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o XBOW EFFECT AND
SURFACE TEMPERATURE PROFILES
OF CALENDER ROLLS

External heoting ond proper design are solutions

BY J. IWART AND W.R. FARRELL

Inc., Central
Ressarch, Mis-
sissauga, Ont.

WA, Farmall,
Abitibi-Prica
Inc., Cantral
Research, Mis-
sissauga, Ont

HE CALYNDAR STAGK must have a

uniform nip gap along s entire

witdth to produce & sheer with
uniform CD caliper profile. The CD
caliper profile control sysiein can com-
pensate for minor varations but cannot
always campensate for the caliper varis-
tons ot the paper edge caused by the
oxbow effect. A typleal example is
shawr in Fig. 1.

There s very little litersture puls-
lished on the oxbow effect and what
does exist [1] does not cleariy describe
the different sources of the axbow
cffect and the importance of esch
swurce. Only when these sources are
clearly understood can the roll design-
&7 tho a4 proper job of deslgning new cal-
ender rolls or developing new concepls
for heating calender rolls.

An lmproperly designed roll can
cause soft reel edges duoe to the
increassd rall diwmeter near the jousr-
ol ends. Understanding the oxbhow
effect |s also imparmant for the end user
w select the optismiem vall design and

to giin the maximum performance
from his calender stack.

In this report the sources of the
oxbow effect are discussed in a qualita-
tive serise. This information is angment-
cd with examples of finite clement
results io show the relative impaciance
of each of these effects. In additon, the
wiriace temperature profile: of a num-
ber af calender rolls of various dﬂlgru
were measured under opemating conds-

tons, Three types of rolls, all of 610-
mm dismeter were mensured, two dis
placement body rolls, ane with 101.6-
mm shell thickness, the other with
152.4mm shell thickness and a tripass
roll with 15 hot water holes

Ollﬂ'ﬂ EFFECT

Typically, ibe roll is ground w a unl-
form dimmeter af reom femperature

¢ ONBOW SHAE

AG. 1. THE TOF HALF OF THE CRDSS SECTION OF A CALENDER ROLL END SHOWING THE
TYPICAL “OXBOW SHAPE",
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FIGs, 2. CROSS-SECTION OF CALENDER ROLL SHOWING THE LAYERS OF CHILL AND MOT

TLE QN THE CORE [ROMN,
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However, under operating tempera-
tirex the roll dinmeter decreases
owird the end of the roll and then
increases as shown in Fig. 1. Thivis
reforred to as the oxbow shape.

The hent fow throtgh the crosssec
ttan of the calender moll at it length-
wive midpaint is ane-dimensional in
the radial direction: Near the journal
ends the heat Now becomes two-dimen-
slonal. The major dirgction of hieat Now
s still in the radial directon bt there
ts ilboy st Bt flow In the axial divec-
(§1e )¢}

The distortion causing the oxhow
elfect has three tempeorature relaied
sources which are additdse. To visualize
the first two sources, ignore the end
effects noted above, and asaume the
hieat flow s in the mdia) direction only,
Source 1 Uniform temperature ef-
fecta: Figure ¥ shows the conatruction
al & fypical mraighy bore calender roll
with & 1%mim layer of chilled cast fren
on the outer surface and @ 1%mm lover
of mottle fvon between the chilll and
core jron. The kaver al chill iron hay o
lower co-ificient of thermal expansion
than the mottle snd the core fron hm
the highest value. When the roll i umni-
formly hented, the suiface of the roll s
under tension and the core i under
compreswon due th the differing wlues
of thermal expaniion.

The boundary conditions en a thin
crossectional slice at the lengihwise
midpoint of the roll are such that the
adiacent roll material prevents the
srenses developed from causing any
non-uniform saxisl deformatdon. When
the alice is tken from the end of the
moll, the restmmint provided by adjacent
material on the outboard side is no
longer present

With the siresses removed, the inte-
rior material ean expand axially oul-
ward to a much greater extent than the
surface malerinl. This is equivalent to
putting a large concentric monent on
the roll end which causes the mll o
grow in dimmelsr atthe very end and
be reduced i dimmeter a shon distance
in from the end, Fig. 1.

