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ABSTRACT

Starve-fed polymer extrusion has become an important strategy for improving process control, energy efficiency, and product
quality, but it also introduces partially filled flow regimes that are not captured by classical flood-fed concepts. This review
provides a critical assessment of starve-fed operation in single-screw and corotating twin-screw extruders, structured by extruder
type and process region. Key experimental techniques, including screw pull-out/quench analysis, window-based and optical
visualization, residence time distribution (RTD) measurements, mixing assessments, ultrasonic sensing, pressure profiling, and
specific mechanical energy (SME) monitoring, are reviewed with emphasis on how starve feeding modifies melting mechanisms,
fill level, RTD, and energy consumption. The experimental evidence base is particularly strong for starve-fed single-screw
extrusion, where pull-out and RTD studies clearly demonstrate a transition from contiguous solid-bed melting to mixed conduc-
tive/dispersed melting; corresponding data for starve-fed twin-screw extruders remain comparatively scarce and are often limited
to local visualization and RTD in selected elements. Modeling approaches are then summarized, from early analytical and
empirical models to modern global feed-to-die descriptions utilized to partially filled operation. Their capabilities and limitations
are discussed separately for single- and twin-screw machines, highlighting where starve-fed conditions can be treated by adapted
flood-fed models and where new formulations are required. Finally, advanced numerical techniques, computational fluid dynam-
ics (CFD), discrete element method (DEM), and smoothed particle hydrodynamics (SPH), are reviewed with respect to extruder
type and phase: DEM for granular solids conveying in the feed region, CFD for free-surface melt flow in partially filled single
screws and selected twin-screw sections, and SPH for resolving starved and intermeshing flows with explicit free surfaces. The
achievements and current limitations of these methods are identified, along with future research needs in improved modeling of
partially filled regions, tighter coupling between DEM and CFD/SPH, real-time process monitoring, and scale-up strategies for
industrial starve-fed extrusion.

1 | Introduction variety of products [4-6]. One of the key advantages of extrusion

Screw extrusion is one of the most important and widely used
manufacturing techniques for producing continuous products
with specific shapes by forcing materials such as plastics, metals,
or food through a die [1-3]. In the present review, the focus is on
polymer extrusion, where this highly versatile process softens
materials, usually by applying heat, to manufacture a wide

lies in its ability to combine several operations, such as mixing,
heating, and forming, into a single streamlined step, which
reduces production time and energy consumption compared to
traditional batch processes [4]. The continuous nature of extru-
sion ensures consistency in product quality and makes it ideal for
industries requiring high precision and uniformity.
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However, extrusion does have its limitations. One significant
drawback is the high capital cost of extrusion equipment, espe-
cially for twin-screw systems, which are used for more complex
applications [5]. Furthermore, extrusion requires precise control
of operational parameters, such as temperature, pressure, and
screw speed; improper control can lead to defective or inconsis-
tent products [4]. The process also has material limitations, as
some materials are prone to thermal degradation or undesirable
reactions under the high-temperature and high-pressure condi-
tions typical for extrusion [5]. While extrusion is more energy-
efficient than conventional batch processes, such as traditional
batch molding, it remains an energy-intensive method, particu-
larly during prolonged operations [7].

Extruders, generally categorized into single- and twin-screw
types, differ primarily in complexity and processing capabilities
(Figure 1); while single-screw systems are simpler and cost-effec-
tive for basic applications, twin-screw extruders offer superior
mixing and material control for complex processes [8]. Delvar
et al. [9] provided a comprehensive overview of twin-screw extru-
ders and their various subtypes. In this review, starve-fed plasti-
cating screw extrusion is considered in a general way, covering
both forming-oriented and compounding-oriented applications,
with the focus placed on how starve feeding affects melting,
pressure development, residence time, and mixing inside the
machine rather than on the specific downstream product.

Flood feeding (also called flood-fed or full feeding) and starve feed-
ing are two contrasting modes of supplying material to an extruder,
and they fundamentally alter the filling pattern along the screw.
Single-screw extruders have traditionally been run flood-fed (ensur-
ing a stable solid bed conveyance), but they can be starve fed if
equipped with precise feeders [10]. Figure 2 illustrates these distinct
filling patterns for a single-screw extruder. Twin-screw extruders,
on the other hand, are most often designed to be starve-fed [11].
Corotating twin-screw extruders almost always employ metered
starve feeding at the main hopper and any side feeders, because
this allows intentional control of fill in each zone and prevents
overfilling of the intermeshing screws [12, 13].

In contrast to flood feeding where material is delivered in excess,
starve feeding means that the material feed rate is deliberately set
below the maximum conveying capacity of the screw, which will
cause partially filled regions. The material is metered (usually by
a feeder or dosing system) at a controlled rate, and the screw
turns fast enough that it could convey more than is being fed.
As aresult, the screw is partially filled in the feed zone, there is an
air gap above the fluid, and the hopper throat is not flooded with
material [14]. In this case, the throughput is determined by the
feeder’s mass flow rate rather than the screw’s theoretical capac-
ity; at least until the screw speed becomes so high that its capacity
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can no longer keep up with the feed rate. In practical terms,
starve feeding “uncouples” the feed rate from screw speed. The
screw RPM can be increased without necessarily increasing out-
put (as long as the feeder continues to limit the flow), or vice
versa [15]. This decoupling is a major advantage for process con-
trol, allowing independent optimization of screw speed (which
influences mixing and heat generation) and throughput [16].

This independent optimization capability provided by starve feed-
ing directly contributes to its effectiveness in maintaining stable
pressure and preventing pressure fluctuations. In extreme starve-
fed cases (particularly in TSEs), almost the entire screw might be
unpressurized until just before the die. One practical advantage of
starve feeding is the significant reduction in pressure fluctuations
at the die. In flood-fed single-screw extruders, even small varia-
tions in feeding or melting can cause sudden surges in die pressure
and affect extrudate output. In contrast, starve feeding avoids over-
filling the screw, allowing precise control of die pressure by adjust-
ing the feed rate [17]. Twin-screw extruders are inherently
designed to operate starved, with pressure buildup occurring pre-
dominantly in the last kneading or metering elements that seal
flow and generate the required force for the die [5].

In classical flood-fed single-screw extrusion, the drag-flow convey-
ing mechanism and the formation of a compact solid bed generally
lead to a highly filled screw channel once solids compaction and
melting are established. Under many operating conditions, the
metering zone operates close to fully filled up to the die, except
in deliberately vented zones, although the actual fill level depends
on material properties, screw design, and processing conditions. In
contrast, corotating twin-screw extruders are commonly operated
in starve-fed mode, where individual screw elements frequently
run partially filled and become fully filled only in specific sections
designed for melting, intensive mixing, or pressure build-up. In
deliberately starve-fed single-screw operation, the classical fully
filled assumption is likewise relaxed, and extended partially filled
regions may exist upstream of the fully filled section. Since this
review focuses on starve-fed operation, the discussion emphasizes
these intentionally partially filled zones and their roles in convey-
ing, melting, mixing, and degassing.

