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Abstract

Single screw extrusion is widely used in material pre-compounding, extrusion

additive manufacturing, and injection molding. A single screw extruder has

three stages—the solid conveying zone, the transition zone, and the melt-

conveying zone. In starve-fed extrusion, the screw channels are partially filled,

and melting cannot be analyzed by traditional plug-flow melting models. How-

ever, understanding individual pellet motion and melting is an essential precur-

sor to modeling pellet deformation and fiber length attrition in the transition

and melt-conveying zones. Therefore, a sequentially coupled framework has

been developed to capture individual pellet trajectories and their melting in a

single screw extruder. The discrete element method has been used to study

motion of long-discontinuous fiber-reinforced pellets which are represented as

multi-spheres. Individual pellet melting is captured in a static heat-transfer anal-

ysis with dynamic boundary conditions based on the contact information

obtained from pellet interactions with its surroundings. Results indicate a

translational-conveying motion followed by a rotational-conveying motion of

individual pellets as they move along the screw. The rotational-conveying

motion coincides with an increase in screw pitch and corresponds to the highest

rate of pellet melting. Increasing screw rotation speed reduced the residence

time causing insufficient pellet melting. Decreasing the feeding rate did not sig-

nificantly affect the residence time but resulted in improved melting through

increased thermal contacts. Melting is initiated locally on the pellet surface due

to thermal contacts and proceeds radially inward. In this process, pellets first

experience a molten surface shell before the core reaches melt temperature.

Highlights

• Multi-sphere representation of LDF reinforced pellets.

• A discrete element model to capture pellet flow in a single screw extruder.

• Individual pellet trajectories extracted from single screw extrusion.
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• A sequentially coupled finite-element model to study LDF pellet heat

transfer.

• Study of screw speed and feeding rate on average pellet melting behavior.
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1 | INTRODUCTION

Long discontinuous fiber (LDF) reinforced pellets are a
class of discontinuous composite preform obtained
through pultrusion1 where a fiber tow is impregnated by
the matrix polymer and chopped into cylindrical pellets of
a uniform length. These pellets are then mixed and melted
in a single screw extruder that comprises a helical screw
inside a hollow cylindrical barrel that is heated externally.
The pellets enter the extruder system at one end in a con-
trolled feeding rate and exit at the other end of the screw
as a continuous molten composite with short fibers of vari-
ous lengths. The orientation state of the extrudate is
strongly influenced by the geometry of the extrusion noz-
zle. In the case of injection molding, the extrudate feeds a
die and a mold,2 while for extrusion deposition additive
manufacturing, it feeds a gear pump and nozzle.3,4 The
current work aims to provide a sequentially coupled
framework to capture the motion and melting of individ-
ual pellets in a single screw extruder. Discrete element
method has been used to study the motion of solid cylin-
drical pellets which are represented as multi-spheres. The
single screw extruder and pellet geometries are discussed
in the next section, along with the simulation methods.
The contact history of a single pellet is isolated and applied
as a dynamic boundary condition for a static heat-transfer
finite element analysis.

The extruder screw is traditionally divided into three
functional zones. The first zone is called the “solid convey-
ing or feed zone” where pellets maintain their initial shape
and fiber length. In this zone, the temperature is typically
below the glass-transition temperature of the polymer.
Rigid-body motion of the individual pellets is primarily
driven by gravity and friction.5,6 For flood-fed extrusion, the
pellets are consolidated in the solid-conveying zone. This
region is traditionally analyzed by a force-balance of the
free-body of a solid plug with surface frictional forces and
gravitational body forces.7–9 Starve-fed extrusion has gained
popularity due to its melting efficiency.10,11 However, ana-
lytical models for solid-state granular motion of individual
pellets in the partially filled channels of a starve-fed single
screw extruder are non-existent.

