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Abstract The unbalanced flow problem often occurs at die
exit in the extrusion process of plastic profile, which directly
influences the performance of final products. For the lack of
corresponding theoretical basis, reasonable extrusion die de-
sign is still a difficult task, especially for the complex hollow
profile. With the development of computational fluid dynam-
ics theory, numerical method becomes an effective way to
investigate the complex material forming problems. In the
present study, a design strategy for complex hollow profile
extrusion die was proposed based on the principles of flow
balance. The mathematical model for three-dimensional non-
isothermal polymer melt flow within complex extrusion die
runner was developed based on the computational fluid dy-
namics (CFD) theory. The governing equations were deduced
based on the finite volume method, and the pressure-velocity
coupling problem was solved by using the Semi-Implicit
Method for Pressure-Linked Equations (SIMPLE) algorithm.
The Arrhenius equation was employed to involve the temper-
ature dependence of material parameters. The flow character-
istics of PVC polymer melts in the extrusion process of

complex hollow profile were investigated. The distributions
of principal field variables including flow velocity, melt tem-
perature, and pressure drop were obtained. The effects of die
geometric parameters on the velocity distribution uniformity
were further analyzed, and a design strategy was proposed to
achieve the flow balance in complex plastic profile extrusion
process.

Keywords Profile extrusion . Die design . Finite volume
simulation . Flow balance

1 Introduction

The complex hollow plastic profile is widely used in the au-
tomobile, traffic, construction, and other industries for its del-
icate structure and diverse function. Unlike common extrusion
products, the hollow profile has complex cross section and
large variations of wall thickness. The control of flow balance
at the die exit in complex hollow profile extrusion process is
rather difficult [1, 2]. The manufacturing of profiles with com-
plex structure still now depends on operating experiences de-
rived from many times of trial-and-error method [3].
Traditional experimental method is difficult to be directly con-
ducted in such complex processing operations [4]. Hence,
numerical method becomes an effective way to aid the die
design in complex hollow plastic profile extrusion, which
saves lots of resource and meanwhile improve the product
quality.

Many researches have been devoted to investigating ratio-
nal design strategy of the flow channel and die structure in
complex hollow plastic profile extrusion. The cross-sectional
method was used for the design and optimization of complex
profile extrusion die, where 2D slices perpendicular to the die
axis were extracted through the flow channel [5, 6]. Ettinger
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[7] employed the cross-sectional method coupled with differ-
ent optimization methods like global optimization scheme,
sequential optimization scheme, height approximation meth-
od, and parallel decoupled scheme for the automated design of
uPVC profile extrusion dies. Mu [8] proposed an optimization
strategy for the die design in polymer extrusion process based
on finite element simulation, back-propagation neural net-
work, and non-dominated sorting genetic algorithm II, which
was successfully applied to LDPE annular extrusion process.
Yilmaz [9] adopted several objective functions defined by
simulated annealing-kriging meta-algorithm to optimize the
geometric parameters of a simple-shape profile extrusion
die. In order to achieve balanced flow at the die exit, a design
of flow separator was proposed to prevent cross flows [10,
11]. However, the addition of flow separator may have nega-
tive effect on mechanical properties of the produced profile
due to possible welding lines at the interface of subsections
[12, 13]. Hence, comprehensive understanding of material
forming mechanism within the flow channel is the foundation
of rational extrusion die design. In practical processing, poly-
mer melt flow within the extrusion die runner can be consid-
ered as non-isothermal incompressible non-Newtonian fluid.
A number of numerical methods have been developed to in-
vestigate the flow and heat transfer problem in polymer pro-
cessing, including the finite difference method (FDM) [14],
the finite element method (FEM) [15, 16], the finite volume
method (FVM) [17, 18], the pseudo-spectral method [19], and
the boundary element method [20, 21], which help to under-
stand the mechanism of extrudate swell, wall slip, and other
unique forming phenomenon. Among these methods, the
FVM based on the Euler description is widely used for its
adaptability to complex geometries that avoids re-meshing
and its better maintenance of conservation of original
governing equations.

