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,Many blown film production lines are Hm! ted by 
,f' 

'càaU'ng. Any at,te,mpt to i"nC!rease thrQughput w~t 

eXGe:edlng the film blocking temperature must be 1 

accol1!panled by, 'a,n increase in the 'amount of cooling .. 
. . " .... 

H?We~er, higher cooling air flow« rates decrease bubble 
J , 

stabJ"l,,i.ty, and .this is reflected in bubble deformations, 

,COl'r~sponding dimensional val'iat.iol'ls 'in the .film and an 

unacceptable ~rOduct. In an attempt ta generate stronger 
.. 1 '. _ ( • 

coolihg candi tiQns, air w'as drawn down al'ong ~the film 
t. - ~ .... 

. ," , 

bubble "i'n'a countercurrént fashion, that is, in a 

J direction opposite to that of film motion. 
- ., - !) l ' l ' ~ • 

- . The position qf 'cpoling ,air withdrawl lias 'fOlJ~p ta 
, ,~... • ~ <1:U • 

1'"have,'st,rQn,g' affect. on bubble st,ability" and shape.' , 
l. .:. \1\· J' -" 

~ur~a?e. ,~emperat{Jres, air v~loci ti~s and c'ool1;ng air . . -
t~mpet,at.ures were measured' aloQQ the film bubble, and 

~,) ., : - ... "V'. • \" .. , " - , 

hêaf. t:'r ans fer coeffi c'ients were ca lculated' as - a fun'Ct ion' 
o 

of dls't.ance from the dIe inl order ta 'c'ompare the cooling • .It. 

,abilit.y of this 'type of operation" wi~h that of a standard, 
" 

, single lip 'air ring. , Lower sur face temperatur~s \ werE!D 
, ~ . 
'recorded ovez:- the portion, o.f bubble 'where counte1'cux:rent . , 

" cooling air flows we!'e applied than were, m~asured fot -' 

standard é'Ooling. This suggests the opossibli i ty of ' 

~ increasing. polyme~ throughputs 'by means of countercurrént' " 

,cool.ing .. 
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RESUME 

" 

~ , 
,If 1 

\. Beaucoup de pgnes ~e la production du f~lm ,S,ou1flé \ 

sont limitées par la refr~idissement. tout' essai d' augmenter. 
, , , 

la. production sans dépasser' la température d' enc,o,mbrement 
~ 

du film doltêtre accompagné par une augmenta~lon au total'." 
, '. ' " , 

de refroidissement. Cependant, les ra tes .. d' écoutement ,d'air 

refroidissant P~U5 élevées diminu,ent da stabilité de la J ' 
,. bulle: les res~lt'ats sont des délormations dans l.a bulle, of 

des var iations borrésppndantes dans les dimensions du film, ~ 

et un produit inaèceptable. Dans un effort de créer des 

, .. 

, . 
condi~lons de refroidissement plus fortes, l'air est tiré~" 

" à ,la ,long d,e la bUll,e du film dans une' maniè~e contre le 

cour'ant; c,'est ,à, Qi're, dans une' direction qui oppose celfe 
\ 

du mOuvement du film .. 
" 

On a trouvé que la position de '1 a retrai te de l' ~1r, . 
refroidissant a eu un influence fort sur la st-abili té e~ 

, la forme de la bulle. On a mesuré les températures de la . 
sur.face, . la véloui té de l'ait, oet la température de l'air 

"refroidissant à le long de la bulle du film. On -a aussi 

calculé le coefficient du transport de chaleur comme une 

,fqnction de l a dis~ance du coi'n l>our comparet la "c a~abil i té ',; 

refroidissante de ce 'type d',opération avec celle du rond 
, ' , 

-d'air standard d'un bord simple. 'On a registré les 

tetnpér-atures de la surface plus bas sur la portion de la , , 

bulle où 'on a appliqué de sécoulements d'air refroidissant 
• 

contre le courant Que celles où an a me suré la refroidissemeot 

, .' " s tiSndarde' ce veut suggére'r ç: possib i lité d' augmen'te~ l-~~ 
> 

, : 'produc t 10.0' de polymère pa r la re froidi ~sèment contre le cou-t~nt. 

li 1, 

-r , 

" . 

. , 

. ~., . 
b 

• 

, , . , 

0, > 

J 

/ 

........ 

J 



1 

.-1' 

"'-

, . 

... 
0 

~. 

, 
1. 
1 

.. 

. \ 

/, 
/' 

/1 ' 

-, 

~ 
. " 

4 .. 
'" . 

."" 0 

'p' 
ëJ 

rt 

~f 

A:K~~~~~~~~,l: 
~ '\ ! 

/ 
, , 

. , 

. 
~'" 

1 ~~Sh4 to'· expreSTb Y sincere gratH:ud.e ~o p~Ofess~r 

J. M. Deal y far hi s adv.ic e and SUR'Port throughQut th'is 
- f .... , 

research," 
,', ~\ 

, 1 am grateful ta 'me-mbers of the- POl'yolefin Fies'in' Gro~p' ... 
un~on Carb!d:' Canad~, L1ml ted, MontI~al" Technic'al Centre,' 

\. 
1 

\ " 

'1 
/ 

/ 

,,' 1 
r- _".,,, 

,1> • 

f ' 1 ' ~ 

for the use of, the!r film blowlng equlpment and laboratory', . 
. ,~,. " ~ . .. ~ "" . 

• ~J' 
',f$éillt.les. l am particularly indebted ~a G. Kirkwood,; 

lM. Proulx and Z. Bakerdj ian, who made 'many' valuable 
1 ' 

'~sug~est~ons during the course of thls work. .-

\ 

'~in,ancial support for this study was gratefully 

, '!received From the Natural' Sciences ancf Eng1neering ,.Counc·il 
!' \ ,~ •• -

,r of, Canada. , tr , 
, , 

.' Continuous support an'd encouragement\. t,hroughout my .-

" '... " "G engineering courSe of study was given by my parents, 
, ' . ., . ~ 

Kurt and Bet ty Strater aod, by Susie Rohardt which w,\s 

\. immens'ely appreciated. 

\ \ -. 
" , , , 

, :J' 

- ", ~"" .. 

, , ' ~ ~ 

, " 

.~/ , 
"' ... /,' 

, / 

, ! ) , 
-";: " . . , 

,', 
" , 

" ;' 

" 

\' . 

. , 
, , -

.' 

" '. 
.. 

, ' , - , 
, . 

" , 

\ \ . 
',~ , . 

. " 

, .4 ... 

, " •• 1', ~ 
, -

. \ .. ~ .. 
1'-. : ~ 

, ~ • > 

,ô 

... \ 

\. 

" , 

, . 

' . 

,} , 

.... ,,'. .' , 

',' 

,'. 
\ 

- ' , t~...I 

Q ,'. 

, , 
, . . 
" , 

, ,", 

, / 

,/ ; 

/'. ,.,' / f.... l' ~ 

. 
" . 

" 
,) 



. , 

, -

i ' 

'. ~Q 

-

, 

. " , , 

" , 

.. 

, "~"" 

',' 

-. 
~ 

" 

• 

•• ~d, 

-. 

~ ~ 
• 7 

/ 
... 

1 .. 
\ , 

\ a 

• TABLE Qr
h 

CONTENTS 

\ 
.,..... 

1 
"v, • . , ! .. 

fJ: 

, 
o ~ '" 

\ 

~ 
.< • Abst:ràct '. 

, 
~I ,._ . , ii (. 

, : 

. \. 

Resumé ~J t 

, ' 

Ack.l'lôwledgem~nts 

Table of con~~nts 
List' of Tables 

'List o."f F'igu-re~., 
, 

CHAPT,ER l.NiFfODUCTION 

• 

'. 
',' 

/. 

l , 

" 

1..' 
'" , ' StatenFent 0 f Probl'ems and Me:thods 

,0 ~ l> ~f,~ 

\' " 
, , 

r6e Blown "Film Extrusion- Process . ' , 
1 

. '.2.1 'Descr .\ption of' Process 
" . 

. . 

1 
. , ',1.2.2 !ndependent and Dependent. Variables 

, . • 
CHAPTER 2 METHOOS OF. eoOL-ING BLOWN FILM , 

2.1 Singl~ Lip Air Rings 

2 ~ 1. 1 Multiple, Single Lip:Alr 
il • ' " 

, 2,2, - Dûsl /lip Air Rings'o. 
"'..!'! ~ 1. 

, 2.3 ' State .of the ''''~rt Coo~ing ~ystem 
1 .. \ , 

CHAPTER '·3 SCOPE A"ND 'O~JEC;'~~~~ . ~/' " 

," .3.' st~tement' of Obje~f.iJe: 1 
-,<), ",: 

' .. ' 
EV'aluation eritetia.-

" , -
'i.2 

• f 

.,. , 

Rings' 

.. 
'1 

111 

iv .. 

~ v 

x 

xii 

1 " 

1 
, 

5 

5 

'13 

., 

38' 

39 ' 

, 

, . 

.. 

. . 
~ ,.' 

, , , 

" , 1 
, ~ 

4'O'~, .'" : 0' 
.1 ~ \ \, 

... _..<:( J 1 

" 

f .,11.' • 
~ .. 

,f 

COO~IHG' 44 :'. ~ :~. ' 
. , , 

CHAPTER." INITIAL EXPERIE~CES WltH COUNTERCUPfËNT 
- , -~- II • / 

44 - - ','" 
r ~"".:' ,-'-.q.l Maf.er laI 

1 - ,.' 
\ ,'~ . ,', ' .... 

, . 
v 

"' .. , 
" 

- ~ : ~~' - y ,~\ r 

...' 

\" \" 

«,j" \ \ 

, , 

. '-' l. • '. ,_ (' " ,JI ... ~ ~ , 

-\ J' '/1 ;: _·'4"" ~"' ....... i ... -: • 
_ ~I ~, l' i .~ 

.' 

" 

, ~;< i .... ~, \ --: : '-',:;:', 

,J ',' .. t/ :,~J~ 
:\~',;;$,~,,. ,1..'.1' 

'{ ~ 1,.:, 1 Il 

. ", , .' -



/ ' . , 

-, 

~ 

\ , 
. \ ' 

; 

6 

o " 

'" 
~ " 

t. .: 

, 'l,' 

, " 

-'. 
'. 

, ... 

-" .~ 
(" 0 ~ • 

, ~ .... ~\ )' 

4. 2 Eq~ipment 

, . 

j • 

4.3 Qgerating RanQ#s Under, .... CocuI'Ient Co:eling, . .. ,- , 

4.4 49 -

4,.5 

countercurjfnt Cooling with Suc~ion . 

~ocurren,t-~u~:e.r~'u~r,ent _comt~' flation Cooling 
q • 

4.5.1 Summary àf Stable Ope ating Conditions 77 
, Under Cocl!lrrent-Countercurrent Cooling 

64 

" < 

4.~ "Suggestions for f~ture r'Oe!.slgns pf" 
\' co~nt-erèurrent4Cooling Syst'ems. ' 

" .. 
.. 

c'HAPTER 5 'COCURRENT -COUNTERÇuRRENT ' COMBINAT lOti' C'cOL ING 
- .' .- /,SYSTEM MEA_SUR~EN~ TECHNIQU,ES \ ' 

, _ \' ,5:' , . 

5.2 
- , .. \' ' 

o 
5.8 

AIr flow:RlItes . 

5.1.1 
.( 

Procedure . , 

, l" 

, ..,. : 

S~rfaee Temperature 

5.2.', . Procedure 

Bubb'l e Shape 
" \ • 0 

". 
'-' 

, , 

5.3.1 . ProceduJ'e ' , 

Air Temperat.ure 

~.-

~.4 . , 
1 . , -

',', 5'.4 .. 1 Procedure 
, . , ~ 

, '~ " • .,:r 

5,. $ , Ai,r Veloei tlè''S . 

5.5.1' . proc'edur~ 
" 

... 5.6 'H~at ,Transfer~oe,fficiént __ /---- 1 .... 

5'.6.1 Thlckness 'Distribution . 

.0 

5.6.1.1 Procedure, 
() ) 5.6.2 Ther-ma"i Anal ysis 

'. 

:;.6. ê. 1 < pror::ed")e 

EVALUAT~ON OF COCURRENT-COUNTERCURRENT 
'COOLING SYSTEM; ,RESUL 'fS, AND DISCUSSION 
,) \'.. ' 

." 

vi 
, ~ t ' " 

'''' 

" 

" 

" 

\ 

... ' 

',' 

·1: 
,- , 

80 

Q3 

~ 84 

8a .. 

~ 

90 

9,5, ", 

97 ft 

10,0' . 

. 100 

103 , 

105 

109 

116 

120 

122 

124 
<t> 

127 

129"--;' 

'\ 
, " ' 

, ' 
- '- t. 

.; " , . ' , 
" ' 

", 

'. ,,' ,'-

/. 

l 

Ir -.. 

~' 



'0 J " . 

.' 

, .. . 

'. 

t) " 

, ,l' 

" (1 

, . 

\ 

o 

. ' , 

" 

. 
'- .... ~ 

, , 
, , ,~. 

17, 

a 
.... ' ,. 

,. 
6 •• ' Air 'Flow "ates 

t, 6.2 Sur face Temperature Measurements • ' 

6.3. ' Bubtlle Shaï1e . ! 

.. 

i 6'.4 
d 

Ai r, Temperature MeasjJrement s 

.1 6.5 'Air Veloc! ty Me'asurements /' 

'1 
\ 
1 

\ 

6.6 

0 

t7 • 1 , , 

Heat Transfer Coefficients 
~ , ~, 

6. 6.1. .Th~cknes~ Distrib(JfIa'~ 

6.6.2 

6.6.'3 

6.6.4 

~.6.5 

6.6,.6 

Thermal Analysis . , 
Resul ts -and Discussi on 

, ' 

Cor~elat ions 

Crystall i nit y 

Summary .. \ . \ ,- \ 
~ f 

.\ 
MEASUREMENr 

Shrfh~age 
\ 
\ 

" \ , 

. '7.,1. 1 .pr,dc.edu~e \' '\ ' 

7.1. 2 .~~SUltS ~nd ni~~~r10n .. 
Elmendorf Tear ' " 

," . , 
7~ 2.2 Resul ts and Discuslion 

1'.'3 Birefringence M~asuremehts " 

-7-. 4 

~ \ 

• \. • ~ ~ If -\ ~ 

7.~, Procedure ~ 

Sonic Velocity 

~.7~4'. 1 ' Procedure' 

" 

, ' 

. . " 

,'\. 

' . 

, 

!" 

,W; 

,7.4.2, Sor.Jic',Velo.city ,and Blrefr~ngence 
, ' • J Resul,ts and Discussion : 
?;" " ' , .' " ' 

~ , ~ .. 

. . 
., • ~ 1 

" ' 

• 0 

, . 
, .' 

,~,,, . 

.. .;. 

, ' 
, . 

. -, 

vii 
,'~ '-

;, 

, , 

! -

.. 

.. 
.l ,f 

130 .. 

135 
J" 

'147 
.. 

" . ,1.57 ' 

167 

184 

185 . 
'<> 

187 

191 
.. 

206 

222 

226 .. 

230 ' 

231 " 

232 ~ 

23~ 

236 

'238" . , 
.240 

242 

~44) 

246 

'248 

251 .. 
" 

l' .-;;-, 

! . .. 



, , , 

. '. 

~. 

-... -'. 

•• 't 
." 

, ' 

C/:iAPTER 8· "INTERPRETATION OF THE RESUL TS OF THE 
rIL,M PROPER.TY MEASUREMENTS 

8. 1 Quiescent Cry.stal:112ation ) 

'8.2 Crystallization Under Stres 

8.2.1 Microstructure and Orientation 
, . . -

8.3 Orientation 

8.3. 1 Elmemdorf r-'ear ... 
8.3.2 Sh1= 1nl<age <!) 

8.3.3 Son1 c Ve~oci ty and 8ire fringence 

... 
CHAPTER,9 CONCLUS IONS AND RECOMMENDAT IONS 

255 -

255 
, 1 

, 259 

259 
~ 

" 266 

268 

269 

269 

273 

9.1 'General Conclusions JI 273 

.. 

~ ,-
" 

. '. .,.; 

. • .r. 

'. .' • " f~. 
9. 2 Recommond~tïons' /~"~"~' 

" Appendi?<, B' Extrusion Conditj.ons . 

. ' 

<> ' 

, . 
B 1 Countercurrent Cooling Thro',ugh 

Existi-ng Air Ring • 

B2 Countercurrênt Cooling Through the 
Existing Air Rin§ Incorpora~ing a 
Solid Shroud Around the Film Bubble 

B3 Countercurrent Cooling Throu'gh the 
"Existing ~1r 'Ring Incorporat1ing a 
Mod! f\i~d cylindrical 'Shroud Arounçf 
the Film Bubble' 

\" 

"B4 Cocurrent ... Countercur;r~,nt 

Combination Coo~,ing' 

- l, 
j 

vi.l'i 
~', 

" , 

, ' 

" 

.' 

., . . , .. 
,r 

( , 

\ ... '. 
, . 

, . 

'279 

282 

285 

" 

A1 

8'2-1 

, 83-1 

6"4-1 

\ 

'l-- .' 
, .. '... -,. j 

l , 

, , 

, . 



---------

, 

,~ 
-. > 

, 

AppendiX C Equipment,.. Orawings Cl . ' 
Appe~dix 0 Oepe.ndert Variabl e Mea s'urements, 

01 Air F,law Rate Determination 01-1 

02 Sur-face Tempera ture Measurements 02-1 
. 1 

,,,:03 F'ilm Bubble' Shape' o~ 

04 Air Temperatûr~ Measurements 04-1 

05 Hot .. Wire Anemometer Cal ipration Data 05-1 
ilnd Air Ve l ocit y "Measurements _ ... r 

06 Film Thickness. Measurements and 
Thermal' Analysis ' 

07 Heat Transfer CG,efficient 
Calculations 

D6- 1 -

D7-1 

Appendix E Error Anal ysis El 

Appendix G Physical Propert/ Measurements 
.-

G1 Unrestr~in.ec:r Shrlnkage 

G2 _ Elmendorf Te,ar 

G3 'Sanie Veloe i ty and Bire fringence 

'.' 

, 0 

.... 

. \ ! • 

,1 

ix 

". 

G1':'1 . ' 

G2-1 

G3-1 

.. 



1 p .... 

,r' 

.. -

q • 

... 

~ 

. . ' 

LIST OF TABLES 

TABlE-".l, Independent al1d Dependent Variables in 14,15 
Blown ~ïlm Extrusion 

TAeL~ :3 • 1 
, 

, , 
TABL,~ 4.1 

TABLE 4.2 

. 
TALBE 6.1 

TABLE 6.2 
, , 

-; "f'-_ 

TA8L~' 6.3 

TABLi,. .6.4 
, .. 

TABLE 6.5 

TABLE' 6.6 

. 
Constant Independent and 
Variables 

> ~ 

D.p.nd~ 42 

Operating Range~ Under Cocurrent Cooling 50 
• 

OperatinQ Conditions " 

Air 'F l~w Rates 

'" 
Il 

Film Product Dimensions 

, . 

A'ir' Temperatures ~of:,;Countercurrently 
Drawn Collected "Air- : 

.. 

74 , 

152 

154 

165 
, . 

Correlations of Heat Transfer Coefficient 208 .' 
wl th Distance From Die Undel' Cooli,ng 
Conditions. of Cases 1 and 8 

1 

Corr~lat~~ns .of Heat transfer Coe~fficient 
wlt~ Position Ov~r the S6 to 69 cm· 
Interval From the Die Under AlI 
Cooling CondItions " 

. ~[ 
Cor,relations of Heât T,ransfer Coef,ficlent 
w.ith Cooling' Air Velocity Under Coollrrg 
Condi tions of 'Cases 1 and 8 

, 

210,. 

\ 

TABLE 6 ~ 7 Correlations of Nusselt Number" with 221 "" 
, Reynolds, Number Under Cooling Conditions' 

"'of Cases l,and 8 " " . \ .. 
• 

, " 

' ... 
'-x '.-

. "~"" ~ 

\, 

.. ... 
r • 

• . 

• 



\ 
v 

,,!!, 

TABLE 7. 1 U~restrained_ Shrinkage 235 

TABLE 7.2 Elmendorf Tear Test 241 
, 

TA~E 7.3 Sonie Veloei ty and Birefringence 252 

. 
TALBE 8.1 Summary of F"ilm Prop,erty Tests 267 

.......... ~ 

r--\ 

-'. 

J" 

: ~' 

xi 

--
. ""-



t 

• 

FIGURE 1.1 
tif 

FIGUkE 1.2 

FIGURE 1.3 

FIGURE 2.1 

FIGURE 2.2 

FIGURE 2.3 
'.-

". 
LIST'OF FIGURES 

;~,.. , . , 

Diagram Sho~!ng 1~~ Tubular dlown 6 
Film Extrusion Process 

~ 

Start Up Procedure for Formihg a 8,9 
Blown Film Bubble '4. 1 

Photograph of· Film Bubble Neck R~gion 10 
with Frostline Indicated 

Single ~ip Deflector Plate ~ir Ring 21 

Cooling 
Cooling 

Stack,ed 

System Incorporating Elevated 
Zone (Reference '1) 

( ...... ' 
Single Lip,Air Rings' 

24 

FIGURE 2.4 Dual Lip Air Ring 

26 

29 

35 

36 

, 
FleURE 2.5 Photograph of Bubble Sizing Cage 

FIGURE 2.6, State of ;the Art Blown film 
Cooling System 

FIGURE 4.1a Photograph of a conventioral Hlgh 47 
Cone Air Ring Mounted Above a Die 

, 
FIGURE 4.1b Cutaway View of a High Cone Air Ring 47 

FIGUf;lE 4. 2a PhotOi,Qraph of a ,.Modi fied Air Ring' 
Mounted Above a Die 

48 

FIGURE 4.2b Cutaway View of a Modif1-ed Air Rl..ng 48 

FIGURE 4.3 Countercurrent Coollng Using Ëxisting 53 
Air Ring and Showing Bubble Instabillties '. 

FIGURE 4.4 Countercurrent Coollng Incorporating 55 

.FIGURE 4.5 

a Solid Cylindrical Shroud and the 
Existing AIr Ring "(a)Resonanc'e Bubble 
Instability Under Moderate ~ountercur~en~ 

'~ir Flow (b)Flutte~ing. BL!bble Deformations 
with Maximum Countercurrent Cooling 

Countercur-rent Cylindrical Shroud", 
Apparatus ~ith Deflection Plates and 
COGling Air Entry Holes 

xii 

58 

, ' 

.. 

, '. 

, . . 
.; ,~ 

\ O.,A 0 

~. , ... 



l 

, , 

r 

, " 

, 
FIGURE 4.6 y Photographs of Bubble Instabllities 61 

Un der Countercurrent Cooling 

fIGURE 4.7 Countercurrent Cooling Apparatus with 63 
Stable Film _Bubble 

fIGURE 4.8 Cocurrent and Countercurrent Cambination 68 ' 
Cooling System wl th ~Stable film bu'bbl,e 
(pictured with low cone air ring) , 

FIGURE 4.9 Photoutap~s,of a Stable film Bubble 70 
Un der Cocurrent and Counte~current 
Combination, Cooling Flow 
(f' / 

fIGURE 4.10 Photographs of film Bubble Instabilitles 72 
Undet Cocurrent and Countercurrent 
Combin~tion Cooling Flow 

FIGURE 5. 1 

FIGURE 5.2 
\ . 

FIGURE 5.3 

FIGURE 5.4 

.. , " ... 
If " 

FlGURt: 5.5 

'FIGURE 5.6 

fIGURE 5.7 

'fIGURE 5.8 

FIGURE 5.9 

F:'IGURE 5. 10 

Sketch Illustrating Method of Cooling 86 
Air F~ow Rate Determination 

Sket~h of Experimental Set Up for" 89 
Cooling Air Flow Rate Determination 

Infrared Sp1ctrum of Union Caxbide 93 
Low Density Polyethylene DFDY 3312 

Sketch of Experimental Set Up for 
Surface Temperature Measurements 

Photograph of Film Bubble with 
Red Colorant ' t 

Sketch of Experimental Set Up for 
Bubble Diameter M~asurements 

Sket'ch of Experimental Set Up foi- ~ 
Air Temperature Measurements 

,Ho~ Wire Anemometer Yolt~g~ Versus 
, Air Velocity Relationships 

'Sketch of Experimental' Set Up' for· 
Air Velocity Measurements' 

, , 
Waveform of ~ot Wire Anemometer ' : 
~ave Genèrator " , 

"'" 

1 

94 

. 99 

101 

104' 

. 
• 
107 

110 

113 

" ~ 
FIGURE '5,.11 Sketch of Hot Wire Anemometer .' 

~Cèlibration .sèt Üp' " 
,114 

,\ 

, , 

l , 

, 
" , 

, ' 

" x,iil . ~. , 
, , 

, , 

, -
\ 

, 
'" 

'. 
r i .. 

. .' 

", 

" , 

, 

" 

',' 



. \ 

( 
• 

, ' 

FIGURE 5.12 Film Bubble Element ~oordinate System 117 ,:' 

FIGURE 5.13 Sketch of Technique' Used to Obtain ' 123 
Thlckness. Measurements P'-

FIGURE 6.1 Veloeity Profiles in Inlet Duet Used 131' 
to Determine Flow Rates of Cocurrent 
Cooling Air 

FIGURE 6.2 ,Velocity Pràfil~S in Outlet Duct Used 134 

FIGURE 6.3 

FIGURE 6.4 

.... 
FIGURE 6.5 

, 

FIGURE 6.6 . , . 

F'ItURE 6.8 

FleURE 6.9 

to Determine 'f.low Rates of' 
Countercurr~nt Cooling Air . 
Surface Te.mperature Versus Distance. 
From Die~nder 'Coolfng Conditions' of 
Cases 1 and B 

Surface Temperature Versus Distance 
From Die Urder Cooling Conditions of 

.Cases 1, 2, B, and 9 . 
• 

, & 
Surface Temperatu~e ve~sus Distance 
From Di~ Un der Cooling Conditions pf 
Case 2 and.Cases 9'through 14 \ 

136 

139 

1'42 

Surface Temperatu~e Versus Ois tance 145 
From, Die Under Cooling' Condi tlonso-r--'-
Cases 2 throug~ 7 and Case, 9 > 
Film Bl:l.bble Dlamet~rs Symmetr,ically .. 148 
Arranged Around Bubble AxI~ Under 
Coolfn'g Condi tians of>"Cases 2 and 9 

\ .' 

Fil~ ,Bubbl,e Dia~'~ters yersus;' Distance, ,," 150 
From·Oie.Under Cooling Conditions of 
Cases 2 th!ough 7 and Case·9 

Film' Bubble plameters Ve~sus Oistançe 
Fro~ Oie.Under ~ooling Conditions 
of Case 2 and Cases 9 through,~4 

. -

151 

t'IGURE 6.10 . Film Bubble Shape s' Under 01 fferent 
Cooling ,ConQ.,itlohs '., ' .'. . 

1'56 

FIGURE 6.11 

~ 

FIGURE 6.1~ 

{-

, ~. 

. ' . 

• 
AIr Tèmp~rattlre Measured Radfaily 1,~9 
From the Film Bubble at 5.3 and .13.5em \ 
~bove the Die Under Coeurrent Cooling" 
Con di tions 'of Cases 1 and 8 

Air Temperature Measured Radially 
From the Film Bubble a~ 11.4 and 
55~9c~ Above.the Die Under Coollng. 
Conditions of Cases 9 and 11 1 

[l xiv 

, . . . 

16.1' .' 

r 

o 

. 
";' 

\ 

.' 

... .' 



, , 

, , 

\ . 

'If 

',' 

.' 

-, 

, . 

• 

> , 

, ,,' 

" 

, .. 

" " 

" 

" 
-, ' 
'.r 

, - \ 

, , -

.. -, 
'. -

,> , 

-. 
FIGURE,6.13 Al~ :Temperature 1.,3èm From thè· 'Film 

,Surface Along the Length of Fil"m . 
, . 163. ' 

Buttble Under Cooling Condi tiens Qf'-
Cases 9 and 12 ~ 

'II , 

FIGUR'E' 6~ 14 Air Veloei ty Measured Radially From 166J " 
tha Film Bubble at Different'Positions' 
Above the Die Under Cooling Conditions 
o'f, Case 1 - - : of 

, 
FIGURE 6.:;' 5, Air .Veloei ty Measured Raâially From 

~ the Film Bubble at Different, Positions 
-Aboye the Die U.néi~r Cooling Çondltions- ' 
.of Case 8 " . \'. " '" < 

'FIGURE'6.16 Air Veloeity Measured Radially From 
the Film Bu~ble at Ôifferent Positions 

'-. > Above t'he Die Under C'ooling Conditions 

FIGURE 6.17 

of Case 2 

Air Veloei ty ~'1-easuIed Radially -Prom,
the Film Subble at Different ~ositions 
Aboye the Die·Unaer Cooling Conditions, 

, 'of Case 9 ... 

·FIGURE-6.18 ;Ai~ Velocity 1.3 cm From the Film 
~urface ,Along the Length of Film 

, 'f Bubble Un~er Al! Cboling ,Condi,tions 

, p-~ GURE • 6. 19 

, , 

-Air Veldeity ~easured Radi~lly From 
the Film Bubbie at 2.5 and, 24.9 cm 
Aboye the Die UndeF Cooiing' Conditions , 

_ of 'Cases '2, 6, 9, and 13 . . ' '. " 
1.' ,. 

169, 

172 

175-

" 
" -

,FIGURE 6.20 Air Veloeity Me'asu'red Radi.ally From 
the Film Bubble at 47.5 cm Above the 
Die dnder Cooling Conditions of 

: "177, 
" , 

Cases 2 and 9, and.at 58.7 cm Abgye 
the Di~ Under ~Oolin9 Conditions of 
Cases 4, 15, 6, 11, 12 and 13 . - ~ 

FIGURE'6.21 Air Velbtity Measured Radially From 
the Film Bubble at 75.2 cm Abo~e the 
Die Under Cooling Conditions of 

,Cases 4, 5,6,"11, 12 and 13, and at 
,-84.6 cm Above ,the Die Under, CO'oling 
CORditions of C~ses 2 and 9 

-FIGURE 6~22.- Air Velpeity Measured Radially From . 
the Film Bubble at 84.6 cm Above the .
Die unqer Cooling Conditions of 

, \ Cases 2 and 9 and at 98.6 em Above th~ 
',9,.1.e Under Co.oliAg Condi tions of '~ 

.. Cases 4 ,,5, 6,. 11 ,.-J 2 and 13_ 
xv 

, > 
-' 

180 

, . . , .'" 

( , 

,(1 , 

'/ 1 ~ \ - f 

~ " .. 

h 

i' 

, . ' 
., 

" 

, .. ' 
, ' 

", 

, .' 
" , 

.' 
" 

',\ 



<;,'" 
;, , . , 

. , 

t 'l 

. 

: ~ 

'F1:GURE 6.23 

FIGURE 6.24 
.. 

, . 
~. l'~ 

" 
- /" 

" ' Sketch of Air Flows ln:"tocurtent> -
Co,urtercurrent Comblns,tioR CQoli.ng 
-' , 

. Pwt of Emiss1v1ty (Reference .27). 
and Distanc~ From Die Versus F~lm, 
Thickness Under Startdard Coçurr~~t 
CO'oli'19 Condi t10n,s ,,< 

FIGURE 6~25 Heat of'Crystallization Det~rmination 
of Union Carbi'de ,Low Dens1 ty DFDV 33 ~'2 
by DifferentiaI Scanning Calorimetry 

.l' ~ ~" .>~ 

, , 

j 

" 

183 

,18'6 

188 

:FIGURÈ 6.26 
, ,- ~ ... 

P,lot tif $peci fic Heat verzus Tem'peraturl=! 189 ' • 
fpr Union Carb1de Low pehsi ty', ' • 

'~ 1 J 

1 ~ -' ~ 1 _ 

" ~'~{;,URE '6.27 
'-, ' '. 

, , FIG~RE 6.28 
- '7 

FIGURE. 6.29 

_Po~yethylene OFDV 3312 
, , 

Plot of Heat Transfer Coefficiént _ 192 
V.ersus Distance From Oie Under Standard 
Cocurrent Cooling Conditions of ' 
Cases 1 and 8 ". 

,Semi-Logarithmic Scal~ Plot of Heat 
Transfer Coefficient Versus Distance 
From Die Under Standard'Cocurrent 
Cooling Conditions of Cases 1 and 8 

Plot of Heat Transfer Coefficient 
Versus Distance From Die Under 

~ Coc-urrent .Coolin9,.. Condi tions of 
Case-. 1, 2, 8 and'" 9 

196 

20D: 

," fIGÙRE 6~30 , Plot of Heat Transfer Coefficient ~ 
• Versus Distances From Die Under Ali' 

, 203 

.. Coo11ng Condi tions 
, 

, '- FIGURE 6. 31 
~ '-t •• 

,Plot 0 f Heat Trans fer Coe ffictent, 
Versus Air Velocity Measured 1.3 cm 
From the Film Bubbre Under Stand.rd 

212 
.,' " ' 

... . 
FIGURE 6.32 

, 

FIGURE 6.33 
, 
,-

,',Cocurrent Cooling Con~1 tions of 
Cases".and 8 \ 

Double 'Logar! thmic Sea,le Plot of Heat 215' 
Transfer Coefficient Versus ,Air Velocity 
Measured 1.3 cm prom' the Fiim Bubble -
Und~r Standard Coeurrent Cooling 
'Candi tians of Cases , anq 8 ' 

Plot' of Local Nusselt'Numb~r Versus 
Local Reynolds Number Under Standard 

·Cocurrent Cooling Conditions of 
"Ca$e~ 1 and'8 

219',,' , 

(' . -. ., 
t ~ # 

""-
, xvi. 

.' 
". 

1. 

\ 

; 

-
" 

~,: 
\ . 

-. 

. ' 
, , , 

" 

" , 

.. 

" ~, , 

. " 
'1' ,~ , 



, ' 

.. 
, , 

- ,,' 

"-

.... 

) 
", 

( , ... , ; 

.. ; 

'-<, -

(~ , 
c • 

r,l .. , 

/. c 

FIGURE 6.34 

1 

" , 

. ..~ 
Double Logarithmic Scale Plot of 
local Nusselt Numbér Versus ,local' 
Re-ynolds Number 'Under Standard 
Cocurrent Coolin9 Conditions of 

. ~Cases 1 and ~ 

'> 
" . 

220, 
, , 

fIGURE 6 !"!55 Plot ~f Percent" Crystillinity Versus 
Oi$tance trom Oie Over the Frostline 
Region 

224. .', 
\ 

., . 

fIGURE 7. 1 
, , 

fIGURE . 7,.2 

~lGURE,7.3 

FIGyRE 7.4 

41' 

FIGURE 7.5 
, ~ 

\ 
FIGURE'7.6 

Schematic Diagram of Shrinkage 
Apparatus (Reference 24) 

~h6tograph of Twing-Albert cElmendorf 
T~~I7ing Tester, 

Constant Radius Test Specimen for -
Elmendorf Tear Test 

Schem,atic Representati,on of the Set 
Up Used.for Measuring' Birefringence 

, 

.' 

, , 
23,3 

~ 

237 

239 

245 

" S-chematic Represen-tati on of Molecl,ll~r 247 
Chain Orientation in a Semi-Crystalline 
Pol ymer (a) Per fect Parallel Orientation'. 
(b) Perfect Perpendicular' Orientation 
(Reference 56) 

Black Diagram of Dynamic Modulus 
Tester PPM-5R 

249 

FIGURË 8.1 Schematic Representation of Polyethyl~ne 256 
Single Crystals Showing Chain Folding 
and ~rientatlon of Crystallographlc 
Axes (Referenée 63) 

, 0 , 

FIGÙRE 8.2 Optical Mlcrograph of Polyethylene 258 
Spherull tes (Reference 64) , 

FIGUflf 8.3 Keller~s Row str~e Model and 260 
Cal culated, Pole Fi res ~(Reference 65)' , 

"'-
' ' -

fIGURE 8.4 Stein's a-Axis Oriented Model and 260 
~ Pole (Reference 66) 

; .ç 

Figure 

FIGURE 8'.5 -Pole Figu'res of Polyethylene Blown Film 261 
(Reference .5 1) 

-- FIGURE 8.6 ' _Rad St_,ructure Model for Blown film' ? ·263 
(Reference 50) 

. 
-. 

\. xvii , - ~ ... 
, , 

'. 

.17-.. 

, ~ , 
, , , 

-. • 

, 

" 

"" , 

, • ' 1 < ~ 

" 

" 

, 

.. , 

-' . 

.. 

, 
, , 



'. 

• 
-. , 

,~ 

-' 

:, . " 

" ' , . 
" 

, . 
~ 

t '.' 
Introduction 

, f 

., 
, . 

1. f ~tate!,ent, of P10blem and Methods 

./) 
~ , 

Polymer proces'sing ihv.olves 
~ 

the :conv'ersion of pol yme,ri-c, 

raw uaateriaIS'" into , fin!sh~'d 

require the polymer to be omel ted and pumped ,into a shape , 

forming device. Extrusion for example, vhich is an integral. 

part of fiber sp i l1ning, blow mOlding, 'fIat film production 

a-nd film .blowin9, 'i~ ùsed to melt and"convèy molten polymer 
, . \ 

to a forming device. The-heart of an ~xtruder is a rotating 
~ 

sc~tn a heated barrel. Once in the molten stat,e, the 
, ") , 

polymeR-i-,,-..- shaped into sorne form of product. SubseQ'!ent 

co'oli~9· sol idifies t'he 

" . \) 

aimensions. 

polymer and determines itj ,final 

Plasti~ sheetin9, 0.2 to 50 mils thick, is loosely 

referred to as film by the,industry (1,2). Film products 

have a vide range of applications: thin films, less than 

0.5 mils thick'i' are used by, the garment industry a~ a 

protect ive 'covering', whî le construction and agr icul turàt 

uses require a much thicker film, greater ,than 10 mils. The 

maj~rity, of films producèd are in the 1.O:.,to 4.0 mil 

., 

", 

,-

\ 

, , 
~ 

( 

. , 



, , 

\ 

, . 

, :. 
. , , -2-

thickness range, afld' are·' \lsed to fabricat~ . bags or " in, 
" ,. . 

\. ,L ~ < 

.,' , " 
,Bio"n film eztrusion, is a process to form ,fitm .• , It can 

be thought of as c~mbining features of blo". moldin.g an~ fl~t 
\ \ 

film extrusion. ,Ân advantage 2f the film bl,ov,ing prc>cess . 

over flat film eztrusion is that'in the former' a ·bi.~ially 
'\ ' • h 

oriented film i~ ptoduced, "hereas the latte.r res\llts in, a 
p' . 

unia.zially , ' oriented film. Most polyme'r ie' 'f i lm 

manufactured by the blovn iilm prQcess. . . 
In film blo"ing,. molten polymer is eztruded through a 

die and formed irito a tube. An .ir duct with~n the die 
, 0 

serves to inflate the tube, vhil~ nip rolls, ·dovnstream ~rom J 

, . 

the die"', clamp the tube tC?gether, thus cont:ining thé air, - " 

and, fôrming~â 'bubble'. Film,~ssin9' thro~ nip rolls is 'p 

flatt~ned and process~tl further'to product specifications. , . , 

. Bet"een die 'and,~ip rolls the Polymer is cooled and 

undergoes 'a 'phase chan,g~ from the molten' to the s01i4 's'tate. 
, . 

Cool~ng is a~eomplished by ari air ring situated ·\tbove· th~· 
/ 

. '-
die, vhich dirè~ts air al'Ongside the film bubble, tha~ 'is"in ' , ' . ., .. 

~.. -' -~ " \ 

the" same direction the film ,i~ ~oving. ln one sense, 
o , -

, 

film can 
. 

cooling blown be thought of as Il heat exchanger 

operating cocurrently'. The cooling air is warmed fr'om heat 
, , 

~i ssipa tecl. by the film a"nd the temperatures of the two. media· 
1 

\ ,approach each other as distance from the die increases. 

~ This varmed air tends to collect around the upper 'portion of 

:. 
'. ' . . 

) 

" . 
. , 

, 1 

l ' 

i 
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1 
, , 

f,ilm bùbble' as the coolïng stream, slows v,i th l
' increasing 

" /1 .Q. \.. 1 

~i.tance f1r,om the die. Film being proàuced at ~empe~atu~es 
, , 

just below' the po;"nt wllere the fi'lq. sticks, to' i,tself or 
\ . 

:. ~ 'bloci~s~ .when i.~ is '~la~ten.~_ed. anà clamp.d '~n the n.ip' rolls 

can be aqvers~ly affected by thé accUmulation of varmed air 
• ": ~ 1 

in the 
IP 

'prob1em 

upper re.gion of th~ 

is partic~~ar1y 

. . ...... 

bubblé.,. ~In summer' ,'months' ~hi's 

troubléiome and' in some cases 

production l,i.nes have been,slovèà to al10w for: ~dàitiona1 
, , 

çoo1ing,. . , 1 

" 
, 

~ '. d • 

'. '/ 

COll,Ullercial b10vn film proàuë:t~on is limiteà by ~ooling . , 

Any .ttempt to increase ·throughput: vi thout e~ceeàing 
• h . . 

~he blocking, tem~rature must neces'sarilY.ge aceompanieà by . ' 
an ,incre,se in' the amount of cooling.' Hove~er, 'great~r 

quantities of cooling ~ir increase bubb,le instabilitie.s." 
./ 

1. ; .... f'A ., 
This is re'flec.ted in àeformations' in the bubbl~" . 

correspondi n9 dimensional vari-ations anà an . ' 

, 
urfaçceptable ' 

proàuct. Consequently, it is 'bubble 1~st~bi1~ties ~hich 

1 imi t ,the amount of coolin9 ai,r that ma)' be applïeà a~ai';'st 1 

the bubble. .' 
Many 

t .~ 

c~pling,mèthod~ havè been ~proposed to 
. . , 

blown'film cooli~g, .hile pteservin~ bubble stability. AlI 

'proposeà cooling schemes appiy cooling' air ,in 'ÏI c;:ocurent 

fash~on 

, 1 

J ,0 

~ , 

along the ,bubble .nà -use e~aborate methoàs, 'to 

'" bubble stability. The comp~exity -of these new . , 

D " 
" , , 1 

, ,\ 

\ ' r 
t , 

, . 

, , ' 

.' 
, - t 

- " " ' 

.' . , , 
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,cooling,methods is reflected 
~ 

in the high cost' of the systems-
, , , 

that have been commercially produced. 

,'> 'l'~is york explores the pos~ibili.ty of improving blovn 

, ' 

-film cooling by applying cooling air Along the film bubble 

.\, 

. 
in la dffferent manner. In a n~w approach to· generate 

stronger cooUng cônditio~s, air vas,' dravn, dovn 810ng the 
. 

bûbble inia countercurr~nt fashion, ~hat is in an opposltè, 
\ 

direction to that in vhich the film .travels. - , It was 
, 

hypot h~.s i zed that ldver film Bur'face ' temperatures vou~d' 
, , 

res~lt vith coolin9 air' appljed in this ~nner than under , .,. ,-
" . , 

usual'coc~rrent cooling conditions aRd that greater coo1ing' .. 
, 

WOUld~IIOV for' the possibi'lity of an increase , in polymer 

t~_r~,~ ,p~~:,":hiS vo:-; .vas not intended to be'a definitiv,e 

study n countercurrent blovn fi'lm cooIJn,g, but rather te) 

explore thè feasibili ty of this type of cooling·. 1 f gl'eater ' 

film' bubble cdOli~g ;,as posii~le vith tl:te' 'countercl,lrrent . . , 

.' coo~in9"apPar.·tus dev~loped in t.his vor-k, further re8~i~~h 
, . ~ ~ 

, , 

"ould have to 'follow in order, to :. opt'imize the design and 

evaluate è.qmmercial- feasibi'! t'y. 

/ 
, , 

.. \ , .~ 

" . ' 
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1.2' ,The, Blowfi' Film Extrusion Proees,s 
" 

" . " 
- , 

'1.2.1 'Description of·ProeesB· ". 

; ,"\ " 
, ' .' 

t " _. " \ ' , 

A' schematie o,f' ~he' blown' 'film pr?eess is 'shown, in 
, 6"." 

Figure 1'.1. ,A ,hopper(l) is f~+le~' wit~, resin(2)., "hie«, ,.is 

the ,polyme-rie r~w material, ~ A gr~vitational t'eed '~ntroouê:es , 
.. t' J • ~ # , _ CI> _ 

" the fesin to the extruder (3) • Th~ extruder is fundamentally,' 
, 

. a variably eut . serew (4) wi thin, a heated barrel(S) • In the 
'0 

ejtr,uder the res~~ fil,IB the • spaeet .,betw,e~n the extruder 

th~ s~re~ rotates~, the , , 
.serlew fligh,ts and' the barrel. As 

, , 
" ' 

resin .' , 'compressed and c:o~vey~'d 1$ . toward the 'aie (6). .- The 
! ' , 

'Sere" is varia~ly eut' so that .the channel depth diminishes . 
, 

ffS the .. r~sin goes, f~om' sOlid,to melt.' The mè~hanieal.e.~e,r9Y", 
.. , 

derived fr'om ·turnlng tJle, e~truder serew, and shearing ,the, . . 
, 

melt'supplies heat whieh, eombined rith heat" from out.ide 

sour~,es(8), me~ts the PQi.Ym~r~ '.T~e ,ext~uder scr:,~w ae~ing 'as • - " 
- , < 

a p~p, pressuriz~s, th~olten' mate~ial ,~long the' fiDal'" 
, . 

',...' " 1 .... 

,~ :po,rtl0n of serew flghts-. Undel' this'pressur;e gradiant, me'lt 
... - - '- , - ..)" 

\ . f~ow_s thr,oug~ . a eonnecting ',~rm{ 7) ", e-l!:~ow (~) ~ a~apt~r'~?) . 
... " ~ 111 

and i~to the die .•. Blown f'ilm ,dies. are a~nûla~ and; thus al?le 
,~ .. - ~ l' ' ., ~. ~ l iii ' ' ~I L _ 1 

to, fdrm 'a tub~la~ extrû"dà,te. Wi thitn;" the ,die ,the pol'yme,r . \ , 
'. 

" melt flows ~hr~i.t~h ~'small' annular gap e,xperie9cin.9~ m~i'n~y 
l- fJ ., f 

shearing' litre,ases al~Jl9. i t~ course t. ~efore eme~ging 'fr-om. t,he 
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For start-up, melt oozi!19 from the annular die is, 
-

bunc~be~ ~~d llauled upva~~ throu9h o~n n,ip rQlls ( 10). At 

~h~ same tiirle, air is,admitted through an inl~t duc~(11) in 
a 

the die distorting the shapé of the elongating tube. Once 

the bunched section' of polymer., which may be thought of as . 
< 

the knot of a balloon,pesses through the . . opened nip rolls, 
,r 

the nip rolls a~ clamped together, trapp~g the air. Thus, 

the air vithin the fil.m tube i { . between die 81r s contalned 

ni'p rolls. ' ( " . 

" 
• c' 

Sequent'ial photographs of a procedure 
1 

start,-up ar, ... 
shown in Figure 1.2. polymer leaving .the dle ios in the molten 

" l ' 

sta~e and mus,t 'be c,oole,d before pass-in'g thr.:.0ug~ :the nip , :) 

'rolls. ln'suffic'iently' coole" film' will s'tick together or" 

~block' when flattened. 
~~ J ft .. Cf' " 

The tempetature ~t' which 'film 

blocks is:termed'th'e bloc,king \temperature and ëstablishes a 

lover t~mperature limit for the cooling process. Ari: air, 

" ring(-12) located ',just Aboye t'he 
; , 

die provide~ the cooling~' 

'From the ring an annular stream of, air is'directed towards 
1" • \. 

and a~ongside~he bubble in the same direction the film is 

moving. 

bubble. 

The ai.r ,ntrains some ambiant air and eool~',the . ' 
Downstl'eam from 'the die there ;/is a region of' the' 

bubSle where the mol ten polymer, lS soUdi ~y'lng. 

,~ ~ , 'extruding a clear résin thi's demarcation line is whfte O,r 
, " '1 .. 

, ',' cloudy and' is usually .. , referred té> as the • freeze-' or 
~ ~ 

.:' ',frostline' (13) : In Fi~ure 01 :'3~ the frostline is pointe'd 
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'Low q!!nsity ~lyethylene 

'. ~n~ . part i~lly d~ystalliz,. 
is a lemi-crystalline .. terial 

vh~n cooled.' Most of tb~ 

crtstallizatio~ occurs· in· the - " fr."'C?stlinè r~glon, although the' 
~ , \ . 

'~D\oun~ of crystallhat ifo~ for a, gi ven polymer depends ori a 
, . 

',: n.umb,er of factors such as 'the rate of ,cooling r the type of· 
" 1 .'~ _ - _ ~ 

.\ deformation occurring and t~e magn~tude of ,',the.- defar.mation. :' 
, N - ~ , _, • 

, " 

. 'l'he tubular film sh~pe is referred to -as' il 'balloon'" or . 
'bubbIe'~' 'l'he amount of a~r t'rapped. vithin . ~he bubble' 

directIy af(eets. the bubble diameter and therefore the finâl, 
-- , '" " 

dimenaiqns of the ",fiim. Increases in' the amount of air ïn 

the ~ubble éause :greater s-tretching 
. 

in the transverse 
1 -; , '. ".1 , 

· di'rection; the' direc~ion n.ormel to t~e path of' ,f i lm,' and .. 
~ , 

ratio of 
• 1 ~ • 

· lead, ,to .. ,larger bubble diameters. " The bubble 

d,iame~er t.o, die d1ameter ia termed the blp" up ratio (Bl;JR), 
" 

and i.s ,commonly uled ta describe . the Bize oi a film bu~bIe~. 
~ , . 

·"'l'yp~cal.,blow .up ratios ',fo,r la,," density polyethylene range 
, 

; -f~q~ 2 to 5, l ""hile thoBe for linear . poly.ethylene are. 
, 

80mewhat higher. ,:' 
, , 

, , .' 
, " 

'. 1 

'1 .. ' • Blow 'up' ratio' and film' 'thickness determine the final-

. ,'film dimensions ~' Fi.J.m' t~icknèSS is governed by'nip roll 
" ,. J' 

·-.Ipeed at 'a g~vèn out,put~ The turning raIls puH the film . 
",. .. • J "\ 

upward' at Il greate,r speed th.n the melt flovs from the die 
~ 

gap .-, , 'l'he result ~. a decrease . in fiJ.m thickness ' .. 
rl 

1 proportional ta n~p 7,011 "rotatJon. 'l'he' ratio .,q~ ,'1, die g~p' " 

. , · " 
" 

1. ' , " 
.... ,'~ .. 

. '. 
i .. ,. 

" ' 
1- -" , . 

" 
~" , .' 

" , 
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" 
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vidth to final. film thicknells is te~me,d ,drawdow~. ,Ty.pl:.ca,l' 
, 

drawdown values are in the 10 t.o 60' ,~ange.~ Such large 
, , 

values in comparison ~to blo,,' up r~tios indicate tha.t. great~r \ 
, 

stretching occurs in the 'machine 'direction, tliat is the 
~ 

direction·in which the film trav~ls, ... than in the tranverse 

di rection. Als9,' the stretchi'ng being cause,d by the pull ing , 

ac.tisn of the' nip rolls may be thought -of a's' a . , 

extensional deformation. 
'., 

The sttetchirtg' in the machine direction, attributed to 

the nip rolls .nd exPansion in the transverse direction 
.'> 

caus,d, by inflating the bu):>ble a1f o~cur in the area' bet.ween 

dïe an\frost-line. _ These lieformati?ns: occur Qver a 

: re".tative y ·.màl; portion .of fil .. b~ble and in a ,short time . 

Per,iod, ile the temper;ature 'of the film is c:tropping -rapidly and crystalline regions are. beginning to forme The 
u 

frostl~ne ~an be thought of as 'freezing' whatever stresses 

are st i 11 pre,ent in the film. These so· called 

'frozen-in-stresses~ .... impart an orientation to the film. 

Because both machine and transverse direction stretching' 
- . 

.,.occur, the o,rientation is biedal unlike film produced from. 

a slot die, which- is simply pulled in the machine d·irection • 
• 

~Biaxially oriented films have more balanced propert ies* th!!n 

uniaX"~all{ oriented films and thus have found more product 

applications. Blown film\ani~otropy is discus~e~,more fully 

~ Film- properties vi th flimi-lar values in the two principle 
blown fi lm directions, that is the mac~ine and transverse 
di'reétions, are said to be, balançed'. 

. ' . 
" \ , 
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'.in Ch~pter 8,. \ ' 

- -' 

Once the bubbl-e .i s cooled, ~o the fiol id, statel above ~the' 

,frostlinè region; it ,is gradually ,collapsed i~ a frame! 14) 

and then fiattehed by'nip rolls. 
, 

Th~' flattened tub~lar film 1 
, ' 

he further .0 pro,cessed ,on line for particualr proçJ,tct 

specifications or simply' wound on a wind"'up spool fol' 
\ 

, shipping or ' secondary , tre,tment. 
' . , 

Thus, it " is' 'easily 

ima9 ined how tubular blown film extrusion ia particularly 

sui tapie for ~8g fabriC:8tion. . , 

, 

1. 2.2 Independent and Dependént Variables' 

f " 

In,blown film extr~sion, ~rameters or variabl~s mal be 

organized. into seve'ral categories: 1) i'ndependent viàriables 

. 
~ 

() 

" 

\' ~ 

" 

that are difficult to chang'e; II) independent variables that: 
fi ' _," '..ex , f 

are readily ~djusted; III) dependent 'variables desc'ribed, 

vi th ,a single value; IV) dependent variables associated wi th 

occurrfng along the bubble; and V) 
! 

.f.ilm phenomena 

properties. Variables divided lnto 'these categories are 

presented in Table 1.1. 

" 

, 
, ' 

" 
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, " 
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:rable 1.1' %,' i'ndependeri't and Dependent Vàriables in ·91ovn Film Extrusion 
, t ' , 

, ' . 

, , 

. 1) . Inà~penoent variabl~s /(fixeà) 

Êxtruder power and h.ating 
, Screw design 
Connecting arm, elbow and adapter' .désign 
Die design 
Die 9ap 
Cooling, system design 

4" 

.. 

\ II) Independent Variables (adj~stable). 

.. screenl~k 
, .. 

, Extruder and die ~emperatures 
,Sere,. apeed 

'. 

Internal air pressure
Nipt roll speed 
Cooling 'air temper:lture 
Co'Oling air flov 'rate 
Manner of cooling air a.pplication 
Height of countercurrent plenu.m 

fIl) bepe.ndent Variables (single-valued) 

Extruder back pres~urè 
" Film output ',' 

'Mel t temperature 
Blow up I."~t io . 
Layfla~ wldth , 

. ,Fi'nal film thickne;ss 

" j\'" 1 
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. " 

'>. 
.'~-

, \ 

, 
" l , 

• 

• JI, 

" 

',' 

.r 

.. 
" 

.' 

" .' 



· " 



.. 

, ' ~ , .. 1-
f, 

, 1 

r , 

.' 

.' 

. 
Inôependent ~ariables in Par·t l of Table i are rel_ted. 

1 

-
to ' the design of the blo"n film, equipment uBed~ . ' 

Part 1 l 

'.fndepende'nt vari~bi.es are adjustable and depend on the 

ext'rusion system controls. Adjustments' in control set,tings 

The last .three 
1 

\ variables in Pa,rt: 1 l 1 are ex'Ceptions, in that they are' 

rel~ted te) adjustments of the cooling apparatus • 
. 

~ependent variables are the· resul t of a given . set of 

,indep~ndent' ,vbriables and reqect occurrences happennin9 on 

'and near "th~ film'surface. Dependent variables, hav~ b~en 
. 

"arranged in two major categories. 
• r; 

ln the fi~/st (Part 111),/ 

varïab.les " that can be 'specified . -vith a single value- are . 
~ïstèd. Establishment 

/ . 
àdjustable. independent. 

9f these va~i'ables~ along vi th 

variables. (Part 'z 1), determine 

'o~ra.tin9 conditions. Consequently, single-valu~d.dependent 
"" , . 

"ariables and adjustable independent variables are rouhnely, 

rep6rted by technicians. Furthermore, "thesé variables 

provide' a minimum basis of comparison for blown fi l'ms 
, 

produced on di fferent' extruders "i'th correspondingly 

second group' of difhrent independeht variables. The 

dependent var iables (Part IV) are no fonger- si'ngle-val ued; 

r,a~her they depend on position. These variables give a 

detailed account of the· occurrances a10n9 th~ film bubb1e. -, 1 

Wh~t links all the dependent var~ables together i5 that they 

are méasured; after the' independent variables have been 

, , .... , 
:: 

.. 

( , 
'. 

. " 

. ' 
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'established for a ,blowti ,film system.. The f in.l two 

,~ePen<!ent variables, heàt trattsfer coefficient and' 
o " 
crystal~ini ty, are exc-,ptlons "~o this generalJzati'Qn,' and 

,1" ' . , 

must be calculeted from othet"de~nàènt varl~bles. and,also 
" _ 1 ~, _ 

from a thermal. analysi s C?f ~~e polyme,r,~ 
"l. ..P' ~J'" 

'fhe"most common fil~. properties a~ë liited in Part v. 
'l'hey are. determined by_ industrial tests that have· little 

f'unc;1amen~al phY'B~cal signif ieance. . Th~i,r' ,pr'in,cipai value' i s 
~. '" 

that they give information diréc.try tran~latable illto film 

charecteri s.tics of interest to' the consumër. '.1 
. ' 
1 

, . ·lndependent· and dependent variables ar!"interrelated . .'" - " 
in, 

; . 

a .complex· manner.. A dependent . variable" can' be altered by , 
• p 

• For changing ~ny one of several independent variables. 
a 

example film thickness~ a dè~ndent variable, respond~ to 
r: 

c~anges in 'internal bubble, pressure, nip rol~ speed and 

, - screv speed. Thickne.ss can be affect'ed to a lesser extent 
c, • 

by ~lteri~g die and extruder temperàtures'and the éooling 

cOR.ditions. 

An independent 'variable chan~e mey also affect more .. 
than one dependent var iabie. 

, .' o 

~crew speed while holding all other independent variables 

. ,," constant, ,output, film flnckness and. melt ~emperatu~e 

inerease. At the same time the cooling. condi t ions become 
'-.. 

w~,ake.r, . rès}ll t ing in 
. 
éauses 'the blow up 

" , 

" 

'. 

. , 

a higher' frostline~ Less 
, 

ratio to increase 's~me"hat, 
" . 

'. 

.. 
.... 

" 

/. , J , ., 
. . . . , 

~ .. f. .. • ..-

eoo~i'r.9· . 

tbereby 
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, " 

~ffècting -layflat ,,'idth~·. 
4 ~ ,. .' 

. ~j . With thesé' . c:omplex variable" lnter·r~lat'ronSlii~~. 
, ' ,......,.' ~ (" ,,"" " ' ~ " ' 

,(- ,'- in'c;1èpendent va.~.iables in any~ study ôf the blown, film:'prbcess ,\ , , 

. ' 

must be strictly cont"rô'lled, so that meaà~red differences ',in 

dependent 
1 

'v,ar iables correspond to 
~ ~ . . 

~ .. • t • ~~ 

inde~ndent : variable.' " Otherwise, 

èhanging a 

depe~dent 

partic~lar 

variable 

,lJteasurements a~e" ~n unéHstin~uishabl:e lumped SUDI' of several" .. 
independen~ , \, v~rible 

, , 

researchers have ·chaIlge s. Some 
'. ' 1.: exprèssed ~hiB çoneer~, and maintained that only ()ne design 

~ '" 1'. li. 

".' "' variable should be,' changed" in a particular- study, to obtain 

meaningful:- Jl\easurements of the ef~ects 'of ~he cha!lge., (4 /&-> 
" . -, . . 

The' variables. held cC?~stant in, this • study ,er·e discussed in 
. 

Chapter 3. , 
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Chapte'1' 2 . 

-, 1 

, " 

-' 
- '" \ 1 

, '.,.e::.. , . ' . , .Methods of Cooling' Bl.ovn Fiim' 
; ; , . ,_.. f 

" 

~;,' 

.' - - " ':. ' '. " ,r.\. ~ , -
Molten plastic,' ext:ruded' f,rom a_' die and blown' ;into' a : , 

,." -::, . ... .. 

" 

" 

'bubble,. must i~e. cool~d befo~ej~ss,i~9 betveen the ni~ rolls.- . . 

Coo'Ùng is accomplished. by b~~"inq"a'ir' ,,~ai_nst' ,a~d' 'aloK;1g the~' l' 
• , ~ t 

,film bUbble; ''l'he tr.ansition" from, ~olt~n 0 to', ~li'd state 
o ~ ..., w ! • ~ _ ~ \ • ./, l 1 \ ". 

:occurJi at· 'tbe fros~iine:" ,- The f -ir,6stH'ne ".b~iBht is' an 
, • , l '/ '" 1 _ ~ \'; ~ • ',' , ':_ '. _. , " , 

indiéat,ion ~ of the , ~ool~ing' c.ollql t~ons~ " A ,lover ,frostline 
, ", 1: _'. '- f~~ \ '- ": ~ , (. 

reflects ·greater cool ing. Cooling ~ çOll'di tions' ultiDiately 
, ./ _ ./' _ - ,~' , J / .. ~ .,r. 1 r, ........ ' _, / _~. 

influence film propert~~5, 'ëuch as' cr;.ystal1inity and optica1 
. ' , ' . , ' " ',' . ,,-:. . ~,-

l' $ and, mechanical properties\~ ," AIso, - cooitng' co~ditions ,are 
" , - • \..! \. ,,·t ..... 

ï f 

recQgnized as the l~mi,t~~'g' :f~c~or\ 'to' 7gteater:: ~brOU9hputs 'on 
l .. l , \ 

moi5t blown ,'film extrusion .ystem~'~ "')'1 n turn, bUbble 
C .,j ; _ ~, • ~ • 

stabil i ty dicbteâ the rate Of" èooling. 'Too much cO'oli'ng .-' 
l , .;... ,__ ... 

causes bUbble instabilîties .and. a dimension~lly'.un,aFcept:able . -, .. . , . ~: ,,- "-

prodtict. Thus, 'the maximum .ai-rt flow rate. which c~n 'be 
.. Jo ~ , ".. .. 

-. applied to t,he bubble, "hile control:ling, bubbl-e stability(,"' 

is desirable ... 
, , 

j 

,.;. .. 

" . 
2.1 Single Lip Air iUhgs 
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Cooling air i~ directed at the bubble by mealls' of an 

air ring. The air rin9 is locateà jUBt over the die. lt 
, 

thr~oilgh ~hich consists of several tangental air duct inlets, 
~ < 

blover. The swirling air flovs through 
" ' 

the a1r is fed by a 
r 

'B series Of baffles within,the,'air ring, which serve 'to 

. "- rtedirect the flov. In early air' ring designs the c,ooling, 

',,' '~ir, vas reàirectt!d BO tha~ i-t impinged directly on the 

b~bb1e (6),. This air Btruck the bubble just above the. die, 
" ~ 

'where tne film is moJ..ten and thus easy to deform. To delay 

the onset 

positioned 

of bubble "instabilities, guide bars vere 
-
a.,ove The guid~ ~bars 

. 
vere the frostline. 

, . 
typ<~cally four str.aight aluminum bars . or cardboard cores 

, ' 

arranged - iri a sq,uare ar:ound th~ fi lm bubble (7). They' 

, !uc~e~detl . .ln damping small deformations to vi t~in acceptable 
, 

dimensional limits. Nevertheless, t'he early' cooling , ... ystems 

wet'e limited tô use at rather l'ov air flow rates because of - ~ , ~ .-

c.., a - - ,~ 

bubble instB:bilities~ Thus the, coolinq. conditions' 

rest~icted' oùtput of film; 
~ J • 

~ , 
Improvements in air. ,ring design led to a second 

generat iOI) of' air 'r in~s ,t~at ,incorpor.ated 'deflèctor pla tes 
- " ,at th, or~fi.ce open'~ing ,~f the ri~g~ These plates prevented . ~ 

tn~ air st'r.èam f!~~ impin9ing -,' directly on the bùbble by 
~ 1 

- . 
def-lecting it in a more 'perall-el direction'. Higher air flow 

, 1 • \ _ 

'rates' W'er~',p~ss)in,e ,:~Ù,b this -, irinovati~n than vith the" 
" , 

earlier- lmp~~'gi::rïg' f~ow appar~tus, ,as. the filafbubl51e, vas..-,~ 
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more stable under this flow."": Greater overall cobling 
i> .. 

resulted, as demonstrated. byoutputs larger then those 

prt:viously obtained (8). ~ A, schèmatic of an air ring 

incorporating d~tlector plates is shown in Figure 2.1. This" 
. . 

air ring vas the industrial standard in blown film extrusion 
• t' 

for nearly thirty ,yeara. 

with'this ~ype of air ring air rushing mostly parallel 

to the fi~m bubble creates. Venturi effect, pulling th~ 

film outvard. Thus, the leading edge of the lover deflector 

plate can not be positioned too close to the molten tube !l0r, 
t> 

can the height· of the ~eading edge tie too great, or else the 

expanding bubble will touçh. the plate. The !=onsequence of 

these "restrictions is 0 a cooling air stream striking the . . 
bubble vith a fan-type ,spray •. The major.velocity components 

of the air stream are nefther perpendtcula~ nor parallel to 

the bubble &surface (9). Althoug'h this type of flow 
, . 

contributed to greater outputs than t,he impinging, flow air 

r'ing, cooling conditions still cO!'trolled ,througnput (10). 

2.1.1' Multiple, Single-Lip Air Rings . -
~Nonuniformities ~n the die gap, . , 

..... 
resulting from a 

" 
non~concentric central die core or weld ~ines within the 

. ~ 
die, are reflected ip a film p~oduct ~f varying gauge. 

'Gauge variations ar, ,Dot proPQrtional 
'" ~ ri 

r. ... 

. ,- r . ' 
~ 1?"i1 

< c 

'to die gap' 

.. .. ~ 1 1.{ 

" 

, , 

" 

" . 

. .... 
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nonuniformities, a~ the thinner ~rtio~s of film are cooled 

firsti ,,,hile the thicker sections undergo additional 
" 

'>'t5t~etching and 1;-hus thinnning, bélore reaching 'the solid 

st~te. However, this self~adjusting 'process is incomplete 
~ 

isnd gauge va_rietions persist when the die gap is nonuni forme . 

. The l:esulting film produc.t vill naturally have sections 'with· 

very different p~opert~es. lThe thickness sm~othing proc~ss, 

inherent to cooling ~lown film, w~s the basis of several 

cooling system designs to improve:film prop,erties ClI,12). 

An elaborate multi-level cooling'scheme was proposed by 

Ebert et. al. ~ll) to control the shape of the film bubble. 

Strict control over film bubble shape and specifically over 

the neck region shape, ~buld ·reduce ga':Jge 
• moreover, control stretch'ing ion the machine . 

variations and, 

ànd-transverse 

" direè.tions •. 'This latter claim implie~.a'greater d~gree .of 

control ovet. orien~'atiëUl o~ blow~ filins, ~hàn" i~ now prèsent. 
t ~ J,"!- .. \ 

," A ,schematic of EbeI't~,s' cooling system--. i5 shown in· Figure 
l ' 

- " .. 

~. 2'~2. : A low ,Ve.1oci1;Y fan-~ype sp~â;'air 'rir~g is' -io~a_t-~d :just 
• ~..'. " ~ ~ " l' r 

, over the die ',~nçl provid~~ mild cooling. .DowrtS1:r,a~, ,frbm th~ :-
>, " .:! 1 ... , ~' ," ~l '"- ... 

'ai~ rin9, the tubular film ea'countérs Jl ti~r.ed .pr~s~u~~' 'zo,~~ :' 
... .... .. \ - 1 

fi,} ... 1 , l 

.... 

'. , 

.;~hat prevents, 'exPansïon •. ln the fir.st~ portt~h ',of,' ,the-

, ~ressure' z~ne, ·heat :is iemoved.'(TOm" the b~bbl~ ·by',~'ap.pïyin9 ~,',_:~ --: _ '. " 
.. • ' ~. v ~ .. ~ .1 \ ,,~ .... , ;' ~' .' "/ ... , .. ' • _ ... ,.~,.,.... 1, ... , r: 1 .~~ " "u' 1 '. 

sliè3ht-Reg~tivé pr,essure. C,ont.ct betveèl) ~ the bubble. and ',a ...... , "'," 
• T , .. .,', \ ~ ,..... ~ ~ ... ~ ~t '-" t 

-'·r-O~gb.ned' wa1~',of 't'he pressure . ?'~o~'e o~eu~s;, but sti.~'kin~· is ') , 
~ • w, ' ... • ~ ~. 1'; ". ..' w~ " - , 
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" rIGURE 2~ 2 Coollng System Incorpo..rating 
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ci rcula't i ng cooling liqui~ ''t~~ough -a - . jacket ~round this . . - 1 

section. The middle seétion of the pressure zone exerts a . , 

'~sitive press",re ,Ori. th~ fi:m .b.ubble to' prevent .. expansicn 

and contact ,,'ti'J:l the' 'tube "a11. In the f ina1 s~ction, the 

·film tube is heated and lthen sudd~nly alloved to e~pand 

ùnder a control1ea environmentto provide the 'desired amount' 
" , 

" ,.of biaxi-al stretching'. '. ' The expancJed fllm bub~le.contaets a' 
, 

restra.ining sleeve; "hi'ch c:ools the 
-

.temperature. In thii' -"elevatec! 

film belov its blocking 

c,ooling . zone, . fluid 

c;ircurating vithin, the sleeve walls 'maintains th~ 

restraining sleeve At, .a~.l~" temper~ture. Th~ goa,ls Çlf Jgauge 

uniformity and stre~chin~-control as measured- by free 
0_ ',\, .v. 

shrinkage vere only partially'realized over a very limit,ed . . 
,range of blow up,rati9s (11). 

'y 

Another method "as proposed by Saint,Eve' et. al. (12) 
• 

té improve filll,! p~operty balance, as measured,·by mee~anieal 

-tests ,and shrinkage in the machine and tr.ans~erse 

directfons. In this scheme., bubble shape vas controlled by' 

mounting two standard air rings one on 
/ 

The space betveen the two: rings Was 

negativ~ pressure gradient applied to 

.top of the ether. 

sealed off and ,a. 

partially "centrol 
l ' ... 

bubble shape. The confi9~ratio~, shown in Fi9ure 2.3, 

resulted in film vith more balaneed meenanical pr9perties. 

and improved optical properties than film coo1ed vith a 

~iniie ~i~ ririg. 
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• 
The stacked ai{ ring'configuration of Fi~ure 2.3 allovs 

more air to be Qirected along the bubble then .. si'ngle ring . , 
poès. T~e'stream of cooling air leaving the raised air ring 

contacts the bùbble ln an area vhere some cool'ing has 
, 

occurred. CQnsequently, this partially cooled bubble can . '-. 
with~tand larger air flows before bubble instâbi li t ies 

...... 

occur. Saint Eve (12) alludes to the possibilty of greater 

0l:1t puts due to st ronger 'cooling conditions "ith " this 
"-

arrangement over ,those of single " ring_ Hov~ver the a alr 

pOssibil~ty vas not pursued. 

'.\n ext~nsion of the du~l air' ring concep~. i5 the u~e of 

multiple' ai r rings stacked ,one on top of thJ! oth~r. ',Seve,tal 

proposaIs in the literature (~3,14,15) incorporate ;this 

,idee. Each configuration uses' a fan-type sptay air ring. 

Betveen the ri~9s th~ previously appl!ed air is ~ithdravn by 
b 

an outside source. Thu~, the film bubble is continuously 

new streams of air. lt ls claimed quenchèd vith' cooling .., 
,that lover surface temperatures vould result vith this 

cooling syste~ t~an vith a single air ring and that output 
. ' 

could be cor~espondingly increased. 
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2.2 " Dual. Li:p: 'Ai r Rings 
, , 

'. 

,,' The classic fan spr~y air ring and aIl the variations 

thereof; still contained a substantial impinging air strèam 
, ,-

component' which l imited the amount of air 'tha t could bè_ 

applied to a film bubble. Increasing the air flow 'r~te 

f " 
beyond a, certain ,~oint caused bl,1bble lnstabilitie's. A 

, 
substantial ~mprov'ement in blbwn film cooling technolQgy, 

occurred by deflecting1the cooling air strea~ in a much more 
~ \ 

parallel dir~ct'ion than was previously ~ossible. ·with 

little or no impinging air stream component, bubble 

stàbi l i ty could be. pr'eserved under much ~9lier flo", rates • 

. Earlier attelllPt's to ge'nerate highly parall~ flow' rates vere 
, . ' 

l , 

stymied by the Venturi-effect occurrence whièh dre", the film . . 
.. 

ioto the deflector plate (g',>, with the introduction of a 
, f 

l' secondary air stream, belo~' the contact point between bubble 

and high flow' rate, stream, the negative pressure was 
'. relieved. Thua,' two deflector, pl~ltes are' inc~rporated in 

this air ring, and for this reason it is usually referred to 

as Il dual-lip air ring, A schematic- of a dual lip air ring 

is sh~wn in Figure 2.4. The forming cone and adjustable 

deflector plates are the key to this design. They determine 

the manner in ,which air is applied to the bubble. A high 

volume of air is deflected parallel to the bubble surface by 

the forming con~. The air stream cools and supports the 
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This ~ovin9 stream creates a ne,ati~e pr~ssurl 

area betveen' the formi1l9 cone and bubble, which- il relieved , . 
by a secondary air stream introduced upstream from the high 

. volume flo". The secondary strea~ also acts to partially 

eopl the hottest section of film bubble. 

