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Flow Balancing in Extrusion Dies for
Thermoplastic Profiles
Part I: Automatic Design

To achieve a specified geometry for an extruded profile, to-
gether with a minimal degree of internal stresses, flow balan-
cing of the die is required. To attain this objective, the flow
along a profile die channel must be accurately described, and
this demands a computational code able to predict complex
3D non-isothermal flow patterns. In this work new methodolo-
gies for flow balancing are implemented and illustrated. The
design code developed to carry out the automatic search of a fi-
nal geometry consists of an optimisation routine coupled with
geometry and mesh generators and a 3D computational code
based on the finite volume method. The issues discussed and
described here encompass recent developments, namely the im-
plementation of two alternative optimisation algorithms for the
automatic search of a final solution, the enhancement of the
strategies previously developed to balance the flow, some im-
provements in the routine used to generate the mesh and the
adoption of a progressive mesh refinement technique. The ex-
amples show that the proposed methodology performs well
and the solution is attained in just a few minutes of calculation
without any user intervention during the calculation process.

1 Introduction

In the past, the design of profile extrusion dies was based on
experimental trial-and-error procedures, relying essentially on
the designers experience and usually being very time, material
and equipment consuming [1, 2]. Currently, due to the develop-
ment of software packages for the mathematical modelling of
the flow of polymer melts [3 to 7] this trial-and-error procedure
is being progressively transformed from an experimental to a
numerical based operation. However, the generation of the suc-
cessive solutions, and the decisions necessarily involved in this
process, are still committed to the designer [1].

To achieve the specified geometry for an extruded profile, to-
gether with a minimal degree of internal stresses, flow balancing
of the die is required. These requisites depend essentially of the
geometry of the flow channel and of the rheological properties
of the polymer melt and their dependence on both shear rate

and temperature. Therefore, the flow along a profile die channel
must be accurately described, demanding a computational code
able to predict the complex 3D flow patterns involved and the
corresponding local fluid temperature variations promoted by
viscous heat dissipation [8] and/or specific thermal boundary
conditions, especially in the case of thin complex cross-section
geometries encompassing different local flow restrictions.
Therefore, flow balancing has a major relevance, being one of
the steps of a broader global design methodology for profile ex-
trusion dies that has been developed by the authors [9 to 11].

This work is a contribution towards the automatic extrusion
die design concept and it focuses on improvements implemen-
ted both in an existing computational code based on the finite
volume method [12] and in a profile extrusion die design meth-
odology [9]. The main improvements described here are:
i) the implementation of two alternative optimisation algo-

rithms to enable the automatic search of a final solution;
ii) enhancements on the methodology adopted to attain the flow

balancing, including the possibility of varying not only the
length but also the thickness of the die parallel zone;

iii) improvements of the efficiency and accuracy of the numer-
ical simulations through the use of local computational grid
refinements at locations where severe gradients of the flow
field are expected to occur;

iv) the adoption of a progressive mesh refinement technique to
reduce the computation time required for calculations;

v) the introduction of the energy equation, accounting for vis-
cous dissipation and temperature dependent viscosity, in
order to enable the characterisation of more realistic non-
isothermal flows.

The first part of this work (section 2) focuses essentially on the
contribution towards the automatic extrusion die design con-
cept and describes the methodology developed to automati-
cally balance the flow. Section 3 describes the scheme imple-
mented to carry out the automatic search of the final solution
and the integration of the different routines required, namely
the pre-processor, the computational rheology code and the op-
timisation algorithm. Section 4 deals with the computational
rheology code, and in particular describes the modifications
demanded by the inclusion of the energy equation. The metho-
dology is applied to a particular case study presented in sec-
tion 5. Results are discussed in section 6 and finally conclu-
sions of the work are drawn in section 7.

