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* The reei‘%‘which had the highest viscosity and lowest density” gave the .
; zieetest height of rise. ) '

ABSTRACT M.B.

- ROD-CLIMBING IN MOLTEN POLYMERS

\ VU Thi Khanh Phuong

Department of Chemical Engineering
T

A well-known curiosity in the field of experimental }heology
is the tendency of viscoelastic liquids to rise up on the surface of a
cylinder rotating in a large container of the liquid. This phenomenoﬁ
is usually refe;red to as ''rod-climbing" or the '"Weissenberg effect."
Recently, several experimental and theoretical studies on this phenomenon
have been made., However, expe};mental results'to datelyave been limited

to polymer solutions.

In the present study, an apparatus has been de'signed and con-
structed to study the '"Neissenberg effect" in molten gplymers. Three

commercial polyethylene resins were studied: one high density poly-

‘ ethylene (HDPE) at 190°c. and two low density polyethylenes (LDPB) at

182°C., For each resin, ghe variation of the height of rise with ;he
angular velocity was determined: for the HDPB. the heizht veriee linearly °
with the velocity, for one LDPE, the height is _proportional to the square
of thelanguler velocity. For the two LDPE resins, Furves of height, of
rise versus time were obtained, and.it was oﬁservedlthet at Kigher spseds,
nfeer a falrly rapid increase, the\ﬁbight leveled of £ ‘for a per}od a

time, then.incfeesed again until a second steady state vﬁlue was reached.
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Un fait curieux bien connu dans le domaine de rhéologie expéri-
mentale ost la tendance des liguides viscoSlastiques de grimper 2 la
surface d'un cylindre‘togrnant dans u;“grihd récipient de ;;quide. Ce
phsnomino pst communément appolé 1'"Effet Weissenberg". Récemkin;, plusieﬁrs
études expérimentales etfth&oriques sur ce phénomdne ont &t réaltsgesf'
Cependant, les résultats expSrimentaux jusqu'd ce jo;r ont 8§t& limités y

aux solutions de polymdre.

Dans la présente &tude, un montage oxpérimental a §t& congu
et construit pour éfudier 1'"gffet Weissenberg" dans les polymdres fondus.
Trois résines commerciales de potyéfhyl!ne ont 6té Gtudisés; une de haute
densité A 190°C et deux de basse densité 3‘1§2°C. "La variation de la
hauteur de mont&e pour chaque résine a &té dSterminbe en, fonction de la

vitesse angulaire: il a 6t observé que, pour le polySthyléne de haute

"densité, cette hauteur varie linfairement avec la vitesse, tandis que

pour un des deux polyéfhyléhes de basse densité, la hauteur de montée est
proportionelle au carré de la vitesse angulaire. On k reporté les valeurs

de la hauteur de montée en fqmction du,teﬁps st on a obsegv& que pour les
gréndos vitesses, aprds une asse: rnﬁide auﬁnpntation. la hauteur se *
stabilise pendant un certain temps, puis remékte l/nouveau juSqu'l aiteiangg .
;ne seconde valeur stationnaire. La résine qui & la plus grande viscosité ‘

et la plus basse densité accuseji;rplus:haut; ndﬁfte. :
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_‘ - ’ - ABSTRACT L
‘ A well-known curiosity in the f101§ of experimental rheology o

? is tAé tendency of visco;lasiic liquids tq ;130 up on the surface of Y

E ‘ . cylinder rotating in a large container of the liquid. Thim phenomenon

g is usually referred to as "rod-climbing" or the "Weia;enbemg effect "

Recently, several experimental and theoretical studies on this phenomenon

) ' have been mad;. Howover,‘gxperimentql results f; date h;VB been limited

to polymer solutions, ’

In ;he present study, an apparattis has been desA@:i and con~
structed to study the “Weisséhberg effect” in molten polymers. Three -
.commerfial polygthylene resins were ?tudied: one 1Egh density poly-
ethylene (HDPE) at‘190°C. and two low density polyethylenes (LDPE) at
182°C: For each resin, the variation of the height of rise with the
angular velocity was determined: for the HDPE, the height varies linearly
‘with t?e velocity, for one LDPE, the height is proportional to the square

\
of thelangular velocity. For the two LDPE resins, curves of height of

rise vérsus time.were obtained, and it was observed that at\higﬁer speeds,

after I fairly rapid increase, the height leveled off for a pario& of
time, &hen increased again until a second steady state value was reached.

