tempe rature measurement is made 

p Density of fill mate ri al 

c Specifie heat of fill material 

~ Coefficient of rolling friction 

E Energy dissipated per unit length of nip 

El Energy generated per unit area of source 

s Source area per unit length 

v Peripheral velocity of roll 

H Roll speed 

F' Tioe scaling factor 

Units 

min. 

lb./ft 3 

Btu./lb. OF 

lb.in./in.min. 

lb.in./in2 min. 

in2/1n. 

in./cin. 

min. -1 (rpm.) 
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THEORRl'ICAL 

When a steel roll is run in loaded rolling contact vith a filled 

roll heat is generated vith in 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 sheft vhich forms the core of the roll and to the steel nuts or end 

plates vhich confine the fille Heat is also lost by convection from the 

filled roll surface to the surrounding air an~by conduction through the 

nip, to the contacting steel roll. Heat vill be generated at sorne point 

along any radius of the filled roll at a recurring period 2~/w, where w 

is the angular speed of the roll. Based on these general observations 

the folloving 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 

vith the roll axis and at an angular speed w. 

3) Heat is lost fz·om the whole surface of the filled roll at a 

uniform rate proportional to the surface temperature. 

4) The effect of heat conduction to the steel core may be ignored 

sinee maximum temperatures and temperature gradients are known 

to occur within lin. of the fill surface. 

5) The effeet of heat flov to the end plates and henee the axial 

tempe rature gradient is ignored because the length of the 

filled rolls 1s large compared to the radial depth of fil1 
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and because bearing friction heats the roll shafts and 

nuts tending to limit axial heat flov. 

Based on these assumptions the important heat source and siok in a 

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

. 
Q. 

FIG. 16. 

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

This model can be simplified to a one-dimensional representation; 

a half-space vith surface heat loss and a periodically recurring infinite 

plane heat source parallel to the surface. By employin~ the qualitative 

aoalogy illustrated in Fig. 17, a suggested temperature distribution 

within a typical filled roll cross-section consistent vith the features 

shown in Fig. 16 cao be obtained. Consider the heat source to be re-

placed by a thin stream of viscous liquid flowing axially and striking 

near the edge of the rotating dise which represents the filled roll cross-

section. The strength of the heat source is represented by the rate of 

fluid flov. As heat-fluid strikes the disc it builds up to seme depth 

or tempe rature • As flov proceeds, part of the liquid ralls off the ed~e 
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PlG. 17. 

A œva.oPlNG TEMPERATURE 
PROFILE: A RIDGE OF 

MAXIMUM SPIRAUNG 
INWARO FROM SOURCE 

AND DECREASING 

Qualitative analogy of heat build
up in supercalender filled rolls. 
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of the disc analogous to the convective heat loss trom the surface 

and the remainder flovs tovard the centre analogous to heat con-

duction in the fille At any section, cut by radial plane perpen-

dicular to the disc but not containing the source, there is a ridge 

of maxim~ temperature. This maximum spirals at decreasing radius 

in the direction of rotation of the filled roll or in a direction 

opposite to the motion of the source. This flov i~ maintained by 

a spiral "tail" of heat supplied from the source. Thus the follov

ing propositions ~ be put forward:-

1) A surface source can produce a temperature distribution 

vith maxima belov the surface. 

2) Although a roll might eventually achieve a temperature 

distribution resembling the second or developed profile, 

intuitively the first or developing prof'ile appears to 

be the more valià approximation of a typical fill temp-

erature distribution. In this regard i t Yill be noted 

that an industrial supercalender runs for about 20 

minutes and i5 then shut àovn to remove the fini shed 

roll of paper and install the next. It vill be show 

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 flov 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 vas assumed that heat loss to the roll core could 

be ignored and that it vas unnecessary to analyze 

thermal behaviour at depths over lin. belov the fill 

surface. Furthermore, the second proposition vas 

formulated because of the fact that rolls burn vhere 

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 a rela-

tively small radial distance. By implication the fill becomes a 

half-space or semi-infinite sol id vith uniform convective heat 1055 

from its infinite plane surface. The point source, or end viey of 

a line source as shown in Fig. 16, is replaced by an infinite uniform 

instantaneous plane source· at some depth belov and parallel ta the 

surface. 

Formulation and Analysis of the !>!oàel 

The proposed codel can be defined concisely as: The teoperature 

{ , 
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distribution vith in a semi-infinite .solid, initially at constant 

ambient temperature, v = 0, vi th 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 = 0, 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 = 0, 

at a rate Hv(o,t) 

~r:.x=o 

L/~Y~,-, ~ç=x' , 

FIG. 18. 

Successive instantaneous 
heat source over the are a 
of the plane surface, 
x = x', at times, t = nT, 
(n = O,1,2, ••• ,N) 

One-Dimensional Heat Flov. 

The mathematical development of this model vill proceed via 

the folloving steps. 

1. ~ne solution of a one dimensional temperature distri-

bution in an Infinite body due to an instantaneous 

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

• A source of unit strength is defined as that vhich liberates a quantity 
of heat sufflcient to raise the tecperature of a unit voluce of the body 
being heated b.Y one degree. 



- 51 -

.~ 
4ti.;; at time t = o. 

2. 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. 

3. Investigation of a possible alternate solution generated 

by the analysis. 

4. Formation of a solution consisting of a finite series of 

terms of 1 and 2. Each term has a time argument 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 the 

filled roll has undergone. 

Steps 1 and 2 are from (31) 

1. Tbe temperature at any depth, Xl, and any time, t > 0, in 

.an Infinite solid in wbich a unit plane source occurred at 

t = 0 is given as u(x,t}. 

u = l.... 
2/wKt 

2. Tbe addition of a plane of symmetry at x = 0 from which con-

vective heat 1055 occurs will be accounted for by a term 

v(x,t) vhich may De added ta u(x,t}. The temperature dis-

tribution nov becomes v(x,t}. 

v = u + v - (2) 



( 

- 52 -

The function w(x,t) must have the following properties 

i) It must approach 0 as time approaches 0; an 

initial condition w ~ 0 at t = 0 

ii) It must satist,y the conduction or diffusion 

equation 

iii) It must cause the temperature function, v, to 

satist,y a boundary condition such that the sur-

face temperature gradient be proportional to the 

surface temperature. ~ne boundary condition of 

convective heat transfer from the surface is 

ôv = hv ·,x = 0 
ôx 

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-1 i5 inverse 

trans formation 

:. v = L-l[L(v)] - (4) 

define L{ u) :: ü and q :: 1 p/K where p 18 the variable in the 

transformed equation which has replnced time, t. 

. . . 

and 

-u = 
-qlx-x'\ 1 e 

2Kq 

L (~= K02v) ot 6XT gives d2V - q2V = 0 

dxl 

- (5) 

- (6) 
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The transformed equation is a total differential equation 

with the solution 

w = Beqx + Ae-'lx 

It is noted that as eqx ~ m when x ~ m we must have B = 0 

for finite tempe rature to exist at very great depth beneath 

the surface. Therefore w is retained as 

w = Ae-qx 
- (8) 

- 1 -'lI x-x' 1 + Ae-qx 
- (9) and e v= 2Kq 

The parameter, A, is evaluated from the Laplace transformation 

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

From (9) 

L (~~ = hV) 1 
x=o 

dv hv 1 gives dx = 

h v (0) = h e-qx' + Ah 
2Kq 

and dv -0 e-'llx-x' 1 dlx-tl _ Aqe-qx 

dx = 2Kq dx 

x=o 

- (10) 

- (11) 

For (11) to remain finite for al1 x the exponent -'llx-x'l 

must be non-positive. This is accomp1ished by se1ecting 

q :: + 1 p/K, the positive root on1y, and the modulus 1 x-x' 1 • 

Hovever, (x-x') can be negatlve. Tnus it ls evident that 

dl x-x' 1 = + !Jx-x') ·"here the approprlate slgn ls invoked 
dx --dx 
to preserve non-negativity. 
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dv .JL 
dX = 2Kq 

-0 1 x-x' 1 -ox e - -Aqe -

-qx' dV(o) _ .JL e -Aq 
dx - 2Kq 

-qx' 
A = g-h e 

q+h 2Kq 

When A is substituted into (9), 

-v = 
1 e-q1x-x'l + (g-h) ~-qlx+x' 1 

2Kq (q+h) 2Kq 

- (12) 

- (13) 

- (14) 

Equation (14) cao be simplified to a sum of individual terms 

contained in a table of Laplace transforms 

v = l -qlx-x' 1 + l -q(x+x') _ ~.È...) .!L-q(x+x') 
2Kq e 2Kq e 

q+h Kq - (15) 

vhich has an inverse transform 

v =..l... [-(X-X')2/4Kt -(x+x')2/4Kt] e + e 
2/1iKt 

Tne diagram, Fig. 19, illustrates the physical slgnificance 

[ 
-(x~x,)2/4Kt -<X+X")2/4Kt] in e + e 

2/1fKt 

of the term ..l... 

equation (16). 
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x = - x' 
(Source) 

t 
v{x} 

x = 0 

FIG. 19. 

x = x' 
(Source) 

Characteristics of Zero and 
Subsequent Times, tl, t2' ••• 

[Eon. (16)] 

x 

Notice that ôv/ôx = 0 1 and there is symmetry about the 
x=o 

surface plane, x = o. This configuration precludes heat 

transfer across the boundary by placinp, companion sources 

at x = ± Xl. Such a temperature distribution vould be 

expected if h = 0, vhich i5 equivalent to dropping the term, 

heKth 2+h (x+x' ) erre [x+x ' + hlKt"J ,in equation (16). 
2f'K't ' 

riote .that, as vell as making ov/b > 0 l ,this tern 
x=o 

deereases v at positive values ,of x. Such tempe rature 

depression 1s expected to accompany surface heat loss. 
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3. On the other hand, if h ~ œ, the convective boundary condi-

tion reduces to an isothermal boundary condition, vlx=o=o, 

then equation (16) yie1ds the followin~ expression for v 

The diagram Fig. 20, illustrates the physical 5ignific~~ce of 

this solution. 

t 
v(x) 

1 
1 

1 
1 

(Slnk) 
1 x = - x' 

X Ils 0 

FIG. 20. 

Characteristics of Zero and 
Subsequent Times, tl, t2,'" 

[Eqn.(11)1 

x-'-

Tnis 15 a rnirrored source-siok configuration w1th en inflcction 
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at the origin as weIl as the temnerature v = 0 by skew-

symmetry. 

4. By linear superposition the ternperatures resulting from 

the effect two sources may be added at aH times after 

the occurrence of the second source. :or example, con-

siâcr the decay of temperature at or very near the plane 

Xl, first with a source occurrin~ at t = 0, then vith a 

source occurring at t = T and finall~, the combineâ effect. 

This superposition is shown in Fip,. 21. 

0(1' ) 011') 

+ + ... = 

-[.(.(~.() ) 
~r.(.,. ... )) 

--. t 0 '-- • • t. •• ~ 

t •• in r-
I .0 h .. ~ 

FIG. 21. 

The Effect of Successive Heat Sources. 

( 
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!f 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 tempe rature envelope corresponding to the general 

heating-up of the filled roll. This heàting along with 

the combined effect of successive sources is shown in Fig. 21 

and is represented mathematically by equation (18). Tempera

tures for any number of sources are described for aIl depths, 

x, below the surface and all times, t ; nT, n = o,1,2, ••• ,N, 

by the finite series 

N 

v =SL 
n=o 

1 1[e-(x-x,)2/4K(t-nT) + e-(x+x')2/4K(t-nT~ 

2/1TK(t-nT) 

h K(t-nT)h2+h(x+x') f {X-x' } 
- e er c 2~t-nT) + hl K(t-nT) 

- (18) 

where a seale factor, the source strength, S, has been ineluded 

for the sake of generality. 

EXPERIMEnTAL 

Instrumentation 

Temperature measuring instrumentation vas included in tvo filled 

rolls described and illustrated in Fig. 22. The rolls vere filled vith 

"Fill:!at-2" which vas l!tOunted on a 6in. diameter steel shaft or core and 

finished to l2in. outer di~eter. Filcat is the trade name of a cotton 

fill material available 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 vas "10cked-

Up" under a Mean axial compression of 10,000 psi. and contained a 

25% proportion by veight of glass fibre mixed with the Filmat. 

Roll A vas pressed at 8000 psi. In both rolls the axial length 

of fill betveen the retaining nuts vas about 12in. after pressing. 

The test rolls contained miniature iron-constantan thermo-

couples. Fill temperatures, at the various transaxial planes' 

depicted in Fig. 22, vere measured vhile the supercalender vas 

operating. The instrumentation vas similar in both rolls. Roll 

B contained 6 planes of 8 thermocouples and roll A had only 4 

planes of couples. Note the differences in axial spacing of the 

instrument planes or discs and that the four discs in roll A have 

serial numbers 8, 1, 4 and 6. These discs will be subsequently 

identified by these numbers. Eight thermocouples vere placed at 

equal angular spacing on 0.020in. thick annular paper cards. 

Fig. 23 shovs the location of couple Junctions vhich vere from 

3/32in. to 2in. beneath the finished surface of the filled rolls. 

All thermocouples vere commercially fabricateà from either 0.002in. 

diameter vire with 0.005in. diameter spherical junction beads or 

fram 0.005in. diameter vire. It vas thought that the larger vire 

may vithstand the pressing phase of the roll manufacturing process 

better than the riner vire. Hovever, probably due to its greater 

flexibility,'the 0.002in. diameter vire proved to have a better 

record of survi val. 
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3/32 

ALL DIMENSIONS IN INCHES 

FIG. 23. 

Thermocouple Location 

...........,~3/8 

12' 0.0. 
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Thermocouple junctions vere located accurately on their mount

ing cards br threading one lead of each couple through pinholes and 

draving the beads into these locating holes. The bare vire leads 

vere passed, on either side of the cards, towards the centre of the 

roll annulus. The leads vere fixed to the card br lacing them 

through pinholes near the inner circumference as shown in Fig.24. 

Thirty-gauge iron-constantan extension leads, individually insu

lated vith "Teflon" covering, vere connected to the couple leads 

near vhere they vere laced to the cardo Connections vere made by 

striking a lOve A.C. arc betveen tvo band held miniature electrodes 

of either soft pencil or brush graphite. Oxidation of the velds 

vas prevented by flushing the region of the arc vith helium or 

argon. 

The thermocouple mounting cards and the elements of Filmat 

from vhich the rolls vere built have three equidistant cutouts on 

their inner circumference. There are three corresponding axial 

grooves in the outer surface of the roll shafts over vhich the cards 

and fill material vere assembled. In one of the se channels vas 

placed a steel key to prevent rotation of fill relative to the sbaft. 

The other tvo channels provide paths for the thermocouple extension 

leads vhich run trom the velds, circumferentially along the inner 

edge of the cards and converge at the cutouts in groups of four pairs 

of leads per cardo In the tvo rolls vhich contain six cards, each 

groove carries three lead bundles, in either direction, thro~h the 

roll nut and via radial holes in the shaft, to the roll bore. 
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..... --WELO OF <XWSTANTAN LEAD: 

30 OAUGE 
THERIotOOCJC.II EXTENSION 

LEAO PAlR-<MRALL WOIIEN 
GLASS INSULAnON 

1 
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FIG. 24. 

Hountinp: of Thernocouples. 
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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 vas 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 vas provided at either end 

of the roll. The signals from the thel~ocouples vere transmitted 

via further extension leads through ice bath reference junctions to 

the scanner and integrating digital voltmeter vhich recorded all 

temperature measurements. 

Filled roll surface temperature vas measured by an "Ardonox" 

(33) total radiation pyrometer in vhich incident radiation emitted 

from a three inch ~~de circumferential strip at centre face is 

focused by a parabolic mirror onto a thermopile. Correction for 

roll emissivity vas made by making tvo static temperature measure-

ments on the roll surface under the pyrometer vith a hand held 

indicating thermocouple surface pyrometer. The first calibration 

measurement vas made at room tempe rature before a test vas run. 

The second vas made immediately after the test run and the rate of 

surface temperature change due to coolino; vas small eno~h 50 as to 

yield a constant measurecent. These tliO measurements, typically 

at 70°F and some other temperature above 1200p respectively, vere 

used in conjunction vith a calibration curve supplied by the instru-

cent manufacturer. This curve represented the instrument output as 

{ .. 

1; 
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__ --FILL MATERIAL 

ROLL END NlIT 

THERMOCOUPLE CARO 

3 EQUIDISTANT CHANNELS 
CUT AXIAL INTO SURFACE 
OF ROLL SHAFT FOR 
THERMOCOUPLE EXTENSON 
LEADS 

LEAD BUNDLES EMERGE F~OM 
CHANNELS AND PASS THROUGH 
RADIAL HOLES TO ROLL BORE 

PERFORATED PLATE -COUPUNG SUPPORT 
LEADS ARE COUPLED TO CONDUCTORS 
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SLIP RING ASSEMBLY 

~ CONDUCTOR LOW NOISE INSTRUMENT 
SLIP RING ASSEM8LY 

"'-----CONDUCTORS FROM STATIONARY SIDE OF 
SLIP RINGS REVERT TO IRON - CONSTANTAN 
30 GAUGE LEAD WIRE AND ARE ROUTED 
TO REFERENCE JUNCTION AND DATA 
LOGGING SYSTEM 

NOT ra SCALE 

FIG. 25. 
Routing of Leads. 
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a function of "black-body" temperature. 

Temperature measurements made with thermocouples in the fill 

and with the radiation pyrometer were averaged over intervals of one 

second. This technique of signal integration yields accurate measure-

ment of the mean temperature in the interval during which the signal 

is monitored. The model represented by equation (18) implies that 

temperatures at the plane of the source are infinite when a source 

occurs and decay,due to diffusion and surface loss, to a minimum Just 

before the occurrence of the subsequent source. At all but the lowest 

speed of operation, a number of roll revolutions take place during one 

second, therefore a number of oscillograms of thermocouple output voltage 

were taken in order to investigate temperature fluctuations which occur 

as the roll rotates and the fill surrounding a given thermocouple passes 

under the nip. The surface pyrometer neither rotates nor passes through 

the nip. It stands 900 downstream of the nip and averages the tempera-

ture of points on the surface all of which passed the nip 1/4 revolution 

previously. 
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RESULTS AND DISCUSSION 

Temperatures vere measured on rolls A and B as a function of t~e 

~t all combinat ions of four loads, 240, 470, 940 and 1400 pli., and three 

speeds, 650, 1050 and 1700 fpm. respectively, in a sequence of tests in 

which load vas progressively increased. Although a statistically design-

ed experiment, in which loads and speeds are chosen in a random sequence, 

would have been preferable the approach of progressive load increase vas 

adopted in order to maintain the integrity of the thermocouples and hence 

obtain a maximum amount of data. It vas not known how well the couples 

would withstand high loads or at vhat temperature the filled roll might 

sustain surface damage or be burned. An additional series of 15 tests 

vas made to establish the reproducibility of the measurements. 

Most of the operative thermocouples vere monitored in each test. 

About 20% of the couples were broken during the roll manufacturing process 

before the test program vas begun, and most of the couples at 3/32in. depth 

were broken during the test program. Despite the se breakages sufficient 

data were obtained to give a reasonably comprehensive picture of the thermal 

behaviour of both rolls. 

Typical temperature versus time data are shown in Figs. 26-29 from 

which it may be seen that both rolls exhibit similar general trends. Under 

al! conditions of operation there is an initial steep increase of tempera-

ture vhich subsequently tends to flatten out. Surface temperatures, vhich 

vere measured ooly over the central transaxial plane, are ShCMl in Figs. 26 

and 28. T'nèy are seen to be higher at al! times than temperatures vithin 

the roll in this plane. 
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The manner in vhich the temperature decreases belov the surface 

vould, at first sight, appear to be consistent vith the assumption, made 

in the theoretical treatment, that a supercalender filled roll behaves 

like a homogeneous continuum. Hovever, inspection of the temperature 

measurements provides evidence to show that the thermal properties of 

the filled roll cannot be fully explained vithout reference to its 

heterogeneous nature and its thermomechanical instability. Indeed, 

possibly the most important conclusion to emerge from this study is that 

random property variations, vhich have not previously been considered in 

this context, play an important part in filled roll behaviour. This 

evidence vill be presented before proceeding to determine how well the 

temperature measurements fit the theoretical predictions of equation (18). 

Nonuniformity and Instability 

Certain features of the data sbown in Figs. 26-29 are not con

sistent vith the behaviour of a bomogeneous continuum. 

1) In Fig. 26 it may be seen that temperatures, especially 

those on or near the roll surface, do not increase smoothly 

vith time. There are a number of abrupt cbanges in slope 

of tbe curves. 

2) In Fig. 28 it is seen that a very rapid temperature rise 

of 70°F occurred at the surface of tbe roll vhen tbe stack 

vas stopped. This phenomenon vas observed in severa! otber, 

thougb not all, test runs, the sudden tempe rature rise being 

usually only a fev degrees. Sudden temperature drops may 

also have occurred but tbese vould go unnoticed as the surface 
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temperature, which is invariably the greatest, decays rapidly 

vhen the stack is stopped. 

3) While temperatures vere rising during operation, the tempera

ture at a given di~tance beneath the roll surface vas on 

occasion exceeded by that at a greater depth. Such an inver

sion appears in Fig. 29 vhere the temperature at 3/l6in., for 

a time, exceeds that at 3/32in. 

In order to account for these phenomena it should be recalled that thermo

couples at adjacent depths in the same transaxial plane are separated by 

45° or 1/8th of the roll circumference vhile the surface temperature of 

the filled roll was alvays measured at a position 90° downstream of the 

nip. The behaviour described in items 2) and 3) above is most probably 

caused by circumferential variations in either the heat source strength 

or the thermal diffusivity of the fill material. Variations in values 

of thermal diffusivity for most organic solids such as cotton over a vide 

range of density are very small and it is unlikely that changes in this 

property would account for the observed effects. 

The phenomenon described in item 1) suggests that the heat source 

strength distribution changes as the fill material undergoes compact ion or 

dispersion during the course of operation of the filled roll. 

In Fig. 30, which shoys temperature versus time characteristics 

obtained at l-minute intervals, short term temperature fluctuations are 

noticeable at all depths. Temperature inversions also occurred in this 

test as the couples at 3/4in. and 1/2in. bel~J the roll surface showed a 

higher temperature than that recorded et 3/8in. 

In addition to circumferential variations there are also varia-
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tions in heat source strength along the nip in the axial direction as 

May be seen from Fig. 31 in vhich temperature-time curves are plotted 

for all four thermocouples located at a depth of 3/32in. in roll A. 

This behaviour, in which temperatures are higher at one end of the 

filled roll and decrease tovards the other end, vas common to both 

roll A and B in all tests. The effect vas more pronounced vhen the 

stack vas lightly loaded. Axial temperature gradients maf arise in 

part from topographical variations in the surface of the filled roll. 

A contour mapping of the topography of roll A, shown in Fig. 32, is 

displayed as a geometrical development, or unvrapping, of the roll 

surface in vhich the vertical profiles indicate the clearances at 

intervals of 45° betveen the filled roll surface and a rigid flat 

plane. It can be seen that the surface profile variations are pre

dominantly axial. 

Variations in hardness over the roll surface May also contri

bute to the variations in heat source strength. In Fig. 33 a hardness 

parameter, p, is plotted on a development of the roll surface for roll 

A. There are large variations in roll hardness in both axial and 

circumferential directions. 

Another measure of the local property variations i5 provided 

by variations in the rolling friction during successive single revolu

tions. Friction torque measurements for the steel roll against roll A 

at speeds sufficiently lov to resolve fluctuations are shown in Fig. 34. 

These torque curves include bearing friction, vhich vas at all times 

about 25% of the gross torque, hovever, fluctuations in bearing friction 

are negligible compared vith those visible in Fig. 34. Tnese fluctua-



-LL 
0 -
L&J 
a:: 
::) 

ti 
a:: 
lLI 
Q.. 
:e 
lLI .... 

! , 

85 

84 

83 

82 
o 

- 76 -

ROLL A 

LOAD 240 PLI. 
SPEED 1050 FPM. 

10 20 30 
TlME (MIN.) 

FIG. 31. 

Temperature recorded by thermocouples at 3/321n. 
belov the surface at 4 transaxial plane. 
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FIG. 33. 

A typical surface haràness profile of 
roll A after about 50 hours of running. 
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tions in friction are consistent with circumferential differences in 

heat source strength. 

Roll B, vhich vas filled vith a 25% by veight mixture of glass 

fibre with Filmat-2, vas used in this test program because it vas thought 

by the manufacturer that the inclusion of glass fibre in a filled roll 

vould promote rapid thermal diffusion and thus arrest overheating and 

hence charring of the fill. If this mixture proved successful it vould 

reduce the risk of roll damage and filled roll life vould be prolonged. 

Potentially, an increased resistance to overheating vould permit the 

application of higher load and speed with corresponding reduction in 

number of nips and increase in production. Since glass has a thermal 

diffusivity vhich is not remotely different from that of cotton and 

other organic materials it is not surprising that the thermal behaviour 

of roll B vas quite similar to that of roll A which vas filled vith 

unblended Filmat-2, a pure cotton fibre. This similarity can be seen 

by comparing Figs. 26-28 vith Fig.29. Roll B, hovever, sustained 

generally lover rates of temperature increase than did roll A operating 

at the same load and speed. By measUring the respective rolling fric-

tion vhile operating vith either roll and by observing temperature ri se 

within bath rolls, vhile stationary, as they vere heated by an electrical 

resistance heater vrapped around their surfaces, it vas established that 

the lover rate of tempe rature increase in roll B sustained during opera-

tion vas due to a lover coefficient of rolling friction rather than a 

higher thermal diffusivity. It vas thus demonstrated that the addition 

of glass fibre to Filmat in this proportion does not, through superior 

diffusive properties, provide an attractive alternative ta pure cotton 
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fibre. Roll C, to be described in Part-II, vas manufactured at the 

same time and under the same conditions as roll B but contained no glass 

fibre. In a control experiment, roll C exhibited an average rolling 

friction coefficient only slightly higher than did roll B. It vould 

appear that glass fibre does not significantly reduce the rOlling los ses 

of fill material. 

Data such as presented in Figs. 32-34 viII be described in 

more detail in Part-II. They are mentioned above, hovever, because 

they provide further evidence for a heat source distribution vhich is 

variable vith time over the roll surface. 

A measure of the irreproducibility of temperatures vithin roll 

A ls shown ln Fig. 35. This is a resumé of the results of three suc cess-

ive tests run at 950 pli. Typical tempe rature versus time curves obtained 

at the roll surface and by thermocouples in the plane of disc 4 at depths 

of 3/32in. and 1/2in. during the first test vhich vas run at 1050 fpm. 

are shown. Temperatures, measured at the tvo intermediate depths and 

not shown, vere at all times betveen the tvo shown. The surface tempera-

ture is marked 4 surface as it may be reca1led that this vas measured at 

the location of disc 4, the centre of the roll face. Curve segments for 

temperatures at 3/32in. and 1/2in. depth in the plane of discs 6 and 8 

are also shown and a typical axial temperature gradient can be se en as 

the 3/32 - 1/2in. temperature band at disc 6 is higher than at disc 4 

vhich in turn 16 above that at dise 8. Curve segments for surface and 

3/32 - 1/2in. depth temperatures are shawn for the second test, marked 4**, 

vhich vas run at 1700 fpm. Dises 6 and 8 are not shown in the second test 

as the temperature eurves reeorded at these tvo locations vere essentially 
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~he same as those for dise 4. This test vas atypical in that there vas 

no appreciable axial temperature gradient. It may be noted tbat tempera-

tures attained in the second test vere at all times some 70% higher than 

those in the first. This increase in energy dissipation, vhich is pro-

. portional to the.increase in speed, 'WS to be expected. Before running 

the third test, which vas a repeat of the first, roll A vas operated for 

the first time at 1400 pli. in a test run at 650 !pm. The curve segments 

representing tempe rature at dises 4, 6 and 8 and on the surface are shown 

as 4*, 6*, 8* and 4s* respectively. It can be seen that temperatures 

during the third test rose somevhat more rapidly even than during the 

second test at the same load but 70% higher speed and that the usual axial 

temperature gradient vas re-established. This sort of irreproducibility 

seems to occur when a test at a given load is repeated after an intervening 

test at higher load. It is possible that the increased heating, hence 

rolling friction, evident in the repeated test is a consequence of filled 

roll surface conditioning sustained at the highest load at vhich the roll 

had been previously rune It is not clear, hovever, vhy the running-in 

process should incur an increase in overall net friction, especially since 

running-in is synonomous vith the development of a smooth glossy surface on 

the filled roll and an apparent compaction of the surface. Intuitively, 

one vould expect a decrease in overall rolling friction under these condi-

tions. The same cautious policy of conducting tests in stages of success-

ively increasing load vas adopted vith bath rolls and testing vas stopped 

after the failure of thermocouples at 3/32in. depth on the assumption that 

the rolls had in tact sustained minor but significant subsurface damage 

and that temperature data vhich did not include measure~ents at the depth 
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of 3/32in. had greatly reduced value. It vas thus not possible to 

determine vhether, after a filled roll has been conditioned at a given 

higb load, its temperature behaviour becomes reproducible at loads less 

than the maximum load to vhich the roll has been previously subjected. 

It is thus strongly suspected that the irreproducibility shown in Fig.35 

is a running-in or surface conditioning phenomenon and suggests or at 

least does not preclude the possibility of subsequent reproducible 

behaviour. Hovever, Fig. 34 shovs that, certainly, on a short-term 

basis and at lov speeds large torque fluctuations, subtending no more 

than 200 of the filled roll circumference, persist thereby suggesting 

that the so-called conditioning process continues; possibly on a 

smaller scale, but indefinitely. 

Measurements of the short-term periodic temperature fluctuations 

for a fev revolutions of roll A are shown in oscillograms in Figs. 36-38. 

These vere all obtained at a nip load of 470 pli. and a speed of 315 !pm., 

the highest load-speed combination vhich gave a temperature signal vith 

an acceptable signal/noise ratio. Figs. 36a and 36b shov the temperature 

variations measured by thermocouples at depths of 3/32in. and 3/16in. 

respectively in the plane of disc 6. Figs. 37a and 3Th and Figs. 38a 

and 38b shov similar data obtained in the planes of discs 4 and 8 respect-

ively. Although these temperature fluctuations are not of the form pre-

dicted by equation (18) they show evidence of axial and circumferential 

variations in heat source strength. The amplitude of the tempe rat ure 

fluctuation is a measure of heat source strength and i t can be se en in 

Figs. 36-38 that these amplitudesdecrease in the serne sequence as do the 

axial tempe rature gradients described in Figs. 31 and 35. If the beat 
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(a) 

(b) 

FIG. 36. 

Oseillograms of Temperature Fluctuation in Roll A at Dise 6. 
Horizontal sesle = 0.2 see./division, Vertical sesle = a.1Of/ 
division, Load = 410 pli., Speed = 315 !pm. 
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FIG. 31. 

Oseillograms of Tecperature Fluctuations in Roll A at Dise 4. 
Horizontal seale = 0.2 sec./division, Vertical scale = 0.1°FI 
division, Load = 410 pli., Speed = 315 fpm. 
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(a) 

FIG. 38. 

Oscillograms of Temperature Fluctuations in Roll A at Dise 8. 
Horizontal scale = 0.2 sec./division~ Vertical scale = O.7°F/ 
division, Load = 470 pli.~ Speed = 315 fpm. 



- 88 -

source was uniform in the circumferential direction the temperature 

traces obtained from thermocouples at successive depths in the same 

transaxial plane, but separated by an angular interval of 450 as shown 

in Fig. 23, would be similar. In fact, they are not and there is 

greater similarity between the axially separated pairs, Figs. 37a and 

36b and Figs. 37b and 38b, than between the circumferentially adjacent 

pairs, Figs. 36a-b, 37a-b and 38a-b. It is therefore concluded that 

circumferential variations in heat source existe This conclusion is 

supported by sudden jumps in temperature, such as the one described in 

Fig. 28, which indicate a difference between the circumferential average 

and the temperature at a specifie region on the roll surface which 

happened to stop under the radiation pyrometer. More convincing evi-

dence might have been obtained if attempts to monitor the surface 

temperature with an oscilloscope had succeeded. Although the time 

response of the radiation pyrometer is adequate for this purpose, its 

output signal is oo1y 10-20% of that generated by the iron-constantan 

thermocouples. Excessive noise, greater even than that evident in 

Figs. 36-38, rendered any transient temperature measurement made with 

the pyrometer useless. Important features of Figs. 36-38 may be 

summed up as follows:-

1) At any point, temperature fluctuations are reproducible 

over successive revolutions. 

2) Although periodic, none of these exhibit the instantaneous 

temperature rise and subsequent exponentiel decay predicted 

by equation (18). Fig. 38a migbt conceivably approximate 

the predicted behaviour if it vere not for the double peak 
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which can be seen to subtend about 90° of rotation of the 

roll. 

3) All other traces show negative peaks or negative peaks 

combined with sinusoidal fluctuation. 

Although sinusoidal fluctuations are not readily explained, negative 

and positive voltage peaks might be produced by transient stresses on 

a thermocouple junction. Fig. 39 shows the effect of a sharp blow 

with a plastic hammer upon the surface of roll A Just above the couple 

at 3/32in. depth in the plane of dise 8. This oscillogram shows a 

negative voltage spike of l60pv. followed by a positive spike of haIt 

this amplitude. These features are superimposed on a background noise 

of 60 Hz. 

Application of the Theoretical l.fodel to Experimental Data 

In the preceding discussion it was pointed out that there are 

considerable variations in heat source strength over the surface of a 

filled roll and that this source distribution changes during operation. 

It is felt, however, that the theoretical model represented by equation 

(18) serves a useful purpose in describing the development of a radial 

temperature profile vith in filled rolls. This model also helps one to 

understand how a filled roll May bec orne overheated and thus burned beneath 

its surface. Calculated curves of temperature, at various depths beneatb 

the roll surface, as a function of tiJ:Ie vill be fitted to experimental data 

obtained vith roll A. Radial temperature profiles will be calculated and 

compared qualitatively to the radial distribution of discoloration sus tain

ed by an industrial supercalender roll cross-section which has been burned 
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FIG. 39. 

Thermocouple output resultin~ from a blov upon the 
surface of roll A at dise 8 vith a plastic hammer. 
Horizontal scale = 0.05 sec./division, Vertical 
scale = 70 uV/division, 1°F = 30 uv (as shown in 
Figs. 36-38). 
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during operation. . The method of calculation and the physical implica

tions of the model will be discussed before presenting experimental 

temperature data comparisons or evidence of filled roll burning. This 

discussion is undertaken to show how equation (18) is fitted and scaled 

to approximate temperature data and to relate rolling friction coeffi

cient to heat source strength as weIl as to predict conditions under 

which burning takes place. The program us~d to perform temperature 

calculations and the numerical approximations used therein are given 

in APPENDIX II. 

In the following paragraphs the physical relationship between 

equation (18) and an operating supercalender filled roll will be dealt 

with in regard to the following points:-

1) Values of fill material thermal properties and the para

meters which define heat loss from the roll surface. 

2) Other physical parameters contained in equation (18); 

source strength in a half-space related to source 

strength in a filled roll; a velocity independent 

relationship betveen source strength and the coeffi

cient of rolling friction. 

3} Reduction of computation time through scaling of 

source strength and thermal diffusivity. 

