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	INTRODUCTION

The objective of this work is to investigate by means of numerical simulations whether the compressibility-slip instability mechanism can explain quantitatively the wavelength and the amplitude of the free surface oscillations that are observed during the extrusion of polymer melts.

The compressibility-slip mechanism has been tested by Georgiou and Crochet [1,2] in the Newtonian case, with the use of an arbitrary non-monotonic slip equation. These authors numerically solved the time-dependent compressible Newtonian Poiseuille flow with nonlinear slip at the wall, showing that steady-state solutions in the negative-slope regime of the flow curve are unstable, in agreement with linear stability analysis. Self-sustained oscillations of the pressure-drop and of the mass flow rate at the exit are obtained, when an unstable steady-state solution is perturbed, while the volumetric flow rate at the inlet is kept constant. These oscillations are similar to those observed experimentally with the stick-slip extrusion instability. Georgiou and Crochet [2] extended their calculations to the extrudate-swell problem to obtain oscillations of the free surface in the unstable regime. The amplitude and the wavelength of the free-surface waves increase with compressibility.

In the present work, we proceed to more realistic numerical simulations of a shear-thinning fluid with an empirical slip equation that is based on the experimental measurements of Hatzikiriakos and Dealy [3,4] with a high-density polyethylene melt. We solve the time-dependent, compressible, axisymmetric extrudate-swell flow of a Carreau fluid with slip at the wall, using finite elements in space and finite differences in time.  


	GOVERNING EQUATIONS

The flow is assumed to be isothermal, compressible and time dependent and gravity is neglected. The fluid is modeled with the Carreau model with a power-law constant n=0.44. The governing equations, the boundary conditions, and the dimensionless numbers can be found in Ref. [5].

We use the three-branch multi-valued slip model shown in Figure 1. This is based on the experimental findings of Hatzikiriakos and Dealy [3,4]. The dimensionless form of the slip equation is
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where vw is the slip velocity, (w is the shear stress at the wall, and Ai and mi are dimensionless parameters.
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Figure 1. The nonmonotonic slip law, based on the experimental data of Hatzikiriakos and Dealy [3,4] for a high-density polyethylene melt
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Figure 2. Flow curve for Re=1.43 10-5 and

B=1.54 10-4
NUMERICAL RESULTS

In Figure 2, we show the (steady-state) flow curves (i.e. the plots of the pressure drop, -(P, versus the volumetric flow rate, Q) corresponding to both slip and no slip with the Reynolds number Re=1.43 10-5 and the compressibility number B=1.54 10-4. These values correspond to the actual conditions of the experiments of Hatzikiriakos and Dealy [3,4]. The reduction of the pressure drop due to slip is appreciable at higher volumetric flow rates, especially beyond the left positive-slope branch. 

In the time-dependent calculations, pressure-drop and mass-flow-rate oscillations are obtained when an unstable steady-state is perturbed. (We start with the steady-state solution of the stick-slip flow, i.e., for flat free surface, and release the free surface at t=0.) In addition, waves appear on the free surface. In addition to the motion of the free surface waves in the flow direction, the free surface oscillates in the radial direction as well, in agreement with experimental observations. Swelling is maximized at pressure-drop maxima.

The effect of the Reynolds number on the free surface waves is illustrated in Figure 3, where we show representative free surface profiles obtained with B=1.54 10-4, Q=1.5 and Re=0.1, 0.01 and 0.001. The amplitude and the wavelength of the free surface waves are reduced as Re approaches the rather small value corresponding to the experiments. Due to the small size of the free surface oscillations, no simulations have been attempted for smaller values of the Reynolds number.
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Figure 3. Free surface waves for different Reynolds numbers: (a) Re=0.1; (b) Re=0.01; (c) Re=0.001; B=1.54 10-4 and Q=1.5
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