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ABSTRACT M.I. 

• 

ROD-CLIMBING IN MOLTBN POLYMBRS 

W Thi lChanh Phuona 

Department of Chemical Bnaineerina 

A well-known curiosity in the field of experimental rheology 

is the tendency of viscoelastic liquids to rise up on the surface of a 

cylinder rotatina in a 1arae container of the liquide Thi. phenomenon 

15 usually referred to as "rod-climbina" or the "Weissenbera effect." 

Recently, several experimental and theoretical studies on this phenomen~n 

have been made. However, experimental results' t~ date have been limited 

to polymer solutions. 

In the pr~sent study, an apparatus has been de\ianed ànd con-' 

structed to study the "Wéissenberg effect" ln molten polymers. Tbree 
, f 

commercial polyethylene resins were studied: one high density poly-
l ' , 

, ethylene OiDPB) at 1900C, and two low density polyethylenes (LDPB)'at 

182oC. Por each resin, ~he variation of the hei,bt of ~lse wlth ~he 
" 1 1 .. 

angular velocity was determined: for the HOPB, the heilht varies linearly 

with the velocity, for one LOPB, the hèiaht is,proportional to the square 

of the,&nau1ar veloc~ty. Por the two LDPB resins, furves of heilh~of 

rise vers~s ti_ weH obtained, and :it was ObSe~edl tbat at hlaher ~MedS, 
at:ter , fairl)' rapid incHase, the h'eiaht leveled off/for a perlod or 

.. 0 1 - ~ , 

ti1' then incHasad apin until a second S~eadY __ tate value was re~~ecl. 

~e resl\t whicb had ~~e hlpest viscosity and lowest d~nSl~~ pve the , 

. areatest beilht 'of rise. 
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o 

lin fRit curieux bien connu dans le domaine de rh601ogie exp6ri-

mentale ost la tendance des'liquides visco61astiques de grimper. la 

surface d"un cylindre 'taumant dans un,' gr~nd r6cipi~nt de Uquide. Ce , " 
.,j 

ph6nom~ne 'pst commun6ment appol6 1'''6ffet Woissenberg". RScel!llllènt, plusieurs 
. ... 

6tudes exp6rimentales et .th6oriques sur ce ph6no~ne ont ~t6 rSalta6es.- ' 

Cependant, les r6sultats exp6t\me~taux jusqu'. ce jour ont 6t6 limit6s 

aux solutions de poIYm~re. 

~ 

Dans la pr6sente 6tude, un montage exp6rimental a St6 conçu 
~ 

et construit pour f§tudier l'Haflet Weissenherg" dans les polym~res fondus. .. " 

.. 
densit6 • 1900C et deux de basse denslt6 • 182°C. - La variation de la 

hauteur de mont6e pour chaque r6sine a 6t6 d6termi~6e en. fonction de la 
. 

vitesse angulaire: il à 5t6 observS que, pou~ le poly5thyl~e de haute 

'denslt6, ce~te hauteur varie linSairement avec la vitesse, tandis que 

pour un des deux polySthylènes de basse densit6, l~ hauteur'de mont&e est 

~ p~oportionelle au carr5 de la vitesse angulaire. On ~ report6 les valeurs 

de la hàuteur de montSe en fonction du. temps et on a observ6 qüe pour \ les , -, 

) 

ar~ndes vttesses, .pr~s une assez r.apide au~ntation, la hauteur se'" " 
J ' ' 

./ " ' 
stabilise pendant un ce1tain temps, puis re.~~te l,nouveau jusqu" attein~ . \ . . 
une seconde valeur stationnaire. La r'sine qui a la plus ,rande viscosit6 

-;r,-.. i 
et la plus ~sse densit5 accuse.tJ plu&'haute mant'e • 

• 
1 

,",.1 , 
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ABSTAACT 

A well-kno~ curiosity in the field of experimental r~eology 

1; t+ tendencf of viscoela'tlc IIqulds tq rise up on the surface of i 

cylintier rotating in a large container of the liquide ~ils phenomenon 

aUy referred to as "rod-climbing" Or the "WeisJenb~:ri effect \'" 

several experimen~al and theoretical studi~s on this phenomenon 
> 

have en made. However, experimental resUlts to data have been limited . -

to polymer solutions. 

In the present study, an apparatus has been des~ and con-
, . 

st rucud to study the uWeisseRberg effect" in mol Un polymers. 'I1\ree 

.commeryial POlYjth~lene resins were ~tudied: one ~gh den$ity poly

ethylene (HDPB) at'190oC, an~,tw~ low density pOlyethylenes (LOPB) at 

182
o
C. For each resin, the variation of the heiaht of rise with the 

anaul~t velo~ity was determined: for the HOPB, the heiaht varies linearly 

'with tle velocity, for one LOPB, the height is proportional to the square 
1 \ 

1 

1 

of the angular veloèity. For the two LOPB ~esins, curves of height of 

ris~ vtrsus ~ime,were obtained, and it was observed tha~ at.highe~ speeds, 

after ~ fairly ~pid increase, the height leveled off fo~,a period of 

time, then increased again until a second steady state value was reached • 
• 1 • f • 

'11\~_ l'et in ~ich h·~.the highest vbcosity and .IQw,st densi~~ a.v~, the 

grea;e t heilht 'of rise. "' , , 

~ '/'" .;' ' . .. \ ..... ~ 
.' 
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Un fnit curJeux bien connu dans lu domaine de Rh601ogio oxp6ri

mentale est la ten~ance des liquides ~sco6lastiquos de grimper a la 

surface d'un cylindre tournant dan, un 'grand r6cipient de liquide. Ce 

ph~nom~e est commun~ment appel6 l"!Bffet Weis~enberg". R6cemment. plusi,eurs 

6tudes oxp~rimentUes et th60riques sur ce ph6nom~ne ont 6t6 r6a,lides. 

