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Abstract.This work deals with the development of a numerical method for simulating viscoelastic axisymmetric free surface flow of an
Oldroyd-B fluid. The basic equations governing the flow of an Oldroyd-B fluid are considered. A novel formulation is developed for the
computation of the extra-stress components on rigid boundaries and on the symmetry axis. The full free surface stress conditions are
employed. The resulting governing equations are solved by the finite difference method on a MAC (Marker-And-Cell) grid. Numerical
results demonstrating the capabilities of this new technique applied to axisymmetric flow of an Oldroyd-B fluid are presented for a
number of problems involving unsteady free surface flows. In particular, the simulation of the extrudate swell of a highly elastic fluid
is presented.
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1. Introduction

Non-Newtonian free surface flows appear in many technological processes: container filling (food industry), injec-
tion moulding (plastic industries), ink jet devices, wire coating, among others, are all examples of non-Newtonian free
surface flows problems. Today there is an intense activity in this area and many numerical techniques have been pro-
posed over the past two decades to treat non-Newtonian flows. The models that have been studied tend to be the classical
Oldroyd-B model or the upper convected Maxwell model with the constitutive equation either of differential or integral
form. Numerical methods have included finite difference methods (eg. Yoo & Na 1991), finite element methods (eg. Mar-
chal & Crochet 1987), Carew et al. 1993), Brasseur et al. 1998), finite volume methods (eg. Huang et al. 1996, Mompean
& Deville 1997, Xue et al. 1998, Phillips & Williams 1999), spectral methods (eg. Beris et al. 1987), and boundary
element methods (eg. Phan-Thien et al. 1991). Also, there now exists some measure of agreement for a class of test
problems. These test problems have arisen because of the so called “High Weissenberg Number Problem”. Rather like the
Reynolds number in Newtonian fluids, it has been found that a Weissenberg number is eventually reached above which
convergence of the numerical method under consideration fails. And indeed this number was not very large and nearly all
existing codes have difficulty with a Weissenberg number greater than about 4 (however, see Mompean & Deville 1997).
In this paper viscoelastic axisymmetric flows with multiple free surfaces are considered. The approach employed is based
upon the Marker-And-Cell (MAC) method of Harlow and Welch (Harlow & Welch 1970) and has been honed for many
problems in Newtonian fluid mechanics (see eg. Tomé & McKee 1994, Tomé et al. 1996).

The method described herein is applied to tube flow and extrudate swell. Tube flow is employed to validate the
numerical technique presented in this paper and the simulation of the extrudate swell demonstrates that our method
can indeed simulate time-dependent free surface viscoelastic flows. The paper is organised as follows. The governing
equations are set out in Section 2. The boundary conditions, specially for the non-Newtonian contribution to the extra-
stress tensor, are discussed at length. The essence of the method is given in Section 3 while in Section 4, the basic
finite difference discretisation is discussed. Section 5 includes some general comments and Section 6 provides numerical
results; comparisons with other results and validation. Finally, Section 7 completes the paper with some concluding
remarks.

2. Basic equations

The equations governing the flow of an Oldroyd-B fluid are (see Crochet, Davies & Walters 1984): the equation of
motion and the mass conservation equation (assuming incompressibility)� ��������	��
���
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together with the constitutive equation�! #"%$�&��')(�*%+�,.-  �"0/�&-21 3 (54
where 6 is the symmetric extra-stress tensor. The upper convected derivative 76 is defined by&��'98 �8;:  3=<?>A@ 4 �CB 3D@�< 4�E �FBG� 3D@�< 4 and -H'JI(LK 3D@�< 4  3D@�< 4�ENM
is the rate-of-deformation tensor and OQP and O%R are time constants (relaxation and retardation) and SUT is the viscosity.
The vector V denotes the velocity, W the pressure, X the density and Y the components of gravity. ZZ\[ denotes the material
derivative. We observe that by making O R�]_^ we obtain the Maxwell model. In order to solve (1)–(2) we perform the
splitting� ')(�*%+a` "0/"%$�b -  �c 3=d 4
where e represents the non-Newtonian contribution to the extra-stress tensor. By introducing (3) into (1) and (2) we obtainc� �"%$f& cg'C(�*%+a` I B " /" $ b - 3ih 4jUk <k : ' B @�l  (�*%+a` "0/"%$mb @n> -  @	> c� j�oqp 3Dr 4
We consider axisymmetric flows so that equations (4) and (5) can be written in the nondimensional formst)uu t\v txwNyfz u|{uN} ] ^2~ v�� y