As for the hollow plastic profile with complex structure, the
achievement of balanced flow at die exit is a major task in the
design of extrusion die. In the study, the design strategy for

complex hollow profile extrusion die was investigated based
on the principle of flow balance. The modeling for three-
dimensional non-isothermal polymer melt flow within com-
plex extrusion die runner was presented. The discretization of
governing equations was deduced based on the FVM, and the
Semi-Implicit Method for Pressure-Linked Equations
(SIMPLE) algorithm was adopted to solve the pressure-
velocity coupling problem. The flow characteristics of poly-
mer melts in the die runner of complex hollow profile extru-
sion were investigated based on the developed numerical al-
gorithm. The influence of die geometric parameters including
the flow channel structure of inner ribs and functional block
regions on the uniformity of velocity distribution at the die
exit was further analyzed. Reasonable advice on the design of
the extrusion die runner was accordingly put forward for the
forming of complex hollow plastic profile.

2 Design strategy of extrusion die runner

In the extrusion process of plastic profile, the extrusion die con-
tributes in three aspects including flow stabilization, flow divi-
sion, and shaping for the plastic profile. The design strategy of
extrusion die runner needs to ensure the equivalence of the
average velocity for each part of profile cross section at exit of
die lip. Otherwise, the shape of various parts after leaving the die
exit will change differently under the same pulling speed, and
the part where velocity is large will experience volume increase
than the part having small velocity, which directly influences
shape and dimension precision of the final products.

The die design strategy for a commercially applied hollow
plastic profile with the cross-sectional structure as shown in
Fig. 1a is investigated in the study. Considering the compre-
hensive effects of extrusion swelling, cooling shrinkage, and
drawing shrinkage, the extrusion die lip is designed as shown
in Fig. 1b. According to the difference of function and loca-
tion, the structure of plastic profile can be divided into three

Fig. 1 Cross-sectional geometric
parameters: a profile and b die lip
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parts including the mainframe region (A), the functional block
region (B), and the inner rib region (C). For the reason of large
variation in wall thickness of the hollow plastic profile, a
design strategy that separates the outer and the inner flow
channels is adopted in the study. Where, the outer flow chan-
nel is used to form the mainframe region (A) and the function-
al block region (B), the inner flow channel is used to form the
inner rib region (C). Considering the complex structure and
shape transition within the die runner, a ray-tracing and
proportional-spacing hybrid approach is applied in the design
of outer flow channel to avoid abrupt shape transition and
reduce the effects of elastic recovery [22].

A streamline extrusion die runner is designed as shown in
Fig. 2, which consists of an expansion section L1, an adapter
section L2, a transition section L3, and a parallel section L4.
The shape transition of cross section along flow direction
within the die runner is shown in Fig. 3. In the expansion
section, the transition from the circular die inlet to the adapter
is gently realized to avoid abrupt transverse flow, where the
expansion angle is controlled to be less than 30°. In order to
control the compression ratio that is defined to be the ratio of
cross-sectional area of adapter section to the parallel section,
the outer dimension of the adapter section is obtained by ex-
tending the boundary of the parallel section outward about
0.004 m. The transition of adapter section to the parallel sec-
tion is realized through reasonable design of the transition
section. According to the restriction on the contraction angle
that belongs to 10°–20°, the length of the transition section is
defined to be 0.02 m. In the parallel section, simple shearing
flow makes macromolecular chain relax to a certain extent,
which can reduce the effects of flow history derived from

complex cross-sectional transition within the die runner. The
length of the parallel section is experientially taken as L4 = (20
−50)h, where h is the gap height of the die lip.

It is difficult to directly determine whether the current de-
signed die runner can achieve balanced flow. The evaluation
of die geometric effect on the flow balance is hence performed
based on numerical analysis of the flow characteristics within
complex flow channel as discussed in the following sections.

