CHAPTER 2 : THE ORIFICE FLOW OF AQUEQOUS AND ORGANIC
FLEXIBLE POLYMER SOLUTIONS GOING FROM THE DILUTE TO
THE CONCENTRATED RANGE.

Abstract.

Orifice flow is studied experimentally for solutions of flexible polymers.
- Previous work in our laboratory, in which flow parameters varied in the whole range,
showed that for aqueous dilute high molecular weight polymer solutions this flow is
characterized by three flow regimes. Each regime was interpreted in terms of distinct
‘molecular effects governing tensile stress growth, by incorporating a particular
structural model in a similarity analysis. The objectives of the present paper are to
extend the validity of this model to solutions with organic solvents and to determine the
different flow regimes when concentration is varied from the dilute to the concentrated
range.

Results are presented for aqueous solutions of polyethylene oxide
(concentrations from 10 ppm to 10%) for which concentration regimes were determined
by shear rheometry and for two international workshop fluids based on polyisobutylene
in organic solvents, the M1 (2440 ppm polymer) and A1 (2% polymer) fluids.

The flow regimes observed for the dilute solutions are the same as the ones
already reported. For semi-dilute non-entangled solutions (1000ppm < ¢ < 1% for
polyethylene oxide and the M1 fluid), a further scaling is observed in the intermediate
regime: Py varies as qy4. This scaling is also predicted by our analysis, and is atributed
to hydrodynamic interaction stresses that become dominant over elastic stresses as
molecules unravel.

For entangled solutions (4% and 10% of PEO and the Al), a single smoother
scaling is observed at stable flow. Extensional effects become less pronounced. This is
attributed to the fact that entanglements limit both the rate and the extend of molecular
deformation. For the pure PEO polymer, the flow curve has the form already found with
other polymer melts.

The stability of the flow is also examined. The onset of small scale instabilities
is observed at relatively low flow regimes. 3D unstable flow characterizes the high flow
regimes. A non-dimensional representation where pressure drop is reduced by the one
for an inelastic fluid and plotted as a function of the ratio of extensional to shear stress
on the orifice plane, makes data collapse on a single curve for concentrated solutions.
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where 1, is the solvent viscosity, D the symmetric part of the velocity gradient tensor,
and n the polymer number density. The quantity (d®d)s.v denotes the deviatoric part of
the tensor product of d by d and f.), fin, fs are model coefficients. d accounts for
molecular conformation and T is a time constant.

According to (eq. 2.1), the extra-stress tensor is the sum.of three contributions:
The solvent viscosity contribution, the chain elasticity and the hydrodynamic interaction

_ among chains respectively. (Eq. 2.2) gives the evolution of d as a balance between

hydrodynamic stretching exerted by the solvent and entropic elasticity of the molecules.
By a similarity analysis it was shown that [5, 6]:
e at low flow rates, there is little deformation of the molecules with respect to their rest
state dimensions. In this case the solvent term of the stress tensor is dominant and the
pressure drop varies linearly with the flow rate (Pg ~ qy).
e at intermediate flow rates, the chain length may vary considerably with respect to the
rest state length. In this case and in the absence of hydrodynamic interactions, the
elastic term dominates over the solvent contribution and the pressure drop varies with
the square of the flow rate (Pg ~ qv2). When the concentration reaches a value such that
important hydrodynamic interaction occurs, the scaling becomes Py ~ qv?. The
important aspect of this regime is that molecules do not reach steady state in the
upstream flow, since transit time is lower than the time needed for steady state
stretching to be reached. So flow is governed by the transient elongational viscosity nNg.
e at high flow rates, molecules reach their fully stretched length. In the absence of
hydrodynamic interaction Pg ~ a9, where 8= gf(q+h) <1 (q and h are phenomenological
constants). When hydrodynamic interaction occurs (more concentrated systems), Pg ~
Qv-

Experiments with dilute polyacrylamide solutions have shown the existence of
the slopes 1 and 2 at the flow curve as a consequence of the dominance of the solvent
and the elastic terms respeclively, as well as of the slope 1 at high regimes which results
from the dominance of the hydrodynamic interaction term [4]. For polyoxyethylénc
solutions evidence existed previously only for the first two slopes for concentrations till
500 ppm in the same study. In the present study we present experiments at a much
Thigher concentration range in the whole range of the flow parameters. Evidence of the
slope 1 which corresponds to the hydrodynamic interaction regime is given for
solutions of polyoxyethylene and of the slope 4 which indicates hydrodynamic
interaction during the unraveling of the chains when concentrations in the semi-dilute
regime are used (2000 and 5000 ppm). The same flow pattern is shown for the M1
solution.
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2.3. Rheometry.
2.3.1. Working fluids

Solutions of various concentrations of polyoxyethylene were tested, as well as
. two international standard solutions based on polyisobutylene.

The polyoxyethylene_is available in powder form (Polyox WSR-301, Union
Carbide Corporation, reported Mw of 4.106). Being immiscible with solvents such as
glucose and glycerol, a sugar (Sacharose Rectapur-Sodipro France) - water mixture was
used as a solvent (33/47 %ow.). The concentration covered the range from 10 ppm to
10%. Experiments were also performed with the polymer melt at a temperature of
100°C in order to examine qualitative aspects at the upper-limit of the concentration
range.