The fill material properties which are relevant to heat transfer 

are density, p, thermal conductivity, k, and specifie heat, c. In 

addition an appropriate value of surface film heat transfer coefficient, 

n, must be estimated. These four parameters appear implicitly in equa

tion (18) as the the~ diffusivity, K, and the surface heat loss 
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parameter, h, which are defined as 

K = k/pc and 

h = H/k, 

respectively. The density of fill mate rial in roll A, estimated from 

roll dimensions and the mass of fill used, is 901b/ft. 3 and this is 

within 5% of the density of any commercial roll. In a passive calori-

metric experiment which produced values repeatable to within 5% specifie 

heat of compressed fill samples vas measured as 0.22 Btu./lb.oF and com-

pares favourably with values quoted for cotton (31). Because the thermal 

diffusivities of many diverse organic solids, including cotton, vhich have 

densities in the range 5-100 lb/ft. 3 are quoted (31,32) as about 

0.025in. 2/min. it can be seen that the thermal conductivity of filled 

rolls is about 0.006 Btu.in./min.oF in. 2• Therefore at a typical lov 

value of free convective heat transfer coefficient, H = 1 Btu./hr.oF ft. 2 , 

the parameter h is about 2 x 10-2in.-1 • It has been determined that at 

roll surface temperatures up to 100°F above ambient the parame ter h can be 

ignored thereby simplifying temperature calculations. Such lov values of 

film coefficient/thermal conductivity are reasonable in the case of experi-

ments wherein there is no cooling of filled roll surface by a paper web or 

compressed air jets. Even though tests were run in which the rolls had, 

on occasion, a fairly high surface speed the heat loss due to convection 

is thought to have been small beeause eounter-rotation as shown in Fig.40 

tends to inhibit the build up of air circulation. 
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1 1 

1 

FIG. 40 

Free Convection about a pair of Counter-rotating Rolls 
a> - Flow induced bv free convection 
~ - Flow induced by counter-rotatlon 

It should be recalled tbat the temperature v at any depth x due to 

a heat source located at x' in a material of thermal diffusivity K with a 

heat loss fram its surface characterized by the ratio of surface film heat 

transfer coefficient to material thermal conductivity h = H/k is given at 

any time t after the occurrence of the first source, by equation (18) as: 

1 

n=o 
{

-(x-x' r/4K(t-nT) -(x+x' f/4K(t-nT)1 
e + e J 

_ he K(t-nT)h
2
+h(x+x') errc{ x-x' + hl K(t-nT)} 

2/K{t-nT) 
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( 
where N is the number of sources, hence completed revolutions of the 

filled roll, which have occurred since time t = 0 vith a period T. 

Note that in the above equation the source strength S is given in units 

of °F.in. 3/in. 2 where the area, in. 2, refers to a unit are a of the instan-

taneous uniform plane source parallel to the surface of the half-space 

of the one-dimensional model. When referred to a supercalender nip, 

wherein heat is continuously generated and not liberated in discrete 

gross quanta with period T, the source strength S reflects a rate of 

heat generation per unit area, at the depth of the assumed source, 

which has passed under the nip in one revolution and has produced the 

quantity of heat liberated by a single source. S represents a tempera-

ture rise sustained by a unit volume of material when a quantity of heat 

Spc Btu./in. 2 is liberated in a material of density p and specific heat c. 

Thus S must not be confused with either the rate of uniform heat produc-

tion which can be assigned to an inch of nip length or vith the actual 

rate of heat production divided by the filled roll surface area. Both 

of these are speed dependent. The area rate of beat gener&ted associated 

vith the heat source strength S corresponds to a single source occurrence, 

hence to a single revolution. It ls therefore independent of the opera-

ting speed or rate of source occurrence. Thus the heat source strength 

S can easily be related to a mechanical loss factor, say the coefficient 

of rolling friction ~, vithout recourse to any specific value of operating 

speed of the filled roll. 

u = 933~ = l08~ 
p p 

for previously mentioned values of p and c. U i5 the friction coefficient 
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which will produce, through surface traction under a nip load of P pli., 

the torque necessary to drive a single nip. p and c are fill density 

and specifie heat which change the units of S fram oF. in. 3 to Btu. 9336 

is the mechanical equivalent of heat in lb.in./Btu. The above relation-

ship (19) can beshown by considering the rate, E, of energy dissipated 

in an inch length of nip per minute as:-

E(lb.in. ) 

(in.min.) 
= llP (lb.) V (in.) 

(in. ) (min.) 

and the rate, El, of heat generated per square inch of source parallel 

to or concentric with the roll surface per minute due to N revolutions 

as:-

El (lb.in.) = 

(in. 2 min.) 

788 x 12 (lb. in. ) V (lb.) c(Btu.) 

(Btu.) (in. 3) (lb.oF.) 

S(OF.in. 3)N(min.-1) 

(in. 2 ) 

where it can be seen that:-

E = Els 

and the velocity, V, of the roll surface or source surface is:-

V = Ns 

where s is the area per inch of nip length of a eircumferential strip 

at the depth of the source, the dimensions of a1l quantities are shown 

thus ( ) enclosed. 

There are only tvo time dependent parameters in equation (18); 

the thermal diffusivity K and the period of source recurrence or of 
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roll revolution T. Because the temperature v at any time t is the 

summation of the discrete contributions of individual heat sources which 

have occurred (t-NT), (t-(N-l)T), (t-(N-2)T), •••• , (t-2T) ago, the' temp-

erature after 10 minutes, for example, is identical to the temperature 

after only l minute in a material vith a 10 times greater value of ther-

mal diffusivity K in which an identical amount of heat has been liberated 

by NIlO sources. This property permits the representation of a given 

roll model by a version of ~quation (18) in which the number of terms 

have been reduced by any given factor F of which the actual number of 

roll revolutions to be simulated is an integer multiple. Therefore N 

need not be the actual number of revolutions of the fi lIed roll in a 

simulated test which has run for some time tF, but merely a fraction I/F 

thereof, if the thermal diffusivity K has been increased by the same 

factor F. Because the heat liberated in the interval t must be identical 

to that actually liberated in the real-time interval tF in order that the 

F-accelerated model version predict temperatures the same as real-time 

temperatures, the source strength used in the accelerated model must be 

SF where S is the actual strength per square inch of source-surface in 

every interval T. 

Approximation of Temperature Measured in Roll A 

The one-dimensional thermal model vas used to approximate experi-

mental data of temperature plotted against time at various radial distances 

within roll A operating at three typical but widely different conditions of 

load and speed, i.e. 470 pli. and 1050 fpm., 940 pli. and 650 fpm. and 1400 

pli. and 1700 t'pm. These approximations are the solid curves shown in 
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Figs. 41-44. It was found that a11 three sets of data were best des-

cribed by a surface source and, except for the 1ast set by negligible 

heat loss fram the roll surface. Calculations made vith a heat source 

located some finite distance beneath the roll surface invariably failed 

to predict sufficiently high surface temperature or sufficient differ

ence in temperature between radially adjacent couples straddling an 

assumed subsurface source location. 

The solid curves in Fig. 41, which were calculated using equa

tion (18), agree reasonably weIl vith experimenta1 data obtained in two 

separate tests, both run at 470 pli. and 1050 fpm. These calculations 

were made vith a source strength, S = 1.09 x 10-3 oF i~3/i~2, arbitrarily 

chosen so that the characteristic which represents the temperature at 

3/16in. below the filled roll surface falls on one of the data points, 

as shown, recorded at 3/32in. aftel' 80 minutes of operation. Actually, 

the temperature calculations Jor the theoretical curves shown in Figs. 

41-4l, were performed with ~F = l but then the temperatures thus obtained 

w,ere, in each case, multiplied by an arbitral"'J fraction to obtain an 

ordinate value, at some time t, as required, i.e. indicated on Figs. 41-42 

as "point of fit". The data indicate that greater temperature differ

ences exist between the four couple locations than those which are 

predicted by the model. On closer examination, however, it can be seen 

that the model fits, in some regions, either one set of data or the other. 

Failing this, the data from either test straddle the predicted curves. In 

all cases, save a single datum point, the ambient tempe rature spread at 

the beginning of the tests, as shawn in the inset, i5 greater than the 
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displacement of data points from the curves. No surface temperature 

measurements are included in Fig. 41 because the radiation pyrometer 

is accurate to about ± 5°F. and readings of surface temperature rise 

in the range 10-15°F. vould be unreliable. 

In the second example, shown in Fig. 42, the theoretical model 

vas fitted to temperature data obtained in tvo separate tests run at 

940 pli. and 650 fpm. The model parameters vhich produced the best 

fit vere similar to those chosen for the previous example except that 

a source strength of 2.22 x 10-3 °F.in. 3/in. 2 vas chosen in order to 

have the curve representing the temperature at 3/32in. depth fall on 

a data point recorded at this depth after 100 minutes of operation. 

This example shovs better agreement betveen predicted and measured 

values of temperatures beneath the filled roll surface than did the 

example presented in Fig. 41 vherein predicted radial temperature 

differences appeared to be too small. The discrepancies betveen data 

and theo~· in Fig. 42 are Just the opposite and again the vast majority 

of temperature readings on the curves to vithin the latitude of the 

initial temperature spread in the roll. There is fair agreement 

betveen the curve of surface temperature and the experimental data up 

to about 40 minutes of operation. The divergence betveen prediction 

and measurements of surface temperature after this time vere probably 

due to circumferential varia.tion in heat source strength. This will 

be dealt vith in the next exacple illustrated in Figs. 43-44. 

Figs. 43-44 show data obtained during a very short test, run st 

1400 pU. and 1700 !pm., in vhich temperatures rose rapidly throughout 

the roll and there vas no tice for thermal relaxation betveen the points 
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of large circumferentia1 separation at vhich the thermocouples vere 

10cated. A mode1 with unique value of source and surface 10ss 

condition does not adequate1y represent the experimenta1 data. 

Therefore an attempt vas made to acknov1edge:-

1) The increase in heat 10ss from the surface, represented 

by a finite value of film heat transfer coefficient, due 

to a large difference betveen the roll surface and the 

ambient temperatures. 

2) Large circumferentia1 differences in heat source strength 

vhich probab1y occur over angular interva1s no 1arger than 

the 450 circumferential spacing of adjacent thermocouples. 

Temperature data, shown in Fig. 43, up to a surface temperature about 

1000 F. above ambient, vere represented, as in Figs. 41-42, by a surface 

heat 10ss parameter H/k = h = o. Above this value of surface tempera

ture a better approximation of data vas obtained vith h = 1.01n.-1 as 

shown in Fig. 44. To shov the effect of possible large circumferentia1 

differences in heat source strength, temperature data obtained at 3/16in., 

3/81n. and 1/2in. be10v the roll surface vere 1nd1vidual1y f1tted using 

three appropriate values, 1.65 x 10-2, 2.2 x io-2 and 3.1 x 10-2 OF. 

1n. 3/in. 2 of source strength. The characteristics for temperature at 

the surface and at the four depths of 3/32in." 3/16in., 3/81n. and 1/2in. 

vere calculated for all three values of source strength. The comparison 

of al1 these curves .~th the relevant data produces a number of important 

observations. 

1) The curves, ~, produced by a source strength of 1.65 x 10-2 

OF. in. 3/in. 2 , chosen to produce a fit to data at 3/161n. depth, 
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resulted in predicted values of surface temperature vhich, 

compared to the measured data, vere generally too lov 

except for the initial period of operation up to 1-2 min. 

This fit also produced unacceptably lov temperature pre

dictions for the depths of 3/8in. and 1/2in. 

2) The curves, ~, produced by a source strength of 

2.2 x 10-2 oF. in. 3 /in. 2 chosen to fit data at 3/8in. 

belov the roll surface, describe the surface temperatures 

very vell vhile predicting excessively high temperatures 

at 3/16in. and excessively lov temperatures at 1/2in. 

depth. Because the surface temperature measurement is 

a circumferential average and not, like those measured 

by thermocouples, an average at a specifie point vith in 

the roll it is not surprising that it is best approximated 

by the second source strength vhose value is betveen the 

largest and smallest. 

3) The curves, ~, produced by a source strength of 3.1 x 10-2 

OF. in. 3/in. 2 , vhich vere scaled to fit the temperature data 

measured at a depth of 1/2in. predicted excessively high 

temperatures at the surface as vell as for the dëpths ûf 

3/16in. and 3/8in. The sudden rise in surface temperature, 

represented by a single high tempe rature data point; recorded 

Just as the roll vas stopped vas assumed to be caused by a 

region of high surface tempe rature coming to rest in the field 

of viey of the radiation pyrometer, This ass~ption is sup

ported by the fact that this single data point falls quite 
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near the characteristic produced by the highest of the 

three values of source strength. 

4) IIigh loading severed the connection to the 3/32in. depth 

couple. As a result, only one reading vas obtained from 

this sensor as a connection was briefly re-established by 

chance contact between the broken wires. Note that the 

single data point measured vith the damaged couple at 

3/32in. in depth lies between the curves predicted by the 

3.1 x 10-2 and 2.2 x 10-2 QF. in. 3/in. 2 sources. 

5) The differences in temperature distribution produced by 

the three source strengths, none of which are by them-

selves an entirely satisfactory description of the heating 

behaviour represented by the data in Figs. 43-44, are of 

the same order of magnitude as the differences between 

temperature distribution measured in two separate tests 

run at 950 pli. an& 1050 fpm. shown in Fig. 35. 

Application of the Model to the Prediction of Roll Burning 

The preceding examples of filled roll heating vere best approxi-

mated by a surface source and in spite of variations in source strength, 

the heating behaviour vas reasonably vell described by the model represent-

ed by equat.icd (18). The predominant fraction of the heat generated vas 

most certainly concentrated in an extremely thin surface layer, a layer 

much less than 3/32in. thick. Although only results obtained vith roll A 

have been presented, similar results vere obtained vith roll B. rnere 18 
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no reason to believe that filled rolls in a large industrial supercalen-

der stack behave differently except, of course, for the strong surface 

cooling effect of compressed air Jets, a moist paper web and evaporation 

of condensate from the steam showers. An attempt is made in Fig. 45 

to describe radial temperature distributions vithin filled rolls opera-

ting under industrial conditions. This shows radial temperature distri-

butions, calculated vith equation (18) using unit heat sources 10cated at 

various depths, Xl, Fig. 45a shows the distribution after 70 minutes opera-

tion at 100 rpm. vith moderate cooling where H/k = 3in.-1 and Fig. 45b 

the distribution vith very severe surface cooling where H/k = 1000in.-1• 

Under the assumed condition of severe surface coo1ing shown in Fig. 45b 

an evaporative film coefficient as high as 1500 Btu./hr. °F.tt. 2 , which 

could conceivably occur in the presence of condensed moisture, viII 

account for on1y a fraction of the assumed value of h = 1000in.-1 • It 

is also necessary to assume a decrease in material thermal conductivity 

from 0.006 to 0.0002 Btu.in./min. °F.in. 2 • This is possible only 

through a smal1 local separation of the fi11 surface from the substrate. 

Such separation would account for reported (35) measurements of abnormal1y 

10w local surface hardness in overheated regions of a fil1ed roll. In 

all cases temperatures were calculated at 180° or opposite to the nip, and 

representing balf the period of recurrence of the heat source vas chosen 

to approximate a cean effective temperature distribution. For the first 

half of a revo1uUon the resulting radial temperature distribution would 

èe ske~ed vith a maximum nearer to the surface than that shown at 180°. 

In the second half of any revolution the maximum tempe rature vould be at 

a depth greater than that shown. In the case of moderate surface coo1ing 
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DETAIL A 

'rhe effect of varying the depth, x', of heat ~ourcc 
and the surface parameter, h, as predictea by one
dimensional thercal periodic rode1. All ter.per~
tures calculated as occurring 1800 downstrearn of nip. 
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there is 1itt1e difference between the radial temperature distributions 

produced by a source at O.Olin. depth and one on the surface, i.e. at 

Xl = o. Note that none of these distributions shown in Fig. 45a 

correspond to the disco10uration which occurred in a typica1 burned fi11 

section shown in Fig. 46. The disco10uration extends from about 1/32in. 

be10v the surface, vith a maximum darkening at about 1/16-3/32in. ,. to a 

depth of 1 in. This 1ack of correspondence can be easi1y shownby con

structing vertical line's at these three depths on Fig. 45a so as to 

intersect aIl the temperature curves. It can be seen that such con

structions would not produce simi1ar temperatures at depths of 1/32in. 

and 1 in. Assuming that similar temperatures would have to have been 

produced at the radial 1imits of disco10uration shown in Fig. 46, none 

of the curves in Fig. 45a describe the condition at vhich burning occurred. 

In Fig. 45b, however, a similar construction vould pro duce temperatures, 

at 1/32in. and 1 in., in both the Xl = 0 and the Xl = O.Olin. character

istics, which are more nt!ar1y equal than any pair of other intersections 

vith the six other curves in Figs. 45a and 45b. In both the Xl = 0 and 

the Xl = O.Olin. curves in F~g. 45b the maximum temperature agrees vith 

the location of the area of darkest fill in Fig. 46, i.e. at a depth 

betveen 1/16in. and 3/32in. Note that it is the shape of these tempera

ture distributions vhich is important, not the magnitude of temperature 

vhich occurs at any radial displacement. The heat source strength, 

vhich for convenience vas unit Y for all calculations plotted in Fig.45, 

can be adJusted to any appropriate value as in the case of the curve 

fitting process used in Figs. 41-44. 

It vould seem that the examp1e of roll burning vhich vas presenteà 
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FIG. 46. 

A charred section of supercalender roll fi11 material. 
Annular thickness of disc section ls about 3-1/2 inches. 
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is best described by a heat source on the surface and very severe 

surface cooling. It is known that overheated filled rolls are sub-" 

jected to strong surface cooling and that a filled roll often bums 

after it has become wet, a condition which promotes rapid surface 

cooling-through evaporation and which could conceivably bring about 

surface delamination. Through measurements of temperature within 

filled rolls operating in an experimental stack and through examina

tion of burned cross-sections of industrial filled rolls, the applica

tion of the thermal model represented by equation (18) has proved 

that heat generated in a supercalender nip is, for all intents and 

purposes, produced on the surface of the filled roll, notwithstanding 

the distribution of heat source and its instability. 

Friction Coefficients Predicted from Heat Source Strength 

Although a rational approach to the comparison of filled roll 

heating with rolling friction in a supercalender nip would have been 

to translate the measured values of rolling friction coefficien~ into 

equivalent values of heat source strength and to use these to calculate 

temperatures vs. time curves to fit temperature data as shown in Figs. 

41-44, this procedure vas not folloved. Recall that the thermal model 

used to fit experimental data accounts only for heat loss tram the 

exposed surface of the filled roll and that in cases vhere surface 

temperatures did not exceed 100°F. abo7e ambient this loss could be 

ignored. This does not imply that no heat is lost fram the filled roll; 

on the contrary, the steel roll has a much higher thermal diffusivity 

than the filled roll vith vhich it is in contact. Sinee it vas assumed 
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that heat is generated in the nip region and it has been shown that 

this generation occurs at or very near the fill surface it is reason

able to expect that a large fraction of the heat is conducted to the 

steel roll. Hovever, this has been ignor~d in the formulation of 

the model for the fOlloving reasons:-

1) The model vas developed to describe heating vhich 

occurs vithin the filled roll because it, not the 

steel roll, is damaged through overheating. There

f,ore the heat generation reflected by the heat source 

strength S represents that fraction of the heat vhich 

remains in an element of the filled roll vhich has 

passed under the nip. 

2) The area of nip contact vas not measured or calculated. 

3) If heat loss over a small fraction of fill surface 

vere included, the model vould no longer be a case of 

one-dimensional transient heat conduction; 

simple and convenient representation. 

a most 

4) At high load and speed it might be expected that con-

duction" to the steel roll i5 diminished by:-

i) the heat source occurring at some small distance 

beneath the filled roll surface at increased 

load 50 as to provide insulation during nip con

tact, 

ii) the reduced time available for heat transfer from 

a surface element in nip contact at higher speed. 

It vas, therefore, deciàed to calculate apparent rolling friction 



- 112 -

coefficients based on those arbitrarily chosen values of source 

strength vhich produced the best approximations to temperature data. 

The values of source strength, S, used to produce the curves shown 

in Figs. 41-44 andthe previously derived equation (19). 

~ = 9336pcs = 108s 
P P 

and values of ~ measured vith roll A as reported in Part II, Fig.59 

produced the fOlloving table of comparison:-

Fig. P (pli.) S (OF.in3jin2 ) ~xl03 ~xl03 
cale. meas. 

40 470 1.09 x 10-3 0.23 2.0 

41 950 2.2 x 10-3 0.25 2.9 

43-44 1400 1.65 x 10-3 1.3 3.3 

43-44 1400 2.2 x 10-3 1.7 3.3 

43-44 1400 3.1 x 10-3 2.4 3.3 

~ meas.(~) 

U cale. 

8.3 

11.1 

2.6 

1.9 

1.4 

It can be seen that the values of friction coefficient calculated on 

the basis of heat source strength are lov; about 10-70~ of the meas-

ured values. It vould appear that under the operating conditions 

during vhich the tempe rature measurements vere made, a large fraction 

of the heat generated is conducted to the steel roll. Refer to Fig.45b, 

hovever, and consider the magnitude of source strength necessary to bring 

about charring. Recall that the unit Y source strength, used to predict 

the shape of the radial temperature distribution at conditions vhich led 

to charring of a section of fill shown in Fig. 46, is time scaled for a 

10 minute run in 1 minutes and lS! therefore, a real-time source strength 
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of 0.1 °F.in. 3/in. 2• Assume that operating conditions which lead to 

charring can be approximated by a load of 2000 pli. or greater, a speed 

of 500 rpm or higher* and a two-nip configuration*. Assume f'urther 

that these conditions result in a temperature maximum of 400°F. above 

ambient caused by a source located O.Olin. beneath the surface; a 

tempe rature maximum shown to be only 5.5° in Fig. 45b. It can thus be 

100 seen that where the F factor is (500 x 0.1) the actual source strength 

is of the order:-

400°F. x ~ rpm. x 0.loF.in. 3/in. 2 = 0.125 °F.in. 3/in. 2 

5.5 500 

vith a predicted value of:-

~ = 108~ = 108 x 0.125 = 3.9 x 10-2 

P 

a value some 10 times as high as any measured. Similarly, if the source 

vas assumed to be located on the roll surface, i.e. x' = 0, as shown in 

Fig. 45b to produce a temperature maximum of 0.6°F., a value of ~ approxi-

mately 100 times greater than any measured should have occurred. It is 

therefore reasonable to conclude that filled rolls vhich char, begin to 

burn locally where the value of heat source strength, which has been shown 

to vary both axially and circumterentially vith respect to the filled roll, 

is some 10 times as higb as the average. Furthermore i t appears that the 

maximum rate of heat generation is at a depth of about O.OlOin. and although 

severe evapo.rati ve surface cooling may be provided heat 1055 in the nip ls 

negligible. 

·Hot 100 rpm. in a single nip configuration as implied by the hypothetical 
calculation represented in Fig. 45. 
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Differences in values of rolling friction coefficient, as meas

ured and as calculated from heat source strength, can be explained by 

the following points:-

1) Lov values of p might be partially accounted for if 

in a specifie transaxial plane of the filled roll 

vhere the tempe rature measurements vere made heat 

vere generated at a rate significantly less than the 

axial average rate. 

2) The model does not account for heat, generated in 

the nip and on the filled roll surface, being carried 

avay Qy the cool surface of the steel roll before the 

region, thermally excited in the nip, can escape 

contact vith the steet surface.- It may be recalled 

that the test described in Fig. 41 vas run at lov load, 

a probable condition of surface heat generation. The 

test described in Fig. 42, although run at higher load, 

vas run at the lovest speed hence any region of surface 

vould remain longest in nip contact. These tvo tests 

yielded the lovest values of friction coefficient based 

on heat source strength. 

3) In the third test, described in Figs. 43-44 , the three 

calculated values of pare oo1y 27-60% less than meas

ured values. This test vas run at the highest load 

and speed of 1400 pli. and 1700 fpm. respectively. The 

thermal model is not sensitive to a 0 - O.Olin. change 

in assumed source location nor does it take into account 
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heat transfer to the steel roll. Diffusion from a depth 

of a few thousandths of an inch can be assumed to be 

instantaneous compared to the period of revolution of 

the filled roll, but so can the period during which a 

point on the fill surface remains in nip contact. Although 

a model which ignores heat conduction in the nip predicts 

similar temperature distributions with either a surface 

heat source or one at O.OlOin. depth, such a small distance 

cao and probably does insulate a high tempe rature region 

beneath the surface from heat loss tO,the steel roll. Hence 

the higher proportion of heat, due to rolling friction, 

retained in the filled roll under conditions of high load. 

4) Heat source strengths sufficient to initiate burning 

predict local values of ~ some 10-100 times higher than 

any measured with roll A. Recall, however, that no tests 

were conducted at nip loads above 1400 pli. although it 

15 assumed that burn-out conditions occur at loads in 

excess of 2000 pli. High source strength can be partially, 

though not entirely, explained by increase in friction 

coefficient with load. It is more likely that abnormally 

high rates of heat generation, compatible with burning, are _ 

local phenomena due to random variations in heat source 

strength. Such variations are implied by experimental 

evidence presented in Figs. 30-35. Although discoloura-

tion of fil! shown in Fig. 46 is typical in that s~e 

bu-~ed fill samples show more or less uniform circumferential 
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darkening; it bas been reported (36) tbat others reveal 

local darkening where a relatively small region of fill 

surface has spalled off. It may thus be suspected that 

burning is in fact initiated at a point from which it 

spreads circumferentially and axially, As the length 

of a typical filled roll, unlike the short experimental 

rolls used in this program, is much greater than its 

circumference, burning, even if it proceeds at similar 

rates in circumferential and axial directions, vill have 

propagated completely around the roll before it has affec-

ted the fill end to end. It may also be conjectured that 

burning, initiated by a random, high local value of ~, may 

then propagate by a self-sustaining exothermic reaction in 

which combustible volatiles are expelled from a burned 

region where the reaction then proceeds more slowly. Such 

a reaction is consistent vith the observation that local 

spalling occurs vith violent expulsion of fill mater1al 

from the roll surface; hence the term "blow-out". 
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Resumé of Results 

1) Analysis of supercalender filled roll heating by Malmstrom and 

Nash (16) has led to the implicit but erroneous conclusion 

that although strong surface heat sources exist it is the 

heating vhich occurs some distance belov the surface vhich 

accounts for the development of high subsurface temperature. 

2) Considering differences in roll size, fill pressure and compo

sition the results presented herein agree favourably vith the 

single curve of radial temperature distribution reported by 

Larsson and Gregersen (17) except that these authors reported 

a lover surface temperature than that vhich they measured at 

O.lin. This could easily have come about if the surface 

temperature measuring thermocouple used in their experiment 

vas located near the ingoing side of the nip or failed to 

reach equilibrium vith the surface. 

3} All experimental data, presented in the preceding pages, vhich 

included surface tempe rature measurements, inferred that the 

highest temperatures experienced by the roll fill vere located 

at depths much less than 3/32in., possibly on the roll surface. 

4) Data presented in Figs. 41-44 vere best approximated by the 

model vith a source depth x' = 0, a surface source. Setting 

the location of the theoretical heat source, x', some small 

distance, say, O.Olin. belov the surface results in negligible 

change in the sh~pe of the radial tempe rature distribution. 

Increasing x' to the order of 3/32in. or greater yields tempera

ture distributions which qualitatively describe neither the 



- 118 -

experimental data presented herein nor the degree of dis

colouration sustained by a typical section of burned fill 

from an industrial supercalender filled roll. 

5) It is felt that equation (18) described filled roll heating 

reasonably welle Considering the existence of unpredictable 

variations in heat source strength, it would appear that 

refinement of this model to account for the cylindrical 

geometry of the filled roll and to include a distributed 

rather than the assumed discrete heat source is unwarranted. 

Furthermore it has been shown why it is not necessary, espec

ially at high rates of heat generation, to include the compli

cation of heat loss in the nip. 
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PART II: THE MEASUREMENT OF ROLLING FRICTION OF A SUPERCALENDER NIP 
AND THE DEFORMATION WITHIN A FILLED ROLL 

Synopsis 

Certain aspects of filled roll manufacture are reviewed briefly. 

These reveal a fundamental inhomogeneity in fill structure; a large 

volumetrie fraction of fill material is not solid but contains air. A 

simple mechanism, based on Irreversible gas compression and described 

in APPENDIX III, can be put forth to account for losses due to the 

deformation through rolling vith a rigid body of a material containing 

entrapped gas. Such a mechanism might explain los ses in certain types 

of porous material and to a limited extent, gas compression must occur 

in filled rolls, but one cannot seriously' entertain this to be a pre-

dominating effect nor can this explain irreproducible measurements of 

temperature and randomly varying friction or deformation. In this 

regard it is noted that previous investigations into supercalender 

finishing action and rolling friction phenomena make no reference to 

irreproducible measurements and a variable distribution of friction 

coefficient and heat source strength such as vere introduced in Part I. 

The experiments devised to measure rolling friction, surface 

hardness and profile and subsurface deformation are described. The 

results of these measurements are presented vithout prior theoretical 

analysis. The experiments in this program vere designed in the belief 

that measurements voulà yield reproàucible and continuous functional 

relationships of rolling friction and filled roll deformation versus 
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operating speed and nip load. This assumption vas proven to be false. 

Results of these experiments emphasize that rolling friction in a super

calender nip is like no other hitherto investigated and lead to the 

suggestion of tvo plausible rolling friction mechanisms. One is based 

on axial torsion in the fill the other on buckling or wrinkling of the 

compacted surface skin of the filled roll. Both involve high energy 

dissipation at the surface of the filled roll and are thus compatible 

vith the thermal behaviour reported in Part l. Hovever, the validity 

of these mechanisms cannot be established until the surface and sub

surface microstructures of filled rolls are described and related to 

the random deformations vhich have been measured directly by X-radio

graphy and have been observed indirectly as variations in supercalender 

rolling friction and filled roll surface hardness as vell as in the 

development of irregularities in filled roll surface profile. 
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Symbols 

r Torque necessary to overcame rolling resistance Ib.in. 

P Nip load per unit length of roll face (pli.) Ib./in. 

~ Coefficient of rolling friction 

L Length of roll face 

R Roll radius 

high Subscript indicating maximum value 

lov Subscript indicating minimum value 

6 Prefix indicating a finite difference or a 

range of values 

Overbar indicating a mean value 

p Percentage of full-sc ale reading of Rho-meter 

in. 

in. 

Dl Distance betveen X-ray source and film plane in. 

D2 Distance betveen plane of tracer arrays and in. 

film plane 

D3 Height of reference object in. 

D4 Length of shadov cast by reference object in. 

DS Distance fram tip of shadov to foot of perpen- in. 

dicular from X-ray source to film plane 

D6 Distance from foot of perpendicular to any in. 

tracer sphere image 

D7 Parallax error of sphere image in. 

Ax Circucferential component of displacement fram in. 

datum of a tracer image 

6y Radial component of displacement from datum of in. 

a tracer sphere 

DIX Circumferential difference in displacement from in./in. 

datum of tvo circumferentially adjacent spheres 
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Units 

DXY Circumferential difference in displacement from in./in. 
datum of two radially adjacent spheres 

DYX Radial difference in displacement from datum of in./in. 
two circumterentially adjacent spheres 

DYY Radial difference in displacement from datum of in./in. 
two radially adjacent spheres 

t A subscript which indicates the difference 
between values of DXX and DYY in a load increas
ing and decreasing sequence 

e Angle of rotation of concentric tractive compo
nent 

$ Angle of ration of eccentric tractive component 

a Eccentric displacement in. 
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Filled Roll Structure 

Supercalender filled rolls have a unique structure. They com

prise of a high tensile steel shaft vith an annular steel disc at either 

end. Typically these discs are about tvice the diameter of the shaft 

and half as thick. The discs are supported by nuts attached to the 

shaft by a heavy screv thread. In this vay the fill material mounted 

on the shaft betveen the discs is maintained under high compressive 

force by axial tension in the shaft. The average compressive stress 

applied to the fill material is 5000-20000 psi. The roll filling 

process is illustrated in Fig. 47. Fill material ls commonly supplied 

as felt sheets about 1/4in. thick. From these are die-cut annular discs 

vhich have an internaI diameter so as to fit snugly over the roll shaft. 

Precautions are taken in the manufacture of these felts to ensure that 

their fibres lie vith completely random orientation in planes perpendic

ular to the roll axis. Fill fibres are mostly cotton although in Europe 

vool blends are favoured. Hard, highly compressed rolls are sometimes 

filled vith denim paper sheets about O.Olin. thick. Felts used in hard 

rolls are more highly precompressed and contain shorter length fibres 

than felts used to form softer rol1s. Rolls intended for high gloss 

calendering are SOmetimes filled vith extra long fibre natural carded 

cotton. Prior to pressing this rav material is scarcely a felt but a 

die-cut vad about 1ft. thick vhich has the density and appearance of 

surgical or absorbant cotton. Inorganic fibres such as asbestos and 

glass are occasionally added to the fil1 in proportions up to 25% ~J 

veight. Such additives are alleged to prornote rapid heat conduction 
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FIG. 47. 

Filled Roll Manufacture 

10 MAINTAIN FlLL 
IN COMPRESSION 

SHAFT IN 
TENSION 
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but their effectiveness is questionable and in the case of glass fibre 

it was shown in Part l that no advantage is to be gained. 

The outer surface of a filled roll is machined to a satin smooth 

finish and to within a O.OOlin. cylindrical tolerance. A new roll does 

not, however, finish paper effectively until it has undergone a period 

of operation and developed what appears to be a thin, dense outer skin 

with a glossy surface. An examination of such a surface under a low

power stereomicroscope reveals that surface fibres have been flattened 

and pressed into predominantly circumferential orientation as shown in 

Fig. 48. The erose regions shown in the enlarged inset come about 

naturaily and appear to be caused by abrasion or breaking off of surface 

fibres. These can be produced also by teasing the glossy surface with 

a sharp, pointed instrument. This texture is the srume as that of the 

surface of a newly machined or unrun roll. Rolls, A, B, and D, which 

had been operated for a sufficiently long period of time so as to develop 

gloss, all exhibited regions of surface erosion. These are evidence of 

a continuous process characterized Dy alternate sloughing and re-establish

ment of glazed surface fibres. 

Inhomoseneity due to Air Entrapped in the Fill 

Precompacted Filmat felts used in the manufacture of rolls undergo 

a 30-75% reduction in volume when pressed and carded cotton fill ls com-

pressed to less than 10% of its original volume. The soft est , least 

àense fills undergo the largest volumetrie change but at a given pressure 

fill density decreases with fibre length and increases vith the degree of 
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Subsurface fibres 
randomly oriented 

Surface fibres pressed into 
circumferential orientation 

Regions of erose surface 
reveal random transaxial 
orientation of fibres 

GlossY surface 

FIG. 48. 
Filled Roll Surface Skin. 
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precompaction of the original felt sheet. Thus by using different 

grades of fill material considerable differences in fill density can 

be produced at a given pressure. These differences are due to air 

entrapped within the interfibral spaces. Measurements indicate tha~ 

voids account for 10-35% of fill volume. It is vell known that large 

rolls, vith diameters and lengths of l2-30in. and 100-300in. respect-

ively, creep for a number of deys under the force of the filling press. 

A few hours of pressing vas sufficient to fill the l2in. outside by 

6in. inside diameter by l21n. long rolls used in this experimental 

program. Small test rolls, of 3in. outside diameter and various 

ins1de diameters and lengths from l-2in. and 3-5in. respectively which 

vere pressed at 5000-10000 psi., stopped creeping after a few mdnutes 

of app11ed load. This behaviour cannot be described as the simple 

viscoelastic creep of a solid because chain models of elastic and vis-

cous elements, as shown in Fig. 49, vill relax and creep, respectively, 

for times vhich are proportional to their length. The order of magni-

tude of the three pressing times mentioned above is more nearly propor-

tional to fill 'V'olume than to 1'011 length. The effusion of air 

compressed among the fill fibres might account for a creep phenomenon 

vhich varies as the volume of the material under compression. In 

assessing the rolling friction of a supercalender nip the effect of air 

compression with1n the fill cannot be d1scounted. 
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Elements in ~eries Elements in parallel 

Viscous element-

-Elastic~ 
element 

FIG. 49. 

-Viscous element 

,Simple Chains of Viscous and Elastic Elements. 

APPENDIX III deals vith a bypothetical rolling friction mechanism 

based on the thermodynamically irreversible compression of air vithin the 

fill material. Although such a mechanism might, vith certain modification, 

explain satisfactorily the rolling behaviour highly deformable cellular 

materials such as soft rubber or plastic foams, it must be rejected as a 

predominant mechanism in supercalender rolling friction. For air to be 

effectively compressed, the containing valls must have at least one degree 

of freedom in vhich negligible resistance to compressive load is offered 

by the solid material, e.g. like a balloon, soap-bubble or even a piston 

in a cylinder. From mechanical experience vith various ensembles of 

cellulose fibres such as wood and paper, bath of vhich have much lover 
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density than compressed fill, it is well known that such a material is' 

capable of supporting compressive stress without the hydrostatic assis

tance of entrained fluide Another possible effect connected with 

interfibral spaces in the fill is the pumping or squeezing of air by 

nip compression. This effect might be in part due to the movement of 

air already trapped in the voids. It is conceivable, however, that 

air, in the boundary layer of the counter-rotating steel and filled 

rolls, might be squeezed into the fi Il on the ingoing side of the nip, 

especially into the eroded regions which are probably more pervious 

than the glossy regions. This forced infusion of air would imply a 

similar expulsion on the outgoing side of the nip. An air pumping 

mechanism cannot be evaluated as no experiments on fi Il permeability 

have been performed, nor has air flow in the boundary layer of the 

nip been measured. 
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EXPERIMENTAL 

Rolling Friction 

Rolling friction vas measured in a single supercalender nip 

operating vithout paper and consisting of a l2in. diameter filled 

roll of l2in. face length driven by a l2in. diameter steel roll. Two 

series of tests vere rune One covered the speeds from 200-2000 fpm. 

in 5 approximately equal steps. This is the typical operating range 

of industrial supercalenders. The other test series vas run at 8 

steps of speed betveen 7.5 and 105 fpm. These lov speed tests vere 

~~ so as to provide data over a decade of speed regulation vithout 

incurring appreciable increase in fill temperature. 'Filled rolls A 

and D vere tested at the higher speeds and all 5 rolls shown in Fig.50 

vere tested at the lover speeds. Tests vere run at four nip loads, 

240, 470, 940 and 1400 pli., starting at the smallest load and lovest 

speed. Before the next higher load vas applied the speed vas increased, 

then decreased, through the steps. All tests vere repeated at least 

once at each load. The loads for these repeated tests vere chosen in 

a random sequence. Torque required to drive this stack, including 

that at impending motion, required to overcome static friction, vas 

measured by the dynamometer and recorded by the data acquisition system. 