3 Modeling of polymer flow within die runner

3.1 Governing equations

According to the computational fluid dynamics (CFD) theory,
the governing equations can be obtained according to the con-
servation of mass, momentum, and energy. Considering the
practical flow state, polymer melts within die runner can be
seen as incompressible non-Newtonian fluid. Due to high vis-
cosity of the polymer melts, the volume force and surface
force can be ignored relative to the viscous shear force. The
flow is regarded as steady laminar for relatively low Reynolds
number. The governing equations for the polymer melt flow
can hence be simplified as follows:

Continuity equation ∇⋅U ¼ 0 ð1Þ

where U is the velocity vector and ∇ is the Hamilton differen-
tial operator.

Momentum equation ∇⋅ ρUUð Þ ¼ ∇⋅σ ð2Þ

Fig. 2 Geometrical structure of
the extrusion die runner
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where ρ is the density andσ is the Cauchy stress tensor, which
can be expressed as

σ ¼ −PI þ τ ð3Þ

where P is the hydrostatic pressure, I is the Kronecker delta,
and τ is the extra stress tensor that obeys the following rela-
tionship for viscous fluid:

τ ¼ 2ηd ð4Þ

where η is the apparent viscosity and d= (∇U+∇TU)/2 is the
strain rate tensor.

Energy equation ρCP∇⋅ TUð Þ ¼ −∇⋅qþ Q ð5Þ

whereCP is the heat capacity, T is the temperature, q is the heat
flux, andQ is the total source term. The heat flux Fourier’s law
of heat conduction is assumed with an isotropic thermal con-
ductivity q= − k∇T for the steady flow, where k is the thermal
conductivity. The polymer melt flow in the die runner is
regarded as viscous flow, and all the mechanical energy is
assumed to be dissipated as heat, and the total source term
equals to viscous heat dissipation Q=τ :d.

3.2 Material model

Considering the flow characteristics of polyvinyl chloride
(PVC) within the extrusion die runner, the material viscosity
is the function of shear rate γ that obeys the Bird-Carreau
model

η ¼ η∞ þ η0−η∞ð Þ 1þ λγð Þ2
h i n−1ð Þ=2

ð6Þ

γ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2d Uð Þ : d Uð Þ

p
ð7Þ

where η0 is the zero shear viscosity, η∞ is the infinite shear
viscosity, λ is the relaxation time, and n is the flow index.

The coupling between the momentum and energy conser-
vation equations is achieved through temperature-dependent
material viscosity as the following Arrhenius equation:

η0 Tð Þ ¼ η0 T 0ð Þexp ΔE

R
1

T
−

1

T 0

� �� �
ð8Þ

where η0(T0) denotes the value of zero shear viscosity at ref-
erence temperature T0, ΔE is the activation energy, and R is
the universal gas constant.

The corresponding material parameters of PVC melt flow
within the extrusion die runner are listed in Table 1.

3.3 Mesh division

Considering the demands on calculation accuracy and the
adaptability to complicated geometric structure of the extru-
sion die runner, a hybrid meshing division is adopted for the
spatial discretization. As it is shown in Fig. 4, the flow domain
within the die runner is divided into 6,250,000 brick elements.
The adapter section and the parallel section are divided using
hexahedral grid, while the expansion section and the transition

Table 1 Material
parameters Parameter Value

ρ(kgm−3) 1400

CP(Jkg
−1K−1) 1400

k(Wm−1K−1) 0.14

η0(Pa s) 10,000

η∞(Pa s) 500

λ(s) 0.6

n 0.29

Fig. 3 Cross-sectional shape
transition within the die runner
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section are divided using tetrahedral grid. The FVM is
adopted for discretization of the governing equations based
on the hybrid meshing division strategy, which will be de-
tailedly discussed in the following sections.

