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ABSTRACT 

The affect of air nozzle position on ~ocal and average 

heat transfer rates for a row lOf round jets impinqing on a 

rotat ing cyl inder vas invest igated experimentally. The 

cylinder vas the middle roll of a vertical stack ,of three" 

rotating rolls, each 457 mm in diameter, vhich simulated a 

paper machine calender stack. Industrial calender cooling 

nozzles, having an inside diameter d • '25 mm vere used. Air 

was blown trom these nozzles at a velocity of 70 al/s, 

equivalent to a Reynolds number of 110,000 ± 10,000. Both 

heating '(21 

studied. 

S AT 25) and cooling (10 S AT S 15) "ere 

Circumferentiai Nusselt 

through the stagnation point 

nUlllber 

were 

profiles passihg 
) 

obtained vi tl1 a 

nossie-to-nozzle spacing of 8d, for nozzle-to-roll 'àpacing 

ranging from 1 to 8d, for various nozzle locations around 
.J • 

th. carC:UIIlference of the roll, and for nozzle. Inclined -'S-
to 'S· from the normal to the roll surface. Circuaferential 

profiles at axial positions avay from the stagnation point 

vere measuree! vith noazle-to-roll 

n~lzl.-to-nozzle spacings of , and oSe!. 

spacing of 64, for 

Local h.at flux values vere obtained br .... urin' the 

local roll surface teaperature and solving the 

one-4i .. nlional unsteady state heat conduction equation. 

'!'he major influlnc,e. on the he.t tranafer coefficients 

~re the te.perature of the -abi.nt air, the nosale-to-roll 

8Pacing and the noaale-to-nossle apacing_ Location of the 

1 
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nO.ll ••• round tbe circuaference of the ~bll and inclination 

of the nOI.l •• vith respect ta the roll .urface had only 
1 

minor inflQeneel on the heat transfer coefficients. 
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RBSOMB 

On a con~u une experience en laboratoire dane le but 

d"tudier l'effet d~ la position de jets d'air sur les taux 

de transfert de 
, 

chaleur pour une rangee de buses a section 

circulaire soufflant sur un cylindre en rotation. Ce 

cylindre occupait la position interm1diaire dans une 

calandre 
, 

trois rouleaux, simulant ainsi lisse a une 

continue. Chaque rouleau avai t un diametre de 4S7 mm. Des 

buses disponibles commercialement, de diametre interne 

." .. ' .'. ffl" d. 25 mm, ont ete utlllsees. L'alr etalt sou e a une 

:itesse de ~O Dl/s, .pour un nombre d~ , Reynolds :quivalent 'à 
110,000 ± 10,000. Les effets de jets d'air chaud 

, , " (21 S 6T S 2S) et froid (10 S AT S 15) ont ete etudies. 
.~ 

De. courbes du nombre de Nusselt passan;,par le point 
If 

sur la circonference avec des 
) 

, 1 

de stagnation ont ete obtenues 

distances inter-buses de 8d pour' les configurations 

.uivantes: des distances buse-rouleau s'~chelonnant de Id a 

8d, diverles positions des buses autour du rouleau, et, des 
~ 

inclinaisons de buses de -4S D a 45· par rapport a la normale , 
de la surface du rouleau. Des profils sur la circonference, 

. ' "11 a l'ecart du point de 
1 _ 1 1 1 

stagnation, ont ete mesures avec 

d •• distances buse-rouleau 
l , 
egales a 4d, pour deI distances 

inter-bu.es de 4d et 8d. 

on • obtenu de, valeur', de flux 
" , 

locali.!.s de cbaleur , 
.n .. surant la teaperature ct. .urface du rouleau et en 

, , 
1I01utionnant l' equation 4. __ ç_~nduction a. chaleur a un. 

4i~~rion en reg! .. transitoire. 

>' 
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Le. facteurl qui ... ont le plu. 

1 , 

influence . le. 

coiff,iclentl' de tran.fert d. chaleur 
; 

lont la temperature de 
" 

l'air allbiant, la distance buse-rouleau et la distance 

int.r~bu... L8 position de. bu.e. autour du 
~ 

q.,. leur iilclinaiaon par 'rapport ~ la Burface 
.. 

peu d'effet lur ces coefficients • 

:;. 

• 

',' 

"1 

.. / 
, 

roul.au ainsi 
( 

n' ont eu que 

) 

" 

i • 



.'71 

\ 

: J J .aa • 

To begin vith, 1 would lite to exprel' al h.artfelt 

tluaall. 'to Dr. R.H. Crotogino for hi~ apparent 11 li.ltle •• 

re .. ne, of patience anct hi. eontinuoUi encour,aglMftt. Hi. 
• ! 

frlendahip .. cte the difficult perioct. of thi. Itudy aore 
f »l ...... t. ( 

1 wou1ct al" lite to thank Dr ••• .1.11. Dougla. for hi. 

constnaeti .. advlce and Unancial 8UPPOrt in the courN of 

tilla .orll. 

1 _ ,rat.ru! to Dr.. A.'I. lluj .... r.... A......... 
v ~ 

"lal" .. n fol' .... , useful 4i_uslionl tbroU9llot* tilla 
( 

Jl'oiect. 
) 

Special tbank. ...t go to .in9, o-n, and ..... fOC' 

tllielr frl ...... hip en4 their a •• l.tance wbicb .... ~ tlae 

ê~etion of tbl. w.,k po •• ible. 

Purtbenaore, 1 woal4 lite to expre •• III ,ratitude to 

U. .... , In41vi4ual. wbo partic:lpated in tu construction of 
. 7 

., equi~nt, in partlc:u1ar, ..... 1'.. a.J. Iton., D.' .•. 
~, A. ari.b, H. Alexander, 

Habib and J. ~t. 

~ " A. "gnon, w. Gr .. nIaa4, •• 

A ..-cial note of aJP&'eciation goe_ to Dr. AU. for 

tIIe fabrication of the ' beat flua 1I4IfttlOr whlcb •• s, to a 

large extent, reeponllble for tbe suce ... ' of thi. project. 

1 would lUte to ac:kDOIfledge the ••• iltallee of tIIa 

atàf1 of ~ ea.puter faèilltie. .t: PPlUC and Dl'fIIC. ftrit 

ree.lpt of a i. alto 

f 

" 



• J 

" 

) 
" 

-' " 

-
) . 

j 

1 
"' 

4 BI 1 J; d"'II_Mi,'~ ; ~ , , 

,,1 
) 

• caaow1 ...... 
, . 

!'o II!' cOlle.gue. in th. del*rt .. nt of cbealc:al 
\ -

en,ln .. r i ft... .apec~.ll1" '1'On" 1 •• ~.llC! -r tbanks for -tin9 
. , 

III dia,. 1" ~h. departMn,t .er7 enjOJ'Ûle. 

., 
( 

". 

ri 

, , 
~ . 

"' 

/ 

-) .. 
(f , 

.. 
"':; 1 J • 
~ 

, 
" 

./ 

'\. ( 

" 

.. 
,. 

l'" 

,,,\ 

. , 
"', 

'l, '. 
1 

6> 1 
y ,~ /' 

1 
f 
1 

- . -" " - ~ 

" 

, 
" , 

, 

~ 

~, -, 

, 



.. 

0 '1 

~ 

~ . 
~~) 

., 
, , 

f 

' .. 
'l'NU !ll al." , , 

AlSTRACt 

Rl80MB 

A~ 

'l'AILS or COli'NriS 

;, 

LISTa or PIGORIS ABD 'fULD . 

JJCIIIMCWTOa& .. 

• . 

1 .~ 

1. i .. 1t9&"OUDd 

1.2 OItjectt ... a'" SC. 

\ 

2.1 Cllender Coollnv Lit.rature 

2.2 l~lft,ing JetlLlteratur. 

2.3 Concluelons 

/ 

-
" 

. 

r 

\ 

~ 

- ., 

.u. 

, 
pat~ 

i 

iii 

v Q 

" ~, 

.. 
vii 

; * 
1 

JE •• 1 

" . ( 

• 
11 " 

,l' 

17 

3. 
\ , / 

1 

. 
" .' 

" 
~~. " < 

'\ 
.sM 

.' 



()-

3.1 ever.ll O..ign Concept 

3.2 !he CAlender 

3.3 ~be Air Sf.t .. 

3.' !he a.at ,lua Sen.or 

3.'.1 ..... ur_nt Tecbn ique 

3.'.2 In.tr-..ent.tion for the Me.t 

page 

'1 

" 
'8 

,lua Sen.or " 

3.'.3 Manufacture of aeat 'lua Sen.or 51 

3.'.' calibration of aeat Plua Sen.or 55 

3.'.5 Sen.itivity of Beat Plut Sen.or 57 

3.'.6 ".pon .. ,.1_ of Re.t ,Flua Sen.!>r 58 

3.'.7 lelf-Heating of -H_t Plua Senaor • 

'3.6.8 leaolution of Surf.ce 'feIIper.ture 

of Beat Flua Sen.or 

3.5 ÇoIIputation of IluaHlt J.I--r. 
3.1.1 Ca.put.tion of Inst.nt.neaus 

Local .... t l'la 63 

3.1.2 COIIpUtatiOD of' .UIIHlt ..... r. .. 

3.5.3 Ditiplar of Local _ ... lt __ aMer. 6' 

geme t· -RG" "ICpIIICI' 

'.1 lat~l"'tl .. 

" 
" 

.. ,. 

viii 

. 
<{ 



ia 

~ page 

t.2 Local 1Iu ... lt M.-bers ~ 75 j 
-<. 
" , 

6.3 affect of ~aal.-tc-WOaale Spacing on .. 
fj 

Aaial Mua .. lt M~r Distribution 87 

t.t affect of Moaale-to-Roll Spacing llt 

t.5 affect of Cylinder Circuaferential 

Angle 125 

6.' affect of Deflec:tion Angl. 132 

l" 

y 

• 

• 

C.' 

, , ~ 
,~,~~ ,-.,', 



c 

l 

t ..... 

!dB gf 1'1 •• S _ 'fAILlI 

Fi ... 1.1.1 Sc~tic of a t7J)ical paper _chine. 

Fi ... 1.1.2 C&lender atack in a paper _chine. 

Figur. 1.1.3 Industrial cal.nder control air noasl.a. 

<a). 12 .. noaal. di ... ter . 
(b) 25 .. no.al. dl ... t.r 

(c) 12 li 50 _ rectaDgular n.ale 

(cl) .... r-httad noaa1. 

Figure 1.2.1 Poaition of a noazle r.lative to a 

cal .... r roll. 

Figure 2.1.1 Air current •• round a calen4er .tact. 

Fipre 2.2.1 bi-sJ dlt.tric illpi •• i .. jet. 

~i .. e 2.2.2 .ff.-:t of noale-to-plat. speciDt _ 

.~tIOft __ .. lt ""'1"1. 
'1..- 2.2.3 affect of _~ ... to:-plate specl .. _ 

local S1Mt1'WOOll • ___ rl. 

'J ... 2.2.. .ffect of "yaoWa ft .... r ......... tl _ 

__ .lt ....... 1" •• 

.t~ 2.2.7 affect of ~ GD local ..... lt nantir 

pa .. 

2 

3 

, 
7 

• , 
13 

16 

II 

.. 

.1·euÜllltl_ at ......... àIw • ,. là . 
st .. ri_ of -. Illet lU bal cal."&" 

, ... ,. 
f 

, 
---~--~~-

i 



m J d'" , 

i 

\. ) 

Ci, --

_____ ~~ ,.., __ ~..--_ ...... __________ '!I_~"'_iJdi_' _.''''''''14X_II._.HS''"'''IQ ... IIJIflIllIlW'' ....... -

Pltare 1.1.2 Pront yi .. of .-.pert.eD~l ·cal .... r 

sucll • 

.. 1 .... ,3 .. 1.3 -=-. Itle of eapu:~tal cal .... r 

atack. 

'lgure 3.1.t Il,. Yi .. of nasal. and .18tri~ion 

'1.-. S.2.l ... t fl_ ... _r la _611. roll. 

Plgare 3.J.l Ic~tie of .... le ... distri'-tiOD 

Pl~.,3.1.2.1 Circuit .1agr .. of beet flua "'801:. 

'i~e 3.'.3.1 Cloee-up of beat flua ..... r. 

'l~ J ••••• l call~.IOft of beat flua ..... r. 

'iguce '.1.1 ... iti .. '.f ..... l.-r.latl~ to. 

eal .... ~ 1'011. 

,i ... '.2.1 __ .lt"'r .latrlhti_ f.~ 

•••• 1 .. pbc" at "'rel JOIl.1_ 

JI 

JI 

10 

13 

Il 

M 

13 

H 

71 

(-.pt • l. ) • " 

'1 ••• 1.2.2 .'eet of .. iat .ir. 1. 
fi ... 1.1.1 ,. .1_1 ... 1 .... t fl_ cU~i"''-.'. • 
,' .... I.S.2 Clrc.t ... _t1al ... Mlt M rl U' 

.'.trllMatlOli' for 11'''' aM &/daO . 
_ (Illpt. 1). • 

'1 ..... 1.1 Clnn.teftlatlal ..... lt ..... t 

'. •• rllMatlou for 11'''' ... &.1 .. 1 

0Iapt. 1). 91 

\ 

.1 

\ 

l - -: .. 'ê.~~-:-:"'::""~ ~ ,-.-..,-~_ .. - ,.,.. 
"',~, .~ 

f 

1 

1 
i 



" • .: • III .UIIiI nlu,,,,, 

1 

---- ~-----~ ... .. 
1 ail 
: 

/-

()-
.~ 

pate ~ 1 

fi.... '.J.' Clrcuafer.ntlal ..... It n~r 

4l.tr lbutl on. for 5/'" and a/eta2 

(-.pt •• ) •. 12 

ri .... 1.3.5 Clreuafer.ntial lIU_lt nUliber 

di.tribut Ion. foi' a/cl.. aftd a/cI-' 

(~. 3). '3 
rt .... '.S.I Cl~er.ntial .ua .. lt n~r 

eSl.tributions for l/cI-' and &/4-. 

(llapt. 2). " rt .... 1.3.7 Ci reuafer.nt1.l Mu ... lt m..bet" 
t-

41 st ri but Ions for 5/4-8 and 1/4-":'1 
... 

( .. pt. 6). .-- " () ri ... t.3.' Circuaf.r.ntial .us .. lt~n~r 
41str 11:tut ion. for 1/'" and lIeJ--a 
Cilapt. 7). K~-

ft""" t.3.t Circuafer.ntial .v ... It n~r 

lt 'lstrlbutlon. for I/.-a an4 Il'.-' 
Cliapt •• ). 

1 .7 
• 

ri ... 6."-.10 Circuafer.ntlal JU •• elt n ..... ' 
clistribution. for 8/4-' ancJ 114--. 

· (llaft. 9J. 9a \ 

fi,.. t.3.11 Cl rcuaferentl.1 Nua .. It nu.blr 

cJl.tribution. for S/d-' and xlcS-2 

" ("pt. 10). ., 
1 

(' 

• 



If x 

0-,· 

/ 

(). 

.... 

- t 

'. 

• 

'lture 1.3.12 ClrcUl!erentlal ..... lt n .... r 

dlsulbutioa. for. &ld-I .... a/del 

(açt. 1.1). 

'lgure 1.3.13 Cireuaferencial iua .. 1t nu.ber 

· .. i.tributio,,*- for I/d.' and a/4-0 

~bpt. 12). 

-,i .... e t.3.l' ~ ClI:euaferential Ku ... lt n __ r 

4i.~ribution. for 1/4.' aae &1"-1 

(Iapt. -13) ... 

r~e 6.3.15 Circuaferential "us •• lt nuaber 

di.tribution. f~ 5/4-' and a/d--2 

(bpt. l'). 
~ 

'19U~. I.S.16 .ffect of aaial di.tanea on ... i.ua 

Nu ... lt nuabers for 5/4-8 an4 I/d-'. 

Pigure '.3.17 Circuaf.rantial (1/4) and axial 

(&/d) ha.t flua distributions. 

figura '.3.18 .ffect of aaial distanc. on avarag. 

Nu ••• lt nuabers for 5/4-8 and I/d-'. 

'l,ure '.3.19 Co.parison of axial haat flua for 

(a) 1 row of noss1as vith 5/d-a, 

(b) 1 row of nozal •• vith 5/d-', and 

(c) t row. of noaal ••• 

rigure '.'.1 Ctreval.rantial Nua.alt nuaber 

-distribution. for H/4-1 

(1Kpt. lil. 

• lU. t #:. 

alll 

1. 

101 

<) 

) 

102 

- 103 

101 

lOI 

110 

Ils 

ua 



• 

o 

\ 

.. 

c' 

.. 

Ji ........ 2 ClrcUlf.rentlal .ue .. lt nu.ber 

dlatrlbutions fOJ Hld-2 

(Iapt. un .. 
.. 

PlfDre •••• 3 CircUàferential .us,.lt nu.ber 

distribution. for Rld-. 

" ("pt. 11). 

,Pltuee ,..... Circuaferential Hu ••• lt nuaber 

cUstri)ut'ion. for Mld-' 

("pt. 18) • 

• l~ ••••• 5 Circ~ferential Nu •• elt nuaber 

distribution. for Kld-8 

(&apt. 19). 

Pltur ••••• , affect of noaale-to-roll .pactng 

OD atagnation Mu ••• lt nuabers. • 
Plture •••• 7 affect of noaale-to-roll .paclng 

on .v.rage Nu •• elt nuaber •• 

rl~e 1.5.1 Clrcuafetential Nu •• elt nuaber 

distribution. for .8-'0· and 

.c -300· (&xpt. 19). 

rlgure '.5.2 Circuaferential Nu •• elt nuaber 

di.tribution. for 8 -120· and 
8 

• C -2.0"· (azpt. 20). 

Plture 4.5.3 Circuaferential Nus •• lt nuaber 

distribution •• bown for ] elrcua­

ferentl.l nos.l. po.itions. 

• ItiiiSiiiii 

al. 

. 
11' 

117 

UI 

119 _ 

121 
" 

12. 

127 

• 
128 



, 
r 

, 
•••• ________________ .~ ___ • _____________ ._~~ ___ ._..:. _____ &_J ...... , •• ' ..... '.1 .r~L 



.31 •••• ______ ........ ,_, _l'_T _____ ~_ .. ________ . ___ • _________ ... ......:...'. ______ ~ ___ ;PI~_ 

o 
l 

Cp 

cl 

cl 

D 

f 

Po 
-0> Il 

H 

k 

L 
(-) 
".- ·vs 

• 
lu-

E 
IlUmax 
lUo 

Pa 

p.j , 
'sm 
r 

·0 
Is 

( Iv 

.... lti.ltr, 90ltl·C 

.... t capee i tJ, JAg 1 
-

no •• le cU'_ter, _ 

fila thictne •• , _ (lqUIù:ion 3.2) 

roll or cflinder dia .. ter, _ 

fractional open ar .. 

