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ABSTRACT
The impact of the slit die geometry and the polymer melt flow characteristics on the extrudate swell behavior, which is a key extrusion
operating parameter, is highlighted. Three-dimensional (3D) numerical simulations based on the finite element method are compared with
their conventional two-dimensional (2D) counterparts at the same apparent shear rates using ANSYS Polyflow software. The rheological
behavior is described by the differential multimode Phan-Thien-Tanner constitutive model, with polypropylene as a reference. It is shown
that increasing the aspect ratio of the die geometry (width/height ratio variation from 1 to 20) contributes to a significant change in the 3D
extrudate deformation (relative changes of 10% in several directions; absolute changes up to 30%) and delays the equilibrium axial position
(up to a factor 10). High aspect ratios induce a switch to contract flow (swell ratio <1) for the edge height swell. The 3D extrudate swell
strongly deviates from the 2D simplified case due to the die effect near the wall, even for higher aspect ratios. Also a different relation with the
material parameters is recorded. The initially large swell behavior is followed by a small shrinkage flow in the middle height direction which
cannot be captured by the 2D counterpart. The findings are supported by a comprehensive analysis of the velocity and stress fields in and out
of the slit dies.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5116850., s

I. INTRODUCTION

Extrusion is a polymer forming operation under melt condi-
tions that is widely applied for industrial applications.1–5 It is usually
observed that the dimensions of the extrudate coming out of the
extruder are larger than the dimensions of the extruder orifice. This
phenomenon is denominated as extrudate or die swell and is a key
process control parameter in view of product stability.6 Investigat-
ing the swell behavior upon flow exit only through experimental
methods is not optimal and time consuming.7,8 Hence, to obtain
additional insights, numerical flow simulations are recommended.
Such simulations have the advantage of tracking the varying trend
of velocity and stress fields for different processing conditions.9–12

The choice of the constitutive equation to grasp the viscoelas-
tic properties of the fluids is essential. Early studies were carried
out using the basic Maxwell viscoelastic constitutive model.13 How-
ever, this model cannot capture realistic or nonlinear viscoelastic
properties of polymer fluids, such as shear-thinning and elongation-
thinning behavior in the high strain rate region.14 Some more
realistic constitutive models have therefore been proposed, such
as the integral Kaye-Bernstein-Kearsley-Zapas (KBKZ) constitutive
model,15–19 the differential Phan-Thien-Tanner (PTT) model,20–26

and the Giesekus model.25,27 Among them, the integral KBKZ model
and the differential PTT model seem suited due to the possibility of
describing the shear and elongational properties of polymer melts
independently.14,28–30
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A variety of geometrical characteristics, including the die
entrance angle, the length/diameter (or thickness) ratio, the
width/thickness ratio, and the outer/inner diameter ratio, have
already theoretically been shown to play an important role in
determining the final thus equilibrated extrudate swell behav-
ior.23,24,27,31–33 For example, García-Rejón et al.32 systematically
studied the effect of the channel geometry and inclination angle
on the annular extrudate swell from the diverging, converging, and
straight annular die, considering the integral constitutive KBKZ
model for two-dimensional (2D) isothermal high density polyethy-
lene (HDPE) flow. They concluded that both the thickness and
diameter swell are very sensitive to the die geometry. Mu et al.24 sim-
ulated in detail the impact of the die geometrical parameters on the
3D annular extrudate swell for isothermal low density polyethylene
(LDPE) flow, including the effect of the die contraction angle, the
ratio of parallel length to inner radius, and the ratio of outer to inner
radius. More recently, Hatzikiriakos et al.31,33,34 conducted 2D sim-
ulations with varying length/diameter and width/height (or equiva-
lently width/thickness) ratio mainly with the KBKZ model to figure
out the relevance of the die geometry. These authors indicated that
increasing the length/diameter ratio decreases the extrudate swell in
agreement with their experimental results.

It should be realized that in many cases, the 3D flow pat-
tern during and after extrusion is simplified into isothermal 2D
flow to lower the computational cost and in favor of numerical
convergence.26,33,35–38 For example, for planar flow configurations,
2D simulations imply an infinite width/height (W/H) or aspect
ratio. However, the aspect ratios of flow channels are in reality
finite and thereby, a deviation is expected between the experimen-
tal observations and 2D simulations, which is referred to as the
3D or edge effect.28,39–42 For example, Clemeur et al.40 showed a
mismatch with the observed isochromatic birefringence of a poly-
mer solution in slit dies for the simplified isothermal 2D simula-
tions with varying aspect ratio, which enlarged by increasing the
flow rate. Schoonen28,43 found that decreasing the aspect ratio for
polyisobutylene (PIB) flow in a rectangular flow channel from 8
to 2 resulted in an increase in the discrepancy between isother-
mal 2D and 3D simulations. For instance, the difference between
the simulated first normal stress difference of the PIB solution
and that of the 2D one at the same apparent shear rate is only
11% for an aspect ratio of 8 but increases to 30% for an aspect
ratio of 2.