The efficiency and performance of screw extruders are governed
by their distinct functional zones, each designed to achieve spe-
cific material transformations. Figure 3 is a generic functional
schematic; in the following, we explicitly distinguish between the
fully filled operation of classical flood-fed single-screw extruders
and the typically partially filled operation of starve-fed single-
screw and corotating twin-screw extruders.

In a single-screw extruder, the screw is typically divided into
three primary functional zones as shown in Figure 3. The feeding
zone (A) is the initial section with a constant, deep channel
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FIGURE 1 | (a)Single screw extruder vs. (b) corotating twin screw extruder schematic.
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FIGURE 2 | (a) Flood fed vs. (b) starve fed single screw extruder schematic.
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FIGURE 3 | Single screw extruder main zones schematic: A) feeding,
B) compression, and C) metering zone.
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designed to introduce raw material via a hopper and convey it
forward as a solid bed. The compression zone (B) is where the
channel depth gradually decreases; this reduction in volume
compacts the material and facilitates the transition from a solid
to a molten state. Finally, the metering zone (C) features a uni-
form and shallow channel that ensures a consistent melt flow
and generates the pressure required for extrusion. Unlike twin-
screw extruders which use modular intermeshing elements, this
single-screw design mostly relies on fixed axial zones with vary-
ing channel depths to process the material.

At the feed inlet, materials enter as loose pellets or powder. In
flood-fed single-screw extrusion, the solids quickly form a compact
bed, and the screw channel becomes fully filled after an initial
short distance. Under starve-feeding conditions, by contrast, the
feed rate is kept below the conveying capacity, so the feed zone
remains only partially filled, with material forming a shallow bed
rather than a packed plug [18]. In compression zone, as the screw
geometry transitions to shallower channels (in single-screw
designs) or as conveying elements build pressure (in twin-screws),
the material gradually goes from partially filled to fully filled. In
flood-fed single-screw extrusion, a continuous fluid forms and fills
the screw channel early, whereas in partially filled operation the
“fill length” extends further down the screw [19]. Up to the point
of fully filled section, the melting polymer exists in a two-phase
form (solid and melt) with an air or vapor pocket, meaning this
upstream melting section is only partially filled [16]. Once enough
polymer has melted to occupy the channel space, the material
becomes fully filled and pressure can then build rapidly.

In corotating twin-screw extruders operated under starve-fed
conditions, the degree of fill varies along the screw. While con-
veying elements and some distributive mixing sections may oper-
ate under partially filled conditions, kneading blocks and other
dispersive mixing elements are typically locally fully filled due to
their higher flow resistance, which enables effective melting and
dispersive mixing [20]. In contrast, while some starve-fed single-
screw extruders may utilize mixing sections, these elements are
typically designed to operate closer to a full state to ensure suffi-
cient shear is applied to the melt.

Degassing sections explicitly require partially filled conditions. In
vented extruders (single or twin-screw), upstream of the vent, a
melt seal (a short fully filled zone) is often maintained to prevent
backflow of gases; immediately under the vent opening, the
screw channel depth is increased, or the screw elements are
designed to reduce pumping, causing the melt to un-fill [21].
This creates a large free surface area of molten polymer exposed
under the vent, enabling trapped air, moisture, or solvents to
escape. Thus, partially filled regions are deliberately engineered
in degassing zones to improve volatiles removal [22, 23].

Most analyses of the extrusion process have focused on classical
flood-fed single screw extrusion, particularly on melt conveying
and, later, solid conveying [24, 25]. This highlights the gap in
research studies concerning the understanding of such complex
dynamics that needs further investigation due to several chal-
lenges like irregular feed rates, pressure fluctuations, and mate-
rial behavior. In this review, various methods used to study the
effects of starve feeding on process performance and product
quality, generally classified as experimental, computational, or
analytical are examined. The primary focus is on starve-fed extru-
sion of polymeric materials; examples from food, pharmaceutical,
or other extrusion fields are included only where they provide
methodological insight that is directly applicable to polymer
processing.

2 | Experimental Methods

Experimental investigations of starve-fed extrusion rely on a rel-
atively consistent toolbox of methods, including screw pull-out/
quench experiments to map melting profiles, in situ visualization
(transparent barrels or optical sampling) to observe fill level and
agglomerate dynamics, tracer-based residence time distribution
(RTD) and mixing studies, and indirect monitoring via pressure,
ultrasonic sensors, and specific mechanical energy (SME). In the
following, each technique is first discussed in terms of starve-fed
single-screw or screw-type-independent studies, and then corre-
sponding developments for corotating and other twin-screw sys-
tems are highlighted.

Among these methods, screw pull-out experiments have been
particularly influential for clarifying melting mechanisms under
starve-fed conditions. In this method, the extruder is stopped at
steady state, the barrel rapidly cooled, and the screw removed
with solidified polymer attached. Analyzing cross sections reveals
the melting profile along the screw. Originally developed to study
flood-fed extrusion, it helped uncover the contiguous solid melt-
ing (CSM) mechanism, where a compact solid bed melts via a
thin film at the barrel wall and an accumulating melt pool [26,
27]. However, when adapted to single screw starve-fed extrusion,
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the pull-out technique has revealed a completely different melt-
ing regime [28]. Instead of a long contiguous solid bed with a
single melt pool at the downstream end, starved extruders exhibit
a two-stage melting: conductive melting dominates in the
upstream starved zones (solid particles heat up without forming
a compacted bed) and further down where the screw eventually
becomes fully filled, the remaining solids undergo a dispersed
melting in the melt pool. In other words, the solid feed does
not form one continuous plug, it breaks up early and forms
agglomerates or chunks that melt individually once surrounded
by melt [18, 19, 28].

Experimental screw pull-out evidence supports the researchers
observation about the classical continuous solid bed which was
largely absent in starve-fed single-screw extrusion [28]. For
instance, in a starve-fed polyethylene extrusion study by Rathner
et al. [29], screw pull-out samples were image-analyzed by adding
a 2% carbon black masterbatch to the feed, which produced a color
contrast between melted and unmelted polymer. The cross sec-
tions clearly distinguished white solid fragments from black-
melted regions, allowing quantification of the fraction of material
melted at each screw position. Those tests revealed a dispersed
solid residue in the first half of the screw when operating at a
25% feed rate, confirming that solids were melting in a dispersed
manner rather than as a continuous plug. Further experimental
observations showed that pellets did not form a uniform bed in
starved zones [24, 28]. Instead, they accumulated preferentially on
the upstream side of the screw flights, the so-called active or driv-
ing side, rather than distributing evenly around the channel. This
clustering behavior, revealed through physical screw pull-out
inspections, provides key insight into where initial melting may
begin. Since the pellets tend to hug the flight flanks on the active
side, that is likely where the first melt films initiate due to better
heat transfer from the barrel. To date, systematic screw pull-out
studies under starve-fed conditions have been reported almost
exclusively for single-screw extruders; analogous dead-stop studies
in twin-screw machines generally focus on fully filled or flood-fed
operation and are, therefore, not discussed in detail here. These
screw pull-out studies therefore constitute the primary experimen-
tal evidence for the melting mechanisms in starve-fed single-screw
extrusion that are discussed later in this review.

