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Abstract

The polymer fibres are usually produced by the spinning technique in which elon-
gational stress is applied to polymer solution or melt. The high extensional viscosity
of the fluid renders it spin-able under mechanical drawing resulting in micron-sized
smooth filaments with very high mechanical strength. Fibres so produced offer high
strength to weight ratio making them suitable for various technological applications.
The polymer fibre spinning process suffers from a type of hydrodynamic instability
which manifests in the form of travelling wave oscillations along the fibre length. As a
result, the diameter of the final product fibre lacks uniformity and admits fluctuations
in cross-section area. If understood properly, this instability can be either delayed or
suppressed completely to generate smooth fibres without thick-thin variations in di-
ameter while achieving maximum possible production rate. To achieve this goal, the
quantitative knowledge of the critical parameters influencing the onset of instability
and the nature of bifurcation in the region of transition point is essential. With this
objective, the thesis examines the stability behaviour of the spinning process of an en-
tangled polymer, to gain comprehensive understanding towards operating guidelines
for stable spinning.

The travelling wave instability that renders fluctuations in the fibre cross-section
area is known as the draw resonance, and it occurs when the draw ratio DR (ratio
of drawing to extrusion speed) is above a certain critical value DR.. The onset
of the instability is strongly influenced by the rheology of the polymeric fluid. The
extensional flow of a polymeric fluid during fibre spinning process is studied using both
linear and weakly nonlinear stability analyses. The nonlinear extensional rheology of
the entangled polymer is described with the help of eXtended Pom-Pom (XPP) model
which exhibits strain hardening effect, an essential property for the fibre spinning. The
linear stability analysis constructs the stability diagram indicating stable and unstable
regimes on the DR, — De plane. Here, De is the Deborah number defined as the ratio
of polymer relaxation time to the flow time scale, and it quantifies the elasticity of the

extensional flow. The weakly nonlinear analysis reveals the nature of bifurcation at
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the critical point (DR,) and constructs a finite amplitude manifold providing insight
into the severity of draw resonance phenomena. The effect of fluid elasticity on the
nature of bifurcation and the finite amplitude branch is examined, and the findings
are correlated to the extensional rheological behaviour of the polymer fluid. For
flows at small De (Newtonian fluid-like flow), the spinning flow exhibits supercritical
Hopf bifurcation at the critical point. In the linearly unstable region, the equilibrium
amplitude of the disturbance shows a limit cycle behaviour. As the fluid elasticity
(De) is increased (polymer-like flow), initially, the equilibrium amplitude is decreases
below its Newtonian value reaching the lowest value for De when the strain hardening
effect is maximum. Upon further increase in elasticity, the material undergoes strain
softening behaviour leading to severe draw resonance. Interestingly, at certain high
De, the bifurcation crosses over from supercritical to subcritical nature.

Further, the analysis is extended to account for the non-isothermal conditions dur-
ing spinning flow in which the spin-line loses heat by convection to the surrounding
air as well as by solvent evaporation. The non-isothermal effects influence the rhe-
ology of the fluid through viscosity, which is taken to be dependent on temperature
as well as the concentration. The enhancement in viscosity driven by spin-line cool-
ing leads to delay in the onset of draw resonance, indicating the stabilising role of
non-isothermal effects. For spinning of an exemplary polyethylene-decalin polymer,
it is shown that solvent evaporation is a stronger stabilisation mechanism than heat
convection. Weakly nonlinear stability analysis reveals the role of nonlinearities in
the finite amplitude manifold in the vicinity of the flow transition point. For low
to moderate Deborah numbers, the bifurcation is supercritical, and the equilibrium
amplitude of the resonating state is smaller for the non-isothermal spinning in com-
parison to the isothermal case. For very fast flows in the regime of high Deborah
numbers, the finite amplitude manifold crosses over to a subcritical state. In this
limit, the nonlinearities due to non-isothermal conditions render the flow more prone
to destabilisation even in the linearly stable regime of DR < DR,, by reducing the
minimum threshold amplitude.

We also examine the role of extrudate-swell in the stability of the fibre spinning
flow. The flexibility in the fibre profile at the upstream end of the flow, a feature absent
in the previous analyses ignoring extrudate-swell, plays a stabilising role. However, for
a given flow, extrudate-swell implies stronger effective extension than indicated by the
apparent draw ratio, defined based on capillary area. This higher effective extension
tends to decrease the critical draw ratio for the onset of draw resonance, suggesting

a destabilising role of extrudate-swell. The destabilising role dominates the overall
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stability behaviour. The sensitivity of the stability behaviour to a change in rheolog-
ical parameters and the die geometry is studied. The finite amplitude disturbances
are also considered using the weakly nonlinear stability analysis to understand the
nature of flow in the proximity of the transition point. The flow exhibits supercritical
Hopf bifurcation for low to moderate Deborah numbers that cross over to the sub-
critical manifold as Deborah number is increased beyond a certain crossover value.
The extrudate-swell effect tends to lower the Deborah number for the crossover to
the subcritically unstable state. The results obtained emphasise the importance of a
proper consideration of the extrudate-swell phenomenon in the analysis of spin-line
stability.

As a way to stabilise the process in the high-De range of interest to produce
high-strength fibres, the spinning of bilayered fibres is also investigated. The arrange-
ment of unentangled /entangled polymer in a concentric sheath/core setup is assumed,
where the rheological descriptions of unentangled /entangled fluids are modelled by the
UCM/XPP models respectively. Stability of such a setup is dominated by the dynam-
ics of entangled fluid till moderate De range, post which a significant improvement in
stability is realised when dynamics of unentangled fluid begins to dominate. Apart
from the increase in the stable operating region, the maximum achievable De for
stable spinning (of UCM phase) is also improved. Finally, the effect of dispersity in
polymer molecular weight on the stability of fibre spinning process is investigated.
The polydispersity strongly influences the rheology and hence the overall stability,
which is investigated by considering 1, 2, 3 and 4 mode relaxation spectra of XPP
molecules. The analysis reveals a neutral stability behaviour that is a combined effect
of slow and fast relaxing modes.

Overall, the stability of spinning flow of a highly entangled polymeric fluid is
analysed using both the linear as well as weakly nonlinear stability analyses. The
stability behaviour is strongly correlated to the nonlinear rheology of the fluid. Hence,
any parameter affecting the rheology, for example, temperature, concentration or
polydispersity, directly influences the stability diagram. Comprehensive knowledge of
the stability behaviour enables one to modify either the material properties or the

processing conditions such that the draw resonance is suppressed.
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