u wu%� z st u v txw R yu t z u v w { yu|} ]�� u Wu t z s��� , O RONP 1 , st uu t , t u wu t 1 z u R wuN} R � wt R 1 z , st uu t v t��\���5y�z u ��� �uN} � �����t 1 z s� R��� � ~ v�� y
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respectively, where
��� ]��� ¢¡�£mT denotes the Reynolds number, � � ] O P v ��¡m  y is the Weissenberg number,

� t ]��¡�¤   � is the Froude number.   , � and £�T denote “typical” length, velocity and viscosity scales, respectively.

3. Boundary Conditions

In order to solve (6) - (12) the values of V and e on the boundary are required. For the momentum equations it is sufficient
that we have V ]¥^ on rigid boundaries.

3.1 Computation of the stress on rigid boundaries

As rigid boundaries may be regarded as characteristics, the stresses � ��� ~ ����� ~ �\��� and � � � on the boundary may be
computed from (9)–(12), which we assume to hold on rigid boundaries with the initial condition e ]§¦ . We make the
change of variables: e ] ��¨H©ªa« [­¬e which introduced into(10)–(12) yields the following equations8 ¬®Q¯­¯8;: ' B I° 8 3 °A± ¬® ¯²¯ 48 ° B 8 3i³ ¬® ¯²¯ 48.´  (µ8 ±8 ° ¬® ¯­¯  (.8 ±8.´ ¬® ¯­¶  I·	¸ (¹º¸ ¸ ©ªº«2` I B " /"%$ b 8 ±8 ° 3 I d 48 ¬®N»­»8;: ' B I° 8 3 °5± ¬® »­» 48 ° B 8 3i³ ¬® »­» 48.´  ( ± ° ¬® »²»  I·	¸ (¹º¸ ¸ ©ªº«2` I B "0/" $�b ± °½¼ 3 I h 4
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Equations (13)-(16) can be solved for the components of the non-Newtonian stress tensor on rigid boundaries which are
parallel to the à -axis or parallel to the á -axis. It can be shown (see Tome et al. 2002) that on rigid boundaries which are
parallel to the á -axis, the expressions for the components of the non-Newtonian extra stress tensor are given byÀ Ñ­Ñ È Ç Ý Í Ý Â Îãâ Â Ê Ã Ó�ä ÕÖº×�å­æ À Ñ­Ñ È Ç Ý Í Ý Â Ê Îãâ Â�ç ¾ É¾.Í È Ç Ý Í Ý Â Ê Ó�ä ÕÖº×5å­æ À Ñ Á È Ç Ý Í Ý Â Ê Î ¾ É¾.Í È Ç Ý Í Ý Â Îãâ Â Ê À Ñ Á È Ç Ý Í Ý Â ÎÐâ Â Ê�è Ý È Æ�é ÊÀNê­ê È Ç Ý Í Ý Â Îãâ Â Ê Ã ë�Ý À Á²Á È Ç Ý Í Ý Â ÎÐâ Â Ê Ã�ëaÝ È Æ�ì ÊÀ Ñ Á È Ç Ý Í Ý Â Îãâ Â Ê Ã Ó ä ÕÖº×�å­æ ¿À Ñ Á È Ç Ý Í Ý Â Ê Î ÆÔ¢Ó Ø Æ Å Ù0ÚÙ Û Ü ¾ É¾.Í È Ç Ý Í Ý Â²í Ê ç Æ Å Ó ä ÕÖº×Aå­æ èãî È Æ�ï Ê
The calculation of the components of the non-Newtonian extra stress on rigid boundaries which are parallel to the à -axis
is performed in a similar manner as for rigid boundaries parallel to the á -axis.