For low concentrations, solutions were prepared in the following way : Polymer
was first dissolved in demineralized water, _approximately 5 times the final
concentration. The initial solution was then gently stirred for two hours. The resulting
optically clear fluid, was stored for 24 hours, and again stirred for 1 hour. It was then
gradually poured to a mixture appropriate in order to result to a final sugar/water
ﬁropbriion of 53_/517 in w_eigiﬁ, and stirred for 24 hours, Each time moderate amounts
were prepared (approximately 1 liter). In all cases the final product was protected
against oxidative degradation by adding 400 ppm by weight NaN3.

For concentrations higher than 5000 ppm this method of preparation was not
applicable because the initial sugar/water mixture demanded a percentage of sugar
which exceeded the saturation point. For this reason, we used a larger quantity of water
in the initial solution. This exceeding quantity was let to evaporate while agitating
continuously at a temperature of 40°C. This procedure lasted several days.

The M1 fluid is a solution of polyisobutylene in a kerosene / polybutene solvent
(7/93 %w. respectively). The Al fluid is a more concentrated solution (2% w/v) of the
same polymer in dekalin. The molecular weight in the first case is 3.8-106 and in the
second 4.3-108, They have both been the object of International Workshops (Combloux
1989, Villard-de-Lans 1991) and their shear and elongational properties have been
extensively studied by many authors [ex. 17, 18, 29].

2.3.2. Rheometrical characterization in shear
The M1 fluid is very slightly shear-thinning. Binding et al [17] give shear flow

data for temperatures varying from 20 to 70°C. They show that the variation of Mg with
temperature obeys the Arrhenius relationship:
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n=coebT (2.3)
with o= 3.7-10" Pas and B= 6000°K, and they fit the variation of 1} with v by the Cross
model:

n__ 1 (2.4)

with K= 3-10-¢ Pa'! and n= 0.385.

Hudson and Jones [18], in an overview of the results presented with various
laboratories on the fluid Al, fit the shear viscosity data with the Carreau-Yashuda
model:

M 1+ T 2 @.5)

To M -

with Mg= 21.8 Pas, Moo= 0.0202 Pas, a= 1.1, n= 0.34 and A= 3.43 5 at 20°C.

The shear viscosity of the polyoxyethylene (PEO) solutions was measured with
a "Carrimed Controlled Stress Rheometer" (solutions of c<4%) and a "Rheometrics
RMS" controlled rate Rheometer {concentrated solutions). The 4% solution was
measured with both instruments and excellent agreement was found. The normal
stresses of the two most concentrated polyoxyethylene solutions (4 and 10%) were
measured with the "RMS". The "Carrimed" was also used to verify the data given in the
literature for the PIB fluids.

The cone-plate geometry was mainly used though some results have been
verified by the coaxial cylinder geometry in the "Carrimed". The angle of the cone has
been 1° for the "Carrimed"” and 5.7° for the "RMS" rheometers (radius of 3 cm and 2.5
cm respectively). Fig. 2.1 shows- the variation of the shear viscosity with the shear
gradient for various concentrations,-and the first normal difference coefficient for the
two most concentrated solutions (4 and 10%). All measurements were performed at a
constant temperature of 20°C.

The pure PEQ polymer was-tested with the "Gottfert Rheograph 2001"
rheometer at 100°C. A long die was used (L= 20mm, D= 0.5mm), in order to avoid
entry effects. The results were perfectly represented by the equation:

1=3.73 105 y % (2.6)

Fig. 2.2 shows the 1 and n versus the concentration. The scaling of the 1 in the
concentrated range is No~c3-6 which, given the discussion in section 1.1.2.4., suggests
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that the sugar/water solvent used here is a good solvent for PEC. At about the same
concentration range (1-% - 10%), but in agueous solutions of PEQ (Mw= 5:10%), Tam
and Tiu [20] find much higher-values of the concentration dependence (ng~c3). Powell
and Schwarz [21] found ng~c*! for aqueous solutions of PEO of Mw between 2.9-106
and 3.8-106,

Graessley [22) proposed a characteristic time connected to the shear properties

of a solution;

_ (Mo-Ms) M
s L (2.7)

where 1|5 is the viscosity of the solvent, M the molecular weight of the polymer, ¢ the
concentration in weight per volume and R the universal gas constant. The characteristic
times for the various-concentrations are shown at table 2.1.

By plotting the reduced shear viscosity of the solutions versus the product of this
characteristic time with the shear gradient we obtain the master curve of Fig. 2.3. Four
different temperatures were used in the case of the 4% solution and two for the 10%
solution. The observations matched perfectly for the 4% and 10% polyox solutions and
the A1 fluid. This is notthe case forthe lower concentration solutions (c<4% PEO and -
the fluid M1).