Fourier nu.ber 

beat tran.fer coefficient, ./all 

·nos.le-to-roll di.tance, .. 

ttiemal é:onduc:tiv'i tf, W/Wit 

length of gold fia pattern, _ 

..... eloc}tf ratio 

n~r of finite 41ff.rance lafer • 

local lIu ... lt nuaber 

av.rage Hu ••• lt nuaber 

_ai .. Hu ••• lt n __ r 

.tapation point Mu .. lt n ..... r 

bar~tric pr ••• ure, .. of .. 

atet1c pre •• ur., .. of 820 

.... t fla, ./111 

.ai .... lf-beating Mat flua, ./Il. 
lateral utent of .t .... tion regi., .. . . 
re.l.tance of .... t flua MIlSOr at O·C, ~. 

re.lstaftCe of .... t flua at surface t .... nt-... , .... 
-" j 

• 

,- -



M'L 

• 
:: 

.J, 

.. 
• 
lia 

t. 

~t 

If 

Y 

tA 
~ 

1'j 

YS 

~'tC 

.fa 

.'1', 
u' 

, 

jet ",.ol~ nu.ber 

noaale-to-noaale apecin" .. 

Sberwood nuaber 

ti., • 

ti_ atep, a' 

t...,.ratur., ·C 

a •• rag. te.peratur., ·C 

.-bi.nt ~ir t~r.ture, ·C 

jet t.-perature, ·C 

surface t.-perature, ·C 

<, 

" 

~ t.-perature driving fore. for eooltn9 jeta, ·C 

t.-peratur. driving fore. for heatint jets, ·C 

cbange in surface tetlptrature, ·C 
• 

.. locitf fluctuations, 11/. 

jet •• loci tf, ava " 
•• lOCitf of jet at centreline, II/a 

fil .... ' ua.llIl" 

• yoltate drop o •• r the .. nsor in ..... t.toa. bridge, volts , 
fluctuating bridge voltage, YOlt. ' 

'l,ital volt ... , volta 

roll or crlinder a,...s, al • 

yoltate chante, volt. 

41,iti." voltage chan .. , .olt. 

• wl4th of two-dl_naional jet, .. 

W' .l-":h of 9014 fila .trip, .. 

• u!al potIltioa, _ 

• .l.taIIe., _ 
tille ..... of la,.c, _ 

-~-_ ....... - t-

'. 

1 , , 
! , 



'n. & 

( 

(; 

( 

f 

J'o 

1 

... 
Q A .. , au. 1 .• '''.1 

.... 1 il 

el~ .. ferentlal dl.tance Ira. itagnation point, .. 

-bel,lIt of .t.pation ROint re91on, _ 

penetra,t.lon depth, _ 
" 

Gr... Latter. 

• 
• 
et 

• 
" .' 
-:1 

" "j ,I, 
t 

... cript 
• 

C' . -
S 

• 
• 
~ 

1· 

tbemal 41'ffualvity, .a/. 

coefficient of heat flux •• n.or calibratipn (lqUatlon 3.3) 
, , 

t .... r.tur. coeffici.nt of re.l.tanc., ·C 

c .. 111ctent of b.at flux •• n.or ca~tion (Squatton 3.3) 

r •• i.tivlty, oha ... 

clrcuaferential position or,a~9l., • 

_IICD.ft! of air at j.t t.-peracur., k~. 

de ... it!, tg/.' 

den.tC! of .ir at jet te.peratura, t~· . 
den.ity of .ir at .urface teaperatur., ~. 

deflaction an91., • 

~ 

cooli .. , jet. 

.... tint jet • 

ifthrt.ce 

Mel of _sor 

-'1' ",'.e . 

"- t 

flnt la!er of ..... , ... 

, . 

.. 

, f 



• SI 

o 

,- . 

-

\ ' 
'1 Al IlUe. 

1 

1. I .. laetground 

'l'be paperatlng. pl'oc.s. i. illustrated. in Figur. 

1.1.1. It con.l.t. of' ba.ie operation" a) for .. tion and 

drainage " wbere the fibre suspen.ion i •• uing froa the 

b"4boa i. depolited on a .oving Icr •• n (foudrinier) and the 

.ater i. r.80ge4 by gravitf and luction b) pr~.ling, to 

1'.-0 •• furtber •• ter and to con.olidate ~ •• h~et c) drying; 

to .. "aporat'"j'the r_ining ".ter and d}-c:â1endeting, to 

re4uce the paper thickne •• and rougbn.aa, and to produce a 

.~~. of unifora ~bickneaa acr~.a·the vidth of th. pepere 

Calendering reduc.. the thickne.. of papee by pre •• ing . . 
durill9 pa ... CJ8 throuJh the nipa blt •• en cia.t Iron rol1a. A 

.al."'r ~tack' tfPlca11y conaista of ,2 to 8. rolll Itacte" 

•• rtically. a. ahovn in Figure 1.1.2, vith roll di ... ~er 

rantiDeJ frca 300 to 800 _. The paper ent_r. the top nlp 

aM procee4. through •• ch nip do.n th. .tack,_ Paptr 

-.chin .... ~ bave on. or t.o luch cal.nder .tackl. 

~ According to Crotogino (1982), th. ..in factorl 

lnwolYed in thicknea. and rougbDe'l reduction in a cal.nder 

~t are nip 1084, roll di ... ter, _chin •• peed, and the 

&.-perature, .ofltur. content and initial bulk (inver .. of 

.... r.nt den.itf) of, the paper. Of th.i., th. two .o.t 

bIportant par_t.r. al'. nip loacJ and paper teaperature, in 

~t tllef ba •• tbe .tron ... t .ff-'t on tillelnaa. recJuctiOll, 

... .. aDipalaUC1 r....ulJ on a -.lent cal .... r, all4 ca. Ile' 

yaatH/!' 

·1 

. ,~ 
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UHCt to control the thickn... unUorai t, .cro.. the .ldth of 

the paper .chine. When tbe nip load i. increa.ed, the 

peper 18 pre •• ee:! IIOre, thua beca.ing tllinner. When the 

peper tHlperature 18 incre •• ed, the paper beco.e. IIOre 

plfable, hence e •• ier to calender. 

Tbe cro •• -.. chine vari.tion. in ba.ia .eight C.eight 

per unit area), llOi.tur. content and te1lperature of the 
{ . 

paper entering the >ealender vill affect the thickn ... 

uniforaity of th. paper acro.. th. .idth 'of the paper 

'!'he d.flection of the roU. and th. grinding 

tol.rance on th. roll, i.e. the cro •• -.. chine variation in 

roll eUa.ter vill al.o aUect the thickne.. unifonaity of 

th. paper., fte roll grindin, aneJ external 108d- di.tribution 

directlf .affect ·the nip 108d di.tribution aneJ thu. the PÇer 

tbickn •••• Paper te.perature and ~per 8Oi.ture content 

affect th. cro •• _chine variation in tttllP4tratute of' the 

c.lender roll., cauaing ... 11 variation. in roll-4i ... ter, 

.hlch in turn affect. the cro •• -..chlne di.tribution of nlp 

1084. ror ezuple, a bot .treall: in the Piper .nteriD9 the 

c.lencler .tack .i1l c ..... the roll. to heat up and .apaDd 

over the "ldth of the .treat. Con ..... ntlf ~ nip pr •••• e 

in the ration of the .tr •• t vill tie Incr.aMd) cauaiD9 the 

Piper thickn ••• to be reduced exc ••• i .elf. 

.. 

'l'o appreciate the order of _pitude of the variation. 

involved, let ua con.ider a tDical n ... pzoint achine. 'fbe' 

PIper entering a .... aprlnt ealender _, ••• a tJliell_. CIt~1 
J ~ 

110 .... In the laet nip of tbe cal~r, tIiI pape&" ., .... 

1 

--~~~ '----
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a date .... of approaia~.lf 50 ... , for .bicb tbe •• ireet 

t~ la ~.. 'IIajt calender roll. on the other lland _,. 

.. 500 _ in 41_t.r or 10,000 ti •• the tbickne •• of the 

P.IIPer and 500,000 ti_. the de.ired tol.ranc. for the pepere 

luch tol.raac:.. are difflcult to _lntain .ben roll 

t .... r.ture. _,. "l''' bJ •• aucb a. lO·e a10ng th. roll. 

non-unifomiti •• in the pep.r and in tbe cal.nder roll •• 

It t. cUltc.ar,. to control roll t .... r.tur. and 

consequentl,. local nip pr ••• ur. in a paper _chin. cal.nder 

.ith an arra,. of blpinging j.t. of air. Suc:h air .hower. 

ar. te ... rall,. appliecS to cool the roll .ber. it i. nec .... r' 

to lacree .. tbe thlckn ••• of the piper. A. colet air cool. 

and lIhrink. the roll, the nlp pr .. aur. i. reli •• ect at tbat 
\ 
poillt. At locations • ... r. tbi ..... r papar i. _ ~equired, the 

rolla can ....... tee! .ltb bot air .~r. or bf applsiag 

trletl., pada,caUliftCJ the r ... r .. .ffect. of tho •• juat 

~. .,... air allowel'. U8ed to cODtrol c.l.ncler roll 

&1 T ptrature __ ll~ coaatst of • row of no .. l .. , 

equlcU.taetb spac:e4 .cro.. tM .l4th of the cal.n4er, a • 

~ 

41rectect at 4lfferent roll. ln the ,etack, al'. ..s. 'fbe 

of the .oal •• , aoul.-to-noaal. apac:ing, 

_le-to-roll apaclag, orientation of tM IIOUI.. to the 
- . 

rol,l. and ~ocat:iOll of tbe _1.. 'la ~ càl ..... " ''l'f 

~ ••• tia11' bet:_ 1IIiIIc~. _ 'OUI' -=-fl~.tlOft. of 

1 
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Fitjure 1.1.3 
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IndUetri.al Càl-".. COIltrol air no.zl_. 
(a) 12 _ noa.le di •• te" 
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•••• 1_ ........ lr.... l"'t~l.llr al'. ..... lD ,ilOr. 

1.1 • .1. la 'i ..... 1.1.Ja), ,._~ Il_t.r 1 •• pproaiMt.ly 

12 _ ... tM noaale-to-noul. -8I*=In,... ..11 •• 

_l.-to-l'oll 8IIIIC1D9 .1'. 100 _. ..... no •• l.. in Plgur. 

1.1.Sb) .re 21 .. ln cil_ter, a"e ..,ace« 200 _ .part .nc1 

28 _ Ira. t_ roll. In "pr. 1.1.3«:), 12 a 50 _ , 
',. 

~l_tal rectaftlUla" Ilot nonl.. _r. pl.cecl tri th • 25 _ 

.... 1.-'0-1'011 ~iD9 and • 100 .. nas81.-to-nosa1 • 

.... 1... 'Ille ..... 1 ...... ln .igure 1.1.34) are of • ..... r-..... ..rlet~. aOD.I8t:l~ of •• arr., of .. 11 

OI'ifl .... 
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1.2 Objectiv •• and .copt of the .~uc1! 

, '1'he -h •• t tr.n.fer ehar.et.riatic. of, ~riou. PO"~,ble 

nozal •• rr.nge .. nt. i. an •••• nti.l el ... nt ln th. de.l9ft 

• nd choie. of 

Onfortun.tely, 

.n opti .. 

boY.v.r, tb.r. 

calind.r eooling IJlt ... .r. f.. pubUlhed data 

• .,.il.ble about th. b.at tran.fer clwaract.ri.Ue. of t!ut 
_ T, 

nozal. arrang • .-ntl, wbieb alght ald in tbe de'.i9n or choiee 

of auch .y.t.... Tbe n •• d for a rational de.ign procedure 

for-cal.nd.r control air Ibo •• rl provi4ed the .ti.ulu. for 
;:, 

the pr •• ent .t udf. 
• 

The .. jor ·objecti.,.. of thi. .tudy •• r. a) te . 
cOilatruet a fecUit, for th. .. •• ur ... nt of tb. he~t 

tranlf.r rat.. tro. air j.ta i.pinging on a c.lend.r roll 

ancl b) to inv •• tigate ho. th ••• h.at tr.n,fer rat.. are 

.ff~ted br the polition of the nOEzl •• r.l.tiv. to th. roll 

and to o'th.r nOliEzle.. To aebi.ve the •• objectiv •• , a' ajor 

n ••• aperi .. ntal f.eili~J .a. built, con.i.ting of a.odel 

ealender staet and cal.nder control .ir Iylt ••• 

In thi ••• ploratory .tudy, .... ur ... nt. v.re -.de for 

on. tJPt of nozal., the t}'Pt luppl i ,d by- Midlaftd Ro.. canada 
1 

Lt4-. -i th tbeir cal.nder hontrol .y.t.... 'rhe •• 

noaal •• ,.hovn in Pigure 1.1.3b) .re •••• ntl.llr long tube •• 

Sinee the .. in tbru.t of thi •• tud, ••• to inv.stigat. 

the .ff.ct of nozal. po.ition on beat tr.n.f.r rat •• , tAe' 
, 
.ff.ct. of nOlzl •• ait v.loc~t! on heat tr.n.f.r rate. ver. 

not Itudied. Onl! on. no •• l ••• it .elocitr ('70 .".) .. a 

UNd, correep0a4int to "71'0148 1""'1" of l'OO ;~oO' ' to 
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la, .... 

.... poeltloa of .- ... le l'.lat!.,. to tbe cal ..... 1" 1'011 

/ 1 .... ri ... ." tU-. ,. ..... t.l'. ....... in Pi... 1.2.1. 

..... ~~ ... te~. are 

1 
1 

1 

• - cil'c1af.,enttal ..... 1. 

•... - defl_tlon utl • 

• - ... ale-to-ro11 .~ln, 

....... tftet of _la .. ~t.r Oft the but trall.f.r rat •• _ 
'1 0 

tlteclli ... 1»7 ''l'Jill9 eacla put_ter ia4epeftdentl, fr_ a 

-...... r.l po.! t 10ft. 

!he poaStlon of • no •• l. relatlY. to other nosz1e. t. 

"lJCrtbed br the no •• l.-to-noazl. apec: ln" s. "'0 
.... l.-to-no •• l •• pacin,. ..1'. used .nd the h •• t tran.f.r 

.-
nt .... 1'. _aured .t .... 1'.1 a.la1 locationa, x, bet ..... 

"i.e.nt no •• l ••• 

l' • 

" 1 

, , 
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H.- aozzle--to-roll .pao'''' 
B - clrcumferentlal angl. 
1/! - defl.ctlon angle 
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2. LIlL FIC 1 ~ 

2.,1 ca1 .... r Cooli,"! Liter.t .... 
1 

~li"" tb.or.tlcal or .aperl-.ntal .or' "le. 

relat .. 'irectl, to the c.left6ar coolS", PJ'obl" 1. "l'y 
\ 

li111t". .. .. 1'.1 cURu •• lon pepere ba.. bHft publisbed, 

.wcll lIPtCu1ate about the ".t po.ition in. c.len4er to 

~ •• 11' aoasl... r ...... ur ..... t ... de ~ c.l.nder. ba •• ' 

..... report" ·in the open lit.rature, .nd the .. _aur~t. 

cauot r"'ily be ..... r.1iHd. 
1 

LIfte.t .1. (1976) perfo~ .-piric.l .tudi.. on. 

pilot -.chine calender 1'011 to det.raine. the raütion_ip 

.... _ .urfac. t ..... r.tur. and ~011 radius cha..... roI'. 

.'.e.. la 'roll aurtace t ... ratul'. of I·e Chef _ ...... 

roll mdlua cllan .. of 1.' ~! .. on • 0.5 • cli_t.r "114 roll. 

fti •• ffect _. _Ili .. ed .1 tla t-o differ.nt type. of noaa1 .. 

(a IH JE • _ rec:Uaplar ..-al. and. 11 _ di_t.r 

clnular .... 1.) .... .1 ttl • ..rletf of nonl.-to-roll 

..... '-, ail' .. loeitl .. , .ir 

Ct... .......... c ..... on 

t..,eratur.. and eon&act 

CM 1000 _ di_t.r Id .. 

CI.tt.) roll of • c .... rci.l ... traprint cal"'r ûowe4 that 

• 1.S·e CM..,. 111 roll aurfaca t ..... r.tue. c.UHd • 1.5 _ 

...... ln •• b thickne... LJfte et. al., (1976) concluded, •• 

• t. ~tcbell .nd lbeahan (1978), that the kill9 roll ••• tbe 

808t affecti •• loc.tion for tha .ir .bower •• 

"rforaing •• peri .. nt. on. 8IOdern n..,~int aacblH, 

.tcMll aa4 SMaban (l"') in ••• tiptad t1te .ffact of 

" , 
j 

1 
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_l •••• c ... _ co.1Ûl9 .ir .... K. GD cal •••• r: roll 

-= ,net::.. ...0!~1... 'Ille effect. of ftou1 ..... i911 and 

paeitl_._n ---.d. .,..., report" t_t, 
a) air .... 1.'. are .r .. ffectl". a. the dlataac. 

llet__ tlle jet an4 tIM roll i. recluced, 

Il) tlle .ffeetl .. .,... 'of air .bower. applied 

to tille bottOli roll ••• ,r .. ter tbaft tbat 

~ air ~r. on t" third roll, 

... c) plaia noaal .. "1.'. twlc. a •• ffectl •• 

.., CM 8Ulti-orlfice noaal •• vith the 

_ total fl" ar ... 

1...... .t al. (Jul7 IMS) !ound tha~ cool!... air 
, 

atPl~ to the paper .. ut.rl... tlle cal ..... r ia _ra 

effeeti .. aM 91... a .... rapid r....... tbu air "8IIPll .. · 

to CIte cal ..... r l'olle. ...., IIPICulatad Cbat t'" .... C 

t~f.r: efflel.., to tille .. b _ Ir_cel.' tJau, to the roll 

... tlllat die 0001 ....... ùl. to c ...... tbe t'1II*rature of 

...-.nl roll. la t)ae cal .... r. 

,jeU • al. '(1 .. ) 8lM' 41..... "- optt.. 
... 

l .. ,i_ .f profll1.. .....1.. la • _ll.l.r. .. •• 4_ 

"'lac1--' tIIeontlcal c .. W.ratl .. t" l'eec ....... ta.t 
ta. air alllouW .. d'NeW ODto ca1...... roll. la tM top of 

tIIe .tac., .... r. ttae Ir_te. dale ..... reeluctloa ta~ 

pleCe. 

k7IIft (1.72) con.l"r" tlle air fl ... · _r.ted br die 

_1 .... 1.' roll .. illustra'" in Pi ... 2.1.1. Ile c0":1 ..... 