1 The resin which had the highest viscosity and lowsst density gave the

greatest height -of 1 riso.
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Un fait cqrﬂéux bien connu dans le domaine de Rhéologie oxpbri-
mentale ost la tendance dos liquides viscoblastiques de grimper X la
surface d'un cylindre tournant dans un ‘grand récipient de liquide. Ce
phénomdne est commun&ment appel§ I"Effet Weissenberg". Récemment, plusieurs
6tudes oxpérimentales et thGoriqdes sur ce ﬁhSnomBne ont 6té réalisées,
Cependant, les résultats exp8rimentaux jusqu'? ce jour ont 6t& limités

aux solutions de polymdre. — )

Dans 1a*présente 6tude, un montage expérimental a 6t& congu
let construit pour &tudier 1'"Effet Weissean;gxﬁganslle{ polymdres fondus.
Trois résiqps commerciales de poly8thyldne ont 6té %tudiées: une de haute
densité 2 190°C et deux Qe‘basse densité & 182°C, La variation de la
hauteur de montée pour chaque résine a 6t6 déterminée en fonction de la
vitesse angulaire: il a &t€ observé que, pour le poly&thyl&ue de haute
-densiié, cette hauteur varie lin8airement avec la vitesse, tandis que
pour un des deux polySthylencs de basse densité, la hauteur de montée est
proportionelle au carré de la vitesse angulaire. On a repoité les valeurs
de la hauteur.de mont8e en fonction du temps et .on a observE que pour les
grandes'witesgos, aprds une assez rapide augmentation, la hauteur se
séab%lise'Pendan; un ceriﬁin temps, puis remonte } nouveau jusqu'd atteindre
une secondé valeur stationnnlre. La résine qui a la plus grande viscosité

ot la plus basse densit§ accuse la plus haute monté8e.
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\ 0 . CHAPTER 1 " ,

INTRODUCTION

)

‘ »

Nhen a vertical rod is immersed in a container of inelastic

W T

" fluid and is rotated, /the fluid flows outward until its surface assumes

s

a parabolic profile with“the lowogt point at the rod. In this state,
_the radial gradient in the hydrostatic head balances tho centripetal
¥ accejeration. A viscoelastic fluid, on the other hand ,will climb wp
“*_ the rod. This phenomenon has hgen referred to as 'rod-climbing" or
the 'Neissenberg effect". Tho shape of the free surface in this case
fs determined by a balance of centripetal acceleration, normal stresses
and gravity. It is the normal stress differences, ¢havacteristics of
viscoelistic fluids, which are responsible for the climbing effect. ,
Indeed, one mny/vi;uillse the normllystresses in the direction of flow
cr &s an‘extra tension which arises along the streamlines, In the case of

. flow between rotating cylinders, these are circles, and the stresses

acting on a fluid element in this flow may be represented as below:
' .

/ normal stress
s o
_ The sum of forces along ithd radius on the fluid element is in
" the inward direction, so that the fluid is squeezed toward tho\rod. WNikh

. \,
+ fixed boundaries at the rod and the bottom, the fluid kust move upward

. ] along the shaft until the gravitational head balances this strﬁss.

o
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The phenomenon of '"rod-climbing" is of importance in the design
of polymer processing equipment and in instruments for rheological
measurements, and it has been the‘object of several theoretical and
oxperimental studies. However, é;perimental studies to date have been
limited to poj;mor solutions, and no studies of rod-climbing in melts
have been reported.

Review of Previous Work -

Weissenberg (13) -was the first investigator who publicized the
climbing phenomenon in viscoelastic fluids, and he postulated that the
phenomenon was associated with the existence of normal stress differences,
basing this conclusion fon a series of demonstrations. His experimental
arrangement was such that the fiAuid was sheared in a gap between an outer
vessel rotated with an angular velocity that wa; kept constant at various

levels, and an inner cylinder which was held stationary. An analysis ?f

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

its strength so distributed over the various dirgctions in space as to
comprise, in addition to the shear stress components, a tensile stress
along the lines of flow., The presence of such a tensile stress was made
con;picuous by stopping the motion, and then making cuts jperpendicular

to the lines of flow: the tensile component in the stréss caused the cuts
to open up. When the lines 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 gravitational head.

’ {

A few ysars later, Garner and Nissan (4) continued the }nwesti—

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




;I

climbs associated with the Weissenberg effect. A photographic study to
determine the cross-sectional profile of the climb was made., The results
showed that the shape of the climb followed an '"inverse-fourth-power"
relationship, of the formh = Ar'4, wher; A was a constant, if points

near the two wa%l boundaries were neglected.