At least 10 readings vere taken at each load and at each speed as the 

latter vas increased, then decreased. Torque vas measured also during 

extended periods of operation at constant load and speed vith roll A 

vhile the temperature data for Part l vere obtained. Although roll D 
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vas not instrumented, it too underwent eY.haustive testing at the same 

12 combinations of constant load and speed. Corresponding experiments, 

run over both high and lov speed ranges, were conducted to measure the 

torque required to drive only the stack bearings. A schematic of the 

equipment used to perform the bearing calibrations was shown in Fig. 8. 

To obtain a measurement of rolling resistance in the nip, bearing torque 

was deducted from the gross torque. 

Filled Roll Surface Hardness 

The hardness of all five filled rolls vas measured vith a Beloit 

"Rho-meter". Readings were taken at 24 positions on each roll as shown 

in Fig. 51. 

Rolls A, B, C and D 

FIG. 51 

Indicates t~easurement 
Location 

Distribution of Rho Hardness l·feasureI:lents 
on Filled Roll Surface. 
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When the Rho-meter vas acquired roll B vas the only nev, unrun roll vhich 

vas subsequently subjected to extensive testing. Although measurements 

vere repeated on all rolls, the hardness distribution on roll B vas 

measured vhen the roll vas unrun, then after it had been operated for 

about 15 hours at moderate speeds and loading and finally after it had 

sustained a number of hours of operation at a load of 1400 pli. and speeds 

up to 2000 fpm. 

The Rho-meter is a recent development (34) by J.D. Pfeiffer of 

The Beloit Corporation. This instrument vas designed specifically for 

measuring hardness of filled rolls and vound rolls of paper. For the 

former application it is superior to the Shore "Durometer", a spring-

loaded needle penetrometer commonly used to measure filled roll hardness. 

The Rho-meter is sensitive to smaller differences in hardness than is the 

Durometer and is not prone to gross error because of interlaminar insertion. 

The Rho-meter measures hardness by recording the maximum inertial decelera-

tion force experienced by a strain gauge accelerometer attached to a spring-

loaded hinged hammer. The smooth rounded head of this hammer strikes a 

surface at a specific velocity vhich is predetermined by the initial spring 

tension. A simplified mechanical schematic of the active elements of this 

instrument are shown in Fig. 52a. Fig. 52b shovs the application and 

external appearance of this instrument. The hardness reading takes into 

account inertial, elastic end any dissipative or frictional components of 

retarding force experienced on impact vith a surface. The relationship of 

these properties to the instrument reading is not defined. Spring tension 

and hamoer mass cannot be conveniently altered. In spite of these short-
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c Cocked position 

Filled roll 

FIG. 52. 
Rho-meter Schematic and Application. 

Maximum deceleration signal fram accelerometer, A, ls sensed, 
amplified and stored br electronic circuit, C, and reading 
appears on meter scale, M. Depression of trigger, T, draws 
hammer, H, to cocked position against spring, S. Further 
trigger depression releases hammer vhich pivots about fulcrum, 
F, and strikes the filled roll surface against vhich the in-

strument foot-plate, P, ls firmly pressed. 

comings, measurements, vhatever they maf represent in terms of rheological 

fill properties, vere alvays repeatable and accurate to vithin 2-3%. 
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Surface Table Measurement of Filled Roll Surface Topograuhy 

Each of the five filled rolls, together vith its bearing blocks, 

vas placed on a large granite surface table. This set up is shown in 

Fig. 53. Foot screvs vere adjusted so that the roll rotated freely, 

but had minimum clearance betveen points at maximum radius and the surface 

of the table. As the roll vas rotated through eighths of a revolution, a 

profile of each gap betveen the roll and surface table vas measured to vith

in O.OOlin. vith a set of shim stock feeler gauges. 

X-ray Tracer Instrumentation 

Roll E, used for nip deformation studies, vas pressed at the lovest 

fill pressure commonly applied in the manufacture of supercalender rolls of 

this type. The lov pressure of 6000 psi., vas chosen because it vas 

assumed that a soft roll thus produced vould sustain larger, more easily 

discernible de format ions under load than a harder roll. To interpose a 

minimum mass of.fill material that had to be penetrated by the X-ray beam 

and to eliminate metal, other than the tracers, from its path the diameters 

of the tvo fill retaining nuts vere reduced from Just under l2in., to 9in. 

and the fill vas symmetrically bevelled to this reduced diameter, leaving 

a 7 1/4in. active cylindrical face length. In spite of this gradual 

conical buttress, vhich for reinforcement vas partially filled vith hard 

card instead of Filmat, the unsupported lateral surfaces of the bevelled 

roll filling might be squeezed out if such a roll vere pressed harder, 

hence a second reason for employing a lev fill pressure. 

Tvo arrays of small metal spheres vere placed in roll E at a 
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transaxial plane 4 3/8in. from one end of the fill material as shown 

in Fig. 50. These arrays, laid out as shown in Fig. 54 vere not 

located at the axial nip centre as this vould incur a subject to film 

distance of over 6in. in a total distance from the X-ray source to the 

film, as shown in Fig. 55, of about 22in. In order to obtain the best 

definition and minimum distortion from the radiograms, the subJect 

should be as close as possible to the film. Measured deformations 

should, to as great an extent as possible, be free of end effects. 

Therefore, the arrays should be placed at nip centre. Thus the actual 

location of the plane containing the tracer arrays vas chosen as a 

compromise betveen practical requirements vhich to a certain extent are 

in conflict. 

The elements of the tracer pattern are 1/32in. diameter platinum/20% 

iridium shot, ground to a spherical shell tolerance of 0.0005in. This 

material vas chosen for its optimal combination of physical properties; 

density or X-ray opacity, corrosion resistance, high strength and machin

ability. The tracer spheres vere mounted on a card in a manner similar 

to that used to mount thermocouples and described in Part 1. The spheres 

vere pressed firmly into pin holes laid out in the required patterns. A 

dense pattern of 155 spheres and a sparse pattern of 19 spheres vere 

installed in the roll so that tvo regions of vide angular separation could 

be examined. The sparse pattern, vith its fever elements, served as a 

convenient data source to develop the numerical routines to process these 

X-ray test results. 

A schematic diagram of equipment used to measure subsurface deform-
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X-RAY SOURCE 

FIG. 55. 

Schematic of set-up used to measure 
filled roll deformations 

X-RAY CASSEl lE 

---+-+---tH - --

ation of the fl11ed roll 18 shown in Fig. 55. The X-ray film cassette 

i8 shown, in edge vieY, mounted on a fill retainlng nut and concentric 

vith the roll axis. The X-ray source Is aligned vith the nip 80 as to 

cast an image of the tracers upon the film plane. Radiograms, vhich 
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produced a transaxial image of the nip between l2in. diameter steel 

and filled rolls, were taken at nip loads of 240, 470, 940 and 1400 

pli. while stationary and et speeds of 6.5 and 62 fpm. 

RESULTS AND DISCUSSION 

Rolling Friction: High Speed 

Rolling friction of a single supercalender nip, run without paper, 

was measured in order to obtain relationships between friction torque and 

speed, filled roll surface temperature and nip load and establish the 

extent to which the friction torque is reproducible. 

Effect of Speed: 

Fig. 56 shows a typical set of net friction torque data obtained 

vith roll D, plotted against speed. At each of four loads the speed was 

increased, then decreased through rive steps. Each data point is the 

average of 10 or more measurements taken in quick succession. In order 

to incur a minimum temperature rise during these tests a given speed was 

maintained for no more than 2 minutes. Rote that during steps of decreas

ing speed the friction torque is invariably less than when the speed is 

being increased. In successive tests at a given speed and load there 

are considerable differences in net friction torque. The irreproducibility 

is. largest at the smallest load, i.e. 50% of the average net tcrqu: at 240 

pli., and is least at the maximum load of 1400 pli., i.e. less than 20%. 

Except for slightly lover friction losses, results obtained vith roll A 

are sicilar to those shown in Fig. 56 and obtained vith roll D. 



t 

t -Z -
ai 
...J -
L&J 
:;) 
a 
a: 
~ 

600, 

50 Q> 

• • 
400 

CJ 

300 
0 

~ 

200 ·i 

100 0 

~ • 

- 141 -

ROLL 0 

<> 

f 8<> CO 

~ 1. ~ 

TEST : 
SPEED INCREASING 
SPEED DECREASING 

~O 

~ 

~ 

• &;l 

o • • 

°0 

• Q 

LOAD 

~ 

i ~ 1400 PLI. 

• 
1 st 2nd 3rd 
0 CJ <> 
• • • 
.~ . ~] 940 PLI. 

~ ~ 

o 
i • i ] 470 PLI. 

O~~~ ____ ~ __ ~ ____ ~~ 
o 500 1000 1500 2000 

SPEED (FPM.)----

FIG. 56. 

Net fo'riction Torque at ~ Loads 
P10tted ~aiDst Speed. 



- 142 -

Effect of Temperature: 

It was thought that the differences between friction torque meas-

ured at any given load and speed were related.to the inevitable increase 

in temperature sustained by a filled roll as it heats up during operation. 

A plot of net friction torque against filled roll surface temperature for 

nine combinations of speed and load is shown in Fig. 57. The successive 

data points, obtained with roll A, were taken at lO-minute intervals and 

these data show that in fact there is proportionally less change in roll-

ing friction torque at higher load and speed, i.e. at the conditions which 

incurred the greatest temperature increases, than at low speed and load, 

conditions which resulted in nearly isotherme! operation. Da.ta obta.ined 

with roll D were similar to those shown in Fig. 57 obtained with roll A. 

Effect of Load: 

As is evident from Figs. 56-57 there is, vith both rolls A and D, 

an obvious trend of increasing friction torque vith load, but there is 

apparently no discernible correlation of friction vith either speed or 

temperature. Data presented in Fig. 58, vhich shows net friction torque, 

averaged over all speeds, plotted against nip load, supports the suggestion 

made by l·!almstrom and Nash (16) that rol1in~ friction losses in a super

calender nip are proportional to 1]?:3, where P is the nip load per unit 

length of roll face. Ilote that this supports the contention that 

rolling friction can be accounted for by hysteresis vith in the bulk 

of the filled roll as implied in the analysis of rolling friction of 

rubber given in (46). lio quanti tati ve explanation cao be put f'orth, 

hovever, to account for the sizeable differencë in rolling friction, as 
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~hown in Fig. 58, obtained with rolls A and D at high load. In this 

regard it may be recalled that roll A was pressed at the higher pressure, 

but is made of natural carded cotton which is softer than Filmat-2, the 

filling used in roll A. The relationship which best describes the rela

tionship between friction torque and load for both rolls is 

Irreproducibility: 

In spite of the relationship between friction torque and nip load 

it was shown in Fig. 56 that measurements vith roll D, as was also the 

case with roll A, were somewhat irreproducible. It has been established 

that this is not, to any appreciable extent, due to the irreproducibility 

of bearing friction. Similar irreproducibility was evident in the measure

ments of friction torque obtained with roll A shown in Fig. 57. The numbers 

vhich appear next to the data symbols in the data symbol table in Fig. 57 

are in the same sequence as that in which various tests at a given load

speed combination vere rune 

On one occasion the friction torque measured at 940 pli., and 1050 

fpm., as indicated by ()12 in Fig. 57 vas some 50% higher than that vhich 

ws previously obtained at the same load and speed and indicated by .9. 
Note that the test .9 vas immediately succeeded by a test at 940 pli., 

and 1700 !pm., <>10, which resulted in somevhat lover friction torque and 

then by a test, [J1l, at 1400 pli., and 650 !pm., vhich resulted in the 

highest ~riction torque measured vith roll A at high speed. This high 
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degree of irreproducibility did not occur in other instances vhen tests 

at a given load and speed vere repeated. Similar data vere obtained 

during the successive pair of tests~7 and ~8 at 940 pli., and 650 fpm., 

and the successive pair at 470 pli., and 1050 tpm., .4 and 0 5• One is, 

therefore, led to believe that the large difference in·friction torque 

betveen tests 41 9 and ()12 vas due to a running-in or compaction vhich 

the fill material experienced during the intervening test [JII at highest 

load. It is pointed out that this test sequence vith roll A resulted in 

a similar degree of thermal irreproducibility vhich vas described in Part l 

and shown in Fig. 35. No explanation can be offered, hovever, as to why 

a process of compaction should result in higher, not lover, value of fric-

tion torque. 

Friction Coefficient: 

Losses May be expressed as the coefficient of rolling friction, ~:-

r 
~ = -

PLR 

where r(lb.in.) is the net torque and P(pli.), L(in.) and R(in.) are the 

nip load, length of the roll face and roll radius respectively. The torque 

vs. load relationship vhich vas used to approximate the data shown in Fig. 58 

can be rewritten as 

and this curve is shown in Fig. 59 for rolls A and D. These show ~ plotted 

against P (r) and against speed (J). The broken curves represent data 

obtained at the beginning of each test and the solid curves represent data 
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obtained at the end. It may be seen that friction is lover after the 

stack has been in operation for some time. The curvesplotted against 

load represent values of ~ averaged over all speeds and those plotted 

againat speed are from values of ~ averaged over all load. Bec aus e 

of the obvious variation of friction vith load it might be considered 

that the procedure of plotting a load averaged friction coefficient 

against speed isunjustified. It vill be shown in the forthcoming 

description of tests run at very lov speeds that rolling friction data 

at individual values of speed had no apparent correlation vith load, 

but that vhen these data vere averaged over speed it became evident 

that, in tests involving all five rolls, the friction coefficient de-

creased, then increased vith load. In the case of high speed rolling 

friction plotted against speed and shown in Fig. 59, it vas hoped that 

a similar averaging procedure vould reveal Just such a slight but con

sistent trend vhich is not evident from discrete data. 

Rolling Friction: Law Speed 

Even though the previously presented rolling friction me as ure-

ments yielded no significant correlation with either speed or temperature 

they clearly showed, through irreproducibility, that supercalender nip 

friction is not a simple, purely load dependent phenomenon. The random 

changes which apparently occur suggest inelastic, Irreversible, random 

deformations within the filled roll. In order to discover whether there 

is, in fact, any discernible short-term reproducible variation of rolling 

friction vith speed or during a single revolution of the filled roll the 
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stack was run at 7.5 - 105 fpm., which is 1-10% of normal operating speed. 

In this regard it may be recalled that temperature fluctuations shown in 

Figs.36-38 were quite reproducible over successive revolutions. It was 

thought that compact ion or other such variation in fill structure which 

apparently occurs over extensive periods of operation would be minimal 

over the relatively few successive revolutions of the filled roll which 

take place at such low speeds. Similarly, the heating effect would be 

minimized and although temperature did not appear to directly affect 

rolling friction, it was thought that heating and subsequent cooling 

might initiate changes in fill structure which show up as changes in 

rolling friction during subsequent tests. 

Figure 60 shows the gross torque measurements obtained with roll 

D at the lowest speed of 7.5 !pm. and at nip loads of 240, 470, 940 and 

1400 pli. Nineteen readings were taken at equal intervals over each 

revolution and in the curves for the three higher loads at least two 

complete, successive revolutions of the filled roll are represented. 

These curves show wide variations in friction torque during any given 

revolution and they show that the torques measured at a given angle in 

successive revolutions are not the same. Although about 25% of the 

gross torque is due to bearing friction, which also fluctuates at low 

speeds, tbis effect is sufficiently small so tbat tbe fluctuations in 

Fig. 60 may be assumed to be dY~ to the nip alone. The torque curves 

for roll D are sho.u because tvo of the otber four rolls tested exhibited 

greater fluctuations in friction torque tban tbose shown in Fig. 60, two 

exbibited somewbat smaller fluctuations. All rolls yielded irreproducible 
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friction torque measurements in successive revolutions. It should be 

noted, however, that the mean torque in each successive revolutions is 

approximately constant. At higher speed the torque fluctuations remain-

ed but measurements with highest angular resolution vere those carried 

out at the lowest speed. These vere the best approximation of a series 

of instantaneous readings vhich vas obtained. The mean torque values 

vere corrected for bearing friction and used to calculate the mean roll-

ing friction coefficient, p. Values of mean friction coefficient vere 

plotted for al! five rolls, in Figs. 61-65, on planes of speed against 

load, and these values vere used to construct contours of constant fric-

tion coefficient. In four out of five plots these contours depict no 

particular dependence of rolling friction coefficient upon either load 

or speed although it may be recalled that high speed data presented 

previously displayed distinct increase of ~ vith load. Only roll E 

shows a consistent increase of friction coefficient with load. An 

attempt vas then made to correlate the percentage component of fluctua-

tion in friction coefficient with load and speed for each of the five 

rolls. Contours of percentage friction fluctuation are plotted in 

Figs. 66-70. These data, plotted in a manner similar to that used in 

Figs. 61-65 are the maximum range of friction coefficient fluctuation, 

~high-PIOV)' expressed as a percentage of the mean coefficient at that 

condition of speed and load. None of these rive diagrams reveal any 

particular relationship between friction fluctuation and load or speed. 

What is revealed, however, is that rolls B and C sustained a band width 

of net torque fluctuation which vas so large as to produce instantaneous 
(-
~ i torques vhich vere negative, torques vhich icparted instantaneous forvard 
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or driving traction to the filled roll. These conditions are indicated 

by a percent fluctuation in friction coefficient vhich is greater than 

200%. This does not suggest that the rolling vas self sustaining or 

produced net driving torque over an extended angle of rotation but that 

the filled rolls tended to revolve vith Jerky motion, sometimes spring

ing forward. This behaviour was observed visually as well as reflected 

by the torque measurements. Surging motion, evident on1y during slow 

rolling, while the contacting rolls had neg1igib1e angular momentum was 

undoubtedly enhanced by the twisting of the long steel quil1 shaft. 

Hovever, the natural oscillations of a flexible drive system in torsion 

are periodic. The fluctuations in torque shown in Fig. 60, reproducible 

vith neither the period of rotation of the fi11ed roll nor with a shorter 

period of oscillation, are not. This sort of irreproducibi1ity suggests 

that, as we11 as the long-term effects detected in the experiments run at 

higher speed, short-term random deformations of the fi11ed roll take place 

and that these show up as variations in the circumferential distribution 

of rol1ing friction coefficient. 

As in the case of the high speed data shown in Fig. 59, correla

tion of the rolling friction coefficient with load and speed was attempted 

in the folloving manner. The values of average friction coefficient meas-

ured at every load for a specifie speed vere averaged over load and plotted 

against speed. Simi1ar1y these values measured at every speed for a 

specifie load vere averaged over speed and p10tted against load. These 

averages over load and speed, p10tted against speed (r+) and load (~) 

respectively are shawn in Fig. 71. For al1 five ro11s there is 1itt1e 

variation of average friction coefficient with speed. For three of the 



i 
I&J 
U 
li: 
IL 

~ 
~ 
5 
if 
lit 
1 
Q 

• 

- 163 -

4 -

3 

2 

Overall averages 

li = 4.0 x 10-3 
= 5.4 x 10-3 

= 2'.9 x 10-3 

= 2.3 x 10-3 

FIG. 7l. 

+ Roll A o Roll B 
A Roll C 
o Roll D 
X Roll E 

Average rolling friction coefficient for 5 rolls 
plotted against load and speed. 

80 -~ 
Q; 
&a.: -
0 
I&J 
I&J 

55 



c) 
- 164 -

rolls the static friction coefficient, hovever, i.e. on impending motion, 

is seen to be higher than the reasonably constant average value at any 

finite speed. For rolls B and C the static coefficient appears to be 

lower. However, these measurements may have been unreliable as i t may 

be recalled that these tvo rolls exhibited friction torque fluctuations 

of the greatest amplitude. The friction coefficients of all rolls 

increased vith load above about 500 pli. and the relationship 

approximates the mean behaviour of the increasing portions of the curves 

for the five rolls tested. This relationship does not hovever predict 

the decrease in friction coefficient vith load displayed by all rolls at 

loads less than 500 pli. 

The folloving discussions of filled roll hardness, surface profile 

and deformation yield evidence vhich is compatible vith irreproducible, 

random variations in friction torque described in the preceding pages and 

the irreproducible thermal behaviour reported in Part 1. 

Filled Roll Surface Hardness 

Rho-meter hardness measurements vere taken as shown in Figs.51-52, 

at 24 points on the surface of all five rolls. Measurements at each point 

vere repeated 4-5 times and initial readings vere alvays 2-3% lover than 

the subsequent readings because of local compaction of the roll surface 

under striker impact. By convention the latter, higher readings are taken 

as standard. It vas found that the last three successive readings taken 

at a point did not differ by more than 1% of full scale. Pictorial diagrams, 
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Figs. 72-74, are presented as a conceptual aide These show the distri

bution over the roll surface of the hardness parameter, p, plotted 

vertically to scale on an oblique plane representing a geometric develop

ment of the surface which ~as been unwrapped circumferentially. The 24 

hardness ordinates were joined by three circumferential and eight axial 

curves. These three pictorials show a variety of topographie features. 

However, hardness maps showing more quantitative detail were prepared for 

aIl five rolls by constructing, from measurements plotted on a rectangular 

grid, the contours of p shown in Figs. 75-77. The shorter dimension 

represents the width of a 7in. vide (5in. vide in the case of roll E) 

symmetrically located circumferential strip of the roll surface while the 

longer dimension represents the unwrapped circumference. 

Roll D exhibits a hardness distribution shown in Figs. 73 and 75 

which varies harmonically through two cycles in the circumferential direc

tion and which decreases more or less linearly from one end of the roll to 

the other. Rolls A and E appear to have random circumferential variations 

but with a ridge of higher hardness at centre face. At a single plane 

(180°) in Fig. 72 an exception can be seen, here a central hardness depress

ion exists. Roll C, Fig. 76, exhibits three central hardness peaks, p = 66+, 

66 and 65-, of a slightly decreasing magnitude, top to bottom of the plot, 

followed by a rather severe central depression of p = 60. Fig. 77 shows 

roll B in three conditions of hardness distribution. This roll logged 

about one half of its total operation, vhich covered the period betveen the 

first and third hardness measurements in the period betveen the first and 

second hardness measurements. Note the progressive erosion of the hardness 
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1. 71H. 

FIG. 75. 

Hardness Contours of RoUs E and D. 
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ROLL A 
(EXTENSIVE RUNNING) 

FIG. 76. 

ROLL C 
(NEW) 

t. 
1 

71N. TYPICAL .1 

Hardness Contours of Holls A and C. 
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FIG. 77. 

Hardness Contours of Roll B, 
Successive Heasurements. 
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peak on the line where the development of the cylindrical surface was 

parted, i.e. at the top and bottom of the contour plots showing Fig.77. 

Note also the less obvious but more significant changes which completely 

altered hardness profile as represented by both successive measurements. 

It bJouZd appear> that during its running-in period the surface of 

a fiUed roU undel'goes aompZete transformation in hardness profite. 

There vas no evidence that, in the case of rolls A and B, changes in 

surface hardness had ceased. On the other hand, there was evidence that 

the severe two wavelength circumferential hardness undulation in roll D 

had become a permanent feature. Whenever roll D was operated, the side 

on which the higher amplitude hardness irregularity vas located caused 

the stack to bounce and the piston rod of the pneumatic cylinder to 

reciprocate twice per revolution of the roll with an amplitude of 1/16-

1/8in. This behaviour was not caused by an oval cross-section as it 

might be assumed. On the contrary; roll D was more nearly circular 

and had a more uniformly coaxial cross-section than rolls B and C, which 

were not observed to bounce. It is possible that this undesirable aval 

hardness profile, like wash-board on a gravel road, is self-propagating 

and tends to become accentuated by continued operation and the forced 

oscillation of the loading system. In this regard it is not known to 

what extent filled roll imbalance affects supercalender performance and 

roll deterioration. 

Except for roll D the plots of hardness profile, Figs. 72-77, 

give a picture of random hardness distribution which is subject to change 

àuring operation. This is entirely consistent with the friction torque 
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fluctuations and general lack of reproducibility of friction measurements 

previously reported. If filled rolls undergo random deformation, as has 

been considered with progressively increasing conviction throughout this 

investigation, and if the fill material retains even a small fraction of 

its bulk compressibility displayed during the pressing phase of filled 

roll manufacture then fill density changes of the order of the hardness 

variations measured are highly probable. If variations in roll surface 

hardness are responsible for circumferential variations in rolling fric

tion coefficient, then the average surface hardness of a filled roll 

should strongly influence its average rolling friction coefficient. Thus 

a significant correlation between the average coefficient and average hard

ness might be expected. 

If mean friction coefficient for slow rOlling is plotted against 

mean hardness, Fig. 18, four of the five experimental filled rolls shov a 

fair negative linear correlation. 

It may be noted that the four rolls which indicate this correlation 

between hardness and rolling friction coefficient all exhibit a difference 

between their maximum and minimum surface hardness which is between 8 and 

11% of their mean hardness. The fifth roll, which does not conform, has 

a range of hardness which is about 30% of its mean. It is noted that the 

variations in hardness do not appear to have any significance as the roll 

which had 30% variation in hardness produced the least, not the most, varia

tion in friction torque in circumferential direction and Fig. 60 does not 

exhibit any two cycle fluctuation in torque corresponding to the hardness 

distribution of roll A shown in Figs. 13 and 16. 
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Note the complete lack of correlation of the fast rolling average 

friction coefficients obtained trom Fig. 59 for rolls A and D. Unless 

it is assumed that over 100 rpm. these two rolls undergo a marked increase 

in hardness, no consistent evidence of a correlation between hardness and 

friction has been revealed. No evidence of hardness increase vith speed 

has been produced. In fact it has been reported (35) that areas on the 

surface of a filled roll which have become abnormally hot through operation 

exhibit correspondingly l,()lJ "Rhou hardness. 
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Filled Roll Surface Profile Measurement 

The pictorial developments of the cylindrical filled roll 

surfaces are described in Figs. 79-83. The irregular vertical planes 

represent the clearance gaps betveen a rigid flat plane and the roll 

surface at circumferential.angular intervals of 45°. Although all 

rolls vere originally turned to within O.OOlin. of a true cyl indri cal 

surface, large irregularities in the axial direction have developed. 

In the case of the smoothest roll the radial differences are as much as 

0.003in. In the case of the most irregular, radial differences up to 

0.014in. can be seen. There appears to be no relation betveen hard-

ness and surface irregularity. Evidence of this can be obtained by 

comparing Figs. 74 and 83. The surface irregularities in Fig. 82 in 

no vay betray the tvo cycle circumferential hardness vave which is the 

most striking feature of the hardness profile represented by Fig. 74. 

Without knowing the effectofaxial macro-irregularities, as 

shown in Figs. 79-83, on cylindrical rolling friction it is not possible 

to suggest with confidence a roughness parameter vhich will produce a 

meaningful correlation vith friction coefficient. The maximum differ-

ence, 6R, in filled roll radius is, however, a measure of irregularity 

vhich can be easily determined. Correlation betveen this difference and 

the average slow rolling friction coefficient for all five rolls was there-

fore attempted by plotting ~ vs. 6R as shown in Fig. 84. In the case of 

surface hardness, recall that three consecutive bardness maps of roll B 

shovn in Fig. 77 indicated that there was little change in average hardness 

during normal operation. Hovever, no data were obtained to show that the 
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FIG. 79. 
Surface Profile Roll A. 
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Surface Profile Roll B. 
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FIG. 81. 

Surface Profile Roll c. 
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FIG. 82. 

Surface Profile Roll D. 
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FIG. 83. 

Surface Profile Roll E. 
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magnitude of maximum irregularity does not change vith operation. On 

the other hand, although it is known that these irregular profiles did 

not exist initially, but somehov developed after the filled rolls vere 

manufactured, there is no evidence that the large radial differences 

vere stimulated by operation or that once such irregularities develop 

they are appreciably altered through further operation. It is there-

fore reasonable to expect a significant correlation betveen the average 

friction coefficient, p, and the maximum radial difference, ÂR •. 

li" 10~ 

cf · 5 OD • · 1 · 1 • 1 · 1 · 
4 

, • 
• t 
1 i 
6D · 1 
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DE OC 1 
• 1 

'A 
r:f 0 

0 SLOW ROLLING-

1 0 fAST ROLLING-

O~!----~i~---4Ti----T'----~8~---m~i----1Tt----~14--
âR JCI0~ in. 

FIG. 84. 
Average Friction Coefficient, p, versus 
14aximum Difference in roll Radius, ÂR, 

for five filled rolls A, B, C, D and E. 

The impossibility of a positive correlation betveen maximum 

difference in filled roll radius and average friction coefficient ls 
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emphasized b.1 the inclusion of the tvo fast rolling coefficients. It 

is hovever, inconceivable that surface irregularities of the magnitude 

vhich vere measured can fail to affect the rolling friction. Clearly 

the axial profile of the filled roll must influence the axial pressure 

distribution in the nip. Once again there is indirect evidence that 

a process of random deformation lS involved and that mean parameters, 

or in this case maxima, have no immediately useful significance. 

X-ra.y Measurement of Fill Deformation 

X-radiograms of an axial viey of the nip betveen l2in. diameter 

steel and filled rolls and containing the spherical metal tracers 

embedded in the filled roll vere obtained on film mounted in a cassette 

attached to the fil1ed roll as show in Fig. 85. Static and low speed 

tests at 6.5 and 62 fpm. vere conducted at loads of 0, 240, 470, 940 

and 1400 pli. Load vas progressi vely increased and decreased through 

all steps vith the rolls stationary, then at the lover speed and finally 

at the higher speed. Out of the 46 radiograms vhich vere taken of both 

patterns, about 30 vere of satisfactory quality for tracer coordinate 

measurement. Data obtàined trom the tracer images vere extracted and 

processed in the fo1loving manner. 

1) All negatives of the tracer patterns vere contact printed at 

t'Vo exposures producing a light and dark print of each pattern 

as shawn in Fig. 86. This vas done because the tvo tiers of 

sphere images closer to the filled roll surface are more clear-

1y detined at the longer exposure vbich produces darker prints. 
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FIG. 86. 

Contact Prints of a Tr~~saxial Vie. 
of a Loaded Supercalenàer lIip. 
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On the other hand images of the reference object and spheres 

at greater depth vhich vere X-rayed through a greater thick

ness of intervening fill material are more clearly defined at 

the shorter exposure vhich produces the lighter prints. As 

can be seen on this pair of prints, of the 155 sphere, dense 

pattern, the centre of each sphere image vas marked vith an 

ink spot. Positions of sphere images in the four rovs nearest 

the roll surface vere measured. Images at the fifth level 

vere in all cases not sufficiently vell defined and those at 

even greater depth vere not visible. The image of length D4 

of the reference object, a 1/16in. diameter by l 1/2in. long 

tungsten rod used to correct the tracer image coordinates, is 

visible in Fig. 86, faintly, vithin the dark major sector vhich 

is the image of the plastic block containing the reference object 

as shown in Fig. 85. Also visible in Fig. 86 are a projection 

of a sector of the steel roll and a faint projection of the 

filled roll surface. It should be noted that these roll sur

face images do not sho~ their true arc of contact because they 

do not represent the surfaces at a common transaxial plane. 

They are, as shown as ~ and (ê) in Fig. 55, projections of 

those portions of the roll surfaces nearest the X-ray source. 

Because the cylindrical edge of the steel roll is nearer the 

source than is the bevelled edge of the filled roll, the steel 

surface obscures the true projection of the nip. 

2} The location of the X-ray beam centre, i.e. the foot of the 

." , 
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perpendicular from the X-ray source te the film plane, was 

established separately for each radiogram, at a distance DS, 

as shown in Fig. 87, along a line produced through the refer-

ence object shadow from its base. It may immediately be seen 

that 

This constructed line and the centre (X) are shown in the 

prints, Fig. 86. 

3) The angular coordinate, measured from the line used to locate 

the beam centre of each sphere image centre, relative to the 

X-ray beam centre was measured to 0.20 using a draughting 

machine protractor. Relative to the same origin the radial 

coordinate of each image was measured to 0.OO5in. with micro-

meter dividers and a machinist's steel rule. 14easurements 

were made on both prints of all negatives. 

4) In 'order to correct for parallax, the position error, D7 in 

Fig. 87, was subtracted from each radial measurements. It 

can be seen that 

5) If a coordinate measured on the tvo prints of the same nega-

tive did not agree within D.Olin. the offending image position 

vas remarked and remeasured. If, after this procedure, the 

error vas not resolved, that coordinate vas representeà by the 

mean coordinates of the tvo, three or four immeàiately adjacent 
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images. Measurements within the required tolerances were 

represented by the mean coordinates of the image on two 

prints of the same negative. 

6) The coordinates of theoretically perfect polar grids, as 

described in Fig. 54, were taken as datum or a condition 

of zero deformation. The actual sphere patterns were 

located to within the limiting accuracy of the measuring 

technique, i.e. ± O.005in. as described in 3). Polaroid 

X-ray prints of these patterns were taken before the card 

was placed in the filled roll during its manufacture. 

Measurements of sphere coordinates obtained from these 

prints fit the theoretical pattern to within O.OlOin. as 

required in 5). However, in the absence of X-ray film 

negatives which would have permitted a two-print measure

ment it is felt that the perfect-pattern is the best 

available representation of the undeformed state of the 

roll. In this regard it should be noted that none of the 

X-ray negatives subsequently obtained at no-load could . 

provide a satisfactory datum. The first was not taken 

until after roll E had undergone low speed rolling friction 

measurements and reveals, along with the others, that the 

roll sustained irrecoverable deformations which were àiff-

erent in all cases. It was felt that to adopt a number of 

so-called datum distributions would be confusing if not 

meaningless. 



7) Cartesian components of circumferential and radial displace-

ments vere calculated by a least squares fit of the deformed 

patterns to the datum. Thus estimates of the minimum dis-

placement at 92 points vithin the dense pattern and at 18 

points vithin the T-shaped pattern vere obtained for each 

radiogram. These are shown graphically, for both patterns 

at the highest load of 1400 pli. and at 0, 6.5 and 62 fpm., 

in Figs. 88-89. The datum tracer positions appear as (+) 

in the dotted fields vhile the measured tracer positions are 

marked (*). Line and character spacings represent O.Olin. 

and define a cartesian field about each datum position vhich 

is shown to scale; i.e. the radial and circumferential com-

ponents of the displacement vector betveen any given tracer 

sphere and its datum are represented in O.Olin. increments 

vhere this increment is the distance betveen adjacent dots. 

Note that the datum tracer positions are not plotted to scale, 

the circular curvature of the tracer tiers is not shown and 

dimensional continuity is broken at the field boundaries (=). 

The relative position of adjacent spheres has been preserved, 

however, as well as the general shape of the two patterns. 

Thus by examining Figs. 88-89 one can obtain a qualitative 

impression of the exaggerated deformation field within the 

filled roll in the nip region. 

8) For displacement fields obtained from aIl radiograms the 

" . n~erical differences between dis placements of adjacent 
i 
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FIG. 89. 

Tracer Disp1acements in Dense Array. 
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images from datum were calculated to give, as shown in 

Fig. 90:-

FIG. 90. 

Relative position of four adjacent tracers, l, 
2, 3, and 4. Datum positions are shown 

(+), actual positions are shown (*) and the dis
placement vectors are show (-). Circum
ferential and radial components of these vectors 

are dimensioned Axi and ~Yi respectively. 

(a) Differences in circumferential displacement in the circum-

ferential direction: e.g. 

(b) Differences in circumferential displacement in the radial 

direction: e.g. 

(c) Differences in radial displacement in the radial direction: 

e.g. 
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(d) Differences in radial displacement in the circumferential 

direction: e.g. 

