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T IU! ("AU!mA. ~ACK ·mutt have: a 
un!Conn nip COP along It> enure 
width to produce a •be-et with 

un!Ionn CD alipcr proiTit. The CD 
caliper profile contrOl JYI'e'n can com
pc:nute for n1inor~riatlom but cannot 
WWll}> <OmpetUllt< for the collper varia
doiU 111 the P"P"r cdR" dlUO<:d by the 
oxbow effect. A \yplal ex.-.mplr b 
ibown in fig. l 

1lu!t'C lt very lhtk l.iu:ratuR. pub-
IIJhe:d on the oxbow cffc:(t and what 
dncs cxl01 [I I dOCt not clearly dac:rib<: 
t..be dUiete.rtt Jourees oC the ox.:bow 
effcc• and t-he impona.nce of each 
wurt:e. Ont, when &hue tource' are 
clearly undontoocl can the roU detij;t>
CT do a proper job of dctlgning ru:w aJ. 
ender 'l"'lb or de\tioping new C!Onempu 
Cor beating cWc:ndcr rollt • 

• o\n lmpropC1'lr designed roll can 
cal»t •ort reel edge:~ due to t.bc 
lncn:SUtd roll dbunctcr ncar tht- Jou.-. 
nal enda. Undetnto.ndlng Lbf! oxbow 
dTc:c;t ta t~ho imponanl for the md uae:r 
tO •elect th• opthnum loll d .. lh'11 ll1ld 

to ga:io Lbc mulmum porfonnancc 
frnm hls adcnda -L 

In rhli rcopo1't the source• of the 
oxbow dJ'ce< ilrc diKUn<:d m 0 qu•lha
lh'c """"'·Tills lnfommdon I< OUIJ1ll"1ll· 

td with examples o( ftnil~ clc.me.n L 
rerulu to Jbow the: relative importance 
or eadl or chetc dr.ru. In addiililn, che 
lltrfiK:c tcmpcnu:~ profiles Of D num
ber of alcnder roU• of qriou11 design.5 
wete rnea.surtd undtr optt.ttlng condl-

Liont. Three typea of rollo. all of 610. 
mm dbm:u:tc:r wen: mcuu~d. \"ffi'O di~ 
p l•ccment bCldy roll .. ono wlch 1 01.1). 
mm shell lhleluleu, the other with 
152..4-mm ahcll tblclmo:D and • trip.., 
roll with J 5 hot Wlltcr ltolCL 

0uow EFFECT 
Typically, lhe roll ls ground 10 • unl· 

form dillmec.er at (OOm ttnlpetature.. 

AG. 1 Ttl£ TOP H4lf Of TH£ CROSS SECTION Of A C4lfNDfR ROll fND SHOWING THE 
TYPICAl "OXBOW SIIAPE" 

fiG l CROSS.S{ClfON Of CAUNO[R ROll SHOWING THE lAYERS Of CHill AND MOT· 
TlE ON 111£ CORE IRON 
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Ho\lfC"c:t. under opcnting tcmpcn· 
mrea the ron dilmeter dccre:o!J.ca -·nt tile eu~ or the ,u ;md then 
tncre;ue. u •hown ln Fig. L Thh ia 
rciCT'Tl:d JO.U Jh~ OX~1h~p(-. 

-n... beut Q.,.. th1'o<J gil the eroJH« 
tt<ln of the atendrr roll A\ h11 knJ(Ih
wt..t" mtd.polrll h onr:·d.lmctu.lo.nal lu 
the ,..dial dirC'ctlon. x~r lhc= jounual 
end~ 1he bat Ottw beto~ two-dirnc:fi· 
•lonaL 1ne rn:tjor ~lrccrlon orlteill !low 
h ..UI In the ndlal cllrccd<m bur dum: 
l' IIIWJ liOtll(t hf!':lt flo" l.o the :a-.bJ dlrct~ 
t.ou 

ntr. cfltlDrll"ft C'llutl.ng th.r. Mhnw 
e.!Te-ct ha. '"hrcc 10'cnporatul'f: rcl11,tcd 
wuu:e1 •blclt a~ add..W"t'e. To tisualhe 
tht- fim two IOUratl. l~ort' tht: e-nd 
dfrcll nbtC"d abO\--c. Dnd a.uumc the 
hot nnw'''" r.hc rQdl:al dittaiun only. 
Sou.rc• l1 Votf'orm tempcnrvrc e.C· 
fed&:. tiJJur~ 2 t.h4w. L11c cona1ruca.ion 
or. f)-pic•l onalghl bore (llltnder toll 
...W1 a l!Mnm l:wer or chilled eaJI Iron 
em the outM' JWfiu:e and a LG...mm la.ye.r 
of WUUlc bon ba1Wc-C'1t t.htl tJdll ltUd 
cort: iron. The la.wT cf chilllron h.u D 

IOWCT «r<lliQmr of tb~-.w cx.JDtulon 
cJwt the. mGtdr an.d the. core lmn hu 
the h1gttnl4- wJue. When lhe roU it \mi
farmly hJ:Jilcd, 1M aurf.lu of the roll t. 
undor edition and Lhc cure it u.ndct' 
c:otllpfCI-qcm due tn the dJJicring values 
Ofthet'TtUI.I exp.111ailm 

The boundilty wnditlow an -. thm 
CTOt.H.edional Jllce at •lu: Lr:ugtl'~ 
m~dpoim or ~he: 1'011 are ,ud• tmu. the 
.utja.c.cnt roll rnau:ri:al p~vcntA the 
tlreJI6 d&I'C-topc-d from camirig any 
n(rn-tmifomJ ub.l dd'uruwion. When 
t.h!! t.Ucr It u.kc:n fmm the t>nd or lbc 
roll. t.ht ~111im pnmdcd by lldJ:t.<~C11L 
tnatccial on the a .. tbQoard . .tdr. h. nn 
tongerpr~L 