Sowrce 2 Radial temperatare gradient
effecis: During normal opemtion, the
wurface of the roll is heated by the hot
water flowing in the bore. Thus, the
imierior af the roll ia hotter than the
surlface, Fig. & The hotter interior tem-
peratires cause similar siressed to Lhoae
described aboye, pccentuating the dis
torthon.

Source 3: Actual © effects:
Heat Now at the jotirnal end of the roll
s nol eonutrained o the radial direc-
tion, but alse flows in the axial direc-
tion resulting in 3 hotter valume aver-
age temperature gl the end. Figure 4
shows such & temperature 'P:n:ﬁ.]: where
the surface temperanire changes mapid-
Iy at the roll end. This is caused by the

Taz A

higher rate of heat flow inte the paper
in the wrapped portion of the roll, os
compired o the heat flow fnio the alr
at the unwrapped end of the roll

Thus the sirface temperature at the
roll end tends to be hotter than the sur-
face tempormture in the wapped por-
ton of the fell. The amount of expan-
sian a1 the end is dependent upon the
volume average of the temperamre rise
at the roll end.

In a poorly designed rall, the vol-
ume aversge lemperatiore will be much
higher at the end than at the centre
anusing the rall to hove a larger diamie-
ter il the end.

Oouu: CONTRIBUTION

SDRC IDEAS was wed to constriet a
finite clement model of a 610-mm
diameter displacement body hot water
roll, with & 152 4-num thick shell, w1ess
the relative imporanee of each of the
sourced, The calculation vas done with-
vut the journal o properly simulite
raidial temperamre gradiant elfects.
The absence of the journal ends does
alfect the structural boundary condis
tione which will give a higher distortion

value.

To simmulate the contribution ol the
uniform remperature effect. the roll
was assumed o bave been ground o a
uniform dinmeter ar 22°C and heated
to a uniform wmpemre of $°C. The
additional contribution of the radial
temperatuce pradient elfect was simu-
latei! by usirgg 140°C water in the bore
sith a flm coeefficient of 97448
W/ imK),

Finally, the contribution of e sctu-
al roll end =mperature wis simulated
by using the surface temperalure pro-
file measured on an operating calender
simck 23 the thermul boundary. eonudi-
tion ot the surfoce. This temperature
profile was measured on a displace-
mient body roll of 16824-mm whell thick-
ness, Fig. 8,

The Increased dinmeter of the roll
due (o the thermal cffects is shown
cumulatively for the three sources in
Fig. 5 as a function of the divance from
the mil end. There is only 2 minor con-
tribution due (o the effect of the differ
Ing thermal expansion values, The
mujor contribution is due o the effects
of the radial temperature gradient, The
volume average temperature nse does
nol contrituite significantly here cither,

Since the mdial temperature gradi-
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enl has the Erges) contribution 1o the
oxbow effeat, the most eifective
method to reduce axbow deformation
is to minimize the thermal reslstance of
the calender roll. The relative lmpar-
tance of the roll thermal resistance and
the volume average end temperattire
will be influenced by the absence ol the
Jourmal.

@ nermar resistance

If m calender rodl has a low thermal
resisunce which results in o small em-
perature drop through the shell, the
major copiributor to the oxbow effect
s reduced, The lower thermal resis
mnce will also reduce the axial hea
flow at the roll ends which will reduce
the contribution of the aciul wmpers-
tiire prafile.

neii | ahows 3 test ease where
an esumate of the upper bound of the
thermal reskstance al the 810-mm tri-
pass Toll wan cafculated amd compared
to the thermal reslstance of 610-mm
diameter displacement body rolls with
1524-min ahell thickness and 101, 6mm
shiall thickness. The tripass rell has 156
holes of 44 45%mm diameter at 476,25
mam ball chrele diameter

Uping the approximate analytical
caloulation gives ity thermal resistance
10 be 1.0Sx 103/ W per metre of roll
length, This approximation has been
checked with a linite elément sdmuls-
tion which predictas a thermal resistance
ef 0.87£109K/W per metre of roll
length: The displacement body with the
152 4-mm shiell thickness bas a thermal
resivanee af 3.04x10YE/W per meter
af length and with & 10L6-mm shell
thicknets has a ihermal vesisiance of
LT 1 0r¥,/W per metre leagth,

Thus, the resistance of the 152.4-
mm shell thickness roll 18 3.5 times
greater than that of the wipass roll and
that al the 10].6-mm shell thickness s
twice ns greul

Since the largest contribution o the
cxbow efféc: fa from the madial lempers

arure profile, the best design to mini-
mifze the oxbow effect will have the low-
ent lemperniture drop across it shell
The tripass mll has the lowest thermal
restitmnee, thits it will alse hisve the low-
it [emporanire drop.

