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Abstract. In this study, gas-assisted extrusion method was introduced into the extrusion of the
hollow profiles. To validate the feasibility of the new extrusion method, 3D numerical
simulation of the hollow profiles based on gas-assisted technique was carried out by using the
finite element method. The Phan-Thien-Tanner (PTT) mode was selected as the construction
equation. In the simulations, the physical field distributions of four different extrusion modes
were obtained and analyzed. Results showed that the extrudate effect of traditional no gas-
assisted mode was poor because the extrudate swell phenomenon is obvious and the physical
field values are larger. For the gas-assisted of the inner wall, the extrudate swell of the melt
was more obvious than that of the traditional no gas-assisted mode on account of the no-slip
boundary condition on the outer wall. For the gas-assisted of the outer wall, the dimple effect
of the inner wall is more obvious owing to the no-slip boundary condition on the inner wall.
However, the extrusion effect of the double walls gas-assisted mode is very good because of
the full-slip effect on the both walls.

1. Introduction

During the process of using plastic products, the hollow profiles [1, 2] are usually used in many fields,
the engineering fields in particular, for example, architectural decoration, doorframe, etc. In general,
the hollow profiles are made from the process of polymer melt extrusion. Due to the high viscosity of
the melt, the high shear rate, shear stress and tensile stress in the die channel, the hollow profiles are
easily distorted, such as the extrudate swell [3], the great deformation [4], and the melt fracture [5]. Up
to now, the extrusion forming of the hollow profiles have been studied by some researchers, for
example, Mu et al. [6, 7] used the finite element method and the differential multimode Phan-Thien
and Tanner (mPTT) constitutive model to study the extrudate swell behavior of the hollow profiles.
Zhang et al.[8] employed the finite element method to reversely predict and design the geometric
structure of the die for the hollow profiles. Alfaro et al. [9] made use of the natural element method to
study the extrusion behavior of the hollow profiles. However, the studies on the L-typed hollow
profiles are very few. In this paper, to ascertain the mechanism of the extrusion deformation for the
hollow profiles, the extrudate swells of the L-typed hollow profiles were studied through the finite
element method. Moreover, to overcome the extrudate deformation of the L-typed hollow profiles, the
gas-assisted extrusion technique was introduced and applied to the L-typed hollow profiles. To
validate the feasibility of the gas-assisted extrusion technique, the numerical studies of four different
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extrusion modes were analyzed and compared with each others from the physical field distributions,
such as velocity, pressure, shear rate, and normal stress.

2. Numerical model and method

2.1. Geometric model

The geometric model and the finite element mesh of the L-typed hollow profiles are shown in Figure
1(a) and (b), respectively. In Figure 1(a), the face of ABCDEF —A'B'C'D'E"'F 'is the inlet face of
the die, the face of HIJKLM —-H'Il'J'K'L'M"'is the outlet of the die, the face of
NRSTUV —N'R'S'T'U 'V 'is the exit of the melt. The length of the inside die is about 30 mm, the
length of the outside die is also about 30 mm, the high of AF is 30 mm, the wide of EF is 20 mm,
the thickness of the hollow profile is 3 mm, and the width of the hollow part is 4 mm.

Flow direction

(a) geometric model (b) finite element mesh

Figure 1. Geometric model and mesh of the L-typed hollow profiles

2.2. Governing equations

In the numerical simulations, the polymer melt is regarded as the non-compressible, iso-thermal,
steady, laminar and viscoelastic Non-Newtonian fluid. The gas is considered as the compressible, iso-
thermal, steady, laminar and Newtonian fluid. Both the inertia, the gravity force, and the viscous
dissipation effects and the diffuse effect of the gas enters into the melt all could be neglected.

The mass and the momentum equations are as follows:

V-v=0 ey
-Vp+V-r=0 2)

Where V is Hamilton operator, V is the velocity of melt, p is the pressure drop, 7 1is the extra

stress tension.

In this paper, PTT constitutive model [10] was used because it not only described the characteristic
of the shear-thinning, but also represented the elastic properties of the viscoelastic fluid. PTT
constitutive equation is as follows:

2 g\v ¢
exp {—(1_ " tr(rl)}'l + A[(l— Ej T1+ ETl:| 3)

=2(1-7,)nD
where 77, =177,/7 is the viscosity ratio, 7 is the total viscosity of the melt, 77, is the Newtonian

viscosity component of the melt, A is the relaxation time, & and & are the parameters of the melt

\%
correlated with the material tensile and the shear characteristics, respectively. 71 is the upper

convected derivative of the extra stress tensor 7,, 77, is the Non-Newtonian component viscosity of

the melt, and D is the strain-rate of the tensor.
In the simulations, for the PTT construction equation, its parameters can be seen from Table 1.
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Table 1. The parameters of PTT construction equation
Parameters mn(Pa.s) As) € 3 Ne
Values 2700 0.2 0.18 0.23 0.12

2.3. Boundary conditions
e For the inlet face of the melt, the flow of melt is full-developed, steady and laminar flow,
which is in accordance with the following relationship

ov,/oz=0,v, =v, =0 4)

