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A Comparison of the Axisymmetric and Planar
Elongational Viscosities of PE-LD

The elomgational viveositiey af a fow density pelvetfiviene in
axinvmmeteie and planar flows gre compared, The experimen
il dera an enrance pressure Toss 15 matched with the corre-
spanding finite elenent predictions Lo estimare e paramelers
in the elonpational viscosity model proposed By Sarkar and
Crupta, The entraitee losses in the capiffary and sliv vheometers
are wxed foopeedier e eloagational viscosities for axisvin-
metric gnd planar Tows respeciivedy. The power-law vegion of
the axisvmmetric as well oy planar elengational viveosay (s
found to follow the time-temperatire superposition principle,
The vortices encowntered i the flow near the abrupt contrac-
e for e planar aed axisyametric cases are compared. The
verdey medr Mhe abirapl comtenetion s foend o pediaee B size
as the flow rate 15 Inereased for planar uy well oy axisymmetric
entreiee flow.

1 Introduction

Flows in various polvmer processing techniques range from
highly shear dominaed in processes such as injection molding
and 1ransfer moelding to highly elongation dominated in exiru-
sion, thermoforming and blow medding. In the processes with
clengation-dominated MNows, elongational viscosity has a large
effect on the velecity and pressure distributions. Therefore, an
accurate knowledge of the elongational viscosity is critical for
fow simulaton and tor optimum design of the equipment re-
guired for the processes wilh elongation-dominated flows,

The procedure for measurement of the shear viscosity of a
polymer is well established [1]. Typically, 2 cone and plate
viscometar 15 used 1o measure the viscosity at fow shear s,
whereas at ngh shear rates the viscosity 15 measured by using
a capillary or a slit rheometer. The experimental data from ca-
pillary {axisvmmetric flow) and slit (planar flow) rheometers
show that the shear viscosity for the axisymmetric and planar
shewr Mows 1s the same. Several empirical eguations [2. 3. 4]
are available in the liwrare, which can accurately capture
the shear-rate and temperature dependence of the shear viscos-
ity of various polymers.
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Measurement of the elengational viscosity af polymers is
atill an actively explored topic. Vardous technigues for direct
experimental measurement of the elongational viscosity of a
pedymer, such s uniasial extension, lubrncaed compression,
fiber spinning, hubble collapse, stagnation Mow wsing a four-
roll inill or opposing jets ete.. can be used to measure the elon-
mationul viscosity only a1 low elongation rates (< 10 ™', be-
cause maintaining a steady extensional deformation is difficult
at higher elongation rates |5]. Furthermore, most of these wech-
niques, except for the four-roll mill, are used to measure axi-
symmetric elongational viscosity: which can be different than
the viscosity for 4 planar clongational flow [6]. Due 1o these
difficulties assoctated with dircet measurement of the elonga-
tonal viscosity of a polymer, entrance flow is used in this paper
to estimate the planar as well as the axisymmetric elongational
viscosity of g polymer,

2 Dependence of Elongational Viscosity on Elongation
Muode

For o purely elongational flow, the  strain-mte  1ensor
(& = {Fv -+ T9T)/2), where ¥ is velocity, is as follows:
1 i il
e=x|0 =(h41]/2 il . i1
0 0 ih—1}/2

where £ is the elongution rate and the parameter b specifies the
nature of the elongatonal fow, with & =0 for an axisymmerric
flosw and b = | tor a planar flow. A mixed elongational fow is
obtained for & between O and 1.

In contrast to the shear viscosity (1, ), which is the same for
planar as well as axisymmetric flows, the elongational viscos-
ity i1, of a fluid depends upon the elongation mode. For
Newtonian fluids, for an axisymmetric Qow 1, = 1., = 3.
whereas for a planar flow n, = 1., = 41, Dependence  of
the elongational viscosity of a palymer on elongation mode is
explored later in this paper.

3 Entrance Flow Method for Elongational Viscosity
Estimation

Entrance flow refers to the low in a channel with an abrum
contraction. Because of the large elongational delormeation ex-
perienced by the fluid near an abrupt contraction, o sharp pres.
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sure drop, called entrance loss, 15 enconntered near the contrac-
tion. The entrance loss increases as the elongational viscosily is
increased [7]. Since the enmrance loss also depends upon the
flosw Tite in the channel, it can be used for an indirect measure-
ment of the strain-rate dependence of the elongational viscosity
of a polymer.