It ls thie added sdvaniage of havdng
the temperature drop across a small
poartion of the roll with over hall’ of the
material st o uniform temperature.
Thaw it will have the least tendency 16
distort,

Or'rluun TEMPERATURE

The ideal wmpermiure profile on 2
calender rall emn be described ma the
profile that gives the most uniform reel.
Since the nip load b the mast impor-
tant parameter affecting the web con-
willdation, the load. or roll diameter
within the paper trim, must be a3 uni-
form as possible,

Unlformity of the roll surface tem-
perature is the second mest important
factor as shown in the ealendering
equition developed by Crotogino [2].

There are a number of variables
involved in the temperature and distor-
tion of the roll ends, They are;
= Roll peametry detalls,

* [ntermal roll invuiation;

= Temperature of the heating Ouid;

* Heat transfer co-efficienis between
the heating Auld and rall;

* Heat transfer co-elficient between the
rall and nir

* Ambient air iempemiiire;

* Sheet H

* Sheet basls weight and moflsture;

* Contart reshstance between the sheel
and roll which are functions of the
sheet bulk, tension, and roughmess;

* Sheet rim.

These variables Indicate the care
required inthe proper design of & cal-
emder roll, and the fact that seemingly
inslgnifleant changes such as the
machine trim can aifect calender per-
formance.

In practice, there canmot be a com-

pletely uniform calender dismeter
using conventional heating tecliniques
because of the rmll’s thermal resismnoe
and the large diiference in the heat
eransfer betwean the wapped porton
af the calender roll and the unwrapped
end. The roll can be desdgned so that
the variations are minor, Finite element
analysis using SORC IDEAS was per-
formed o compare the difference
between a roll with ne end insulation
and with insulation inselled tw mini
mize heat transfer in the voll end and
Jouirnal,

The heat panfer co-efficients and
temperatares arc shown In Fig, G and
Ob for both cases, The hesl transfer co-
efficients were calculated from formu-
e given in Appendix [] for a typical
Gli-mm dinmeter displacement bady
roll with & 152 4mm shell. The temper-
atures used were measured on an oper-
ating calender stacl

The structural boundary conditions
are shown in Fig. 6c. The boundary
comditions for the roll shell are mken
far enough from the roll ends 1o climi-
nite any non-uniform axial movement,
In the model they gre fixed from mov
ing in the axial direction which is
shown as axially restrained in Fig. 6e.
The madel inkes the journal end oul
about the bearing location. Here the
nodes will only move uniformly in the
axial direction which s referred to as
axially constrained in Fig. Ge.

These calculations give the surface
temperature profiles shown in Fig. ¥
and the deformanioms shown in Fig. 8
The uninsulited case shows a definite
inerease in the roll end dizsmeter which
will cause reduced caliper at the pa
cdges. The Insulated case shows that
the diameter is smaller at the roll ends.
This shows the impoertance of roll
design when internal heating b used.

(Deasurep TEmpPERATURE

A number of calender roll tempers-
wure profiles on  operating paper
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machines were meamired. The temper
ature masuremants on the calender
stacks were done with mn infmared ther
mommetern. Thy mper iempemture read-
Iregs were faken divedtly and an emisbv
ty canverier wa msed to corroct for the
calender roll surface emissivity, The
emisivity converter is quite sensitive to
the boutidaty laper alr iemperature s
eare had o be tken near air showare

The temperaiures on 8 culender rall
were taken al three locaifons outside
the paper edge, every 5010 75 mm
inide the paper edge for the first 500
tm, and approxmately every 404 to
50 o i the eontral partdon of the
rolll Typical roll end temperature pro-
filea are shown in Fig. 9, The tempers:
ture rise at the roll ends roughly corre-
spond 1o the therms! resistunice. all the
ralls with the tripass being the lowen
and the displacement body with the
152 4mm whall being the highes due
10 i greater shell thicknes,