With the ttre»c• n:mo""d, rhe lnlt'
rtor m"tcria1 can exp:\nd axially out .. 
wud c;o a fll"'Jl ~au:r n1em Uta» the 
turface t1111erllll. 1Ub h equivalent 10 
putting a lArge conc~nrric mon~c on 
the- rull end which c::wses th.c; I'QU to 
grow in dlam.t:ll:r n lhe very cod and 
be n:duad in dhrm•ter• tloon dltw>oe 
in from the end. FI«. l. 
Soura: II _. .. , ICM!"'M'WIO paclleol 
clfecll: During nonnal OJ)e!.r.tlinn, the 
•urfau or 1he tolllo helllr:d by the hOI 
'''"'" no ... lng in lhe bon:. Thu•. lh• 
inte-tioa of the roll it hotter L.han &h~ 
turi-ao.; Fig. 5. The hotter inkrior tcrm-
peraturn awe: ~ .s.trtuet to tbast 
dctaib<d ab~, atcenruaung Lhe en.. 
\Onion .. 
S..U.... 5: M<uat tcmpuawre effecll: 
Heu now at aile jt>umal md or lho roll 
b not tonuRinrd 10 l.he ~ dtrte• 
tum. tKn •tw no.n in the ~xial dn·cc
''"" mulling in a hou•r volume IIYU· 
-age tcmpcr:nLurr Ql the cmci F"IJUre 4 
ahowuudl a ltmJKT~ p:mfilo when: 
the curbGc. tent!k'J"'rure ch2ngo ra.prcJ.. 
ly 111 lhc roll end. Thlt I• cau .. d by lhe 
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hlgber rate or heAt Dow Into the poper 
in Lhc wnsppcd pa.nion o( t.h~ roll. as 
cnmpll.r'rd w thl" heat now \nto the alr 
at &he unwrapPed end of the ro1L 

11ml the aurf.l«. t.tmpc:ntllrt .u the
roll end tenc:b to be hotter than the Sllf"o 

Uacc 'tmpomr.ure m lh~ wr.~ppcd po,-. 
tltm of the toU. '111~ ttmthtrlf .U cxpan
aion at the end l\ dependent upon the 
•mlumt' ~\~ or the tempem..t.u«: rbt 
11 the roll end. 

ln .a poorlr dr:rlgncd roll~ the- vol· 
uruc "JYentge Ul'mper:~ture will be much 
tu,ghcr aL the cud tha.u at the cenlrc: 
mlttrlng the roll It' h.a\'t' a Ja.rget di:a.a'r
tcr Ill the end. 

OouacE COHTRIBUJION 
SDRC IDEAS,.... uoed to eonotroct o 

finhc ctcmcm model of u 610-mm 
diameter d!Jpl...,rru:ru bo<ly hot ,.. ... ,. 
TOll, wllh a l!t2._4-mm thick. shell, to 1m 
the n:btWt: lmpon•~ee or eo<:h of the 
oom«'. The c:alcubdon w:u dmle With
out tlu~ juurn<tl l., propc.rl)• ilrnul:.le 
radi:.tl h:mpen~wre gradlc:m df<:cu ... 
Th~ ~pee of the jountial cndJ doo 
-alf"'er-l the •cruccur.al bQurtd:arr QOnd~ 
tianJ whi£h will gh'C :a higber dutorthm 
~'illuc. 
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To timu!:uc the contrlbutlun of Ute 
uniform re.mpera1.urc effect~ the roll 
WM ~u.~umed to tnn-e been ground t.o a 
un[foan dlum.c«d' IU :!!"C and healed 
co oa un1furm u:mperamre ofOOO<l Tht" 
addidon~l Cl7Tllribudon or the r:tdi:.l 
tempc:111Wre" gradie.m clTcCI Willi dmn .. 
lated by using I~O'C Wlll.or In tl•~ bore 
wit.h a nlm co.effidrnl or 974.9 
W/(ni!J\). 

F"liUU)', the contributioo of lbc actu~ 
.U ruU end U:nlpc:ramrc w:tt 1inmlatcd 
by using the surfiaee tempe:r.tturc pto
m~ mc:.uun:d on an opcrodng a>lr:ndcr 
mek. ., the thcrmaJ bounchtry cottdl-
1ion at the: &tu"Jia:cc. Tbla ce:mperalll.re 
prome was me:uuted on :a dllplace-
mcmt body roll or 152.-+mm thcll lhlck· 
ncss,Fig.9, 

Tho lncrWed diorneter of lhe toll 
d.uc 10 &he thermal elfccLJ h shown 
cumulath•ely for the Lhree tou.ra!_, in 
Fig. 5 u. a function a( lbe d.iau.ru::e f'rom 
the roll end. Ther'C' '' onl)• a minor C'On
nibu.t.Wn due lO the df~ct of the diffc:r.
lng &ber-nnl c;cp:uuiun n.luc• ... nu:: 
amjor contribution is-due to th~ cll'etli 
oltbr r.adial&e .. mperature gn.dlcnL Tb<: 
vt\lumt: a.ve.ntge tempenuure riJe doet 
no I. contribute signlfiomtJy here either. 

Slru:e the r.ullal ldltpcratUn: I!""'Jl, 

fiG J tthiPl'RATURE PROfit! Ti l ROUGH Til( SHHliHOWING rHE HOIII{TERIOR AND 
COOLER SURFACE. 

"""' •• • •• -.• 
~ 
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eau hiU the brgeJI oo.nmbudon co tbe l:tturc profllo, the ben dc·Jign to mini· 
oxbow dl«t. the moJI tffccdve mlu the oxbow dr«t "-i)j l'.ave \he l~ 
method 10 rcdu(t'l oxbow defonn'Ulan eaLtctmpemtu~ drop actO$$ iu ahcll. 
is U) minlmllc Lhc Lhc:nn::tl teWwu:e: ot The ~ roll hin the lo~·esr LhennaJ 
Lhe Cllendcr noll. 'll1e n:lallve lmpor- r..UW>ee, lhla it "'ill oJJo hal'< lhe J...,. 
tanL"1:: of thr roll tb.cnna1 reaiJ.alncc nnd en letnpe:nu.l.lr't: d:mp. 
tht \ Olumc li\"Cra~c- end t.anpera.w~ h h;u 1ht; added ad\'3llt:agc ofh:awing 
will be Influenced by the amtncc: o( tl\c the u:mperawre drop acrou ~ m1alt 
jO~ImD.l. portion Of r.t1e roll whh U\.'CT hull' or tbC' 

0 
matea+al at o. unifonn lempcnuurt. 