3.2 Computation of the stress components on the symmetry axis

Following the same ideas employed for the computation of the non-Newtonian extra stress on rigid boundaries, one
can show that on the symmetry axis, the components of the non-Newtonian extra stress are given byÀNê­ê ÈðÂ Ê Ã�ë�Ý À Ñ Á ÈðÂ Ê Ã�ëaÝ È Ï5ë ÊÀ Ñ­Ñ ÈðÂ Îñâ Â Ê Ã Ó�ä ÕÖ�×�å­æ À Ñ­Ñ ÈðÂ Ê Å â ÂÏHò ¾0Ë À Ñ­Ñ¾.Íôóóóóó æðõ.å­æ Î Ó�ä ÕÖº×Aå­æ

¾0Ë À Ñ­Ñ¾.Íöóóóóó æD÷ ÎÐâ Â ò
¾ É¾ Ç óóóóó æðõ.å­æ À Ñ²Ñ óóóóó æiõ0å­æ Î Ó�ä ÕÖº×�å­æ

¾ É¾ Ç óóóóó æ À Ñ­Ñ óóóóó æ=÷Î ÏÔºÓ Ø Æ Å Ù ÚÙ Û Ü ¾ É¾ Ç óóóóó æiøµæiù Ø Æ Å Ó ä ÕÖº× å­æ Ü Ý È Ï Æ ÊÀ Á²Á ÈðÂ ÎÐâ Â Ê Ã Ó ä ÕÖº× å­æ À ÁÌÁ ÈðÂ Ê Å â ÂÏ ò ¾0Ë À Á²Á¾.Í óóóóó æiõ0å­æ Î Ó ä ÕÖº× å­æ
¾0Ë À Á²Á¾.Í óóóóó æ�÷ Îñâ Â ò
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3.3 Inflow and Outflow boundaries

At the fluid entrance we specify the velocity components úgû�ü§ý and úNþÿü�� while for the non-Newtonian extra
stress tensor components ����� we follow the strategy of Mompean and Deville (see Mompean & Deville 1997) and set���	��ü
� , ������ü
� , ���	
 ü�� and ��
�
 ü
� . At fluid exit we impose homegeneous Neumann conditions for both the
velocity components and the extra stress components, namely:¾ É��¾�� Ã ¾ É��¾�� Ã ¾ À Ñ­Ñ¾�� Ã ¾ À Ñ Á¾�� Ã ¾ À ê²ê¾�� Ã ¾ À Á²Á¾�� Ã�ë î È Ï�� Ê
In the equations above the subscripts � and � denote directions normal and tangential to the boundary, respectively.

3.4 Free Surface Stress Conditions

We shall consider unsteady free-surface flows of a viscous fluid moving into a passive atmosphere (which we may
take to be at zero pressure). In the absence of surface tension the normal and tangential components of stress must be
continuous across any free surface, so that on such a surface (see Tomé et al. 2002)Å���Î ÏÔºÓ � Ø Ù ÚÙ Û Ü�� ¾ É¾ Ç � ÚÑ Î � ¾ É¾.Í�Î ¾0Ë¾ Ç�� � Á � Ñ Î ¾0Ë¾.Í � ÚÁ ��� Î À Ñ²Ñ � ÚÑ Î�Ï À Á Ñ � Ñ � Á Î À ÁÌÁ � ÚÁ Ã�ë�Ý È Ï � ÊÆÔ¢Ó Ø Ù ÚÙ%Û Ü � Ï Ø ¾0Ë¾.Í Å ¾ É¾ Ç Ü � Ñ � Á Î � ¾ É¾.Í Î ¾0Ë¾ Ç � È!� ÚÑ\Å � ÚÁ Ê � Î È À Á²Á Å ÀQÑ²Ñ Ê � Ñ � Á Î À Á Ñ È!� ÚÑ\Å � ÚÁ Ê Ã�ë î È Ï Þ Ê
where ")ü$#%� �'& � 
�( is the outward normal vector to the surface. Equations (24)–(25) are used to compute the pressure )*
and the velocities on the free surface taking into account the local orientation of the fluid surface. They are approximated
by finite difference equations following the ideas of (Tomé et al. 2002).