To study the motion of a granular medium, discrete
element method (DEM) is a well-developed approach.12

This approach uses Newton's laws of motion and Euler's

laws of rotation to capture rigid body motion of individual
particles (pellets in the present case). Particle interactions
are captured using the principles of contact mechanics.13–15

DEM has been applied extensively to study pellet flow in a
single screw extruder.16–19 The effect of barrel friction, parti-
cle shape and size have been studied to predict the output
rate and residence time of granular material.19–21

The second zone of a single screw extruder is termed
the “transition or compression zone” where the inner diam-
eter of the screw increases gradually, and temperatures rise
above the glass transition temperature of the polymer. The
pellets in this region soften due to their elevated tempera-
ture. They are deformed and dispersed as they transition
from discrete solid pellets to a fully molten state as they
reach the final “melt-conveying zone.” Maddock and Tad-
mor22,23 were among the first to perform experiments and
develop theoretical models to capture polymer melting in a
single screw extruder. Several other scholars have continued
this work.24–26 However, these studies are all confined to
the state of contiguous-solid melting observed in flood-fed
extruders.

Numerically, bulk polymer melting has been captured
using finite element simulations with two-phase flow.11,27–29

Recently, Altinkaynak et al.28 performed experiments to
observe melting in starve-fed extrusion of wood-plastic com-
posites. The authors observed dispersed melting in the par-
tially filled regions and the Tadmor-melting mechanism in
the fully filled regions. A combination of analytical 2-D
models and 3-D finite element simulations were used to pre-
dict melting characteristics. Other studies have observed
and confirmed dispersed melting for starve-fed extrusion of
neat polymers30 and particulate composites.31

Finally, the third zone is called as the “melt-conveying
or metering zone” corresponding to the last few channels
of the screw with fully molten material. The material exit-
ing the screw has fibers of various lengths, aligned in ran-
dom orientations. Fiber length attrition is one of the key
challenges in the extrusion of LDF pellets as fiber length
significantly impacts the thermo-mechanical properties of
extruded material.32,33 Fiber attrition has been observed to
occur at various stages throughout the screw.34–37 How-
ever, existing models are mostly based on fluid mechanics
and are only applicable to the melt-conveying zone.38,39

Fiber attrition occurs in two stages, first when fibers are
still attached to the pellet, and second when they are in
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the polymer melt.37,40 Since a partially molten pellet has a
fully molten shell, the surface fibers are likely to break
when subjected to contact interactions with screw, barrel
surfaces and neighboring pellets.

Understanding the state of partially molten LDF pel-
lets is an essential precursor to studying fiber attrition
mechanisms in the partially molten transition zone of a
single screw extruder. Therefore, this study aims to take a
discrete approach by tracking individual pellets as they go
through the screw and use that information to study indi-
vidual pellet melting. This information can enable the
development of thermo-mechanical models for studying
deformation of partially molten LDF pellets and identify-
ing any possible fiber attrition mechanisms.41 However,
this study is limited to pellet motion and heat-transfer. In
a sequentially coupled framework, solid pellet motion is
first captured using Discrete Element Method (DEM)
where feeding rates are in the regime of starve-feeding to
reduce computational expense. The contact information
obtained from pellet-pellet, pellet-screw and pellet-barrel
interactions is used to determine boundary conditions for
heat-transfer model of a single pellet. Mechanical defor-
mation and heat generated due to viscous dissipation of
polymer are not captured, which result in slower melting
of pellets. To observe full melting of individual pellets, the
length of the screw has been extended beyond the first two
zones to the full length of extruder in DEM and heat-
transfer simulations. Although the current work focuses
on starve-fed extrusion, it can be applied to flood-fed
extrusion following the same approach, at a higher com-
putational expense.