3.4 Boundary conditions

Boundary conditions are required for the dependent var-
iables at boundary faces of the computational domain in
the finite volume simulation. Considering the practical
flow characteristics in the profile extrusion process, the
velocity that is normal to the inlet of die runner is taken
as u i n l e t = 0.1m/s and a fixed melt temperature
Tinlet = 453K is imposed on the inlet face of the die
runner. On the outlet cross section, the values of the
relative pressure and the streamwise gradient for temper-
ature are set to be zero. On the solid die wall, the non-
slip condition is imposed. The velocity components of
polymer melts contacted to the die wall are set to be
uX= uY= uZ= 0. An adiabatic contact is imposed on the
solid die wall, and the temperature rise of polymer
melts in the die runner is due to viscous heat dissipa-
tion with ignoring outer thermal conductivity. By
substituting uX= uY= uZ= 0 into the momentum equation,
the approximation of pressure boundary on the die wall
∇P= 0 can be obtained.

4 Numerical algorithm

4.1 Discretization of the governing equations

The common form of the governing equations Eq.(1), Eq.(2),
and Eq.(5) can be written as Eq.(9) by introducing the general
tensor φ

∇⋅ ρUφð Þ−∇⋅ Γ∇φð Þ ¼ S φð Þ ð9Þ

After being integrated within the control volume P, the
following equation can be obtained:
Z
VP

∇⋅ ρUφð Þ−
Z
VP

∇⋅ Γ∇φð ÞdV ¼
Z
VP

S φð ÞdV ð10Þ

According to the Gauss divergence theorem, the body in-
tegral form can be converted into the area integral form as
follows:
Z
VP

∇⋅ ρUφð ÞdV ¼
Z

S

dS⋅ ρUφð Þ ¼
X
f

S⋅ ρUð Þ f φ f ð11Þ

Z
VP

∇⋅ Γ∇φð ÞdV ¼
Z

S

dS⋅ Γ∇φð Þ ¼
X
f

Γð Þ f S⋅ ∇φð Þ f ð12Þ

where φf is the value of the variable φ in the center of cell
surface f.

The discrete form of governing equations can hence be
obtained as follows:

Continuity equation

Z
VP

∇⋅UdV ¼
X
f

S⋅U f ¼ 0 ð13Þ

Momentum equation
X
f

S⋅ ρUð Þ fU f −
X
f

ηS⋅ ∇Uð Þ f ¼ −VP∇P ð14Þ

Energy equation CP

X
f

S⋅ ρUð Þ f T f −
X
f

kS⋅ ∇Tð Þ f ¼ ηγ2VP ð15Þ

After spatial discretization, the governing equations in each
controlvolumecanbewrittenasthefollowingalgebraicequation:

aPφP þ
X
N

aNφN ¼ RP ð16Þ

where φN is the value of the variable φ in the adjacent control
volume N.

Fig. 4 Mesh division of the flow
channel
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The global stiffness matrix equation of the governing equa-
tions for all the control volume within the calculation domain
can be assembled as

AΦ ¼ R ð17Þ

where A is the global stiffness matrix, Φ is the compo-
nent of all variables, and R corresponds to the equation
source items.

The ICCG and Bi-CGSTAB iterative solution is
adopted in the calculation of above large non-linear al-
gebraic equations [23, 24]. The relaxation factor κ is
introduced in each control volume to avoid the compu-
tational divergence as follows:

φi
P ¼ φi−1

P þ κ

RP−
X
N

aNφi
N

aP
−φi−1

P

0
BB@

1
CCA ð18Þ

The following iterative equation can hence be obtained:

aP
κ
φi
P þ

X
N

aNφi
N ¼ RP þ 1−κ

κ
aPφi−1

P ð19Þ

where i is the current iterative step and i−1 is the last iterative
step.

The convergence criteria are defined upon the requirements
on velocity, pressure, and temperature fields. When the rela-
tive error of each variable is less than a set value, convergence
is considered to be achieved. Based on the converged funda-
mental solution, the viscosity, stress tensor, and strain rate
tensor can be derived.