4. Method of Solution

To solve equations (6)–(12) we employ a procedure similar to that introduced by (Tomé et al. 2002).
Let us suppose that at a given time, say +	, , the velocity field -/.10325462	+7,98 and the non-Newtonian extra stress tensor: .10325462	+;,98 are known and the values of - ,

:
and < are given on specified parts of the boundary. To compute the ve-

locity field, pressure field and the non-Newtonian extra-stress tensor at the advanced time +�,>=@?BAC+;,EDGF�+ , we proceed as
follows::IHKJMLON

: Let P< be a pressure field which satisfies the correct pressure condition on the free surface. This pressure
field is computed from the stress conditions (24).:IHKJMLRQ

: Calculate the intermediate velocity field, P-S.%032	4T27+ ,>=@? 8 , fromU�VUXWZY [\ UI] \ V9^5_U \a` UI]!VXb'_U9ced U3fU \E` [gihkjml ^lTn>oGp [\ UU \ j \ U�VU \ o ` U6^5VU9c ^ d V\ ^'q ` p [\ UU \ ] \Kr�s;s _ ` U rIt sU9cud rmv7v\ q ` [w ^syx s�z ]%{�|K_U�bUXW Y [\ UI] \ VXb'_U \ ` UI]!b'^�_U9c d U3fU9c ` [gih j l ^l n oGp [\ UU \~} \ U�bU \6� ` U ^ bU9c ^�q `$� [\ UU \ ] \�rIs t _ ` U r t7tU9c�� ` [w ^s x t z ]%{K��_
with P-/.1032	4T27+;,�8BA�-/.10325462	+;,98 using the correct boundary conditions for -S.%032	4T27+	,�8 . These equations are solved by
a finite difference method which is usually, but not necessarily, explicit.:IHKJML��

: Solve the Poisson equation: �k� ��.%032	4T27+;,>=@? 8�A���� P-S.%032	4T27+;,>=y?�8�� The appropriate boundary conditions for
this equation are (see Tomé et al. [25]): ���� , A�� on rigid boundaries and ��A�� on the free surface.:IHKJML��

: Compute the velocity field: -/.1032	4T27+ ,>=@? 8�A�P� .%032	4T27+ ,>=y? 8y������.10325462	+ ,>=@? 8��:IHKJMLR�
: Compute the pressure: <@.1��2	+7,>=@? 8�A�P<y.1��27+;,T8�D �m�¡ X¢ £1¤�¥X¦¨§© £ �:IHKJML«ª
: Update the components of the non-Newtonian extra-stress tensor on rigid boundaries according to the

equations given in Section 3.1.:IHKJML�¬
: Update the components of the non-Newtonian extra-stress tensor on the symmetry axis according to the

equations given in Section 3.2.:IHKJML®­
: Compute the components of the non-Newtonian extra-stress tensor, ¯/°5°>.1��2	+;,>=@?�8 , ±7±	± , ¯�°5²M.1��27+;,'=@?�8 , from:rIs7s `´³ h p U r s;sUXW ` [\ UI] \ V r s7s _U \ ` UI]!b r s7s _U9c d { U�VU \ rIs;s d { U�VU9c rIs t q Y {gih j [ d l ^l n3o U�VU \ z ]%{�µK_

r v7v `¶³ h p U r v;vUXW ` [\ UI] \ V rmv;v _U \ ` UI]!b rmv;v _U9c d { V \ r v;v q Y {gih·j [ d l ^lTn>o V \ z ]%{�¸K_
r t	t `¹³ h p U r t7tUXW ` [\ UI] \ V r t	t _U \ ` UI]!b r t7t _U9c d { U�bU \ rIs t d { U�bU9c r t7t q Y {gih j [ d l ^l n>o U�bU9c z ]1ºK»K_
r s t `¶³ h p U r s tUXW `¹` [\ UI] \ V r s t _U \ ` UI]!b r s t _U9c d U�bU \ r s;s ` V \ r s t d U�VU9c r t7t q Ye[gih j [ d l ^l n3o j U�VU9c ` U�bU \ o�¼ ]1º [ _

Equations (28)–(31) are solved by finite differences. Details of the difference equations are given in the next Section.:IHKJML¾½
: Update the markers positions: The last step in the calculation is to move the markers to their new positions.

This is done by solving¿3À¿ W Y V z ¿3Á¿ W Y b z ]1º�{�_
for each particle. The fluid surface is defined by a list containing these markers and the visualization of the free
surface is obtained simply by connecting them by straight lines.