DYX12 = ~Y2-~Yl and DYX34 = ~Y4-~Y3. 
These differences are proportional to:-

(a) Finite, circumferential, direct strain, 

(b) Finite, circumferential, shear strain, 

(c) Finite, radial, direct strain, 

(d) Finite, radial, shear strain. 

The circumferential strains can be calculated by dividing the 

displacement differences by the chord length between adjacent 

spheres at datum. These lengths are 0.103, 0.101, 0.100 and 

0.098in. respectively at the first four radii closest to the 

fil! surface. The radial strains are obtained by dividing 

the relevant displacement differences by the radial increment 

between adjacent tiers of tracers, i.e. 0.094in. 

Figs. 88-89 show the least squares fits of the measured tracer 

coordinates with respect ta the datum pattern. The three diagrems of the 

T-shaped pattern and the four of the fan-shaped pattern were all obtained 

from radiograms taken at the maximum nip load of 1400 pli. There is no 

evidence of radial deformation under the nip, the centre of which is indi-

cated by an arrow at the top edge of each diagram. These patterns of 

displacement are typical in that none, even those at no-loOO, show any close 

approximation to the datum and none, even these at maximum 1000, show appre

ciable concave bowing of material under the nip. 
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In Fig. 91 the displacement differences DXX and DYY are plotted 

at 1° circumferential increments for the first two tracer tiers and for 

the radial increments between the first and second and between the second 

and third tiers respectively. These two series of displacement difference 

at two depths beneath the fill surface are shown for a sequence of station-

ary loading in which the load, initiallyat 0 pli., was increased to 350 

pli., then to 1400 pli. and finally decreased to 0 pli. again. It should 

be noted that the position of the nip is slightly different in the two 

loaded conditions of 350 and 1400 pli. In any given static test the 

required load was applied and released completely. When the film cassette 

was removed between X-ray shots the roll was rotated hard and repositioned 

in order to avoid permanent surface indentation. 

Using the same data, Fig. 92 was constructed in a similar manner to 

Fig. 91. In Fig. 92, however, the difference between DXX and DYY at 0 and 

350 pli., at 350 and 1400 pli. and at 1400 and 0 pli. are shown, represent-

ing the change in displacement difference as the filled roll was loaded, 

then unloaded while stationary. 

It can be seen in Figs. 91-92 that the maximum direct strains and 

the maximum changes in direct strain in both the circumferential and radial 

directions are of the order of 10-15% and that strains and changes in strain 

are completely random. No appreciable compressive radial strain can be seen 

under the nip; neither bet~een the tracer tiers at 3/32 and 3/l6in. depth 

nor between those at 3/16 and 9/32io. Similarly, in Fig. 92, the changes 

in circumferential and radial displacement difference, i.e. DXXt and DIYt' 

reveal no sequence of de format ive events during a loading-unloading sequence. 
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FIG. 91-
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It vould appear that subsurface stresses and·strains locked into the 

roll by axial pressing during manufacture are triggered and redistri

buted by subsequent nip loading. 

It has been pointed out that the load induced strains at all 

points throughout the fill appear to be entirely random. Hovever, 

certain general observations concerning large scale non-random deforma

tive behaviour vith the fill can be made vith regard to the least 

squares fits of tracer distributions shown in Figs. 88-89. 

1) The images of the long circumferential rov of tracers in 

the T-shaped pattern shown in Fig. 88 describe a one-cycle 

standing vave vhich suggest an undulatory deformation. 

These images, taken in sequence from left to right, are 

successive positions of clockwise rotation about their 

datum positions and execute a full revolution in the 140 

circumferential span of the pattern. Although no radio

grams of any single sphere vere obtained at successive 10 

intervals of roll rotation, every fit diagram, including 

those at lover load vhich vere not shown, exhibits this 

undulation but vith the attitude or phase angle of any 

given ~racer appreciably different in each diagram, e.g. 

the tracer at extreme left in the 0 fpm. diagram and that 

at 6.5 fpm. is at 6 and 2 o'clock, respectively, to datum 

position. This supports the conclusion that the tracers 

rotate about their datum.position and cause the layer of 

fill at 3/32in. beneath the roll surface to undulate vith 
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a wave-like motion. 

2) The T-shaped patterns show maximum radial displacement in 

regions remote from the nip. Circumferential displacements 

show a scattering of possible regions of circumferential 

stretching and contraction. There is therefore no evidence, 

in any of the T-shaped patterns, of traction induced strain. 

3) The undulatory circulation of fill which was the predominant 

feature of the T-shaped patterns is not evident in the 4-tier 

92 image patterns, i.e. the reduced versions of the fan-shaped 

array of 155 spheres, because of very small radial excursions 

at all angles. However, the greatest radial excursions, small 

as they are, occur far from nip centre and are maximum in the 

direction of rotation and tractive force exerted upon the 

filled roll. In the diagram for 0 fpm., i.e. a condition of 

no traction, these greater radial excursions do not existe 

4) Furthermore, in aIl 4-tier patterns the material seems to be 

in circumferential compression under the nip, an unexpected 

phenomenon since a radially compressed material vith a finite 

and positive Poisson's ratio tends to expand in the circumfer-

ential direction. 

5) There is a distinct indication that the region of greatest 

circumferential contraction is slightly downstream of the nip, 

i.e. in the direction of the transmitted tractive force. This 

indication is supported by the tvo diagrams at 0 fpm. In both 
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the contraction is reasonably symmetrical about the nip centre 

such as might be expected when there is no traction. 

6) In the region of fill where the 4-tier pattern was located 

the nip kinematics due to de format ion may be best described 

in terms of a combination of effects described by Figs. 3 

and 5a-5d except that in the first instance the lateral ex

tension caused by a direct compression under the nip and a 

positive Poisson's ratio there is an apparent circumferential 

contraction or negative Poisson's ratio. In the second 

instance the situation due to tractive strain is one of assym

etric circumferential contraction rather than that of assymetric 

extension depicted in Fig. 5a-d. However, the strain gradient 

is in the same direction, i.e. circumferential strain increases 

or becomes more extensive in a direction opposite to tractive 

force on the surface of the deformable roll. At this position 

on the roll surface it would appear that the effects due to 

direct load and traction combine 50 as to pro duce a peripheral 

velocity of the filled roll external to the nip which is less 

than that of the steel roll. Note that this velocity differ-

ence was not measured. It is mentioned here as a concept to 

relate observed phenomena to the theoretical behaviours described 

in Figs. 3 and 5. As shown by deformations of the T-shaped 

pattern this nip condition does not apply to all points on the 

filled roll surface passing in contact vith the steel roll. 
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ÇONCLUSIONS 

Direct Conclusions 

Certain conclusions proceed directly from results obtained in 

Part l and Part II of this work. 

1) Heating of a filled roll which occurs during its operation 

originates in regions of the fill which are very close to 

the surface. It is reasonable simplification to assume 

that all heat is generated on the surface. 

2) The effect of rotation of the filled roll, which causes a 

point on the surface to pass through the nip on successive 

revolutions, can be adequately simulated by a periodically 

recurring instantaneous plane heat source in a one'M 

dimensional half-space continuum and the change of tempera-

tures at various depths in the filled roll with time can be 

approximated by such a one-dimensional model. 

3) Certain observations, notably variations in radial tempera-

ture distribution vith time, and its variation in the axial 

and circumferential directions, indicate that the heat 

source is not uniform or constant but has a random distri-

bution which varies with time. 

4) Temperature fluctuations within the filled roll, although 

periodic with each successive revolution of the filleà roll, 

do not conform to the sudàen ri se and exponential decay of 

temperature suggested by a one-dimensional instantaneous 

source continuum model. 
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5) The measurement of transient temperature vithin a filled 

roll is complicated by the possibility that a thermo

electric junction is affected by stress transients. 

6) The one-dimensional continuum model vith a high rate of 

surface cooling describes a radial temperature distribu

tion vhich is compatible vith the radial distribution of 

discolouration in a typical cross-section of a filled 

roll vhich has been charred. 

7) Measurements of rolling friction of a supercalender nip, 

at typical and at very lov speeds of operation, confirm 

the conclusion put forward by l-ialmstrom and Nash (16) 

that the energy dissipated in a supercalender nip is 

approximately proportional to fP3 , where P is nip load 

per unit axial length of contact between rolls. 

8) Irreproducibility of rolling friction measurements at 

high speed and irreproducible fluctuations in rolling 

friction at low speed support the observations of non

uniform, randomly varying heat source distribution and 

suggest random de format ions of the filled roll. 

9) Hardness and profile measurements of the surface of five 

filled rolls reveal a highly irregular, random distribu

tion of hardness and radial differences and there is indi

cation that these surface features are altered by operation. 

Tnis is further evidence that filled rolls undergo ranàom 

àeformations in the course of operation. 
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10) Conclusive evidence of random strain vithin a filled roll 

vas obtained from X-rays of small metal objects embedded 

in a specifie transaxial plane of a filled roll by measur-

ing the displacements sustained by these objects as they 

passed under a loaded nip at various speeds. 

11) The random nature of filled roll deformation vas emphasized 

by the fact that rolling friction could not be related to 

speed or temperature nor to filled roll hardness or varia-

tions in surface profile. Deformations in the transaxial 

plane of a filled roll showed no systematic variation with 

load or speed. 

12) Deformations within a transaxial plane of a filled roll 

indicated 

a) undulating displacements at some distance from the nip 

which were larger in the direction of applied tractive 

force, 

b) circumferential contraction under the nip as if the 

material had a Poisson's ratio < 0, 

c) circumferential contraction gradient in the direction 

of applied tractive force. 

SUggested HyPothetical Mechanism of Energy Dissipation 

Certain conclusions, cased somewhat on indirect evidence and some-

what on conjecture, may ce presented by vay of the two foll~.ing hypotheses. 

Although these cannot be put forth with the same certainty and authority as 
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those preceding they are by far the most exciting. It is strongly held 

that they outline the path for further study of superc~lendering mec han-

isms. 

Consider that torsion is one way in which maximum strain energy, 

hence ener~i dissipation, may be produced at the surface of a cylindrical 

body. A dimensionally random collection of rigid circular elements in 

traction with a rigid cylinder and connected with slight eccentricity to 

torsionally flexible tubes or cylinders might conceivably be a valid 

mechanical approximation of a filled roll, with variations in surface 

hardness and radius, in rolling contact with a rigid steel roll. The 

fundamental or primitive element of such a collection might be represen-

ted by a pair of tractive circular discs of equal radius, one concentric 

with, the other slightly eccentric to connecting flexible cylindrical 

components. Suppose that the circular discs are in contact with a 

rigid cylinder and the axis of the coupled disc assembly is constrained 

to be at aIl times coplanar with the axis of the rigid cylinder. Such 

an element is 93. 
Concentric tractive component 

tractive component 

a 
component 

Rigid Cylinder 

aHo--·'too..~ 

constraint 

FIG. 93. 

An Elementary Hechanism of Torsional Strain 
Energy Dissipation. 



- 204 -

~e radius of the dises is R and the eeeentrieity is a. It ean be 

seen that elements will rotate, under the assumed eonstraint, against 

the rigid eylinder so that the angle of rotation of the eoneentrie 

dise is ~ and of the eeeentrie dise is 6. If an initial position 

with 6 = ~ = 0° is assumed the angle of twist, (6 - ~), in the torsion

ally flexible eoupling is given in terms of its angle of rotation, ~, 

at the end of the eoneentrie dise as 

For small eeeentrieity, a, this is very nearly a sinusoidal variation 

of (6 - ~) with $. Although this meehanism will produee a distribu-

tion of energy dissipation, hence heat source strength, whieh varies 

direetly with radius and a maximum will oeeur at the surface it must 

be at first glanee subjeet to some skeptieism. This meehanism sug-

gests a eireumferentially uniform rate of dissipation. Reeall that 

the one dimensional thermal model whieh sueeessfully simulates the 

thermal behaviour of a filled roll vas derived as an approximation of 

a rotating axial line source whieh, at any point in the fill, vould in 

passing cause a steep inerease in temperature followed ~J an exponen

tial deeay eontinuing until the next revolution vhen the proeess vould 

be repeated. This source distribution is anything but eireumferenti

ally uniform. Hovever, the instantaneous periodic plane source, vhich 

vas chosen as a valid approximation because it vas intuitively felt 

that thermal gradients in all but the radial direction could be ignored, 
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does, inadvertantly, satisfy the conditions of periodicity and uniformity. 

It may thus be seen that the one dimensional model, used to simulate the 

heating up of a filled roll, approximates the heating due to torsional 

strain energy dissipation as vell as it does the intuitively more plaus-

ible rotating axial line source. In addition, the continuous temperature 

signaIs measured vith an oscilloscope during successive revolutions of 

the filled roll and shown in Figs. 36a-b and 37a are sinusoidal except 

for small negative perturbations. Thus the torsional hypothesis is 

supported by direct experimental evidence as vell as indirectly by temp

erature, hardness and profile measurements and by the preceding theoret

ical argument. 

Certain observations support the existence of another mechanism 

which vould produce surface dissipation. The microscopie examination 

of a filled roll surface indicated that fill fibres, originally laid 

down in random transaxial directions, on the surface are pressed into a 

glossy mat with predominantly circumferential orientation as shown in 

Fig. 48. It may be considered that these fibres form a stiff surface 

layer or skin of somewhat higher density than and discontinuous with 

the underlying fill. It is suspected that such a skin, subject to axial 

line loading and supported on a softer substrate, would buckle into out

wardly convex ridges parallel to and some distance from the nip line. In 

the absence of traction this wrinkling would be symmetrical about the nip 

but under the influence of a tractive force the vrinkles on the ingoing 

side of the nip would be attenuated under the influence of tension. On 

the downstream side of the nip the vrinkles would tend to be exaggerated 
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by compression. A travelling wave would account for energy dissipa

tion through the flexure of the skin. The phenomenon illustrated in 

Fig. 38a is consistent with the above hypothesis. There are two 

temperature peaks about 90° apart. If these are equidistant from 

the nip they lie 45° on either side, a plausible location for primary 

buckling in a tube loaded by an axial line force. The waveform shown 

in Fig. 38a is an observation obtained with a single thermocouple 

located at 3/32in. below the roll surface and is thus somewhat unique. 

Howeyer, it contains another piece of e\~dence which is consistent with 

skin buckling. The first peaks, i.e. those on the left, are somewhat 

lower than the second thus supporting the observation that dissipation 

on the upstream side of the nip would be attenuated by tractive tension 

while that on the outgoing side would be enhanced by tractive compression. 

Furthermore, evidence of deformations in the fill shown in Figs. 87-88 

indicated that maximum de format ion occurs some distance from the nip and 

on the outgoing side. 

Claims of Original Contribution 

1) A theoretical thermal model which takes into account rota

tion of the filled roll has been developed which adequately 

describes its heating behaviour. 

2) Through the measurement of temperature, rolling friction, 

deformation and surface hardness and profile of filled 

rolls it has been conclusively demonstrated that the roll

ing behaviour of a supercalender nip involve strains within 
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the filled roll which are predominantly random and thus, 

over a finite time span and a firiite number of experiments, 

largely irreproducible. 

3) Certain techniques of high speed X-radiography were extend

ed to study dynamic deformations in supercalender filled 

rolls. 

4) Three hypothetical mechanisms have been put forth to account 

for rolling friction in random, inhomogeneous and discontin

uous bodies such as a superealender filled roll: 

a) irreversible compression or pumping of entrapped gas, 

b) axial torsion of fill due to random irregularities, 

c) instability under nip load of a dense skin. 

Topics for Further Study 

1) The application of a scanning thermographie instrument, e.g. 

"AGA - Thermovision" (36), to aceurately map the development 

of surface temperature distribution as a filled roll. 

2) The measurement of temperature and deformation, by techniques 

deseribed herein, of a filled roll composed of a monolithie 

annulus of synthetie plastic to determine to vhat extent ran

dom and irreproducible behaviour is due to conventional 

fibrous fill materials and to the filled roll manufaeturing 

process. 

3) The investigation of stress produeed effects in thermoeleetrie 

junctions. 
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4) The development of a reliable and accurate high speed meas

urement technique to study temperature transients in filled 

rolls and the short-term fluctuations in supercalendering 

function losses. 

5) A dynamic measurement of filled roll surface profile to 

detect the existence of possible wrinkling of the filled 

roll surface produced by traction and nip loading, e.g. by 

using a proximity sensor such as described in (37). 

6) The application of high speed ciné-photography to detect 

possible regions of torsional de format ion of a filled roll 

surface produced by variations in roll radius. 

7) Investigation, using Eldredge's apparatus (38), of rolling 

friction of a steel sphere pre~eed egai~st samples of com

pressed fi Il material in order to determine local friction 

coefficient and the effect of temperature and humidity 

thereon. 

8) Development of hydrostatic bearing dynamometers, for install

ation on each of the stack bearings, whose output signaIs 

could be electronic~ly summed and subtracted trom the signal 

of the drive torque measuring instrument. This àifference 

would provide a direct measurement of the mechanical los ses 

in the nip. 
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Some tests in the supercalendering experimental program involved 

reading up to fortyeight separate measuring instruments for test durations 

of over six hours. At times, due to rapidly changing conditions, certain 

specifie measurements had to be carried out as often as five times per 

second. Transducer outputs included analogue signaIs of D.C. voltage 

of various levels as weIl as signaIs of variable frequency. The voltage 

signaIs required full scale ranges of 0.010 v. to 10 v. Frequency sig-

naIs were from 50 Hz. to 1200 Hz. At times it was desirable to resolve 

voltage changes of less than 0.5 x 10-6 v. and frequency changes of 1 Hz. 

Often it was necessary to determine to within 1 second the actual time at 

which all readings, in a sequence of hundreds of measurements, were made. 

Surrounding the tests with different types of special indicating and 

analogue recording instruments seemed to pose an impossibly tedious data 

gathering problem. Some readings would have to be hand logged, record-

ing instrument outputs would have to be synchronized so that all readings 

could be identified as to the exact time when they were taken. AlI read-

ings would have to be digitally transcribed on a common log sheet along 

vith a running time scale so that data reduction calculations could be 

carried out. It would be impossible to record some rapidly varying read-

ings at a sufficiently high sampling rate with conventional potentiometric 

instruments. Multichannel, high Impedance oscillographic instruments, 

providing sufficient amplitude required for measurement accuracy, would 

produce considerable trace cross-over so as to pose further inconvenience 

in data reduction. A careful study of experimental requirements and 

available measuring equipment specifications resulted in the choice of a 
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high speed integrated system vith fi ft Y analogue signal input channels 

and an analogue-to-digital converter with both digital and analogue 

recording capabilities. 

This data logging system (40) is shown, wi.th the various modular 

components identified, in Fig.94. A brief description of individual 

component functions and specifications will be presented. 

The uppermost unit is the digital clock which accumulates time in 

hours, minutes and seconds in 24 hour cycles, Front panel display is 

provided by six "Nixie" digital display tubes. Time is also presented 

electrically as a six digit binary coded decimal signal for recording 

on punched paper tape via the tape punch coupler or directly on the 

digital recorder. A train of variable frequency pulses is generated 

for reading initiation, synchronization and control in real time. This 

control pulse frequency can be selected via five front panel push-buttons 

to provide pulses at l second, 10 second, l minute, 10 minute and 1 hour 

intervals. Time hold logic provides for a delay of up to 0.9998 seconds 

in time signal output so that the time record output will not Interfere 

with the recording of measurement readings which may be in progresse This 

delay vi Il not result in an internal time error; the clock will remain on 

time in spite of it. The basic clock intervals can be generated either 

by an external 100 kHz. crystal oscillator or by 60 Hz. line frequency 

and the clock will be, at all times, within 1 second of the time represen-

ted by the accumulated periods of oscillation. In case of power t'ailure 

or setting error, the clock can be reset to the correct time of day by 

setting up the desired time on six thumb-wheel switches and depressing 
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the time reset button when the actual time corresponds to the pres et 

swi tch reading. Any time error due to power fail'ure or clock mal

fUnction is indicated by the illuminated time error pilot lamp. Time 

signals transmitted to either the paper tape punch or digital printer 

include an extra binary coded decimal digit "8" which is interpreted 

as the character "T" to identify a time entry on either paper tape or 

print out. 

AlI measurements are made by a true integrating digital volt

meter vhich, tnrough a precision attenuator, accepts full scale D.C. 

voltage signals of ± 1000 v., 100 v., la v., 1 v.,and 0.1 v. Fre-

quencies from 5 Hz to 300 kHz. can also be measured. The measure-

ment is visible on a six digit "Nixie" tube front panel display which 

also indicates the location of the decimal point, sign (+ or -) and 

mode (voltage or frequency) of the reading. Voltage conversions are 

made by a stable, linear voltage-to-frequency converter. Frequency 

measurements bypass the V-F converter and are routed directly into 

the counter. To arrive at the digital value of a reading the fre-

quency signal, either from the V-F converter or directly from a 

frequency producing transàucer, is counted for one of three selectable 

sample periods (viz. 0.01, 0.1 or 1 sec.). The sample periods are 

provided by decade division of the output of a 100 kHz. reference 

oscillator. This oscillator also serves as the external clock fre-

quency previously mentioned. The counter will either accumulate or 

decrement depending on the polarity of an input voltage signal. The 

frequency produced by the V-F converter is proportional to the instan-
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taneous value of the input voltage which it represents. As the fre

quency has no polarity, the V-F converter also supplies the counter 

with a logic signal which identifies the instantaneous polarity of 

the incoming signa~ voltage causing the counter to either add or sub

tract the pulses according to signal polarity. A true algebraic 

average of the input voltage over the sample period is thus produced. 

Thus a signal which has passed through zero, once or many times, during 

the measurement sample period will result in a reading which is the 

modular difference, with correct sign appended, between the positive 

and negative portions of the voltage-time integral divided by the 

sample time period magnitude. The voltmeter is designed to minimize 

voltage measurement errors due to extraneous noise. With the ~~arded 

data amplifier and shielded and guarded analogue signal lines, changes 

in instrument readings as small as 0.5 x 10-6 v. can be reliably re

solved. The digital voltmeter is overload protected so that even a 

1000 v. signal applied to the lowest measuring range will cause no 

damage. On aIl measuring ranges except the highest, a 300% over-

ranging capability is provided. This improves measurement accuracy. 

For example, a voltage of up to 3 v. can be measured on the 1 v. full 

scale range giving one more significant digit than would be available 

on the next, i.e. 10 v., range. Tne selection of mode (i.e. voltage or 

frequency), range (i.e. 1000 v. to 0.1 v. D.C.) and integration times 

(i.e. 0.01, 0.1 and 1 second) is externally programmable on all read-

ings via simple contact closures. 

The analogue scanner provides the me ans by vhich a sequence of 
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readings can be carried out. With the addition of a slave scanner, 

which expands the number of instrument transducers which can be simul

taneously connected to the system, up to 50 sequential readings can be 

made in a measurement cycle.. This cycle may be ini tiated ei ther by 

operator demand or by a control pulse from the digital clock. In 

this way logging can take place manually or at specific intervals over 

a long period of time, unattended. The depression of any of the self 

lat ching channel buttons on the scanner front panel will include in 

the scan cycle any channel corresponding to a depressed bùtton. As 

the scan cycle proceeds, the number of the channel which is connected 

to the digital voltmeter at a given instant is displayed on the two 

digit "Nixie" tube window in the front panel of the master scanner 

module. A plugboard matrix in each scanner module permits the selec

tion or programming of mode, range, integration period and settling 

time on each measurement channel addressed by that module. The 

provision of a sett1ing time is a feature which is important when 

switching analogue signaIs. By this means a seJ.ectable delay of 30, 

60, 120 or 910 msec. can be invoked, after a given transducer has been 

connected to the digital voltmeter via the input scanner, to a110t time 

for the stabilization of switching transients which would incur measure-

ment error if inc1uded in the time integral. With the incorporation 

of the settling time feature this interval must elapse before the 

counter in the digital voltmeter is activated and the actual measurement 

begins. 

The keyboard permits manual entry of data on punched paper tape. 
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Data records on tape can thus beprefixed or suffixe~ by record iden

tification and tape processing information. The 16 keys include the 

nume:rals 0 through 9, "space", "stop", "carriage return", +, - and 

"end of scan" characters. 

The paper tape punch, punch coupler and power supply make up the 

high speed tape punch set which records data, digitally encoded by the 

digital voltmeter, in IBM 8-level 4-2*-2-1 code. Recording is carried 

out at a maximum rate of 110 characters per second. Each reading is 

punched out in an Il character sequence (word or record). The read-

ing is presented as a six digit normalized fraction preceded by a 

scale factor digit representing the negative power of 10 by which the 

fraction is to be multiplied to obtain the magnitude of the reading. 

The ninth character represents mode and/or polarity while the last two 

digits identi~1 the cha~nel on vhich the reading vas made. Buttons 

on the punch coupler front panel select either the manual keyboard 

entry of data or the automatic recording of scanned data. 

may be either punched, printed or recorded in both ways. 

This data 

The guarded data amplifier vith selectable gains of +1 and +10 

extends the measuring range of D.C. voltage dowü to ±lO mv. full scale 

with overranging capacity to ±30 mv. This amplifier has an input 

resistance of 1010 ohms hence low power signal sources, such as strain 

gauge bridges and thermocouples, can be measured. The amplifier and 

digital voltmeter combination will maintain a reading accuracy of 

±0.002% of the full scale range. Via a front panel rotary selector 

switch the amplifier can be set unconditionally to +1 or +10 gain or 
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bypassed. A fourth switch position places the selection of the 

previous three amplifier function alternatives under control of the 

analogue input scanners. Diode pins inserted into or removed from 

appropriate channel positions in the scanner programming plugboards 

(also used to select range, mode, integration and settling times as 

previously mentioned) will select, in turn, the required amplifica-

tion mode for each channel scanned. 

The digital printer records, on a paper strip, the readings as 

they occur in a measurement sequence. Each sequence is preceded by 

a print out of the time at which the sequence was initiated. Time 

is presented as a six digit sequence of hours (up to 24), minutes 

and seconds prefixed by an identification character "T". Voltage 

measurements are preceded by a two digit channel number and a polarity 

sign and superceded by a single digit which indicates the location of 

the decimal point. A frequency reading is similar to voltage except 

an identifying "F" precedes the 6 digit record which is a right Jus-

tified integer count of the frequency magnitude in Hz. Built into 

the digital printer module i5 a digital to analogue converter. This 

can produce an analogue record or indication on either & potentio-

metric or galvanometric instrument. A particularly useful feature 

for trend monitoring is the ability to select for conversion and ana-

logue output any sequence of three digits, from most to least signifi-

cant. Thus seven analogue output ranges can be selected. A zero 

offset adJustment of size corresponding to the range selected is also 

available. 
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To conveniently accommodate up to 24 iron-constantan thermo

couples a OoC. thermoelectrically cooled ice bath reference system 

was also included in the measuring system. This piece of signal 

conditioning apparatus was required because it was often necessary, 

in the course of the filled roll,temperature distribution tests, to 

measure a large number of such thermocouples over a long period of 

time with the apparat us running unattended. A Dewar flask reference 

ice bath would have been unreliable for this application. In certain 

cases, however, where it vas necessary to log more than 24 thermo

couples the reference system had to be supplemented with a Dewar flask 

ice bath. 
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APPENDIX II 

Numerical Computations to Simulate Filled Roll Heating 
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The computer progrem presented herein computes the temperature v 

using the equation 

N LI l e-(X-x' ~4K(t-nT~+ e-(x+x' ~/4K(t-nT) 
v = S n=~ L 2/1TK(t-nT) J 

at 7 depths, x(i). The input variables are 

Progrem Notation 

RPM 

DEG 

TMAX 

H 

DIFF 

MPY 

NREV 

X(I) 

S5 

XP 

Description 

Speed of filled roll 

Angle past nip 

Duration of simulated run 

Seme as h 

Seme as K 

MPY = 0 Do at fixed multiples 
of revolutions, NREV 

MPY f 0 Do at product multiples 
of revolutions, NREV 

Integer whereby the time for next 
"Measurement" is indexed. 

Same as x(i) 

Seme as S 

Same as x' 

RPM 

Degrees 

Min. 

In-1 

In. 

In. 

The only precautionary decision taken within the progrem i5 the 

determination of erfc(x) 
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1. If 0 ~ x < 2.04 erfc (x) = 1 - erf(x) where 

erf(x) = L .ç. (_l)n x2n+1 
~ ~ (2n+1)n! 

{'11' n=o 

and n is increased unti1 the 1ast term is 0 to within the numerica1 

precision of the machine. 

2. If 1 < x ~ 2.04 erfc(x) = 1 - erf(x) where 

erf(x) is computed by a table look up with 1inear interpolation 

subroutine: FERF (x) 

3. If 2.04 < x ~ 13.3 the algorithm 

erfc(x) ~ e-
x2 ~.56418951+[-.28208106-.96210474 x2-.14431247 x4~ 

TXT \ 4.9078886 x2+4.1920066 x4 + x6 :; 

is used. 

4. If x > 13.3 the first 4 terms of the series expansion 

2 

r; 

is used. 

+ (_l)n 1x3 .•. (2n-l) 
2n r;' 

x 

The program source listing· is shown on the following pages along 

vith a sample output. 

*These programs are vritten in Process Fortran, a superset of Fortran-II(41,42). 
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The program is not included as an ex ample of computational sophis

tication or efficiency but simply as reference material to be used or 

modified or ignored as the reader sees fit. 
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DIMENSION X(7),TEMP(7),VCOMPC7) 
CALl FACI 
READ10,RPM,DEG,TMAX,H,DIFf,MPY,NREV,(XCI),I=1,7),$S,XP 
FORMATC5(fl0.0,/),I1,I,I6~/,7(F10.0,/),fl0.0,/,fl0.0) 
PRINT(1)20,RPM : 
fORMATC$SINGLE SOURCE SUPERCALENDER ROLL MODEL~,II,$SPEED = $, 

1 F 6 . 1, $ RP M. $) 

PRINTCl)30,DEG,H,XP,DlfF,SS 
FORMAT($ANGLE OF ROTATION PAST NIP = $,f5.1,$ DEG.$,I,$fILM CO 

lEFFICIENT/THERMAL CONDUCTIVITY = $,f6.1,$ l/IN.$,I,$DEPTH Of 50 
2URCE = $,F6.4,$ IN.$,I,STHERMAL DIFfUSIVITY = $,F6.4,$ SQ.IN./M 
3IN.$,I,$SOURCE STRENGTH = $,F7.3,$ DEG.F.~'CU.IN.$,/) 

PRINT( 1 )40. (XC 1),1=1,7) 
FORMAT<7CF6.4.4H IN.), $ TIr1ECMIN.)$) 
PI=3.14159 
ANGLE=DEGI 360. 
NTMAX=XFIXFCTMAXeRPM) 
DO 45 1=1,7 

45 VCOMPCI)=O 
NT = 1 
NSUM=l 

50 NX=l 
60 XC=XCNX) 

XPX=XC+XP 
XPX2=XPX*XPX 
XMX2=CXC-XP)H2 
VPREV=O 
DO 80 I=NSUM,NT 
T=« I-l)+ANGLE)/RPM 
DNEX=4.*DIFF*T 
RKT2=SQRTFCDNEX) 
HRKT=H*Rn2l2. 
FSTAR=l./(SQRTF(PI~DNEX» 
TERM1=FSTAReCCEXPF(-(XMX2/DNEX»)+eEXPF(-eXPX2/DNEX»)) 
EFCAR=CXPX/RKT2)+HRKT 
IFCEFCAR-13. ))70,70,65 

6:5 ER TR M = ( 1 • 1 EF CAR) - ( .51 ( EF C A R* ~ 3 ) ) + ( • 751 ( E F C AR *~ 5) ) - Cl. :3 7 5! ( EF CA 
lRtn) ) 

CTERM=TERM1-(CERTRM*HeEXPFC-(X?X2/DNEX»)/CSGPTFCPI))) 
GO TO 75 

70 HTRME=H*EXPF«(CDNEX/4. )'H)tXPX)8H) 
IfCEFCAR-2.04)701,701,71 

101 CONT INUE 
r f (E F CAR - 1 • )7 10, 7 10. 72 

710 EPF=EFCAR 
NN=l 

~:DN= NDn e NN 



NEG 
STA NDN 
PERF=CEFCAR*~N2)/(N2*NDN) 
ERF=ERF+PERF 
IF(c.lE-7)-ABSFCPERF)730,730,740 

730 NN=NN+l 
GO TO 720 

740 EFC=1.-CERFii"2./CSQRTFCPI») 
GO TO 750 

71 Z=EFCAR*EFCAR 
ZS=Z*Z 
ZC=ZS*Z 
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F = . 564 19 - ( C . 28208 1 + (. 96 1 05 * Z )t C . 1 4 4 3 1 2·*' Z S ) ) / « 4 . 9 0 7 8 SHi' Z ) + C 4. 19 
1201*ZS)+ZC» 

EFC=(EXPF(-Z))*F/EFCAR 
750 CTERM=TERMl-CHTRMEeEFC) 

GO TO 75 
72 CTERM=TERMl-CHTRMEeCl.-FERFCEFCAR») 
75 VPREv=CTERM+VPREV 
60 CONTINUE 

VCOMPCNX)=VPREV+VCOMPCNX) 
TEMPCNX)=VCOMPCNX)ess 
IFCNX-7)300,400:400 

100 NX=NX+l 
GO TO 60 

400 PRI~JT(l)500,(TEMPCI),I=1,7),T 
500 FORf1ATC7ElO. 3,E10. 1) 

NSUI'1=NT+l 
IFCNT-NTMAX)600,900,900 

600 IF(MPY)700,700,800· 
700 NT=NT+NREV 

GO TO 50 
800 NT=NT*NREV 

GO TO 50 
900 CALL CTSel) 

CALL. FAC2 
5 TOP 

END 
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09-29-70 

SINGLE SOURCE SUPERCALENDER ROLL MODEL 

SPEED = 100.0 RPM. 
ANGLE or ROTATION PAST NIP = 45.0 DEG. 
FILM COEFFICIENT/THERMAL CONDUCTIVITY = 0.0 I/IN. 
DEPTH or SOURCE = 0.0000 IN. 
THERMAL DIFFUSIVITY = 1.0000 SQ.IN./MIN. 
SOURCE STRENGTH = 1.000 DEG.f.-CU.IN. 

0.0001 IN.0.0938 IN.0.1875 IN.0.1750 IN.0.5000 IN.0.7500 IN.1.0000 IN. TIi"lECl'lIN. 

0.160E 02 O.275E 
a. 1 2 OE 0:3 O. 1 0 4 E 
o. tô7E 03 a.151E 
O. 20 2E 0:3 O. 1 S 7 E 
O. 2 ) 1E 0:3 O. 2 1 7 E 
0.259E 01 0.243E 
a. 2 S 3E 0 3 O. 26 7 E 
a.305E 0) O.2$9E 

29/ 9/70 12- 4-17 

09-29-70 

01 a.141[-01 O.OOOE 00 O.OOOE 00 O.OOOE 00 O.OOOE 00 0.125E-02 
03 0.951E 02 0.796E 02 0.701E 02 0.536E 02 0."402E 02 0.100E 01 
03 O. lillE 03 O. 125E 03 0.115E 03 0.959E 02 0."793E 02 0.200E 01 
03 0.177E 03 0.160E 03 0.150E 03 0.130E 03 O."112E 03 O.jOOE 01 
03 O. 207E 03 0.190E 03 0.179E 03 0.159E 03 O."140E 03 0.400E 01 
0) O. 234E 03 0.217E 03 0.206E 03 O,184E 03 0."165E 03 0.500E 01 
03 O. 258E 03 0.241E 03 0.229E 03 0.208E 03 0."18SE 03 0.600E 01 
03 O. 2S0E 03 O. 263E 03 0.251E 03 0.230E 03 o .. 209 E 0:3' O. 70 OE 0 1 

80SECONDS 

"." .......... ~ 
, 1 

1 
~ 
H 
H 

1 

td . 
0\ 



APPENDIX III 

An Unsuccessful Attempt to Develop a Friction Model 
Based on Thermodynamically Irreversible Compression 

of Air Entrapped in the Fill Material. 
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A lumped ideal heat engine model to estimate rolling friction - is a 
detailed investigation Justified ? 

Consider a crude model based on the following assumptions: 

1. There are inter- and intrafibral air spaces within the compressed 

fill of a supercalender roll. The air is initially at atmospheric 

temperature and pressure. 

2. Compression of the material and accompanying air takes place under 

the leading half of the nip. 

3. Recovery or decompression takes place under the trailing half of 

the nip. 

4. The air is a perfect gas and compresses adiabatically. 

5. Heat is transferred to the solid fill material from the air which 

is at minimum volume. This process can be approximated by a con-

stant volume decompression. 