Considering the relative viscosity [23] as :

TIES ="Ml = 1+[Ng] c+k'[Mo) 2e2+ .. (2.8)

the intrinsic viscosity :

TNo-MNs

=k 2.9
[Mo) =limg_yp = - (2.9)
and the Huggins coefficient :
T nrel'[nb]-c' 1
k'=lim (2.10)
% (noleP

for the polyoxyethylene solutions were found rcspcctivély :[(Mlo=700cm3/g and k'=
0.24. These values are about half the ones found for aqueous solutions of the same
polymer but of a Mw= 4.2-10% by James and McLaren [24] in a study of laminar flow
through porous media (1500 ¢cm3/g and 0.4). Powell and Schwarz [21] report an
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intrinsic viscosity of 1040 cm3/g for aqueous solutions of PEO and Kalashnikov and
Vlasov [25] 300 cm3/g for Mw= 4-105.
The Mark-Houwink relationship :

[n] =K-M2 (2.11)

has been previously determined for this polymer (PEO WSR-301) by Shin [27] and
Stone and Stratta [26]. They both agree for a= 0.78 but for K they found 1.03-10-2 and
1.25-10-2 respectively when [n] is expressed in cm3/g. Our results agree with those of
Stone and Stratta (Fig. 2.4).

The molecular-weight of our polymer has been verified by the Gel Permeation
Chromatography technique-(Appendix D), since it has been in stock for about 15 years
and degradation with time has been- previously reported [21]. The number-averaged and
weight-averaged molecular weights were found : My= 5.7-105 and My,= 8.5-10°
respectively and the polydispersity: (My/Mp)= 1.48.

The overlap concentration for the PEO solutions (eq. 1.13) is found: ¢* =
1000ppm. As can-be seen in the plot of the specific viscosity versus the reduced
concentration (Fig. 2.5), hydrodynamic interactions at rest do not exist for
concentrations lower than or equal to this concentration. The polymer contribution to
the zero shear rate viscosity is linear with concentration, Chain overlapping exists from
this concentration till 1%. At higher concentrations, the power law increase of 1o with ¢
indicates the-existence of entanglements.

Mochimaru [28] reviewing the results of many investigators, reports on the same
polymer a linear relation _between specific viscosity and reduced concentration for
reduced concentrations inferior to 1, which is the case in our study too. For reduced
concentrations higher_than about 15 he finds a slope of about 6, much higher than the
slope of 3.6 in our case. This fact, together with the lower Huggins coefficient value
than the one reported by James and McLaren, indicate that the existence of the
saccharose in our solvent reduces polymer-polymer interactions at rest and increases
solvent quality, '

The characteristic time of the M1 fluid used in this study agrees with the one
reported in [29] and found by modeling this fluid by the three-mode Maxwell model. As
shown by Nguyen and Sridhar [32], at room temperature M1 is close to 0 conditions.

M1 is in the transition concentration regime, whereas Al is a semi-dilute solution.
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Table 2.1. Shear viscosity and characteristic times of the PEO and PIB solutions.

polym | Mw ] k' c T cu No | Moleu| 2
(g/mol) | (cm3/g) (pp | CC) | (D) | (Pas) (s)

PEO 106 700 0.24 0 20 0 0.0235 0 0
10 20 | 0.0124 | 0.0237 | 0.0087 | 0.0067

50 20 ] 0.0620 | 0024 | 0.0434 | 0.0067

100 20 | 01240 | 0025 | 0.0868 | 0.0067

500 20 0.62 | 0035 | 0434 | 0.0074

1600 20 124 | 0.0488 | 0.868 | 0.0081

2000 20 248 | 00705 | 174 | 0.0155

5000 20 620 | 02363 | 434 | 0140

10000 | 20 124 | 0680 | 868 | 0217

40000 17 49.6 214 347 | 176

40000 | 20 49.6 178 34.7 1.47

40000 | 23 49.6 156 34.7 1.29

40000 | 26 | 496 | 148 | 347 | 122

100000 | 19 124 | 6210 | 868 | 206

100000 | 23.7 124 | 4600 | 8638 152 |

PIB 0 20 0 1.6 0 0
M1 | 3.8-105] 290 050 | 2440 20 212 | 297 | 0615 | 100
PIB(A1)| 4.3-106 22700 20 20 21.8 193

2.4. Experimental setup for the orifice flow.

Two submerged (SJC) and one free jet (FJIC) configurations were used. As
discussed in Chapter 1, free and submerged jet configurations give the same flow
curves since the same relationship between energy losses and pressure drop exists for
both of them, in large contraction ratios and for capillary forces at the free surface

negligible. This theoretical result has been confirmed by experiments.

In 2.4.1 we describe the free jet configuration and a submerged one based on
glass tubes, and in 2.4.2 an U-shaped submerged jet configuration.
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2.4.1. Glass tube configurations.

In the case of the SJIC (Fig.2.6), the orifice plate (1) was tightly held between
two glass tubes (2), of internal diameter 20mm (Appendix B). The upper tube was
connected to the upstream reservoir (3). The flow of the fluid (4) out of the gecometry
took place through a flexible tube (5), sufficiently long and thin to minimize exit
instabilities. Its free end (6), could be fixed at different positions. The flow then
occurred due to gravity induced pressure head between the free surface into the
reservoir and the position of the free end of the tube.