This result was in goéd agreement with the theoretical result
obtained by Oldroyd (10), who based\his calculations on a non-linear,

S
eight-constant rate model and made us§ of the steady Couette velocity

profile for a Néﬁtgpian fluid in his analysis, although we now know that

.
this is unrealistic when dealing with viscoelastic fluids.
N h

N

™~
-
~

~

The seoondary flow assocfiteq with the Weissenberg effect was
first observed by Saville and Thompson (11)\in an interesting experiment.
They suspended a viscoelastic fluid in a layef\u{th immiscible Newtonian

-
fluids above and below between concentric verticaliéylinders.' When the

\
inner cylinder was rotated, a double Weissenberg effect was observed,
with the viscoelastic fluid both rising and extending downward at the

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

secondary flow. There is still doubt whether the secondary motion here

is & result of perturbation due to a surface effect rather than a character-

istic of the Weisten%erg effect.

To explain the phenomenon of. rod-climbing, Chezeaux (3) developed
a constitutive equation which ‘could describe properly the behaviour of
the fluids exhibiting this phenomenon by combining the theory of Rivlin

for non-linear purely viscous fluid and a theory which introduced the
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;ffect 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 the theoretical and experimental results for poly-

isobutylene and polystyrene solutions.

Chan (2), in an attempt to arrive at a detailed explapati5n of
the actual mechanism invo%ved in the climbing phenomenon, has considered
together the experimental and theoretical aspects 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 shtwed 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 hy previbus investiga-
tors was 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 was useg

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 énly qualitative agreement, Furthermore, theoretical
results indicated the existence of radial and axial velocity fields, whose
values were extremely small, and negligible within the limits of experi-
mental accuracy. This result left thé question of the existence of the-

secoﬁdary flow unresolved.

. Hoffman and Gottenberg (5) developed a theory which directly
related the climbing phenomenon to the viscometric functions of a simple

fluid. By applying the free-surface sﬁape boundary conditions to equations

LY
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of motion, they were able to develop a relaéionship between the two Lt
normal stress différences and the quantities on the free-surface which
might 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 c;mparison was obtained
between the material fﬁnc;ions determined from their theory and those
published previously for isobutylene solutions{ Hoffman and Gottenberg
also pointed out that the second normal stress difference was a very

smal]l quantity and that the secondary\ flow observed experimentally was

negligible.

By using.a perturbation procedure, que (8) was able to calcu-
late the shape of the free surface of climbing for a "fluid: of grade 2"

whose constitutive equation takes the form:

Byy+ P&y = vbAij(l) + a,0A k(l)A

1) 2
{ kj( + “19“11( )

vhere pij are the components of the stress tensor referred to a set of
L.
rectangular Cartesian co-ordinate axes, p is the magnitude of the iso-

tropic pressure, v, 4y, @, are constants and p is the density of the

2
liquid. Aij(l) is defined by _
‘. - \
PSR A | a ‘
ij . % %
31

where vy is the velocity of-a typicgl particid of the liquid, and
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The result showed that t_he climbing only occured when 3“! + 2a2 was
poz'r,itive. The shapes of the climbing surface observed experimentally

N for some polymer solutions did not conform to the peediction of the

4 theory. However, an interesting conclusion was drawn foom thg' study of

| Kaye: if there was 'agroement: between theory and experiment, the theory
would give an indirect method of measuring normal stress differences,

at very much lowsr levels than those measured previocusly.

The most elaborate work on rod-climbing was done by Joseph and
Fosdick (7). They used the method of perturbation about the state of
\rest, which was constructed as a series in powers of Q, the angular velo-

{ : city of the rotating rod, to calculs:te the profile of the freé surface

of the rotating fluid. In their work, they considered first the case of

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

"fourthcorder in n. At zerot!

order, there was a flat surface with atmo-

spheric pressure above and hydrostatic pressure below. At order Q, a:

velocity field appeared without change of pressure. There was no deviation

2

from a flat 'surface at this order. At order Q°, there was;no velocity

gradient correction, but a pressure change was induced. At order ,n", a

secoridary motion appeared: the fluid began. to circulate up and down ajong

G TR S T AR N IO R

the axial direction, and in and out }long the radial lines. After that,
Joseph and Fosdick turned their attention to simple fluids. By use of

o the retardation theorem of Collman and Noll, they could resort to the’

3
;

explicit constitutive relation of the fluid of grade n, and they sarvied

]
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° < ,,thoi{ calculation as far as grade 4, Through the fourth order in @,

/‘

they found that the shape of the free-surface depended solely on constants
. /

which are related to the three viscometric functions. At order four, as |

in the cass of Newtonian fluids, secondary motions first appeared.
. ) ’ . : '
t, . . \
AfEPr that, Joseph, Beavers and Fosdick (§) turned their

W > r—— — =

attention to the "fluid of gradé two", The same t:;ssults as those obtained
by Kaye wers found: at second qrder of Q, the shape of the free surface
was determined by 301 +02u2, and when this coefficient is-positive, the
fluid climbs the rod. . But Joseph, Beavers. and Fosdick went further. They
calculated the shape of the free surface for two cases., In the first case,
the effects of surface tension were neglected, and in the second case,
these effects were considered. The results obtained for both cases were

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

1 consisted mainly of a2 rod of uniform diameter rotating -at constant angular
% | . velocity in a vat cmmpletely filled with "STP" motor oil additive. Rods

: « of several di‘ameter; were used, and for each rod, photographs of the
surface profiles were taken for various valhes of the angular velocity.

