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MODELLING AND SIMULATION OF PROPELLANT
FLOW FOR EXTRUSION DIE DESIGN OPTIMISATION
Nawaz Mahomed*

ABSTRACT

The modelling and simulation of the flow of a propellant mix through a geometrically accurate extrusion die has
been successfully carried out. This, together with the use of realistic material properties for the characterisation of
the propellant material, has laid the basis for studying the performance of extrusion die designs. A series of die
design optimisation iterations have been carried out. The results of certain significant stages in the iterative cycle
have been presented, showing the effect of the design modifications on various design parameters. As the process
of optimisation is continuous, a hitherto optimised design has been presented and evaluated against the performance
of the original design. It has been shown, in terms of the design optimisation criteria, that the optimised design
provides a significant improvement compared to the original designs.
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1. INTRODUCTION

Problem Definition

The process of extrusion of nitro-cellulose based solid propellant grains is being considered. The propellant grains
are manufactured with a central star-shaped system of cylindrical perforations. The perforation is accomplished by
extruding the propellant mixture through a die shown in Figure 1. The extruded section is cut to the required length
and cured. The first problem is related to the dimensional accuracy and consistency of the star (or web). The second
problem is related to the dimensional accuracy of the cylindrical perforations.

These dimensional inaccuracies and inconsistencies lead to inefficient burning of the propellant grains, and an
out-of-design thrust/time characteristic.

Figure 1: Cross-section of a Die used for the Extrusion of Propellant Dough



METHODOLOGY

The extrusion process is studied using a computational finite element system. The following issues are important in
this process:

(a) A scientific understanding of the process, namely the establishment of mathematical and subsequent
numerical models that govern the behaviour of the propellant mixture as it flows through the die.

(b) Knowledge of the available tools that will allow the process to be simulated and evaluated, within acceptable
limits of accuracy. This also requires an understanding of the theoretical basis of these tools.

(c) The determination of the parameters necessary for the simulation of the process, most importantly the
boundary conditions and the material characteristics.

(d) The development of the criteria for iterative optimisation of the die designs.

2. MATERIAL CHARACTERISATION

The propellant mixture exhibits viscoplastic behaviour which cannot be described by the classical Generalised
Newtonian Flow models such as the power-law or the Cross models. Below a critical yield stress, these materials
exhibit an extremely high viscosity and there is no evidence of velocity gradients in the flow (no flow or bulk
motion). Above the critical yield stress threshold, the material behaves like a normal fluid.

The Bingham model is widely used to describe such fluids, but to account for the possible shear-thinning
behaviour of the material; the Herschel-Bulkley model is used.

The Viscosity Model

For Generalised Newtonian Flow, the constitutive equation is written as:
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where �  is the rate of deformation tensor given by:
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and ��  or �  is the scalar deformation rate � � .

The Herschel-Bulkley model gives the following form of the constitutive equation:

1

02
n

k
�� �� � �� �� � �                   for 0� � (2.3)

where �0 is the yield stress of the material and k is the consistency index. Otherwise:

� 0�  for                                    0� � (2.3a)

For n = 1, the above reduces to that for a Bingham fluid (no shear-thinning).

There are three material characteristic values required for its complete rheological description - the yield stress
�0, the consistency index k and the power-law index n where n-1 or p represents the power-law slope of the viscosity
at high shear rates. These rheological parameters were determined experimentally for the particular propellant
mixture used throughout the study, and are given in Table 1.

Table 1
Rheological Properties for the Propellant Material Grade used

Material Parameter  Value

Yield Stress �
0

 0.038×106 Pa

Consistency Index k  0.215×106

Power Law Index n  0.235
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at high shear rates. At low shear rates, n � 1 which implies that

�0 = 0.215 × 106 Pa.s

The Material Density

The theoretical specific density of the dried (post-cured) material is 1.648. In order to be within 99% of this value,
as per specifications, the final specific density range is:

1.633 � � � 1.648

From experimental data, the shrinkage of the material is in the region of 90-92%. This shrinkage is due to
solvent removal (ethanol or acetone), the specific density of which is in the region of 0.9. Thus, the density of the
extrudate can be calculated as:

�
e
 = (1633 × 0.91) + (900 × 0.09) = 1567  kg / m3

After a degree of compaction in the cylinder, the peak density of the material is reached after which it remains
relatively constant throughout the pressing cycle. This is evident from experimental time curves for ram displacement
and extrusion speed.

3. THE MATHEMATICAL MODEL

Boundary Conditions

The boundary conditions applicable to the model of the die is shown in Figure 2.

Figure 2: Boundary Conditions for the Die Model

The Flow Formulation

The flow behaviour of the material through the die is described by the steady-state Navier Stokes Equation (3.1)
incorporating the Herschel-Bulkley model to describe the constitutive behaviour of the viscoplastic fluid.

� � p� � � � � �v v (3.1)
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Herschel-Bulkley Model: 
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Viscosity Model � �� �  for a Viscoplastic Material

This completes the definition of the model required to study the extrusion of the propellant material through the
die.