The temperntire profile through a
complete stuek is shown in Fig. 10, This
sack hay two hested displocement body
redls with 10L6-mum shells in position 4
and 5 [rom the bowem, and the
memainder of the mils unheated, The
data show the hot rall ends and the

temperature difference between the
roll mirface ane the paper. As expected
the unheated rolls do not have hot
ends

(Deouce oxeow errecy

Four different methads of minimiz-
ing the oxbow effect are didcussed,
along with one method that can be
wed o anticipate and compensate for
the roll deformation before s insimlls-
van, Some of the methods may nop be
practical, but the knowledge of their
existence will be usefiil.

Method 1: Reduce thermal resistance:
The temperature difference between
the fmside and ouside of the roll will be
proportionally smaller If it has o lower
thermal resistmee,. Thin will reduce the
oubow effect by lowering the compres-
give stress inside the roll and the wensile
stress near the surfiace of the rolll As
this has been shown to be one of the
major contrithitoms, it iy & very impor-
tant method.

Method 2: Surface heat the roll: The
mast abvious method of surfice heal-
ing would be to e eddy current heat-
ing similar 10 Calcoils. Surface heating
is really an extension af Methad 1

where the heit souree and sink would
bath be @t the surface of the Toll. This
there would be no contribution to the
oxbow effect dug 10 tempermture gradi-
enis frofm the interior 1o the surface of
the roll

This method would alse eliminate
roll end heating which eliminates its
contribution to the vxbow effect. It

should be ible to design & rall with
cnmmﬂr_-trmd heating or cooling
wihich would eompensate for the differ-
ent thermal expansion co-elficients of
the core and chill lrom, and thus elimi-
nate the axhow effect toimlly,
Method 3: Hot grind the roll: With the
roll heated to operating temperature
on the grinder. the streses that create
the oxbow effect are already present.
They are due to the difference in ther-
mal expansion co-efficients in the chill
irom versus the core iron. When the roll
ls ground, this sontribution w the
oxbow effect is ulso ground off.

This method, in combination with
Method 2, will eliminate all sources of
the oxbow effect However, the coniri-
bution 1o the oxbow effect due to the
dilferent thermal expansion co-effi-
cients is minimal, thus hot grinding is
not very eifechive.
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Method 4 Compensate using grinden:
In i simplest form the end of o roll s
dubbed by an appropriate amount to
relieve sheel pinching, This methad s
usually adequaie byt can be refined if
vequired. The cold ground shape of the
toll exn b caleulated in such a way that
the oxbow effect would stmaighwen the
roll under operating conditlons. A
numerically controlled grinder i envi-
iloned toh produce the exucr shape
required oa the cold roll for a given sot
of operating conditions,

Method 5 Use a well-designed roll: 1
the manufacturer knows the exact
operating paramelers of the malender,
and the required heat transfer co-cffi
ciens, he can design the end of the roll
o minimiee the temperature rise, Ide-
ally, the design band should be wide
enough to allow for the normil opemt
Ing conditions in that particular calen-
der sinck. The deslgner ean direct the
mternal Noid flow correctly, and judi-

clowaly place inmlation in appropriate
locations 1o minimize heating of the
rollends,

@ﬂ'llﬂllilﬂli

The beit design of a 'cnlender roll
using conventional hemting from a ther-
nial and distertlon point of view i one
that has the least thermal resiatance. In
this reapeet the ripass mll b clearly the
best performer, having o lower Lthermal
reststanee than any other calender roll.
Internal induction heated calender
malli have similar thermal resistnnce to
that of displacament body rolls. They
make the same contribution to the
oxbow effect from the rmdlal iempers-
ture gradient

To minimize deformation, the best
method of heating & calender roll i by
surface heating. This climinates the
coniributions 1o the oabow eflect from
hot roll interiors and hot roll ends and

may even be used (o compensate for
the low co-gfficient ol thermal expan:
sion an the roll siurface, It has the
added potential advaniage of being
able o mcarpornte caliper profile cor-
rection within the system. The rall
design would be simplificd since it
would not have to incorporate the heat-
ing pansages ol the conventtonal ralls
but the iom! calender design would be
bulkier due 1o the exiernnl henters
required for surface heating.