4.2 Pressure-velocity decoupling calculation

In the governing equations, the pressure and velocity
are coupled together and the pressure gradient is part
of the source term in the momentum equation. In order
to avoid oscillations in pressure solution, the SIMPLE
algorithm is adopted in the study [25]. According to the
discrete form of the momentum equation, the following
semi-discrete equation can be obtained:

aPUP ¼ H Uð ÞP− ∇Pð ÞP ð20Þ

where H Uð ÞP ¼ ∑
N
aNUN .

The initial pressure field is firstly assumed to be P*. After
substituting P* into the semi-discrete momentum equation
Eq. (20), the velocity field U* can be obtained. However, the
velocity field U* calculated based on P* is always difficult to
satisfy mass conservation. A velocity correction term
U' =U−U* and a pressure correction term P ' =P−P* that

satisfy U
0 ¼ − 1

aP
∇P0� �

P are hence introduced, and the fol-

lowing velocity correction equation can be obtained:

U¼U*−
1

aP
∇P

0
	 


P
ð21Þ

After substituting the corrected velocity field U into the
mass conservation equation, the pressure correction equation
can be obtained:

1

aP
∇P

0
	 


P
¼ ∇⋅U* ð22Þ

According to the velocity field calculated through previous
iteration, the pressure correction value all over the calculated
domain can be obtained through Eq. (22). After substituting
the pressure correction value into Eq. (21), the corrected ve-
locity field U can hence be obtained.

5 Results and discussion

Based on the established numerical model and solution
algorithm, the essential flow characteristics of polymer
melts within the die runner in complex hollow plastic
profile extrusion process are successfully predicted and
the influence of die geometric structure on the flow bal-
ance is further investigated.

5.1 Flow characteristics within die runner

Owing to complex structure of the extrusion die runner,
polymer melts experience different flow resistances along
the flow path, which causes the variations of flow veloc-
ity, pressure drop, and melt temperature. The flow balance
can be evaluated through the investigation of flow veloc-
ity distribution within the die runner and hence to provide
design strategy for the die runner. Figure 5 shows the
whole distribution tendency of axial flow velocity UY on
different cross sections. It can be found that the value of
axial flow velocity decreases rapidly in the expansion
section (zone 1) as shown in Fig. 5b, c. The newly ori-
ented flow is developed in the adapter (zone 2) as shown
in Fig. 5d, e, where the velocity difference between the
inner flow channel for inner rib region and the outer flow
channel for mainframe and functional block regions is
found to increase with the structure variation of die run-
ner. The melt flow is then converted to the required shape
and dimension through the contraction in the transition
section. The preliminarily formed polymer melts enter
the parallel section (zone 3), and a relatively lager veloc-
ity gradient occurs as shown in Fig. 5f, g. It is a key
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Fig. 5 Distribution of axial flow
velocity UY(m/s): a contours of
axial flow velocity UYon the x= 0
cross section, b contours of axial
flow velocity UY in zone 1, c
contours of axial flow velocityUY

on cross section 1, d contours of
axial flow velocityUY in zone 2, e
contours of axial flow velocityUY

on cross section 2, f contours of
axial flow velocity UY in zone 3,
and g contours of axial flow
velocity UY on cross section 3
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factor for successful die design in the polymer extrusion
process to achieve uniform flow distribution on the cross
section of die lip, which is usually called the flow balance
principle. Figure 6 shows the distribution of axial velocity
UY at the die lip. It can be found that axial flow velocities
in the mainframe and functional block regions are rela-
tively larger than those in the inner rib regions. This is
owing to the difference of flow resistance when polymer
melts flow along different journeys in the die runner.
Hence, in order to achieve flow balance, some modifica-
tions have to be made to current structure of die runner,
which will be detailedly discussed in the next section.
Pressure drop of polymer melts within the die runner is
also an important parameter from which we can assess
energy assumption during the extrusion process.
Figure 7 shows the pressure distribution within the die
runner. It can be found that the transition section and the
parallel section occupy main pressure loss, which is in accor-
dance with the distribution of velocity field. As a result of
complex structure variation of the die runner, polymer melts
experience strong shear and deformation, which lead to

locally viscous heat dissipation, and the change of temperature
distribution correspondingly occurs. This will influence the
distribution of viscosity in the die runner. High temperature
may cause melt degradation or earlier crosslink of the polymer