The pressure drop has been measured with an inductive pressure transducer
(8)(HBM, type PD1, class 1, nominal Dp= 0.1 bar), the signal of which was amplified
and digitalised (9). The transducer was connected to a pair of holes (7) available on the
test-geometry, symmetrically placed with respect to the orifice plate, at sections where
upstream and downstream flow is steady.

The flow rate has been controlled by the help of a precision balance (PA
OERLIKON AG, Precisa mod 400 M, maximum weight 404 g, dg= 0.001 g) (10)
whese electrical signal has been recorded by a SEFRAM type SRM recorder.

The temperature in the reservoir was recorded by a digital thermometer (11) (Digitec
United Systems Corporation), measuring up to 0.01°C.

By removing the- lower of the two tubes we obtained a free jet configuration,
-which allowed to examine the aspect of the extrudate as the SJC was essentially used
for low flow regimes and FIC for intermediate and high flow regimes,

2.4.2, The U-shaped configuration,

The second submerged jet configuration, which allowed us to achieve very low
pressure drop values, was based on a different, very simple conception. The orifice
plate has been held between two glass tubes whose ends were machined to form an U-
shape (Fig. 2.7). The flow took place due to level differences created between the two
tubes. Given the very low flow rates involved with these experiments, the pressure drop
was taken equal to the hydrostatic pressure of a fluid column of height equal to this
level difference. For very low level differences, a strong influence of even slight
temperature variations was observed on the total length of the fluid column, and so, the
whole configuration was kept into a constant temperature bath (20 +/- 0.01°C). The
level differences were measured by a cathetometer with a precision of 10pm.
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2.5. The flow curves,
2.5.1, The solutions,

The fluids used in the present study were passed through orifices of diameters
varying from 0.2 mm to 1.2 mm. The upstream tube diameter was in all cases 20 mm
giving a very large contraction ratio (from 16.7 to 100). The influence of the orifice
diameter on the flow regimes has thus been negligible as will be shown later. Inertial
effects have also been negligible since Re was rarely superior to 7. This value is
- considered by Happel and Brenner [33] to characterize the onset of inertial effects,

It was shown previously [5] that in the case of a large contraction ratio and if
capillary forces on the surface of the fluid are neglected, for both free and submerged jet
-configurations, the pressure drop is simply related to energy losses and no correction
term is needed. In the present study, the flow curves obtained with each one of the
different setups are presented together.

The extrudate in the case of the free jet exited in some cases (low viscosity
solutions at low regimes) in the form of drops. No discontinuity in the flow curves has
been noticed during the passage from the drop form to the jet form. 7

 The evolution of the behavior of the flow curves with concentration is shown in
Fig. 2.8. Distinct behavior has been observed in the dilute, semi-dilute unentangled and
entangled solutions, as they are defined by Fig. 2.5. The behavior of the dilute solutions
(PEO solutions of ¢<2000 ppm) is similar to the one described in section 2.2 : the
sequence of the slopes 1, 2 and again 1 is found as the regime is increased, giving
respectively evidence of the dominance of viscous stresses due to the solvent
contribution, of elastic stresses due to unraveling of the chains and again viscous
stresses due this time to additional dissipation arising from hydrodynamic interactions
of the unraveled chains. During the second (elastic) regime vortex growth takes place.
The Reyrolds number took in general values between 0.3 and 7, though some
experimental points for very low concentrations arrived tll 15.

In the semi-dilute non-entangled range (5000 ppm 2 ¢ 2 2000 ppm for the PEO
solutions and the M1 fluid), an additional scaling of Py ~ qv* occurs (Fig. 2.8 and 2.10),
showing that hydrodynamic interactions occur during the unraveling of the chains, since
the equivalent hydrodynamic radius necessary to release such interactions is reached for
lower molecular extension than in the dilute range. The Reynolds number varied from
0.1 to 10. The subsequent break of slope observed at higher flow rates corresponds to
the onset of 3D unstable flow as will be discussed in 2.6.3.

For both the dilute and the semi-dilute unentangled concentration ranges elastic
phenomena dominate the flow and shear thinning is rather negligible (certainly in the
dilute range). But shear thinning becomes important in the entangled range. The flow
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curves of the solutions in this range follow a slope inferior to 1 at low regimes (0.7 for
the 4% PEO and the Al fluid and 0.55 for the 10% PEO). It is followed by a much
steeper slope at intermediate regimes for a range of flow rates that diminishes with
concentration (Fig. 2.8 and 2.9). This slope increase was observed in all orifice
diameters tested (Fig. 2.9). It varies between 2 and 4. Along this regime the build up of
the 3D upstream instabilities is observed in the form of intermittent knitting. A third and
final regime with smaller slopes (1 for the PEO 4% and 0.3 for the PEO 10%) is
observed at higher flow rates. This is the regime where knitting instabilities become
permanent resulting in the melt fracture phenomenon of the extrudate, and in huge drop
formation for the much more mobile A1 fluid. The Re varied from 3.104 to 5 for the
experiments on this range.