Cependant, les r6sultats exp6rimentaux jusqu'ft ce j OUI! ont '6t~ limith , 

/ aux solutions de polym~re. i 

~ -Dans la pr6sente 6tude, un montage exp~rimental a 6t~ conçu 
~ 

et construit pour 6tudier l "'Effet Websenberg" dans les polymares fondus. 
~ .., 'a 

Trois r6sines commerciales de poly6thylane ont 6t6 Itudi~es: une de haute 

densit6 l 190°C et deux de basse densit6 l 182°C. La variation de la 

hauteu~ de mont6e ,pour chaque rhine a 6tfS d8~,ermin~e en fonction de la 

vitesse angulaire: 11 a 6d observ6 que, pour le pol),lÇth)'l~l\e de haute 

densit6, cette hauteur varie 1in6airement avec la vitesse, tandis que 

pour un des deux poly6thy1èncs de basse densit6, la hauteur de mont6e est 

proportionelle au carr6 de la vitesse angulaire. On a report6 les valeurs 

de la hauteur de mon~8e en fonction du temPs et ,on a observ5 que pour les 
• , 

grandes ~itesse3, Ap~S une assez rapid~ augmentation, la hauteur se 

stabilise"pendant un certain temps, puis remonte l nouvea~ jusqu" atteindre . - ' , 

une secondè valeur stationnaire. La rAsine.qui a la plus grande vis~osit5 

et la plus basse densit5 accuse la plus haute mont5e. 

\ , 
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Q~PTBR 1 

INTROOUCTION . , 

When a al rad 15 Immersed ih a container of inela5tle 

fluld and i5 rotated, he fluid flows outward until its surfa ca assumes 

a parabolie pro e with~the lowest point at the rode In this state, 
), 

the radial aradient in the hydrostatie head ~lances the centripetal 
, 

'i acceleration. A viseoelastie fluid, on tlle other hand,. wil~l climb up 

the rode This phenomenon has been referred to a~ ~TtM-eUmbinan or " -'"'\ 

the ''Weis~enbera effes.,t". The shape of the free surface in this casé 
! 

\ 
1s determined by a balànce of centripetal acceleration, normal stresses 

and gravity. It is the normal stress differences, eha~acteristics of 

" viscoelastic ~luids, which are responsible for the elimbina effeet. , 

Indeed, one may~;uâllse the normal stresses in the direction of flow 
\ 

as an'extra tension Whieh arises alona the streamlines. In the case of , -
flow between rotatina cylinders, these are circ les, and the stresses 

actinl on a fluid element in this floy may be represented as below: 

~n~~l stress 

)... 

Tbe sua of forçes aioDI ~h. radius on the fluid ele.ent is .in 
; 

the inwal'd direction, so that the fluid is squelled toward the 1'Od. WUlh 
. \ \-

fixed boundat'les at the l'od and the bot~o.. the fluid IUst IIOV~ upwa:rd 
1 
\ 

a~onl the shaft unt.i1 the Iftvitatlonal head ba18llces th!s stX:~SI. 

J 
C' 

\~ .. , 
\ 
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The phenomenon of "rod-climbing" is of importance in the design 

of polymer processing equipment and in instruments for rheo1ogica1 

measurements, and it has been the object of several theoreticai and 
i 

oxperimental !:dies. However, dxperimental studies to date have been 

11mited to pol r solutions, and no studies of rod-climbing ln molts 

have been reported. 

Review of Previous Work 

Weissenberg (13) -was the fir5t investigator who publicized the 

ciimbing phenomenon in viscoelastic fluids, and he postulated that the 

phenomenon WBS associated with the existence of normal stress differences, 

ba.ing thi. concIU'ion~ a .orio, of domon.tration.. Hi. oxperimental 

arrangement WBS such that the 1Iquid was sheared in a gap between an outer 

vessel rotated with an angular velocity that WBS kept constant at various 

levels, and an inner cylinder Which was held stationary. An analysis of 
J 

the experimental results showed that in such a motion, the stress has 

Its strength 50 distributed over the various iq"l space as to 

comprise, in addition to the shear stress tensile stress 

along the lines of flow. The presence of such a tensil WBS made 
/ 

conspicuous by stopping the motion, and then making cuts erpendicular 

to the linos of flow: the tensile component in the st ess caused the cuts 

to open up. When the 1Ines of flow are closed circles, the tensile force 

along these lines "strangulates" the liquid and forces it inwards balancing 

not only the centripetal acceleration but also a gravitationa1 head. 

\ 
A few years later, Garner and Nissan (4) continued the Investi-

gation on the normal-stress effects with an experimental study ot-surface 

\' 
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climbs associated with the Weissenberg effect. A photoifaphic study to 

determine the cross-sectional profile of the climb was made. The results 

showed that the shape of the climb foUowed an "inverse-fourth-power" 
-4 -

relationship, of the form h - Ar ,where A WBS a constant, if points 

near the two w~ boundaries were neglected. 

This result WBS in good agreement with the theoretical result 

obtaine~,by Oldroyd (10), 
"---

eight-consta~t rate model 

\ 

who baSed~iS calculations on a non .. linear. 

, and made u~of the steady Couette velocity 
''-, 

profile for a New~nian fluid in his analysis, although we now know that 
~ 

this is unrëalistic Wh~dealing with viscoelastic fluids. 