Fig. 6 Contours of axial flow
velocity UY (m/s): a contours of
axial flow velocityUYon the cross
section of die lip, b contours of
axial flow velocity UY in
functional block region B1, and c
contours of axial flow velocityUY

in functional block region B2

Fig. 7 Pressure distribution within the flow channel (MPa)
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melts, especially for those thermal-sensitive materials.
Therefore, good prediction of thermal effect is of much im-
portance to the property of final products. As it is shown in
Fig. 8, polymer melts are subject to much stronger shear effect
near the die wall where temperature obviously increases and
relative low temperature occurs in the center of flow channel
where polymer melts experience weaker shear effect. Hence,
the viscosity of the polymer melts contacting with the die wall
tends to be decreased, and it is the sensitive part where flow
instability is likely to occur and should be well controlled.
Besides, it can also be found that the maximum temperature
occurs around the corner points on functional block regions
where polymer melts suffer larger velocity gradient.

5.2 Die geometric effects on flow balance

Theachievementofbalancedflowisoneofthemajorprinciples in
the die designof plastic profile extrusion.Uniformdistributionof
flow rate can reduce the residual stress of final products and so as
topreventqualitydefect likedistortion.Velocitydistributionat the

die lip is related to the flow resistance that polymer melts experi-
enced in the die runner. It can be adjusted by modifying the pa-
rameters of die/mould. As for the hollowplastic profile as shown
in Fig. 1, flow balance is difficult to be controlled because of
complex structure variations between the mainframe region A,
functional block region B, and inner rib region C. Based on the
numerical investigation of polymer melt flowwithin the die run-
ner, theeffectsofdiegeometricparametersontheflowbalanceare
investigated and reasonable die design strategy is accordingly
proposed. In this study, the balance of flow velocity distribution
is evaluated by using the velocity relative difference δUon the
outlet cross section, which is defined as

δU ¼

Xm
i¼1

Ui−U
���

���
U

m
� 100% ð23Þ

where Ui is the flow velocity at each node on the outlet cross

section, U is the mean flow velocity at the die exit, and m is
the total number of nodes on the outlet cross section.

Fig. 8 Temperature distribution
(K): a contours of temperature on
the cross section of die lip, b
contours of temperature in
functional block region B2, and c
contours of temperature in
functional block region B3
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According to the numerical results of flow characteristics
within current designed die runner, the melt flow within inner
rib regions is obviously slower than that within the other re-
gions as shown in Fig. 5. To achieve equivalence of outlet
velocity for the inner rib regions and the mainframe regions,
the length of the parallel section L and the gap height of adapt-
er section t of the inner flow channel in inner rib region as
shown in Fig. 9 are considered to be adjusted in the study. Five
structures of inner flow channel with different parallel section
lengths L(L = 0.05,L = 0.04, L = 0.03,L = 0.02,L = 0.01 m) are
employed to investigate the effects of parallel section length
on the flow balance. Figure 10 shows the velocity relative
difference δU on the flow channel outlet and the maximum
pressure drop ΔP versus different parallel section lengths. It
can be found that the velocity relative difference on the outlet
cross section decreases with the decrease of the parallel sec-
tion length of the inner flow channel. That is to say, the melt
flow can be well redistributed at the die exit if the length of the
parallel section in the inner rib region is designed to be small-
er, and the melt flow in the inner rib regions can be better
integrated with that in the mainframe regions. With the de-
crease of velocity relative difference δU, the pressure drop
decreases slightly, which may reduce the extrusion power to
some extent. Another important design parameter is the com-
pression ratio, which can be defined as the area ratio of the
adapter cross section to the parallel cross section. In the study,
the compression ratio is adjusted by modifying the gap height
of the adapter section within the flow channel of inner rib
regions. Based on the parallel section length L = 0.01 m, five
structures of inner flow channel with different compression
ratios are employed to investigate the effects of gap height