.... in "'r to get die _t .ff_ct ...... t traMf .... to tJIe 
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roll {ra. ~be air .howerl, it is nec.s.ary to break up the 

boundarJ layer carri.d by the roll. Th. velocity of the jet 

nec •••• ry to bre.k up this boundary layer depends highly on 

the polition of the nozzle vith respect to the roll. The 

mo.t effective location for the nozzles, according ~o Bryan, 

vould be to direct the. into the lov pressure zone at the 

out-going nip_ Hovever, no evidenee vas presented to 

lupport his rea80ning_ 
. . Tbe llmited ~ubli.hed york about ealender eoollnq doe. 

not provide any conaistent information on whieh one might 

vilb to base the design of a calender control system. The 

fev INasurements whieh have been publisned, I.nnot readily 

he general ized 

conf igurations. 

and 

The 

extrapolated to 

diseu.siohs about 
o 

position in the caleneJet and relative 

lpeculative and contradictory. 

2.2 1.,1ngln9 Jet Literature 

other ealender 

opt imum nozzle 
j 

to the rolls are 

Wh.re.s the pulp and paper· li ter.ture d •• Ung 

apecifieally vith ,the ealender control prob!".. i8' v.ry 

liaite4, the' literature d •• ling vith the more funda •• ntal 

,proble. of iaping ... nt he.t tranafer il quite extensive. 

~neral revi ••• -of the imping ... nt h •• t tranafer lit.r,ture 
, , 

have been prè.entea reeentl, by ObO~ (1980) and Sa.d (1981). 

The pra .. nt re"i •• vill deal on1,. wi th . tbe worll which la, 

~ 4tree~11 rel ••• nt to' tbe probl_ of ëal ..... cooli .. ,. 

J 
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Figure 2.2.1 illultratel the flov characteristicl of a 

jet i.suing froll a circular nozzle and impinging on a flat 

plate. poreh and Cermak (1959) divided the flov into three 

diltinct regions, namely the free jet region, the 

impingement or sta9nation region, and the vall jet region. 

The free jet region can be subdi vided further into the 

potential core, the developing or transition region, and the 

re9ion of the developed jet. 

The potential core is a re9ion in the jet, vhere the 

centrelin. velocity remains unchanged fram that et the 

nozzle eait. It originates as a core of undisturbed fluid 

in.ide the jet, vhen this f lov i 5 not fully developed. Upon 

leaving the nozzle, this core is not ilIIIIIediately affected by 

the ne. boundary conditions. When the,"flo. in.ide the 

nozzle i. ful.ly developed, there viII be no potential core 

nor a tranlition region. 

Tbe potential coré- length il an iaportant factor for 

h.at tran.fer .ince the ltagnation point heat tr.nsfer ratel 

tend to re.ch a _zi ... when th. nozsle-to-surface lpacing 

corre.ponds to thi. length. It il affected by the flo. 

condition'.nd turbulence inlide the nOlzIe, and therefore 
~ 

by the gea.etry of the nozsle and Ue flov channel upltr._ 

of the nozzl., and by the Re,nold. nuaber. Obot ,j>980) 

_.uree! potential core length. ranginfJ fra.' to 7 noaale 

di_ter. for lbort and long .itbo~ 

contoured inlet HCt ioft •• 

7be ••• 1oped flow rev10a esl.t. GIll, for .ufflcleat:l, 

... 
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- large noasl.-to-.urfac. 8pecing. It referl to tbat part of 

th. fr .. jet in wbich th. c.ntrelin. .elocitJ i. in.erlely 

proportion.l to (a/d). '!"he r.gion beJone! tb. pot.nti.l core 
f 

Ion. wher. th •• elocity i. no long.r con.t.nt, but i. 

inv.r •• ly proportion.l to (z/d), 1. r.ferree! to a. tbe 

region of d •• eloping flow or the tran.ition region. 

At the ene! of the fr.. j.t ragion, wh.re tb. flow 

beCJin. ta he .ffectee! by the içinge.nt .urf.c., the 

.tapa t ion 

illping_nt 

flo •• 

r.gion begin.. Thi. r.g,ion .zt.nd. to the 

.urfac •• nd includ •• th. r.gio' of di •• rging 

In tb •• t.gnation ragion, the azial .elocity cJecr ..... 

• harply, tb. ..ial turbul.nc. int.n.it~ incr..... .nd the 

pre •• vr. incr..... .. the a.i.l .. locitr ,.cc.pon.nt i. 

traft.fo~ to a lat.ral .elocitf. At the Itagnation point, 

the •• locitf i •• ero .nd the .tatic pr ••• vre i. at a ... 1.... The .tatie pre •• vre elec:r..... a •• l' fre. the 

It.gnation point along the l.ter.l direction. !hi. retion 

of .tron,lf negati.e pre •• ur. gradi.ntl .. lnt.in. tbe 

bounclarf lafer laIIinar e.... for a higblf turbul.nt j.t. 

!he di .. n.ion. of the .tagnation region wer. 

in ... tigatecJ by Obot (19") .nd!'anl and 10000tsu (1"'). 

".. h.ight of the ltagnation region, Jo, .al found by !aDi 

.net Ito.at.u (1966) to be bet ... D 1.6 and 2.2 jet di_t.r., 

for cli .. n.ionle •• no •• l.-to-p1a~. apaciDg' of 'to 12. "-

lat.ral estent of tbe .ta .... tlon l'.,I .. , clefi ...... a. tlle 

distance Ir_ the .tapation polat .... 1'. tIIe sutle ....... . 

• 

1 
j , 
1 
! 
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,~"i.ftt. .ra .... 11'lb1., bal beeft report" br "'nl and 

a .. t.u (l"') to be about 1.' to 3- jet cU_t.rs for the 

.... range of 41 .. nslonles. nosale-to-pl.ta .paein9. 

In tbe -.11 jet region, the accelarated .tagution 

flo. transfo~ to a decel.rated wall jet flow witb a 

nevligibl. lateral pre.sure gradients. ?he lat.ral •• locitf 

_ .. 10,*, in th. stagnation ragion pa .... througb a _lIi .. 

at the end of the s~.gnation ragion. 'l'he tran.ition of the 

bounclarf lafer frOÎll l .. inar to turbulent occur. in the w.l1 

jet ret!on. btensi .. e cbaracteriution of tb. stagnation 
\ ..., 

and .~l jet r~ion for an illpin91n9 round jet ha. bHn 
-~ 

91"... br ObDt (1980). 

'!Ile helat transfer rat.. for a row of jet-a iapingin9 on 

• rotatint cJlinder can ba .ffected br -f ..... tric anet 

flo. per ... t4tr • .ucb •• tbe noule-to-roll speciat, t_ 
ftOazle-to-nO&'la spacin9~ the jet .. ,aolde auabe ... , the angle 

of tbe j.ta to the roll, the .,tlon of the roll, tbe 

eunature of t-be roll and the atr_i.. .nd 8pIlnwi .. 

'iataace fr_ tW" fEâpation point. linee a rOtt of roua4 

j.t. con.i.t. of ........ 1 .in91e jet., _bicb., or _, not 

illtel"Kt, tM heat tran.ler rat •• of a lingle round jet are 

of i..,rtaftce. fta factorl infl_neing the beat tr.n.f.r 

rat.. of a 11n91e round jat 1.,in91~ on a flat ltationar, 

plate aucla.. tM jet Ile7nOl_ n __ r, the n088l.-to-plat. 

8J8Ci ... , tM 'iataaca a .. ~ fr_ tM ltapation point .... t_ 

... 1. of UIpi ...... t wl.ll be, i--.titata4. 

.,.. .ffect of _l.-to-plau ..-ci89 _ die 



"'7 •• '.' II1II1.' ____ .... r_: ...... ___________ ._. • __ ' ______________ • ___ • _._l __ IIIIR_J _flll!llrl~!"'I!jll!!!'l'll!'!!'1!011'l~""'I!lII'I .... ~··~ 

o 

22 

ata ... ti_ point ..... lt ..... 1' at two dlfferent -,nolâ 

n ..... r. for a tur~1eat .ln91. round jet i. 11lu.trated on 

rlpre 3.2.2 vith data frOli abot (1"0). !'Ile Itagnatioft 

polnt .ua .. It n ___ r pa .... throuth a .ai .. at a no •• le-to 

~te apacing of about 7 to • di ... ter.. The existenc. of a 

... i~ .tagnation point beat tran.f.r coefficient as a 

fwactioa of a/d bas pre.iouaif been noteeS b7 Gardon and 

c~rk.rl (1'62, 1"5 ana 1966), Matetoga ... t al. (1"0), 

~00f ln and lparrow (1976), ..-,.t "othera. 

Qerdola and Attirat (lNI) report" tut the _xi ... in 

Muo .. a function of HAt .al a r •• ult of the ~elocitf 

• 'prof 11. of tbe jet anel the turlHllence 1 ••• 1 of the jet. !he 

•• loclt!.of tM jet. r_in_1 conatant throughout the 

pot_tiai cor. aOft. but be9ina to decr .. _ at the en4 of the 

pot_tial cor. Ion.. tfbe turbul.nc. lnt .... it" on the otMr 

_ .. , iDer..... fr_ the' •• 1 t of the no.ale to the .nd of 

tille transition regiop .ft.r .hicb it r ... in. falrl, 

con.tant. ~ location at .bich the 4ecr ••• ing .ffect. of 

•• loci tf balance the incl' ... ln9 effect of turbulence 

ialee.it, l'.sult. ln the .au.. .ta9Mti.on Mu ... ~t n~l'. 

ftwa t_ peak luo colnc14 •• vith the peak in tb. ab801ute 

_pitude of a.l.l •• locitf fluctuations, u' ~o • 
.... 

7be lnt.nai tf of tœwl.ne. at the n0881e e.l t bal • 
-

•• rf 1a1'9. effect on Muo • ., .rtiflcially lncl' ... ing the 

l ••• i of turbulence ln the ~o •• l., Gardon anct At.fl~.t (lMI) 

abowed tut the stagnation point _lt n"'r coulc! be 

iacr ..... ~~t 100'. 'lbi ... alac llao ... br .. ;'t _ al. 
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(1 .. ). .... ~iatl ... of JIu .ltll IV. at laI'" tUl'buleace 

legela t.c_ at.oat 11_1', .1 th no e.l.sence of a ... 1 __ , 

llecauae the turbul ... lacr ..... the .\10 preferentlall)' at 

_11, a/cS. 

the different 1 ••• 1.· of turbul.nce in the jet at the 
, 

•• 1 t of the no •• l. _,. eapl.ain the larg_ variation. in"Uo 

fouad in literature • 
• 

..... • ariation of local Sher"ood n"-r. vith 41ltanc. 

fr .. the .tapation 'point ia 111u.trateeS fol' a lingl. round 

jet ln 1'19'11'. 2.2.3 vith tbe data of Sc hlGnd.r and 

anielin.ti Cl'67) for Hld-1.25, 5 and 10. 'h ..... tran.f.r 

4i.~rlbutlonl of H/cI-l.25 and 5, exblbit a ainiaua at y/d-1.2 

an. a aec:ondar)' _XUlua at J'/C!-1.6. '!'b •• e aini .. and .. xi_ 

at 10. no.ale-to-pla'. .,acing. are a.aociated "itb the 
otI 

ODIle' of and tlle coepleUng of tranlitioft frOII a 1_1nar to 

a turbuleat boundar,. la,er. '1'b. cOllbinatlon of a hl9h jet 

"~14s n __ r and a 10. j.t .pac!n, produc •• a fteptl •• 

pr ••• ur. g~a41.nt ln th. .tagaatloft r.,ion, "h1ch i. 

aufllei.Hl, Itron, to _lntain the bounclarf lal.r l_inal' . 
.... for a Idplf turlMal.nt jet. ",ond the region of .teep . , 

..... '1.. pr ••• ure p' •• U.nt, the on .. t of l:IoundarJ la,er 

tr ... it1on 1. _rt .. by the aln1.. at l/eS-l.2 "l'Ill. th. 

c&lllp1etlon of tbl. tranliti1:m i. _rt .. br the ' Msi ... t 

1/ .. 1.'. 

". .ffect. of "fft01ds nu.ber on .• ta.,.,.tion point­

~ .. lt n.-ber and a •• rage ..... lt nuùer al'. lll"8tratecJ on 

'i9Ul'~8 2.2.' .... 2.2.5 uaiftfJ tM r •• ult. of ..arl0U8 
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trOr •• I' •• ' 'lbe 11ope. of O., to 0'.6 on Pl9Ure 2.2.4 are an 

inclication of the laIIinar char.cter: of the boundary 1a7.r ln 

the It.gnation region e.en for: turbulent jetl. The higber 

.lope. of 0.7 to 0.1 for tbe re1atlon.hlp. bet.een tbe iü 

ancl Re on Pigure 2.2.5 reUect the fact that beyond.CM 

eSi.tanee frOli the .tagnation point the boundary lay.r i. 

turbulent, hene. in that r.vion 

0 __ 1" on lIua •• lt nu.ber ia 

turbulent j.t •• 

th. effecta of jet a.7nold. 

tut: norwal1y found for 

Obot (1"0) found tut the no •• l. gea.tf'7 and len9th 

can u". .lpifieant .ffect. on the local and the agerage 

IIUIMlt n __ ra. Tbe large cUlference. 'aIIOng the valu.a of 

lleat trall.fer coefficient. found in th. literature i. 

attribut_ br Obot (1910) to be due to the clifferent l •• el. 

of turbulence ari.ln9 frOli the- UR of different nosale 

.... tr, and inlet cOftfipration. 

fte influence ot tJM an91e bat ... n the jet aaia and , 

"clle illpla.-nt , .urface on beat tra ... fer coefficients ••• 

• tutl.. b.r .. rrr (1'14) for a .i091e round jet (rl9Ul:e 

2.2.1). fte Mat transfer c"ffiel~s .. r. deterained onl, 

et tINt point of Int.r .. ~iOtl bat_"" the jet a.i. and the 

Iapl.,'.'Dt .urface. ".. 11lpëct a .. ,le " •••• ried wllile 

.... iDfJ the noule-to-plate ..-elft9 constant. !he .... t 
• 

t ...... t... coetf ici.nts "l'. to.-4 to clecr.... .trOlltl,.i th 

....... i .. ' 1.-ct ... 1.. AI tM illPMt ... 1. i. decr.'" 
t~_ M· (no.-..l bIpln ...... t) to Ir , ~ laeat tn_tel' 

.-..ft!o'''' "l'.'" .., .. ft. 
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IOrfer and Kri •• t (1972) noted tut the Itagnation 

point 40.. not coincide .ith the point of inter.ection 

bet ... n the jet aai. and the iapinge.nt surface but is 

.hlfted toward tbat part of the jet being deflected in the 

acut. angl.. The degre. by vhich tbe stagnation point vas 

.blfted i. proportional to the nOZZle~Plate spacing and 

the cOlin. of the iapact angle. ~average .... transfer 

coefficient. ..re found ~r.cticallY independent of 

l.pact angle for conltant rOZZle-to-Plate .pacing for impact 

angle of 30· to 90-. 

!WO a.pect. of the i~ing ... nt .urface are important 

for industrial applicationl; tbe surface action. and the 

surface curvature. The influence of cylindrical curvature 

on the Ulptn~nt charact.rlltte. bas been .tudied bJ 
L--'1 uta et al. (1972) and It ... cta .t· al. (1976) for a slot jet 

vith a noaal.-to-plate spacing of 2, 8 and 40. '!'h. ratio of 

~i~nt cl1inder di ... ter, D, ta no •• l •• idtb, v, .as 

... ri_ fr~ 3.75 to 25. "'7 r.portecl tut the stagnation 

point ..... It n~r, .uo' •• s not affected by chang •• in 

tlle r.tio of the el1inder 41~ter to nozal. vi4th, D/ •• 

..... r for D/w _11er then 15, th. off-stafllation lIu.lelt 

...... r. vere affected bf tbè cur •• ture of the eylin4er. 

" e0ft4uctin9 a.peri.nt. of a Ilot j.t iapi",ln9 on a 

.. 11'19 flat belt, Subba "ju and Schlunder (1977) cSetenalne4 

tM .ffet of aurf~ce .otion 1 on tu •• era .. , .at tran.fer 

coatf icient.. fteJ foUlMf tut the a .. rate Hat tranlfer 
~ ~/ ~ 

ra' .. iDCr._ .lpiliCPtl,. vith Mlt spa", attal,*, a 

.. 

• 
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maximum and then remained es •• ntially constant vith further • . 
incr •• se in belt speed. The average heat transfer rates 

vere about 1.5 to ~.O times higher than ~hose predicted for 

impingement on a stationary surface. 

The effeet of surface motion on the local heat 

transfer rates for a confined slot jet impinqing on a 

rotatinq cy1inder has been documented by van Heiningen 

(1982) • Figure 2.2.7 shows the eUect of surface motion on 

the Nusselt number distribution from the data of van 

Heiningen (1982) for a jet Reynolds number of 8200 and a 

nozzle-to-plate spacinq of H/v-6. The surface motion i5 

expressed as e ratio of the surface mess- velocity to jet 

mass veloci ty 1 Mvs· PsvsI pjU j • 

From l'igure 2.2.7, it is evident that the heat 

traD.fer increases when the imping.ment surface motion il in 

the direction away from the nozzle centreline, while the 

revers. is the case when' t'he sur'face motion is in the 

" direction tovard. tbe nozzle centTeline. 

van Heiningen (1982) noted -the folloving generaL 

effect. of surface motion: 

1) AR inereas. in the stagnation heat ,transfer but 

no .ig~ifieant di.plaeement. 

2) The mini~um and •• eonclary maximum are displaced 

in the direction of the surface motion. The 

miniaua and •• condary .. ximum on the side . " 
wh.re the i8ping ... nt .urface ~s Ipproaching 

th. nOllale 4isappear in~o the atagnation h .. t 

" . 

i 
~ 
( 

-\ 

'f 
l 

» 
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tranlfer peak at bigh value. of MyS -hi le the 

location of the _ziaUII and minimum on the 

other aide il dilpl.ced progressiyely further 

33 

frOil the nozzle centreline as Hys il incre.s.d. 

Average beat tr.nsfer coefficients, a ... alured br van 
.1 

'-iningen (1982) for e confined Ilot. jet decre.se wit.h 

ine reaai ng "YS- On the other band, Fecbner (1971) fo~nd 

tbat increasin9 tbe lurface ~tion or Mye produced higber 

av.rage be.t t.ranafer rates for an unconf ine<! Ilot jet. 

with Fechner' a unconf ined jet, IIOre t~n balf tbe 

illping ... nt surface .a. covered by tbe bigher IIOMntUBI wall 

jet, _hich floved in the.... direction a. the surface 

.otion. Thil .all jet region produced bigher heat transfer 

tban the one on tu oppo.ed _ide flOtf. 

local .... transfer coefficient. for 

i~ing ... nt of a ro. of circular jetl on • flat Itationary 

lurface .. re det.raiftR by llOOs-an and Spano. (1976). '!'bel' 

in ••• tîgated tvo noza1e-to-nozzle 1paC: ingl of 5/d-t and 

6.67, four nosale-to plate ap.cift98 of H/d-2, t, " 10 aad 

four "ynolds n.-ber. ranginCJ frOli 2500 to 10,000. 