6. The air returns to its original state via an isothermal expansion. 

The expansion proceeds more slowly than the compression and the 

solid material, although heated by the air, can be considered an 

infinite source/sink of heat. The change in temperature of the 

solid during a cycle (revolution) is negligible compared to the 

temperature changes experienced by the air. 

'Pt 

t 
'P 

® 

v-

FIG. 95. 

A cycle composed of reversible 
gas processes vhich combine to 

produce energy dissipation. 
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Let us ca1culate the coefficient of friction predicted by the cycle 

described if we assume a fi11 made up of 25% air by volume, initia11y at 

1 atmosphere and 530oR., which is compressed to 300 atmospheres. On1y 

the top 0.3in. thickness of fi11 is considered active.-

Work done during adiabatic compression: 

V2 

f PdV = ~Tl 
y-1 

= 53.3x530 [1 _ 300 (~:t)] 
0.4 

= -290000 ft.N/N air 

Work done during isothermal expansion: 

= 53.3x530 1n 300 

= 160000 ft.N/N air 

ft = 53.3 ft.H/N oR 

y = 1.4 

Net work/revo1ution = - 130000 ft. N/N air. 

Mass of air/inch of nip vidth 

1 0.3 w .075 _ 1.23 x 10-~ Nair/inch of nip width 
4 x mx x 

Work done/revo1ution inch of nip width 
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- 130000 x 1.23xlO-4=16 ft. #/rev.in. 

This is a tractive force of 16/n on a 1ft. dia. roll vhich corresponds 

to a rolling friction coefficient of 

.0025 at 2000 PLI. 

or .005 at 1000 PLI. 

Granted this calculation vas not based on a pressure ratio calculated 

from a given nip load. Hovever, the chosen values are of the correct 

order of magnitude. A more detailed investigation is most definitely 

justified. 

Refining the model 

The primitive model Just described has two serious shortcomings. 

1. No attempt vas made to relate the air pressure to the compressive 

stress distribution in the fill material, vhich varies vith fill pressure, 

roll geometry, nip load and depth beneath the surface. 

2. There is no justification, other than convenience, for a gas cycle 

made up of three fundamental and reversible gas processes. 

Let us refine the gas cycle by considering qualitative aspects of 

expected compression, decompression and heat transfer rates. 

1. When the air begins compression it is at ambient temperature and heat 

transfer is negligible. At the end of the compression cycle it is 

hot and heat transfer to the solid material ls more rapid compared 

to the rate of compression. Therefore let us assume that the com

pression characteristic has the slope of the adiabat through Pl, VI 

and the slope of either an isotherm or an isobar through P2, V2. 

2. As expansion begins consider the return path on the PV plane to have 
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the vertical slope of a constant volume process at P2' V2' which in-
creases continuously to the slope of the isotherm through Pl' VI. 
Let us assume that these traJectories are simple analytic functions 
which can each be described by four respective constraints; two of 
coordinate and two of slope for each curve. Let us define these 
functions to be cubic polynomials, represented as either, 

V = ep3 + tp2 + gP + h 

or P = EV3 + FV2 + GV + H 

whichever is more convenient. 

The Expansion Process 

FIG. 96. 
The Expansion Process. 

Isotherm through Pl' VI PV = PIVI 
Inverse slope of this isotherm: dV PlVl 

dP = p2 

The four constraints on the polynomial: 
at (1): P = Pl' V = VI and dV Yl. -= -dP Pl 
at (2) : P = Pz, V = V2 and dV 

0 -= dP 
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b = 

c = 

d = 

The work done by the decompression process i5 

where 

P2 

'Pl 

Pl 

[ J VdP - (PI-P,)v,] + PI 

V2 

p. 

~vap 
~ 

l'~(Vl-1Jl) 

Pl 

J (aP'+bP'+cP+d) dP = ~ (PI'-P,') + ~ (PI'-P,') 

P2 

'IL 

FIG. 97. 

+ ~ (P12_P22) + d (PI-P2) 
2 

v. 
~'Pav 
Vz 

Work Done During Expansion Process. 
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Compression Processes 

These may be represented by either. of the following processes 

p 

® Isotherm through 
, ,/'P2,V2 
~~t V=AP3+Bp2+CP+D 

v~ 

Adiabat through Pl,Vl 

t 
p 

FIG. 98. 

v-

Compression Processes 

For the left hand figure wi th a terminal isotherm: 

Inverse of the slope of this adiabat: dV 
dP = -

1 

PIYV1 

at 

at 

P
Y+l 

y - y 

The four constraints on the polynomial 

(1 ) 

(2 ) 

A = -

B = - (3y+l)P2Pl- (3y+l)P12 ) VI + 

YPI ( P2-P l) 3 
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c = -

D = 

The work done during the compression process is 

P2 P2 

where JVdP = J (Ap3+Bp2+CP+D)dP = ! (P24_P14)+! (P23-P13)+ f (P22_P12) 
4 3 2 

The total work performed is the sum of the work performed during compression 

= 

lec_re.sion 
= 

and decompression 

lec_ression + 

For the right hand figure terminating in an isobar: 
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Slope of this adiabat dP = _ y(~) 
dV Vy+l 

The four constraints on the polynomial 

at v = Vi, 

at (2) 

Q - - [ 

JIt = [ 
S - - [ (YV2' + yV22V, - 2(y+3)V2V,2 ) P, + ( 6V2V' ) P2 J 

VI (V2-Vl)3 V2-Vl)3 

T = [ (Y+l)V2'V, - (y+3)VlV,2 ) P, + (3V2V,2 - V,, )P2 ] 

Vl(V2-Vl)3 (V2-Vl)3 

The york done by this compression process is 

V2 

f PdV = ~4 (V2~-Vi~) ft (V23- V13) S (V22_V12) T (V2-Vl) 
+3' +2" + 
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If this form of the compression process i5 chosen the total york done 

is 

~r (PI4_P24) + ~ (PI3_P23) + ~ (PI2_P22) + d (PI-P2) _ (PI-P2)V2~ 
+ Pl (VI-V2) + ~ (V2~-Vl~) + ~ (V23-V23) + ~ (V22_V12) + T (V2-Vl) 

432 

Thermal capacity of solid vs. air in fill material 

When the heat engine model vas developed it vas assumed that a slow 

process would proceed isothermally because the heat capacity of the solid 

component of the fill is large compared te that of the air. Assuming a 

roll with a volumetrie void fraction of 25% at atmospheric pressure and 

ambient temperature there is 

V cellulose p cellulose 
pair x Vair = ~ x l = 

0.075 l 3920 

times as much cellulose as air. The specifie heats of cellulose and air 

both range betveen 0.2 and 0.3 Btu/lb. and can thus be considered equal. 

We can conclude that a quantity of heat vhich will raise the air tempera-

ture by almost 4000oF. is equivalent to only a lOF. change in solid tempera-

ture. The isothermal expansion trajectory tangent is indeed valide 

The termination tangent to the compression process 

Tvo possible slopes at the termination of the gas compression process 

vere postulated. As the rate of compression decreases tovards the end of 

the cycle it is strongly suspected that heat transfer to the sol id fill vill 

eventually equilibrate and thEnoverbalance the temperature increasing tend-

ency of gas compression. It is thus probable that the constant pressure, 
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rathe! than isothermal tangent is appropriate. Furthermore, since we feel 

that the initial constant volume decompression is justified, there is less 

difference between the slopes of final compression and initial decompression. 

Therefore the isobaric tangent is more suitable from the point of view of 

smooth transition between compression and decompression. We expect this 

continuity intuitively and from experience with records of high speed cyclic 

gas processes (i.e. engine and compressor indicator diagrams). 

Development of criteria by which the high pressure gas state may be determined. 

Fill structure 

1. Fill fibres are laid down in parallel planes. (i.e. they are all laid 

down horizontally). 

2. The orientation of fibres is otherwise random. 

3. The fill is pressed or compacted during manufacture in a direction 

perpendicular to the planes of orientation, and parallel to the axis 

of the roll. 

4. The compressive effect of a nip is in a direction parallel to the planes 

of fill orientation, and perpendicular to the roll axis. 

5. The reduction in fill volume accompanied by pressing occurs by the 

extrusion and compression of air. This reduction of void volume 

involves a decrease of dimension in the axial direction only. The 

compression of an accordian bellows i5 similar in that, here too, 

little change in cross sectional direction occurs. 

6. It would seem that pressing results in little change in fill porosity 

in the axial direction. On the other hand resistance to flow in 

directions perpendicular to the roll axis i5 greatly increased as void 



APPENDIX III - p.ll 

passages in all directions perpendicular to the roll axis undergo 

extensive reduction in cross sectional area. Note the reduction in 

area of the tunnel in the block at right angles to the direction of 

compression. / 

FIG. 99. 
Decrease in Circumferential Porosity 

Through Fill Compression. 

7. The fill has tensile strength in directions parallel to the fibres. 

Only the axial pressure of the end plates upon the fill prevents 

delamination of the roll in the axial direction. The fill material 

cannot resist axial tension. 

Let us see what sort of structure we have built from our assumptions. 

Axial plan view 
(end) 

.. 
Uncompressed Compressed 

FIG. 100. 
Axial Compression of Randomly Oriented 

Fill Fibres in Transaxial Planes. 

Transaxial 
elevations 
(side) 
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The void pockets vhich result from the preceding assumptions have 

continuity in only the axial direction. This could be represented by 

a series of slightly meandering long, thin, parallel tubes running in 

the axial direction; a fascia or bundle. 

F'IG. 101. 

Fibre Compression Results in the 
Formation of Tubular Fascia. 

Let us be quite clear on the structure of these 'tubes'; they are not 

pipes. They are formed by pressing together many layers of 'chain-mail' 

made of very fine 'vire'. Only the fill pressure maintains the axial 

integrity of the tubes. 

FIG. 102. 

Possible Structure of Hypothetical Tubes. 

Pressure is built up in these cavities as they sustain transverse loading 

under the rolling nip accompanied by furtber reduction in volume. 
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Relating pressure to stress within the solid 

Fill material is by volume approximately 15% solid cellulose 

(occasionally some vool protein, glass or asbestos) and is by mass more 

than 99.9% solide It is therefore assumed that gas pressure is a by-

product of the compressive stress field within the.essentially elastic 

solid surrounding the gas filled voids. Although the compression of 

gas filled cavities is in ways a complication, in another, Most impor-

tant vay it provides a convenient simplification. It is assumed that a 

simple radial compressive stress field is set up by the nip contact and 

that the compressive stress is transmitted through the solid vhich is 

considered homogeneous for this purpose. What happens at the boundary 

between solid and void? The fibre vhich forms the void vall is like a 

string or thread and can only sustain tension. The air filled cavity 

collapses until the hydrostatic pressure is inequilibrium vith the com-

pressive stress in the surrounding solide A tension in the cavity valls 

in the appropriate regions maintains the hydrostatic stress. 
op 

Nip load 
(lb. lin. ) 

-1'-" i-'" .' ..... -..~ 
1 1 \ 

/ 1 \ 
1 1 ~ 

t 
'Direction of 
compressive 
stresses. Tension 

/ 

1---
-/' Cavity under uniaxial 

6~ compression 
Original cavity volume 

;;.-~:---- Comipressed cavi ty 
Hydrostatic pressure vithin 

~~r~~- Tension 

FIG. 103. 

Deformation of Hypothetical Tubes Under 
Simple Radial Compression. 
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Consider that the tension is maintained at the ends of the cavity 

by a membrane-like boundary stress in the elastically stiff fibre. This 

results in negligible lateral expansion of the cell and does not apprec-

iably alter the purely radial compressive stress field throughout the bulk 

of the solide Except for regions very close to the roll surface we now 

have a simple but realistic estimate of the maximum air pressure, P2' as 

a function of depth below the surface, r. 

cr = - 2P cos e r 
ur 

or along the vertical under P where e = 0 

1 

-2P 
e = 0 = nr 

The most serious objection to this pressure distribution 18 that the 

stress and pressure tend to ~ near the surface. In order to resolve this 

problem consider the shape of the isobars generated by the assumed concen-

trated line force P. These lines of constant pressure are a family of 

cylindrical surfaces contangential to the surface through the end view of 

the nip line. 

Characteristics 
of decreasing P2 

FIG. 104. 

Surface - circle of radius ~ ~ 
and P2 = 0 

Isobars in Simple Radial Compression. 
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At some distance below the surface, 'along the vertical extension of 

the line of action of P, r = ro, P2 ~ afill • The predicted pressure, P2, 

is equal to or greater than the fill pressure, i.e. the tensile force in 

the roll shaftdivided by the annular cro~s section area of fill material. 

As it has been postulated that the fill has no axial tensile strength the 

fill fibre will separate in this circular zone and somewhat beyond causing 
, 

the air pressure to relax to afill. Any air flow will proceed across the 

isobars, or in the direction of pressure gradient. This escape of gas 

will occur primarily in the region nearest the surface and possibly some 

will escape from the filled roll near the downstream side of the nip beyond 

where contact with the metal roll bars the surface. We will assume that 

air is not normally depleted in the surface region of the fill as it can be 

forced into the fill through compression on the ingoing side of the nip. 

This pumping of air will not be accounted for directly. The air within 

the fill is considered a closed system or one in mass equilibrium. 

air expelled 

FIG. 105. 

Possible Air Pumping Through a 
Supercalender Nip. 

This oversight will be compensated, at least in part, by a fictitious 

oscillatory flov proceeding alternately invard and outvard in the fill along 
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the vertical line under P. It should be recalled at this point that 

the purpose of our argument is not to present a detailed analysis of 

how an element of air in the fill behaves as it travels under the nip 

along a traJectory parallel to the surface but merely to attempt to 

define a volume state, V2, corresponding to the maximum pressure state, 

P2, assumed to occur along the vertical line through P. 

This is basically a·one dimensional analysis to present a plausible 

functional relationship between PZ,V2 and the depth below the fi lIed roll 

surface, r. The oscillatory vertical flow mentioned previously i5 

merely an implication of the argument to define V2(r) which will be pre

sented below; an implication of mass conservation. 

Relating compressed air volume to intrusion of the steel roll into the fille 

FIG. 106. 

Estimated Volume of Air Expelled. 

Consider a steel roll radius Re which intrudes a distance ô into or 

causes a maximum deflection of ô in a half space of fille The radius Re 

can be reasonably approxilliated oy adding the actual curvatures of the steel 

and filled roll, Rs and RF respectively. 

Re = (Rs- 1 + RF-1)_1 
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Let the total reduction in air volume within fill be defined arbi-

trarily as the volume of the cylinder segment defined by the chordal 

plane a distance ô into the steel roll, i.e. the diagram on the right. 

This choice is made as a realistic compromise between the two other 

obvious approximating attempts at left and centre, whose hatched sec-

tions would seem to define volumes too large and too small, respectively. 

In what reasonable manner may this total reduction in air volume be 

distributed as a function of r, the depth below the undeformed filled 

roll surface ? 

FIG. 107. 

Overlap Between Intruding Cy1inder 
and a Typical Isobar. 

Let it be argued that at any point a distance r beneath the nip at 

pressure P2, the air volume has been reduced to V2. V2 will be defined 

as 
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V 2 · (.~2 il - • ) VI 
(1TrZ/4)n 

per unit length, where a can be deter-

mined from geometry as shown below, 

where n is the void fraction in the undisturbed fill, V air and a 
V total 

is the volume common to the effective steel roll of radius Re and the 

cylindrical surface of the isobar through P = Pz, V = Vz at depth r 

beneath the undisturbed fil1ed roll surface. Displacement of air 

within and across the boundary of the isobar in some undefined manner 

is implied in order to satisf.1 continuity. At depths where a > nrZn, 
~ 

Vz = 0, it is implied that along the vertical line under the nip, to a 

depth r = 2~, the air undergoes complete expulsion. 

Determining the volume change, a,within an isobaric boundary of 

diameter r: 

r 

FIG. 108. 

Dimensions of Overlap. 

Note that the intersecting circles have a common chord b. 

Haximum distance between 
chord and circumference E 
Chord length b 

FIG. 109. 

Geometry of Overlap. 

Circle radius R 
Angle subtended by chord Q 
Angles marked (x) are equal 
Angles marked (Il.) are 90° 
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From the above figure it can be seen that 

where 

E = sin t [2R sin tJ= 2R sin2 t 

f = E 

2R 

~ = tan-1 4 / f-5f2+8f3-4f4 

/1 - 16(f-5f2+8f3_4f4) 

and area of the segment is 

NoUng that 

a* = 1R2 (~ - sin ~) 2 

- 2 U {L_.l:-+ J:..._ ••••• 
'" 1D2 1 ... 3 .1.5.1.7 )\ 

\3: 5: 7: 

where the subscripts e and r apply to the effective steel roll and 

the isobar, respectively, and that Ee + Er = Ô 

it can be seen that 

and 

Ee = ô (~ - ~) 
Re + !. - ô 

2 

Er = Ô (Re - t) 
Re + !. - 6 

2 

Finally the total volume reduction per unit length is 
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and the compressed volume is 

as originally stated. 

Summing up the pressure-volume distribution under the nip and rolling friction 

We thus define three distinct regions of experience within the fill; or 

three layers at increasing depth. The first iayer extends to a depth 

ro = 2P From r = 0 to r = ro' V2 = 0 and P2 = afilrThe next layer 
1T afill 

extends from r = ro to r = 2 ;0:-= ri' Within this layer the fill pressure 
1-;0 

has not been exceeded and P2 = 2P , i.e. the maximum pressure does not exceed 
1Tr 

afill but transaxial diffusion still occurs in order to permit complete air 

expulsion: V2 = o. In the final, deepest region below r = ri both P2 and 

V2 vary continuously vith r, Pt = 2P as in the second layer but V2 is a function 
1Tr 

of Ô, Re and r. The rolling friction of the system can be calculated by 

integrating vith respect to depth r the work done by the gas cycles described 

previously on an element of air mass flow. 
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FIG. 110. 

Air Mass Flow Carried by Rotating Fill. 

The element of air mass flow, dm, through a strip of unit width and 

thickness dr can be expressed as 

dm = ~l {Vdr}= P:~(RF - r}dr 

RTl RTl 

then friction york done per unit time is 

and 

T (fPdV) dm ft.lb./min. 

r=o 

~ = ~ is the rolling friction coefficient due to 

PWFRF 

effects of irreversible gas processes. 
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Measurement of friction los ses in rolling element bearings 

Early in the test pro gram vhich vas conducted to measure the roll

ing friction of a supercalender nip it became evident that the friction 

torque contribution of the stack bearings vas sizeable; usually over 

20% of the gross drive torque requirement. This problem does not 

assume su ch magnitude in an industrial stack with 8 or 9 nips and rolls 

of up to 10 calibre lengths. Under these conditions only 4 or possibly 

only 2 of the 18 or 20 bearings are supporting the stack Ioad and hence 

2-5% of the drive torque is attributable to the bearings. In our case 

however the bearing torque had to be measured in order to determine the 

actual rolling friction of the nip. 

When its necessity arose, this auxiliary experiment vas regarded 

as a costly and inconvenient digression. Note the attempt to develop 

a direct reading bearing dynamometer as shown in Figs. 111-114. Because 

this dynamometer vas not successful the stack bearings vere calibrated 

by running them loaded as vas shown in Fig. 8. The resulting load 

characteristics are shown in Figs. 115-116 for high and lov speeds, 

respectively. 

Aside from providing the required data for friction torque correc

tion, the bearing calibration experiments provide incontestable evidence 

that the equipment and instruments vere accurate and reliable throughout 

the test program, i.e. the high speed bearing data vas obtained before 

nip friction tests vere conducted vhile the lov speed data vas obtained 

after aIl tests on filled rolls vere completed. 



~;.-:::.. 

TB 

t 
1 
1 

FRICTION TORQUE OF INNER 
BEA RING EXERTS CIRCUMFERENTIAL 
FORCE ON SLEEVE IN DIRECTION OF 
SHAFT ROTATION 

BEARING BLOCK 

~ OUTER BEARING , 
NEEDLE ROLLERS 

~ ~ 1 SLEEVE SURROUNDING 
~ OUTER RACE OF 

INNER BEARING 

OUTER RACE OF 
INNER BEARING 

INNER BEARING 
TAPERIED ROLLERS 

INNER RACE OF 
INNER BEARING 

~ WEIGHT SUPPORT WIRE i PIN 
1 ~H: ANCHORED 10 SLEEVE WHICH 

E CONSTANf-~ rfWAV,,~~~M~~~ I::::'N~ACE OF 
C VOLTAGE _ __ . 

VARIABLY--.--~--+-----
Ev VOLTAGE 1 RESISTOR SLIDE WIRE 1 

T I J MOMENT OF WEIGHT TOTAL LENGTH : L 
1 ABOUT SHAFT ct.v 15 WaA 

1 1 

CJA~ 
FIG. lil. 

Schematic drawinR of bearing dynamometer. Assuminp' that the static friction 
of the outer bearing is negligible (see text) W x A = Tb and Ev a Tb. 

.. 
1 

~ 
~ 
H 
>< 
H 
< 
1 

'cl . 
1\) 



APPENDIX IV - p.3 

FIG. 112. 

Bearing Dynamometer Installed in Stack. 





APPENDIX IV - p.4 

FIG. 113. 

Bearing Dynamo~eter Assembly. 
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Bearing Dynamometer Components. 
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l} Data points shown in Figs. 115-116 are the averages of 2 to 

5 tests in which there was considerable variation. Never-

theless, average.values of bearing friction are seen to be 

continuous and reasonable functions of load and speed. 

2) Fair agreement is noted, above 100 rpm., between friction 

torque predicted by an empirical formula developed by 

Palmgren (30) for rolling element bearings. 

3) The opposing effects of lubricant viscosity decrease and 

bearing preload increase with operating temperature are 

indicated in load characteristics shown in Fig.115, i.e. 

the loops formed by connecting data points taken at a 

given load in a succession of steps of increasing, then 

decreasing speed. 

4) The effect of hydrodynamic film lubrication, or more exact

ly, its absence, which was neglected in Palmgren' s formula, 

is clearly shown by a decrease in friction torque with 

increasing speed up to about 200 rpm. This illustrates 

the initial importance of hydrodynamic film development 

with increasing speed. Once complete films have been 

established, the torque increases with increasing speed 

due to lubricant viscosity become evident. 

5) The low speed torque measurements are a smooth continuation 

of the data taken much earlier at higher speed. 

Although not directly relevant to supercalendering, these observa

tions based on bearing friction measurements are presented te convince 
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'. ,~., the reader that the random, unrepeatable data presented in this york 

are in fact a true reflection of supercalender nip behaviour and are 

not due to gross experimental incompetence and error. 

The effect of bearing friction 

It vas soon discovered that a supercalender, started up quickly 

and run at constant speed and load exhibits a" decreasing drive torque 

requirement of the approximate form 

-kt r=Ae -B 

e.g. A = 220, B = 350 and k = 1/20 for r in lb. in. and t in min. for a 

tvo nip stack with 8in. diameter steel rolls and roll D running at about" 

500 pli. and 1000 ft./min. as show in Fig. 117. Not show on this plot 

are the ± 5% torque fluctuations vhich vere recorded. This relationship 

cannot be used to determine supercalender torque vs. speed and load 

characteristics; most of the torque is due to bearing friction. By 

running a lightly loaded (about 345 pli. = 6560 lb. force/19in. long nip) 

steel-on-steel nip vhich can be assumed to be frictionless, it vas found 

that most of this high starting torque can be eliminated by substituting 

drip-fed 5W20 motor oil for the original packed grease lubrication. For 

a specifie load and speed (3280 lb./bearing at 480 rpm.) the initial bear-

ing friction vas decreased by over 60% as show in Fig. 118. In spite 

of this improvement, bearing friction remained a large, if no longer 

predominant, part of drive torque. Strong dependence of bearing friction 

on load and speed remained, adding a false variable to the measurement of 

nip friction. 
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ALL BEARINGS GREASE 
LUBRICATED 

TIME (minutes) 

FIG. 111. 
Total driva turque as a tunction of time for a 
three roll supercalender vith a steel-cotton
steel roll configuration. Calender speed 965 
f.p.m. Total nip force 550 lb.t. over a nip 

length of 121n. 
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. 0 ALL BEARINGS GREA SE 
LUBRICATED 

• ONE PAIR OF BEARINGS 
OILED • THE REMAINING 
TWO BEARINGS GREASE 
PACKED 

X ALL BEARINGS LUBRICATED 
WITH DRIP FED SAE 5V120 
Oll 

--- TORQUE REQUIRED TO 
ROTATE LOADED ROLLS 
BV HAND AFTER 60 MIN. 

-----
o~ ____ ~ __ ~ ________________ _ 
o 10 20 30 40 50 60 

TIME· ( minutes) 
FIG. 118. 

Total drive torque as a tunction of time for a tvo 
roll supercalender vith a steel-steel roll config
uration shoving the effect of different types of 
bearing lubrication. Calender speed 1000 f.p.m. 
Total nip force 6560 Ib.f. over a nip length of 12in. 
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Bearing calibration 

In order to me as ure nip friction, bearing torque had to be meas-

ured somehov and subtracted from the gross torque input to the stack. 

As previously mentioned the direct measurement of bearing friction 

contribution proved impractical and a bearing calibration experiment" 

vas conducted. The apparat us for these tests is described in Fig. 8. 

Measurements of the torque necessary to drive four uniformly loaded 

bearings vere made at speeds, varied in seven steps, from 75 rpm. to 

750 rpm. Each test vas performed at a preset cil feed rate of about 

30 drops per minute per bearing. Speed vas maintained at each step 

until approximate thermal equilibrium vas reached, then the speed vas 

increased to the next step. This procedure vas reversed and torque 

measurements vere made at steps of decreasing speed. Certain erratic 

behaviour vas observed in that one or more bearing block temperatures 

vould, during a test, differ considerably from the others, requiring 

adjustment of the lubricant feed rate. This behaviour persisted 

i~ spite of attempts t~ impose uniform thrust preloading on the bear

ings. Tests vere carried out at 0, 1415, 2830, 5660 and 8480 Ib./ 

bearing. These loads vere convenient as they represented pneumatic 

loading ram pressures of 0, 50, 100, 200 and 300 psi. respectively, 

and covered a specifie nip load range of up to 1500 pli. for a l21n. 

long nip. Tests at each load vere repeated, some as often as seven 

times. Later, vnen the stack drive had been modified for lov speed 

operation, another series of bearing calibrations vere performed. 

Tnese tests vere carried out at speeds betveen 2 and 40 rpm. vhich 
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-is equivalent to 10 to 125 !pm. with a 12in. diameter roll. Tests 

were conducted to determine the torque necessary to initiate rotation 

of statically loaded bearings, i. e. "breakaway" torque vas measured 

at bearing loads of 0, 1415, 2830, 5660 and 8480 Ib./bearing. 

Bearing dynamometer 

An instrument developed for use in the supercalender test series 

is the bearing block dynamometer. Although prototype instruments did 

not operate satisfactorily, a description of this device is relevant 

in that a similar dynamometer was developed and served as the principal 

instrument used to measure bearing friction torque in a project on 

hydrostatically augmented hydrodynamic journal bearings which was 

carried out using the supercalender test apparat us (C.R. Weldon, 

Department of Hechanical Engineering, McGill Uni versity: r~. Eng. Thesis, 

1971) • Furthermore, further tests on the supercalender will incor-

porate dynamometers on the roll bearings as it has been demonstrated 

that this is the best vay to account for bearing friction in any 

apparatus where drive torque absorbed by processes other than bearing 

friction must be measured. 

The purpose of the bearing block dynamometer is to torsionally 

isolate roll shaft bearings 50 that friction in these bearings can be 

measured as the torque necessary to restrain the free sleeves which 

surround the bearings under test. Ideally the principle might be 

described as a frictlonless bearing supporting a test bearing. This 

could ce accomplished by supporting the roll bearings in hydrostatic 

bearings. Such a tec~~ique, although admittedly attractive, vould 
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have required a hydraulic supply and control system to feed pressur

ized lubricant to the hydrostatic bearings. Expense and an accompany

ing digression into hydrostatic bearing design rendered this solution 

impractical. 

The prototype bearing ~amometers involved a relatively simple 

modification to the existing bearing blocks. These blocks, already 

pared to minimum size, were bored to accept a pair of 7 3/4in. outer 

diameter needle bearings. To form the inner race of these needle 

bearings, a sleeve, 7 1/4in. outer diameter, was provided. As the 

bearing surface, a circumferential belt of 0.025in. thick, hard 

chromium plating was applied to the outer surface of this sleeve and 

ground to size. The bore of this sleeve contains the double row 

tapered roller bearing which supports the roll shaft. Sixteen equi

distant 1/8in. diameter radial holes drilled through the sleeve wall 

oil, supplied through the top of the bearing block to the bore con

taining the static needle bearings, to lubricate the roll bearing. 

The tapered roller bearing assembly is held in place within the sleeve 

by two flanged and stepped end caps attached to the sleeve by eight 

screws which fasten axially into the ends of the sleeve wall. The 

flanges of these end caps keep the needle bearing inner race/roller 

bearing assembly in place in the bearing block by constraining axial 

motion. The assembled bearing block ia shown in Fig. 113 vith the 

flange cap attachment screws clearly visible on the front face. 

The bearing friction torque measurement principle is outlined in 

Fig. 111. Anchored to the free sleeve between the two concentric 
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bearings is a wire which supports a lead weight. The shaft rotation, 

hence friction torque, is in the clockwise direction. Under the 

influence of any friction torque, the wlre will tend to assume an 

equilibrium position to the lert of bearing centre so that the restor

ing torque (W x A) counterbalances the friction torque. Restoring 

torque read-out is via a linear-variable slide-wire resistor across 

which is applied a constant voltage, Ec' The variable voltage signal, 

Ev, across the slider and one end of the resistor is proportional to 

the weight offset, A, and hence to the restoring torque (W x A). 

Although the needle supported interface cannot be considered friction

less as could be an externally pressurized hydrostatic interface, it 

is static therefore free from viscous friction effects which contribute 

to rolling element bearing losses. Furthermore, if the friction of 

the needle bearing is assumed to be identical, under conditions of 

impending rotation, in either direction, these conditions of limiting 

friction can be imposed on the dynamometer sleeve by an externally 

applied torque. The true friction torque of the roll bearing can be 

validly taken as the ari thmetic mean of the two torques measured at 

conditions of impending rotation in opposite directions. 

Operating problems arose at nip loads over 500 pli. The enlarge

ment of the bearing block bores involved a partial breakout of the thin 

.... all. The static needle bearings were thus unsupported over an arc of 

about 30°. T'nis unfortunate feature is visible on the left side of the 

bearing block in Fig. 112. A stiffening rod 'lias incorporated as an 

attempt to overcome load distortion effects. Sufficient deforoation 
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of the dynamometric bearing blocks occurred at loads over 500 pli. so 

as to introduce appreciable friction in the static needle bearings, 

thus obscuring the roll bearing friction even when the method of 

externally applied opposite torque was used to measure the range 

between the limits of static friction in either direction. 
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This section is included in detail because a large portion of this 
project was comprised of equipment design and test instrumentation 
planning. It is considered, therefore to be a major engineering 
contribution to this thesis. 

DESCRIPTION OF EQUIPMENT, INSTRUMENTS AND TEST APPARATUS 

Unsuitability of conventional industrial and laboratory supercalenders 
for use in an experimental program 

Any industrial supercalender is designed for a specifie applica-

tion. For example, a glassine stack with hard denim and chilled Iron 

rolls designed to operate at 1000 ft./min. and 3000 pli. is not equipped 

to duplicate the conditions required to process gloss paper being run at 

500 ft/min. and 500 pli. between chrome plated steel and soft natural 

cotton filled rolls. Conversely a gloss calender cannot operate as 

a glassine calender. 

If an experimental study of superc8J.endering is undertaken it is 

necessary to approximate extreme as well as typical operating conditions. 

Furthermore it is desirable to run all tests on the same machine. In 

this way the etfects of frame stiffness, motor characteristics and drive 

train behaviour will ce uniforme (By "uniform" it is not implied that 

dynamics of the stack can be discounted as constant over all operating 

conditions in a given machine, but that variations will be continuous 

and sufficiently small so that significant effects on supercalendering 

action of roll material, speed and nip load can be at least qualitatively 

evaluated. ) If tests were run on a number of different machines it 

would be impossible to determine vhat proportion of a measured differ-

ence in behaviour vas due to stack differences. Yne purpose of this 
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~xperimental study is to evaluate nip effects over a wide range of 

nip properties and operating parameters. To instrument a number of 

industrial supercalenders and schedule many hours of special test 

runs would be prohibitively expensive. To design, equip, instrument, 

build and man a small, flexible industrial sized stack would, as an 

initial step in this proJect, be unthinkable. 

The only form of small scale commercial equipment available is 

the laboratory supercalender. Such units are normally of single nip 

and occasionally of two nip configuration. A single hydraulic press-

ure system loads both sides of the stack and the drive train is not 

suitable for dynamometry. High nip loads and more specifically 

accurate control of nip load are not available. A 10:1 speed range 

is maximum. The roll bearings have small inner diameter making it 

difficult to provide roll bores for instrument access. The bearing 

blocks are large, severely limiting the minimum roll diameter which 

can be installed. Axial view of the nip is obscured. 

Probably the most serious deficiency of commercial lab stacks 

is the capped double frame. To change the test instrumented filled 

roll, which is at the bottom of the stack, it is necessary to first 

remove the frame caps, disconnect the drive train and lift out the 

top roll. To sum up, commercial supercalenders are unsuitable as 

test apparatus. They are intended to run paper in a mill or test 

hand sheets in a mill laboratory. They are not sui table for con-

ducting experiments on supercalender nip mechanics. It was the re-

fore decided to design and build a small, flexible and well 
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instrumented supercalendering test apparatus. 

The experimental laboratory supercalender 

This lab supercalender was designed after a year of test, design, 

and operating experience on a small lab stack which was modified and 

instrumented for a series of tests on heated rolls. This test series 

was preliminary to the nip mechanics study which is the subJect of 

this work. These preliminary experiments clearly showed the need 

for an experimental supercalender designed specifically for instrument

ability and quick set up and roll change by one unskilled operator (the 

experimenter) wi th a minimum of hanàling equipment. 

The bed of this new supercalender is made entirely of structural 

steel plate and rolled sections. A minimum amount of welding vas 

required for reinforcement and gusseting. Bolts, with roll and taper 

dowel pins for accurate location, were used throughout in frame assembly. 

Although the frame veighs about tvo tons the heaviest compone nt weighs 

less than the drive motor. The complete test apparatus including 

motor and instrument cabinetry can be manhandled and moved vi th a small 

hand truck and vill pass through ordinary doorvays. When assembled 

the apparatus and ancilliaries, veighing about eight tons, require 

400 ft. 2 of floor space. 

The subframe (DWG.: SC-C-OOOl) consists of four 20in. I-sections. 

Tne tvo outer·pieces (5) are four feet long and with the tvo 8ft. long 

centre pieces (1), vhich support the drive DOtor platform, form the 

base for the calender ways. The ways vere formed by cutting avay and 
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machining a length of the centre portion of the upper flanges of 

the two 8ft. long 18in. ship channels (2) lying across the four 

I-beams. Rigidly separating the ways are two 3/8in. lightened 

plates (4) which span the gap between the two channels. 

Two 6in. channels (6) lying parallel to the ways and across 

the protruding centre I-sections form the motor platform. B.y 

this arrangement the motor position can be conveniently adJusted 

to drive any roll in the stack. 

A heavy gusset 'reinforced 8 x 8in. structural angle (8) is 

mounted across, the 18in. channels at one end of the ways to support 

the roll stack. At the other end of each channel is a base plate 

(11) for each of two stack loading pneumatic cylinders. The 

position of the two cylinders with adjustable rod ends (1) and the 

stack end spacer blocks (3) (4) (5) (6) (7) and shims (8) are shown 
~i ' 

on DWG.: SC-C-0003. 

Nip load instrumentation and control will be dealt with under 

the section on stack instruments. The nip loading mechanism is, 

however, stack hardware. Mounted on tneir previously mentioned 

base plates are two 6in. diameter by 4in. long stroke pneumatic 

cylinders which can provide a combined force of up to 12 tons. The 

choice of a pneumatic rather than hydraulic system was based on cost 

and convenience. The additional cost of larger cylinders was more 

than offset by the use of ligoter, more flexible piping which was 

suit ab le for the maximum design pressure of 750 psi. Typical 
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hydraulic systems operate betveen 2000 and 4000 psi. As no motors, 

pumps, compressors or filters are required in this system, their 

cost is avoided and their maintenance unnecessary. 