The use of mueh greater flow rates with a dual lip' air 

ring have resulted in cooling rates fifty percent ,greater 

than those of elassieal fan-type air rings ( 9, 16,1 ~). Grea ter ' . 

~ooling subsequently lead to sizeahle throughput inereases \ 

(18,19). For example, outputs of lov' density polyethylene. 
a 

in commercial blo"n film extrugers equipped vith a standard' 

air ri~g are in the 6 to 8 pounds per-hour per inch of die 
. , 

cireumference range, while vith eo01in9 8upplied by, a dual 

lip air ri~g throughputs are in the 9 t9 Il rahge\(6). The 

most signifieant inereases in film output have oceurred with 

linear low density polyethylene and high density 

polyethylene, whieh are veaker in extension than low density 

pOlyethylene and thus espeeially susceptible to 8 fan-type 

cooling air spray; The parallel air flow from the düal lip 

ring is less disturbing to these ~esins weaker in extension 

(9,20). 

A prQtotype of the commercial dual lip air ring first 

appeared in 1970 (21). Hinrichts p~oposal incorporated'a 

conventionsl air ring housing and a .complieated set of 
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.' 

deflector pl_tes'. After numer,ous -, redirectiOns, the coo'ling 

air vas' applied to the bubble ,.in', t~~' 'generai ,streams ~ A 
- , 

secondary stream contacted 'the molteh Hlm just above the 

.die, while a larger volume air stream' vas' int~oduced further 
} ~ ,~ 

dovnstream, where the bubble had-already "Partially cooled., ..... 
i 

Compar.isons 
" 

v~re carried out between this and classical air 

rings. In each case the maximum air flow ,rate for a stable 
" 

·~ubble vas bsed. Hinrich found that ·his.inv~ntion had a 

"greater cooling 'ability', as evidenced by lover bubble 
• 

frostlines, than the ela,ssieal air ring,. Aiso the nev ring 

could cool 'melts emerging, from t~é die at 

temperatures than had previou~ly been possiblè. 

A 'later dual lip air ring design streamU'ned" the - , 
o 

baffles vithin the housing and redu~ed the vertical distande 

betveen primàr,y and secondary ·str.e~m introduction (22)'. 

Moreover, special attention. vas paid to the' angle at vhieh 

~ir streams left the deflector lips. A ~ostly parallel 

application of ' cooling air, maintained 'bubble stability, at· 

high flov rates. Çomparisoos b~tveen dual and ~ingle lip 

air rings showed that greater throughputs vere achieved. 

using the former apparatus. Another configuration of this 

'invention picture~ a seéond dual lip air ring downstream 

from the die, 50 that the issuing air streams contacted the 

bubble just belov the frostline. A solid tubular chamber 

joined the two dual lip· air r~ngs. No comparative tests 
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were made with this a.rrangemen,t. 

A more recent patent also propos~d~a st~cked air ring 
, , 

con f i gur a t ion . (1 ) .' l none arrangement. two conventional.or 

:chassica-l rings are staeked :100se1y one an top:of the other ï 

very simi1ar', te)' Saint'", Ev,e' s (12), earlÎ'er design, Whi:ia' 

~e",ond 'conflguration u~ed·a duallip air ri~9 located 'at. ~e 
base of the film bubble and a raised conventional air ring 

In eontrast to Saint Eve's emphasis on improved film 
, 

property balance, Jon~s et. al. (1) stressed the large"total .. 
cooling flovs po~sibl~ vith a stable bubblé and' -the 

corresponding output increases over con~entional cObl~ng 

rings. Comparati~e tests between the two,~ype. of st&cked 
~ . . 

air r~ngs, a eonvention~l air ring,.and.a ~ual lip a~r ring,' 
> 

indi,cated that the maximum olltput* vas g~eatest for, the dua-l 

, and single.lip air ring combinat ion ~nd sma11est for a fan 
i ' 

sp'r~y convention,.l air, ring_ The outputs for the dual lip , ~ 

ring and for the stacked cpnventional rings lie be'twe';en',
'J 

these e~treures, the fo!=mer beiJ'llg closer to the si'ngle lip 

conventicmal air r'ing' and ,the ~att\ closer ta- the other 

:stacked,ring configutation. These rankings vere achieved in 
• 

proeessing both LOPE and LLOPE. 

maximum outputs 

polyet'hylene. 

was . more 

, 

pronounc~d for the .linear 

* 'On a cpoling limited blovn, film produe-tion line,' maximum 
output is realized vith the largeàt cooling flov that 
maintains bubble stability and cools the film bubble" balow 
i ~-s' ,blocking temperature • .. 
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" 2.3 State of the ,Art cooll~9 1;Y~t~';" " 

" 

, -

• 

. ; .' , . 
) 

1 • ,If' ~ 

Over the past : ten years,. eo~ling' system~', 'b~V~ ·ch.nged, 

greatl)' ,and 

output's:, 
0' 

-
this ·evc;>lution ~ has led 'directly' to 

,;........ " .' 
• 

The classie fan-type" spray . air ring 

in,creased 
' . -, 

has béen 

almost universally replaced by, a 'dua'l lip 'air (ri~9, caPable ' 
" " . . 

of appiying a high volume of air alon~ the film bubble~ Air . , 

ring manufacturera have darketed services or sold 'kits ,to 
v .' , . 

convet't clas$ical,.air ~ings' ta:' ~upl lip' rings by replaci~g 

the deflector plates'arid'bat,fles vit,hin the 'housing (1·7) .. , 
, , 

New baffl~. designa are able to tediiect 
, 

tangental ~ir ~low 
o. \ ' ,~ 

,towards tl)e bubble vith lov static. pressÙres. F,Qr example, 

a dual, lip air 'ring typically Operates betweén 3 ânà io 
" l, 

static pr~ssur~, as,~~sured, On ~ vater èolum~ 
.. 
inches Qf 

. 
gauge, at 150 cfm peT inch of d'~e. diameter (7). ,Convers~ly " 

1 

a classical air rihg 'vith àh intrica~e set of baffles 

usually operates in the 15 to ~O ~nch gu~ge range, vith: much 

.;ovel;', ~low' rates applied along the bUbc'e"'-'tha-:t in .the, ca~e -

ofc.dual Hp air rings. 'l'hus, blov~r ho sepover-requirements'- , 

can .i~ reduced vith the conv:~:ion ~o'f ~c~nvertti'on"l 'Single *, ' 

lip ,a'ir ring to a dual l'ip cooiin~ de.Yicé. 'Furth~rmore, the 
. 
û'se of ,duo'l lip air rings has le~d 

, " 

to a plurality of-air 
-, ' 

proce!Ss'ing situations rin~ -acgessories to cover most 
•• > 

e~'cou~èred., De~lec~o~ piateil' are availa'ble in _diff~rent 

sizes, so that one air ring howsing may be used vith several' 
f " ~ ~,~ , 
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/", :djfferent dies or, if the rin9 is raiseà, accommodate 
.> - ::""' ~\ -- fi, ... 

:, Il. dif ferent· blo" up rat ios (20). Forming :ëonés come in 
, 

.. ' .. ~ variou~, sizes and shapes, to be 

.' ,.; or'· b'lend (lB). 
" 

Specially 

used for a particular.r~sin " ' 
machined deflector plate 

.' " 'adjustment scre"s are marketed vith claims to eJecrease the".t, 
, -
" L •• 

am~~nt ·of, turbulence in the exitil1'9 air ~treams" ' t~ère.t?y" , 
- ",', r; .", al1o~i'~g:even higher velocity cooling afr flowa (17), 
1 \ ~ \ - , 

.;:- , :: , ' 

Production increases in LLOPE and HOPE. resins, vhich" 

" . 

, . , 

> , 

, form more 'fragile" bubbles than LDPE; have lead to the 
, 

';" developmént' of bubble stàbqizing 
.'. ", 

devices. The most' recent 
, 

dev~lopmen·t. is the bubble sizing cage. ,One model' i s shawn 

1'n Figure 2.5. The cage repla.ees. aluminum or 'cardbç,l!H>"d 
" 1 

guide bars, vhich had not been ~odi f i,ed since being used in 

,conjunc:tion ,vith the first air rin9s. ,The se , ~ag'es ,'are 
, • ' \ - 1 

usua·lly located jUBt above the' frostline but are equipped to 
~ . ' . ,. 

, 
~e -raised Of low.ered. A sizing c~ge contacts the bubble ana 

'> 

provides gr1!ta,ter control over bubble 
\ • (l'l'' 

cUameter and more 

stability by damping oscillations, keeps the,bubble centereq 
•. ''t 

'\ ·over tbe die, . 'an.(!/· ,increases heat transfer. The tise of 
" " :. -f~ , 

'sizing cages on LLDPÈ and HOPE product ion lines is cOlIIJJ\on. 

, The term lcooling system' halOs taJtén, " bold in <> the 

indust.ry' vith more 
.-

~labor"ate 'a r'r angemen t s of cooling 
'. 

equ~pment. A BCh"matlc of,'· a 'Ist'ate of the art blown film 
r' • ," • " ..~. 

cOOling,,8Y8te~ i,~ .h~wn in.'~Jgur~.,2.6 •. I.t inc~~des ivo dual 

- lip ai r ri.n~s, -one rahled' to ~t?ntàct ,th, 8Dlid por,tion of 

, , . 

.' 

.. ,~ 

'. . 
, .~.. 1 

. . . . 

.' b 'l . " 

, l , 

, . 

" 



.. 
'13 

'\ 

· ; 

) 

" " 

~A ' 

.tr' l' • ... ./ . 

" 

" t ' , 
Sizing FIGURE 2.5. PhatQgraph of Bubble Cage " 

" 
/ 

" 

., 

.. 



. ..... 

', ... 

.. 

__ 'i 
u ,if. 
-~'"~ ...... 1 

, , 

" 

a • ..1'36-
1 

- ~- ~ . , -
Il r 

. , 

~f ,~~ 
, , 

~ 

, . 
c 

. < , - , . 
~ . , 

0 " 

'!Jo 
~ 

, 
... .... 

G , Q 

.. 
~ 

1 J 

. 
~ . .' 

, ~ 

'1 ~ 'd -
• . ~ 

,,' 
- , 

- 0 -.. . -
" • G, 

, 

----0' 1 j II EL.EVATING MECHANtSM 

• ~ fOR .sIZING CAGE , .. 
~ . " 

-
~ l . . 

.J4... .-

• ""'~ , < , . 
.. ~, 

,. 

1 
, ~ 

- 1"1 
............ SIZING AND' ST A81L'ZI~ CAGE 

\ " , 
-

, 
~ .... 

MOUNTING BRÂCKEts FM - -. , SECONpARY AIR RING 

l - 1 1 

~RIt.tA~Y AIR RING ~ ~ ... !lj:'CONDAR ,AIR RING"-

'" 
- . , 

, 
q t' 

~ • 

~ .. 

~( 
~ " ...... 1 - 0 

1 
, ,. r -. 

-- ~ . , 
ri Br-~ 

, 
" 

. 
~ 

,1 . f-

" 

. 
1 

, , , 
"" 

~ 

" 
Il JI , 

'. " L - ~- ~ .... 
, " 

\, , 

,fIGURE ,2.6 State of' the Art B10'wn film Oooling Syst.em 

.' .. 
i.: 

, . 
" . " 

. . 
" , . ' o I, .... -

"" 

/ 
~ .' 

,. 

t _ 

'. f' 

• , ' 

• '0 

- " 

'.,- " 

.. 



" . ' 

l ,1 

)". l, 

,,' 

,', 

" ) 

'0 

, . 
, . .. 

t~ : f 

,". 

" ' 

.1.. "'1 

>1. 
• 1 • 

" '" . ,.t 
, , 

".1 • ." . , , \ ~t l' , 

",r , , 
l' ... , 

. ' 
, ;!-,' 

. ~ " ."...,. 
, " 

~, 1 J '. 

~ ..... ,. '" ... :.-1. } \ ~ . ~ 
.. 1,\, _ '" " 

-37-
~ ~ 1 ~ , .. '~, • 

, ' " '\ 

-.,.-
_. '; .;, ~ "'::"'~' "'- .. 0" ,". ~ ',Jo":, c' 

• t '. ' f": J', , \." j 1 .~: \. ~ _ ' • ~_ ~ _ \' , <'). 

fllœ 0, bÜ,bble' v~th à' flov rate, '~hree' to, (C?uÏ' times'. 1ihat 
r, '" • '.. . fi, , _ 

appl~,.ëd:'~t·ot~e ~se'o( th!, fi:lm,'bubbi~I~·and, dqwnlt.r.~m Ir!>D1 
... ' l''t> .. ',' 1 • , • 

'1 ~ 

-, , i 

- , 

. 
-,' 

" 

. , 
\ 

~hï.,~leçonê:lij air 'ring,; a bubble s'iz'iri:g,eage is locatecS ... 
" - " . - ,- o ' :' .. 

" ' , . 
, \' . . ~ (~ . 

1" 1 • 

,', 'I,.,ternal' b~bble cooùn.gqBè> 
• ,l, J' 1 

, , 
" ,"~ 

devices 'have tremendbus ., 
" pot:e~ti~l~, a} the ,~po8sibi~ty ·of. h~ât tfarilsf~r .• 'from the 

~~ble in~erior I?ad previously bee~' neglected. ~he ~90Ün~', 
• ,. c 

,ys~em~' di.c,,?~sed ~hu~ f~r 'r~quir~: no fUr)di1me,rit~l change in 
, ,": , '0 , ' "'. 

e~trusi,on ,system ~but 1 BC does,., A .nev die" an internal ai r 
.'. ..., _ ~'""" .' - • fil ~ .. \ .~., - ',: r J ~ ~ ~ 

rin~ and' a eomplex monitor;:ing an~ "c~~rol sy'stem are al1 
t ... • 1 • 

,'r.eqù-ired for an IBC devièe~ CO~lequ~ntly,: the.'cost of thes'e 
,', ~'" >"-, 

~ '\J ..' 

syltems are' high. Only t,he n~"e,lt LLDPE • .,a ~J:l'E blo~n~ fil1n -
-- •• f., , 

J b 

" e1trusion, lines incorporat:' IBC. IBC' has ,been:':-mentloned 
III ... :..., " \.... .... t, e.s ..... 

,bere "on'ly' for çompleteness, 0 ~ brÔ{l'd~r : dÎleussion can" be " 
~ .. ' ~ . ,- - ~. . ~ , . "\ .. ' . 
,-" -, foun-d ln' refer'ences 9 anô 23\ . 
, 'ft " '_.' • • ,t 'i" '. ' \' ~ 

.' . 
, . . ,,"CI. , 

, " 
, ~ ;0. 1 ~ 

\ , 

, ~ , -The go~l" of ~ny. type< of cooling -inno~ai~~r),' i~\~ t~', '. .. , ,~ 
~, _. v ~ 'lt ", 1.. .. _ • j,. ~ 1. ~, Ir. _. 

'lncre~se' th~' 'ra"t:è ,ol 'f i illl' coolfng '~as ind,icated by' ",~' l~~r· 
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~ .frostlipe height" Or film Burtac-ë" ."~e~per~~ur~s~': vhilë " L' ", 
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,Chapter l 
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\' 

" 

, .. 
\ 

Seope and, Objectiy~s 
t 

.... " 

In commercial blovn Hlm. extrusion' procassès the' output .. 
Js 1rùlited' by ttié cooling cap,city.' ,An increase in eooliflg 

can yield a ~orresponclirrg inerease in throughput. However, 

simply increasing the f 10" of cool.ing, air ,di'rected et ,the 

bubb1:'e lhay not be practical if bubble instabilities arise. 
, "' f .. ~ 

Bubble instabilities leed to' nonun1form d,imensions' and an 
• l ' 

"unacceptable product. 

'l'he purpose of th!s vo'rk was to investig'lte the 
, . 

\ -
feasi~ili~y ,of using stronger. cooliog conditions, "hile; 

retaining-a . st,able bubb1e.', In' a ne" IpprolCh to generate 
, ' 

st ronger cooÙng conditions, ',air was dravn do~n, 
, 

countereurrently, . Along the. b'.Jbble.·, co~ling air' applied 
,. \, 

eountercurrently may result in ,'gre8ter cooling. than under 

...... no.rmal :cocurrent cooli~9 con~itions. Fur~hermore, the 

warmed air dra"n 'down tbe bubble is, collected. C,ollection 

of the heated "air e1iùlÏnates its locali~e(l 'accumulation' in ' .. , " 

the opera.ting. area ,and presents the possibility of using the 

beat in the ~ir for, s'pace heating of office areas or for

preheating in film elllbossing. 
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3.1 Statement of Objecti'ves,_ 'v 

J , 

,AfJ'Jexperimental 8trate,gy to examine the pos.ibiltyof 
, 

countercurrent 
, 

blovil Ulm cooling in ,the 
, . 

il, outUned 

)' folloving Hst of 'objectives, 

, . , 

., , 

1 • 

, 

, ' 

\ . 

l) ,Design a count~rcurrent cool1ng system and 

determ~ne vhether a stable bubble may be blovn 

under countereucrent cooling conditions! 

. 
2) If' - a film bubble il. at,ble undér 

cou"t.erèurre~t . coolin;, deterPline a. IPeC i fic set' " 

of operat ing conditions., ~or t:bis proees5_ All, 

' .. evaluations of c-Ool~.n9' systems woulÇl then be, 
, , , 

carried out under these processing eon.ditions. 

The opera.ting, ,conditions should·' be simi lar to 

those ual!d. unde.:-.-~_tAndard cocurrent cooli'ng_ 
2_-' 

3) ~aluate the countetçurrent cool ing system b1' 

mealuring'depend,nt variables affected-by cbanges 
" ' 

in oooling conditi,ons and compare them to variable 

liIealurements under cocurrent cooling condi tions. 

For èxample, ta the film surface temperatur~ lower , 
under the c~unter~urrent cooling conditions than ( 

. ' i'n standard' cocurient op.rat(on? 

• 

<, 
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, 

4) Measure film .p~operties under elich coolin~. 

condition to determine vhether the 'same' film is. 

be~ng' produced. p'urthermore, quali tatively 

'determine the overal~ orientation of the film. 

" ~ 

fi . , 
3.2 Evaluation Criteria '. 

Prior to designil)g' a. '~.ountetcurrent" cooling apparatl;ls, 

the eXist ing blovn t,i lm pt:'ocess was studied. The reaSOR vas 
" 

tvo-fold; to fam,il'iarize the ~esearchet vith the ~echni,que " 

of' oper'ating' Il blo"n film ,extruder, and secondly, to 
. 

establish evaluation criteria, aince' the pr~ject objectives 

include a comparison of one coolil'lg system vit'h another. 

'Insufficient cooling vill cause the polymer film to 

exceed its blocking temperature at the n'ip rolls and stick 

to itself.' On th~ other extre'!'e, large .air flov rates used 

,to maximize cool'ing are limited by bubble ··stllbility. Thus 

blocking temper'ature and bubble s~~bility provide . general 

1 gUi,delines for film produc't ion. Wi th~n these guidelines 

specifie' operating conditions, i,.e. variables in Table I" " 

'Parts and ~Î, 
f 

must 'be reQuires established. . This ,1'1 
" 

holding the majority of variables within this group constaht 
, , 

so that changes 'in coo~in9 conditions can ~,directly 
'" 

measured. 
Il . 

" 

" , , ' , 

", 

, , 

" 

1 ~ 
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.. 
"In th!s vork, the extruder could operate et maximum , 

Bcrev Bpeed over a vide range of blÇ)w _ up ratios and nip r'oll 

speeda, vi th moderate cooli.ng condi tions vi thout exceeding 

the blocking temperature. With throughput limited by 
, 

extruder speed rather than by blocking temperature, an 

output was specified. The value decided upon was consip~d 

typical,by. those familiar· with' the extruder. By hOldi~g 
, ' 1 ~ 

output, a dependent variable, constant independent variables 

'screv speed and extruder and die temperatures a1so were 
.,' 

fixed. The scr~en Pack was not changed as it was considered 

-sta nc;1ard for the resin" used, 'which when coupled with 

consta~t extrusion temper~ture and screw speed" kept back 
, 

pressure constant. , Furthèrmore, with these var iables 

cons..tant, melt tempera,ture was a.,lso f ixed. , 

Film product dimensions were set under cocurrent 
. )' 

éooling conditions and vere- expected to remain constant 

throughout •. Produét dimensions are determined directif from· 
\. 1 f ' 

'" blow upo ratio (or l~yfldt width) and film thicknéss. By 
~ , , 

making these dependent variables const~~t, both nip 'r011 

speed and internal bubble air pressure be-::ome' fixèd. This 

is not entirely true as the cooling air 
. . 

fIt\' rate.slightly' 

affects the ,shape of'the neck region)and subsequently bubble .. 
dimensions. 

Cooling con~itions vere varied for each cooling 

, systemt The cooling apparatus design, which dictates the 
! 

, .'" 

. , 

, '. 

, \ 
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Iftann_r in vh~ch'coolin9-~ï'r is applied to the bubble and the 

qllant i ty of cool i ng a i.r ,. cletermi nes a coolin~ conài tiori. 

Stronger conditions' are lhiited by bubble stability.' The 
. , . 

-JIl8ximum c.oolrng condition i5 realized by a film bubble on 

the, verge of i:nstability~ -'For each cooling condition, 

measureme'nt. of position - 'dependent variables revealed the, 

extent of coo~in9 and pr'ovided, a basi 5 for compar l'sons 

.' between the cocurrent an~ counter~,urrent cooling systems. . 

'_ The independent and àependent, variables tha; were 

'·constant. in othis study are summarized in Table 3.1. 

" 

,. 

Table 3.1: Constant -Independent !n~ De-pen~ènt Variables 

" 

," 

Screw Spe~d 

1" ilm Output' 

se reeri Pae k ' 

Extruder Back I!res8ure 

Extruqer and Die Tempera~ures 

Melt Tèmperature 

, Dimensions' (BUR and film gauge) 

Nip Roll Speed 

InternaI Bubble Pressure 

Cooling Air Temperature 

~" 

" 

. " 
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jhi~ .. 
.Tbé remaining five chapters of thesis attempt to . 

meet t,be objectives outlined in this chapter. In Chapter 4, 

a C(ountercurrent 'cooli n9 apparat·us 1.s desc ri bed and 

operating r;onaitions establisbed under which comparisons 

"i th standard coeurrent cool ing vere made. Dependent 

variables measurements are discussed under di fferent coollng 

candi t'ions in Chapter 5 and 6. Furthermore, hea t transfer 

coe'fficients along the length of the bubble vere calculated 
~ 

from~e measured<,d~pendent variables and correlat"ed vith 

p~:)'sition abovè the die and air velocit.y. In Chapter 7, film 

property measurements are di scussed, w i th pa'rticular 
1 

reference to differences bet"'~en film cooled under cocurr.,nt 
-

and counter;cùrrent '~oolin9 condi t ions. A di seuBsi 'On of film 

property measurements"in terms of 'orientat ion follows in 

Chapter 8. Chapter 9 contains the conclusions of, tl'lis 

study. 

" 
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Chaeter " 

IÏ'li tial !xper iences vi th Countercurrent. c.oollng 

\. 

'All of the current methodEf. used to cool ·blo"n film blow , 
cooling air in the same,direction as the film là ~ravelling, 

"tbet is, in " Il cocurrent direction. This vork looks at the 

possibility of applying cooling air in an opposite or 

countercurrent di rect ion to. the m.oving~ f Hm. In this 

research, several countercurrent air flov Bchemes were 

proposed to·cool film. Ho"ever, before any c::omparat ive 

te.Bts could be made between the conventional cocurrent and 

proposed countercurrent cooling modes, it wa, necessary to 
v ' 

e.8tabl ish a st~ble t i lm bubble under countercurrent" cool ing 
, 

·conditions. Once a stable bubble "as achieved and, operating .-. 

conditio,ns specified, measurement of dependent variablès 

would reveal the method of greatef' cooling. 

4 .• 1 Material 

A commerc ial high pressure low densi ty polyethylene was 

used throughout this study. ~he ~esLn, DYDY 3312, was 

supplied by Union Csrbide Canada Ltd. lt· is an unmodi f·ied 

" -... 
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, . 
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resin, free of the additives comménly u,eà to enhance film 
\ 

woperties. This polyethylene is highly branched,' has a 

"broad mo'lecular veight distribution and' producés il high 

".clarity film. The f'olloving specification!i' were provided by 
.' ~ , ' 

'the ma,nufac,tureq melt , index 1.,7 g/10 min, melt flow ratio 

"', 65', and resin 'densi ty 0.9235 g/cc. Melting and 
.' ... 

crystallizotion' points of 110 0
Ç and 96 oC, 'vere determined by 

'< ' 'a Pèrkin-Elmer 'differential scallOing , ca1orimeter, ·model 2C, , ' 

'folloving, 'ASTM D3418. A thermogram of the me1ting curve is . _ 

shown 'in Appendix' D3 and the crlstallization, point 

àeterminat'ion in Section, 6.6.2, Figure'6.25., 
~I... • / , 

;i 

" 

4.2 Eguipment 

1.11 blown film 'proces~i'ng was carried, out et the 

Téchnical Centre' of Union ~ Carbïde Canada Ltd. in 

Pointe-aux-Trembles, Quebec. A one-inch, Wilmot extruder 
• (Wilmot F1emminéJ Engineering Co., Hunt ingdon Valley, Pa. ) 

vas usèd to process the 1011 density polyethylene. The 
. 

extruder çon~ained ~ 24:1 length to diametpr ratio standard 

sêrew, vhieh fed 
". 

molten polymer,through a two and one half 

inch 'spider die (Union Carbide Corp., Bound Br.ook, N.J.). A 
• conventional, high-cone, single lip air ring (Union Carbide 

Canad~ Ltd., Pointe-'Aux-Trembles, Q':1e. ) redirected cooling 

.' 
; , 

, 
" 

, ". 

-, 
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, 
, a i"r, suppliee! br • central blover" al~ng the bubble. 'l'hi s 

.... '. . 
... air ring ~as eventuallY"l'epl,aced br a small-cone, single-.lip 

air ring~ vhich had been ~sed in eÀrlier reaeàrèh by 'arber 

{2' t. Photographs of' the extrùder vi th each air ring' in • 

place are shbv!l in P'i.gures '.la and 4.,2a. A cutavay sketch 

" '" 'of each' air ring, vith ~jo-r components labled, ia 

in Pigures '.lb and 4. 2b. 'l'he small cone of the air ring ., 

VJlS designed to fit' around the die, t.hat ia vith cone poin.t 
, 

downvards. However, the 'defl-ector :plates'vere positioned'to 
. 

redi rec,t air cocur.rently along the bubble. This 'inverted" 

air. r~n9 exposed more of the, bubble to measurir:'9' ~echn'iques, 
, . ,~ . 

vhich required a clear 'path perpendicular to the bubble 

sl:lrfàce. A aecond 'blowe,~ v~s neçessàry for the eventual 

countercurrent syste,n used. It vas a' P~wèrlane!-Ba-lèy 10 bp 

blower (Poverland En9~rieeririg Ltd., W~odbridge, On~.) 

, ~ , . , 

4.3 Operating Ranges Under cocurrent cooling 1 
i , ... 

A dis,CuBBi,on, in Section 3.2 determined ~ariables which" 
-. 

"ould be held constant in thi"s work. The se operating 

( conditions 
.1 

listed in 

inciuded independent and dependent variabl~s 

Table l, Parts II and ~olin9 condi tions 

. vere', , of course, exceptions to this , Itatement and 

necessarily v~riee!~ .. 
' .. 
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fIGURE 4. 2a 

" 

'. 

.. ' 
l' 

" , 

.. 

.' . 

Photograph of a Modl fied Low t:one 
Ai'~-Ring Mounted Above's Die' 

. r '", 

,~-

" 

V· , 

, . 

Air ..... ---Air 

'Law Cone 
. , 

, 'Deflector ~. '" . 
'P1ates, 

" . 

.' " . 
,Baffles . , 

,.' " 

'. 1" • ,. 

" ." rLGlJRÉ 4.'2b' - Cutaway View -of a' ,t:,todi.fied Law Cone, 
Air' Ring .' 
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The high- ,pressure resi'n used 

. , , 

in thi$ study' va, 

processed under a rar\ge of ope'rating cond,it;io,:,s; consid'.re~,. 

standard by those technicians familiar with ~~bie 'blo~n' f·li.: >. 
\ ,_ *; .. l '''~'. 

extrusion system... The operati.ng ranges vere used, as . .; '.~ 

guidelines_' for 
, , 

COuntercurrent trials. It vas 

obtain a stable film bubble und~r countercurrent coC?l,it~g' 
. 

conditions, vithin these no~mal proce~s~~g range!s. 

cocu~rent operating 
, .. \ ' 

CfJndition guidelînes' '~re':presentèà Ifn 

'l'he die and -extruder temperat~~es ".et~ ~et 

,independently in fOu,,r zones. ,The,se t~IJl,?e(l'~~ùrës vere 

Table 4 .1. 

c'oni\dered s'tandard for this high 'rpr~ssur..e ,r,~.ii~ . ,~nd vere 

not. changed. Also, a scre~n paek of "0":'80-::80-,'0 mesh v,as 
• '. f' <' 

used 'tnro_ughout this study, ~l iho~9h .\~t-. was . rep'l~c;ed 
pe~iocÜCallY~C 'The remai}ing variablës -~.~~t"é .vari~d', ~i~hin 

, ~ _ ~. t .~. ""'. , t • • '" 

, . . ... ~ . . 
these gùidelines in each count~rcurien:t ':cool)n9 t~ia~ J,' 

. 4.' 
. . , -

, " . 

Countercurrent eoolinct vi thSuction 
o 

\ . 
.. ~ ~ . ' , 

" , 
.. ~ 1 

, ., 
; '~' f 1 

, , ) 

The first 'attempt ta apply countercurr~nt co~l~ng air 

to the film bubble vas nothing . more than reversing' the ·.qpw 

through the present air ring_. < This was t1re easi~st ,~pp~C?aeh 
, . 

connecting the air inlet. duc~s to '~ake, ~s it only required 

of the present ~in9. to the air ,intake side of the Powerland-

blower. 'l'he cool in9 air drawn into the air 

" 
'-

, , 

" 

u " 

. , 

" 
.1 
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Table 4.11 Operatif' Rangel'.ùnder Cocurrent' Cooling . , ., .. 

. 
variab1e 

ereen Pack 

ie and Extruder Temperat~re& 

Melt Tem~rature 

Range 

" , 

40-80-S0-40 me.sh 

\ 

, ' 

163, 168, l7'7 i . 182 oc' 

190 -, 215 Oc 
" , 

4S - 6~ RPM 
. . 

, , 

, . 

.11 

, Q 

Serew Speed 

Film Output '10 - 24 Ib/hr (4.5 - 10.8 ,kg/.hr) ~ , , 

'. 

q 

Extruder Back ,~essure. 

Nip Roll Speed 
o 

Fllm Thicknss 

Blow Op Rétio 

Frostline'Heigbt 
Q 

, , , ' 

\ -

Q 

.' . 

. . 

p 2500 - 3500 psi (17 - 24 HPa) . 
,20 -, 40 ,ft/min' (6 - 12 mlmin) 

, . 

0.5 - 3.0 mils ('0.01, - f{).OS 1IÙn)' 

1.~75. - ". O' . 
'" 

8 - 20 inehes (~~2 - 0.5 ~. 

' ...... 
.. 

t, 

" 

" , 

, " 
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blover vas 'CQntro'lle'd bl"" bufterf'ly' vaï~e 'locat~d ~at tHe, 

blower exit.··~·" ' 
r \ ," ~ , . 

these 
T 

operatJng con4itions. ~The tun~~d molten fil~ co~lapsed 

·over ,. fhe 'anl')ularo o~n.ing in th~ a,~r ring through vhich air' '. , , 
, va8~ being pylle'à. To cireumvent this prob~em, a ~ubble vas . , , 

forlned.. ~nde~ cocu~r~nt cooling cond,~ ti-ons, and onc~ 'the 

bubble . "as, estàblished the air' flov vas 1 .' reversed'. 

. , launedia'tel1, the frostline increBsed and the bubb1e , , , 
l ' ~ 

, oscil.!à·ted back antr forth ln Ji' flipping'- or 'fluttering' 
~ 

then a minute the déformations bec.me t~o 

severe and the film Dubhie b~oke', the lover portion of film 

being suck~d into the air ring_ This o~teome was repeated . ' 
proeessing condi tion's used. 'rhese for each set of 

/ 'conditions.a~e list,d in Appendix BI. W~th large draving air 
, 

'flovs, blov-üp ratios an~ nip roll speeds, bubble breakage 

initantaneoualy. Under tbeae same 

ope~atin9 conditions hovever, ,decreasing the suetion rate' 

prolonged the life ~f the bubh],e Diarginally, but raj'8e~ the' . ~ . ~ 
frostl!ne even more • 

. These observations' indicated that, suction through the 
" 

ai~ ring orifice greatly destabilized the bubble. Air 

vi thàravn ';lèar·p the veakest section of bubble c'euseà greet 
~. . ~ 

deformations a'MY ultimate breatage there~ 
~ fi., • 

decreased, bubble stabiîi-ty improved, 

If luction was 
'! 

but, cooling, vas 

1 

'. 

,. , 

. , 

. -, 

.' , 

. ' 

111 
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insuffic~~nt,eas ~ot enough air v~. ,dra'v~ a~ong' the 'bubb1e. 
, 

'rhe",temperatur'e of vithdravn jair ~vas only sligbtly, higher 
,.. . -. 

then the ambiant air (27;5 Oc Ys. 2?OoC) thu8~' a large .,. 
, ~~~ipn,of air flov entered the ~ir ring witbout eooling the 
. .'~ ,,\ . '". 

. bubble.. A sketch illustrating these oc,curr_nc'-,' 'is shovn in 

Figure 4.3. 
(' " . 

" .. ln order to force more ~ir" c~o.er to the f'ilm tube, a 
" 

~ylindrical shroud vas placed ~r~und ~he bubble: Thus t " 

, 
co01ing air would he reQùired to "enter an annular ga~ 

" 

, e 

/ 

Î' 

~ ~êtween the bubble and the cylinder arid flov down the length . 
of the çylinder, near tbe bubble. It was hoped that more 

cooling would occur under a less t'han maximum countercurrent , , , 

flov. By not using IIlaximum suction n tbe'desta~illzing force 

" -"ould not he as great as in the preYious tr'iaL This 

, configuration still relied 801e1y of draving c,.Q-91ing air 
0 

countercurrently. A detaUed dra~ing of the' cylinder is 

shown in Appendi~ C • The cylinder extends aboyé the 

highest frostline obtained vi,th any combinat ion of' cocurrent 

operating yariables (Tabie 4.1) and the diameter can 

accomodate blov-up ratios slightly g~eater than three. - . 

The operating conditions used in the ensuing trial vere 

at tbe' 1011er operating rang.es giyen in Table .• 4.l-., ln the 

preyious trial, bubbles with amall blow ~~ ra,tios, formed 

vith slover nip roll and screv speeds,. proved longer lasti,ng 

tban bubbles blovn with higher yalue~ of the processing 

.. , 
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FIGURE 4.3 -Countercurrent Cooling Usi~g Exist1ng 
Air Ring, and Showlng Bubble Instab11ltles 
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-r ' l , 

,paramete~s., This lame behavior was expeeted bere. Specifie. 

operating conditions for .ach , . + at.te~pt to blov a_ stable 

bUbbl'e are listed in Appendix 
, . 

82. Film bubble start-up vas 

again not possible 
;1 

under the drawing flow. Thus, a bubble 
. . " 

vas first established under coeurrent flow. Once the flow 

a,long the established ~ubble was reversed, initiating less 

thao maximum countercurrent air flow, bubble instabilities 
. 

resulted. The neck region changed shape dramatically, fïrs~ . . , 

expa.nding )unti~ con'tacting the cylindrical wall and then 
\ 

; cbn!:~acting into' a narrdw, tube. Thèse deformatlons 
, 

lolidified at a frostl~ne vell Aboye the cylinder and thus 

remained in 'the product. At some point,' the oscillat;ng 

b~bble was pulled,oyer against one side of the cyli~der. In 

this 'position, the bubble soon stuck to the cylinder wall 

and broke, as the film was still molten within the cylinder. 

MaxilJlum,eountercurrent- air, flow was th~n applied to provide 
J 

more cOQling and lower the frostline. With this change,~ the 

froatline was reduced but still remained aboye the cylinder, 

and the expansion-contraction oscillating . pattern was 

dampened bj extreme 'fluttering' at the base of t~ film 

bubbie. This bub~le was short-liyed, lasting no more than a 

fev minutes •. Further attempts using a lar.ger blow up ratio 

or faster screv speed were futile, as the bubble broke 
. .J 

immediately. A sketch of the defor~tions i5 shown ,in 

Figure 4.4a and b. 
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Un'der f lell than, maximum f count.ercurrent cool lng, the 
fi/! , '" _ 

film bubble remained 'too hot and vas susceptible to an . . 
; 

'oscillati'ng type deforPlatio~. Little' cooling air contacteâ 
. 

'----'the lover sect ion of film bubble 1 where the polymer ·vas , 
~ , ' 

hottest and most fragile •. ,This may be a'ttributed to cooling . . 
air channeling ne~r the cjlrnder wall rather than contacting 

the "bubble. At maximum countercur'rent air flow, cooling 

incre~sed as the fros~lin~ was lowered. However, the large' 

negat'ive pressure applied near' the molten bubble vas 

9~ltabilizing and caused the bubble to break there. 

If a. countercurrent suction' flo~ vas to be pursued, 

,substantial changes would be required in apparatus design. 
",' 

The major problems vere the destabilizing ,force'felt by the 

bubble at the region of air wit~drawl and insufficient 

coolin~. An increased . cooling a'ir flow' or better;: , 
" 

application of air along the bubble neck region would lead 
\ " to greater film cooling. Partial or . 'precool i ng' in the 

neék r~g~n would stilfen the bubble making it 1e55 

suscepti~le to deformations. In order to direct more air to 
j • 

the fragile neck region, rove of circular ~oles vere eut in 

the cylindrical shroud. If air entered th~ough aIl the rows 

of holes, the limiting case of flov reversaI through an air, 

ring vould be approached. Hovever" rows of holes could' 

easily be sealed off vith tape or plastic fi~m, thus 

.' 

.' 

'. 

, '\ 
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permi.tting the cooling àir flo" to be di,rected at a desi red ' 

a~ea. Still, there vas no assurance tHat the fresh cooling . ~ 

air "o-uld contact the bubble rather than flo"ing di-rectly 

into the air ring' vithdravl orifice. In order to assure 

so~e contact betveen countercurrent cooling air and film 
~ 

surface, disc- or'plate-like obstructions vere fitted in the 
\,. 

cylind,r. Th.is'arrangement required the air to flow thrO\lgh 

a small . annular gap be.tween the- 'inne,r plate edge and the 

'. 

film bubble surface. Thus, cooling'ai~ could be forced to ' 

flov Along the hottest.....sect ion o'f film bubble' • 

Plates vithin the cylinder provided, an obst~uction 
o 

vhich the countercurrently drawn air haq to flow aroundr 
~his increased the pressure drop at the withdrawl orifice 

over the case vhere no obstructions vere present. ln this 

countercurrent cooling scheme there appeared to be a trade 
, 

'"" off betveen a destabilizing force at the air vithdrawl point. 

and potential increases in cooling, particulerly in the neck 
, 

region. However, both problems might be· satisped , if the 

bubble neck was cooled somewhat, thus stiffening and 

possibly vithstanding the applied negative pressure near 
o 

the die. A sketch of this modified cylinder is shown in 

Figure 4.5. 

The sketch in Figure 4.5 shows'circumferentiei rows of 
; 

circuler hole.s arranged in an offset' pattern along the 

cylinder le~gth. Circuler hol~s vere chosen civer long slots 
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,- , 

simply- because they, could be easily'. 

Made using e~isting machine shop equipment. Although ~even 

rows of holes, vere cut in the cylinder, a~y number could be" 

" blocked off, so 'tha~ a~r could be directed at a particular 

portion of the bubble. The straight plate vith square en? ' 

geometry was 

re/triètIons. 

th~ cyl inder, 

for a small 

primarily the résult of màchine shop 

The outer plate diameter vas constraiped by 

while the 1nner plate diameter vas designed 

gap (0.38 to 0.5 inch) betveen plate and 

cocurrently cooled film bubble. The plate width increased, . -
moving down the cylïnder, from, béing able to accomodate a 

ful'ly expanded bubble et the cylinder . opening to fitting 

around a narrow film tube in the neck region at the base of , . 
" the cylinde.r'. After the previous trials, ,a' stable bubble in 

countercurrent flow wa~ not expected to have a blow up ratio 

'greâter than three. A blow up ratio of 2.75 was, arbi trar Hy , 
chosen as a model for plate width design. Five plates vere 

fitted in the cylinder. Spacing between plates, vas smallest 

near the die ~ incI'eased tovards the frostline region. 
;/ 

The close spacing of the pl,ates in the neCK ,region was 
"T>t., , 

\ another attempt to direet cooling air near the bubble. 
t, 

Detaiqed drawings of this apparatus are in Appendix C • 

An attempt to form a bubble, surrounded by the 

cylindrical shroud of Figure 4.5', vas made 'under 
,J -

conditlons. countercurrent cooling A summary of' the 
\ 

" 

,,\' 

" , 

" 

/ 

.. 
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, 

proces.sing conditions used are given in Appe~dix B3. For 
, • 4- '-, • 

eaeh .et of conditiôns, attempts té form a atable bubble , 

vere made. wit~ differen~ rov~' of'cy~inder hOles blocked off~ 
Bub~le atà·rt-up was ,again: only poss'ible under coc'urren~. 

,. \ 
cooling condit·ions. once. a film. bubble vas formed _ vith . 
cocurrent cooling and mo~erate processing conditions, the 

cooling air vas réversed. ~ubble' instabil~~ies occurred 

immediately and fluttering atthè base of the bUbble soon 
, , 

cauaea breakage there. Under this air flov t~e,'bubble 

" .J 

exiated for sl.(ch a short' t'ilte; that the frostl!ne ~eight 
, , 

could not be 'iReaaured, .as it was still rising. The negative . 

pressure necessary to drav ai'r along the bubple velJ t'oo 

greet or vas appliea too ciose to the.molten tube to allow al 
~ , 

stable bubble to form and yet not great enough to provide 

adequate " ~ooling. In an effort to distance dii s 

desta~ilizing force from, the immediate vicinity of the 

bUbble, the upper,base plate ~f the air ring vas remov~d. 

(R~fer to Figure 4.lb.) The countercurrent flov'nov escaped 

through" a larger annular opening betveen the lover defleetor 

plate and the air ring • , 
housing. A film "bubble' vas 

"establis~~d under cocurrent· flov and vith the ,Bame operating" 

conditions as the pri~r trial. (Refer 'te> Appendix D3.)" 
. ' 

When the air stream v.a"svitche~ to a countercurrent "flov, 
1 

expanding - contracting oBei-llations oeèurred." , Photographs 

of this 'instability are shown " in 'Figure 4.6. These 
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P.hotographs of B~~ble' Instabilities 
Under Couotercurrent Cooling 
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oscillations were not' steaCly~ a.'-, their si~e. increased vi~h 

time. '~Within se~~ral minut~s,the expansions vere 50 large 
• "'''. l' - 1 \ 

t .' ~ • #' • 

t.à.at' they, contac,~ed ,plates vi thln th'e cylind.r and, above' 
, , 

t~e "l?lat'es, the"cYl\ind,'r wall 'itself. 
, . . ; 

1 

Shortly afte~vardsh , .' 

th. hot bubble:~tuck to one of the plates and wes torn • - .... ' 

In a last attempt to obtain a stable Qûbble, under 
, • J 

solely drawing flov, the uppeY base plate, which ,had just ~ 
. . 

. , 

been removed, wa~ p~aeed on top of the cylinder. Film vas ~ 
'. ' 

blo"n vith' a ~5!.blov-up ratio, vh.ich allowed only a 'sm~ll 

amount of.air'to enter, thtough the top of fh~ ey1inder. To 

'concentrate ~he cooling air on the most' fragile section of 
'.. , 

film b~bble, all but the bottom two rovs vere blockea off 
, 

'vith plastie film. A 'sketch of 'thi.! scheme . is shown in 

F'igure 4.7 • 
• • 

.. • 1 

, . , 

A countereurrent flov was applléd 
, , to the 'f Hm bubble " 

, . . 
( 

and a stable b~b,ble wa's observed., A three to four ,fo.ot high! 

frostline indicated the bubble vas hot, alth~ugh the ~ilm 
1 

did not, exeeed the blocking temperatute at the nip rolls~ 

When ei ther the . ~pp~r ba,se pla,te~ loceted' on'" top o'f t\e ,(' 

'pyli~der 'vas raised, or, the plastic wrap' readjusted'" to . 
. , 

uncover a third rov of holes, the bubb~e began'to' oscillate. 
~ . .. .. , 

Stabi~ity vas only restor,ed by repiacin9, the ba'se'plate or 
l ' 

plastiç: wrap. 

In eaeh 

. 
" 

attempt to 

, 
" 

form a steblè but)ble, ~he draving 
,~ 

e . 

, , 
",~d" • 

, . ~ 

'lr, 

',> 

• < • 
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, - , 
i~ the neck r,egion. 

\.... 
When countercurrent ~lov va$ reduced, 

in an a t teinpt to o~tain a staple'" bubcle, the· 'fros,tline 

height i'Oc';eàsed substant.ia1ly 'an:;S oscillations "()c~ur~ea 'due . ' , 
r • ' l - \ ' 

, ,to',insufficient, co~~in9.' ",ln t~e la'st, trial, il stable bUbbi,e 
." ~. ! 

~"as,acllieyeà un~er narro'" processing conditions. The bubble· 
, <J 

, 1 

coole'd and on the verge of inst~bilit!. 

it, .voa~ c'on (~uded tha~' no-~oling' " Fro~ 4o-these . trial,s; 

advantag'ès v6uld if~is~ 
~ .. ~ , , 

, 

, , , solely from dra~inglai.r t~r9ug.\t~ ~he , . 
,existing air ring. ,\ , , 

... " 