In Fig. 2.9, the pressure drop Py is plotted as a function of an effective rate of
deformation, defined by [5, 11] :

yog3n+l G 2.12)
. gp3

This representation makes data obtained with different diameters collapse on a single
curve for each solution. This indicates that in the contraction ratio range used in the
present study the contraction ratio effects can be absorbed in the definition of .

For the concentrated solutions, as concentration is increased, the y value where
the slope increase takes place increases and the extent of this intermediate regime is
reduced. The flow curve tends thus to the typical form of the one observed with
polymer melts with a stable part followed by an unstable regime where the slope of the
pressure drop - shear rate relation is lower [11, 12]. In order to verify that PEO would
follow the general behavior observed there with PDMS and polybutadiene, the pure
polymer was tested in a similar orifice geometry.

2.5.2. The pure polymer.

As already mentioned, the PEO polymer has been provided in the form of
powder, Its meiting point is 70°C. The configuration described in 2.4.1 is not
convenient to test the pure PEO because of the high temperatures and pressures
demanded. The "Gottfert Rheograph 2001" rheometer was thus used for this purpose. It
is a controlled speed instrument with upstream reservoir diameter D= 12mm.

The die used has a diameter of 0.5mm (contraction ratio of 24) and a length of
0.2mm. The experiment took place at a temperature of 100°C. The speed of the piston
has been varied between 5.104 and 0.3 mm/s and the corresponding pressure values




varied from 17 to 310 bar. For the lowest regimes examined, the stabilization of the

pressure took as long as two hours.
The flow curve is shown in Fig. 2.11. A break of its slope at y= 200 s-! is

aécompanicd by melt fracture (Fig. 2.19 to 2.23).

2.6. Discussion.
2.6.1. The dimensionless represeiitation of the flow curves.

A non-dimensional pressure drop parameter C can be constructed by dividing
the orifice pressure drop APg to the one of an inelastic fluid of the same shear
properties, flowing at the same qy. This latter can be given by 2 Leg Tw, where 1y, equals
to T](‘y) ¥, with ¥ defined by eq. (2.12) and Le; a known function of fluid rheology [30].
Thus :

AP,

C=2]_eq1:w

(2.13)

The parameter C accounts for shear thinning effects {11, 30] and, thus, it is
particularly convenient to estimate the importance of elastic effects. In the case of an
inelastic liquid :

C=3n/8Leg=2.03

The variation of C with the non-dimensional rate of deformation Ay is given in
Fig. 2.12 and 2.13. A and v are defined by eq. (2.7) and (2.12) respectively. As seen in
these graphs, in the dilute and semi-dilute unentangled ranges, below a critical value
(M)c, viscoelastic effects are negligible : C remains close to the value of 2.03 expected
for an inelastic fluid. For PEO solutions (l"y)c= 50 whereas for the PIB solution (M1)
(M’)F 500. This difference can be explained in terms of solvent quality : in a good
solvent (PEO solutions) the molecule is swollen and so, lower stretching rates are
needed in order to produce substantial molecular deformation, giving prdnounced
viscoelastic effects. Molecules in a 6 or poor solvent (M1 fluid), will unravel at higher
stretching rates.

In the dilute range C increases linearly with the product (Ay) till the constant
value is obtained. For the 500ppm PEO solution, the limiting value of C is 16 and is
attained for at Ay > 400. In the semi-dilute unentangled range it increases as (Ay)3, and
arrives at values higher than 100 for the PEO 1% solution. According to the analysis
presented in [5], the first scaling (C =y implying that P, = g¢) is due to elastic stresses
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whereas the second one (C = 'Y3 implying that Py = qf) arises from hydrodynamic
interaction as molecules are being stretched. Along both scalings, flow is governed by
transient elongational effects. As will be discussed later on, departure from the power 3
scaling law at higher (A}) is accompanied by 3D unstable flow. The power 3 scaling of
C with (A}) and a subsequent break of slope corresponding to initiation of 3D unstable
flow is also observed for the M1 fluid (Fig. 2.13).

The C coefficient obtained also very high values for the concentrated range
solutions but in a less pronounced way. For the PEO 4% and the Al fluid C has the
newtonian value of 2 at (Ay) of the order of unity and for the PEO 10% at even lower
values. It increases as (A)%25 for the PEO 4% and the Al and as (Ay)?15 for the PEO
10%. The decrease in slope as concentration is increased , shows a more progressive
deﬁclopment of tensile stresses as the flow strength increases, indicating that molecular
extension is less pronounced. A mechanism that can limit molecular flow induced
extension can be provided by entanglements whose number increases with
concentration. The subsequent slope increase observed for the 4 and 10% PEO solutions
and the A1l fluid indicates that beyond a certain value of ¥, the flow stretching action
becomes strong enough to overcome the entanglement effect and so, to swretch the
molecules in the same manner as in dilute solutions. A fact supporting this conclusion is
that as concentration is increased, higher values of (Ay) are observed for the change of
slope to a higher value : as molecular entanglements increase, stronger flow conditions
are required to provoke important molecular stretching.