Nip force is applied at the beginning of a test and released 

only upon its completion. The mass flow required in the system is 
.. , 

very love Lov pressure test runs and ram retraction are served 

adequately by the building compressed air supply facilities. Press-

ures above 100 psi. are supplied from a manifold connected to five 

high pressure nitrogen cylinders (2500 psi.). The use of nitrogen 

permits the safe use of some hydraulic fluid in the cylinder voids 

on either side of the piston. "Stack bounce" which occurs occasion-

ally as the result of elasticity in the loading system (in this case 

provided by IIpneumatic springs ll
) and irregularities in the filled 

roll surface, is thus controlled. 

A standard roll shaft end has been adopted for all steel and 

filled rolls (DWG.: SC-B-0001). These shafts are disproportionally 

large in diameter to accommodate a 3in. diameter roll bore for signal 

leads from thermometric instrumentation mounted in the filled rolls 

and also to provide alignment clearance for the drive system. The 

roll bearings fit over the shaft ends vith a cylindrical clearance 

rather than a more conventional tapered locking fit. Retaining 

rings spring loaded into grooves in the roll shaft vhich are on 

either side of one bearing prevent axial movement of the roll. Tne 

other bearing is axially unconstrained 50 as to permit thermal expan-
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sion vithout accompanying stress. Unfortunately, rotation of the 

shaft relative to the bearing bores can occur under conditions of 

high speed and light load in the presence of sufficient quantities 

of inviscid lubricant. This is not desirable as it results in 

erratic torque measurements at conditions betveen stable floating 

of the bearing inner race and synchronous rotation vith the roll. 

Paradoxically hovever, the choice of cylindrical shafts over 

'tapered shafts made possible, indirectly, the accurate measurement 

of nip friction. 

The original steel rolls vere 8in. in diameter vith a 19in. 

long face. Later, to provide clearance for an X-ray film holder 

used in one of the test series, one roll vas sleeved to 12in. 

diameter and 12in. face length. Although the stack vas originally 

provided vith tvo 8in. diameter steel rolls to operate vith a 12in. 

diameter filled roll, the test program, vhich vas geometrically con

strained by the X-ray tests, vas run complete1y in single nip 

configuration vith 12in. by 12in. rol1s throughout. 

Although spherical se1f-aligning roller bearings vould have 

been a better choice to faci1itate the interchanging of test rolls 

and to ensure equalization of nip 10ading on either side of the 

stack, double rm. taper ro11er bearings vere cnosen. Again, the 

X-ray tests, vhich required an unobstructed axial viev of the nip, 

vere a critical influence. To meet this requirement small bearing 

blocks, hence small bearing outer diameters, are necessary. This 
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coupled with the unusually large inner diameter of the roll shaft 

left little room and a bearing choice with no alternative (DWG.: 

SC-C-0002). (As relief, albeit temporary, from the boredom 

imposed upon him by his task, the reader is invited to make a 

more sui table choice of ••••• bearing, not task.) The bearing 

blocks are asymmetrical, one side is cut thin to further enhance 

the view of the nip, the other side is thicker to support the 

applied stack load. A machined groove in the bottom of each 

bearing block, perpendicular to the bore axis, aligns the stack 

on the ways. 

The calender drive motor is controlled by a modified Ward/ 

Leonard system. This 30 hp. 230v. shunt-stabilized d.c. drive 

operates over a 40:1 range of speed regulation up to 1150 rpm. 

and can be swi tched to operate up to 2600 rpm. r.fotor overload 

protection is provided. Power is supplied by a d.c. generator 

with residual bucking field which permits the drive to operate 

down to 0 volts. Tne generator is driven by a 40 h.p. 550v. 3-

phase motor with overload and low mains voltage protection. Drive 

motor speed is controlled by varying the generator excitation. A 

silicon controlled rectifier power supply varies the generator 

field so that linear acceleration and deceleration to the preset 

speeà is obtained. T'nere are emergency stop buttons at six loca-

tions to provide protection for the operator and equipment. Re-
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generative braking is provided. An auxilliary power supply main

tains constant voltage for motor excitation and to the bucking 

field of the generator. 

Unlike the roller chains, V-belts and pulleys, gears or shaft 

couplings commonly used in supercalender drive trains a unique 

drive configuration was designed. 

be met: 

The following criteria had to 

1) In order to accurately me as ure nip rolling friction 

the dynamometer must be located 50 as to eliminate 

spurious friction contributions. 

2) The dynamometer must be protected from shock loads 

such as may be introduced by backlash and sudden 

changes in speed and nip load. 

3) In order to change rolls conveniently the drive 

must be easy to dismantle. 

4) Large axial, lateral and angular misalignments must 

not interfere with smooth operation. These mis-

alignments must be tolerated 50 that drive position 

can be conveniently moved to any roll in the stack. 

Tne drive arrangement illustrated by DWG.: SC-C-002SA** and 

DWG.: SC-B-003SA meets these specifications. T'ne main feature of 

this drive is a 32in. long lin. diameter quill shaft vhich passes 

through the 3in. diameter axial bore of the driven roll. A sliding 

keyed fit in the quill end stucs provide over lin. of unhampered 
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axial movement. The lin. annular clearance between the roll bore 

and quill permits lateral offset up to lin. as well as angular mis

alignment of either the motor shaft or the roll axis and the quill 

up to 1 1/2° in all directions. The drive is therefore self

aligning in five degrees of freedom. (The sixth degree of freedom 

is rotation about the roll and motor axes which is, of course, 

unlimited.) A typical working twist of the quill is 17°. This 

twist can be tripled before the onset of torsional yielding. For 

good fatigue endurance the high strength steel shaft has been anneal-

ed and the surface shot-peined. Shaft articulation is provided at 

the motor and dynamometer ends by two sets of automotive type uni-

versal joints. A more radical design, with two homokinetic couplings 

which were sufficiently compact to permit their withdrawal, along with 

the quill shaft, through the roll bore, was prepared. This plan was 

rejected as the additional cost of manufacture was thought to be un-

justified by the gain in experimental convenience. The advantage of 

a constant speed intermediate drive member, which is the usual reason 

for choosing a homokinetic rather than yoke and cross universal coupl

ing, was in this case negligible considering the light quill, low speed 

of operation and small misalignment involved. It is interesting to 

note that the relatively small offset (at times 0°) between either the 

roll or motor shaft axis and the quill made necessary the modification 

of the automotive universal couplings. Tnis was unforeseen and would 

have been unnecessary nad the homokinetic coupling been adopted. A 
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universal joint is commonly equipped with four need1e roller bearings. 
If such a coupling is operated under load and exclusively at small 
offset angle, a premature failure will result. This occurs because 
the arcs of excursion, through which adjacent needle rollers oscillate, 
do not overlap and the bearing race is not uniformly cold worked, th us 
fatigue endurance is reduced. The modification of the drive couplings 
involved the replacement of the rolling bearing elements with conven
tional aluminum, grease lubricated sleeves. 

The driven roll is connected to one of the universal joints through 
a blank cylindrical annulus (DWG.: SC-A-0004*) which is bolted to and 
concentric with the roll shaft end. The universal coupling is fastened 
on to the inside of the removable end plate (DWG.: SC-A-0005*) which 
forros the bottom of the blind sleeve mentioned above. The representa-
tion of the detail (DWG.: SC-A-0004*) is simplified on (DWG.: SC-C-002SA**). 
This is a subassembly (DWG.: SC-B-003SA) which contains the torque cell/ 
dynamometer which is also annular in shape so that the drive quill and 
coupling can pass through it. Thus the only friction producing inter
faces downstream of the dynamometer are the nips and stack bearings. 
Tnis assembly will be further described in the subsection on stack in
strumentation. 

Stack modifications 

In addition to the operating hardware described above, two major 
stack modifications were required during the course of the tests. 
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The first modification was to enable the calibration of the 

stack bearings (i.e. me as ure bearing friction over the full range 

of operating condition). This set up is.shown in Fig. 8. A 

d~ roll or annular shaft was connected to the drive in the posi

tion of an ordinary roll. The shaft, unlike a conventional roll, 

carried all four bearings. A large WF beam section was laid, web 

horizontal, across the ways to fill the gap normally occupied by 

the filled roll. This permitted the measurement of friction torque 

of a system consisting solely of bearings, loaded and driven as they 

would be when operating conventionally. This set up illustrates the 

adaptability of the test apparatus. Note the manufacturing costs 

and difficulties that would be incurred by the bearing calibration 

test had tapered bore bearings been chosen. 

of the apparent paradox mentioned above. 

Rence the resolution 

The second modification, to enable very low speed and "break-

away" (Le. the limit of static rolling friction) tests to be 

conducted, was the installation of a 25:1 double gear reduction unit 

between the end of the motor shaft and the first universal joint in 

the drive train. Because the motor platform had been designed to 

accept various motor positions, this installation, shown in Fig. 7, 

was little less convenient than a normal roll and motor position 

change. 
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Stack control and instrumentation 

In this section the nip load application and measuring system 

will be discussed along with instruments and operator controls used 

to regulate and measure drive torque and roll speed. 

Nip lQad is applied to the stack by applying pressure to the 

rear ports of the pneumatic cylinders mentioned in the previous sec-

tion. A good illustration showing the stack in two-nip configura-

tion and the cylinders, five high pressure gas cylinders and the 

pressure control panel is Fig. 9. Five flexible 1/4in. diameter 

copper lines enter the control panel. Two supply loading pressure, 

independently, to the two cylinders, a third is shared by the cylin-

ders and supplies air ahead of the pistons in order to retract them. 

The fourth line supplies high pressure nitrogen for loading pressures 

above 100 psi. while the fifth is a connection to the 100 psi. building 

compressed air service. 

The layout of the loading pressure control panel, Fig. 10, is as 

follows. High pressure, above 100 psi., is supplied from the nitrogen 

cylinders (A) and enters the system via a pressure reducing and relief 

valve (B), provided vith up and downstream pressure gauges, capable of 

supplying outlet pressure up to 750 psi. Below this reducing valve is 

a flow throttling needle valve (C) and a shut off cock (D). The high 

pressure supply branches (E) into the two separate legs which lead to 

the two pneumatic loading cylinders. Low pressure air at 100 psi. 

enters the panel through another line vhich first passes through an air 
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filter (F). This line, equipped vith a gauge (G) to monitor the 

lov pressure supply, joins the high pressure line ab ove the afore-

mentioned branch (E). The lov pressure inlet can also be isolated 

by a shut off cock (H). A check valve (I) prevents the escape of 

high pressure gas into the lov pressure inlet. Either lov or high 

pressure loading is supplied. to either cylinder through separate 

check valves (J) and (K) and shut off cocks (L) and (M). The tvo 

sides of the stack can be loaded under equalized pressure by opening 

the shunt (H). Tne tvo loading pressure lines (0) and (p) can be 

monitored by separate gauges (Q) and (R). A third gauge (8) can be 

connected to either of both legs of the stack loading system through 

a confluent netvork containing the two shut off cocks (T) and (U). 

Isolation is provided by the three check valves (V), (W) and (X). 

(y) is a safety valve which protects the lov pressure side of the 

system from overload. All three gauges have individual vent valves 

(Z), (AA) and (AB). Lev air pressure is also supplied to pressure 

reducing v~lve (AC) and gauge (AD). This valve is used to retract 

the loading pistons by applying low pressure air to the front ports 

of both cylinders through line (AE). Beth pressure reducing valves 

(B) and (AC) provide relief (back flov venting) upon the reduction of 

loading pressure. 

Originally it vas intended to measure nip load by measuring force 

reactions at four corners of the stack. This was to be accompli shed 

by attaching eight SR-4 vire strai~ gauges to the stack end spacer 
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blocks (DWG.: SC-C-0003). The upper-most gauges are visible in 

Fig. 11. Each spacer block vas equipped with two four-arm resist-

ance strain gauge bridges vith an adjustable trimming resistor. 

Load at each corner of the stack was to be measured as proportional 

to the cumulative out of balance voltage signal from the tvo resist-

ance netvorks. A constant voltage of 10 v. vas supplied to each 

bridge by a regulated d.c. power supply (±.02%). A complete nip 

load cell circuit is shown in Fig. 119. This load measuring system 

which vas to give continuous nip force measurements at the four 

corners of the stack and to provide a compatible instrument signal 

for measurement by the automatic data logging system described in 

Appendix l, did not function satisfactorily. As the stack heated up 

under operation, thermal gradients were set up in material to which 

the strain gauges vere attached. These effects were sufficient to 

overshadow the useful signal due to strain effects. This problem 

was not overcome in spite of attempts to control thermal effects by 

using "controlled melt" thermally compensated gauge elem.ents, install-

ing miniature gauges (1/4in. x 1/2in.) and trying various schemes to 

isolate or insulate the gauged areas. Fortunately a "cold stack" 

calibration was obtained (i.e. correlation between the measurements 

of the load cells, which had been calibrated in a hydraulic com-

pression tester, and the precision test gauge in the pressure control 

rack Fig. 10) while the calender vas not running. This gauge and the 

ti/O side gauges were found to be satisfactory means of measuring the 
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stack load on either side although not, as it was originally hoped, 

capable of making force measurements at 811 four corners. Using 

pressure gauge reading as an indication of nip load made it necessary 

to hand log this data rather than enabling the use of the more con-

venient multipoint data logger. However it vas found easy to keep 

the nip load quite constant throughout a given test run, requiring 

litt le attention and fev manual adjustments to the pressure control 

system. 

Drive torque is measured by a reaction type bonded strain gauge 

torque cell shown in DWG.: SC-B-003SA. Fig. 9 shows the torque cell 

at left centre as a discontinuity in the cylindrical drive sleeve on 

the far end of the driven roll. This type of dynamometer is normally 

used in a application where a motor is supported by the torque cell 

with the power shaft protruding through the bore. Torque is measured 

as the torsional reaction of motor frame on the· supporting member. In 

its application as a supercalender dynamometer this unit is an integral 

member of the drive train and rotates with the roll. No mount, re-

quiring careful positioning, has to be provided as there are no bearings 

or slip rings as there would be if a conventional pedestal mounted shaft 

~amometer vere used. An additional advantage i5 thatthe dynamometer 

is designed to accept overhanging or shear loads. Power and signal 

leads rotate vith the driven roll. A separate instrument slip ring 

assembly, supported oy a bracket attached to the roll bearing block, 

forros the rotating-to-nonrotating interface in the instrument circuits. 

The stationary signal and power leads and the slip ring mount are clearly 



APPENDIX V - p.17 

visible in the lower right foreground of Fig. 9. A flexible plastic 

tube is the coupling between the slip ring shaft and the sleeve con-

taining the dynamometer. This tube accommodates any misalignment 

between the slip ring and driven roll axes. 

The torque cell has t;le following specifications: 

- Lebow Associates, Inc. Reaction Torque Cell #2406-101 

- Output: linear to 40 mv. at 10,000 in.lb. torque 

- Input: 20 v. 

- Capacity: 10,000 in.lb. maximum with 50% overload provided 

- Type: temperature compensated oonded wire strain gauge, 

single full bridge. 

The instrument slip ring assembly has the following specifica-

tions: 

- Northern Precision Laboratories #800050-1 

- Humber of conductors: 6 (4 used) 

- Speed range: 0-3000 rpm. 

- Ring material: coin sil ver 

- Brush material: silver/graphite 

- !-1aximum noise: no greater than 0.5 IlV. 

The torque cell vas statically calibrated by applying dead veight 

loads to 1000 lb. in 25 lb. increments on a lOin. long arm of the cali

brating yoke as shown in Fig. 12. Overhanging load and hysteresis (up

down) corrections vere found to be negligible (about Ilb.in.). Tne 

overhanging load test vas performed by hanging 25 lb. veight increments 

on both calibrating arcs of the yoke, up to 500 lb. 
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Each roll in the stack was equipped with a tachometric pulse 

generator. The angular velo city of each roll can thus be measured •. 

The primary sensors proved to be inexpensive as well as effective. 

Each tachometer consists of a 72 tooth, 6in. diameter cast iron gear 

as shown in Fig. 11. The sensing heads are attached to the bearing 

blocks on adjustable supports so that each sensor can be brought 

tangentially to its gear and adjusted to the required clearance of 

0.015 to 0.025in. The sensors are ordinary telephone receiver 

cartridges from which the ferrous diaphragms have been removed. The 

active element of the instrument is a small, permanent U-magnet 

around whose elbow is wound a coil. As gear teeth pass beneath the 

pole pieces of the magnet while the roll is rotating, a voltage is 

induced across the terminals of the coil. Thus the frequency of 

voltage fluctuation measured across the coil terminals is 72 times 

the speed of the roll in revolutions per second. This frequency 

signal .ras found to be suitable, without amplification or condition

ing, for direct measurement by the data logging system. A~ the 

resolution of the frequency measuring function of the data logging 

equipment was ± 1 pulse count down to a lower limit of 20 Hz., roll 

speed could be determined to ± 5% at the lowest direct drive speeds. 

Measurement accuracy at a typical high operating speed vas about 

± 0.2%. For operation at very low speeds via the 25:1 gear reducer 

only a sinele tachometer unit Olas used. This instrUIœnt vas mounted 

on the motor shaft wnich turns at 25.81 times the speed of the driven 

roll (i.e. the actual drive speed reduction ratio). Typical precision 
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of speed measurements made in this operating configuration was ± 0.5%. 

X-RAY INSTRUMENTATION FOR FILLED ROLL DEFORMATION MEASUREMENT 

The subsurface deformation of a supercalender filled roll in the 

nip region in a specifie transaxial plane was measured using a high 

speed X-ray apparatus. Radiogràms taken while the supercalender was 

operating were used to map the disposition of an arr~ of small dense 

Metal spheres embedned within the filled roll. In this section the 

X-r~ unit and accessories will be described. The X-ray test appara

tus can, for convenience, be subdivided into four component groups. 

The major group is the X-ray unit itself consisting of the high voltage 

power supply, del~ trigger amplifier, pulser, tube and tube head and 

the nitrogen and Freon high voltage insulation systems. The second 

subsystem consists of the film holder or cassette and a special fixture 

for film preparation. The third group to be described is the calender 

mounted firing circuit and interlock. Fourth is the radiation monitor

ing equipment which ensures safe and reliable operation of the X-ray 

unit. The X-r~ unit is a 300 kv. cold cathode flash X-ray system. In 

a conventional X-ray system, radiation is produced by a low current, high 

voltage electron beam bombarding a Metal annode. These electrons are 

:he result of thermionic emission from a heated cathode. The beam is 

accelerated and collimated by electromagnetic and electrostatic fields. 

Typical metallographic units produce high radiation doses and require 

extensive shielding. l.fany seconds of irradiation are often necessary 
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with this type of apparatus to penetrate even a few inches of metsl 

and to obtain an acceptable radio gram. Such a device is clearly not 

suitable for operation in an open laboratory environment without radia-

tion shielding, nor can it be used to record objects moving at up to 

30 ft/sec. which must be located to within a few thousanths of an inch. 

The field emission flash X-ray (44) used in this work operates with a 

maximum cathode current of 1.4 kiloampères. The electron beam is, in 

this case, produced by the discharge of 15 high voltage capacitors con-

nected in series across the gap in the flash tube. A mean X-r~ output 

voltage of between 150 to 300 kilovolts can be obtained by varying the 

initial charge voltage applied to the capacitor bank. X-rays are 

produced for a time interval of only 10-8 seconds. Peak radiation is 

108 Roengtens/sec. at the tube face. These characteristics make this 

unit suitable for recording high speed events. Sufficient radiation 

is produced to penetrate 10 inches of filled roll material and resolve 

a 1/32in. diameter metal sphere on film some 25 inches from the tube 

face. 

To produce X-rays of 300 kv. average voltage the peak voltage 

across the capacitor bank or pulser must be about 450 kv. The pulser 

consists of 15 individual capacitor modules which are charged in parallel 

to 30 kv. The 5 milliamp (maximum) 30 kv. (variable) capacitor charging 

power supply can be seen at the top of the instrument rack in Fig. 13. 

In order to get the necessary high voltage for X-ray emission, the capaci-

tors which are charged in parallel must be discharged in series. This is 

accomplished by the delayed trigger amplifier, the second module in the 

.. '.,; 
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rack mentioned above, which provides, via a step-up pulse transformer, 

a triggering spark. An ionized region is created at a gap which now 

becomes the series connection between the first pair of capacitor 

modules. Thus begins a cascade of dielectric breakdown at successive 

interconnecting gaps to complete the series connection of capacitor 

modules. The gap between the cathode and annode in the X-ray flash 

tube is the last to break down; a brief but intense current flows 

from the capacitors across the flash tube. The delayed trigger ampli

fier unit not only amplifies the triggering signal to initiate the 

X-ray firing discharge, but permits a variable time delay between the 

instant when the triggering signal is received and the time when the 

high voltage trigger output pulse is delivered to the capacitor bank. 

This delay can be adjusted to about 0.2 ~sec. over a range from 0 to 

1000 ~sec. Hence a sensitive adjustment, to synchronize the X-ray 

flash with the event to be recorded, ls possible. 

The X-ray tube can be mounted either directly in the pulser 

enclosure to minimize transmission losses or remotely vith in a tube 

head connected to the pulser via a 25 foot long twin lead cable. The 

arrangement with the tube vithin the pulser is inconvenient as the 

pulser is 9 inches in diameter and over 3 feet long, veighing close to 

100 pounds. The pulser can be seen in Fig. 13. It cannot be brought 

into the position required to irradiate the supercalender nip. This 

requires the X-ray tube to be brought as close to the bearing blocks as 

possible vith the axis of the tube parallel and coplanar vith the roll 

axes and as close to colinear vith the line of contact betveen the 
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adjacent rolls as possible. The alternate arrangement with the tube 

in the insulating tube head and with 25 feet of cable incurred a 50% 

reduction in radiation output. A suitable compromise was achieved 

by mounting the tube head close coupled coaxially in front of the 

pulser with 3 feet of interconnecting cable. 

To provide insulation at points, such as component interconnect

ions, which cannot be encapsulated in plastic the tube cavities in 

bath the pulser and the tube head are filled with "Freon-12" at 0.1 

psig. Ta ensure that the unit can be operated over a range of output 

voltage from 150 to 300 kv. the capacitor modules are surrounded by 

pressurized dry nitrogen. By adjusting the nitrogen pressure the 

dielectric strength of capacitor spark gaps can be varied so that the 

output from the delayed trigger amplifier will fire the X-ray. If 

the pressure is too high, misfire will result due to the inability of 

the triggering spark to initiate a dielectric breakdown. Low nitrogen 

pressure causes spontaneous prefiring before the desired charging volt

age is built up, as the voltage between individual capacitor terminals 

becomes sufficiently high to arc over the spark gaps. 

Preliminary tests showed that although the tube head can be posi

tioned between the roll shafts and close to the bearing blocks it is 

impossible ta mount a conventional X-ray cassette sa as to obtain a 

radiogram of the tracer spheres within the filled roll when the roll 

is installed in the stack. Furthermore as the tracers are in a trans-

axial plane 4 inches from the closer roll nut it is not possible to 
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place a film pack close to these objects. To reconstruct an actual 

tracer pattern from a film image it is necessary to know the direction 

from which each sphere shadow was cast. Tnese two difficulties were 

resolved by constructing a special X-ray film holder or cassette. This 

cassette is mounted concentric with the filled roll and is clamped to 

the nut nearest the tracer pattern. The frame of the cassette is a 

1/4in. thick aluminum plate of annular form, 9 inches inside diameter 

to fit over the roll nut and 12 3/4in. outside diameter to overlap a 

3/Bin. deep sector of the steel roll. This plate is Eplit diametrally 

and is held together with two dowel pinned double lap Joints. Hence 

the cassette can be taken apart for installation on and removal from 

the test roll. Two film holders are attached to the symmetrical 

halves so that the assembly is balanced as it rotates with the filled 

roll on which it is mounted. Each holder consists of an arc shaped 

base, two intensi f'ying screens and a cap or coyer plate wi th four hold 

down screws which make a light-tight sandwich of b~se, film, intensif y

ing screens and cap. The straight edges of the holder are along 

parallel chords, equidistant from the arc centres and 6 l/2in. apart. 

A standard 6 1/2 x Bin. sheet film yields three full width pie ces which 

have only to be cut along concentric arcs to form the two curveà edges 

to make the film compatible with the cassette. The bases are 1/4in. 

thick plates, arc shaped and with a l/Bin. deep step along the inner and 

outer curveà eàges to accept the circumferential lips of the cover plates. 

?nese lips prevent light from entering the cassette from the radial 

directions. A thi~ess of black felt, slightly thicker than the 
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combined thickness of two intensifying screens and the film, is glued 

to either end of the bases to prevent circumferential light leakage. 

Near the counterclockwise edge (viewed from the X-ray source) of 

each cover plate is a tapered, qevel-cut plastic block which contains 

a 1/16in. diameter by 1 1/2in. long tungsten rod which is perpendicular 

to the plane of the film. This rod acts as an X-ray "sun-dial" which 

casts a shadow on the film when it is exposed. The direction of the 

shadow from tip to base points towards the location of the ray which 

fell perpendicular to the film. The length of the shadow i5 propor

tional to the distance from the tip of the shadow to the point of 

impingement on the film of the perpendicular ray from the X-ray source. 

If the distance from the X-ray source and the tracer object plane to 

the film plane is measured the "sun-di al 's" shadow on each radiogram 

permits a simple trigonometric correction to be applied to the apparent 

position of each tracer image on the film. Thus the actual disposition 

of the tracer pattern in the filled roll can be deduced. 

As was mentioned before~the film shape was chosen to conform to 

the shape of the circular c,assette and to malte efficient use of a 

standard size of sheet film. Although it is not fraught with scien

tific interest, a simple jig to eut the required arc shaped film from 

6 1/2in. width sheet is i1l~strated in Fig. 15. This film cutter made 

possible the convenient preparation of film. Frustrations caused by 

finger-printed, scissor-hacked film were thus alleviated. It is felt 

that anyone vith limited dark-room experience who has faced anything 

other than the simplest of film cutting tasks will consider this 
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appliance worthy of mention. 

In order to obtain an X-ray picture of the deformation field 

within the filled roll in the region of the nip (i.e. while one of 

the two tracer patterns, embedded in the fill material of the test 

roll, is directly beneath the area of contact between the steel and 

filled roll) the X-ray unit must be synchronized so as to fire when 

an array of spheres is in position directly under the nip. The 

fi ring circuit is shown in Fig. 120. 

The external trigger signal for the X-ray is provided by a 

rapidly decaying (+)30v. pulse from a 0.01 uf. capacitor discharging 

through a 10 kO resistor. Provision has to be made, however, for 

this event to occur on operator demand and within a specific arc of 

abo~t 3° while the roll is turning at up to 1000 rpm. Thus the 

operator's push-button is merely an arming switch (PB) vith a relay 

and microsvitch interlock to prevent misfire or prefire. The opera

tion of the firing circuit can best be described by following the 

sequence of events initiated by pressing the push-button. The push

button svitch is used to energize the charging relay coil (Re). This, 

hovever, is enabled only when the roll has Just passed its firing 

attitude, represented by the step in the triggerin~ cam. T'ne relay 

co il circuit is thus completed, in this limited arc of less than 90°, 

by the "normally closed" contacts of the microsvi tch (r.ffi2). The 

push-button must ce held down, and after (1-iS2) opens, the relay 

energizing circuit will remain complete through a pair of the relay 

contacts (R2) vhich are in parallel wi th (l.iS2). Therefore vhile the 
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relay is energized the capacitor charging circuit will be completed 

through another pair of the relay contacts (RI) vhich connect the (-) 

side of the battery to one of the capacitor terminals. Furthermore 

the (+) battery terminal is connected to the capacitor through the 

"normally open" contacts of the firing microsvitch (r.ffil) vhich remain 

closed for about 2700 of roll rotation (see triggering cam) prior to 

the firing step. As the microsvitch actuating follovers drop off 

this step, the "common" terminal of micros.ri tch (MSl) is svi tched 

from the "normally open" to the "normally closed position, disconnect-

ing the battery and connecting the capacitor, nov charged, to the 

trigger output across the 10 kG ballast resistor. 

In order to provide angular adjustment the triggering cam is 

friction locked to the supporting hub mounted on the filled roll shaft 

end. By 100sening three screvs, the cam can be hand rotated to place 

the triggering step in the required position. A protractor on the 

cam permits location to about ± 10 of cam angle. Part of the X-ray 

trigger synchronizer can be seen in Fig. 85. The trigger circuits 

are in the small chassis at left foreground. The tvo leads are 

connected to the microsvitches (MS1 and !.ffi2) vhose support bracket is 

partially visible in the lover left corner near the roll shaft end. 

The receptacle in the chassis box is for the operator's push-button. 

The two lowermost instrument modules in the rack shown in Fig. 

13 contain radiation monitoring equipment which is connected to the 

scintillation probe, the cylindrical object on the stool. This 

equipment measures background radiation and gives a qualitative 
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indication when the X-ray unit is fired. This indication is visible 

as a brief deflection of a galvanometer indicating ionization current 

from the probe. An audiable indication of the brief increase in 

radiation level is also given. Although this instrumentation does 

not measure accumulated radiation dosage, any significant deviation 

from normal operation can be noticed by the operator. For example, 

a prematurely deteriorated X-ray tube will, when fired, result in an 

abnormally low indication by this instrument. This reduces the risk 

of spoiled tests caused by an expired X-ray tube. Small electro-

scopie pocket dosimeters are used for monitoring accumulated dosage 

incurred by persons operating the X-ray equipment. The unit has 

been proved to be quite safe. Operators have received no more than 

l to 2 milliroengtens, (mR), of radiation during a day of operation 

invo1ving between 10 and 20 firings. A safe month1y dose is up te 

200 mR. whi1e a medical chest X-ray might involve a dose of 30 to 

60 mR. 
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X-ray Deformation Data Reduction Programs* 

*As per (41-43) 
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Sparse Pattern Datum Generation 

* * * * * * * * * * * * * * * 
* 
* 
* 

generate the polar coordinates 
of an arc shaped array of 15 
points at radius = (6 - 3/32)in. 
and at 1° intervals; ·0° at 7th 
point (clockwise) 

generate the polar coordinates 
of 3 points under 7th point at 
0° each radius successively 3/32in. 
less than previous 

generate cartesian coordinates of 
all 18 points; origin 7th point; 
x-axis tangent at origin to arc 
radius (6 - 3/32)in. 

print x and y coordinates in a 
T-array for reference purposes: 

x.XX 0.00 
y.yy ................ 0.00 
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CALL FACl 
DHlEf\!SION SAClS),SRC18),SXClS),5YClô) 
DO 10 1=1,15 
SAC 1 )=( 1-7. )-:"].14159/180. 

10 SRC 1)=5.90625 
DO 20 1=16,18 
5/:,Cl)=0. 

20 SR(1)=SRCI-l)-0.09375 
DO )0 1=1, 18 
SX( 1 )=SP( l ),!?(SH!FCSAC 1) 1 

30 Sye l )=SR( 1 PC COSFe SAC 1») 
5X7=SX(7l 
sn=SY(7) 
DO 401=1,13 
SX( 1 )=51.( I) -sn 

40 5'(CIl=SYCI)-Sn 
PRINT(1) 50 
PRINT(1)60,C5XCIl.I=1.15) 
PPINTCl)60.(SYCI),I=1,15) 
pp 11\11 C l !7 ° . C S x ( 1 ) • S y CI) • 1 = 16 , 1:3 ') 
CALl FAC2 
STOP 

50 FORMATe/I/, S ••• SPARSE PATTERN TRANSFORMATION-DATUMS) 
~ 0 FOR r'i A TC 2 y. , 5 F 5 . 2 • 5 F 5 . 2 , 5 F 5 . 2) 
70 FOR f'l A T C .1 • 20;: , 1 21. , F 5 . 2 , / • 20 >:. 1 2 X , F:' . 2 ) 

END 
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Fit-Sparse Pattern X-ray 

* * * * * * * * * * * * * * * 
* 
* 
* 

~ead identification record 

is it valid? NO ~ STOP 
YES 
j 

print identification record 

read length of "sundial" shadow (Bl) 

read 18 polar coordinat es of tracers, orlgln; 

foot of perpendicular from x-ray source to film 

plane: (SR(I), SA(I)), 0° parallel to shadow 

compute radial correction factor 
(BU1B2 = (-5xBl)/l7) 

calculate corrected radial coordinat es and trans

form from polar to cartesian, same origin abscissa 

along 0° 

to approximate datum configuration choose new 

origin at 7th tracer, i.e. at crossing of T, new 

abscissa arbitrarily parallel to line through 
lst and l3th tracers 

print x and y coordinates as for sparse pattern 

datum generation 50 as to compare data accuracy 

by comparison of data from prints at 2 exposures 
(See Fig. 88) 

repeat sequence; next data set 
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CAL.L FACl 
D l ME N S ION SR ( 1 8 ) , SA ( 1 8 ) , S X ( 1 8 ) , S y ( lB) , TA G ( 27 ) 
RE AD 2, ( TA G ( l ) , l = 1 , 27 ) 
CONT INUE 
LDA T AG 
SUE TAGTST 
TZE 
BTR $999 
PRINTC 1 )4, (TAGC 1),1=1,27) 
RE AD 9, B l 
RE AD 1 0, ( SR ( l ) , l = 1 , 1 8 ) 
RE AD 2 0 , ( S A ( l ) , l = 1 ,lB) 
Blf'1B2=C-5. );HBl/17.) 
DO JO 1=1,18 
SAC l )=SAC 1)*3.14159/180. 
B=B1MB2/SP'C 1) 
S P M T = S l Nf ( 3 . 14 1 59 - SA ( l ) ) 
SAC l ) = fi, T p,lll F ( SIN F ( S A ( l ) ) / C, B t COS F ( S A ( l ) ) ) ) 
SPC l )=5Pr-1T*'SRC l )/SA( 1) 
'SAC 1)= J. 14 t 59-SAC 1) 
SR(1)=5PCI)-(SRCI)*5./22.) 
s X ( l ) = s? ( l ) '.!:' ( COS F ( SA ( l ) ) ) 
S'(( l ) = SR ( l ) ~,( S l NF ( S Ft ( l ) ) ) 

] 0 CON T Hl UE 
SX7=sxC7 ) 
S '0 = S '( ( 7 ) 
D040F1018 
S>:C 1)=5>:( 1) -sn 
SYC l )=5;'( 1) -sn 

40 C ONT l NuE 
TNT = ( 5 0(:: 1 J ) - s '( ( l ) ) / ( S x ( 1 3 ) - S x ( i ) ) 
CST=COSFCATANFCTNT)) 
SNT=H!T'<oCST 
DO 501=:,1::: 
s ;~ ( l ):: ( S 'r' ( l ) ~ S NT) t ( S ;r: ( r ) "' eST ) 
s y ': l ):: ( S '( ( l ) fi, eST ) - ( S :< ( l ) * S :i T j 

50 C Qin Ïi'oiuE 

78 
-:- /,G ~ ::: ~ 

?~'.IN~( l)~Ot (5)';( 1),1=1.15) 
F P. l r·l T ( : ; f~, C , ( 5'~' ( : ) , l :: : , 1:;· ) 
? P l rI T ( 1 ' .. 7 0 t ( .s >-::: l ) , S' (( ! ) , l = l t· t 1 ,~ ) 
GO TO : 

:: -; OF 

: • 2 f ;' t ? c: '. 1 ~ .:. ~ t ~ :. • ::.. 

........ 
~ v " 
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Sparse Pattern Deviation From Datum 

* * * * * * * * * * * * * * * 
* 
* 
* 

read and validate data as per fit-sparse pattern 
x-ray for both prints; stop if data finished 

calculate datum pattern as per sparse pattern 
deviation from datum; calculate final cartesian 
coordinates as per fit-sparse pattern x-ray and 
combine for mean 

calculate difference between mean coordinates 
and datum; determine range of x and y deviation 
from datum; subtract x-range from x-coordinates, 
y-range from y-coordinat es 

calculate square of all deviations; sum and save 

increment x and y deviations by O.005in. and 
re-calculate squares and sum 

is new squares sum > previous ? 
HO 

l 

YES - print previous square 
sum as per fit-sparse 
pattern x-ray and re
peat sequence: new data 

replace previous squares sum with new 
squares sum and go back 2 steps 
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C ALL F AC 1 
D ï ME N 5 10 fil 5 AS 0 ( 1 3 ) , SR S D ( 18 ) , S X S D ( 1 8 ) , S y S 0 ( 18 ) , SAS 1 ( 1 8 ) , SR S le U 

1 ) , 5 X 5 1 ( 18 j , S '( S 1 ( 1 8 ) , SAS 2 ( 18 ) , SR S 2 ( 1 <3 ) , 5 X S 2 ( 1:3 ) , S YS 2 ( 1 ;3 ) , T AG ( 27 
2,5XS3C 18),SYS3C 18) 

DO 10 r=l, 15 
SA 5D ( l ) = ( l - 7 . ) * 3 . 14159 Il SO . 