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

The seoondary flow associ~ w1th the.Weissenberg effect was 

first observed by Saville and Thompson (ll~ in an interesting e~periment. 
'" 

They suspended a viscoelastic fluid in a layer~~~th i .. iscible Newtonian 

fluids above and below between concentric vertical èrlinders .. When the 
\ 

inner cylinder WBS rotated, a double Weissenberg effect ~s observed. 
\ . 

with the viscoelastic fluid both rising and extending down~d at the 

inner cylinder. Dye was used as a tracer to ~how the streamlines of the 

eecondary flow. Thore is still doubt whether the secondary motion here 

is a result of perturbation iue to a surface effect rather than a character-
-.. . 

istic of the Weis~enberg effect. 

To explain the phenomenon of. rod-cIi.bina. Chezeaux (3) developed 

a constitutive equation which'couid describe properly the behaviour of 

the fluids exhibiting,this phenoaenon by coabining the theory of RivIin 
\ " . 

for non-linear purely viséous fluid and a theory which introduced the 
f 
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'-
effect of elasticity. 

~ 
Using this equation, she calculated the shape of 

the free-surface of the climbing fluid. A good agreement was obtained 

at low speeds between ~he theoretical and experimental results for poly-

isobutylene and polystyrene solutions. 

Chan (2), in an attempt to arrive at a detalled explapation of 

th~ actual mechanism involved in the climbing phenomenon. has considered 

together thé experimental and theoretical aspec~s of the effect. The 

free-surface shape of the climbing and the velocity profile were determined 

~ experimentally by an optical technique for several polymer solutions. 

The results sh6wed that the tangential velocity profiles had a completely 

different character from the more commonly known one for a Newtonian fluid. 

and the "inverse-fourth-power-of-radius" suggested by previbus investiga-

tors WBS not obeyed. He did not observe any secondary flow. In his 

theoretical work, Chan carried out a numerical simulation of the Weissenberg 

effect. The Rivlin-Erickson fluid model for viscometric flow WBS used 
1.-

to describe the behaviour of the fluid, and the problem was solved by a 

finite-difference method. The comparison of experimental.data with theo-
. 

retical results showed only qualitative agreement. Furthermore. theoretical 

results indicated the existence of radial and axial velocity fields, whose 

values wer~ extremely small, and negligible within the liaits of experi- ~ 

mental accuracy. This result left thè question of the existence of the" 

secondary flow unresolved. 

, Hoffaan and Go'tenberg (S) developed a theory whiCh directly 

related the ~liabing pheno.enon to the visco.atric functions of a simple 

fIuid. By applying the frae-surface shape boundary conditions ta equati-ons 

/ 
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of motion, they we~e abl~ to develop a relationship between the two 
j 

normal stress differences and the quantities on the free-surface which 

miaht be measured experimentally, such as the free-surface profile and 

surface velocity profile. In their calculations ... they':neglected surface 

tension effects and the secondary flow. A good comparison WBS obtained 

between the material functions determined from their theory and those 

published previously for isobutylene sOlutiO~ Hoffman and Gottenberg 

a~so pointed out that the second normal stress difference WB! a very 

small quantity and that the seconda~ flow observed experimentally WBS 

n~gligible. 

By usini~a perturbation procedure, ~e (8) WBS able to calcu

late the shape of the free surface of climbing for a nfluic:L of gra<te 2" 

whose constitutive equation takes the form: 

where Pij are the components of the stress tensor referred to a set of 
"--

rectangular Cartesian co-ordinate axes, p 1s the magnitude of the iso~ 

tropic pressure, v, al' Q2 are constants and p i5 the density of the 

liquide A (1) is defined by 
1j 

A (1) 
1j 

_ aV
i +~ 

3
X 

3x 
j i 

where Vi is the velocity of~ a typi~l partic'. of the liquid, and 

\ 
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A (2) 
ij 

, 

"'ij h,as 'iu usual aeanina and the dummy suffix notation is empl8)'ed. 

The result showed that ~he cUmbing only occured when ]111 ... 2112 WB! 

positive. The shapes of the cllmbina surface observed experimentally 

for somo polymer solutions did not conform to the peediction of the 

theory. However, an interesting conclusion wa! drawn fDDa the' study of 

Kaye: if there WBS agreement between theory and exper!ment. the theory 

would give an indirect method of measurina normal stres~ differences l 

at very much lower levels than ~hose measured previously. 

The Most elaborate work on rad-climbina was done by Joseph and 

Fosdick (1). They used the method of perturbation about the state of 

rest, which was constructed as a series in powers of n, the angular velo-. 
city ~f the rotating rod, ta calculate the profile of the fr~surface 

\ 

of the rotatina fluide In their work, they considered first the case of 

a Newtonian fluid. and carried their calculations as far as terms of the , 

fourtht'order il\ O. At ~eroth order, there WBS a nat surface with atmo-

spheric pressure above and hydrostatic pressure below. At order n, a'" 

velocity field appeared without change of prêssure. There WBS no deviation 
" 

frOll a flat surface at this order. At order 02, there W&SJ no velo city 

gradient correction, but a pressure change WB! induced. At order.o.4, a 

seccmdary aotion appeared: the fluid began. to circulate up and down aJ,ong 
~ , 

the axial direction, and in and out along the radial lines. Alter that, 
; 

Joseph and fosdick turned their ,ttention to st.ple fluids. ~ use of 
, . 