5. Finite Difference Approximation

As the fluid is continuously moving, a procedure for identifying the fluid region and the free surface needs to be described.
To effect this, the cells within the mesh are flagged as: Empty (E) - Cells that do not contain fluid; Full (F) - Cells full of
fluid. These cells do not have any face contiguous with an Empty cell; Surface (S) - Cells that contain fluid and have at
least one face contiguous with an Empty cell face. These cells contain the free surface; Boundary (B) - Cells that define
a rigid boundary. In these cells the no-slip condition is applied; Inflow (I) - Cells that define an inflow boundary and
Outflow (O) - Cells that define an outflow boundary. Figure 1 illustrates the cell structure for a two–dimensional flow at a
given instant of time. For clarity, the empty cells are left blank.
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. Types of cells used in a GENSMAC calculation.

Equations (26)–(31) will be solved by a finite difference method on a staggered grid. The components of the non-
Newtonian extra-stress tensor together with the pressure field are applied at the centre of a cell while the velocity com-
ponents É and Ê are staggered by Ë�Ì>Í'Î and Ë3Ï�Í>Î , respectively. The momentum equations (26)-(27) are approximated by
finite differences as follows: the time derivative is modeled by the Euler method. The linear spatial terms are approx-
imated by central differences while for the convective terms we employ a high order upwind method. In this work we
have used the VONOS method (see Ferreira et al. 2002). Details of the finite difference implementation of this high order
upwind scheme are given in (Ferreira et al. 2002). Thus, the momentum equations (26) – (27) are approximated byÐ Ñ�ÒKÓIÔÕ Ó/Ö×>Ø ÙiÚ Ñ Õ Ó/Ö×>Ø ÙÜÛÞÝ ßBà	á âã Õ Ó Ö×åäKæ�ç9èyé ã Ñ9ê�ë á äKæXç6èÜé!ì Ñ�ë á Ðí Õ ÓIÔ Ø Ù á Ðí Õ Ø ÙÝ ã Ûîâïiðkñmò êò Ô>ó�ô âã Õ Ó Ö× é ã Õ Ñ Õ!õ Ö× Ø Ù

á é ã Õ Û ã Õ ÓIÔ ëöÑ Õ Ó Ö× Ø Ù Û ã Õ ÓmÔ Ñ Õ Ó�÷× Ø Ù ëÝ ã ê Û ñ Ñ Õ ÓSÖ×'Ø Ù õ Ô áùø Ñ Õ Ó/Ö×>Ø Ù Û Ñ Õ ÓSÖ×'Ø Ù ÓmÔ óÝ�ú á Ñ Õ Ó Ö× Ø Ùã êÕ Ó Ö×¾ûü
âã Õ Ó Ö× é ã Õ ÓIÔ7ýIþ;þÕ ÓIÔ Ø Ù á ã Õ ýIþ7þÕ Ø Ù ëÝ ã Û ýIþ;ÿÕ Ó Ö× Ø Ù Ó Ö× á ýIþ;ÿÕ Ó Ö× Ø Ù õ Ö×Ý�ú Û é ý����Õ ÓmÔ Ø Ù Û ý����Õ Ø Ù ëø Û â� êþ � þ ��� é	�
� ëÐ ì Ò�ÓmÔÕ Ø Ù Ó Ö× Ú ì Õ Ø Ù Ó Ö× ÛÞÝ ß��öá âã Õ äKæXç6è@é ã Ñ ì ë á äKæ�ç9èyé!ì ê�ë á Ðí Õ Ø Ù ÓIÔ á Ðí Õ Ø ÙÝ�ú Û âïið·ñmò êò Ô>ó�
 âã Õ é ã Õ1õ Ö× ì Õ1õ Ô Ø Ù Ó/Ö×

á é ã Õ Ó�Ö× Û ã Õ!õ Ö× ë ì Õ Ø Ù Ó/Ö× Û ã Õ Ó/Ö× ì Õ ÓmÔ Ø Ù ÓSÖ× ëÝ ã ê Û ñ ì Õ Ø Ù õ Ö×�áÞø ì Õ Ø Ù ÓiÖ×ÄÛ ì Õ Ø Ù Ó ÷× óÝKú ûü
âã Õ é ã Õ Ó/Ö× ý þ7ÿÕ ÓSÖ×'Ø Ù Ó/Ö× á ã Õ!õ Ö× ý þ;ÿÕ!õ Ö×>Ø Ù ÓSÖ× ëÝ ã Û ý ÿ7ÿÕ Ø Ù ÓmÔ á ý ÿ7ÿÕ Ø ÙÝ�ú Û â� êþ � ÿ ��� é	��� ë