HIRMAL RESISTANCE 'tlm• II will h"'" lhe le011 <ondency to 
dblnn. 

If a calMder roll ha• 1 low lhermal 0 
'"''"'""'" whidt raul~> in • •trull tcm- t PTIMUM l!Ml'ERATURE 
pentutc drop throu~h the •hell1 the 
majClt <cmtn1xuor to the oa.bow tffcn The ldral u:rmpenuurc prollle on a 
b rc.duc-ed. The lower thet"maJ resiJ. calender roll ean lk described at. tlte 
aa.nec will abo reduce the: u.ial he-at profilcthlugiva&lu~ manuniformceel. 
Oow ;u tl10 mil ends which \\ill retluee Slnoe lh• nlp lu~d b tho mmt impor
tlac Cotiin'bution of &be :u:llwl tempe:.... taill pu.unctCT aJTecting the web COD• 
um: profile. .oUda.t.ion. t:ht lnado o:r roll diameter 

Appendix I •ht\'W\ ll •est cue where within the paper trim. must be as unf.. 
llll esUtnll!e o.f c)ar UI'J'Cf bound o.f !he rorm .. po»ihlt. 
lhmrutl n:sltumc~ ollh• 61 O.mm tri- Un!Con:n!ry or the roll tur£oc:o tum
pow '1'00 wn c;alculated ll.nd co:mpuN pcnmarc i• 1he \CCOnd mc;tt' important 
to lhe lherm~J l'ellsta.nce or GlO.mm f.aor aa .1hown ln Uae t.illc:nderlng 
diluuct•r dbpl•t:emA:m body rolb with rqwUion d<M:Ioped by Crotogino 121. 
152.+mm ilielllhicltnc:u and IDI.&.nm There ore a number or vt~riabh:• 
lholl thldmt:t.L Tite trip.., roll ba& 15 iOl'Oived in the LempcnLUte •nil dl<tor
holet or <K~mtn @meter 01 476.1!!>- lion oft.l,e roll cndll. They a= 
tnm bolL cJ-rdc- diamctc:r. • Roll gc:omct.ry d.c.tall.t.;. 

UJioglhc ll'ppro-.-imatc 11nalyuca1 • lntc:mat roO inrui.UO,n; 
Ctllculatlon gives iiA lhermal ,...;sumcc • Temperature oftbt ht:211ng Ouid; 
10 be l .O.SXIO''KIW per metro of roll • H.nt lnna!er CQo-<!.flicie:nu b<!tWccn 
leniJib. Thh approximation h•• been !he hc:allng Ould .nd roll; 
cbcc.k.~ with • fiuite e.letn<!nl tltu~ • Heat tra.rule-r CCH:IIlcit:nt be~n lbc: 
liOn whfch P!.'flhcts••h.;nn:.\1 rc.tiKlUI('C roU and atr; 
or O.li7ltlO"'K(W per mc<r< or roll • AmbiJ:nnlrLempr:nw~ 
lengtb. T!U! dlsplkemenL body with the • Sl)""t tetnp<mlliiR: 
142-"'mm >hell thlcluioa h:u • thermal • Sheer b>slt wdglu and moluure; 
ret:iltance af ~J)4do-!\JVW per metrr • Contact te:akts.ntc between tht> t.h~l 
or lc.ugch and w•th a. 101.6-ru.ru. d&e.U and roll wWch arc functlont of che 
lhlckn ... luu • thermal resblanu nr lhetthulk. u:noion, and mugiu=o: 
1.7Gxi~JVWporrnotre le~gtb. • Shcel trim. 

ThlU. the rc:l"iAtanc:c a( abc 15.2.4- These. varl-a.b1<!.1 lnd.lat.c! lbt ar~ 
ttJm 1h~ll thJck.nt".Js i"Oll fj 3.6 tlant• 1'1!(\Ul~d In tbe proper del:ign of a od
ltf<lllcr than that of lhe u;p ... roll tUld onder roll, imd the foct llut ocemlngly 
tbnt of tbe 101 .. 6-mm ilir.U tbl.clttses.s b iuslf;niDe:utt chango aucb at tbe 
IWiCf •• JI'Ctio mKhine trim can aJJ'cct c"lcndcr ~ 

Sl- Lhc 1'"llCII <ontributlon w lhe ronnnner:. 
oXbow .dTea '• from the r.~dial t.empc:P ln pructic.c. d.lMe cm:ooc be a com. 

r::. _;::;::::;::;:::;::::::::::=::;::::;:::::::;::::::;:::==::::;-, 

--) I··· ..... , .. _ 
llflGI,I<o/ 

plctcly nnirorm caJcodet diamcl~r 
using convc:ndon~:tl bc:Wng_ u•c.hniquo 
""""""' or the roll'• lherttllll r<!llatance 
•nd the large dJJiercncc In lhe heat 
trnnsfer berween d\c wntppcd portion 
of tla e oolender roll and. the unwntpped 
end. The roU om be delisned "' tim 
the v..natimu. arc: minor.. Finne clement 
•Dllly•b cuing Sl)RC IDEAS wo• per
formed to compuc the di.ffcre.nce 
between a. roll with rlu end lnwladan 
a.n.d.. "1th buuJ~tion 1nJt!1lh:d lo mtnf.. 
rniu he:n trmuf.c:.r 1u the roll end and 
journal. 