10 SRSDCI)=5.90625 
DO 201=16,18 
SA 50 CI) = 0 

20 SRSDCI )=SRSDCI-l )-0.09375 
DO 30 1=1,10. 
5 X SD ( l ) = SR S D ( l ) iF C SIN F C SA SD CI) ) ) 

30 SYSDCIFSRSDCI)*"CCOSFCSASDCI))) 
SXSD7=SXSDC 7) 
SYSD7=SYSOC 7) 
DO 40 r=1,18 
S;;SDC l )=S>~SD( l )-SXSD7 

40 5YSDC l )=SYSDC l )-SYSD7 
R E AD 2. ( T A G ( l ) , l = l , 2 7 ) 
Corn INUE 
LDA TAG 
SUB TAGTST 
TZE 
BTP. $999 
RE AD SI. B l 
READ lOO,CS"PSICI),I=i.18) 
RE AD 200, ( S li S 1 ( l ) , 1= l • 1:3 ) 
READ 2.CTAGCI).I=1,27) 
CONTINUE 
LOA T AG 
SUB TAGiSI 
TZE 
2, T? S S<?~ 

~,p IN i ( 1 ) ~ t ( T ri G·: l ) , l = : , lB) , Th G ( 2 J : , Th G ( 24 ) . TA G ( 25 ) 
;' E AD ;,. C : 
PE;..,D 100.(S~S2(I),1=1,lB) 

~ E AD 2 00 t ( S i~ S 2 ( l ) , l = l ,l,?' ) 
3 1 ~'Î B 2 :: :: - ::'. :~ .~:- ( B : / : 7 . ) 
Cl;', C 2 = ~ - s. ; .,: ç : " : 7 .: 
DO 50 ::::, ~.~. 
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SRS2( 1 )=SPf'lTC*SRS2( l )/SAS2C 1) 
SASlC 1 )=3.14159-SASl CI) 
SAS2C 1 )=3.14159-SAS2C 1) 
SR3lC 1 )=SRS1CI )-CSRS1( l )~'5.122.) 
5 R S 2 ( 1 )= SR 52 CI) - ( 5 R S 2 ( l P5 . !2 2 . ) 
SXSl (1 )=SRS leI )*c COSFe SASl (1)) 
SXS2( 1 )=SRS2C l )i*CCOSF( SAS2C I)) 
5YS1(I )=SRS1(1)*CSINFCSAS1CI))) 

5 0 5 Y 5 2 ( 1 ) = SR 52 ( 1 )"* ( S Ii'~ F ( 5 AS 2 ( 1 ) ) ) 
5>:.317=3;:51(7) 
S XS27=sXS2( 7 ) 
5,(517=S,('31(7) 
S '( 5 27= 5'( 5 2 ( '1 ) 
DO 60 FI, p:~ 
SXSl (1 )=SXS 1 (1) -SX51 7 
3XS2( 1 )=SX.S2C 1 )-5X527 
SYS1(I )=5YSICI)-SYS17 

60 5 '( S 2 ( 1 ) = S '( S 2 ( i ) - S y S 2 7 

T fil T 1 = ( s'f S 1 ( '1 3 ) - s y S 1C 1 ) ) 1 ( S ;< 5 l ( 1 J ) - s X S 1 ( 1 ) ) 
TNT2=( S(S2C 1 ])-SYS2( 1) )/(~)XS2( IJ)-SXS2( 1;} 
CSTl=COSFCATAI\IFCHlTl j) 
CST2=COSFCATANFCTNT2) 
swrl=TNT1*CSTl 
S f\I T 2 = T !'of T 2 'i,', eST 2 
DO 70 1=1,12. 
s X S 3 ( l ) = ( ( ( S '( S l ( l ).", S IH 1 ) + ( S X S i ( l ) "' eST 1 ; + ( S y S 2 ( l ) ':;; S rH 2 :; .;. ( S;: s 2 ( l 

l )~)CST2) )/2. )-SXSDC 1) 
Î 0 S y 5 '3 ( l ) = ( ( ( S y 5 1 Cl) * eST 1 ) - ( S x S 1 ( l ) i',:. S I~ Tl) + ( S '( S 2 ( l ) ,t eST 2 ) - ( S X '3 2 ( l 

-: 4 r. 
i .:.V 

1 )~'SNT2) )/2. )-SYSDC 1) 
>: 111 N = i.'1 l J',) 1 F ( S :< s '3 ( l ) , s x S '3 ( 2 ) • S;: s 3 ( 3 ) , s x S '3 ( 4 ) , s x S J ( 5 ) , S ï S '3 ( 6 ) , s x ~j 

i 3 ( ï ) • s x s 3 ( .3 ) , S:< 5 ] ( :~ ) , s x S Jr: l 0 ) , S;< S J ( l 1 ~ , s :c:n ( l 2 ) , s y S '3 ( l '3 :; • S;I S ')( l 
24 ) , 5 X S '3 ( l:; j • S >: S '3 ( 16 ) , S x 5 J ( 1 ï ) , 5 X s:H lB) ) 

'/ ,'1 A X = 1'1 A .~ : F ( S:' S '3 ( l ) , S / S 3 ( 2 ) , S '1. S 3 ( '3 ) , S :< S J ( 4 :' , S :< s '3 ( :; ) , c., 'f. :'3 j ( ~, ) , S ! C; 

l J'; 7 ) , s x s J ( :?, ) , S 1. S j ( St ) , s ~< 5 3 ( l 0 ) , S /' .Cd:: li) , 5 ï S J :: l 2 ) , '3!. S '3 ( : j ; , S;: S J ( 1 
2 4 ) , 5 X 5 '3 ( i :; ) , s x S '3 ( 1 6 ) • S:< S J ( l 7 ) • 5 X S J ( l 2: '; j 

'( î1 IN = r'i Ii'; l F ( ~) '( S '3 ( 1 ) • 5'( S ) ( 2 ') • 5 Y S 3 ( 3 j • S '( S '3 ( 4 ) , s '( S '3 ( 5 ) , S':' ':; '3 ( 0) ) • 5 ',' S 
1 3 ( ï ) , S ( S Jo: S ) • S '( S J ( 9 ) , S '( S 3( 1 0 :0 • S '( 5 3 ( l l ) • s ( ?, J ( l 2 ) • S '~ S '3 ( l ~ ~' • S '( ~, j ! 1 
2 il ) , S YS] ( ~ S ) , S YS) ( ! 6 ) , :! y S 3 ( l 7 ) • S '( 5 J ( 1 ~ ) ; 

'( f~ A X = Î'Lt., >: 1 f 1: S YS 1 ( 1 ) t S';' S 3 c 2 ) , S y S 3 ( 1 :. , 5 \( S '3 ( 4 :: • . c:. '( s ] ( 5 ~; 1 S '( ~, j ( ".:, / , :~) '( ':-; 

: 3 ~ 7 ; , S'y 33 ( (~ ) , S '( S j ~ ~ ) , ~,'( S j ( 1 C '; • S y 5 3 ( 1 l :' f S '( '3 3 ': i 2 ; , :' ':' ':. J ( : j ) , S'i'::;] ~ 1 

,~. = 1.) 
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72 

73 

74 
76 

75 

700 

810 

82 

83 

84 
86 

05 

800 
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DO 72 I=l, 18 
S r'1 S Q X = S 11 S Q X + ( 5 X S ] ( l ) i:; S X S 3 ( l ) ) 
IF(J)7),7J,74 
·J=J+l 
GO TO 76 
IFCSMSQX-SSQX)76,76,700 
SSOX=SMSQX 
DO 75 1=1,1;3 
SXS3C l )=SXS3C 1)+0.005 
GO TO 710 
S5(1'(=0 
.) =0 
51150'-(=0 
DO 82 1=1.18 
Sr'1SQY=Sr-iSln+(SYS)( l )*SYS3( 1)) 
IFCJi83,8],84 
J=,Jt1 
GO TO 36 
IFCSMSQY-SSQY)86,86,800 
SSQY=SMSQy 
DO 35 I=1. 18 
SYS3CI )=SYS3Cn'tO.005 
GO TO 810 
CONT HJUE 
PRINTC 1 )90, (SXS3C 1),1=1,15) 
P R l bl T ( 1 ):3 ° , ( S YS 3 ( l ) , l = 1 • 15 ) 
P R IN T ( 1 ) 90 • ( S 1. S 3 ( r ) • s'( S J ( l ), l = 1 6 , 1 :~ ) 
GO TO l 

9~~ CALL FAC2 
5 T OP 

2 FORMAT(7AJ,7AJ,7AJ,5A3,A2) 
4 FORI-lATC I/l. 2X, 7A], 7AJ, un,!) 

80 FOR 11 A T ( 2/ • 5 F 5 . 2 • 5 F 5. 2, 5 F 5. 2) 
:'1 0 F 0 P t'i A T ( / , 2 0 >: , 1 2 ~~ t f 5 .. ·2 , / , 20 X, 1 ;~, ~ 5 . 2 ) 
l 00 F 0:;: 1"1 A T (7 r 6 . J • ~ F 6 . J , 2 y , / • 5F 6. J 
200 F 0 ~:r'1 A T ( F 6 . l .:: F 6 . l , 2X. / • SF 6. l 
T AG T 5 Tee :i A.). ~ 't '" 

['!D 
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Sparse Pattern Least Squares Deviation From Datum Plot 

==================================== .•......... -
==================================== •...•...•.. -
==================================== .. * ........ = 
==================================== ••..•...•.. = 
==================================== ..•.•...•.. = 
==================================== ..... + ••••• = 6th coordinate 
==================================== .•..•...... = 
------------------------------------ ------------------------------------- ........... -
==================================== .•......... = 
==================================== ....•...... = 
==================================== ....•...... = 
================================================ 

- - - -........... - ........... - ........... - ........... -
- - - -........... - ........... - ........... - ........... -
- - - -........... - ........... - ........... - ........... -

........... = ........... = ........... = ..... * ..... = 

........... = ........... = ..... * ..... = ........... = 
••.•. +* •.•• = ..... * ..... = ..... + ..... = •••.• + •.... = 7th coordinate 

- - - -........... - ........... - ........... - ........... -
- - - -........... - ........... - ........... - ........... -
- - - -..... ...... - ........... - ........... - ........... -
- - - -........... - ........... - ........... - ........... -
- - - -...... ..... - ........... - ........... - ........... -

================================================ 
==================================== ........... = 
==================================== ........... = 
------------------------------------ ------------... ------------:------------- ........... -
==================================== ........... = 
==================================== ........... = 
==================================== ..... + .•••• = 8th coordinate 
==================================== ........... = 
==================================== ........... = 
------------------------------------ ------------------------------------- ........... -
==================================== .........•. = 
==================================== ....•...... = 
================================================ 

This program combines the features of the 3 previous programs and, 
using a 48 x 12 character buffer, assembles a finite increment, O.IOOin. 
field image of the tracer deviations from datum, i.e. deformations. The 
T-shaped pattern of the tracer distribution is represented. Provision is 
incorporated to assemble the 7th, 16th, 17th and 18th coordinates into the 
buffer together and then to revert to the blank field (=) and single coordin
ate pattern. Tne tracer datum position is represented by (+), the actual 
tracer position by (*). The O.OIOin. grid is represented by (.). Actual 
tracer position supercedes datum (17th coordinate). Out of range deformation 
causes actual tracer position to be ignored (8th coordinate). 
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CALL FAC1 
o H1E N S ION 1 S X ( 1 $ ) , l S'(( 1 B ) , OU T B F ( 1 92) 
DIMENSION SASD(18),SRSD(18),SXSD(18),SYSD(18),SA51C18),SRS1(18 

1 ) , 5 X S 1 ( 1 é: ) , S y SIC 1 8) , S AS 2 ( 18 ) , SR 52 C 1 :3 ) , S X S 2 C 18 ) , S y S 2 ( 1 8 ) , T AG ( 27 ) 
2,SXS3(18),SYS3(18) 

DO 10 1=1,15 
SA SD ( 1 ) = ( 1 - 7 . ) (~ 3 . 14159/1 80 . 

10 SRSDCI)=5.90627 
DO 201=16,18 
SAsDe 1 )=0 

20 SRSDCI)=SRSDCI-l)-0.09375 
DO 10 1=1.18 
SXSDC 1 )=SRSDC l )(HSINFC SASDCI))) 

30 S'(SDCI)=SRSDCI)$(COSFCSASDCI))) 
SXSD7=SXSD( 7) 
SYSD7=SYSD(7) 
DO 40 1=1. 18 
SXSD( 1 )=SXSDC l )-SXSD7 

40 SYSDCI)=SYSDCI)-SYSD7 
l 'j:> E AD 2, ( T A G ( 1 ) , l = l , 2 7 ) 

CO j'.JT 1 f\I UE 
LDA T AG 
SU13 TAGTST 
TZE 
oTR $99:; 
READ :j,Bl 
P E p,D 1 00 , ( 5 P S 1 ( 1 ) , 1 = l , 1 8 ) 
P. E AD 200, ( SAS i ( l ) , 1 = l , l 8 ) 
READ 2,(TAG(I),I=1,27) 
C 0 f'H li'.;u E 
LDA TAG 
SU3 ThGT5T 
rIE 

FR IN T ( 1 ) .:J , ( T AG ( r :; , l = l , 1~; ) , Tf., G ( 23) , Tf-. G ( 24 ) , T (., G ( 25 ) 
~: E hG S, Cl 
~ E AD 1 00 , ( s;:::=; 2 ( l ) , l = i , lB) 
oc: E ':\D 2 0 C , ( S h S 2 ( l ) , l = 1 , 1 2. ') 
2, l i15 2 = .~ - 5. ) ~~:" ;" n l / 1 7 . ~; 

C 1 :'~ C 2 = ( - ::. ) ~~; : C l / ~ 7 • '; 

c = C i i'~C 2 " ~"~. 3 ? :' ~ :: 
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5 R 5 1 ( l ) = S P !H B * 5 R SIC l ) / SAS 1 CI) 
"SRS2C l )=SPMTC*SRS2C l )/SAS2C 1) 

SAS1CI )=3.14159-SASlCI) 
SAS2( l F3.14159-SAS2( 1) 
S i:( S 1 ( l ) = SR 51 ( l ) - C SR S le l ) ;;-'5. /2 2. ) 
SRS2C l )=SRS2C 1) - C SRS2C 1);:'5./22. ) 
SX51CI)=SRSIC1)*CCOSFCSASICI») 
5XS2( l )=SRS 2C l )*C COSFC SAS2( 1») 
5151(1 )=SRSICI )tCSINFCSA51C!») 

50 5YS2CI)=SRS2(I)*CSINFCSAS2CI») 
SXS17=SXSI(7) 
SX527=SXS2(7) 
5,(517=5151C7) 
5'(527=5Y52(7) 
DO 60 1=1. 18 
SX51CI )=SXSICI)-SXS17 
SXS2C l )=SXS2( l )-SX527 
SYS'l (1 )=SYS 1 (1) -SYSl 7 

60 SïS2( l )=SYS2C l )-5Y527 
T !Il i 1 = ( S( S 1 ( 1 3 ) - S y 5 1 ( l ) ) / ( S >: S 1 ( 1 3 ) - S;< S 1 ( 1 ) ) 
Hn 2 = ( 5 YS 2 ( l 3) - S y 52 ( 1 ) ) / ( S X S 2 ( l 3 ) - S X S 2 ( 1 ) 
CSil=COSFCATAf'!FCTNTl » 
CST2=COSFCATANFCTNT2» 
SNT1=T!nl*CSTl 
S rn 2 = T [\1 T 2;" C ::. T 2 
DO 70 1=1. H 
S i, S '3 ( l ) = ( ( ( S '( S l ( l ) '" S [,! T i. ) t ( S:< s 1 ( l ) ,~, eST l ) + ( ~, '( S 2 ( r ) ., S f\I T 2 ) -; ( s:< S ? ( l 

l )4.>C5T2; )/2. )-:i>:SDC 1) 

70S '( S 3 ( r ):: ( ( ( S l' S : ( l )"' eST l ) - ( ~;:: S l ( l ) ';' S rH 1 ) i' ( S (S 2 ( l ;, ~. eST 2 ) - ( S / S :2 ! l 

.- . 
i • 

1 )~: S ;,,~ T 2 ) ) / =:. ) - S r S D ( l ) 

:< r·j : j.,j = r~ l ~. j : F ;: ~. ~< S J ( l ) , s :< s ] ( 2 ~) , s :< S j ( 3 :' 1 S /5 ] ( 4 ) , S / S J ( 5 ) , ::j ,/~. '3 ( 6 ) 1 :~, / S 
l 3 C 7 ) • S.:< S J ,: ~; ) , ~~! S J ( :1 ) , S >: S J ( 1 0 ) , S 'l 5 ] ( 1 l ), S / S 3 (" 1 2 ) , S y :: 3 ( 1 ] ; , ::):< '~j j ( l 
'2~; ) , s·:~ s 3 ( : :. ) t S >: s 3 ( l :S ) • CI 7~ S ] ( l 7 :) , S :< s 3 ( :?, '; ) 

>~ j': f; x = H ;')' : F 1: ~; / .:. 3 ( l ) , .~! ;-: S ] ( 2 ~l , S ~< S j.~ J ~; , -:' >' ::~. 1 ( .:1 ) , s :< S "3 ( :: :: , ~:) >' ~:! J ( ~ > , r.~ :< ;'! 
: 3; 7 ) • s >~ S ."; ~ :~, :: • '3 '/ '3 j ( '~ ) , S >/~ S J~' l 0 'f , S!~:S J (, : ~ ) t S >' :S j:~ .~ 2 ) • S '!. '3 J r. 1 "3 :' • ~~ /' S j ~ l 
~!. ; , :;:/ S 3 ~ : :' ) 1 :.:, Y. S j ( l é· ) , ~.:< s ] ( l 7 ) , 5 x S 3:: ~ .'~~ ! .: 

= .. ~.= ... ,~ ... -'1." 

:. G -;: ::::,:;. 
'" . - - , ... . ~ . '. . 

.: ~:; ,~ .. ,' :- .'" 



~ ... 
"l" 710 

72 

7 "3 

74 
76 

75 

700 

210 

82 

83 

84 
86 

25 

200 
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Sf1S0X,=0 
DO 72 1=1,12, 
S!''tSOX=Sf'lSGil+ (SXS jC 1) (~SXS]( 1)) 
IFC,))73,7],74 
.)=,)+1 

GO Ta 76 
IFCSMSQY-SSQX)76.76.700 
SSQx=sI1Sn 

DO 75 r=l, 18 
SXS]CI )=SXS]CI HO.OOS 

GO TO 710 
35(,)'(=0 
,J =0 

S1'150'1=0 
DO 821=1,18 

S 1'1 S Q y = S ["1 S (; y + ( S '( S 3 ( l ) * S '( S 3 CI) ) 
l F ( ,) ) 8 ] , 8 J , :3 4 
,J = .) + l 
GO Ta 86 
IFCSMSQY-SSQY)86,86.800 
SSQY=SI'iSOy 
DO 851=1,13 
SYS3CI )=5Y53(1 )+0,005 
GO TO 810 
CO~lT IfliUE 
DO 1000 1=1, l:? 
SXS]C l )=S>~SJ( l )*100. 
SY5]( i )=sYSj( l )*100. 
l S ;,-: ( l ) = :( ~ l :< F ( S :< :) 3 ( l ) ) + 5 

1 0 COI S '( CI) :: ;: FI>: F ( S '( S 3 ( IJ :. + 5 
CO iH Hi UE 
LlV 0, J 
I../r~ 0,7 

S T ,\ , ,., 

T/H 
3T~ 

r.lA'i/1 
OUTi='~T,'7 

1.7 
44,7 

." ."'\ .~ 

- J t . 

INITIAlIZE OUT?UT 3UFFE~ 



..,.!.'~ 

, ST p, "'-t, 
HJX 
TXH 
BTP.. 
LDA 
TOO 
BTS 
SUB 
TOD 
BTR 
LOA 
t'iAQ 
t'iP'( 

LDF<, 
RBK 
STA 
LDA 
TOD 
BTS 
SUB 
TOD 
BTR 
LDA 
SUB 
TZE 
LDA 
BTR 
ADO 
STA 
LDA 
L:~ V 

SUE. 
TOD 
~ T ~ n, ;) 
l f 4 :~ 

ElPv 
L-D~. 

ADQ 
;1 T A 
1 0-", 

'~LI ~ 

S \ ;:.. 
L_ :< il 

': :~', 

'_ LI ~ 

.~. 

; 

OUTPAT+ 
4, ï 
44 , i 
*- '3 
l S X, ] 

23 
TOOBIG 
ELE\jEI'~ 

2] 
TOOBIG 
1S;::, l 

FOUR 
Q 
2'3 
ROIt! 
15'(, j 

2'3 
TOOBIG 
EL E "1 E l',) 
23 
TOaBlG 
l S x, 3 
FI IfE 

le', .;J, , J 
*+ 2 
ELr:VEN 
5 
l S '( , 3 
0, 4 
THRE:E 
23 
*+ 3 
l , 4 
~- .; 

RO,,) 
4 

~~ 

Sr:::' - , 
l' ~ . 

Ou \" f· , 
') . .. 

,-, 
~, v, 

O. -' 

'-," -: -V'J 

OU: ~ ~~ . 
. -

J " , { 

-' 
" 

~ 
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IF X-DEVIATIONS ARE LARGEP 
THAN +-5 PRINT A BAPE PATTERN 

GENERATE ROW NUMBER 

BARE PATTERN IF Y TOO BIG 

IF IT 13, USE ORIGlr: T.C;B~,E 

STOPE OFG. TBL.. ,ADDRESS rr~ /5 



~.:p,. 

i 

$ 2000 

TXH 4,5 
BTR *-6 
INX 12,7 
TXH 188, 7 
BTR *.':.. 10 
STX XREG 3, 3 
Sn:. XPEG4,4 
STX XP'EG5,5 
STX XPEG6,6 
STX XTŒG7,7 
PFdNTC 1) 3000 
CON T If\) UE 
LDY-. XREG3,1 
LDX XREG4, 4 
LDX XREG5,5 
LDX XREG6,6 
LDY- XREG7,7 
Il''') Xl, '3 
TXH 6,1 
BTS *+2 
BRU OK 
TXH 7.1 
BTR FTP. 
TXH 15,3 
BTF; OK 
GO TO l 

?93 CALL FAC2 
STOP 

TOOBIG LDA ORIGI~ 

STA OUTFi=-.Tt21 
BPlj 12000-13 

FTP :_:~!< 0,7 
fjCVHEP IN/ 1. 7 

l..Dh 

SiA 
l fi / 

. __ D,:.... 
-I~ 

0,6 

, :. 
... ' .• ! 

OJ:. : G :: ~ 

,. 0, 6 

.. ; . , . 
..., ":.' 

'::-1 4,,:,:,~· 

7"~ .. ,- - ~'r. -. 
.... .... J .......... ; 
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15 BUFFER FINI SHED 

, ( 0 UT BF CI) , 1= 1. 192 ) 

ARE WE AT CRITICAL 7TH RON 
NO 

NOVl 
'(E3 
APE ltlE FINISHED 
NO 
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SUB ELEVEf\j 
TOD 23 
BTR BIGTOO, .., 

1 

XEC TIRTBL, 7 
MAQ 
MPY FOUR 
LDA G 
RBK 23 
STA POl,.l 
iN X. l . 7 
,:EC TIRTBL. 7 
TaO 23 
BTS BIGTOO-l ,7 
SUB ELEVEf'l 
TOD 23 
BTP BIGTOO-l .7 
XEC TIRTBL-l .7 
SUB FIVE 
TZE 
XEC TIRTBL, .., 

( 

BTR *+2 
ADD ELEVEr,j 
STA 5 
XEC TI REL , 7 
LXV. O. 4 

SUE THREE 
TOD 23 
BTS *-t 3 
INX l . 4 

BRu ~'- 4 
L[)P, RO~i 

ADD 4 
5TA 4 
LDA STRSTn ~ , -' 

STA OUT;.:q t .... 

l "J X l t 7 
XEC TI~'.TEL, i 

L/i< O. 6 
u;! 0, .:: 
UjA OuF.:.-;- -
"" 0'.)-;;:'::-.... , 

~ ~..:) 

~ ;' ~ 7, : 1 :;. 

: i'~ "/ " 
~ ( , .r, 1 5 
T >' :-! .! 1 .: 
~ i~ 

"'r _ ,:", 

.10 :; 
~ ~ :c-

I -
~ ... : -

- t _ 
." -



TXH 14 "7 
l l , f 

BTR BCKHER 
LXV.6,} 
BRU !-2000 

BIGTOO r···IO? 
L>~v.. i2,5 
BRU BO:HER. 
NO? 
LXI<. B, 5 
BRU BO:HE'P. 
NO? 
LXi<. 4,5 
BRU BCV.HER 
NO? 
LXK 0,5 
L XK 
BPU 

TIRTBl NO? 
lDA 
LDf:.. 
1 '-1" _ 1\1'·, 

LDf'.. 
LD,; 

6, '3 
$2000 

Isx+6 
ISy+6 
12,5 
IS~<+15 

13'(+15 
:3, ::; 

LDf:. ISX+16 

~>~;.:. 4,5 
LLlA IS:<.,.17 
LD A l Si Tl 7 
Ln: 0,5 
5 T OP 

2 fORMATC7A3,7AJ,7A3,5AJ,A2) 

APPffifDIX VI - p.16 

4 f 0;:' j~ M T ~ ". " / , ~::: , 7 P. ~) , 7 f~ l , 7 A ] t / ) 

:~, FORf'IÎF.T c F ~ .. 2 '; 
1 0 0 F 0 f::r'~ A T ( -; ::- ç. • ] , :' f .." 2 ~-: , / , 5 f :'" ] ~ 

J 0 0 0 ~ C P j"': A T ~: :: : y • 7 ~ 3, 4 j 1 :2 ~ ) ) 

r r. .. 
'..l'V t 

~ C:', 
.'" r .• ,: 
' ... v • 

. ~ r ., 
..... 'J' • 

r ,-, .. 
\. ...... , 

A, '3. ~ ..... 

,~. ], ... ~; 

,-. ~, .... .:;, 

':'. j, , .. 

~, "), .... 
• ..... Jo _ 

~ t ;, ... -

. ~ -, ;, .... 
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<[> 

,"'- C'Oill A. J, .;?: 

CON A, 3. .:~: 

CON A, '3,*.+ 
CON A, '3. . ;:'T 

CON A. J. .;f: 

CON p" J ;;; . '. 
COIIl A, J • ...... .... . 
COli! A. J. ~: 

COli! A, 3, '';;. = 
CON A. J • . ~:: = 

OPIGIN CON A. J • . + 
ENDL CON A. J. = 
BLANKl CON A. J, 
BLANK,2 CON A. J, = = = 
ELEVEN CON D. 11 
TAGTST CON A, j , ~?: .:~ .~:-

OPTr1P BSS 2 
XPEGJ BSS 
XREG4 BSS 
XREG5 BSS 
Y.REG6 BSS 
XREG7 BSS 
ROItI 13;)S 
OUTPfiT BSS 44 

END 

o FORTRAN E~RORS 
END 

:'31715 FiN 
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Dense Pattern Datum Generation 

* * * * * * * * * * * * * * * * * * * * * * * 
* * * * * * * * * * * * * * * * * * * * * * * 
* * * * * * * * * * * * * * * * * * * * * * * 
* * * * * * * * * * * * * * * * * * * * * * * 

generate the polar coordinates of an arc shaped 
array of 23 points at radius = (6 - 3/32)in. and 
at 1° intervals; 0° at 12th point clockwise, 
origin at arc centre 

generate the polar coordinates of 3 additional, 
similar tiers of 23 points at decreasing radial 
intervals of 3/32in. 

convert to cartesian coordinates; origin 12th 
coordinate, top tier; abscissa parallel to arc 
tangent through this coordinate 

X.XX X.XX X.XX X.XX 

y.yy y.yy y.yy y.yy 

X.XX X.XX X.XX X.XX 

y.yy y.yy y.yy y.yy 

x.xx X.XX X.XX X.XX 

y.yy y.yy y.yy y.yy 
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CALL FACl 
o l ME N S ION 5 AD C 2 3 , 4 ) , SR D ( 2"3 , 4 ) t S X D ( 23 , 4 ) , S y D ( 23 , 4 ) 
DO 10 J=l, 4 
DO 10 1=1, 23 
SAD ( 1. ,) ) = C l - 12 );;; 3. 14 159/180. 
SROC 1.J)=6. -CO.09375*,)) 
S X 0 ( l , ,) ) = S RD ( l , J ) * ( SIN F C SA D CI, J ) ) ) 
5 '( D ( l , J ) = S R D ( l , .) ) * ( COS F ( 5 AD ( l , J ) ) ) 
5X0121 =SXDC 12, 1) 
SYD121=SYDC 12, 1) 

DO 20 J=1,4 
DO 20 1=1, 23 
SXD( I,J)=SXOCI,J)-SXD121 

20 SYO( I,J)=SYOCI, .. ))-SY0121 
PRINT(1)40 
DO 30 F1,23 
P RI N TC 1 ) 50 , S XO ( 1 , 4 ) , S X D ( l , ]) • S XO CI, 2 ) , S X D CI, 1 ) 

30 PRII\]TCl)60,SYOCI,4),SYDCI,3),SYDCI,2),SYDCI,1) 
CALL FAC2 
STOP 

40 FORI1ATC/!/,$ ~HH DENSE PATTERN TRANSFORMATION-DATUMt,/1) 
5 0 FOR i'1 A T C 2 3 X. , F 5. 2 , 2 X , F 5. 2, 2 X , F 5 • 2, 21: , F 5 . 2 ) 
60 F OR~1 A TC 2] X , F 5. 2, 2 X, F 5. 2. 2 X , F 5. 2. 2 X ,F 5. 2, ! j 

END 

-&~ROGRAM END. o FORTRAN ERRORS 
END 

131101 FIN 



APPENDIX VI - p.20 

Fit-Dense Pattern X-ray 

* * * * * * * * * * * * * * * * * * * * * * * 
* * * * * * * * * * * * * * * * * * * * * * * 
* * * * * * * * * * * * * * * * * * * * * * * 
* * * * * * * * * * * * * * * * * * * * * * * 

read identification record 

is it valid? NO - STOP 
YES 

t 
print identification record 

read 23 x 4 array of polar coordinat es of tracers, 
origin foot of perpendicular from x-ray source to 
film plane: (SR(I,J), SA(I,J)), 0° parallel to 
shadow of "sundial" 

calculate corrected radial coordinates and trans
form to cartesian, same origin, abscissa along 0° 

to approximate datum configuration choose new 
origin at 12th tracer, top tier, new abscissa 
chosen arbitrarily parallel to line through lst 
and 23rd tracers, top tier 

print x and y coordinates as for sparse pattern 
datum generation 50 as to compare data from 
prints at 2 exposures (see Fig. 89) 

repeat sequence; next dat a set 
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CALL FAC1 
o l !'1E N S ION SR ( 2 '3 , 4 ) , S A ( 2 3 , 4 ; , S X ( 2 3 , 4 ) , S y ( 2 3 , 4 ) , TA G ( 27 ) 
READ 2,CTAGCI),I::1.2ï) 
CO NT H-JUE 
LDA TAG 
SUB TAGTST 
TZE 
BTR $999 
PRINTC 1 )4, (TAGC 1),1=1,27) 
RE AD 10, ( ( SR ( l , .J ) , 1= 1 , 23 ) , ..;:: 1 , 4 ) 
R E AD 2 0, ( ( S A ( l , .) ) , l = 1 , 2 3 ) , ,;:: 1 , 4 ) 
DO 30 .)::1, 4 
DO 30 1=1,23 
S A ( l , J ) = ( 1 $ 0 . - SA ( l , .) ) ) * 3 . l ~ 1 59/1 8 0 . 
SR ( l , J ) :: SR ( l , J ) - ( SR ( l , .n *5 . /22 • ) 
S XCI, J ) = SR ( l , J ) * ( COS F ( SA ( l , ,) ) ) ) 

30 S y ( l , J ) :: SR ( l , J ) ;:; ( SIN F ( SA ( l ,J ) ) ) 
SX121=SXC12.1) 
SY121=SY(12,1) 
DO 40 .)::1. 4 
DO 40 1=1. 23 
S X ( l , ,..1) = S X ( l • ,) ) - 5 X 1 2 1 

4 0 S y ( 1 •. j ) = S YC l • J ) - 5 Y1 2 1 
T j\J T:: CS y C 2'3. 1 ) - S y ( 1 • 1 ) ) / { S X ( 23. 1 ) - S XC 1. 1 ) ) 
CST::COSFCATANFCTNT)) 
SNT::HIT"'CST 
D050J=1.4 
DO 50 1::1,23 
S X ( l • ,) ) = ( S y ( l , J ) * S NT )+ C S XC: •. ) ) * eST ) 

5 a S y ( l •. ) ) = ( S y ( l •. ) ) '* eST ) - ( S x ( I, .J ) ~,s NT) 
DO 55 1=1. 23 
PR IN TC 1 ) 60. S x ( 1. 4) • S x ( 1. ]) • S x ( l, 2) , S x ( 1. 1) 

55 PRINT(1)70.SYCI,4),S'(CI,3),SYC1,2),SYCI.1) 
GO Ta t 

:;''9'0 CALL FAC2 
5 T OP 

2 FORMAT(7A'3,7A'3,7AJ,5A3,A2) 
4 F ORM A T ( / / / • 2 x • 7 A '3 , 7 A '3, 7 A 3 , 5A 3 , A:2 , / ) 
10 FOP,MAT (:3F6. 3, 5F6. '3. /, 5F6. 3. 5F6. 3) 
20 F OP,î1 A T ( ;? F 6 . l ,5 F 6 . 1 , / , 5 F:; . l ,5 F 6 . l ) 
6:) F ORf'l A T ( 23:< , F 5. 2. 2 X • F 5. 2, 2:< , F 5. 2, 2;': , F 5. 2 ) 
70 Fe ;:1'1 AT ( 23 X • FI). 2. 2>: , F 5. 2. 2;-; , F 5. 2, 2/ • F 5 . 2 , / ; 

, .. ,:: 



APPENDIX VI - p.22 

Dense Pattern Deviation From.Datum 

* * * * * * * * * * * * * * * * * * * * * * * 
* * * * * * * * * * * * * * * * * * * * * * * 
* * * * * * * * * * * * * * * * * * * * * * * 
* * * * * * * * * * * * * * * * * * * * * * * 

See "Sparse Pattern Deviation from Datum" Program Description 
Procedure for calculation is identical. 
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CALL PACI 
o l ~lE N S l 0 fil SAD ( 2 3 , 4 ) , SR D ( 2 3 , 4 ) , S X 0 ( 2 3 , 4 ) , S y D ( 2 3 , 4 ) ,SR ( 2 3 , 4 ) , S A ( 

1 2 3 , 4 ) , S X ( 23 , 4 ) , S y ( 23, 4 ) , S X T ( 2 3 , 4 ) , Sn ( 2 3 , 4 ) , T AG ( 27 ) 
DO 10 .)=1.4 
DO 10 1=1. 23 
SADC 1, .J)=C 1-12 )*3.14159/180. 
SR D ( l , J ) = 6 . - ( 0 . 0 SI 37 5 '$.j ) 

SXDCI,J)=SRDCI,J)*CSINPCSAD(I,J))) 
S '( 0 ( l , J ) = S RD ( l , .j );j; ( COS F ( SAD ( l , .j ) ) ) 

S X 0 1 21 = S XD ( 1 2 , 1 ) 
S y 0 1 21 = 5 YD ( 1 2, 1 ) 
DO 20 J=1,4 
DO 20 1=1,23 
SXD( 1, J)=SXD( l, .J)-SXD121 
S y D ( l , .) ) = S YD ( l , J ) - s y 0 1 21 
SXTCI"J)=O 

20 SYTCI,J)=O 
DO 60 K=1,2 
R. E AD 2, ( T A G ( l ) , l = 1 , 2 7 ) 
CO~JT INUE 
LDA TAG 
SUB TAGTST 
TZE 
BTR $999 
R E AD 1 00 , ( ( S R ( l , J ) , l = l , 2 3 ) , .J = 1 , 4 ) 
R E AD 2 0 0 , ( ( S A ( l , .) ) , l = 1 , 2 3 ) , .J = 1 , 4 ) 
DO 30.)=1,4 
DO 301=1.23 
5 A ( l , .) ) = ( 1 S 0 . - S A ( l , .J ) ) !Il 3 . 1 4 1 5 9 / 1 Ô 0 . 
SR ( l , J ) = SR ( l , .J ) - ( SR ( l , .n * 5 . /22 . ) 
s X ( l , J ) = SR ( l , J ) '* ( COS F ( 5 A ( l , .J ) ) ) 

J 0 5 '( ( l , J ) = s P ( l , J ) * ( S r N F ( 5 A ( l , .) ) ) ) 
SX121=SY(12, i) 

S y 1 2 1 = 5 '( ( 1 2, l ) 
DO 40 J=1,4 
DO 40 I=~,23 

SXCI,Jl=SXCI,J)-SX121 
40 SYCI.J)=SYCI.J)-SY121 

TNT:: ( S '( ( 2 ] , 1 ) - 5'(( 1 , l ) ) 1 ( 5 X ( 2 3 , 1 ) - S >: ( l • 1 ) ) 
CST=COSFCATANFCTNT)) 
SiH= TNFCS i 
DO 50 ~i::l,4 

DO 50 ~=l, 23 
5 >~ ( 1 , .) ) = : S y ( l , <) J '* S t'4 ï ) + ( 5 'l ( l • ,) ) ~ C 5 -; ; 

5 0 s'~ Cl, .) } :: ( S ';' ( l , ._J ) ~ eST ) - ( S >: ( l , .) ) li- S ~l T ; 



DO 70 J=1,4 
00701=1,23 

.APPENDIX VI - p.24 

S X T ( l , ,) ) = ( S X T ( r , .J ) /2 • ) - S XD ( l , J) 

70S y ï( l , J) = ( S y TC l , .j) / 2. ) - S YD ( 1 , J ) 
CONTINUE 
XYINC=0.005 
SSQX=O 
L=O 
K=O 

710 sr'~SQx=O 

D072J=1.4 
00721=1,23 

72 SMSQX=SMSQX+CSXTCI,Jl*SXTCI,J») 
IFCK )73, 7], 74 

73 1<=1 
GO TO -/6 

74 IFCSMSQX-SSQX)76,76,7000 
76 SSQX=SMSQX 

DO 75 .Fl, 4 
DO 75 1=1, 23 

75 SXTC l"J)=SXTCI,·J)+XYINC 
GO TO 710 

7000 SSQX=SMSQX 
IFCL)7001,7001,7002 

7001 L=l 
XYlf\JC=-XYINC 
GO TO 710 

7002 DO 7003 J=1,4 
DO 70011=1,23 

7003 SXTCI,J)=SXTCI"J)-XYINC 
SSQY=O 
L=O 
1< = 0 

7 taO 5f'15Q'(=0 
D 0 7 20 .) = l , 4 
DO 7201=1,23 

7 2 0 S l'i S Q Y = 5 j" S 0 y + ( S 'TT ( l , .J );;; s n ( l , J ) ) 
IF(f< )7)0.710,740 

,')0 i<=l 
GO TO 760 

740 !FCSMSQY-S5QY)76Q,760,aooo 
760 SSQY=5MS9Y 

D 0 7 5 0 .) = 1 , 4 

DO 750 ;=1.23 

GO TO 7100 



XYINC=-XYINC 
GO TO 7100 

8002 DO B003 J=1,4 
DO 80031=1,23 

8 0 0 3 S y TC l , .) ) = S y T ( l , .) ) - X YIN C 
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P R l I\j TC 1 ) 4, ( TA G CI) , l = 1 , 1 8 ) , TA G ( 2 3 ) , TA G ( 24 ), TA G ( 25 ) 
DO 55 1=1, 23 
PRINT(1)600,SXTC!,4),SXTC1,)),SXTC!,2),SXHI,1) 55 PRINT(1)700,SYTCI,4),S'(TCI,3),SYTCI,2),SYTCI,1) 
CONTINUE 
LXK 0,7 INITIALLIZE COUNTER TO REZERO RUNNING SUM LDZ PREPARE ZERO IN ACCUMULATOR 
STA SXT,7 STORE ZERO IN SXTCI,J) VECTOR STA SYT,7 STORE ZERO IN SXTCI,J) VECTOR INX 1,7 INDEX VECTOR SUBSCRIPT COUNTER TXH 92,7 HAVE 5XTC23,4) AND SYTC4,23) BEEN DONE BTR .-4 If NOT GO BACK 4 INSTRUCTIONS 
GO T 0 1 

999 CALL FAC2 
STOP 

2 FORMATC7AJ,7A3,7A3,5A3,A2) 
4 FORMATC///,2X,7A3,7A3,7A3,/) 
100 F 0 RM A T ( 3 F 6 • 3 , 5 F 6 . J, / , 5 F 6 • J , 5 F 6 • 3 ) 
200 FORMATC8F6.1,5F6.1,/,5F6.1,5F6.1) 
600 FORMATC 2JX,f5. 2, 2X,F5. 2, 2X,F5. 2, 2X ,F5. 2) 
700 F 0 RM A T ( 2 J X , F 5. 2 , 2 X , F 5. 2, 2 X , F 5 . 2, 2 X , F 5. 2 , 1) 
TAGTST CON A,3,~'$. 