the retardation theorea of Coll.an and Noll, they cou Id resort to the 

explicit constitutive relation of the fluid of ande n, and they aa",ied 
o 
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,; the1r calculaUon as far as grade 4. Throulh the fourth order in Cl, 
r-

they f~und that the shape of the free-surface depended solely on constants 
1 

whieh are relatec'l to the"t~ree 'Viscometric functions. -At order four, as 1 

in the case o( Newtonian fluids, secondary motions ffrst appeared. 
1 

\ 
After that. Joseph, Beavers and Posdick (6) turned their 

" . ~ 

attention to the "fluid of grade two". The same results as those obtained 

by laye were found: at second order of n, the shape of the f~ee surface 

MaS determined by 3a} +~2a2' and when this coefficient iS'positive, the 

fluid climbs the rode • But Joseph, 8eave~s-and Fosdick went further. They 

calculated the shape of the free surface for two cases. ln the first case, 

the effects of surtace tension were negleeted, and in the second case, 

these effects were considered. The results obtained for both cases were 

then tested by a series of experiaents. The experimental apparatus used 

consist~ mainly of a rad of uniform diameter rotating-at constant angular 

velocity in a vat caapîetely filled with "STP" lIOtor oil additive. Rods 

of several diameters were used, and for each rod, photographs of the 

surfac~ profiles were taken for various va~es of the angular velocity. 
, 

..'; 

The follow~g result~ were obtained: 

-POl' s_11 values of 0 (OZ < a1'~, where ~ is the nUllber of 

revolutions pel' second, and a the radius of the rad), the ri56 of the 

free surface at the ~od was proportional to 02• as predicted by the theory, 

~ a~d it! shape wa5 concave. 
jl 12 

·Por larger values of n, i.e. n • aI/2~.the ~isè at the rad 

increased 1e.5 rapidly, and the free surface assuaed a convex shape. , 

• -At evr I&rger values of n, the steacly configuration lost its 
; .... ~. 

~ 

_ st abil it y to IIOtion per"iodic in tille. A ~d of fluid see1leC1 to rise 



o 

• 

. 
slowly almost to the full-height of the raised c61u.ri of fluid and then 

to cOll'pse downwards ~o the surface of the miin body of the fluide 

~ -STP IIOtor oil additive clillbed up a 5_11 roc! but not a large 

one. This fact was predicted by the th~ory. 

-The observed shapes of the free-surface did not conform to 

the prediction of the theory devoid of surface tension. But they were 

in striking agreement with the theoretical profiles, ~en the surface 
~ 12 tension was considered, for s_11 values of 0(0 < 1/2~. This agreeaent 

• a 
left open the possibility that an accurate deteradnati~ of the form of 

the free-surface would yield information about the viscometric functions. 

, 

Beavers and Joseph (1) continued their work on rad cliabina, 

and in their most recent paper, IIOre results were reported. In tbeir 

previous experimental work with STP oil. they observed some climb due to 

wetting when 0 - 0, so that a static rise, determined from experimental 

data, should be added to the rise computed from theory to give a good 

agreement. Br coating the rod with "Scotchgard", this problem of static 

rise was eliainated, and an excellent agreement between the theoretical 
. 

shape and the experimental shape was obtained. 'lbe condition that â flat 
, 

contact with the rod as the fluid climbed up the rod must be maintained, 
, 2 

assuaed in the analysis, was saUsfied. 'Dle curve of height versus Q 

was always a straight Une, and had the SaM slope as the one obtained 

before, when the rod was uncoatéd. The effect of teaperature,~ the 
- A' , 

para_ter 301 ... 202 (caUed P in the paper) was investipted. It vas 
• J \/ • A 1 

found that the value of P was very, sensitive to changes in te.perature. 

As the taperature is increased. a large decre~se _s expected in the . -... 
value of P. For a higher teçerature studied. as the rotational speed 

\ 

\ 

1 

',' 
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was ine-reased to very high values, the rise decreased and was replacee! 

with' an inertia-dominated depression of the free-surface~. Por a rad of 

given radius, wen the fluid telnperature was raised, \he c1,.iiib on the 
1 

rod at aIl rotational speeds was completely eliainated. This phenoaenon 
, 

was predicted by the theory. Another fluid, a solution of polyacrylamide 
\ 

in glycerine water mixture, WBS used to tes\ the second-order theory. 

It WBS found'that the second-order theory could be applied for this solu-

tion, provided the temperature was such that there WBS a discernable range 
\ 2 

of rotational speeds for which h(a,n ) was linearly proportional to n2• 

J~seph and Beave.s also mentioned in this paper that there was a range 

of rotational sppeds for which STP ail might h.ve been weIl described by 

the "fluid of grade 4". 

Objectives of the Present Study 

The review of the literature on rod-climbing sho~. that several 

experimental and theoretical studies have been made.. Ho~ver, in each 

--a 

case, the fluids studied were polymer solutions. No studies of rod-climbing 
• 1 ! .... 

in polymer melts have been reported. The object of tbe present study is 

to demonstrate "rod-cliJlbing" in melts and to 1I8.ke measure.ents of the 

free surface shape fOT several polyaers. It is hoped that this work will 

lead ultimately to the develo~nt of a si~le experi.ental test for -

characterizing co..e~ial the~Plastic resins • 

/\" 

-
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CAAPTBR 2 

EXPBRINBNTAL EQUIPMBNT AND PROCEDURE 

. 
The study of rad-cli.bina in poly.er malts re~uires the design 

and construction of a specla" appantus. The basic proble. 15 to provide 
- 1 

si.ultaneously for good te.perature cont~dl and g~ viSibil~y of the 
... 

free-surface, and to ainiadze the degradation of the melt. 
~ 

t 
Inlthis chapter, descriptions of the equipaent and the experi-

mental procedure are givan. 