3

The following resul%g were obtained:

_ f -For small values of Q (92 < ;1722. where n is the number of
revolutions per second, and a the radius of the rod), the risé of the

free surface at the rod was praportional to Rz. as predicted by the theory,

I NG KA BT PG NLNT TS Popt W= = = = o oo

- and its shape was concave.

-For larger values of @, i.e, n" » the rise¢ at the rod

1/2'
increased less rapidly, and the free surface assuned a convex shape.

. i et

D e ke i1 e

-At ev larger values of {1, the study conf:lguratim lost its

. stability to notion periodic in time. A band of fluid seened to rise
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9 slowly almost to the full-height of th? raised célumr of fluid and then
to collépse downwards ito the surface of the miin body of the fluid.
“ ~ -STP motor oil additive c}inbed up a small rod 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, khen the surface
12

NV
left open the possibility that an accurate detemination of the form of

tension was considered, for small values of ﬂ(nz<

This agreement

the free-surface would yield information about the viscometric functions.
Beavers and Joseph (1) continued their wo?k on rod climbing,
andin their most recent paper, more results were reported. In their
previous experimental work with STP o0il, they observed some climb due to
wetting when Q = 0, so that a static rise, determined from experimental
data, should bé added to the rise computed from theory to give a good
agreement. By coating the rod with "Scotchgard", this problem of static
rise was eliminated, and an excellent agreement between the theoretical
shape and the experimental shape was obtained. The condition that & flat
contact wi‘th the rod as the fluid climbed up the rod must be maintained,
assumed in the analysis, was satisfied. The curve of'hei@\t versus 02
was always a straight line, and had the same slope as the one obtained
before, vhen the rod was uncoated. The effect of temperature. ?n the
parameter 3a; + 20, (called 8 in the paper) was investigated. It was
found that the value of 8 was very\sensn:ive to changes in temperature.
o "? the temperature is increased, a large decregse was expected in the

value of B. For a higher temperature studied, as the rotational speed
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was 1ﬁcreased to very high values, the rise decreased and was replaced
with an inertia-dominated depression of the free-surface, For a rod of
given radius, when the fluid temperature was raised, hhe'é;iﬁb on the

rod at all rotational speeds was completely eliminated. This phenomenon
was predicted by the theory. Another fluid, avsolution of polyacrylamide
in glycerine water mixture, wa;“used to test the second-order theory.

It was found ‘that the second-order theory could be applied for this solu-
tion, provided the temperature was such that there was a discernable r@nge
of ;otational speeds for which h(a,nz) was linearly proportional to a2,
Joseph and Beavers also mentioned in this paper that there was a range

of rotational sppeds for which STP no#l might hdve been well described by
the "fluid of grade 4",

Objectives of the Present Study

The review of the literature on rod-climbing shows that several
experimental and theoretical studies have been made. Howézz;, in each

case, the fluids studied were polimer solutions, No studies of rod-climbing
in polymer melts have been reported. The objeét of the present study is

to demonstrate '"rod-climbing" in melts and to make measurements of the

free surface shape for several polyleis. It is hoped that this work will
lead ultimately to the development of a simple expgrinentel test for ~

characterizing commergial the;§oplastic resins.,

¥



Iy (R N . . ' .

R R A T Wy wot e ‘. . o ‘ ey M

\ . 4 ¢ Y N e . 3% R ¢ e M . . ) P i o0y
ARy e e i e e A B B e 0 R0 3 ' SRR

4 he d

’ ”
b W
& i
-10-

o ' . _ CHAPTER 2

EXPERINENTAL EQUIPMENT AND PROCEDURE

N\

. The study of rod-climbing in polywmer melts requires the design
and construction of a special apparatus, ;I‘he basic problem is to provide
simultaneously for good temperature contr_oh and gtlmd visibilﬁy of the
free-surface, and to minimize the degradation\ of tth melt,

1
Inithis chapter, descriptions of the equipment and the experi-

mental procedure are given.