Nevertheless, the 3D effect on the polymer extrudate swell
behavior is typically not studied, as one focuses mainly on the flow
at the end of the extruder equipment. In our recent work,44 we
carried out comprehensive isothermal 3D simulations of the extru-
date swell behavior of neat polypropylene (PP) flow from a slit
die at 200 ○C with fixed dimensions (aspect ratio of 10). We high-
lighted that the distance from the die exit, within which the final

extrudate shape is obtained, strongly depends on the swell behav-
ior in the width direction, indicating that 3D effects must be con-
sidered for optimization of the die design. Moreover, the die swell
simulations results were experimentally confirmed by 3D imaging,
considering experimentally verified PTT input model parameters.

In the present study, we further focus on the dependence of
PP extrudate swell behavior on the geometric characteristics, specif-
ically the aspect ratio of the slit die. Consequently, 3D simulations
of PP melt with different aspect ratios have been conducted using
the PTT model as previously tuned. The computational results are
compared to those obtained from the corresponding 2D simulations
with the aim at assessing the relevance of the 3D effect. A significant
discrepancy of the swell behavior between the two modeling con-
figurations is reported. The corresponding flow velocity and stress
fields are further discussed in detail to illustrate the mechanism for
this discrepancy. A parametric study regarding the key parameters
of the PTT model is additionally included to clarify the influence
of the polymer rheological properties on the 3D effect of the flow
channels.

II. MODELING PRINCIPLES
A. Geometric parameters

Figure 1 depicts the 2D schematic diagram of the cross section
of a slit die with an aspect ratio of 10. Several swell ratios can be
defined as the ratios between the dimensions of the extrudate and the
die. To identify a possible anisotropic extrudate swell behavior, three
such ratios B1, B2, and B3 are needed, denoting the swelling in the
extrudate width, edge height, and middle height direction (Fig. 1),
respectively,44

B1 = L−extrudate
L−die

, B2 = D1−extrudate
D1−die

, and B3 = D2−extrudate
D2−die

. (1)

Additionally, B4 is defined as the swell ratio of the area size (S) of the
extrudate cross section and the slit die,

B4 = S−extrudate
S−die

. (2)

B. Governing equations
In this work, we assume that the incompressible polymer fluid

is under steady and creeping laminar flow conditions (200 ○C) with-
out inertial force, gravity, and surface tension effects. The applied
governing equations include the following continuity and momen-
tum equations in vector notation:44,45

∇ ⋅ v = 0, (3)

−∇p +∇ ⋅ τ = 0, (4)

FIG. 1. The cross section of a slit die (case of aspect ratio of 10). Four swell ratios are defined, as mathematically represented by Eqs. (1) and (2). They relate to swelling in
the width direction, the edge height direction, and the middle height direction. Area swelling is also included.
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TABLE I. PTT model for PP melt flow at 200 ○C.44 In Fig. 2, the relevance of this
model is highlighted by a sensitivity analysis of the nonlinear material parameters ξ3
and ε3.

PTT model

Material Mode λi (s) ηi (Pa s) εi ξi

Neat PP 1 λ1 0.01 η1 536 ε1 0.17 ξ1 0.16
2 λ2 0.1 η2 816 ε2 0.18 ξ2 0.2
3 λ3 1 η3 707 ε3 0.27 ξ3 0.2
4 λ4 10 η4 220 ε4 0.4 ξ4 0.3

in which v is the velocity vector, p is the hydrostatic pressure, and τ is
the extra stress tensor. For the polymer melts, the constitutive model
associating the extra stress with the velocity or velocity gradients is
essential to solve the set of equations.18

The extra stress tensor for the viscoelastic constitutive model,
τ, is split into a purely viscous part, τN , and a viscoelastic part, τp.
τN is solved by the generalized Newtonian flow model,44 while τp is
calculated by the basic viscoelastic constitutive equations in terms of
the differential (or integrated) constitutive model. Regarding a time
spectrum of N relaxation modes, the viscoelastic stress tensor, τp, is
calculated as a sum of N individual τpi contributions,

τp = ∑N
i=1 τpi. (5)

Each individual contribution τpi is revealed by the PTT constitu-
tive equation as it shows a good ability to describe the rheological
properties of PP melt including the shear-thinning and extensional-
thinning behavior in the high strain rate range as demonstrated in

our previous work.44 The PTT model is written as

(6)

in which λi and ηi are the relaxation time and shear viscosity, deter-
mining the linear rheological properties. The nonlinear parameters,
εi and ξi, control the extensional and shear behavior. and τ̂pi cor-
respond to the upper and lower convected time derivatives of τpi. D
represents the deformation tensor rate, which is defined as

D = ∇v + (∇v)T
2

, (7)

with ∇v and (∇v)T being the velocity gradient and transpose of the
velocity gradient.

For the PP in this study, the material parameters of the mul-
timode PTT constitutive model are extracted from the good fitting
of the linear and nonlinear rheological properties, as described in
our previous work.44 The corresponding parameters are shown in
Table I, which are comparable to a previous report.46 For illustration
purposes, a sensitivity analysis of the nonlinear material parameters
ξ3 and ε3 of the PTT model regarding rheological properties is shown
in Fig. 2. In comparison with the parameter ξ3, increasing ε3 not only
increases the first normal stress difference Nxy(τxx − τyy) but also
significantly increases the elongational viscosity. On the other way,
ξ3 mainly has a significant influence on the second normal stress
difference Nyz(τyy − τzz) component.