In a similar manner, the components of the non-Newtonian tensor (28)–(31) are approximated by finite differences. Again,
the convective terms are modeled by the high order VONOS method (see Ferreira et al. 2002). Thus, equations (28)–(31)
are approximated byý þ;þÕ Ø Ù�� ÒKÓIÔ�� Ú ñ â á Ý�ß� ð ó ý þ;þÕ Ø Ù á Ý ß�� âã Õ äKæ�ç9èyé ã Ñ ý þ;þ ë Õ Ø Ù Û äKæ�ç9èyé!ì ý þ;þ ë Õ Ø Ù áÞø é Ñ Õ ÓSÖ×'Ø ÙSá Ñ Õ1õ Ö×>Ø Ù ëÝ ã ý þ;þÕ Ø Ù

áSø é Ñ Õ Ø Ù Ó Ö×~á Ñ Õ Ø Ù õ Ö× ëÝ�ú ý þ;ÿÕ Ø Ù Û âïið ø� ð·ñmò êò Ô á â ó é Ñ Õ Ó Ö× Ø Ù á Ñ Õ1õ Ö× Ø Ù ëÝ ã � é	��� ëý ���Õ Ø Ù � ÒKÓIÔ�� Ú ñ â á Ý�ß� ð ó ý ���Õ Ø Ù á Ý ß���âã Õ äKæ�ç9èyé ã Ñ ý ��� ë Õ Ø Ù Û äKæXç6è@é!ì ý ��� ë Õ Ø Ù á âã Õ é Ñ Õ ÓSÖ×'Ø ÙSá Ñ Õ1õ Ö×>Ø Ù ë ý ���Õ Ø ÙÛ âïið ø� ð ñmò êò Ô á â ó é Ñ Õ Ó Ö× Ø Ù Û Ñ Õ!õ Ö× Ø Ù ëã Õ � é	�
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In equations (33)–(38), terms which are not defined at the cell position given by their subscripts are obtained by averaging,
that is: E !:" # '�MN b * E ! ' MN " # G E ! ' MN " # '�( G E !:O MN " # G E !	O MN " # '�(c d K ! '\MN " # b * K !:" # ' MN G K ! '�( " # ' MN G K !:" #4O MN G K ! '�( " #_O MNc d���� ! ' MN " # ' MN b * � �Q !:" # G � �� ! '�( " # G � �� !:" # '�( G � �� ! '�( " # '�(c e
The Poisson equation (see f�g�hji�k ) in cylindrical coordinates becomes can be written in the formll = + = l9ml = 8 G = l W ml P W * =Vno C	`
p F
and discretizing (39) at the cell centre we obtain (assuming q�rtsuqwv )/ = ! m !:" #4O ( / = !:O MN m !	O ( " #xG c = ! m !:" # / = ! ' MN m ! '�( " # / = ! m !	" # '�( *7/ = ! 1 = W no !	" # C c�y F
where no !:" # * -= !tz = ! ' MN n E ! ' MN " # / = !	O MN n E !:O MN " #1 = { G n K !:" # ' MN / n K !:" #4O MN1�P e
Equation (40) leads to a symmetric and positive definite linear system for |�}�~ � . In order to solve this linear system we
employ the conjugate gradient method as implemented in GENSMAC (see Tomé and McKee 1994). The final velocities
are obtained by discretizing (see ��g
hji�� ) at the respective nodes, namelyE %
'�(! ' MN " # * n E ! ' MN " # / + m ! '�( " # / m !:" #1;� 8 d K %
'�(!	" # ' MN * n K !:" # ' MN / Y m !:" # '�( / m !	" #1;� [ e C c - F
The pressure is obtained by applying (see �Lg�hji�� ) at the cell centres, giving:� !:" # * n� !	" #DG m !:" #143 C c ] F
Consequently, each calculational cycle consists of solving equations (33)–(38) and (40)–(42) at each time-step.