!he .tapation point transfer coefficient. eahibited a 

-..i .. at a noazle-to-plate spacing bet ... n , aDCI 7 ftoaale 

eSi_ter., for a11 -.,..olcls ...... t. and for both 5/4 

specing •• 

!he ... tnaafer c:oeffh:i_t 4istrl~ioaa a. • 

fUDCtioa of ...-1 .. 4iataac:., &1'4, IM ....... ~ et tt. 
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pr ••• nc. of this _si ... i. du. to the collision of flova 

froa tvo i~in9ed adjacent j.ts. Th. proainenc. of thi. 

_zi.UII i. accentuated et ... 11 5/d .ep.ration·s and at 

larg.r j.t Reynolds nuabers. 

Th. di.tribution. of local .... transfer coefficient. 

vith 1/d .bov.d no off-.tagnation peak. except for the lov 

nozile-to-plat •• pacing of K/d-2 . 

Th. .panv i.e ( &/d ) and • tr .... i.. (1/d) av. rage 

transfer coefficient. .er. reported by ~oopaln and Sparro. 

(1975) to be higber for th .... 11.1' nozzle-to-nozzle .pacing 

bf 5/d-4 then for tbe larger specing of 5/d-6.67. 

2.3 Conclusion 

on. i.portant input required for the prediction of the 

effecti.en... of a calender control Iy.t .. i. the .at 

transfer coefficient bettr .. n th. air' j.ts and th. cal.ncler 

roUs on trhich the, i-.ping •• The extenai.8 literature on 

illpin~nt heat tran.fer bal clealt vith _ny of the aapect. 

of thil problM • Beat tranlf.r coefficientl for .in9 
. 

roUDd j.tl ba.e been Itudied and info~tion about 

effecta of noaale orientation vi th relplCt to 
." 

.urface IIOtion, C1I1"9H lurface., and adjacent nozzl •• ha.,e 

...., .. 1 t .i th to ... eatent. Ho •••• r, in. cal.ncler, .11 

of t..... .l~t. are ca.bined in Olle probl_. A l'Ott of 

jet. illpi.... on ... 189 roll, nieh is coatin" bettr .. 

ttfO otber ... i89 roll.. fte ... tlOft ~in. a. to the 

_teat to 
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indi.idual .ffect. cu be .""lied .ben 811 of the ... ffect. 

ar •• et in, .ilault.neoualf'. '!'Ile pre .. nt Itudy v •• und.rut.n 

to .n ••• r thi. question. 
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3 • IQOI PNIIft' AllI) PROCIIXJR& 

3.1 o..ra11 De.ign Concept 

An eaperi .. ntal calender atack depicted in Figure. 

3.1.1 and 3.1.2 and .ho-n .ch ... tically in Figure 3.1.3 .a. 

built for a .tudy of local and average beat tran.fer fra. a 

row of -jet. i~ingin9 on a calender roll. The equip.ent, 

".aigned to .laulate indu.trial practice a. clo.el, a. 

poaaibl., conaiateeS of 3 verticall,-atacked roll., each '57 

_ di_ter and 110 .. long- '!'hi. di_t.-r corr.apond. to 

roll di ... tera tJPical of indu.trial cal.nder.. '!'br.e 

nos_l.a, placee! on eaeh lide of the al44le roll, direct cold 

air onto one .ide and bot air onto the otb.r .ide. '!'hi. 

arran, ••• nt, not tJPical of iDdua~rial praetice, ••• 

nc ... r,. for tbe _aure.tnt technique tIIIPlo~". 

'fbe nosal.. (PlIUre 3.1.') .. r. incl_trial calander 

coolin, Ilo •• l .. -itb an .ait cil_ter of 25 •• "!'bel .. re 

prcwide4 br IlidlaD4 Jtoa. of ca ..... Corp. for tbl. atucS,. 

'fbe.., par_ter. of tilla atudr are nos_le çacint 

... noaal.ori ... "ti-on witll re.,.act to tbe .i",1e roll. 

Cki.ution, of tbe noaal .. ~ the .iMle roll __ .. ried 

br adjustlnt cl •• ~ fr __ tell tIIe distribution ..... r. "l'. 
\ 

............... ,.... di.tributl_ Il .... r. -.r .... 1 ... " ln IUCh • 

way tllat t" ...-cTn. _1:_ "j-=Mt .... 1 ••. could ... 
• 

c....... fr_ 100 tG 200 ., i ••• fl'_ 'to • 1lOa1I1e 

T~I' •• 
, , 

0tIIe1' u~ a-r-ar., ~~!~,. rota~l-.1 1"'" 'of tM 

; 

J 
\ 
l 
i 
.' 
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Ff9ure 3.1.2 
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roll, v. , .nd jet v~locitJ, Dj , •• r. ..intalned con.tant 

tbl'ougbout thl. ItudJ. 'rh. roll .peed of 700 rp. .a. cbo •• n 

to ,I.e a perlpberal v.loeity of lOOO.v.In, corre.ponding to 

the the operating lpeed of an industrial cal.nder on a 

hi9h-.peed ne.sprint .. chin.. Th. noazl. air ,flo.rate ••• 

.. intained at 2.12 .3/.in (70 a/.ec), vhich i. 75' of the 

.. zlaua air flovrateoot 2.83 .3/ain rec~nd.d for tb.se 

no •• l ••• 

t'be _tbocl ellplo,. for det.raining the local b .. t 
1. 

tr.Dlfer coefficients for air jets i.piDgin9 on a rotatint 

roll .a. baaect Oll tb ... tbod e!."eloped in tbil laborator]' bJ 

Y.n Heininten (1'12). 1'be b.at ftua s.nlor consiltee! of a 

tbln-filll r •• iat.nce ther8OMt.r IIOUfttee! flusb on tbe 

.... fac. of a C'otatln, roll. Aa tbll .. naor baa a •• r! blCJb 

, _aitl .. lt, .... a "rI fast r.tapOn .. ti_ (in the order of 

10-10 MConcla) , 1 t coule! _sur. the .... nti.llf 

Ift.taft~eoua suC'fac. t.-peratur. vith a biCJh delr.. of 

reaolution (about O.OOl·e et l'70Rs) • PrOli the local 

eucfec. t-.,eratur. 4iltrl~tlOft, it .. a po.al~l. to Obtal. 

die local _ .. lt n .... r 41etrlINtlon br 801.1n, tbe 

",,,--.ut ..... t cOllCluctlOft ..-tl_ fol'. tM _11 of tbe 

roll. 

A Mn "tail" '-":rl,*lon of ta. .... 1'1_"1 

.... l'.t_ f011_. 

, 

.' -~. 

... 
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.. re fabricated fra. PYC pipe, •• ch roll baving. di ... ter 

of 657 .. , a length' of 813 .. and a •• 11 thickne.. of 12 

... Tbe di ... ter of the roll va. cho •• n to corre.pond ta 

tfPical dia .. tera of c~rcial roll., vhile the length 

cho.en va •• ufficient for the atudy of three nozzle. apeced 

200 .. Aparte 

Although calender rolla are nor .. lly .. de of cast 

iron, PYC •• a cho •• n for tbi. ~aod.l calender to aati.fy the 

apeci.l requir ... nta of tbe h.at flua .en.or, aa vill be 

4i.cuaaed later. Tbe choiee of .. terial in no vay affected 

the 18pin9 ... nt beat tran.fer. 

"ch roll .a. lIOunted betv .. n 17.. thick endplate. 

wbich v.-r. attacbed to a bollov 3 ... c!i ... ter aKle. 'l'he 

.. 1 •• "1". IIOUftted on the fr_ .ith ball bearing pillo. 

blocka. 

"- botta. roll •• a 4ri •• n tbrough a no-alip balt Ira. 

a 1.2 k ••• riable ape.4 4.c. IIOtor. fte ot~r tvo roll. 

"1". chain-4ri .. n fra. the bottaa roll. fte top rol1a of • 

cal .... r .tack are ua_11r dri •• n b7 contact vith the bott~ 

tri.... roll. ... .. 1" tbi.... not pos.ibl. in the 

uperi .... ta1 apparatua beca .. a gap of approai_telr 1_ 

... required bet.,..n the roll. to •• oid contact of the .... t 

flua _.or vith the top or bottoa roll. 

..... but flua .... _1" .. a 8Dunted fluah v, tb tbe 

... tace and .... di.tantlr bet... tM..... of tbe aiMl. 

roll. Pipre 3.2.1 ..... tlIe"t fl __ .-»r ln place • 

.... 1).. of tlIe .Ia .... are li .... la a la~ IleCtl_. 

" 
" , 

1 · 
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PiQIIre 3.2.1 
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•• 

TJ:le l.ada frOli the heat fluz len.or and thermocouple. 

in.ide the roll •• ra taten out through a hole in the hollo • 

• haft and •• ra connect.d to a lov-noise l2-channel sI ip-ring 

•••• abl' (lac Corp., Tex •• , Model IBC-BX-12), 

3.3 Air'Sy.tem 

The auppl}' air for the nozzles was provided by a 11 kW 

turboblower (0.9 • 3/.ec at 10 kP.) which drev aij from the 

laboratar!. A ~r divia.d the air into two strea •• , one 

pa.aing throUCJh a he.ter, the other througb.. cooler. Pro. 

the be.ter or the cooler, the air pa •• ed through 3.0 Dl long 

200 _ d~ ... ter fle.ible ho.e ta the distribution headers. 

7ha heater bad aix .aparate l kW, 110 volts beating 

kW total). vaa controlled 

.. paratal,. Pour atagea bad on-of f conèrol., and one .t.ge 

waa controlled br • potenti~tar. Par fine adju.t .. nt of 

the noazle air t.-perature, the lixth stage "a. connected to 

a proportional controller, actuated by a therai.tor in the 

distribution beader. ?he be.ter "a. equipped "i th • th.rul 

eut-off awitcb Mt at l70·C. 

fte C'ooler conai.tecJ of .n air condi tioner, a lold 

.... 25-tl0893, of 7 kW C&pecity, adapted for thi. equir:-ent 

bf r~in9 the fan and in.talling a t.-peratur. controller 

act_teeS bf a tberaiator in the B.rt converging aection. 

Idefttical diatribution h .. dera •• re usee! on the 

OD the .. 
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distribution headera, vith centre-to-centre spacing of 100 

mm (equivalent to 4 nozzle diametera). The three nozzles 

could thus be mounted on these unions vith a choice of tvo 

nozzle-to-nozzle spacings. For the narrower (S/d-4) 

spacing, the first and last unions vere capped and the 

nozzles installed in the three cen~ral positions. For the 

vider (S/d-S) spacing, the nozzles vere installec on the 

first, third and fifth positions, the second and fourth 

unions vere capped. 

The shape and dimensions of the nozzles used are shown 

in Figure 3.3.1. Each nozzle consisted of two straight pipe 

sections, 41 mm ID (1.5 inch Schedule 40 aluminum pi~~) 

joined by a 135 0 e1bov. The 25 mm ID, 25 mm long nozz1e tip 

••• joined to this pipe .ith a 70 mm long reducing sect;on. 

Tb. len,th of the nozzle assembly was 146 mm from the 

di.tribu~ion beader to tbe centre of the elbow and 414 mm 

fro. there to the nozzle tip. 

Bach nozzle .as fitted vitb a flov control valve 

(Pigure 3.3.1) Th •• , valves consisted of cylindrical' plug8 

.ith three V-.haped noteb.s. Tbe plugs fitted snu91y into 

th. opening. of the nozzl,. from inside tbe distribution 

h •• der, and .ere attached by tbreaded rods to the opposite 

vall of the he.der. 8y turning the rods, tbe plugs could be . 
in.erted or r.tracted from the nozzle .ntrance, thereby 

varJing the open are. of th. notch •• av.ilable for air flov. 

Wb.n in •• rted fully, th. pluq. 

ca.pletelf· 

blocked th. air flov 

, 
~ 

n , 
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Figure 3. 3. l 

Header 

Control 
V .... 

Nazzl. 

Schemat: ic of nozzle and d1st: r1butfon beader. 

, 

4E 
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Nozzle ezit velocity v •• .... ured using a Itatic 

pres.ure tap located 200 .. upst ream f rOll the nozzle eSi t. 

A calibration curve, velocity versus static pressure vas 

prepared using veloc i ty measurements made at the nozzle ex l t 

with a Pitot tube. The equation obtalned was 

where u is ] 

pressure ln mm 

u = 
J 

the jet 

of H20 , 

veloc i ty 

T 
J 

i5 the 

15 the ba romet rie pressure in mm 

in Dl/s, p 
sj is 

jet tempera t ure 

of Hg. 

3.1 

the stat ic 

in oC, and 

Ai r temperature in each of the nozzles was measured 

vith chromel/constantan fin. w1re (0.1 mm) thermocouples 

located 100 mm upstream from the nozzle esit, and vas 

di splayed on a digi tal thermocouple readout. 

The distribution headers vere suspended from a common 

carriage using clamps of hardvood and aluminum pipe vith 

vhich the poai t ion of each noule set relat i ve to the roll 

could be fised (Figures 3.1.1, 3 .1. 2 and 3 . 1. 4 ) . The 

carr iage could be moved parallel to the axis of the rolls, 

thus chan9ing the position of both sets of nozzles relative 

to the heat flux sensor. Axial heat fl~ distributions vere 

obtained by making measurements at several axial locations. 

PB 
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3., H .. t Flua $en.or 

3.'.1 ..... ur ing Technique 

'l'be _tbod Ulee! to deteraine the local Nu •• elt nuaber. 

for a Jet iapingin9 on a rotatine; .urt.ce .as developed by 

v.n Helningen (1982). The heat flua senIor •• asured to a 

high preci.ion the cycllcally varylng teaperature</t one 

point on the surf.ce of the rotating roll. In the pre.ent 

appl ieat ion, -local lurtaee tellperature could be .... ured to 

about O.OOl·C at •• aapllng frequencyof 1670 Hz. This 

surface teaperature •• s u.ed ••• boundary condltion for the 

solut ion of the one-dimen.ional unlte.dy-state he.t 

conduction equation de.criblng 

within the .all of t,he cylinder. 
" 

tbe te~r.ture profile 

Fra. this solution, heat 

flua and Mu ••• lt nuaber. at tbe lurface of the cylind.r •• re 

estracted. 

The h.at flua sen.or .a. a gold tbin-fil. re.i.tance 

ther.o.eter. The gold tilm .a. depolited on the lurface of 

a black of PVC taken tra. the roll., and thu. id.ntical in 

ther .. l re.pon.e cnaracteri.ticl of the roll. After 

d.position of the tila, the •• n.or .a • .aunted flush .nd 

s.ooth in the calender roll. Tb. choie. ot .. terial of 

construction of ; the cal.nder rolll .al subject\ 

constr.inta. Por u.e .1 th. lubstrat., it 

to •• ".ral 

bad to De 

.l.ctri~ally inlulating and vith a lurface t.stur. onto 

.hich an eztr ... ly thin <about 1500 l) 901d fila could be 

cS.pol i ted. Mor.o •• r, th. _ter laI f or tu roll. a1110 bad to 
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be i.otropie and De available a.. roll of thi. di ... t.r 

.ith no ..... (i ••. cast or eltrud.d). PVC met the.e 

require .. nt •. 

3.4.2 In.tru.entation for the Keat Flux Me.surements 

po i qure 3. 4 . 2 • IiI a sc he_ tic dia gram 0 f the c i r cui t 

u.-d vith the h.at flux sensor. The leads from the heat 

flux •• nsor .en.or <a r •• istance thermo.eter) were att.ch.d 

by .. ans of. Ilip-ring •••• mbly to. 4-decade Wheatstone 

bridge, thui producing a voltage proportion.l to the sensor 

re.i.tanc.. Th. bridge w •• bal.nced when the aver.ge of the 

fluctuating voltage fram th. bridge w.s zero. Thus the 

average and the fluc:tuat ing voltage w.r. m ••• ured. 

The fluctuating voltage, v, from tha Whe.t'ton. bridge 

.a. ~lified 2500 ti ... by • lo.-nois. diff.rential 

.-;ùifier (DANA MOd.l 2860) then filtered with a rilter 

(Rockland Lab. Ine., NOd.l 1022F) to re.ave high-frequency 

noi... Th. .ignal •• , then .ent to the MeGill University 

IIKhanieal Engineering DepartMnt data acqui.ition cOIIpUter 

faciIit, (DATAC) for digitizing. The signal wa~ aaplified 

by • factor of 2, then digitiaed by • higb-speed 

analog-to-digital con •• rter CADe). The input voltage range 

for the ADe .a. -5.00 to +5.00 volt.. Th. 4igitiaed .ignal 

.a. .tored on tape • Data recluction .as perfor8ed on a 

cQIIPUter at the Pulp and Peper ..... rcb Institut. of Canada, 

Point. Claire. 

". clrc&aferential positioa!!~ the ..... r ... 

- 1 
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H •• t Flux 

S.n.or " 

-=- 1.22 yolt 

Amplifier 
X 2500 

Fllt., 
.~ 

c< 

ADC (DATAC) 

PlOUI ... t 
PPRlC 

Figure 3.4.2.1 Circuit dia_r .. of h_t flux ....or. 
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identlfied durinv rotation bf an optlcal .vitch • 

•• itch, wben clol" bJ a ... 11 lever approsi .. telJ la .. 

vide pr04uce. a voltage of '.0 volts. When open, the .vitch 

produced a voltage in the range of O., to 0~8 volt. Tbu. 

thi. arrange .. nt produce4 a ~uare vave • Th_ signal "as 

• ent to the hig~-.pee4 AOC on a .econd channel for storag_ 

on tape aiaultaneoullJ vith th_ lignal from the .enlor. 