2 | THE SINGLE SCREW
EXTRUDER IN EXTRUSION
DEPOSITION ADDITIVE
MANUFACTURING

The geometry of the single screw extruder described
in this work is based on the screw of the Composites
Additive Manufacturing Research Instrument (CAMRI);

a device developed to perform research on extrusion deposi-
tion additive manufacturing at Purdue University.42 The
length-to-diameter (L/D) ratio of the screw is 24:1 with a
compression ratio of 3:1. The inner diameter of the barrel is
25.4 mm and the clearance between the flights and barrel is
0.0254 mm. The root diameter increases linearly from 13.97
to 18.80 mm and remains constant for the last five chan-
nels. The pitch is constant for the first half of the screw,
then increases in the compression zone and decreases again
in the last few channels of the melt-conveying zone. The
geometry used in this study, shown in Figure 1, was made
in SolidWorks.

The purpose of this study is to capture pellet motion
and heat transfer in the first two zones of a single screw
extruder. To simplify the complex multi-physics nature of
the problem in transition zone, heat-transfer has been
decoupled from the mechanical deformation of pellets,
and viscous dissipation of polymer matrix has not been
captured. As heat generated due to polymer viscous dissi-
pation plays a significant role in pellet melting, excluding
this mode of heat-transfer resulted in slower melting of
pellets, and hence the entire length of the screw was
modeled to capture complete pellet melting.

The discrete element method was used to model pellet
flow and implemented with the open-source DEM code
LIGGGHTS,43 which is based on the molecular dynamics
code LAMMPS,44 of Sandia National Labs. Pellet contact
behavior is captured using a soft particle approach in which
penetration distance is used to estimate contact resistance
behavior. The modified Hertz model was used to estimate
contact force arising from every collision, adopted by.14

Finally, each LDF pellet was represented by joining 10 spher-
ical geometry particles of 2.5 mm diameter, with a spacing
of 1 mm, as shown in Figure 2D. The length of the pellet is
11.5 mm and the diameter is 2.5 mm. DEM simulation
parameters are material properties are listed in Table 1. The
coefficient of restitution, coefficient of rolling friction and
Poisson's ratio were chosen based on commonly accepted
properties.19,45 The Young's Modulus is limited by soft-
particle DEM approach and saves computational time. How-
ever, the original Young's modulus is used in calculating

FIGURE 1 Functional zones of a single-

screw extruder, borrowed from Reference [42].
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particle penetration distance during contact interactions. A
time step of a millionth of a second was used and outputs
were requested at a frequency of 20 Hz. The pellet feeding
rates have been kept in the bounds of starve-feeding to
reduce computational expense. A detailed parametric inves-
tigation of the effect of coefficients of friction has been
reported in.41

To model heat transfer of a given pellet, FEA software
code ABAQUS was used along with the subroutine
UMATHT for capturing polymer melting and crystallization
kinetics.46 The material characterization and implementa-
tion of UMATHT subroutine was previously developed by47

and implemented in ADDITIVE3D®, a physics-based

simulation for extrusion deposition additive manufacturing.
Ambient convection, ambient radiation, and thermal con-
tact heat-transfer mechanisms have been captured. The
simulation parameters are listed in Table 2.

3 | DESCRIPTION OF LDF PELLET
MOTION AND HEAT TRANSFER

Pellets are fed into the screw in a controlled manner
through a hopper with a small initial velocity of 0.01 m/s.
Two materials are defined – one for the metal surfaces that
is, screw, barrel and hopper and the second for the pellets.
Simulations were carried out with a high-performance
computing cluster, provided by Purdue University. Outputs
were reported every 0.05 s and post-processed in MATLAB
to predict pellet position, velocity, orientation and contact
conditions.

FIGURE 2 Composites Additive Manufacturing Research Instrument single screw extruder assembly. (A) Screw geometry, (B) front

view, (C) isometric view of the extruder assembly, and (D) multisphere representation of 40% CF-PPS long discontinuous fiber (LDF) pellets.

TABLE 1 Discrete element method simulation parameters and

material properties.