Description of the Equipment

An overall view of the equipment is shown in Fig.l. It consists
mainly of an insulated box mounted on a platform. A stand, which is used
simultaneously as a support for a temperature controller and a motor-
generator is fixed to the platform, The motor-generator is connected to ‘
a speed controller. The insulated box has three windows of Pyrex glass,
one for taking photographs, 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 heaters and a central vertical rod. A scheme of the box
and its contents is given in Fig.3. The heat:ers are ct;nnected to the
temperature controller mentioned above. The rod goes through a hole in
the cover of the box at its centlr, and is connected to the motor-generator

\ by a coul;ling.- The cylindrical container consists of two parts, a Pyrex
tabe and a stainiess steel plate used as the base for the container. A

‘ photograph of it is shown in Fig.2. (This plate is provided with four

° vertical rods at its ‘fou’r corners. 'l‘hJsse rods go thro'ugh four openings

.



FIGURE 1. Overall View of the Equipment .

l

@
FIGURE 2. The Cylindrical Container
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° : ‘ bored in the cover, and four holts are usedhto hold the container and
the cover strongly together. In this way, the positions of the container
u(d the rodare fixed, with respect to each other, and with respect to
the cover. Besides the apgninzs for the rotating rod, and the four rods
of the container, the cover has other openings: the first one is for the

)

thermocouple lead wires, which are connected to the temperature controller, *

the second one for the inlet of \the nitrpgen, the third one for\a check
valve, and the last one is used for wing a vacuum inside the ntaingi:.:{lr
The vacuum system consists of a copper tube and a shut-off valve c'onnei:ted"

to & vacuum pump by means of a plastic tube, as shown in Fig.1l.

»

The principal dimensions are. given in l?:nlg.s.  The purpose of

drawing a vacuum is to eliminate the mf:lusion of bubbles in the melt
and to :;'enove all the Oxygeh present in the container. After evacuation
and melting, dry nityogen is introduced; it cmstdtuteg a‘gﬂ_\f‘jl,nert medium
inside“the polymer container, thus avoiding the oxidation of the melt.
It is supplied from a ‘cylinder fitted with a regulator and a check valve.

] 'l‘llte .outerp box is made with stainless steel plates of .5 centi-
meters in thickness, welded togdther. ‘It is insulated by fiberglass,
and the insulation thickne s 2.5 centimeters. This box is used as a -

heating system to melt the ‘polym:&i also as a medium for temperature

L

cgntrol.
3
5 An on=-off propﬂorts)imal congoller.r Model 32106, ased from
Thermo Ele¢tric Co., is used wi;tln‘ana Iron Constantan thermo ouple furnished
o ; by the‘same company. ‘ o J’ ~
» £9 R

PN

. - o
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ﬁ!%??f The heaters used are-cartridge heaters., Four of them have k
XN .
Q ﬁﬁ wa%’ts each, and the other four 120 watts each, giving a total of
\\\ 2380 watts. This total exceeds the limit wﬂ!ch can be operdted by the

controller, so that a relay is needed. ihe heaters aré connected in

parallel and are related to the controller as shown in Fig.d.

RV - °

On the base plate of the container, there is a circular groove
containing a viton O-ring. The purpose of this groo;e is to keep the
Pyrex cylindqr in place and to prevent air contamination when there is
a vacuum insi;; the container or thb leakage of nitrogen when nitrogen

is inside. There is a similar groove in the cover, for the same purpose.

4
The ﬁ?tating rod is 12,5 mm in diameter, and 18 cm long. It

is made of stainless steel. The end of the rod, having a conical shape,
goes into a conical 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 speed controller were purchased
from Cole-Parmer Instrument Company (Model E650-MG, and Model 20-1,

-

respectively). e controller furnishes a visual indication of the motor

- ~ . P . A
speed. The motortshaft has two ends: direct drive is obtained at one

end, and the valué indicated is the true speed; at the other end (the
geared end), spe reduction is obtained; the value indicated mst be
divided .by the gear reduction ratio to give the true speed. In this
research, the gear reduction ratio was 20:1, and the geared end was used.

This permitted studies at very low speeds.

® ¢

!
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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 & height of 6 centimeters.