Tbc hc.:n tr.mafer cCH:~ffidanu :and 
Lcmp<:Qtill'O ore >icown Jn fig. Go and 
Ob for- bOth auet. 'tbe heaL tr.ttufer to
e!Iicle:nu were: Clkuhuc:d from ro~ 
hle Jliveu in Appendix II !Or • typical 
610.mm dut..mctar d111plaument body 
l'(lll Wilh • 152.<1-mm meU. Tlu: <empcl• 
11tu:re1 ult'd wen: DICaiUTCd on an oper· 
ati11J c;:alc:nder stac.L 

The atnJctunll boundary conditioru 
1ue Jbown in Flg. 6c. The boundary 
candilfan.s lor the roU tb.clJ arc taken 
bT enough from ~~· roll ends to elim> 
UllLC ey no_n..un.J.lorm axial GJO\'Cment. 
In tbe nuKlel U'Cf Q.rt" fixed from mo\~ 
ing in the: axia_l dlrccdon which is 
ucown .. molly rwnln«l ln Fig. 6e. 
The model rake:• dlejoum11l tm.d ou1 to 

about Lhe "bearing- location.. Here the 
nodd will only """"' unifotnt!t• In lhc 
altllll di.,.,Uon wbidt t. referred Ill 0> 

axially consLniued In Fig. 6c. 
TI\ett aku1ationJ gin· the tu.t&Ge. 

t.emper.uu:re pTOfilu thown in Fig. 7 
;md Ore o!efommtloru shown In Fig. 8. 
The u:n.I:ruula.Led ca..e 1howa a definite 
lnc:rt:Ue in the roll end dillttlCtd' whlcb 
...;u "'""• reduced caliper •• the paper 
cdgo. Tb.~ lwula.trd cue thowJ thlt 
w d!Jmeter Ia ltll.lller a< the roll ends. 
Thla. show• lhc impon1mcc a( roll 
design when ln~ belli a If b ur.ed. 

(li)EASURED TEMPERATURE 
A number o! ale.nder roll ~ 

t.urc profile• on operaung ~per 

holl uansfet coeHiCienl Wl(m'K) ,tnmperature •c 
·-~~.--._-1~. ~._-1~.--~-~-.. ~_.-~~--~~._.~~ •. 

uiliio.l ' ~,._ 

fiG 5 !H( CUMULAIIYE •ou DffOkMAIION CAUSED BY THE 
lH~EE 50UIK:E.S 
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ttllldilnB WCJ'C: mcA.ttU~d. ThC' l.emflCF" 
itflrrt' n'tranarr.menu on the al.cndet 
atacla W'Cf"e done with an lnfntrod theT• 
rnonu:ter. Uu: p;apc:r ccmpu.1.Lurc rtQd. 
ln!l' ,...,... ....,n 11\tttU)' .ud IU1 emluiol· 
tr o:~n\'CT1CTwa-.a wed 1,0 co~& ror !hr. 
nlender roll '"rfoce cmlulvlty. The 
c:mb~t~tiry con,~rt.er b quhe ~~tmuthoe lo 
the boundary b,cr air lempt:nrurc so 
CiiTl'! Met hJ be raltt-n ncar air ah()W(rt'L 

Thr fMJlf>Ct'ilh.lft'l on a cak.ndc-r roll 
wert- t.tlken at 1-h.ret-: locadom aUUic1e 
1hc pAper t'dlt:'· ~ .. ·ery 50 &o 75 ;n:m 
Imide the I"'P"' edge ror '"'" rrnt f,Q(j 
mm, and •ppu>ximately c"<:r) ~00 to 
750 Dtm In the Q'n!J'Ill portlun or Ill• 
roiL l)pk'JI Mil end CtrllJl"1"'11Urc pn~ 
filct arc shown 'n Fig .. 9, 11)c tempera
ture rue ILlliu- roU me!! roughly CUrt<' 
spond ao 1he t.tw:aw resistance of the 
rrdb wuh lhl:' fripan belnlf the: loweta 
aac.J r.h.c dbplaccmcnl bocty \¥llh l.hc 
l52.~wnt 1hcU being the higheat due 
to hJi Bft:ltcr' shell t.hlt:knc». 

The ranpcnturt" profile duuugh -a 
complctr """" u •h"""' In Fig. IQ. Thu 
agc:J< h .. .-h~ dl>plucoomoot body 
rolb ,.;ch IO'L«>mm w.tb ln potillon 4 
IDd .5 fran\ the bouom. •ud lhc 
n~tm.indrr c;af lhe mils nnhcatrd. 111c: 
dou.a show the hot roJI endJ and the 

'empcrauu·e diffcnncc bct'w('e-n the where the: hdl :aout« :omd amk ~'Ould 
tall tutftlce and the paper. lu cxpectrd bo1h be 11 ~he: surface: o( rhc roll. 11w1 
the unheated rolls do not ba\'e hot dl~ \lo'OuJd be no contribution 10 tht' 
cud~ oxbow elfKl d~1e to temper.mrre: gr.uli· 

Mt• fmtn d:ae in~rior to lh.t! surftauo oi 
' EDUCE OXBOW EFFECT meroll 

Thb method would abo cUmlnatc 
Four di.frcrctU methods or mtnlmit· roll end h~dng- whlcb elimlnw.b iu 