Parameter Value

Timestep 1e �6 s

Output request rate 20 Hz

Pellet density 4000 kg/m3

Young's Modulus (all) 10 MPa

Original Young's Modulus (screw, barrel) 200 GPa

Original Young's Modulus (pellet) 30 GPa

Poisson's ratio (all) 0.3

Coefficient of restitution (all) 0.3

Coefficient of rolling friction (all) 0.2

Coefficient of friction—pellet-barrel 0.3

Coefficient of friction—pellet-screw 0.2

Coefficient of friction—pellet-pellet 0.3

TABLE 2 Heat-transfer simulation boundary conditions and

thermal properties.

Parameter Value

Screw temperature 600 K

Barrel temperature 600 K

Pellet initial temperature 350 K

Ambient temperature for
convection, radiation

600 K

Contact thermal flux coefficient 5000 W/m2 K

Emissivity 0.85

Ambient convection coefficient 10 W/m2 K

KAPRE ET AL. 10105
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Once a pellet is chosen, its contact information is
used to formulate a static heat transfer problem with
dynamic boundary conditions in ABAQUS. The pellet-
screw and pellet-barrel contacts are transferred to the
pellet FEM mesh where an instantaneous heat flux is
applied to replicate the effect of a thermal contact. The

exposed pellet surfaces are subject to ambient convec-
tion and radiation where the ambient temperature is
same as the screw and barrel temperatures at 600 K.
The mapping flowchart is shown in Figure 3. For every
pellet at every time-step of the DEM simulation, the
contact points of the multisphere geometry are

FIGURE 3 (A) Discrete element method simulation snapshot visualized in Para view. (B) An isolated pellet with two contacts as

visualized in MATLAB. (C) Corresponding finite element mesh with contact elements highlighted. (D) Temperature profile showing local

hotspots at contacts.

FIGURE 4 Discrete element simulation visualized in Para view at 5 s increments. Four pellets colored red, blue, pink, and green are

tracked for extracting their trajectories.

10106 KAPRE ET AL.

 15480569, 2025, 11, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.29606 by T

est, W
iley O

nline L
ibrary on [05/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



mapped onto a cylindrical FEM mesh of same length
and diameter. This process is shown in Figure 3A,B for
a pellet with ID 86, at timestep 17.5 s. For the two con-
tact points shown in Figure 3B, the nearest nodes
are identified, and the adjacent elements are used to form
an element set, as highlighted in red in Figure 3C.
This element set is subjected to the thermal contact heat
flux at timestep 17.5 s in the heat transfer simulation. The

thermal heat flux is applied as an amplitude curve, and
causes local heating as shown in Figure 3D.

Six snapshots of the single screw extruder assembly are
taken at 5 s intervals from the start of the simulation. Pel-
lets are inserted in a controlled manner through the hopper
at a rate of 25 pellets per second and the screw rotates coun-
terclockwise at 80 revolutions per minute. Four pellets are
randomly chosen and colored pink, blue, red, and green for
tracking their individual trajectories. Individual pellet tra-
jectories are extracted and shown in Figure 4.

After the initial gravity-driven flow through the hop-
per, the pellets fall into the second or third channels

FIGURE 5 Individual trajectories of four colored pellets isolated and shown as a ribbon tracking the centers of the 10 spheres that form

the pellet. Screw length is marked in meters up to 0.62 m.

FIGURE 6 (A) Bounds for residence time calculation.

(B) Pellet residence time distribution.

FIGURE 7 Effect of screw speed and feeding rate on average z-

position evolution of pellets.

KAPRE ET AL. 10107

 15480569, 2025, 11, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.29606 by T

est, W
iley O

nline L
ibrary on [05/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



of the screw and are pushed forward by the active flight
of the screw. Since the screw is starve-fed, the channels
remain partially filled as opposed to traditional flood-fed
extruder where the channels are fully filled throughout
the length of the screw. This allows for relative motion of
pellets and reorientation as they mix in a single channel.
Within a channel, pellets tend to accumulate near the
active flight, aligning with the helix angle of the screw.

Pellets are also driven up and over the screw due to the
frictional forces due to pellet-screw and pellet-barrel
contacts.