t(t = 0.003, t = 0.004, t = 0.005, t = 0.006, t = 0.007 m) on
the flow balance. Figure 11 shows the velocity relative differ-
ence δU on the flow channel outlet and the maximum pressure
drop ΔP versus different compression ratios. It can be found
that the velocity relative difference δU on the outlet cross
section and the maximum pressure drop ΔP decrease with
the increase of compression ratio. Therefore, to reduce the
length of the parallel section L and to increase the gap height
of adapter section t of the inner flow channel in inner rib
regions are an effective way to achieve flow balance.

According to the numerical results of flow characteris-
tics within current designed die runner as shown in Fig. 6,
we can also find that the melt flow in the corner and in-
tersection of the functional block regions is obviously
larger than those in the other regions. In the study, a meth-
od that to add choke blocks in the parallel section along
the flow direction in the functional block regions is
adopted to increase the flow resistance in local regions
and hence to improve flow balance. As shown in

Fig. 10 Variation of flow balance versus different parallel section
lengths: a velocity relative difference δU and b maximum pressure drop
ΔP

Fig. 9 Geometric parameters of the inner flow channel in inner rib region
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Fig. 12a, the cross sections of the choke blocks are de-
signed to be triangular and their positions are mainly dis-
tributed in the corners and intersections where the flow
velocity is found to be obviously larger. The length of
the choke block is designed to be Lc = 0.045m, which
starts from the junction of the parallel section and transi-
tion section as shown in Fig. 12b. Figure 13 shows the
distribution of axial velocity UY at the die exit after the
structural adjustment of the die runner. It can be found that
the distribution of flow velocity is obviously uniform
compared with that before adding the choke blocks, and
the velocity gradient is meanwhile reduced in the intersec-
tion in functional block regions as shown in Fig. 13b, c,
where the flow velocities before and after adding the
choke blocks are compared.

Therefore, the adjustment of parallel length and com-
pression ratio in the inner rib regions and the adding of
choke blocks in the functional block regions can be an
effective method to achieve balanced flow for the die
design in complex plastic profile extrusion.

6 Conclusion

The control of flow balance at the die exit for plastic profile is
rather difficult because of its complex cross-sectional varia-
tion within the die runner. The extrusion die design strategy
that considers the different region characteristics of complex
plastic profile was proposed in the study, where the inner rib
regions were formed through inner flow channel and the
mainframe regions were formed through outer flow channel.
The numerical method was adopted to investigate the flow
behavior of polymer melts within the die runner and hence
to verify the feasibility of the die design strategy. The
governing equations for three-dimensional polymer melt flow
were discretized based on the FVM, and steady pressure-
velocity coupling calculation was achieved through the
SIMPLE algorithm. According to the numerical results, com-
plex flow behaviors were found in the junction of the transi-
tion section and parallel section where the pressure and veloc-
ity gradients were relatively large, and much attention should
be paid on this region in the die design. The flow velocities in
inner rib regions and functional block regions were found to
be non-uniform compared with those in the mainframe re-
gions. Based on the analysis of velocity relative difference,

Fig. 12 Geometric parameters of the choke blocks: a cross section and b
longitudinal direction

Fig. 11 Variation of flow balance versus different heights of adapter section
gap: a velocity relative difference δU and b maximum pressure drop ΔP

Int J Adv Manuf Technol (2017) 91:1275–1287 1285



the influence of die geometric structure on flow balance was
correspondingly discussed. Through decreasing the parallel
length and increasing the compression ratio of inner flow
channel in inner rib region, flow balance can be obviously
improved. And the adding of the choke blocks can effectively
resolve the problem of large velocity difference in the corner
and intersection of the functional block regions. Based on the

proposed numerical method and die design strategy, further
research on how to achieve the optimal die design for complex
plastic profile that of significant interest for practical engineer-
ing applications will be considered in the future work.
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