IPP_ipp1745 – 22.5.03/druckhaus k'then

SCREW EXTRUSION

Intern. Polymer Processing XVIII (2003) 3 � Hanser Publishers, Munich 1

* Mail address: O. Carneiro, Department of Polymer Engineering,
Universidade do Minho, 4800-058 Guimar¼es, Portugal



IPP_ipp1745 – 22.5.03/druckhaus k'then

J. M. NCbrega et al.: Flow Balancing in Extrusion Dies

2 Methodology

For design purposes, the extrusion die flow channel is divided
into four particular geometrical zones, namely, the die land or
parallel zone (PZ), the preparallel zone (PPZ), the transition
zone (TZ) and the adapter (A), as illustrated in Fig. 1. How-
ever, since the flow distribution is dominated by the most re-
strictive zones, PZ and PPZ [1, 2, 9], and the flow occurring in
upstream regions, TZ and A, has negligible contribution to vis-
cous heating, for flow balancing purposes it will be sufficient to
model the flow in the (PPZ + PZ) domain. The PZ and PPZ
cross sections are divided into elemental sections (ES) [9], each
being defined by adjustable geometrical parameters that enable
the control of the local flow restriction, and regions corre-
sponding to the intersections (I) of several ES, shown in
Fig. 2. The controllable geometrical parameters of the PPZ
and PZ are those shown in Fig. 1: distance to the die exit, or
length of constant thickness, (L), angle of convergence (h) and

compression ratio (t2/t1) [9 to 11]. The next step of the auto-
matic design procedure consists in the selection of the flow bal-
ance strategy adopted to balance the flow in each ES. There are
three possible strategies in this method:
i) find the best ES length in order to obtain a local average ve-

locity equal to the global average flow velocity [2, 8 to 11].
In this strategy (Strategy ST1) the ES thickness is equal to
that of the profile;

ii) find the best ES thickness in order to obtain a local ES flow
rate that allows the attainment of the pre-established thick-
ness after pulling [2, 8] (Strategy ST2);

iii) find the best ES thickness in order to obtain a local average
velocity equal to the global average flow velocity (Strategy
ST3). As is discussed in a forthcoming paper [13], this
strategy combines the advantages of the previous but has a
drawback, since the section thickness cannot be imposed.

In all cases the remaining controllable parameters are kept un-
changed.

The methodology proposed in this work combines the re-
ferred strategies (ST1, ST2 and ST3) and its application is ex-
pected to result in a final die channel geometry that minimises
the stress gradient induced by pulling on the extruded profile
while exhibiting a performance less dependent on the operating
conditions. To complement this work, a study of the perfor-
mance and sensitivity of dies optimised by means of the design
strategies mentioned above is left to a forthcoming paper [13].

3 Optimisation Process

The aim of the optimisation methodology here developed is to
automatically find the set of geometrical parameters that re-
sults in the most balanced geometry. Fig. 3 illustrates schemati-
cally the integration of the different routines needed for this
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Fig. 1. Flow channel of a profile extrusion die: identification of its
main zones and geometrical controllable parameters considered in
the definition of the PPZ

Fig. 2. Cross section of the parallel zone (PZ) of the profile die used as
a case study (dimensions in mm): subdivision in elemental (ES) and
intersection (I) sections and identification of the strategy (ST) adopted
to optimise each ES Fig. 3. Optimisation methodology flow chart



purpose. The process begins with the definition of a trial geo-
metry for the flow channel and the imposition of the geometri-
cal constraints. Here, for each ES, the maximum and minimum
admissible values for the ratio length/thickness (L/t) are con-
sidered to be 15 and 1, respectively, regardless of the profile
to be extruded. However, a penalty function will be applied to
L/t values below 7, as because lower values for this ratio are
not recommended [14]. Furthermore, to guarantee a final rea-
listic solution for the extrusion die, conditions of equality of
thickness or length may be imposed to different elemental sec-
tions, whenever these are supposed to be machined in a single
step. So, this type of restriction is dependent of the particular
profile being designed.

During the optimisation process a pre-processor is used to
generate automatically the computational grid corresponding
to each geometry proposed by the optimisation algorithm. In
order to improve the efficiency and/or accuracy of the numeri-
cal simulations, the pre-processor generates smooth grids, with
cellsize continuity, and refines the mesh along the flow channel
thickness (relative to the length and width dimensions), parti-
cularly near the walls, where severe gradients of the flow quan-
tities are expected to occur (see Fig. 4).