Description of th~ Eguipment 

An overall view of the,equipment is shown in Fig.l. It consists 

mainly of an insulated box lIOunted on a platform. A stand, which 15 used 

simultaneously as a support for a temperature control 1er and a ~or

generator is fixed ta the platiora. The motor-generator 15 connected to 

a speed controller. The insulated box has three windows of Pyrex glass, 

one for taking photol'f&phs, the other two for lighting. The position of 

the camera, and the technique of lighting are shown in' Fig.l. Inside the 

box are eight heaten and a central vertical rode A schelle of the box 

" and its contents is given. in Fig.3. The heaters are connected to the 

teaperature cOlltroller -ntioned aboYe. 11le rad goes th~ugh a hole in 

the caver of the box at its centlr. and is c:onnected to the .,tor-generator 

by a c:oupling. _ 11le c:ylindrical container consists of two parts. a Pyrex 

tûbe and a stainless steel. plate used ~s the' baee for the container. A 

photopaph of it is shown in Pig.2 • l'Ibis plate is Pil'OV~ded with four 

vertical rocls at its four corners. 1hJ"e rods 10 th. four openfngs 

r, 
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FIGURE 1. Overall View of the Equipment • 
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FIGURE 2. The Cylindrical Container 
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Side View Drawing ~f the Bquipment 

1.. cover of the insulated box 
2~ PYl'ex tube 
3. rot,ating rod 
4. heaters (8) 

,S. thermocouple 
6. window (3) 
7. inlet for the nitrogen 
8. check valve 
9. system for making the vacuum 

fiberglass ~ 
· stainless steel 
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borod in the coyer, and four holta are used to ho1d tho container and 
• 

the coyer stronlly tOlether. In this way, the positions of the container 
, \ 

and the rod~are fixed, with r,spect to each other, and with respect to 

the coyer. Bes~des the .openinas for the rotattna rod, and the four rods 
• 

of the container, the cover has other openinls: the first one is for the 
~ 

theraocouple lead wires, Whi are connected to the teaperature control 1er , .. 

the second one for the inlet of the nitr~ .. n, the third one f~ check 

valve, and the last one is used Eor wina a vacuUII inside the bntatner ... ...:'~j' ... cr 

The vacuua systea consists of a copper tube and li shut-off valve connected' , 

to a vacuUJI pu.p by _ans of a plastic tube, as shown in Pia.l. 

11\e principal di_nsions are.liven in F.lg.3. ' 11\e purpose of 

c:lrawing a vaCUWI is to elialna.te ~e inclusion of bubbles in the melt 
1 

and to re.ove ail the ~ present in the container~ Alter evacuation 

and _lting. drr.nitf'oaen is introducedi it canstitutes at\r !nert medium 
, ... " .. ' 1 , , 

inside~he pOI)'MT container, thus avoiding the oxidation -,of the' JIlOlt .. 

It is supplied fro. a 'cylinder fitted with. a regulator and a check valve. 

11\e .outer box is ".de with stainless steel plates of .S centï

_ters in thickness, weld~ toPther~ 'Olt is insulated by fiberglass, 

and the insulation ûickneW 2.5 centi_ters. 1his box is used as a 

heatinl syste. to .aIt the'POlyae~and also as a aediua for te~ratu:' 
" - ~ l 

cqntrol. 

~ Oft;;.off proport'tonal contraller, Model 321~, ~ased. fra. 

The~ Ele.,ètri-c Co., i$ ~ecl with' 8ft;, It;on Con~t~tan themo1ouple fumished 

1 by the'sa.e ca.pany. 
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tr:afts 

The heaters used are'cartridge heaters. Four of them have 

each, and the other four 120 watts each. giving a total of 

2380 watts. This total exceeds the limit w~ch can the be op~d by 

ar~onnected i~ control 1er, 50 that a relay 15 needed. The heaters 

parall'l and aro related ta'~~.~on:roller as shawn in Fia.4. 

~ On the base plate of the container, there 1s a circular groove 

containing a viton O-ring. The purpose of this groove is to keep the 

Pyr~x cylind~ in place and to prevent air contamination when there is .. 
a vacuum in5ide the container or th~ leakage of nitrogen when nitrogen 

i5 inside. There is a similar groove in the caver. for the same purpose. 
) 

The Fftating rod is 12.5 mm in diameter, and 18 cm long. It 

1s made of 5tainless steel. The end of the rod. having a conical shape. 

goes into a conieal hole made at the center of the circular groove 

mentioned above. This is to make sure that the rod is properly centered. 

The motor generator and the spe~ contToller were purchased 

from Cole-Parner Instrument Company OModel E650-MG. and Model 20-1. 

respectively) • e control 1er furnishes a visual indication QJ the motor --. . "-
speed. shaft has two ends: direct drive is obtained at one 

end. and the valu indieated is the true speed; at the other end (the 

geared end). spe reduction is obtained; the value indicated BUst be 

r reduction ratio to give the true speed. ln this 

research. the gear reduction ratio was 20: 1. and the geared end was used. 

This permitted studies at very low speeds. 

-1 
'1 
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FIGURE 4. Diagram of the Eiectricai Clrcuit 
Showing the Connections of the 
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Experimental Procedure 

1. The coupling which connected the rod and the motor shaft 

is made of two parts so that the motor can be easily uncoupled from the 

shaft for assembly and disassembly of the apparatus. 

2. The cover, the rod and the container, which form a single 

unit, are removed together from the outer box. 

3. By unscrewing the nuts which hold these parts together, 

we can separate them. 

4. The polymer, in granular form, is poured into the container, 

up to a height of 6 centimeters. 

S. The cover lS placed over the container, the four rods of 

the contalner going through the four rod holes of~he cover. Four nuts 

are used to hold the container and the oover firmly together . 
• 

6. The hole for the passage of the rod is sealed by a piece 

of metal. 