All designs of mlls under most al
the operating conditions encounternd
in this survey had some degree of end
heating. The magnitude of the end
heating vaned with the opemting con-
citions and roll consruction; 15°C dif
ference was not uncommon. If roll
dismeter could havwe been measured it
would have been found that all the rolls
had some degree of the axbow effect. If
the inerease in roll dismeter associaied
with this effect iz outside the edge of
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the paper, it will have ne effect on the
paper gqualiy

Finally, before ralls are purchased by
a mill, it should be ascermined thay the
designer hm taken their particular
aperating conditdens into considers-
don. Designing the roll to minimire the
problems ssociated with the oxbow
effect s essential.

Qtﬂlﬁﬂlilﬂll‘li

Special thanks 1o R Smith, Valmet-
Doninion, for intmducing us 1o the
finer detnily of this sulbject.
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Thermail resistance caloulstions

Tripan rully; Since there iv no shape fac-
ior readily svallable to calculate the
thermal reslsance of a tripas roll an

the rell surface. Bicylindrical co-ondi-
nates can be wed o wlve for the hemt
Now i we assume that all the hear low
oeeurs in the reglon bounded by 1, Ms.
Wy, wnel We This gives a high estimate
for the thermal resistance since the
remalnder of the bote hole transniis
hieat energy o8 well The upper bound
al the dimenslonles the

in bicylfindrical coardinates of this u.-g—
ment is given by Yowmnovich (3] ax

Rl = {ny =ngh/{yy swg) (1)
and the remainder of the parsmeters
on the rght hand side of the equation
are defined ax

ny = sinked [ (w/n) 21102 =12 ()

¥ =cor! [coah(ny) - (a/%) sinh(ng) 1(3)

ve= - (%

The remainder of the parameters

are glven by the lollowing relationships
with the aid of Fig, 12

wys (g X-®) (2 (5)

thfr!:*ﬂl'*!!}fl'.EII {6}

L L i n

X = wy + g cos(x - 8) 5

For the dimersions given in the w1,
REL = 0.561. With a uniferm thermal
conductivity of 36.3 W/(mK), and 15
nis in L the resisance is
1082103 K/W per metre roll length.
This approximuie seluthon wis checked
ubing [inile element analysis which gave

Tas 5

the thermal resistance as 0.87x10-
K/W per metre rall lengih. Thus the
wrmmu: sodution h h Iﬂ
lem thermal resistance for

body rolly is available in sandard hand-
books [4] ar

REL = In{r,/)/(2%)  (®)

For a 810-mm diameter roll with a
152, 4-mm shell thicknes, the thermal
resistance s 3.04x107Y R/W per metre
roll length, If inatead the roll has a
101, 6-mim shell thickness, the thermal
resistanice | almost hall at 1.76x10-%

OFPIIIII 2

Boundary condition calculations
Accurate material properties and
boundary conditions are required to
create a model of the calender roll end.
The calender roll Is construcied so that
the outer wrface i cooled rapidly to
make it very hard. Thus the roli can be
considered 1o have three different
materials, Fig. 2 The core, motile, and
ehill rosi have the thermal and stirue-
taral rties as shown in Table L
The m;& maoitle layers were each
assvmed o be 19 mm thick.

The distribution in the
caletider voll needs to be caleulaled
before ithe resulting structural deforma-
von can be calculated. Thus the ther
mil h-ul.!l!-dlll;]' conditions alwe nwi'u]l
be accurmtely specified. McAdams {5
gives the heat tranafer co-elMicient for
heat fowing cutward in an annulus ax

(h/ (e G PR/ By, /)0 14

= 0,023/ (Re)® {10)
which is used for the heat flow into a
displacement body roll. In this equas-
ot b bs ihe convective film co-effident
10 be solved. number uses the
bydraulic radius, which is four times
the croas sectional area divided by the
toral wetled perimeter. This value can
be verified by tables in the Handboak for
Fear Transfer [4]. MeAdams [8) gives
the film coefMclent in a plpe, which is
used in the journal bore and tripass
rodls, o bies

TARLE THE STRLK

Nu=0028 RePS P04 (11}
where Nu b the Numsell number from
which the convective film co-elficient
can be caleulated, The heat transfer
from the roll ends to the
air is given by Fechner [6] ax

Nu=0022 (Re)®® (1%}

The length scale and velocity used in
Reynolds number are the local diame-
ter and the surface velociy of the roll,

The final heat tranfer co-efMicient
needed s that of the wrapped
of the roll. Since only one half of the
cireumference of the roll is wrapped.
the hear can Now from the roll o the
atr, or from the roll 1o the wrap-
ping it, and also from the roll to the
paper in the nip.