C. General geometry and boundary conditions
The 3D flow domain for a given W/H ratio is shown in Fig. 3.

Due to the symmetry, only one quarter of the flow channel is con-
sidered for all simulations to reduce the computational cost. The

FIG. 2. Effect of the material param-
eter ξ3 [(a) and (b)] and ε3 [(c) and
(d)] on the normal stress difference Nxy

and |Nyz | and the elongational viscosity
as functions of shear and elongational
rate; reference parameters are given in
Table I.
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FIG. 3. 3D flow domain of a slit die profile (see Table II). One
quarter is considered for all simulations due to symmetry
(l1 = 20 mm and l2 = 40 mm).

geometrical parameters for different flow channels (varying aspect
ratio) are shown in Table II. The general boundary conditions are set
as reported in previous work.44 At the inlet, a fully developed flow is
assumed due to the long die length for the experimental comparison
(160 mm; aspect ratio of 10). At the die walls, a nonslip condition for
the velocity field is prescribed, which indicates that the flow veloc-
ity vanishes: vn = vt = 0 (mm/s). Outside the die exit, a free surface
flow is developed, which is unknown a priori. The force conditions
ft = fn = 0 (N) are set at the outlet of the flow domain, with the sub-
script n and t representing the normal and tangential component of
the force and velocity.

D. Method of 2D and 3D numerical solution
for various aspect ratios

To solve the conservation and constitutive equations above,
a flow solver (POLYFLOW version, ANSYS version 18) is applied
based on the finite element algorithm. A discrete elastic viscous
stress splitting (DEVSS) combined with the streamline-upwind
(SU) scheme is used to improve the numerical calculation stabil-
ity.9,33,37,42,47 This is done as there is a geometric singularity near the
die exit where an abrupt change for the flow occurs from the nonslip
to the free surface boundary condition. The DEVSS method adds a
purely viscous term into the momentum equation based on velocity
unknowns and removes an equivalent contribution based on rate-of-
deformation unknowns to maintain the constitutive equation.48 In
addition, we apply an interpolation method on the velocity and pres-
sure by quadratic and linear functions. An evolutionary scheme is
performed on the volumetric flow rate to advance the solution from
almost purely Newtonian to the viscoelastic flow with high nonlinear
rheological properties.

The height of each slit die is fixed at 2 mm, and the aspect ratio
includes values of 1, 1.5, 2, 5, 10, and 20 (see Table II). The mesh sizes
used in both x and y coordinates (shown in Fig. 3) of the geometry
model with different aspect ratios are maintained at the same level in
all 3D simulations.40,42,49 A mesh grid that progressively adds more
elements toward the exit singularity is utilized, while larger mesh
elements are applied in the flow region away from the singularity.50

These elements are shown in Fig. S1 in the supplementary material.
The analysis of the mesh independence for the swell simulations can
be found in Table SI in the supplementary material.

To quantify the effect of the die geometry on the flow behav-
ior, the results obtained from different geometry configurations are
compared at a constant γ̇a value as in the work of Clemeur et al.37

Generally, the dimensionless Weissenberg number Wi is adopted to
evaluate the viscoelasticity level involved in polymer flows,9,37

Wi = γ̇aλm, (8)

in which λm is the viscoelastic average relaxation time for the
polymer fluid,

λm = ∑
N
i=1 ηiλi
∑N

i=1 ηi
, (9)

and γ̇a is an apparent shear rate in the slit die with no slip,51

γ̇a = 6Q
2W ∗ (2H)2 . (10)

It should be noted that Eq. (10) works well only if W/H is larger than
10,37,52 which is thus not the case for most considered aspect ratios in
the present work. In contrast, if the aspect ratio decreases to smaller
values such as 1 and 2, this equation is too approximated to calculate

TABLE II. Geometrical parameters for flow channels with various aspect ratios; link to Fig. 2; Q1 and Q2 correspond to
γ̇a = 15 and 48 s−1, which are maintained as target values in line with the work of Clemeur et al.37

Aspect Width Height l1 l2 Q1 Q2

ratio (W/H) (2W) (mm) (2H) (mm) (mm) (mm) (mm3/s) (mm3/s)

1 2 2 20 40 13 42
1.5 3 2 20 40 22 69
2 4 2 20 40 31 98
5 10 2 20 40 91 288
10 20 2 20 40 196 620
20 40 2 20 40 405 1280
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γ̇a. Therefore, for each simulation case where formally Newtonian
flow is extruded from a slit die with a certain W/H ratio, the flow
rate value applied in the Polyflow software is modified to make sure
that the final apparent shear rates are the same. The values of 15 and
48 s−1 are considered for γ̇a (see last two columns in Table II for Q
values).

For the simplified 2D pattern, the discretization of the mesh
pattern in the x-y plane is the same as that of all 3D counterparts
to avoid some difference only arising from the mesh discretization
(Fig. S2 in the supplementary material).37,40 The interpolation meth-
ods for all unknown physical fields such as velocity and pressure
variables for all 2D and 3D cases are the same.

