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Abstract—A full three-dimensional finite element code has been developed to solve the flow prob-
lems through arbitrary geometries, which may include free surfaces. This code together with the
parthline approach method and the mapping method has been used to simulate three-dimensional
extrudate swell from a square die in the cases of isothermal Newtonian and non-Newtonian flows
and nonisothermal Newtonian flow. Extrudate swell of isothermal Newtonian creeping case exhibits
a maximum swell of 21.0% at the plane of symmetry and a minimum swell of 4.1% at the corner.
In the case of non-Newtonian flow, shear thinning effects produce lower swell compared to Newtonian
one and in the case of nonisothermal flow, lower temperature side of the die wall exhibits higher

swell compared to higher temperature side of the die wall.

Keywords: Three-dimensional flows/Extrudate swell/Finite element method/Free surface/non-Newto-
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Fig. 1. Domain and the boundary conditions in the
three-dimensional extrudate swell.
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Fig. 2. Master three-dimensional elements.
(a) 27-node hexahedron
(b) 18-node triangular prism.

| 27158 A elliptic &9
o] TA %W Galerkin 3k 4

2} 8 Agk(quadratic or triquadratic shape
function) &, ¥ djsix+& 442k 12H(linear or
trilinear) ¥4¥hE isoparametric mapping©. 2
AR, $HAl 24 27 A% (integration,

h 58
oint) &, Z2|F Q4 21 HEYL AL
p

M
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Fig. 3. Definition of the test problems.
(a) Couette flow (b) Poiseuielle flow
(c) Flow in a square duct(at planes ABCD
and CDEF, symmetry conditions are impo-
sed).
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} Input (upstream velocity U, mesh, data) ]
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v

l Calculation of U,V,W,P by FEM I

l

| Movement of the free surface by pathline method

l

Redistribution of surface coordinates
and downstream coordinates

l

[ Coordinates transformation (x,y, z)4|

Difference { TE

Print U,V,W,P and mesh

Fig. 4. Flowsheet of the numerical procedure for ex-
trudate swell.
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Fig. 5. Perspective view of a three-dimensional finite
element mesh: initial mesh.

Table 1. Size of the problem

Elements

Case Nodes Unknowns Frontal

width

Isothermal 160 1,701 5,378 365
Nonisothermal 160 1,701 7,079 476

A ohed 2ok
p=094g/cm®, ;;=14X10° p, b=0.021K™},
C,=2.1X107 erg/g-K, k=15X10* erg/cm-s-K,
T,=190C, T,=230C, U,.=1.0cm/s,

U=0478 cm/s

2E A4 IBM 309002 F3sded, 5
& F5 Ay 7 v Fepc} i 25008 A=
2] CPU Alzte] Aglow, Wik Axztxt A4 =
B3] Xolol AF e AF2(root mean
square)& 0.001 ©o]We <ox 3HeHYE Fe
Y= 43), 00001 oJHE F9l& u: 83 HlES
Pato] wE AF AN ¥ITL FE FEe
739-ole 247 113, 153 w53 ste] 3= )&
dgict. 52 vl E %59 A9 power-law in-
dex nzt& n=1L0GFE FaDAH e HAz @
Zo]7H= EA)o)) under relaxation HPHE AM8-3}od
FHEHoz U7 & Ak A gx33e =
Il 2t 7399 7lssbAal e mofe Fig 6



Fig. 6. Perspective view of three-dimensional finite
element meshes: final meshes.
(a) isothermal Newtonian case
(b) isothermal non-Newtonian case
(¢) non-isothermal Newtonian case
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Fig. 7. Normalized downstream velocity and pres-
sure distribution for isothermal Newtonian
extrudate swell from a square die.

(a) along the centerline
(b) along the center of the flat surface
(c) along the corner points.
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(a)
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Fig. 8. Extrudate swell from a square die: superpo-
sed die shape and final shape of the extru-
date.

(a) isothermal Newtonian case
(b) isothermal non-Newtonian case
(¢) non-isothermal Newtonian case

ET-HE-oll A
ngularity)of] f1<le] s} s}zlch

B A=E el Fx4] 3 339) (swell ratio)
g 471ME ool Aoste] wRgg FAls}
e}

Bu] = (AHF-EE ) vn]—

S
Jpe

SBRER)VESREN

2 el 2 Hdl e WA S g,
32 Bue BAE LS gl delg, ]

fash A2 Al 235, 1990

ol %

Table 2. Swell ratio of the extrudate

Swell ratio Swell ratio

Case (max.) (min.)
Isothermal Newtonian 21.0% 4.1%
Isothermal non-Newtonian 14.5% 0.0%
Non-isothermal Newtonian* 28.9% 16.2%

*In this case, 28.9% at the side of T, and 16.2% at
the side of T..
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Nomenclature

a . dimensionless parameter that describes
the transition region between the zero-

shear region and the power-law region

b . temperature coefficient

G * heat capacity of the fluid

F~!' ! three-dimensional coordinate transforma-
tion mapping that the standard mesh is
mapped into the real domain

> body force per unit volume

- thermal conductivity of the fluid

. power-law index

- outward unit normal vector

. pressure

: heat flux

. temperature

= T s s o

=

L error tolerance
- average velocity
. three-dimensional standard domain

< < =

. velocity vector

FHRAL o7 43

X, ¥,z . global coordinates

=

T

oW W o >3

«inc

10.
1L
12.
13.
14.

15.

Greek Letters

: shear rate

> vicosity of the fluid

- zero-shear viscosity

: time constant

. density of the fluid

- total stress tensor

. extra stress tensor

- linear or trlinear shape function

- quadratic or triquadratic shape function
local standard coordinates
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