( .. , 
~ 

, , 
'f 1 ", 

!, 
, , 

'" ,.1.5 Cocurrent Countereurrent. Comb'inat ion Cool ing, 
~~~~~~~--~~~~~,~~~~~~~~~~~~ 

, . 
1 

" 

" r • " ; t ' . '@ ,. 
, ./JI.. '" ' ' 

. " , , 

. , , 

" 

" 
, '. 

.. , L , r " 1. ' , ' '" 

" • A n'ev approac\ i~corporatinc;J .&lo~ing ;'air, 'r~t'ner t~~n"" ." .: '" " ' , 

. , , .. >~6,lelY \draVing~, 'air 1 ~vas thou~h~, neres,aary to es,~âbli.Sh : a, ..-.' ' 

" 

" '. 's~~blei ,vell 'cooled film' bubble '.nd al10w comparisons: vith 
• k, ' t' ' ." 

~pn~entional' ,eocurrent cooling.' Tvo ~ppro'a'ches'" "ere: 

çonsidered to the pro~lem o,f applyirfg ,Dlor~. çooling air 8100g' l " , " 

, 1 \ , 

tbe' b~bl:)le vithçut'~destabilizi,ng th'e b,ub~l'e., Both methods ' 

., required a ool,i 9 devicê" vhich limi ts blow-up 

.. 

d, 

, l ' 

1'\ , f 

, "ratios or req)Jlres a 

, " 

\ 

-'~ , ( 

\' , 

, , 

, • Q 

~ ~. ,r ' 
• _ L. _ 

'è ~ ~ et. 

. \, 

.. ... . 

,,' • ; ..... , J f . , 
:, , 

. " 

.' r 

, " 6" 
~eplace~ble ~eflec,tor plates to' '. 

, ( ) ~ 

tat,io$ .... Also,' tbey ie'q\}ired .-~ 
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a .second ai r blower •. 

In one,.proposed arrangement:, an air ring vas positioned 

nesr the f'rostline ond directed lÏ'r down.terd. tovard the 

die. ''l'he air stream would firet è:on.tact the bubble after 
" ' 

the film had most~y soUdi fied. By applying air to a mostly 

&o~id bubble, greater flo" rates vere tbought possible than 

in conventional co~lin9 wbere air' eontac'ts molten film. 

Commercial cooling systems 'vith a ràised cocurent air rin~ 
, 

have' an upper air flow rate t·hr"ee to ,four times greater then 
~ .. t \ 

. ' the flov applied at the base of the film bub~le (25) • 

, \ 

~. _ t b 

vas not .ex~éte~ , that such 'a larger f~ow. r~te. would 

possiQie vith 
. , 
6inée the air 

a taised air ring blowins co~ntercurrently, 

vould 600n con,tact a partially molten bûbble 

arid 'be a destabiliz~ng forc~ •. 
. ' 

A problem a,r,i'ses'. in blowing air tovards' the die" The 
• ,.f ' 

cooling air wOj.:Îld warm ·from contact vi th film and, collect 
"'-

around tne die and m'olten tube. This co~lection"of air' 

would reduce beat t'ransfer in tbe nec.k region. Th~refore, a ' .. 
means of collecting the air near the'eUe is required. An 

insulated ai'r r in9 def lector plate cOUld be moun~ed over the 

'die and a' slight negative pre'uure appÙed at the outer edge 

of the plate to remove the air. The' suction requited would 
~ 

be somewhat· removed from the film- bubble, but this would be 

a de'Stabilizing force. , , 

Ha stable bubble 'could be formed with 

\ 

\ 

," J <y. 
• 

". 

this cooling 

" . 

.. 
" 

~ 
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'", 

scheme, the industrial concern of increased fiim 'cooli!lg 

could, - of course" be tested. Moreover, the academic 

interest in the ef f iciency of cocurrent versus 

countercurrent a1so be examined. 'J'he same 
- ,~ , 

amount of cooling air could be supplied in e8ch case, the 

amount of entrained iir assumed equal and the film surface 

temperature o~eaB~red ..,petveen die and fros,tline to give an 

l' indicaJ:ion of ,cooling abiMty, lIJuch like, an i~-vest.i9ation 

vi th' a shell and tube heet exchanger. 

r .. 
In the 'other proposed arrangement 8 standard air ring 

would blow cooling air ~oc:urrently Along the neck region. 

The conventionsl cool ing method "ould cool the most frag ile 

section of bubble and help support and stabilize it. A 

raiaed collecting _ shroud or plenum located near the 

frostline region would then remove the cocurrently blown air 

and in addition, draw air down the sol id portion of bubble. 

TO' collect the cooling air, a negative-pressure would be 

applied by the plenum to a mostly solidi fi ed bubble. A 

~olid bubble was expeeted to vi thstand the drawing forc,es, 

'but some destabilizing effects on q the molten region below 

the frostHne were expected. Once a stable bubble was 

formed, . s 'eomparison between conventional cooling and this 
-

cocurren t and countereurrent combinat i on system would test 

'" the industrial concer!, of increased ~film cool-ing. 

fr 

, 
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'l'he latter ,roposed arrang'tment 'vas fabricated and a 

'Iketch 1. IhOV~ ln P'igure 4. B.' 'l'~; P~·~YI~\l. trials had 

emphasized the importance of cooling and Itability - ih the 

neck region. With Othis in mind', the stabilizing abi'lity of 

cocurrent cooling in this area was chosen ' over the unknown 

f,ilm stability in coun'tercurrnet air blowing and cOllecting. 

~ur~hermore, the cocurrent and countercurrent combination 

arrangement was expeeted to provide adequate bubble cooling 

-under moderate proçessing conditions, even in the l imi ting 
, . 

case where only coc'urrent air flow is applied along the 

bubble. 

The cocurrent and cou~tereurrent cooling system shown 

'1 

in - Figure 4.8 ineorporates a conventional air ring, the 

cyl indri cal shroud wi th rows of holes and obst rueting plates 

from the previous trial, and a raised plenum with two outlet ? 

ducte to withdraw the c60ling air. 'l'he plenum was designed 

to fit around the cyl inder and can be ra i sed or lowered to a . . 
particular height above the die. Different plenum heigh·ts 

change the sec t ion of bubble subjected to countercurrent 

flow. Thus a new independent variable i5 introduced into 

t,be problem. The plenum covered two rOW5 of , 
holes on the 

cylinder, through which air was dra,:,n. In order to create 

an evenly distributed now rate, portions of the circuler 
Q 

holes on the, cyl inder were blocked. Those holes nearest the 

out let 'ducts vere blocked off to a greater extent than. holes 

\ 
1. 
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" 
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, ' 

• furthest .• vay trom the exita. prior to forming a film 

bubble the drawing air 

vire annemometer (Flow 

equidistant positions. 

veloc i'ty v.. m~a.ur,,,, using ,a hot 

Corp., Cambridge, Ma.) at tvelve 
1 

'l'he mea~ured ve lac lt ies,' at each 

position, differed trom each other by a maximum' of five 

percent. 

A summary of the moderate processing conditions used in 

'this trial are given in Appendix B4. 'l'l\e plenum was rai.sed 

ta its highest position on the cylinder. Thus, the neg8tive 

pressure caused by drawing air was applied ta a partially 

cooled portion of the bubble. In this position the plenum 

was expected ta be least destabi 1 izing. lni t ia11y, the 

holes in the cylindrical shroud were left open to allow the 

'Cocurrent air to'~ flow over' the neck r,egion and to entrain 

( surrounding , air. Bubble start-up was carried out under 
'~ , 

\cocurrent coolin9 conditions and countercurrent air flo~ was 

gradually added. A stable bubble was obtained over the 

countercurrent flow rates applied by the Powerland blower. 

The cylinder was then wrapped in clear plastic sheeting, 

'" 

which blocked the holes but allowed bubble behavior in t~e " {' 

neck re9ion to be observed. Agairi, a stable bubble resulted 

fcr the countercurrent air flows. Photographs cf a stable 
f 

0 

bubble achieved under < counterc~rrent flow are shown in , 

Figure 4.9. 

At high blow up • ratios, serew speeds, or nip roll 

, 
" 

, ", 

J 
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FIGURE 4.9 Photographs of a Stable Film Bubble 
Under Cocurrent and Cdunter"current 
Combinétion Cooling Flow 
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lpeeds, bubi11e instabilities resul ted when JQ.X imulIl 

countercurrent air flov vos applied. In some cases a stable 

bubble, under mi Id countercurrent flov 1 gave way to 
, ~ 

fluttering-type deformations aS suction was increased. In '-" 

~n' extreme case~ the film bubble was pulled over against one 
J 

t.. 
side of the c.ylinder and soon broke. ,Photographs of this . 
situation are shown in Figure 4.10. 

. .. ~ 
Operatlng condltlons 

are listed in Appendix B4. 

whether the cylinder was 

The instabilities resulted 

shielded wi th pIast ie wrap, 

partially shielded, or open to the surroundings. They are, 

reflected in an observed poor Quality film and dimeosionl11 

(. 

" 

. ~ 
varia t ions outside the standard toleranees appl i ed to f ilm .~ 

produced vi th this extruder. Film dimensions for most 

process ing condi t i ons are li sted,in Appendi x B4. 

The plenum w,as lowered to different position's above the 

die a1\d . attempts vere' made to obtain a stable bubble in 

countercurrent flov., Even undet' the smaUest drawing flow 

(butterfly vaJve closed) severe fluttering in the neck 

1"'egion developed. In the lpwest two plenum positions, 

covering rovs one and t:wo, and rovs two and three above the 

die, the bubble was immediately torn spart. In light of 

this outcome, th~ plenum was r~positioned near the top of .... 

the cyl inder. C~mparisons betveen cooling systems vere made 

vith the plenum fully raised. In the highest position, Il 

stable bubble had been formed under moderete processing 

/ , 
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FIGURE.4.10 Photographs of rilm Bubble Instabilities 
Under Cocurrent and caun~ercurrent 
Combination ~ooling Flow 
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conditions and a wide range of counteréurrent faows. These 
, 

moderate operàting conditions are listed in Table 4.2, they 
-

are all'within lhe standard processing rang~s ~f cocurrently 

cooled film which were giveri in Table 4.1. 

In each case where a stable bubble was formed, 1'n 

countercurrent flow, the frostline was within thè 

cylindrical shroud and located just below the plenum. The 

frostline is a broad line or region, approximately 
\ 

horizontal. Small changes in cooling conditions cannot be. 

detected by observing changes'in frostline height. In fact, 

ov~r the range of èountercurrent air flows appli~d to the , --
bubble, regardless of whether the cylinder was shielded, 

there was no apparent change in' f rostl ine he i ght. 1 n order 

to get an idea of the ~ooling occurring along the bubble, 

the film surface temperature wes measured at points above 

and below the plenum, for each processing condition. 

Measu~ements were made with an infrared thermometer and the 
-results are contained in Appendix B4. (The princ iples of 

operation and the experimental procedure used are' given in 

Section 5.2.) In the case of a shielded cylinder, a small 

window ~as cut, in the plastic wrap so that the bubble 

surface could be viewed without obstruction. , 

The film surface temperature measured below the plenum 

was marginally higher with a shielded cylinder around the 

" ~. 

.. 

bubble than with a cylinder open to the surroundings. This ~ 
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Variable 

Sereen Pack 

Die and Extrudèr Temperatures 

Me,1t Temperature 

Serew . Speed 

Film Output 

Extruder Beek Pressure 

Nip Roll Spe~d_ 

Film Thickl1ess 

, Blow Up Rat io 

Cooling Air .Temperature 

'Height of Countereurrent Plenum 
, 

Area of Opening~ Along 
Coùntereurrent Cy1inder 

Cocurrent Flow Rate 

Countereurrent Air Flow Rate 

Frost1ine Height 

J •• 

.. . . 
Value 

40-80-80-40 mesb 
" 

163, 168, 177, 182 C 

205 C 

, 

50 RPM 

16.8 1b/hr (7.6 kglhr) 

3100 psi (12 NPa) 

25 ft/min (7.6 m/min~ 

1.6 mils (0.025 mm) 

2.-25 

,27.0 C " 

16 - 22 inches (0.4 - 0.6 m) • 
o (holes blocked) 

123 efm (0.058 m3/min) , 

'. ' 

/ -' 

126 - 590 cfm (0.059 - '0.28'm3/min 

11 - 12 inches (0.28 - 0.31 m) 

/ 
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vas attributed to the entrainment of am~ian,t air by the 
l , 

cocurrent air stream in the" latter case. HowevK, for both 

the' shielded' or open cylinder arrangements, the amount of 

'countercurrent air f 10v did not af fect the surface 

Above the plen\lDl, the temperature surface tëmperature. , , 

: v'a~ied depe!'ding on whether the cylinder holes vere open or 

blocked, and ,on the:'courttercurrent air flow. With an open 
. . 

c~linder, vhich allowed the surrounding air to be entrai.ned, 

the temperatur.e above the plenum was independent of 

éountercurrent air flov. Hoveyer, vith the cylinder wrappe~ 

in plastic film, tl]e surface temperature var ied markedly 

vith countercurrent "a'ir "flow. Larger/ cooling air flovs 

o 0 red'uced the surface, temperature to a greater extent than 

• 
" 

little or" no countercurrent flow. ln the- limiting case of 

solely cocurrent flov through a shielded' cyl inder, the-

, surfa.,ce temperatur~ above the pfeJ'\UD\ - ~as higher than if 

coutïtercurrent èooling f Ipw had been 
rD , , 

added but nearly equal 
., 

'to the open eylinder case for aIl countercurrent f lows. 

Apparentl.y with the cylinder hales opened, the drawing flow 

entered from outside the cylinder ~ bath from ~bove ,and below 
, 

the plenum. The, air flow enter i ng just below the plenum was 

. probably channeled towards the exiting duct ",i thout 

contacting the film bubble, as there was no obstruction 

plate betw.een the tirst entrance points below the plenum and 

the plenum i tsey. Since Bir was entering below the plenum, 

," 

.. ' 
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in the open cylinder arrangemen~, l,ess cooling . air vas 

forced down along the upper or .sol id portion of bubble and 
• 

little if any' additional heat tranafer occurred there vith' , 

the application of countercurrent cooling air. From these 

surface temt?erature meesurements the large~tQ differences 

occurreCa betve~n ~olely cocurrent cooling and cocurrent and 
, . ~ , 

countercurr~!nt combination cooling vith a ~shielded cyli~der 

surrounding the film bubble. T~'erefot:e, further trials vith 

the combination c~ol.in9 system used a cyÜ~der vrapped vi th 

plastïc film. 
", 

. , 
and lov cone conventional air ' rin~ vere used. Both Jlave, 

similar ,deflection plates 'that redirect the air ill' a 

fan~type spray, ~ tèn;ard the bubb1e. The . cool-ing air 
p 

redirected by the lov cone ai r ring h~d Il substanti.l " 

. tangentiel compol)ent, although this was only apparent in 

bubble start-up~ No differences in prbduct dimensions or 

film . appearance vere . found in film cooled . by each ring. 

,Measurement of dependent variables a10n9 the bubble, SUM ès , . 
~ 

surface temperature, arr velocity and neck region shape, all 

required a clear path perpendicular fo the bubble. ' This 

lead to selecting the smal,l cane a~r ring for further 
f. 

cooling system measurements. 

\ 
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'-.5.1 SUJDD!é!ry of Stjble Operatinq Conditions, under 

Cocurrent - Cgun,tercurrent Combinat ion Coolinq 

A summary " of the processing conditions 
. " 

cocurrent and countercurrent combiçation cooling ,system is 

1 given in Table 4.2. Under these conditions, a stable bubble . , , 

was "established over 
f 

a range of countercurrent air flow , 

rates. All furtqer tests vith ~he combinat,ion c:ooling 

system vere to be carried out using th~ operating conditions 
~ 0 • t 

of Table 4.2: Furthermore, the extrusion system with 'solely 

;c:ocurrent cooling,' vhich vas to be compared vi th the 

è:ombination cool ing system, was knovn to operate under these .. 
, -

same conditions. Extruder and die zone temperatures vêre 

maintained at 0 163 ,oC, 1,68 oC, 177 Oc ~ and 182 Oc by 

mill i voit-type, ~na1og 'contr01lers on the Wilmod ex'truder. Au,. 

rheostat varia-ble scr~v speed control vas )iet, at _ 50 RPM' ... 

"i'lm speeà Aboye 'the fr~stline or nip ro~l ,speed vas 

mèasured vith JI ,hand he1d tachometer (Doyle.' Electronic 

.. 
, . , 

Prod,ucts, co., Grand Rapids, Mi .) ~ Several film spet!d 

measurements vere made ·and an avera,ge taken, al)thou9h ,th~. 

di f ference vas ne-ver greater, than one perceFlt., , c-:--, 
Once " machine. 'c~ntrol se~tin9s were 

. 
single-value' dependent 'variables were measured. 

\ < 
Constant 

screw speed and extruder. and die temperat~res 1 imi t'ed 

th~ou9hput 5 to 16.8 1b/hr (7. 6 - kg/hr). 
'''l 

Output vas measured-, 

\ . 
1 

, \ , , -
~ , 
1 .. \ . , 

" ' 

'. 

" 

, l' . , .. ' .. ' • tIi 
I,~ • 

f,:.., 

, ' 
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by collecting flattened film for a minute and weighing it on " 

a top pan scal~ (Mettler Corp., Zurich, Switzerland). A 

40-80-80-40 screen pack, coupled vith constant extrusion 

temperature and serev speed, fixed baek pressure at 3100 psi 

(1.2lxlO 7\N/m2) and melt temperature at 205 Oc as measured" 

by a bourdon tube pressure gauge on the extruder and 8 , 
hand-held plat inum resÏ&tance thermometer (Omega Engineering 

l<{lc., Stamford, Cn.) The blov-up ratio vas not measu~ed 

directly, rather' the film layflat vidth was first deter,rnined 

on line with a ruler and again later on a film sample. 

Divlsion of layflat width by n/2 yielded a' 2.25 blov-up 

rat io. InternaI 
l ' • 
bubble pressure was not measbred in thi 5 

study. A constant bIov-up ratio and nip roll speed led ta 

an average film thickness of 1.6 mils (0.025 mm). This . 

value vas obtained by measuring film thickness at half inch 

intervals around the circumfèrence of a film sample and 

averaging them. Thickness, measurements vere made .vith a 

, mic"rometer (Mitutoyo Mfg. Co., Tokyo, Japan). Ambient ai r 

vas the fluid used to cool the film bubble. The temper,ature 

~'of the air, issuing 'from an air ri~9 orifiee \ was Ù1easurèd 

'" vith a type J, thermocouple connected to a digital 
, 

thermometer (Fluke Mfg. Co., Seattle, Wa.) . Air temperatures 

'var ied somevhllt, vith 24 «t being the most eommon reading. 
, ' 

,The cOCUfrent flow rate list.~d vith' the ope,rati~g_' 
\ -

cO,ndi'tions of 'l'able ".2, wa 5 dete rmined to De the largest 
~ 

\ , 

" • 0 

; 
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co!)ling flo,,\possi~l'e" vith the Bmall cone air ring .and-

vithout the cylindrical shroud present. Attempts to 
'0 

i~crease the cocurrent flov ta.te resulted in an unstable 

bubble and unacceptable dimensidl')81, variations. 'l:bi.s seme 

cocurrent frow rate vas .used in . the êombina t ion coolin'g 

systèm. The countercurr~iven in Table 4.2 

corréspond to a èlosed a':ld opeJJ butterfly valve at. the 

blover exit. Both counter·current. ' and cocurrent cooling 

flove vere man ipulated by , var'ying a different butterfly: 
.-

valve. Once the valve position vas determined, th.e flov 

râte vas calculated 

'mea'surement proc~d",rf 

Section 5.1 

from pitot t,ube measurements. Th'e 

and calc,ulatl,on 'method are given in 
l • II 

• 

• • 0 

BUbble stability ia clearly an important consideration . . ' 

in forming a bubble in countercurrent' flo". . . 'l'he lack of 

stability precluded the sole use of draving air to cool Il 

film bubble. Instabilities a1so dictated the pl'enum , 
position on the cylinder. The high plenum position alloved 

negative pressure to be a:pplied' to a mostl'y .solid bubble, 

but th-e, destabilizing force "as still felt in the molten 

neck region and limited the operating conditions under which 
o 1 

a stable bub151e could bt formed. p'urthermore, ,,,i th the 

expected greater usè of LLDPE and, HOPE resins in film 

blowing, bubble atability becomes even more important and 

.'. 

" 
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,f 

cannat he overemphasized. 

4.6 Suggestions for Future Designs of Count'ercurrent 
. ,. 

Cool ing Systems 

An extension of this project should concentrate on 

applying more countercurrent air to a larger portion of the 

film bubble surface than occurs at present. To ace ompl i sh 

this vith a cocurrent and counterèurrent' combination cooling 

devi ce, the cyl i.ndrica l shroud ahould De extended upvards 

tovards the collapsing frame and eguippe_d vi th c,entering 
, 

-' rings chosen for a particular blow up ratio. With these 

changes, cooling air "oulcl 'be f~rced countercurrently over a 
\ 

long sec t i on of _ t-he film bubbl'e • In order to form the. 

bubble, tbe entire cylinder .ould bave to be raised about a 

foot and then lovend vith some kind of lever device, so 

that the melt emerging from the die could be bunched 

together and dra.n upwards. 

Cooling blo"n film by strictly countercurrent ai r flov 

resulted in a stable bubble only under narro,; operating'<, 

conditions. A cOllipromise VIS lIlI,ge to achieve stability over 

typical operating condi t ions, br incorpora t in9 bOUl cOCTrent 

and eoùntereurrent air ,flov. It "ou~d be interesting to use 
-

oft1y countercurrerit flov to cool the film. Prom this study, 

", 
:.~ 

,Q 
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it i,. evident that simply draving air along the -film, 
, 0 • , 

',çreates a destabilizing for,ce on the bubble. An alternative ... 

.', 

, ~ . 
~proach, 

• ? ......... ~-
mentioned in 'the previous ' section, whicb 

, 
"81 

in~porates a . raised air ring which di.rècts air in a 
• 

,direction opposite to tbàt of fi'l'm mot.ion. A cylindrh:al or 

conical ;'shro~d I!lround the bubble vould keep the air near the 

film su~face • If. the railea air ring vere posi t ioned ,n.~àr 
. 

the frostl ine, vhe'r~ the fil. is tes.istant to bu.bble 
1 

deformatiGns, cooling air flotts larger than those isuing 

from a cocurrent. a ir ring l1ight be possible.. Aaài tionally a 

small negative pr,esBure 4pplied fùst belov the die, - i.e~,. 
" /' - ta. 

. . ~ut8ide the immèdiate vicinity of the neck region, voùld· 
~ 

. serve to collect and remove some of the varmed air, while - ..,. 
-

possibly, not deBtabilizing the bubble • 

"'C-

The previous sU9gestions arè concerned Jiith design of a . ~ 

main1y countercurrent coo1ing system. However attention can 

a180 he paid to comparisons bet"een eooling systems. 'l'be . 
, D\A)ori ty of cooling' innovation ""proposala, along with this 

1 

project, compare a nevly fabricate'd devic::e -vith the standard_ 
1 

. , 

" . 

fan 'spray a~r ring_ ',An interestlng comparison, vith regard 'J' 

to th.ia res~arch, - is betveen. two' stacked .conventional air 
, , 

" 

r i"ngs and the proposed cocurrent - counterc.urrerit 'cool ing' 
, ( 

: devic~. These sys~eDl~ are àiulilar in' 'tbat both have a " 
l , _ 

,convention~ll àir ring located. o'\rer the.die~ vhieh eoo,1s the JI 

,t • .. 
" f 

• . ' 
o ,J ... 

, , 

- ~ .. , \ " 
.l, ' " , 

:..., ( ,~: . 
, . 

, _.' 

, , 
" 
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" 

/, . 
neck .' re9i~n vith a 

, J 
~evicei redirect air 

" 

c:ocurrent flow. Hovever, the .raised cr' 

differently over the upper portions of .. 
'. the bubble.' A comparison made at maximum cooling air flow 

, 1 

raies would indicate qualita,tively which type of flov is 
, 

,mbre suited for blown film cooling.' 
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Cbapter' 5 

,Coc:urren t Countercurrent Combination Cooling System: 

Measurement Tecbniques' 

, 
1 • 

<:) 

dependent) variable 1I1dependent ,and' single-value 

measurements vere briefly di.culsed in Section 4.5.1. 

meesureme'ts ver~ made by standard induBtr ial methods"'. 

Tbe 

The 

exception' in tbis group is ais:: fl'ow rate. Coolinq flov 
, /, ' 

rates are nOt normally meàsured in in..d'ustry or in research; 

rather a .fl·ostUne height, ia reported (26:27,2~). This 
" , 

D gives a '}'~r,oss ind~cation 'of air flov, as frostline height-

dependa orl the cooling rate betveen the die end the 
, . , . 

frostline. Greeter air flovs èa9se gre~tèr film cooling and, 
, ./' 

, thus a' lover frostline. This section 'discusseEi' air flcv 

rate determinetion and~ the techniques used to measure the 

dePendent variables listed in 'l'able l,,, Part .. IV; surfa,ce 
o ~ ~ 

temperature, film thickness, bubble s~hape, air temperature 

and àir velocity., These are a11 distribution' variables, 
-' 

that la they va~y vith po~ition Along the film bubblè or 

ra,dia,lly 'outva'rd from the bubble 'surface. , 

'l'he distributions of beet transfer coefficient and 

'fraction of crystallini ty are included as dependent 

. l . bl' l' h d . d /. vanab es ln Ta e , Part ,IV, but t ey are ,teruune uSlng 

" 

l' 
, 1 

" - : 
1 

, , :. \ 

. , 

.' 

, . 

1 

u .' 

" 



, <J 

, , , 

, . 

", 

" 
, , 

.. -84-.., 
• , . 

.. 
~.. 1 ,. >. t ~~. 

the resultil oJ. depenôent variable measurements and a tbe:rmal 

0 

analysi., . .by use of a heet balanee .. tound ,an element of film 
~ 

bubble. 

, , > 

5.1' Air 'Flow Rates" 
JO i 

To determine D the amount of air us~d to' 'co'ol a f i'1'm., " 

',' ~ ~ubble, the air 'flow rate vas cal'culated',', In the côcurren't' 
, '" " ~ 

..... 

.. 

, , 
!' 
, , 

" 

j"- countercurrènt 'combinat ion cooling system, each of .the .~vo 

air f lovs, was detërmineCt""f The air flow rate, 0 9i ~es, an 
<> 

indication of cooling occurting -810ng the bubb1e for a glven 

").!\ 'ring, 1 ncreasing the -cocurrent flov .~ate leads to a 

lovet frostl ine and greater cooling. - Simi larly, v~th a 

" 

constant cocurrent' eooling f lov, increases i" - the 
, 

countercurrent air now rate il)dica'te greater bubble' , 
1 

cooling. 
1 
1 

, , --- '1) 

A compact pitot tube" (29) 'was used to ,measure a po~nt 

p~essure dit ference;' ,Wi th the . aSBUDlPt ion of i?compreBs~ble 

f lov (constant densi ty), the: di f ferent iai pre~sure méàsured 

at eaçh point vas. converted into the 'loèa'l veloGity :bya 

'simplified,~or~ 'of 'th~ ~e\-n:~~l"li eQuat~~n, From th, point 
\ r . 

veloei ties a 'log-linear" Imethod vas used to obtain the 

overall mean velocity. 

, , 

, ! , , . 
, 1 , 

" ' 
l, 

method useà to eale~lat~ volumetrie 

.. .. 
, , , , 

.- - "', .. 
, " " J 

.' '. ~ 

00>' CI 

" , 
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'" -, " , , 
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" . '. 

.; 
" 

,} .. ' 

, , 
, 

, ' 



l, 

:' 
S· 

• 

, . 

" . ~ , 

" 

, " 

". 

'.1 

... • \ *~ 

\ 
·k . ~ 

, . 

\ 

'\ 
, \ 

1 . , ,-. 

~, , 
" , . 
l' . \ 

- -8i· , 

1 
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. , flov ra e ~al\~evised b~ Wint:~'~i~Z an,c!! ~!'SCh~ (30) • It 

" 

&Bsumes hat the "loc i ty 'di stribution . along a diameter 
9 ' 

can 

be represe ted .~y the equation; 
/, . .. -r;~ ~ "!G ~ .. , ,-

... 
U y) ::" A + B log(y/O) + 0 (y/o) , 

, ~\ 

Y 
is he point velocity, , at a distance y 

~ 

from the . ~ 

wall 'of the plpe \ ,of di~meter h, and' A, Band' C are constants . . 
having di~enSi~ns, ~~ ~ veloci ty. 1 ~pe pi"pe ia .di v~ded linto ,a ' 

nwnber of .. , ,nnular ~ones ~nd one central circular zlne, aIl -

of equal areà .. The m.easurin'g 
, 1 

. 
points are posi"tions at which 

the exact' mean zone, ve'loc i t ies occu.r, if" the veloci ty 
.. 

. . , , 
dis.tribut,ion' can be adequately represented by Equation 1. 

" . '. ~ 
Winterni tz and FischL guote Bupporting evidence for thî s" 

" log-linear . velocity distribution in a variety of " f-lo"$., .. 
~ .. ' v 

includ·ing ,asymmetric ,ve10ci ty 'prof iles in pipès. . wi th the' 
/ , 

';nean ve'toe i ty' -of a' gi ven zone:,;~àlé'ulat~d " fr,om" di,ffe'ré~t,ia1- , 
, 

pressure measurements, summation over all zones' 'yieIQs,'the .4. 

mean air, veloci iy in. the' 'pipe and, subsequently, volumetrie 

!low rate. la sketch i llustrating this method' of tlov rate ' 
.. ,.. l , 

d~termination is shown in Figure 5.1.' l, , 
The flow .rate througlf tne eocurrent air duet vas; 

, , 

< , 

!J' 
"l. _' .... < t '., 

measur,ed before 

that' fé.d' the 
\ 

the duet . ' 

air ring. 

spI it J into thre, flexible hoses 

The on1y vavailable' point- of 

measurement on the mai,n air 
, r 

duct' vas bet-ve,en 'a band" oC-

'l 
; 

" '. 

" . , 

.. 
", 

11'" .. 

.. ,,' .. 

, , 

. 
• A • 
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- Air Supply ", 
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<l " • ~ .. Air Opct Oiameter = 5.5in • 
• a • • ,-

" ~ --... 
" 

flo. Rate" 
Measured'Here , ~ 

.. , .. . Measur~tnt . 
Poin,ts ' 

;; 

" 

It-
;. 
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,,' c 

. 
: 

, :<', .. 

" 

" , , :'. ", " . - ~ 
01 f{erential pre~sure measu.remefi't.s.....Jlére taken at 1 

0.10, 0\.42, 0.84, 1.19,. 3.~1, 4.31, ~,76, -5.08" 
and 5.40 inch'es frollt ·the '!IIall accordlng ~o the 
method described in ~eference JO • 

.... .. 
# 

Air Used ta Cacurrently. 
Cool Film Bubble 

t 

fIGURE 5.1 
<d ,~ 

, ~ 

" 

Sketch l11ustratlng Method of 
Cool~ng ~lr Fl~w Rate Determlnat~on 
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,\ 

" insulation vrapped "'around the pipe and a, butterfly valve . , 

d. • 

, " . 

used to, regulate the flov. The presence ~f the bu,tterfly 

valve illlJllediately downstream from the pOint of measurement 

suggested that the velocity p"ofile'mi9h~~e asYmmetri~. In 

counter~urrent air flfv, the air ~ithd;av~ thr~~;~r~~ 
plenum ~tavelled in or.e of two àucts, ~o the blowe.r ~ The 

, , 

flexible hose ducts were joine~" ~U&\ prior to ~ntering ~he'<) 

blo"er in~ake. Measurements "ère made acro~ a' ihort 

section of circular pipe where 'the ducts'\ joined. o • 

Dist,urbanc:es on both sï'dès. 'ef the' measurement location 

&ugge~ted that this, flow "ould' ,require ,a large number of 

local pressure measurements to obtain a good approximation 
" ! 

: enable " Ç)f the "ve~oci ty prof ile,'.'nd volumetric flow rate's to· 
Cl t 

, 

-be ealculated" 'l 
fil" .. 

, .. In prac't~ce , a te" point 
4, 

p~tot tube cliameter traverse ~ 
. , 

"vas used to measure. the di\fere~tial prevure dist'r,~but.ion ' 
\ . " 

fo,: each flov., FurtherDlor~, under ,co'untercurrent f 10w i t 

vas not sufficient to take ré-ading&' a10ng 'one diameter. ' 1 n 

.this flo~, ~he.mean velo~'ity for each zo~e .vri obtained ,from 
" . 

,four read-in9& a10,ng diameters at 45 degree ,ir:-tervals. 
~ ~ ~ ., it. ~ 

) 

- , 

" ?; , , 
, . 

," 
, \ ~ • .,J 

'.of , .. 

. , , Jo 

• .1 •• 
" ... ' .. 

" ' ... 

" 
1 . 

" 
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5.1.1 Prt,cedure 
o 1 

, A compact 'pitot tube connecteeS to a slanted arln 

"'nolnet~r (WU'heIm"Lambrecht ~o. ,\)Goett;ingen,' iles~ Germany) l ' 

,containing a fluid of specifie grav'ity'l.O, was uled to", 

Ile a'. ure' 'the difht.ential " was prelsure. Th'e pi tot 'tube 

Ilounted on a '. traverae .chanilln (United SenIor' and Control 

çorp., Watertown, Ma .,) ,. that alloved precise 'posi t'ioning 
" -

wi thin the circular air duct. A sketch 'ôf the apparatul is 

C1iven in Figure 5.2 • 

, ,'~ 

.. 
p 

(1) The' locat'ion of eaêh measuriAg· point, in any 
circu~t dU,ct, fc;>r .. ~,~lî. log-lintal;' metpod il. gi ven in 
reference (.30). Tbe' inner diameter of the air duct was fi 

Dleasured and used to 'calculate the measuring point 
position of the compact pitot tube.' (Thelle positions 
are' given in A~~ndi, Dl, along vith the measurements.) 

~ 

(2) ,'One cHameter tra"erse was "made. f(?r each cocurrent 
flov rate, and' four diameter traverses. vere macSe for 
each .bu~terfly. valve set1:ing in count,ercurrent flov • 

• 
(3) The traverae 'lI!echanism was used to position the 
pitot' tube' for each measurement. A level mounted on 
th-: staging device . ensured even movement of the pitot . 

.... tube. . ~ .. 
~ 

In each ae.suri-ng positotl, the dUferential 
pressure "as indicatec! by the distance the coloree! 

, manometer fluid rose in the alanted arm manom.eter. 
?.~ )... .. 

calculated vi th the 
. .' 

(Si Local velocities' vere 
fol,lowi-ng equation' (32): 6 . . 

\ 

(2) 
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• point' veloe i ty a di stance y froll the 
"all of the pipe and the mean veloci ty for 
a ghen zone~ 

.. emPir,lcal constant takeç::e 0.98 

• distance the manometer luid has risen 
i~ the slanted a 1;11) , , 

.~ angle the slanted arlll inakes' vith the 
horizonta; • 

em • densi ty of manometer fluid 

eai r • densrty of ai r " . 
.. 

9 '. • acceleration d'ue to gravit y 
...... . . .. 

(6) Suuunation of the ~ean zone veloe) ties gave ,a total mean 
veloci ty. The volumetrie flo" rète vas obtained bj 
multiplyin9 the total ~ Vlean velocitj bj' the pipe 

, . cross-sectional area. 

An error anarlsis of thi$ measUrement is 9i ven in Appendix tE • 
. ~ 
, . 

~ 

, . .~.~:~~ :: 

" 5.2- Surface Temperature ,. 
ft , 

V" S~rface t~mperature ~aries a10ng the film" Du~b\e vith 

distance above' cHe. lt ia a positio,n depende~t variable .and" 

i8 influencec! bl' change~ in any of the independënt variables 

in Table 1. Part Il. Sinée ail in,Sepenltent variables "e~e 
. :~~ . . 

held C,Oft8tarit except coolÙI9 air flov rate and ~he manner in 
, . 

which aif flo: ,,~s. applied to the buoble, surface' 
~'_ ".r'" 

'temperatu.res provided a quantitative indication of cooling 
(' , ,:,..: 

\ 

o . 
\.:: . ~ . , 

'-

.' 

. .. 

, \o. 

,. 

.. 
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~onditions along -the entire bubble. In ~he regions above 

the frostline, ,for combinat ion cooring flows, these 

measurements revealéd the extent of countercurrent cooling. 
r 

. A s.,imple estimate of the' frostline lleight would not . reveal 

greater cooling along the~ solid portions of the~bubble, 

as fr6stline height on1y gives an indication of cooling in 

the molten neck region. Furthermore, surface temperature 

vas used directIy and as a derivative with respect to 

'di stance from the dre 1 in an energy balance over an element 

of film, to calculBte the heat transfer coefficient. 

An (~nfrared'thermometer was used to measure surface 

temperature. This technique involves no contact vith the 
, 1 

film bubble, which is molten in the neck' region. Plastic 

film, like aIl other materials, emits thermal radiation fram 

its surface'. The distr,ibution and intensity' of this \:hermal 

radiation are governed by the film chemical composition and 

temperature. This latter relationship allo"s temperature to 
, 

be measured by a radiation thermometer that can 

quantitatively detect radiation intensity. 

Plastic film is a 'gray body'~ in that it emits less 

thermal radiation than a 'black body'; the ideal or 

strongest emitter. The ra~io of the radiance at wavelength 

V, of the film, 

temperature is the 

., 
to that of a black 

1 
t. spectre eml~tante, e. 

body at 

Values 

the same 

of t! can 

range from 0 ~o l, and this value varies vith w8velength • 

.. 

/ 

Q 

,. . 

. \ 
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T~e emittance of a film she~t depends on~ts interacton wIth 

incident radiation. There- are ttitee possibilites for a , 

stream of radiation incident on the 'film surface. A portion 

may be . reflected, ahot'her portion transmitted tnrough the 

film, and the remainder 'absorbed and âegraded into heat. 

The sum of the fraction reflected; re, transmitted, tr, and 

absorbed, a, equals the total amount incident on the 

surface. Furthermore, the emittance of a substance is .. 
identical to the fraction absorbed. 

e .' a • 1.0 - tr - re ' (2) 

For ~.-black body the transmitted and reflec~ed fractions are 
,-

zero and the emittance i6 unity. The reflected fraction r, 

was assumed te be 0.04 for polyethylene film and independent 

of t h'ic kness (31 ) • The infrared thermometer used was , 
l , 

aenBi tive to the 3,.4 micron spectral band. , In' this r~gion 

LOPE has zero transmission as shown in Figure, 5.3. The 

solution of Equation 2 yields an emissivity of 0.96.' ,~ith 

the emissivity of the film knovn, the infrared thermometer 

can be used directly to meBsure surface temperature. 

The surface temperature measurement experimental set-up 
40" ~ • 

. for othe cocurrent and countercurrent combination cooling' 

system i5 shown in Figure 5.4. With no cylindrical shreud 

,~ 

\ 

~, 

... 1 • ~ ~jI; 
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'lI 

1 
, , 

. , 
. , 

present, the film temperature at any poin~ above the di~ rian 
~ 1 • • 

be ,measured, &S long as ~he bubble is vithin~ vi.w of a 
, o. ' 

, , , J 

radiation 'se,n8o~ of the instrument. This ia not a sevet:e 

~ limi'~ation, a~ the therDiometer èan be 6 feet awat from .the 

bubble and- stilJ require'only a one inch diameter Yiewin9. 
ç ! .' . 

surface (32). The pres'ence. ~~ a' çyl ind~'ical shro\u~ vrapped,'" , . 
" 

in plastic film ë:omplicat,es measurèmen~s,. as the vi'ew of,the'. 
, ." 

l,s' obstrueted" 'bubble, neck '1'0 c i r~Umvent tHis, , , region. 
~' , .' 

"probl,em s~veral s~1811 oné inch windows vere cut in the . ' 

pl:astic vrap,' where' holes (1.4'inch'diamete,r) ,in the metal 

cylinder were.pr,esent.' E~ch~time â measurement vas made; a 

"P'l..astic"'vi~d()w' 'vl[IS peelèd'ba~k' 1;0 ~iiow an unobstructed 
.. 

viev ,of the' bubble,: 'rhe requi rement of, a hole in' the 

cylinder through whi~h ,the film bubble.!c~u.ld be 'seen' , 
l.imited d.istànces fr~m t~'; die 'at,' which' ""measurements could 

be made .. , 'NO f ~lm temperatures '"ere. ~btain~d in·' the fi r'st .' 
, 

several inches .above 
r 

the' die,' nQt in, the ~rea' block~ct by, t~e., 

raised plenum. A "l, r 

y . 
\ 

5.2.1 Proèedure .. 

For each flow rate Q~ combinat ion of flow Tates (14 
, , 

" ,case.s in. all)' su~tace temperatu~e ,was . meas'ured àlo~9 . the ~. 

.' . film bubble.. -An Ircon '.CH34 infrared thermometer" (Skokie, 

, Ir. ) was ,mounted', on a tripod a"nd raised a known distance , . 
\ .. 

'-, '1 
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'aboye the die to'meaaure the film temperaturel. T,he signal 
,l, ( 1). \ 

output wa. ,connected tô ,', 'chart l:ec~rder' (H,vlett pa~ka'rd 
fi , ~ • 

lnc. , ' Ptladena, Californie)" aQSl • the mill,ivolt ,reading, 

conyerted to . temperature (33) _ .' A descriPÙ:o~:' :of ~ the 
" 

meas\lreme.nt prÇ>cedute fOllow •• , 

An 
" ' 

~ 

" 

(l) 'rh.,' amplit ier, uoit vas ca1ibra,ted by ad~uat~ng' a, 
deflection ne,dle on an ana10g, temperature scale to'be 
:v~thin ~ fixed range~ / , 

~ . ~ 

(.2) 'l'he 600°'; tempe.rature Icale vaa aelected. The, 
fjrat few, meas,urements were .DIade vith thia Bet:ting!\",nd , 
then' the 300 0 p acale waa uaed. . " -, ' 

, 

(3) Bmissivity vas set at 0.96 on the ampli f ie'r uni,t. . . 
(4) The optical "head vas focussep oh the bubole 
surface at a known distancé - from the die. 1 The-... 
-temperature was read.v off an analog Bcale, and a 
millivolt reading was obtained trom a chort recorder • . 
(5) In 'cocurrent flow the optical head was raised in 
one inch intervals, from an initial 3 inches aboye the 
die to 27 inches, and film temperatures w~re recorOed. 

b 

(6) _For the cocurrent and countercurrent combinat ion 
sooling system, surface temperatdres were measured ,t 
~.l, 7.3, 9.8, 13.9, 22.0, 23.0, 26.,0; and 27.0 inches 
from the die. 

. .' 

error .. nalysis of this measurement i.s giyen in Append~x E. 
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5.3 Bubble Shape .? \ 

. " 
, , 

IItTo determin~ t'he .~ape of the ~film bubbie!' "the 'diameter . 
, , 

, . of ~he extruded tube vas meaeur:ed. The diamete'r, var ied from 
'. t 

2.5 inches at the die to 5.8 ~nches at the frostline and was 

c'onstant thereafter. The diameter in tl\e upper 'region' of 
th,ft film, bubble vas ,~8Iculated from' the measured layfiat 

- ...... 1"-

width. Layflat vidth'"r8ll..d more,so bubble shape, give 8 gross 

indication of cooling Along the bubble. This is a. secondary 

ef feet of ehaoging 'cooling cc;>rtdi tions vhile trying to hold 

al~ other operatrng variables constant. St ronger cpcurrent 
. , , 

cooling èôndi t ions cause 11 marginally small,er biow up rat io 

or l~yflat width , and thus provide a relative measure of 

\ ~ooling strength '5). This point will be discussed further 

in Secion 6.4, where, bubble shape measurements are 
, " 

presented. Film bubble shape is also used in the heat 

balance over an element of film in Section 5.6, Equation 6, 

~ to'calculate tne heat transfer coefficient and fraction of 
" 

'" crystallin i ty. l t appears directIy as a diameter term and 

ind"'ectly in an angle- terme The, angle, e ~ bet~een a 

tangent to the filin surface and the axis of the bubble, ,was 

d~ermined from diameter measurements symmetrically arranged 

around this axis' at various distances trom the die.' The 

resulting pJot has the appearance -of an actual film bubble. 

,This type of graph: is shown· in Figure 5.1·2., Above t.he 

-, , 

, -
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frost~ine, €I neCè~8ari 1y becomes ,D' •. . . 
Phot09rap~s' et int,rva1s a10ng t6, neck reg~on ,were 

used to measure th,e bubble diameter. ' Wi~h the -~iemete~ 
,f 

ab0'rè 'the fros~line regioh' k1nown, a photograph of the solid . 
, , 

bubble, a110vs a relationship between actual and .. measured 
, ' 

. ,bubhle. diameler to be "found. ,Onée this proport'ionality 

rel~tionship ,is kno~n~ ',diamet~rs, in tbe neck regi,on can b,e 

determined. 
... 

With cocurrent cooling and vith no cylinèrica1 shroud, 
" 

present, the hubble ,diameter could he determined from 

photographs at Any height above . -. ,,(' the dle. ,Hovever, wlth the 

cocurrent and .?0untercurrent combination' qooling s,stem 

pres~nt, the view of the bubble.neck region was obstructed 
~ 

by ,the cylinder. Photographs of the neck region vere 
.-...-......~ , 
l~ :,ed to those ,distances from the die' where the edges of 

"'-~,., . 
~he bubble ' ~er~ visible, through the cylinder foles. The, 

visible edges of the bubble were centered in t~e photo9raph ~ 
, 

to minfmizi di~tortion. 

ln order to distinguish the fIlm b~bble photographed 

through the cylindrical shroud wrapped in plastic', a,· 

colérant was added to the resin. Cadmium red was added to 

the 
1 

feed hopper ta. forlS\. a roughly 2 per cent by :weight 

'compas i tion. A phbtograph of thi red bubble vithin the' 

cylinder is.shown in Figure S.S., 

" 

" 

, " 

" 

'. 

\ 
• > 



,1' 

" 

, 
o • ... 

\. 

, 

\ . 
,. 

" , 

, 
~" . 

.. 
J 

> ... 
," 

;. 

( .. ' ,. 

" 

~, 1 

'. 

.' 

" , 

:-

~. ~ 

: ..... 

;;. 

" 
'." 

, . 

',' 

""Jo 

FIGÛRE 

) 

" 

.5.5 

.', 

"" 

- .' • 

-99-

Photograpt,l of 
Red'Çoloratl't 

, . 

. 
.. 

:' 

Film BUbble'with 
, ,-

,', 

. . 

. 

" 

• 

" 
" 

" " , 

-, 

'. , 

... ; 
1. 

.. ~ . 
't1 " 

. , 

1 

\ , 

\, 

\ '-

.... 

<3' 

, . 
Il .. 

,-

b; 

. ! 
·v.; /. , 

, /' , . 
• tIt, • ~ 

.; " " . , , " ; 

, ' 



. ,-

.' , ., 

" 1 

, .,"-
.' ,oW, • ( "'Il 

D 

-100- :' 

,> 
, , 

5.3'.1 Pr'ocedure' 

, .' 
A'Nikon',tM 6 camera (.Tokyo, Japan) mounted on'a tripod 

, 0 0 

'Vas used to' photogl'aph. the bubble -at> va.rio,us _heights abo~e' , . ... , . . '(-

th. die. The camera vas positioned the same distance from 
~ ,. 1 . 

the bubble in each photograph vith the ,çamera lens , , 
-

perpendicular to the bubble Burface. A ~ke,tch, o,f the 
1 

,experiment~l setup i~ sh~vn in Figure 5.6. 
0-

(1) Photographs of the Dubble under both cocùrrent and 
cocurrent and countercurrent combïnation cooling flovs , 
verè taken at' 4.8, 7~1, 12.1, ~nd 14.4 incJtes apove .. the 
die.' . -

An additional _ photograph v.s 
the die,under th~ combinatiGn 
height,the solid:tilm bubble 
shroud. 

made· a~ 26 iriches above 
c.o,oling system. At this 

vas ~~ove tne cylindrical 

(2) A-.. proportiona~ity relationship was determined 
, between 'a bubble diameter measured from a photograph':of 

the bubble' above t.he frostline' region, and ,t'he dialnéter 
calculated ftom layflat 'width. This relationshlp vas 
'used to· calculate bubble diameters· in the neck.'regionl 
using diameters measured from photographs'. ,l 

(~~'~ :. 1 

\5.4 Air Temperatûres 
\ " '~ 

\~. ...-

In cocurrent cooling, ,the, cooling ai.r is appli,ed to tlte. ",:Ifl 
• J ' 

• hottes~ portion of the film bubble ànd war~s as i t ,travels ,. 
. , 

- ~ . 
upward along . the bubble -surface .• 

- . 
The veloc~ty of cooling 

.ir, is. much' greater then the 
• . -- . film spee~ alonq~~~t of the 
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" . bubble s.urface, but ,near . the nip rolls, , where·the 

", 

·bubble is C'l~ped to'gethèr, the air v~lC?,city is 

é'~seqU~ntlY, 't"e' "ar~~d' ' a'ir, co~·lects. around ~-he 
, :, ','t * - ,... 

t 
film 

.. ' 

. 1 or up~rmost. port,Jon 'o.f~·the film bubble. This 

reduc~d. 

nip rolls 

stagnant , 
h.ated air can b~,a problem'· for a film line operating under 

, ,.", ~ 

maximum coo!ing con.di tlons ,and, limited by 'block1ng 

In some .cases a ,pr~duc-tion l'lne has ·bee'n 
, . 

. f!Owed because of th~s Phenom~n:n. Onder ,counterc~rrent 

/flow, the) co01in9 Illr 'was, dra"n d'o"n the," bubble aod 
• ,. J ' " ft '.~. a ~ , l '" 

, co11,ctéà by a plenum so that there would be no aceumulàtio~ 

, of ~eafeà àir. COl;ect~'d ,air . teai~ra'd~res, 't,ete m~as~red bY .. 
a :thermocPu'Jle 'ins!!rt.éd ,'in a~ air duct shorjtly· a.fter 1~avin9 

the plenum .• 
, '. 

It "as also '4esirable to measure the a~r, '~einperatur'~ , , 

'" n.ear the ' bubb1e surf~cé ~t ,varlous' distanCes from the di~ 
., , . 

and the, air tèmpe-rature di~t'ri-buti,on radla~ly' outward from 
, - • ~ '". l' .J 

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

tbe bubble,' as this' gives al:'!' indication' of th~ ", cooling 
",' - ~ w _, _ ' " • .. ' 

. . ~'. , .. . ... .... ~ . 
oceurr'lng Along ~'he bubple' surface. ,~e air ,~emperature.-t'~ "A 

• .. ~ J 

the same- location 'ab~ve. the die anit ~èar the - Ulm surface ' , 
, . ' 

\. • _was ,ex~cted 'to he 1owe~ , vhen :làrger ',' cool'ing flo.,.,,5 vere, , 
'" 

• 1 

,.. , ,,~.. \ 

, eppl'ied to 'th<e, oubb1;.· A1so, the - 'shape" ~i the ]:adi~l air" 
• <t1.. -." l "\ •• \ 

" \ tempêrat~re c1is,tril>\i'ti'on, giv~s' ,'-, an' 'indic~tion of' th~ ',', 
.. \ '. . \ ~ -

,'thic'knefls -~f, the' ~ir strea~ ~rti~ ~pating ii1 >he-~t. tr~nSfer~. 

. \ 
" , 

'-The' air temPerature ·distri.butions al.ong the fil'm 'bllbble 
\ ; • - • ,;' , ". -,1 .. ...' 

" 

radially C?:utwâ,rd f~om the surface "ère ,mèa_uie~,"wi t~ a 
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the~mocouplé mounte~ ~n a traverse mechanism. Ho~ever, vith. 'A 

the (Cyli~drical shroud of the combinat ion cooling .. ~ys~ / 

'surr,?unding. the 'film bubble" the possible ~easuremen.tv 

posi tions above t,he die werè 'limi ted. As in l::hJ! surfac'. 

temperature me~surements, small vindows' vere eut in' the 

plastic wrap where holes in the 'cylinder were present and 

the thermocouple was manipulated through these openings to 
, , 

any radial distance ftom the" film bubble. 

5.4.1 Procedure J 

An iron-constantan eq~ipped .~ith an 
, 

electronie cold junption fD;mèga Engineering Inc .", Stamford, , . 

Ct.) vas connected to a chart recorder to 'give'a millivolt 
" ~ "'-

o~tput, which vas convetted to tempet:B-t\l,re using standard'" 
, . '. ;". '~i3 ~ ~~ - .. ~ ~ ( 

" '.. ri 
tables (33). The thermocoupl~ vas ~oved - to different . 

, 
posi t,ions vi th a traverse mechanism. .. A sketch of the 

experimental set-up ia given in Figure 5.7.-

(1) unper co~urrent cool'ing ,'w'ith no cylinder preseht, 
air tell'lperatures were measureêl at 2.4, 5 .• 3, 7.5, 9.8; 
12.8, 22.4tand 27.1 inches above tlle die. -

( . , , 

(2) Distances from the 'die were ,dètermined that 
coincided vitb' the opennings or 'window~' in. the 
cylindrica1 shroud under ~combination cooling. . These 
distances 'were 4.5" 7~O, 12.4, 22.0~ 'and'27.p inches. 

~ , 

(3) At each position'above the dièi' air temperatures 
vere measured radially outvard from the bubble. Unde~ 
the c-ombination èo'oling s~stem, _ the radial measurement 

\. 

" . 

." 

; 

" 

, . ~ 
>, • 

.V 

( . 



.;-

fT 

à 

.' 

" 

'" 

... 

\ 

.' 
", 

-., 

~ 

.. 

. " 

... 
'. 

.... , 

~~'. .. 

.. 
. .. ~~ 

, 
'.-

~\~~."~> 1; ~ 

.' f~; ".~ ',;~~,:::." , 
~. 

''- J 

" -" 

~ -. ,r 

Ail" 

~[ 

Plastic, • 
Wrap ~ 

\, 

" 

... ~ i 

" .. 

" 

. " 

<'t, 

--

" .:: \.:, ' ~ 

" ~~. ; 

.• -- ~ .. ~o -t~t':J 

" 

el 

----•• 'Àir '" 
Thermocouple 

in Plastic Nxap 

'\. 

' . 
.... r 

Air 
:,.. _. . 

"'& 

1\ 

' . 

• ~". '1 . "', .... 

Traverse 
Mechanism 

~ 

, . 

" 
~ ~ 1. "!; ~\4 _ \. 

',IGURE ''5. 7 s~.tc" of EXperimenta: Set Up, Ir 
" Alr' rempèrature Measurements ~k ." r' 

-~ . .. ./ 

" ...... r,.. .,':" ..: " ' .. 
.~ . 

~ 
'r 

.. l," , 
"-... , . 

~ -

,fi tti ..... 

./ 

l, 

- ·To Chart 
Recordl:!r 

• 

1 
~ 

o 
~ , 

\.0 

.. 

$,,1 

'> 
1,. 

" 

': 1;;":: 

.\, 

1 , 



~ . 

, .. 

1 

- .. ,. 

~105 ... 

posi tions vere" constrainéd by the cylinèler wall. 'l'hese 'e 

distances vere approximately 0.5, 1.0, 1.S, 2.5, and 
3.0 inches from the film bubble. Without the cylinèler 
present, that is, in. cocurrent - cooling, . air " 
temperatures wer. also measured at these positions, and 
additionally at 6.0 'inche.- from the bubl:>le. 
o 

Once . the. 
posi tion, 
'mechanism 
bubble. 

traverse mechanism was raised to' a given 
the. thermocouple vas moved laterally by the 

t'O a specified radial location from the 

(4) , Measurements were recorded in millivolts on -a 
strip chart recorder and converted to temperature. 

r 

) 

'5.5 Air Velooities 

, 0 

Co~lin9 air velocites vary along the bubble and 
- <:} 

radi~lly outward from the (ilm surface. They 4u' liste,d- in 

'l'able -~l, Part -1 II as a position depenèlent variable. For a , 

particular cooling system, air velocities give an indication 

of the cooling occurring~along the bubble surface. Greater 

air veloci ties near the surface correspond, to a lover 

frostline , and film temperatures (5). Furthermore, under 

countercurrent flow, velocity measurements reveel the 

thickness and magnitude of the, drawn air stream and vhether 
. 

it i5 applied next to the f·ilm surface. 

Mean air veloci t ies vere measured "i th a hot wi re '. , 
anemometer •. An 

-p 

, 
elt;ctrically heated vire was .exposed to a 

\ 
' ........... 
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flo;wing medium. ,'An increase in , 1 fluid speed increa-sed tbe 

rate of heat f 10" from the wire and conseqiJently c,~oled the 
, . 

. vi"te. Cooling the "ire, howevèr, altered its 'rrestst.ence,· so 

tha~ a measurable effect was produced ,in the" electz;-ical, 
• 

,he .. t'ing circui t.' ln the 'a~eJllometer used, a 
• J • 

6t 
constant 

terÎlperBt>ur~ vas mainta in',d across 
) l' .• '. . 

the. curr~nt 'f loving thtough a . ," ' 

the hot vire by adjuscting 

bridge circ.ui t (34). The, 
'\. ' 

current vaS determinecf by Dlea~uring the voltage drop across -. 
\ • • .. If -

a standard res i stance. 
l ' 

The output voltage ot a con~~ant-temperatur~ ,anemometer 
.' .. 

is a non-.linear f,unction of the flo" velocity. The relation 
- , , 

bet"ten, f lov veloqity. (U) .n~ anemomete~ output voltage (Va) 
, 
can be expresseà by this equation: 

Va 2 = A + B (U~ lIn 

. 
vher .. A, and B .~e. ~onstants whose valuj!s dePen.d'· on ,the hot :. 

\ 

"vire probe used, and 'n is J'an' empi rically determined' 

·exponent~ 'A v.ol'tage-v47·locity calibI<ation' 'curve is shown in 

FiÇ{ure 5.8." Here, the change in voltage over, a w~e rang~ 

of veloe i ties is smBII and coulC! lead t'o error! in 
~ 

velocities ,read from this graphe For t'his nason, lthe 

output- voltage was -linearizes •. A, lineari~~r ts 'DasiC~~lY an . 
1. • 

electroni,c an~lo9 computer which l.inear izes the inemom&ter 
1 

oütput voltage vith a trans,fer funct,i'on, in tlais case: 

Vlin = '.)' (Va2 _ A)n 
p 

(4) \ 

'. 

" 

~ , 
" 
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where 

\ .' 

VÜn <il. th~ ,I!ne.iized 

cons~ai1t 'dep.end,ing ,on t~e 

Substituting Eq\l~ti.on 3, :into 

out~ut vol tage and lis a 

condi t ions of Iheasurement. - , . .,. 

4 anô col.lecting all· the 

,constants int'o, one term yi~lds: '. 

, 

VIin = r ~l/n' n 
JI (A + B U - ,A) /,:::: 'J U' .< 5) 

" ' , 
.9,' 

, . 
. vhe're J is.a 'collection of constants. Thé I1near tzer output . , 

, vol.tage' is therefore proportional to the ,flow velocity. U., A 

l:inéa~iied c~librat ion curve i s a1so shown in ;ig~re 5.8. 

The cooling air flow a10ng the ~i1D1 bubbl~, w~ose' 

ve~oc~ty vis to'he measured, vàries in tempetature. Without 
',' 

some' Idnd of com~nsation, the "co~stant .. tem~rature hot. wire , ' 
,r 

" probe .-"ould' - be influence'd "by this temperature fluctuation, " 

across' 'the' medium " as vell 'a~ 'by the flow 
/ ' 

veloe i tJ'. ,',. dual' , 

sensoJ:" p~obe con~aining a velocity "sensor ancl a the~lIIistor, 
'. 

which ac.'ts aB '8 temperature sensor, ".~aB used to compensa te 

f~or temper~.ture eha..nge~ in the meclium. , , 

'. Onder t~e' e,ombination ~ooling sys'tem, the cylindrieat 

,.shro,ud surround~n9 the, neck region made manipulati"o~ of ·the 
..-

film, surface "and air' AS in 

f~mperature measuremen{s, s~a'll vi~d:Ows eut in the p~às,~ie 
, -

vrap' proviâed ope,nings 
'-- ' 

t 0 t,he a.i ~ flow 
• > ' 

in this re9~0il. 
- -

However, 'the --probé, V88 bent at a ,right angle in order to' , , , 

, 
'. ' 

,'. . ' 

.. 
, , 

. , 

.. 
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" 

" 
It, vas this tbent' sec'tion of' the pro~e; 2.8 inches long, 

, , ' , 

'that vas 'difficult to manipulate through the 1.4, ,inch lIi,ndow 

in the cylinder~" ~nèe ',in the _,cylindêr, extreine care, vas 

reqùired to position the probe il] 'the small gap bet~een thè' 

film bubb1e and the obstr~ction plate. A sketch of . the 
, .' 

'experimental setùp ia shown in Figure 5.9.. . 
r-"" 

, . . ' 

5.5.1 Procedure. 

.' 
,-" 

A modular hot vire anelnometer .. syetem made py' Disa 

Elèctronics (presently Dantec ElèctronicB~ Skoulunde~ 

.'l'he. anemometer \ Den~rkJ vas' used 'to meas,ure \lair velocities. 

~yste~co~sisted of a main unit apemometer vith symmetric~l 
fit ' 

brfdge (Disa ·modela 5SMOl and '5~M12), a linearizer (55D10), 

and ,a digital voltmeter (55031). 'l'o ·the main unit anemometer 

was èonnected tvo coaxial probe cables 2.5 meters in length, 
. "p 

folloveCl by a probe guide t\Jbe(55H139), a right angle probe 

support (55H26), and a dual-sensor, temperature-compensat i'ng , 

,'. pr~be( 55PB1). 'l'he probe, B,upport and guide tube vere 

mo'unted on ~he trevefse mechanism. Refer to the 
~ 

experimental _set-up 'sketch 'shown in Figure 5.9 .• A 

desèript ion of the procedure f011otfs"t 

'JO 

. , 

, ,1 

(1) The main unit anemometer controls wére· let to the " 
. following initial values. 
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,SQUARE WA VE 1 
Hr FILTER:. 
VOLTS: 
FONCTION: 
-PRO'E T~PE: . 
GAINs 

. , 

DECAl?E RES! STENeE: 

l ' 

OFF 
1.0 
1.0 
STB. 'BY 
WIRE, 
1.0 
00.00 

" 

(2)" 'The 'dual se'nsor Iprobe was connected to the probe 
support. 

(3) One of the . two coaxial cables (one for each 
sensor) va':; pluggèd into the BNC receptor marked PROBE. 
The other end of this cabl~, was connected to a p~o,be 
~hort (55H32 ) • , , 

, 

(4) The ZERO. OHMS potentiometer vas used to 
deflection neecHe to a red 'mark, midway 

. 'anemometer un i t output scale. 

center a 
on the 

(5) "The probe short was removed from the c,oaxial 
cable, and the cable vas connected to the probe s1,lpport 
f rom (2). 

(6) The FONCTION svitch of the main uni t vas turned to 
RES, MES. (rèsistance measurementr). The .decade 
resistance sètting vas' altered, 50 that the meter 
n!~dle again covered ~he red scale mark. 

The best way to do thi sis fi rst to increase the lef t 
dec~de stepwise froll\ zero ,until the' meter ,n~edle 
suddenly goes to t,he opposite scale end. Then turn the 

'. decade one step bachards and repeat the procedure with 
, the next decade, et~,. 

(7) Steps (5) and (6) were repeated with the other 
probe support cable, 

(8) The probe 
resistance was 
the anemometer 
was 4.58 ohms', 

support cable wi th' the lover operating 
connected to the Bocket marked PROBE on 
uni t. 'The probe operating 0 resïstance 

(9) The other ,sJ.lpport cable vas connected to the 
EXTERNAL BRIDGE ARM also on the main unit. 

(10) The probe sensor, was covered with a protective 
plastic tube, so that stagnant air' surrounde,d the 
sensor. 

Il 1. 

l' • 

, 

" , , ' 

" 

'.' , \!>'- 't, 

" 

" 

, . -



o 

( 

: 

l 
(11) A .coaxial cable was used to connect' an output 

,Iocket on .the main unit to the input recep~or on the 
!Sigital volt,meter. ., 

. (12) The _RANGE of the voltmeter vas set to 10 Volts' 
and the TlME CONSTANT to 1 second. The FONCTION switch 

'on the main' unit vas turned to OPERATE. The anemometet 
• output voltage at zero .flov was 2.77 volts. , ' 

, ... 

\ 

(13) In otder tO,balance the bridge, an osci11oscope' 
. (Type 564, Tekronix, Portl'and, 0::.) was hooked up to '. 

an ouT socket on the anemometer main unit. The 
oscïl10scope was set to a sensitivity of 0.1 
volts/division with a time sweep of 50 -usee or 20 usec. 

(14) The SQUARE WAVS generator on the main unit was 
let to 3.' The waveform spown in Figure 5.10 was 
obtained after adjusting GAIN, .HF P'ILTER and HF 

.. BALANCE. This waveform'vas similar to one given in the 
Disa operating guide (34,). 
• ~ ~t: .P 

Pirst GAIN and HF FIL'tER vere adjusted, and then HF 
BALANCE on ~he sYDUlletrical bridge vas 'fiddled' vith by 
first moving the control kn6b left then right to 
eliminate taU oscillations and broaden the peak of the 
·waveform. > This procedure vas repeated several times 
until the waveform in Figure 5.10 was obtained. 

; (15) The oscill,oscc$pe vas 
WAVE generator turned off. 
be calibrated. , 

disconnectéd and, the SQUARE 
The, probe was now ready to 

j-

(16) Cal ibrat i on yas carr ied out in the \ Mechanical 
Engineerlng Department, AerodynamicB Labora,tory et 
McGil.l University. 'A sk'etch of the probe calibration 
setup is shown in Figure 5.11. A slanted arm' manometer 
vas und to measure' the pressure difference > between 
poj.nt~ land 2. Tbe velocity et point 2 vas calculated 
from the equation: 

Anexplanetionof this éq'uation is give,n in Appendix 05. 

At each calibration vel.ocity, the output voltage of the 
anemometer vas> read· from the digi tal voltmeter and' 
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,f. • recorded.' CalibratIon- data are ~ontained in Appendix 

. ' 
'. 

, DS; , 

,-' (17) 'The exponent n of the tr,nsfer funct'ion (Equatiorr 
41 vas determineds 

._ ,'t~,· tp~', cAl'lbration" 'é3ata, a ,log-log plot Qf,,' ~ 
" . (Va/yo*) -1 ver.sus U metera/sec Y1elded a straight 

line,· 'i,n which the '. inverse of the slope equal.ed th~, ' 
exponent .n. The ferm Vo.· is a coÎ'rected voltag& at 
zero vdoctty;' vo.· Vo (S), wher<e sis.' an empirical 

- eonstant litss th~n "one. . 
, 

A. value of 0.925 was used for s ~nd prpvided a linear 
caU,bration . curve. The inverse, ,o,f t~e ~lope, nl wJ.s 
equal to. 2.14. Refer to ~ppend1X __ .D5' for the_ 

. determination of s. 
. 

(l8·) The lineariz'er "as connected to t.he anemometer 
main -unit and.digital voltmeter as shown 111 !'·igure 5.,9. 

. ...; ... 

, , , 

Steps. ('19)' t-hrough (22). refer to the Hnearize-r module 
~ni t. " . ' ".-

, 1 

(19) Two c;.ontrols mar-ked EXPONENT wete used to select 
'the value n. 

(21) 'l'he ,zERO pushbutton was depressed a.nd held. ,'1'wo 
ZERO ADJ. (zero aqjustment) controls were adjusted for 

- zero. lineadzer Ç)utput voltage. 'l'he pushbuttoJl ~as 
then released. ". , 

. -
(2~) GAJN. ADJ. controls were $et, so that a one to one 
r~tionship existed between the linearizer 'output 
vol tage and the ve loc i ty (1 vol t to l DI/sec). -' 

(2') A 'calibration' test was carried out to cqnfirm 
that the o~tput voltage had actually ,been linearized, . 

. the résults- ,of which are. listed în Appendix D5. A 
graph . of the .linearized output voltage ls shôwn in 
Figure 5.8.· . 

'l'he hot v-i.re anemometer was nov' ready to measure ai r 
veloè i t hs. 

:.:.. _.~'24') The TlME CONSTANT on the digital. voltme~er wa's 
" ( (~t ,to 30 seconds '. 

\ t- l (2S) Unde~ cocurr-ent éooling, the bot'wire probe was 
positioned ot 2.0, 4.3, 1.'7, ~l.8, ~'.3, 20.0, and 25.0 

,. , . 
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i~fhe~ ,above the die. In each position .'ir ~el_oc.ù'ies, '. 
ver.elneasut'ed radial"'!)! out"ard ~ro!l' ,the .bubble, at- O. 3, " , 
0.4,"Q.6, 0.7,0.8, 1;0, 1.2, 1.-5, 2.0, 2.5~ 3,,0; 3.5, 

.' - t.5f"""S.'S, .and 6.5 inches. ,~ , , 

~126} ,Under ~he .. combination cooiing' syst,em,' ,the hQt-· 
,vire' probe was poaitioned'··at 1.0, - 9.8,23.1; 29.6,' 
33.3, and 3.8.8 inëhe.s above ,thé eUe., In the f,i~,st- two 
posi t ions, 1.0 and "9.8 itlches f rom the die, air 

'veioci'ties vere measured 'radiaUy . outva'r:~\fr'om the' 
bubble' on1y at 0 .. 5, ,,0.6., 0 .• 7, :0.8, and 1'.0 nches,. due 
to the constraint Of'J'he obstrue,tion plates vithin the 
cylHidrical, shroud~ ,'At "23.1 inehes abov the die, 
which is vi thin the cylinder -but above t~e obstruction 

'plates, .Yeloeities ~ere measurecl' et ,0.3,' 0.4, ,0.6, .0.8", 
"1.0-, 1.2,1.4, '1.7,2.0, ,nd ,2.3 inches from the'-film 

bubble. ln .the ,uppermost 'three, positions,' air 
velocities were Dleasured 6t 0.3; '. 0,.,'5, 0.-7; 1.0-, 1.5; 
2.0', 2 .. 5, ,~ ... 9,'3.5," and '4--.'0' i"ncl)es~radially ',outward 
frem' the' l)~bble.', ,_ ': -: ,,',: ,'.c"',' 

" 1 ~ • . "- " , < . 
j 1\, - .- ~, , ' " 

~} 

" • , '_, 1 1 ~ .. < \" , -' 

, 5.6 Hèat' Transferc {;:~éffi'cient',' " ,-
'J (\ 1 ~ ~~,~ •• 

The 

~ ~. \ r' ~ 
( , \ ~ , , .. -.. ' ... 

, \ __ \.. ' .. 
primary ,m~ch •. nlsms ~of' heat ta;:ansfer- ,along,' the 

" - -, -'l' 

bubble ar~ foreeq eonyecti?n'of coôilng ~i_r and rac3iation to 
, . , , 

the surr~unGi~gs. Heat transfer' ~oèfÜc_ients~ and fracti'on' 
, ,-

of erystallinity vere det-erlOined, from 'a beat balanc;e over an "':, 
\J ,~ "\ ..... 

element of f ilm bu~ble ,that, i,!lcorpo.r~tes '-these modes of' -he~~-', ~ ',' ,~ 

transfer. A sk.etch of a film "~lement and", th~ èooràinate 
, A, 

systëm used i6 shown ,in. Figurè' 5~12 .. 
1 l •• IJ 

Q' 

,~ '. 'A diffe~ential hea~ balance over 
'\ , ," 

a verticàl ,egme~t dz 
, < 

,leads "to the equat ion: 
, . 

\ '. 
. , 

, . , • 1 

" 
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" 
, " 
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, • t ","" ,_-
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Ifl ~p, CO~9 dT s/dz + m • Hp cos'e dXC/dz = 

" ,r 

- vhere: 

" 

J! 

The 

. ,.. m · polYJller ma.. flov rate 
a 

Cp • IpêÇ if ie hea t 
• ct 0 

9 • angle between a tangent to the film surface 
and the' axi. of th~ bubble (z-axis) 

'l'a • film surface teJftperature ' 

'l'~ • temperature of the aur-round,ingl 

Tc • coolin9:air temperature (equal to 'l'a) 

·z • distance f tom the die 0 

D • bUbble diameter 

h 
. 

• local heat tl'ansfer coefficient 

e 

K 

Hc 

• ~missiv~ty 

• Stefall-Bol tzilan, "onat~nt , , : ~ 
•. heat of cry~tall;sati~'''-., . 

le: : f:CtiOn of Cry.tall!nit;l'_--~, 

\" 
polymer masl flov rate and cooling temp.ratures 

vere conatant" 'These .ingle-valueà variables vère 
o 

aetermj.ned as incfteated in Section 4 .. 5 .• 1. .·Angle and, 
\ 

diamet'er, terms .vere c~~uÏated fr:om bubbl. shape 
~ - .,) , 

measurements. Sim! 1.8r1y, cool i ng curve gradierits vere 
, Q 

obtained from surface temperature meesurementl. smislivi ty 

, ' 

• 
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has been reported·to depend on film thickness (35). 
il 

Menges 

(27) has presented plot~ of low denslty - polyethylene film 

thickness versus ~missi vi ty. These reportep emissivity 

values were related ,to distance from the die through 

thickness measuremen'ts. The following section, (Section, 

5.6.1) reveals the method used to obtain the film thickn~ss 

distribution. Heat of crystallization and specifiç heat 
\ 

cou1d not be determined by direct measurements in the film 

blowtng process; rather a differential sca~ning ca~o~imèter 

(DSC) and differen~ial ther~l analyzer (DTA) vere used. 

TQe thermal analys~s i5 discussed in Section 5.6.2. 

- A derivation of, Equation 6 is °given in Appendix Al. A 
6 

similar heat balance has been given by White' (~6)., and 
~ 

several balances vithout the heat of crystallization term 
, ' 

are discussed in the literature (28)(36){40). - The term on 

the' left hand side of Equation 6 represents the surface 

temperature variance with position along the length of the 

bubble and also the geometric' deviation of the f~lm l?,ubble 1 

from a right cylinder. The fir'st term on the right hand 

s~ide i5 attribut'ed to convective cooling and believed to be 

ttfe majo~ component' of heat transfer ,from th~bubble. The 

second bracketed term 'is th" radiative contribution. ... 
Radiatïve cooling has been tstimated at 10-to 20 Per cent of 

'" 
the total heat transferred (27). The final ' t~rm accounts 

for heat absorbed in the. liquid-solid transition occurring 

'~ .' 
- , , 

• 1 

~ . ' 

Î 
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,,' mb~tly in, the frostline region. , ' 
;1 -

Heat. transfer coeffieients vere calculated directly 

,f~ODl the heat balance'outside the frostline re9~on. In 

thesè areas, the term in Equation 6 con~aining the frae~ion ~ 

of crystallinity ,vas assumed small and vas negiected. A, 

plot' of heat 
, 

l 

transfer coefficient versus, distan~e from ,the 

die was thus discontinuous in the heighborhood of the 
, , 

, frostli-ne. coefflcients could be , transfer Hovever, heàt 

estimated over this area and used in the hast balanee to 

obtain crystallinity fractions in the fro~tline regio~ • 

• 
5.6.1 -Tblet-ness Distti'bution 

"Film thickn~ss changes' s'ign'ificantly 
, "i~ " ~ " ' ~ i ". 

, . 
.. 

from die 'to 

"'frostline. 'Me'lt emerged _.from,r· a 23 mil die gap, .yas 
t Il.... " ., ", _ ' _ ~ • 

stretç:,hed' and expan'ded until reèching the fro'stline, Itnd vas 
d _ f - , ~ " ," " " 1 ..,.... 

, all th~," time continuou'sly c()o~ed,.. At" 'thé' fr6st,li-ne', ... the. 
, ,*. ' ~~ 1 ),.J. ~ ~ \" ~"f , 

mel t 'solidi! ied land ,~il~" t~ickriess:: ,rema~"-éd ", 'çonstà\1,t' 
- . , . 

.. , 

" ' 

tnereafte'r at 1; 6 a m.~notô~i'c' de,créase 
,. q ,"-

mils. Thil ,,'as' ,not 
, , 

in thickness fr~m' dié ga~;"td frostline',: howeve'r, as' ,thé 'me-l~ 
~- i. .... ' .~. - ~. • \ '" i ~" ~ ........ "./., '....- " ' , '-

svêlleâ 'iJMle,ç1iate1r. aft'er- Uowing':' from th.e
l 

d'ie. 'Thè" ,die 
, .. .. \ .\ . \, . -

r • 

""--, swèll is- "not large b,Y,other. pr~cess stand~rds,,~ $i1)C~.,t~~~ 

') , .. - .. - , 

, \ 

, , \ ~ . . " . \ ~ \ 

.,,' ~elt' is l?ein9 ·tapicUy'cir~vn,by'-the'nip roll-~ and tJi-\,l~-dôe,~'-- ;';", 
..' " • " " , " " • .. ç ~ .:~ _f' ~ '. 

,'" " "no,t reDia in \in -en, ~~pa~ded. ~tàte' very 10n,9 •• ', ili~ I~~ll' 'aoe's, -:,:' '" '~:- / 
')."t' '" ''-:,., ~ t ' .' 

1 

, " 
,' ... "" .. : t l '(" ~ 

.," , 

" ' , .'~ " . , .. ~ 
• ~'I ~ 

.. "'" .:'f'JI /,,' ' .... ' '1 ",,'.. ' 

• r ",. .. 1 ~ ~._.. ~ 
k" . 1 .... , 1 \ 
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. 
~ hôwever t allow the melt to relax and .'forget' most of the 

-

.1 l, ....... 

, . 

or5.entat.ion impartea to it c1uring 'flow throug~ the die. 
. . 

'Th~s last "point will'be discussed' f~rther in Chapter B. in 

'terms of film orientation. 
l ' 

, Film thickness i, u,~~ indirectly in the heat balance 
,,-' ." 

. J~quati~n 6), to caicul.té the heat tral,lsfer coefficient arid 
- l , 

,fraction 'of~ cryst'allini ty ~ ln .,orqer to mak~ ,these , -
calcu'lAt'ions, the emissiv~ty must be kno~n as -a funct-ion of 

. distance from the die. ,predoehl' (35) \ hés measured 

elJ'issivity at various 
. ) 

thlcknesses a fOt, LDPE~ 'l'bus 
-

thickness distribution. betweèn die and frostline could be' 
'" 

used ~o relate, emis~_i·vity .~O' h~ig~t above die.' 
1. '. ~, , 1 .. 

.. T,he "thickness of '. a 'film., sample was . measured with a 
.• ....- ' ~t' l " 

micrometer and was .foun.d ItO ·bé 1. 6 'mps 'under th~ proce'sSing 
.' , 

, '>. 
c~ndi tio!,s used., The' film t'hickness ~i~trlbution als~ 

, 

needed' to be measureè with this micrometer, but the bubble ' ) 
, . ' ,l' _ .... r 1" 

is molten in the reglon 'where thickness, changes. 'A 

tec~nique 'was u~ed to obtain é solid neck region, which wes 

only possible with en unobstruc.ted fflm- ... bubble, that i&., 

without 'a cylindrical ,shroud. Once a stable bubble was , 

established, the nip rol1s were ,topped. 
,. ~ ~ ~-

'l'wo rect~n9ular 

wooden boards were used to ~lam~ the base of the. bubble 

"together, h~ldin9'. the nec,t, r~gion in posi~ion as it guickly 

cooled; '0 'l'hus, a' solid' neck' region was produc:ed, "hose 

thickness could be measured. 

. -' , , 

'. #. 
• , l ' 
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'A sketch of this technique i~ shown in Fi9ure 5.13. 
~ <:1. • 

As 
, . l . ) 

the mol ten "regions cool, c1amped in place, the polymer" , . 

und,ergoes some shrJnkage. C~oling an amorphou.l me,lt causes 
r , 

dense~ ~rystalline regions to form and a~ ac;:companying . 
volume reductioA. Al.,o., some defor,matlons were Ùkely to' 

occ::ur in the 'stationa,ry film, due' to gravity. 'rherefore, 
-

thickness measurements of the solid neck region ' 'probably 

deviated from those' of the aétual mol ten : bubble. 

Nevertheless, this metl10d '. was u"ed and t·hickness. ' 

, distribution obtained from five solid nëck region 
\ . 

measurements, under standard cocurrent . cooling cJnditions, 

was reproduçed within 5 percent. Han (39) has alluded to a 
.- ".. ' 1 

simi~ar method to obtain bu~b1e' shape and thus diameter and 
f • J' .. 

\ .,' 
'\' , , . 

." 
r • 

.r. 

. ' e. values (angle between tangent to "fU-m surface and bubble 
l , .., .. ' 1 

axis) as a ~unction of distanc~ from t~e die., . . \ 

, ' 

5.6:1.1 Procedure 
s 

" 

/·A .' " 1 #" ~ 
mlcr~meter ~as ,used .to 

. . 
measure' an, average· ·film 

(. 

thickness at various distances from the'die.· 

1 : . ~. 

(l) A solid neck 'regioA' was:iormed by' the technique 
discussed in the previous sectfon and illustrated in 
Figure 5.13 •. 

(2) The portion' of film that was. clamped together, 2 
~to 3 inche$ Aboye the dte, was separa~ed from the reat 

. ',of the ,sample and a double film thic,kness measliréd. 
Measurements were m~de at half inch 'intervals acroas 
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, 
the film' tube e transvers'e . di rection) • Values vere 
averaged and divided by t"o to yield an average film 
thickness very cl'ose to the die. 

(3) The thickness of the remaining neck region s8mp~e 
vas measured at half lnch interva1s a10ng the 
circumference of the' tubular film, at eacb ~easure~ent 
position above the die, and the average ~ilm thickness 
was calculated. The In,easurement positions \fere 
increased in one,inch increments from,3 to 18 inches 
ebove the die. 

5.6.2 Th~rmal Analysis 

, " In 'order, to càlculate the local. heat transfer 

coefficient and fraction of crystallinity' from the heat' 

, balance given by Equation, '6, heàt of crystallization and 

specifie !:teats must ,be k,novn. Speci,fic hest is il function 

',of temperature ànd' therefore varies vith distance from the 

die." Howeve~, neit~ér specifie ., , heat nor, heat· of 

crystallization can be measured directly in the film bl,owing 

process. A thermal analysis was earried, out using a 

differential seanning calorimeter to determine the heat of 

crystaflization and a differential thermal analyzer was used 
. \ >'r 

to rneasure specific heats. These methods vere only intended 
• to provide an 'est imate of the poclymer therm~l propert ies.' 

80th specifie heat and: heat of crystallization",depend on the 
. ~ 

rate of ,heating or· coo1ing and the degree of polymer 

orientation and are thus dependent on the processing 

conditions encounte~ed in blowing film~ These co~dftions 

, , -
, , 
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" 
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, . 
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are v~r,' différent than those experienced in thermal 

~nalysis techniques. However, the alternative to these 

methods was to use a single literature value and apply it 

over the entire film temperat~re range. 
- , 

~- 'Wheneve~ a material undergoes a 'change in physical 

state, such as melting or freezing, heat is either absorbed 
, 

or liberated.1 The'rmal analysis. inst'ruments are designed to 
\ , ~ 

determine the enthalpy ohanges for these processes by 
• 1 , 

measuring the diff~iential heat flow reguired to maintain a 
\ 

'sample of the material~ as weil as an inert reference 

ll\aterlal" at 'the same temperature. The' instrument is 

programmed 

decreasing 

to scan a temperature r~ge by increasing or 

linearly at a predeter~'tned rate. In. D~A 
systems, 'both sample s,nd reference, are' 'heated by a s~ngle 

heât source. Tempèratures are m~asured by sensors attached 
, \ 

to pans containing th~ materials. The, magni tude of t~e 

temperature qhange at a given time lS proportional to the 

enthalpy change. Wi th a DSC th~, sample' and. reference have 

individual heaters. The temperature sensors aet as- two 

control loop~; one is for average temperature control, 50 

_that the temperature' of the sample and reference may be 

increased at a predetermined rate, and the other adjusts 

power input to remove any temperature differenc~ that 

develops between sample and reference. The output signal, 

dH/dt, is proportional to the difference between the heat , 

~ 1 
, , 

, " 



" 

, 

-------

( . 
~', 

" 

" ~ 

-'26-

" 
-, 

input to the sample and that to the referenoe. 

'" A Perkin-Elmer OSC, model 2C, (Norvalk, Ct.), equipped 

, .. 1 th a mi~ocomputer vas programmed to lover the temperature 

cif a polyethylene sample linearly from the melt to the solid , , 

stete. A thermogram wa~ made, and the curve integrated by 

èomputer to yield heat of cryst~llization. The area under 

the curve was calculated by estimating a scanning baseline. 
\ ' , 

Whe'n . a s~m'pi e 

incrèase, tbe 
, 

rate 

is subjected to 

of heat flow 

a linear 

into the 

temperature 
ft-

sample is 

prop~rtional to its fnst~ntaneous specifie heat. Procedures 
~ 

to'detèrmine specifie heat have been described in detail in 

the literature (3-7,38;39). Briefly, emptyaluminium pans 

. are placed in the sample .and reference horders •. A base line 

-i's,' recorded, and the. t.emperature is programmed to increase 
/ 

lineerly over a range. The proce~ure 'is repeated with a 
• 

known ma~s of sample in the sample pan and a trace of dH/dt 

versus time is recorded. The thermogram shows a 

displacement due .to the'absorption of heat by the sample. 

This cari be described hy the ~ollowing equation: 
'. 

dH/dt = 

( 
whe~~ m, i~ the sample ~ss, Cp, th~ specific'hèat and 

. 
dT/dt, the programmed-rate of temperature increase. This 

• 

• 
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,. 
equatiôn ,vas used ~irectly to obtain values of speéific 

heat. A DuPont l ns~ruments D~~, model 990, (Wi lmington, 

l Dl.) was used to make the speç:nic heat measurements. It 

... 

llas an , ordinate scale larger than the Dse plot and was thus 

suitable for obtaining dH/dt values for. specifie heat 

caleulations~ Both Dse and OTA instruments vere made 

available by Union Carbide Canada Ltd. and s~mples' vere 
, . 

analyzed at their Te~~nical ReseaSfh Centre. 

5.6.2.1 Procedure 

A description of both heat" of crystallization "'and.,'" 

specifie heat determinations follow. These ,procedures are 

similar to ASTM StanQard Test Methods D3417 and 03418'. AIl 
. 

weighings vere done on a H10T Mett1er ·balance (Zurich, 

Svitzerland) • 
( 

Speci f ic Heat 

(1) : The thermal ana1'Y5is instruments vere calibrated 
for temperatures within ,Q.5 ~ and for power using 
indium by techn~ciens et Union Carbide •.. 

(2) Dry nitrogen g8S was circulated et a rate of lOO ' 
cc/min through the sample holder assembly. 

'(3) 1wo blank aluminum pans and covers were scanned at 
20 "c/min between 50 and 150"c to estab~ish a base line. 

(4) A film sa~ple of known mass vas plaéed in one of 
the aluminum pans. The second aluminum pan remained 
emptYt as it vas the reference. The sample vas heated 
to 150 "c, held at that' temperature for fiOfteen minute,s 
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. and cooled at a rate 'of, 20 oC/min te' 50 Oc. After 'the 
average temperature of the' sample holders equl1ibrated 
at 50 "'C, the sample was scanned at a rate of 20 oC/min " 

'between 50 and 150 ct and the trace ~of dR/dt versus, 
temperature recorded. 

(5), The speciHc heat of the l samp1e, at any 
temperature between 50. and 150" oC, was found by 
measuring dR/dt values directly from the thermogram and 
substi~uting them in Equation 7 a10ng vi~~ sample mass 

,and rate of temperature increase and then solving the 
, equation. 

Heat of Crystallization 

. Steps (1), and (2) 'fr'om the specifie heat pro~edure vere 
repeated. 

(3) A sample of known mess was heated to 150 OC'; held 
at that temperature for fifteen'minutes, and scanh~d at-
-10 ct/min between 150 an4 50, oC. ' " 

(4) The computer~vas instru~ted to Bubtract a baseline 
(con.tained in memory), plot the scao, "drllw-in". scan 
b.seline and întegrate the 'coo!·ing curve. The 1 area 
under the cooling curve vas the heat of 
crystallization • 

, , 

1 ' 
.. - ~ . '," 

, -. 

" 

" 

t • \ 1 

,. 

. " 
, , 

.. 
,'a" 

, 
, , 

.. " ~, 
, .' 

'1 

, ' , 
J' 

,1 

" , 

, . 

" 

.' 



-
1 

, 
> - •• , '. 

'L 

,/ 

'. 

.. , 

. '. 

. . , 

• 

.' 
\, 

.. 
\ . " 

.. , 
, . 

.. -

Chàpter 6 

'. ,''t .. 
• 4 , . 

Evaiuatian of Cocurrènt Countercurrent Cooling.Systemj 

Resulta and Discusslon ~ 

This chapter COlipletès~he a.taHec! speciücat~ ~f 
operating conditions given in Table 4.2,~by deÎcribing the 

determination of the countercurrent air flow rates.. With a 
'. 

criterio~. for comparing cool~ng systems esta~lishea, the 

results of e_ch. var·iable measurement arè presented. An 
, 

.analysis of these variables reveals the cooling occurring 
. 

along t~ film. bUbblè, surface. 
. ' 

The resul ts of . surfac~ te'mperature, film thickness, 
. . 

bubble shape and thermal property measurements yere used to ., . . ' 

calculate t.he. heat transfer çoeff ie·ient and fraction' of 

,crystallfnity 'as functions~of distance from the die. An 

examination of the beat ttansfer coef~ieient reinforeed thè 
~ ,," . 

conclusions drawn from the dependent variable measurement~. 

Fina11y, the heat transfer c~effi~ient in eocurrent cooling 

was correlated vith position above the die and the maximum 

Bir velocity. 
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The coc,ùrrent cooling fl'o. 'rate: ,used .' in ' 

establishing pperatip9 condi tions the ,combina'l:ion" 
1. 

for 
,. . 

limi te~ by. bubble st~bil i:t~ ~ Thus', "the";. 
_ ___ 4 • , '" 

cod'ling flov was gove,rned br the maximUm (;OcUrreht air flav 
" rate, (Section 4.5.1). A s~cond. cocurr'ent air flow rat'e' was 

also ch6sel1 to tes"t the cocurrent and 
v 

systems. .;t'his ,volumetr'ict> 'flow' r;-ate vas controlled by 
, 

adjusting the bu'tterUy valve on the·. air dué't sUPPlying .. ' 
, r ' 

cocprrent ai~ to a position that va, ',considered standard by , -
1 • 

technicians familiar with t~e e~ttuder under ',the operating , ,. 
, 1 ... 1 

condit~ons' listed in Table 4.2'!- : These ,~wo' cocurr~nt flo~ 
" " 

. , 
, ' 

.. ' ~, 

• i' 

1 1 .. 1 

" ' , , 

"', 

~'"'' 
, _ 1 f :,.-1.-. - rates vere uee,d as 'standa~~ or • çontr'ol' eâses 'in eompar in9 _ . ',' , 

" 
'cooling sy~tems. velOc~ t.y prof iles ,of 

'flow 'rates . a~e given ,in Fig~r'e '6.1'. 
the,two' eocurrent , " 

Reynolds NUmbers 9f, .' 

four and.f~ve thQusand wer~ calcu~ated under t~ese cocurrent 

r', ' ,flovs. The veloeity profiles ean be descdbed aS 'b~unt 

'\' 

• ';11' 

, 1 

parabolas', indicative of turbulent 
, • l ' 1 

flov. Point ve19çities 
, . 

~ vere ~etermined'from pitot ~ùbe pressure measurements 'across' 
'. . . 

a ten point diameter tr~vèrse, as diseussed in Sect~9.n 5.1. 
'. l '" .. , J ~ 

The' ten point diàmete~ traverse, effectiveiy divided '~he'~ 

c,ireular duet into te!} zones of equ~l 'area., Ilow rates vere 