Such unusual single-screw setups, deliberately starving the feed
and using color-coded polymers for pull-out analysis, have led to
important conclusions. For starve-fed single-screw extrusion,
starve-feeding significantly prolongs the melting process, but
ultimately results in a more complete melt by the end of the
screw. Dispersed solid fragments are more uniformly surrounded
by molten polymer, which enhances heat transfer and reduces
the risk of unmelted solid cores, especially in highly viscous or
filled systems [18, 24, 28, 29]. Additionally, the melting mecha-
nism shifts from the classical film-and-pool pattern to a mixed
conductive/dispersed melting regime [30]. This illustrates how
the screw pull-out method, combined with use of tracers and
imaging, has been adapted to study partially filled single-screw
extrusion scenarios that were historically hard to observe.

Because the screw pull-out technique, while insightful, is both
destructive and time-intensive, researchers have developed alter-
native in situ visualization methods to study melting and mixing
processes in real-time during starve-fed or partially filled extru-
sion. One prominent method involves incorporating transparent

viewing windows directly into the extruder barrel. For single-
screw extrusion under starve-fed conditions, one of the few direct
windowed flow-visualization studies identified is the work of
Bawiskar and White [31]. In that study, transparent barrel sec-
tions allowed direct observation of starve-fed solids conveying in
a laboratory single-screw extruder. The authors reported forward
Archimedean transport of pellets on the underside of the screw
and visualized the gradual disappearance of starved regions as
melting proceeded, providing rare direct evidence of solids trans-
port and filling behavior in a starved single-screw. In the same
work, the visualization concept was extended to a modular self-
wiping corotating twin-screw extruder operated under starve-fed
conditions, thus, bridging single- and twin-screw flow visualiza-
tion under comparable operating modes.

Liu et al. [32] developed a specialized transparent corotating twin-
screw extruder equipped with 13 toughened glass windows spaced
along the barrel, allowing full visual access to the screw channel.
Video recordings of LDPE and ABS extrusion under starved con-
ditions revealed pellets forming agglomerates with molten outer
layers, which gradually melted as they traveled downstream.
These direct observations supported the creation of a melting
model that accurately predicted the required screw length for
complete melting, validating the model against experimental
data across various operating conditions. Similarly, Yichong and
Fuhua [33] utilized a windowed corotating twin-screw extruder
designed to capture melting behavior under different filling levels.
Their setup provided visual insights into intermeshing and con-
veying zones, enabling classification of distinct melting regimes,
from rolling agglomerates at lower fill levels to continuous beds at
higher fills. These observations led to a melting regime transition
model, introducing the novel “variety conception,” where different
melting patterns were recognized as distinct physical phenomena
requiring separate analytical treatment.

Expanding on these techniques, Yu et al. [34] developed a visuali-
zation system used for a novel non-twin screw extruder featuring
asymmetric screw speeds (2:1 ratio) intended to enhance mixing. A
segmented transparent barrel coupled with a multiangle camera
system enabled real-time capture of viscoelastic fluid flows, reveal-
ing complex interactions such as uneven fill degrees, the formation
of material dams, and stretching flows between asymmetric
screws. Their geometric modeling directly correlated captured
images with fill level variations, explaining how screw asymmetry
influenced distributive mixing and flow dynamics.

Bernardo et al. [35] complemented traditional visualization
approaches with a hybrid in situ optical method specifically devel-
oped for studying mixing and flow behaviors under partially filled
and starved conditions in corotating twin-screw extrusion. Rather
than conventional transparent windows, their method involved
extracting small melt streams through axial sampling ports placed
along the kneading zone. Real-time analysis of turbidity and bire-
fringence signals from these samples allowed the researchers to
identify and map underfilled screw regions, providing detailed
spatial profiles of fill levels. Additionally, Bernardo et al. [35]
investigated mixing through RTD experiments. Injecting tracer
pulses at the feed, they tracked optical signatures at multiple screw
positions, deriving RTD curves. These experiments revealed
shorter residence times at increased screw speeds, but demon-
strated that mixing behavior varied significantly with screw geom-
etry. In particular, the KB90-6 neutral kneading block was shown
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to yield prolonged residence times and enhanced dispersive mix-
ing under starved conditions, with two mixing indices derived
from RTD data: a dispersive index based on curve area and a
distributive index based on variance (¢%). This enabled comprehen-
sive mapping of screw configurations under partially filled opera-
tions, clarifying the interplay of residence time, flow symmetry,
and geometry in controlling mixing efficiency of corotating twin-
screw extruders.

The critical role of RTD analysis in starve-fed single-screw extru-
sion is further illustrated by Rathner et al. [29], who performed
fluorescent dye—based RTD measurements in a starve-fed single-
screw extruder. Their study demonstrated that reducing feed
rates significantly broadened RTD curves, more than doubling
mean residence times at 25% feed compared to flood-fed condi-
tions. This broader RTD profile improved melting and dispersion
of additives, confirming enhanced mixing due to increased inter-
facial stretching in starve-fed extrusion.

For corotating twin-screw extruders, Lepschi et al. [36] applied
fluorescence spectroscopy in a partially filled corotating twin-
screw extruder, tracking axial RTD evolution by injecting tracers
at low concentrations and monitoring intensity at multiple
points. Their analysis showed limited impact of polymer viscosity
under partially filled conditions, while screw geometry, specifi-
cally conveying element design, dominated RTD behavior. Left-
conveying elements induced longer residence times with lower
RTD polydispersity, while right-conveying elements promoted
rapid material transitions, emphasizing screw design’s crucial
role in controlling fill behavior and mixing.

When direct optical access is impractical, ultrasonic sensing pro-
vides a screw-type-independent, noninvasive alternative for detect-
ing filled vs. empty zones. Francla et al. [37] embedded
piezoelectric sensors in the barrel wall of a single-screw extruder
to monitor polymer presence and interface transitions during
extrusion. Changes in ultrasonic signal amplitude and time-of-
flight reliably indicated whether polymer was present in front of
the probe and whether melt-air interfaces or phase boundaries
were passing the sensing location. In principle, the same sensing
concept can be applied to partially filled or starve-fed operation:
when screw sections are starved, ultrasonic reflections from the
polymer vanish or weaken, allowing detection of empty regions or
fluctuating fill. Subsequent work has transferred similar ultrasonic
probes to twin-screw extruders, especially for inline monitoring of
blending quality and RTD. Although most published ultrasonic
studies to date emphasize fully filled or melt-blending conditions,
the technology is inherently suited to mapping the transition
between starved and fully filled zones in both single- and twin-
screw machines, particularly where optical access is impossible.