7. The valve of the vacuum system lS closed. Nitrogen lS 

lntroduced Into the container. Any leakages are detected by a leak 

detector. These leakages can be eliminated by adjusting the nuts which 

hold the different parts together. When aIl leakages are elimlnated, 

the contalner and the cover are placed ln the insulated box. The nitrogen 

cyllnder lS closed, the shut-off valve is opened. and the vacuum pump is 

turned on. The temperature controller is plugged in. 

8. The polymer melts most rapidly at the bot tom. When half 
"-

of the polymer is melted (this takes about one hour) , the nitrogen cylinder 

is opened. the vacuum system valve closed, and the vacuum pump turned off. 

After one more·hour, the polymer is completely melted. The piece of metal 

used ta seal the hole is removed, and the rod is introduced. One part 
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o of the coupling is fixed ta the shaft of the motor, the other part goes 

with the rod. 

9. The insulated box is placed under the motor sa that the .. 
rod is exactly under the shaft of the motor, and the two parts of the 

coupling can be connected. 

la. If the surface of the melt is not completely fIat it is 

necessary to wait a few minutes until it becomes fIat. One can now start 

the motor, and set the speed at the desired value. 

Il. For one speed, photagraphs of the surface profile are taken 

at brief intervals, until the steady state is reached. This May take from 

3 to 5 hours. 

12. When data have been obtained for one speed, the nitrogen 

supply is shut-off, the temperature controller disconnected and the speed 

contraller is turned off. Steps l, 2, aQd 3 are repeated. The Pyrex tube 

and the plate are separated. The polymer melt is removed as much as pos-

s1ble from the rod. the glass tube and the plate. Tetrahydronaphtalene 

1S used ta remove the remaining parts of the melt. 

13. When everything is cleaned. steps 4 to 12 are repeated and 

another set of data 1S obtained. 

The distance from the place where the rod-climbing phenomenon 

occurs to the camera is keptconstant, sa that the distances can he deter-

mined by use of a photograph of a reference grid. Th~s reference grid 

is illustrated in Fig.5. 

This grid is inserted in place of the rod, and a photograph of 

it is taken so that the distance from it 'to the camera is the same as the 

distance from the "cUmbing" profile to the camera. 

c; 
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FIGURE S. Scheme of the Reference Grid 
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o CHAPTER 3 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

Three different types of polyethylene resin were studied in 

this work. For convenience, these will he referred to by use of th'eir 

inventory numbers in the McGill Polymer Engineering LabQratories. 

Sorne characteristics and the experimental results obtained 

for these resins are given in this chapter. 

Resin 10 

This resin has the following characteristics: 

-low density polyethylene 

-unmodified film-resin DFDQ 4400 

-made by Union Carbide of Canada Ltd. 

-highly branched - low molecular weight 

-density: .915 g/cc 

The data on viscosity are given in Fig.6. 

A 
The experimental results obtained for this resin are given in 

Table I, in Figs. 7.1 through 7.8, in Figs.8.1 through 8.3, and in 

Figs. 9 ahd 10. 

AlI the experiments were performed at 1820 C, and under a slight1y 

positive pressure of nitrogen to e1iminate air (in this research. we take 

1 psig). 
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FIGURE 6. Viscosi~y versus Shear Ra~e Curve for Resin 10 
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1 2 3 

FIGURE 8. The Shape of the Free Surface at Vanous i\nglilar 
Veloclties for ReSln 10 (0 = .5, .75, 1.25 rp~, 
respect ively) 

5 

FIGURE 13. The Shape of the Free Surface at Various i\ngular 
Velocities for Resin 1 (n = .5, .75, 1., 1.25, 2.5, 
respectively) 
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FIGURE 9. Rise versus Time Curve for Resin 10 
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FIGURE 10. Rise versus Angu1ar Ve10city for Resin 10 
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FIgure 9 shows the graphs of the height rlse versus tlme for 

. 
'·fl.,'e speeds' .25, .50, .75, 1.,1.25 rpm. 

For the two lower speeds, the polymer melt rises rather rapldly 

at the hcglnnlng, and the stcady state lS attalned over a perlad of about 

t wo hour". 

For the three hlgher speeds, a bIfurcatIon 15 observed at 

the beglnnIng, the polymer cllmbs up the rad very rapldly, then the speed 

of rising decreases untii It becomes zero' the height keeps a constant 

value during a periad of time varyIng from 30 ta 45 mInutes. After thlS 

perIod, the height Increases agaln to attain finally a new steady state. 

The photographs of FlgS. 7. l through 7.8 show the evalutlon of 

the free surface shape with time for ~ ~ l rpm. FIgure 7.1 and FIg.7.2 
~J 

give the shape of the ciimbing surface at 5 and IS mInutes, respectively. 

During the interval of time from a to 15 mInutes the height increases 

very rapidly. At 15 mInutes the base of the raised column of liquid 

begins to contract (FIg. 7.2). From this moment, the rise is less rapid. 

After 21 minutes (FIg. 7.3), the height reaches a steady value, which lS 

maintained for 30 mInutes. During this period. the shape of the free 
~ 

surface changes considerably. The polymer still climbs up the rod. but 

instead ~f contributing ta the increase of the height. it contribute~_~o . , 
-·the enlarging of the width (Fig. 7.4). After this, the fluid at the top 

of the raised column starts flowing down. and finally we observe the 

shape shown in Fig. 7.5. Then. the height increases again rather rapidly 

(Fig. 7.6). The in crea se becomes less and' less rapid: the polymer which 
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climbs up the rad serves simultaneously to increase the height and to 

enlarge the raised column {Fig. 7.7).-and finally. the steady sta~e is 

attained (Fig. 7.8). During the climbing, the shape of the free surface 

lS not a1ways symmetric: it lS alternatively symmetric and assymetric. 
l' 

For the two h1gher speeds, .75 and 1.25 rpm, the shape of the 

free surface evo1ves in a slmilar way. 