calculate~~ in each 'concentdè ring. 'zoné and s\lllUl\ed to yield 

the total volumetrie flow rate. Thes~,' are, given in Table 
',," 
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'Table ! . .!;. Air l!2!! Rates 

cooling Condition 

, 
Case '1 (no cy1inder.) 

Case 2 

Case 3 
1" 

Case", 

• Case S 

Case 6 

Case 7 

Case e (nq cylinder) , 
'Case g-

'Cele lQ 

Case 11 

Ca ... 12 

Case 13 

pase 14 

---

\ 

, Cocùrrent 
~ir Flow Rate 

(efm) 

~t 

103 

103 

103 
*. ,103 

l03 

103 

103 

123 

123 

" r 123 
é) 

123 

:, J'" ,123-.' 
. .f' . ~ ~ " . 

.... '123 ./ . 

123 

/ 

.. 

C::ountercurrent 
Air Flow. Rate _______ _ 

(cfln) 
~ 

126 

162 

200 . 

268 

2712 

---
126 

~'62 

200 

268 

272 

, 

J 

{ 
, [ 
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\.6.1. . .... 

'l'he se same cocurrent flov rates vere used for th~ 
. ~ / 

eocurrent and countercurrent eombination cooling syste~s. 

corresponding to each cocurrent flov rate, several 
'p 

countereurrent flov rates vere used. The, method" Of 

establ i shing a ':stable film bubble 0 unde-r max imulll 
, 

countereurrent draving flov'has. ~een described in Section .. ° , 

4,.5. Maximum countercurrent f low cO.1'responded to , a fùlly . 

open butterf1y valve st the outlet duct of 8 seconQ :blo~er.' 
o 

Addi tionsl countercurrent i ir flovs vere arbi trar i1y chosen, ", 
\ 

bl' convenient settin9s of the blover butterfly valve. Local. ' ,. . 
veloci t ies vere' calfulated from fo.ur, ten 'poin~' , pitot t:ube'J 

" , 
diameter traverses;' aa. descril?ed in Section 

mea~urem~nts and veloC:ity 'cal~~latiJn~ pressure 

5.1. 

of 
~ 

" 

The' 

each' 

,::'~' 1 'measurement, p.obtt -are ~ gi ven' in ,A~pendix Dl. An avera9,e 
- , 

ve10city profile for tvo counter~urrent flovs is sh/avn' in ' .. 
, " 

':.. ,~ 1 

Figure -6.2. Reynolds Numbera of 17,000 and 23,000 vere 
1 0 

determined under these countercurrent, 'coO'ling qovs. The 

turbulent and asymet.ric na~ure ,o.~ the f~ov . ia, indicated by 

. the skeveQ~eloci.ty profiles. These velocities ~ere us~d to 
, / 

determi~e the countèrc~rrent. h~v rates, whieh are llsted in 
." , ~ 

Ta'ble 6.1 for each cooling condition. In a11, fourte~n 

difterent cooloing flows. wer,et applied to the film bubble. 
) 

~wo solely eocurrent f~ovs vere used as standard or . , 
'control' ,cooling conditiÇ>ns. 'rhe cocurre'.1,.t flovs vere' 

a • , ". 
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appl1ed to the bub~le' vith. and vi thout the cylindr ieal . /. 

-v.sh~\oud pr.~sent,~ ln orcier to t"est thé èOgl'bin.tion'c~olir9 
, ' 

system, live co~ntercurrent, floV8, vere' couple~ vith each 

çocurrent flov; th~s ten cocurrent and countercurrent, 

combinat ion' flows vere studied. 
, , 

, ,. 

~' \ 
"' , .- . 

,6.2 Sur t'ace Tempera t ure Meiuurements , , 

"-

'. 
Sur face temperâtures' 'vere measured along the ,f i lm 

bubblel,under the operating conditions given in Table 4.2 and 

4. for each cooling condiVon outlined in the ,~re!~in9 S~ttion 

'. 

(Section 6.1). Th~S, I::?ubblè' surface temperatures, vere . 
measuted vith tourteen different cooling f~ovs. Appendix D2 

'gives measured temperat'ures tabul,ated ~ith distance froll the 
• J 

'die for each case. Temperature gradiants are' élso included 
, , 

in this appendi~.' Both 9~ouPS\Of value~' vere uleèi in a heat' 
" ' 

balance ·over an e-lement of _ f.ilm to determineheat transfer . 

coefficients ,- , (Equation 6, Section 5.6) • 

Surface temperature unper standard cocurrent èoolin9 " 

c:oll'di t ions is plotted Igainst di stance f~om the die in 

Figuré 6.3' •. Thèse cooling cQnditions éÇ)rrespond to case-s l 

and 8 in Table 6.1 .. In the ,i!M'edia~e vicinity .1)f' the die" 
.. 

coollng lias slow, a~ the' cooling air "first contlcted:the'· 

film bubble al i9ht~y abdve the die. 

'. 
.' 

\ , 

. " 

Once beyond thi s_ 
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l , 

molten. bubble 

r 

was 

" , 

strongly cooled. In . 
1 

the neck region the temperature gradient val steepes~1 . , , 

ind~cating that the greatest. rate of eQoling' occurred there. ' 

The frostline vas associated vi th III p'la teau in the cool ing 

, curve. 
/ 

From Figure ~. 3, i t· wes eviden~ tha't the ,frostl ine 
", 

i5 really not a true 'l'ine', but rlllt)1er a region in which"" 

solidification occurs. Beyond thia region, the solid fil~ 

bubble continued to cool, al.though at a slower rate than'· in 
• - • - 1 

the n~ck region., 
, . 

. In Figure 6.3, ,the cooling curve 
q' 

qf case e lies 'belov 
. . 

that of case 1 in all regiol!s,but the frost;Line,> "bere the" 

. cu~ves' coincide. This ~rend '''as e~pec~ed, ", sinee a greater 

co'c\lrrent flov rate was applied, in case 8. The length of 

, the frostline region also gives an indica't ion of cool i~g 

streQgth. ,A shorter plateau corresponds to more intensive' 

cooling. ln this comparison be,tween two ' c9~urrent cooiing 

flo"s, case B had a solidification z.çne of five inches, 

while the plateau reg~on was six inçhes long in case . 1. 

Slmilar cooli'ng curve characteris,tic~ have been reported 

for 10v density polyethylene over 8 vide range of cocurrent 

flow rates(S). It is interesti~9 to note that the frostl,ine 

. ,occurs et th4llf!f s~me tempe rature under di f ferent copl ing 

conditions. In separate. studies, Ast (5} and White -'(26) 

between 115 and il7 oc, 

which coincide w'itli the plateau temperature in Figure 6.3" 

, , . 
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Cocurrent cooling ,condi tions are compared vi th and 

without a cylindrical shroud surrounding th, lc)wer port,ion ... 

of the film bubble in Figure 6.4." The standard coéurrent -. 

cool ing ,condi tions ~oJ;'res~ond to cases 1 and 8 in Table 6.1 

and those vith the cylinder present;, cases 2 and 9. The 
, 

cyl~nder lIrapped .vith plast~c film 'extends two , feet libpve 

the die, so, that the film bubble emerges from the Q'linder 

i~ the solid state • 

• Near t\he die all four cases~ .. have 'similar surface 

temperatures, 'as the cooUn~ 8i,r has ~nly just contacted the 

film bubble. Farthet 'trom ,the die, in the lower nec k 

'region, the co,oling cur\le splits in two. Càses Band 9, 

" vith the larger cooling 

temperatures than -éases l 

air .flo~, had lover surface 

and 2. The steep decl ine in 

aurf,ce temperature coritinued for each two-case group 

through the neck r~gion. However, at the' last measuremen~ 

poin't, jus't befort!~' the fr~stHne, each group cooling curve 
c 

() 

separated. The standard cases, that is wi th,~ut the ,cylinder 

present, had lower surface temp~rat,ures . than their 

counterparts with the cylinàer. Thi s trend W.c Il more 

pronounced beyond the frostline but within the' cylL'der. 

The lover 1 surface temperatures mea'sured wi thout' the cylinder 

vere attributed to the entrainmen,t o~ surrounding pir by the 

cocurrent air stream. The entrained air serves 'to, teplenish 

the par,tially "armed coolin9 air. Thus, the 'effective' 
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eooling air nov, o,r the amount of ai r that actually, 
, 

partic ipates in heat 'transfer, h greater in cases land 8 

tl:lan the 'air now applied to the base of "the 'f i lm bubble. 

The cyl indr ical shroud"around the bubble in cases 2 and 9 
. , & 

prevented entr'ainm~nt of surrounding ai-r and _lead to higher 
; " 
surtace temperatures than in cases land '8. 

In~Fi9ure 6.4, the frostline occt1rr,e4'at the same 
, ""," r' 

-temperature ,in each case, about 115 'te However, the léngth 

-of the plateau region could not be determined wi th the 

cylind,rical shroud present" as an unobstructed view of the 

bubble was not possible 'in a11 regi-ons. Tvo sur'face 

tempera ture meaSllrements ",ere made downstream from the , 

frostline and' above the cylindrical shroud, and they showed' 

that surface temperatures wi th the cylinder .pre.sent vere 
-. 

still higher then those w i thout the cylinder, however the 

tempera ture difference between cases' 2 and 9 and cases 1 and 

8 ,had narrowed. ~his was at tributed to the cocurrent 

cooling- flovs of cases 2 and 9 being able to entra in coo1er 

surrounding air et positions above, the cy1indrical shroud. 

Within the cylindrical shroud the entrainment,91 ambient air 

vas not poss i bie. 

'lt. is i nterest i n9 to note that the bubble formed unQer 

the max imum standard cocurrent cooli n9 condi't ions of case 8 

vas perfectly stable, ",hi le the seme cocurrent.f 10v rate 

vi th the c.y1 indrical shroud present caused Ima11 bubble 

" 
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oseillati'ons or instabilities. The bubble was wea"kened in' 

case 9 by the presence of the eylinder "and a marginally 

varmer neck region, so ,that the large cocurrent cooling flow 

vas destabil:i zing. The expanding - ~ontact ing ose i llat ions 

" o'i caSe 9 vere ref lected in dimen~iona1 var iations of the 

final film product, vhieh are discussed in Section 6.3. 

" 

Surface temperature results for cases 2 through 7 weX;,e 

plotted as a· function of dis~a~ce fro~ the die and are 

presented in Figure 6.5. In each case, the ,cylindrical,' 

sbr~ud surrqilnd,ed the lover portion of film' bubble. ' Case 2 

applied less then ,the maximum cocurrent coo1ing air to the 

base of the bubble and c~ses 

amount of cocure,nt air, in 

. countercurrent ai r floYs. 

3 through 

conjuction 

In case 

7 used 
y , 
with 

7, the 

this same 

~increased 

maximum 

eountereurrent air flow was vi thdrawn through the plenum. ( 

Additionally, case 9, !hich appl~d maximum cocurent coo~ing 

to the ,bubble, is a1so shown in Figure 6.5. 

In toe neck and frostline regions, that i5, below the 

coUeet ing plenum, cases 2 and 7 had near1y identical 

'surface temperatures at a given distance from the die. The 

amount of countereurrent' eoôling air applied to' the bubble 

had no apparent ef fect on surf,bee temp~rature wi thin these 

regions. However, an iné rease in the cocurrent air f low 

di rected 810ng the bubble, as in case 9, lowered surface .. 

, , 

.' 

'" 



: ~. t ., 
'" &'P ... ~~ ... "" 

4 '" -, 

--:-'"' .r; 
" 

.. ' f -

... ... 
! , - :- 1 - , i" ... 

200 
•. Case 2 1 .. 

, , 
) 

o Case J 

~, '75 ~ \'t -
-. 'Case 4 ' -' 

• '.'3! 
"r 

" .4 Case .5 

~lSOt \\ 
" 

, '- - - - -' .• Case 6 
" 

, , . " '0 Case 7 ., • 
co 
k 

125 ~' ,.~~ 
• Casè 9 ' , 

CD 
a. 
e ~ --1' al r .... . .... - ~-

N-
1 

'-""""'--- -.~ - --
~ 100 - --- ~ • . ~. 

-

1 " ~-- 1 
\' . 

75 .. 
. 0. 10 20 '30 40 50 60 70 -80 

Distance From Die ' cm . .. 
> 

1 A \ 

," FIGURE 6.5 Surface Temperature. Versus Distance 
,. f " rrom Ole Under Coollng Condlt~~ns of ,..:> -

'- , _çases.2 through 7 and Case 9, .. 
;. : J' 

,-' -, . 
< -

, " ~ . " 
- , ,- " -, '\ 
/--t~ " 

~ .... ~ ~ 

" "' 
, . 



-

. ' 
" , , 
c 

-, ' 

, , 

o , 

, , 

q '. 

, " 

lII'!' 

.' 

•• 0 .' ',' 

-143-

.....' . temperatures markedly. Thus, film cooling àlong the DÎolten 

bubb+e waG controlled by ~hè amount 'of coc'urrent ,air appl i'ed 
• ' v 

,0 ' 

to the' base of the "btibbl~. 

",Above the' frostl-ine and the colle.cting plenum, surface 
.. 

temperatures a10n,9 the s'olid bubble vere 

countercurrent cooling flov. The cOllntercurrent and 

cocurrent cooling flows in case 3 were similar, that 18, the 
, 

amount of air vithdravn near the f~ostli'n • ..was nearly equal 

to the air applied et the base of the,bubble~ As a result 

of tliis balapced cool ing c,ondi tion, li ttle cool~ng 6ccurrea 
, 

abo..ve the withdrawl plenum. ' This was refle'cted by the . 
highest surface temperiJ,ures in ,.th'is· region of Any of the 

cooling conditions. When the countercurrnet air ,flow was 
- . , 

substantially greatet than the cOfurrent flo", as in·cases 4 

through 7, f~lm surface temperatures ~ere léss' then under 

the, strictly cocurrent flow 'of case 2. ' As the amount of . f . 

. c·ountercurrent air· flow in tl)e combination' cooling system 
" .... 

vas ·increa-aed, lower surface temperatures resulted. . This 

trend occurred in cases 4 through 1. The small decrease in, 'r' 

surfac..e temperature betwèen cases 6 and 7 reflected similar 

countercurrent flov rates. In Figure 6~5 -.the'temperature 

dl f ference was nearly 50 ~, ., 
- l " 

betveen solely cocurrent bubbl~ 

cooling and the combined cooling system vith maximum 

countercur'rent air flov (cases 2 and 7). A more realisti~ 

comparison was between caseS l anèl 7, as case lClPocurrel'ltly 
'. 
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cooled the :bubble vithout . the cylindrica~ 

rep;esentative, ,.of cla.sical b),ovn film 'coolî,ng. ,Thé' 
• '1 

temperatuz:e ,difference between cases land 7 wa~ roùghly js ' 
\, • " II> ' 

0, et ,the ,highest measurement point above th~ die. Thus;. the,' " 
... 

countercurrent draving nov '6ubst~antially reduced the 'film 
• 

surface temperature .over the solid, portion of film bubbl'e. 

A sim,ilar, expla.nation applie,B 'to thè' family ~f cooling 

'flows tha t used max i~um cocurrent 'air flov. .' Surf(lce 

,temperatures for cases 9 thro~9h 14 vere plotted against 
, " 

d'istance from the die and are ,shown in Figure 6.6. Va,rY,ing 
.' t, \ ,.. ~ 

ainou~ts of countercurrent' 'fl1pW ar'e' combined vi ~h, the maximum 
, " ~ ~ \ 

cocurr'ent flotl ,in cases 10 through 14. Case 14 includes 

maximum cocurrent and coun\ercurr~nt co01i09. A~ditiona~y" 
lL ' 

ca.ë' '2 i5 included' in Figuré 6.6, to provide a cool'~g 
" , 

condition vith a different cocurrent 'flov rate than, the 
, ' 

éther cases., compired in thh graph~ In eacti case the, . . 
cy'lindr<ical 

, . 
shroud lur-rounded the '10wel" portion 'of. fi,lm,' 

" 'j ',' 

'bubl?le. ,\ ' 

Below tHe solid' bubble in the neck, and frosÙine' 

re9ions, cases 9 through a had similar sur~ace t'em~ures 

et the same distance from the die. Case 2 sur,face 

tem~reture$ vere a,bove this family' o.f 'CÇ)oling' flows 

incorpor.at;ing màximum cocurrerlt air flow and thul reflected 

we-aker cooiing' condîtions. The frostline vas at t.he same 
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temperature for al! cooling. flows, but: the ~!,~gth of t"he 

plàteau region' "as aga in' obscur,ed by ~the dylinà~r.,.n4: plenum 
• ..' t;. 

'. ... 'A 

arrangement. Above the frost,line,) surface . temper:a~ur"Jt 
. " 

apr,ead out .. in 'o.rder of . increas.ing ~ounteJ;'cur'r:ent. .flow. 
'-

Surface tempera,tures 1 recorded under C,SIe 10, cooling 

condi tions vere closer to ,those obtalne'd for, '.t~ndard 
, 

cocurrent "coolin9 than to surf~c.e. ,-temperat:u,res-' "measured 
" , \" ',' '. 

unde'r maximum cqmbination flow. From fïgure 6.6 th. s.ur'fac~ 
, " 

temperature diff~rence between maxim~:·.' cocurririt COOn~'9 

(case 9) and maximum ;combination cooU)'lg '.(~ci~'e 14) ,was ov.ei 

yr 40'CF,' at the hi~he&t poSitio#r temper.tut~s" ~~~e measured. A' 

compariaon between ca,se 

the ccyl,indrical ahlooua 

8, tnaximtim 'coc:ti,rrent cool~n9 vithout 
, " . ' \ ~ , .-

present, ;and ,.case 14 :yiel-éeà a 25 "p-
l , ",' ..) , 

sUt,face 'temperature differenc~.,' ~t',:~~~,.same ,P<>!tition' on the 

solid film bubble. 

", . 
,~, ./' 

Surface temper.ture measu,rement.s :a10n9' ~he film 'bubble, 
" 

for the Qocur,r:ént 'and countercurrènt' combioatio'n cooling Q 
~ Ç> , ~ - • 

system, have "shown that cooling in, the n~ck ~e9ion i5 
, . 

governed by co~urrent flow applied to the base, of the film 
, " 

b~bble. CO,untercurrent cooling occurred a~ove the frostline < 

and above the coliec"ting plenum', over the Bo~id portion of 

.f itm bubble. I~, this region,' lover surface ,tem~ratures 
, , 

vere reco:rde,d under com,qinat i on cool,in9 flows then' <. ~i th 

standard' ~ocurrent cooli,~9 ,(no cylindrical shr'oud pres~_~'i). 

, , 
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Furthermore, 'surfaée temperatures decrease.d vith ,fncreasing. 
; 

countercurrent flov. 'Comparisons betveen ,ma~imûD\ 

countercur~ent cooling and the standard cocurrent cases, 

'yie~ded a maximum temperature difference 

highest .position te~ratù~es vere measured. 

6.3 Bubble Shape 

Bubble shâpe <. i s dependent on . the 
" 

of 35:. Opo at the . . . 

, 

stretchin9 and 
\ 

expandfng forp~s the polymer encounters .hile still in the 1 

. 
molten state. Once in the 8olid'state, film dimensions are . ' , 

constant. Diameters of film bPbbles ,ver~ measured from 

photographs, as described in SectÏ'on 5.3. 

to represent the actual f i'im . '-b'ubble vêre . . '. . 

D Jgrams intended 
. " constructed frbm 

diame,ter measurements, ,aymmetric~lly. arranged around a .,.. 

central bubbl.e' al(is, at various distances • trom· 'the die. 

These plots vere ~S~d to cal~ulate tpe angle, a, betveen a 
, j \ • 

tClngent to the film surface ana t'\ercèlhr~f: :a~is~f " the '" 

bubble; Both diameter anB angle ~'alu~s 've~e' u~e'd in a ~éa't .. 
". ", . , , 

, balance over an element of film surface to calcul~te the . . 
heat,~ran&fer coefficient and the fraètio~ of crystallinty. 

Diam;ters mèaSured under the cooli~9 conditions of 

cases land 8 have been plott,d to'give the appearance of 
"-

.the"actual film ~ubble,in Fi9~re 6.1. From this figure, the 
.~ 
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angle, e, vas obtained at the~ same distances from the die et 
,,' 

vhich diameters 
, , 

were measured. 'The ,small blo" up ratios 

, •• <·~~.ed in thi. study and the resulting moderate bub~le 
'",,'.-' .. 'fi" 

ex~nsion or • pocket' shapè' in the neck 0 r'egion limi ted 'the 
~ t. li> 

rang~ of 9. In case 2, 9 :~arie.d trom' 90 àt five inches 

above the die, to OOat the~ ~rostlin~. Values of e for each 
• 

cooling ~C?ndit ion vere _deter'Dl~ned fr9D1 simil ar diagrams and -' 
1 i 1 

are listed along vith position a-bove die in Appendix D3. \ 

~ , 

, 

Bubble shape is dependent not only on the stretching 

and expanding 't~rces the .polymer encounters in the mol,ten 

regions but 0 also on cool ing c:;ondi tions. Tbe shape of 'the' 

bubble givès'an indication of the cooling occurting. Bubble 

diameters ere plotted as a function of diatance trom die in 
D 

Figures 6.8 and 6.9. Cases 2 through 7 along vith cas~ 9 

are shovn in Figure'6.S, and in Figure 6.9 caae 2 and caael 

9 through 14 are '9i ven,. Bubble diameters a~e ·tabulated 

Along vith positron a~ove die =in Appendix D3. 

Under the istrong cocuyrent: aooling condit'ins 'ôf ceses 9 . 
through 14, bubble diameterl vere' larger near the die andh,~ 
, 

~ smaller et the froltline than vith the~'côolihg flova ·of , , 

cales 2' through ln thes~ latter cases, diemete'rs . 
• 7. 

expanded slov1y in the molten ~e9ion above the die and 

rapid1y just belov the frostline~ Bubble expansion for 

cases conditions occurred more 
.. ~. / "'-'" 9' through 14 ,cooling 
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9radu~11y lletveen ai'e and frostline. 

The' addition of countercurrent a~r' flow 'decreased the 
\ 

,bubble diameter snarginally everyvhere slong the !Subble: Thé 

trend towards smaller bubble diam~ter_ was more pronounced ~ 

vith larger conte~current a4r - flow ~at'es. _, Changes in bubble , , 

1 \ ' 

'sl!ape occur because the fixed ,'JI!&s~ of a'ir 'tl(apped wÎ'thin the 

bubble can be ~ompresBed' to varying. à~grees al tering the 
, 

interoal bubble pressure. In combination cooling, lmaller 

diameters ,everywhere a10ng the bubble luggest greater 

internal bubble air pressure"than unàer, only co~urrent 

c,ooling. From thes,e' observat ions i t can j)e léen that the 

force to expand a polymer melt comes from ·a combination of 
. , 

the__..ai'r' ptessure.,i thin a fi lm bubble and the aerodyn~D1'ic 

forces treated by the cooling . 'system. 'These ,aerodynamic 

forces depend on tne vol~è and'ovelocity of the cooling ait 

. streams .as vell 
\ 

-, 
as the manner in which they are applied to 

the bubble. 

It wal pointed out in Section 6.2 that the bubble 

the maximum st~ndard cocurrent cooling 
( 

conditions of. case 8 was perfectly stable "hile the same 

cocurrent flow ~ate vith the cylindrical s~roud present 

caused the bubble' to oscillate' somewhat tn an expanding-

eontracting manner. These instabilities 
~ 

,cond.itions of case, 9 . vere reflected 

," 

under the cooling 

in dimensional 

, , 

1 

. : ~ 
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.- . 
variations of the f~nal film product as shown in Table 6.2. 

Layflat width ,and thickn'ess ,distributions.. "ere measured eac::h 

time J Hm vas produced, and the . ' 
values in Table 6.2 are 

representa'tive. of variations -in film dimensions under the 

given coo1ing condition. 

Cases 9 through 12 had a layflat standard deviation an , , 

o,rder magn.i ~ude greater than' cases 13 and 14. Th~s suggests 

that the resonance oscillations vere' no longer " present in· 

the cases vith large countercurrent flovs. 

large countercurrent flovs provided the film bubble with 

m~re stability. It could be argued that the countercurrent 

f 10" reduced the bubble tempera t ure somevha t, thus' mak i ng 

the bubble 'tougher' 50 that it could withstand the 

destabHizing cocurrent air' flov. However, surface 

,temperatures in the neck region vere very similar and vithin 

experimental error. A more probable explanation attributes 

bubble stability to the forces imposed by the large air 
y. 

flows in the countercurrent cool ing system. These 'outward 
v 

suetion forces vere observ~d to 

of the bUbbli 

cause a small 

fluttering-type movement in the neck region 

and did not a110w the bubble to retreat in an oscillating 

pattern. As countercurrent flov vas reduced from the 

ma.imum amount, fluttering-type deformations ceased and were 

Quickly followed by' resonance ose i llat ions. 

Table 6.2; also re'veals' a redu,ction in meàn thickness 
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l.lll.li , 

CGoItt:'i .... yf1.~ Wldth Il., Up .. tlo 1'11. ",talc".. • 
CondItion . , 

.... n St.,... .... '" ... an .t.". .... ' 
Value Deviation V ...... Devlatton 

'.' ~ 
(.) (.,Je 10 2, ) r: IIC: 

" . . 
Ça •• , 12.' 0 •. 010 I.~ S.I. 0.032 

CIl" 2 i2. t 0.021 2.11 ' 1." 0.oe2 

c.~. 2 -22.' 0:047 I.~ 1.'. O.oel 
~ , .. 

Ça •• " 22.' 0.04' '2.2' ~ ... 0.041 
" 

Ça •• 1 Il.7 0.040 2.21 t." f 0.040 c... • 22 .• 0.047 2.H 1." 0.042 

C. •• , 22 .• 0.030 2.28 t.l' 0.030 
-! ... '. 

f' 
~ '. 

~ 
j 
; - c.a ••• 22 .• 0;038 2.21 4.0' 0.oe8 

c.a ... 22.1 0.21 2.28 3." O ... 
., 
l ca ... iO 2~ .• 0.1' 2.17 3 .• ' 0.30 

li, 

t : ... c.a •• Il Il.4 0.2t 2.1~ 4.04 0.33 
, 
1 • c.a .. 12 22,2 0.2' 2.22 4.08 0.27 
" t c.a .. 13 ~2.1 0.040 2.22 4.01 o.oea 
'. 

c.a •• 14 22.1 0.OS3 1.21 4.01 0.08. 
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standard deviation-vith" larger countercurrent air flovs. 

,'J'his trend ~ias.evident_,in each-family.of coçurrent flo~SI_ 

cases 2- through 7 and cases 9 th~ough,l~. 

from a die is generally not of uniform thickness. 

subsequent çooling process, t~e thinner sections cool first, 
!. 

vhl1e the thicker porti'ons are still, partïally molten and 

susceptible to f·urther ,stretching and expanding.' Thus, the 

cool ing process .' lnherently smooths out gauge variat ions in 

the melt to some extent. The suction forces applied near 

the frostline further' expanded any portions, of film bubble 

s~ill partially molten, that is, the thickest regions. 

,Thus, countercurrent alr flows from the combin~tion,coo~ing 

system created greater expanding 'forces and vere able to 

re~iuce thickness variat ions .' to a " , 
greeter extent then in 

J 
standard cocurrent flows. 

We have seen that cooling flo,w rates and the rnanner. in, 

which cooling air i5 applied to the bubble affect the 

geometr;y of ' tubular film. Cocurrent cooIing flows' 

influenced the genersl shape of the film bubble, while the 

application of countercurrent air flow slightly reduced 

diameters everywhere along the b~bble. Therefore, und~·r 
, 

combination cooling flows, the shape of the bu~e was 

simi lar to tha t' . for corresponding cocurrent f low, only 

somewhat smal1er in all regions, depending on the magnitude 
, . 
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., 
of'counte~currerit flow. Furthermore, the countercurrent ait , 
flow provided a stabilizing force on the film bubble after 

. " maximum 1 cocurrent cooling flo" had caused oscillations.' 

Redùctions in' gauge variations vere also attri,buted to 

countercurre~t cooling_ 

,1 

,An extr;eme case of dï"fferent cooling conditions 1's 

illustrated in Figure 6.10. Weak cooling causes a 'stalk' 

or long ~eck ~ubbl •. geometry, whi1e .• 'pocke~-sh.ped' bubble 

iS·characteristic of strong cooling conditions. 

" 

FIGURE 6.10 
~ 

, 
l 

Frostllne 

Pocket Shaped 
BubbJ.e 

-

Long Neclsed 
'Bubble 

Film Bubble Shapes Under Oi'f~rent 
'Coolln~ Conditions 

", , 

. , 

The bub~le shape in th~·' nedlt reglon ultimately effects 

film proPerties. If cooling is intensive, the tube is, 

stretched gradua11y in ;wo directi,ons from die to frostline~ 
{ 

while for veak cooling thè 'transverse str,tching occurs 
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suddenly 'Just" below the frostline. Prefe~ential 'trlolecular 
, 

chain alignment or .. ori'entation, imparted ta the 
( '. ' 

~ . (. 

stretching anc;} expanslon 'forces as ,~'t cools 

'frozen-in' ~~ the frostline. 'l'he d~fol"mations 

fil~ by 

be~~mes 
occurting 

near the frostline'are thus more likely to cause·'froz~n-in' 

orientation and to have a great,et e'ffect on' film properties 
\. 

than ~èformations in the h,otter, 'mostly amorphous regions 

near . the cHe.. This orienta.tion giv~s plast~c film a 

pre~er're.d 'arrecti,on for, '~earing and shrinkage:. The e~fect 

of cooling on film properties is dilcussed ih Chapt,ers, ,'.and 

8. - ' 

" 

" '1. 
, . 

Àir Temperature Measurements 

Air temperbtures néar' the bubble .surfac'e, at different 
... 

height's above the die, give an indication of the coolin9 

occurring alorl9 the bubble and the relati've strength of 

varioua eoo11ng conditions. Air temperatut:e measurement.s 

,made perpendic\lla.r to .the film surface (putward from the 

,film S\:1rface) 'suggest hoy t'biek a layer of air partiçpa.tes 
, 

in heat transler. ,Air' temper;atures vere mea~ured at. varrous 

'distances above the die to obtain air' tem~rature 

"istri,butions both parallel and perpendicular to the film 
1 , .. 

sur'f,ce. Diagrams reprelentative of these distributions are 

,t 
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p~esented in this section while air tempe rature data are 
"," , \ 1 

. 
" 

listed in Appendix D4. . , 

The- radial temperature, distributions under the 

cocurrent qOoling conditions- of c.ases l'and 8 are ghren in 
. .. ~ 

Figure ~.ll at tvo heights aboye the die. All curves showed 
. , 

.. maximum tell!perature heat the, film, surface,,' vhich declined, 

to amblent temperature - away 'from the 
" ,'",,\ ~ . 

bubble., Ambient 
8 -

. temperatures vere not !=onstant, in these tests and varied 

, from ,26'. 5 to 27.,5 ct, as' cool dr~fts perio.dically circ~làted 
1" ,. 

in the film blowing' area. 'Onder eàch cool.ing condition, the . \ . 

shape of' the~ temperature curye differed vith distance from 
1 j, .. 

die. At the lower position, the, eoo11ng 'eurye aecreased 
, ' , 

stéeply to . amblent ,temperàture', vhile temperatur~s at the 

higher location undervent a more gradual deeline. Thus, the 
,,' 

'air stream broadened somewhat at greater dJstanees from the 
~ ... 

die. Never,theless, the, thickness of the varmed ai r stream 

was roughly one irtch . s~veral. inches 
, 

aboye ,the di.e and 
. , 

expanded to only tvo inches at two' feet aboye the die. 

Similar air, temperatur~ variations have been reported , by 
. . 

Ast (5), who co'ncluded that only' layera of air in the' direct 

neighborhood of . the film bubble pa~tieipate in heat 

transfert Also in Figure 6.11, lover' air tempera,tures were 

recorded near the bubble under the stronger cocur~ent air 

flow a~ both positions aboy~ the die., This'was ~xpected, as 

~,he large~ yol~e c:ooling flow~ had similarly lo",ered the 
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surface temperatur"of the ~1m bubble (Section 6~2). --
, . Radial air temperature distributions for eocurrent and . 

combinat ion co01ing systems are shovn ~i9u~~ 6.12 for 

two positions above the die: Both positions are vithin the 

cyl indric:al .shroud, one belov the vi thdrawl pl.enum and the 
"" 

other above it. Measurements outvard trom the bubble vere 

constrai~ed by the cylindrical valle Air temperatures unde~ 

the cooling conditions of cases 9 and Il c~incided' et the 

fir:st ,measurement position above the die." . Thus, at this. 

f'position,. the ~ountercurrent cooling conditions had no 

effect,on air stream temperatures. This result vas similar 
:0 

to ~hose of surface temperature measurements made below the 

plenum uQder cocurrent and co~bination coo1ing flovs. 

Surface temperatures in this region depended on1y ~on 
" .cocurrent cooling, regardless of countercurrent ai r' 'flov. 

At·the measur~ment position .bove the withdrawl plenum, the 

air 'temperature ~~r~e for cocurrent cooling vas broader than 

at the lover position. Hovever, air temperatures 
,';/ ~ 

for the" 

combinat ion co01ing f10v ( v: in case 11 shoved li. sharp decline 

fromonear the bubble surface to ambient conditions." Ambient 

temperatures vere reached less than 1".5 lnches from the 

bubble surface. Furthermoré, vith combination cooaing, the 

final air temperature measured vas less ~~an ,the lowest 

temperature at this same position i,n ,~ase 9 and also l:ess 
, . 

• ~ l ~ 

than the, final,temperatures reeched in both cales et the , 
, , 
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measurement p?sition below the plenum. These results were 

attribute~ to (the 'ft~sh' or 'nèw' coo1ing air dravn into 

't,be cy1indrical sbroud by the collecting plenum. Tbis 

Jfresh' COOliil9 air was dra"n from the:ambient,surroundings 

of the solid bubble and probab1y' had not been wermeci by 

prolonged contact vi th the film bubble.· Thus, ,this 'f.resh'· 

cooling air wes èrawn past the measurement point and in'to 

the plénum, . re"sulting in a sh~rp drop in, . air temperaturC' 

- ' close to the 'b~bble, wh,ile the warmeà' coc,urrent ~001in9 air .. , . 
of . the 'colJlbina t,ion f 10v. was withdravn before tbe measurement 

point. : 

. Ai~ tempe ratures at tbe lame radial" location near the 

? bubble vere plotted against distance from die in cocurrent 
" . 

and combination coo1.in"9 systems --and are ~hovny in Figure 
~ 

6. "13. Under the cocurent cooling condi tions of case B, air 

tempêrature increased - vitb distance from die. 
" 

At greatet 

distances, air temperatures approach 'an astmptotic value of 

50 oC. Simila~ air temperature behavior' was reported by 

".Ast (5.) • Air temperatures measured vith tbe combina,tion , , , 

cooling condi t-ions of case 12, we're ~imilar to~, temperatures 

under solely cocurent cooling in regions below the 
G 1 

c:01lecting , plenum. However, above the plenum ambient 

temperature~. vere recorded. The 'fresh' cool ing air drawn 
.. 

from ambient surroundlngs of the uppe'r bubble caused these . . . 
. 

lover tempentures. 0, Ambient tempentures are found closer , , 

f-
I ~r 
1 
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.. 
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to the bubble in Figure 6.13 than in Figure 6.12, as the , 

countercure'nt flov rate vas greater in the former èase. Low 

air temperatures close to the film bubble 8uggest that the 

air countercurrent1y dravn into the collectihg plenum has 

had little contact vith the filin bubble and' thus makes an 

uncertain contribut ion ta heat transfer • 

• ..s In each case where a countercurrent f low 'las appl ied to 

the bubble the ai r vi thdrawn vas collected ana exhausted 

avay,from the film bloving eguipuient. The temperature of 

the collected air vas measured before entering the blower, 
1 

and values are listed ,in Table 6.3. T~ese values have been 

averâged from temperature measurements of collected air made 

concurrently vith aIL dependent variable measurements. 1Re 

highest air' tempe rature was -recorded" for cases 3 and 10, 

vhere the amount of air vi thdravn i5 nearly egual to that of 

" ... ~the air flowing cocurrently. This cooling air' had 

t~avé led along ,the hott;,est por.tion. of film bubble before 

being vi thdrawn by the plenum. Under countercurrent , air 
,/ 

f 10W5 larger than in case 3 or 10, air flowing near the 

0- solid portion of the bubble mixed vith air applied 

cocurrently, which served to reduce the bulk collected air 

temperature. Wit'h increaséd amounts of countercurrent air 
,'~ 

applied to the bubble, further reductions in collectec.i air 

temperature oècurred. Under Jn8ximull).,.. countercurrent cool ing 

f 
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condi~ ions,' cases ·7" and 14, cÇ>llected . is, that air fi 

temperat~~es vere on1t 3~ above the ambient t~mperature. 

Air temperatures measured' rediaUy out from the film 

surface under all cooling conditions shoved a sharp decline p 

in moving hom the surface to the surroundings. The 

temperature gradient was steeper at shorter distances from 

the die and moderated somewhat at larger distances. The 

th~ck.ness of the cocurrent 8 i r stream part icipat ing in heat 

transfer was about one third the bubble d iameter." For the 

combi nation cooling system, countercurrent flow only 

affected air temperatures above 

There, the radial air.temperature 

the collect i n9 plenum. 

curves werè ver,y steep, 

and under large countercurrent flows, ambient t~mperatures 
, 

were recorded within one halt inch of.. the bubble surface • 
, 

Furthermore, for the se, large 

temperatures were close to ambient. 

the countercurrent cooling ai r could 

more efficiently 810ng the bubble. 

1 

'0 • 

f lows, collected air 

AlI this suggests that 

have been appl ied much < 
1 

0, 

, \ , 

-' 
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-6.5:' A1r' V.el!oci ty Measurements 
1 

Air velocities measured at the same location near the 

film, over the length of the ,bubble, give an l'ndieation of 

the cool ing occurring along the film surface. If only 

eooling conditions are'~changed, Ast (5) has reported that 
, 

grea ter air veloe i Hes neat"t the bubble surfac'e cause a lower 

frostHne> and lover surface temperatures. Ai r veloci t ies ,_ 

measured radially outward trom a film bubble indicate the 

thickness of the cooling ~ir stream and its posftion, that 

is, whether the eooling air tlow is near or removed trom the 

bubble surface. 'l'ables of radi,al velocity distributions at 

several positions abov.e the die are given in Appendix DS. 

" Radfal velocity distribut~ons for the' standard 

coeurrent cooling conditions of cases land B were measured 

, C at" sev'eral distances fro'm the dië and are sho~n in Figures 

6.14 and 6.15. Maximum ve10eities vere greatest "near the 

air ring, where the air stream began, and declined at 1arger 

distances from the die. At a given position above the die '\ 

'/ 

the air 'velocities rose very rapidly near the bubble to a ,.. 

max lmum and then 1 vi th increasing d,},stance f rom the 'fi lm 

bubble, declined to the ambient value. The decrease in air 

velocity from this maximum near the bubble to the 

surroundings was more gradual at larger distances .from die, 

8S the cooling air stream mixed with surrounding air slowed 

• 
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and broadened. 'l'hus, the shape of -'the cooling stream' 

c~anged ma r kedly vith position above die. Ast (5 ) obtained 
, 

similar radial velocity distributions in a study, of blown 

film cooling. Moreover, this trend of increasing air stream 

vidth at larger distances from die was previously observed 

in the air temperature measuremerits described in Sect.ion 

6.4. 

Figures 6.16 and 

distributions of cases 

6.17 show 

2 and 9, that 

the radial velocity 

is, cocurrent cool1ng 

vith the' eylindrical shroud present. The number of 

measurements within the cylinder was limi ted by: ei ther the 

cylinder wall or the obstruction plates' mounted in the' 

. cylinder. The resulting radial velocity profiles' vere 

incomplete. Nevertheless, from the limited veloe i ~y 

measurements in Figur~s 6.16 and 6.17, trends can be 
. 

observed that air similar to that of the standard cocurrent 

cases. 

Air velocities one half inch from the bubble surface 

are plotted as a function of distance from die in Figure 

, for all cocurrent cooling conditions. Air velocities 

vith increasing distance from die. This was 

primarily attributed to the cooling stream mixing with 

surrounding air in cases land 8, and vith the cylindrical 

shroud positioned over the bUbbli in cases 2~ and 

deereases in ve10city were attri7ed to obstruction or 

" 
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defl~ctor plates wi thin the _ cylinder acting as 'bralèèi' 

against the onrushing cooling ai r. In a11 cases cooling air 
\ 

floving over larger surface area& 'of an expanding Dubble 
i 

also oContributed to smaller veloci ties at larger distances 

from',die,. In Figure fi .18, cases 1 and 8 have higher cool ing 

~elocities with increasi~g dist~nces from the die than their 

counterparts in cases 2 and '9. This suggests that 
, 0 

obstructions vithin the cylinder caused a greater red'Uction 
, " 

.in air ,flov than 'the mixing vith ambient air. FUJ:'lthermore, 

'tJlis ~bservation was 
cp 

reflected in surface tempe rature 

lIIeasurements . f'or the same cooling condi tions. In Figure 

6.4, s~rface temperature "Qiffet'~nces between cases' 1 ànd 2 
, ~ . ' 

and, casès 8 and 9 similàrly ,bétclllle larger vi th .<listance 
t, . 

from the die • 

.' 
, 

Radial air yelocity dis-tributions fQr cocurrent cooling 
, .. 

cases' 2 and 9 and comlHnation 0001in9 cases 6. andu 13 'are 
.', 

'~hown in _ Figur~ 6.19 at tvo positions above, the die. 
-

Me~surement' pOsitiofi$ vere vithin. the cylindrical shroud',and 

bel~w 'the cO,llecting' pl'enum;" At one inch) abo~e, the die 

cocux:rent and corresponding combination air velocities, that 
! ,. , 

i8 cases 2- and· ~ and cases 9 and 13, "ere nearly _eq~al. 

~ -( 

.' .. 
, ' . \' 

.,," I~ 

However,' at th, hîgher position above the àie, 9.8 inches, ' .. , 

,..---'f'he vel~ci t ies fpC.' these pairs of cases cliffer-ec! 'by as 'much 

as ten per cent. 

1 

\ 
1 

\ ' ./ 

, , 

-
In eath . pair groùpin-9~- the COlllbination 

" 

• :' 1 

, , 

-,.' . 

, 
\9 

.. ,. • 
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" 
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Air Veloci'ty Measured Râdially From 
the Film Bubble at' 2.5 and'24.9 cm 
Above the Die Und,.er ,Cooling Conditions 
of Cases 2, 6, 9 and 13' 
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cooling flow had so~evhat 'lover 
\; !:l' • 

cocurreht flow. One possible 

co~ntercurren~ f 1011 dra"n do"n the 

velocities ~,han t,he 

exp1.anation is that 

bubble 'and cocurrent ai r . ' 
. pushed upWarq in combination 'cooling é:ompèt~ vi th each other '" . , 

o ' 

to be vi thorawn by the col1.ecting, plenum. The result is 

. ,t'hat the countercurrent flov' serves as a large 
l , 

'Igainst the cocurrent stream, $1owin9, 'its velocity and thus .., , 
ine,reaslng the pressure on the outside ·~f •. the tube, which in .. " , " 

turn reduces the bubble size everyvher-e, in 'the .. neck, region. 
" l ' 

ln cases 2 and 6 and' cases 9 and, 1.3, t~e velocity 

dUferences are accompanied by t~is compensatin9 differenee 

in bübble shape or cross-sect i-onal annula.r' gap areà between 
, \. "," . 

bubble and deflector plate ~o that çont ~ûity of mass is 

'Satisfied.· Calculations demonstrating the preservat ion ·of 

contipuity are given in Appenàix D5. 

Radial 'air veloe i ty di stribut ions f'or:: the "eooling 
"

conditions of Figure 6.19 and for additional combination 

cooling conditions are shown in Figure \ 6.20 for 

position above the die th:n. ,in Figure ,6.19. 
, 

.combination cooling flovs, the measurem,nt point 

,tbe plèn1,JD'\ and yet with,in the cylindrical shroud. 

a . higher 

In ' these 

was above 

'l'he probe 

vas posi tioned paraHel to the bubble \ "1 th probe sensors 
) 

pointed upwa,rds anticipating air Uov, drawn countercurrently 

to .t'lie plenum. Onder cocurrent cooling flQw tbe probe 

sensors were orientated 180 degrees from this position and 
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u • 

thus able' to measure velocities upward " along the bubble. 
1 

• 0 ~ .J 

The probe "as bent: at a right angle near the tip' (Section 
• , À. 

S. S,>, and the lttngth ci thi s bent 1 sect i on of 'probe accounts 
l , • 

for the differen~ in measurement position "ith'cocurrent, 
f' . -" " 

and co~bination :cooling flovs, as' the prob~1 support was 
. 

inserteà througti the aame cylinàer '..vi nd'ov' in each case. 

Air velocities for the cocurrent cooling conditions of casès 
.;. . ... ~ ... ~ 

c~ 

2 énd 9-boveted around, the l Dl/a mark from near the bubble . 
b ~ tJ .. 

surface tô the cylindrical <, vall, wi th 
• p 

case 9, having'the 

higher volume cocurrent flov and yielding some'fhat higher 

vel~ities than case 2. Onder combination cooling flows, 
, . 

di f férent coc.uFrent components caused li ttle or no change -in 

air veloc~ties at this position above the plenum. Thus; 
c:aa 

'each pei r' of combinat ~on coolin~g conditions; cases 5 and lI', 

6 and ;1.2, and 7 and 13, could be treated as one cool ing 
1 1 

condH1on. The dominant role of the countercurrent flov in 

thi!; 'reg ion above the plenum had also ~been indicated by the 

film s~f~ce temperature and air temperature measurements. 
l , 

Countercurrent ,-8 ir veioc i tie's inc'reas~q vi th increasi ~g 
~ 

countercurrent f lov rates at each radial pos} tion. Under 

~he strong countercurrent cooli'ng conditions of cases 7 and 
~ 1 ~ • 

13, the av~rage veloe i t'y _was roughly 6 m(s. However, the 

radial vel,oci ty proti le showed that the la.rgest veloc,i ty '(Sm 

/s) oceurred. near the edge O'f ,the cy1inder and 'decreaesed 
1 

through a' plateau or inflection 

. . 
point midvay betveez;t bU,bble 
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and cylinier to lmaller velocities near .the b~bble $urface. 

This trend "as op~s~të ta the radial (relocity distribution 
\ 

measured for ,cocurrent flow as shown in Figures 6.14 ~hrou9h 

6.19. It indicated that most of the counterc\lrrent air " 

nov "as: ch~~neled 

oDservation vhen 

alon9 

coupled 
, . 

the 

vi ~h 

cylindr ical 

the air 

wall. 'l'hi 5 

temper~ 
measurements at a si~ilar position above the die, shown in 

Figure 6.13, ,,,bich showed essel1til!rlly ambient "t~mperatures 
". '. t ", 

w~thin 0.5 'inches. of ~he film bubble, suggésts that the bulk 
... Q" -

of the countercurrent air 'flov makes li ttle ~ontact vi th the 

f Hm bubbl e • .. 
Radial air. veloci~y aistribut~ons are' shown ~'n 'Flgur~s' 

6.21 and 6.22 for tne same cooling conditions' as in Figure 
~ 

" 

6.20~~ and at progressively greater distances from die. The 

coûrie"ércurrent flows were measured at.a posi tion above. the 

col~ecting 'plenum and also abov~ the cyl indri cal shroud~ 

These Figures, revea.~ very lov countercurrent ili r' veloci ties 

alpng the entire radial traverse. These veloci tjes vere of 

the same o;tagnitude as .. air simply circulating. ln 'the 

surroundings. ln fact; the cocup:en~ 'air velocitiës ,roughly 

33 inches above the die were two times ,greate.r than the 

largest countercurrent Bir flow measured only 10 inches 

above the ·collect i ng plenum. In Figure 6.22, countercurrent 

air veloci t ies vere measured vith the probe pointed upvards 
" , e . 

to sense~air drawn down the bubble, but the values vere 80 
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'if the flov vere, 

op , ~, 
the, pro!)e vas' rotated 18~'~ as 8mall 

.J 

vire again very coeur,rent., and 
~a ~ : 

velocitîes measuretl the 

smal:", although\' they "ere ' 

lIleasurement s! These results . \ 

slightly above ~he previous 

indicated t'bat virtually no' 
ô 

cooling air vas dravn do"n parallel to the bubble above the 
, ~ 

cylindrical shroud. Any cooling occurring' inJ-the upper 

reaches of th!! bubble vas mostly att r ibuted.,to bubble 
, 

~Qvement thro~gh ,q1Jiesc::ent ~surroundings. , 

The measureDlent s of radial countercurrent,. air 

~". velocities in ,i9ure~ 6.19· through 6.22 lk several positions 
""i 

above the. 

'than 1.0 

cOlle-ctin,g plenum, show that velocities greater 

Dl/s measur'ed 
..- . .... 

para l'leI 
() 

, 

to the bubble only 

present in the f irst e ight inc;hes ab6ve the 'plenum, and 

sign i-!icant veloc ities near the bubble surface vere found 

on1y wi thin th~ cyiindr lcal shroud. At a measurement point 

within the shroud· the c6untercurr~nt ve,locities ai: the 
, • 2 

cylinder wall vere roughly three to four times greater thah 

those near the bubble! sU9gest ing ,that the air f loved mainly 
-

from the surroundings, over the çyl inder' lip; directly té:> 

the collecting shroud, without contacting the film bubble.~ 

. Ambien~ a i'r temperatures mea sured 'riear the bubble et a 

\ 
... 

1 

, . 
simi lar pos i tion above the" collect ing plenum support' thi t; 

,. 

c,~ntention. A sketch of this situation is shownl in Figure 

6.23. Confi,rming the detailed air flo'W ,patterns in this 

sketc'h vould be difficui t' froUt a standpoint of mani'pulating 
1 , (-
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be i "thil region and more importantly in mealur ing"a ... .i a pro \ ,. 

fl.ow which i. thre'e dimensior1al. A probe equipped vith-

t}\~ee veloc i ty senIors and a sen l,or 
é'" b. 

for tempe.r'at'ure 
• compensation would be required. Further~re, ~he an~lysi's 

.techhique for three simultaneous velocity signals 1's not 

vell establ i sh.,d (41 f. 

, 

, , 
c 

6.6 Heat Transfer Coefficients 

or; .. 4 " 

.- . 

. \ 
" 1 , , 

, 

The heat transfer coefficient! h, can be 'calculated for 
... 

regions where cryst~llization does riot otc'ur. This " i\8. 

carri.ed out direcUy. )Jsing
q 

, , , Equation , . , 6, which can·' be-. \ '. , 

. rearranged to tie1d: ' . 
." 

.\ 

, ; 

'. If! Cp eos9, (qT(dz) 
~/ = 

"". .. 
h, 

,"D'(Ts Tc) 

'1 
, Data' for the var iabJ.es in Bq~tio~. ~ ., re obtained, f~~D[ 

6.3, 6'.6.'1, ~and 6.6.~. Sur,face tempera-ture 
.... 

.al'ild temperature profile derivative wère determined'" as, . 
descriped in Section 6.2. In Sect(on .. 6.3 i,t was exp:J.ai~~d 

..., • cr 

how !tnowle~ge of b\.}bble ,shape- alloveB the angle bet"een a 

tangent to, the 'bubble surface and the bubble, axii tp 'be 

- determined. In the foUoving.sub-,seC?tions, 6.6.1 an,a ~."6.2,. .. 

?; , 
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.. ethod~ of e'stilllating emis'sivity apd thermal I\>rQperties of' 
. 

, Polyethylene are descri~d. , 

. ' , 
6.6.1' 'l'hicknèss Distribution 

.. 
Pilm , thic tfless vas ueed o to relate ob indepe~dent 

emissivity measurement. to dis~ance frolR the die, and th!s' , 

.r'èlationship w'as insert'ed into ' .. à heat balancé for a film 
1 

eléiiiint (Equation 6) 
, . , 

to obtain the local heat transf .. r 
li 

coefficient. predohlls, (29) va~~~:of ,missivity a~.·':a 
.... Il r , \ ..... r • ~ • . 1) • 

'funct io!,\ of film ,thic~nesà for ,1«>" àensi ty polyethlene are 

'. 

1 

plotted" in Fi9ure' 6~24 Along vith thickness versus di stance 
,,'. "1' _ 

'{rC?m the d,ie measure~~ts of .thi~, vork: These relatiQn~hips 

ate listed in Appendix D6. In Figure 6.24, we see that the 
• 

, . 
film thickness decreased from a maximum value of 22 mils at 

, -' 

the die (ignoring die 'sveli) to. 1.6 mils nea,r' the frostline. 

'l'he thickness -of an' eleinent of film decr.ased. in the molten 

region. as a result of st~etching by thé nip rolls and bubble 

ex~nsion. TJ.le amoun t of thickness rf'duction depends on 

these stretching, forces and on the' viscoelastic properties 

of the melt. 

From Figure ~~24" -a value e-f emissivi ty can be 
- > 

. determined at, -any bèight above the die. Emissivitl' 

" decrease.d wi th film 'thick'ness and ~hus wi tIf di'",tance fr.om . 
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'-
1 . die. 'l'hrough K.irchoff's. law (42) emissivity vas equated 

" 

> 

: vith ~~.orbance, and the'emissiyit:y decline vith thie~ness' 
.' . 

ean be thougl.tt .. of as a iea800ing atiility ,of the material to 
"i) 

absotrb infJ'ared radiation. ' Thil' behavior 

plastics< 43). .. . 
. ~, 

,~ , 

• 

6~6.2 'l'hermal'Anaba1s 
" 

Heat of erystalliZ!ltion and sPecifie heat vere 

eBtima~ed by 1 th~rmal analysis a~d u·l.ed in a h-:at 'balance 

!or . 'an elemènt of fjlm. (Equation 6) rto calculat'e heat, 

tr~nsfer coeff ic ient and the fract ion. of crystallini ty. The 

thermal analysis provided only an estimate of polymer 
, . 

thermaVproper~;s, ~s· the cooling a,~~ $tretching ec:ndi,tionS 

the melt encountered 'in blovn· film' cooling could"not be , ' , 

duplicated. ' 'l'he relults of tb~ thermal analys'Îs âr~ shawn 

gr,aphically -in Figur~1 6.25 ,and 6.26 and ~ are listed ' in , . 

Appetl~ix p6. 

From Figure' 6.25, the heat Of crystallizatioil) vas 

,determin~d to be ~oU9h~y 20 cal/gm-CC. Similar' values:,'fcr 
\ . . 

LOPE have be-en. repor.,ted'· in 'the li t~rature (43). The 

.specifie heat values, shown in Figure 6.26, vere divided 

into amorFhous and soUd 
-

the f~ost.line, that is, in 
.i 

, ' 

. \ ,"" ., 

stat-e regions. Sver,yvhere below • 

the ,.morphous region, an average, 
, \ ,', .. 

.. 

\, 
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specipc heat 'of 

heat balance. 

O~6 eal/9m-~ vas used in the differentia~ 

the froltline the However,. just Aboye 
" specifie heat-temperature curve did not immediately drop to 

an equilibrium specifie heat value. A moderate 'deeline in 

specifie' hut vith decteasing temperature vas observed. 
, . 

Wynter (43) has reporte9- similar results over this interval. .. 
. There f 9re, in t~e immediate region above the frostline, 

J 
specifie heats vere variable. Over a small interval, 17 to 

19 inches from the _ die, specifie heats of 0.9 to 0.8 

cal/gm-t vere inserted into Equation 6. Seyond this region 
-

the specifie heat ~as estimated to be 0.6 ca l/gm-'t: • White 

(26) used a specifie heat of 0.58 eal/gm..oC _ over the entire 

bubble, while Wagner (28) favore~ an empiriéal realtionship: 

Cp • 0.478 + 8.46x19-4(T) 

property. 

to approximate this thermal 

" The thermal analysis was used only to .e~,timate specifie 

'heat and heat of crystallization, as the analrsis vas 

earried out under' quieseent coolin; condition8-that were . , 
unlike those conditions encountereô in t,he. film blowing 

process'. For example in ~etermining tne _ crystallizati9n 
,-

point, ,the DSC ther~ogram shown in Figure 6.25' gave a 

erystallization ,temperature of 96, oC. This the,rmogram was 

made, for·a coo"ling .rate of .- 10" oC/min, ~ê:cordin9 to ASTM 

Standa'rd Test ,Meth,od D3418. Thermograms - obt~i'ryed ,';'i t'h' 
• , b. ..' !lb.; 
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8tronger cooling conditions, up to 2Sct/min,.revealed lover' 

crystallization point temperatures. Under the film bloviog 

cooling condi tions in this resea,rch, a cooling rate of \ 

roughly 4Q °C/s vas encountered, vhiçb at' firsr . suggests a . 
crystallization point temperature' belov tbe 96 Oc value 

obtained vith much.slover cooling. However, in film bloving 

the area of crystallization" ~oughi'Y corresponds to thè 

solidification region or frostline (26}, and the frostline 

temperature was determined from .Figure 6.3 ~o be' 1,15 oC. The' 
il ' 

actuel temperatur. is' thus higher ,than' the' temperature' 

predicted by differential' .scanning ,calorimetry. ~he 

temperature differ~nce vas attributed to the sttetching and 

expanding forces the film experiences in the _ ~e~k re9io~ 

Th~y serve te:>, impart some orientation to the film a's i t 

cools and cause '. crystallization ,tp o~cut et higher 

temperatures than if the' melt vas cooled quiesc'ently. This 
( , 

discussion vill be.more ful-ly developed in'Chapt~r 8, whert!' 

orientatiorr in.blov~ film is discussed.' 

,6.6.3' Results and Discussion 

• 
"'" The heat transfer coefficient, 

" ' 

- , , 
h, vas calculated by 

,use of a heat balance over an element of film (Equat ion 6) 

and is plottea, versus distance from the ~ie in Figure 6.27' 

for standard cocurrent co~ling conditions. ~ A sample 
.. 
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calcul~tio~~of h a~ its maaim~ value il ' given in Appe-ndix 1., 

,/. ' 

J)1. 'l'ablea of, heat tranlfer coeffi~ient at various 

distance. above the die, , for each eoolin~ co~dition, are 

â'lso'glvcn in t~i,s Appen~H~. ln Figure ·6.27~' ve see tbat h 

rises 
4 

rapidly from near the die to a . maximum below the 

froBtline, anp then decline'~ vith increasing distance from 

die. The frostline !egion is indi~at~d by daahes. 
1 

'rhe max imum ' heat, transfer coe! fic ient occurrs in the 
" " 

molten'regioni triat 
1 ~ l -

i6, b~low tbe frostline. Maximum heat 
" -
tra~éfer coefficient 16 prima,rily due to a large, surface 

• 
gradient tèmperature (dTS/dz) secondly to bùbble itnd 

." 
1. " 

diameters smaller than those in the solid state. These two 

terms in Equation 6 vere only pa-tiallY offset by the la,rge 

and ambient aif. temperat.ure di fferences between film 

Specifie heat vas constant and estimated to be 0.6 cal/g-CC' 
lb 

over thi~ molten rewon and the angle term, cose, varied by 

only 1.8% and thus did not substantially affect th, heat 

transfer coefficient. This analysis neglects the radiative 

term in Equation 6, as it accounted for on1y 5% of the local 
, . 

heat 'tr'ansfer coeffic ient in this' region where' the' m~ximum 

heat 'transfer 
.(. 

larg~st near 

coefficient occurrs. 

the diè where the 

The radiative term vas 
~ 

film and ambient, air 

,temperature 'di fference vas , grea'test. However its 
) 

cont~ibution ~o the heat transfef coefficient or overal1 

heat transfer from the bubble was nèver greater than 17% of 

'\. 

" t, w.. , 
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" 
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the total. Menges (27 } has estimated a 10 to 20' radiative' 

contribution to total heat transfer.-

Heat' transkr coefHc ients 

vi~hiri five inches of the die. 

vere smaller at points 

vas attribùted ,t~ :a This 

decline in the film temperature gradient and an increased 

tempe rature difference be,tween film and ambient air, even 

though the diameter was smallest and radiative contribution 

largest in this region. Cooling air fi rst contacted- the 

film bubble slightly abov~ the die and thus on1y moderate, 

cool in~ occurred ther,~. 'A, moderate temperature gradient' 

) reflects these ' cooling conditions an9 leads to less than 

maximum heat transfer coefficients. A decline in the rate 

of temperature change in the immédiate vlcinity of the die 
\ -

was also observed by Ast (5) .. Furthermore, a similar trend 

in heat transfer coeff ie ients has beer1 reported by White (26) 

lor low density polyethylene very near the die. Hovever, 

the steepness of heat transfer coefficient decline was less 

in this earlier work than that shown in Figure 6.27. This 

vas due to'White's (26) steep temperature profile, and thu~ 

large. temperature gradient, at posit ions close to 'the die. 
. -:.. , 

.- Heat' transfer coeft icients declined from maximum values 

as the cooling~ curve gradient.moderated somewhat below the 

frostline. This chan~e in temperature gradient was again 

the largest contributor to smaller' heat transfer 

. 'èoeffic::ientsj although its effect was parti'allly offset by' 

" 

" ... . 

'> 

, , 
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the c!ecline. in ,film and ambient air ,/'temperatur'è difference 

.long the length of the bubble. 

Above the broad frostline region, heat 'transfer 

coefficie?ts continued te decline.t, The temperature gra~ient 
l , 

ever this r~gion WBS significantl~ l~s~ tb~n in the areas 
. -

prior to the frostline and the gradient declined somewhat 

with increasirig distanceJfrom the die. Along'this ' solid 

portion 'of the 'film bubble, t~e diameter ~nd angle term in 
, 

Equation 6 were constant. Howeve~ the spetific' heat varied 
'"' somewhat immêdiately . follow,ing t?e crystallization region •. 

Specifie 'heats of 0.85, 0.80, and, 0.70 cal/g-'t were used in 

Equation 6 at 17, 18 and 19 
• 0 

corresponded to a roug~ly 30. t . ' 

incnes'from the die. This 

increase in the, specifie, heat 

versus tempèra·t'ure ,curvè,' which w.as obtaine~ under quiescent 
~ 

tne' usi'ng differential scanning cooling ... ~onditioris 

calorimeter ~Jhgure 6.25, Section 6 .. 6.2). At distances 20 , ..... ",.. 
inches.from ,the die and' greater, a specifie heat of 0.6 

~1/9 ... t WBS agaln used. At distances beyond 24 inches frhm' 
• 

the die, the decline' in heat transfer coefficient 
~. 

accelerated. This decline is emphasized by a 

semi-logarithmic scale plot of the heat transfer coefficient 

versus distance from die as sho~n in Figure 6.28. The 

greater decline in heat tra"sfe~ coefficients ~t large 
.' 
distances' from the die was attributed te a '1:eveling off' pr 

'flattening out' of the cooling curve a~ thesi distances • 
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Ast' (5) ,also reported,a similar. 'level~ng-off' of surface' 0 

·temperature decline' with increasing distance. irom the die~ 
, 

Hovl!~e'r,- vhen White'a (26) heat' transfer coefficients were' 

plotted against di~~an~e from the die on a s~mi~logarithmic 

scale, no do;nturn in 

distances, from the 

heat transfer coefficient at large 
. , 

die was evident. This could be 

antici~ted from tne reported surface temperature data, 
1 _ • 

whicn did not decrease vith increasing digtance from die, and ' 

May simply be the resùlt' of not' measuring film 'temperatures 

at large enough distances to detect a 'leveling off' ~ooling 

curve. ' , . 

Figure 6.27 also ~h~w~ th~~ ?eat transfer coefticients, 

Jnder the cocurrent cooling -corla~tions d.f case S, 'are 

gr,eater everywhere Along the bub'ble than ,the coe'fficients 

calc~lated'for case 1 cooling. 

the cooling conditions i~ case 8 

This trend vas expected, as 
>, . ) 

~re strQnge~ tha" those in 

case 1. ~tronger coolfng conditions decreased surface 

temperatures and increased temperaturè grad~ents,_ which l"ed 

to higher heat transfer cciefficie~ts. Similar resùlts ha~e 
à 

been reportéd (26) fo~ :iower frostli~e -
heights,. by White 

that is, stronger 
\ 

cooling conditions. Furthermore, heat; 

transfe'r coefficients calculatecl:,.vith Ast's (5) data utlder 

different cooling conditions a1so shoved this trend. 

Q Meat transfer coefficients calculated 'for the cocurrent 
'7> 
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~Joli+~itiOnS of casè' l dong 

film bubble vere almost identical 

'0/.' 
the molten pOrtion of 

to those of easès 2' 

,-through 7;' for vhich the coeurrent eooling flov vas the 
, 

same. A similar result .... --found for cases 8 through- 14 in 
.; 

this region. -', fJ'he maximum difference b,tveen 
". . 

t 
heat transfer 

~coefficients'calculated for 'standard cocurrent cooling and 

for combination.cooling systems vas orliy 2 percènt. ,Similar 

heat'transfer-coefficients in the molten regions could have 

been anticipated, as dependent ,variables for the same 

cocurrent cooling flov yielded very similar 
\. 

or not a cy11ndrical shroud or counte~~urrent 

- " 
values vhether 

cooling i'lov 

vas present. For example, surÏace temperature differenc~s • -. 
betveen the most extreme pairs of coo~inq conditions, thàt 

. 
is, cases 1 and 7 and cases 8 and '14, vere largest just 

\ 

belov the frostline, vith, surface temperatures vithin the 

cylindrical shroud béing somevhat h~gher. Thé corresponding 
, ... 

differences in the term (.Ts-Ta) in EQuatio!1~, vere 5.5 and 

2.4 percént. Diffe,rences in. bUbble diameters. at this same 
o , 

~~. 
position from the die, in cases 1 and 7 and casa$ 8 and 14, 

/ . 
varied by a maximum of 4.5 and 2.6 percent. ,Similar 

diameters vere measured for countercurrent cooling vith the 
'. ' cyllndrical shroua present. These two effects vere in 

opposite directjons and partially canceled each other. 

Thus, the simiJarity 'in heat transf~~ coefficien~s for 

cooling condi tiof)s vi th 
1 

-. 
, 4-

the ~ame cocurrent 

(=\ 
'\ 'r 

'. 

flov vas 

... 

~'i'r~~ fi 
~/' 

not~ 

. ) 

. '. .. 

" . , 

" 

-........ 

, ' 
, ,-
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suprising. -, 

, , . 

Similarit~f!s betveen heat transfer, coefficients- ,be-10w 
~ "', ~ , ..... .. 1. ~ • ~-

- ,- • t c 

~he 'ft'ostl,ine for cocutr.ent and' combination coolll'ig flovs, : 
~ , " \ 

, -
Vel'.e not . e~pected to eont:ïnue :'.;bo~e this region, as fi~m , , , 

. temperatures varied marked~y ~'vi th . coolin~ ·'condi ti'on. 'At 

~arge distances,'frolJl the die, changes. i~ surfac~ tempe.rature 

accounted for all" J the di fference : in heat ' transf~; 

coefficients by affecting '~he (Ta-Ta) and (dTs/dz) terms ~n 
1 

• Equation . "- The physical limitations' i~posed by the '0 . , 
"00 _ 1 1 

collecting· ~shroud: çc)oling tower - supports, cOllapsing framè 
1 \ 1 1 

and measurement " po's-itioning mechanism alloved Dleasùrements 
• r • • .. ' ~ " ~~ 

~t· 'only four positions above the die. Specifi'c ,.valu~s of 
-, . 

the temperature'derivative are· thus'uncertain vith only four, 
, 4·, . ' , 

, data points but' increasing or decreasing cooling gradient·s 
~ . ~ 

vere discernable. 

In Figure 6.29,~heat ~ra~~fer' coefficie~ts,are plott~d . 

~,gainst distance 'from the die for' coc.urrent ,cooling 

conditions. 

IIcacurrent , . 
" 

Cases 2 and 9 aie sho~1'l Along v~ th the' -5tanda~d, . .

~ooling cases land 8.' Below the frostlinè· 
" 

j, region, each pair oi cooling con~itions that have ~he.same 
~ ~ ,......' . 

eocurrent flqv rate, that ,is cas.e~ ;1 and ·2 and c'ases 8, ~n,d 
• .. .. ~ J_; .•. ~. J" , 

9". fo11ow 'the sam! . heat ,transfer èoeff,iclent curvéS. 
'. 

j .' 
However, above the frost'lin~, at the' first two poSitlO'llS, 

\ , .. , . 
vhére measureme'nts vith th~ ·.~y1in"rical shroud present we~e 
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r '. 

co~di fi ons, of ' cas"e.s 2'and g"were ma~kedli lowér~than those 
-. 

, 

of cases land'S .'1 At the .highest positions above the .,jie 

this trend vas ~evers~d, as heat. transfer coefficients 
r , 

determined vith the cyli~drical ~hYpud pr~sent vere greater 
. " 

than those for standàrd cocurren't cooling conditions. The 

first 'two posïtions
d 

abo,ve the frostline werl still vithin 
• -

the cylinder, and surface rtemperatures (Figure 6 •• ,-Se~tion 
l " 

6.2) 11''è hotter than in " the iA cases 2 and 9 vere 

corresponcHng standard .cocurrent cooling cdhd~ tions of cases.' 

l and '8. In Se'ction 6.2 thls vas 
. 

attributed to the' 
. 

inabill ty of cool,in,g air to entrain ambient air .. froin:, the 

surrouncHngs "vith the ,cylinder, wrappe~ -in plastic,~ptl'esent •. 

Furth~rmore, the higher suri~ce temperatures in cares 2 and 
- '. \ '. 

9 suggest that' the cooling curves gradually slope dovnwar~ 
• . '. 

,from the, frostline .to these positi~ns, 2a and 2~' iQ~h~S, from 
.. '.. d' t> ' 

the die.' The' gradual ' slopes, 1ess than 'in corrfsPOnding 

èas~s land 8, re\su1ted, i'n}o~er heat t~ansfer co~ffic~ent~ 
"'.) , :1 

in.-cases 2, and 9, .even though the, term (Ts-'l'a) Vts sli9J:ltlY,: 

Urger under, the .l~tt~r c~olin~ ~onditions~- .5Aie 1ation~ ~f" . 

'" heat transfer coef f icient are. broken dovn into 1 perè:entag~ -', 

c~ange$ ~f indi vidual terms at positions 22 ~nd 1 27' ,~in~hes. 
. 

, " a~~v, ~pe die, --apd are 9iftn in Appenpix D7 for 'cases l, ~,. 

.. , 
, . 

. ' , 

.' 

. " 
, " 

. , ) 

-Thè measurement positions" 26 and '27 inches from the die 
. , 

ver~ abo~e~the. frostlin~ and also abov~ , , the' cyl inder', The 

. ' <f 

,j, 

" 
~ , .# 

'·r 

.: 

• t • .;" 
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surface temperatures at these ,positions vere still greater 

for the cooling conditions of cases ~ and 9 than, for e •• es l' 

and B, but the temper'ature di f ference had narroved to B 't, 
as the cocurrent air emerging from the cylinder vas now able 

to -entrain surrounding air!' B~tveen . 22 and 27 inches Aboye -. 
. 

the die 1 the f ilm temperatu~e fell 5 and 6 «t in cases land 

B, while over this same interval in cases 2 and 9 the 

temperature declined 9 and 10 ~. All this sU,jgests. t~at the 

cooling curve slopes are greater at these ~d and forth 

measurement positions,above the frostline in cases 2 and 9 

than in cases '1 and 8.', t.arger cooli ng lcurve gradients' vere 

reflected in larger heat transfer coefficients ovel: this 

region. 

Heat transfer coelficients over the I.~ons'" w~~,re 

dependent variables were measured are plotted in' Figure '6. 1
' 0 

for all cooling conditions. Below the frostline, 

transfer:" coef f icient curves for the same cocurrent flov 
Il 

are simi 1a'1'. Hovever, over the region of film bubble 22 to 

27 inches from ~he die, where dependent. variables were 
, 

measured in ,countercurrent flov, .heat ·transfer coefficients 
~ 

determined in cases 4 through 7 and cases 11 through 14 were 

larger then heat trensfer coefficients ,calculated for 

standard cocurrent cooling cases l an'd B. P'urthermore, in 

aIl" but i,ne of the combination cooling flovs shown i'n Figure , , 

6. 3d', "'~':at transfer coéffi"ei'ents ïnereased or oecreased 'orily . ,... . 

\ 
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~arginl111' ,over, this 
. .. ',- ,,' ..... 
règlon, wh11e heat \ transfer , . , 

,.coeff,icients ca1cullted for, c'ocurrent cooUng flovs declined , 
lllarkèdly in this same area.' "These observ4tions vere 

Itt r ibuteël to the 10v' sur fece tempez:8 tures and moderate 
~ 1 • '. - '. 

temperature graëlie,nts for counterçurrent cooling concii tio!')!;. 
, " 

S~rface femPeut ur~s in cases l l':'a 8 itere generaHy' hi~her,.. 
l '.. ~ 

Ind. declined more sl01l11' beyond 2~ inches from the die than 

thosé' ,in c.ountercurren~ c091~n'g flows. .The combin,ation 
, •••• J - ' 1 " 

cooll.ng of, case . 10 wal ln exception. F.o,r this cooling 

condi tion the sasne amount of, air vas Ipp1~ied, cocurrently '8t 

the" base of' the ~film bubble lB ~as withdrawn bl' the 
i 

collecting plenwn.' Thus, abO,v'e' the plenum very little 

coolinq occurred. . 
, 

re{lected in high film This ·vas 

temperatures "an~d gradual decreases in tem~rature gradients. 

Cons'equtnUy" helt "transter coefficients caiculated for cas~ 
'./ \. 

10.cooling conditions ~ere smaller to those determined in 
\ ' 

cocurrent 'cooling cases 8 and 9 and, decrèased with 

i~éreasing distance f'rom oie; 

Reat transfer coefficients calculeted for combinati·on 

.cooling condi t ions vith the same countercurrent air n'ov but 
, -

" 

di fferent cocurrent t:oo,ling ,flows, the t is cases 3 and 10, 4 . :-
" 

and n, 
, 

5 and 12, 6 and 13, and'7- and a, were. somewhat' 
, ' 

larger for the s~ronger coéurrent cooling flows at 22" ana 23 > 

i nches above the di e than the coeff ic i ents calcula ted for' 
, 

"the same countercurrent f low 

.' 
, ' 

" \~ , . 
,-"':,- , 

-
but. "i th less coc\frrent 

, -- ,-, . 

. , 
'"' 

, 
.J 

'i ' 
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; " 

, " 

coôling. This situation was teversed at positidns 26 and ''27 

inche, 
, 

from the transfer di~'" There, larger heat 

coefficients ver~ calcula·ted, f~r, cooiing conditions with 
Il . 
ameller' cÇ>current f lovs. Surfeee temperatures measured at 

, , 

the fir,st positions above the collecting plenum in caseS 3 
1 c' 

through 7, were substantially higher thaft _ in cas-es 10 
\ . . 

throu~p 14, wh~c,h have th~ sam~ countercurrent air flow 'but 
, 

a .larger cocurrent component. For e~ample, 'under ,the 

weakest 'cooling-' conditions, cases 3 and' 4, the 'f ilm 

tempera"tures vere wi thin 5't of the 
\ 

, 
fJ."ostline, while 'their 

. 

çoùatercurrent counterparts, cases 10 and 11, v4tre 10 to '1,5 

t below this value. The combination of Inarkedly ~higher 

surface temperatures and 
. 

smaller tempe,rat~r~ soinewhat 
• 

de,rivativ.es, in ~ases 3 through '7, leads' to lover heat 

transfer coeft icients then in corresponding cases ,10 through 

14. At 26 and 27. inches from th~~ die" the drop in film 

temperature in cases 3 through 7 vas greater then for the 
" 

r , 

cooling conditions of cases 10 through 14, although the 

'absolute surface tempere'ture was st,ill higher in 
, 

the cases . 

vith' the smaller cocurrerft air flow. Thi s suggests that the 

cool ing curves for cas'es 3 through 7 are decli ni ng more 

rapidly than those in cases' 10 th'rough 14 and this leeds to 
, 

'greater heat tr~nsfer coef fic iént s in the former than in the 

" latter cooling cases, at the"furthest measureme'nt p~sitions 

lrom the die. , \, 

" 

, \ ,', 

". 

" , 

, ' 

\', 

.1 
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" ·'6~6.4' Correlations l' .... ' , .' 

" , 

/ Heat tran"sfer coefficients ~nà Nusselt Numbers &;an be' 

calcùlated from estabÙshed equations of hest' U".'qsfer. The 

general equation is z 

, ~') 

which can be reduced for this'problem to~ 

Nu = 
, -

wber. Nu :i810<:a1 NuslÎ.lt . ~umber. a. local Réynolds Rumb •• 

al.td C' and, p ar~ \onstants. Menges (27) has shown that. 

Nussèit Numbers. a,nd hellt transfer ,coefficients calculated 

for flow 8lon9 a cylinde~, for plate flow, for pipe flov and 

for flow in a concentric ring slot are not the same as 

values calculated from a "heat balance on a small area of 

film bubble. Simi larly, hea t transfer coefficients 
" . calculated from empi r ical correlations of cy l indr ical and 

planar ,wall jets (45, 46) vere not found to be equivalent to . 
heat transfer coefficients calculated directly from Equation 

6. For this reason.,· heat 'transfer coef f lcients \IIere 

correlated ",i'th pos Hion and velocity, and 'à 

~el~tionship vas ~ established betw~en . Nusselt and Reynolds, 

.. . ' 

, . 
" 

," 
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Numbers. In each correlation, no one relatiopship was found 

" " to be valid' over the enti,re bubble length; rather severai 

, relat'i'onships were necessary.o 

. 
From Figure 6.30, there was a 1 inear relat i~nship 

between the heat transfer' coéffici~.nt and distance from the 

die below the point of maximum.heat transfer coef f ici'ent, , . , . 
that is, below 4.5 inches from the die •. Furthermore, heat 

transfer coefficients were mo~tly constant over â broad 

maximum peak,' roughly 4.5 to 6 inches from the die in cases 

. 1 through 7 and from 4.5 to 7 inches in caser? 8 through 14. 

These relat~onships are summarizeà in Table 6.4. Deyond the 
, " 

'point of maximum heat transfer coefficient in Figure 6.30 h 

deelines nonlinearly with increasing distancè fro~ the die. 

However, when the heat transfer coefficient was plott~d 

versus position on a semi-logarithmic scale, a~ in Figurè. 

6.2.8, for cases land 8 cooling conditions,' h decl',ined 

lin~arly from 

reoe'ffi~ient to 

the plateau of 

a posi t ion roughly 

maximum' heat transfer 

23 inçhes from the ,die, 

and then declined more steeply "through the final measurement 
. 

positions.· The change in slope at 23 inches and t-he st'eeper 

decline thereafter correspond to the tempera·ture profile 

'fla ttening out' et large distances from the die. 

Relationships over thesè regions betw'een heat\ transf~r 
" , 

coefficient and positi<?n for standard coourrent cooling 
~ 

" 
-. 

, 
" . 

" 

.. 
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TABLE 6.4' Correlations -of- Heàt Transrer,Coerricient .ith Distance Fro. Die . , , 

Under Cool1ng Conditions' of Cases 1 and 8 

.. 

01stance Froa Oie (z = ca) Haat Transfer Coefficient Correlations (h = kcal/hr~.2-K) 
Case .1 .. Case 8 

z ~ 11.4 h = (19.1)z - 3J.1 (a) h = (19.1)z - 25.0 

. 11.4, z S 16.5' h = S4.~ (a) h :: 60.8 

- 1 -
16.5 S i ~ 60~O h :'(86.2}10{o.036)Z (b), h • (10B)10{O.036)Z 

60.0 S z h = (SOOQ)10<-0.012)Z h (10900)10(-0.12)z-" 
(b) 

(a) - Deter.lned fro. Figure 6.JO 

(b} - Deter.lned !ro. a- se.l-logarithaic scale plot of heat tians fer coefficient 
v~r~us distance rra_ die in Figure 6:2~ 

Ôo 

~-

tOI. 

(a) 

(a) 

(b"' 

(br 

Î 
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1 
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, , 

conditions a~re listed in Table 6.4. t 
o 
Under countercurrent ,cooling conditions, heat transhr 

coeffic~ents vere éalculated only over -the region 2,2 to 27 

inches trom the die. -In Figure 6.30, these values "ere 

plotted against distance from die and straight lines "ere 
• 

drawn _through a set of fouX;, , points for each cool ing 

_condi t i on. The equa,tions of these li nes were determined and' 
-

are listed in Table 6.5. In cases 3 through 7 the slope of 

beat transfer coefficient versus positi~n from die was 

, posit ive and l increased w-i th 9reater contercurrent f low, 
-

corresponding to a sharply decreasi~g 0001ing curve 
~, 

over 

this region. Under the cooling conditions of cases 10 

through 14 this slope was ini t ia11y negati ve and became less , 

negat ive wi th increasi~9 countercurrent cool ing. In cases 

13 and 14 a sHghtly positive slope was recot;ded. This 
~' . . 

to only moderate surface t~mperature 
• () 1 .r 

behavior wai attributed 

grad-ients over this re9io~. Heat trans,fer coeff le ients for , 

standard cocurrent -cooling c8;ses 1 and B . declin.ed sharply .. . 
. from -22 to 27 inches above the die as the temperature-

proU le 'leveled or flattened out' vith inc reasin9 distance 

f rom the die. 

Ai r veloc i ty i s an indica~ ion of cool i,ng co_ndi ti.ons, 
. 

and changes in cooling condJtions drama.tically affect the 

heat transfer coefficient. Correlations bet"een cooling air 

>. 

, ' 
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TABLE 6.5 Correlations or Heat Trensrer Coef'rfclent .lth 
Posi t1~n IOvet the 56 ta 69 cm Interval From the 

\ 

Ole Under \ AlI Coollng Conet! tions 

-;, 

., Caollng on Heat lrBnsfer Coefr~clent 
Correlation (kcal/m -hr-K) 

.' 'Case h • -2.0z + 59.0 

'" '/ 

h • 0.11.1 + 8.00 

, 
tase» h • 0.46z - '.07 

Cue " 'h • O.,Ïh + 1.94 

Case 5 ,. h • 0.20z + 16.6 
'/ 

, .. 
{' l. , Case 6 h • 1. )z - 2.6' 

~ 
,Case 7 h .. <I , • 4z 4.99 

Case 8 h • -2.5z .. 73.0 

Case 9 h • -0.142 + 16.6 

Cue 10 h • -0.58z + 21.6 
.0 

Case " h • -0~29z + 23.5 

.. 
Case '2 h -0.26z 28.2 • + 

0- Case 13 h ~ 0.16z .. 2':9 

b Case lA h • 0.16z .. 24.4 

, 
.. . 

• ~ 
f 

' .. 
( , 
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',' 

veloci~y ,and heat transfer e~~fficien~" dem~nstr&te. this 
. , 

relatt'ionship. Local heat ,transfer ' 'coeff ie ients are' plotted 
r. 'l 

, " 
against 'local air yelocities in Figu(e '6.31, for 'the cooling 

conditions of cases land 8. Air velocit,ies mea~ured at the 

c.losest radial position, that 'is 0.5 inches from the bubble 

surface, were used as refer~nce velocities. Tables of heat 

transfei co~fficient, air ve10city and position above the 
" 

die are given.in Appendix D7. In Figurè 6.31, heat transfer .. 
coefficients can be seen to reach maximum ,values over the 6 

t~B m/s range in case Band 6 to 7 m/s range in case·1-

T~is broad peak corresponds t;O 4.5 to 7 inches and 4 •. 5 to 6 

inches above the-die in cases Band 1. Closer to the die, 

heat' transfer coefficients declined roughly linearly. vith 

increasing air velocities. Similarly, 'beyond the poihts of 

maximum value, heat transfer coefficients declined linearly 

vith decreasing air' velocities. At sir velocities less 'than 

2 'mis or more than 23 inches f rom the die, the 'decline of 

"heat transfer coefficients' vas' steepest., Over this final 

region, heat transfer ,c!=,ef f icie~ts fell along the same path 

for "the 0 two diHerent cooling condi tions. ln Figure 6.31 

as in Figure 6.28, four di~tinctive linear heat transfer 

coèfficient regions vere evident. Equatio~s ~escritiing the 

re'lationship 
..... 

between ai r velocity' and heat transfer 

coefficient are, given in -"Table 6.6. lncluded in Table 6.6 

are correlations of heat transfer coefficient and. air 
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TABLE 6.6, Correlations ot Heal Transter ~oettlclènt wlth Cool~ng Air Velaclfy 

" 
, <r. , , 

Il. 

1 
• 'Veloc1ty;Range 

(U z IIIs) 

," 

7~t c U -. 
.J. ,-

6.3 S lJ:.$ 7.,: 1 

2.0 SU ... 6.3 

U c 2.0 

Under ~oDllng CD~dltlons:Or Cases 1 an~8 

/' 

, , 

• Heat*Transter Coer~lclent Correlations (h z'kcallhr~2~) 
\ 

case'l > case 8 .\ ':ca~ 1~'" 8' 
__ L ~ ____ , __ , ___ ~ ___ ~_~ __ ~ __ ~ __ ~~~ ___ ~_______ ' , -~--- -~---. ---, -----, ----,--~-~- - , 

. 
h .. '(-37.7)U + 31! " (al' h. (-30.3)U ~~ < ',~ (a) 

h~ (3.79 x 'O~)U~·94 (bl h. (2:52 x'1~}U-7~39 , (h) 
) .. '~.... ''':1 ... -. -

h~"·~7 
(a,~} .h,. 60.6',,-

i' 
, \ 

, 
" 

(a,11) 
1 
<. 

'" 

'1 

h = (9.87)U - 5.85 
hl'. (6.87)U

,
• 15 

,{~i', h .' (~o-~O)U .:. Q';SI", , Ca), h .. 

1 
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, . ' 

velocitl" determined from. a double logarithmic plot of the~e 

tvo variables. This graph of heat transfer ccSeffici-e,nt 

versus cooling air velocity, plotted on a doubl,e 

logari thmic scale 1 i s ' showrr in Figure 6.32. oYer the 
, 

veloCity rànge '2 to 6.3 uVs or r,oughl! from 6 to 22 inches 

fram' the' die, one r~lationship vas' used' to describe h.eat 

tran'ster' coefficients for both' cases 1 IInd 8 cooling 

,co'nditions, al'though valu\, d"lffèred hy as much as ten 

: 'pucènt' fr~ tbis .. tend.d. ~or~eiation. At velotities les. 

, thari 2 m/s one relations~ip satisfactorily described 4heat . 
transfèr coeffi,ci'ents calculated for both cooling 

" 

condi tions. . 
Both Menges, (27) and Whi te' (26) have presentecl a single 

.corr.elatipn, of ',heat transfer coeffici'ent above the, frostline 
• l , ~ 

for' IJl4ximum air -. . veloei ties greater than 2' UVS, for several., 
t \ ' 

'cooling eondi~ions. l,Menges, (27) reports conelations of, 1 

,h ,:i: 

, , 

, end for a ,so~.what d1fferent' set of operating condition,s,: 

, 1 

" , 

However iÎlQ botb jcases~ ___ loc~l'r ' heat tr~qsf.r coefficient,s 
• ", \ 1 ~ 

,veri_d - by '-as 'lIIuçh', as 18%" from ~hese., multiple c:ooling 
• ! _.t , ""::.' \,' ',,' ~". I~ , ~ l' .... - ~. '", ...... .. __ 

eonditi~n corr~lations. Whit,e (26,)' rep,orts ~ , corr:e1atiPn' . 
r- - , • \-
-;\ '-\ . , .- \ 

" 
\ 
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• l, 
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applicable over the entire range of " heat transfer 
-

coefficient from its~ximum value to its mimimum,. which . . , , 

corresponds to cooling velocities· bf roughly 6 Ota 2 m/s • . 
However, in the region betveen the point of maximum heat 

transfer coefficient and the fro~lin~, local ,heat transfer , 

coeff ie ients varied markedly. w'ieth cooling conditions. ,All 

this suggests that severa1 corr~lations are necessary to 

describe the relationship betveen h~t~ansfer coefficient 

and air ve10cit~ ~lOng the length of the film b~bblè and 

that these correlations are ~aolid only for a given set of 
o 

operating condi~ions and on1y over a limited 

cooling conditions. 

-
ran9~ of 

~ . 

, Heat transfer coefficients 'fo~ countercurrent coo1ing' 

conditions were not correlated wtth air velocity, bee.uase 

the cyl)ndrica~ shroud blocked portions of the bubb1e from 