Where V,, V, and Vv, are the flow velocities of melt at the direction of x, y and z direction,

y
respectively.
e For the inner and outer wall of the mlet, no-slip wall boundary condition is suitable for the
traditional no gas-assisted extrusion mode, which meets the following relationship,
v,=v,=0 Q)
But for the gas-assisted extrusion, the full-slip boundary condition is used meeting the following
relationship,
v,=0,f =0 (6)
In this paper, the compressible air was used as the assisted gas in the gas-assisted polymer
extrusion forming, and the temperature of gas should be heated to reach the temperature of the melt.
e For the free surface of the melt, zero normal stress and entangle velocity are imposed, the
following equation should be expressed as following, i.e.,

f,=0,f,=0 and v, =0 (7)
e For the exit of melt, zero trance force and entangle velocity are imposed, i.e.,
f,=0, v,=0 ®)

2.4. Numerical method

In this paper, the numerical simulations were carried out by using the finite element CFD software
package POLYFLOW [11]. Because of the highly non-linear form of the differential viscoelastic
constitutive equation used to describe material behavior, the position of the boundaries and free
surface are unknown, and the position of the free surface becomes part of the solution, the nonlinear
algebraic equation must be used to describe this class of problems, which result in the difficulties in
solving the equations like the N-S equation. In order to solve these nonlinear equations, the coupled
computing method of velocities-pressure was adopted. Since the total extra-stress tensor of differential
constitutive equation was decomposed into the viscoelastic components and purely-viscous component,
the elastic viscous split stress algorithm incorporating with the streamline upwind (EVSS-SU)
algorithm [12] was used into the computing of the differential viscoelastic constitutive equations, and
the momentum equations. And the implicit Euler discretization method [13] was incorporated into the
integration of partial differential equations. In the interpolation scheme of finite element computing,
the quadratic velocities, and linear pressure were used. For the free boundary and their moving-mesh
problems, the coupled moving surface computing method and the Optimesh 3D remeshing method [14]
were used. Moreover, to easily get the convergence solutions of the nonlinear equations, and the
evolution schemes [11] of the material parameters, we also made use of boundary conditions and
moving boundaries for instance, relaxation time of polymer melt, and the free boundary. In the
convergence solving the nonlinear governing equations, the classical Newton-Raphson iterative

algorithm [15] was used, the convergence condition is 1.0x10™*.
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3. Numerical results and analysis

3.1. X velocity distributions

To verify the feasibility of the gas-assisted extrusion method, the physical field distributions of four
different extrusion modes are obtained, the X velocity distributions are shown in Figure 2.

From Figure 2(a), it is seen that the X velocity directions of two outer walls at the outlet of die are
negative. The extrudate effect of traditional no gas-assisted extrusion method is poor, due to the
extrudate swell effect, and the inner wall was adhered after the melt was extruded out from the die.
From Figure 2(b), it is seen that the X positive velocities of two outer walls are very large, which
result in the extrudate swell phenomenon being large. From Figure 2(c), it can be seen that the
adhesion phenomenon is more obvious than that of the traditional no gas-assisted extrusion. However,
as for the double gas-assisted extrusion mode, the extrudate effect is good, no extrudate swell and
distortion phenomena occur on the extrudate because the velocity distribution of the melt at the outlet

of the die is zero.
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Figure 2. X velocity distributions of four different extrusion modes

3.2. Pressure distributions

From Figure 3, it is seen that the pressure gradient of traditional no gas-assisted extrusion mode is
largest, which is the result of the no-slip wall boundary condition and the large flow resistance. But for
the gas-assisted extrusion modes, it can be seen that the pressure gradients are decreased. In addition,
for the double walls gas-assisted extrusion mode, the pressure gradient is very little, which leads to

little extrusion deformation of hollow profiles.
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Figure 3. Pressure distributions of four different extrusion modes

3.3. Shear rate distributions

From Figure 4, it is seen that compared with others, the shear rate of no gas-assisted mode is the

largest. As we all know, the larger both shear rate and velocity gradient are, the larger flow resistance

is. While larger shear rate will result in larger shear stress on the wall of the die. But for the gas-

assisted mode, the shear rates of melt are decreased, especially for the double walls gas-assisted mode.
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Figure 4. Shear rate distributions of four different extrusion modes

3.4. Normal stress distributions

As we know, the extrudate swell of the melt is related to the normal stress. To study the mechanism of
overcoming the extrudate swell for gas-assisted extrusion mode, the first normal stress distributions of
four different extrusion modes were obtained, which are shown in Figure 5 from which, it is seen that
the first normal stress is large at the outlet of the die. However, for three kinds of gas-assisted
extrusion mode, the first normal stress decreased. And for the double gas-assisted mode, the first
normal stress is very little, which is so little that it can be neglected, which in return results in the
elimination of the extrudate swell phenomenon for the hollow profiles.
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Figure 5. Normal stress distributions of four different extrusion modes

4. Conclusions

Extrudate swell is a common phenomenon in the processing of polymer melt, which also occurs in the
hollow profiles extrusion. To overcome the extrudate swell of hollow profiles, the gas-assisted mode
was introduced and analyzed by using the numerical simulation method in the study. And to validate
the feasibility of gas-assisted mode, the physical field distributions of four different gas-assisted
modes were obtained and compared with others. Research results indicated that the extrusion effect of
the traditional no gas-assisted mode is poor, the extrudate swell is obvious, and the inner wall is easily
adhered. For the gas-assisted in single wall, for example, for the inner wall gas-assisted mode, the
extrudate swell phenomenon of the melt was more obvious than that of the traditional no-gas assisted
mode. For the outer wall gas-assisted mode, the adhesion effect was more obvious. However, as for
the double walls gas-assisted mode, the extrudate swell and the deformation are all greatly eliminated.
Therefore, the double wall gas-assisted technique has a potential value in the process of the hollow
profiles.
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