To further demonstrate the relevance of the simulation results,
focus is also on the comparison with the analytical solution proposed
by Tanner to evaluate the swell ratio of the 2D simplified planar
viscoelastic flow based on stress analysis,53,54

B3 = 0.19 + (1 +
Sw2

3
)1/4, (11)

in which Sw indicates a half of the ratio of the first normal stress
difference to the shear stress on the die wall. The swell ratio pre-
dicted with Eq. (11) plugging in the simulated value of Sw is around
1.28 at γ̇a = 48 s−1. This is slightly smaller than the numerically sim-
ulated value of 1.31 for the simplified 2D flow in this study and
can be related to the ignoring of the stress singularity in Tanner’s
equation. This equation is only based on a physical analysis of the
die-swell problem, with a combination of two characteristic prop-
erties of viscoelastic materials: recoiling and the existence of the
normal stress difference.53 Overall, the good match indicates the rea-
sonability of the numerical simulations in this study for sure in the
context of identifying trends regarding the relevance of the aspect
ratio.

III. RESULTS AND DISCUSSION
A. Effect of aspect ratio on the 3D die swell
characteristics

An important characteristic of the PP extrudate swell behavior
is the continuous evolution when the flow emerges the die exit.18

Figure 4 depicts the variations of the predicted extrudate profiles
with an aspect ratio range from 1 to 20 at γ̇a = 48 (top row) and 15
(bottom row) s−1. The associated Q values are given in Table II. For
the aspect ratio of 10, previously recorded experimental data have
been included as well.44 Good agreement between simulation and
experimental results is observed. As shown in Figs. 4(a) and 4(c),
increasing the aspect ratio results in a decrease in the width swell
ratio B1 but a larger distance to obtain an equilibrium swelling. In
Figs. 4(b) and 4(d), the evolution of the swelling behavior of the
extrudate edge height (swell ratio B2 in Fig. 1) is compared, as only
accessible with 3D simulations. It is shown that a higher aspect ratio
is able to strongly change the flow pattern along the extrudate edge
height ultimately with “negative” swelling or contract flow (B2 < 1).
For an aspect ratio of 1, a significant swelling is noted since the B2
value sharply increases to around 1.15, which seems similar to the
results for linear low density polyethylene (LLDPE) extrudate from
a cubic die.55 Increasing slightly the aspect ratio from 1 to 1.5 leads
to a significant drop in the B2 value. As the aspect ratio increases
further (5, 10, and 20), a contract flow in the edge height direction is
observed.

In Fig. 5, the corresponding changes in the middle height swell
ratio B3 are plotted (symbols) against the axial distance [γ̇a = 48
(top row) and 15 (bottom row) s−1]. Clearly, the values are different
from the B2 values. Anisotropy of extrudate swell behavior is thus
observed in all directions (see Table III). A comparison with the die
swell behavior of the corresponding “ideal” 2D flow is depicted as

FIG. 4. Comparison of the predicted
extrudate profiles through slit dies with
different aspect ratios (from 1:1 to 20:1;
W/H; 200 ○C; Table II) at γ̇a = 48 s−1

(top) and 15 s−1 (bottom): width swell
ratio B1 [(a) and (c)] and edge height
swell ratio B2 [(b) and (d)] [Eq. (1); PTT
parameters from Table I]. Symbols indi-
cate the experimental data for an aspect
ratio of 10.44
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FIG. 5. (a) Evolution of the predicted mid-
dle height swell ratio B3 [Eq. (1)] of PP
extrudate (200 ○C; Table II) for the sim-
plified 2D (line) and 3D flows (symbols)
at γ̇a = 48 s−1 [top row; (a) full image; (b)
zoom in] and γ̇a = 15 s−1 [bottom row; (c)
full image; (d) zoom in]; PTT parameters
are from Table I.

well in Fig. 5 (gray lines). A larger aspect ratio results in a smaller
final equilibrium height swell ratio B3, which is similar to the results
of Konaganti et al.33 In a short distance downstream the die exit, sig-
nificant deviations between the 2D and 3D simulations are obtained,
as made even clearer in the lower graphs. Specifically, the 3D values
are larger than the 2D ones at the same locations, which is more
pronounced for γ̇a = 48 s−1.

Before the distance of 2 mm, the deviations increase with the
flow distance with larger discrepancies between the two models espe-
cially for low aspect ratios (≤2). After ∼2 mm away from the die exit,
interestingly, the swell ratio B3 keeps almost constant for an aspect
ratio of 1 (with the same final value as for B1, 1.3; see Table III). For
the other flow cells, it does not grow monotonously with the flow
distance. Instead, an extrudate shrinkage behavior following the fast
initial swelling is observed until the final equilibrium swelling posi-
tions in Figs. 5(b) and 5(d). For instance, within a short distance

TABLE III. Final (f) values for B1, B2, and B3 at γ̇a = 48 s−1 (200 ○C; PP extrudate;
Table II). Also given are the differences; ΔB31 is essential in the secondary shrinkage
explanation.