air velocity measurements. Above -the collecring plenUm but 

vithin the cylindrical sh~oud (roughly 23 inches from ihe 
die)'the ait speed vas 5 mis at 0.5 inches from the bubb1e 

. surface. Hovever, at 29 inch~s from the die, which ia above 

~he cy~indr ical shroud' "and vas 
, 

the next "available 

measurement ,osition, the' ai~ velocity para1lel to tbe 
, 1; , " 

bubble was zero. The'· lack of meBSUJl'em~nts l'ver this region. 
, 

made a good approximation of Bir velocity impossible. -. 
> 

ve'loci ties àt Furthermore, for cocurrent cooling, air t:adi~l 
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... 
posi"ons 0.5 incbes from thé bûbble wére uaed as reference 

velocities an~,' approximated the ma·ximum local velocit'y. 

However, at '23 inches from the die 'for countercur~ent 

pooling, 'the air speed one half inch from the bubble lIèS' the 

lowest radial position. Thus, even when 
... . 

countercurrent velocities can be mea~ured, a problem arises 
, 
as to which air velocity i8 to be,used in a correlation of 

, the heat transfer coefficient. 

., 

The 10ca'1 heat transfer coefficient éan be incorporated' 

into the Nusselt Number, the local air velocity into tbe 

Reynolds Number and a relationship between the two 

dimensionless numbers determined. . The- Nùsselt Number is 

defi~ed by: 

. 
..... 1 1 

'" ". 

an~ Reynolds,Numbèr 
\' '~ 

, , 

" 
" ' 

, . , l',' 

. ' Nu JI""=- .. --:-' ' 

, .' k ( 
,'Ji ". air; 

, ,( 

• -"/ Î.t. '." "'-j"'" 

i.: ," j". ~ l .... " ... ",,~.; \ .. '" -;-\'~ 

, " or • 

',,'L U' •. ', 

, " 

; -
" t 

. , 
"\ . ~ '\ . .:- .. ./. .'." 

~ ~.. t' 
r, ~ 

. ,". 
" 

, . 

" 

. , 

, ." 

',' ' 

l' l .. ' Re. = . , .1'=; 
~ " 

"'a!,r 
1 \_'-:." 

1 j . 
l, ' ~ -... ,l, -(,. . , ... ' 

, . ''''',1 .. 

~here Ié.~:îr lS t.be - thérmal 'conduc.tivi~!_' pf air, ''';a'ir:, ·~he.' ' ", _'~;<.. .. ,.:, 
: '_ ~ J • .! _' \'~ '.. l ? :... .. t ... ~ .. J • - .. "'':.' '~"'''':~ , .' _.. r: 1 .... ~" , 

kinemàtic' v,iscositl' ot air, U( r-l/2) rtffers tO,t. bhe ,~10(:a1 . '. ,:', _ ~, .' 

, eooling ',.ai~ ,. veloc~ity mèasûr.ed 0' .. 5 'inCll's: \ f~O,m '~h~ bubbl'è~; :", 
. ", ~ , ' -'." , '" , 
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, . ' 

. local hêat transfer coeffici,nt 'to the posi tion of' 

measurement. Under the ~oolin9 conditions of case 1, the 

initial ~poin;"'L.O,, t:a~ 6,inches' from the die, a~d in case 8 
: ~ .... 

L-O correspond~d to a point 7 inchès above the die. Lo~al 
. , , 

>Nuss~lt'and Reynolds Numbers are liste,d in . Appendix D7 for' 
l , • 

the -<:0011ng cO,mUtions 'of cases l.;~n~- Q.. These values are 

plot.tea in FJ9ure 6~ 3~ and on a double logari thmie ;scale in 

Figure 6,. 34. "Rey'~\~ldS Number increased' monotonieally vi th . ~ . 
incre~sin9 distance from position of maximum local heat' 

tra,flsfer "ceef f lC ient. Ov~r the Réynolds'N~ér range from' 

200 to 1200', ,Nusselt number increased 

incteased more. than . h was ~ecreasing. 
1 

-
l,înearly," as L 

Above a Reynol~s 
r-

Number of 1200, "or rough1y' 21 inch~s trom the 'd,ie, -the 
tJ .. • t 

Nussel~ Number 'decreased linearly. rh~ region o( lalli~9 

Nussel t Number corresponded to.' the tempera.turè prof île 

, 'flattening out'", ln Table 6.7 correlations between Nusselt 

and Reylnolds Numbers determined from "bot~ Fi~ures 6.33 and 

.~"34 are given over the applicable Reynolds Number range'. 

An '~verage' or',median' cér~elation i5 also given over the 

.. 

. ' 

'. 

", 

Reynolds Number range of 200 to 1200, which encompasses both " ,." '. 

co01in9 cond'itions. This latter èorre1ation, obtained from 

a log-log plot of Nussel t Nersus Reynolds rNumber 1 is in tne 
'J 

form typical1y used in the literature (26,27) for a given. 
" , 

set of opër.ating cQndi'tions. 
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TABLE 6.7 Correlations of Nusselt Number .Uh Reynolds Humber 

Under Coollng Conditions or Cases' and 8 

.... 
Cooling Condition Reynolds Number Range 

Ca) 
(b) 

(RE .. LU(t • l/2)/llair 

Case "1 Re c 1Q25 .. 

1025 < Re c 1250' 

1250 c Re 

Cue' 8 Re < 1.:00 

1200 < Re ' 

Cases 1 and 8 Re < 1200 

• 1200 c Re 

Deterlllined rrom Figure 6.'3 
Deterlllined rrDIII rlgure 6.34 

1 

Nusselt Number Correlation 
(Nu • Lh/kair l 

Nu'. {O.225)Re + 10.75 (a) 

Nu • (O.200)Re 1.03 'Cb) 

'. 

Nu,. 250.4 

N.u .. {-1.391Re + 2070 . (a) 
Nu .. (3.4 )( 10·B)Re,·b7 (b) 

Nt,I • (0.2S2)Re ... 10.11& (a) 

Nu • (O.27&)Re,·01 (b) 

Nu • (-1 .. J9 )Re ... 2070 

No • ('.4 x 10-B)Re,·07(b) 

NU • (0.251 )Re ... 13.79 (a) 0 

, .02 (b) 
Nu'. (O.228)J!e 

) 

Nu • (~, .)9)Re ... 2070 (a) 
Nu • ().4 x ~0-8)Re)·07 (b) 
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6.6.5 crystallinity, 

ln' fil~ tempera~~re measurements along the length of 

the bubl;>.le, Il plateau \ corres,ponding to crystallization 

Qccurr,ed •. The variat iC?n of crystallinit~y. vi tp ,position in 

this region may be estimated using Eguat~on 6 and heat 

transfer coefficients calculated as stated in Sect~on 6.6.3. 
1 . ' 

. Ov.er this.,' .plate~u region ,~qua~ion 6 can' be rearranged to 

yielçh 

dXc ~.[ h <,T s - T ) e K (T s 4 T 4)], + c a, 
;:' ------

dz !fi He 

'\ • 
\ 

where dx.(dz is the c:pange in fraction of crystall~nity with 

respect 1 to distance from the die. Heat transfer 

coefficit':!nts vere obtained from" Figure 16.27' (Section 6.6.3) . ' 

over ,the frostHne region arid-
r 

Hc, the h'eat of ,.. . . . 
crystall~zatlon, was determlned for a Quiescently cooled, 

unoriented film sample by differential scannipg calorimetry 

(Sect ion' 6.6.2). The remaining variables, surfa-ce 

temperature, Ts, diameter,' D, and ,emissivity, e, were 
1 1 

obtaineQ from' the dependent variable measurements of 

Sections 6~2, 6.3, and 6.6.1. Changes of crystallinity with 

position over the frostline region are listed at distances " 

Aboye the die in Appendix D7 for the cooling conditions of 

, 1 

" 
.~ 

\ 

.. 

, ' 
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cases 1 and B. 'Crystallinity calculations for the~e 

standard cocurrent cooling conditions were assumed to 

ap'pro~imate fractions of crystallinity dete~mined in 

combination coolin~ systems using the same çocurrent flow. 

The presence of the cylindrical shroud in, countercurrent 
-

cooling blocked portions of fi~m bubble from depende~~ 

variable measurement and prevented ,determination of 
" 

frostline length. 

-The local rate of crystallization as a function of 

distance from die and position of the frostline region in 
p 

cases 1 and 8 allowed fractions of crystallinity to be 

graphically 
\ 

determined. In Figure 6.35 percent 

crystallinity is plotted versus distance from die over the 

frostline or plateau règ ion. It was assumed that 

crystallization statted at the ~rostline, that is, the 

molten portion: t film bUbble -was predominantly amorphous. 

This corresponds to an ass~mption of, zero' percent, 

t 1) 

crysta~ini~y at t~e onset of the plate~u region in Figure 
- , 

6.35. At the end of this region, crystallinity was 

determined to be 24 and 28 percent for case l and case 8 

,_ cooling condition's~ The ~~ystallinity of the film product 

was 45 percept, as determined by density measurements taken 

two w,eeks after. the film was . blown*. Thus, the 

crystallini ty a't the 
\ 

end of the frostline region 

corresponded to roughly 60 percent of the crystallini ty, 
/'" 
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, ' In F'lgure 6.35, fractions of cryitallinity vere larger 

, ' 

~or'the greater cooling flov. À similar trend of.increasing' 

f~action of c~stallinity in the frostline region vith • 
" dècreasing frost1ine height or equivalently greater coolïng , 

flows was' reporf,ed by Whi te (26). _ Under the strong 

cocurrent cooling conditions of case 8; the heat transfer 
-

coefficient térm in Equation 6 was larger than in case l 

cooling conditions and contributed to large changes in 

crystallinity vit~ position and ultimately greater fractions 

of crystallinity. Small decreases in diameter 

increasing- cooling"only partially offset this behavior • 
. 

Incr~ases in crystallinity with increasing coolipg 

would certainly not be expected under quiescent, cooling 

conditions (2). However, in blovn film the deformation and 

stress 'experienced br the melt -and the 'degree of orienta,tion 

~ of the c<>oling p61ymer 

( 2 , ,'a, 49) • 

greatly 'affect cyratallization 

* To determine crystallinity (voiume basi~) from density 
measurements# the definitionl 

was used" vhere Pam is the density 'of the 'amorphous phase', 
taken to be 0.856 g/cc (47), Pc, the .density of the 
"crystall in~ phase', 1. 001 g/cc (47) and e 8, the sample 
density determined ,from density column measurements (ASTM 
Standard Test Method D15051. 
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" Deformations in the molten 'regï'on have been ,hypothesized to 

cause some preferential' Diolecular chain alignment n there,' 

vhich vould in'i turn gréatly' increase orientation and 

crystallinityat the'frostline (50). Under s~ron9.cooli~9· 
, 

.conditions the film.bubb~e expands rap.idly near: the die and . 
continues to be deformed throughout the neck region. Thi,s 

may,.serve to impart some molecular alig!lment in the neçk 

. reglon and lead to large crystallinity values. On the'other 

band, in weak cooling the bu'bble expands on1y just below the '-

'frostline. Thus,' litt~e preferential 'chain alignment is 
. . 

possible in the amorphous'regions, ~nd perhaps t~is results 

in less ~ry.tallinity at the frostline. Further discussions , , .... 
regarding crystall~aton unde~ stress are given ' in Chapter 

" . 
8. . 

/ 
6.6.6 Summary 

Heat transfer~ coefficients were 
. .., 

calculatea ~~ing 

d~pendent variable values and a heat balance over an element 

of film, and crystallinity was est~mat~d ov~ the frostline 

region 'from these heat transfer coet f icient calct:11at ions. 

Crystallinity.increased Along the frostline and was grester 

~with stronge~ \ cooling conditions. J'ieat transfer 

. cpe! fiè ients below the frosti ine were similar<7 for th~ 

cooling conditions'of cases l through 1 and casesla through 
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14. 
, " 

Hovever, above the f'.rostline heat ~ransfèr coefficfents'·, , 
~ • !.. 

for' combination cool ing' vere 'greetec than ' those determined 

in' sta'nàard cocurr.ent coolîng 'and this re~ion ,h~at 
; 

over 

transfer co,fficients . . 
. 
incre~sed vith increasing_ 

countercurrent'flow.rate, l-
, , 

d ~ 
1. . 

The heat' . transfer coefficient 'was c.Qrre1a ted vïth 
o 

di stance from. die under cool ing condit,ions of' cases land S. 0 

~ In each coo1ing flov, four re~ationsh~ps v~re .required to 

determine ,the heat transfer coèfficient a10ng ~he ~ength ~i, ' , . , 

the .bubble. C~rrelation~ of heat transfer coeffic lent vi th c 

position vere also' determined for countercurrent "cooling' , , 

.conditions ov.er ,the ~ to 27 Incl'! i~te~val ,from : the dQ 

Each correlat~9n vas affected by 

counte~~urrent cooling flov. 

Air ve10cities near the fi.lm 

0, 

the 'magnitude of,' ,the 

", " 

correlat,ed 

vith heat transfer coefficient und~~' standard cocurr~rit 
1 

cooling conditions. Over a 2 to 6 uVs range, on~ 

relationship was used to determine heat. transfer coefficien't 

for cooling'conditions of both cases land 8. Simi 1er 

methods are ~sed in the literature t6 express heat transfer. 

c oe f fic i en es over a range of coolin9 conditions. 
1 , 

Furth.ermore, Nusselt Numbér was -correlated vi th Reynol,ds', 
" ,-

Humber, above the. point of maximum heat transfer 'coe.fficient,. 

r' Tvo re1ationship~ vere .found to e,xpress Nusselt Humber ~lc::m~. 

, the length of the bub~le beyond thi~ point. 
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" 

, , T~~ heat transfer coefficient correlations determined 
, " 

'veré' 'gnly valid ~ver the range of 'operating and 'cooli~g 
\ ,." 

condit~on~ uBed in this study. Thus, d'ifferences in bl~n, 

\,> film e~yi\Prnent ' ,and conditions of operation limited. direct 
" 

.' ~ 'comparisons vith heat tr~nsfer coefficient 
, -, - ,/' ~, 

correlations 

pre.sented'"in- -tt)e li,tera,ture. 
" .. 

" ' 

'\ l ' 1 ; 

; .... :, ',.:: - , . 
~\! \ ,. - , 'J _ ~ 

': ,- '}_,:' ,~_:' , .- ,_V~riat~~~s of h~at tran~fer coefficient vith position 

" , '\ , ,in JDàthemitical model. of t'he blo"n film' process are-
• r' ,\ . " .,,,,, ( , , 
, ~ . \ 

.. , 

, , ~ 

" .- \ " 

". 

1 

" 

. " 

. ' , 
.' 

non-exiafel'lt; ra'ther these iIIodels employ constant heat,_ 

transt'er eoeffieients ov,r the entil'e bubble (28,36). For" 

example"Wagner (28) ùsed a value of '30 kcal/(m)2-hr-C for 
\ 

an overall heat transfer 'Coefficient between , die and nlp, 

_ r.olls .. ~ Heat 
~ - 1 

tr~nsfer'coefficie~ts in ;his vork ana otner 

research (26,27)- variec;1 from 60 , to 6 kcàl/(m)2-hr-C Or less 

within two'feet from the ,die. These absolute values are, of 

course, dependent on equipment and specifie conditions, but 

the, large ~ariation vith distance vas considered typical. 
. - ,: ~, " ' 

. , 
," The ~~at transfer coefficient, which enters into the 

,heat balance around~ a small element of film bubble, must' be 
o 

. Jwlo,,~ to 6~t~in ,the, film temper'a.t,ure. Furthermore, the film 

·temperature is also 'requirep to èvaluate the rheological 

proPer1:ies of 'the' melt'. Tl,lis i;Dteràctiol\ of "the 'héat 
~ , 

transfer . between 'film' and ~ool,in9 medium' w'ith, the 
- " , " .... ' 

temperature dependent rheolo9ic~1 prope~ti~s of ~h~ melt is 

, " 

" -', , " 

J-' , 
• . . " 

-, .' ", 
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Chapter 7 . " 

o 1 • Film Property'Measurement 
/-

, 
Film produced from a give,n resin by the blo." film-:.~ 

, proeess mey h~ve very different final properties depend,ing 

on the proeessing condi tion's used (4,27,50,,51). In this , 
. , 

study, all parameters vere held constant vi th the exeeption .. 
of the cooling conditions. Cooling air volurAetl'ic flo" 

rates- ~aried from 100 to 300 cfln (0.055 to 0.15 ~min) ~al1d 
~ , 

the ~nner in which air was useà to Quench the bubble a1so 
~ 

àiffered. Because of these diff~r,nt procèssing conditions, 
• 

it vas necessary to examine the film produet anc! determfne , 

vhether film properties vere ,the .me. Any advanta,ges that., 
, 

might be reallzed by increased cooling condit,ions eould be . 
'. 

negoat~d by .a sign'ific'ant de,terioration in tilm p~opertie,s, ~, 
q , 

For example', some dual lip air rings, vhich' cool film more 

intensely than standard fàR-ty~ air rings and thus'allow 
• 

prothiè.tion increa~es ·on ,cooling limiteà bl~"n film'lines,' 

hav~ p.roduc:.:d f,i'lm vi th p~or~ propertYl balanee (4), and thus 
j, ... . , 

unsuitable. for, many a~pl cations •. 
',,-

~ In this Chepter, ~h film product "corr-esponding to each 

i 
! 
1 

cooling condition bj,ect~d 0 to four film tests.. _ The 

tests were .chosen on the basis of ease o'f testing and aceess 
, , 

to the test equipalent. The results 'Of s~ri~kage, Elmendorf 

", " . , 
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,} • • , ' .' ' ~... .. ~ ( eo~~ .. '", \.~ 

• ~ 1 " l '.. ..: " " '.. -," , ... ". ,- • ,'~ 

,t,~r, birefriri,9énc~,~ ~d' senie \'èloéltY',~ia~urelPents 
1.. " " " .. ..\ , • ,.' .' ,t" -:. . \ .. ~ . 1 • 

,J 'i l t') , r "", 

'; compared.', '~iff.rence'è, i·n proper~y ,.'ialues bet""en 

~ . ", 

wtre ,~ 

film 

cooled éocu,1:r~nn,y and'~' ,unde,r "çombin~tionl", ah flov' ~ould',· 
, • ; "b .; , , l '/1' ~ 1 

'Ùlciicate 4tssimiiat fÙ":" qual i tY.' , Fil~' "~test results', ' are 
.. .~ J.' , • "l ' ~.. \ ~ - ' 

interpet.ed: in terms of , overali~ molecul~r oTientat~on in 
• Jf ~. .... " ' .. t .... 0 ' ~ - Il ' 

" Chapt.r' S., ' " ,/ ,', fi '~ ,~ " 

. ~ ',\ 
di 

,',.p 

7.,1 Shr'inkag-e ,,0 " . . " 

As 
, -~~"'" .. ~. t • ~ 

po,lyet'hylene 18, cool_d, 

" '" 

'. 
, ' , 

" . 
. . 

, \;, , 

b'ttween". thet,die' ând 

, 
. 
o 

the 

frostliruf," lt, e?tPlrience's machine d~rec~~on .. àrawin.9, __ nd :)lÇ)op' 
.... .. " . 

" , ", 
expansion tha,t orient molecular chaina.',; A" r .. pid 

1 1. _ 

~, .. 1 

- , ' 
~, . 

'd 

o 

", ' 

'. ' 

," 

'. 

" 1",'·', 

.,., , 

, " 
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.. " 

. ," tran'sition 'from 'mo1ten to • sol id' s'tat. at ~ the f 1;06 t l:.fne, " . . 
... • frêeze,.~in' "thi~ " .mole~\ul.ar a.nis~ropy, thu:. orfenting' . ..tne 

, ' ('" _ () 4 - ,,! • 
- ~, ~ .. • 1 f ~ ~ '. ' .. .. 

, film. ~en ',an. or~~~tegl .polymer f Um sam~le ,1. s an~" .. e.aled, j ùst . -:: .. 0' 

p ,~ - .. "...' \... 1 • ~ • • 

• ~ 1 "-

below' i t~ ~el ting te.mptl'ature', ,the se' "~frozen-in' ' 'stre,$~!i ", ,', ;,' 

are reie~se4.: "hè,' ,p~lyethylene Ch~i n~, r~lax' an,p: àls~e a', > ::~, >~ ': .. 
• -....... "b, <'!I • "\ • .;. .. l " t ....... " " , ~.,... .,~ 

tandom configuration. "Ap ov~t.lll ' reduction in fi lm àurfac~,' ,:" ~ 
.. ri -, l " ..... .. _ " ..', ,;...... w 1 ~ " 

' .... -- ares . accompan i.es ' . thîs,' ~~la~at'lonf' a,~d.',' ~~e '. a~~un~ Qf 

,reducÙ,on' ~~f'leè($ t-he degree' of. odentation ~ri' the"jilm. 
,". • " ' •• _ il ~ .( 1 .... 

Thin' ~i,rçuln,:' 'f,i1m...:sample's-· i~ersed ' in a' ba.~h, for ad 
~ . ~ , 

suffi.ciel')t_, time to ,allov' the 'frozen-in t
. st,resses' to be ': 1-

ij , , ..., Q o. 
, r~leaS~d;~. '~ss~e 1 ~" é~l:iPt'i'cal shape due ,,,~C) the imbal~~e of" . 
orientati~n in 
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, -, 'eacn prine ipal 'direct ion an. urire .. t~ained' li~ear ' shrinkage . ~ ~., 

." 

.\ 

1 
Percent Unrestrained Shr ink,age 

.' -, -
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" 
wh'ere Di is the initial' length of film sample and Of the, 

length;' of, film' -sample in a principa.l direction after' 
" 1 .. ~~ .. 

shrinkagè. 

..., , 

Procedure', 

"-

/ 

, . . .... 
. . 

The shrinkage apparatus was mA.de available by Un~on .. 

, ' 
<1 

" -, ' 

. " . -' 

, 
'-''.Carbide Canada Ltd., A schematic diagram of thus instrument 

is shown in Fig~lre '7.1. . The shallow al uminUll\ cup, filled 

~ith an oi l, holds the sample. 

,a\t a' prescribed temperature -by 

The oil bat!) vas maintained 

a r'heost.ated bai;td' hea ter and' : 
- \ 

routiliely checked with a thermocouple • 

, 

(1) Eight semples, 2 inches in diameter, vere cut vith 
'a punch from a flattened sheet of tubular film for 'each 
cool in9 condition. ~Semples were equidiàtant from each 
other. and c'ut et the same position on the film bubble • 

. ," (2) 'Samples were marked to show the: machine dir-ection. 

(3). The aluminum cup was filled with silicon oil to a -
depth of approldmately 0.1 inch'and maintained at l07c:t: 

-+ or - l't by e band heater.· . 

(4) Semples vere immersed in the 011 bath for ~wo 
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Sèh'ematic Diagram of, Shr Inkage ~Al:lparatus 
(Reference 24) 
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'minutes, the'; cooled in 8m,pient air. 

(5) The changes in linear dimensions in 
and transverse directions vere noted and 
shrinkage calculated. 

both machine 
the 'percent 

7.1..2 Resul ts And ,Discussion 
) . , 

, . 
Average percent shrinkage in 'the machine and transverse 

,directions i s presented for each cooling condi ton ' in Table 

7.1. Shri-nkage values for each sample are list.e.d in 
-, 

,Appen~ix Gl-•. In Appendix E, an error analysis i5 9iven. 

FPm, shrinkage in the machine direction, vas similar-
• 

under. aU cooling condi t ions and in -the transverse direction . 
uhder cooling conditions with the same cocurrent, flow. 

However betvèen the ho 'families' or groups ,of results for' 

cocurrent f low, shrinkage was somewhat greater in the 

transverSe direct ion for cases 1 ' through' ,7 coC?ling 

condi t ions thQn for cases 8 through 14. 

This trend in ~hrinkage measurements' Ùlight_ be 

attributed to s.omewhat l:H f ferent bubble shapes in the neck 
" 

regi?n •. ~et"een dié and] frostlin~ the film bubbl, ûnder 'the 

larger cocurrent cO,Qling' Uows of . cases 8 through 14 

expanded more gradually i~the. transverse di rection than in 

cases l through '7 coolin9 conditions", whe're the transverse 

expansion vas more ~brupt and, orïly occurred after 

substantial cooling (tefer ,to .Section .6.3). Deformations 

occurring just belo'v the frostline region greatly inf,luence. 
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,final fJlm orienta'tion (52). Therefo.re;'a pronounced 'bubble 

expansion neai' the ft'oatHne contributes to transverse 

orientation in the film-. Furthermore, smaller blow up 

ratiQs vere obtain·ed, for cases 8 through,14 than for cases l 
. ' 

through '7 • A smaller blow up ratio means less. total 
, 

stretching in t~e transverse direction. Thus, i t seems " , 

- rèasonable tha t film eooled under ,thé cooli ng condi tions of :{ . 
"(' 

cases l through 7 vas ' slightly more or iented in the. <":", 
~ 

transverse direction than film produced vith cases 8 through, 

14 cooling conditions, 
,< 

transverse, thi s q'rea ter and 

orientation 'vas reflected in ft .larger shrinkage. 
,1 

7.2 Elmendorf T~ 

The Elmendorf tear test determines the average force 

required to pr0p8g8te. tear i ng ,'in. a film sampie.' 'l'hi s force 

ia measored by using a pendùlum and deflecting pointer 

device. A photo~raph of this instrument 18 shown in Figure 

'7.2. Acted on br gravit y, the pendulum swings through an 

arc, tearing the specimen starting f'rom a preeut alit., The· 

specimen i5 , held on .one side by the pendulum and .on the 

other aide by a s,tationary clamp.' The loss in energy of the 

. pendulum i6 indicated by a. pointer, the pointer seale 

reading being related. to the force. reQuired to té~r the 
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FIGURE .7.2 Photograph of Twlng-Albert Elmendorf 
r.-earing T'ester 
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Bpeeim~n. 

Due to orientation during processing, blown films 

. usually show marked anistrppy in their resistence to tear" 

Compàrisons of this anistropy, I:y measureme.nts of, tear 

resistance in the machine and transverse directions, is used 

extensive1y in industry. Li,ndenmeyer and Lust i 9 (51) have 
, 

correlated tear strength wi th other meehanica 1 properties 

and molèeular orieriat ion for high densi ty polyethylene. 

ijowever, ASTM Standard Test Method D1922 stresses cautiory in 

correlating film tearing data with other pr'op&rties: as tear 
~ 

Btrength i 5 not a well def in,ed physical property 'and has 

little fundàmental physical sign~fieance. 

7.2.1 'Procedure 

Elmendorf tear tests were carried out at the 'Teehnical 

Center of Union Carbide Canada Ltd. A Thwing-Albert 

Elmendorf Tearing Tester (Thwing-Albert Instruments Co., 
. 

Philadelphia, Pa ~) was used. ASTM Standard Test Method 

D1922 was foUowed. 

, " 

(1) 'fvelve samples, six in eaeh pr incipal direct ion, 
vere eut wi th a punch from a f lattened sheet of tubular 
film for eaeh cooling condition. The geometry of the 
sample is shown in Figure 1.3. The six samples in the 
machine and transverse directions were eQuidistant from 
each other and eut a t the seme posi t i on on the bubb1e. 

(2) The thiekness of eaeh sample was determined to the 
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Constant Aadlus Test Specim~n 
- Elmendorf Tear Test 
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nearest 0.001 inch vi th a mic'rome.ter. 

(3) Wi th the Pendulum at it! r~i.sed stiation ' and the 
pointer at 'the, zero mark of the scale, Il pre-eut slit 
sample va .. placed between the clamps'. 

(4) The pendulum, was rleased' and thë sample torn e- As 
'the pendulum compl~ted lts return 8wing it was;caught 
~ithout dlsturbing the pointer. 

(5) The po.inter value was noted and the. tearing 
resistance', R, calculated: 

where S ls the scale reading, Cap, 'the- ~chine eapaeity: 
and b, the sample thickness. 

7.2.2 Results and Discussion 

,~ 
, 

',Av-erage tear resi.stance measurements for each coollng' ~. 

condition are gÎ'ven in Tablel~-7.2.· Res i stance to tear 

propagation values t'or each sample are listed ~ in Appendix 
j 

G2. An error analysis is given i'n Appendix E. 

The ratio of the transverse to the machine machine 

direction tear resistance varies by as much as eleven 

,percent depending çn the cooling cases. However~ there is 

no sU9gestion of a correlat ion betwëen coolln9 air f low and 

'resistance to tear over the range of cooling conditions 

used. Thus, each cooling case has similar tear resistance 

cheracteristics •. 

The maximum percent deviation of an individuel sample" 

from the average value vas high, nearly' fifteen ,pe.rcent in 
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som~ cases. ,This ,may' be· attributed, in par~, ~~ .~mples not 

, bèing eut' from 'film' pe~àlle'l to a principal dire'ction.· It \ 
.. b , - ~ , ,. 

.as observee! that~ teara in a slightly, pifferent directiç>n 
~ , , ' ... 

.-than the' sample':pre":eut, alit ' (Figure 7.3) a11 r,e.,ult~d in 

higher . values 1 tltlan those iêars tha~t 'followed the pre-,eut 

sUt. ' ( " . , 

, 

7.3 Bi refringenee Measurements 
" ' 

, ~ B.i refringenée ia' an indicatIon' ot. the -tot41 ~oiéèular' 

'orientation in a sample. 'In uniaxiallY oriented sàatples,',it' 
, ., , - ", 1 

-ts' the difference betw~en the principal refraetivé indices 
/ . . ' , . 

\ ' 

parallel' and \ perpend,icular to t~~ di r:ec~ion bf exten--sion. ~ 
\ 

The ref-raetïve index ia 'a- ,measure of the', velocity' oi light 
" . 

in the' medium and i5 a .function of ~he polar lzabil i ty of' the 
• Q. \ • 

moleeular chalns. 
. \ 

As- ,li9ht entera an 9P~ically anisotropie .. 
sample, i t spl its al~ng t~o ,mutually perpendicular' paths and 

~ • ~';, 1 

travels at different velocitie~he' two" paths, are, 

recombin~d upon ,exitin.g -th'e -rd,i~.', B~cause" 'of the 

di fferent velocity along each path' a, phase differenc~ 

oecurs" which is measur~d •. Di~,is(on of' the pha,"~ ~)Ùft'ence 
ot re,~ardl\tion by the' sample th~ckness y·~èlds the, 

• 1 <:' " ; 

bi refr ingenc~. , ' '", 
, #" i l'~ " , 1 

The 

II' 

veloc'ity "o( , ~,i9h~', in, a.· part~all~ ,c.ry~tal,li,ne 
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~. ~ . \ . material will depenc1 011 whet,her the light i~ travelling 
" , 

~hrough ,an amorphous or crystalline region. Therefore',' 

bir~fr ingence i'n polyethylene can be thought of as ~he surn 

, of two distinct components. l f"all of the, ,molecuaes are' 

- .. c> .. 

. ,,). ..... 

distrl~uted randomly in a semple, the re'fractive index wi·ll: 

be the same in aIl - directions, and the difference betwe,," . 
~ -

parallel and perpe.ndiçular comp0!lents will· be ze'ro. ~hus 'in 
\ 

unoriented sample has no birefringence. cl f' the. molecular . . 

. \,~. . 
, 4 .. 

"".:', 
.. .\ 'i\ .,. 

, '. 
'. -, 

1'; -. 

chains - are 'alligned perfect1.y parallel' to " \ ",',' 

thé ,drawing .. , " '! - : '" 

, "', directi.on, birefringence will be a eombination o'f th~(.ldeal. " 
, 

ani,~;orp~ 8.f 
- ' , 

Biretrin9~nce of "'semples 
~. 1 l, I?~" • .. 

,l,' , 

eaeh regiÇ)n. o 
, 

stretched' by processing lies between these ~extreme~i-o , 
, " 

depend i ng . on the imparted:"~to tne-.~·, . ,. \ 
extent of orientation 

, . 
'of:,amor:'phous and :~ ~ .. 

'. : .. f'. • . ~ ,. ~ ".1 • 
polymer by th~' process and the proportion 

, 
.... '" , -, . ~. erystalline phases present. . , 

~ ~ ;" I~ ~ 7 • • 

,!J'hé assumption of a - two p)'laSe mod'el for ·sem~~rys,t:al.lin~ ': 
, ,'1 

polymers permits mathematical t~ntmen't . of the -c'onti'ib~ti~rr ,'-
Il '\,: .' •• 

of ea"kh phase to the ,tptal orientation. 'A' p~obrem ;'1n 
.' 

applyi~g this the ory has been t'he di ffieulty in obtaî-ni'ng 
, 

birefr ingence, values o,t unoriented samples, wbich' are 

required by the ,model and cannot be measured easily sinee. 

.the birefringnece of randomly oriented material ois zero. :l'ri "', ,i 
li G. '. ' 

: '''\lniaxially extended isotatic, polypropylene fibers, Sa~u~;~s 

(53,) has shown how' sonie veiocity, infrared ~iehro~sm and 

X-r~y measurements can - b'e useeS to" calculate intrinsie 
-, 0 
" '. 
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bir~fringenfes Cbirefringé~ée of unGfien~ed samples):~ These 

values vere used in tu~n' t~ ~eterminè contribu~ions .pf 

er.ystalline ~and amorphous phases to total orient'ation. 

Hovever, , for b~axi~lly stretehed films, the tbeorètieai 

treatment ·is eons~de~ably eomplieated by the additional 

'.' 

\ , 

~ , 

\ 

~eformatio~ .cfirection (54). In thi,S .ot:~, bi~efringence <, 

measurements vere interpreted~ qualit~tive~y to· give. a~ 

indication of overall moleeular.o~ientation, in blovn film. 

7.3.1 dure 

>, 
'. 

A 'Reichert t ~etOP.!Bn-Pol ' (West Ger:many)', large: 

.. PQlarization microscope vas used vith an Eh't'inghaus 'r.otery , 

quartz crystal compensator <Cerl Zeiss Co.,' West Germàny). ~ . 

. sc::~ematie of ' the prin.çipal :-tompone_nt~· it:t this experimental 
" 

setup ar~ shown i~ Pigure 7.4. pol~rize~ light,waves t~avel 
.' . 

through ~he sampie 8n9 then enter a c\,. -ensator. 'After the 

Il compensato'r, the tvo retarààtion-free ,light vaves pass 
o u 

through ;:en analyzer to a'gain prod}lce plane 5?9'larlzed light'., '. ~ .. .. , "','" 0 1 ft • 

(1) 'l'en sâmpl.es, 1 x 2, cm, vere eut ~out from à 
flatténep sheet 'of tubular olovn film for each cooli:ng 
condition. Samples vere equidistant from each other 
and cut at the ~ame position,on the film bubble • 

/ (2') The thickness of e'ach sample ·vas 
. 

meas-ùred vi th a 
micrometer to 0.0001 inch. / 

( 3 ) The magnificat ion on the Riecbert microscope wes' 
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set at 10~x 5.6 • 56. 
. , 

(4) The polarizer and analyzer_ vere set at right 
a~gles to each'other 

(5) The aample was plaaed on the rotating stage of the' 
. microscope and viewed between cross polarizera. 

~ l~ -..- \. <1. 

~ • < ~ 

{6) ~he stage was rotated until maxim~m Qarkness was 
,obser'ved. 

(7) From a position of maximum darkness', the stage·was 
rotated ~ or - 45 degrees, to maximum bri9htness. The 

,4irection of rotation was determfned by trial and error \ 
depending upon whether e~tinction (maximum darkness) 
waa ~btainable vi th the compensator ~ , 

(S) The compensator was inserted in a SE NW 
direction and adjusted to achieve èxtinction. The 
~~ngle of inclination betveen the quartz vedges . in the 
compensator vas measured in both clockvise and 
counterclockvise directions • 

. (9) ~he measured angle was converted into a ph~e 
diff~rence of light at the given incJination 'angle'of 
the quartz vedge by use of a set of tables supplied by 
the manufacturer (55). 

(10) The total birefringence of the ~ample 
obtained by dividing the phase aifterence by 
thickness of the sample. 

. ~ ... 

vas 
the-

7.4 Sonic Velocity 

. Sonic velocity, like birefr'ingence, la aJl indication ~ 

the total molecular orientation in a sample. Figur~ 7.5a is 

à schematic 'diagram of polymer chaîns oriented parallel'to 

the stretch axis, vhile ?5b shows the chains perpendicular 

to thi saxi s. Simple physical cons-ide rat ions 

the son'ic~velocity in the stret-cJ:1 direction, 
.... - ... 1,- •• ~ 4 • 

• 

'-.. - ~ ..... 

f ' • ,! 

.. 

suggest that 
.) 
z, will he 
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,FIGURE 7.S Schematic Representation of Molecular 
Chafn Orientation in a Seml-Crystalline 
Polymer (a) Perfect Parallel Orientalon 
(b) Perfect Perpendicular Orientation 
(Referenc,e 56) 
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, 
different for the two samples. In Figure 7.5a the mechanisai: 

of propa9at~on occurs Along 
+ 

the polymer chain 

(intramolecular bond st~etchi~g), while in Figure, 7.Sb the 
< 

proPagation oceurs acros,s the chains (intermolecular bond 

stretching) • Based 
, 

on these different meehanisms, 

theoretical caleulations utiliz\n9 the foree constants of 

bo~d -stret'~hing, have predieted that the rate o_f propagation 

will be greater when 'direet,ed- 'along the chain, that is, 

Along the' chemieal bonds, ~han when,\ directed perpendicular 

to the chain (57). 

Mosely (58) att~mpted to quantify this prediction, by 

ineluding'intramolecular and intermoleeular force constants 

,and, an average orientation parameter in his model of a 

semicrystalline polymer. "Sameuls (53) . has extended the 

e~rlier treatment of Mosely to consider uniaxially extended 

isotatic polypropylene.' No extension of this mode'l to 

biaxially oriented film samples has been found. 

7.4.1 Procedure 

The sonie yelocity was measured using a Dynamic Modu'lus 

Tester, Model PPM-RS (H.M. Morgan Co. 1 ne. , Cambridge, 

Mass.). The Dynamic Modulus Tester i8 ' --Î a complete,/ system 

comprising the tester, strip chart recorder, sample mount 
, . 

and transducers. A block diagram of the Tester is shown in 

, ' 

. , 

, -

, ' 
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tE 
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,PULSE 
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·MITTER 

"TURN OFF" .---------~ "TURN ON" 
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". 

. ' .." 
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FIGURE 7.6 Black Diagram of Dynàmic Modulus 
Tester PPM-5R 
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Figur,e 7.6. The veloc i ty, ,- of, a longitudinal vave in the 

, material vas detetmined by measu'ring the transit 
4 , 

time of a . , 
sonic pulse betYeen the tvo transducers in contact vith the 

.. sample. ' 

(1) Ten samples, ,1 x 15 cm, vere cut out from a 
flattened sheet of blovn film in' the machine and 
transverse, directions for- each cooling condition. 
Sample's vère equidistant from each other and cut at 
the same position on the film bubble. 

(2)' !J'he Dynamic Modulus Tester 
,folloving operating conditions: 

was set to the 
\., 

RANGE 
ZERO CONTROL 
THRESHOLD CONTROL 
CHART DRIVE 

400 usec 
extreme' right position 
response steady 
3/4 inches/min. 

(3) A ·sample vas positioned on the planar mount so 
that the transducer separation could be varied between 
zero and ten centimeters. 

The tester vas nov ready to measure the transit time of 
the sonic pu~se in the sample as a fuhction of distance 
between the transducers. ' 

\ .' 

(4) The transducers vere initlally 'set 10.{)- cm. apar't 
and then lovered to contact the sample. A pulse on the 
strip chart vas recorded. This Jtep was repeated in' 
decreasing 1.0 cm. Increments until the transducer 
sepal'ation ~s' 5.0 cm. Thus, six pulses, representing 
the six transducer positions vere reeo~ded. 

(5) The ~oniê velocity was obtai~ed ba Plôlting the 
transit times as a funetion of distance bet een the 
transducers, determining a best fit straight ine, and 
taking. t,he reciprocal of the slope. 

' . 

..,.1> ,." rI 

\ 
\\ 

, , 

-. 

l' 



,1 

, . 

-251-

7.4.2 Sonic Velocity and Birefringence Results and Discussion 
'8 

Sonie velocity, and birefringence results are given in 

Table 7.3. All average birefringenc~ values were positive, 

but' some ,semples under the same cooling condit~ons had 

negative birefringenc~. This i6 shawn 

the birefringence of samples is listed. 

in Appendix G3 where 

" Sonic velocities of 

each sample are also given in this Appendix. 

contains an error analysis of these measurements. 

AppencHx E 

Sonic velocity varied by- as muc~as eleven percent 

between cooling conditions, and the ratio of the sanie 

velocities in the machine and transverse direc~ions had ,a 

maximum'difference of five percent. Birefringence showed 

greater variation than sonic velocity. Between cases land 

3 the difference was nearly 40 percent. Also, the maximum 

pe,rcen~ deviation of an individual s~mple from the ~verage 

value in each cooling condition wa~ high, iri some cases it 
J 

vas '20 percent. Large differences in birefringenee ,both. 

between cooling conditions and within eooling conditions 

may, in part, be attributed to sample selection and the area 

of sample being,viewed. The samples were small, l x 2 cm., 

and it was difficult to ensure that 'they came from the exact 
, 

same position on the film bubble in each cooling condition, 
\ , 

as blow up ratios ehanged somewhat with different amounts of 

cooling air. This problem was compounded by the even smaller 

" 
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" 

f 
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,-

'sample area viewe'd, from vhich bi refringence was sneasured. 

Also, when repeating measurements, it was doubtful t'he exact 

lame sample area was ,measured. 

There appeared to be no correlation betveen cooling 

Coonditions and sonic velocity or birefringence. Thus each 

group of film samples produced over th~ range of cooling 

éonditions studied shçwed similar amounts of anisotropy 

according to theBe two tests • 

., Blown film samples from each cooling condition were 

sub)ected to . four film ,tests, and the measured properties 

~~re ~imilar under aIl cooling flows. Thus, film produced 

under the stronges~ combinat ion cooling conditions; and film 
.. 

. made with no countercurrent flov at aIl, vere basically the 

same. 

In the neck and frostline regions, where the film 

st~~t~he~ expands and then sol idi fies, i t undergoes a 

preferenti~lignment -of molecules and becomes oriented. 
" 

The distribution dependent variabl,es measured in these 

'.regions under .cooling flovs of cases 1 throlJ,gh ,7 vere 
\ 

similar; as were dependent variables ~easured in the cooling 

conditlons of cases' B through 14. The countercurrent 

components of combinat ion cooling flov were not a factor in 

these regions. T~uS, cocurrent flows Jrom a standara air 

Q 

'. 
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ring cooled 'the film' btJbble as it became or iented. ' ", , 

Furthermore, 'these coc~rrent coollng Ilows . vere not very, 

different; they had flo~ rates of 100 'vs. 120 cfm, a~d'film 

bubbles formed under thes,e cool~n9 condi tions yiêlded 

frostline heights of 12 vs. 11 inches and had similar 
~. ' 

! ovetall bubb1e shapes. Therefore, with not ,too different 
v 

cooling conditions in ~he neck region and witb cooling in 

this area being crucial to fil~ orientation, it vas not 

suprislng to obtain-'si-milar film properties. Mor,o~er, vith 

countercurrent ~ir applied to tpe mostly solidified regions . 
of the 'film bubble, these cooling flovs had'little if any 

effec~ on film properties and coul~ 
ft--

• vi tbout adversely ef fecting tbem. 
1 
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, 
Inter retation of the Results ,Measurements. 

ln blown film'extrusion, the polymer 'encounters-mostly 

~hearing stresses within the die (59). Upon emerg~ng frpm 

. the die the molten polymer e~perienees < a ~redoJllinantly 

extensional str.ess field th.-t deforms the' me-lt while i t i5 

being coo,led and shaped to its final dimensions' (60). 

Quenc:;hing the mel t leads to some c~ystal~i te ,formation and -" 
, 

thus a semicrystallln~ yroduct. It 'is thia deformation 

history and crystal~ization proc~ss ~hat determine the 

microstructure and orientation of the ·film and hence its 

final properties. This ehapter describes film orientation 

theories ànd uses the measured film properties of Chapter 7 

to infer t,he overa11 moleeular orientation of the film. 

,8.1 Ouieseent Crysta11ization 

. " 

Single pc-lymer crystals that have heen formed ,'(rom 

dilute solutions exhibit a folded chain str~eture {61~._ 

These folds are commonly referred to aa ehain-'folded . 
lamellae. Figure'B.l shows the folded chain structure of a 

sin~le polyfthylene crystal. 
.. 

The crystal ia orthofhombic in, 

~ .. ' , 
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"", .' tha,t :i~ is specified by three mutually perpendicula"r axes of 

unequal len9~hs, a,o b,. and c (62). The chain a~ïi lies 

along tbe crystallographic c-axis. 
" 

solution crystallization ia Dilute not fundamentally' 

di (ferent from' c,ry,stal1i.zation from the polymer melt • The . 
basic folded chain làmellae are still present (,2 )., but now 

" "iri1;erchain el'!tanglements and branehing o~ the lamellae yield 

" 

" 

, 'F 

.. 

'.,. 

'a complex three dimensional structure. ~ Spherical, 

polycrystalline regions torm, made up 'of imperfect, 'yet 
\ , .. 

distinct, folded chain lamè'llae.' Th.~e regions are termed 

spheruli tes .and' are commonly observed in polymers 

crystallized from quiescent ~elts. When spherulites are 

vieved vith a polarizing microscope they appear cirtular, 

vith a.: Maltese cross superimposed (.64). Figure 8.,2 shows 
O' 

,the specifie symmetry o~ crystal~ vithin this characteristic 

birefringent pàttern~ The spherulites, composed.,of radial 
, ' 

fOl,deà chain lamel-lae, the lamellar. 

'spoke.' or 'ribbons'. Thus, grovth i6 parallel to the 

lamellar 'ribbon' axis or the cr,ystallographie ,b-axis'',. Tbe 
• 0 

outw~~d 9rowt~ of a spherulite is ~alteà when it has 

impinged upon the growing surface of another spherulite. 
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8.2 " Crystallization Onder Stress 

In polymer pro'ees~i,.g, the po l ymer melt ,infrequently 

has t'he opportuni ty to cool and part ially . c:rystallize in a 

Quiescent manner. Crystallization . typicall-y oceurs in a 

stress ,field ul)der a thermal gradiant: Thus,' i t should be 

no surprise that the> èrystalline regions in polyethylene 

film produced by the blown ~ilm method 
: ' 

diÙer~nt from' the spheruli t ie geometry 

'C?rystallized polyethylene,. 

'8.2 .. 1 Microstructure and Orientation 

are ': mar~dly 

of qUie$,cently 

',1\ model for he crystallization of a polymer under 

stress has been proposed bl' 'Kellèr (65). A~' row' structurey -

CI 1 Q 0 . 
is formed by the pile-up of sliced ~pherulites, 'in whiC;h the 

b-axi s of the pôtyethyiene crystal ~r ients ra~ially, 'and th"~ 

a-' and c-axes are distrubted with eylindrieal symmetry 

around the b-ax i s . 'The ro" structure model and the' 

ç~rresponding pole figure* are sh~wn in Figure 8.3. 

* A pole figure is the projection of the normals or 'pol,e's' 
of crystal planes (51). In order to portray the orientation 

,'of all crystalli tes ~ in' a sample, one type of crystal plan! 
lS projeeted on each.figure. Pole densities are indicated 
~y contour. lines. . "he techn ique for constructing pole 

. figures i5 given by ASTM Standard Test Method EBl-541. 
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UOO) (020) (002) 

~·Ô·eÔ 
"""'L....&..- a-axis b-aXis c-axis 

- '., 

\ 
Keller's Row Structure Model and 
CaJculated Pole figures (Re ference 65) . , /, 

'r 

Stein (66) proposed a model in "hic~ the ,a-axis . f~ 
parallol to 'the direction of stress and the b- and c-axes 

~re cyl i nd'rically ~ymmetr ic wi th respect to the a- ax i s. 

Pigùre 8.4 shows Klein's a-axis orientation mode!. 
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~ 

FIGURE 8.4 
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a-axis b-BXis c-axis 

stein' sa-Axis Oriented Model and 
Pole Figure (Reference 66) 
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Lindenmeyer 1 S '( 51). . 
figures for high ,density . pqlyethyl,e,!e vith • 2.1 blow uP. 

ratio are Ihown ïn Pigure 8.5 • 

• 1 

'II . 

, . 

~08ê 
'. . (2001 (0201 1002) 

a-axis b-axis c-a)(is 

~ 
FIGURE 8.5, Pole Figures of Polyethylene Blown fï.lm 

(Re ference 51) 

iJ'hese f~9ureB abow an a-ax i 5 and c-axi s orientation' in the 

machine direction, ",hile the' b-axis is oriented in the 

transverse direction. Consequent ly, ne i ther Keller' B row 

structure nor Stein' s a-axi s or ientat ion model adequately 

desc ribes cr,ysta lliza t ion of pOlyethylene in a . stress field. 

A more eomplex orientation model, proposed by Kobayashi 

(67) and Nag8sawa (50) is based on electron mic roscopic 

studies of stress induced polyethylene crystallization in 

blown films. lnitally, lamellar . crystallites form~d having 
'" 

Il c-axis or ienta t ion which was parellel to the direct ion of 

principal stress. These crystallites Along th@" c-axis , 

t 
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t~nded to stick t\ogether, alloving grovth" 'in a,' direction 

perpendicular to the stress, that is,,' , ,along the 
, ., 

lamellar crystalloguphic b-a~is. The outward gt'ov~h 

occurred in - a twi st ing manner vith the a- and c-axis' 

rotating gredually v i th respect to the b ... axis, as in a 

Bpheruli te. The number of twisting lamellae was 'not very 

large 'as the growth of so many newly formed lamellae was 

limited by c~m~tition and entanglements: A screv-like -rod 

structure developed as the thin lamellae vere piled up tm 

each other. Thus, the 
Q , 

rods aligned predominàntly in the 

extrusion direction'. Figure 8.6 shows the formation and 

orientation of a screw-like rod structure. The specifie 

shape and thickness of the crystalline regions ultimate,ly 

depended on the amount of stress and the cooling conditions 

appli'ed' during crystallization. 

A similar model has recently been proposed by Picot 

(66) to explain crystalline orientation in f lat-fi lm 

el,t rusion. Draving promotes a slight alignment of the 

polymer chains in the molten state, ana 'this provides sites 

for crystallizat ion and forms chain folded lamellae at right 

a1g 1e6 ta the 'machine direction. 'The lamellae ~re able to 

twi st as they form under lov extensional, stra in rates, whi le 

at higher strain rates 'they 'flatten-out'. Partial chain 

allignment as the polymer cools in the molten state 

influences the direction of crystal growth and determin~s 

'. 
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Rad Structure Madel for Blown film 
(Refe~e~nce '50) 
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th~ ~mount " of crystallizati~ (50). 

These models resemble the one presented by Keller (65) 

in Figure' 8.3. However, the large humber of twists present 

in Keller' s model suggest that the a- and c-axes ~hôuld be 

ran..dom. According to the Kobayashi (67), Nagasawa (50), 

-and Picot (68) proposals the rod structure is thin, and this 

limits the number of twists and reasonably explains the 

a-axis and c-axis crystalline orientation found in blown 

polyethlene film. 

Low densi ty polyethylene i s roughly half crystall ine 

and half amorphous. Polymer chains in the amorphous phase 

can be thought of as filling the area between crystalline 

régions: They are by definition 'without specific shape' ,or 

simply non-crystal! i ae. Howeve~, these chaina can be 
/ 

preferentially oriented in one direction while still being 

unstr~ctur~d ot: not compact enou9h to ,.be considered .. J. 

crystall ine. ~ecause of this lack of defin i te shape they 

are more easily deformed than crystall-ine - regions. 

Therefore, thé amorphous are!s are expected to ret lect the 

predominant stress di rections al: the t ime of solid1 f ieat ion 

and comprise a major 'portion of ~ froz:en- in' stress in blown 

film (50). 

F,rom this brief discussion of stress- induced 

crystallization in polyethylene blown films,. th.e folloving 

f 
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points ha've emerged: 

, , 

1. The deformations and crystallization phenomene 

eftcountered in blown film greatly influence the 

microstructure and orientation of the film product. 

2. 'Spheruli tic crystall ine regions, pr'esent in 

Quiescent crystallization, do not 

stresses encountered in blown film. 

f orm under the 

3~ The stresses in blown film may slightly orient 

'mofecular chains in molten regions, and thus cont rol 

,the gro"th direct ion of crystall i tes (50), However, 

most orientation occurs during the crystalliution 

proc~ss, that i s in the upper neck and f rostl i ne 

reg i ons of the film bubble. 
,0 

4. Crystalline regions have a strong tendency to be 

oriented vith the a-axis tilted a certain amount in the 

extrusion direct ion. Simi larly, amorphous regions 

lavor alignment in the di rection of the greatest 

appl ied stress., 
1 .... 

. 5. la definitive model of crystalline microstructure is 

'not - available. The model of Kobayashi (67) and 

" 

• 
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Nagasawa (50), which is' based on an a-axis· rod 

structure' having a central core wi th c-axis orientation 

and twisted lame.1lae or iginating f rom the core Along 

the .b";axis, is probaly ,'the most advanced proposaI. 

Recently, Picot (68 ) ha s pr oposed a similar twisted 

lamellae model for fIat film extrusion at low 

extensional strain rates. Little research has been 

r,eported on amorphous phase orientation in polyethylene 

blown film.' 

A 1ast point to be made in thi s di scuss ion pf 

crystallization under stress is that the deformations ,that 

impart orientation to the film and that ~ay actually btgin 

in mo1ten regions, greatly acce1erate crystallizet;on rates 

and are responsible for crystallization occurring at much 

higher· temperat,ures 

(50,69,70,71). 

B.3 Orientation 

1 

than under guiescent condition~ 

1 Semples of blown film under each cooling condition vere 

subjected to four film tests as desrcibed in ChapteE 7. 'Phe 

results of the Elmendorf tear, shrinkage, birefringence and 

sonie veloeity tests are summarized in Table 8.1. In the 
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Table 8.1: Summarz of Film Propertl Tests 

Property 
Test 

El_endorf Tear 

Shrinkage 

Sonic Velocity 

o Bi refrigence 

TranIWerse 
Direction 

222 (g/mi1) 

15 , 

1.73 (kaVsec) 

~}1 

Machine 
Direction 

156 <g/mi1) 

70 , 

1.65 (km/sec) 

3.89 x 10-4 

" 

, -

'-

TransverselMlchine 
Ratio 

1.42 

0.21 

1.04 

---- ~ 

.. 

1 
N 
0\ ..... 
1 

. ~ 

, . 
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remaining sections of this Chapter, these results are 
-

discussed in terms of overall molecular orientation. lt is 

shovn that these property measurements can be interpreted in 
Q 

a vay that is compatible vi th the Robayashi (67) and' 

'Nagasaw~ (50) model. 

'8.3.1 Elmen'dorf 'l'ear 

ElmendQrf tear tests indicate that it i5 easier to 

prop8gste a tear or rip in the machine direction than in the 

transverse direction. Lendenmeyer and Lustig (51) obtained 

similar tear strengths at comparable, blow up ratios for lov 

densi ty 
, 

polyethylene.' This in trend vas more 'pronounced 

their lineer pplyethylene results, where the ratio of 
~ 

transverse to machine tear propagation ratio was nearly 

three. Preferential ease of teer in, the machine direction 

i5 termed 'spli~tiness'. Films produced vith little or no 

spli t t iness are highly desi rable and are said to hav~ 

balanced properties. 

Easier tear propa9at~on in the machine direction 

sU9gests 
l. 

h
. i 

c alns 

a greater overall orientation 

in thi 5 di rection rather th~n in 

direction. 

'.:. , 

of polyethylene 

the transverse 

,. 
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l 

8.3.2' Shrinkage '. 

The percent shrinkage in the machine direction iB 
. . 

nearly five times greater than the shrinkage in the 

transver~e 'direction. Sim~lar results have be~n reported by 

Farber (24) ,.under the ,same<l processing condition'S. 

Furthermore, vith blow" up ratios greater than three, 
~ 

'substantial increases in transverse direction shrinkage. 

occurred (24,21). 

These results suggest that ,the po1yetltylene chains are 

preferentially aligned in the machine direction at low' 

blpw-up ,ratios wben the applied stress is mainly extensional 

and uniaxial. At larger blow up ratios the extensional 

stress is more biaxial, and thus the shrinka.ge in the 

transverse di rection increases at the expense of sorne 

machine direction shrinkage. This brief ana1ysis is 

consistènt wi th the tear propagation results, indicating a 

preferred moleculer orientation in the machine direction. 

8. 3'~ 3 Sonie Veloe i ty and Bi ret r ingence 

Sonic velocity in the transverse direction was slightly 

greater than in the machine dlrection. Similar results hâve 

been reported in the literature for low densi ty polyethylene 

films (72), Larger transverse direct ion sonic ve10ci t ies 

.,1/ 

-, 
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bave 'been equated wi th a preferred or ilntat ion in that 

direction (49,72). However, the low sonic' ·veloei t ies and 

8U1all transverse -to machine·' direct ion veloei ty r~t ios for 

LDPE 8uggest this film is on1y slightly orittnted. 

Comparisons of, low density polyethylene with 'po~ypropylene 

, and polyethylene terephthalate films h~ revealed 

velocities four to five (imes greater . these latter ln 

materials than in 10~ densi t:y ,polyethylene (72). l'ri fact 
" 

ba,s,ed, on these compar i sons, Priee (72) aC,tually usas the 
o 

LDPE blown film as an example' of an unoriented material. 

Birefringence values were small but positive, which 

impl ied an overall molecular c orientation in the extrusion 

direc"tion (73). Sammuels (53) stresses caution in using 

bire f ringent data to i nterpet or ientat ion . of a 
, , 

",. 

... c,.. 

semicrystalllne' material. Two phases, crystalline and : 

amorphous, can be imagined to c;,ontribute to orientation. 

However, as SalUIlluels points out, a posit"i.ve total 

bire f r ingenee means the t i t is the sum of the two - phase 

cont r ibut ions that i5 positive, not necessarily eaeh 

eont r ibut'i on.' 1 n Sammuels', stud)' o~ isotatic polypropy1ene 

in fjber 

posi t ive, 

spinning, 

but the 

the total birefringence was alvàys . 
smalle r amorphous contribution was 

nega t ive in the early stages of extension. 

Stein (66) mea sured birefringence of uniaxially 

stretched lov density polyethyl~ne film samples and found 

-

. ~ 

".~ " 
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both positively 
.. 

to, the 
-
total phases contributed 

< birefringence. The efysta~line, eontribu.tion was tvice" as 

large a8 the amorphous contribution. It i8 interesting to 

note that in Stein" s sample preparation, the film vas 

annealed to remove an,9 orientation lncurred during film 

. blowing. The bi refringenee of the' unoriented' a,nnealed 

film ~was' lx10-:3. However, this value was twice the highest 
o 

birefringenee measured in this study 1 

-
Sonic veloe i ty and <hi refdngenee meisurements were 

.... # .'" 

small ,a~d similar values have been interpreted by other 

'r~sear~brr.s· .s. a condi tion, for unoriented film semples' 

(66,12) •. These low values suggest that sOllie veloc'i ty and . ' , , 
birefringence . are insensitive to the amount of 1 molecular 

~ fJ '. 

lori,ntation in ~lown film. ,;, The de'formations encountere~ ir:t 
9 .. • ' 

film blowing He mueh less than those present in' fibe'r-
,J • \ 4 -

spinning;' 'where çr}'*'tallin~ deformations oecur and large 

~ \0 biref r ingence ha$ been reported (71) • In blown film the 
1 

:.0 stretching in botil machine and transverse direet;ions probably " , ' 

oecurs iri the more easi ly ,deformed amorphous regions. ~n 
> 

amorphous regions Robayashi and ,Nagasawa (70) have reported 
o 

very small bi ref ringence for· lov densi ty 
• a 

polyethylene even 

at h~gh exten~ion ratios. Furthermore, in an ongoin9 , 

exami nation of LDPE films over -a range of blow up rat,ios, 
1 

sonic velocity and birefrigence showed little change (73). 

: 1 

(\ ' 
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The lov density polyethy'ltne film studied in this . 
research va. preferentially oriented in" the machine 

" 

direct ion according to tear proplgat ion and .br inltage test 

reluIts. Shrinkage val most senlitive to proces.ing 

conditions. An overall D'lolecular orientation in the 

extrusion direction WIS also favored by the Kobayashi (67) 

and Na~~,·a (50) p!odel. Sonic velocity and birefringence 

Dleuurements Ihovee! no preferred overall orientation, and 

this vas attributecl to the inability of the.e tests to 

detect non-crystall ine or amorphous phase orientation in 

blown f Hm. 

• 
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'Chapter 9 

Conclusions and RecolIIII\endations 

~.l Genèral conclusions 

Many blo"n film production line .... ar'ê lil9ited by 

cooling-. Any attempt to inertese througbput vi thout 

exceedi ng the f Hm blocking temperature lI)uts't be accompan i ed 

by an i ncrease in the amount of cool in9 .. However, higher 

cooling air fIo" rates de,creue bubble 8tability, and this 

i5 reflected in bubble j deformations, 

dimension.l variations in' the film and an 

c()l'respond i n9 

unaecel1tab1e 

product. In thi. .orll, an' attempt .as made to generate 
4J 

st'Tonger cooling by draving air down a10n9 the fil.m bubble , 
in 1 countercurrent leshion, that i..s" in a direction 

( 

opposite to that of film motion. From" thia investigation of 

• C 

countercurrent blovn film cooling, the fOllo"ing glneral 
, ,:.w 'r 

conclusions can be dra.n. 

J 

1. Film bubble . stabU i ty is an important consideration 

in applying countercurrent eooling air 810ng. fil.m 
• bubble. Initial attemptB to cool the film only by 

~ 

vitbdrawing air at the . bue of the film bubble vere 

, 
• 

--

Il 



\ 

- . -274-

unluccessful. Tbis ,resulted in, a high frolU ine and 

large Icale bubble cSeformations. Thele defor .... tion'. 

cauled the bubble to o.cillate in an ellpanding and 

contrac:ting manner or, in extreme case., li teully tore 

the bubble apar~. Thua, both bubble instabiliti.ea and 

inlufficient cooling, prevented the formation of a 

stable fil ... bubble vi th only countercurrent cooling 

air. Theae problems of cooling and stability are 

relatedl large cool ing f 10"" are requi red to reduce the 

film bubble temperature _ 10 that the film bubble is 

reliltant to the deformations encountered in the" 

process, but these large 

themselves destabilizing. 

cooling flovs . are in 

. . 
2. A combination cooling Iystem v~ designecl that 

applied cocurrent an to the baIe of the' f 1111 bubble 

and thu. cooled and Itabilized the hot test portion of 

the .fi 11ft, and at the lame time countercurrent air was 
, 
vi thara"n just aboye the frostl ine thereby cooling the 

sO"lidified portion of the film. In thia cocurrent and 

countercurrent cOlllbination cooling system, a stable 

bubble vas establi shed over a vide range of cooling 

con4itions. The d •• tabilhing aucHon forces of the 

countercurrent flov vere applied to a lDos.tly aolid 

region of the bubble that vas qlore reaiatant to 

,l' 

1 
1 
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, 

àeformations than the molten re9i~n •. 

')... 

The cooltn~ abÙitl' of thi.. type .of oPeration va, 

compareà ~i-tb thlt pf 1 Itandard-- single lip air ring 

tlnder .... xillUal cooling conditions. Mas-imum cocurrent 

cooling flov correlponded to a film bubble on the verge 

of instability.. In maximum combination cooling ~lo~s 

th!s sime cocurrent air flov rate vas' ~Ied, Along vith· ; , .. .. 
tl)e largest count'ercurrent flov rate poslible vi th the 

, available blover. Coo~ing methodl vere e"aluateà by 

,compartng position dependent var iables\f lurface 
, 

t.empetature, air velocity, cooling air temperature and . 

bu.bblet.'fhape. In addi tion, the properties of the f flm 

produceà vith, the different' cooling IYltems, vere 

compareeS • 

3. Surface temperature. of the film bubble, tor the 

~O~ination cooling ',Item, rev.al that cooling in the 

neçk rlglon il governecS by cocurrent air flov applied • 

to the baie of the film bubble~· Countez:.current cooling 

occ~ts above the frolt1ine and above the collecting 

p~enùm, . ·over 
. ." , 

Co~ntercurren f 

. 
~he 10lieS portior:a of film bubble. 

cooling Along the, lolid' film bubble 

'reluitl, in lover lurfaée te.peraturel than in Itandard 

cocurrent cooling. 

.. 
, / 

• 

, . 
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f. Film produc\d under cocurrent and combinat ion, 

cool ing condi tiQn. "a. subjected to four film testl and 

the mea.urements of biref.ringence, lonic velocity, 

.hrinkag~ and Elllendorf tear gave limi lar relults, 

in~icat;in9 that basically ~he lame film wal produced . ,,, 
relul t w.s for each cooling .yltem. Thil attrib~ to 

1 

large countercurrent flow ratel cooling the .olid 

portion ,of the f illl bubble and thui not influencing the 
, . .. 

orienta"t ion of the fi 11ft that 
'( 

to Itretching 1 occurred due 
J 

and expànding f otees in the cocurrently cooled 1II0t ten 

. r"9ion of the film bubble. Allo,' this outcoDie vas .. in 

contrait to the performance of lome dual Hp ai r rings 

that cool fi~m to a grea.ter eltent than Ifngle lip air 
1 

rings but relult in" a film vith 1.ls balanced 
, 

, ;' ,.' properties. 
" 

5'. The ~ov surface temperaturel and ~es~rable balance 

of film propertie. achiéved with the eombin.tion 

cooling syltem suggesta the polsibility of ~ncrealing 

polymer thr~hput' by 'ule of countercurrent cooling, 
.. 

; 

~ 

vithout adverlely affecting film propertiel. ~ 

,64 Measurements of air veloci,ty and cooling air" 

temperature revealed that the cOllécting plenum and the 

cylindr'ical Ihroud ap'paratus uled to control the flov:' 

.. 

• 

" 1 
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.f 
of countereurrent cooling air was a le .. " than opt iul 

cooling Iystem. This .a., in part, attributed to ., 
'un.certainty regarding the operating conditions under 

o vhich a Itable bubble in côuntercurrent cooling 'flov 

could be formed; and in particular the bubble 

dimension. that the eooling .yatem had to be de.igned 
, 

to acco9Ul'odate. 
, 

" 

7 • Air velocity and . cooling air· temperature 

mea.uremert. aho.,d that the countercurr'lIt cooling aLr 

.tr,am only contacted the film bubble above the 

eoUecting plenum and vithin the eylindrical 'shr9ud: 

Countercurrent air 
\. 

velocitiel vere highest jUlt above 

the collecting' plen.um an~ deelined to' zero above the 
. 

cylindrical ahroud. Furthermore, air veloc;i t ie. vi thin 
• 

. the .hroud vere higher near the cyli'nder vall than ne~t.· 

to the bubble. Ambient air temperature~ meaaured..A1ear 
, ' 

the film bubble aboye' the collecting plenum al.o 

, indicated that little countercurrentlj dravn coolin9 

air contacteeS the f1llft bubble above the -c'ylindri'cal 

.hroud. rurthermore, the bulk ttmpenture of the 

collecteeS air .a. on1y -.rginally varmer' than the· 
/ 

.ur-roun,di n9 air and thu. couleS have fev; if any, 
1 

.econdary application.. The •• re.~. auggest that th. 

J:ooling air "a. dra.n oYtr the 1 ip of the cyl i nder and 

, . 
. , -' -JI 

" 
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.' 
( 

di rlctly into the collecting p. enUIII and thui made 

little contact wifli ~-~hè film b blet 
\ 

" . 
! 

~ 

8. In order td design a coulltercurrent cooling 
0 

apparatus that ,forces cool ing air clo.er to the film 

bubble than occur. in the present countercurrent 

cooling syltem, i t is neceua,ry to have a good ide. 

about the bubble Ihape to be expected fo~ thi.1 typé of, ,~ 

air flow. The shape of the film bubble was shown, in 

this' study, to ~e strongly affected ~y the cooling 

conditions. 

9. In maximum cocurrent air flow, the film bubble ~ 

e~pan~ gradually as it vas Itretched betveen die and 

f rosU i ne, forming "bat i s gene rally referred to. al • 

'pocket' Ihaped bubble. 

cocurrent ai r flo", the 

Wi th . less than 'max imum 

largelt bubble expansion 

occurred jUlt D!.!o" the fr,ostline. ln t:hil we~~er: 

cooling flô", the frostline and surface tempe~atures 

vere higher. Thul, the temperature of th~ film bubBle 

appears . to be an important factor in determin ing butsble 

shape • 

10. Countercûrrent cooling abov.e the f rOIU i ne reduced 
'<11. 

'diameter lomewhat aIl a10ng the f·ilm bubblè.· Smal,ler 

.. 
• 1 

, , 

• . \ 

/ 
/ 

r 
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" diaDlet.~. "'re ~ •• ured under inere •• ing eounterc:urrent 

• cooling \\ ,flo".. Thu~, the .mount of countercurrent , 

.. cooli~g \'1 air- and th. manner in /hiCh it ••• a~plied 
along the film bubble influence itl shape • • 

• 
11.' Bubble .hape ln the cocurrent ani3 èountercurr.ent 

combl,nation cooling .• ystem .a. affected ' hy the he.t 
, 

tranlf.r froll'l the molten bubble to the surrounding., 

the str~tchin9 and ezpanding fore' •• ' in the neck region, 

and the aerodynamic forces exe'tted by the cooling air 
~ 

op thè f Hm, bubble • ... 1 
o 

•• 2 ReeollUl'lendati'ons 

l'urther develos-ent of a 
, ,. . , 

c.ountereurrent cool ing system 
, 

ahould coneentrate on forcing cooling air C:lo.er to the film ~ 

bubble and caulir~g it to flov, over • larger ~rtion of film 
- t \ ' , ., 

thah occurred ln .this study. To help aecolllpUsh thi., the 

follo.ing suggestions are propos.d. 

", 

1. Increase the height of tb~ present 
. , 

cocurrent and 

counte'rcurrent eombi nation 
1 

cool ing apparatulS to cause 

th~ cooling 

film bubble. 

air to flow'over "a -lar9~r portion of the 
[, 

The higher eylinder should f,i t/-C!OSely 

(. 
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• 

arouncS the cS.air.a fil. bUbb0 or contain .ome type"of 

obsÙuction ~ eS.vice to prevint 'the cooU,n9 air ~rom 
-

channel ing .long the çylineS.r "all. 

2. _ a c~unt.rcurrent Iystem 

incorROrating a rai.ed air Î'ing that bIo". air eSo"n '" 
, , 

- .long the bubble tov.rd the die. The raiaed air ring 

ahouleS he 10cateeS above the frolÜine, '0 that the .. 
... coolin~ f19" fi~lt eontacta a' saUd fi~DI that caD more 

- 1 

•• sily w'ithltand the aerodynainic forces' of the cool-ing ~ 
, 

stream than the Dlo'lten region of .the film. Cooling air 
, . 

"i theSra.al or collect ion ahould ocèur belo" the die so 

that tbe fr~gi le mol ten regions are cHsturbed a. li ttle 
p 

-- ' 
as pos.ible. Furthermore, a raised 

, 
air ring vould 

.llov the use ~~cli'i lled coo'ling air. 

-/) 
. In both of these IU9gestionl'J it is important to 

" c,o.,trol ~the factors that deterlline bubble .~pe 
" \ ln. 

, .' 

countercurrent cool i ng in order to de.ig~ a cool ing system 
... 

closely around the film bubble, and thui force cooling air 

the bubble 

Hov.ver, controlling 

'tundamental approach 
• 

over a lar~ pqrtion 

film ,bubble Ihape 

t,o the problem of . - ~ 

of iu surface. 

luggests a 

in~rea9g 
more 

film 

coolin9 t'ates. Thil requires knoving the 

stretching, expansion and the. aerodynamic 9rce, 

l, 'to 

of \ effect 

experienced,f. 
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LlsT Of SYMBOLS 

a Absorptivity. 
/ 

b . film T-hickness 

A,B,C,C',J Cônstants 
JI,O,p,q,s. 

Cap 

C'p~ 
0 

Di. 

Of 

e 

F" 

'g '. 

Gr 

, , , ' ~ 

'Èlmendorf tear appa!atus capacity 

Specifie lieat • 
• 1 

• 
01ameter 

Inl tial lengttl of film sample 

Final length of fHin sample 
< , 

Emis'siv i ty 

Empirical constant tai<~. ta be 0.98 . " ;' ~ ," 
" ,.. ~ 

,Acceler,ation ~ue to. gravit y 

Gra'sshof number 

,.' 
GO 

\ 

'\ Beat traQsfer coefficient· 

Enthalpy 

AHc 

K 

. kair 
L' 

Al 

m 

'" 
n 

Nu 

~ 

r .. -"l 

Heat of crystall ization 

Stefan-Bol tzman C'Onstant 

Thermal conducti v ity of air ~ 

Distance from the maximum local heat hansfer 
coefficient to the position of ml!asurement 

''''". 
Distance manometer fluid has' risen ln a slanted 
arm manome.ter 

Mess 
, . 
Polymer mass flow ra~e . 
EmpirlcallY determlned exponent> used 
hot wire ariemometer outplJot' vol tage 

ta Unearlze , 

fI(" Nus,sel t' ,number 

ç . 

· ' .. , . . . 

\ 

" 

" 

\ . 

fi' 

... 
• . 
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Pr 
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tr 
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Umax 
Ù
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U(y) 

va 

VI!n 

.V o 

v* el 

,w • 

'.-

, -283-

, , 
" Pr andtl number 

Volumetr le flow rate 

Radius of fHm bubtie 

Tearing reslstance 

R~ f l e(: t i vit Y 

Re ynolds nulllber 
. . " 

1 

Elmendorf t~ar apparatus scale reading 

Ume 

Tr ansmi ss i v ity 

Temperature., . 

Ambient temperature 
~ 

Cooling air temperature 

Film surface' temperature 

\' 

Air veloc! ty " 

Max imum ai r vel oc~ ty 

Velocity o·f film, 

, 

. Point velocity Q" dis-tan'Ce y from the wall of a pipe 

Hot wire anemometer ou.t,put voltage 

Linearlzed hot wire anemometer output vo 1 tage· 

Hot wJre anemometer voltage at zero velDe i ty 

Corrected hot wire anemometer vol tage at zero 
velocity .. 

~ 

Wavelength 
• 

Crystall1ni ty fraction 

Distance from ,the ~ie a~ong the bubble axis -
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Angle. slanted arm manometer makes 

Tang,ent to bubble surface 

-Normal to bubble sur face .. ~ .. ,. 

'. bensit y of air 

Densit y of crys tall i f')e phase 
• 

Density 4f manometer fluid 

pé"nsity of film sample 

• 

hor~zontal 

• 

r 
Angle between "the tange'nt to the fHm bubble surface 
and the bubble, axis 

Klnematlc viscosity or. air 

-~ 'il ... 
0 
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"- APPENDIX A 

~ . 
aàlance Deriv,ation of a Heat 

',' Olier a Small Segment of .. Film Bûbble , 

[, .:l2 
\ 

, .. 
,... 

"" 

• 
... 

A 

)1' 
\' 

" . • 
'\ 

- Q 

" 

.. 

( ", 

\ ., 
'-, 

,-

" 

/-

, 

• 

" 

, 1 

'( 

\ 

. 
" 

; 

f 

.. 

~Y', 
c 

,. 

" 

/1 

" 

J 

" 

, 
l' 

" " . 
. ' 

,.' 

", 
" 

-: 
' . 

'" 

" 



<' 

,-
" , , -. 

. ' , 

ï 
, ' 

f 
,., 

i , 
t 
J 
r 
~ 
~ 
! 
1 

. , 

" 

i 

,;. 
~ , , , 

~A2-

-l • 
Cl 

" 
l. " 

ihe ~~llo~i~g assumptions .were made about heat transfer 
, , . 

fJ'om th'e ·'film bubble to the s,urro~ndlngs: 

'. , 

- , 

' . 

• 

.( 

Heat transfer between the inner surface 
• '-and the air trapped wi,thin the fU,.,. bubble i5 . . , 

negl!gi.ble. 

, . 
Heat ,conduct'1on ln the th!n n'lm. 'i~ negliglble. 

1 

3) ,The coollng of the bubble 1s controlled by 

radiative and convective heat transfer. 

4) Heat generatfon due to the frictional'f~rce i5 
l' 

negllglble. , 
l ' ( 

5 ) The ê f f e ct 5 0 f sur fa cet e n 5 i en, air d r a g, and " 

Inertial force are ~egligible compared ta the axial -. 
'tE:nsion. ' 

6) The film is thln '0 that variations in the Flow 

field across it ~ay ~e neglected. 

The coordiant~~ystèm used 15 shown in rigure Al where: 

r rilm bubble radius 

"~., 

"" 

.~ 1 .Tâ~gent to film bu~ble surface 

E- 2' Nl9rmal tà f,i lm bubble ,su-rface 

z Distance from die me'a'sured' along the axis .' 
of the bubble 

~ 

•• 

/ ~, 

. 

" 

'. 
• 

, , 

, " 

., 

, , 

. -
", 
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Figure Al: CQordinate for Dlffe~entlal Heat Batanee 
Around an Element of film Bubble. 
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. e . Angl,e that the tangent to.,the film bubble 
surface makes w!th the ce-nterline of the 'film 
bubble. 

In figure A2 B,6mall elemeot of film bubble 15 shown over which , 
a d1fferential heat balance,is made: 

xl 2 n r .6E2 z ' 
" Us AHc xl '" 2 n r A.E2 .. z + 4Z 

.' "\ 

wherè: es DeMsity of-film element 
, . " " 

~r~eCifiC'heat of film ~lem~nt 
U~city of film " 

Ts Film suriace temperature 

r Film bu~ble radius 

~ Heat of crystallization 

X Fraction 'of crystal~lnity 

qr' Rate of heat transfer from film surface te the 
, surroundings 

1 

,D~viding the abÇ)ve equation ~Y ~EJÂE22nr yields: 

es Cp Us (Ts - T ) Us AHc (Xz lu - X ) qr 
+AZ SZ' + • z z .,.. r + = = 

if 
. 'AE, 6E, A~2 

, ' , 

r. 

, 

- 0 

, .., 
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Thermal Energy Out 
by ,Bulk F' l ow' 

Direction of 
• film Travel 

\ Heat Loss' by . 
. Crystallization 

f 

Convective and Radrative 
Losses to the'· Surr~uncHngtl---"" 

\Figure A2: 
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Th~rma~,Energ~ in 
:by Bulk Flow 

Element of Film Bubble. 
(Cross-sections} Vlew) , 
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Substitution of the geometrlc~~e~1onshipsi . .,'" \ 

" 

and dXld E1' = dX/dz cose 

obtained from figure Al yields: 

, 
= 

The ~oundary cahàitlons are: 

where: 

. ' 

'1) f 2 = 0 (surface on ins!de'of film bub~le) 
q = 0 

2) E2 = 'b (surface on outsAde of4 film bubtile) 
q = h(Ts - Tc) +eK'(Ts - Ta ) " 

b film thickness "b ,) 

h Local heat transfer coe~ficient 
\ 

Tc Cooling air tempe!atv!e 

Ta Ambient air temperature 

K Stefan-Boltzman conslant 

fJIr Emissivlty 

. Integr,atlng the above equation and evaluatinQ. th~ boundar,y 
' .. 

con~it1~ns yields: 

, . 
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U AH coSS dX/dz s' . C 

h 5Ts - 'TC) \ 
(/, 

, 

+ 

' .. 
:: 

K (T 4 4 e -·T ) 
5 a 

Using the,relationship ~ :: Us es (no) ar.ld "'/ es :: Q in the above 
-

equation an~ rearranging results in: 

• - , , 
!fi Cp cose 'dT Idz + Q AHc cosS dX/dz = , 

no [h (T s Tc) e K (T 4 T 4)] + -s, a 

Above the frostline' the majority of crystalllza"tioo. was 
) - . 

assumed -to have alre~dy odcurred and thus Equation .6 can be 

simpl! fi,ed: 

= 

.. , 

, -\-.. 
" .. " 

> • 

+ è K (if 11 
s 

....... 

• 

, .. 

, , 

. 
" , 

(6) , 
" 

- , 

- > 
4 , 
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APPENDIX B 

• 
Extrusion CoAditioni , 

. ( 

.' ,. 

" 

. 
" 

:' 
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APPENDIX 61 

Countetcurrent Cool!ng Through Exist!ng Air Ring 
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Meterial 
Extruder 
DI. 
Ole Gap 
Sere.n Paek 

" 

-81-2-

EXTRUSION CONDITIONS 

U.C. DFDY 3312 HP-LOPE 
1 1 nch d temeter, 24: 1 LlO 5crew 
2.5 tnch spider 
23 r.'Ii Is 
40-80-80-40 mesh 

-
0 

~ 

Extru'siofl Peraneters Set 
, . 

Cond Itlorts Trial 1 Triai 

Extruder Teme!retûres 

Zone 1 325°F ( 163°C) 

1 

335°F ( 16SoC) Zone 2' 

Oie TeM2er8tures ,,-
.' r 

,Zone 1 3,OoF ( 177°C) 

Zone 2 93600 F (182°C) 
, 

" 

Malt Ter.'lper8ture 401°F (20SPC) .. 
-

Screw Speed varied rpm 45 ,50 . . , 
Beek Pressure psi . 3000 3100 

Output. Ib/hr 15. 1 16.8 

25 ft/min 
. \ Fi lr.\ Spee'd 

, -
0 2.5 Blow Up Rat 10 c 

leyf 18t .r 9.8 in \ 

Th !..ckness mil 1-.3 1.45 

\ 
, 

Frostl inè Heigh1' feet 2.0 2.5 
. 

OF • 
Cool Ina Ai,. Teno. 75 ./ 

'" 
rer.'lO. of Withdrawn Air Not measured 

~ 

ft 3/min Cocurrent Flow Re1'e 0 . 
Counfer,curren't FI~ 

, 
, ~te ) 162 ft 3 /min 

\ . 
# , 

~ 

" 

" 

- .. 
" 

t' 

.. 

• 
) 

2 Triai 3 Triel 4 

\ 
/ \ 

, . 

1 

55 §P 
" . 

~ 

3200 3350 
- " . 

- ~8 .'5 20.2 
" r 

.... 

-, .' 

1.6 1.75, 

Bubble broke . 
. , 

, 
"\ ,< 

-

1-

, , 

':"' 

) • 
t 9 

..... " 
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Materlal 
Edruder 
Ole 
Oie Gap 
Screen Peck 

• 
-81-3-

EXTRUSION CONDITIONS 

U.C. Of DY '312 HP-LOPE 
1 Inch dlameter, 24: 1 L/O screw 
2.5 Inch splder~ 
231:\1Is 
40-80-80-40 rnesh 

Extrusion Para~eters Set Cond 1 tians T/'Ilai 1 Trlal 

Extruder Temeeratu'res J 

. 
Zone 1 , 325°F ( 16,oC) 

Zone 2 33,oF (16SoC) 

Di' Teneeratures 

Zone 1 350°F ( 17'oC) 

Zone 2 360°F ( 1 B20C) 

Melt T~perature 401°F (20SoC) 
1 

Sc::rew Speed varied rpm 45 -50 

Baek Pressure psi 3000 3100 

Output lb/hr 15.1 16.8 

.Fi Ir:I Speed 25 ft/min 

Blow Up Retio 2.5 

Layf lat 9.8 in '" , 
( 

Thlekness mil 1.3 1.45 

"Frost 1 ine Heioh't . feet Bubble broke •. 
~ 

Cool ina Air Tenp. 75 OF 

Tenp. of ~ithdrawn Air Not measured 

Coeurrent ~ low Rete a ft' /min 

Countere urrent Flow 
. 

Rate ' 2712 ft 3 / min 

2 Triai 3 o Tria 1 4 

, 

. 

55 60 

3200 3350 <1' 

18.5 20.2 

{ 
j~-

~ 

1 

\j 
1.6 1. 75 

. 
. . 

.' 

. .. 
\ 



'..{. 

. 
,0:, 

{ , 

l' 

, \ 

, , 

., 

Mater i It 1 
[xt ruder 
Ole 
{.Jle Gep 
Sereen Peek 

f 

-

f 
-8'--4-

EXTRUS ION CONO 1 T IONS 

u.c. DFDY 3312 HP-LOPE 
1 Inch dl el:leter, 24: 1 LlO scre", 
2.5 Inch spider .," 
231:111s 
40-80-60-40 mesh 

• 
Extrus Ion Parar.leters Sèt Conditions Triai 1 Triel 

, 

Extruder Terneeratures . . 
325°F ( 163°C> Zone 1 

Zone 2 335~F <168oC) f , 
" 

Ole TeMeeratures . 
Zone 1, 350°F OnoC) 

" 

Zone 2 360°F (182°C) 

Malt Tet.'lj)ere'ture 401°F (20SoC) 
. 

Serew Speed ~50 r~m . 
Beek Pressure 3100 ~si 

'--

Output '6.8 Ib/hr - 1 . 
/ 

Fllr:I Speed 25 ft/min . 
Blow Up Retio var ied 2.0 2-.5 

inches 
\ 

Leyf 1 et 7,.9 9 .. 8 . 
Th Ickness mil 1.8 1.5 

Frost Il ne He ight feet <3 <3 

, " 

Cool i ng Air' Tenp. 75 oF' 
. 

Ter.'lp. of Withdrawn Ah NO"t measurea. ' 

Coeurren:t Flow Rete o ft' Imin . 
ft 3/m1n Countercurrent ,~Iow 162 

Rete 

t 

\ 

/ 

2 Triai 3 Triai 4 

- c 

. , , 

1 • 
o' 

, 

" . 
, 

. 

3.0 3.5 , 

11. 8 ".7 

1.3 1 • , 

Bubble Ibroked. 

! 

q 

,-

'-

-. 
--

• 

A!j 

,1 
4 
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Mater 1 al 
Edruder 
DI, 

-B'1-5-

EXTRUSION CONDITIONS 

'U.C. OFOY 3312-J4P-lDPE 
1 Inch d temeter. 24: 1 LlO screw 
2.' Inch. spider 

DI, Gap ~3 t:l111 <, 

. ,Sereen Pack . 40-80-80-40 mesh 

, " , 

Extrus ion Pe,-er.let,,-s Set Conditions T,- i"8l 1 Triai 

Edruder Temeératures 
'. 

Zone 1 325°F ( 163°C' 
1 

, 
, 

335°F <'168oC) 
'. 

Zone.2 

Die T eMpera't ures 

• 
Zone, L 350°1: (177°C) , - . 
Zone 2 360°F ( 182°C) 

Me-! t . Ter.lpere't ure .,. 401°F (205°C) 

v 

Screw Speed 50 rpm 
< ' 

3100 psi Beek Pressure -
. 

Output 16.8 Ib/hr 

- " ) . 
v-

Film Speed - 25 ft/min \ . 
J , 

810w Up ~at i <' varied 2.0, 2.5 

layt "et inches 7.9 9,.8 

Thlckness mil , 1 .8 1.5 

Fros't 1 ine Relght feet Bubble broke. 

-
.Cool-inQ Air ;8fjIl, 75 oF 

Ter.lp. of \IIi 'thdrawn Air Not measured 

Q'ft 3/min • 
Cocurrent Flow Rat. 

ft 3/min Çoun 'tercurr'ent .F 1 ow 272 
Rete 

, 

- . 
,. .. . 

, 1 

.. 

2 Triel 3 

-

. .. 
-

.. 

, . 

3.0 
. 

11.8 

1.3 

. 
-

T,-iel 

. 

" 

3.5 

13.7 

1 • J 

'-

4 

., 

, 

-. 

\. 

, -, 

. . 
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Mettrlàl 
E.:truder 
Of. 
Qi. Gap 
Sere.n Pack 

l, 

--91-6-

lXTRUSION CONDITIONS 

-ule. DFDY 3,.12 K>-LDPE 
1 1 nch, dl aae:.t.r, 2A: 1 LlO sc rt. 
215 inch sp l'der 
23 r.\ III 
40-80-80-40 meah 

, 
Extrusion Para,*ters Set Cond Itlons Trial - , Trial 2 

. 
Extruder Temeeratures . 

Zone 1 325°F (163°C) l' 

, 

1 Zone 2 33,oF. ( 168°c) 
, 

Di e"T""peratures ! 
1 , , ' 

20ne 1 350°F ( 1~70C) 
-

20ne 2 360°F ( 182°C) 

\ 

Me 1 t Ter.tperature -40tOF (205°C) -
, 

> 

Sere. Speed 50 rpm . . 
Baek Pressure 3100 psi. 

Output " 
16.8 lb/hr . . 

\ 

FI Irn Speed vérled ft/mi n 20 25 
, 

Blow Up Ret 1o 2.5 
" t 

Layi lat 9.8 ln 

Th Ickness m~l 1.9 1.5 

~F"rostll ne Htlaht feet <3 <3 

-
Cool ing AI r Ttnp_. Not measured 

Ter:l~. of Withdrawn Air 75 OF 

ft 3/mln 
\ -

Cocurrent OF 10111 Rat. a 

Counterc ur~tnt Flow 
162 ft 3 / m,in Rate 

, ' ". 

; 

Triel 3 Triai -~ 

~ 

< 
, 

~ 

, ' , 

. -

, 

,.. 

-

30 40 
, 

-

1:25 1.0 

- Bubble broke. 

. 

'0 

" 
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Materlal 
Ext..,.uatr 
Die 
Ole Gep 

. Sereen Pack 
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-81-7-

EXTRUS ION CONO 1 TI ONS 

u.C. DFDY 3312 t-P-LDPE 
1 Ineh dllll:leter. 24: 1 LlO 5crew 
2.5 Inch Iplder 
23 l:Iil s. 
40-80-80:'40 mesh 

EXtrus Ion Paran.ters Set Cond 1 t Ions Tri'al 1 TrIai 

• 
Ext ruder Temperat ures 

, 
-

Zone t 325°F ( t630C) .. 
, 

Zone 2 3~50F (168°C) 

Oie TeMperatures 

Zone 1 350°F 017oC) • 
.. Zone 2 360°F (182oC) 

Malt Ter.lperafure 401°F (205°C) 

'Sc rew Speed \ 50 rpm 

Back Pressure \ 3100 psi .' 
\ 

Output "- 1-16.8 Ib/hr 

.. 
Fi 11:"1 Speed varied ft/m n 20 25 

Blow Up Rat io 2.5 

Layf 1 et 9.8 in 

Thickness mil . 1.9 1.5 

F'rost 1 i ne He 1 ght feet Bubble broke. 

Coo 1 i ng .AI r T8Mj). 75 oF' 

'" T8r.'lp. of W i thdrawn Ail Not measured 

Cocurrent Flow Rate O.ft.3/min -
Counfercurrent Flow 

272 ft 3/min 
e-

Rate 

~ 
~ 

• 

. " 

.' 

, 

2 Triel 3 Triai 4 

. 

. 

" . 

. 
, 

... 
30 40 

1. 25 1.0 

. 
, 

y 

, 
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!~PENOIX 82 