lng- ahc oxhow etf«t itnt ditc;w;ted. contributlun to tb~ tn:bo.w cJTc(l .. h 
•lon~r whh one mer hod tbnl c-.n be should be possible 10 design :11 roll with 
UJt:-d to 'mlldp.a1e and c:ompe.n.a1e for c:ontrolltd end healing or cooling. 
the rall defarnmdon bef'qrco lu. -huta!lu. which would co-mpensate for the differ--
don. Some or tbe: methods m:ay not be- enL lhettrual ~panaJon c»-ddldenu. or 
P"'CIIal, b~• the knowlcdK< <>f their lhc core •nd chill Iron, •nd duJ> e.liml-
exbtcnn: will be weful rutc: th-: oxbow cff:c:ct tomJly. 
AlcLbod 1: 1\td11e< thc:nnal ....,.,.__ l\lelhod S: Bot griod lho roU: Wilh lite 
The tempenmrn." diftttenr:c between roll he2ted •o openting temp<:raluTt' 
the ios(de and ouuid.e o(thc: roJI·wiiJ be: on the grinder-. &he aUCSSCI thai create 
p.mponlonally •nl2l.ler If IL bu • loW<:r the oxbow clka ""' •lrcatly prescrnL 
thr.rnul resimmce.. Thil will reduce the They arc due: to- lht: diffenmu in t.ber-.. 
OlCboW cffi:a by lowerlng ~ camprc>- tnill expiUUlon CC>dllclcots In 1ho chill 
liv~ Nfe'!' inside lhc roU a.nd the tensi.l.c iron \'l!fiW the: core il'on. W'hcn lhc r:oll 
iti'UJ nC'iU' the s.urfa.cc or the roll .. ~ la ground, t.bh c.onuibutlon lO tla.c 
thb bu been •bowu to be on.e of the oxbow effect tsaboground orr. 
maJOr .;ontrihut.opi~ it h .a ''U)' 1mpor- Thi& ~:q-ethod. 1n comblmuion with 
mn1 method. Method 2:, wm eliminate AU JOumet o! 
Method 2: Surfacl!! bQt lhe .roll: The lhc oxbow dTecL. H-OWCYet. the contri· 
tnost ObvioiU mcLhOd or •urfiiCC" heat- butian (Q \he: oxbo~ effect due CO the 
lng ~dd be!: to U\C." t!ddy current heat· di!fercnt thcrrn:al c.xpantion co-<"ffi· 
ln,g timllaT 10 Calcoila. Surl'ac(l headng cienu it mjn.lmal, th\u hoc grinding it 
1J .reilly an ext~mlort o! Method 1 not ''Uf ~rrutivr.. 

~------------------~--~ ~----------~------------~ 

lnSUilliJOn 

FcG 6a. HIE TI<U/.V,LI\OUNO/.RY CONilOlONS FOR THF INSU 
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FIG 6C. THE STRUCT\11!/<lBOUNDARY CONOffiONS. 
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Metbod 4! Cocnp<m~••• using tp'indcr: 
In IL\ oJmple>l Conn U.., md oC a roll b 
dl!bbe<l by on appropri~te amoum 10 
r c:.Ur\'C .slle:C\ pine bing. Thb mrthcd J, 
u\ually adequalt' bt.lt can be. refined if 
Trquircd. Thr t"'I4 wuund lhapr of the
roll ctn br m.tculated tn such a w;av that 
tllc- oxbqw c:ffcct would cnuight-cn lhe 
roll u.ndtr op~ratlng condJtlous A 
numerica.Uy contro.llcd gnndcr u enyi. 
&lnMd ta pmducc ll1e aar.t lhape 
f'C"qulred on lhc cofd roll for a gi\"en tct 
oC opcnt111g condltloru. 
We<llod 5< Uoe a Wt!II<CialF>ed roll1 II 
the- manufaetUrtT knQws the C"XQCf 
Opt'tllllng paramelon oC <be alendu, 
and 1hc «qu,rcd heat uanA(er co-dfi. 
dMu, lu! an cleDgn lbc end oC tho mil 
to minii:I)U:o &.he ccmpcra.tun:: tiae. ldc-
ally, <I>< dcngn bond •ht~uld llc wick 
enough to allow for the oonn:d openu· 
lng condlHON In WI pmic:ulaT colcn
tlct Jblck.. The tkslgn<T oao dlr<ct lhc 
mtcmaJ Oui4 now correaly, and judi--

dously platt lnrulatlon in approprio"' 
localloM LO m1nlmlu hrnllng of Lht~ 
roll emu. 

9oNCLUSIONS 
The baJt de:sign or a alender roll 

uring: c;omoendo.nOLl hming- from a tbc:r
nJDJ lllld dbtonlon point oC vltw b ono 
that hu the lQsllhemut ro.iuancc. Cn 
1hh n:.pca lhe uipass roll b cle>rly the 
bc>L pcr!omtot, having o lo""r l.ho:mul 
mlscwce t.h~n any <U.ber a.Jende.r toll. 
lmernll lnductiOII heated calender 
roJ1s ba, ... -e similar thcon:al reshtnnce to 

that oC clllplactunMt body roth. They 
mAke L.bo same contribution to the 
oxbow cll"rcl from the r""ddlal ldnpeta· 
turcpd.i'cmt.. 

Tn minimize defonnttlon, the bcs.l 
method of beoting a calender roll II by 
turl'acrc healing. This cHmlmatcJ tht 
coutributlom w th.c ox.bo\W' cfiec:t from 
hot ro11 in lenora and hot roll cndJ -.nd 

110·.------ ---------, 

Illllf even be- ~rd lO compcnJa1C for 
lhc low co-dficieot of Lhermt'il exp:m· 
•ion on du: roll a:urtace. lt hu tJu: 
added potential :adnntage or bcinJi 
~Jblc to .incarpornt.e ct.Uper profiJ~;: coJ'I
rutJon whbln tbe I)"Sttm. n1e roll 
dolign would be simpllfl~d sJncc h 
would not b.3.\"e to incoll;lar.uc the h(!ll;t
lng p>lug .. or the ··•-tJolllll rolls 
bur the: IGtnl calender de.sign wouJd be 
bulkier dut to tbe cxu:rno.t hesten 
re-quired for turfa.cc be-.tting-. 