By adding the pressure drop due to shear and elongationul
deformations near an abrupt contraction, Cogawelf [8] was the
first to obtain an estimate of elongational viscosity using the
entrance pressure loss near an abrupt contraction. To simplity
the analysis. Coganwedl made several assumptions, which were
listed in reference (9.

Because of its simplicity. Copswell s expression s con-
menly used in the plasuc indusiry o estmate the elongational
viscosily of a polymer. Cogsweli derived the following equa-
tions for the elongation rate and the elongational viscosity:

: BT ir

T n+ )Py’
gain+ [Py

Me = >

where Prois the entrance pressure loss and the parameters 2,
and g given below, are different for the planar and axisym-
metric flows.

Axisymmerric flow Plamar Now

Ei an 23
£ i 34

Binding [10] removed some of the assumptions in Cogawell's
anatlysis und employed the energy principle to obtain a more
acourate expression for entrance loss in terms of the power-
law parameters for the shear (1, = A% and clongational
(1. = B™ Vviscosities, and the Mow rale in the channel:

kiall +m)* lc;n'an""],,,,,?m
Ape =—— ) 1

m (1 +n) A |
where the purameters k. ks, ks e, and the shear rate at the
wall, . ziven below, are different for the planar and axisvi-
metric flows,

Axasymmetric Tow Flanar flow
K, 23 Y
k= In | n=+1
k; i 2
L& Ra /R, Haf Hy
5 130+ 140} {Zn+ 11Q
:rnRtE, E:In].-.l;:',”

Here, RBytHo) and By (Hy b are che radii (heighis) of the down-
stream and upstream channels respectively, O is the flow rate,
and d iz the width of the slit in the planar case, In Eq, 4, T, is
determined from the following equation:

1
|:|n—|

]“m = j |k.':|."| * ]"I“,."II'I _ ]'HI dl:'.

where by = 2 for an axisymmetric fTow and ks = 1 fora planar
lew., Even though more accurate than Cogswells analysis,
Binding’s analvsis is also based upon several simphfying as-
sumptions, which were also lisied i reference |9,

By relaxing all other assunptions. except for the assumption
of an inertia-less, incompressible Sow with no normal stresses
in shear, Guprer [9] recently obtained estimates of the axisym-
metric elongational viscosity of a low density polyethylene
(Donw 13200 ar 160 and 175%C. For simualating the entrance
Mow. Grgea [9] emploved the finite element method along with
the Carreau model for shear viscosity:

N, = iutl + (hey )T (5}

and the model proposed by Sarker and Gugra [11] for elongu-
[ional viscosiny

F—

. 14 I::‘._-\:E“:l_‘i%. U:1_|
~|r.-"] | (?-.|l.‘|[,":

N =0 T, +8¢ 1 —

where ¢ = .,_“'-Eﬁ} is the second imvariant of the strain-rate
tensor, T, the Trouton ratio at low shear rates, 15 3 for an axi-
symmetric flow and 4 for a planar flow, and g, 2on, 80k, A
and m are material dependent parameters. It should be neted
that e = ¥ is the shear rate for axisymmetric as well as planar
shear Mows, whereas o = /38 for axisymmetric flows and
ey = 2% for planar flows, where & is the elongation rate, The
elongational viscosity estimation scheme developed by Gupta
[9]. which is discussed brielly in the nest section, is also used
in this paper o cstimate the axisymmetric as well as planar
clongational viscosity of Dow 1325,

4 Procedure for Estimation of Elongutional Viscosity
Parameters

In the present work, following the approach used by Grpea [9].
the elongational viscosity of a polymer is cstimated by optimiz-
ing the four purameters 8. 4. 42 and min Eq. & such that the
difference between the entrance loss predicted by a fimte ele-
ment sinmulation and the corresponding experimental values
variows flow rates 15 mumimized, The oplimization scheme used
for the resulis reported in this paper is the same as the scheme
used in |9]. o this scheme, for a good computational efficiency,
instead of using all entrance loss va. flow rate data poings, u sys-
tematic scheme, described in derail in [9], is employved 10 select
four of the duta points for estimation ol the four clongational
viscosity parameters, In particular, two data points at high fow
rates are used o estimate the power-law parameders A and m,
whereas a point at a low flow rate is used (o estimate 2 and an-
other podm atan intermediate Now rate is used W estimate &, Ay
described in [9], [irst, the optimal values of & and m are deter-
mined by using the Newton-Rapson method [12] alternately for
the two parameters. Lsing the data point identified for opimi-
zation of the & parameter, the Newlon-Rupson method is used
again to estimate the value of 8. Finally, the parameter &) is es-
timnated by using the bracketing and hisection technigue | 12] 1o
minimize the erron for the data point identified for &, oplimiza-
Licst.
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Fig, 4. Swrcessivedy refined meshes for simeleding the 2407 plapar entegence flow, (A) coarse (R) intermediate (C) fine