Pressure monitoring along the barrel provides another indirect
method to assess fill levels and melting progression, particularly
in starve-fed single-screw extruders. Lopez-Latorre and McKel-
vey [19] equipped a starve-fed single-screw extruder with multi-
ple pressure transducers along the barrel. Their model predicted
the axial location where pressure begins to rise as a function of
screw fill, and they demonstrated practical benefits of controlled
partial filling such as reduced energy consumption and improved
process stability. In corotating twin-screw food extrusion, pres-
sure profiles measured along the barrel have been used to inter-
pret how feed rate, water content, and screw configuration affect

filling behavior and energy dissipation [38]. Although many of
these twin-screw studies consider highly filled or near-flood-fed
conditions, their pressure data and modeling approaches are
directly relevant when twin-screw extruders are deliberately
run slightly starved to avoid excessive pressure, surging, or erratic
flow. More generally, sudden local pressure increases in vented
sections, whether in single- or twin-screw machines, can indicate
undesirable vent flooding during devolatilization [22, 23], mak-
ing pressure transducers a sensitive diagnostic for transitions
between starved and fully filled regions.

Extrusion is energy-intensive, so energy efficiency is crucial in
both single- and twin-screw systems. SME, defined as the work
input from the extruder motor per unit mass processed, is widely
used as a process metric, independent of screw type. Experimen-
tally, SME is determined via motor power or torque combined
with throughput measurement [39]. For starve-fed single-screw
extrusion, Nastaj and Wilczyriski [15] showed that specific power
consumption in starve-fed mode is typically 10%—20% lower than
in flood-fed operation, because reduced fill levels decrease mate-
rial resistance and viscous drag in the upstream channel and help
avoid unnecessary pressure build-up [14]. In starve-fed single-
screw studies such as Rathner et al. [29], SME and residence
time were analyzed together, revealing that even though starve
feeding increases residence time and melt temperature, no sig-
nificant degradation was observed, suggesting that improved
melting and mixing can be achieved without sacrificing material
integrity. In corotating twin-screw food extrusion and pharma-
ceutical hot-melt extrusion, SME is also a key control parameter
[38—-40]. However, most of these twin-screw SME studies are not
explicitly framed as starve-fed, even though metered feeding and
partially filled sections are common. The general trend remains
that operating away from fully packed channels often reduces
SME at equivalent throughput, provided that melting and mixing
remain adequate.

Despite the significant insights gained from these experimental
methods, each technique has practical limitations. Screw pull-out
experiments are destructive and limited in time resolution; win-
dowed visualization requires specialized hardware and often
restricts operating pressures; optical RTD methods and ultrasonic
sensing can be limited by signal interpretation and calibration;
pressure/SME measurements, while robust, provide only indirect
information about the local morphology of solids and melt. More-
over, systematic starve-fed studies exist only for a subset of screw
geometries and operating conditions, particularly for twin-screw
extruders. Therefore, complementary modeling approaches are
essential: they enable detailed exploration of internal phenomena
such as melting mechanisms, solid—melt coexistence, and transi-
tions between partially and fully filled regions that are challeng-
ing to capture experimentally. Modeling, thus, enhances the
analysis of starve-fed extrusion by providing predictive power,
allowing the study of conditions beyond experimental reach,
and facilitating optimization of both single- and twin-screw pro-
cesses, as discussed in Section 3 (Modelling Techniques).

3 | Modeling Techniques

Modeling starve-fed extrusion presents unique challenges due to
the presence of partially filled screw regions, especially near the
feed zone. This significantly alters the thermal, flow, and
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pressure characteristics along the screw, needing specialized
models that can capture the dynamics of partially filled regions
and fill-length transitions.

Early single-screw extrusion models, developed by McKelvey,
Tadmor, and Klein, laid the foundation for screw flow theory
under simplified, fully filled assumptions [41-44]. However,
starve-fed extrusion processes deviate from these idealized con-
ditions. In starve-fed models, the extruder is conceptually divided
into two distinct regions: a starved zone, where the channel is
only partially filled and no pressure builds up, and a flooded
zone, where material fills the channel completely and pressure
begins to rise. In the starved section, melting is primarily driven
by heat conduction into loosely packed granules. Once it gets
fully filled, the system transitions into a pressurized state gov-
erned by classical melting mechanisms, such as those proposed
by Tadmor [45]. Tadmor developed the first rigorous melting
model, known as the Tadmor melting mechanism, which
assumes a solid polymer bed persists along the screw’s pushing
side while a thin melt film forms at the interface with the heated
barrel [44]. As the screw rotates, the melt film is sheared off and
accumulates as a melt pool on the opposite side. The model
divides the cross-section into three regions: solid bed, melt film,
and melt pool, and uses an energy balance, accounting for barrel
heat conduction and viscous dissipation, to predict the melting
rate of the solid bed.

Unlike in fully flooded models, the fill length (the axial location
where the channel becomes fully occupied) is not known before-
hand. Instead, it must be determined as part of the model solution,
often through iterative methods. Analytical treatment of this tran-
sition is difficult, as the free surface in the starved zone depends on
complex and coupled phenomena including material rheology,
operating conditions, and screw geometry. Early efforts to describe
this transition were made by researchers such as Lopez-Latorre,
McKelvey, and Isherwood, who highlighted how low feed rates
delay melting and shorten the pressurized region, affecting both
output and thermal stability [14, 19].

Analytical models for starve-fed extrusion typically begin from a
known feed rate, unlike flood-fed approaches that compute out-
put from screw geometry and speed. In this inverse setup, the
model calculates how far along the screw the material travels
before the drag flow exceeds the imposed feed rate, this point
marks the start of the flooded region. Some early analytical fra-
meworks estimated this fill point by comparing the screw’s the-
oretical drag capacity to the supplied throughput [46]. Beyond
that point, pressure builds and conventional pressure-melting
equations are applied.

However, purely analytical approaches often fall short in captur-
ing real starve-fed behavior, due to uncertainties in fill level, free
surface shape, and local melting dynamics. To address these gaps,
empirical observations have been integrated into analytical mod-
els. For instance, Potente [47] introduced the concept of a “melt-
ing delay” zone, an empirical correction acknowledging that
melting typically initiates some distance from the hopper. This
helped refine melting models to better match experimental
observations [47]. In this approach, the initial melting is delayed
due to reduced thermal penetration into the loosely packed
solids, and the melt film thickness evolved along the screw. Sim-
ilarly, purely empirical models have been used in starve-fed

extrusion process scale-up and optimization studies to identify
how reduced filling influences output and quality. For example,
Underwood [48] applied design-of-experiments to extrusion and
used regression to find optimal conditions, an approach that
could be extended to starved conditions by including feed rate
as a factor.