The behavior of concentrated solutions in orifice flow can thus be summarized
as follows :

At very low regimes flow is Newtonian (cf. the Al fluid). As flow strength
increases, a regime is reached where molecular extension is governed by the balance of
flow induced stretching and resistance to stretching arising from entanglements. We
will subsequently refer to this regime as the entanglement governed extension regime.
The slope of the Py - v relation decreases with concentration and takes values from 1 to
about 0.5. Transition from the Newtonian to this regime may be characterized by
decreasing values of the C coefficient and subsequent increase, as suggested by the data
on the Al fluid. However, further experiments are needed to characterize the limits of
this transition. _

As the flow rate is further increased, flow strength is sufficient to overcome
effects due to entanglements. In this molecular extension regime, molecular stretching
should be essentially governed by single chain properties and should vary considerably
with flow rate. The scaling along this regime is also concentration dependent and may
vary from 4 to about 2 as concentration is increased. The onset of this regime, which
should be considered as the extension to concentrated solutions of the intermediate

46




regime observed for dilute and semi-dilute unentangled solutions, is delayed in terms of
(l"y) as concentration is increased. At concentrations close to the melt, where the

entanglement density is very important, this regime is not observed : flow is never
strong enough to produce substantial molecular extension,

2.6.2. The extensional viscosity curve.

The variation of the Trouton ratio as a function of non-dimensional rate of
deformation Allp is plotted in Fig 2.14. Tr is here defined by:

Tr= ;1— (2.14)

E
n )Fﬁéﬁlln

IIp= (2 t1'D2)” 2 is the second invariant of the rate of deformation tensor and A is given
from equation (2.7). The master curve of shear viscosity 1 obtained for entangled
solutions is also shown in figure 2.14. The Tr curves for semi-dilute solutions are
obtained by applying the analysis of Binding (appendix C) in the entanglement
governed extension regime.

For dilute solutions, this analysis may be applied in the large ¥y regime, since at
lower v transitional elongational effects, not accounted for, govern the flow. When P, is
linear in v, for constant viscosity fluids, the analysis predicts a constant ng value for the
500ppm PEQ solution (solid line in figure 2.14),

The Me(€) curve is also predicted to reach a second plateau value T, by the model
of Cartalos and Piau [5]. This curve is characterized by an abrupt transition from 3ng to
TNE.. When £=1/A (dashed line for the 500ppm PEO solution in Fig. 2.14). Tg.. TEPrESENts
dissipation due to hydrodynamic-interaction and increases linearly with polymer
concentration.

As shown in Fig. 2.14, semi-dilute solutions show a different elongational
behavior. The evolution of nE(e) is more progressive for a given concentration,
indicating that entanglements limit molecular extension. Also, elongational properiies
become less important (lower Tr values) as concentration, and so the degree of
entanglements, is increased.
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2.6.3. Flow instabilities.

The pattern of the flow upstream was visualized for most of the solutions
reported in the present study by the technique described in appendix B. Pictures of the
flow were also taken.

2.6.3.1. The dilute range.

In the dilute range, an initial Newtonian flow regime took place at very low flow
rates. It was followed by the vortex growth regime. Observation follow the same lines
as the ones reported in [4, 7]. No large scale 3D instabilities were observed for
concentrations lower or equal to 500ppm of PEO.

2.6.3.2. The semi-dilute unentangled range.

In this range of the PEO solutions (2000 ppm to 1%) lip vortices existed at the
lowest regimes examined. They grew until they occupied the whole upstream diameter.
The vortex growth regime for the 1% solution lasted until the pressure of 250 mbar. In
higher regimes and as the size of the vortices remained constant, a small scale
instability of a frequency of several Hz occurred : The fluid particles in the main flow
region followed paths of an "S"-form. As the regime was increased slowly, this
instability occupied the whole region near the orifice including the vortices (Fig. 2.15).
Above Pg= 1 bar, a large scale 3D instability occurred. The flow happened in the
following-way : A small volume of the fluid from some distance upstream "rushes" out
of the orifice and then flow stops for a small time interval till the same phenomenon is
repeated again for another fluid "pack” emerging from a different point of the upstream
region ("knitting" flow). The amplitude of this instability as well as the vortex size
increased with flow rate for the regimes examined (until Pg= 10 bar).

For the 5000 ppm PEO solution the voriex growth regime existed until Pg= 400
mbar. At higher regimes the above mentioned S-form instability was observed. At
initial stages after the onset, when the instability occupied only a very small region near
the orifice, it was characterized by partial oscillatory motion along the particie
trajectory (secondary motion consisting of a back and forth motion along the trajectory).
At higher pressures, lateral oscillation (S-form) characterized the secondary motion. For
regimes higher than 900 mbar "knitting" flow was observed.

In a general manner, the instability build-up in this concentration range follows
the sequence:




i) small back and forth oscillations along the trajectory in the main flow region
(discontinuous acceleration), ii) S-form flow lines and iii) knitting. (ii) and (iii} develop
gradually : the region of the S-form flow lines grows as back and forth oscillations
disappear (Fig. 2.16). At a higher regime, knitting occurs, which, in its intermittent
stage coexists with S-form flow lines (Fig. 2.17). In Fig. 2.17 intermittent knitting exists
and in Fig. 2.17b it becomes permanent.