6. Validation and Numerical Results

The finite difference equations described in this paper have been implemented into the GENSMAC code (see Tomé &
McKee 1994) in order to simulate free surface flow of an Oldroyd-B fluid. The discretized momentum equations are solved
by the GENSMAC code; it was only necessary to modify the routine to include the terms involving the non-Newtonian
component of the extra-stress tensor. The discretized Poisson equation (40) is solved by the conjugate gradient method
as implemented in the GENSMAC code. The equations for calculating the final velocities and the pressure equation are
solved as in the GENSMAC code as they do not differ from those for a Newtonian fluid. A number of routines have been
written to set up the boundary conditions on inflows, outflows, rigid boundaries and free surface.

6.1 Validation of the approach: numerical simulation of the flow in a pipe.

We validate the approximation of the viscoelastic extra-stress tensor on rigid boundaries, on the simmetry axis and on
interior points by simulating the flow in a pipe. We consider a pipe of diameter �.� and having a length of ����� (see figure
2a). At the pipe entrance we impose the analytic fully developed flow profiles for the velocity and the non-Newtonian
extra stress. At the exit the conditions described in this paper for outflow boundaries are assumed (see Section 3.3). The
computational domain is shown in figure 2b. On the pipe wall (see figure 2b) the no-slip condition and the expressions
for the components of the viscoelastic extra-stress tensor (see Section 3.1) are applied while on the symmetry line the
equations derived in Section 3.2 are employed. We start with the pipe empty and inject fluid at the inflow at a prescribed
velocity. The fully developed flow profiles imposed at the inflow are given byK9C = F * ] C R W / = W FR W d E * y C c ` F���� * -R\6 +.-x/ U9WU ( 8 + l Kl = 8td �� Q C = F * ] 576 ���� + l Kl = 8�d ����� * ����� * y e C c
c F



Initially the pipe is empty and fluid is injected at the inflow until it reaches the outflow and steady state is established.
Under steady state conditions the velocity field and the viscoelastic extra-stress in the pine must have the same values as
those of the inflow. To verify this, we performed two simulations using ������� and �������.��� . The input data used
were ��������� , ����� ,  �¡¢�� w£¤��¥I�¦� , §¨��� . The time constant ©�ª took the values of ©�ª«��� and ©Vª«���.��� ; the
ratio ©­¬�®.©Vª was set equal to 0.5. In these runs we have �¯�t�°�\��®.§��±� and ���²�°©Lª
��®w���±�.³��.��� . Figure 3 presents
several snapshots taken from the simulation with ���²�,� at different times, showing the fluid filling the tube. Figure 3d
displays the steady state fluid velocity at time ´µ��¶.�B� ¥ . Figure 4 displays the values of the non-Newtonian extra-stress
components ·x¸¹¸ and ·x¸¹º at the line £»��� (middle of the pipe) with ���µ�¼� ; the respective analytic values (see eq. (44))
are also shown. The solid lines in figure 4 are the analytic solutions while the dotted lines and the dotted-dashed lines are
the numerical solutions for the extra-stress components, respectively. The results of the simulation with ��������� � are
displayed in figure 5. As can be seen from figures 4 and 5 the agreement between the exact and the numerical solutions is
very good. Indeed, the relative ½ ¬ -norm of the errors,¾ ¸¿º �ÁÀÃÂ ·0¸¿ºÄÆÅ�Ç4ÈÊÉJË ·0¸¿ºÌ.Í
ÎÏÄ ¸¿Ð ÈÆÇÒÑ�Ó ¬À Â · ¸¹ºÄÆÅ�Ç4ÈÊÉ Ó ¬ ³ ¾ ¸¿¸ ��ÀÔÂ ·0¸¿¸ÄÆÅ�Ç4ÈÊÉDË ·0¸¿¸Ì.Í
ÎÏÄ ¸¿Ð ÈÆÇÒÑ�Ó ¬À Â · ¸¹¸ÄÆÅ
Ç;ÈÊÉ Ó ¬
are

¾ ¸¿ºµ��¥I� ¥�¥.¥�¥B�;ÕjÖ and
¾ ºÒº×�u¥I� ¥�¥.¥�¥���ØÚÙ for ���µ�¼� and

¾ ¸¹º×��¥I� ¥�¥.¥.¥�¥jØÚÛ and
¾ ¸¹¸Ü��¥B� ¥.¥.¥�¥ÚÕ9ØH� for ���µ�¼�.���
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ÝÏÞ�ßJà²á
. Pipe flow set up parameters.â�ã ä²ã åJã æ¯ã

ÝÏÞ�ßJàtç
. Numerical simulation of pipe flow. Fluid surface and velocity contours at times: è­é t = 2.0, êxé t = 4.5, ëHé t

= 7.0 and ì0é t = 24.5.