The individual trajectories of four pellets are isolated
and extracted, shown in red, blue, pink, and green in
Figure 5. Although entering the system at different loca-
tions, all four pellets show a similar trajectory where they
rest at the bottom of the system while being pushed by

FIGURE 8 Four instances of pellet degree of melting that varies from 0 for a fully solid material to 1 for a fully molten material. The cut

side view, cut front view and isometric view are shown. (A) 5 s, (B) 10 s, (C) 15 s, and (D) 20 s.

10108 KAPRE ET AL.
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the active flight until 0.3 m of screw length and are then
picked up and start rotating along with the screw. This tra-
jectory can be characterized as a translational-conveying
followed by rotational-conveying motion. Most pellets
(red, green, and blue) seem to rest at the bottom of the
extruder assembly for the first half of their journey along
the screw, corresponding to the minimum y-coordinate.
The region of transition from translational-conveying

motion to rotational-conveying motion coincides with the
region of screw where pitch increases; thereby indicating
the start of the compression zone.

Residence time is defined as the time spent by a pellet
in the extruder system. Specifically, the two red dashed
lines, indicated in Figure 6A, were used to determine the
residence time of each pellet. The distribution has an
average of 20.24 s and lies between 18 and 24 s, as seen

FIGURE 9 Four instances of pellet degree of melting that varies from 0 for a fully solid material to 1 for a fully molten material. The cut

side view, cut front view and isometric view are shown. (A) 5 s, (B) 10 s, (C) 15 s, and (D) 20 s.

KAPRE ET AL. 10109
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in Figure 6B. Residence time has a direct impact on the
output flowrate of the bulk and time available for individ-
ual pellet melting.

These simulations were repeated for three different
screw rotation speeds—60, 80, and 120 RPM and three
different feeding rates—15, 20, and 25 pellets per second.
The position of center of mass of an average pellet is plot-
ted against time after averaging across all the pellets. This
is designated as the ‘z-position’ in Figure 7. Increasing
the screw speed from 60 to 120 RPM reduces the average
pellet residence time by 50%, as expected. However,
changing pellet feeding rate had no measurable effect on
pellet residence time.

The four pellets shown in Figure 5 were extracted for
heat-transfer and melting simulation. The temperature
profile of a single pellet is shown below at four different
instances of time. For the first few seconds, pellets
undergo free-fall, and heating is purely due to ambient
convection and radiation from the environment. This
causes the outside edges of the cylinder to be the hottest,
as seen in Figure 8A. Once the pellet contacts the hot
screw and barrel surfaces, local hotspots form at the
points of contact. The thermal contact heating causes
local melting as seen in Figure 8C. By the end of the sim-
ulation at around 20 s, the pellet is fully heated with the
nodal temperatures varying between 562 to 586 K. Addi-
tionally, pellet heating is largely radially symmetric as
seen in the front and side cut views of Figure 8. The iso-
metric views show the highly dynamic nature of pellet
heating, with local hotspots formed during pellet-screw
and pellet-barrel contacts.

The pellet degree of melting varies from 0 for the fully
solid state to 1 for the fully molten state. Figure 9 shows the
evolution of pellet degree of melting at four different
instances along with variation of degree of melting across
the length and diameter of the pellet. The local hotspots
formed due to pellet-screw and pellet-barrel contacts fully
melt the polymer locally as seen in of Figure 9B. consistent
with the temperature data, pellet melting is radially symmet-
ric with a softer shell and a solid core. By the end of 20 s, the
pellet fully melts inside out, as shown in Figure 9D.

Front view of radial pellet melting at time instance
25 s is shown below in Figure 10. The degree of melting
extracted from nodes along pellet diameter at mid-span is
plotted at various instances of time. At the first instance,
t = 21 s, the melting along pellet diameter is not symmet-
rical. However, as time proceeds, the melting becomes
symmetrical, corresponding to the rotational motion of
the pellet with all surfaces making contacts with the
screw and barrel surfaces.