All dtcignl- or rolb under m.o.11 or 
lhc operating condltions ei'Jtouo:LCrcd 
ln tbil •ur.-ey had ~me dqTec <Jf c:nd 
bt.o.dng. Tbe tDDgtritude or the end 
healing \'lined with the opcrMtin g c;o~..r 
dWo1u 1uld ron c:orutnWionj 15 ·c dt(. 

terence ""** nol uncornmon. If roll 
dhund.CI' could lulw been mesuun:d h 
would h~vc been found thlU. 211 lhe rolls 
hod ~<>mo dcgntt oC l.he oxbow dl'cct. If 
tbe ioa"eUe ln roll dlamctet wociale'd 
wnh lhiJ effect it outside the edge or 

152A nm ~ 0,8. Rail 
10Ui mm shdl 0.8. Roll 
'liip;&< llol 

!<) ' .... ---.._..-..... --... ---..r ' 

0 

·---...... _ ....... 
--.:::::.--

!iO TW l!D liXI 2lO :nl l'AI .QI '150 50! 
01ctroo fmm Rolllqefrrml 

IIG 9 END TEMPERATURE PROFII.£5 MEASUR£0 ON Tlif SURfACf 
Of THREE DiffERENT TYl'ES Of CAlENDER ROUS. 

fiG I 1 DIAGRAM S~IOWING THE BICYIJNOUICAL CO-ORDINATES 
USIO TO CAlCULAn THE THERMAl UESISTANC! Of A TRIPASS 
llOU 
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thr paper. it wiU haft no dfca on lhc 
fMPl'' quafn-r. 

f1nally, bc:l9rc nllh""' pwxh.uc<l or 
• mill II should be DcmlWlcd clw lbc 
drJJjfnc:r h•• rak~n tht>iT p2.rticub.r 
opcnllhl CC)adll.iOIU IIUO COO.Kft:D
I)oa, Dai;!n•"'lhe ron 10 mrnmnzr !he 
problrm1 •u.o<1.1.1cd with the: oxbow 
dfecllt ....... tW. 

OcKIIOWLI DGEMEtns 
Sp<<i•l th4nb to R. Smith, \'almct· 

Dcunlnlon, for tnlrOdudna u.a to the 
finer dc1otla ol1hll subject. 

fl)PPIND11 1 
,.,. .. ' I I toct• c:alc:uladonl 
ThfJOU """'Since there II oo ohape C.C
tor rodlty aYalJ&ble to alcul:au lh~ 
th~nnal ~ or a uipu• roU u 

e"""''"""' " dcm-r<i u .... g ~ 
the ruU con be: dJ'ridcd into JDC ab>opcd 
....,....,. whit oue U1paoO bore bole per ---In F'~ 11. The tDajori
" C( lbc: bcn no.. a. lhi'O\Ifh the oe<· 
uon ot the bore bolt dw b dOIC:SI to 
<he roll ... rr•co. llt<Yhndrial co-oed;. 
naJn <1Ift be: wed 10 · "'"" for the hat 
n .... If"" -·- clw ..u !lor ben no.. 
OttUn I~''" "1""" bounded br'l1· 1'11· 
'f1 , and .,. ThiJ (lvet a hiJJh estimate 
for the lhcnnal Ktlstance 1ince the 
reuudndcor or lhe bor~ ho1e! tn.nsmh.s 
hc•t energy., wc.ll Titc uppe-r bound 
of lh C' rlittll'l't'Utonlc• th:em~al n:shtimce 
In bkyllndrical c:'<><>l'dlnlllft o£ lhl• q
mcnllo f'""" b) Y<mlDcMch 1!1 u: 

IU.L • <l'la·IJtl/(ll'a _,,, (I) 

and tbe rcll).amcfcr of the puamclCT-'1 
0<1 the npt 1w>c1 lide or !he cqm11oa 
ur ddincd u:: 

111• olnh·'H.Yral' -1 J'f! ... u n1 

'' ocor1 l<nsh(!lrl· {o/xl oinb(IJt) ){:!) 

.,, . ,. . ,, (~) 

·an~ rC"mamdec Q{ the paomtt.r.ra 
a..- ~rM-n llj!IIU' lolbw.ing rdatioruhlp> 
••th ahuid Off'IJ! lib 

., • '"'. '•' ·•·)/(!!il (5) 

•t• rr11.,1~+,t)/(2>) (6) 

at. ··'·•·'. "''. ,, (7) 

x • "t u 1 cos(a 8) (8) 

For th~ clamenAOM ~in the JCXl. 

RU. • 0.&61 W1tb J unUtum thcnna1 
cond10<mln Of sti.S W/(m!Q, and 15 
II<P"'"" In parallel lllc raiuma b 
I.Ohlll" K,IW per mc111: roll kn£1h. 
Th11 appn»ulUll~ ..olulion ,. . .., chccked 
IWI>( fonll< <ICD><Illonal7Jb whkhP"" 

T46 4t> 

•h« therma1 rcahtiQU u 0~8h1~ 
K/W pcor ntrtll! roll lttt8\h. Tbut thC' 
>(lj>IWIIIIOtc JOlUUOft II hiJh or 18~. 
~-W, """' Tbc dimcruion
loa thcnnol rcti>WlC< for W'f>borc-m 
body roth Is ... ~~oo~W in u.mdud lwul
boot..l41"" 

IUJ..• ln(r.,tr1)/(h ) (9) 

For a Gl O.mm dhunrtc:r roll whh a 
152..4-nlm aheU thicknc..t.\, tbt tb.unul 
~st-ance h l.OU 1 fl"3 K/W per m.c.trc 
roll lrngrh, If lnatcld th~:~ rull hilt a 
101.6-aun 1hcll thlclwo•"· <he lhcrmal 
rc..datllncr h almost halt at 1. 76dD-' 
KIW 

fl)PPEIIDII 2 
Booonc!vy-tlaa calo•·
AccuratC' maceriat propc.nlca .and 
Mundary eondadoru tft n:qulnd to 
anu: • modd ol the eal<od<r roll end. 
The c:okudcr roU b (ll)nW10CI.cd "' lhal 
tht" outC"f' tu:rfuc u cooled npidt,. to 
mak k >'Cfl' lunl. 1lna thr Rill an be: 
cot:u:idctc:d co havr three' dlfft'tl:nt 
mau:Nb. Fie. ~ Tbt ..,..., mo1tk, and 
e-hUl iron ba\'t' the- thcrnW and stTUC

tunl ptopcnJCJ u ahowo tn Tablt: 1 .. 
The o:hnl and molllr IO}'Cn wen: e:u;h 
1111111><d to be 19 mm lhlck. 