Rerekes [7] has shown that the heat
transfer 1o the alr b umall compared 1o
the heat Oow (o the . Powell and
Sgong [8] gquotc a wvalue of 284
Wf{msl}lnr heat flow from dryen
to paper with moisiure levels similar w
that in a calender sack. Kerekes (7]
has shown that 33% of the heat fow
occuns in the nip if wo 1ol of uniform

are used, which would pre-
di:unln:usr{::w:;inmonmt
the roll.

Burmmd Crotogine (9] mea-
sured the heat tranaler on a wrapped
calender roll with no nip as a function
of the paper bulk. This wan correladed
in two ways: As o contact reslitance and

¢ thermal conductivity; and come-

as an effective thermal conductiv
Ity. The effective contact resistance
between the surface af the calender roll
and the sde of the away from the
alender roll s what is required here.

This includes the sctual contact
resistance and the paper conductivitg It
can be obtained from the effective con-
ductivity quoted as k, = 0.0069 -
0,0085(bulk) where bulk is given in
em3/g and k, ln W/ (mK). This can be
rewritten in terms of an elfective con-
tact conductance as by, = &k, /i where tis
the paper thicknes the flm co-
efficient for the wrapped portion of the
roll is given by:

by, = (0,069 - 0,0085(bulk)) /¢ (13)
with mihul'w.-’{m*lﬂ when t bms unlis

TURAL AND THERMAL PRO
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Therme! conductivity 2074
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131 103 27
027 0.z7 03
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ul meters. The temperar dilference
used aerois this fGlm eoefficient 44 the
temperature between the outside sur-
face af the culénder roll and the teimn-
pornture megsured on the outsids sur-
face of the paper. Using typleal bulk
andd (‘I!.IP:.I' values for pncalendered
newsprint of 488 g/m? hasls welght
and ciliper of 150 jm a film co-
cificient of 206 w..ft e Lheing the
e nlp correction factor u! %% ot
ed previoualy gives the film co-efficient
as 499 W (msK}, very similar to the
wahie wed by Powell & Swong [8] loc
thar wrapped portiom of the mll

These heat tranmafer co-eflicients ane
only walid for the wrapped portion of
the clender roll. In practice only hall
of the roll i wry d, thua the heat
transler co-efficient for the model
wotld be half of the wioes listed here
Thus the heat transfer co-clTicient
would be stightly higher than 200
W/ im*K) for uncalendered paper

As the paper is calendered and the
buik is decreased, equation 12 shows
that the film eo-eiMiclent increases, if
the web tension & held constant. The
web wenalon that was used 1o obmin this
relationahip [8] wat not reported.

Baswed on obsermtions of ng in
the lower wips of highly loaded calen-
der stacks, the paper tension actually
decreases as it goes a walender
stack, This tension reduction will
decrease the film co-cfficient w0 it may
be reasonable o assume that the heat
transfer will not decrease in proportion
tn the ealiper reduction.

The [inal parmmeter 10 be evaluwated
is the thermal contact resismnce
between the shell and the jourmal. This
wad not done for the analyns reporied
here but the information for the con-
ol resstance of wrned surfaces can
be obitalned from Yovwanovich [10],

mﬂll NCLATURE

u- meter on Fig. 12
I:..I}Pi“IIii inverse of paper denslny [cmf/g)

= specific el it cons@nt presnre
l-'r dummeter for pipes, or
4{ crovss-sbriional aren) /(o] wetted
perimiter)
G - mnas velocity (plU}
i - canvective film co-efficient
k - thermal conductivity
K-temperature [Kelvin]
L-roll length

PULPFP & PAPER CANADA 53:2 (1982)

N - Nusselt No, (WD /)
Pr- Prandtl No. (e, /k)
R~ thermal resistance
Re - Revnolds No.{UD /)
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mal disiorions, and ensuring thermallycorrees design.
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