3.4.3 Manufacture of the Reat Plus Sen~r 

The thin-fila .enlor .ounted centrally in th. lurface 

of the .id41. roll i •• hovn in rigure 3.2.1. A thin Ilab of 

PVC of 4i .. n110nl 70 K lS a 10 ... a. glued to tbe back of 

the .ubltrat. to prevent tbe .enlor fra. alipping out of 

place during rotation of the roll •• 

The outllde 41 .. n.ion. of tbe .enlor .ere 50 a 10 x la 

_ and tbol. of the gold f 11a pattern .ere 39 K 8 _. '!'he 

fila pattern di .. n~ion •• ere ainl.1a" in order to obtain 

the Hlt approsi .. ~ po •• ible ~int value. of Nu in bath tbe 

aaial and circuaferentia1 direction •• 

fil. re.l.tance 

tberIIOIIeter il proportional to 1.ngth and inver .. l!, 

proportiona1 to the ~re root of thicknel. of the fila, •• 

illustrated in tbe folloving relationlhip, .bich .a. derived 

bf yan Heinin,." (1182" 

3.2 

-~-_ .. --. - '-... -- * 



( 

( 

"ith '\ • t...,.ratur. coefficient of re.i.t.nce 

L • length of tbe fila 

4f • re.i.tivity 

• ... iaua .elf-he.ting h.at fluz <la. 
d • fila thickn •••• 
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Renee decr ••• ing fil. thickne.. .nd incr.a.lng film 

l.n9th, incr ••••• t •• perature .enaitivioy. 

Th. fila thickn... "., kept to the minimua practieal 

v.lue, 1500 1. A thinner film ".a too fragile and could not 

"itb.tand Any ch •• ical or physieal tre.t .. nt. 

Tvo eon.tr.i~ta limited the maximum film length: 

a) th. total r •• i.tanee of the .enlor could 

not e.ce.d 35D a, • condition .et by the 

aap1iUer, 

b) tbe overall .ià. of the .enlor had to be 

k.pt, ..... 11 a. po'lible to obtain 

value. of MU .pproai .. ting point v.lue. 

in both th. aaial and eircuaferential 

direction •• 

ln or4er to ainiai •• th. overall .i.e of the h.at flus 

•• nsor, the ... ll •• t pr.ctical valu.. for "idth an4 .pacing 

of the go14 fila Itripe ".r. u.ed. Tb. final 4 •• ign of tb • 

•• n.or "bich .. t the .. criteria il .hown in Pigure 3.6.3.1 

lt ••• COllPOIH of 1 •• tripe, e.ch 0.25 _ "ide anc! 26.5 _0 
long, .pececJ 0.30 _ apart. OYerall fil .. left9th "a. 311 _. 

!'he 1014 fila pattern of ripre J.4.3.1 ••• pt:04uc:e4 
• br • pbotofabricatioft tec:lulique. fte eatlC'e 8Ul'fac •••• 
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Figure 3.4.3.1 Cloae-up of heat flux aensor. 
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flrlt covered vith gold. Th. pattern val produced by 

re.oving th. unvanted gold u.ing a ... k and a gold etching 

lolution, •• d.tailed belovi 

r, 

1. The surface of the vve va. completely covered 

.vith 1500 1 of gold by vacuum depo.ition. 

2. The gold surface vas coated vith positive 

photoresist (AZ1350J) using a whirl coating 

machine then baked at 6S·C for 30 minutes. 

Thi. tamperature and time had to be monitored 

very clo •• ly. Temperature in exce.s of 

6S·C vould cau.e the PVC to distort and 

fracture the gold film. 

3. Th. "Ik, vhieh va. mimiturized in the 

Il.ctrical Engin •• ring Dept., McGill 

ORi •• rlit1, val pr ••• ed cnte the photo-

r •• iet. A quartz la~, plaeed sa mm above 

th. "Ik, illuainated the ... ted Burtace 

for 30 •• cond. vith UV light. 

,. ft •• zpo.ed photot •• i.t w •• r.lIOved wi th 
1 

cs. •• loper. ft. aub.trate va. .,ain balte<! at 

6S·C for 1 bout. 
1: 

5. ft. .zpoaed 9014 w.. r..,ved u.i n, a gold 

6. 

etcbant aolution conaiatin, of KI:I2: H2o 
~ 

cUluted ln , perte "20. 

!he pbotor.aiat r ... lning ov.r the told 

pattern v •• tben re.o.ed vitb an orgenlc 

SOl?,,'. 
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7. ~he aurface of the lenaor •• a protacted by 

depositing a film of Si0
2 

approai .. tely 

1000 1 thick on the lurface of the g01d. 
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In preparation for the phototabrication technique, the 

vve lubstrate wal rough polilhed with 600 grit sand paper 

for 2 hours and then tine polished vith a cotton cloth for 
• another 2 hours • 

.. 
The two connectionl batwe.n the gold padl and the pure 

lilver lead wirel were made vith a silver paint, Conductive 

Silver 200, trom Degussa. 

Tvo fine wire (0.1 mm diameter) thermocouples, type E, 

vere inserted into holel arilled at the back of the sensor. 

Tb. thermocouples were 10cated 20 mm apart ana 5 mm trom the 

.urf.ce of the beat flua senIor. Special thermocouple glue 

(~ND 2151, TRA-CON Inc., Medford, MaIl.) val used to fia 

tbe ther.ocoupl.1 in place. The teœperature at the back of 

uling a digital thermocouple 

r.ad-out <0..9a). 

3.'.' calibration of the Me.t Flua S.naor 

The s.naor, pl.ced inlide • .aterproof bag, ••• 

calibr.tad uaing .'const.nt t.~ratur. bath and. O.l·C NBS 

calibrat.d th.~ter graduated to O.l·C. n. r.si.tance 

of the a.nsor •• a .... ur.d uaing a '-dacade Wb •• tstone 

bridge, a 1.22 volt pow.r supplf and an .... t.r. 

The calibration obtained ia ahown in Fi9ur. 3.6.'.1. 
, 

1 
1 
i 
1 

1 J 
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Rs= 189.23 + 0.487Ts -0.978 JI: 1o-3y2 
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Figure 3.4.4.1 Calibration of heat flux IIeIqOr. 
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ne folloving equation v •• fitted to tbe calibration 

= 189.23 + o. 489T - O. 98 x 10- 3 T 2 
8 S 3.3 

vith T in ·C and R in ohms. 

Successive calibrations of the sensor indicated that 

tbe sensor resistance decreased with time to an el'tent 

unacceptable for the accuracy desired. This change in the 

calibrat ion was a consequence of the rest r ict i on of the 

tempera ture to 65°C to avoid distortion of the PVC 

substra te. Th i s tempe rat ure was too 10" to fully stabi l i ze 

the microstructure of the very thin gold film. No other 

satisfactory annealing methods were found to solve this 

problem. Consequently, it was necessary to recalibrate 

repeatedly throughout the experimental program. 

3.'.5 Sensitivity of the Meat Flux Sensor 

The fluctuating bridge voltage, v, is related to the 

a.nsor and variable reaiatanc.s by 

v = 
(1.. + 90.909)(1 + &/909.09) 

1.22(R. - iy/10.O) 
3.' 

The resistance of the a.n.or Ra can be d •• cribed as 

3.5 
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( 
so 

v = <Ro + aT s + BTsz + 90.909)(1 + Rv/909.09) 
1.22 (Rg + aTs + 13Ts2 - RvjlO.O) 

3.6 

Differentlatlng equation 3.6, gives 

3.7 

For a typical experiment, Ts is 30 Oc and uSlng the flrst 

calibratlon of 

R '" 189.23 + O.489T 
5 5 

- 3 2 
-O.98x10 T 

s 
3.3 

to obtaln Ro, aand 8, a value of 203.02 ohms is obtained for 

Rs. Therefore Rv must be set at 2030.2 ohms. Insertion of 
..~ 

these values into equetion 3.7 gives 

3.8 

This sensitivity is et least one order of magnitude larger 

than a thermocouple. 

3.4.6 Response Time of the Heat Flux Sensor 

The response t ime of the heat flux sensor was 

crltical. (Por a typica1 experiment, the sa.p1ing rate "as 

1670 Hz, which m4'!t that the time bet"een succ ••• ive sample , 
( points was O. OO~6 sec (O. 6 ••• c:) • ~or the .ensor to .... ure 
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the correct temperature, its response time must be at least 

one order ot magnitude smaller than 0.0006 sec. 

To estimate the response time of the heat flux sensor, 

it vas considered to be a gold film supported by a perfect 

insulator. This assumption 15 valid for very short contact 

times and because the thermal diffusivity of gold 15 2650 

t imes larger than that of PVC. 

The response time for the heet flux sensor was found 

by calculat lng the t ime requi red for the sensor to respond 

to a step change in temperature. Since the heat flux sensor 

can be treated as a semi-lnfinite SOlld, the transient 

conduc t ion equat ion i 8 

3.9 

The sen.or is initially at temperature To. At time t>O, the 

surface At x • 0 is 5uddenly raised to temperature Tl and 

lIUlintained at that temperature for t>O. 

The folloving initial and boundary conditions are; 

at t. 0, T(x,O) • To 

at x • -, T(-,t) • To for all t 

at x • 0, T(O,t) • Tl for t>O 

Th. solution to equation 3.9 subject to the two boundary 

f 
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l. 

6C 

condltlon!S and ':he :r.lt.lL ~ond:t.or .5 

, . 
. , 

S,nc~ ~h~ four.e; ~~. 

.J' 

roo t 0 f P' 0 

The r ~ for e 

)( .. 
er~ 

ThlS eQuatlon 1S Integrat~d to obtaln th~ average 

temperature VhlCh results ln 

• 
3.J.3 

for a Four ier number of Fo • O. U·6. 

By lnsertlng the values of thermal dlffuSIVlty of gold 

(as: 6.62E-OS m 2/sec ) and thlckness of gold fllm (x or 1500 

J.) 1 nt 0 eq ua t 10 n 3.11, the response time t was found to be 

ln the ord-er of 10- 10 seconds. Obvlously, the response time 

of the sensor vas fast enough to allow a sampI lOg rate of 

1670 Hz. 

-------- ---'~--~-



( 

6':' 

3.' ., Se:'f-Heetlng of the He .. t P'~J~ Sensor 

pes.~d tnrough l.!I res.Sit~r ')ea' .!i 

gene r a tee: j'he amount cf hee! 

.roJ.t.age droç acreas the rells~cr .')d·~ .:5 :-es.Star.ce 

:: r de:-

sma __ 

The et f ec' ::; t : ne sen sor se ~ f - nea t . ng ':)r: ne 

NU ••• .1 t n ua.ber 1 can be ca:c~.ateè 

! 0 ~ ~ 0"" 

5e .. f-n~atlng 

v· (LWR ' 
Il 

! or t ne present 

.5 desc'.oeè Dv 

"here v - the volt.age drop over the senior 

ln the Wh •• tstone br ldge 

L - overa 11 lençt.h of çold f l lm 

W - "ldth of gold tllm 

Rs- sensor resist.ance. 

• ::>ca_ 

:::ase es 

:3 • ~ 4 

For a voltage reference of 1.22 volts applled across 

the Wheatstone bridge, the voltage drop over the sensor, v 

"a s O. 84 vol t . For a sen sor ha vin 9 a fil m le n 9 t h Lof 3 7 l 

mm, a film width W of 0.25 mm, and an average resistance in 

the order of 200 n, the resulting self- heating heat flux 15 

38 W/m 2. 

The stagnation heat flux is normally in the order of 

6600 W/m 2. Thus the self-heating heat flux constitutes less 
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than 0.5' er-ror at the staqnatlon polnt, and the voltage 

drop across the senior- 15 sufflClent_y .r:;. tha~ :he error 

!roJr. se.d-heat:nç lB not slgr:!lcar.t 

3.4 8 Re50~.Jt.or :;t Heet P .... Jt Senscr 

fluct-.1atlnç br:dge output voltage v and che Whe.t5~One 

br :dge res. st.ancefi a5 1 

_ 22 IR - R lU J 
S V 

JI ... 90.909)7: ... R /90909 
s v 

. 
The sensor reS1StAnCe Rs lS descfloed oy tne equat:on 

R 

50 

5 
R + 

o 

Ditfer-entiating equation 3.17 for Ts gives 

tlT 
s 

:: t.V(Ro ... aTs + STs 2 + 90.909)(1 + Rv /909.09) 

1.22 (a + 2aTs) 

3 . : 5 

3.16 

3 .17 

Since the output voltage from the Wheatstone bndge v 15 

ampllfied 2500 time5 by the differential amplifier and again 

2 times by the DATAC amplifier, the change in surface 

tempe rature toTs can be expressed as a function of the 

digitized voltage change taVd • 
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c,·:!\ .. ..-:.·:.:5· arS" • g:; i:I~')( •• Ï'\I.J~ 
'1 ;-S0C )( : )r {~ • : e'!' ~ 

ror run te, the to:':ov!ng :nput val us.d, 

Re - 186.59 

13·0.50.09 

6 - -0.012:'': 

Rv -199.' 

TS • 26.33 

Ft" oa thll, ! t follo". that the change 

teaperature 11 
. - • 316 ~ Ô\' - !: 1 

Wl th the resol u,t lon of 0.01 volt for àVd' 
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3. le 

ln .ur tace 

the .ma llest l1T s 

beeo.es O.001316·C. Obvlously, the heat flux sensor 15 

sufflClently s.nsltlve to perait resolutlon of surface 

te~rature do.n to at lealt l/lOOO·C. 

3.5 Computation of Nussele Humber 

3.5.1 Computation of Instantaneous Local Heat Fluz 

The heat fluz lensor measures th~ instantaneoui 

surface temperature. In order to determine the 

instantaneous heat flux, the one-dimensional unsteady state 

heat conduction equation i8 solved numerically. The sensor 

substrate i5 considered as a semi-infinite slab. 

The sensor substrate can be divided into n layers of 

thickness Ax, as illustrated in the Figure 3.5.1.1. The 

sensor surface is referred to by the subscript 0; the back 
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of tbe .. naor ha. the aublJer lpt n. 

t f 
~ 1 1 

1 1 

o 
1 

1 1 1 1 t • 1 1 

ft 

, 1 

1 1 
1 1 \ 

• • 

In order to calculate the lnstantaneous local heat 

flux, the te.perature dlstributlon must flrst be calculated. 

The equation for transient conduction ln one-dlrection i8 

~ = ô~ 
6t aw 3.9 

ThlS equation is solved br considering the control volume, 

r, shaded in Figure 3.5.1.1, and integrating equation 3.9 

from w to e and from t - Il t to t. 

e t t e 

J f 6T dt dx ---1a f f· 02T dx dt 
6t ~ 

w t-At t-llt w 

For a fully explicit scheme 1 the solut i on i 5 

( 
3.19 

" 

\ 
\ 

! 
i 

1 
1 

J 
~ 

1 1 

1 
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tor r·l.2.J, ... ~n-l and t.l,2,J •••• ,N. 

Th. r •• triction on thi •• apr ••• ion for the t.~r.ture 

i. that tbe Pourier nuaber, 

Fo • ~ 
lIX 

Vlth dt belnq tbe ti ... tep or th. NJlPling ti... t'or t.hl' 

condition tb. la,er thiekne •• beeoae. a funetion of the 

3.20 

1 n ord.r to deterlIIi ne the instant.neous h.at t lux .t 

the lurf.c., • h.at balance must be perforaed on the tirst 

C control volue., •• indicated in Pigure 3.5.1.2. 

17; 

AX .. 
• .. 

> jT, 1 1 1 ~ 

To 0 1 1 1 2 1 3 1 4 
1 • 1 • 1 • 1 • CIo- f- +', T, 

1 t l 1 

Input - Output • Accumul.tion 

3.21 

Since 

( 
= -Je lll1 6x) i 

3.22 
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... 

( 
the b •• t tlus at the .urface, '10, i. 

f '1'1. t - Tl. t,-l 
= 6XDCp l U - JI!. 3023 

To evaluate 

3.24 

whicb i. 

3.25 

.ome e.pre •• ion for To and Tl •• function of time mu.t be 

c tound. Por .hort contact ti ... , an .vera;_ of th_ old 

and the nev can be u.ed. Th. ret ore 

l ( T \ 
= '2 l Tl. t + l, t-l ) 

3.26 

50 equation 3.25 becom •• 
~ Ti.t -OTt.t_l 

qo = d~Cp ( - At - ) 

a. 

- tilt (To • t + TO • t - l - Tl • t - Tl,t-l) 

3.27 

The temperature at the control volume bound.ry, Ti can be 

calculated by aver_ging t~e two neighbouring 'points, namelr 
/ 

To and Tl, . -\ 
''<C 

Ti = 
To + Tl 

2 

<.. Squat ion 3.23 nov beco ••• 
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Q = 6xpCp (T + T - T + T ) 
~ 2 l.t o,t l,t-l o,t-l 

3.28 

-- T +T -T -T ' k ( 1 
2Ax o.t o,t-l l,t l.t-l) 

Osing the restriction on the P'ourier nuaber tnat 

fo 

the ne.t flu. at the aurface ia nov 

3.29 

.hich hold. true for t-l,2,3, ... ,N 

The boundary conditions in thia c.se are that tne 

surface tellperature 1O,t-li s •• asured for all t imes and that 

the neat flux at the back of tbe aensor, <ln15 O. This last 

boundary condition i. identical to stating that T = T n.t n-l,t 

.hicn ari.e. froll con.id.ring the aensor substrat. as a 

.elli-infinite solide It also impliea that the net heat flux 

to the roll i. equal to zero or that the total heat 

tranlferred to the roll by the heating jets is equal to the 

total he.'t reaaoved by the jeu on the cooling side. 

The penetration depth, Z, il calculated by 

3.30 
..... 

., 
Thi, penetration depth Z is defined as the location where 

the amplitude of a sinusoidal surface temperature variation 

of frequency 't' -1 is reëuced to l'. o 

Tbe nuaber of finit. difference layers, n, of 

\ 
\, 

\ -- ---- --
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thickn... 6x i li c.lcul.tee:! by 

n :: z 
~x 

= fT.; 2·°1 Kt 

vher. T
O 

i. tb. ti.. for one coaplete rot.tion. 
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'or a 

.atapl.~n9 of .bout IfS .... ur ... nt. per rotation, th. v.lue 

.'1 of ni. approlllMtely '0. 

3.5.2 Calcul.tion of Local NUI •• lt Muaber. 

At ... apURg r.te of 1670 Ha, and. cylind.r .peed of 

700 rpa, the nuaber of .... ur ... nt. per rotation va. 

approxi .. tely lfS. Thu. the local h.at flus v •• determined 

.t 1.5 point. Along th. circuafer.nce ol the cylinder. The 

location of •• ch .a.ur ... nt " •• id.nt i f ied by exa.ining the 

.ignal from the optical Ivitch, vhich v.. digitized 

limultaneoully vi th th. h.at flus •• n.or .i9n.1. 

In ord.r to obt.in the .ean v.lue of loc.l h •• t flux 

at .ach circUlllf.rential: polition, local heat flux vas 

aver.ged over 100 rot.tion •• 

Local value. of Nu •• alt n~r var. calculated fram 

the folloving a.finitionl 

and 

h = 

hd 
Nu :: k 

.. ~' 

'" where Tj i5 the jet air te.peratur. and To,t il tbe local 

teaperature at the of the cYJ.ind.r. The 

~ 

f , , , 
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cbaracteriatic length, uaed in the relation above, il the 

nozzle di ... ter, d. 