& Experimental Data

A Goettfert Rheograph 3000 [13] was used to measure the
shear viscosity and entrance pressure [oss for the planar gec-
metry. A slit die with a pressure transducer located in the reser-
vour before the contraction and three transducers located al 30,
33 and 80 mon downstream from the contraction was used.
The height and width of the die opening were 0.5 and [0 mm,
respectively. The pressure readings from the three transdicers
alomg the die were extrapolated till the ubrupt contraction. The
difference between this extrapolated value of pressure and the
pressure reading from the transducer located in the reservoir is
the entrance loss.

A Goettfert Rheotester FOO0 [ 13] was used o measure en-
irance pressure loss tor the axisymmetric case. Three dies with
a capillary dimmeter of 1 oo and capillary lengths of 3, 20 and
3 mm owere wsed, The pressure v, capillary length curves
were extrapolated to find the entrunce pressure losses for
varions flow rates. This entrance pressure loss data was also
used o make the Bagley correction [6] for shear viscosity
measurement,

For axisymmetric as well as planar Tow, the Weissenberg-
Rahinowitsch comection was performed to sccount lor the ef-
fect of a non-parabolic velocity profile on shear viscosity mea-
surement. The enrance pressure loss v flow rate data was
plotted on a log-log graph. A fourth order mterpolation was
used b0 fit @ curve to the cxperimental data, which was then
used toabtain the data points for the finite clement simulations.

A Bohlin YOR [14] with 25 mm parallel plates was used to
measure the shear viscosity ar low shear rates and the Arche-
nius equation [ 1] was used 1o find the zero shear rate viscosity
at specific temperatures. The polvmer used was a low density
polvethylens (Dow 1320). Data was taken for teo temperatures,
215 and 230°C,

& Results and Discussion

For the axisvmmetric Mow the chanmel contracted from 12 mm
i | mm in diameter, whereas for the planar fow the channel
height contracted from 12 mm to 0.5 mm. Therefore, differem
tinite element meshes were used to simulate the axisymmetric
and planar entrunce [Tows, Mesh B in Fig. 1 shows the finite

w2

element mesh, which was used 1o simulute the 241 (12 mm
to (b3 o) contraction flow for the planar elongational viscos-
ity estimation. Using the symmetry of the fow, only the flow
on ome side of the plane of symmetry is simulated, Before using
the mesh shown in Fig. | (B), convergence of flow simulation
with respect 10 mesh refinement was examined. The three
meshes. A B oand Cin Fre, | were used fo confinm the conver-
gence with respect 1o mesh relinement. Figs, 2 and 3, respec-
tively, show the pressure and velocity along the centerline of
the channel, As expected, the centerline velocity and pressure
have large gradients near the abrupt contraction, which corre-
sponds to wh =0 in the graphs in Figs. 2 and 3, Away from
the abrupt contraction, the pressure gradient and velociyy are
the same as those for a fully developed flow in the upsiream
and downstream channels. In Figs, 2 and 3 the centerline pres-
sure and velocity predicted by the use of meshes B and C in
Fig. 1 are in zood agreement, indicating the convergence of
the flow simulation with respect to mesh refinement. Similar
analvsis for the convergence of the flow simulation with e
spect o mesh refinement was also performed for the 1201 axi-
symmetric flow. The [nite clemem mesh shown in Fig. 4,
which has the same order of refinement us the mesh in Fig. |
(B ), was used to simulate the 1201 contraction flow for the 5
timation of the axisymmetne elongahonal viscosity.

o

10 ]

|
L]
zh

Feg. 20 Velecite alony the centerline of the 24 0 1 plaver enpranee flow
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The experimental data on shear viscosity of Dow 1327 and
the curves obtamed by fiuing the Carreau model w the experi-
mental data are shown in Fig, 5. For the curves shown in the
lzure, the Carrean model parameters are as follows:

215 Ny = 1.24 > 1PPa - s b = 63,35, 1 = 0.40]
2I0°C:i, = L.OS = 1FPa .5, 7= 33.6s, 0 = 0.40]

It is noted thar the power-law index reported above is different
than the value of the index reported in reference |94 for the
shear viscosity al 160 and 173°C, The shear viscosily para-
mewers reporied in reference [9) were based upon the cxperi-
mental data oblained by using a capillary rheometer at Michi-
van Technological University. The data cbtained by using a
slit theometer i Datapaind labs [ 15], resulted 1 oa slightly dif-
ferent estimate of the shear viscosity, The Carreau model pard-
rerers reported above, which are based vpon the data from the
sht rheometer, bave been used For all the results reported e this
Paper
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For axisymmetric and planar fows of Dow 1320, Figs. & oand
Torespectively, show the expenmmental data Lor entrance loss al
pwer temperaiures. The Carreaw maodel Tor shear viscosity
shown in Fig, 5 along with the entrance loss data in Figs. 6
and ¥ were used to predict the axisvmmetric and planar elonga-
tional viscosities, respectively.

As mentioned earlien, the elongzational viscosity eslimalion
procedure starlts with optimization of the powerTavw parameters
. and m. For hoth temperatares (213 and 230°C), for the i
and m optimization, the sofiware selecied the entrance pressure
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lovss dara points for flow raes of 10,2 and 792 mm’fs for the ax-
isymmetric flow and for flow rates of 10.4 and 208 mm'/s for
the planar flow. Since the flow rates are similar for the axisym-
metric and planar flows, it should be noted that strain rages are
higher for the axisymmetric flow because the arew of cross-sec-
tom ef the channel bevond the contraction is larger for the pla-
nar case. Since the entrance loss data was available at lower
strain rates for the planar flow, the strain-thickening ponion of
the elongational viscosity could only be capiured for the planar
Now. For oplimization of the 8 and & parameters for planar
flow, the entrance loss data point for the flow rate of
1.4 mv'is was used for 215°C as well as for 230°C. With
these control points. the elongational viscosily puramelers pre-
dicted by the optimization software are as follows:

Axisvmmetric low

2I5°%CE =0, A= 2085 m = D349

A6 — 0, ks = LARY, m=0.349
Planar Mow
LS — AT A =22800k, ka =462 & v =350

20 K =3T3, &y =373, Lr= 32 m o= (hdS()

For &y oplimizalion entrance loss at lower Tow rates is re-
quired. However, al very low fow rates, entrance loss 15 100
small tn measure accurately, Therefore, the predicied values
of 1he A; parameter may notl be very accurate. For the values
ol the Sarkar-Gupty model paramelers given above, the axi-
symmaetric and planar elongational viscosities of Dow 1321 are
also shown in Fig, 5,

[T shonld b noted thag the oprimization seftware predicts the
elonganional viscosily puraneler separalely for cach tempera-
ture. Except for the &) values. which are not expected o be
very accurale, the other three parameters were found to tollow
the time-temperature superpostion principle, This observation
15 agreement with the results of Monstedt and Lann [16].
Munstedt and Lann [16] used g Meissner-tvpe uniaxial exten-
sion rheometer [17] o measure elonzational viscosity at low
elongation rates. They concluded thar the slope of the elonga-
nonal viscosily curve remains unallered by o chunge in tem-
perature and the time-temperature superposition can be used
to shill clongational viscosity. Furthermore, they found that
the temperature shift factors for elongational viscosily were
wlentical 1o 1those for shear viscosity, which is also mue for the
values of &, &y and m reported above,

Fig. 5 also shows the clongational viscosity predicted by
Binding's analvsis. To obtain the power-law parameters for
elongational viscosiy by Binding™s analysis, the same twao data
poants g% those used Tor finding the optimal values of A and m
wire used. That is, the data points for flow rates of 10,2 and
792 mm'/s for the axisymmetric flow and for flow rates of
104 and 208 mm'/s for the planar tlow were used. As ex-
pected, e the MNewtoman and elongation-thickening portions
ol the elongational viscosity, the elongational viscosity predic-
lions by Binding's analysis are much higher than the viscosity
based upon the optimized values of the parameters i the Sar-
kar-Cupa model, In the power-law region, for the axisym-

a4

metric case, the predictions from Binding’s analysis are in rea-
sonable agreement with those from the present work, However,
for the planar case, Binding's predictions are significamly
higher than the elongational viscosity obrained by using the op-
tinization software in the present work. The predictions using
Cogswell's method (Eqn. 23 are slightly higher than those from
Binding's methed for the axisymmetric case and significamly
higher for the planar case. This s in agreement with the obser-
vaton of Kwen et al [18], Kwer o1 al, [18] noted that Cogs-
well's predictions are usually higher than the actoal elonga-
tional viscosity.