5. The cover 1s placed over the container, the four rods of
the container going through the four rod holes of the cover. Four nuts
ére 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 1s closed. Nitrogen 1is
1ntroduce; 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 all leakages are eliminated,
the container and the cover are placed i1n the insulated box. The nitrogen
cylinder 1s 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 bottom. When half
of the polymer is melted (this takes about one hour), th; 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 to seal the hole is removed, and the rod is introduced. One part




-17-

of the coupling is fixed to the shaft of the motor, the other part goes
0 with the rod.
9. Thg insulated box is placed under the motor so that the
. rod is exactly under the shaft of the motor, and the two parts of the
coupling can be connected.
¢ A

i 10. If the surface of the melt is not completely flat it is

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

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

11. For one speed, photographs 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
controller is turned off. Steps 1, 2, apd 3 are repeated. The Pyrex tube
and the plate are separated. The polymer melt is removed as much as pos-
sible from the rod, the glass tube and the plate. Tetrahydronaphtalene
1s used to 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 kept constant, so that the distances can be deter-
mined by use of a photograph of a reference grid. This 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 "climbing" profile to the camera.




N

FIGURE 5. Scheme of the Reference Grid




CHAPTER 3

EXPERIMENTAL RESULTS AND DISCUSSIONS
Three different types of polyethylene resin were studied in
this work. For convenience, these will be referred to by use of their

inventory numbers in the McGill Polymer Engineering Laboratories.

Some 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.

-
The experimental results obtained for this resin are given in

Table I, in Figs. 7.1 through 7.8, in Figs.B.1 through 8.3, and in

Figs. 9 and 10.

All the experiments were performed at 182°C, and under a slightly
positive pressure of nitrogen to eliminate air (in this research, we take

1 psig).
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Viscosity versus Shear Rate Curve for Resin 10
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TABLE 1

Experimental Data for Resin 10

@ = .25 rpm
t (min 20 50 90 130
cm .27 .36 .50 .SS
2 = .50 rpm
t(min) | 10 15 20 30 40 55 105 170
h(em) | .84 98 1.11 1.25 1.26 1.31 1.40 1.45
Qi = .75 rpm
t (min 6.5 15 24 30 41 50 57 60
cm .87 1.47 1.78 1.87 1.91 2. 2. 2.
t(min) | 65 78 85 92 1 125 142 152
h(em) | 2 2.4 3.09 3.18 .39 3.56 3.6 3.65
3 -
Q@ = 1rpm
t (min) 2 4 6 11 15 21 32 36
h(cm) .54 .91 1.58 1.95 2.23 2.3 2.43 2.43
t (min 55 70 90 100 130 145 155 165
cm) | 2.43 2.59 3.32  3.60 4705  4.15 4.25 4.35
Q = 1.25 rpm ?_\_\f
t (min) 2.5 5 15 24 27 34 42 60
h(cm) 91 1.6 2.5 2.7 2.72 2.72 2.72 3.
t(min) | 80 106 112 129 154 180 240
h(cm) 341 3.93 4.03 438 461 4.8 5.16 .
t (min) 280 300
h (cm) 5.15 5.16

~
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FIGURE 7. Evolution of the Free-Surface Shape for . = 1 rpm
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FIGURE 8. The Shape of the Free Surface at Various Angular
l Velocities for Resin 10 (@ = .5, .75, 1.25 rpm,
‘ respectively)

4 5

FIGURE 13. The Shape of the Free Surface at Various Angular
Velocities for Resin 1 (@ = .5, .75, 1., 1.25, 2.5,
respectively)
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FIGURE é. Rise versus Time Curve for Resin 10



S o' Sa e S Sl Crsrca wew s

h(cm) |
low density polyethylene DFDQ 4400

T - 1829

» 1.25 rpm
| B 1 rpo
/ o 75 rpm
*  sorpm
a .25 Tpm

i 1 1 I .

30 60 96 - 120 150 . 180 210 240 270 300

;IGURE 9 t (min)

- - - . 3 e i T PR TRt I oY, —~ PR e T R U . TR PP D SN, AR N .+ s o ¢ e =




FIGURE 10.
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Rise versus Angular Velocity for Resin 10

Y
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Figure 9 shows the graphs of the height rise versus time for

, 1., 1.25 rpm.

For the two lower speeds, the polymer melt rises rather rapidly
at the beginning, and the steady state 1s attained over a period of about

two hours.

-

”M

For the three higher speeds, a bifurcation 1s observed at
the beginning, the polymer climbs up the rod very rapidly, then the speed
of rising decreases unti1l 1t becomes zero- the height keeps a constant
value during a period of time varying from 30 to 45 minutes. After this
period, the height increases again to attain finally a new steady state.

The photographs of Figs. 7.1 through 7.8 show the evolution of
the free surface shape with time for 0 =1 rpm. ﬁilgure 7.1 and F1g.7.2
give the shape of the climbing surface at 5 and 1; minutes, respectively.
During the interval of time from 0 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 1s
maintainedpfor 30 minutes. During this period, the shape of the free

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

instead pf contributing to the increase of the height, it contributes to

-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 increase becomes less and' less rapid: the polymer which
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climbs up the rod serves simultaneocusly to increase the height and to
enlarge the raised colummn (Fig. 7.7), and finally, the steady state is
attained (Fig. 7.8). During the climbing, the shape of the free surface
1s not always symmetric: it 1s alternatively symmetric and assymetric.