~~~t'er~rrent CoOl!.~~LI.hro~g!Lthe Exi~i,n9 Air. R!.rut 

Inco!.Q.mlln.!L8 So!id..2.hro~d Ar~sLth~':'FÜm Bubble 

. ., 
,\ 

,~. 

'. 

" , 
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, , 

.. 
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Mat.rlal 
~xtruder 
Of., 
Dl. Gap 
Scre~n Pack 

-82-2-

EXTRUSION CONDITIONS 

u. C. OFOY ." 12 HP-LOPE 
'1 1 nch di àNt.r, 24: 1 LlO ICr'eW 

2.' Inch spider 
23 roliis \ 
40-'80-80-40 ~Sh 

. 
E~tru~lon Para~eters Set Gond 1 t Ions 'trial 1 Trial 

Extruder T.meeratures 
. 

Zone 1 3250r ( 163°C) 
1 

Zone 2 335°1: ( 16SoC) / 

DJ. TeMeeretu.,-es , . 

Zone 1 350°F ( 177°C) "-

Zone 2 36QoF ( 182°C) 

• . 
-

Melt Tenpereture 401 0F ( 20SoC) 
, 

Screw Speed varied rpm 45 50 

Beek Pressure psi 3100 3150 

Output lb/hr 15.2 17.0 

Fi 11:'1 Speed. 25 ft /min . 
Blow Up Ratio '. 2.25 2.2.5 

Lexf let inches 8.8 8.8 

Thlckness mil 1.3 1. 45 

Frostl ine Helght feet <3 , 
<3 

, 

Coollng Ai r Tenp. 7.5 OF 

2 

, 

Ter."i"p". of "'ithdr~wtl Ail Not 'mea surec as bubb e broke 

Coeur,rent Flow Rat. .0 ft 3/min 

Countercurrent Flow 
ft'/m Ret. varied ~n 126 162 

\ ' 

, 1 

" 

Triai :5 Trial 4 

, . 

-, 

, , 

45 45 

3100 3100 
, 

15.2 15.2 

2.25 2.0 

6.8 7.9 

1.) 1.4 
'Severe 

<3 oscilla tians. 

n a sho t time. 

272 

/, . 

" 



Mate~lel 
Extruder 
Ole 
Oit Gep 
Sereen Pack 

" 

-82-3-

• • EXTRUS ION CONQJTlONS 

U.c • .[)FOY 3312 HP-LOPE 
1 1 neh dtar:Mtter, 24: 1 LlO 5cr,e. 
2.5 1 neh sp 1 der ',~ 
23 r.l Ils , 
40-80-80-40 mesh 

, 

Extrus 1 on Peraneters Set éond Itlons Tria 1 1 Tri al 2 
/ 

Extruder Tempera1: ures .... , . 
Zone 1 32SoF ( 163°C) , 

• , 

Zone 2 33SoF ( 16SoC) 

Die TeMperatures' 
, 

Zone 1 
, 

350°F ( 177°C) 

Zone 2 360°F ( lB2oC) 
-

, 

Melt T8f':'lp_erature' 401°F ( 20SoC) 
, 

• -

-Sere. Speed - 50 rpm ,JO 

Baek Pressure 3100 psi ~ 

, 

Output 17.0 lb/hr 
, 

, 

F 111:\ Speed 25 ft/min 

Blow Up Ratio varied 2.5 3.D 

Leyf 1 et i nChe:; 9.8 11 .8" 
, 

mil 1.45 Th ickness , 1.2 

-Frostline Helght feet <3 < 3' 
\ 

" 75 oF Coollng Ai r Tenp. 

Ter.lp. of Withdrawn AI r Not measured as stab e bubble 

Cocurrent Flow Rate a ft~ /min 

Counterc urrent Flo\l 
. -

Rate varled ft3 lm ~n 126 126 

Tr'iai 3 TI"lal 4 

, 

" 

. 

/' 

2.0 . 2.5 
4 

7.9 9.8 

1.8 1.45 
Severe 

<3 oscilla tf/ons. 

" was unot talnable 

272 27'11 
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Mater lai 
[lCtruder 
olé 

EXTRUS ION CONO 1 T'ONS 

u.C. OFOY 3312 HP-LOPE' 
1 1 né'h d i emeter, .24: 1 -LlO sc rew 
2.' Inéh spider 

Ole Gap 
Sereen Pack 

2' mll.s 
40-80-80-4Q mesh 

Extrus i on Peraneters Set. Cond Iti ons 

Extruder, Temeeratures 

Zone 1 :3250 F ( 1630 C) 

\ 

335°F 0680 C) Zone 2 

DI e TéM,eerat ures -

Z'One 1 t 
3500 F!C 177oe) 

Zone 2 36001 (182°C) 

Melt Tef:lp_erature ~ 1 W~ ( 20SOC) 

Screw Speed 50 rpm 

Beek Pres-sl,lre 3100 psi 
~ , 

Outeut -17.0 Ib/hr 

F lll:l Speed varied 
~ 

2 •. 1s. -B 10\0/ Up Ra:!" 10 . , 

Leyflat 8.j'in 

Th Ickness k . . 
Frostl ine Helght feet 

\ 

, 

Coollng Air 'fer:lp. 75 OF 

Ter.\p. of Wi~hdr~um Air Not mea sure.c 

'Cocurrent Flow Rate 0 ft 3/min 
. , , 

Countercurrent Flow 
ft 3 

ln Rate . varled 

: 

'Trial 1 

Co 

-

. 
• 

. 

~ 

25 

1.45 

<3 

as stab e 

in 126 

Triai :2 
, , 

, 
-

. 
30 

1.2 

Severe 

bubble 

126 

Triel' 

, 

25 

1.45 

oscilla 

was uno 

. 
272 

, ... 
\-

. , 

Triai 4 

~ 

~ 

, 
30 

, 

1. 2 .• 

ions. 

ptainable 

272 
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,. APPENDIX r13 

" 
Countercur-rent Cool1ng Through the Existing Air 

1 --. 

Incor'porat.tng a Mod! fied 

'" 

,~ 

.; 

, , 

Cyl indr!cal 

. , 

'" 

" 

Shroud Around the 

1· 

. , 

1 • 

'1 ' 

• 

: 

Ring 
, , 

a, 

Film Bubble . 

\ 

".~ 

, 
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, - Ma1'erial 
Ex1',ruder 
Ole 
Ole Gap 
Se reen ·Pack 

.' 

-83-2-

EXTRUS'ION COt,mrr{ONS 

U.C. OFDY 3312 HP-LDPE 
1 1 nch dl ameter, 24: 1 LlO screw 

.,2.5 t~ch spider . 
23 mÎ r s ' 
40-80-80.-40 mesh , 

Extrusion Parameters Set Cond 11' ions Triel 1 Triai . 
. Extruder Témeeratures . 

Z~ne 1 32SoF ( 163°C) 

. Zone 2 33SoF ( 16BoC) 

Ole T~peratures 
6-

Zone 1 350°F 077o C) " 

Zone 2 . 360°F ( IB2oC) 

• , 

Me rt Temberature 401°F (205°C) 

. 
Screw Speed vari,ed rp~ 50 55 

" 

Beçk Pressure psi . 3100 3200 

Output Ib/hr 16: B 18.5 

FI 11:1 Speed 25 ft/min 

" 
Blow UP Raflo 2.5 

laytlet 9.8 in 
, 

Tnickness mil 1.45 1.6 ' 
1\ 

" 

, 

2 

-

Frost 1 i ne He 1 ght Not measured as bubbl~ broke 1n 

là 
Coollng AI r Tenp. 75 OF , 

. 
Temp. of Withdrawn AI r Not measureq 

GocLlrrent Flow Rate, 0 ft 3 /min .-
, 

162 ft~/min Counterc urrent Flow 
Rete 162 ft /min 

Rows of Open l.ngs on 7 open 
Shroud . varied' o clost d , t '-, 

J' 

, 

Trhll 3 Triel.4 

~ 

\ . 

, -

50 55 , 

3100' 3200 

16.8 ,18.5 

1.45 ,1.6 

a ShOl t Ume. 
. 

. 
1 _ 

5 open (uppermo st) 
Z clos d 
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Meterial 
Extruder 
Ole 
Die ~p 
Screefl '~eck 

0 

-83-"3-

EXTRUS 'ON COND 1 T IONS 
. 

u.e. DFDY 3312 tfl-LOPE , 
'. T Inch dlemeter, 24: 1 L/O screw 
. 2.5 1 nch sp ider • 
23 mils 
40-80-80-40 mes~ 

, , -
E:xt t' us ion Perameters Set Cond J t ions Triai 

j 

Triai 1 - . 
" Extruder .Temperatures . , 

, 325°F (' t630C) 
, 

Zone 1 
" 

! -
Zon~ 2 33S!'F (16SoC) 

f • 

Di e T8I'\peratùres 
.. , . 

< 

, Zone 1 . 3S06~ (171°C> . ) 
. 

~ -
Zone 2 360°F (1-82oC)' 

. 
j -

Me 1 t T8I:lperature 401°F C20SoC) -
, 

1 / 

Screw Speed v.aried rpm 50 . 60 

' Sack Pressure , psi 3100 3300 
- ,-

Outp_ut lb/hr 16.8 20.2 
- , 

~ . , .a . , 
Fllr.'I S~eed 25 ftf"-in . ' 

l L . 
"Blow Up Ratio 2.5 . 

-
Layf lat 9.8 in . . 

" . 1 . 
. Th ickness mil 1 ~ 45 1.75, 

2 

Frostllne HeljJht Not measured as bubbl ~. broke ! 
. , 

Cooling Air Tenp. 75 OF . 
, . " 

'Ter.lp. ot Withdrawn AI; Not measured . 
.. .. 

ACocurrent F 1 o ilL Rote', 0 ft 3/min 
~ 

, 
• . . 

Countercurrent FJow 
ft 3 /mln' Rete 162 . 

< 

Rows of Open i n9S Oh 5 open bottommo 
Sriroud ' varied 2 clos~ d 

--

" 

\ , , 

.< . 

-Tr-Ial '3 Trial 4 

-

',\ , 

. 

( 1 

• 
.. , 

, 
50 55 

, , . 
\ 

3'200 '3100 
' , 

" 

16.8 18.5 ... 
~ 

\ " 

. 
.."", 

1. 45 1.6 
-

n 'a short tlme'~ '. 
< • 

. 

t) 2 op n(ugperm ost) 
5 cl( sed 

.~ , 
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-83-4-

EXTRUS ION CaNO 1 T IONS 

Materiel 
Extruder 
Die 

'Di e G8p 
Sereen Pack 

U.C. DFOy 3312 HP-LOPE 
1 1 nch dl ar.te'ter, 24: l' LlO screw 
2.5 1 nch sp j der 
23r.tlls 
40-80-80-40 mesh 

E)("truslon Pa rar:te'ters Set Cond l'tlons Triel 1 
, 

E)('truder Temeera"tures 1" , -
Zone 1 325°F (163°C) 

Zone 2 335°F (16SoCl 
, 

Di e TeMeeratures 
, 

Zone 1 350°F (177°C) 
. 

Zone 2 360°F (1820~ . 
-

Mel 't Temperature 401°F (2050 Cr 

. . 
Screw $peed varled rpm 50 

Baek Pre'ssure psi 3100 . 
Output ,lb/hr 16.8 
~ 

Fllr.t ~p&ed 25 ft/min 

Blow Up Rat 10 2.5 
~ 9.8 "'in layf I-et 

-
Thlckness mil 1.45 

~c::-' 

Tri al 

55 

3200 

18.5 

1.6 

1 • 

-
2 Triai :3 :Trial 4 

, 

. 

1 -
50 - 60 . 
3100 3300 

. 

16.-8 20.2 

. 

1.45 1. 75 

Frost 1 j ne He 19ht ,Not measured as bubbl broke j n a ShOI t time. 

~I j Q~ AlI'" TefIIP: 75 OF ,1 

Tenp... of Withdrawn Ail Not measured . 
o ft 3-)min Cocurr'.nt Flow Rate . 

-

Countercurrent Flow 
ft3'/min 

- 1 -. ,162 . -" Rate " 
, 

. 
Rows of Open- i ngs on" 

' " 3 middle) open 20p4 n(bot tom 
Shrouct ' . vjirled 4 cioSI d 5 cIe sed . . 

-.\ .. . ' 
, , -. 

. ' 
, , . 

, 

most) 
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-83-5-

EXTRUS ION CONO 1 T IONS 

• Meterial 
E)(truder 
Die 

'Die Gap
Screen Pack 

-

U.C. DFOY 3312 HP-LOPE 
.1 'Inch diometer, 24: 1 LlO screw 
2.5 inch sp J der 
23 mi Is 
40-80-80-40 mesh 

,-' 

E)(trus Ion Parar:\eters Set Cond 1 t ions Triai 1 . 
E,..truder Temperetures 

" . 
g 

'" Zone 1 
, , 

3250 F ( 163°C) 

Zone 2 335°F ( 168°C) 

Die TerI!;!ereturës " 

Zone 1 3S00F ( 1770 è)e 0 

, 

Zéne 2 360°F ( 1820 CJ 

Melf Tem~erature 401°F (20SoC) 

~ 

Screw Speed varied rpm ·50 . . 
BZlck Pressure psi 3100 

Output Ib/hr 16.8 

, , 
Fil r:\ Speed 25 ft/min 

Blow Up Retlo 2.0 
ry 

Leyf lat 7.9 in • 
J.! , 

Th ickness riI i l 1.8 ' 

Trial 

, 
, 

... 

. 

55 

3200 

18.5 

~ 

2.0 

2 

c 

, 

Frost 1 ine Helght Not measured as bubbl e broke in 
; , , 

, 

Cool ingo Ai r Ter."lp. 75 oF 

T8I':\1). of W i thdr.ewn Air Not measured 
, 

Cocurrent Flow RZlte' ' 0 ft3 /~in . 
. 

Countercurrent Flow 
ft 3 / min Rate 162 

Rows of Open ings on 2Q open( uppermos ) 
Shroud varied 5 ClOSE d 

(' , 

Triel 3 Tria 1 4 

c.-

j 

. \.... --

50 55 

3100 3200 

16.8 18.5 

./ 

·1 
• 1 

1.8 2.0 

a ShOI It time 

n 

~ 

-

, 

3 api n (middl e) 
4 cIe sed 

v • 



Meterlal 
Extruder 
Oie 
01 e Gap 
Sereen Peek 

-83-6-

EXTRUS 1 ON CONO 1 T 1 QNS 

u.c •• OFDY 3312 HP-LOPE 
1 Inch dlemeter, 24:1 LlO screw 
2.5 Inch spider ' 
23 mil s 
40-80-80-40 mesh' 

----,- ~ 

Extru~ion Para~eters Set Conditions .. Triai 1 Triel 2 Triel 3 . 0 

Extruder Tem~eretures <'. -
Zone t 32Sof ( 163°C) 

Zone 2 335°F tl680C) """'-.. . 

Die Ter.I~eratures \ 

~ 
Zone 1 350°F (177°C) 

Zone 2 360°F ( 182°C) 

Malt TemDereture " 401°F (205°C) 
, 

Screw Speed varied rpm 50 60 50 

Back Pressure psi 3100 3300 3100 

Output lb/hI 16.8 20.2 16.8 

fil", Speed 25 ft/min 

Blow Up Ret 10 2.0 

leyf let 7.9 ln '. 

Th ickness mIl 1.8 ,2.2 < 1.8 
1. , 

Frost 1 i ne He 1 Qht Not measured as bubbl broke ih ashort 
~. 

0001 inj:! Ai r TeMp. 75 OF . 

T~p. of Withdrawn Ai.! ,Not measured ". 

o ft'/min D 
Cocurrent Flow Rate . 

Countercurrent F~ 
Raté varied 162 162 200· 

• 
Rows of Open i ngs on 2 open( bottommo t) 2 OpE 
Shroud var ied , 5 clos~ d 5 cIe , 

Trial 4 

" 

55 

3100 

18.5 

2.0 

t1.Jne. -
. 

.. 

200 

n(uppermo st) 
sed 

" 



Material 
Extruder • 
01 84ft 
Oie Gap 
Sereen Pack 

-83-7-

EXTRUSION CONDITIONS 

U.c. OF DY 3312 HP-LDPE 
~ 1 Inch dta~ter, 24:l LlO screw 

2.5 Il1ch spider '-. 
23 r.\lls • 
40-80-80-40 mesh 

E~truslon Pere~eter5 Set· Cond 1 t Ions Trial, 1 TriaI 

E~truder Temeer8~ure5 

Zone 1 . 325°F ( 163°C) 

Zone 2 335°F <16SoC): 
) 

'Ole TeMeeratures 

Zone' 1 350°F 077oe> 

Zone 2 360°F ( t82oC) 
, 

-
Melt Temperature 401°F (20SoC) 

. 
Screw $peed varled rpm 50 55 

Beek Pressure psi 3100 3100' 

" 
Output l'b/hr . 16.8 18.5 

" - , 

Fllr:l Speed 25 ft/'lll'in' 

Blow Up Ratio 2.0'/' 
\ . 

Levflat 7.9 ·in 
, 

" 
Thlckness mil 1.'8 2.0 

" 
~ 

2 

Frostllne' HelQht Not mèasu'red ~s b.abbl ~ broke 1 

. 
-Cool Ina, Air Temp. . 
'Temp. ot Withdrawn Ai 

'Il, 

Cocurrént Flow Rate 

Countercurrent Flow 
Rate 

Rows of Openings on 
Sh-roud Il 

, Q 

" 

", ' 

75 OF 
" 

Not,measured 

0 ft 3'min 

200 ftJ/min' 

\ ' 

var red ; 

"', 

,' . 

" 

\ 

3 open( mlddle) 
4 c,lo$E d 

, , 

" ' 

, . . 

1 

Triol ,. Trial 4 

. . 

:-. 

" 

50 55 

.3100' 3100 
~ 

16.8 "I-è.5 
, . 

-

, . 

1 :8 
. 

2.0 \ 

, D 

~, a short tl-me. 

-

. 
':. 

, 

, 

" ( . ' . " 
: 

2 opèn' bottommo 
5 clOSE éi ' , 

if 
~. .,/ 1 . 

", " :. ,: j , 

" 

• , 
, , , ; , . . , 

, , , 
" 



.. 

(. -

., 
, , 

-

Materlal 
Extruder 
Ole 
Ole Gap 
Screen Pack· 

-83-8-

EXTRUSION CONDITIONS 

U.C. DFOY 3312 HP-LOPE 
1 Inch dlameter, 24:1 LlO serew 
2.5 Inch spider 
23 mils 
40-80-80-40 ",esh 

Extrus i on Perer:\eters' Set Conditions Triai 1 Triai 
- -

Extruder Temeeratures 
1 

~ 

Zone 1 1 325°F C,1630C) 

Zoee 2 335°F C16SoC) . 
-

Die lemeeratures , -
, Zone 1 350°F (1770 t) , 

. 
", 

Zt>ne 2 ~ 360°F ( 182°C) ~. 

-
Malt Temperature 401 0 F- (205°C) 

", . . 
Serew-SDeed . varled rpm, 50 . 60 

" 

Beek Pressure psi 3100 3300 
e 

Output lb/hr 16.~ '20.2 

" -
FI 11:1 Speed 30 ft/min 

Blow Up Ratio 2.5 . 
,', 

Layf lat . 9.8 in . 
", 

.Thiekness mil 1.25 1.5 

Frost 1 i ne He i Qht Not measured as bubbl ~ brOke 

Cool inQ Air Temp. 75 OF 
J 

.. " . 
T~p. of Withdrawn AI r Not measured .. 

Coeurrent Flow Rate a ft 3 /min 

Co~ntereurrent Flow 
162, ft 3/m1n Rete 

2 TrIai 3 

. 
-' 

. 

. 
, 

50 

' 3100 
1 

16.8 

. 
, 

" 

1.25 

ih a shor 

Rows of Openings on " 
2 open( uppermos ) . 3 op. 

Shroud . varied' 5 éloseJ:! 4 cl( 

.. 
.' 

• 

" . 

Triai 4 

" 1 

1 - . . 

55 '1 

3200. 

lB.5 

" 

1.4 

II. Ume. 

-

n(mlddle~ 
sed 

1 



(' -83-9-

,_EXTRUS f ON, COND 1 T 1 ONS 

Meterlel 
btrucler 
DI. 

. U.C. DFoy 3312~tf'-LDPE Note: 
1 1 nch dl ar:leter .\ 24: 1 LlO, screw. ' 

Ole Gap .. 
Sc,.een Pack 

• 2.5 Inch spider 
23 mils 
~O-80~89~40 mesh 

. 

Extrusloh Parameters Set Cond rtlons 
. 

Extrud!~ Temperatures 
, 

Zone 1 3250 F (163°C) 

Z-one 2 
, 

335°F ( 16SoC) 
. , 

Ole'TeM2eratures 

Zone 1 350°F ( 177°C) 

Zone 2 360°F ( 182°C) 

, . 
Malt Temperature . 401°F (20S0C) 

, 

Serew' Spaed vat'ied rpm 

Baek Pressure psi 

Out~ut Ib/hr 

, 
Film Speed 25. ft/min 

Bio ... Up 'Ratio . 2.0 
~ 

Layflat 7.9 in 

Th j ckness mll . 
-...... , 

Frost Ilne Height Severe bubbl 

Cool ing Ai r Tenp. 75 oF" 
1 

Temp. of Withdrawn AI, Not measured 

Cocurrent Flow Rafe a ft 3/mln 

Countercurrenj Flow ~ 
ft3/mln Rate 162 

Triai 1 Triai 

-
\ . 

, 

, 

50 ,55 

3100 3200 

16'.8 18.5 

~ 

, 
1.8 2.0 

~ oscilla ions. 
, 

. 

2 

" 

& 

Rows of Openings on 2 open( ~ppermost) 
~ Shroud varled 5 close 

/ 

Upper b'ase plate 
of a~r ring r~moved 
to enlarge\ aip 
withdrawal orifice. 

T,.lal 3 T,.lel 4 

. 

. 

\ 

, . . . , 
50 55 

3100' 3200 

16.6 18.5 , 

, 

1 

1.8 2. a ' 

Il' 

3 opE n{middle ) 
4 c'lc sed 

i 

• 

. , 

, 



r . 

.' 

, ( 

(> -

Materiel 
ElCfruder 
01. 
Ole"Gap 
Screen Pack 

-83-10-, 

EXTRUSION CONDITIONS 

u.C. OFOY 3312 ~-LOPE Note: 
t Inch dlemeter, 24:1 LlO serew 
2 • .5 Inch spider 

(23 mils 
'~40-80-80-40 mesh 

Extrusion Peremeters Set Cond 1 t Ions Triai 1 Triel 2 
p 

Extruder Tem~eratures 

Zone 1 32SoF ( 163°C) 

Zone 2 335°F (168°C) 

Ole T8M~er~ture5 
4 , , 

Zone, 1 350°F ( 177°C) .. 
Zpne 2 360°f ( 'B20C) 

, . . 
Malt Tempereture 401°F (20So'C) 

-
Scr"w Speed varied rpm 50 55 

Beek Pressure llSi 3100 3200 

Output • Ib/hr 16.8 18.5 

. 
var ied ftlmi ~ Fi lm Speed 25 25 

. 
èlow Up Ret 10 2.0 • 
Leyilet 7.9 in . ... 
Thickness mil, 1.8 2.0 

-
Frost 1 i ne He i ght Severe bubbl e oscillé tians. 

. 
Coo 1 i ng Air Temp._ 75 oF 

< 

T~p. ot Withdrâwri AI r Not measured 

Cbeurrent Flow Rete 0 ft 3 /mln 

Countercurrent Flow 
ft'/min Rate 162 

Rows ot Op,en i n95 on , 2 oper:l{ bottommo 
Shroud varied 5 close d~ . 

f ,. 
" 

Upper base'plat,e 
of air ring removed 
ta enlarge air 
wlthdrawal orifice~ 

-

Triai 3 Triel 4 

1 

, 

~ 

.-

1 

50 5$ , 
..... 

3100 ' 3200 
~, 

16.8 - 18.5 

30 30 

"-

\ 
1\5 1.7 

t) 2 DpI n(upperlJl ost) 
5 cIe sed 

• 



-

( 

. ' 

Materhtl 
Extrudèr 
Ote 
Ole ~p, 
Sereen Peck-

.. -83"11-

EXTRUSION CONDITIONS 

U.C~ OF DY :33t2 HP-LOPE' Note: 
1 Inch dlemeter, 24:1 LlO serew 
2.5 1 nch spider 
2:3 mi 15 
40-80-80-40 mesh 

Extrusion Par~eters Set Cond 1 t rons Triel 1 Triel 

Extruder T~m2eratures 

Zone 1 325°F (16:3°C) . 

Zone 2 - J3SoF ( 168°C) 
"-

Die TeMperetures 

Zone t . J500F ( 177°C) 

Zone 2 360°F é 182°C) 

Malt t~peratur, 401°F (205°C) 

Screw .speed varied rpm 50 55 

Beek Pressure psi 3100 3200-

Output lb/hr 16.8 18.5 
\ , 

, 

Film Speed var~ed ftlinl Il 30 30' 

Blow Up Rat 10' varied 2 .. 0 2.0 

Levf 1 et inches 7.9 '7.9 

Thlckness mil 1. 55 1.7 

Frosttine Helght Severe bubbll! oscilla Jl.ians. 
y 

- 75 OF Cooling Air Tenp. 1 lit 

T~p. ot Withdrawn Ai • Not measured. 

Coeurrent- Flow Rate 0 ft 3/min " 
c, 

Countercurrent Flow 
ft 3/min Rate 162 . 

2 

f , 

Rows of Openings on 2 open( ~ottommo~ 
~ Shroud varied 5 close 

Upper base plate 
of air ring removed 
ta en large arr 
wlthdrawal orifice. 

Triel 3 l'rillt 4 

r 

~ 

-
- . 

, 

50 55 
- , 

3100 -32QO 
1 

16.8 18.5 
. 

25 . 25 -

2.Z5 2.25 

8.8 8.8 

1. 45 1.6 

\ 

-

, 

" 

t) 2 ope t'!(uppermo st) 
5 clc Ised 

.' 



" 

_., 

. " 

Materlal 
Extruder' 
Ole 
Ole Gep 
Sereen PlIek 

, 

• fi 

-'83-12-
1 

EXTRUSION CONDITIONS 

U.C. DFOY 3312 tF-LOPE ,Not.: 
1 Inch dlerneter, 24:1 LlO serew 
2.5 tnch spider 
23 1:11 fs 
40.80-80-40 mesh 

, 
Extrusion Parer.leters Sef-, Cond Itlons Triel 1 Trllli 2 

\ 

Extruder Tèm~erlltures 

Zone t \- 325°F' (163°C) 

Zone 2 335°F (16SoC) 

Oie T8I'Ieeratures f 

'Zone 1 
1 

350°F Cl'7'oC) , 

l'one 2 360°F ( 182°C) 
1 

\ 

Mel t T8r.lperature 401°F (205°C) 

Screw Speed varied rpm 50 55 

Baek Pressure psi ~100 3200 

Output lb/hr 16.8 18.5 

-

Fllr.I Speed varled ft/mi n 25 25 
-

Blow Up ~lIt 1 ° 2.25 

LlIytlllt 8.8 in 

Thlckness mil 1 1. 45 1."6 

Frost 1 ine HelQht Severe bubb'e osc!ll tions. 

v 

Cool Ing Air Tenp •. 75 or , 

Ter.1p~f Wlthdrllwn Air Not measured - ~ 

Cocurrent Flow Rate 0 ft 3 /min 

Counterc urrent Flow 
Rate 162 ft3 /min 

Rows of Open ings on 2 open bot tommo 
Shroud varied' 5 clos. d 

Upper base plate 
of air ring removed 
ta enlarge air 
withdrawal orifice. 

Triel 3 ", Triel 4 

-

50 ;5 

1\-'00 3200 

1.6.8 18.5 
.. 

3D 30 

1.4 1.55 

, 

..... 

t) 2 op n(upperm ost) 
5 cl sed 

, 
\ 



l, 

/' 

( 

• 

• 

-83-13-

, EXTRUS ION CONO 1 TI ONS 

Materi81 
Extruder 

U.c. OFOY 3312· HP-LOPE Note: 
1 Inch dlameter, 24:1 LlO screw 

Df •• 
Ole G8p 
Sereen Pack 

-, 

2.5 Inch spider 
23 1:1115 
40-80-S0-40 mesh 

E)(trus 1 on' Paral':\ete~ Set Cond It Ions 

Extruder TemEerature5 

Zone 1 325°F ( 16:3°C) 

Zone 2 33SoF ( 16SoC) 

Ole TeMperatures 
\, 

Zone 1 350°F C 177°C) 

Zone 2 , . 360°F C 182°C) 

Melt Temper8ture 401°F C20SoC) 

, 

,Screw Speed varied rpm 

Beek Pressure psi 

Output . lb/hr 

Fllr.\ Speect . 25 ft/min 
• 

810w Up Ret 10 2.5 

Lavt lat 
, 

9.8 in 

Th Ickness mil 

, 

Frost 1 i ne He 1 ght Severe bubbl ~ 
-

Cooling Air Temp. '75 oF 

-
T8r.\p. of Withdrawn Air Not measured 

Coeurrent Flow Rate 0 ft3 /min 

Counterc urrent Flow 
ft 3/min Rate 162 

ROW5 of Openings on 
$hroud varied 

Trial 1 Trial 2 
. 

, 

" 

j 

50 55 

3100 3200 
, 

. 16.8 18.5 

.' 
, 

"-

1.25 1.4 

oscilla I .. ions. 

. 
~ 

/ # 

2 open( ~ppermos 
5 close ~ 

) 

Upper base plate 
of air ring removed 
and repos! tioned 
on top of cylinder. 

Triel :3 Triai 4 

, 

{1-

50 55 

3100 3200 

16.8 18.5 

, 

1. 25 1.4 

,~ 

( 

3 ope n(mlddle ) . 
4 cie Ised 

• 



) 

-83-14-

EXTRUSION CONDITIONS 
• 

Material u.c. OFOY 3312 HP-LOPE Note: 
-Extruder 

Ole 
1 Inch dlameter, 24:1 LlO screw 
2.5'lnch spider 

Ole ~p /' 
Sereen pe~k-

23 rnlls 
40-80-S0-40 mesh 

, 

E~trusion Paremeters S'et Conditions Triai 1 

Extruder Tem~eratures 
. 

Zone 1 32SoF (163°C) , 

Zone 2 33SoF (16SoC) 
4' 

Die T~eer8tures 

Zone 1 35.0oF ( T77oC) 

Zone 2 360°F ( 182°C) 

Malt T~pereture 401°F (20SoC) 

Screw Speed varied rpm 50 

Beek Pressure psi 3100 
. 

Output Ib/hr 16.8 

, 
Film Speed 25 ft/min . 
Blow Up Ratio 2.5 

Leyf lat 9.8 in ' 

Thiekness mil 1.25 
. 
Frost Il ne Height feet <3 . 

Cool i nQ Air TeMP •. 75 OF 
. 
Tef.lp. of Withdrawn Ai\ Not measured 

Cocurrent F IQW Rate" 0 ft 3/min 

Countercurrent Flow 
ft 31m Rete '1 varied n 162 

! 

Rows ot Open ings qn 2 open (bott ~mmost) 
Shroud \ 5. closed " 

Triai 2 

. 

• 
55 

3200 

18.5 

0 

1.4 

Bubble 

162 

~ 

'. 

Upper base plat~ 
of air ring removed 
and repositioned 
on top of cyllnder. 

, 

Jrlal· 3 Trial 4 

50 55 
-

3100 3200 

16.8 18.5 

\ . 

1. 25 1 4 

oscUla ions. 

200 200 . 
, 

, 

'. 

.' 



'. 

,/ 

-

l 

Materlal 
Extruder 
Ole 
Ole Gap 
Screen Pack 

, . 

, ' 

EXTRUSION CONDITIONS 

U.C. DFDY !312 HP-LOPE Note; 
1 Inêh dlameter, 24: 1 1,./0 screw . 
2.5 .Inch spider 
23 r.rll 5 .-
40-80-80-40 mesh " 

Extrusion Para~eters Set Cond 1 t Ions Triai 1 Triai :2 

Extruder T.m~eratures . 
Zone 1 325°F ( 163°C) 

Zone :2 335°F ( 168°C) 

'ole TeM(!eratures 
-

Zone ·1 "50°F (177oC) 

Zone 2 360°F ( 182°C) 

Malt· Temperature 401~ (205°" 

1'----

Serew Speed va'r led rom 50 5'S 

Beek Pressure ..psi' 3100 3200 

Output lb/hr i6.8 ,18 5 

~ 

F Ilr.I Speed 30 ft/min 

Blow Up Rat 1o 2.5 

Lavflat ", 9.8 in 
1 

Thlekness mil 1.25 1 4 
, 

~ 

Frost 1 i ne He i Qht Bubble oscll ilatlons r: revented 

t 

Cool ing Air TeMp. 75 ,OF . . 
Temp. of Withdta~n Air Not mflasured - . 
Cocurrent Flow Rate ,0 ft 3/min 

-, 
Countercurrent Flow 

ft 3/min Rate 162 

Rows ot Openings on 2 open( ~ppermos 
Shroud varied 5 ClOS!! Id 

0-1 

-----~-~ 

.' 
Upper base plate 
of air ring removed 
and ~eposltloned 
on top of cylinder. 

Triai 3 Triel 4 

, 

. 

, 

, 
-

SO 55 

3100 3?nn 

16.8 lR 1) 

. 

. T 25 1 IJ 

measurer lent 

, 

, 

) 2 api n (bottom 
5 Cl! Iserl 

most) 

. , 

" 

. \ 

, • (J 



". 
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Cocur,rent .:. 

• 
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APPENDIX ~!t. 

'Countercurrent Combi~!tlon Cool1ng 
l 

J 

., ~ 

fil! 

\ 
.. 

;. 

. . 

.. 

'J 
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-84-2-

EXTRUSION CONDITIONS . 
U.C. DFOY 3312, ,HP-LOPE Materlal 

Extruder 
Ole . 

1 Inch dla~ter, 24:1 L/O ~crew 

'Ole Gàp " 
$creen Pack 

2.5 In,eh spider " 
23 mils· 
40 ... aO-80-40·rnesh 

(' 
, 

Extrusion Parameters Set Condition! Triel 1 

E~truder Tem~eratures 
. 

Zone 1 325°F (163°C) , 

1 ~ 

Zone 2 33,oF' (168°C) 

Ole Temeeratures . 
Zone 1 350°F t177oC) 

Zone 2 ·360.oF ( 1 820 Cl -. 
Malt Temperature 401°F '(20SoC) 

" 
Screw Speed varled rpm 50 

il 

Bock Pressure psi 3100 

Output lbKr 16:8' , 

Film Speed 25 ft/min 

Blow UP Ratio 2.25 . , 

Laj'f lat 8.8 ln 

Thlckness mIl 1 1.45 ' 

'Frostllne HelQht lnches 13 

Cool 1 ng Air Temp. 75 O'F' 

Not measured 
. 

Temp. of Withdrawn Air 

ft 3/mln 
, 

Cocurrent Flow Rate 103 .. 
Counterc urrent F row 

ft3/ m 
J 

Rate . varied ln 162 

" ~ 

Rows of Qpenlngs on 5 open 
Shroud varled 5 ClOSE 

Plenum Position hlghest (cov ~rs two l 

l 

Triai 2 

. 

" 60 

33.00 

20.2 . 

.. 
1. 75 
WJ.tnln 
plenum 

162 

and 0 cl 
d and 0 

ppel'most 

Triai 3 

_ . 

50'-' 

3100 .. 
~ 

16g,8 . 

1.45 

13 

200 

'sed and 
pen 

rows 0 f 

.. , 

, 

Triai 4 
. 

-

. 
. 

,. 

. 

Q 

60 -

330 

20.2 
, 

-

-
1 

1. 15" 
Wl'tnln 
plenum 

4 

200 

openiQg.s 

, . , 

". 

. '. 

.. 

1 ' 

) " 

" 

, " . 
.' 
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-1 
Mater'Îel 
,E)(truder 
'Ole 

.. 

,Die Gap 
Sereen Pack 

. - -

-84-3-

EXTRUSION CONDITIONS 

. ~.6. DFOY 3312 HP-LOPE 
1 Inch ~Iarneter, 24:1 LlO serew 
2.5 Inch, spider 

. 23 mils 
40-ep-eO-40 mesh 

.:'" E)(trus Ion Pa rar.)eters Set Cond 1 t Ion! T,.-Ial 1 Triai 

§)(trude~ T~~eratures 

-
Zone 1 j 

, • 32SoF C1630C) . 
Zone 2 335°F 06SoC) . 1 • 

Die Temperêtures . 
-

,Zone 1 350°F ( 177°C) 

Zone 2 360°F C182oC) 
. 

Melt Temperature 401°F (20SoC) 
. 

varied 
.... 

Sc raw Speed - rpm' 50 50 

2 

. 
• • 

Brick Pressure ps1 3'100 3100 

Output lb/hr ... 16.8 16.8 

\ 25 ft/min Film SDeed 
-

BIQw Up ~tlo 2.25. 

L~Vflrit ,./ 8.8 in 

Thickness mil 1.45 1.45 
. 

f'rostllne Helght incheS' "13 . 12 

CoolinQ Air Temp. '75 OF 
1 

tempo o~ wrthdrawn Mf Not measured . 
. rt 3/n 

, 
varied Coeurrent Flow Rate in 103 123 
- " Countercurrent Flow 

ft:> /rr Rate. varied in 272 162 § 

Row$ of Openlngs on 5, open' and 0 cl 
Shroud var ied ' , 5 closl d and 0 

Plenum Pos itioA' highest (co .. lers two 1 pper,most 

1 

~. 
. J. . 

• . 
, . 

JI 
·r· ' 

" 

Triai , ' Tr·iel 4 .' . , 

"-

< 

. 
10 

. 50 60 , . 

3100 3300 

16.8 20.2 

, 

-

, , 

1.45 1. 75 

12 unstab le 

123 123' 
. 

272 272 

psed and 
:lp.en 

ro.ws of openings 

" 

" 



/ ) 

Materiel 
- "ElCtruder 

Ole 
Dfe Gap 
Sereen Pack 

-84-4-

~ EXTRUSION CONDITIONS 

U.C. DFDY 3312 HP-LOPE 
1 Inch dtameter. 24:1 LlO screw 
2.5 Inch spider 
23 mils 
40-80-80-40 mesh 

ElCtruslon Parameters Set Cond i t 1 On! 1 Trial 1 Triai 2 
. 

Extruder T~eeratures 

1 Zone 1 32SoF (163°C) 
1 

ZOAe 2 335°F ( 16SoC) 

Ole Temperatures tl 
Zone 1 350°F ( 171°C) 

Zone 2 360°F ( 182°C) 

Me 1 t T er.Iperat ure 401°F (205°C) 

Serew Speed varied rpm 50 50 

Beek Pressure psi 3100 3100 
~ 

Output lb/hr 16.8 16.8 

Film Speed 30 ft/min 
.- , 

Blow UP Ratio 2.25 
, , 

lavf 1 at 8.a in - . 
Thlckness mil 1.2 1.2. 

~ , 

Frost 1 1 ne He 1 aht inches 14 
' r 
14 

, 

, . 
~ Coollng Air Tet:lp. 75 " " 

i < 

J'emp. of Withdrewn,Alr Not measured ... 

Cocurrent Flow Rate 103 ft 3/min 

Counterc urrent Flow 
ft 3 /n Rate varied in 162 20jJ 

Rows of 'Openlngs on 5 open and 0 cl 
Shroud varied 5 clos d and 0 

Plenum Pos itlon highest (co .. ers two 1 ppel'most 

, 

/ 
,/ 

Triai .3 Triai 4 

e 

1 

~ 

J , 

50- 60 .. 
3100 3300 

16.8 20.2 

. 

~-

1.2 1.45 
Wll:.nlf 

14 plentJ m 

. , . 
,/ . 

272 272 

psed an~ 
D,pen , 

rows of openings 



" 

-
, . 

-84-5-

EXTRUSION CONDITIONS 

U.C. DFOY 3312 HP-LOPE Materlal 
Extruder 
Ole 

t Inch d'ameter, 24:1 l/D.screw 
2.5 Inch spider ' 

Die Gap 
Screen Pack 

23 mils 
40-80-80-40 mesh 

, 1 • 

Extr~lon Para~eters Set Conditions 
, 

Extruder T~~eratures 

Zone '1 325°F ( 163°C) 

Zone 2 33SoF ( 16SoC) 

Ole Temeeratures 
~ 

Zone 1 350°F ( 17'oC) 

Zone 2 360°F ( 182°C) 

Malt Temperature 40,oF (20SoC) 

Scréw Speed varied rpm . 
Baek Pressure psi 

Output lb/hr 

Film Speed 30 ft/min 

Blow Up Ratio 2.25 
, , 

layf lat' 8.'8 in 

Thlckness mll '. 
Frost Il ne He 1 aht inches 

Cool Îna Il 1 r Ternp. 75 OF , 

. . 
Temp. of Wlthdrawn Air Noto1llleasured 

~ 

ft 3/min 
j 

123 Coeurrent Flow Rate . 
Countercurrent Flow 

ft3 ln Rate- var ied 

Rows of Openlngs on 
Shro.ud var ied . 
Plenum Pos iti on 1 highest (co~ 

l 

. 
Trl6i 1 Triai 2 

ç 

., 

" 

50 60 

3100 3300 

1~8 20.2 
~ .... 

, 

. 
1.2 1.45 

, , wytn~~ 13 p enu 

\ 

. 
, , 

in 162 162 

" -5 open and Cl cl 
5 clQs d and 0 

ers two ppermost 

. , 

Triai 3 

v 

l' 

. 

50 

3100 

,16.8 

. 

1.2 

13 

272 

lsed and 
Jpen 

, 

rows of 

, . 

= 
Triai 4 

. 

-

. 

60 

3300 

20.2 

-
0 

1.45 
WT"'C"riT n 

m plenu 

v 

272 

openil)gs 

, 

) , 

0', "' • 

r' 

1 .. 
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" 

" 

, . 
-a~-.6~ : 1 ~ 

" . . , 

~ , ·bcTRUS'toN COOOITIdt,aS' 
... , . 

.MatèrJ al 
, Ex:tru.der 
o-Ie 
Oie Gap 
Sereen Pack 

, , 
.. ' .... ... 

U.C. DFDV 3312 !-P-LDPE ' 
: 1 . '!'lch ~flr,_ 24: 1 LlO 

li 2.5 ItiGh s~d.r 
~3 mlfs '1 '. 

, 40-80-$0-40 mesh 

1 

serew 

" 

" , , 

Extru$ ion ParOr:'leters 'Set Cond Itlon! Trial- 1 -Trolltl 2 

Extruder T!'3peretures " 

Zorie 1 
" , 

'Zone- 2 

Oie T~peratur~s 

Zone 1 

Zone 2 

Melt T~perature 

Serew Speéd varled rpm 50 5D 

Bec'k Pressure 3100 3100~ .. 

.; 

. " ,,~ 

Trtel 3 

\ 

,. 

60 
, 

'3300 , ~' . 310b 
, . 

.' 

~o~u~fp~u~t~ ____________ ~~1~b~/h~r~ __ ~-+~1~6~.'8=--+~1~6~.~~~~=2~0~.2~o_'_i~~1~6~.~8~.'~ . , 
Film 'Speed 

Leyfl"t 

Thlekness 

Frost 1 1 ne He 1 ght 

• 
Coo.Jing Air Ter.'lp., 

f 

"35 ft/min 
r 

2.25, 

8.8 ln 

mil 

inéh~s 

, 75 o~ 

Temp. of Withdrewn' ki r Not measured 

\ 

1 .0 1. 2 ' 1..0 . \ 

14 
j \' 

, 14 
, within 

olenum ',4 . \ . , 

'. " 

.', 

v· • 

,Coeurren1' Flow Rate· - 10.3 ft' Im!n - ... '''1 ; , 

Q 

Countere urrent Flow 
Ù 'Rate ' varied ft3/m~r.l 162 200 200' 27Z"~ 
----~~~~~----~--+_<~~~--~~~~~~~~~--_+~~--__ h_~~~. 
ROW$ "01' Open i ngs on ~ 5 open and 0 cl sed and " 
;5hroud ' ,va'rled 5 closi cl and 0 pen 
~--~----~~.~~-+~~~~--~~~~~~~~~~~~~,--~----~- ~ 

Plerwm Position· 

\ , 

) 

. 
\ 

highe!i:t (cov~rs twO .. l p.perrilost rows of openings) :', 

i ,,' 

( , 

" , 

') 

. " 
" 

.. 
" 

" -" 
•• ,< 

... , rI' 1 

'. 
. , 

. \ 

, '\ 

,. , 

" 

, " 

• 

" 

, ., 

1 

" 

• $ ;' 

, ;" 

,' . . 



. .. 

, .... ' 

,\ 
" 

,. 

'. 

.. 

" 

M.t.r 1 al 
•. ElCTr ucter 

Ole 
: DI. Gap 

Sçr .. n Pack 

1 

-B4 .. 7-

EXTRUS ION CONOITI ONS ' 

'U.C. DFDY '312 HP-LOPE 
1 1 nch dl ar:wter. ,.4: 1 l/D screw 
2~5 tnch spider ",' •• 
23 mils 
40-80-80-40 mtsh 

Edrus Ion Parar.leté~s Set Condit'Ion Tri al 1 Tr1e1 2 -. • 
ElCTruder T8r.le!ratures . " 

Zone 1 325°F ( 163°C) 
. ~ 

Zone 2 335°F ( 16SoC) 

Ole Temperatures 
. . , 

j . 
Zon.' 350°F f177oC) 

Zone 2 360°F ( 182°C) 

Melt Temperature 401°F ( 205°C) 
• , 

Scr.w SI).ed var ied rpm 50 . 60 

Baek Pressure psi 3100 3300 
,ç . 

OuTPu-t Ib/hr \16.8, 20.2 

Film Speed . 35 ft/min 

Blow UP Retlo 
" ,2 •. 25 

LayfJ at 8.S'in 

Thlckness '--:;>. 
mil 1.0 L2' 

\ wittlln 
Frost 1 1 ne He 1 ght inches' 13 pienun 

Cool 1 m.I A l'r Ter.)p.' 75 oF' , 

Temp. of W 1 t-hd rawn Ai, Not measured , 

COcurrent Flow. Rete 123 ft 3/min 
. 

Countercurrent" FIQw 
ft3 /~ " Ret. var Led in 162 162 

Rows'of Op.nlngs on 5 open and 0 cl 
Shroud varied . 5 clo~ d and a 

v 

Plenum Pos It 1 on . highest (CO\ ers ,two ppermost 

" ' 

1 . \ 

Triel f :5 Triai 4 

. 

. 

50 60 
. . 

3100 3300 

16.8 20.2 

, 
1.0 1 .2 

, 

13 uns table 

-, ' 

272 272 

psed and 
ppen 

row~ of openings ) 

, . 



.. 

. 
l 

Meterial 
Extruder 
Die -, 
Ole Gap 
Sereen Pack 

, 

-84-8-

EXTRUS 1 ON CONO 1 T 1 ONS 

U.C. DFOY 3312 HP-LOPE 
1 Inch dlar:leter'f 24: 1 LlO serew 
2.5 Inch .spider 
2.3 mils ' 
40-80-80-40 mesh 

txtruslon Parer.leters Set Con'd i t Ion! Triai 1 Trie" 
". 

E)(truder T8r.'lperat ures , , 
, 

Zone 
. 

32SC?F (163°C) 1 

Zoné 2 3350 F (16SoC) 

DI e Temeeretures , 
Zon.e -1 350QF (177°C) 

'\ 

Zone 2 360°F (1820 Cr 1 

Me 1 t Temperature 401 0 F (205°C) 
-

Serew Speed varied rpm 50 60 
" < 

Beek Pressure psi J100 3300 

Outpt./t Ib/hr 16.8 20.2 . 
Film Spee.d 25 ft/min 

~;:, 

Blow Up Ratio 2.5 ' ' . ." 

Leyf 1 et 9.8 in 
, 

Th 1 ckness mil , 1.45 1. 75 

Frostllne Helght inches - 13 15 

Coollng Air Temp. 75 .oF 

Temp. of Wlthdrawn AI, Not mea sured 

Coeurrent F 10111 Rete 103 ft 3 /min 
, , 

Countercurrent F row 
ft 3/m Rete varied ~n 162 . 162 

, 
Row$ of Openlngs on '- 5 open ancf 0 
Shroud varied 5 ClOSE d and 

2 

ft 
\) 

. 