Aspect Final Final Final ΔB32,f = ΔB31,f =
ratio B1,f B2,f B3,f B3,f − B2,f B3,f − B1,f

1:1 1.3 1.145 1.3 0.155 0
1.5:1 1.284 1.06 1.309 0.249 0.025
2:1 1.26 0.99 1.31 0.32 0.05
5:1 1.22 0.86 1.31 0.45 0.09
10:1 1.19 0.81 1.294 0.484 0.104
20:1 1.15 0.78 1.288 0.508 0.138
2D 0 1.314a 1.314 0a 1.314

aNot calculated but a consequence of the 2D assumption.

after the exit, the swell behavior with an aspect ratio of 20 agrees well
with that for the 2D flow. Then, with a further distance, a deviation
is noticed because of the “secondary” shrinkage flow in the mid-
dle height direction (see also right extra subplots). More generally,
the secondary shrinkage flows (symbols at higher positions in Fig. 5)
in the middle height direction cannot be observed in the simplified
steady 2D viscoelastic flow over the whole swell evolution. In addi-
tion, the differences of the swell ratio at various aspect ratios tend
to become smaller with further flow distance. This can be attributed
to the rather similar viscoelastic behavior of flows as the apparent
shear rates are maintained the same for various aspect ratios. Such
feature mainly determines the final equivalent swell ratio accord-
ing to Eq. (11). Overall, the mismatches of the 2D modeling results
highlight the effect of the side confining wall on the flow field (as
confirmed in Secs. III B and III C) and thus the need of 3D simula-
tions with both increases and decreases for swelling ratios along the
distance.

This less detailed information with 2D models and the absence
of shrinkage is in agreement with the general trends in most model-
ing studies.26,56,57 An exception is the modeling work of Comminal
et al.,53 which reported a small secondary shrinkage in the extrudate
height direction after the initial swelling for the 2D planar viscoelas-
tic flow. Relaxation of the negative normal stress component, τyy, on
the extrudate surface layer was put forward as the trigger. Recently,
Toukhtarian et al.58 also revealed a shrinkage flow following the
extrudate swell for 2D simplified transient planar Newtonian flow
upon varying the die gap. It is attributed to the increasing volumet-
ric flow rate because of the sudden decrease in the die gap. In the
present work, it seems thus logical to assume that these triggers are
absent (or counteracted) and an explanation needs to be sought in
the 3D effect. In this respect, our previous 3D simulations for a die
with fixed dimensions (aspect ratio of 10) pointed out that the swell
ratio in the extrudate width direction increases in a much lower rate
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than the swell ratio in the height direction until an equilibrium is
reached in both directions.44

To obey the volumetric conversation, a shrinkage flow is there-
fore expected in the extrudate height direction with several influenc-
ing factors. One factor is the difference of the final equilibrium width
swell ratio B1 and the final middle height swell ratio B3 with a higher
aspect ratio resulting in a larger difference, as shown in Table III.
Another factor is the different growing rates of both swell ratios with
the flow distance. For example, for an aspect ratio of 1, no shrinkage
flow is observed because the final B1 is equal to the final B3 (with a
small drop for the final B2). Increasing the aspect ratio results not
only in a smaller final B1 than B3 but also in a smaller growing rate
of B1. Therefore, the synergistic effect of the aforementioned factors
contributes to the secondary shrinkage flow in the height direction.
In contrast, for the “ideal” 2D planar flow, the width of the flow
channel is assumed to be infinite. This implies that the difference
between B1 and B3 is too large (last column in Table III) to induce
secondary shrinkage flow in the (middle) height direction, taking
into account that contract flow at the edge cannot be accounted for
in such modeling.

A global view of the final PP extrudate shapes (full black lines)
from various dies (full red lines) is found in Fig. 6 (γ̇a = 48 s−1). In
agreement with the analysis of the evolution profiles of the extru-
date swell ratio (Figs. 4 and 5 and Table III) on an overall basis,
higher aspect ratios result in a larger anisotropy degree of extrudate
swell ratio upon considering jointly the height and width direction
variations. Absolute variations up to 30% and relative variations of
10% can be identified, which explains the significant variation of
the evolution of the area swell ratio B4, shown in Fig. S3 in the
supplementary material. For example, this ratio decreases from 1.55

to 1.417 by increasing the aspect ratio from 1 to 20. Additionally, in
any case, the 3D description is needed as illustrated by the deviation
with the 2D simulation results (blue dotted-dashed lines) in Fig. 6.

B. Relation aspect ratio and velocity fields
1. Axial velocity component vx

It is expected that the changes to the velocity field by varying the
aspect ratios of the flow channels affect the extrudate swell behav-
ior. Figure S4 in the supplementary material shows that as the aspect
ratio increases, the velocity profile of the central flow along the width
direction differs gradually from its analog along the height direc-
tion. For very high aspect ratios (e.g., 10 and 20), the velocity profile
(y direction) overlaps the 2D flow profile. This means that in these
die geometries, the 3D effect on the flow behavior in the x-y plane
(z = 0 mm) in the die can be ignored.