Depending on the location of the heat flux lensor 

around the clrcu.ference, TJ vas taken ta be the temperature 

of the hot or the cold jet. 

The coaputer printout included a Illtlng of the 

conditions of the experi .. nt a. vell as the local and 

average value. of Nu •• elt nuabers for the heatlng and the 

cooling jet. 

3.5.3 Di.play of Nusselt Humber Proftle. 

The analysis of the data vas folloved by a computer 

plotting of the locel Nu •• elt numbers. The Nusselt number 

profiles for the heating and cooling jets was incorporated 

into a single plot. The pertinent experimental conditionl 

vere also included on each plot. Plotted on the h~zontal 

axis il the circumference position of the heat flux sensor 

as it rotated. The eircumferential position ~~nglng from 0 0 

to 180' indicates the impingement surface for the heating 
. 

jets while the impingement lurtace for the cooling jets 

ranges from 180· to 360°. 

"- The distributions of the local Nuss~lt numbers due ta 

the cooling jets have Deen inverted to indicated that the 

heat flux is in the opposite direction from that of the 

heating jets. 

t 
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.. RBSULTS AJII) DISCUSSION 

'.1 Introductlon 

The position and orientetlon of en eir nozzle ln the 

plane perpendieular to the calender roll axis can be 

de sc:: r i bed un iquely vith thre. par_tera. The.e 

par ... ter., .hieh ere lllustrated in Figure '.1.1, are 

8 - the roll ci rcuaterent iel angle 

• - tbe def l*ct ion engle 

H - the nozzle-to-roll specing 

Th. roll ci rcuaferent iel angle, 8 describes the 

angular po.ition on the roll circumference of the point of 

intersection betveen tbe centreline of the nozzle and the 

roll aurface. Circuaterential polition can al.o be 

described in of y/d, the di .. nsionl ••• 

circuaferential distance trom the stagnation point. The 

distance, y/cS, ia defined a. positive in the direction of 

rotation of the roll. 

'l'he botto. nip (the sh o'clock position) on the 

centre roll va. def inecS .e e- O· , the top < n~~ thus 

corresponds to e- 180·. For cons i stency in representation 

of result. ot the pre.ent study, the roll ia conaidered to 

rota te clocltvise trom O· to 180· through the zone at fected 

by the heating jets, and from 180· to 360· (O·) through the 

zone affected by the cooling jets. 

1 
'ï 
l , 
i 



H - nozzle-to-roll spaclng 

(J - clrcumferent'a'l angl. 

'" - defl.ctlon angl. 

Figure 4.1.1 Position of a nozzle relative to a calender roll. 

7 l 
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The deflec:tion angle,. , delcribel th. angle by WhlCh 

the noazle centr.line is inclined wlth respect to the normal 

to the roll surfac. at the clrcumferentlal poSltlOn deflned 

by 8. Thus "hen the nozzle 115 or l entated perpendicular ly 

to th. roll sur face, • - O·. The angle "as def ined as 

positive when th. defl.ctlon angle directB the Jets ln the 

.... direction as the rotatlon of the roll (clock"lse ln 

,. i qure ,. l . l ) . 

The nozzle-to-ro1l apec i ng, H, "as defl ned aB the 

di stance alon9 th. nozz1. c.nt rel i ne f rOll the nozzle .ll i t to 

the roll surfac •. 

The position of the nozzle relative to the adjacent 

nozz1e. vas d •• cribed by tbe c.ntr.line to centrelin • .. 
spee in9, .spr •••• d nondiaensionally as S/d. The para_ter, 

ud, describes allia1 po.ition "ith respect to the centre 

nozzle. Thus th. position of tbe centre nozzle iB x/d - 0, 

wbil. the adjacent nozzl.a are at I/d • tS/d. 

The effect. of •• eh of the five position parameter, 9 

.. , H/d, S/d, and vd, "ere determined independent1y by 

variation individually from a neutral position. The sa me 

values of H and S, and corresponding values of ft and 1Y 

vere alwaYI selected for the tvo sets of jets, i.e. for the 

heating and cooling jets. The neutrai position and the 

experimenta1 conditions used in this study are sho"n in 

Table 1. 

The r.sults for all the experiments reported in this 

study, are I~rized in Table 2. The table includea the 
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Table l - Position parameters of the nozzles 

Parameter Neutral Position Experimental Conditions 

heating jets 90° 

cooling jets 270 0 

H/d l, 2, 4, 6, 8 

S/d a 8, 4 

1/d o -2, -l, 0, l, 2 

(for S/d-') 

-4, -3, -2, -l, 0, l, 2, 3, 4 

(for S/d-a) 

( 

l 
i 

1 , 

1 
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operatlng t~r.tur.s, nos ale position and orientation and 

r.a"ltlng .tapation and av.rage Il,, •• el t nuaber for both the 

cooUng and. h.ating jet.. Ixpt. 25 is a duplicate run of 

bpt. 1, .hich .a. perfoaed· vith the n081l •• at th. neutral . 
poaition. 

'.2 Local .... lt ..... r. 
ftae profile of local lIUII .. lt nu.ber around tM 

cll'CWlfernca of tlle .1cJ41. roll i. alIown in rigura'. 2.1 

fOC' the ca .. of tbe nonl.. in tlae neutrel post tioft flap 1). 
-<" 

,."~"'- profila. of local ..... l~ n ___ r for the beatln9jets . 
( • - O· t~. 110-) are Pl"e_tect la tM l.ft quaclrants, tla... ... 

,. tille cooll.. je~. (.. 1 .. • to 360· ) la tlle rlWi't 
~ , ......... ~ 

• • • -, '11' ' . 

~. u..o recot ... _ ·ta. plot are ~ ...... 1 .. 

.... ..... lt •• "11.1'8, ... , ..... tille cil'C_.~tlallr 
~ .... ; ~ -........ _lt • D Ir., .. , for ûe "'tl.. ... COOl'" ..... el ua. roll. ftIIt fb ..... tl .. par ••• teca . ... 

.... 11 .. , 1 ••• .,. • ..... SId, ... lIAI • are 1'M ... I.a la .... 
dd .1 1eft ..... t. 

-
la ... ~ W& .. I_t, • • Il'f 01 die 

• "1 ...... ,..... I,,'.""at le .I.B. .,.. .... ,lat ... 

.-l~ .. jet~tl .......... ':JI'" ~jC ............. , ~ ...... _t... ... ........ l~ t .... racw. 'fa ...... .... 
. , 

__ .... _l •• tar. ". .. ••• &8 die ~ ........ 

t '21 __ of tM .... 1. C'OlI, ..... , .... • "c:r tlIe ...... 

.,. ........... u... die, •••• 1. _it t •• pnaturM, ...... . 

.. ",c." .-:-. ,t,l r-atun ... die ....... t ...... t .. 
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(' 
., 

, differe.ce •• er. not uaed for an, calculati'on.. Th. actual 

local lurface t.-perature., whlch varied le •• then 2·C, anc! 

tla, t..aperature cliff.rence. ba.ed on the lbc:el lurface 

te~rature. .er. u.~ for the calculation of local heat 
\ 

tran.f.r coeffiei.nt.. Tbe cireval.rantiall, a.erag.e! 
/ 

.uI .. lt n~r •• ere calculatecl.. the a~.r.ge of the local 
1 

.uI •• lt n.-ber •• 

rigure '.2.1 contain ... n, fe.ture., which are tfPical 

for aIl of th. r •• ilt. obtaine4 in the pre •• nt .tudf. 

rollowing th. local Mu ••• lt nu.ber cll.tributlon froa the 

41.er91ftg nipa (at 8. O· on th, he.ting .icle or • 180· on 

'be cooli"9 Ild.) in the direction of rotation of" tilt roll' 

to tbe eon •• r,in9 ni~,. the ..... reature. ar. apparentlin 

IIotb .... tln' ancl cooling curvea. PrOli the -di •• rgin9 nipa, 

."1" tbe .uI .. lt n __ r la _11' but in tbe oppollte 

'Ir_tion rra, tlle .in part of the corr'lpond!ng prof U., 
/" 

.... ....lt n ___ r laer ... I, tirlt gradual1, and tben 

Iteeplr to a _1 .. at tu .tapation· point.. "It the , 
..... tl ... point, .... lt nu.ber eJecr ••••• le •• rapieSlf tun 

, # _ tJae, lPIÎI:oecb' Il'', lhowin9 a .econdar! puk in the 
, 

COOli8' Cur91 at y/.d • l, 2.'. A IICondar, pe.k i"'. not .l •• fl 

..-rent in the he.Ung curve. Approaching the convertin, 

alPl, there i. no r •• er .. l of h .. t flua a. occur. at the .i .. r9in9 nipa. 

'1'be negative lus_lt n..-ber nHr the 4lYergint nipa i • 

• ttributed to air .... in9 tbroup the nlPl- A lIlP of 

appc_iMtelf 1 _ ... to .. 18lt lNtt...., die roU. to. 

.. 
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pr.vlnt the •• n.or fra toucJiing ta.. top or bottoa roll. 
"-!h •• ir pa'ling through tbe.e Qip. would bring cool air to 

th. heating .ide and bot air' to the cooling aide, thu. 

1 c,uling. • .. 11 negaUv. heat flux in the .ffected .r •••• 
1 

" 

( Thi~ neqati •• he.t flux would not occur in • r.al c.l.n4er 

ataek, where air ~.nnot pa,. througa the nips. 

Tbe .te •• d .hape of the eurve. is cle.rly .ttributabl. 

to th. ~tion of th •• urf.ce. POl'· the e •• e of • aingl. Ilot 

jet i.pinging on • rot.ting cylinder, v.n Heining.n (1982) .. 
found non-.,...try in the Nu •• elt nu.ber profile, for .... 

.elocitf ratiol (Il,.p V /p U) as 10. al 0.06. In th. 
--v~ S S j j 

pr •• ent .tudf MvS wa ... int.inèd const.nt at 0.23. At thi. 
;;:. 

1 ••• 1 of .urf.ce aotion, van Heiningen (1982) obtained 
" 

.i,nificantlf at •• ed Nua.e1t- nuaber profil •• , .hich' 

diaplafed .. ny of the t.atur •• found as •• 11 in the profile. 

preaenteeS here. 

Surfac. motion aff.ctl heat flux by changing th. flo. 

cbar&Ct.ri.ticI and teaper'fur. profil.. in tbe region 

adjac.nt to the illPing ... nt lurfac.. POl' the r.gton where 

the aurface .otton! i. directed tow.rd. the no_ale, tbere al" 

.... 1'.1 factor. which affect the heat tran.fer c,oefficient, 

not al1 of which Act in the .... direction. Surf.e • .otion 

in tbe dJrectton oppo.i te to the "a1l j.t tende to inc-ru .. 
, 

the •• locity gradient at the aurface, bence iner ..... the 

.... t tran.fer coefficient. 110" ... 1', oppoHCl 8Otion of 'tU 
<f 

aurface and tbe •• 11 rt a11O,"" tH .ffect of reèluci., tlle 

, .. loci tr of t_ .a1-J.4fjet _re quletlr t1Iaa for • .tatl .. ..., 
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lllPin9_nt aurface, which ha. 'jult th. oppoll t. affect, 

l.e~ of t.nd~ng to reduee gradientl at the wall and benee 
T 

· the heat tranafer ratel. Moreover, surface motion reaulta 

in an unequal di.tribution of the nazzle exit flaw, vith th. 

v.ll jet on tbe oppOsed motion side eontaining le •• tban 

balf of the nozzle exit flov. Purtherllore, surface motion . 
canveyl air from the direction of the wall' j.t region 

>' 

to.ardl the atagnation region, i.e. drags boundary layer " 

flui4 froll the region where it. temperature i8 closer to the 

.urfael temperature. This thermal effect reduces the local 

effeetiv~ temperature driving force between the wall jet and 

the lurface, henee reduces the hlat transfer rate and Nu. 

Of thele leveral effeetl, the data indicate, as did tho •• of 

v.n Heiningen (1982), that the effects tending to decr •••• 

• u in the reg,ion of surface IIOtion approaching the noaal. 

aaia predominat. over th. contrary effeetl. 

On the oth.r .i4. of the ata9nation point, vhere the 

aurface .otion i. in th ..... direction a. tn. vall jet, aIl 

of the.. effect. are rever.ad, a. i. the net .ffect on the 

Iha profile. 

lt il intere.ti~9 to note . that th.r. .a. no 

. INbatantial diaplae_nt of the, .tagnation pointa cau.e4 br 

tbe roll lurface IIOtion. aven for a value of the .urface 

•• loc~tf .... ratio, ~s a. high a. 0.6, van Heiningen 

(1M2) reportad a .hUt of the ttapation point in the 

direction of aotJ.on of the c1,llnder, by onll' about 0.5 the 

width of hi. .lot jet. l'or tlIe IlUCb _11er .. lue of" 
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for the tbe present study tbe Ihift in the stagnation point 

position wa. too small to be ,measured and is not important 

in any case. 

The coolin9 Nusselt '.flumber distribution exhibits a 

.econdary maximum at y/d • 2." on the side where the surface 

recedes trom the stagnation point. No off-stagnation peaks 

are .vident~on the other side, vhere the surface.approaches 

the 'stagnation point. 'For the heating Nusselt number 

distribution, no secondary peak was found on either side of 

the stagnation point. The position y/d - 2.4 on the heating 

,ide corresponds approximately vith the position of the 

optical svitch. The peak may have been lOlt in the proces. 

of n .. rical11 IIIIItching the teaperature profile for 

lucee •• ive rotations 

'or a roune! .;jet 1..,in91ng on a stationary nat plat., 

abot (1980) found an off-stagnation _x1._ loc.ted et 

f/4 • 2.0 for jet aeynolds nuabers in the range of 15,000 to 

60,000. Thui it appe.rl that the off-Itaqnation peak at' 

f/d • 2.' lin Pigure 4.2.1 v.s dilplaced avay froa tH 

Itapation point a. a re.ult of the surface .odon. 

Di.place .. nt of Qff-atagnat ion _zi_ in the direction of 
fi 

cylinder Iurface motion .aa allo found br van Heiningen 

(1982), but for a Ilot jet. It ia .ell docu.ented tbat the 

lttCondary uzi.u. ret lects the coaplet ion of the bounclarJ 

lar-r transition froa l .. lnar to turbulent. ln the region 

bec ... n atagnation anet th. off-Itagnation ..ai __ , the 

principal affect of .urface IIOtiCft ia to incr.... tbe 

• 
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, ' 

v.locity gradient at the surface on" th. lid. vith motion 
\ Il 

approaching the nOllle centreline, end to decr ••• e it on the 

l.aving, side. This change in veloci ty gradient et the 

lurface advances boundary layer transition on the approach 

lide and ret,rds it on the leaving side. As ~ consequence, 

the €i"c~\ transition occurs 50 quickly on the approacn 

,1d. that the secondary maximum disappears into the central 

PI_k, while on the leaving side the secondary maximum 
> 

becom.a more prominent because it is moved farther out. 

The stagnation point Nuslelt numbers in Figure '.2.1 

are 273 for the heating jets and 309 for the coo11n9 jets. 

ror th. .. .. Reynolds number and Hld - 4, den Ouden and 

Hoogendorn (1974) reported NUo • 270 for iapingeaent of a 

lin91e round jet on • stationary flat surface. 

latrapolation ta. Reynolds n\laber of ~lO, 000 of Obot t.­
(1980) re.ults for a .ingle <:001in9 jet on a stationary flat 

lurface .ould yield Nuo • 175. 

The effectl of roll surface IlOt ion on ltagnation 

.... lt nuaber cannat be e.tracted frOli the re.ult. of the 

pre .. nt Itudy, becau., neither jet velocity nor roll surface 

•• locity vari~d (i." conatant Mw). An indirect a ....... nt 

bf c~ri.iQn vith publilhed data for Itationary surfac •• 

• oulet not be very effective beeau •• of the large nuaber of 

otber factor. liie noaale geo.etry, flow conditions aDet 

illplnca-nt .urface 9tto.trl which aUtet Nuc # a. il .vident 

fl'_ the diff.renc. in the r •• ult. report_ bf den Oudan anet 

IIooIJendorn U97.) ancJ abot (1110). .. ... on tbe find!n,. of . / 
,/ 
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van S.ining.n (1982), • v.l~ of .urface' v.locity .... 

,ratio, Mvs' of.J 0.23, a. .pp11.. in the pre.ent study', 

1~cr.a •• d "'\, hy about 2' and" f,or ,1Ilp1ngellent· .urface 

.pacing. of 2.,6 and 6 nOlzle widths. 'rhUI for the .pacing 

of ft/d-' in the pre.ent Itudy, it il .. f. to conclua. that 

th ••• values of 1Iq, vere incr •••• a hy <5' hy the .ff.ct of 

IIOtion of the roll lurface.' "/ 

The .olt Itriking f •• ture. of th~ re.ult •• hovn in 

'igure '.2.1 are the fact that th. rotating roll ••• U8ed a 

.t •• dY-ltate temperature, Ts ' which i •• ignifie.ntly clo •• i ' 

to ,T 1= then to T:JI 1 and that the average MUllelt nUlllberl .re 

~b l.rger for the cooling jet. than for the he.ting jetl. 

If .,. .nd "e .ere i~ntic.l and the heet e:a:change froa the 

en4a of the roll to th.environ.ent .ere negligible, it 

.ipt be •• pected tut tu average MUI .. lt n.œrl on t.he - . 

.... tin' .nd th. cooling l1des of the roll,ould ba equal and 

tbat tbe rot.tin, roll vould .I.~ a teaperatur., T , 
'\ 

.... lcll.t.nt bet_n ~H and TjC.f . 

7be condition of inligniflcant heat tranlfer fro. the 

.... of tbe roll il an acceptable approaiMtion. 'l'be .... t 

tran.fer area fr~ the anda of the roll (0.33 .3) il onl, 

aat of tbat of tbll circ_ference (1.11.
' 

) • The A T for the 

lÎlpln .... nt h .. t tranafer at the circ_faranca i. in the 

r .... 22- to 2S-C on the beating lide and 10- to 15·C on the 

C?oollnl licle. ..... A" for cOft'NCtive Mat tranafernfroa the 

.... " 1... "8 - .".' la br cGllpu"laoa in. tbe r .... fr_ 1- to 

S-c. ft_ tlae ~l_tlOR of t_ .. 11 _11er .r.,-.:lI 

C) 
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_ll.r dt and/auch ._ll~r h.at tran.fer coefficient. 1e.d • 

to beat 10.... at the roll end. vhieh are neg1i9ibl~ ... 11 

heat t~an.fer around the 
, 

circuaference of the roll. 