The shapes of the free surface at steady state for the angular 

veloc1ty of .5, .75, 1.25 rpm, are shown in Figs. 8.1, 8.2. and 8.3, 

respectively. 

The graphs of the steady height rise versus time and of the 

apparent steady height versus time are shown in Fig. liO. We note that 

at n - 0, there is some c1imb1ng due to wetting. The height increases 
, 

with the angu1ar ve10city n, but is not proportional to it. nor to its 

square. 

Resin 1 

Some characteristics of this resin are: 

-low density polyethylene 

-fil.-grade "Sclair" resin 15-lfE 

-mde by Dupont of Canada Ltd. 

-narrow aolecu1.ar weight distribution 
, 

-density: .921 g/cc 

\ 

.~, 
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The data on viscosity are shown in Fig. Il. 

The experimental results are summariled in Table II, in 

F1gS. 12.1. 12.2, 13.1 through 13.5, 14 and 15. 

o 
AlI the experiments were performed at 182 C and under a 

pressure of 1 pS1g. 

The graphs of Fig. 14 show the variation of the height rise 

with time for five angular velocities (.S, .75. 1 •• 1.25. and 2.5 rpm). 

For each speed. the height increases rapidly at the beginning, then levels 

off for a time. and after that it goes on increasing less and less rapidly 

until the final steady state is attained. These steps are more easily 

observed at higher speeds. 

For the four lower speeds, after the climb height has reached 

a steady value, the shape of the surface changes from the configuration 

shown in Fig. 12.1 to the one shawn in Fig. 12.2. 

Pige 12-1 Pige 12.2 

PIWRE 12. 'I11e Qlange of the Free SUrface Shape 

F 

After that. the heigbt increases again. and the shapes of the surface 

at steady state USUIIe ~he ,fons shown in the photographs of Figs. 13.1 

throuJh 13.4 (see p.23J; for the angular velocitie,s of .50,. .75. 1. and 

Lt & li 

°1 
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FIGURE Il. Viscosity versus Shear Rate Curve for Resin 1 
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FIGJRE 14. Rise versus Time Curve for Resin 1 
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1.25 rpa, respectively. 

For the highest speed studied (2.5 rpm), we observe aIl the 

phenomena observed for the higher speeds in resin 10. The shape of the 

surface at steady state is shown in Fig. 13.5 (p.23). 

Figure 15 ,is a graph of the estimated steady state height versus 

the square of the angular velocity. This is a straight line, and this 

is in agreellent vith the theoretical wort obtained by laye (8) and by 

Joseph (6). We also observe some climbing due to wetting -nen n - Oy 

Resin 4 

\ 

This resin has the folloving characteristics: 

-high density polyethylene 

- inj ection-lIOlding "Sclair" resin 2911 

-lIIlde by Dupont Bf Canada Ltd. 

-ao1ecu1ar weigbt: 

-density: .96 giClA 

-.e1t index: 25.0 

4 
4.8x10 

Sœe data on vis cos it Y are shovn in Fig. 16. 

o 
AH the eltperillents vere perfor.ed at 190 C and under a pressure 

of 1 psig. 11le experiaental results are ~rized ÎJt the photographs 

of Figs. 17.1 throulh 17.8 and in Fig. 18. For this resin. the steady 

state is readhed very rapidly. ~ 

/ 

• j 
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FIGURE 15. Rise versus Square of the Angular Velocity for Resin 1 
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FIClJRE 16. Viscosity versus Shear Rate Curve for Resin 4 
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FIGURE 18. Rise versus Angu1ar Ve10city Curve for Resin 4 

• 

1 

• 
.. 



", 

0 

" .... 
0. 
('II ., 
s:: 

f 
., 

( .... 
~U ,..... 
~O ~ ~c:n ....., ........ c:: o . 

"'"-~ ... .., .... 
Ct) 

s:: ., 
"CS 

! .c::: 

co .... 
W 
~ 

8 .... 
c "" ~ 

iii 

0 
~ 

• ... 
~ 

• • 
2 

.. 

0 .... 
! 

~ 
1 • i' 0 .. • ,.. \1» - &1) .... II) N .... .... 

""' • .Ii 

\ ' , \ 



. .' 
s 

o 

" 

• 

- -- ~ - --
-37-

/ 

Por low speed, the free surface assumes a concave shape. For 

higher speed, it assumes a conv~x shape. At n - 20 rpm, some waves in 

the raised column are observed. It is the beginning of the instability. 

The graph of the height of rise versus the angular velocity (Fig. 18) 

shows that, before the point of instability, the height varies linearly 

with the angular veiocity. 

Discussion of Results 

The experimental results indiCàte that the height of rise 15 

higher trhen the viscosity is higher and wen the density 15 lover. This 

i5 what might have been expected. lndeed, usually, a polyethylene which 

has a higher viscosity and lower density, i5 .ore higbly braaobed and 

more elastic, and the first normal stress difference is greater, resultlng 

in a higher cliab. Hence, by simply observing the height of rise of two 

polymer melts subBdtted to the flow near a rotating rod, one might be 
, 

able to get so.e tdea of the relative arder of magnitude of the Vi5cosity 

(and the density) of these polymers. 

5o.e otber observations can be drawn froB the experi.ental re5ults: 
,/ 

- -~e steady state is reach~d aore rapidly for a less viscous 

polymer. 
..c-'! 