In order to reduce the time required for the computation, the
calculation starts with coarse meshes and progressively per-
forms mesh refinements as the optimisation algorithm evolves
towards a final solution.

After having carrying out the corresponding 3D non-isother-
mal flow simulation, the quality of each trial geometry is as-
sessed by an objective function (Fobj), which combines two cri-
teria – flow balance and ratio L/t – affected by different
weights, each term being weighted by the cross section area of
the respective region, as in Eq. 1:

Fobj ¼
XnZ
i¼1

��
w 1� Vi

Vobj;i

� �2

þ kð1� wÞ 1� ðL=tÞiðL=tÞmin

� �2�Aobj;i

Aobj

�
ð1Þ

where: nz: total number of ES and I zones considered; k: 0 for
all I zones and for ES zones with L t= Þi� L t= Þmin

��
; k: 1 for

ES zones with L t= Þi < L t= Þmin

��
; Vi: actual average velocity

of the melt flow in each zone; L t= Þi
�

: ratio between the length
and thickness of each ES; L t= Þmin

�
: minimum value recom-

mended for the ratio L/t (here considered to be 7); w: relative
weight; Aobj, Aobj,i: objective cross section areas of the global
flow channel and of each zone, respectively; Ai: actual cross

section area of each zone; �VV: global flow average velocity;
Vobj,i: objective average velocity of the melt flow in each zone,
given by the continuity equation:

Vobj;i ¼ �VV
Aobj;i

Ai
ð2Þ

The objective function is defined in such a way that its value
decreases with increasing performance of the die, being zero
for a perfectly balanced condition with all the ES lengths in
the advisable range. In this work w has taken the value of
0.75, in order to emphasize the importance of flow balance
rather than that of the ratio L/t.

Two optimisation algorithms were implemented. One is
based on the non-linear SIMPLEX method (SM) [15] and the
other tries to mimic the conventional trial-and-error experi-
mental procedure used in the manufacture of a new extrusion
die (EM), i. e. the geometry changes are carried out in order to
facilitate the flow in sections where the melt flow rate is lower
than the required value, and vice-versa. These algorithms were
implemented in computer routines that adjust the PPZ control-
lable geometrical parameters until an optimum design is
reached, according to the sequences defined in Figs. 5 and 6.

The SIMPLEX method (see Fig. 5) starts with ‘n + 1’ trial
geometries randomly generated, with n being the number of
optimisation variables considered. After the corresponding si-
mulations of the flow, the worst solution (in terms of objective
function value) is rejected and is replaced by a new trial geo-
metry proposed by the SIMPLEX method (see Fig. 5). When
the standard deviation of the objective function, corresponding
to the ‘n + 1’ trial solutions, is smaller than a prescribed value
the mesh is refined. Under the conditions described above, the
calculation finishes when the highest mesh refinement stage is
achieved. More details about the SIMPLEX method can be
found in [15].

The experimental method (see Fig. 6) starts with a trial solu-
tion defined by the user. After evaluation and calculation of the
correction factors (CF), defined as the ratio between the actual
and the desired flow rate corresponding to the region controlled
by each variable, the algorithm tries to improve the solution
using the following operations in sequence:
i) correct all the optimisation variables using the calculated

CF;
ii) return to the previous solution and correct the optimisation

variable of the region that has the worst contribution to the
objective function value by 0.5*CF;

iii) return to the previous solution, correct the optimisation
variable of the region that most contributed to the improve-
ment of the objective function value by 0.5*CF.

If none of the previous operations is able to improve the objec-
tive function value the mesh is refined. The calculation ends
when the highest mesh refinement stage, defined by the user,
is achieved.