-

cl 
0 

Plenum Position highes t (cov ~rs ho l ppermost 

! 
\' 

, ' 

v 

Tria"' l Triai 4 . 

~ 

., 

50 . 50 

3100 3100 

16.8 16.8 

~ , , 

:>.-
·1 .45 1.45 , 

13 13 

-

200 272 

sed and 
pen , 

rows of openings ) 
< 



-

... 

MetèrJa 1 
Extruder 
Ole 
Ole Gap 
Screen Pack 

-84-9-

EXTRUSION CONDITIONS 

U.C. DFDY 3312 tF-LOPE 
1 1 nc~ d lar"eter, 24: 1 LlO screw 
2.5 Inch spider 
23 mils 
40-80-80-40 mesh 

Extrusion Para~eters Set Cond 1 t lonl Triel 1 Triai 2 

Extruder Ter.\~eratures 

Zone 1 
.. 

325°F (163°C) 
1 

Zone 2 .3.350F (16eoC) 

Ole Temeeratl,lres 

Zone 1 .350oF (171°C) 

Zone 2 .360oF ( 182oC) 0 

Malt Ternperàture 401°F· (205°C) 
" 

Screw S'peed var ied 50 < 60 . 
Baek p,.e$$ure psi 3-100 3300 

~ 

Output lb/hr 16.8 20.2 

Film Spee,d 25 ft/min 

-Blow Up Ret 1o 2.5 

-Layf 1 et 9.8 ln . 
Thlcknes$ mil 1.45 1. 75 

Frost 1 i ne He 1 Qht' lnches 12 14 

Cooi 1 ng, A.I,. Tet:lp. 75 r-
I 

Temp. of ·Wlthdrawn AI r Not measured , 

Cocu,.rent Flow Rate 123 ft 3 /mln .. <I!f" 
Countereu,.,.ent.Flow 

ft 3 /rr Rate var.led n 162 162 

Rows of Open 1 ngs on '5 op'en and 0 cl 
Sl}roud var led 5 ClOSE d and a 

-
P len uni Pos i t Ion hlghest ( cov e~s ho l ppermos t 

, . 

,-~ 

Triai 3 Triai 4 

. 

50 60 

3100 3300 

16.8 20.2 

. 

, 1. 45 1. 75 

12 14 

. 

1 

272 272 
• 

sed and 
< 

pen 

rows of oRenlngs 



• 

j 

• 

\ • or' ~ 

. -84-10-

EXTRUS 1 ON CONO 1 T IONS 

Materlal 
Extruder 
Ole 
Ote Gap 
Sereen Paek 

u.c. OFOY 3312 HP-LOPE 
1 1 nch dl amater, 24: 1 LlO screw 
2.5 Inch spider 
23 mils 
40-80w80-~O rnesh 

Extrusion Para~eter5 Set Con dit 1 o"! Trie 1 1 . 
E~fruder T8r.\peratures 

Zone 1 325°F ( 163°C) 

Zone 2 335°,: ( 16SoC) 

Ole Temperatures 

Zone i 350°F (177°C) 

Zone 2 360°F, (182°C) 

Malt Température 401°F (205°C) 

Screw Sp.ed varied rpm 50 

Triai 

50 
-

2 

.. 

Baek Pressure 
,. psi 3100 3100 

Output . Ib/hr , 16.8 16.8 

Film Speed 30 ft/min 
~ 

, 

Blow Op Ratio 2.5 , 

Lavflat 9,.8 in , 

Ct mll 1.25 1.25 Thlckness / 

Frostll ne Helaht IncheS 14 14 

Coollng AI r T~i>. 75 0r 

Temp. of Wlthdrawn Air Not measured 
-

103 ft 3/flI1n Cocurrent Flow Rate 

Covntercurrent Flow varied ft 3 /n in 162 20.0 
Rate , 

1 

Rows. of Open 1 n9s ~ 
, open and 0 cl 

Shroud varied 5 clos d and a 
~ 

PI enum P6s j t J on 1l1ghest (COli ers two 1 ppermost 

Triai :3 Triai 4 • 

h 
-( 

.. 

50 60 

3100 3300 

16.8 20.0 

, .. 
1.25 .. 1. 5 ' 

~ 

' l'/~. unstabl e 
. 

, 

272 '27;2 

~sed and 
)pen -
rows of o.penln'Qs 
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, 

.l -

Mater-la 1 
E)(truder 
Ole 
Ole Gap 
Screen Pack 

" (' -84-"'-

EXTRUS ION CONO 1 T IONS -

U.C. OFOY 3312 HP-t.DPE 
1 1 no!rÎ dl 8r.Htter, 24: 1 LlO screw 
2.5 1 nch 5 p i der 
2.3 mils 
40-80-80p40 mesh 

. ' . • 
E)(trus 1 on Parameters ~et Cona 1 t Ion. Trie 1 1 Trtal 2 

, 
"\ 

Extruder Tettperatures 

Zone 1 
~ 
325°F ( 16.3°C) , 

- -, Zone 2 335°F ( t680C) 

Ole Tem~eretures . 
Zone 1 350°F ( 177°(;) -
Zone 2 360°F ( 182°C) 

Melt tem~erature 401°F ( 205°C) 
1 , 

Screw Speéd varied 50 60 

Back Pressure psi 3100 3300 

Output Ib/hr 16.8 20. Z 

Film Speed 3D ft /min 

Blow Up R8 t 10 2.5 
• 

Leyf 1 et 9.8 in . 
Thlckness - mil 1.25 1.,5 

Frostll ne Helght inche 5 13 
wi thir 
plenun 

Coollng Air Temp. 75 oF 

Temp. of Wlthdr8wn Air Not me asure( 

Cocurrent Flow Rate '23 ft'/min 

Counterc urrent Flow 
Rete varied ft3 Ir in 162 162 . 

Rows of Open 1 n9s on 5 open and o cl 

Shroud varied 5 clos d and 0 

Plenum Position highest (co ers twa ppermost 

-
Triel 3 Triai 4 

_. 1 ------, 

50 60 

3100 3300 

16.8 20.2 

~ 

1. 25 1.5 

13 unstabl e 

. 
272 272 

psed and 
~pen 

ralIIIs of apenln~s ) 1 



Materiel 
Extruder 
Ole 
[}Ie Gap 
Serten Peck 

1 

-84- 12-

EXTRUS 1 ON COND 1 T IONS 

U.C. OFDY ~312 HP-LOPE 
1 1 neh dlar.Mtter, 24: 1 LlO serew 
2.5 ~.,.,ch sp i der 
23 mils 
40-80-80-40 mesh 

, 

Extrus Ion, Perellleters Set Cond i t lonl Triai 1 Triai 2 

Extruder Tet.\eerat'ures 

Zone 1 

Zone 2 

Ole Temeeret'~res \ 

Zone 1 

Zone 2 

Me 1 t Temperôture 

Sc rew So.ed 

Baek Pressure 

Outp_ut 

fIIr.1 Speed 

Blow Up Ret 10 

layf 1 at 

Thl ekness 

Frostllne Helght 

Coollng AIr Temo. 

Temp. of Wlthdrawn Air 
.tJ . 

Cocurrent Flow Rate 

Count.rcurrent Flow 
Rete 

Rows of Open.1 ngs on 
Shroud 

Plenum PO! it ion 
-

, 

325°F (16~oC) 

335°F (16S0c) 

35* (177°-C) 
.' 

360°F (182°C) 
\ 

401°F (205°C) 

var led rpm 

psi . 

'lb/hr . 

25 ft/mi n 

3.0 

" .8 in 

mil 

inches 

75 oF 

Not measured 

103 ft 3/min 

var1ed ft 3/n 

varied 

hlghest (cm 

-' 

50 

3_100 ' 

16.8 

1.3 

12 

in 162 

5 open 
5 clos 

ers two 

(, 

--.Tf 

;'0 

3100 

16.8 

1.3 

12 

200 

and 0 cl 
d and 0 

ppermos t 

TrIai 3 Triai 4 

~ 

50 60 

~100 3300 

16.6 20.2 , 

1.3 1.6 

12 unstabl e 

272 272 

lsed and 
lpen 

rows of openlngs ) 
, , 



: 
,J, 

-

MaTeriel, 
ExTruder 
Ole, • 
Pi e Gap 
Sc reen PZlC k 

, 

-84- 1 3-

EXTRUS 1 ON CONO 1 T IONS 

U.C. OFOY 3312 H~-LOPE 
1 Inch dlameTer, 24: 1 LlO serew 
2.5 Inc~ spider 
23 mils 
40-80-80-40 mesh 

- i 

E~1' rus 1 on Parerneters 

ExTruder 'r er:leerat ures 

, Zone 1 

Zone 2 

Ote Temeeratures 

Zone .1 

Zone 2 

Me 1 t Tempereture 

Serew Soeed 

Beek Pressure 

OuTPut 

Ft lm Speed 

B 1 0111 Up Ra T 10 . 
Layf let 

Th j ckness 

Frostllne HeIQ"t 

CoOllng Ai r Temp. 

Temp. of W 1 thdrawn 

Coe urrent Flow Rat, 

Countercur~e'nt Flow 
Rate 

Rows of Open 1 ngs 
Shroud 

Plenum Position 

, , 

on 

Air 

S.t Cond i T Ions 

3250 F (163°C) 

335°F (1680~ 

~50oF (177°C) 

360o'F (1B20C) 

401°F (205°C) 

varied rpm 

psi 

Ib/hr 

25 ft/min 

3.0 

11.8 ln 

mil 

inches 

75 OF 

Not measured 

123 ft 3 /min 

varied ft 3 lm 

varied 

highes't (cov 

Triai 1 Triai 2 

l> 

, 

, 

50 60 

3100 3300 

16.8 20.2 

, 

1.3 1.6 

1 1 13 

, 

n 162· 162 

5 open end a cl 
5 close d and 0 

rs ho u ppermos t 

Triel 3 Triel 4 

.. 
50 60\ 

3100 3300 

16.8 20.2 

't (, 

. 

1 .3 1.6 

1 1 unstabl e 

. 

272 272 

sed and 
pen 

rows of openings 

". 



'" . • 

Materlal 
Extruder 
Ole 
Ole Gap \ 
Sereen Pack 

-B4-14-

EXTRUS 1 ON CONO 1 T IONS 

u.C. OFDY 3312 HP-LOPE 
,'Inch dl al':leter, 24: 1 LlO screw 
2.5 Inch spider 
23 mils 
40-80-80-40 mesh 

Extr~slon Perarneters Set Conditions Trial 1 TrJ81 

-E)(truder ,Tel'!\peretures ri 

Zone 1 325°F (163°C) 
-) 

. 
335°J;' 'f t6Soé) Zone 2 

01'e. 1emeer8ture,s 

Zone 1 0 350°F ( 177°C) 

Zone 2 360°F ( 1~20C) 

Melt Tem~er8ture 401°F ( 205°C) 

Screw Speed . varled rpm 50 50 

08ck Pressure psi 3100 3100 

Output lb/hr 16.8 16.8 

Film Speed 30 ft/min 
, 

. 
Blow Up_ R8tlo 3.0 

La..ï.f1at 11.8 in 

Thlckness mil ,.1 1.1 

Frostllne Helght Inches 13 13 

Coollng Air T8I'!\p. 75 oF 

Tem~. of Wlthdrawn Air Not \I1easure,d 

Cocurrent" Flow Rate ·10.3 Ift 3 /min 

Count'rc urrent Flow 
" 

Rate varied ft3 /n in 162 200 

Rows of Open' ngs on 5 open and 0 
Shroud varied 5 clos d and 

2 

cl 
0 

Plenum Pos itlon hlghest ( cm ers ho 1 ppermost 

. ) 

Tr'I al :3 Trial 4 
, 

". 

. , 

, , 

~ 

, 
50 60 

3100 3300 

16.'8 20.2 

1.1 1.3 

13 unstabl e 

" 

272 272 • 

psed and 
ppen 

raws of openings , ' 



•• 
~ 

.' . 

-B4-15-
. 

: EXTRUS ION CONO 1 T IONS 

Me'terla 1 U,C •. DFDY 3312 HP-LOPE 
• Extruder 1 1 nch d I_rneter, 24: 1 llD screw 

Ole 2.5 'Inch sQJder ' , 
Ole Gap 23 mils 
Sereen Pack"" 40-80-80-40 mesh 

Extrusion Paral':\eter's SeT Cond1 t Ions Trial 1 , Triai 2 Tr-lel ~ Triel 4 

Extruder' Tel':leerat ures . . 
20ne. , 

. 
.'32SoF (1630C> 

~ 

Zone 2 3:S50F (16SoC) 
'1 

.. . . 
Ole Terperatures ,; >_-------..~'\: ' . 

r" "" 1 1 

35QPF ('77°C) ~ 
.. , 

Zone 1 . 

36~OF \ 
~ 

Zone 2 ( 182°C) 

40tOf (2050~) '" 
, 

Melt T8I':lperatijre , 

varfe'd rpm 
. 

Serew SDeed 50 6D 50 60 > 

psl . 
-.. 

"-
Baek .Pressure 3100 3'0.0 3100 3300 

7 
16:r 

> " 

Output lb/hr 20.2 16.8 20.2 
, 

Film Speed 30 ft/min 
" 

Blow Up Ratio 3.0 . 
, 

Layf 1 et 11.8 in 

Th lekness mil 1.1 1.3 1.1 1. 3' 

Frostllne HelQht inches 12 14 12 unstabl e, 

Coc f 1 ng Air Tet:lp. 75 oF 

"" :-
'Temp. of Withdrawn AI r Not meàsured -

Cocut'rent Flow Rate 123 ft 3/min , 

Countercurrent Flow 
ft 3/m Rate varied ln 162 162 272 272 

Rows of Open 1 "gs on 5 open and,O cl ~sed and 
Shroud varied 5 ClOSE d and 0 ~pen 

PI enum Pos ition highest ( cov ~rs two l. ppermost rows of bpenlng~ ) 



,. 
1 

• 

, .. 

\ ' 

;.' 

~ 

. 

... 84-'16-

, EXTRUSION CbNOITiONS " 
• 

., U.C. OFOY 3312 t-F-LDPE ~terlel 
E)(truder 
Ole 

1 1 neh d f arneter • 24 : 1 LlO sc rew 
2.5 ~heh spider 

Ole Gap 
Sere.n Pack 

23 mUs 
40-80-80~40 mesh 

[)(trus Jon Perarnet.rs Set CondMton! 

E)(truder Ter.t~eretures 
c , 

Zone 1 323°F ( 16~oC) 

Zone 2 335°F ( 16SoC) 

0,1 e Temperatures , 

Zone 1 \ 3!50oF ( 177°C), 

-
Zone 2 360°F (,182°C) 

Ne 1 t iér.'II~ereture 
, 

401°F (205~C) . 
1 

Seraw Scead varied rpm 

Beek Pressure psi 

Oufout lb/hr 

Film $oeed , 25 ft/min 
. 
810w UD Ratio 2.'25 

Triel 1 
1 

50 

3100 . 
16.8 1.. 

~ 

TrI-ai 

55 

3200 

18.'5 

-

-

Lavflat 8.B in 

2 

,Thlckness film bubble could no 'be form 

Frostllne Helaht film bubble Icould no be form 

Coo Il nci Air Ter.'lp. 75 OF , 

Temp. of Wlthdrewn Air 

Cocurr4~n't F 10.", Ret. ;'103 ft 3 /min 

Counhrc urrent Flow 
Refe va,ried ft3 /1l ~n 126 126 

:;; 

Rows ot Open 1 ngs on 
Shroud var,ied o open, 5 closed 

PI enum Pos ltlon lawest ( cove "'5 ho le wermost 

" 

~ 

Triai 3 Tr'leJ • , , 
... 

\ 

50 50 

3100 310Q 

16.8 16.8 

.' 

" . , ." 
~d. 

I>d. 

, \ 

126 162 

5 open, 0 closed 

ows of ( penings) 



. '. 

; 

-84-1.7-
. , 

EXTRUS 1 01'1 CONO 1 T IONS 

\ Materiel U.C. DFOY l,,2', .,p-LDPE 

Il 

1... l' 

Extruder 
. Ole 

1 Inch dl ar:té1'er, 24: 1 1../0 scr.'w· .t.' Inth spider' 

.. 

Ole Gap 
Screen Pack 

23mlls' 
40:'80-80~40 mesh 

Edrus Ion Parameters . Set Cond i l' Jons . . 
E)(truder Tef:\E,retures 

; 
. 

, 
325°F (163°C) Zone 1 

'. ~ 

Zone 2 3"oF (t68oC) 

Die Temeeratures 
j 

Zone 1 , 350°f (177°C) 
. 

Zone 2 360°F (182oC) 

Me 1 t Temper-eture 401°F (205°C> 

Screw Speed varied rpm 

Back Pr,.ssure psi 

Output Ib/hr 
-

/ -
fi im Speed 25 ft/min 

; 
~ 

'Blow UD Rat 10 2.25 . 

Layf lat. 8.8 ih 
-

Th 1 ckness , F l'lm bubbl~ 

Frost Il ne He' ght F'llm bubble 

ÇOQI ing Air Temp. 
75 . '!F' . 

Temp. of Wi'thdrawn Air 

Cocurrent Flow 'Rate 103 ft 3/mln 

Countercurrent Flow 
ft'lm!n Rete , 126 

-
Rows of Open i fl.slS on 
Shroud var !,ed 

P len um Po. i l' i on Rows 2 and 

.' 

.! ' 

" , 

Triai -1 Tria 1 2 

. 
1 

.. 

-
50 ~5 

3100 3200, 
-

16.8 18.5 

, 

could no ' 'be form 
; • 

could no ' be forlT 

) 

, 

{ ~ 

(' 

5 open, Q closed 

·(above he die) 

.. ,1 

. Triel 3 ... Triai 4 

" 

" 

. 
; 

50 55 
où 

3100 }200 
1 

16.8 1'6.5 

, 

. . 
..... 

ed. 

~d. 
, 

a ope", 5 c losed 
\1-

~ovéred y.ple!lum 

.. 
" ; 

, , 



( 

.. 
\ 

.. -84-18-
EXTRUS ION .cONO~1 T 1 ONs 

<> 

U.C. DFDV 3312 tt='-LDPE Mat.rlal 
E~trud.r 

DI. 
1 1 nch d 1 eNter • 24: 1 LlO lcre'" 
2.5 Inch spIder. . 

DI. Gap , 
Scr •• n Pack 

23 milS 
40"80-80-40 mtsh 

E~!ru51 0'" Parameters Set Cond Itlons 
Extruder Tlmperatures -

, 

Zone 1 " 32~oF ( 163°C) 

Zone 2 J 335°F Ct6eoC) 

'Ole Tetl2erefures 

Zone 1 350°F ( 177Cc> • 
r 

Zone 2 360°F ( 1S20C) 

Melt Ter.tp.rature 401°F (205°C) 

Scr.", S., •• d 50 rpm 

Beek Pres5ure 3100 psi . , 
Outpù1"" v~ 16.8 Ib/hr 

.FIlm S.,eed 25 ft/min 

. 2.25 Blow Up Ret 10 . 

Lavf lat 8.a ln 

Thlckness 1.6 mil 
. 

Frost Il ne He 1 ght inches 

Coo Il ng AI r Tet.lp. 75 OF 

Temp. of Wlthdrawn AI,. 

Coeurrent FI 0'" Rate varied ft' lm 
, 

Countercurrent Flow 
Rate 

Film Temp. Abo'" \ 
Plenum (22 in abov die) OF 

Film Temp. Be low 
OF Plenum (12 in s'bave !:fie) 

Rows of Open i ngs on 5 open 
Sh('a~6 o closed 

~ 

Plenum Posl:flon 

\ 

~ 

, 

, 

~n 

Trie 1 

, 

. 

11 
, " 

103 

'-227" 

240 

" 

highest (c:!'ov ~rs two~ 1 
, (16 ~ 22 ln ,j 

') . 

. 1 
""/ " 

t Triai 2 

, 

t 

..... 

~ 

1 

'Z 1 

12 

123 

211 

240 

ppermost 
bove die 

Trl., 3 'Trre 1 4 

~ 
", . , 

J 
, 

" 

' . .. 
t . 

• . 

. . 
\ 

" 
, 

• \ . '. • 
• , . 

~ " 

, . , 
• . , \ 

1 

" 

, 

-; , , 

, 
. .. 

, Q 

, 

~ 

rows of op"enln9~ ) 
" 



• 

Meteriel f 
Extrud~r-r Ole ~ -
&)Ie Gap 
Sereen P~ek 

-84-19-
EXTRUSIONrtoNOIT10NS 

U.C. DFDY 3312 HP-LOPE ~ 
1 1 nch d.laNter, 24: .... LlO se rew 
2.5 Inch spIder 
23 mils .. 
40-80-80-40 me.sh ~ 

, 
Extrusion ParBmeters Set Condltlol'\s è Triel 1 lrlal 2 
Extruder Terneeratures 

, . . 
Zone 1 325°F ( 163°C) 

. 
Zone 2 335°F <16SoC) 

.. 

Ole Ter:leeratures 
-

, Zone 1 350°F U77oC) , , . 
Zone 2 360°F ( 182°C) 

, 
./ 

\Melt Ter.\perature .. 01 dt (205°C) 

~spee~ 
-

50 rom . ~ .J , 
~ 

Beek Pressur 3100 psi. 
'--./ 

Output 16.8 lb/hr 
-, 

Film Speed 25 'ft/min . . 
Blow UP Ratio 2.25 , 
Leyf 1 at 8.8 ln . ,... . 
Thtckness 1.6 mil 

0 , 
Frost~ Ine Helght inches 11 12 

< .' CoollnQ Al r T..,p. 75 oF' . . . . 
Temp. of WI thdrawn Air 

Cocur'rent Flow Rate var le.d ft 3/ri lin 
.. 

103 123 
, 

Counttfrcurrent Flow '. 
Rete 0 ft 3/min 

. ~ . Ft lm Temp. Above , 
0' Plenum 1.22 in above die) F'. 227 211 

Fi lm ~emp. Below . . 
Plenum (12 in above die) OF 240 240 

ROW5 Qf Openlngs on 
Shroud\ varled 5 oj!en o closej 
PI6nurn PositIon highest î{c9Y ~rs two 1 ppermost 

, , ( 16 22 in 1 bove die. .. . 

/ 

.. 

Trjal 3 Triai 4 
.~ 

8 - . 
\ 

'-, , 

. 

, 

11 12 
. 

'\ 

. 
103 123 . 

J -- --

232 215 
" 

240 2_40 

-
o o~eJ) 5 closed 

" 

rows' of openings ) 

-



. ' 

.' 

-84-20-
EXTRU!lON CONDITIONS 

Materlal " U.C. OF-DY 33J2 ..,,-LOPE • 
EJCtruder ' , 1 Inch, dl er:lefer, 24: 1 &.10 scr.ew 
Oie " . ~ " 2'.5 lrièh .plier' _. . 

, , 

, 0 1. G~p , 23 mil s 
, Sereen Paçk- ' 4O:-8o.-8o-~O lllesh 

, • " , 

Extrusion Pa~t.r$ Set Cot1d It ionl Triai 1 Triel 
,Ixtruder Teme!r.tures' 

• 5 
\ 

Zone 1 ' , ~250F (1630C) 
.. 

) Zone 2 33SoF '( 16eoC) 1 
- '-'", 

Ole TenE,ratures CI 
) . 
~ 

350°F OnoC) Zone 1" 

Zone 2 360°F <1B2oC) 
J 

Melt T~p.retur.' "OtOF (205°C) 
t 

, 

Sere.' Sp •• d 50 rDm 

·Beek Pressure/', 310Qp!1 

Output '16.8 Ib/hr 

FI lm Speed 25 ft/min 
, , 

, 

Blow Up Rat 10 2.25 . 
Layfl.t 8.8 in 

Thlckness 1.6 mil 

Frost Il ne He 1 ght inches 12 12 

Coolln~,,.llr T~p. 75 oF' 
fi 

J'emp. of Wi1'hdrewn Air oF' 93 

Cocurrent Flow Rate 103 ft'1min 

Countercurrent Flow 
ft 3 IR Rat. varled n 0 162 

o<r 

Film Temp'. AbOve 
~ 

. 
P.Jenum (22 ln above dIe) oF' 227 225 

, 

Film T~p. BeJow ' . 
'P 

Plenum ( 12 in above die) oF' • 240 .240 
.,-

Rows of Openlngs on 

2 

~ 

Shroud varied 5 ope", o closed 
Plenum Position "." hlghest (cov ~rs two l ppermost 

(16 1- 22 ln 1 bove die 

-

" 0 

' Tr181 3 

1 

, 

12 

Not me 
. 

0 

225 

240 
" 

2 open 
3 clos 

rOMls of 

, 

, , 

Triel • 
1 

c 

0 

-

, 

12 

Bsured. 

'62 

225 

240 

(near plo enum) 
le) d(near d 

ppenlngs) 

., 

-' 

il 



( , 

•• -

1 
1 

'" 

(' 

. ' 

,-

-84-21-
, 0 

EXTRUSION CONDITIONS 
. 1 '. l, • 

U.C.·DFOY 3312·HP-LDPE Met.rlal 
Edruder 
Oie 

i Inch dl~t.r, 24:1 LlO acrew 
2.'· lnch spIder 

.Dle'Gap 
Scr.en Pack 

~ -

23 1111 & 

40-80.80-40 _ah 
" 

Extrusion Paramet.r, Set Cond 11' lonl Trl.1 1 
Extruder T~2!r.tures , 

Zone 1 ... 325°F (163°C) 
..,.' • .' ri'" " 

Zone 2' 3350 F'{1680C) 

Ole T~2.rature5 
\ 

. 
Zone 1. 350°f ( 177°C) 

Zone 2 360°F. (182°C) 
1 

Melt T~perature 401°F (20'oC) 

Sere", Sp~.d 50 rom 

Beek Pressure 3100 os! 

Out~ut 16.8 lb/hr 

Fi lm Speed 25 ft/min 

Blow Up Ratio 2"'-25 

teyf lat 8 8 in 

Thlckne" 16 mil 

'Frost 1 Ine Helght lnches 12 

Cool Ina Air Ttlf:lp. 75 of 

Temp. of Withdrawn Ai r or N'.lot mil! 
, 

ft 3 /,"!n Cocurrent Flow Rat, "03 

Countercurrent Flow 
ft3 ln ~n a Rete varled 

Film Tem~. Above 
Plenum ( 2 in above IcHe) OF 226 

~ 

Film Teftlp. Below 
!die) OF PI,num ('2 in above 240 

~ 
2op~n(n. 

Triel 

l' 

R"'U1"",r! 

, 

162 

227 

240 
; 

ar die) 

2 

, 

Rows.of Openlngs on 
Shroud varled 3 closed~ nesr plen 

'" 

Plenum Position highest (cov ~rs two , ppermost , , (16 22 in é bove die 
, . 

T,.lel 3 Triai 4 

. 
, 

\ 

1l. 

, 

" " 

91 9n 

200 272 
. 

225 226 . 
240 240 

li 5 op n 
~m) a cl sed 

rows of ppenings) 

. 



- -~ --
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Materiel 
Extruder 

'Ole , 
'Die Gap 
Scr~n Pack 

-64-22-
EXTRUSION CONDITIONS 

U,.C. OFOY 3'312 ""-lDPE 
1 Inch dia~ter. 24:1 LlO scre. 
2.5 Inch spider 
23 mil, 
40-80-80-40 mesh 

Extrusion Parameters Set Cond 1 t lonl Triel, 1 Tr'al' 2 
Extruder Teme_rotures 1 

Zone 1 32SoF ( 163°C) 

Zone 2 1 335°F ( 16SoC) 

DI)~/T..,pere~es • 

Zone 1 350°F C177oC) 

Zonl 2 360°F ( 182°C) 

Melt Ter:lpenl'ture .. OlOF (205°C) 

Screw Speed 50 rpm 
. 

Beck Pressure "00 psi 

O\.ltput 16.8 Ib/hr 

Film Speed 25 ft/min 

810w U~ Retlo 2.25 

Leyflet 8.8 in 

Thlcknl" , 1.6 mil 

Frost 1 1 ne He 1 ght inches 12 12 . 
Coolln~ AI r Temp. 

0 75 OF 

Tllllp. of Withdrawn Air OF 99 

Cocurrent Flow Rate 103 ft 3/m1n 

Countercurrent Flow 
varled ft' /m Rate n 0 126 

Film Temp. Above 
die) of' Plenum (22 in above 232 236 

~Fllm Temp. Below . 
Plenum (12 in above Idle) OF 240 240 

Raws of Openlngs on o open . 
Shroud 5 closed 
Plenum Position ~ighest (CO\l 

• 
~rs ~wo 1 ppermost 

1rlal 3 

~ 

• 

12 

95 

162 

228 

240 

rows of 
.( 16 - 22 in. above dit) 

. ' 
, 

~ . 

1 

, 
Triai ·4 

. 
-

, 

. 

, 

ope\ngs) 

e 



-84-23-
EXTRUSION CONDITIONS 

U.c. OFOY 3312 HP-LOPE Materlal 
Extrude,. 1 Inch dlanet.r, 24:1 l/O t.' Inch spider 

scre. 
. Ole , 
Ole Gap 
Scre.n Pack 

23 mlll 
.0-80-80-40 'Melh 

Extrusion Perematerl Set Conditions 
-Extruder Teme_ratures 

# 

325C!)F ( 16~oC) Zone' 

Zone 2 335°F ( 16eoç) .,,-
Ole leneeratures 
,~ 

Zone " 350!>F ( .. 770 CI .. 
Zone 2 360°F ( 1820CI 

Me 1 t T er.\p8 rat ure 401°F (2050 CI 

Sc reli Speed 50 x,cm 

Back Pressure '3100 osi 

OutJ).ut 168 lb/hr 

FllmSpe.d 2i lt/min 

Blow Up Ret 10 2.25 

Layf lat 8.8 ln . 
Thickness 1.6 mil 

Frostllne Helght in~hes 

Cao 1 1 ng Air T et.'Ip • 75 of 

T.".p. of W j thdrawn A fr Not measured 

Cocurrent F 10. Rete 103 ft'/mln 

Countercurrent Flow 
ft 3/ IT Rate varled 

., 
Film Temp. Abo"e 
Plenum (22 ln above dieJ or 

Film Temp. e.low 
Plenur.\ (12 ln above die] or 

Rows of Open 1 ng5 on 
Shroud varled 
Plenum PositIon highest ( co 

(16 

. 
Triai 1 Triai 2 

• 

, 

12 12 

ln 200 268 

225 225 

240 240 

2open(nl ar plenw 
.) closed near die) 
ers two ",ppermost 
- 22 in above dle~ 

Triai 3 

. 

12 

.. 
200 

.J .... 
' 226 

. , 

240 

) 2open( 
) c lDSE 

rows of 

) 

Triai 4 

~ 

, 

--

il 

268 

225 
, 

240 

neardle) 
d(near ~ 
openlngs 

enum) 
) 
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Materiel 
Extruder 
Ole 
:Ole Gap 
Screen Peck 

-84-24-, 
EXTRUSION CONDITIONS 

u.c. OFDY 3312 HP-LOPE 
1 1 nch dl er"et.r, 24: l 'LlO sc rew 
2.5 Inch spider 
23 Il)lls' 
.0-80-80-40 mesh 

Extrusion Perameter, Set Cond 1 t 1 ons Triel 1 Triel 2 
Extruder Temeereture, 

. 
Zone 1 325°F ( 163°C) 

Zone 2 335°F ( 16SoC) 
-

Ole Ter.'lperetures . • v -

Zone 1 3S00F ( 177°C) 
, , -, 

Zone 2 360°F ( IB20C) 

Melt Ter.'lperature 401°F (20SoC> 
" _ .. 

Screw Speed 50 rpm 

Beek Pressure 3100 psi . 
Output 16.8 Ib/hr 

Film Sp •• d 25 ft/min 

Blow Up Ret 10 2.25 . . 
Leyf 1 et .8.8 in 

Thlckness 1..6 mil ... -
.1 

Frost Il ne He 19ht inches '" 12 12 . 
, .. " 

Coollng AI r Temp. 75 OF 

Tem~. of Wlthdrawn Air F 90 85 

Cocurrent Flow Rete varled ft 3/m ~n 103 103-
; 

Countereurrent Flow 
ft'/m Ret, varied n 200' 272 

, 
Film Temp. Above 

OF Plenum (22 in above pie) 220 204 . 
Film Temp. Below 

~le) OF Plenum (12 in abo~e 240 240 

Rows of Openlngs on 
Shroud varled a open 5 closed 
P len um Pos 1 t 1 on hlghest (cov rs ho l. ppermost 

(16 22 in a bove dIe 

. 
Triai 3 Triel 4 

-

, 

, 

, 

l1 11 

91 

123 123 

0 162 . , 

211 2'0 
, 

24,0 240 

5 open a c losed " 

rows of openings ) 



-
1 

1 \ 

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

-84-25-
EXTRUSION CONDITIONS 

u.c. DFDY 3312 HP-LOPE , Materlél 
Extruder 
Ole 

1 1 nch dl ar:l8ter, 24: t. LlO IC rew 
2.5 Inch Iplder 

Ole Gap 
Screen Pack 

23 mils 
40-80-80-40 mesh 

Extrusion Parameters Set Cond 1 t Ion. 
Extruder T.m~erature5 

Zone 1 '25°F ( 163°C) 

Zone 2 • 335°F ( 16eoC) 

Di. lene.ratures 

Zone 1 350°F ( 117°C) 

Zone 2 360°F <1820C) , 

Me, t Ter,lperat ure 40\oF (205°C) 

Screw Spe.d 50 rpm 
~, 

Back P".nur. ~3100 psi 

Out!).ut 16.8 Ib/hr 

Film Spe.cI 25 ft/min 

810w Up Rat fo 2.25 

Layf I.t 8.B in . 
Thlckne" 1.6 mU 

Frost 1 Jne He 1 ght inches 

Coollng ~Ir Temp. 75 ~F' 

Temp. of tliithdrawnJ.Alr Not measured 

COCUr,.ent Flow Rete " 123 ft 3/min 

Countercurrent Flow 
varied ft3 ln R.t. 

Film Temp. Above 
Plen'um (22 in above die) oF' 

Film ltlmp. Below 
~le) oF' Plenum (12 in above 

.' 

Rows of Openlngs on 
Shroud varied 

Plenum Position Hlghest (co 

Trloe! 1 Triai 2 

, 

, 

11 11 

" 
~n 0 162 

226 224 

0 

240 240 

2open(nt sr plenum 
3 closed (near die 

~t'rs two uppermos 

. 

.. 
( 16 - 22 ln sbave dit) 

... 0 ." 

Triai 3 

11 

-

(0 

. 
225 

240 

2oper( 
3 cl OSI 

rows al 

Triai 4 

" 

11 

162 

224 

240 

esr die) 
d( nearpl enu"" 

s ) opening 

• 



-84-26-
EXTRUSION CONDITIONS 

Maferlel 
Extruder 
Dl. 

. U.C., DFDY 3312 l'f'-LOPE . 
1 Inch dle~ter, 24:1 LlO screw 
2;5 Inch Iplder 

DI. Gap 23 mtll 
Scr •• n Pack 40-80-aO-40 mesh 

Ext rUI Ion Peremeferl Set Conditions Triai 1 Triai 2 
Extruder Temeerature, 

iii 
~ 

325°F (163°C) Zone 1 

Zone 2 335°F (16aoC) 

Ol~ Tenperatures 

Zone 1 350°f Onoe) 

Zone 2 360°F ( 182()C) 

Malt T~Derature ~OloF (205°C} 

Screw SDe.d 50 rpm 

Beek 'Pressure 3100 psi 

Output 16.8 lb/hr 

Film Spe.d 25 ft/min 
0 

Blow Up Ret 10 2.25 

Lavf lit 8.8 in 

Thlckne55 1.6 mil 

Frost lin. HelgM inches 1 1 11 
"-

èoo,lng AI r Temp. 75 OF 

Tet'!lp •. of W i thd rawn Air Not measur-ed. } 

"" Coc u r r)fll::b. Flow Rate 123 ft'/m!n 

Countl lo-current Flow 
ft3/ 1 Rete varied in 200 272 

Film Temp. Above ., 
Plenum (22 in above die) OF 225 224 

, 

Film Temp. Below 
PI.num (12 in above die) OF 240 240 

, 
Row. of Open 1 ngs on Z open( ni ar plenum 
Shroud var ied 3 closed r'lear die) 

Plenum Position hlghest (c vers two uppermos 
( 1 - 22 in above di 

Trlll 3 

-

. 

, 1 

, 

200 

225 

240 

2 op~n( 
3' close 

rows 0 
~) 

, 

.. 

Triai 4 

t 

. 

11 t 

272 

225 

240 

~ear die) 
~ near pIe 

opening 

'. 

, 

num) 

s) 



- , 

.. 

" 

'. , " 
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-84-27-

EXTRUSION CONDITIONS 

u.C. OFDY 3312 HP-LOPE Materiel 
Extruder 
01. 

1 1 nch dl aneter, 24: 1 LlO sere. 
2.5 Inch spider 

01. Gap 
Sereen Pack 

23 mil 1 

40-80-80-40 mesh 

Extrusion Para~.ters Set Conditions Triel 
Extruder Te~eeretur.s . 

Zone 1 325°F 'c 163°C) 

"""-
Zone 2 335°F (16SoC) 

01. Teneeratures 

Zone 1 3S00F ( 177oe) 

Zone 2 360°F ( 1B20C) 

-
Melt T~perature 401°F ( 20SoC) 

50 rpm , 
Screw Spe.d 

Beek Pressure 3100 psi 

Output 16.8 lb/hr 

FI lm Sp_eed 24 ft/min 

Blow Up Ret10 2.25 

Leyf lat 8.8 in 

Thlekness , 1".6 mIl 
. 

Frost Il ne He 1 ght lnches , 1 . 
• CoD Il flQ Air TerlU). 75 OF 

Temj). of Wlthdrawn AI r OF 86 

Coeurrent Flow Rete 123 ft'/min 
. 

Countereurrent Flow 
f't 3/~ Rate varléd ln 200 

Film Temp. Aboye 
PI.nu~ (22 ln above :die) OF 209 

Film Temp. Below • 
Plenum (12 in above die) OF 240 

Rows of Openlngs on 5 open 
Shroud . o closed 
Plenum Position ,ighest ( cc ;~rs two 

(H - 22 in 

1 Triai '2 

1 1 - .. 

82 

268 

210 

240 

uppermos 
above dl 

Triai .3 Triai 4 

. 
, 

'J ' ' 

0 

11 

82 

272 

208 

. 
24Q 

--J 
rows 0 opening s) 

) 



" 
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.. 

1 -84':28-

EXTRUSION CONDITIONS 

U.C.,OFDY 3312 HP-LOPE Materiel 
Extruder 
Ole 

1 Inch dl arwter, 24: 1 LlO screw 

Ole Gap 
Screen Pack 

2.~ Inch spider 
23 mlll 
40-80-80-40 mesh 

t 

Extrusion Perameter, Set Conditions 
Extruder T~eerDtures ."..-

Zone -1 325°F ( 1 63'oC) 

. Zone 2 335°F ( 16SoC) 

Ole Teneeratures 

Zone 1 350°F ( lnoC) 

Zone 2 360°F (182°C) 

Malt Ter.'lpereture 401°F (205°C) . 
Screw Speed 50 rpm 

Baek Pressure 3100 psi 
0 

Output 16.8 lb/hr 

Film Speed 25 ft/min 

Blow Up Ratio 2.25 
. 

Layf lat 8.8 in 

lhlckness 1.6 mil 

Frostllne Heiaht Inches 

Cool Ina AI r Temp. 75 OF 

Temp. of Wlthdrawn Air or 

Cocurrent Flow Rate 12J ft 3/mln 

COlJntercurrent Flow 
ft3/~ Rate varled 

Film T.ernp. Above 
PI enur.d 22 int:.abo'lle bie) OF 

Fil m lemp. Be low 
P 1 en ut:! ( 1 2 i n a b 0 'II e tHe) OF 

Rows of Openlngs on. o open 
Shroud 5 closed 

, 

P lenUIII Posi t Ion hlghest (co 
(16 

\ 
Triel 1 Trial 2 

11 11 

/""'" 
~, -

100 

. 
nO 126 

215 2'8 

240 240 

'ers two uppermost 
- 22 in above die) 

Triel 3 Triai 4 
-

" 

, , 

11 

93 

. -
2~5 

201 
" -

240 

rows of openlngs 



, , 

Meterlel 
Extruder 
Ole 
Ole Gap 
Sc,,"n Pack 

-84-29-
EXTRUS ION CONDITIONS 

U.C. DFDY 33Ù HP-LOPE 
1 Inch dlll:l8ter, 24:1 LlO screw' 
2.5 Inch Ipider 
23 mils 
40-80-80-40 mesh 

Extrusion Peremeters Set Ccmd rt Ions :Triai 1 Triai 2 
Extruder Temeeratures 

, , 

Zone 1 325°F ( 163°C) < 

Zone 2 335~F (16SoC) 

Ole Teneeratures 

Zone 1 350°F OnoC) 

l' 360°F (1B20C) 
, 

Zone 2 , 

Melt Ter.lperature 401°F (2050C~ J 

Serew 5peed 50 rpm 

eack Pressure "00 psi 

Output 16.8 Ib/hr 

Film Spe.d r 25 ft/min 

Blow UP Rat 10. 2.25 

leyflat 8.8 in 

Thl ckness 1.6 mil 
" 

Frost Il ne He 1 ghl inches 11 11 
-

Coollng AI r Temp. 75 OF 

Temp. of Wlthdrawn Air oF' 90 8'7 86 

Cocurrent Flow Ret~ 123 ft'/mln 

Count.rcu~rent Flow . 
Rate varied ft'In in 200 268 

ft lm Temp. Above 
Plenum (22 in above :He) OF 1-98 192 

Film Temp. 8.low 
PI.nul:! (12 in above He) oF' 240 240 

RQws of Openlngs on o open 
St1'roud 5 closed 
P~enum Position highest H~ vers t .. o uppermos . -22 iri bove die 

TrIai 3 Trtel 4 

, 
.' 

< . 

. . 

1 1 

272 

190 

?itn 

rOllls 0 openlngs 
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Egulement DrawinQ~ 
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f igùre Cl': Solid Cy~ind,rical ShroYd .. 

·1. 

• 

'. 

" 

. , 

. ..:. 10. 4in •. OiaRÎe~ef . 

.. 

51de View· 
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Figure C2: Modified Cylindrdcél Shroud . 
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APPENDIX 01 

• 
f Air F' low Ra te Determina t ion , 
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" 1 

i -

• • 

t 

Number of 
Readings 
from 
Duet Wall 

1 

2 

3 

4 

6 

7 

e 

9 

10 

Pi tot Tube 
Post tion 
From 
Duct Wall 
(inches) 

0.10 

0.42 

0'.84 

1. 19 

1. 99 

3.51 

4.31 

4.76 

5. 08 

5.40 

Total Flow Rate 
(Q = TI x Duct Area) 

-01-2-

,Cocurrent Cooling 

Cases 1 and 3 

61 ( mm ) U (ft / s ) 

4.75 8.67 

5.5 9.:n 

6.25 9.95' 

6.5 la. 14 

7.0 10.53 

7.0 10.53 

6.5 10.14 

6.0 9.74 

5.5 9.33 
• 

4.25 8.2 

103 c fm 

cases e and 9 

hol (mm) U (ft/s) 

7.0 10.53 

7.75 11 .08 

8.5 11. 6~ 

8.75 11. 77 

9.0 11.94 

9.5 12.27 

9.25 12. 10 

8.75 11. 77 

8.0 11. 26 

7.0 10.53 

123 cfm 

, Note: 61 is the distance that manometer fluid has risen 
in a 51 anted arm manometer. Ta obt:.ain veloei ty the 
equation U:: {2(âlsfncll)em gl eair)lis used. 
(See Section 5.5.) '" 
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J. 

/ 

• 
~ 

Number of Pitot'Tube 
Readings Position 

From 

.-
Countercurrent Co01in9 Cases 3 and 10 

Traverse 1 Traverse 2 Traverse 3 Tra~erse 4 

Duet Wall 
(inches) 

Al(mm) U(ft/s) Al(mm) U{ft/s) Al{mm) U(ft/s) Al(mm} U(ft/s) 

.. 

0.10 2.0 5.63 5.0 8.90 6.0 9.75 7.0 10.53 

2 \).38 7.0 10.53 6.0 9.75 7.0 10.53 9.0 11.94 

3 0.77 19 17.35 16 15.92 1~ 14.3S- 16 -lS .92 
9 

\ 

4 1.09 22 18.67 19 1.7.35 18 16.89 20 17 .80 

5 1.81 22 18.67 27 20.68 28 21. 06 22 18.67 

6 3.20 21 18.24 28 21.06 23 19.09 20 17.80 

7 3.92 21 18.24 20 17.35 21 18.24 21 18.24 

" 
8 4.24 " 15 15.41 la 16.89 19 17.)5 16 15.92 

9 4.62 7.0 10~5j 18 16.8'9 18 16.89 16 1S.92 

10 4.91 5_.0 8.90 5.0 8.90 B.O 11.26 10 12.59 

Average Total Flow Rate = 126 cfm 

Note: The identical Pitot tube positions From the duct wall were used, in a11 
countercurrent cooling flpw rate determinations that appear in the 
follo~ing three tables. 

,1 

1 
C 

1 
\.N 
1 
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./ 

. \ ' Couritercurrent Cooling Cases 4 and 11 

Traverse 1 Traverse 2 T:faverse 3 Traverse 4 
\ 

Al(mm) U(ft/s) AlCmmf U(ftls) III (mm) U,(ft/s) Al ('!lm) U ( ft! 5 ) 

7 10.53 12 13.78 21 18.24 24 19.50 

11 13.20 14 14.89 20 11.80 26 20.29 

1'5 15.40 19 17.35 27 20.68 30 21.80 

19 17.35 24 19.50 29 21 .43 34 23.21 

29 21.43 24 19.48 34 23 :21 41 25.48 

L 64 31 .84 58 30.31 38 24.53 48 27.57 

" 
77 34.92 62 31.34 44 26.40, 30 21.80 . 

" \ 

4' 26.99 35 23.55 26 20. ~9 14 14.89 

26 20.29 ' 20 17.80 '20 17.80 12 13.79 

21 18.24 15 15.41 15 .' 15.41 . 1 3.98 

Averdge Velocity .. 19.79 ft/s 

Average Total Flow Rate = 162 cfm' .. 
, ~ 

", 

-.~ 

.. 

• 
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Countercurrent Coellng Cases 5 and '12 

Traverse 1 Traverse 2 Traverse J Travt!r se 4 

Al(mm) U(ftls) Al<.Wm) U(ft/s) Al(mm) U{ft/s) Al(mm),U(ft/s) 

2 

10 

13 

20 

43 

81 

100 

110 

54' 

14 

5.36 16 15.92 23 19.09 35 

12.59 19 17.35 30 21.80 40 

14.35 '16 .15.92 32 22.51 41 

17.80 < 24 19.50 33 22.86 43 

26.10 24.86 28 21 .06 46 

35.82 57 30.05 50 28.14' 47 

39.80 78 35.15 53 28.97 ~3 

41.74 90 37.76 53 28.97 20 

29.25 37.55 55 29.52 15 

14.89 73 34. 00 44 26.40 5 

Avera~ Velee lty = 24.38 ft/s 

Average Total Flow Rate = 200 cfm 

23.55 

25.17 

25.48 

26.10 

26.99 

27.86 

'" 22.86 

17.80 

1) .41 

8.90 

- T 

1 ; 
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Countercurrent Cool1ng Cases 6 and 1 , 

Traverse 1 Traverse 2 Traverse 3 Traverse 4 

AL(mm) U(ftls} Al,(mm.) U(ftls) Al(mm) U(ft/s) Al(mm) U(ft/s) 

10 12.59 1~ 15.41 69 33.06 100 39.80 

15 15.40 22 18.67 73 )4,01 102 40.20 

16 '5.92 36 23.88 66 0 32.33 94 38.59 

24 19.50 47 27.29 59 30.57 91 38.00 

65 32.09 66 32.33 44 26.40 84 36.48 
<' 

\... 142 47.42 104 40.59 85 36.69 55 29.52 

< 

189 54.72 151 48.91 98 ~9. 40 50 28.14 

210 57.68 179 53.25 100 39.80 27 20.68 

69 33.06 160 50.34 118 43.23 18 16.89 

13 14.35 133 45.90 94 38. ~9 9 11 .94 

1 
Average Veloclty = 32.84 ft/s 

Average Total Flow Rate = 268 c fm 

" 
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Countercurrent Cooling Cases 7 and· 14 

Traverse 1 Traverse 2 Traverse 3 Trà verse 4 

Al(mm) U(ft/s) Al(mm) U{ftls) ~(mm) U(ft/s) Lù(mm) U(ft/s) 

11 13.20 ,17 16.41 71 33.54 108 41.36 

15 1.5.41 '24 19.50 71 34.92 111 41. 93 

" . 15 15.41 40 25.17 69 33.06 98, 39.40 

25 19.90 51 26.42 62 31. 34 94 38.59 

68 32.82 72 33.77 47 27.29 86 36~91 

\... 152 49.07 110 41 .74 92 38.17 55 29.5,,2 

200 ' 56.29 159 50. 19 103 40.39 25 19.90 \ " 

220 59.03 186 54.28 105 40.78 20 17.80 

82 36.04 174 52.50 123 44.14 17 16.41 

10 12.59 136 46.41 97 39.20 6 9.75 

Average Velocity = 33.3 ,ftls 

Average Total Flow Rate = 272 cfm 

" 

, 
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1urface T~mperature Measurements 
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Cocurrent Coollng 

Case 1 Cooling Candi tions Case 8 Cooling Candi tiens 

Height 
Above Die Surface Tempera ture Sur face Temperature 
(inches) TemperQture Gradiant Temperature Gradiant 

(oF) (dT /dz) ;'(OF) (dT s/dz) 

3.4 38'4.0 1.20 380.0 1.:'2 

4.0 375.0 1.60 370.0 1.87 .. 
5.4 343.7' 2.48 322.0 4.36 

6.0 326.1 2.44 298.5 3.30 

7.0 309.5 2.40 275.2 1.88 

8.0 286.4 1.86 257 JO 1.09 

9.0 270.5 1.23 241.0 0'.68 
" 1" . la 255.7 1.04 240.6 0.36 

11 240.9 0.49 240.0 0.00 

12 240.1 0.20 240.0 0.00 
-

13 240.4 0.00 238.3 0.16 

14 240.2 0.00 236.2 0.23 

15 239.2 
" 

0.00 231.6 0.40 

16 239. 'Ü 0.15 '228.6 0.49 

17 236.0 0.28 224.0 0.53 
. 18 231.0 0.45 218.6 0.62 ,. 

19 224.6 0.55 212.0 0.62 

,20 219.0 0.55 205.0 0.58 

21 216.0' 0.44 200.0 , 0 .49. 

22 211.8 0.27 196.8 '0.38 

23 207.5 0.24 19).5 0.33 

24 20/1.5 0.22 188.0. 0.26 

25 203.0 0.21 185.9 0.20 

26 184.7' 0.09 

'27 183.7 O. 09 
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Counte,rcurrent Coaling 

Sur face Temperatures ( oF) Under 01 fferent Cooling Candi tians 
'\""'2;_ 

t ' .., 
Height 
Above Ole Case 2 Case 3 Case 4 Case 5 Case ~ Case 7 
(inches) 7 

"'l 

5.38 340.7 344.0 340.7 342.5 342.5 343.2 

7.31 301 • ~ 304 0.5 302.3 302.7 304.5 305.0 

< 

9.75 . 267.2 268.3 267.2 269.4 268.3 268.9 

13.9 240.4 241.0 269.4 241. 0' 239.5 239.9 

A- t. 22.0 231.5 . 236.4 241.0 220.4 208.6 207.4' 

i 
! . . 213'l • 

23.0 22B.0 234.0 225.3 199.2 1099.2 . 
" 

' , 

26.0 219.0 227.2 211.6 193.8 177.3 1?6.1 

, '. 
27.0 215.4 224.3 206.7 186.5 171.2 168.8 

, ., 

.. 
.. 

.-' " 

-
q • 

• 

" 

-' . 
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'/ 
Countercurrent Cool1ng 

Surface Tempera'tures (oF) Under Di fferent Cooling Conditions 

Heigt)t 
Above Die Case 9 Case 10 Case " Case 12 Case 13 Case 14 
(inGhes f 



APPENDIX 03 

Film Bubble Shape , 
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Caoling 
C-andi t i Of! 

Cas'e 

Case 2 

Case 4 

Case.5 

Case 6 

Case 7' 

-03- 2-
, . 

-

t '. 

Measurements of Film :Subble Shape 
\ 

Heig"t, 
Above· Oie 
<lthch'es) 

0.00' 
4. as 
7.13 
12.13 
14.38 ' 

O'. oà' 0 

4.88 
7.13 
12: 13 
14.38 

0.00 
5.0 
7.13 

". ~1'1 .88 
1"4.38 

0'.00 
5.0 
7.13 
11.88 
14,'38 

lO .00 
4 .. 88 
7.13 
12.13 
14.38 

O~OO 
4.88 
7.13 
12,13 
14,38 

1 

" 

4 

Bubble 
Radius 

o Cinches). 

. ~, 1 •• is 
LaS 
2.19 , 

: 2.73 . 
~ ',85 

~ 1.2~ 
1.85 

,2 .1~ 
2.72 
2,90 q 

",25 
' 1"83 
2 .• 16 
2.68 
2;86 

1 .2'5 
1.80 
2,\14 
2.7.2 

... 2.96 

1.25 
1. 79 
2.10 
2.60 
2.74 

1.25 . 
1.79 
2.09 
2,60 
2.74 

l 

. 

Angle (9) that 
Tangent ta Bubbl'e 
Sur face makes with 
BubbIe' Centerline 

') 

" 

~ 

! ... ,.; J 

5.0 
9.0 
-9.0 
3.5 
0.0 

5.5 
9.0 

, 9.0 
3.5 
2.0 

4.5 
8.0 
9(.0 
2.0 
0.0 

4.5 
8.0 
9.0 
4.0/ 
0,.0' 

5.0 
7 :'5 

. ~-t., 5 
',~. 0 

/-0 •. 0 

4.5 
7.5 
8.5 
4.0 
0.0 

/ 
,'If 

\.,~ 

-, . , 
' \ r 
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Cool'ing' 
C,ondi tian 
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Measurements of F" ilm Bubble Shape 

Height 
Above Die 
(lnches) 

. \ Bubble 
Radius 
( inches) 

Angle (9) that 
Tangent "to Bubble 
Surface makes wi th 
Bubble Centerline 
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Air Temperature Measurements 
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, ' 

Case 1 Cooling Condl tian 

" 

.Hel'ght· 
Above ,Oie 

Radial 'Distance frôm ·Bubble SUfface (inches) 

2.3B inches 0.3 . 0.5 1.0 2.0 3.0 4.0 

: . ~ . Air Tempe:ature (~C) . 3~. ~ 
f1> 
"~ 

30 .4' 27,'5 ~3 27.0 26.8 

" ,'. 5,2S-inches 0.2 0.6 O.B " 1.8 2.8 3.B 
1 

. Air Temperature (oC ~ 36.4 33.6 " 31'.2 28.2- 27\6 27.5 , 
'( 0' 

f 7.-5 inches, 0.6' 1.2 2.2 3.2 
ta., _ 

, Arr Temperatûre (OC) 34.6 3'0.7 29.8 28.3 
, '" , , ,'~ 

"" 9'.88 inches: 0.,5 1.2 2 .. 2" 3~2 4'.2 ..,' 
" , 

A~r.~Tempera~ure(oC) 35.2' , 31.2 
,., ., 30.1, 29· •. 2 28.8 

., 
'\ , 

, li. 1 " 12. BB ,inches 0.5 L,' 2. "1 3.1 
';, 

~, ~ 

Air Temperatur,e (oC) 34 ~'4 31.6 30,k, 
. 

29 .. 5 
" . 29.3 ~ ,.. 

1 

\.. ,,' , 

.' . 22.,3.8 inches 0.5 1. O. \ 2.0" 3.0 4.0: 
... ,,\ , ," 

" , '. 
Temperature (OC) 

1 \ 

)0.3 Afr 34.4 32.0 31.3 29,.7 
'" 

" ,- 2} • 13" i.nch,e~ 0.2 1. O. 2.0 3.0 4 .. 0 - -

Air Temperature (0t;) 39.6 3',1.2 30.'3 29.9 29.3 ~ 
" - , 

" 
, 

~ , " " ' 

p 

. 

" 
0 

1 1 fi -. 
. , 

, ' 
~ .... , 

", 
" .. 

. ,-, '~ .. 
, ' 

.' , , , 
"' : -

,," \ .. ~ , 
" '" i 

, .)\ ' .. ' .. '" ~ 
, , f:~ • ... "t, . ' 

\ ' . \ Hf y' 

j,.. 

' : 

. 

' . 

,'-
• 

1. 

.. ; 
,-, 

; -

./ t 
" 

" 

'J." 
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IÎ:' 
1 '. 

" , " Case 2- Cooling Condi tian ,. 
~ l' 

f , ' 

Helght 
Above Die 

Radial Distance from Bubble Surface (lnéhes) 

4,5 inches 0.4 2.5, , 
" . 
Air Temperature(OC) 51.2 

", 
36.2 36.3 

7 • 0 inches 0 • .5 ' 1 • 1 2",1 

'\ 
Aif Te~pe~ature~oê) 44.8 38.0 

12.4 inches '0.5 1.5' 2.5 

Air Tempe~ature(.!>C) '~3. 7 
\ 

38.4· 34.1 

\
,.' \ ' 

\<1 ! l' 

22.9 'i,:"ches. ,', ,,~ •• 5 . . \. \ \ 

,Ai~' ifeinp,ei~tur~.oS' 4'7.8 
, '. 

1 .. 0 2.,0 

. 
41.0 38.9 -. 

27,. 0 ii~ches 0.5' 

,'AJr' ';e~p~*at'~r:e(Oc">, 47.4 
'~i '1 ~ 

" ' 

1.5 2.5 • 
. 

43.8 4\.8' 

.' 

/ 
1 

", 1 . 
, l,· '. 

. 

". / 
/ 

'.! 
(' 

./' 

1 

) .' 

" ,·r 
.' 

' . .. 
, . { 

" 

: f 

" ! 

5.5 

' 32.0 

6.0/, 

-32.4 

. ' 

". 
" , 
il',' 

" 

. .. 

. 

, 

" -

. ;" 

, ", 
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• 
li Case 3 Cooling Condit1on 

r Q' 

,...' ' 

. Heignt 
Above D,ie 

Radial oiStance from Bubble Surface (int:hès) 
'" 

• 

<J 

4. 5 i ne he s é. 4 _.L·.'. 2.5 3,. :5 ..7 .0 

Air Temperature(~'C) '49.8 36.0 36. 1 36.2' 32.7 

7.0,inches ) 0.5 1'.2 . 2.:? .. 
".< 

,3 .• 2 6.7 
" 

Air Temperature(l/IC) 47.5 38.0 36. ~ 34.6 , 33.6 

12.4 inehes 0.6 1.6 
'. 

'2,.6 6.1 

Air Temperâture(~C) 41.3 ,36.0 32.2· 
. 

30.8 
. " 

22.0 inches; 0.1 1.1 2.1 5.6 
" • 

, /' 

. ~ ~lr Temperat~~G1 .55.0 

'. '" ~;~O ini~es ~. 0.5 

29,.2 ' 28.8 

1'.5 
' . 
.'. 

Temperature(OC) 3'7>] 29~2 Air .. 
l r 

': 

..r_ 

f 
\ ;,..;~ 

"'-., 

, J . 
• 1 

• > 

" , 

, .. t/,\', 
.. , t~ 

... <' 

2.5 , .' 6.0 ' .. . 

29.1 
'.' ' 

, 
"-

1 • 

\'" ". 

. ;~ 

l " ' 

\ 

. , , 

" ' .. 
- t} 

" 

i : 

. 

. , . 
'(l'. 

" 
, " 

" 

j 

l "'" ". . ' 

, " 

.. '- .. ~'-

. 
• 1 • 

" , ~ 

,,' 

, .' 

. -. ,,' 

, '~" 

, .' ' 

. " 

, " .' 

.. ", 
, , 

" 

." 

'a" .. " 

, " ~ , 

. . 
"\ . . , 

~I, ~ 

~. '. ' 

" , 
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Case 5 Cooling Condition , 

-
Radial Distance from Bubble Surface (in~hes) 

" 

,Air Temperatu~e(OC) 46.5 
,\ 

7 :0, lnches 
, 

0.5 

"Àir" TemperB't~rè(OC) 42.8 

-
1:Z :4: ihches 0.2 , ' , 

, 
~i-t: Telllper~ature (OC) 49~4 

." 

2~;~O inche~ \ 0.2, 
0 . 

"Air Temperatur~ (OC) 38,. 9 , 

',27.0 .inches .. 0.4 

- " 

, . 

, , 

, , 

\.. 

l 

fi 

0.7 

1.2 

37 .. 4 

0:.5 

41'.8 

1.1 

29.3 

1.4 

29. .3 

, 

l 

1.5 

.. 35.4 

2.2 

35.6Q 

1.'5 

35.6 

2.1 

30.3 

2.4 

29.j'· 

, . 

.. 

.. 

, 

; 

, 
2.5 

35.5' 

3.2 

32.2 

2.5 

33.1 

5.6 

30.3 
-
5.9 

28.8 -

" 

. ' '. ., 

~.5 

32.2 

6.0 

1 

J 

7.0 

.. 

'.' 

, j ! ' 

" ,,,:: 1 

~ r ~ , . . 
, " 

.' .-

. " 
'l _....;;( l "~ 
;" .. ,' ~ 

~:..: .' 
_>:. 

" .,'" V 1 ~ _'.: 

.~ ~ \ f\~ 
, , . 

' .. 

" 

. ~ , 

" , 

, " . " 
,-

.. , , 

. , 

, " 
" , , 

p" ~, 

1 ::.; "1 

,C;) 
.,,0 .. 
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, 

, casejcooun9 Condition .. 
.. .. " .' 

l' -~. 

He1ght 
Aboye Die. 

Radial Distance fro~' Bubble Surfa~e (inches) 

4.5 inches o . 5"' 1 .,1 11 ~.6 

JUr Tefl)perature(Oc) 4'2.1 36.0 " 35.3 35.7 

( 
7.0 inches '0.5 1.2 2: • .2 " 3.2 

-Air. TemperaturèCOC) 42.2 36.0. 34.0 30.3 .. -' . 

. ,'2.4, inches 0.5: 
~ 

Air ·Temperatûre(PC) 41.1 

22.0 inches O. 1 ' 

" Air Temperatur.eCOC) 47.5 .. 
27 ~ 0 i nche's o.~ 

'. 
'. 

" J 

,~.' 

. . 

, '. 

-.0 ... ,. . 

\ 

. . 
• :: 1. .... 

" . 

1 

1.0 1.5 

J6.5 '33.-' 30.8 

·0.6 1.1 2. t 

'26.7 26.9 

1.4 2.4 5.9 

26.6 26.6 

1 

o ) 

) 

! ' 
, "'" 

3.6 , 

35.8 
.. , , 
6.7 

32.2 & 

6.0,. 

27.9 

5.6 ' 

27.7 
. . 

7. 1 

3-3.6 

.. 

. , 
" 
'~ 

. . 

- . 
. . .. 

.' " , 

-. 

• • • 

, .. \ 
• o~ 

, 

. ' 

" . 

lot •• 

\ 

. . 
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Ca'se 7 Coçl1ng Condition .. 
.... 

'" 
~ , , ,j 

Distance From Bu5bl~ Surface (lnches) 

l , 
0' 

f li ~, 
4.5 inches ' 

AIr Temperature( oC) 

1.0 inchës' 
C • 

42.1 

0.5 

. , 
t , 
, 1.0 ' 

36.2 

0~7 

'Air Temperat~re'( oC) 42:5 39.9' 
> , 

(1 ~ 2.4 inches 0.5 1.0 

Afr', T'emperatut~(oC) 40.8 \34.6 
\ 

o \ 

?~.O'inches .0~5 0.8 

Adr 
~ \ . 

Temp~rature (0 C) 30\'3 : 25'.9 
D., \ 

"" .. , \' 

< " 

/ , \ 

'- , ' 

1 • 

?, ' 

.' 

'*J .' .... 

'f ~ 

• 

\' 

'. -' \ :. 
.. \' 

. , 

\' , 

" 

.. 

"or ,'J , ..-
'. ' 

~ . 
, , 

1.5 . 2.5 ',.5 ",7.0 

34.3 34.1' 34.1,: 28.4 

. 
6.7 

'1. S 

'33.6 ,\.8 
2.0 5.5 

29.8 

.. 
, '(' 

'31.2 29,.3 30.3 

u' 
1-.3', 2.3 5 '-8 

"'27.9 

'" 

,', 

~ -. 

) 

,', 

" 

• j 

, 

" . 

1 

.. ) ::,' 
, , ... 

" 

,. 

l' ''' .. 
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Case 8 Cooling Condition 

o.~ " 
,.Height . Radial Distance from Bubble Surface .onches) 
Above Die-
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r \ " 
~ase 9 

> 
CooHng Condi ti,an 

~ 
,1 

Heigh,t Radial Distànce fram Bubble Surface Cinches<j 
J . . Above Oie 

~ 

'" :, 

, . 
4.5 inches 0.4 1 .2 2.2 3.2· 6.7 ~'\ ,,. 

. 
Air TemperatJ.lre(OC) 51.3 37.0 37.4 37.0 33.2 

\ 

, ,7.0. ·lnches. 0.4 0.7 1.7 2.7 0 '6.2 , '-[ 

Air Temperature (OC) 48.0 39.4 37.0 34.1 32.7 

12.4 in'ches 0.5 1.4' 2.4 5.9 . 
0 

Air ~empex:ature~ (OC) 44.6. 37.0 34. , 33.6 
'; 

22.0 inches 0.3· 1.5 2.5 ,6.0 

0 

Air, Temp'era,ture (OC) 56 .. 0 
' ... :") 

• '1.,' 
33.9 42.0 40.0 

27.0 Inches . d.5 1.8 2.8 6.3 
-: 

'Air Temperatâre (OC) 49.4 44.6 43.9 34.1 " 

.. 
~ 

.. ) 

1 _ 

" , . 

\ ' 

...... 

. , . 
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#' Case la Cooling CC'ndition \,l 

". . " . 
,~ .> 

> , 

"" 
Height· Radial Distance from Bubble Surface (inches) 

,r ;Above Die '. ... 

J 
4.5 in'ches ·0.3 1.2 2.2 3.2 7.2' 1 

, 
Ai f Tempêrature(Oc) 3'3.0 47.9 37.0 36.5 '36.5 

1 ..... , 

t , . , 
7.0 inches Ç;4 0.9 1.9 2.9 6.9 

", 
Air Temperatur:e(.()C) 46.9 39'.1 "'.37.7 37.2 "~}5 .'8 

f.l 
12.4 inches 0.4 " .5 2 • .5 • 6.0 

Air Temperatul'e(oC) 46.5 38.3 ~34. 1 .~ 28.4 .. : '. 

"~ .' 22.0 inches" 0.25 1 • 4 2.4, 5.9 

~ir Temperat~re (OC.) 49.4 , '42.7 . 3'S.9 33.1 
", , 27. a ' Inc/:les 0.5 , 1.1 2.1 3.1 ,6.6 

," 

'Air Temperatüre (oC)' 46.5 43.7 43.2 43.2 33.2 
c 

-; ~. 

" \' 

.' ., 
Q , , -, 

, 1 

, " 

0, ' , ~:~ 
. '. 

,,' 
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Case 11 Cooling Condition 

Height . 
Above Die 

Radial Distance from Bubble Surface (inches) 

4.5 inche~ 0.3 1.1 2. 1 3.1 6.6 

Air TemperatureCoC} 47.5 37.0 36.6 36.8 33.4 

7.0 inches 0.25 0.6 1.6 2.6 6.1 
<li 

Air Tèmperatore(oC) 50.8 39.3 37.1 35.8 33.4 

12.4 -incnes O. 4~ 1.5 2.5 6.0 

Air Temperature(oC) 45.6 36.5 33.6 33.2 

22.0 inches 0.5 1.5 2.5 6.0 

Air Temperature(oC) 37.9 31.2 31.5 31.7 
r 

27.0 inches 0.5 1.8 2.8 6.3 t' 

Ait Temperature(oC) 37.'Ct 30.8 30.8 '30.6 

Il 

f 

, , 

'r 
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. 
Ca$e l2 Cool±ng Condlt!gn 

.:" , 'b 

.' 

~ 
Height . 
Above Ole 

Radial Oistan~e ~rom Bubble Surface (inehe~) 

4.5 inches 0.5 1.3 2.} ," 3.3 6.8 
'. 

Air Temperature(oC) 40.5 36.3 36.4 36.S 32.2 
" 

7.0 inches 0.5 1.0 2.0 3.0 6.5 .. 
Air Temperature(oC) 44.3 "38.6 37.0 32.9 32.2 

12.4 inches 0.5 1.5 2.5 6.0 

Air Temperature(oC) 45.6 34.3 30.8 29.8 

22.0 inches 0.5 1.6 2.6 6.1 

Air Temperature(oC) 33.5 27.9 27.8 26.9 

27.0 inches 0.4 1.6 2.6 6.1 

, Air Tempe~ature(oC) 34.1 30.3 30.3 27.9 

• 

, p 
\ , 

" 

'" ,4 

'" 
, ~ 1 ." .... 

'. 

;' 

0 

.. 
\ 

\ 

,~. 

. " 
~,.... ';' ....... 

't>,' "fa ,.""" -1. ; 
r, •.•. ~ 
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Case 13 Cooling Condition 
A 

Height Radial Distance from Bubble 'Su~face 
Above Die 

4.5 inches 

Air Temperature{OC) 

1.0 inches 

Air Temperature(OC} 

12.4 inches 

Air Temperature(Ot) 

22.0 inches 

Air Temperature(oC) 

27.0 inches 

/ 

• l ~, .... 

/ 
"',:,/ 

t 
" .. ' 

'( .,,' 
't ,',1 "', 

,.0 

. ' 
" 

. 

0.5 1.5 
.l 

42.7 35.5 

b.5 1.2 

45.5 37.7 

0.5 1.5 

39.9 31.4 

0.6 1.6 

28.8 27.4 

0.5 1. 7 
-,.. 
""-. 

33.1 ~7 .5 
0 

, .' 

", 

2.5 3.5 7.0 

35 .• 5 35.8 30.3 

2.2 3.2 6.7 

35.4 31.2 31.2 

2.5 6.0 

28.5 28.6 

2.6 6. " 

27.6 28.4 

2.7 6.2 / 

,-
/ 

/ 
/ 

'27.8 27.8 

'. 

1 . , 

' .. 
~, . , , 

, , 

• ' " L 

. 
/ 

, 1 

, ' 

., ' 
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Case 14' Cooling 

He~ght RadIal Distance 
Above Oie 

4.5 inches 0.:5 1.5 .. 
Air Temperature(OC) 41.3 35.1 

7.0 inches Il Cr. 5 1 '. 1" 
" , , , 

Air Temperatur~(Oc) 42.7 37.0 

. ' 
1> 12·.4 inches 0.4 ;'3 
• c-

Air Tetnperature(OC~ 41.'8 31.2 " 

? t ,22.0 inches 0.2 0.9 " 
.~ , . 

Temperature(Op) , A~r 33.6 26.4, f' 

. ,l 

t 
5 

27.0 inches ,0.5 ' . 1.4 . P, . 
f Air Temperat'ur,(Oc.> ;3? 0 \ 2,7. t: 
F' ( ~ 'J 

" 
, ! 

" 

. ' 

., 
" 

( 

• ->- ... , 1 

" 

Condition 

" 

from Bubble Surfàce 

... 

2.5 3.5 7.0 

34.7 35.1 30.3 

2. 1 3.1 6.6 

34.9 29.3 28.6 

'2 .• ~ , '50-8 

27.4 25.4 , 

1 .. 9 \ '5.4 

26.9 26.9 

. '1' .. 
2.4 5.9 

27.1 27.3 
.. 

, 
, ' 

- '~ 

, '0 

.. 
.' 

" 

(inohes) 

" '. ' 

. / 

\ 

. . 

/' 

, '1. 

' . 

, '\ 

.' ~ 

,. (. 

, ' 

-
" 

. ,. 

\ 

, . 
1 ~ 



f 

,0, 
"". 

< , '\ ," 
~ 

, 

" 
~ '!,. l' 

" 

'. 
" " 

\ 
, 1 

" . ; 
" 

. ."',,, 
, 

, J 

~ 

« ,. 
.- , 

" 
,', 

~ 

t::/ , - ,'. 
-" '. " , , .. 

" 
, 
r 

" APPENDIX 05 , 
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.!:!Q1.j!re An.emollle:t'er Cali~rqtion Data 1 ,., 
\ " 

,8'1d 
.. , 

. " ~ • 
.'~lr _.vel~2.1t~~ure~ent~ 

t li • ", 

1 \ 
. 
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1: '! . 