6.2 Numerical simulation of the transient extrudate swell of an axisymmetric jet

We present a simulation of the flow of a jet emerging from a tube which exhibits the characteristic phenomenon
known as “extrudate swell’ or “jet swell”. This problem has attracted the attention of many researchers and various
techniques for its simulation have been proposed (e.g. Brasseur et al. 1998, Crochet, Davies & Walters 1984), Crochet &
Keunnings 1982, Crochet & Keunnings 1980).

We consider the time-dependent flow of an axisymmetric jet flowing through a tube and extrudating into air. The no-
slip condition is imposed on the wall of the tube while full developed flow is imposed at the fluid entrance (see equations



(43) and (44)). On the fluid free surface we imposed the full stress conditions (see (24) and (25)). The components of
the non-Newtonian stress í on the wall tube and on the symmetry line are computed according to the equations derived
in Sections 3.1 and 3.2, respectively. The flow domain is the same as that of figure 2. The following input data were
employed:î Tube length: ïñð�òÚó�ðôò cm, õ�ö²ð�õw÷»ðuøIù¦ú cmî Poisson solver tolerance ûtütýþð�ú
øBÿ�� � , fluid definition: � � ð¼ú�ø Pa.s, �«ð¼ú�ø�ø.ø kg m ÿ�� , � � ðôøBù øBú .î Scaling parameters: ïñðuó°ðôøBù øBú m, �°ð¼ú ms ÿ	� . Hence, ó�
µð¼ú and �

×ð ú .
To demonstrate that the technique presented in this paper can cope with viscoelastic fluids governed by the Oldroyd-B
model, we used the data above and performed three simulations. The first simulation we set ��� ð,øIù ��� � ; in the second
simulation a value of ���²ð°øBù�ò�� � was employed, in the third simulation we chose ���²ðôøIù¦ú�� � We observe that the value
of �

²ð,ú used in these simulations is not the effective Weissenberg number. The effective Weissenberg number for the
Oldroyd-B model, as pointed out by Yoo and Na [1], is�

����������Ïð � ú�� ���� � � �

µù
Thus, in these simulations we used �

 �!�"����� ðôøIù¦ú$#¹øIù ò #¹øBù � , respectively. The results of the simulations are displayed in
figure 5. Figure 5 shows different time frames of the jet flowing through the tube and then being extruded into the air.
The swelling ratio ý�%tð
&('*),+�-wï is also shown. For the time .Sð¼òBù ø the jet is just leaving the tube and the differences
between the three cases are small. However, as the jet is extruded into the air the differences become noticeable as we can
see by comparing the size of the jet swelling for the three cases. As expected, the maximum swell occurs for the case of�

 �!�����/� ðuøIù � .
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7. Conclusions

We presented a numerical technique for simulating unsteady viscoelastic free surface flows of an Oldroyd-B fluid.
The finite difference method described in this paper is an extension of the two-dimensional method introduced by (Tomé
et al. 2002) to axisymmetric free surface flows. The main features of this work is the computation of the non-Newtonian
extra stress components on rigid boundaries, on the symmetry axis as well as the treatment of the free surface stress
conditions. The numerical method has been validated by simulating pipe flow for several values of the Weissenberg
number and compared to the respective exat solution. To demonstrate that this technique can cope with viscoelastic
free surface flows we simulated the transient extrudate swell of an axisymmetric jet governed by the Oldroyd-B model.
We used Wessenberg numbers of z
{^|/}�}�|�~������i�v�$��� ��� and �i� � and obtained swelling ratios of 37%, 88% and 113%,
respectively. These results agree with experimental observations and demonstrates that the numerical technique presented
in this paper can cope with highly elastic fluids.
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