4 Outline of the Numerical Procedure (Rheological
Routine)

The calculation of the flow field is performed by a self-con-
tained part of the code that has been developed for the compu-
tation of isothermal viscoelastic flows, recently extended to
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Fig. 4. Typical mesh used in the calculations
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deal with non-isothermal flows [16], which is described and
tested in detail in a series of papers [12, 17]. In this section, a
quick overview of the calculation procedure is given. The basic
equations to be solved are those expressing conservation of
mass, linear momentum and energy,

qquj
qxj
¼ 0; ð3Þ

qqui
qt
þ qqujui

qxj
¼ � qp

qxi
þ qsij

qxj
; ð4Þ

qqcT
qt
þ qqcuiT

qxi
¼ q

qxi
k
qT
qxi

� �
þ sij

qui
qxj

ð5Þ

and a constitutive rheological equation for the stress field sij. In
these equations ui is the velocity component in a Cartesian co-
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Fig. 5. Optimisation sequence corresponding to the SIMPLEX method (SM)
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Fig. 6. Optimisation sequence corresponding to the experimental method (EM)
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ordinate frame, q is the fluid density, p is an isotropic pressure,
T is the temperature, k is the thermal conductivity and c is the
specific heat. The last term on the righthandside of Eq. 5 ac-
counts for the viscous dissipation. Although the interest is on
steady flows, the time dependent term in Eqs. 4 and 5 are re-
tained because the solution is reached following a time march-
ing approach. In the present computations the generalised
Newtonian fluid rheological constitutive equation was consid-
ered

sij ¼ gð _cc;TÞ qui
qxj
þ quj
qxi

� �
� 2
3
gð _cc;TÞ quk

qxk
dij; ð6Þ

where g is the dynamic viscosity of the fluid. The velocity di-
vergence in the last term of Eq. 6 vanishes for incompressible
flows, but is kept in the code for stability reasons. The dynamic
viscosity is a function of temperature and of the second invar-
iant of the rate of deformation tensor _cc �

ffiffiffiffiffiffiffiffiffiffiffi
2trD2
p

where

Dij ¼
1
2

qui
qxj
þ quj
qxi

� �
ð7Þ

In this paper, the adopted viscosity model was g _cc;Tð Þ ¼
F _cc:H Tð Þð ÞH Tð Þ. The shear rate dependence contribution was
here assumed to follow a Bird-Carreau equation [18]:

F _ccð Þ ¼ g1 þ
g0 � g1

1þ k _ccð Þ2

 �1�n

2

; ð8Þ

where g1 is the infinite-shear-rate viscosity, g0 is the zero-
shear-rate viscosity, k is a time constant (i. e., the inverse of
the shear-rate at which the fluid changes from Newtonian to
power-law behaviour) and n is the power-law index. The Ar-
rhenius law was used to account for the viscosity temperature
dependence:

H Tð Þ ¼ exp
E
R

1
T
� 1
Tref

� �� �
; ð9Þ

where E is the activation energy, R the universal gas constant
and Tref is the reference temperature (in Kelvin) for which
H Tð Þ ¼ 1.

Given the similarity between the energy (Eq. 5) and linear
momentum (Eq. 4) equations, the discretisation and numerical
solution of the former is equivalent to that of the linear momen-
tum provided ui is substituted by T and the coefficients of the
equations are modified in accordance with the original conser-
vation equations [16]. The numerical solution of the energy
equation was inserted into the sequential algorithm, being the
last equation of the set to be solved at each time step, with con-
vection fluxes and dissipation terms based on the previously
calculated velocity field.

5 Case Study

The polymer used in the simulations was a polypropylene
homopolymer extrusion grade, Novolen PPH 2150, from Tar-
gor. Its rheological behaviour was experimentally charac-
terised in capillary and rotational rheometers, at 210 �C,
230 �C and 250 �C. The shear viscosity data was fitted with
least-squares method by means of the Bird-Carreau constitu-
tive equation combined with the Arrhenius law given above

(Eqs. 8 and 9), considering Tref = 230 �C and g1 = 0 Pa · s,
yielding the following parameters: g0 = 5.58· 104 Pa · s,
k = 3.21, n = 0.3014, E/R (�C) = 2.9 · 103.

The proposed flow balancing methodology described in sec-
tions 2 and 3 was used to improve the design of the flow chan-
nel of the extrusion die shown in Fig. 1, by adopting the divi-
sion in elemental sections (ES) illustrated in Fig. 2. In this
example, strategy ST3 was selected for ES1 and ES2, as they
are both supposed to be part of a profile wall without pre-de-
fined thickness. It was also considered that ES3, ES5, ES6
and ES7 must have pre-defined thickness and high dimensional
stability in use; therefore, ST1 was selected for these sections.
Finally, it was assumed that the inner wall of the profile must
have a pre-defined thickness to avoid differential cooling in
the calibrator, but its dimensional stability is less important; in
this case, strategy ST2 was selected. The optimisation strate-
gies adopted for each ES are summarized in Fig. 2, for easy re-
ference.