The wnp.,..nare dlwlbullon In the 
enlender roll noedJ lO br t~~lc.ulated 
bef'Ot'e' the l'fn\'liin~ llniC~UI'lll dd'ormu,.. 
don "'n I>< calcul•a<d. Thw lhr. lhCI' 
mal boundm'y c:ondh.iont al\0 need c.o 
be an:uroady specified. Mc:Alhnu. (5) 
,Pvu the hc1U tranafe.r c:o-effidt..nl for 
beat flOW1n8 OUCW3rd in an annulus u: 

(b/ (,.c)) f'rVS(J>,/~)0. .. 

• 0.023/(k)U (10) 

•bktt lt \bed for the htJ&.t now into • 
d11ploccmcn1 body roll In tbb •.....
don, b b abe coo--c film a>dlidmt 
10 be: ookocd. Reynolda number ...., !he 
111droullc rsdha, which u (our lime> 
the trou ""''IOnll area divided by the 
total weucd ptrlmcu:r. Thb value can 
be: '"riJled bytabi<J In the Hoodil«ilfor 
Ht<rl Troruftr (~). McAdo.ou 161 give• 
the mm co-clllckn1 In • pipe. whldo b 
uacd In the joutrual ltorc and tnp.IUL 

"""· 10 bel 

Nu•O.<m~Jip,ll.< (II) 
wb~ Nu b the NUIIC.It number from 
which tbe con"YC"cU"C ntm c·o-dr.ctcnt 
c:an be cakulated, The heat ln.nlft:r 
from the roll ends co the NJTOUod:ioa 
air b gM:n by fcchnu 161 :u: 

Nu • 0.022G ( Rc)OJI (12) 

Tb< lcn!;lh talc and •cloclcy wed In 
Reynold> number II.I'C the local dbm.,. 
ter .and lhe wrh.cc u:IOC.i.c)' of the roll 

Th~ final beotl rran&tcr co-dJldc.nc 
needed b thai of lh~ W'l"lpp<d portion 
or t.he roll Sinc."t: only one l'alf or the 
ci.rcumfetencc o( the roll It wrapped. 
the: heat""' now fi'Offi lhc roll to the 
alt. or from Lhc rvU to the fUpct wrap
ping it, and abo from I he roll to the 
pli!>U In 1he nap. 

1\crc ..... m na.. .n_, th11 Lbe heat 
wruCcr 10 the air b "nail ~ IO 
tbc ba1 o ..... (0 ohe popero Po>o~ll and 
Stron&. _181 quote a nlu.c: of 284 
W/(m"K) 1M tho hcol Dow r...., drycn 
CD ~ wllll moluurc l<""b similar ID 

lint In a olcnder t~•cl.. krcke> 171 
hu shown ., .. ,, or <be hclll flow 
OCXUD In the cUp If IWO toll• of u.nlform 
lempcranll'< .... wed. whlcb ...... ld pre
dicta nluc of ~24 W/(m'K) on the 
..,-appcd ponlun or lhe roll 

Burrulde and C<oi.OIIIno 19) me•· 
1un:d the hciU lnlnACcr on a wr.tpped 
caiC11d<r toll wlllt no nip 11 a !lon<llon 
or the paper bull. Thl• - corrdakd 
b11Wo "'"I"' A> a conlO<:l r.UlaUCe and 
paper lbe.rma.l cunducdviry. and corn
blru:d u an dTcctM: lh<rmlll condu<U¥
Icy.. The dfc:c:dw conu.tc rctbtancc 
bcn.c:cn the turfier or thr calender roll 
and !he aide or the P"J>CT away Crnno the 
calender Rill h what b <<qwrcd h~ 

Thb Include• the &elu.a.l cono.ct 
,_,.,. .. and !he paper CQIIdU<lml)\ h 
am bc obl>lt!cd from the ctrea!w: .,_. 
ducltri<y quo1ed u k, • 0.069 • 
O.OOSS(bulk) where bulk b '""" In 
~/c and It, m W/(mK) This""" be: 
tt:Written in tcrmt or U) dT«:uvre con-
t:la conducgncc &l h.2.... • Vt wheft' t b 
!he P"f><" th!dm.,._ Tncn the ffim ~ 
dllclenl for the wr&(lp<d ponlon C( the 
roll is )liven by. 

hp• (0.009-0.Il085(bulk))/t (I!) 

with unla ofW/(mfl() """" 1 bas unl1> 

TABU I THE ~TRUClURAI AND THERMAl PROPERTIE~ OF A CAU:NOER ROll 

_,.,.,..,.. .... Qil Molllo c.- so..ljoumol 

Vo.wsg\........,.IGPGI 1n 131 103 201 ....... \- 0:0 0:0 0.27 0.3 

~=Jief.,l) 7694 7583 7334 783$ 

....... s -.(10"/IQ 9..0 t.9 10.8 11,16 
11oonod ~(W/(m!QJ 20.76 31.15 45.48 4.17 
$po<illc ._ IJ/lllaiQI ~.6 SIA.6 jQU 62L'i 
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ut ~ n,r lrmpc:murt' thtr.en:ncc 
u.ccl ut!J'OU. thb film c:o-c:ffidellt b 1~ 
tem~raru~ btl\vetn the outlide tur .. 
n.u ar lho calmder mil and !he tom
porawre ~trd on the ouutde "~~ 
!lace of ohc )taper. Using 11J>kal bull 
auc1 c;allpet" \'1hLeS f.tu Uncalcnd~ttd 
ncwspnnl of ~8.11 ~~~~~~ b.JII Might 
nod cullp,.r or 1.50 J.i-tn ~ver. 11 film co
e:Ukir.cu o1 :~ W/(m7JO. Ua1ng ch~ 
aune nlp ~ctkt.n futor- of 113% til
ed Pf':!riomJy A:Jvet.lh~ film ~~01 
""4!!9 1\'/( mtK), very llmU:u to lho 
\'ol!llc llacd by PoWI1ll J: S1r0ng [8) for 
tbc wr.<PJ)<d punlon cr !he roll 