The small scale instabilities reported here are of the same type as the ones
reported by Cartalos and Piau [4]. The evolution from back-forth oscillation to S-shaped
instabilities seems also coherent with the one reported.in [9, 10]. The important point is
that the onset of these small scale instabilities occurs along the intermediate regime.
Their existence does not affect the scalings predicted by the similarity analysis in [5, 6].
It is thus concluded that these instabilities give small perturbations to a mean velocity
and stress field and they do not affect considerably molecular extension.

However, departures from the P, = v or equivalently the C=(A4 scalings,
predicted by the theory in [5, 6], occurs at the same time as the upstream flow is
governed by large 3D instabilities (knitting flow).

2.6.3.3, The entangled raﬂge.

The concentrated PEO solutions are not completely transparent, a fact that
diminished the visualization possibilities upstream. However, intermittent knitting was
observed in the intermediate regime, as mentioned at section 2.5, It became gradually
permanent with the increase of the flow rate. In the final regime of both PEO 4% and
10% (slopes 1 and 0.3 mentioned at section 5), melt fracture of the extrudate (Fig. 2.18)
accompanied the upstream knitting with the same frequency.

A similar behavior was observed for the Al fluid as far as the regimes lower
than the knitting regime are concerned. During the knitting regime the flow had a
periodic pattern : huge drops were formed at the exit of the orifice plate while the
knitting frequency was moderate. In the following the drop fell, pulled by its own
weight, and the knitting frequency increased by about an order of magnitude. This
pattern lasted for some seconds and the drop formation started again. The whole cycle
lasted about 30 seconds.
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Table 2.2. The flow parameter values in the onset of the instabilities.

solution d Qv Pg ¥ Ay C | ype
@mm) [(103mUs) | (mban | (107 )

PEQ0.5% | 02 13.4 282 17.8 249 16.2 s
0.5% 02 18.2 944 2.2 339 418 | knitting
1% 0.26 22.5 310 13.6 295 26 1 S
1% 0.53 165 315 124 268 24.7 S
1% 0.26 31.5 900 194 425 552 | kmitting
1% 053 | 264 860 198 | 430 47.8 knitting
4% 0.53 36.0 951 139 6000 250 | inter, knit, |
4% 12 441 706 3.57 6320 18.2 | inter. knit.
4% 0.53 93.0 4340 8.75 15400 779 | knitting |
10% 0.26 4,12 3000 375 56900 227 |inter, knit.
10% 0.53 36.6 3000 4.11 62500 222 | inter. knit.
10% 0.26 10.1 10000 9.17 139300 59.1 knitting
10% 0.53 76.2 8000 8.56 130200 482 knitting
M1 0.53 17.8 606 121 1210 197 | knitting
Al 0.26 4.32 97.8 3.29 6350 21,7 | knitting |

2.6.3.4, The pure polymer,

At the lowest regimes examined, the sharkskin phenomenon existed (Fig. 2.19).
At higher regimes the sharkskin disappeared and small scratches covered the surface of
the extrudate (Fig. 2.20 and 2.22). At regimes on and higher than the rupture of the
slope (unstable flow), melt-fracture occurred (Fig. 2.21 and 2.23).

2.6.4. Further dimensionless representation.
Since the upstream flow is governed by extensional effects, a non-dimensional

number measuring the importance of extensional stresses is needed. One possible
candidate is the stress ratio S}, defined by :

(2.15)

Se1 '=(‘=u- ‘rn) _(@

T lorifice n(‘f)'i')é=e_,.~;=+...,
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€max and Ymax are the maximal elongational and shear rates on the orifice plane. All
quantities in eq. (2.15) can be related to experimental measurements through the
analysis of Binding (Appendix C).

The pressure drop ratio C is ploited as a function of S in_Fig. 2.24 for the
concentrated solutions and the PEO melt. It is shown that data at stable flow conditions
collapse on a single curve. Moreover, the onset of unstable flow occurs when S,
exceeds a value close to 12.

2.7. Conclusion.

- This study was concerned with the evolution of the flow behavior in the orifice
geometry of polymer solutions as the concentration is varied from the dilute to the
entangled range. The different concentration ranges were defined by examining the
different regions of the variation of the zero shear rate viscosity as a function of reduced
concentration.

The flow through an orifice of PEO solutions as well as of two standard
polyisobutylene solutions (M1 and A1l fluids) was examined. The flow curves were
determined and flow kinematics and stability were investigated in an-extended range of
flow parameters. .

Several conclusions arise from this study :

2.7.1. Flow curves,

The flow curves of dilute and semi-dilute solutions confirm and extend previous
results on molecular interpretation.