Different wall thicknesses were intentionally considered for
the profile (see Fig. 2), in order to enforce an imbalanced geo-
metry. The initial/reference dimensions considered for the die
flow channel are shown in Table 1. The remaining dimensions
of the PPZ, defined in Fig. 1, were fixed for all the ES: entrance
thickness (t2) of 3 mm and convergence angle (h) of 30�.

The geometry was optimised using both the experimental
method (EM) and the SIMPLEX method (SM). For both cases
the following 5 controllable variables were considered:
• Opt1 – for ES1 and ES2 thickness;
• Opt2 – for ES3 length;
• Opt3 – for ES4 thickness;
• Opt4 – for ES5 length;
• Opt5 – for ES6 and ES7 length.
Due to machining requirements ES1 and ES2 thickness and
ES6 and ES7 length were considered to be equal. For the SM
method the values adopted for the parameters a (reflection), b
(contraction), c (expansion) and e (accuracy factor), defined
in Fig. 5, were of 1.0, 0.5, 2.0 and 0.001, respectively. For the
EM method, the maximum variation allowed for the correction
factors, CF (defined in Fig. 6), was set to 20%.

The operating and thermal boundary conditions used in the
flow simulations are defined in Table 2.
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ES 1 2 3 4 5 6 7

ti [mm] 1.5 1.5 1.5 1.0 1.8 2.0 2.0
Li [mm] 22.5 22.5 22.5 15.0 27.0 30.0 30.0

Table 1. Initial flow channel dimensions

Flow rate* 16.7 kg/h
Melt inlet temperature 230 �C

Outer die walls temperature 230 �C
Inner (mandrel) die walls Adiabatic

* Corresponding to an average velocity of 100 mm/s at the die exit

Table 2. Operating and thermal boundary conditions used in the flow
simulations



Asmentioned before, in the first iterations the computational
grid was rather coarse, being each ES mapped with only 2 cells
along the thickness. A typical grid used at the final stages of
the calculations, with 10 cells along the thickness (correspond-
ing to a total of 160 000 cells for the whole geometry), is shown
in Fig. 4. For this refined mesh, the typical calculation time re-
quired in each iteration (including the time needed for the mesh
generation and the flow field calculation) was about 1.25 h
using a Pentium III computer running at 933 MHz, whereas
each of the initial iterations took around 30 s.

6 Results and Discussion

The results obtained along the iterative process for optimisa-
tion of the flow distribution are illustrated here in terms of the
variations of the objective function, the ratio V/Vobj and the ra-
tio Opt/Optref in Figs. 7 and 8, for the experimental (EM) and
the SIMPLEX (SM) methods, respectively. In these ratios the
Optref values are defined by the corresponding initial values of
these variables and the objective average velocity Vobj is calcu-
lated using Eq. 2.

A positive conclusion drawn from Figs. 7 and 8 is that the fi-
nal solutions, obtained from the application of both optimisa-
tion algorithms, are similar in terms of objective function and
final value of almost all variables, the only noteworthy excep-
tion being the value obtained for Opt4 (length of ES5), as quan-
tified in Table 3. This suggests that the global flow distribution
is almost insensitive to Opt4 variable. Another important con-
clusion is that the EM methodology should be preferred, since
it requires less iterations than the SM (as shown in Figs. 7 and
8) and, consequently, it has smaller calculation time, being
about 1/3 of that corresponding to SM (see Table 4, where the
relative differences and the computing times of the two meth-
ods are compared).