Another of th. conditlon8..:noted above, i.e-. ReR • R.c' 
eSoe. not .pply fully in this study. The n~zzle exit 

v~locitie. Ujff(: and 0i: .,ere both adju.ted to be equal to 70 

al.. With the difference in kine .. tic vilco.ity of th. air 
J; 

eautea ~. th. differenee in t.-perature., the j.t ReFnold. 

nu.ber •• er. approai .. tely 100,000 on ~h. beating .ide and 

120,000 on th. cQOling .ide. At the .tagnation point, .bere 

t~ llUa .. lt n .... r .arie. approai_tely a." .. ~ the 20. . ' 

41ffer.nce ln "",old. nu.ber vouleS aceount for a 10' 
<J 

4'fferenee in NUo • The di fferene.. .,ere found to be 
~ 

• coa.l.tent1, 1arger tban 10', particular11' for large H/d and 

poeltl •• defleetion angle.. Henc. the aabient t.-perature 

..... 1'. to ha.e bad a .ignifieant effect on the Nu •. 
o , 

Pft)r a dependence of .an Mu ... lt n"'r to the 0.7 
• 

.... r of Reynoldl nuMer (Martin (1977)) 1 the 20' "mol .. 

..-ber diff.rence corr •• ponds to • Mua •• lt nu.ber ratio - -~uB of, 1.' rather then 2, a. found in thi. ItucSy. Henee 

... rr .trong effect other tban tut attrlbutable to tbe 

"poldl n"'r differeneltl arult ba •• contributed to tbe 

4tH.rance bat.,..n the a.erage Il.''U n __ ra for t_ 
coo11n. and the heating lides of tbe roll. fti. i. tlIe 

.ff_~ of tJae ... lent air .t ..... r.tur; •• 
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l...,lnt_nt IlUrlac. anet tbe Mbi_t alr bJ tJW> eftt:ral~t 

01 the alr~' ln' both c .... , the he.t traftsfer rate. are 
, 

governecJ bl' the t'e~rature dlffer.nce. bet ... n the 'lr in 

the j.t and the 'Iurface (Tj _·~s ) on the one band, and 

bet ••• n -the air in the jet and the .-bi.nt air (T - T ) on 
, " j A 

~be other band. If tha aabient te~r.tur. i. luch that it , 

acc.leratel the decre.,e in t~rat~r. diff.rance blt ... n 
. 

the .urfac •• nd th. j.t, then th. h.at tranlfer coefficient, 
n 

\ 

"bleh ia 4efined "ith refa-rence to th. t.-perature , 

aillerene. bet~ t~e i~in,...nt lurface and the air at 

tbe no •• l. eai t ('1'jH .. 18 ~r " - '1jc ), vill be lover. 

!'he .ffect of "lent t .... r.tur. il illUitr.ted using 

tilla uperi_~ta1--\eonditiona corr •• JlODcliftt to 'the data _bon 
, 

1 •• 1... ..2.1.. ,... perti .... t ttlJlpltratu" .. al'. aho,", in 
( 

.l~. 1.2.2. ... t .... ~tur. diff.rence bet ... n th. bot 
. . ~ 

~ .... t_ ..... (".:JI - -rS) - 22·C, al <bet~ the bot 

,. ... dMt -.!Mt air (If jII" 'la) 23-c. Por the eoolt", ) 

:Jet. tilla c~.,,"'l.. t J'lfature cUf!.~ac.s .. r. 13·C 
; 

,ys ... "je} ... tee '-ra - ';c J. OB lIIotJt al ... , t"'~.ffec:t of 

dIe.-ld... alr _ to r."a. die diff.rllDCe ......... die 

et_tl .. 1_1 t ..... nt ... of tlle jet:" .... t_ ... fac., t"', 

.•• I_e' .. tJae~ .... t· tl'u.f.1' rat_ .... tM ..... lt n' 'IC'. 
1 •• nil _itla t .... wIlteh _ipt" achi .... fol' eGOf! .... 

u.. '.'IC' .ia1lar conditions • 

... tJie cODClit:lcml ... in t:hi.,atUIIJ, ~ entnl11 •• Rt 

> '". et Mlldaet air al.,. ca ..... 
, . 

, 1 
1 
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~ '1., U "-na • .ore rapt4l:r tun .oule! bave been the 

ca.. wltlaout e.tnl...nt (i ••• vi tb a conf ined jet) • Thi a 

caueed • ~tion in ~be h •• t tr.nlfer coeffici.nt d.fined 

1ft te~ of the ~~ratur. ·4iffer.nc. betv •• n the .ir.t 

the DOale eai t an4 the roll lurfa~e. Hov.v.r, vhen th.re 

-i •• large t.-per.tur. diff.r.nce bet ... n the roll surface 

and the .-bi.nt air, tb. .ntraln"nt of .-bi.nt air might 

alao caus. the he.t tr.n.fe~ coeffici.nt to incr..... roI' 

.~l., if the ~.-per.tur •• of th. jet an4 th. aabi.nt air 

"l' •• pproai .. î.l:r aqual, tben th •• ntrain.ent of .-bi.nt 
'II' 

o air in tbe j.t .ould h.lp to .. int.in the .ffective 

t .... r.tur. diff.renc. bet ••• n the j.t end lb. iapinge .. nt 

.urfac., .nd thua incr •••• tbe h •• t tran.fer coeffici.nt 

.. sed on tbe fiaed t~ratur. 4iff.r.nce-bat ... n the nqaale , 
eai t' .n4 the lurfaca. ,~ .,.. . 

It la clear tut lOile .ccount .It be teken of th. 
, ) . 

• flMt of the allbl.nt t.-peratura .b.,n dealing vltb 

uacoaflned j.ts. !hia .l,ht ba achia.ed by including an 

appr~lat. t.-peratur. r.~lo in a regr ... loft equation for 
• 1 

tM ... ra ...... lt n __ r, or bf redaflnlng tb. taper.tur. 

4rl."ing force to InclUde s.. contribution by the a.l.nt 

air. It ai9ht 8110 be appl'opriate to def in. the. Ii •• t 

tran.f.r coefficientl ln teras of the actuel -local 

tt.teratUfe divff.enc •• bet ... n the surfac. ancl the a1r in 

the jet,... propos" by saact' (1981) .nd ,Das (1983) for 

cent! ..... ~t •• ' ~.ve~, vberea. the local jet t •• par.tur. 

c ... be calculat.d r .. 411y frOli a h .. t balanc. for confineeS 

(\ 
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jet.. aMI tlanal l"fo.:.tl_ about tbe E'.te of eatrai_t 

of __ ldt alE' woulcl Ile requlred for unconf ilMMl jet.. An 

adcIitional cllfficult, in .ppl,!n, t..... .proaebe. in 

pract le. 1. the choiee of a .ui tabl. allbl.nt t .... r.tur •• 

ln tbe ca_ of • c.l.ncJer; tu t .... r.tur. of tbe .ir "bteh 

1. carriecl alOftg ~ the IIOtion of the roll aurfac. _, be 

quit. cliffer.nt trOll the IiI' .uvoundln9 the nca.1,-. 'l'IMt 

.. lent t.-peratur.a reportecJ in the pr ... nt "or Il .. re 

approal_t. value. of t_ laborator7 IiI' n_r the caleDCler. 

Unfortunatelr, tbe .... luea al'. not .. 11 ."oUCJb 4efinacl to 

jUltlf, uain, t .... in a cletalled .... lrai. of the data. 

t.3 .f!ect of lIoaale-to-lIOa.l. lpacin, on blal MUlMlt 

~r Di.trlbutioq -.. 
...... :r.ta l..,lqlng Olt tlae cal."r roll pro4uce 

t .... t.n.lona1 .... t flua ~U.ttlbutlOfta on tlla aUE'f.ce of 

tlle roll (ln the circuaferefttial and in t"" ula1 

4lE'ectloal) •• llluatrated in, figur. '.3.1. fte 

• .,.r:t .... t.al teclullque U8M in tbi •• tuclJ pro4ur:ed cletal1ecJ 

......... t. of ta. circ.-ferenti.l beat flua cll.tribut!oa. 

lJ'o obtain alliai beat flua cUltrlbutionl, _SUE'_nt. of .tM 

elE'e_fereiRlal "'.t flua' pc'ofll.. "l'. .... "itll' t_ , 

noulet at .... 1'.1 •• ia1 locat.ton. relati.e to the h .. ~ flua 

.. nsor. In tilt neutr.l poIitlOft <_We 1), the entre ... al. . -

.1. placed cllre.nlr oyel' tIae .... ~ flua .... 801',... , _ 

__ ... woul.. .... tU __ dIIe ..... U. poi". ..... tIIe 

..... 1_ WH. 41.1pJ ........ 11r Ina .... -,..... ",'U, ... _ . 
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., 
~ _1101' ~ac:" the cin:18f ..... tl.1 ""t flua dl.tributi .. 

et poal tion. x/4ttO, the ___ in the circuaferential heat 

flua pc"ofile., nov repre_nte(! a. -"MAx rather then ."0, no 

108"1' l'epte_nt" the .tagnation point, but approai_te1r 

t" lin. joining the stagnation point. of adjacent noasl ••• 

A plot of the usi_ in the circu.ferential distributions 

as • function of the aaial position, a/d, is then the asial 

tMpi_l.nt of the circu.f.rential distribution _ •• ured.t t_ neutral po.ition. 

Asi.l di.tribution. ..re 

noale-to-noaal. 8PlCin98, S/d. , and S/d. 1, .hich 

repre_t the ainu.u. anet .al.. apacln,. Doraall! used in 

c .... rcl.l application of t.... ao.al.s. POl' bot1a 

aa.ale-to-noaale aplCl ... , of 

circ., ..... t1.l IMtac fl_ .... fll .......... at lDCaml.. of 

_ ... 1. 4l ••• tH la .. lal poeltloa. 'Ille .. tint 1' ..... of 

... 11:1... "'1''' _ ,1IOü aûIH of t_ ,u ... ttoe perta' 

... coce ....... to tIae _ltl_ .... , _cw. . tM cJ..re ... 

.. ~ ... la, .. outl ..... la YaW.. 1. . 
Ble cln:.r .. tla1 ..... lt. 'Ir tiatl'Ülllltl_' • 

'" 

... I __ 1e tlpllCl~ ..... •• __ .;.. la l'l~ ~ " •• 2 ( 

&e '.1.10 1.. tille .. laI .-aiti.... V4 of O. :d, d, d ... ~ 
.. ' ..... tl .. .1'. .1,.. ••• J.U to " •• 3.11 lil_cat.· tille • 

local ..... lt • , Ir cU~i"l_ fOC' &ft •• at" &AI of, 0, 

, d .... .a nl'd!lU .... ,.. AlI ...... Ud, U. ... fl_, 

"t:'u..tl. _ 1. • .... q lblce1 .~I. ait. 1. 
- 1 

ab ,. Ill ....... la ...... 1 .., die -.11 Mfl ...... ta 
J' 

, .. 
\ 
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IV ••• ....-:1 ... 

.... • ffectl of ..-f_e _tic. on tbe .... lt n"'l' 

di.tribatlons al' ••• 1',. pr-.ouac" at Rld. 1 but ba1:'41, 

notlc .... 1. at a/cl • •• ftle ...... lt n ..... r cliitribution for 

IVd • 1 Ar •• tron91r .kewe4 ln the clirec:t1on of the _tion 

of the roll, whil. tho.. for H/ci • 8 appter .lIIo.t 

Ir-trlcal. 

t'be .Ifecta of aurfac. .otlon on the local Mu .. lt 

n ___ r di.tributiona appear to lM proportlonal to tbe 

.-ntua of the jet nul' the lurl.ce of the roll. 'Ibe 

.-atua of tbe j.t a .. r tbe .urfac. of th. ro·11 il hi'Mr 

for the jet .ith the 10- Kld apacillg tbaA for the j.t .itb a . 
blgla 8/cl apIICing. 'lb .... the' .,tion of tbe roll .urf •• " "Ill 

ba .. 91'_t.r influenc. on tbe jet vith tbe 10. 8/d apacill •• 

.... ...... rr Peak, founcl at J/d • 2.1, dl.lni ..... 

vitb laer .. ai .. Hlel lI'IKi.9, fo11owill9 tbe tr .... of tbe 

.ta9llAtion poiat .... lt Il ...... 1'., lluo • !he po.lti_ of tJ-. 

••••••• rr peak el14 DDt .. 1ft .ltb afd tplCia, but bic ... 

1_ IlOtlceù1. untll IVcI • ....... tbI peak .1 ......... 

fta ItafllatlOfi pelat .... lt n ..... r., "'uo, for tille 

1I.atl.9 :jetl aM tbe cooli.. 'et. al'. fr.~t" ia ri,. • 

••••• .. a 'wact!_ .f Il' ~l... ror tlle eatll'. &-..... of 

IV. ..-.=1.. Irall 1 to l, ~ clecl'.... .ltll Inc~lll, 1V4 

..-ct ... 
.... .... ti..... coolt .. :J", .... ildt u. ... tl' .... 

la _... • "'tl .. 01' .". .... '... .. ... t_ tIIIII 

ne1.l4. Jeh' ace ...... tIIIIII die ' •• '1 .. jeta. .. 

1Ito... 

\ 
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tel,. ... lia.!' relatl ..... l .. "l" fltt" to rHUlta ... 
, 

an 1_1" ln '1 .... '.t.' fOI' l'IV. , • " 

_tin.J 1" - 338.0 - 21
1

_1 H/4 for Il • 100,000 
1 

CooU~., lib - '2'.' - 2t. 2 H/4 for .. • 120, OO~ 

aIIMtt (1.0) repor~ed tut. lI;Iai .. ift lI1t, eailted for 

.... rt (lAI-1) *barp-ecl,ecI inlet nOI.1.. at Hld.. and at 

.,4 -• for cOfttoured inlet no_1 •• _ Kataolua and Niluata>i ... 

(l"') ...... l' .... a~ lkfirat (1"5) ba ••• 110 repor,t" a 

... 1 .. in .uo at. 114 apaclnt cIo •• to 1. aoop.an and 

"'1'1'_ (11") whô UH4 .bort .... rp-e4, .. In1et no .. 1 .. 

report" an •• reat _ai.. in .t ..... tlon point .... 

t ..... r.r coat fee let et IV. - ". 10 e.I4eac:. of. Mal_ 
o 

la __ et 114 apaclllfJ of • or • ..1 round ln tbll at.,. 
\ 

,.. trend in ~ .lth 114 apaclnt II ~t. ~I.llar to 
• "'t ao&ad t.7 .. l' ...... Akflrat (1161) for.:Jft .itb. ' 

~ .. 1 ... 1 01 .rtiliciellr iaduc .. tUl'lNleac.. ..'don ... 
Mf~'.t (1111) concl ..... tllat tlle 11~r .... letion of 11\1 • 

• 1" .,.... tlte reault 'of tlae lailta leftl of turt.l... in 

tille :J~ at tllte ..... 1. tait. '!tau. lt __ l'. tbat the tr'" 

ÛI .. ~ _"'ft la .i.... • ... , II elle r..wt of a bl_ t_...... 1 ... 1 ln tale j.t. 1Iowe •• r no turbulence 

.... rlc •• t ......... , .Idcla alght .. rif!, thi. bJ'POthell •• 

.. ' .... _Ion .... tlO8 propoMel bJ "'rtin (1977) tlae 

........ t beat tranlf.r for a .in91. round no •• 1. bal been 

'-1 .... ln 'Igur ••••• ,. fti. equation ••• fittecJ to 4ata 
, 

.... "l'loua courc... t'be aeatt.r of th. data .round Ilil 
o 
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ut] ur 

,.a...... .&1'...... ..~latl.. .1" IV. tIIaa 

.... 1111'&'.'. correlatlOft. 

,'l,pr. • ••• 7 

.Nc' .......... 1t ..... 1'., 'E, •• a function of H/d .pacial 

,OC' ta.. .... UDt. .... ~1Ie c:0011a9 j.t., fol' the .inl1a .ala1 

poaltloa, ald. 0, of tlai. -..ri •• of l'un.. 'flle lu dac:r .... 

"l'. '1_1, .ltb iner •• int 1V4 t ..... -"o. 110 cl .. r .al __ 

•• let., lInIt Jü ta." ~o 1 ... 1 off for Hl'd apeclft9 bet ... n 1 

... t. 

A ."Uar tr .... ln Iü •• ___ .... 1 Cl.IO) for an 

... ra, of roUftIIIi-antraac:. rowad jet •• ' Ile reportl4 tbat for 

a tlr.ti ... 1 .rM, .fln" a. t_ l'atio of ~ .. nosa1 •• 1'_ 

to ~he 1 .. 1n, ••• nt ar., o, f ~O.013', tlle no.sle-to·plat. , 
...-cla, .... no affect on Iü for 11/. apecia, be~ ... n 1 ...... 

0Mc UMO) ftot" t"~ ,Ile _ai_ round ln tM CUCYe 
\ - " of JIu ". lIAI beca. leu ... _1 .... ~ vith ctecr ... in, ,f. roI" 

.-1.1.1' dIu 0.ON7, JVt .,. DOt affect ;Ü sigaificantl, la 

eM r .... 1 .,. a. ftIe fractlona1 Ir .. , f, for- ta. 

je •••• t • ., _ 0.00121. ftua tlM tran4 "'1'''14 la 1ü •• ./ 
a ,.-'1_ of lIAI ...-clD9 vould _ to ha due to ta...-11 \ 

--.Ia lita and JIU al'. .ub8tantla11f 1ar .. r for tlle 
o 

IMll .. :Jetl tban for the heatln, jat.,. ln section ".2, tlle 

la~ 4iffar.nca. _t ... n.u for the butl,.. and coolt ... 

jeu li... ..ra Itttibuted to tlle .ffect. of the ..,lent 

air. ,.... IlUCla _11er diff.rlnc •• Ntv_1l the beatla9 .... 
~ 

cool1n9 •• 1 ... of _\ cannot Ile .~trlbut .. to t.tal. effect,· 

- ... 



III L 

r, 
t 
; 

'. , 

0" 
, 
~ 

" < 
, 

i , 
r , 

1 

1 
1 

1 

0 

• 

" 

~ 

-COOling~ 
... 

i 
l' 

--
Martin (I977J .. -----------.--

z .. 
1 • :t • a 2 1 

f· 
1 

"" 

fQ.n •.•• 7 .leec of' aDÛlIt.-Co-ft11 ... $ •.• œ. _ Il 
..... lc·. ".u. 

_04Wili nar 

.. 
.. 

J • 

• . \0.. ,'.1. 

.. 

'il 

. ., 

• 

- , . 