The axisvmimetric ¢longational viscosity in Fig, 5 does not
have un elongution-thickening region. However, the actual
axisymmetric elongational viscosity may have an elongation-
thickening region. Since the expernmental entrance loss datais
available only for higher flow rates, the elongation-thickening
region for asisvmmetric elongational viscosity could not be
captured in the present work. It is evident from Fig. 3 that for
Dow 1320 for the same valug of ¢, the planar clongational
viscosily s alwiys larzer than the axisymmetric elongational
viscosity, I will be inferesting to investigate in the fuure, if
this abservation s valid for other polyiners as well,

Besides the experimental data, Figs 6 and 7 also show the
entrance loss predicled by our software. The corves labeled
Sarkar-Cupta use the Sarkar-Gupta model for elongational
viscosity along with the Carrean maodel for shear viscosity
wheraas the curves labeled Carreau use the Carmeau model with
A generalized Newtonian Tormulation. For various parameters
in these equations, the values given earlier in this section were
used in the fow simulation, [1is evident from Figs. & and 7 that
the emrance boss predicted in the present work is in good agree-
ment with the experimental data. The generalized Mewtonian
formulation with Carreau mode] predicted only abowt 25 % of
the experimental value of entrance pressure loss for axisym-
metric flow and only about 10 % aof the experimental value Tor
planar o,

For the 120 1 asisymmetnic entrance low, the recirculation
reaion For three different flow rates were shown in reference
[9]. Similar 1o the results reported in reference (4], in the pre-
sent study also. the recircolation region in the 1201 axisym-

WE @ Espenmemal 3150
I [ ] Exgrermental (2300
— — = Sareaeupta 2150 @
o Sarear-Gupta (T30°C)
— e w Coraan (71570
.......... Caemaan | 731G
o
o
=
& ¥
21
a I
aQr
[x]
= i ;
g ..--:-'f‘hrr..
[= e
L .-:-'7""'{
Lot
s
L T2
R
10 = - :
| il
10" 107

Flow rate {m™/s)

Fig. 7. Enfence fosy ve o rate for Bow 320 for miserar Jow
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metric entrance flow was found 1o decrease wath flow rare, As
explained in reference [9]. the reduction in recirculation is due
Lo the decresse in the Trouton ratio s the ow rate is increased.
The Trouton ratic for the axisvmmetrie flow decreases as the
How rate is increased because the elongational power-law in-
dex tor axisvoumerric Jow (mo= 0349 s smaller than the
power luw index for shear Dow (no= (4010 Sinee the clonga-
tional power-law indes for planar flow (m = 0430 15 larger
than the power-law index for shear flow the recireulation re-
giom in the 2401 planar entrance flow was expected to grow
warth flow rate. However, as shown in Fig, 8. in the range of
Mowe rates unalyeed here, the recireulation region actoally de-
creases with increasing flow rate for the 24 1 planar entrancs
flow. In Fig. 8 the arrows show 1he direction af the velocity,
whergas the magnitude is shown by the color of the arrows.

T Conclusions

The planar and axisvmmetric clongational viscosities of Dow
1327 were estimated by minimizing the difference hetween the
entrance loss predicted by a finite element samulation and the
corresponding experimental data for the Now in slit and capil

lary rheometers, The planur and axisvmmetric elongational
visgosities were predicted for two different temperatures, The
power-daw regions of the planar and asisymmeiric elonganonal
viscosities were found 1o follow the Hime-lemperature superpo-
sition principle, Since the cxperimental data s low Bow rates,
amad hence the estimation of the elongaticnal-thickening portion
of the viscosity curve, is not highly aceurate, the time-tempera-
tre superposition could not be verified for the elongational
thickening regrion of the viscosity curve [or planar Mows. Be-
cavse of the unavailability of the entrance loss data at low fow
rates. the elenganonal thickening poron of the viscosny curve
could not be captured for axasymmetne elongational viscosily.
For the planar as well as axisyvmmetric entrance fow the pre

dicted vorex size was found to decrease with flow rate.
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