4. COMPUTATIONAL ANALYSIS AND DIE DESIGN OPTIMISATION

4.1. Introduction

The behaviour of such high viscous fluids can best be described by the classical Navier-Stokes Equations, the
solution of which is well approximated by finite element methods. There are, however, various assumptions,
shortcomings and variations of these methods which should be understood and considered in the interpretation of
the results.

A major challenge in the implementation of FEA tools is the characterisation of the material. Hence the elaborate
experimental process alluded to in Section 2 in which the properties of the propellant mixture were determined.
This allows for realistic modelling and the generation of realistic results which can be compared with experimental
data in order to establish the accuracy of the simulations. Another criterion for realistic modelling is the specification
of accurate boundary conditions. To this end, a number of in-situ experiments were conducted as referenced in
Section 2, which measured the pressure and velocity distributions within the flow domain. These measurements
allow for realistic estimates of the boundary conditions, as well as a verification of the accuracy of the numerical
results.

As a precursor to the finite element simulations, solid models of the dies are first generated. Figure 1 depicts the
die assembly for the original (existing) design. After the solid models have been generated, a negative of this is then
generated to capture the flow domain, as shown in Figure 3. This is then used in the finite element analysis.

 

Figure 3: The Flow (Negative) Domain

Finally, the criteria for the design optimisation iterations must be established before design modifications can
be undertaken. These are listed in the next subsection.

4.2. Design Optimisation Criteria

A series of in-situ experiments undertaken provided useful insight into the performance of the existing dies. These,
together with inspections of the dies after usage, showed that the pins have a low flexural rigidity and cannot



withstand displacement against the flow. Owing to these observations, and other factors, the following Design
Optimisation Criteria were established for iterative improvement in the performance of the dies.

Design Criterion 1: The variation of the total stress across the pin must be zero, i.e.

minimise 
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Design Criterion 2: The flow velocity and its variation on either side of the outer pins must be equal, i.e.

minimise vA – vB and A B� �
�

� �
v v
x x

through variation of die bush inlet angle, as shown below.

Figure 4: Generic Die configuration showing Optimised Geometric Modifications.

Design Criterion 3: The length of the die must be optimised such that the residence time of the material inside
the die is sufficient for product formation (compaction) with minimum internal stress formation.

4.3. Boundary Conditions

From in-situ experimental data, the volume flowrate through the die can be determined. This is used as the inlet
boundary condition (note that a volume flowrate boundary condition is used instead of the usual constant velocity
boundary condition. This is advantageous since the velocity profiles at inlet or outlet boundaries are not constant).

Since this volume flowrate is also true for the outlet boundary, a pressure boundary condition has to be stipulated
in order to establish a relative pressure for the process. Hence, the pressure condition of atmospheric, or zero
relative static pressure, is specified at the outlet boundary.

The boundary conditions used in the simulations are therefore as follows:

V = 28133  mm3/s  on  �
inlet

P = 0  Pa  on  �
outlet

where V = volume flowrate, P = relative static pressure, and G is the boundary of the flow domain. These boundary
conditions are depicted in Figure 5.

4.4. Finite Element Mesh Generation

The domain consists of very fine features in the form of the die pins. This requires very fine elements to be generated
in the vicinity of these features. The mesh generator used in the study employs adaptive techniques which allows
the generation of a coarse mesh with automatic transition to finer elements to capture finer geometric detail.



A mesh size of 2 mm was used in the foregoing analysis, with automatic transition to finer mesh sizes. Furthermore,
(tri)-linear tetrahedral elements were specified. The use of quadratic interpolation was avoided due to extensive
memory and computational time requirements. The generated mesh for the original die design is shown in Figure 6.

Figure 5: Boundary Conditions for the Flow Domain

Figure 6: Finite Element Mesh of the Flow Domain for the Original Die

4.5. Finite Element Simulations

A series of design optimisation iterations have been carried out to the original design. All these results cannot be
shown here since they would be numerous and not very beneficial. Only the results at certain specific stages in the
iterative procedure will therefore be presented to show the improvement in performance. These involve, at this
stage, three cases: the original die, the die at its first stage of design optimisation, and at its second stage of design
optimisation.

Case 1: The Original Die

The first case presented is that of the original design of the die, as depicted in Figure 1. The pressure distribution on
a plane along the central axis is shown in Figure 7.

The pressure at the die inlet measures 9 MPa (90 Bar). Compared to certain in-situ experimental results, this is
lower than expected. The reason for this is the fact that the simulation assumes that the inlet flow is perpendicular



to the inlet boundary. This, however, will not affect the flow path of fluid particles within the die, the key feature of
the design optimisation process.

The resultant velocity distribution is shown in Figure 8. Owing to the no-slip boundary conditions, especially
for high viscous flows, the velocity profile across the die shows very high velocities, up to 815 mm/s, towards the
center. This is unavoidable in any die design.

Figure 8. Resultant Velocity Distribution Along Central Axis – Original Die

Figure 7: Pressure Distribution Along Central Axis – Original Die

In evaluating the performance of the die in terms of Design Criteria 1 and 2, the flow paths of individual fluid
particles, or the streamlines, must be analysed. The objective is to minimise the variation of these flow paths along
the central-axis. Ideally, the flow paths must not cut across the (outer) pins and have minimal lateral displacement,
implying minimal lateral forces exerted by the fluid on the pins.