However, as shown in Fig. 7, it is not safe to conclude that the
3D effect on the extrudate swell behavior out of the flow cell can
be neglected as well. Figure 7(a) compares the velocity profiles of the
centerline flow along the flow direction with different aspect ratios at
γ̇a = 48 s−1. The axial velocity vx is scaled by the corresponding 2D
average velocity value vxa−2D. A strong effect of the aspect ratio on
the vx rearrangement behavior is observed. In agreement with the
swelling data, increasing the aspect ratio causes a larger final equi-
librium vx value. It is therefore not surprising that the simplified 2D
flow has the largest equilibrium vx since there is no swell behavior
in the width direction. For small aspect ratios (≤2), the vx rearrange-
ment behavior accomplishes within a short distance. From Fig. 7(b),
it follows that a higher aspect ratio postpones the position where the
departure of the vx profile from that of 2D flow starts. For the aspect

FIG. 6. Comparison of the final extru-
date profiles (black solid lines) from slit
dies (red solid lines) with different aspect
ratios: (a): 1:1, (b): 2:1, (c): 5:1, and (d):
10:1 (Table II) at γ̇a = 48 s−1. For com-
parison, also the simplified 2D results
are included (blue dotted-dashed lines).
Note that only one quarter is shown
due to symmetry. Absolute changes up
to 30% and relative changes in various
directions of 10% can be observed.
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FIG. 7. Velocity profiles of centerline PP
flow (y = 0 and z = 0 mm) at γ̇a = 48 s−1

(Table II) through the dies with different
aspect ratios along the flow direction x.
Right: zoom in.

ratio of 20, the vx rearrangement behavior is almost the same as that
of the 2D flow until a distance of around 6 mm after the exit. Then,
vx continues to drop slowly in the former case.

2. Velocity components vy and vz
Due to the flow reorganization, the velocity components vy and

vz in the transversal (y) and lateral (z) directions separately increase
sharply from a vanishing value just upon exiting the die, as shown
in Fig. 8. Subplots (a) and (b) show the variations of vy along the
extrudate free surface flow layer in the central plane (z = 0 mm)
for 2D modeling and 3D flow with an aspect ratio of 1 and 20 at
γ̇a = 48 s−1. For an aspect ratio of 1, vy falls fast to zero in compari-
son with the other two modeling cases. Seen in the inset in Fig. 8(a),
the vy curves for 2D flow and 3D flow with an aspect ratio of 20 are
almost the same, which correspond to the same swell behavior of the
extrudate middle height for these two modeling cases in Fig. 5. For
the former case, vy remains positive while it decreases to a negative
value after a distance of x = 15 mm for the latter case. This accounts

for the secondary shrinkage flow in the middle height direction for
the aspect ratio of 20 in Fig. 5.

Figure 8(c) shows the velocity vy−edge along the flow cross-line
between the side and top flow planes of the extrudate free surface lay-
ers for modeling cases with an aspect ratio of 1 and 20. These velocity
changes determine the swell behavior in the extrudate edge height
direction. It is interesting to observe that the vy−edge values have dif-
ferent signs, namely, positive for an aspect ratio of 1 but negative
for a value of 20. Therefore, swell (B2 > 1) and shrinkage behavior
(B2 < 1) can be observed for the two cases in Fig. 4(b), respectively.
Figure 8(d) presents the variations of the velocity component vz
along the extrudate side free surface direction in the plane y = 0 mm.
It follows that the decrease in vz for an aspect ratio of 1 is significantly
faster than that for an aspect ratio of 20.

C. Relation aspect ratio and stress field
Generally, the normal stress relaxation development is also

responsible for the evolution of the swell behavior of polymer

FIG. 8. (a) Velocity component vy along
the die wall and free surface flow layer
direction in the middle plane z = 0 mm
for low and high aspect ratios with the
3D model, including a comparison with
the ideal 2D flow; (b) is a close view of
Fig. 8(a). (c) Velocity vy−edge along the
flow cross-line between the side and top
flow planes of extrudate free surface; (d)
velocity component vz along the side die
wall and free surface flow layer in the
middle plane y = 0 mm. vy , vy−edge, and
vz codetermine the variations of extru-
date middle height, edge height, and
width, respectively, at γ̇a = 48 s−1.
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fluids.44,53,59 Figure S5 in the supplementary material shows the cal-
culated fully developed stress components at x = −10 mm [shear
stresses: τyx and τzx; normal stress differences: Nxy(τxx − τyy) and
Nxz(τxx − τzz)] for all 3D and 2D flows at γ̇a = 48 s−1. The related
variations further confirm the 3D aspect due to the side confin-
ing wall. Figure 9(a) compares Nxy profiles for 3D flows with vari-
ous aspect ratios and the corresponding 2D flow along the die wall
and free surface direction in the symmetry planes. The calculated
Nxy profiles agree with the general trend in the literature18,26,60 with
significantly different normal stress relaxation behavior due to the
aspect ratio. Figures 9(b) and 9(c) give a close view of the stress
relaxation away the die exit. For an aspect ratio of 1, a faster relax-
ation behavior is exhibited compared to that of the 2D counter-
part, explaining the larger growing rate of the swell ratio B3, and
also the faster equilibrium swell positioning in Fig. 5. As the axial
flow velocity with a low aspect ratio is smaller than that of the
simplified 2D flow (Fig. 7), a longer time to reach the same dis-
tance, therefore leading to a larger influence of the normal stress
relaxation. Hence, the middle height swell ratio B3 increases much
faster in comparison with the 2D counterpart in Fig. 5. In contrast,
the situation is less dynamic for high aspect ratios (5 and 20). The
stress relaxation of an aspect ratio of 20 is expected to agree bet-
ter with that of the simplified 2D flow but still shows a bit faster
relaxation.