(\

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

free surface evolves in a similar way.

The shapes of the free surface at steady state for the angular
velocity 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.130. We note that
at 4 = 0, theye is some climbing due to wetting. The height increases

with the angular velocity Q, but is not proportional to it, nor to its

square,

Resin 1

Some characteristics of this resin are:
-1ow density polyethylene

-film-grade "Sclair" resin 15-11E

-made by Dupont of Canada Ltd.

-narrow molecular weight distribution

-densfty: .921 g/cc
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The data on viscosity are shown in Fig. 11.

The experimental results are summarized in Table II, in

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

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

pressure of 1 psag.

The graphs of Fig. 14 show the variation of the height rise
with time for five angular velocities (.5, .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 shown in Fig, 12.2.

Pig. 12-1 - Fig. 12-2
FIGURE 12, The Change of the Free Surface Shape
. ]-’

After that, the height increases again, and the shapes of the surface

at steady state assume the forms shown in the photographs of Figs. 13.1

th;-ough 13.4 (sge p.23), for the angular velocitiqs of .50, .75, 1, and

. }L- .

.
:
|:
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i
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FIGURE 11. Viscosity versus Shear Rate Curve for Resin 1
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TABLE I

Experimental Data for Resin 1

@ = .S rpm
t(min) | 20 50 73 90 120 i}
h(am) | .6 7 .72 .75 .75
Q = 7% rpm
t(min) | 4 10 21 35 75 115 180 240
h(cm) 1 .4 .65 .92 1. I. 1.18 1.2 1.2
f1¢ w= 1 m L]
t(min) | 5 15 30 45 60 90 120 176 240
h(cm) | .S 9 1,35 1.5 1.6 1.6 1.77 1.8 1.8
2 = 1.25 rpm
- t(min) 5 10 14 24 28 52 75 90
h (cm) .7 1.25 1.6 1.9 1.95 2. 2,15  2.25
t (min) 105 130 165 230 270
h (cm) 2.3 2.35 2.50 2.55  2.55
2 = 2,50 rpm
t(min) | s 11 20 30 34 43, 60 76
h(em) [ 1.3 2.35 2,75 2.75 2.8 3.1 3.4 3.5
Ly .
t (min 120 150 180 210
) 3.75 3.8 3.8 3.8
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FIGURE 14. Rise versus Time Curve for Resin 1



o low density polyethylene
T = 182"C 15-11E
h(cm)

X 2.5 rpm
a 1.25 rpp
&1 Tpm
" “ & 75 PR
® .50 rpm
=i —— -2

—f—- —a

+-— —t

b

FIGURE 14 time (min)




LA e e Bl
‘ - -
B . . .
e L3 - '
b . - -3 *5"&*';4‘1.",»4 e Tt \ Vo
'y P R CSE At LRSI ' Y
[P ) L oeml, Tl ow %L B P
‘o -, . 5 xg“v\ it - i 5/

1.25 rpm, respectively.

For the highest speed studied (2.5 rpm), we observe all 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 agreement with the theoretical work obtained by Kaye (8) and by

Joseph (6). We also observe some climbing due to wetting when Q = Oy

Resin 4
This resin has the following characteristics:
-high density polyethylene
-injection-molding "Sclair" resin 2911
-made by Dupont 6f Canada Ltd. o
-molecular weight: 4.8x104
~density: .96 g/cm

\ -melt index: 25.0
Some data on viscosity are shown in Fig. 16.

All the experiments were performed at 190°C and under a pressure
of 1 psig. The experimental results are summarized in the photographs
of Pigs. 17.1 through 17.8 and in Fig. 18. For this resin, the steady

state is reached very rapidly. . _—
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FIGURE 15. Rise versus Square of the Angular Velocity for Resin 1
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FIGURE 17. .The Shape of the Free Surface at Various
Angular Velocities (9 =5, 7.5, 10, 12.5,
15, 20, 25, 40 rpm, respectively)
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FIGURE 18, Rise versus Angular Velocity Curve for Resin 4
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For low speed, the free surface assumes a concave shape. For

higher speed, it assumes a convex shape. At Q = 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 velocity.

Discussion of Results

The experimental results indicate thiat the height of rise is

higher when the viscosity is higher and when the density is lower. This
is what might have been expected. Indeed, usually, a polyethylene which
has a higher viscosity and lower density, is more highly bramched and

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

i
3
i
!
|
?

in a higher climb. Hence, by simply observing the height of rise of two
polymer melts submitted to the flow near a rotating rod, one might be

3

able to get some idea of theﬁrelative order of magnitude of the viscosity

~

(and the density) of these polymers.