Figure 9 depicts the flow path traced by a particular particle travelling through the die. By analysing these
paths, the performance of the die can be evaluated, and subsequent iterative design modifications can be implemented
to improve its performance.



For this case, the flow paths of a few particles travelling through the die are shown in Figure 10. Most significantly,
it can be seen that these particles either cut across the outer pin or are deflected by the pin. This implies that the fluid
is exerting a force on the pin in the upstream section. The flow paths further along the die are generally good, with
no significant variation, except near the outlet. The latter is expected due to the die swell effect.

Figure 9: The Flow Path, or Streamline, of a Particle in the Die – Original Die

Figure 10: The Flow Paths of Particles Travelling through the Die – Original Die

Case 2: Design Optimisation Stage 1

The second case presented studies the performance of a modified die where the die pin holder has been extended
into the die bush. The main reason for this is to prevent direct impact of fluid particles with the outer pins, as well
as to lend support for all the pins against flexure. This design is illustrated in Figure 11.

The pressure distribution on a plane along the central axis, shown in Figure 12, indicates a maximum pressure
(or pressure drop across the die) of 27.8 MPa (278 Bar). This is relatively high compared to the original die. The
main reason for this increase is the reduction in flow area due to the introduction of the supports around the pins.



The reduction in flow area also gives rise to relatively high velocities, as seen from the velocity distribution
shown in Figure 13. A maximum velocity of about 1500 mm/s is reached; almost double that in the case of the
original design. This will increase the velocity gradients in the flow and hence adversely affect the internal stress
buildup in the material. However, the impact of the flow on the pins has been significantly reduced, as seen from
Figure 14. The fluid particles impact on the outer pins in a more gradual manner further downstream. The flow
paths, however, are still not ideal and further design improvements will be necessary to reduce the fluid forces on
the pins.

Figure 12: Pressure Distribution Along Central Axis – Design Optimisation Stage 1

Figure 11: Modified Extrusion die – Design Optimisation Stage 1



Case 3: Design Optimisation Stage 2

In the previous case, it was evident that the flow area was significantly reduced leading to excessive pressures,
velocities and velocity gradients, even though the flow paths were improved. Furthermore, the resulting expansion
in the flow will lead to a decrease in material compressibility (compaction), which will lead to inferior product
performance regarding the size of the perforations, especially the centre hole. To overcome these effects, a third
case is presented which involves further change to the die pin holder, most significantly where the support around
the center pin is recessed. This is to allow material to flow towards the center pin at an earlier stage for improved
compaction around the center pin. At the same time, it also increases the flow area through the die “neck” area to
decrease the expansion effect apparent in the previous case. The modifications are shown in Figure 15.

The resulting pressure drop across the die reduces to 19.7 MPa (197 Bar), as seen in Figure 16, which is close
to the experimental range encountered. Although an improvement from the previous case, this is still higher than
the original design in terms of the numerical results. However, a compromise on pressure is inevitable against the
required design modifications, and it is left to the manufacturing plant whether or not such pressures can be tolerated.

Figure 13: Resultant Velocity Distribution Along Central Axis – Design Optimisation Stage 1

Figure 14: The Flow Paths of Particles Travelling through the Die – Design Optimisation Stage 1



The maximum velocity approaches 1100 mm/s which is comparative to the original design, especially considering
that these values are encountered upstream along the centre pin as seen from the velocity distribution plot in
Figure 17.

Significantly, the fluid particle flow paths along the pins are relatively flat, as shown in Figure 18. That is, the
lateral forces on the outer pins have been substantially minimised compared to the original design, resulting in
minimal deflection of the pins.

Figure 15: Modified Extrusion die – Design Optimisation Stage 2

Figure 16: Pressure Distribution Along Central Axis – Design Optimisation Stage 2



Figure 17: Resultant Velocity Distribution Along Central Axis – Design Optimisation Stage 2

Figure 18: The Flow Paths of Particles Travelling through the Die – Design Optimisation Stage 2

5. CONCLUSIONS AND RECOMMENDATIONS

A series of die design optimisation iterations have been carried out. The results of certain significant stages in the
iterative cycle have been presented, showing the effect of the design modifications on various design parameters.
These design parameters include the pressure drop across the die, the maximum velocities reached, and the flow
paths or streamlines) of fluid particles. The latter allowed the process of iterative design optimisation based on the
design criteria established previously.

It has been shown that the hitherto optimised design, part of which is shown in Figure 19, provides a significant
improvement in that the lateral motion of fluid particles have been minimised to a large extent. This implies that the
lateral forces exerted by the fluid on the pins have been reduced. This, coupled with the strengthening of the outer
pin bases, ensures that the pins do not undergo the extent of deflection encountered before.
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Figure 19: Close-up View of the Die pin holder Design for the Optimised Die
(Design Optimisation Stage 2), Showing the Positioning of Some of the Outer Pins