For dilute and semi-dilute unentangled solutions, departure from Newtonian
behavior occurs at a value of [M') of about 50. The subsequent intermediate regime is

characterized by pronounced flow induced molecular unraveling. For dilute solutions,
elastic stresses are dominant which gives the Pg= g% relation. For semi-dilute
unentangled solutions, Hydrodynmic interaction between molecules as they are being
stretched prevails. The corresponding scaling is P, = qd. For the highest flow rates,
where molecules are fully stretched, flow is governed by hydrodynamic interaction. The
corresponding theoretical scaling is Py = qy. This final scaling was observed for dilute
solutions, For the semi-dilute unentangled solutions, large scale instabilities were
initiated in the upstream flow before this final regime could be reached.
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For semi-dilute entangled solutions, departure from Newtonian behavior is also
followed by a power law relation between P, and gv. The flow rate exponent is-much
lower than the 2 or 4 exponent observed at lower concentrations, and decreased with
concentration. It is argued that, in this regime flow induced molecular extension is
limited by molecular entanglements. This regime is termed as the entanglement
governed extension regime. At higher flow rates, a further regime is reached where P,
increases as a power of qy from 2 to 4. It is considered that at the onset of this regime,
flow strength is sufficient to overcome the effect-of entanglements, so that very
important molecular extensions occur. This regime is the extension to more
concentrated solutions of the intermediate regime observed for low concentration
solutions. The onset of this regime occurs for higher values of ¥ as concentration is
increased and its extent is reduced.

At very high concentrations, close to the melt conditions this regime is not
observed: it seems that entanglement effects limit molecular extension even-at the
highest flow rates.

2.7.2. Elongational properties.

In the dilute and semi-dilute ranges the elongational viscosity presents an abrupt
transition :. it increases towards a second plateau at a critical stretch rate. Trouton ratios
reach very high values. In the concentrated range entanglements limit molecular
extension, and the Trouton ratio increases more slowly and takes lower values as
concentration is increased.

No evidence of decreasing Trouton ratio is found.

2.7.3. Dimensionless representation

The representation of the flow curves in the form Pg,('?) accounts for the effect of
the contraction ratio.

The coefficient C (the ratio of the pressure drop to the one expected for an
inelastic fluid) presented an abrupt transition for every concentration in the dilute and
intermediate concentration ranges. The onset of this transition was delayed in the case
of a 0 solvent in terms of (AY). A dimensionless number Sg; accounting for elongational
effects was constructed. S is the ratic of elongational to shear stress on the orifice
plane. The C - S, representation makes data from different concentration in the semi-
dilute entangled range collapse on a single curve.
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2.7.4. Flow stability.

Two kinds of instability were observed: a small scale instability and a large scale
3D instability : knitting flow. In agreement with. other investigations [5, 9, 10] , the-
former are initiated at very early stages subsequent to the appearance of theviscoelastic
lip vortex, at the beginning of the iniermediate flow regime. Back and forth motion of
fluid particles along the streamlines in the upstream-converging flow close to the orifice
plane is their initial form. As flow strength is increased oscillations perpendicular to-the
streamlines are generated that give S-shaped flow lines. These small scale instabilities
seem 1o give negligible perturbations to the velocity and stress fields since the upstream
flow keeps an average 2D axisymmetric structure and the flow curves show the
theoretically expected scalings. Onset and development of these instabilities should be
related to the details of molecular unraveling in the actual flow field. However, at-this
stage the exact mechanism that generates and governs their evolution is not.clear at
present, '

3D unstable flow, previously described as knitting flow characterizes the highest
flow regimes for semi-dilute unentangled and entangled solutions as well as the melt
flow. Onset of 3D unstable flow gives a break of slope, beyond which the Pg - qv
relation has a smaller slope. Occurrence of upstream unstable 3D flow gives a highly
perturbed extrudate. The result of [11] that melt fracture is the transport of upstream
generated instabilities is thus confirmed and extended to solutions.

It seems that 3D unstable flow is a more intensive form of the small scale
instabilities generated at lower flow regimes. The dimensionless representation T - Se)
shows that 3D unstable flow occurs for S.; values between 12 and 18 for concentrations
varying from 4% to the pure polymer for PEO and for the A1 fluid. This suggests that
3D unstable flow is generated when elongationnal stresses dominate by an order of
magnitude the shear stresses in the converging flow.
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Figure 2.4 ;: The Mark-Houwing relationship for the PEO from various investigators.
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Figure 2.5 : Specific viscosity versus reduced concentration for the PEO solutions.
Distinction of the concentration regimes:
D: dilute - UE: semi-dilute unentangled - E: entangled
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Figure 2,15 ; The S-shape instability of the flow lines. PEO 1%. d=0.53mm.
qv=0.26 ml/s, Pg=1 bar, Re= 11, We= 643.
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Figlmzl 216 : The growm of the region of the S-form instability. PEO 1%. d= 0.53mm.
a) Pg= 0.4 bar, qv= 175 103 ml/s, y= 11.9 103 s'1.
b) Pg= 1.0 bar, qv= 285 10-3 ml/s, = 19.4 103 s'L.
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Figure 2,17 : The passage from S-type to knitting. PEO 2%. d= 0.53mm.
a) Pg= 0.5 bar, qv=77.4 103 ml/s, y= 5.3 103 5-1, Re= 1.57, T= 0.5 min.
b) Pg= 2.0 bar, qv= 159 103 ml/s, = 10.9 103 s-!, Re= 4.58, T= 1.0 min.
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Figure. 2.18 ; The melt fracture in the concentrated range. PEO 10% solution. d= 0.2Zmm
a) Pg= 16 bar, y= 38580 s1.
b) Pg= 20 bar, y= 98500 s'1.
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