. 1 
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The .macro~coplc mechan!cal' eQergy balance, for steady 
~ . 

state incomp~,esslbl~~ flow, w.hich. +s' call-ed Bèrnoulli' s~ 

equation (2'9:,) has .'the f,Ol1o~ing fa'rm: 

'2 ' - 1, 
." U. 2, p, . u, ~2 !, t, 

+, g'Z, '+ W + :.L goZ;2 F -+ - = - + of 

ef 2 1 e2 2 

" 

,', 
'. 

l ' 

, , 
-' 

wh,ere SUb~crlPt5,'.', and 2, refer to, the posiUon of me~su,"remént 

ln Figure ,5.11 and: " 

W work done by an external source . 

F 

P 

frlctlon-~eatlng term 

pressure of fluld 

.. . 

. 
z 

Ù 

distance From a gi ven point 

vetocity of fluid 

( ," , , 

9 
4 • 

acceleration due to gravit y, 

This eauation was rearranged ta yield: 

c . 

. ' 
" 

Z2) + i'(U~2 '- 'u2
2) = F 

i 

w 

a,nd'- ~I)e followlng a~sl,lmptions 'were madè to further si m'pli fy 

1,t: 

" 

,'. 

.. 
, . ' 

1) At~~ol~~ 1 the ~elocl;y U, 1$ nè~~iglble. 

" 

" 1 

, " 

, 

\ 

.---1'"' 

" , 

<" ~ 

,~ 

" " , 

" 

. , 

, 
;~. 

" 

0' 

" 

~ 
'0 
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l ,', 

: 1 

... : 
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t ' , 

\" 

1 .. ,1.: 

t • f ,-
. } 

1 

; 
i, 

, , 

{ 

! 

'{ 

" 
, , 

" 

\ \,,'" 

'" 

", 

, , 

. ; 

. local atmo'sphe~lc pressur,e. 
; \ ' -

Thé fluld has constant density (e 1 =,e 2 :'n ) 
''1; air • 

" 

, , 

4) T,he gravit.y thead! term' gÙ, '~,ZZ) ls neg1e9101e. 

" 
", 

'-, 

. /. 5 ).,~ No' t pump t work.i s; done • 
, , 

6), The· air i5' flowing out, -through a frictionless 

norzle at position 2. , . 
" 

, i Using t~ese, assumpti,bns and solving for U2 res':!lts in: 
" 

, 
The ~erm P, - Patm was measured wlth a s1anted arm manometer 

and can 'be ,rewr itten ln terms of the 1ength tlJe manometer 

flui-d' has ris en in the slanted 'a-rm: 

" 

1,'-" 

,1 , 

l' 

l' 

\ 
.... 

~ 

, i 

" 

=" '(Zo<,Alslnct emàno·g})t'" 

eal r 

'. 

" 

.. 

, -

, • 1. 

,', 

" . , ' 

.. ' 

.. 

• • l ~ 

'. 

l ' 



" . 

, . 

1 

~ 

. , 

'1 ~.., 

.. 

" 

\. 
" 

" 

.-

-.' , ' 

-

'\ 

Average Velocity and 

","'" .<t~~-.l'~~:' ~ ........ ""1.- _ ..... ,.,........, ........ ~\-:: ........ ~. 

,-
r:' 

::-(7' • 
1 

~ . 

t.. , , 

Itage Data ~sed to Determine a Corrected Voltage. 

" 

* Terrn (V ) at Zero Veloc! 
-----~-q- ., 

nd the Exponent of the_Transfer Functlon' (~qua~ion 4) 

/' 
~ 

Slanted Arm Manometer Position 
--------------~-----------

1:10 1:5 ' 1:2 
. . 

" 
, Average Output ., V 2 

VelocityVoltage (V*) 
. 0 

.~lm~ ,U ft/s àl mm Uft/s à~mm Uft/s f~/5,m/5 {s = 0.925-> 
....... 

.. , .. 
. 

. 2 2 ' 
V V' (-) - 1 (--)' v* v* o 0 

1 

(5 = 1.0) (s = 0.9) 
'._ . .... _-~-

o ' 0 o o o 'o. ,0 o '2.77 J ,0.17 o 
.0 

2~'b . 6.05 1.25 6.69 0.5 6.3] 6.37 1.94 3.40 " 0·:76 -0.51 0.86 
\ ... Y; ~ 

• 'S.o 9.57' 3.0 10.4 . 9.97 3.04 3.57 0.94 
• 

",0.66 do 1.0'5 
_ F_ ~ 

" '., 10.0 13.5' 5.5 14.Q . 13 • ~ 4'.20 3. 72 10 11 0.80 1~23 

19.5 18.9 10.5 19.4 4.5 19. 1 1 9 '. 1 5'. 83, 3. as 1'.30- 0.96 ' ;- . 1 .42 ,- \ 
.-

18.5 18.4 ,10.3 19.2 4.5 19.1 18.9 5.76 3.90 1.32 0.98 . _ 1.45 

'36~5 25.9 19.5;26.4 8.0 25.5 26.b 7.90 4.04 1.49' , l. \~ 3 • 1.6' 

---48.5 29.8 25:9~29.9 10'.5'29.2 29.6 9.03 4.14, 1.62 1'.23 1.76 , 

"./ 

, 1'T6, 46.1 59.0 45.9 25.0 45.0 45.7 13.9,4.38 1.93 . 1..5'0 2.09 . 
...... 

109 62.4 45.9 60.4 61.4 18.7 4.59 2.2-1 1. 75 - 2.39 
~ " 

.-
131 ~.4 53.0 65.6 67.0 20.4 4.65 2.30 ...,....,..82 2.48 , . 

'183 80.9,74.0 77.5 79.2 24.14.76 2.46 1.95 2.65 . 

> j 
99.5 89.-9, 89.9 ,27.4 4.87 2.~2., 2 ;O? . i ,2.J32 

~ 
./" 

~ ., 
~ 

- ',1. 

1 
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• VI 

• b-
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-Figure 051: 
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1 • ~ 
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-05-5-' 
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• 'AIr 

, . 

,1 

. , 

" 

" 

" , ,-

f 

.. s = 0.9 
'A 

• 
/ . 

s·= 0 .. -925 
5 = ",l' .. ci 

! 1 { 

Velocity.cm/s 

" 

Determination of an Empirical Constant s 
(jhere y~_~ Vo(S». 

" 

" 

" 

'.' 

,,' 

" . 

\ , 

'. 

\ 

, . 

" 

\ 
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Average llnearized 
Velacfty Output : , , 

. -voltage 
• ft/s mIs 

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

o ,0 

6.42 ' 1.96 

9.00 2 .. 75 

10.0 3.06 

3. 71~ 

14 .. 8 4.52' 

,17.1 

19.4 .5.90" 

'21 • 1 

25.8 7.86 

, " 

,,. 1 -.. ~, 

.. r,,!" '. 

.. 0 

" 
r Il ';, 

'. ',~' 

,. 
, . 

O. 
\. 

'. 
1. 96 

2.77 

.3. 13 

4.52. 

5.17 

S.90 

6.35 

! . 

" , , 

" 

" 

'-05-6-

',' 

" r 
Unllnearizedo 

Output _ " . 
Voltag~" r 

3.49 

3.61 

3.65 

" 3. 7~ .. 

'3.79 

3,.86 

, . 
3.91 

, 3.95 

" 

J, 

.' 
Slanted Arm "Manameter Pasi tion 

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

-, : 10 1:5 

, -

o '0 " 0 0 
, 
, " 

4.9 8.56 2.5 9.45 

5.5 .... 10.6 i 

, -
7.75 11.'9,' 4.3 12.4 

12 14.8 \. r~ ~ 

,6.-
15.5 16.9 '8.5' 17 .. 4' , 

23 20.5" .13 21.6 

1:1 

o o 

4.:75 19.6 
1 • 

. '. 
26:1 J 

.' 

\ .. 

. ' 
,;J 

, .. 

,', 

, . 
" 

" " 
" 

" 
\ " 

,/ 

\ 1 .. 1, 

" ' 

, , \ , 

, .. 

'\. 

" . 

, ' 

. . 

-, 

. " 
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c , 
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l. 

; ~# 

-: 
t . 

" 
" 

f' 
;.-:. 

\ .. ,. f~ 
~ . ' 

j .., "'," ~ ", .. 

'.. . - . ". .' . " 

• ~~~!~cltl_~~!~~r~~~~~~~~~~r~~~~~rr~nt C~~!in9li~_!!i!!~t!~Q~Œ[ 
-',' ,'. , .l , 

Height Above R-adial Distance From 8.ubble (inches) 
Die' (fnches) " J '.' .: • • • , • ~ 

- ' . 0.3 0 ~ 5 Q .6 0 .7' 0.8 1 • O. 1, "~ 1 • 9 2 • 4 2 • 9. 3.4 4.0 5.0 - .5.5 6 1 5 " 
----l------r-------I--~------------------------' -~-----------~~------------~----~-------~ ... ~... ' :. \. ~ '. . ~ - ~,~,' 

.~ \ l ' _ .. - _ .. \: , 1 .,. : ,,_--. 

. ~'I,,24.'9 1',1.65 '1.71 Jw71 . 1.70 1.68 1.66 1.59 ·b32 "1-.29 1.100.78 0.57'0.38.:. 4 

" " • ,,'~~-O" J' 

••. , ~. " i:( .• ' t , . .. ' 

. ~.::':' ...... ~_. ~,:~' .i"':'~· '1' ,19;9.'(' '2.14' ~.1S 2.2Q 2,.2~1 ~.22' 2. 1Q 2'~03 ,1..88 1. 72 '1.44 1.25 0.85 0.58 O':3,f ,<. 
, , ,c 1 ., • "L "~' .. " ~', >~ :,14 .•. 3, ,1 ~.6j; 2,~73 2.60 .2.63: 2.78 2.75 2.60 2.41 2.03,1.:1 };" •• l 0.9:.0.50 0.2S: 

• '. . ,~ :1 ~":8 .1". 3.9.9 .. ' .~6 4 ·96 .3.96.3.83 3: 55 2.95 .. 2.48 L 6.1.: .11, 0.60 0 ~ 33.. C. 25, . .1 

>, 

" 

",:.;. ".: ',~ 17.:? .. 1,' 5.5S5..4Q ., .4.71'4.153 .•• 3 2:55 1.60.1;00 0.65~:J~.0.25 
~' li .• ',; ·1. ..' .. 6"?~ .6 .. 15 ~.35 •• 15 2.80 1.&2 9.60 6.30..' , 

. u J 2'.1 'J ", . 8.60: 8.28 4.80 1.80 0~72 " ' 0.30, ~ 

;0;",," 

,; 

t' 

'" 

\ 

, , • 1" \. - • _ • _~ __ ~l~ ..... _-_-~----_---- . ----------------------'"t"'------------ cq-
l' ' '. ....' , l' .. 1 . ' • • . . , I~ .. ,",,! J 24.. 9. ~ ',.h93 1 :~7' 2',10 2~ 1,,0 2.09 L98 '1.95 1. ~6 1.57 / .39 1.20:.0.9Q 0.72 0.65 

R' , ...", 1 19 '" t , :5 O" ~ l' ' , .. , ",_,"~, 1.: "'~ .~ 2.25 ,2.?0 2~~~ 2. 6 2 .. 3 ~.22 2. 6 1.90 1.75 1.50 l.~a 0.95 ,0,.62 0.40 

. -; '" 

>' ,B ·,114.'.~ 1 .2.?e',~,~,8l 2':{J~ , '2.93"'2.a8 '2.82- 2-}5 2.50; 2.10 1.35 0.60 
~ ;0 ' ' .. t ,1" 

C ' . , 
' .. ::: ',111..8, .\4.20 4.~S 4'.3'5.' ~,~.~~35 4,~3e 4:15 3.52 2.93 2.1~ 1.5~, 0.85 0.50 

. 0 . l ' '. 

8 .1 7,.7· 1 ~ 6.28.6.~17 5.W ~.05· ,,3 .. 43 l~}j 0.60 
. l ,. 1 1 • 

(01 .. "· f . 
jI) 14.3 't 
~ 11 ", 
u "2. l' ,j 

. , . .... 

7.10 6:aU 5.95 4.52 ~.06 1.75' 0~8~ 
.' cr-

.. ~-, 

, .' 
9'.43 8~Oq. 

" 
~ 

, . 
4. 'OS 1.. OS' 0.80 

,~~j 

0.45 ~ 

0.35 

0.30 

---

~ 

" 
" 

• 
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" 

.. 

1 

( . 
1 
1 Radial Distance from film Bubble (inches) 

>CDOling'cDnditiD~ ----------------------------------

l, 0.5 ,0.6 0.7 0.8" 1.0 2.0 

----.-.-.----------~----------------------~-------------~-----,--T -j • 1 

Case 2 

Case 6 

cl' 
1 9.25 ,. 
1 

"8.28 

1 9.25 8.30 
1 -

Case ~ ~B.20 
Cas~ 13 

1 

/' 

6.55' 

6.60 

5.90 

7.80 

,0 

" 

4.62 2.35 

4.70 2.35 

" 3.50 , '2.36 

5.66 2.36 

\' 

0.25 

0.25 

0'.25 

, 
" . 

, . 
. " 

,"-

a' 

,> 
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" 
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, ):: . 

", -05-10-" 
"';. 1 i -

> , , 

ftf~~~gËitÏ-~~~~~i!-t~/sl_~~!~es_above,Die , 
" ) l ' Ra~ial Distanc~ f~om Film'Bubbie (inches) 

cooÎing conditiont---~------------, ---- ------------------
, 1 

, 1 0 :5 a .6 0 • 7 . 0 • 8 

_':''':_-:---:'--~:'''-7~~--------------------:---~ ___ ~--.. r--L 

. . l ,. -
-. 1 • o., 

Cast 2 • t· 3.60 3.41 :~2à~ 

Case 4 

-------~ 

Ca~e 5', 

Case 9" 

ease ··11 
-, 

Case 12 

Case ,13 

, 

, 

", 

1 . 
1 3.55 

,', 1 
1 

'. 1 

j 
% " 1· 

1 

.. 

1. 
1 

1 
1 

1 
1 

1 
1 

i . 
1 
1 

1 

3.43 

. 
3.10 

4.76 

4.72 

4.54 

• . ' 

." 

3.20 

4.70' 

~" 11 

3.03 
: 1 

, 
2.86 

4.4'() 

4.42 

4.30 
• ~ : 1 .. 

4 •. 00 

2.94 

2.92 

2.80 

- ' 
2.65 . 

A.03 

- ,) 
.4'.05, 

: 4.03 

•• 

.,' " 

. ' ~ . 

'. 

, ';;.' 
" 

\ 
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~. 
J, 

~I 

Aii_~~!~cit~ Me!~~nt~_im/~_l~1_!rr~rr~~~2~~_g!~ 

.. Radial Distance frQm' Film 8ubble (inches) 

Cooling tl 
c~ndition ---~-- ----- ,------------------------------------------

0.3 O." 0.4 0.45 0.6 0.8 1.0 1.2 1.4· 1.5 1.7 1~8 1.9 2.0 
1 
t , -------+-------------- ----------------------_. • 1 

Case 2 
J 
10 • 96 

-1 

Case 4 'Il ~.90 

-\ 

0.97 po 

1.02 • 

1.36 

1.10 1.11 1.09 1.0? 0.97 0.80 " 0.68 

1.13 1.29 1.'~ 1?60 1.60 1. 70 • 1.70 

2.55 3.43 3.60 3~70 3.70 3.90 

2.3 

4.45 Case 5 11.28 
l Case 6 1 3.45 4.00 5.63 ~.9' 6.05 6.40 6.24 6.90 7.70 

Î 
Case 9 Il.27 

1 
1.32 1.34 1.3Y 1.35 1.34 1.30 1.18 .. LOO 

J' .' 
Case 11 10.65 

t 
Case 12- '1.22 

0.77 ~ .. 05 . ~26 1.38, 1.45 
. ':',' ~ , ~ 

2.3' 3.3~ ).55 ~.60 

1.46 1.50 

3.10 3.70 1.36 

1.55 1.57 

3.90 4.35 
1 
1 

Case 13' ·12.80 
• , 1 

), 

3-.70 , 5.70, 6.20 6.2,2 !5.22 6.23 6.40 

." 

6.80 7.60 , 

'. 
~ 

" 

4 

t 
0 
l.rI 
1 ... 

.' 
J\.~\I' 

.' ~1 
", . .-
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1 . .... Air Velociu Measurements (mIs) 29.6 inches·above Oie , _ :e 

~ ~ 
. Radial Distance from Film Bubble (lnches) 

-Cooling_ . , . 
Condition-~~------~~--------~-------------~---~---~------~~~~---~---~~-

. , . 
,0.3, 0.5 0.7 1.0 1.5 2.0 2~5 J.O 3.5 4.0 .. ' . , - ~ " , 

------~-------------~--------------~~--------------~--------------~~~-
-, 

Case 2 .. . 0.60 0.75 0.87 0.89 0'.88 . " 0.80 
(B~RQaT:~~n!Â~dB~B+e Qie) - . . 

: < .. 1 

" , Case 4 0.10 . 0" 10 ' 0:10 0.10 0.10 0.12 O'~ 14 0 .. 14 O. 14 O. 13 c 
\II 

- . . 
" 

1 
~ ..... .. N . Case 5 0.1-0 . 0:09 0.10 0.10 0.1-6 0.21 0.21 0.22 0.22 0.20 1 

;' 

( 
Cas~ 6 0.22 . 0.21 .0.21 . 0.25 0.30 0.34 0.3.~ 0.38 0.39 0.36' 

:) 
. 

0.78 
. 

Case 9 '0.62 0~89 0.91 0.,94 0.90' 
'- ~BeR~Srt~{n~Â.da~8te die) ~ 

r' 
Case 11 -.0. 08 0.,07 0.01' Ù.08. 0 .. 10 O. t 1 O. 11 . 0.12, 0.12 .. " 0.12 hl 

~. 

Case '12 0.12 \ O. 11 0.12· '0.14 0.18 0.19 0.20(\ 9~2(}' .0.21,. 0.20 
• -

Çase\ 13 0.24, 0;2J, 0.21 0.24 . '0,31 0.35 0.)7 0.3,1 - b.:n 0'.36 

.. -, 

" 

.. , 1 

\ , . , 

1 • • ~, 1 

" " " ~!-1 " 
" 

: (~ \ 

10 1. - ~ '. 
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'" 
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,1 

.' 

", 
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~. • ....... ,~.;~ ~'''''V,,: ~-.t'''''t" ," t J~ ~ • ~ , '! 

\ 
--:-~ , 

<> 
"", ,..: .,.'; ..,. ~ " , , 

"', 
, , 1 

AIr', Veleel ty Me~sur~m~nts' (mis) -';3 .~i0 ine~~s abo~e' die. wi tQh 'sen~or pointed 
____ .: __ ~!l~28. 8 inche:LabQ.y.L~!.e with, sensar tY.md u(2,~ard 

Height 
Caaling of ,Sensor 

Condition'above Die 0~3 

~adial Distanc~ rrom Film Bubble (~nches) 
J 

'0.4 0.5 0.7 1.0 1.5 2.0 2.5 3.0 

, , 

downward 

3.5 4.0 

Case 2 33.3 '0.'41 ~.43 ,0.44 0.47 9.51 -0,.,53 0.56 ,O~S6 "0.56 '0.55 0.-50 
,_t 

38.8 ,0-;;03 0.04 0.04 o-~04 0.05 O.O? 0.08 0.'09 O. la " 0.10 .. !' 

Case' 4. 

'. Case 5 
~ 

". 

eà.se ,6 
.; ~ , 

-Case, 9 

, 

Case 11, 
r 

Case 12 

, ' 

Case 13 

" 
33.3 O. 11 o. 10 -- O. 10 ' O. 10 'O. ,1 i o. 12 0 .12,., a. 12 ' 

38.8 '0.05 ~ O.nS' 0.04, 0.04 0.04 ... ~ . '0.04, 

33.3' 0.11 ,0.11 0" 10 0.09 O. Hl, 0.-10 U.1'O 

38 • .8 0.03 0.03 0.03 0.03 ' 0.03 .0.04 0.04 

33.'3 0.06 0.05 0.05 ,0.05 0.05 
. 

/, ' 

~ " 

,'" . ' 

- - l 

" 

. 33.8, 0.35 0.37 0.39- 0.43 0.47 6.5~ n.56 0.6' 0.60 0.58 6~52" 
1 

38.,8 0.05 0.04 0.04 0.05 0.05,0.06 0.07 0.07 0.08 

33;3 0.08' ,0.09 0.09' 0.09 0.10 0.10 0.10 0.11" 

38.8 0.03' 0.03 0.03 0.03 ~.U4 0.04 ~ , , 

, ~~r 

33 .. 3 0.08 O.OB 0.08' 0.08 O.OB' 0,.08 ... 

, '38.8 0.03 D.03 0.Q3 0.03 0.03~ 0.03 .. 0.03 , 
,F 

-.:( ~ 

,- :n. 3"' 0.06 0.06, 0.06 '0.07 '0';07" '1 ,0.-07 .0~06 
" , ' 

" 

.-

1 
o 
\JI -. 
't-' 

"-

\, 
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, Calculatio"n of ,continuili of ·Mass undeLth!Lç,Q.2.y.tllD.t ,and 
Combinatr-on Cooling Conditions Measured iri Figure 6.19.' 
-ë;"'-:-~ -- , 

,The ,dénsH:y of-cOoling air was assumed constant under t/':le, 
, ' , 

candi tions of ,Cases 2: and 6 and Cases 9 and 13. Preservation 
, . 

,of continùi t,Y within the cyl'indrical -shroud was demanst~ated 

by 'calculeting the~ volume1;r'ic flow 'rale f~r each coaling-
, , 

candi tion. The, equation Q = U x' A w,às used', where Q 1s' the " 

~aiumetric flow rate, 'u "the aver~ge'·air 'velocity ,'(obtain'ea 
" 

from the' nieasur,ements shown, Ii, Fïgùre' 6 .19) and A the annulaI' 
,; ,-

aree beheen film bubble - and obstruction plate at 9'.8, inches 
. " 

- above the die. The- resul ts 'of -'these calculations are sh,own 
. , 

in the' fo~lowing, table: 

r 

• 1 
" 

" ' 

. , ,~" 

'. ' 

, " 

, , 

• ':"J 

r . 

, , 

.. 

,'. 

. -
,~' \ 

.. . 
., ..... 

" 

. , 

" , . 

. , . 

" 

, ' 

• 0 

, , 

'. ' 
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, 

, . 
'"' 

,', 
~';,.. 

\ 

• < 

j";', 

"., 

~ 

~ . 
Il 

.. 

f'Io.~~'" " 't' 

" 

"t' '" 

.' . , 

Cooling 
Condition 

~ase ,2' 

Case 6 

Case "9 

Case, 13 

, ' .. " 

" 
~ 

.-i4wt."""t1J.~,_.Jt""~! ~tr:""q~~~~~;"~~~-f""'~~ .. -r-~'"1:_~~~~Tf''''' ___ o_ 

.' 

Film Bubbie 
Oiameter 
(lnches) 
o ' 

4.86 

4.59 

. 
5.26 

5.18 
" 

~ ... '~ 

-. 

1, 

" 
" 

,C: \ 

.1 
" ~ ,/ r . 

" , 

1 
" l , 

Obst'ruction 
Plàte 
Diàmètér\ 
(lnches) 

• 

7.25 

7.25 

7.25 ' 

7 .• 25' . 

.' 
J. 

, . 

Annular 
Area 
(Jeet2) 

,0.158 

0';'172 

o. '36 

0.140 

<Oc.> 

~. 

" 

Average 
Velocity " 
Across Volumetrie 
Annular Area Flo" Rate 
fftls) (cfm) 

,10.8 ,102 

9.5 9,8 
.. 

' 14'.8 121 
, ' 

13.5' " ' 1,14' 

',-
~ 

~ . 
.. 

,. 

.. 

Di ffe;rences' ~ 

in Calculated 
Flo~ Rates 1 
Betwee,n 
Cases 2 and 6 
and" Cases 9 and 13 

4 % 

" 

" 6'~, !k'/ 

,{ .. 

" 

~ 
/ 

" , -Y.. i. 

, " 

.-

1 
0 
\JI 
1 --

',\JI 
1 

.'. 
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AP.PEND~~§. ", 

.E!è:m Thicknes~"Mea~u~!nts 
and 

1h!tm!!~a~al~sis~!1! 

r ; 

\ 
" 

,~ 

" 

,\ 

..-. .. , 
, 

0: 

~ 

: 

• 
\ 

0, 

" 

l, 

\ . 

~' 

, , 

,1 " 

.' 
1 

, 

"< 
\ 

• .. . 
• ·1 • 

" if' 
~ , 

olt 

'. 

' . 
~-~ . 

" . 
" 

f 1 

q , 
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\ 

'et Me~sur~ments of Film Thickness Various Distances f~thLDiê:" 
-:--:----:-~---------------

'. 

, 1 , , 

'\ 
", :J:..9..9) in 9 CondlUon 

Ove,ra!l HeiQhi " càse Casé 8 
" .. Average Abpve 0 e- ." , 

Thickness Cinches) Average Standard Sample Averagè Standard SalJlple 
" (mils) Thicl'<ness Deviation Size Thickness Deviation Siz'e 
----- ---,--------- --e-----

.' 
'~ 

. 
1.2. 1 . 2 13.67 • 2.22 SI 10.53 4.97 ' 9 

1 
" ... 6.'9 3- 8.03 Q\81 .. 1~ 5.73 " 0.83 18 

,~ , , ,. 1 

f 4.9 4 .5.29 , 0.~3 '". ·22 4.45 0.61 22 . f . 
. t ,< 3.ai} 1 , 

,3'.7 ~ 0.74 26 3.47. 0.73' 2.5' L • ~ 

t' 
t' . 

, 0;,73 \ . 3- • .1 6 '3.19 '0.68 - 29 3.01 29 
1 • 

. 
. O!76 2, • .1 , . "1 2.85 '0.67 30 2.56 '31 

fI " 
,( ~ 

f' 
f ',2 .~ 8 2.49- 0.63 29 --2.36 O.6.~ 3i 
;;:, 1 ~ 

~ 
~ 

• r ' <2.·2 9 2.23 0.64 3:2 2.07~ 0.67 33 
, -t : 1 ~ " 

r '~; < '10' , 2.03' ,-'2.(1, . 0;58 330' 1.89 0.52 34 
" , 

i " 

\ ,1. !3 j .1 1.88 0.55 32 1. 74 0.45 34 
" 

f 1. 7, ·12 1. 61 0.56 35 1.63 0.43 34 
, ' ' . 

) , .. 
1 '\ " - -

1.7 13 1. '7,6' 0.54 35 1.63 0'.37 36 
: 1 

, " . 
,', 

~\ -4 
'1.7 14 .J.v4 0.57 35 1.63 o ~,34 36 . . ' . ' 

, 
, 1.6 1.5 1 ,.10 0~40 ,36 1.63 0.29 36 

, .. 
"1 

, '. .:' " 1'~'6. 1.67 le 0.36 j6 1.63 0.28 35 

, , 
1.6' ,1.7 1.63 0.33 ' 33 

.. '( \ 

.. , j ,\ " • 
~ . ' . 

" 'It ' -
", ,. 

' .. " 

, ; , 
J. . 

-, . 1 
-~-. ... , . , " ',' . ," " 

\ , , . .. 
" .' 

f • 

',( '" " 
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- .. ,~ 

.. Emissivi t:{ as à FUl1ct!on of' Film' Thickness 
. Tfromr~ference.27T ' -.... -. -; 

; 
" , • f' 

i '" , 
• 

~ 1 

, 1 
' . 

Film ... Emissivlty 
Thièkness (mU) 

. 
{ --
} , , 

'., 
'. ~ 

'tt 2.20 0;299 

'" '. 
'.' 3412 0.060 

4.81 I, 0..422 , 
. 

t-
'>, , , 

5 i7.' 
. 

o ;;:4~5 
f .. ~ .. 

" 
, , 

f ~. 

~' 
, , 

8.79 0.556 
i- ,!: . -

.~ 
b 

1 ,11 ~88 .0.612 , . 
:. 

, . l'· . 
' , , .. ' 

J' 1 ~ 

'. " 

.... , , ~ 

" 

(' .' < 

'. \ .' 

1-... ' . 
( ,~ 

, , t' 

l, 

:' ). , ',' • 61 

-, 

'" 
~ 

, 

'!' 



" 

. " 

" 
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l' 
l -
1 
1 

" ..l 
'>0. 

1 , 
.1 

! 

L L l 
, ,/ 

- " 
f . 

J 

f 
1'1.' 

" 

" . 
, 7 

" 

. 'The followlnQ equatlon was used to, caltulate, specl fic,' 

heats fr"om a dl fferentlal thermâl analysi's specrtum: 
,q -. - ' 

• , t? 
whel'e: '. 

,n 

SubStl tution' of 

CdH 
dt 

Cp 

-Cp 

H 

m 

,r 

di = m.C e_ 

, p èlt 

or 

AH/At 
= 

ÂT I~t· Cm) 
,-

. '. 
speci fic heat 

enthalpy 

mass ·of sample. 

temperature 
1 • 

~ . 

' . . " 
'/ 

, . 

values from the OTA, thermog,;ram into ,the 
, 1 

. 

. ' 

above equation allowed the followlng table ta bé g~nerateë:, ., 

, 

.. 

. , 

.cl. 
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. ; , , , " 

') ) 

, " 

Ca l'cula t!SL§.e!ic'i fic Heat Va}ues aL!!' Func~ion' of Te!!!E.~ratur~ 
" .. ,1 • 

" ~ 
. " ...... 

~ " .. 
Te'mp-er'atu~é, ft) 

'" 

spec'ifi-c 'Hpat ,~al/g:9:) , -
,. " 

';',(at·'j~r/.At = '20 Im~n) 
, . . ." 

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

1). 
., 

,~ 

53.7 ',-0'.64, " :: 

'51,.'4 " 0.66 

, t 62 .. 9 0.72 '0 . ' , 
! '1 , 

66.6 O. 7~ ! . <t 

~ 
. 

'f ..... ,1 

'" .. .. 1 
'" " 

f 72.1 O. a1' ., 

·l 75.8 ,0.85 1 
d, } . 0, 

. 

i 81.3 0.è8 
p . , 

t 
. . 85.0 0.92 
~ • 

1/ ' : 
;?,Yv 

• 90.5, 0.99 

1: " 
r " 

0 ,94.2 1.07. ,; " , , 
J' \ 

'f 
{';} , " ~ 9,9.1 1.21 

" Il; 
, 103.4 1 •. 39 

" 
r ;, . ' 109.3 2.07 • l" , , 
t ' r 

,t 108.9 Z."F4 t 
'- , . . \ 

112 .• 6 1.68 ,;'- -
r 

~~ 

O:~6 l, 

H~.l 
. 

) 
,a 

~ '.1' , 
" . , . • ,121.8, '0.75 " , 

J 

127.3 0.6'4 - ,'. 
',' 

0.62 ' " , , ,131.0 , .. . 
< t.. 

, '136. S ,O.~ 1 , '. 
" 

( :.140.2 0.61 
tf " 't ~I :: 

l46. Jo 0.'60 "'(0) -;,.., . 
',' 

'~ . ' " , 
'" '~ '~ ;t-..., ~ ...... , 

, 
1 

" 
~, 

1': 

' . \ .-
1 

" 
.,r .... 

" 
. , 

" 
. 

.' , 
" 

,,' ~ ,1 , -.(' ~~' \ I~ ... 
" l' - ~ r r~ fl l, ~ • . ~ " .~ .. : ... ' 

." 
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.. APPENDIX 07 

Heat ,Transter Coefficiént Calcülations 
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i, 

Sample 'Calculation of Heat Transfer Coefficle.of '" " " 

" ' . . 
" A hea~ b81ar.ace Dver an element of, fi.lm- bubble ,was' given . .. 

~ 

.in Equation 6:, r • ) " • 

. ~' e . ~~'è dT s./dz + in He case, dX/dz =. . B . , , 
n 0 [h, (T ' - T·) + e K 

. . '$. c, 

The above equ'ation was' l''e.àrrangect to"sol''-e . for t"~ heàt 
, _:" J ' , " , - \ " , 

. t~ansfer c;oefficlent h. ou~sÙ:le ,ttl~ .frostline 'r'ê,gion.", .. 
- ,.,.. ~ , \ 

, . 
'):. '" 

J' 
r 

1 ) 

'" C ' cosS dT '/dt.' , , -
"P s _ 'e: K: '(T ,4 '_ '1- ,,) . 

, .1 

, no " s· a . ". 

}.: - .'r - T : 
'5: C 

',' -

,.' " , 

t " " 

I~' '. i 
\ , 

_ 1 _ ' / 1'",- _, 1 

. '. 'The 1;0110w1ng" ,·~atL.tes 'wer-e, used, t;o~,'Qbt~in '.the' Ùlca'l" heat 
1" 1" - ~. ., ....... \' \, __ , ,1 ~ '1 1 _ 

, transfer coef·flclent' 'at 6 Jnches, abo.ve l ,the~d~le u~d~'r co'o'ling 
, • - • \ - _~ ~ ,... (,' • '" '" -~ , J' ,/ \ 

", 

cOf1di tians of ;:pase 1. ' . ,< ,," ':, ','. 
dl " .,,~.; 759Q:9ltil'" :,'èO' •. 28 "lb/m'in) 
Cp' /' ':'= 'O' .. 61.C::al/,g'.ctc·' ''>''. , 

e'; , ',= St'" ri, ' " .' . 
D = 0.1 m, '(-'4'lnches) 

. 1s =- 436.6 K' (326 PF) 
Tc = 297.0 K (7s0F) 

. ' 

, l 

Ta ;; 297.0'K .• Os,or) 
Z =, 0.15 ni ' (6 ,inches) 
dTs/dz ;.; 5-.7 OC/cm " " ~. '.". ',:,,' 

·e = 0.37 '12 '2 4 
K • = t .~55 x le- èal/s cm K 

" , 

. . 

·Substl t'uUon. b'f these values ,in- t,l;le aboyé ~quat1oo 'yitHds: 

ï 

. , .. -, .. 

" . 
9 

/. 

~ . 

, , 

, , 

. " 

., 

:. J, 

, ' -.. - ,',: -, . , 

_ ... ", . 
, . ' " . , . 

'~'. " - \ 

" , 

, •. J. 

4 . 

,. f 

" 

" -. 

,0 

-. 
" 

) , 
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(7590 g/hr)(O.6 callg C>CO.OOl 
.. ( * ... :., 

kcal/cal.H cbs9) (510 Clar) 
D(O.l m) .' .. -, 

( 436 • 6 K - 297. 0 K) 

/ 

(436.6 K -- 297.0 'K) 

" 

, 1 

"-

h = 55.9 kc-al/hr m2 K 

( , 

,f 
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/ 

j, 
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, , Contrlbutiàos o~ 
at 

n Heat Transfer éoefflclent,Calcùlations 
~nches above the die 

~. 

Co-oling 

Condition-

Ca$e 1 

Case 2 

Case 8 

'Case 9 Jff, 

a~ ~ Cp cosS (dT/dz~ 
ti- = _---I:_~----~.-

~ 

e K - (T 4 
s 

T 4) . 
a 

(6) 

'\ 

no ~.Js - Tc> T _ Tr 
s c 

ll. 

'il 

Percent Contribution of Ter~: 

~ Cp Çose (dTs/dz)(1/Ts ~ Tc) 
22 iRthe~ 27 lnches 

c . 
• , ~~6~D 60~ 

85~ 80~ 

89~ 70% 

87%" 84% 

~ 

... 

., 

PercentdContribution of Term: 

e K'(Ts 4 - Ta4 )(1/TS - Tc) 
~ inche~ ~ 27 inches , 

~ 

14% 40~ 

:j. 

15~ .<' 20~ 

" 

11% 
<' 

3P% 

13% 16% 

1 
o 
-..J 
1 
~ 
t 

il 

' .. 

1 
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Calculated Heat Transfer Coefficients at Var~ous 
__ ):t-..,-____ Distances from the Die l' 

, " 

. 
Height Above Case 1 Coollng Conditions Case 8 Cooling-Conditions 
Die (inches) Heat Transfer Heat Transfér 

Coefficient (kcal/hr m2K) Coefficien~ (kcal/hr m2~) 

2.0 é 

3.0 :" 24.2 
3.4 - 31.0 

4.~ 
4.5 

~ 
54.5 

5.4 54.4 

6.0 55.9 
7.0 48.8 
8.0 45.4 

9.0 41.9 

10.0 37.8 , 
11.0 34,.7 

12.0 
13.0 

14.0 Frostline Region 
15.0 

16.0 
17.0 19.6' , 

18.0 18.9 

·19.0 17.6 
" , 

20.0 15.9 

\' 21 ".0 15.6 
. 22.0' 14.4 

, 
f:5·0 12.8 
24'.0 10.9. 
25.0 7 .. 6 
26.,0 6.1 

27.0 5.0 ., 

,23.3 
)); '1 

35.0" 
-

51'.5 

60.3 
60.5 ,. 
60.7 

61.7 
55.4 

51.5 
47.0 

Frostline Region 

28.6 

26.0 
24~5 

23.2 

22.0 

""" 
19.0 

18.0 , 

'" 16.5-
'14.8 

10.8 
8.4 

6.3 

~ ' .. - 1 :;.1 
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", 

.. 

. , 

, 
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C~lcul~ted Meat ~ransfei Co~fficients Under Codurrent and Combinat ion 
. coolfng 'COr:'di\.ion~ at Various Distances from' the Oie " 

" ' 

" 

':: Height' Abo.ve 
-', . 

l, 

. Die '( if'!che~) , 

i- 'G 
" -

~t? ._-~t.~ 

,2·2'" -

.r, . 

. 
• 

Case? ' 

lO.3 
~' - r 

" 

-

.:. ,. 

'" .., 

.. , 

,- ,'-2~ ,~I, 
, . ~ ~ .... 

. ~ 

.":2,6,;:', 
,,' 

, 
" 

.-, ":",-:::,11 

'-27,~.'. 

'" 

.. ' 
- ': \, 

~,~ . 
.::, 

/ 

\ , 
~ : t.. 

, " 
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I~ .... :: 
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~ ,-

i. 

fo,,:?, '., "." 
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, • ..! 

-'- . 
1. 

-." /-

'. , -' 
" 

{ 

.. 

Heat Transfer Coafficients (kcal/hr m2 K) 
.',. 'tase 3 Case 4 Case 5 Case 6 Case 7 ,-------
f" - { 

6.1, 

7.8 
;, 

: ..... ~.9" 

.' . , 

'9.0 . ~ .. ~ 
i 

, . 

1).4 

.-
14.7 

16.0 

1. 16.3 

.', 
--

.! 

20.7 25.1 25.3 

21.5 26.2 26'.2 

21.3 ' 30.0 30.3 

22.2 31. ,3- 32.1 . 
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Calculated He'at. Transfex Coefficients Under Cocurrent and Combination -c>" ... # _ 

Coolfng Conditions at Variou's Distances from the Ole 

',~~ } 

" 

.... 
.0.-

Height Above I:fe~t' r'r~'nsfer, Coe'fflc-ients (kcal/~r m~K) 

, . 

1 

.. • - '\ i. J 

J'Oie. ~inçhes) Case 9 Case 10 .. Case 11 éase 12 Case. 13 .èas~' 14 6 
, ~ 

~ 1 ' 
~ ~ 

1. 
: ' 

"' - . -, 

22 13.7 ',78.8" '17.0. 22:5 27-.6 27.8 
/ , - ,. ' 

23 "13.0- e:1f .17-.1 22.3 27:.8.. 28.2 

, ~ 

26 13.0 6.5 15.8 20~9 27.6 27.~ 

.. '.. ~ ~ 

27 12.,8 6. 0 t~'. 9 21 .6 l' 28.J3 29. 1 .- + 
. -

\. r ,~ 

, . 
,1 ~ 

.'. . . 
, , 
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~ 

.' , ,Heat TraDsfer .Coefficient~ ano·C6oling Air,Vélocities 
" . 

; ," et' Various Distances [rom the D;:;..re~ ___ ..--

, 'Height Apove Case 1 Coollng Conditions 
Die (lncnes) 2' U (mIs) 

Case- 8 Cooling C'o'nditions 
- 2 U (mIs') 

~ 
h 

« 3.0 

" 3.4 

4.0 " 

4.5 

5.4 .. 

6.0 
7.0 

8.0 

9.0 
10.0 

11.0 

12.0 

13.0 
• 
. 14.0 

15.0 

16.0 
17."0 

18.0 
-..., 

19.0 
20.0 
21.0 ' 

22.0 
23.G 

24.0 

2~.0 -_ . 26.0 

27.0 . ' , 
, 

(kcal/hr m 1("')' 0.5 lnches 
~ trom ,film 
24.2 7.85 

31.0 7.60 

,41.6 7.25 
5'4.5 7.00 

~ 

54.4 6.50 

55.5 6.20 

48.8 5.70 

45.4 5.20 
41.9 4.75 
37.8 4.35 
34.7 4.00 

\ 

Frostline Region . 
" 

... 
, 19':6 2.50 

18".9 , . 2. ~.5 
17.6 2.25 
15'.9 2.15 . 
15 ;6 .2.05, , 

14.4 , 1.95 
-12.8 1.90 
18.9 ' _,1 !85 

7.6 ,1'.'80 
, , 

6.1 '1.77 , 
5.0 1. 75 

/ 

h (k calI hr m K) 0 : 5 in c tl e s 
_________ ~from f~lm 

33.1 8.85 

35.0. B.60 

51.5 8.20 

60.~ 7'~85 

60.5 .7.30 

,60.7 '6.90 

61.r 
, 

6.30, 
. ' 

55:4 - 5.80 

51.5 - 5 :25 
.~ ~. 

-47.0 4.80 

'Fr~stlihe,Regio~ 

. " 
_ 28.6 2.~O 

26.0 2./70 

24.5 2',52 
23:2 2.40 

22,.0 2.2'5 
p 

t9~0" 2. iD' 

"8.0 2.00 
, ' . 

',16.5 1.95 

'14.8, 1. ,90 
10.8 L85 
8.4 - 1.82 

6.3 1. 79 
.. ~ .. ~ Y~ ) ~ 

il. '. . - . . 
" · " 
~lf 
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t .... 
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" ' . 
Calculat~d Nusselt and R~ynolds NumberS 

at Vario~s Dist~nc~s ~rom the bie . , 
, ------------------------------------~-, i 

~ 

, Height A~ove 
01e' (if.)çhes) 

Ca2.L1~oo11ng CondHltlns Cas~.:.§.~ooÜng C'ondi'ti~ . ) ~ , 
, L ,(inches) Nu Re L Cinches) Nu Re 

6.0, 0.'0' 0.0 O. '0 , 
, 7.0 1.0 54.4 i 230 0.0 0.0 0.0 

,J-

,.., : 8:0' 2.0 101 .,2 420 " , 1.0 66.8 234 

9.0 3.0 ' 140.1 575' , 123.6 424 

10:0 4.0 168. 702 157.~ 581 

11.0 

'12.,0 

5.0 17 ,807 

6:'0 ' 1 

/.0 
5.0 

, . 

/ 

, 
13 ~O 7.0 1 16.0 F'rostllne . Reglon' 

,. 

, . 

,14.0 

15. '() 

16.0 

17.0 

'18.0 

'19.,0 
: 

20.0 

21.0 

'22.0 

2~·.0 

24.0 

,26.0 
. 
27.0 

\ 

8.0, F' ostlinE! Region 7.0 

8'.0 

9.0' 

" 
, 

,9;0; .1 

~o.o 

11.0 / 2~0. 6 

~ 1 2 • 0 1...2 5 1~ 0 

13.'0 ' 255.5 

14.0 1 248.6 
. / 
115.0/ 260~2 

16.Q 257.4 
! 

17.b 243'.:1 

1 , 

1!'0 
21à .1 

1 ,.0 161.5 

io.o 131.0 

;21" 0 11'6.9 

1 

i ' .' l' 1 ' 

,;,. 
" ~ ~1 . 1 .. 

, , 

1110 

1138 

1181 

1215 
, 

1241 

1259 

p04 

1344 

. ~381 

1429 

'1483 

,) 

, 1-0.0', 

11.0 

12.0 

:. ' 13.0 

14.0 

15.0 

16.0 

1'7.0 

18.0 

19.0 

20.0 

2~6'. 9 

28,9.9 

300.8 

311. 1 

318.7 

269.,9 

301.2 

295.2 

280.5 

216<.7 

,177.2 , ' 

141.0 

. '" 
• . 1 

. t 

" -

1054 ' 

1090 . 

1119, \ 

1163 

' 1181 

1181 

1211 

.1259 

-1304-

1344 

'1)96 

1445 -

" 

4 '. 

" 

.. 

. , . 
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- , ,Calcu~ateèl J:,rystallinl ty Values over 'the' Fr-astline Region 
, , 

" , , 

.. .. 1 ~, ~h,I> 

Height Above Case 1 Cooling Con(U'tions Case:18 Cool~Condi tio'ns 
Die (inches)' --- • -. , -.. --- ......... \ \,., cdXc/d-z Percent" d'Xc/dz Percent 

Crystaliinity Crystallinitty 

" . , . 
9.0 " o 0 

, \. .. 
10.0 0.051 ~. 

~ '. 
, . -

11.0 
L . ' 5 

'. . 
'0':047 

" 

10 ' . 

.' 
" 

. 12.0 O. 0~'6 
. 
0~045 14.5 , 

" 
. , 

d 

,~ , 

0,,0,4', , :' :, - 12 0.041 18.5 
,' ... , , 

, ' 

.( 

- ' 
" ,',-" ... 

, 1 ~ • O,~, ' . 0.032 .. 
" 

15.0 -': 0.029 18.5 0.035 25.5 ~ 
, , 

; . ' .' 
• 

16.0 0.,027 . 22 0.031 28.5 

• 
17.0 24 

,~ 

,- , 

This analys:is as'sùmes that crystalliz'ation starts. st the 
frostl1ne reglan. that i5" the molten por.tion of the film 

... bubble 1s predominantl y amorphous. 
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.' 
Error Analysis 

,~",,-

" . 

If a calculated result, y, i~ dependent on the vaiiables .. 
Xl' 'x2 ' •. x n ' then the unce~ta.fnt'Y., e y, in the calculated 

result is glven by: 

" 

;, . 
wh~re el" t;!2f ," ~ .en lue the uncertantles in t;.'e var1abres 

. The above equation Is applied to the appropriate .. 
axptessions employed in the calcula~lon of the various 

• ,measured quantities shown in the following sections.' '. 
-, 

, , ~' 
1 
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.C3- .. 

_A.;;;;ir;;...;.f...;;l_o.-Ml_!!;!t~" . 

. 
'. ' 

THe experlme~tBl error of the dlst~nce-mBnometer fluld 

has rlsel'1 . . 1n a slal'ltèd-érm (Âl) was estimated ta, be "5%. ' ........ _./ " ~ 

Velocity a distance 
y from th~ wall' of 
the pipe 

.. 
" , . 

f·.(2·sine·Pm·g 1 eâir~i.~t.~-t)·~Âl,,· 
<t ~ 

" 
~ ", 

, , -

= (0.98)' [(2) ,sin(5.1f).~'(62.'2)' (32.2) '1 (0.072) l!' 

-; 

(0.5)'(0.016)-~'(O.05) : \ 

P~rcent~ge error 

" . 

!.: ' 

, , 

14 
= 126 ,l<. 1'-0'0 

", .. • 

. 
" . 

.. 
~ ~ " 

( "." 

.. 
, . 

" 

" . , 
, : . : 
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. ' 
Unrestrained Shrinkage" 

T~e ,e'xper!mental errors' in the-. var'ious mea'sure~ 
" 

quantltle~ wera estlmated t~ be: 

.. , 

, Var labre 

Initla~ dlameter (Di) 
Final diameter (Df)" 

Percent Untestrained Shrinkage = (COi 

eShrlnkage, + 
, . 

eShrinkage = '.72 

Error 

'2.5 ~ 
2.~/ ~\. " 

, "~' 

Of) lOf) 100 

-'- pe.rcent, unres train'ed'.., s,hr i nkage error. = ~ x 100 . = !).3~ 75, 

-' 
,l, r 

\ 

(J 

'1 

'. " 

, .. 

i 

..... ' ~' 

n 

p , 

'. 

-, 

" 

. " 

.' \ ' 
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Elmendorf ,Tear 

.. \ 

The experimental errors in t!'1~. variC)us,'RJ,eas~red 

quantities wer'e esti"lsted to ,bé: 

Variable , \ 

Elmendorf apparatus 
scale readlng· (Sr' 
Film thickness (b) 

Eimendorf tear résult :'(S)t6/b 

el' E mendorf 
Teàr 

.J 

" , 

'['(16/ , )2 = b e.-e Tear - '+ 

Value 

'" 

Error 

1 ~ 
( .2 % . " " 

.. 

o. 

, . 

.. . 

eElmendorf 
Tear 

= [(11.~,:~~~'.)r2 +;(2à .. "{1~).(~.a2»2]'~ , 
" .',,', - (1.5).,.", _ 

eElmendorf = ·8.1 
'Tear' 
.' 

~ercentage erro~ = 

\ , 

" 

.. , 
'(1 , 

'\ . 

-; .' 

~4~ x 1()O-, - . 5.1''-:' 
, ) 

.. '. 

, . 

• l' 

.' 

. " 

'11 

s . 

, . 
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Sanie V~loci·ty 

h The experime~tal errors in me~su~jng sanie v~locity.were . 

'. estimated t~ be· two percent (49). 

. :' The reÇOdUCibili ty' of thes,e measureme";;-ts we're fi ve 

.percent~ 

, . 

" 
t, 

1 , 

f 
1 

1 ) 

1 t 
.. 

-." 

1 , 
1 

d" 
/' 

,', 

. " 

~. 

" 

~ " . 

" , 

'. . 
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" 

~
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<, 
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Birefringence 

The exper,im.ental errars in the various me.asured 

quantlties wer~ estlmated t~ be: 

'Variable" 

Phase dlfference 
~llm thickness Cb) 

Birefring~Ce =.Phase diffe~nce/b 

e Birefringence 

l 
eBir~fringence 

Percent error 

= [C 1 e' )2 
l). Phase 

Change '. 
= 

4.79 x 10-5 

',4; 79 .x, 
:: .:1' ," 

4- 4 • 49 x 

Error 

7.0 x '10-5 um 
2.5 um 

Phase 
+ C Change )2]i 

- 2· e b b 

. ,1 

The rëPradu~ibÙ.i ty ~f the birefi'ingence :measureme,n~ was 

fa,und ta be 15~. 
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Unrestrainef:i Shr ink~g'è 
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Unrestrained Shrinkage 

. 
tt 

, ' 

Coolfng S~,!,ple Percent Shrlnkage 
. 

, ' 

~ 
CDndition' Number. MO TD 

" Càse' 
, 

" . " .\ 1 1 .. 75 10 , 1 

IYt ' 2 70 20 ' , 

3 '70 10 . 
'4 .',. 65 14' 

1 \:, .- " 
S 70 ,14 ' 

,,' \ 
~ " , 

Case 2 . 70 20 -, , , 
2 55' 10 

) :5 ' 65 25 
/ 

/ 4 65 25 
/ 

5' 70 10 ' 
r 6 70 5 

" . 7 65 20 

8 6:5 5,-

\ 
Case 

\ 
10 . .,.. 3. 1~ , 65 

" 2 70 , 15' 
\ 3 65 10 

~ 60 25 

,5· 65 -, 10 ' 

\ 7-
:6 65' 15 

, , ' ~ .. " 70 20 
, , ',' 

e a 60 15 
" : ' 

..... 

Case 4 . ri 65 1.5 
2 70 ~o . .. 

... :3 70 25 
" '-4 \ 

4' 70 20 
, " ,5 70 25,_ " 

6 ~O' 10 

. '7 ",,' 
70, 10 " 

>, 

8 , 70 15 ;, . , . , 
4. 

L . 

" 
il! 

~'* .. '. 

.' . , , , 
-. 

, , , 
\ , 

':- " , ,,. 
", r . 
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"- -G1·3-. 
, Cooling " sample Percent Shrlnkage " f 

Cond!tion Number MD TD 

A 

" 
'Case 5 1 70 15 

-
2 7,0 20 ' 

3 70 "'10 0: 

') 

~ 4 .70 15 -. 
;, .. 5 70 2!5 " \ ' " 

, .. . ~ .'" , 

6 -66 20 

7 70 20 
~ '. 

'. 
8 • 65 15' 

.' , Case 6 , ~'5 10 

'2 75 15 , 

\ 
~ 75 10 , . 

," 
4 65 20 

,"' ,fJ \ 

'~ 70 25 -
• 

~ 

6 , • 75 25 . ." ' , 
1- 70 15, , 

·8 7,0 30 ~ 
..... of ... . 

l, 

.l.. , Case "7 ., . , 75 10 ~ . , 
, 1 . 2. " , 70 10' -t: 

.. , 
~ , .~ " , , .3 75 " . lO 

r ".' .. 
.4 70 15 ' .l, 

~ ,', ,;,. 
, , 

'. ' . ~ 
>, ""~~1 5 25 . " ~ ~ , , 

~ 
l , ' 70 15 .. : \'~ 

';J'~ 
, , 

. " "'; . 7 • . 7C}' 10 
,~ 

, 
, .~ 

8 65 25 
"" ~ 

.... -'~ .. 
'C~se "8 

-
" 1 70' 15 .,. 

" 2 ,75 10' 
w 

~,. ' ... . ,.3 -65 . 15 
',' 

4 70 20 'IJ 
(, 

5., 70 O· 
If 

~ 6 70 20 

7 70 ,0 .,' 

8 
. 75 lO ... ( 

{- J ,. 
J " " 

, J 
". 

\ 

l"~ : , . , , r ; 

ï. ~ 
,- .'" . 

., ' .' '. 
, , 

.' . 
~.:. "-. 

~ - - -; .. 
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f 

. d. 

\ \. 

" 

-i ': .. 
~. 

'1 , 

" 

. ' 

j 

c 'Ii' ",." .. , 

J.,; , t\' 

.t '.. L' J ~ 

1 

1 .; 
" 

., ' 
0. 

1 

1 
1 

'.f 

l , 

': 

·f 

., , 

.' 

Cooling 
Condition,', ' 

Case 9 

" 
, Case '10" 

" 

" , 

, ' , 

, . 

. , 
" 

, Case" 

" . 
-. - '. 

. ........ 

' .. 

. 
, . 

". 

-G1-4": 

SÊlmple 
Number 

1· 

2 

3 

4 

5 

6 

7 

8· 

1 
, 

2, 
3, 

,4 
~ 

5 

6 

7 
~ . 

8' 

.1 

2 

3 

li' 

:s 
6' 

'7 --. 
" . . , 

B 

~l . .: 
., , ~ .. 

2· ,; 

:3 , , 

.'". 4 , 
'f 5 , . 

6 
j .7, : , 

8' 

. , 

'; 

, ' ~ . . 

" . 
Percent ShrinKage 

MD TD ' . 

"75 ,'5, 
70 \ 20 
75 20 

10 
. 

5 

70 15 

70 5 

7} 15 . 

65 2·0 ....... 
• J 

75 0 
1 

\ "'"\ 75 10 

ao. 20 . 
'75 20 

75 1.5 

,75 25' 

·75 1"5 ." 

70 . 5, 

75 
-- ,! .. 

'" , 

" 

7Q 
70 
70, 

"?S 

:70' . 
,", 75 ... 

7, 
~ \ ~' " . 

. J.' ,';.'75 

:. . '75 

. 

, . 

./ 

75 " 
75 

',75 '. 
75 .. 

, , 
\ '.75 

.' '7~, 

, ' 

.: 

0.. "'r' ~ 

15, 

.20 , 

.5. 

'0 
" 

'10': ' 

20 . 

10 . 
J, ' 

,,' 
25 
~, '~" 

.' '20 

15'. 

S 

10. 

, , 

. , 
'.' 

, 
• 

" 
: 

,; 1 

,'"J 
",'~: \ '... : ' .; 

" ' 

' . 
'f 

1 ... 

, ' 
, , 

'. ' 

\ : 1 • 
-, " 

, , 

, . 
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APPENDIX G2 ~ 

1 , ._-{ 
1 '. -., 
t Elm~ndorf tear 
1 Ji' 

t '. 1 ·r 

{ 
" 1 ! ~ 

~. 

r' r l·' 1 
J 

" , 

" 
, ',' 

", \ '.' 

" , ~ , , 

~ 

0, 1·, 
'" 

• 1 

,,. 
~'r 

. 
, " 

'. 

r 
,\ " 

"c, 

( " 
~, 

, , 
~ .~ 

, 

, 
" ' , 

," . 
r 

\ 
, 

"f . , , 

b 

~ .. ~ 
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-G2-2- \ r-
, 

Elmendorf Tear 

. 
Cooling . Sample Elmendorf Tear (g/m]!! ) 

Condi tion Number MD TD -------------..f""""---

" 
Case 1 1 165 ,238, 

fi' 

" 
2 15S> 21'2 

" 3 161 219 

4' 160 201 
~ 

'" ·5 208 • , 
6 199 ,. 

" 
~ .' . 

, Case 2 1 1,60 215 , .- .. 
1 " • '134 2 253 r 

. ' 
i . ' .. . ' ,~ 

-, , 

3- 155 232 

4 141 172 
' \ 

, ~ 1 ~ v '5 168' 210 

î 6 216 
\ , i f -l ,Câse 3 1 191- 2'15 - '. , 

t . 2 ,\ 137 219 '. 

f: 3 154 256 " , 
.- -

t 

-
4 128 '271 " Il 

5 1'55 194 , 
" , 

6 173 209 
• 
l , , Case 4 1 166 232 

" 
, ' '.- 2 192, ,249 , 

3 160 225 /' 

, " " 
;;\. 

{, 4 160 218 'D 
~ "i 

" .. ,' . , . , 
'--.) 5 128 201 • , " . . 

6 154 225 
l" 

~ 
. 

" 

-
~ 

'. , . , . " 

't ' . 
1 .~ \ 

~ , 

',-,' .' 

, \ . " 

) 



:~,~ \. 

, /1> ,- , .---~ ~ , 
~. 

f. , 

-G2-)- , .. , 

.' 

'(. , , 
, Cooling Sample Elmendo.rf' 'Tear (g/mil), 

t, • . f.Q!lQ! ti Q.Q Numbe-r MD' TD 
-~-7*-- ~-----~-----~-~----1 

~ 

" P Csse 5 164, 221, 

2 176 217 
-' 

; 3 139 '·222 , , 
4 142 190 

, 
5 109 256 

6 1~7 

Case. '6: . " 1 1> 1'43 ,213 , .. 
j r 2 123 229 

' . 
'<$ 

~! ~ , . 
" 1 3 145 192 " 

r' . 4 92 ,216 
, " 

,1 
. ~ 

5 1a2 213 
· , 

- ~ . ., 
6-, 154 211 t • '" . ". 

· i Jo 
· 1 .cas~ 1 .124 213 " 

,t 
.1 2 ' 1'90 201 

' , 
~ ;~ 

0 ~ t \)' 

194 

1 
3 , 139 

4 142 216 
, 

5· 1~5 225 
' . 

6 143 204 ; . 
Case 8 1 11a 213 

2 160 190 
T , 3 108 225 
" 

4 . 92 213 

5 186 236 

6 111 198 ~ 
, 

'.Case 9 156 244 .' 
,. . 

" 
, 

2 143 228 

3 179 224 
" 

, '. 
4 176 213 

t S 204 200 . 
" , 

" ~ 143 232 

, , .( ~ 
", 

" 

" 

~ '. ~' . 
\ -, 

" f' , . . 
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Cool1ng~ 

, f.~Q.9.it ion 

Case 10 

• 1 • \. 

, 
-G2:'4-

Sample 
t!~!!le.!!. 

1 

2 

3 

:4 , 
5 . ' 

~,- (.. .. , ,1 
~ 

{ 
, ! r"~ , -. . 

- , 
" 

" , 
; 

.. 
, U ~ 
> , 
~ 

f 
, ~ 

,r 
J 

l-
i .. 

'( .; 

, " 

" , 

" 

, " 

. .., 

. . 
, (' 

, . 
, , 

'Case 1; < 

, i 

, " 
C,a"se 12 

, , 
\ ' 

" 

,,1 

'2 

~ !' 

_ 4 
l , .... , 

, ,,' 5' ," 

6, 

, • Case 13 " '.,:' 1 . 
''',. 2 

, " 

".: 3' 1 

4 l ' 

5 

6 

Cas~ 14 1 

2 

" " 4 
l" 

5 

6 

"l 

Elmendorf Teer (g/mi.l) 
'_ Mp __ --IQ ____ _ 

104 , 160 

76 274 
, 186 204 

202 228 

112 183 

". 163 .213' 1 

154 ·221 

194 229 

134 -240 

135, . ' , 199 

152 21~4-

130 210 

140 193 . , 

200 197 

133 242 

155 :197 

151 244 

142 214 

,147 251 
, 
203 223 

158 218 

'153 239 

~~ ~ 265 

199 
~ 

laD: 2Z5 

179 229 

200 214 

170 238 

U~5. 244' • 

- , .. 

'" 

, of' 

, , 

, 1 

" 

" , 

f \ l, 

/, 

, . 
" 

J, 

l ' 

" , . \ , 
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, , ,~ d, 

, 1 

" 

... 
" 

" 
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, 

" 
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,,1 
l, 

". " 
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l, 

j 

-. ri' 
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t 
) 

{ , 

" , 

, . 

" 

, . 

r 

, ' . 

Coaling ( 
~~!lQ.!i~9.!i 

~Case 1 

• ' .. 1 J 

"-. 
Case 2 

: ' 

, '-

, " 

" 

) '" 

.. ; , 
" 

S"mp 1 e 
Number 

.. 1 

2 

,3 

4 

.5 

6,: 

7 

8' 

9 

10 

,1 

.2 

3 

,4 

, ; '5 

6 

7 

8 

9 

10 , 

L 
2 

3 

."4 

5 

6 
D 

7 

8 

'9 

10· 

...... ,\ 

" . 

'. 

• ... , J 

'Sanie Velocity '(km/s) 
. MO' TD' 

-~-~--------~--~r--

1.66 ,.' 1.69 
/, 

., .63 b 1.. 6'6 

, 1 .7·1 1.69 

1.63 ).72 

" " 1 :64 1.73 

,1.68 1.69 

1.67 -1.74 

1.64 1. 78 

1.66 1 ~ 77 

1. 71 1.72-

1. 78 1. 78 

1.64 , ,1.'85 , ' 

~73 .. 1.85 
\ 

1'.73' 1.73, 

. 1.62 1.73 
:. 
. 1 • .55 1. 74 

-J: 1 .74 1.85 

1.55. 1.,89 . 
'1-.78 1.91 

1. 7e ' 1.81 

1.67 1.86 

., .66 1.73 
~-, \ , ' 

1.73 1. 74 
, 

. 1. 71 1.82 
, 1 • 7,1 . 1.86 

1.73 1. 78 
'1.6,9 1.87, 
, .,68 1.85 

1.78 1. 73 

1.6'4 1. 76 . 

>,' 
, , " . 

, " 

, " 

.. _' _ t 

, . 
. EHr.efrinijenee 
" '·()('~10) '. 
--~--j 

, ' 

'.4;f 
. ... , ,.:. '" 

.. , 

'4.5q • 

1 

\ , 

, ' 

.. 

4.~0 . 

4.62' 

1.34' 

2.32 

3.90 " 

'1.02 

:1. 05' 

4.62 

2.,57 

5.87 

5.02 

6.51 

2.73. 
, 3.92 : 

-6'.35 • 
5.3,7 

3~ 13 ' 

'7 ~64, " , 
, '"" ,. 

6 • 60· ,\'-
. 10.3,3' 

,7.00" 

3.94 
2.61, ' . 

r) .181 

3.58 

2.45 

" ':?B3 

, , 

l' 

,) , . 

, . 

1 

',,\ 

,o. 

, , 

\,; .. , 

. ' 
( 

• \. 1 

, , , 
\ , , 

,. 

-' 

- _ l ',:. 

f' 
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.l' 
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" Caollng . Sample· 

, Candi tian: 'Numbér 

../ t 

Case 4, 1 
',' 2 

3 

'4 
. ~, 

5 

6 
, , 

'r 
7 .: 

8 

9 
10 - -. ~ 

. Case ~ . 1 

2 

3 

4 

5 

6 , . , . 7 
, "-, 

8 

, 9 , 

.10 

~ Case' 6 ' 1 
, 

. 2, 

3 " 

.' . 
4 

5 < 

, 6 

7 

8 
,9 

J 

,JO " 

, ~ 

, 

-G3-3-

l, 

Sonic VelocHy ,(km/s) 

, .MO ,TD' , . " 

1 .78 ' 1.80 

1 ~73 ' 1.86 

1. 70 1.80 

1 .73 1.80, ' , 
1.7'3'" 1.80 . : 
1 • 73 1.80 

1'.63 1.82 -

, .-1. 78 
l, 

1. 77 

1 -• .'78 , , 
.. 1.68 

-1 ~ 73' ) .8S 

• 1 • '10 ," 1. 70 
. ' 

,1.7,0', 1.~,1 

1 .67 . ,'1-,.,13 

1 .67' 1~83 

,: 69 . 1. 73 

Ln l. 76,' 
, :-.. - ..: 

1. 78 1.81 

' 1.73 . 
" 

1·86 
'1.66 1.85 

\ 

, .70 " 1.79 

, , ~ 56' 1.78' ,~. 

1 • ~2 1 
, ~ ;86 . , 

1.69' 1. i8' 

'. \ fOI 64 ,1.80 r:;2, 1 ~ '74 , . ' 
, .57, 1-.78 , . 

".67 1. 77 

" f ",.57 : 1. 7.8,. 

1 • ~O 1'~ 7,4 " , ; 

1 .66 1. 78 
" 

" .~ 1 • , . l' / , 

, . 
\ f, ,~ t 

" 

.~I ,Q '. 

• ~ l ' 

",-... " , J 

" . 
'.. ,~> ~ 1 

t - l ' 

, 
"," 

'-

• 'j 

Birefringence, 
( ~: 10~) 

2.03 

2.86 

6.05 ' \ 

4.85 

4.46' 

3.41 

~ ~ 16 

4.85 

-, • 15 

-2.95 

2'.37 

4.2'3. 

6.51 , , 

5.00 
<0 6.33 

2,.82 

2~ 53 
; , 

1.60 

1 ;51 
, 

l" 

·-3. ',2 " 

2. ~9 

3.38 

5..00 

,,:5.61 

:3.77 

2'.32 

3.52' 

,5.17 
\ 

2.65 

3.49 

.' 

" 

... .': 
) 



, 

" ; .... 

", 

, ' 

'"~ . 
" 

,., .. 

<1). 

, 
4 

0 

.. 

" 
~G3-4-

caaling . SallJPle Sonic velocity (km/s) 
Candi tian Number MD rD 

Birefr i ncence 
.. (j(" 1 0 4 ) 

C!=lse 7 

'Case 8 

, , 

Case 9 

1 

2 

3 

4 

-5 

6 
7-

8 

9 

10" 

2Q 

'3 

4 

5 

6 
. 

7 

8 

9 

10 . 

,.. 
,2 

,3 

.~ 
5· 

6 

7 

8 -" 

9 

10 

. " " " \ . _1 't' • \, 

' , . 

., 

" 

, . 

1 • 73 

1 • 73 ~ 

1'.75 

1.66 
, .-84 

7.71. 

5,.9.5 ... . 
, 6.42" .. . 

.' 
S. 42· . ',~~~ '. , 

3.44 ': " 

1.69 

1.67 

1.70 

1.66 

1.70' 

1.66 

1. 71 

1.67 

1.59, 

1.62 

1. 73 , 1.48 

1 .• 66 

1.66 

". ~6 
1.T~ .. , , , 

1 .'69 . ; :.- ~ 

\ 

1.61 

1.59 
l, .'. 

" .7'1 ... ,'.:- \ 
~ ~ ~ 

,r-
1..69 " 1. 72 ~ -L .... '"f :. 

~ ',\ ~r ; ~. '"'-

1.6,7 

1.63 

'.1.,17 . , ," : 
, 1 • ~6 ,,~ 
. ; '\.." 

, • 6.5 " , ~ 7.0' '~ . 
1. 63 ',",k. ';~'e ' . 

t> ri .... ~. 

'o. '1. 60 ~:,>;, ;"L:67 . ~: 
• - 1 • ~, ~ 

, ' 
.' . 

t ' 

,ri 1 ,} 0 , • 96: , . ' . , 
',11 ~'nj' , l'. '13' ".':' .' 

, 1 • 

.. 
'.' , ' 

1.69 1.7-3., 

'1.66 1.14 

'1.1P6 1.. 7S 

1.69 1. 73 

" •. 66 1. 76 

4,'23' 

1, '0''61\ , .. 
1142 

, 1 :1(2 

•• 73 

4.7.8 

4.83 

4.72 

.;- '1.48 

-~2. 87 
i- ~ 

1.56 

.. 3.,13 

1.57 

3.40 
.- ../' 

~ .18 

4.77 

91.63 . ~ 

5.96 
4.40 . 

l" ~ ',. 

<, 1.6~ 

1.63 

1.66. ' . 
1.67 
~ 

1.64 

.. 

. " 

1. 71 

1.67 

1.77 

,1'.68 

1. 73 

. 2~07 

"2.90 

6.60 ' 

3.07 

2'.65 

..' ,rI 
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"- -G3-5-

~ . . , . 
Cooling '. Sample ~ Son~c Velocity CKm/s) Birefringence 

Condition Nupber. . MD TD (x'10 ). 1 
l. . , 

.~ . 
i Case 10 1 1.60 1.69 , ~ 1.33 

2 1.56 1.69 ?17 
3 1.62 1.69 

\ 
0. 6 • 66' 

4 1.67 1. 70 3.38 
'P 

"- 5· _ 1.65 1.68 '- 4.30 

6 1.60 1.68, ' ... 4.13 

7 . 1.67 \' 
1.67 4.5'1 

8 1.62 1.69 3.83 
"' ;il 

~ 
9 1.55 1.69 4.74 

10 . t: 65 1.69 -1.86 
Jj 

" > ""'1. 

'-. Case 11 1 1. 71 1.86 4.85 ô 

2 1.,67 . 1 ~ 74 '3.85 

3 1 .67 " 1.80 ,7.66 

4 1.66 1. 16 3.54 

'1 5 1. 69' ... - 1.86 4 .• 93 ~ 

6- 1.67 , .73' 2.01 

7 1.7.1 1. 75 1. 09 
• 8 ,~1.69 '1.'69 1.60 .... 

11 

9 \ 1.67 1.71 4.18 
,.. 10 " . .1 ~ 68 ,1 ~73 2.78 

... 
Case 12 1 , · 1.69 1. 7.3 3.70 

, Q 

,! , . 2 · 1 ;71 1.77 3.51 

1 '$ 1.6Y. ,·14.77 t.; .. :! 7'.98 .' " . 
" . . 4 1.70 . 1. 76 -. :. -, 7 • 40 , . ' 

3,47 • 
. . , ~ 

t, 5 1.66 1.68 , 
o. 6 1.67 1065 3.04 / . .. 

7 1 • 71 " 1. 75 2.29,· 
\ 8' 1,.64 1'; 85 3.51 

9 1. 71 1 ~ 78 c ~, .~ . ~ ~ 80' 

la • 1 • 66~ 1. 74' 1.80 
... ~ 

( 
,d 

. ..... 
c ... 

,@ , ' 

\. 

, ' 

'" 



" 
, !:' i.. . .. 
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~ 
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" 
" <1' -- . ' -f 
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" . " . ,.G3-;6-

" , " .~ 

" , .. 'c, 
, l' ; •• , 

, Jo .. ~ • 
' .. . , . 

Cool1ng' Sàmple: Sonie Velocity (km/s) Birefrin'genc.,e ' , - 't 
(:) ~ "- 4' 4- .Cèmdition - Number ~13 TO (x.,la )_ 1 , ' 

\ : 

" 
y . ' . Case 13 1 1.44 1.67 : ,3.55 ' , .. 

L 
1 , 

" 
r~ 2 ·1.62 ,1.77 3.53 

- li<> -. 
3 1.55 ; 1 .61 ' 5. :32 .," >1 

~ 
, . " 0 

'. , 4 .. 1.63 1.68 4.99 . 
5 1.63 '1. 77 5.~2 

~ 

6 1 ;63 \' 1.67 1;56 -. 
7 1 ;44 1,.66 , ~ 4.00 

" 

.; 8 1.53 t. 1.58 1. 25 , . ' . 
9 1. 58 1. 71 2.45 ' '. ~ 

/-' 
.. 10' 1. 51 1.67 1.00 . 

Case 14 1 1.64 1. 73 4.89 

2 1.64 1.68 6.83 

" 3 1.62 ' 1.67 5.05 
,~ 

-
" 

4 1. 55- 1. 70 ' 3~ 32 ....... • P 5 1 ~ 57 . ,.. 71 4.21 
, 'l' 

{ 6 1.57 1. 71 4.21 ~ . < 

7 
" - 1.59 1.67 3.90 

8 " '1.55 1.?9 4.00 III 

'1 '9 1.6$ , • 69 3.73 
, 

0 
j 10 . ,.1.59 1.64 -2. J 5 .- .,. 

• "-1 

- " 

'-. 0', 

'/> .. 
'';;-

" . 
. . 

11, 

• < l 
. , 

" 