Similarly, Fig. 9(d) compares the relaxation of Nxz along the
extrudate surface layer direction in the x-z plane (y = 0 mm), which
is related to the swell behavior in the extrudate width direction. It is
interesting to note that although the flow with an aspect ratio of 1 has
a much larger Nxz before die exit (see Fig. S5), it shows a faster nor-
mal stress relaxation. Besides the smaller axial velocity in Fig. 7, the

relatively faster relaxation of the largely deformed polymer chains
due to a larger deformation is involved as well. Increasing the aspect
ratio slows down the Nxz relaxation, thereby leading to a delayed
influence on the swell behavior in the width direction. Hence, in
an industrial context, the distance between the cooling system (e.g.,
water tank) and the die exit should be longer for a die with a large
aspect ratio to minimize remaining internal stress, which can lead to
a higher product quality.

D. Parametric study regarding nonlinear PTT
parameters

The PTT parameters in Table I reflect the polymer melt rhe-
ological properties, which have an influence on the flow behavior
in and out of the die.9 In essence, the parameters εi and ξi (i the
mode) predominantly determine the extensional and shear behav-
ior of polymer melts. The parameter ξi is also related to the second
normal stress difference (Nyz ; τyy − τzz) that controls the polymer
backbone slippage for the nonaffine motion of the surrounding con-
tinuum.9,20,37 Due to the difficulty in measuring Nyz data,61 the effect
of Nyz on the extrudate behavior of the polymer melts is a point
of attention. Konaganti et al.34 highlighted that the effect of Nyz
is very limited on the extrudate swell behavior, and therefore, they
ignored this effect by considering zero ξi values for the multimode
PTT model to describe the rheological properties of the HDPE melt.
On the other hand, Carrot et al.14 reported that a real agreement of
the extensional and shearing behavior of the polymer melts cannot
be achieved by using a single εi or ξi parameter. Also our previ-
ous work on PP melts with a fixed aspect ratio indicates that both
parameters are needed. Hence, it is worthwhile to further explore
their relevance.44

FIG. 9. Comparison of normal stress difference Nxy [top row; (a)–(c); (a): full image; (b) and (c): close view] and Nxz [bottom row; (d)–(f); (d): full image; (e) and (f): close view]
along the wall and free surface layer at γ̇a = 48 s−1.
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For simplicity, in this parametric study, the linear parameters
(λi and ηi) are maintained constant in Table I. The aspect ratio of
the flow channel is fixed at 10 and γ̇a = 48 s−1. Preliminary screening
showed that the parameters ε and ξ of mode 4 or mode 1 (the longest
and shortest relaxation time) cannot have an obvious influence on
the extrudate swell. For mode 4, the reason is likely that most elastic
energy stored in the deformed polymer molecular chains has faded
away before such long relaxation time, at least at the selected γ̇a. For
mode 1, the selected deformation rate is simply not covered by mode
1 of the PTT model, which is mainly used to control the rheological
properties of the melt at a rather high shear rate range. This is in
agreement with literature data.28 Therefore, the impact of the PTT
parameters of mode 3 and mode 2 on the extrudate swell behavior is
only focused on.

Figure 10 depicts the simulated width and height swell ratio B1
and B3 with the ξ range of 0.05–0.8 in individual mode 3 [top row;
(a)–(c)] and mode 2 [bottom row; (d)–(f)] for 3D and 2D config-
urations. Note that the values in Table I are inside this range and
are denoted as reference values for simplicity. Figure 10(a) shows
that the width swell ratio B1 strongly depends on ξ3, with a larger ξ3
resulting in smaller B1. For B3 in Fig. 10(b), increasing ξ3 from 0.2 to
0.8 decreases the swell ratio B3 as well, consistent with the report of
Goublomme et al.62 However, decreasing ξ3 from 0.2 to 0.05 results
in a smaller B3 value, which is attributed to the strong “secondary”
shrinkage flow in the latter case. Goublomme et al.62 implicated
that Nyz has a major influence on the swell ratio but also men-
tioned that a modest decrease in the uniaxial extensional viscosity
caused by changing the material parameter should not be ignored.
Consistent with this statement, Fig. 2 shows that a larger ξ value

results in a rather slight decrease in Nxy and elongational viscosity
values. In contrast, |Nyz| increases significantly.