Thoc heat lr.m•fer codticl~tr~Lt 3te 

only ..Uid for r.hr Wl'llj>ped port1on nf 
!he Gilitnder mil. In f""d'co only h•li 
or r.he roll It wnpped, !hUI the h""' 
tn~nafer co-crnetent. for t.hc toodel 
would be: half of Lhc l'>luct lkted he>'<. 
Thu• t be he._t tranafc-r- cn·e:ffidnu 
would be tlllht.ly higher thon 200 
W/(mWK) fon.ncalwden:d P•P•"· 

A> tloc l"'P"" is alcnd=d 1111d the 
bulk'' de~, equation l:l ahoWJ 
that c.he film co-efficlcnl ln~;TCM.Ci, if 
the web runon Is held C<nU!llllL The 
"'"b umtlon W.t ,.... w.:d w ob01ln lhlt 
n:larioruhip ll11 ..ai not-n:pcrrt.td. 
B~ on othc:J"'\'auo.ns of baggmg 10 

the !owor nip> of highly loo.d•d <alcn
c.h:r s.tncU. tbe: paper tcmion l)ctu.alt)' 
dc:.trcaia ;u it J(Oct through a adcodcr 
•ou;~. Thi• tension reduction wlli 
dc<TCU<: oh.- film <0-<:ffic:icno oo illl"'l' 
be t~lr to bltlJl1r: l.h.M tht hc:a.t 
l'ria(ufcr W111 not d(crco:lt' in propnn:1on 
111 the collper coductlon 

The lbwl p3nm.eu::r to be: C\";t\utatcd 
h the lhcnnal co·ntaC1 Teiinancc: 
brtw~:en tltr 1htll :md the journal. Thb 
wu not done for the ~maly.;~t reported 
hert but the jn{on:JJation (ar the con-
UU:l J"eJts.wnce: or nuncd nu:lacd an 
be ob,.lned fi'ODI ''ovono•ich [10). 

4DoMINCLATURE 
'4- pa.nnnctcr on Fig:. l ~ 
bulk -In~ ar l"'P"' dcou!IJI Co::m'/gJ 
Cu ·specific hc;u at constm.t pn:uun: 
(1. dbunet.<r rarplpet, or 

4(c:n>u.oO<tl<>n•l •=I/ (total Wetted 
pcnmlu:r) 

C • """"'"'locity (pUl 
h . coom:U..,Iilm <IH:Ill!icno 
k- th<TtUlll (OnduaJvloy 
ll· t<mpmoiurt [Xchin) 
L ·roll length 

Nu- NuuelL No. (llD/k) 
l't· Pr:lndd No. (J.1<;1,/~l 
1\-rhornml rd!Jilmcc 
Rr· Rc:ynolds No.(UO/ul 
r • tirt1t' ~dim 
'-pUA:nteto' front Fig. ti 
L• pa·pc:rthickne.u. 
T ·lc:mpcntun: 
U - m(";tn flow \teloclty 
'" . panmtu:r from cq:mdon 5 and 6 
x • p:uow.u:ter from equation 7 
o. ce><fficicnt o:f thcnnaJ cXpruuion 
~ • co-ordlnooe< in bi<j'iindric;ol coonll-

natc l)'ltetn 

J.1.- dyruunic 'VIKlO:Iir}• 
U· kincm>lic vlxo>hy (J</ pl 
p-doruil)' 
0 • anglo for eMI:t r.n.,... •ogmeno 
,. . pie. ,,l~l592.. 
'I' - ortlu'Son.al coc.mlinru.t:J 10 11 
S..bllcrlpa; 
l.i - for fWO similar ~eten or coor
dlnattt 

a ..-appan-nt 
l·lniide 
0 •OUtside 

p. """"" t · at .lw'face tempemure 
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Ab8tract: finite clemc:tH a.na)pt. wru UICd. 1.0 akullnc lhc tctlpet'2.fUfe and d'leflnaJ dts
&Ortion proftlt:t. at. &ht end or a Clllender- roll. Tbe cakub.ted ~ prolllcs were (iOtDo" 

pAted wuh &J1e mcum'cd tcrnpcnu'-"re profUo on the: roll •urfuc. Dcalb ol toll conuruo
ilun .. Kt o pcnulon Uat:. conlrihu&L- w Lkc oxbow ciTf"tl we: -a luwcr ~tclent of Lhum:al 
expG.Jtaion ID tho lD)'C>rof chUiru the •urf:.cc of rhe ron. bow:1' inttrior Kill knnpcnonc, and 
hrHU:..--mll end lempcr.rturc, Ti"'t:hnlquo that n1lnltnbe UK' Qlthow dfect ue f'Cdw.'tn5 thcfl. 
rnalrcM~Wnoe.aurfuc- hes.dnc:. bo1 griodinJ. gdnWng w 11nddpuu: and fXIf"'"'a Cot lhc lht"t
oud dblocl.lnh.t, and ttt~Wrlnl ihctm .. u~ d~lrn. 

Reference: 'ZWAJO:j .. FAAR£LL. \\',ll. Od..,..dfc:ollnd.suJf~tcmr~Uawre pmfi\caoC 
calender rolla. Pulf' PtiJi" Con 93(,)1T41--4?(feb-, 199!!). Paper prac·nt~d Ill •he t9BD 
S~nt Confnom« of the TeduUol S«tlon, CPPA,Al Q.ueb«, Que.~ on Sepurmber 26 lO 
'8.. lb89. Not l.o be rcFuc:rd wfdauu\ pc'rrtdllk)n, Manu.~Cnpt n:c:ciVQd ,\ugtu.l 1.9, l98D. 
Appt'OYI:d b)lthf' ~ P'Jitle.l.june. t?, 1990 . 
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