The most significant developments in starve-fed modeling came
with the emergence of global and zone-based models, which
simulate the entire extrusion process by integrating submodels
for solids conveying, melting, and melt pumping. Wilczyriski et al.
[16] played a key role here, developing comprehensive simula-
tion tools like SSEM-Starve (an extension of their Single-Screw
Extrusion Model for starved feeding) and later the Global Screw
Extrusion Model (GSEM). These were among the first fully pre-
dictive models for starve-fed single screws, capable of handling
partially filled conditions. Crucially, they implement a two-stage
melting mechanism in line with Tadmor’s framework: in the
starved (partially filled) zone, polymer granules accumulate
along the screw’s pushing flight and melting is governed primar-
ily by heat conduction from the barrel, forming a thin melt film;
once the screw channel becomes fully filled, the process shifts
into the classic Tadmor-type melting regime dominated by vis-
cous shear dissipation and melt pool growth. This approach cap-
tured the distinctive melting behavior under starved conditions, a
delayed melt onset followed by a rapid melting once flow
becomes pressurized, which earlier one-stage models could not
fully describe.

Building on these global frameworks, Nastaj and Wilczyniski
recently proposed a dedicated computational scale-up strategy for
both flood-fed and starve-fed single-screw extrusion. In their
approach, the global model (GSEM and related variants) is embed-
ded in an optimization loop, where scale-up is formulated as a
multiobjective problem: The target extruder (different diameter or
length) is required to reproduce selected process descriptors of a
reference machine, such as melt temperature at the die, pressure
and fill-factor profiles, plasticating length, and SME. A genetic-
algorithm-based procedure automatically adjusts screw geometry
and operating conditions to minimize deviations between simu-
lated reference and target profiles, yielding scale-up solutions that
respect both thermal and mechanical similarity under metered
(starved) as well as fully flooded conditions [49]. This work follows
a long line of optimization-oriented contributions by Covas and
Gaspar-Cunha [50], who pioneered the use of evolutionary algo-
rithms and other metaheuristics for extrusion. For plasticating sin-
gle-screw extruders, they developed optimization procedures to
select screw design and operating conditions under multiple, often
conflicting criteria such as throughput, melt quality, and energy
consumption, by coupling global extrusion models with genetic
algorithms. For corotating twin-screw extruders, they extended
these ideas to optimize not only the operating conditions but also
the detailed screw configuration, using multiobjective evolutionary
algorithms to balance mixing performance, residence time, and
SME. They further proposed optimization-based methodologies
for extrusion scale-up, in which the geometry and operating con-
ditions of a larger line are chosen so that key process variables of a
laboratory extruder (temperature, pressure, SME, and plasticating
length) are reproduced as closely as possible [50, 51].

A key feature of these global models is their inverse (backward)
computation scheme for determining the fill point. In starve-fed
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operation the throughput is fixed by the feeder, but the axial
position where the screw transitions from partially filled to fully
filled is initially unknown. To resolve this, global simulators start
calculations from the die end backward: given the known output
flow, they compute the pressure profile upstream along the screw
until it drops to zero, marking the onset of starvation (the fill
length) [15]. Once this fill point is found, the simulation of the
upstream starved region proceeds forward from the hopper to
ensure that melting and mass continuity conditions are satisfied
at the transition. This backward-forward iterative algorithm
(often called an “inverse” approach) is necessary because the
usual one-to-one relationship between pressure and flow breaks
down in partially filled sections. By integrating all zones, solids
conveying, a possible melting delay zone near the feed, the melt-
ing section, melt conveying, and the die, into a single model, the
GSEM and similar frameworks can predict pressure, tempera-
ture, solid bed fraction, and screw fill profiles with much higher
fidelity than separate analytical equations. For example, GSEM
simulations clearly show the pressure dropping to zero at the fill
point in starved operation and reveal the two distinct melting
stages with a conduction-driven region followed by a viscous
dissipation region. These outcomes align with experimental
observations and confirm that starve feeding shifts the melting
mechanism toward barrel-conduction in the early screw length
(with delayed pressurization). The ability to compute the fill
length as part of the solution, rather than assume it, is a major
advantage of global models and has proven essential for accu-
rately modeling starved extrusion.

Importantly, twin-screw extruders, which by design are usually
starve-fed, have also benefited from global modeling advance-
ments. Wilczyriski et al. [52] applied similar zone-based modeling
to closely intermeshing counter-rotating twin-screw extruders,
using an inverse computation approach analogous to the single-
screw case. (Others did the same for corotating twin-screws
around the same time [53-55].) These early twin-screw models
were somewhat simplified, they typically assumed a single melting
stage and often required the user to predefine where along the
screws the material fully filled the intermeshing channels. Never-
theless, they demonstrated the feasibility of predicting partial fill
behavior in twin-screw machines. Building on that foundation,
researchers have since developed more sophisticated twin-screw
starve-fed models that incorporate two-stage melting and automat-
ically solve for the fill length, much like the single-screw global
models. For corotating twin-screw extruders, Covas and Gaspar-
Cunha [50] proposed a dedicated scaling-up methodology that
couples a global plasticating model with multiobjective evolution-
ary optimization. In their approach, the target (scaled) extruder
geometry and operating conditions are chosen such that key pro-
cess quantities of a reference machine, such as melt temperature,
residence time, SME, and pressure profile, are matched as closely
as possible. This model-based scale-up framework allows system-
atic evaluation of trade-offs between throughput, energy input and
mixing performance when transferring formulations from lab-
scale corotating twin-screw lines to industrial scale [56, 57].
More recently, Nastaj and Wilczynski [58] used their validated
counter-rotating twin-screw model (TSEM) as the core of a com-
puter-based scaling-up system. In this system, each scale-up crite-
rion (for example, melt temperature at the die, relative plasticating
length, or full axial distributions of temperature, pressure, solid
bed fraction, and fill factor) is treated as an objective function in a

genetic-algorithm-based procedure (GASES_TWIN). By simulat-
ing both a reference and a target machine under metered (starved)
feeding, the algorithm searches screw configurations and operat-
ing conditions that minimize the differences between their pro-
files, providing a systematic methodology for scaling up counter-
rotating twin-screw extrusion [58]. This underscores how global
modeling of starved extrusion isn’t just of academic interest, it has
direct practical implications, allowing engineers to fine tune feed-
ing rates and screw designs to achieve optimal performance. A
comprehensive overview of optimization methodologies for poly-
mer extrusion, including these and many other contributions to
single- and twin-screw systems, can be found in the by Gaspar-
Cunha et al. [59].