-Pro_ the curves Of h versus time, for the two U>PE. we notice 

that these two resina behave dllilarly; for higher speed, the~height 
- , 

increases rapidly at the beginning, then there i, a period of tt. in 

whlc:h it oep. a con.tant value, anc.\ then 1 t increa.e. aga~, t~ reacb 

liftally'a .teady .tate. 
II< 
;< 

'l1le period of constant heipt' or nearly constant 
1 

helJbt il lC11lJ~ for the re.in vith higher viscoslty (re.ln 10). If we 
\ ' 

j, 

. 1 . 
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look at Pigs. Il and lS (curves of h versus time for resins 10 and l, 

respectively), ve notice that for resin l, the second rise, relative ta 

the first, is greater for higher speed, whereas for resin 10, the contrary 

is observed. However, this fact cannat be generalized, sinee, if ve did 

for resin 10 some experiments vith rotational speeds betveen .5 and .75 

rpm and for resin 1 seme experiments vith rotational speeds higher than 

the highest speed studied, we might observe that the two resins behave 

in the 'same vay, i.e. the relal1ve heigbt of the second rise might increase 

with the speed at the beginning, attain a maxilllJJll, and then dWnish. 

The bifurcation observed for the tvo LDPE'~ is a very complex 

phenomenon which cannot be explained completely. PrOli the tilDe t - 0, 

to the time when the period of constant height obtains, a rational 

explanation may be given: at the beginning, the nOrEI stresses, greater 

,than the gravit Y force, force the polyaer up along the rod. The rise 15 .' 

rapid in this stage. When the normal stresses are balancec1 by the gravit Y , 
\ 

the heigbt can no longer increase. However, polr-r continues to be dravn 

frOil the _in body of the aelt to the rod, and forced to cliab it. ~ Since 

the heigbt cannot increase, the polyaer which climbs up viii enlarge the 

top of the raisecl coluan which faUs d~ under the gravit y force. This 1 

-echanisa oceurs very slowly because of the high viscosity of the melt, 

until every fluid ele~nt in the column reaches 1ts equilibriua state. 

Then the. heigbt increases again. One _y interpret this .pheno.enon by 

statin, -tut the ftrst equl11briua state 15 oostable, SO that a new rise 

oceurs to arrive at a fiJial equl11briUli state • 
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1 

Por the variation of the hei&ht of rise with the angular velo-
1 

city, if the experimental results obtained in this work are(co~red vith 

the theoretical results of Joseph, Posdick and Beavers (7), who stated 

that the heigh~ of rise was proportionsl to the square of the angular 

veloeity, one finds that only one of the resins studied 1J,ehaves acoording 

to th!s theory. Hence, the second-qrder theory developed by Joseph et al. 

does not apply in general to polyaer melts,;"nor can the "fluid of grade 2" 

and the "fluid of grade 4". To fully describe the aechanism involved in 

the Weissenberg effect in polyaer melts, a more eo~lete constitutive 

equation must be ellp1wed. 

-
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OfAPTERIV 

CONCWSIONS 

The experimentai work carried out in this study dellOnstrates 

that the polymer melts. like other viscoelastic fluids. exhibit the 

climbing phenomenon. 

The results obtained regarding the influence of the viscosity 

and the density on the height of ri se are those which _y be expected: 

a higher viscosity (lover density) gives a higber height of rise. 

It has been found that for the high density polyethylene. the 

height of rise varies linearly vith the angular velocity. Mbereas for 
1 

one of ,the two, low dens'~ty polyethylenes studied. the height is prr-
tional to the square of the angular velocity. But the .chanis. involved 

in tbe rod-cliabin, phena.en~ of polYMr .elts 15 ~ery e~lex, and ~e 
(J 

studies IUst be done if one vishe5 to arri~e to a c:oIIplete description. 

of the phenOllenon. 

, 1 _ 

Re,ardin, the apparatus used in thi. ~o.rk~ 'OM points ... t 'he 

considered durin, the experi.entati~: 

-SOM care ... t he taken ta' Avoid the .oxUation Of the _lt. 

'l1le elillbin, phenMenon i. areatly .ffectecl by the oxUation. A Wlif01'll 
- .. ;' l , 

belJbt of the ,las. cyl1n4er, and a layer of .IU,cane .~lant fixed on 

tne ~.e of the at... qlinder an ,very "eipful_ 
, -

-Be~ of the t~er.tt~. bet ... the pol~ paules, the 

volu.. occupted b.Y tbe,e'jranules, will .i.tn~.h Wh~ they ~re .elted, 
- fi, 1 

resultin~ ln a CCIII.Uenble wettlD, at the wall of the ,la •• cyl1nder, , 

/ 
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so that the visibl11ty of the free surfftce 15 very had, and photograph~ 

cannot be taken. To avoid this situation, when the polymer granules are 

poured loto the glass tube, one .ust take care to eliminate the contact 

of these granules with the wall of the glass cylinder at the side from 

which photographs will be taken. Even though, there is still SOlDe wetting 

due to s~rface tension, which _kes IIOre or less difficult the detel'llina-

tion of the exact horizontal surface of the melt. 

-Some difficulties Lay arise if one vints to do experiaents 

with higher speeds for re5in 10, 5inee the 'window throuJh which photographs 

were taken i5 not sufficiently larle. 

" 
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N<»ŒNCLAroRE 

Definition 

radius of the rotating rod 

ca.ponent of the first Riv1in-Erickson 
tensor 

component of the second Rivlin-Erickson 
tensor 

heigbt of rise 

isotropic pressure 

co.ponent of the stress tensor 

radius ., 

rectangular Cs.rtesian co-ord1n8.tes 
/ 

coaponents of the velocity vector 

Eterial constants 

density 

Kronecker de 1 ta 

angular velocity 
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