END 

$PR OGRAI1 END. o FORTRAN ERRORS 
END 

144407 FIN 
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Dense Pattern Least Squares Deviation From Datum Plot 

* - - -........... - .......... - ........... - ........... -
· . * ........ = .••.••••••. = ••. * ....... = .•...••••.• = typi c al lst 
• •••••••••• = ••••••••••• = ••••••••••• = .•..•...... = row coordinates 

- - - * -........... - ........... - ........... - .......... -- - - -........... - ........... - ........... - ........... -
- - - -........... - ........... - ........... - ........... -
- - - -........... - ........ ,'-, .- ........... - ........... -

.•... + ••... = .•..• + •.... = ..... + .••.. = ..... + ..... := 
================================================ 
...... * .... = •••• * ...... = ••• * ....... = .•..••••••• = typical l2th 
• •••• + ...... = ..•. . + •.... = ..... + ••.•• = ..... * ..... = row coordinates 
================================================ 
..... + ...•. = ..... + •..•. = ..... + ••••• = ..... + .••.. = - - - -........... - ........... - ........... - ........... -
..•........ = •.•......•. = ........... = •...•..•.•. = typical 23rd 
........... = ......... __ .= ........... = ........... = row coordinat es 

- * - - -........... - .......... - ........... - ........... -
* - - * - -..... - ........... - .......... - ........... -

- - - -........... - ........... - ........... - ........... -
- - - * -........... - ........... - ........... - .......... -

================================================ 

This program combines the features of the 3 previous programs and 
is similar to "Sparse Pattern Least Squares Deviation from Datum Plot". 
Because of large circumferential displacements the x-coordinate vas 
increased to accommodate ± O.070in. vhile the y-range remains ± O.050in. 
(i.e. O.lOOin.). In order to reduce the circumferential length of the 
plot, only the circumferential range betveen the outermos"t actual tracer 
positions as vell as the datum position is printed. Hence the fields 
containing the smallest x-deformations are the narrowest. Buffering 
and character manipulation is described in detail in the comments to the 
right of the assembler language listing among the Fortran. 



10 
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CALL FACI 
D HIE N S ION SAD ( 2 3 , 4 ) ,SR D ( 2 3 , 4 ) , 5 X D ( 2 3 , 4 ) , $ y D ( 2 3 , 4 ) , SR ( 2 J , 4 ) , SAC 

123 , 4) , 5 X ( 23 , 4 ) , S y ( 2 3, 4 ) , 5 X T ( 23 , 4 ) , S Yi ( 23 , 4) , T AG ( 27 ) 
DIMENSION IX(92),IY(92),OUTBF(512) 
DO 10 J=l, 4 
DO 10 I=l, 23 
SADe I"J)=( 1-12)*3.14159/180. 
SRDC I.J)=6. -(0.09375;;;J) 
5 X D ( 1 , J ) :: S RD ( l , .J ) * C SIN F ( SAD ( l , J ) ) ) 
S y D ( l , J ) = S RD ( l , .J )iF ( C OS F ( SAD ( l ,J ) ) ) 
S X D 1 21 = S XD ( 1 2, 1 ) 
S y Dl 21 = S YD ( 1 2, 1 ) 
DO 20 .)=1, 4 
DO 20 1=1, 23 
SXDe l, J)::SXDC I,.J )-5>:0121 
S y D ( l , J ) :: S y D CI, .J ) - S '( D 1 2 1 
SXH l, .)j::O 

20 SYHI.J)=O 
1 DO 60 K.= 1, 2 

READ 2,CTAG(l),I=1,27) 
CONTINUE 
LDA T AG 
SUB TAGTST 
TZE 
BTR $999 
RE AD 1 00 • ( ( S P. ( l , ,) ) , l = l , 2 3 ) , J =.1 , 4 ) 
P. E AD 2 00 • ( ( SAC l , .J ) , 1 = l , 2 3 ) , J = 1 , 4 ) 
DO 30 J= 1, 4 
DO JO 1=1,23 
S A ( l , .j ) = ( 1 8 0 . - S A ( l , .) ) ) f.. 3 . 1 4 1 5 9 / 1 (3 0 • 
SR Cl , J ) = SR ( r. J ) - ( 5 R ( r. .J) *' 5 . /22 . ) 
S x ( l • J ) :: SR ( l • J ) * ( COS F ( 5 A ( l ,.j ) ) ) 

30 SYCI,·j)::SPCI.J)*'CSINFCSACI,J)) 
SX121=SXC 12.1 j 
SY121=5'((12.1) 
D040J=1.4 
D040I=t.23 
SXC1 •. ))=3:« I,J)-SX121 

40 SYCI.J)=S'(CI.J)-SY121 
TNT = ( 5 Y ( 2 3 • 1 ) - S y( 1 , 1 ) ) / ( 5 X ( 2 3. l ) - s x ( 1 , i ) ) 

CST=COSFCATANFCTNT) 
SNT=TNT*CST 

Je 50 I=~. 23 
5:<:1 ... )j=:'SY(:, ,))-&SNT j+(S:~( I,.J)~CST) 

50 5 Y ( l •. ) : =: s '( ( l •. ) ) ~ eST ) - ( S ;i ( : , .) ) ~ 5 ~; T i 
DO 60 ,j=1.4 



6 0 ;3 y T ( 1 , J ) = S y T ( 1 , J ) + S y ( l ,.J ) 
DO 70.)=1,4 
DO 70 1=1,23 
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S X TC 1 , J ) = ( S X TC l , J ) / 2. ) - S XD CI, J ) 
70 SYTC I.J)=CSYTCI,.J)I2.)-SYDCI,J) 

CONTINUE 
XYINC=O.005 
S S QX =0 
L=O 
K=O 

710 ;3 f1 SQ X = 0 
DO 72 ,)=1, 4 
DO 72 1=1, 23 

72 SMSQX=SMSQX+CSXTCI,J)*SXTCI,J» 
IFCK)7),7],74 

73 K = 1 
GO TO 76 

74 IFCSMSQX-SSQX)76.76,7000 
76 SSQX=SMSQX 

DO 75 .)=1,4 
DO 75 1=1. 23 

75 SXTC I,.))=SX.TCI,.))+XYINC 
GO TO 710 

7000 SSQX=SMSQX 
IFCL)7001.7001,7002 

7001 L=l 
XYINC=-XYINC 
GO Ta 710 

7002 DO 7003 J=1.4 
DO 70031=1.23 

7 0 0 3 5 x TC i • .) ) = S x T ( l •. ) ) - x YIN C 
SSQy=O 
L=O 
1<=0 
S f'1 SQy =0 
DO 720 .)=1.4 
DO 720 1=1.23 
S f1 50 Y = S i'l 5 Q '( + C 5 YT ( i • ,) )~" S y T CI. ,) ) ) 
IFeV)730.730.740 
1< = 1 
GO TO 760 
IF(SMSQi-SSQY)760,760.8000 
5 S 0'( = 5;1 S (J '( 

D0750J=:.4 
DO 750 1=1.23 

GO T 0 7: oc 
S s ')y = S :'1S '::"{ 
: F : L ) ::. :] C : , .:: 0 0 l t :? 0 0 2 



8002 

XYINC=-XYINC 
GO TO 7100 
D 0 8 0 0 3 .) = 1 , 4 
DO 80031=1,23 
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8003 SYTCI,J)=SYTCI,J)-XYINC 
P R 1 N TC 1 ) 4, ( T AG ( 1 ) , 1 = 1 , 18 ) , TA G ( 23 ) , TA G C 24 ) , TA G ( 25 ) 
CONTINUE 
LXK 0,7 INITIALLIZE INTEGER ARRAY COUNTER 

LOO? LOAD X-COORDINATE VALUE LDA SXT,7 
Fr1P FIOO 
FIX 23 
ADD FFTEEN 
STA IX,7 
LDA SYT,7 
H'Il- FIOO 
FIX 23 
~.DD FI vE 
STA 1'(,7 
INX 1,7 
TXH 92,7 
BTR Loap 
LXK 0,7 
LDA BLANKl 
STA OUTPAT,7 
INX 1, 7 
TXH 124,7 
BTR *-3 
LXK 3,7 
LDA ENDLIN 
STA OUTPAT,7 
INX 4,7 
TXH 124,7 
BTR *-] 

LXK 0,7 
LDA BOTLIN 
STA OUTPAT+124,7 
INX 1, 7 
TXH 4,7 
BTR t.--3 
LûA OPIGIN 
5TA OUl"FAi+61 
LX ,< o. ] 
Ln: 0.6 
LCA l :< • J 
TOJ 2J 
éTS TCOr,iG 
'3:j :: THe: -: ':': 
TOJ 2 J 

CHANGE SCALE BY 100 
CREATE INTEGER 
ADD FIFTEEN Ta ENSUPE NONNEGATIVE X-COORD. 
STORE INTEGER X-COORDINATE 
DO PREViOUS 
FIVE STEPS 
TO PREPARE 
Y-COORDINATE AS 
NONNEGATIVE INTEGER 
INCREMENT COOPDINATE COUNTER 
HAVE 92 POINTS IN ARRAY SEEN DONE 
IF NOT, DO NEXT COORDINATE 
ACTIVE AREA COUNTER 
... THREE PEPIODS 
INITIALLIZE PRELIM. SUFFER 
NE X T I-JORD 
15 ACTIVE AREA FINISHED 
ACTIVE AREA 15 FINISHED 
VERTICAL BORDER COUNTER 
.. = TWO PERlons AND AN EQUAL SIGN 
PREPARE VERTICAL BORDER 
r'lE Xl LIN EDO W N 
IS VERTICAL BORDER FINI5HED 
IF NOT, GO BACK THREE INSTRUCTIONS 
LOWER HORIZONTAL BORDER COUNTER 
=== THREE EQUAL SIGNS 
PREPARE HORIZONTAL BORDER 
NEXT THREE ACROSS 
IS HORIZONTAL 30RGEP FINiSHED 
IF IT IS. ;.:EEF or4 
.. + IWO ?E~!ODS AND A PLUS SIGN 

SIG 50ff::? COU~lT::~ 

?\IC~ UF 4N '/-C~C;:'~:i~;'.::: 



~ 

-4.' BTR TOOBIG 
LDA 1 X, 3 
l"1AQ 
MPY FOUR 
LDA Q 
RBK 23 
STA ROIt) 
LDA IY,3 
TaO 23 
BTS TOOBIG 
SUB EL EVEN 
TaO 23 
BTR TOOBIG 
LDA IX, 3 
SUB FFTEEN 
TZE 
LDA lY,3 
BTP. *+2 
ADD ELEVEN 
STA 5 
LDA IY,3 
LXK 0,4 
SUl) THREE 
TOD 23 
BTS *+3 
INX l, 4 

BRU *-4 
LDA ROW 
ADD 4 
STA 4 
LDf, OUTPP..T , 4 
STA THiPAT 
LDA STRSTN,5 
STA OUTPAT,4 

BIGBUG LXV 0,7 
LDA OUTPAT,7 
5TA OUToF,6 
i r'~ x 1,7 
INX 1.6 
-v ... ! ,-.. , 12t~t7 

oF. ~. - 5 
~ r l :< 23, J 
~DA TE"IF q 
STA OUF:.,j,4 
-XH 5 i 2, ,; 

5 j :'. ~J ).: ~ c:' r::. 

-3 T 'f l , .l 

..... .:.... ""1. "H~ 7 . il', 

.:.C::, } 
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1 FIT l s, Il l SOU T OF R AN GE 
RELOAD COORDINATE RUINED BY sUBTRACTION 
PREPARE FOR MULTIPLICATION 
MULTIPLY COORDINATE BY 4 
MOVE PRODUCT FOR 5TORAGE 
DE5TROY SPURIOUS BIT 
STORE MANUFACTURED ROW NUMBER 
PICK UP A Y-COORDINATE 
15 IT NEGATIVE 
IF IT 15, Il 15 OUT OF RANGE 
SUS TRACT 11 
15 IT LARGER THAN 11 
IF IT IS, IT 15 OUT OF RANGE 
LOAD ROW NUî'lBER 
SUB TRACT 15 
15 IT ON LINE, X = 0 
LOAD COLUMN NUMBER 
IF X = 0, SKIP NEXT INSTRUCTION 
IF X = 0, USE ORIGIN TABLE 
STORE COLUMN NUMBER FOR INDEXING 
LOAD COLUMN COORDINATE 
INITIALLIZE PATTERN WORD COUNTER 
sua TRACT 3 
TEST IF RESULT NEGATIvE 
IF NEGATIVE, Si<.IP 2 INSTRUCTIONS 
IF NOT, INDEX WORD COUNTER 
AND GO BACK 4 INSTRUCTIONS 
RETRIEVE ROW NUMBER BUILT PREVIOUSLY 
ADD ROW WORD CDUNT 
STORE MODIFIED WORD COUNT BACK IN XCELL7 
GET WQRD TO BE RELACED 
AND SAVE IT 
Pley U? PATTERNED WORD FROM TABLE 
AND PLACE IT IN PRELIMINAPY BUFFER 
INITIALLIZE COUNTEP Ta EMPTY OUTPAT 

OAD WORD FROM OUTPAi 
NTD OUTPUT SUFFER 
NDEY. ?RELIj"IfJARY BUFFE? 
NDEX OUTPUT BUFfE? 
5 ??E~I:qiH,;;>( BUFFE!=: TPANSFEP F:i:ISHEJ 
F ~OT GO 3ACV 5 INSTRUCTIONS 
NDEY. COOFDINATE SUBSCRIPT 

5 C0T?UT BUffE? FJLL 



APPENDIX VI - p.31 

STA XREG3 STORE ,:-CELLS, INCLUDING MODIfIED NO. 3, 
STX XREG4,4 NUMBER 3 THROUGH 7 
STX XREG5,5 PRIOR TO A PRINT 
STX XREG6,6 
STX XREG7,7 
LE AS T = ( X M l N Of C l OR G N, IX ( 1 - 9 1 ) , l XCI - 68 ) , IX ( 1 - 4 5 ) ,IX ( 1- 22 ) ) ) *' 4 
t1 0 ST = ( X 1'1 A X 0 F f ( l 0 R G N r.I X ( l - 9 1 ) , l X ( 1 - 68 ) , l X ( l - 45 ) ,IX ( l - 2 2 ) ) ) l;; 4 
DO 777 I=LEAST,MOST,4 

7 77 P R r NT ( 1 ) 3000 ,OU T B F ( 3 ($ 5 + l ) ,OU T B F ( 386 + l ) ,OU T Bf ( Je 7 + l ) ,OU TB F ( 38:3 + 

99~ 

11), OUTBFC 257+1), OUTBF( 258+1), OUTBFC 259+1) .auTBfC 260+1), OUTBFC 12 
29+ 1), OUTEFC 130+1), OUTBF( 131 +1), OUTBFC 132+1) ,OUTBFe 1 +1), OUTBF( 2+ 
31 ) , OU TB F ( 3 + l ) , 0 IJ T B f ( 4 + l ) 
PRI~JT(1)3333 

CONT INUE 
LDX XREG3,3 RESTORE INDEXING REGISTERS 
LDX XREG4.4 NUMBER 3 THROUGH 7 
LDX XREG5,5 AfTER fORTRAN PRINT 
LDX XREG6,6. WHICH USUALLY BUGGERS 
LDX XREG7,7 LOCATIONS 6 AND 7 AT LEAST 
TXH 22,3 TEST If ALl 23 COLUMNS IN ARRAY ARE DONE 
BTS *+3 IF DONE, PREPARE VARIABLES SXT, S1T 
INX 1 , ) 
BRU NXTCRD-l 
LXK 0,7 
LDZ 
STA 5XT,7 
STA sn,7 
INX 1 , 7 
TXH 92,7 
BTR 4,l_ 4 

BRU . , 
} Jo 

CALL FAC 2 
STOP 

If NOT, INCREMEîH COORDHIATE COUNTER 
GO BACK TO PATTERN fORMING POUTINE 
INITIALLIZE COUNTER Ta REZERO RUNNING SUM 
PREPARE ZERO IN ACCUMULATOR 
STORE ZERO IN SXTCI,J) VECTOR 
STORE ZERO IN 5XTCI,J) VECTOR 
INDEX VECTOR SUBSC?I?T COUNTER 
HAVE SXTC23,4) AND SYT(4,2]) BEEN DONE 
If NOT GO BACK 4 INSTRUCTIONS 
If THEY HAVE GO TO ! 

TOOolG LDA BL MW 1 LOAD A SAFE PATTERN IN70 TEMPORAY 
STA 
LXi< 

TEMFAT 
1.4 

STORAC:=: 50 THAl P?,TTEl=:,\! ::>E?LACI!·'G POUTINE 
WILL HAVE 50METHING HA~M~ES5 TO DO. 

BRu BIGBUG AFTE? LOADING 5A~E X4, GO TO OUTPUT 
2 FORMAT(7AJ,7A),7AJ.5AJ,A2) 
<1 F 0 Rt1 A T ~ 1 / / • 2 ~< 1 7 H 3 , 7 A J, 7 A 3 , / ) 
l 00 F 0 R~'i A j ( r:; f 6 . ] , 5 f 6 . ), :' , 5 F 6 . '3 , 5 F 6 . 3 ) 
200 ~O?MAT:8~6. 1.5F6.1.1.5f6.1.5f6.1} 
3000 FORMAT(2tx,7~3,7AJ.2AJ) 

JJ]] fORMATC2:x.1================================================s. 
rA G T STe 0 ~i A,], 4,: * {f: 

c C ~I 
C O\j 

CC'; 
A, "3, •• ':;", 



CON A. 1. · . "-' 
CON A. 3. *'. 

ORIGIN 
BLANKl 
ENDLIN 
BOTLIN 
THRTYl 

CON 
CON 
CON 
CON 
CON 
CON 
CON 
CON 
CON 
CON 
CON 
CON 
CON 
€-0N 
CON 
CON 
CON 
CON 
CON 
CON 

A. 
A. 
A. 
A. 
A, 
A. 
A. 
A. 
A, 
A. 
A. 
A. 
A. 
A. 
A. 
A. 
A. 
A, 
A. 
D. 

3, -* · ", .. 
3. · . -:i:. 
3. *. = 
3, · *= 
3, r" • 
3. '" · ','. 
3, · . ~* 
3. *. + 
) , · *+ 
3 • *. .. ',' 

). *". 
) . · *'. 
1. · . * 
3, ~;. = 
3. .*= 
) 1 · . + 
] 1 · . 
3, · . = 
3,=== 
31 

ELEi/EN CON D. 11 
DEFINE IORGNC*) 

fFTEEN CON D. 15 
f100 CON f. 100. 
MNTYTW CON D. -92 
KO~J BSS 
TEr1PAï BSS 
XREG3 BSS 
XREG4 BSS 
><REG5 BSS 
XREG6 BSS 
XREG7 E,SS 
OUTPAi B5S 128 

END 

i>PPOG?/;;'1 END. 
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Numerical Deformation Difference 

This program combines the features of the first 
three dense pattern programs. 

in addition, the direct and orthogonal (shear) 
differences between deformations shown by cir
cumferential1y adjacent tracer positions are 
computed; i.e. DXX(I,J) and DYX(I,J) 

the direct and orthogonal (shear) differences 
between deformations shown by radial1y adjacent 
tracer positions are computed; i.e. DYY(I,J) 
and DXY(I,J) 

these deformation differences (numerical strains) 
are printed in an array between representations 
of the adjacent tracer positions 

DXX = TANGENTIAL DEFORMATION GRADIENT IN TANGENTIAL DIRECTION 
DXY = TANGENTIAL DEFORMATION GRADIENT IN RADIAL DIRECTION 
DYY = RADIAL DEFORHATION GRADIENT IN RADIAL DIRECTION 
DYX = RADIAL DEFORMATION GRADIENT lU TANGENTIAL DIRECTION 

DXY DXY DXY 
DYY DYY DYY 

DXX DXX DXX DXX 
DYX DYX DYX DYX 

-0.003 -0.008 0.012 
* 0.001 * 0.001 * 0.014 * 

-0.000 -0.007 -0.004 -0.007 
0.014 0.004 -0.005 -0.006 

-0.010 -0.004 0.009 
* -0.009 * -0.002 * 0.013 * 

0.012 0.016 0.023 0.011 
-0.002 0.003 -0.001 0.003 

* * * * 

.... etc. 
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CALL fACl 
DI MENS ION SADC 23.4). SRDC 23.4), SXD ( 23,4), SYDC 23,4), SR (2 J, 4), SAC 

1 23 , 4 ) , 5 X ( 2'3 , 4 ) , 5 yC 2'3, 4 ) , S X T ( 2 '3 , 4 ) , S YT ( 2'3, 4 ) , T AG ( 27 ) 
D l ME N S l 0 [\j D X X ( 2 2 , 4 ) , D Y X ( 2 2 • 4 ) , D Y Y ( 2'3 • '3 ) , 0 X Y ( 2 J , 3 ) 
DO 1 0 J-l, 4 ----- 5-~ 
DO 10 1=1, 23 
SAD( I.J)=( 1-12)(:;3.14159/1$0. 
SRO( l, .j) =6. - (0.09 375';;J) 
S X D ( l , J ) = S RD ( l , ,j ) * ( 5 IN F ( SAD ( l , J ) ) ) 

lOS y D ( l , ,) ) = S RD ( l , .) .) *" ( COS f ( SAD ( l , J ) ) ) 
SXD121=SXDC 12, 1) 

SYD121=SYD( 12, 1) 
0020J=1,4 
DO 20 1=1, 23 
S X 0 ( l , ,) ) = S XD ( l , J ) - S X. Dl 21 
SYDC I,J)=SYDCI,J)-SYD121 
S X TC l , J ) =0 

20 SYTC1"J)=0 
DO 60 K=l, 2 
R E AD 2, ( T A G ( l ) , l = 1 , 2 7 ) 
CONT INUE 
LDA TAG 
SUB TAGTST 
TZE 
BTR $999 
R E AD 1 00 , ( ( 5 R ( l , .J ) , l = 1 , 2 3 ) , J = 1 , 4 ) 
R E AD 2 0 0 , ( ( S A ( l , .j ) , l = 1 , 2 3 ) , J = 1 , 4 ) 
D030J=1,4 
DO 30 1=1, 23 
SA ( l , ,) ) = ( 1 80 . - SA ( l , J ) ) * 3. 141591180. 
SR ( l , ,)) = SR CI, J ) - ( 5 P. ( l , J ) * 5 . / 22 . ) 
5 X ( l , .J) = SR ( l , .J ) li! ( COS f ( 5 A ( l , .J) ) ) 

'30 5'« l , J ) = SR ( l , .j) * ( 5 IN f ( 5 A ( l , .j ) ) ) 

SX121=S/:C12,1) 
SY 121=5'( 12,1) 
0040,)=1,4 
DO 40 1=1. 23 
SXCI,J)=5XCI,J)-SX121 

40 snI ,J)=SY( l ,.J)-5'(121 
TNT=C sye 2],1 )-5'( 1,1) )/( 5/: 23,: )-3>:( l, 1)) 
CS1=COSF(ATANfCTNT)) 
SNT=lNT"'CST 
DO 50 .) = ~ , 4 
DO 50 'I=~, 23 
s:<e l ".))=(sY( I,,»~S~H )1'(S/( I, .)lites:) 

50 5 '( ( l , ,) ) :: ;: 5 y ( l, .J ) "* eST ) - :: 5 '/ (~ If') ) ~ 5 :'~ T ~ 
JO 60,)=1, .. : 



S '( T ( l , J ) = S y T CI, .J ) t S'( CI, . ..J ) 

DO 70 J=1,4 
DO 70 1=1,23 
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70 
S X T ( l , .) ) = ( S X T CI, J ) / 2. ) - S X D ( l , J ) 
S y TC l, J) = ( S y TC l , .J) /2. ) - S YD ( l , J ) 
CONTINUE 
XYINC=0.005 
S S QX =0 
L=O 
K=O 

710 SMSOX=O 
DO 72 J=1,4 
DO 72 1=1, 23 

72 SMSOX=SMSQX+CSXTCI,Jl*SXTCI,J)) 
IFCK)73,73,74 

73 1<=1 
GO TO 76 

74 IFCSMSQX-SSOX)76,76,7000 
76 SSQX=SMSQX 

DO 75 .)= 1, 4 
DO 75 1=1, 23 

75 SXTC I,.j)=SXTCI,JHXYINC 
GO TO 710 

7000 SSQX=SMSQX 
IFCL)7001,7001,7002 

7001 L=l 
X'f1NC=-XY1NC 
GO TO 710 

7002 DO 7003 J=1,4 
DO 70031=1.23 

7003 5XTCI.J)=SXTCI,·j)-XYINC 
S 5 Q'( =0 
L=O 
1':=0 

7 100 S t'1 50 y = 0 
DO 720.' = 1 • 4 
DO 720 1=1.2] 

7 2 0 5 r'l 5 Q Y = 5 t'l 5 GU + ( S n ( 1 • J ) * S Yi ( i • .) ) ) 
IF(!<)730.ï30.740 

710 ~:=1 

GO TO 760 
740 IFCSMSQY-SSOY)760,760.600Q 
760 S50Y=5M5Qy 

) 0 7 5 0 .,' =: . 4 
:Je 750 i=1.23 

7 50 5 'r T I~ r .. ) :: :: S 'r' ~ :. r , .) ; + :~ . ( Ir·; c 

.: 0 C : 



8002 

x YI [\1 C = -X YI Ne 
GO TO 7100 
DO 8003 J=1,4 
DO 80031=1,23 
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8003 SYT( I.J)=S'(TCI.J)-XYINC 
pp 11\1 TC 1 ) 4, C T AG CI) , 1=1 , 1 $ ) , TA G ( 23 ) , TA G ( 24 ) , TA G ( 25 ) 
PPINT(1)5 -\O~-\07 
PP1NT(1)6 
PPINTC 1)7 
PR nIT ( 1 ) 8 
PRINT(1)9 
DO 9000 ·)=1,4 
DO 90001=1,22 
DXXCI,J)=SXTCltl,J)-SXTCI,J) 

9 0 0 0 D Y X ( l , .J ) = S y T ( 1+ 1 , J ) - S YT ( l , J ) 
D 0 9 a 0 1 .) = l , 3 
DO 9001 I=1,23 
D Y Y ( l , .) ) = S '(1 ( l , .J ) - S y T CI, J t 1 ) 

9001 DXY<I,J)==SXTCI,J)-SXTCI,.Jtl) 
I-i --1\9-\'2.0 

9006 pp IN TC 1 ) 9002, D X Y ( l , 3 ) , D X Y ( l, 2) , D X Y ( l , 1 ) 
PPINTC 1 )9003,DYY( 1,3), D't'le 1. 2) ,DYYO, 1) 
IFCI-22)9007,9007,9008 

9007 PRHH(1)9004,OXXCI,4),DXXCI,)),DXX(I,2),DXXCI,1) 
PP IN T ( 1 ) 9004 , D Y X ( l , 4 ) , D Y XCI, 3 ) , D '( XCI, 2 ) ,DY XCI, 1 ) 
l = 1+ 1 
IFCI-23)9006,9006,9008 

9008 CONTINUE 
LXV 0,7 INITIALLIZE COUNTER TO REZERO RUNNING SUM 
LDZ PREPARE ZERO IN ACCUMULATOR 
STP-. SXT,7 STORE ZERO IN SXTC!,·)) VECTOR 
ST A S'fT, 7 ST OR E ZE ROI N S X T ( l ,.)) v EC TOR 
INX 1,7 INDEX VECTOR SUBSCRIPT COUNTER 
TXH 92,7 HAVE SXT(23,4) AND 3YT(4,23) BEEN DONE 
BTR *-4 IF NOT GO BACK 4 INSTRUCTIONS 
BRU SI IF THEY HAVE GO TO 1 

999 CALL FAC2 

2 

5 

o 

.., 
i 

5 TOP 
FO?MATC7A],7A3,7A),5A3,A2) 1+0-141 
FOR1"1ATC/il,2i:,7A3,7f:..3·lA3,l) ,/' 
FORMATCS DZX == TANGENTIAL DEFORKATION 

liPECTIONi) 
O?Î'iAT(S DXY = ·t~JJGE;·~Tr~.L. JE:OPi'i.~ïlor,! GJ='hDIE:·!; I;! ::~~,J:~~ L:;:tEC 

l T O:'H) 
O?MATCS DY"t = PADIA~ 9E::-O'Pr~i;:.TIC~'! GRPdj:E~·JT Ii! ?AJI,::"L :':·r='::C~I8; . 

: s 
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9 (0 RM A T ( 1 9X , 8 X, $ D X '($ , 9 X , $ 0 X '($ , 9 X , $ D X. Y $ , l, 19 X , 8 X , $ DY Y$ , 9:< , $ D Y yS 

19 X , $D. Y Y$ , /21 X , $ D X X $ , 9 X, $ 0 X X $ , 9 X, $ 0 X X $ , 9 x, $D xX $ , 1, 21 X, $ D Y X $ , 9 X , 
2D Y X $ , 9 X , 1. D Y X. $ , 9 X, $D Y X $ , / ) 

100 FORMATC3F6. 3,5F6. J,/,5F6. J,5F6. 3) 
200 FORr1ATC8F6.1 ,5F6.1, /, 5F6. 1, 5F6.1) 
9002 FORMAT(!,25X,F6. 3,6X,F6. 3,6X,f6. 3) 
:9003 FORMATC22X,$* $,F6.3,$ * $,F6.3,$ ;if $,F6.3,$ • $ , / ) 

9004 FORMATC19X,F6. 3,6X,F6. 3,6X,F6. 3,6X,F6. 3) 
TAGTST CON A, ), ••• 

END 

.~ 

*PR OGRAf1 END. o FORTRAN ERRORS 
HJD 

141643 FIN 
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Chrono1ogical Strain Difference 

This pro gram is identica1 ta the previous one 
except for the additiona1 statements shawn on 
the next page. 

the difference between chronologically successive 

data as before [i.e. DXX(I,J) = DXX(I,J). - DXX(I,J). l' 
1 1-

DYX(I,J) = DYX(I,J). - DYX(I,J). l' DYY(I,J) = DYY(I,J). -
1 1- 1 

DYY(I,J). 1 and DXY(I,J) = DXY(I,J). - DXY(I,J). 1] 
1- 1 1-

are computed and printed out in identical format as shawn 

in the pre ce ding program. 
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Additional Statements to Convert Numerical Strain (Deformation 
Differences) to Chrono1ogical Strain Differences - Insert as Shown 

DIY.ŒdfSI~N DPXX(22,4),DPYX(22,4),DPYY(23,3),DPXY(23,3) 
. (between 5 and 6) 

PRIliT(1)44 

])(J 9010 J=1,4 
])(J 9010 I=1,22 
TEMP=DXX(I,J) 
DXX(I,J)=DXX(I,J)-DPXX(I,J) 
DPXX(I,J)=TEt.fiJ 
TEt.fi'=DYX(I,J) 
DYX(I,J)=Drl(I,J)-DPYX(I,J) 

9010 DPYX(I,J)=TEMP 
])(J 9020 J=1,3 
~ 9020 I=1,23 
TEMP=DYY(I,J) 
DYY(I,J)=DYY(I,J)-DPYY(I,J) 
DPYY(I,J )=TEl.fiJ 
TEMP=DXY(I,J) 
DXY(I,J)=DXY(I,J)-DPXY(I,J) 

9020 DPYX(I,J)=TEt.fi' 

(between 106 and 107) 

(between 119 and 120) 

44 ~RMAT($ CHR~ll~I4GICAL RUNNIliG STRAIN DIFFERENCES $) 
(between 140 and 141) 
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