Some other observations can be drawn from the experimental results:
—~

—‘/ii;e steady state is reach%d more rapidly for a less viscous

polymer.
et .

-From the curves of h versus time, for the two LDPE, we notice
that these two resins behave similarly; for highér speed, the height

. \ i )
increases rapidly at the beginning, then there is a period of time in
which it keeps a constant value, and then it increases again, to reach
finally a steady state, The period of constant height or nearly constant

[
height is longer for the resin with higher viscosity (éesin 10). 1If we
. \ '
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look at Figs. 11 and 15 (curves of h versus time for resins 10 and 1,
respectively), we notice that for resin 1, the second rise, relative to

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

is observed. However, this fact cannot be generalized, since, if we did ‘x
for resin 10 some experiments with rotational speeds between S and .75 \?
rpm and for resin 1 some experinents_with rotational speeds higher than

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

in the same way, i.e. the relayive height of the second rise might increase

with the speed at the beginning, attain a maximum, and then diminish.

The bifurcation observed for the two LDPE'S is a very complex
phenomenon which cannot be explained completely. From the time t -~ 0,
to the time when the period of constant height obtains, a rational
explanation may be given: at the beginning, the normal stresses, greater
than the gravity force, force the polymer up along the rod. The rise is |
rapid in this stage. When the normal stresses are balanced by the gravity,
the height can no longer increase. However, polymer continuets to be drawn
from the main body of the melt to the rod, and forced to climb it.  Since
the height cannot increase, the‘polyner which climbs up will enlarge the
top of the raised column which falls down under the gravity force. This '
mechanism occurs very slowly because of the high viscosity of tI;e melt,
until every fluid ele-7nt in the column reaches its equilibrium state.
Then the height increases again. One may interpret this phenomenon by
stating that the f.}trst equilibrium state is unstable, so that a new rise

occurs to arrive at a final equilibrium state.

- = -— .

-
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For the variation of the height of rise with the angulff velo-

city, if the experimental results obtained in this work areccompared with
the theoretical results of Joseph, Fosdick and Beavers (7), who stated
that the height of riseﬁuas proportional to the square of the angular
velocity, one finds that only one of the resins studied ;ehaves acoording
to this theory. Hence, the second-arder theory developed by Joseph et al.
does not apply in general to polymer melts,:'nor can the "fluid of grade 2"
and the "fluid of grade 4". To fully describe the mechanism involved in
the Weissenberg effect in polymer melts, a more complete constitutive

equation must be enplpyéd.

e
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CHAPTER IV
CONCLUSIONS

The experimental work carried out in this study demonstrates
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 rise are those which may be expected:

a higher viscosity (lower density) gives a higher height of rise.

It has been found that for the high density polyethylene, the
height of rise varies linearly with the angular velocity, uhereas‘for
one of -the tuollou dens%ty polyethylenes studied, the height is proror-
tional to the square of the angular velocity. But the mechaniss involved
in the rod-climbing pheno-enon of polymer melts is very colplex, and more
studies must be done if one wishes to arri#e to a complete description
of the phenomenon. - S ' /
" ¢ ~
Regarding the apparatus used in this work, some points must be
considered during the experimentation: \ ' |
-Some care must be taken to avoid the.oxidation of the melt.
The cli-bing pheno-onon is groatly affbcted by the oxidstion., A uniforms
height of the glass cylindar, and A-lqyer of silicone seslant fixed on
the édge of the glass cylinder are very holpfu}.
. -Beomio of the 19ursiius betwsen the polymer granules, the
volume occupiod by thoso ‘granules will diminish uhan they are melted,

rosulting in a cansidernbla wetting at the wall of the glass cylinder,
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so that the visibility of the free surface is very bad, and photographs
cannot be taken. To avoid this situation, when the polymer granules are
poured into the glass tube, one must 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 some wetting
due to surface tension, which makes more or less difficult the determina-
tion of the exact horizontal surface of the melt.
-Some difficulties Lay arise if one wants to do experiments
with higher speeds for resin 10, since the ‘window through which photographs

were taken is not sufficiently large.

\
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NOMENCLATURE

Definition

radius of the rotating rod

component of the first Rivlin-Erickson

tensor

component of the second Rivlin-Erickson

tensor

height of rise

isotropic pressure

component of the stress tensor
radius .
rectangular Cartesian co-ordinates
conponénts of the velocity vector
material constants

density

Kronecker delta

angular velocity
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