In summary, modeling starve-fed extrusion requires specialized
frameworks that capture nonpressurized flow, conduction-driven
melting, and the axial transition to full filling. While early analyti-
cal models offered useful insights, it is the integration of empirical
findings and global zone-based simulations that has enabled accu-
rate, predictive modeling of starved operation. These models are
now essential tools for screw design, process optimization, and
have already been embedded in computer-aided scale-up method-
ologies for single-screw, corotating and counter-rotating twin-
screw extruders, without resorting to full 3D simulation. However,
they do depend on the quality of the underlying submodels and
often require some calibration. With the advent of more powerful
computation, some aspects of global models are now being aug-
mented or replaced by numerical simulation (computational fluid
dynamic/discrete element method [CFD/DEM]) as discussed next;
still, global models remain invaluable for quick analysis and opti-
mization studies (including screw design via trialing different zone
lengths virtually).

4 | Numerical Simulation Techniques

As extrusion processes have grown more complex (especially with
the adoption of starve feeding, novel materials, and advanced
screw geometries), traditional analytical models alone have
become insufficient for capturing the full range of physical phe-
nomena involved. Numerical simulation techniques have, there-
fore, emerged as essential tools, offering detailed, physics-based
insight into flow, heat transfer, phase transitions, and particle
behavior in extrusion systems. These simulations, including
CFD, DEM, and smoothed particle hydrodynamics (SPH)
approaches, allow researchers to investigate regions that are ana-
lytically difficult. For starve-fed single-screw extruders, current
numerical tools can describe solids conveying and partially filled
melt flow with considerable detail on laboratory and pilot scales,
although fully resolved simulations of industrial screws including
melting and devolatilization remain rare. For corotating twin-
screw extruders, high-fidelity simulations are typically limited to
individual elements or short sections (e.g., feed, conveying, or
kneading blocks), and often treat either the solid phase (DEM)
or the melt phase (CFD/SPH) in isolation. Fully 3D, transient
simulations of entire starve-fed twin-screw lines, including solids
conveying, melting, and multiphase flow, are still beyond routine
practice. In the following, the main numerical techniques are dis-
cussed explicitly with respect to the type of extruder and process
region they can currently address.
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4.1 | CFD Simulations

CFD provides deep insight into the fluid dynamics of partially
filled regions, where melt coexists with air, and the fill level
evolves along the screw. Unlike flood-fed cases that often assume
axial periodicity, starve-fed simulations require modeling the
entire screw length to capture the dynamic fill length and transi-
tions from partially to fully filled zones.

A fundamental challenge in CFD of screw extruders is handling
the moving screw and its relative motion against the barrel. One
common strategy is to use a rotating reference frame: The screw is
kept stationary in the model while a tangential velocity is imposed
on the barrel, mimicking screw rotation. This avoids deforming
the mesh and allows a steady-state solution in the screw frame.
Alternatively, sliding mesh or arbitrary Lagrangian—Eulerian
(ALE) techniques explicitly move or remesh the domain as the
screw turns. These approaches allow the screw surface to physi-
cally move relative to the fluid, avoiding geometric approximation
of the helix [9, 60, 61]. Such techniques are now routinely applied
to single-screw geometries and, with greater meshing effort, to
localized regions of corotating twin-screw extruders (e.g., one or
a few elements), but full-machine twin-screw simulations remain
very demanding. While periodic boundary conditions can be
applied to simulate a single screw channel repeating infinitely
(useful for fully filled metering sections), this is not valid under
starve-fed conditions [62]. In starve feeding the flow is not axially
periodic, there is a finite filled length after which the channel runs
partially empty. Therefore, CFD models of starve-fed extruders
typically must simulate the entire screw (or a long enough section
from feed to die) to capture where the flow transitions from par-
tially filled to fully filled.

In starve-fed simulations, representing the free surface between
the polymer melt and air in the partially filled region is crucial.
Most studies employ a volume-of-fluid (VOF) or similar multi-
phase method to track this moving interface [63-65]. Using VOF,
researchers have simulated partially filled single-screw extruders
by initializing the flow so that the fluid occupies only part of the
channel and then allowing the material to advance downstream.
Such simulations are inherently transient, as the screw turns and
material is conveyed, the free-surface interface moves until a
steady fill length is established. These CFD models can predict
the fill length (the point along the screw where the channel
transitions from starved to fully filled) and the shape of the
melt pool in the starved region. Liibke and Wiinsch [66], for
example, demonstrated a 3D VOF-based CFD model of a par-
tially filled single-screw extruder, solving only the liquid melt
phase with appropriate boundary conditions at the free surface.
By comparing a simplified 2D “unwrapped” screw channel and a
full 3D screw, they showed how the degree of filling and material
properties influence the free-surface position and fill length.
These early simulations laid the groundwork for understanding
starved flow behavior in single-screw extruders.

Recent CFD studies have explicitly examined the differences
between assuming a flood-fed (fully filled) vs. starve-fed screw.
Olofsson et al. [67] introduced a comprehensive 3D CFD model
with free-surface tracking for a starve-fed single-screw extruder,
using a pulse-tracer method to determine the RTD. Their results
quantified the impact of accounting for partial filling instead of
assuming a flooded screw, showing that neglecting the free

surface can lead to significant errors in predicting the mean resi-
dence time. This underscores that including the entire partially
filled flow in simulations is important, and that simplifying a
starved single-screw extruder as if it were fully filled can misesti-
mate performance. In a lab-scale starved extruder, the CFD
model was able to pinpoint the fill length and showed how
RTD broadens under starved conditions compared to the flooded
assumption. Olofsson et al. [68] found, for instance, that a lower
feed rate (more severe starvation) led to a wider RTD and higher
overall shear experienced by the material, whereas a higher fill
level yielded a narrower RTD and less shear. This indicates that
partial filling fundamentally changes the flow: At lower fill levels,
the material experiences more exposure to air and more intermit-
tent flow patterns, resulting in greater shear and mixing intensity
in the screw channel. Indeed, starve-fed CFD visualizations often
reveal enhanced distributive mixing due to the presence of a free
surface and secondary flows, the material can circulate in the
partially filled space in ways not possible when the channel is
completely full. These chaotic advection patterns help explain
why processors sometimes observe improved mixing uniformity
under starve-fed operation.