As expected from the initial profile geometrical imbalance,
there are significant differences in the average ES velocities at
the first iteration and, consequently, the objective function
takes on a high value. After optimisation, a reasonable im-
provement is obtained with a fourfold decrease in the Fobj.
Nevertheless, in the final solution the average melt velocity in
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Fig. 7. Results of simulations performed during the optimisation pro-
cess for the experimental method (EM): (A) objective function; (B) re-
lative average velocity in each elemental section; (C) ratio between
the actual value of the optimisation variable and the corresponding re-
ference value

Optimisation variable (Opti)

1 2 3 4 5

Initial (reference) 1.50 22.5 1.00 27.0 30.0
Final (EM) 1.87 9.0 1.25 24.6 30.0
Final (SM) 1.92 6.0 1.23 9.5 24.0

Table 3. Initial (reference) and final values of the variables used in
the optimisation procedure (dimensions in mm)

Number of cells along thickness

2 4 6 8 10

Maximum
difference to
final solution

EM 0% 0% 0% 0% 0%
SM 15% 15% 17% 2% 0%

Total

Calculation
time [h :m]

EM 0 : 06 0 : 10 0 : 53 2 : 39 5 : 03 8 : 53
SM 0 : 32 0 : 23 3 : 48 8 : 37 16 : 45 24 : 45

Table 4. Evolution of the maximum difference experienced by the op-
timisation variables and computational time corresponding to each
mesh refinement stage
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ES4, the thinnest section, is almost 50% away from the global
bulk velocity. This effect is a consequence of the pronounced
geometrical imbalance imposed to this profile, which is ex-
pected to be minimised by the consideration of alternative de-
sign methodologies [13].

Table 4 shows the evolution of the maximum difference ex-
perienced by the controllable variables, computed using their
values at the end of each mesh refinement stage and those cor-
responding to the final solution obtained; the computational
time corresponding to all iterations performed in each stage is
also shown. In Figs. 7 and 8 black arrows mark the iterations
where mesh refinements occurred (in the sequence 2, 4, 6, 8,
10). These results indicate that even the meshes with 2 cells
along the thickness were able to predict quite accurately the
flow distribution (in fact the EM algorithm reached the final so-
lution at this stage). Therefore, the subsequent mesh refine-
ments were only useful for assessment purposes. However, it
is worth mentioning that the use of the more refined meshes
may be essential if accurate absolute values for the velocity,
pressure and temperature fields are required. In fact, since at
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Fig. 8. Results of simulations performed during the optimisation pro-
cess for the SIMPLEX method (SM): (A) objective function; (B) rela-
tive average velocity in each elemental section; (C) ratio between the
actual value of the optimisation variable and the corresponding refer-
ence value

Fig. 9. Contours of the ratio between the axial velocity and the objec-
tive velocity computed for: (A) initial trial geometry; (B) best result ob-
tained by the experimental methodology and (C) best result obtained by
the SIMPLEX methodology



the beginning of each mesh refinement stage the trial geometry
is maintained, i. e., it is equal to the best obtained in the pre-
vious step, the minor variations occurring for the Fobj value
(see Figs. 7 and 8) were just motivated by the improved calcu-
lation accuracy. Despite the total number of hours required to
finish the calculations using the EM algorithm (about eight
hours with the computer here employed), it is interesting to
point out that for this case study the final solution is achieved
in just 6 min.

The improvement obtained for the velocity field may be as-
sessed through comparison of the contours of relative velocity
shown in Fig. 9. Clearly, the velocity distribution is much flat-
ter after application of the automatic flow balance methodol-
ogy, hence yielding a better flow distribution.

7 Conclusion

The automatic die design methodology used in this work has
shown great potential since it performes well and quickly in de-
signing a complex profile geometry without any user interven-
tion during the optimisation procedure.

The methodology includes a three-dimensional flow solver
developed for the numerical simulation of the non-isothermal
polymer melt flow. When coupled with the progressive mesh-
refinement technique here suggested, it resulted in a reasonable
solution to the flow balance problem in just a few minutes of
calculation.

The two optimisation algorithms that have been developed,
implemented and tested lead to similar final die geometries
with similar performances, a reassuring result, but the algo-
rithm based on the experimental methodology proved to be
swifter than that based on the non-linear SIMPLEXmethod, re-
quiring circa 1/4 of the total number of iterations and 1/3 of the
total computational time.
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