8. 

o. 

o 

" 

c 

" 1 a $Al 1 • ta, .J$' _ 24UtI~r->' 

121 

J8nlGululr al.al1 Bl4 81111Ct.... .... -l, plauaiile 

" tNIPl_tloa f0un4 for thl. 41ff.r..,. ••• t_ .ffect of 

.. ,..1" ..... 1", whleb .ccount. for onlr lOt of the 

dUfel'.aca 1ft ho-

f.1 affect of C'11 .... r Circ"'.r_ti.l Antle 

flle .ffact of tM circ_farentlal position of the 

MDl. around the .lMl. roll "a. atudied bf aiapl.clnt tM 

..... 1 •• t30· !r_ tH neutra1 po.ltion. ....ur_nt. "l' • 

... • ltla DOIal •• at ... 60· .nd 120· on tM be.tint j.t • . i.. ... at -le. 2.0· aad 300· on tu coollnt jet. .ide. ..... . 

... 1.-to-r011 apaci89 ... _inta1ned at 11/4 • t .... tM 

.... 1 .... r. pNltl..a DO~l to tu aurface of tM roll 

( •• 1·') .. ln tM __ &'al posltl_. 
, 

.... 1_1 .... lt ...... 1" dl"rllNtl •• for t" two 

.in ........ l.1 ~ (*.0· Ir_ ....... nl pNbl.) are 

........... 1ft .1.-. t.I.1 ... , '.1.2. '... , .. 

''l'UMltl.. al_ .IU tM ~nl ,.eitl. ara ....... 

.... wl ...... la Pl.-w' •••• 1. ,.. ,..ltl ... of t-' e~ ... 

.. ........ .., do- ln. ... __ l'al ... IU. but t:IIIelr 

.t., ....... ~n." a'talfl ... t1,. 

• die ~tl.. ai", tbe c.... an ..... t1al.lr 

_.itMt fOl" t" lnitial '1·, wlllen tIMt _11 ltiiiiiijl .r , 
.." air , , ... ..,.. ÛiI bott. nlp to tille "'tl.. jeta 81 .. 

pr"'" ftePti... Mât tr .... ,. c .. fticl_t.. '1'1111 ntl­

... DOt ..... atfkt" at al1 ." tir-. .lepllC. c lat of tille 

On ta.. cool1.. jet. al", . 

'- -- --
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tb. re.u1 ta over the first 45 0
: show a li tt1e more Icatter t 

• "bich can be attributed to the amount of hot a i Il' leaking' 

tbrough the top nip. When the heating nozzles vere 

positioned closest to the top nip (Ba· 120°),. more air "al 

forced through the top nip then "hen they vere placed 

further a"ay trom the top nip (e • 60°). c 
The Nusselt numbers near the converging nips'dJd show 

a slight increase as the nozzles vere Ihifted toyard. thes. 

nipl ( eH • 120 0 and 9C • 300 0
) • Ho"ever, the nozzles et 

theae circumferentia1 angles are not yet close enough to the 

converging nips to affect significantly the regions of high 

heat transfer. The regions of high heat transfer extend 

approzimately 45 0 or 7 nozzles diameters on either side of 

the stagnation points. 

Neither the shape nor the _gn i t ude of the Nusselt 

n~r diatr ibution. in P'igure 4.5.3 "ere affected 

lignifie.ntly br Ihifting the stagnation point t30· around 

the circumference of the roll. The effect of 

circuaferentlal nozzle position on the stagnation point .nd 
.' 

clrcuaferentially averaged NUI.elt numbers il shown in 

rigur.a '.5.4 and 4.5.5 re.pectively. The total variationl 

for .ither NUo or iiü are le •• ~han 10', vhich in view of the 

aecuracy of tbe •• measurementl (:t 5') cannot be conlidered 

lignific.nt. Henc., it can be concluded that 

circuafe~ential dilplacement of the.e noazle. by ±30· did 

not bave any signifieant effect on the ov.rall heat ~ran.f.r 

to the .lcldl. roll. 

1 
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Judg1nt DI' tbe .ual.lt nu.ber diatributionl in Pitur. 

t.S.l, it would appear tut a further dilplac_nt of the 

nossle. by 30· tc •• rds the diverging nip (in the di rect ion 

of _11.r '1alue. of 8 ) would ba". li tUe ef fect on the 

beat tranlf.r. A furtb.r di Iplac ... nt towarda the 

converCling nip bo.ever .igbt le.d to reduced beat tranlfer 

to the roll onto .hich the jet. are iapinCling. In t.r •• of 

nozale di_t.ra, it appe.rs tut the di ".r9in9 nip can be 

approacbed to within approaiutely 5 nosale di_ten and 

th. con •• r9ing nip within 10 noaale di ... ters without 

affecting the heat transfer to tb. roll .iClnificantly. '!'hi. 

conclu.ion need. to be confirwed with •• sur ... ntl _de .itb 

t.' IUect of Deflec:tion Ala4Jle 

'l'be cleUec:tion angle, .,.,a' •• ried fra. the n.utrel 

position at • - O· to •• t30· (.spari .. nt n"'rl 21 and 

23) and to •• tU- ( •• peri .... t ft~rs 22 and 2 .. ). fte 

noaal.-to-roll spaciDg of 8/41.' and the C:irC~f.r t-lal 

posi tion. of • - 10- and 270· on the lMatiD9 ancl ooliag 

li •• , respecti"el" .. re _intained tbroug t the_ 
t, 

.&pe>rl .... t.. In tbe neutre 1 potaition, the noa.t... ..1'. 
no~l to the surface of the roll. ftae 11-911 con .. ntlon 

acIopted ... tbat for a poli t i ft ., tbe jetl •• r. or ie .. tatecJ 

in tM direction of rotation of tilla alcldl. roll, _il •• i~ 

a .... tl·.. • , tJIa :Jet. _l'. poeltl __ tO oppaM tM~' 

rotatiOft of tlais 1'011. 
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" 

..... local IIu_It n __ r di.tribution at the aaial 

po.i tion. a/d-O. for •• ~30· and ~'5· ar. pra •• ntee! in 

Pi9Ura. '.6.1 to t.6.' . Tb •••• ua.alt nuaber 4i.tribution. 

• abibit tbe .... f.atur •• notee! .arUar in Section '.2, tbe 

lack of .~try about the .tagnation point and the 

'" occturanc. of aecon4ary peat ••• the roll recede. fra. the 

eooling j.t •. Ho •••• r, the .i •• and .hape of the 

cU.tributlon eurv •• ".r. Alteree! .iqni ficantly bJ tu 

def lection angle. • . 

'rbe .tagnation point _ua.alt nuaber. -"0' ar. plotted 

in Pi4JUre t.6.5 al a func:tion of • for the butin, and 

cool. ing j.t.. 80th curve •• llhibi t the ... tr.nd. in -uo' 
the .uo incr ..... t.adily .i th decr ... ing • to a .ai ... at 

•• -lO· and tun dec:r ..... t •• -tS-. 

On. effact of defltc:tion .n91., .' on tbe local 

.... lt n ..... r dhtributlon ... to ahUt the profil •• 

ara ...... t, .ittaer in or .tainst the direction of IIOtion of 

the alMl. roll, witb r •• pect to the corra.pondi ... swoflle 

for •• 0· (neut:.r.l position). ,... .atant bf .blch tM 

prof il •• ara .hl fted. .apr.sMd in taras of "..la cU_ter, 

4, i. plot:ted in 'igure '.6.6. ~th tM .t89ft&tion point 

_us .. lt I,, __ r. and the .atent of .hi ft .ahibl t tbe_ 

trend in de!lact ion an.1 •• 

li the de Uact iOft angla i. cbanga4 towar41 tM 

posi tl.. direct ion fr_ tlle neutral pail tion, tbe jet: 

\ " arri ... at t_ 1.-ph,' •••• t aurface vitb an ort. .. tatioa .... 

_rI, parallal to ~... IUI'~., ... f1oeri .. la tbe _ 
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) 
tir_tion a. tbe surface aotlon. In tbe liait, '1... • .90-, 

tu jet woul4 arri.e tant.nt to the lurface and _.int vitb 

the .urf.ce. The hi9b •• 1ue. of beat tran.fer coeffiçient. 

for lapinting jeta 4eriv. fra. the high •• 1oeity gradientl 

and thin bounder! 1aJer in the i~inge .. nt r.gion. ?bul •• 

il incre •• ed in the politive direction, an inçrea.ing 

fraçtlon of th. no •• 1e di.charg. f10.' .itb th. i.ping ... nt 

lurfac. on th. 1eeving .ide of the .t.gn.tion point, and 

flo.. in a condition .iailar to a flov parallei to • 

lurface. 

Thu., vith increasingly politive values of nozz1e 

4ef1ection angle,. , the pratr ••• ive 10ss of the 

i.pinge .. nt flov char.cteristic., vhich giv. the high be.t 

tren.fer coefficients ••• ociated vith impinging jets, cau.e. 

heet tranlfer coeffici.nt. to d.cr •••• , .s is ••• n on Pigure 

t.6.5. A corre.ponding ~rend il evident in Figur. 4.6.6 in 

that,.. • incre •••• fra. the neutral position of -O·, 

the MUllelt nuaber profil •• al.o Ihift tovard the direction 

of .otion of the iaping ... nt .urf.c., i ••• th. profil •• 

accur Ilight1J later, r.lati •• to tbe n.utral polition 

profile. !he •• tent of .bift of profile i. hovever not 

lar .. , vitb th. beatin, and cooltn, jet profil •• Ibifting an 

••• r.,. of 0.754 (or S·) in the .ir~tion of lurface .ation 

for both _.ureeS c .... , • -30- and •• 4S-. 

'or _11 cha ..... ln c1eflection .",le in the ..... ti-.. 

• ir_tl_. lM c~ .... c .. of illlCZ'_i .. 1J poeiti .. Yal_ 

., ...... rt .... 11 ........ ,_ to.-" .... _ c. tille 

, 

1 
] 
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opposite effect. ftU8.. thi •• ngle 1. changee! fra. the 

!teutr.l position to •• -30·, the profile. no. shift earlier, 

ln thi. c •• e b, an .".rag. of 1. Sc! (or 10·), and the v.lues 

of Nu incr •••• by 7 to lOt. 
o 

Ho •• ver, .s the nosale 

4.flec:tion .ngle is inc:reaaed still further in thil 

direction, to •• -'5·, thus directing the nozzle exit flo" 

IIOre .trongly in tbe di r.ction opposite to the surface 

IIOtlon, Figur •• '.6.5 and ".6.6 indicate that both of these 

_.sured eUects reverse. Thu., br • --'5·, the shift of 

the profiles reduce. to an alllount no" averaging O.5d (or 

3· ), and the v.lue. of Nu drops 
o 

for the def lection angle of 

to about the sa.e as esiat 

• -O·. With the nozsles 

inclined at negative value. of ., a larger fract ion of the 

nozzle dilcharge ia dir.cted tovards the region of 

impingement lurface approaching the .tagnat i on po int, i. e. 

to a region of opposed flov. In this region the içinge .. nt 

surface drags fluid to"ards the stagnation point, i.e. in a 

direction oppoled to the jet flo". One effect of thl. 
" 

condition of oppoled flov ia that tbe •• 11 jet tbereb, 

espanda IIOre r.pidly, tbu. cauaing the .all jet v.loci ty to 

drop IIOre rapidly, wbicb in turn le.ds to a reducticm in 

h •• t tranafer coefficient in th. region frOli •• 11 jet to 

.ta91Ultion ~int on the .ide of the jet •• her. surface 

ItOtlon approache. the atagnation point. "rhua it'·'b· not 

aurprising tut bJ iner ... ing • fra. O· to -'5·, It i. 

1 •• Qn.trated tllat for ..... 1_ of •• r0ua4 -30· t_r. 

occur .... 1_ ia ..., .... 11 .... _mu. in tbe .ift of 

... -
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the profile. in the direction oppo.ite to lurface .,tion. -'fbe circu.fer.nUall, a"eraged Mu •• eIt nUllberl, Nu, 

vbicb Ar. plotted as a function of def lection angle, ., in 

Figure t.'.7 for both tbe beatin9 .nd coolin9 jets, do not 

.botr the .... trend in h. PurtberllOre tbe relults ~ tbe 

heat.ing and c:ooling jets are d~tinc:tlY di tferent. '(rhe 

beating jeu produced. _aiaU8 Nu et •• O· vi th S~ll 
1 

i 
reductions in iiü al • v.s variee! in eitber t'- poSitiv, or 

negati"e direct ion. The cooling jets shoved an inc:rease \i n 
\ - "-Mu vith incre.sin9 • , vitb tbe eaception of the r.sult et 

• - -10· • At •• -30·, Nu is 20. higher than the trend 

• bo_n by the other four data points. Thi. ua i.UII does 

coincide vith the _ai_ .. in Mu for both the cool ing and 

-h_ting re.ults, but not vith tbe _ai .. of tbe Nu beating 

1'be dUferent shapes of the."o heating and coolin9 

cur.el are 80St li telr a consequence of the cOllpIea 

interaction. of the nov fi.lda of the j.tl .nd tbo •• 

•• 8OCiated vith the calencler rolll. 'rh. c:hange in tbe •• 

flcw condition. .Ul aUect the but tran.fer to the roll 

and th. beat 10.... to di f ferent eatentl. Sine. th. r.tio 

of tb. heat loat to the beat tra .. sferred II INCh higher for 

tbe beatinl c~e. tun for the cooUng .CUr'1'e', i t followl 

tbat tbe .. cUl"94tS sbould be affect" êliU.r ... tl,. Por the 

Jiu cunre., beat lo_s Ar. IlOt i8PQrtant, .... the shape- of o 

ta. coolint aad ~ti ... CUI'"Ne are tu! t. _tallaI'. 

, 
--
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5. StNCA Rl AND COIICLOS l OIIS 

Tbe et fee t of nozzle poil t lon Of' • oc • .1 .nd .ver.~ 

hea t transfer ra te. f or a ro" ot round Jet s l IIlpl n9 ~ ng on • 

rotatlng cyllnder was .nveltlgated experlaaenta.':"y The 

drlVen rolls. leach 45- _ ~n dl.-eter WhlCr- vere set up te 

151.ulate the condaionl ln a paper _chlne calenO.r The 

raIls •• re drlv.n .t a constant .urtace speed of 16. i a/S. 

and aH wal bloWTl frOll! 25 _ di ... ter clrcular c~rcl.l 

calender coollng nozzles w:t.tl a nOZll. eaH velocltyof 70 

II\/s, WhlCh V.I e-qulva1ent ~o • Reynolds number range tr~ 

100,000 to 120,000. Both h.atlng and coollng of the roll 

vere Studled vlth no&&1. eXlt t~rature. ln 

to 22-C and 55 to 62-C and roll surface t.-perature. ln the 

range 28 to 3e-Co TM fo11010 ng range of no&z1. posa 10nS 

va. l nvest 19Ated: '-

Moule-to-roll spac1n9. H/c! . .1 to 8 

Monle-to-nozz!e spacine;, S/d, • and 8 

",ual lacat 10n •• vd, -t to 4 for S/CI-8 

-2 to 2 for S/CI-4 

Clrc~ferent laI an91e. 8 H' 60·, 90·, and 120· 

and .C' UO-, 270·. and 300· 

Deflect lon angle 1 ., -45· to •• 5-. 

1) The tellperature of tbe aaDl.nt air, -blCh -a. entralned 

br the jet flo., .a. found to ba •• 1 " .... pronounced effec:t 

on the aveta4Je beat tran.fer rat.. to the roll. Meat 



i 

, 

t..perature driving force bet ... n the Jet and the roll 

','" 
.urface. the rat l 0 of tetaperature 

dlfference. ''- - T /I( T - or va. lDucl'l larger than for the 
J S J "", 

COoll ng Jets. Con.equent l y, the beat ezcban<;ed wlth the 
~., 

.urroundlnC}. relative ~o the l'leu exchanged vlth the 1 • ro ... 

lurface ••• 'Mller for the coo1:"9 Jets, and the aveuge 

Nu ••• lt n~r, Wl'lleh .a. ... •. ur.d lflth reference 'to the 

..,. . ] - Ts ' v •• iarger 

Jet. than for the be.t1ng Jets. 

for t he ~ 00 Il n 9 

2, The nozzle-to-nozzle spaClng of S/d • 'vas found te 

produce 1 : 7, hlgher .n~ lDore un: form beat tr.ns!er 810ng 

the :'ength of the roll "n th. S/d • a spac1ng. The h19her 

b.at tran.fer li a consequence of u.lnc; t.lce tbe nLaber of 

nozzle. and therefore tV1C. the aaount of al r . 

• peced et S/d· 8 .et .... ll)' tr.nsferet! 50' .ore he.t per 

nozzl. than tho.. .paced .t th. SIc!· •. 

nozzl •• , placee! on th. .... roll, •• ch "1 th S/d· 8 but:. 

naqqered _lone; the .zi. by L/d • • and po.alone<:! 51- .part:. 

on the Cl reuafer.ne. _i 11 tran.fer 50'.are h •• t tban one 

roV of nozzlel V1 th 1 apec lng of S/d • •. 

3) Tbe clfcuaferentlally .ver.ged Mu ... lt nuaberl decru •• 

v!th l ncre.s1ne; H/d. T'hu ef teet beco.es 1 ••• pronounc.c! 

,) TM poS1tlOn of the no&&l ••• round the circ~f.r.nce of 

th. roll, e , ha. no S19nlficaftt .ffect 0tI t_ ."er ... but 

tr.n.ter, provi4ed the etagnation point ie _t l .. st 10 



( noazI. cli ... ters ••• , fra. the ni". 

5 ) point Mu ••• l t fll.aberl, Mu , shOJfed 
o 

1'6 

• 
... iau. for both tbe h.aong .nd cooling jets .ben they .ere 

lncll.ned by. - -30· ln the direc~lon oppollnq the rotatlon 

of the roll lurface. The clrcuaferentlally averaged Nus.elt 

nuaber aho •• d • "lll.ua for •• -30· for the coollnç Je~5 

and a ".laUII at .. - O· for the h.atlng Jets. 

'J 
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Appencl1.11 

For 'èach rotatioD of the roll. the aurrace temperat"re 

distribution •• h1cb 18 11luatratad in Figure A-l, is uaed 

t.o calculate tb. local be.t nus cl1atr1.butioD .ccordlnl to 

t.b. proc.dure outl:1.ued in Section }.5.1. The local beat 

nUI diatribution. for one rotation, 18 ehown 1D f'1.sure &-2. 

'rh. local beat. nUl( d1atr1 butioll •• a calculated tOI' 100 

rotationa and ....... er.S.d polnt.-.1se oyer tbe 100 rotatioua. 

Tbe reaultins heat nUl( d1.atributloD ls shOtrD in Figure .-3. 
t'he heat tll1Jlt d1st.ribution •• s t.heo cODYerted ta tHlsaalt 

Du.ber d1str1 bUtiOD by the ctetini tions abon OD page 68, 

Section 3.5.2. 
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Figure A-3 Beat fl~x distribution a •• raged over 100 rotation •• 
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