To manage computational cost, some authors have explored data
driven approaches such as reduced-order models informed by
CFD. In a follow-up study, Olofsson et al. [68] validated their
full 3D starve-fed CFD model against an industrial extruder with
sensors, achieving good agreement (within ~6%-11% error in
RTD predictions after accounting for slight screw wear). They
then developed a simplified 2D convection-diffusion model as a
reduced-order representation of the flow, using the velocity field
from the 3D CFD and calibrating a diffusion term to match the
RTD curve. The 2D model reproduced the key features of the
RTD with only minor discrepancies, demonstrating that it is
possible to bridge detailed CFD and fast prediction in starve-
fed systems. Such approaches are promising for real-time process
optimization: the high-fidelity CFD captures where and how the
screw fills, and the reduced model makes rapid predictions based
on that information.

Overall, CFD simulations give unique insight into partially filled
screw extrusion that traditional analytical models cannot easily
provide. They can predict how the fill level varies along the screw
for given throughput and screw speed and how that fill level in
turn affects pressure generation, mixing, and thermal history.
Notably, most earlier simulation work focused on fully filled extru-
ders. Dedicated CFD studies of starve-fed single screws have been
relatively limited until recently, due in part to the complexity of
free-surface and moving-boundary simulation. With modern soft-
ware and hardware, however, these challenges are being over-
come. The primary limitations of CFD in this area remain the
high computational cost and complexity of setting up multiphase,
moving boundary flows. Solving the full 3D, transient free-surface
problem for a long screw is time-consuming and resource-inten-
sive. For single-screw extruders, such starve-fed CFD models are
now well established at research scale, whereas for corotating
twin-screw extruders comparable starve-fed CFD studies are still
short and are typically restricted to short sections or simplified
geometries rather than entire machines. Nonetheless, ongoing
improvements in numerical algorithms (e.g., more efficient
mesh handling and advanced VOF techniques) and ever-increas-
ing computational power continue to extend the reach of CFD.

8 of 13

Advances in Polymer Technology, 2026

25UB017 SUOLLILIOD SA1IE810 3|1 jdde ) Aq pauiecb a2 oI YO 85N J0 S9N 10} ARIGIT8UIIUO AB|IM UO (SUONIPUOD-PUE-SULEYWOD™A3 |1 ATRIq1PUIIUO//STIL) SUONIPUOD PUE SLLLB | 841 39S [920Z/70/T0] U0 AIq1T8UIIUO 511 BUISNYRUEIL0D Aq 897S6Y6/APE/SSTT OT/I0p/W0Y" S| ARe.q 1jBu U0/ SNy Wol) papeojumod T ‘9202 ‘TE9T



4.2 | DEM

The DEM has emerged as a key tool for studying solid conveying
behavior in extrusion systems, especially in the partially filled
(starve-fed) regions where pellets or powder are loosely packed
and the assumptions of a continuum breakdown. In practice,
DEM has been applied most extensively to the feed and solids-
conveying sections of starve-fed single-screw extruders, and to a
lesser extent to the solids supply and prefeeding devices of cor-
otating twin-screw extruders. DEM treats each pellet as an indi-
vidual entity and tracks contact forces, collisions, and heat
transfer as they move through the screw channel. Unlike contin-
uum models, DEM naturally captures the granular nature of the
solids and offers direct insights into fill level, bed formation, and
particle transport in starve-fed screws.

Early DEM studies by Moysey and Thompson [69, 70] applied full
3D simulations to the feed section of a starve-fed single-screw
extruder, explicitly showing that pellets did not form a continu-
ous bed but instead accumulated preferentially along the pushing
side of the screw flight. Their work revealed recirculatory particle
motion, stagnation zones, and the influence of wall friction on
conveying, all key features of starved flow that are inaccessible to
continuum-based models. They also showed how screw speed
and particle shape affected axial motion, leading to fill fractions
below 50% in some starve-fed cases.

DEM has provided a much better understanding of how solid
pellets enter the screw and begin to move forward. It has verified
the classic assumption from Darnell and Mol that wall friction vs.
particle friction governs whether the solids stick to the screw or
barrel. By assigning realistic friction coefficients to pellet—pellet
and pellet-wall interactions, DEM simulations have shown
whether the solid bed tends to adhere to the screw (as assumed
in analytical models) or slip. Studies using DEM have explored
how changes in screw speed or barrel roughness affect the mass
flow of solids into the machine. These simulations help address
issues like feeding inconsistencies and starvation onset. For
instance, DEM can simulate a starved feed by simply reducing
the number of particles supplied per unit time and then observ-
ing how far into the screw the particles spread. If the feed rate is
low, DEM will show pellets filling only a portion of each channel
before falling behind the flight, directly visualizing the starved
condition [71].

One particular strength of DEM is in geometrically complex
screws or feeding devices. Grooved feed sections (often used to
increase solids conveying capacity) have been studied with DEM,
confirming how grooves affects the solids and prevent them from
slipping [72-75]. Moreover, DEM can capture the effect of very
high screw speeds where centrifugal forces might fling particles
and reduce conveying efficiency, which can cause starve feeding,
a regime difficult for continuum models. LeBmann et al. [76]
simulated solids feeding in a smooth-barrel extruder across vari-
ous feed-section (hopper/pocket) geometries at screw speeds up
to 900 rpm. They showed that only feed-section designs that rap-
idly fill (fully charge) the screw channel can sustain a roughly
linear increase in throughput with speed even at these high rpms.
From these simulation results, LeBmann et al. [76] used dimen-
sional analysis to derive a predictive model of solids throughput
as a function of feed-zone geometry and process parameters.
Similarly, Trippe and Schoppner [77] addressed the challenges

of high screw speeds and back pressure in starve-fed extruders
through DEM simulations. They extended their simulations to
screw speeds up to approximately 2000 rpm and included an
adjustable back pressure at the die to investigate its influence
on the feeding zone. Their DEM results showed that at very
high screw speeds the screw channel can remain only partially
filled even when back pressure is present, deviating from the
traditional expectation of a completely filled (plug) solid bed
under hopper-backup conditions. In other words, beyond a cer-
tain screw speed, pellets could not be captured fast enough by the
rotating flight, leading to persistent starved regions despite the
tendency of back pressure to push material backward. They
quantified these effects and incorporated them into an improved
solids-conveying model. They developed a mathematical model
that accounts for the reduced filling degree at high speeds and the
associated pressure build-up in the feed zone, expanding the
Darnell-Mol theory to these extreme conditions.

In summary, DEM simulations provide a microscopic- and parti-
cle-level view of starve-fed extrusion. It excels in capturing the
feed and solids transport processes, predicting phenomena like
starvation (by visualizing how incomplete filling occurs) and
providing inputs (like solid residence time and fill fraction along
the screw) to other models. The trade-off is computational inten-
sity. Simulating millions of particles (which a full-scale extruder
hopper might contain) is very expensive, so DEM studies often
use a scaled-down model or only simulate a portion of the flow.
However, despite the valuable work done in recent years, the
models are partly dependent on empirical model parameters.
In both single- and twin-screw systems, DEM is, therefore, typi-
cally restricted to the upstream solids-conveying region, while
downstream melting and melt conveying must be described by
continuum methods. However, a key limitation of DEM is that its
application is typically restricted to the feed section, as it cannot
model the phase transition that occurs during melting. This limi-
tation can be addressed by coupling DEM with CFD, allowing
accurate simulation of both granular flow in the feed zone and
fluid dynamics in the melting and melt conveying regions.