Combining the pellet position information with the
average temperature and average degree of melting, we
can identify the region corresponding to the highest rate

of melting. The orange line in Figure 11 indicates pellet
position along the length of the screw and the blue line
indicates the average degree of melting. The shaded
region in Figure 11 corresponds to the maximum degree
of melting with a steep change in the slope of the blue
curve. The orange curve in the shaded region coincides

FIGURE 10 Radial melting profile of a pellet—cut view at 25 s

(TOP) and radial melting across mid-span at seven instances

(BOTTOM). The legend on plot indicates time in seconds.

FIGURE 11 Overlapping pellet distance along the screw with

its average temperature and degree of melting. Shaded region

corresponds to the rotational = conveying motion with a steep

increase in the rate of melting.
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with the rotational-conveying motion of the pellet, which
was identified previously to coincide with the transition
and melt-conveying zones of the single screw extruder.

Finally, the effect of screw rotation speed and pellet
feeding rate on average melting behavior of individual
pellets was studied. Three different DEM simulations
were performed: 15 p/s, 80 RPM (blue); 25 p/s,
80 RPM (red) and 25 p/s, 120 RPM (yellow). From
each simulation, four randomly chosen pellets were
used for the heat-transfer analysis, and their average is
shown in Figure 12. Increasing feeding rate from 15 to
25 pellets per second, we observed that red curve is
below the blue curve indicating that fuller channels
result in lower temperatures and lower degree of melt-
ing. On the other hand, increasing screw speed
increases the rate of pellet melting, as indicated by the
yellow and red curves in Figure 12 (right). In addition,
a screw speed of 120 RPM (yellow curve) does not
allow the pellets to fully melt before they exit the
screw.

4 | CONCLUSIONS

This paper has studied the motion and heat-transfer of
long-discontinuous fiber reinforced polymer pellets
through a single screw extruder. Pellet flow was captured
using discrete element method, and the cylindrical pellets
were represented as multi-spheres. Individual pellet tra-
jectories were extracted to characterize the motion of a
single pellet in starve-fed extrusion. A sequentially
coupled framework was developed to model the heat-
transfer and melting of an individual pellet. The dynamic
heat-transfer boundary conditions were obtained from
the contact information of DEM model. The main find-
ings of the study are as follows:

Screw channels were partially filled with pellets piled
near the active flight of the screw. Pellets stayed at the

bottom of the barrel hugging the active flight for roughly
the first half of the screw length as they were pushed for-
ward by the active flight. Then they started rotating along
with the screw and continued until they exited the extruder
system. The transition from translational to rotational
motion occurs due to the increase in the diameter of the
screw-root and reduction in pitch, defined as a characteris-
tic of the compression zone of a single-screw extruder. The
average residence time increased by 50% when the screw
rotation speed was doubled from 50 to 80 RPM at a con-
stant feeding rate of 20 pellets per second. Changing the
feeding rate from 15 to 25 pellets per second did not have a
significant effect on the average pellet residence time.

Individual pellet heat-transfer results indicated a radi-
ally symmetric outside-in heating. Thermal contacts due to
pellet-screw and pellet-barrel interaction caused hotspots,
locally melting the polymer. Combining the pellet motion
information with its average degree of melting, the highest
rate of melting was found to occur during the rotational-
conveying motion of the pellet in the second half of the
screw. Increasing the screw rotation speed led to insufficient
melting, as the residence time was decreased allowing
shorter durations for the pellet to melt. Decreasing the feed-
ing rate caused more efficient melting due to increased
pellet-screw and pellet-barrel contacts. This agrees with
other studies that have observed starving the extruder sys-
tem to cause efficient melting.

Based on these observations, it can be concluded that
screw geometry has a significant effect of pellet motion.
Further development of these models with a focus on
individual pellet deformation can help in understanding
fiber length attrition in the compression zone of a starve-
fed single screw extruder.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

FIGURE 12 Pellet

temperature evolution (left) and

degree of melting evolution

(right) for three different cases

varying screw rotation speed and
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