Additionally, as mentioned above, B3 profiles for ξ3 = 0.05 and
0.8 in Fig. 10(b) are rather different. The significant shrinkage flow
follows the initially large swell behavior in the former case, which
cannot be observed in the latter. This indicates that the 3D effect
of the geometric channels on the extrudate height swell behavior
depends on the material parameters of PTT model as well. It is
important to realize that for ξ3 = 0.05 and 0.8, the difference between
the final B3 and B1 values is 0.05 and 0.16, respectively. This again
confirms that the difference between the swell behavior in the (mid-
dle) extrudate height and width direction significantly contributes
to the secondary shrinkage flow in the extrudate height direction
(cf. Table III). For the simplified 2D flow in Fig. 10(c), the B3 value
increases monotonically with the flow distance without a shrinkage
flow.

The material parameter ε shows a large influence on the
elongational viscosity during melt deformations shown in Fig. 2,
and in case it starts to vanish, the elongational viscosity becomes
unbounded.63 Figures 11(a), 11(b), 11(d), and 11(e) compare the cal-
culated extrudate swell ratios with various ε2 (bottom row) and ε3
(top row) values from 0.05 to 0.65. It is shown that both the width
swell ratio B1 and the height swell ratio B3 decrease with increas-
ing ε value. To achieve a uniform velocity for each flow layer out
of the die, the velocity difference between two flow layers leads to
an extensional effect on the flow layers near the die exit, especially
the flow layer close to the die wall. Formally increasing the ε value
decreases the elongational viscosity of the polymer flow, indicat-
ing the larger extensional effect applied on the polymer molecules

FIG. 10. Effect of the parameter ξ in mode 3 [(a)–(c)] and mode 2 [(d)–(f)] of PTT model (other parameters as in Table I) on the extrudate swell ratio B1 and B3 with 3D [(a)
and (b), and (d) and (e)] and 2D [(c) and (f)] simulations (aspect ratio of 10).
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FIG. 11. Effect of the parameter ε in mode 3 [(a)–(c)] and mode 2 [(d)–(f)] of the PTT model on the extrudate width swell ratio B1 and height swell ratio B3 with 3D [(a), (b),
(d), and (e)] and 2D [(c) and (f)] simulations. Other parameters are as in Table I.

until the flow becomes stable. Therefore, the shrinkage of the flow
streamline outside the die is expected, explaining the decrease in
swell ratio B1 and B3. In addition, a comparison of the results in
Figs. 11(b) and 11(e) shows that the secondary shrinkage flow at a
larger distance in the extrudate height direction is related to the ε
values and cannot be observed in the 2D flow for which increases
are always obtained. These effects are shown in Figs. 11(c) and 11(f),
confirming the relevance of material parameters for detailed 3D
simulations.

IV. CONCLUSIONS
The influence of the slit die geometry on the extrudate flow

behavior of neat PP melt with aspect ratios ranging from 1 to 20
is investigated via numerical simulations, considering the differ-
ential viscoelastic multimode PTT model with parameters taken
from literature. To verify the impact of the die geometry, the 3D
simulation results are compared to the simplified 2D case consid-
ering constant apparent shear rates. In any case, the 3D model
is needed as die swell/shrinkage is multidimensional with abso-
lute variations up to 30% and relative variations of ∼10%. Hence,
future process control and die design should be based on 3D
interpretations.

Increasing the aspect ratio decreases the width swell ratio B1
and the edge height swell ratio B2 and leads to a shift in the onset
of the axial equilibrium swelling position to a further distance. The
edge height swell ratio B2 can become even negative, leading to a
contract flow. The middle height swell ratio B3 profiles for the 3D
flow significantly deviate from that of the 2D simulation. Just after
the die exit, the B3 values are larger than the 2D value and then a

decrease in the B3 values occurs, except for the aspect ratio of 1, for
which a 2D model is irrelevant. This phenomenon of a secondary
shrinkage is not eliminated even if the aspect ratio is increased to the
highest value of 20.

The mechanism for the above phenomenon is illustrated by
the flow velocity and stress fields. A significant deviation of the 3D
configurations from the corresponding 2D one inside and outside
the die is generally noted. Increasing the aspect ratio of the flow
cells narrows the discrepancy but cannot vanish the 3D effect. For
sure, the deviation out of the die still cannot be neglected, even if
the flow behavior in the die (y direction) seems almost the same
as that of the 2D flow with an aspect ratio higher than 2. The
larger axial velocity vx for a larger aspect ratio outside the die con-
tributes to a slower normal stress relaxation, thereby a slower swell
behavior delaying the swelling equilibrium position. This is also
in agreement with the variations of the other velocity components
vy and vz .

A parametric study reveals that the width swell ratio B1 largely
decreases with increasing ξ which is related to the second normal
stress difference. An increasing ε controlling the elongational viscos-
ity decreases both the width well ratio B1 and the height swell ratio
B3. In addition, the secondary shrinkage flow becomes large with
decreasing ξ but still cannot be observed in the corresponding 2D
flow. This implies that the 3D effect on the extrudate swell behav-
ior depends not only on the geometric characteristics of the flow
channel but also on the melt material parameters. From this per-
spective, the impact of the 3D effect on the extrudate swell behavior
is expected to vary if the polymer melts are modified or are com-
bined with fillers. Such variations will be included in future work by
the authors.
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SUPPLEMENTARY MATERIAL

See supplementary material for the complete mesh pattern and
the check for the mesh-independence, the extrudate area swell data,
and the flow behavior in the die (Figs. S1–S5).
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