43 | SPH

SPH is a Lagrangian and mesh-free CFD technique that has
proven especially suitable for simulating partially filled or starve-
fed screw extruders. Unlike grid-based CFD, SPH does not require
mesh deformation to handle moving boundaries. It naturally
represents free surfaces, a critical advantage when modeling the
gas-melt interface in starve-fed flow. So far, SPH has been used
predominantly for corotating twin-screw elements operated under
starve-fed or partially filled conditions, with fewer but conceptu-
ally similar applications to single-screw geometries.

SPH simulations represent the polymer melt as a set of discrete
fluid particles. In starve-fed systems, this allows fluid particles to
occupy only a portion of the screw channel, while empty space
inherently represents the air or void region. This enables the direct
capture of fill level, melt pool evolution, and pressure behavior
under starvation, without imposing artificial boundaries or
assumptions about flow continuity. Recent work by Eitzlmayr,
Khinast, and Matic applied SPH to starve-fed twin-screw extruder
elements, demonstrating that SPH accurately resolved flow fields
even when the channel was only partially filled [78, 79]. Their
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simulations showed how chaotic mixing patterns and RTDs dif-
fered significantly between flooded and starved conditions-driven
largely by the presence of the free surface and low pressure.

In more advanced simulations, Dong et al. [80] used SPH to
model non-Newtonian melt behavior in starved screw flows.
Their results showed how screw-barrel clearance and fluid rhe-
ology interact under partial fill, revealing that shear-thinning
fluids experience greater asymmetry and shift in flow patterns
when the channel is not fully occupied [80]. SPH particles
allowed the researchers to track residence time, mixing, and
interface deformation dynamically, confirming that fill level is
a dominant variable in shaping flow behavior. These studies
illustrate that SPH can capture starve-fed flow features in both
single- and twin-screw configurations once the corresponding 3D
geometry is resolved.

In addition, SPH’s particle-based nature makes it ideal for visu-
alizing mixing and distributive flow in starved extruders. By tag-
ging SPH particles with scalar tracers, researchers can directly
observe stretching, folding, and dispersion under chaotic advec-
tion in the partially filled domain, providing a useful tool for
analyzing mixing in pharmaceutical or reactive extrusion.

In summary, SPH offers a robust and intuitive approach for sim-
ulating starved extrusion, capturing complex flow regimes with
free surfaces, incomplete filling, and strong shear gradients, con-
ditions where traditional CFD often struggles. It is especially
effective in modeling conveying and mixing behavior in screws
with low fill levels or complex features, without the need for
remeshing or artificial constraints. For single-screw extruders,
SPH is attractive where strong three-dimensional effects arise
(e.g., mixing sections or special geometries), while for corotating
twin-screw extruders it currently provides one of the most prac-
tical ways to resolve partially filled and starve-fed flow in inter-
meshing regions with an explicit free surface.

Taken together, these numerical techniques now allow starve-fed
single-screw extruders to be analyzed by combining DEM for
solids conveying with CFD or SPH for the partially filled melt,
at least over significant portions of the machine. For corotating
twin-screw extruders, state-of-the-art simulations typically focus
on individual elements or zones, DEM for solids intake and pre-
conditioning, and CFD or SPH for local melt flow and mixing,
while fully coupled, end-to-end simulations of industrial starve-
fed twin-screw lines remain a longer-term research goal.

5 | Conclusion

Starve feeding represents a significant advancement in screw extru-
sion technology, fundamentally altering the process dynamics, prod-
uct quality, and energy efficiency compared to traditional flood-fed
operations. This review has summarized the current state of knowl-
edge on starve-fed extrusion with explicit distinction between single-
screw and corotating twin-screw extruders and between solids-
conveying, melting, and fully filled melt-conveying regions.

On the experimental side, screw pull-out and quench studies,
limited but powerful window visualization, RTD measurements,
mixing assessments, ultrasonic sensing, and pressure/SME mon-
itoring collectively show how starve feeding changes melting,
mixing, and pressurization. For single-screw extruders, screw

pull-out and RTD experiments provide the clearest physical pic-
ture. Starve feeding extends the melting length and replaces the
classical contiguous solid bed with a mixed conductive/dispersed
melting regime, which can improve melt homogeneity and mix-
ing uniformity when properly controlled. For corotating twin-
screw extruders, experimental insights into starve-fed behavior
come mainly from local visualization, RTD and mixing studies in
selected elements, and pressure/SME data; systematic pull-out or
whole-machine studies under starved conditions are still rare.

Analytical and empirical models developed for flood-fed extru-
sion have been adapted to account for partially filled regions,
particularly in starve-fed single-screw extrusion. Global models
and composite melting descriptions can now predict fill lengths
and melting profiles with reasonable accuracy, but often require
iterative or hybrid formulations and calibration against experi-
mental data. For twin-screw systems, modeling has focused pre-
dominantly on fully filled or near-flood-fed conditions, and only
a limited number of approaches explicitly treat starve-fed opera-
tion or axially varying fill levels.

Advanced numerical simulation techniques have opened new
avenues for studying starve-fed extrusion. CFD with free-surface
tracking can describe partially filled melt flow in single-screw
extruders and, to a growing extent, in localized twin-screw geom-
etries, providing detailed information on fill length, RTD, mixing,
and thermal history. DEM has proven particularly valuable for
solids conveying and the onset of starvation in feed zones, espe-
cially in single-screw machines and complex feed geometries,
while SPH offers a mesh-free alternative well suited to partially
filled, intermeshing twin-screw elements with strong free-surface
effects. In practice, however, these tools are still used in a seg-
mented fashion: DEM for upstream solids, CFD or SPH for down-
stream melt, and typically only over limited sections rather than
entire industrial lines.

Despite these advances, several key research needs remain. Com-
prehensive experimental datasets under well-characterized starve-
fed conditions, especially for corotating twin-screw extruders, are
required to validate and refine models and simulations. Coupled
DEM-CFD/SPH frameworks should be further developed to
seamlessly describe the transition from granular solids to melt
without prescribing the melting pattern a priori. Improved global
models that embed starve-fed behavior into design tools, together
with real-time monitoring and control strategies based on pres-
sure, SME, and inline sensing, are needed to make starve feeding
more predictable and robust at industrial scale. Addressing these
topics will significantly enhance the industrial applicability and
economic viability of starve-fed extrusion across polymers, foods,
pharmaceuticals, and other complex formulations.
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