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Abstract

Polymer melts that are diluted, that is, to which low-molecular-weight diluents have deliberately been added to modify them, have attracted
growing interest due to their ability to significantly reduce melt viscosity, thereby improving processability and enhancing extrusion effi-
ciency. We present a novel experimental setup based on slit rheometry that integrates a slit theometer with a single-screw extruder, a gear
pump, and a high-pressure liquid chromatography pump for diluent injection. A distinctive feature of this setup is its adjustable diluent injec-
tion point, which allows systematic investigation of the impact of injection location on in-line mixing, diluent incorporation, and the resulting
rheological behavior under high-pressure processing conditions. In order to mitigate diluent evaporation or bubble nucleation, the Antoine
equation is used to determine the pressure under which the setup operates. Experimental results demonstrated that adding n-decane to high-
density polyethylene substantially reduced viscosity, with direct injection into the extruder yielding lower measurement variability and a
higher saturation threshold than injection downstream of the melt pump. This advanced method offers a robust framework for determining
rheological properties of diluted melts to enhance process design and optimization. © 2025 Author(s). All article content, except where &

otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https:/creativecommons.org/licenses/by/

4.0/). https://doi.org/10.1122/8.0001059

. INTRODUCTION

Diluted polymer melts—polymer systems modified by the
addition of diluents—have attracted significant attention in
polymer processing because of their potential to reduce melt
viscosity and thus improve processability, equipment design,
and extrusion efficiency. Early studies laid the groundwork
for this field by exploring viscosity reduction in various
polymer—diluent systems. For instance, Spencer and Williams
[1] reported first measurements of viscous polystyrene solu-
tions in toluene, demonstrating a strong dependence of vis-
cosity on polymer concentration. Fujita and Maekawa [2]
advanced the theoretical understanding of viscosity reduction
with his free-volume theory for diffusion in polymer—diluent
systems, while Graessley [3] introduced the entanglement
concept to explain the abrupt viscosity increase observed in
concentrated solutions. Nishimura [4] derived a general rela-
tionship between viscosity and polymer concentration, and
Brockmeier and Westphal [5] investigated high-density poly-
ethylene (HD-PE) solutions in aliphatic solvents such as
decalin, establishing models for predicting viscosity behavior
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of the mixture. Subsequent work by Ide and White [6]2
focused on polystyrene systems in the presence of styrene, and
Mendelson [7] developed high-pressure capillary rheometry
techniques to study polystyrene in styrene and other volatile
solvents. Foster and Lindt [8] contributed by designing a high-
pressure viscometer for polystyrene/ethylbenzol solutions,
highlighting the influence of both temperature and pressure on
the rheological properties of diluted systems. Numerous
studies on foaming with supercritical fluids have investigated
the influence of these gases on polymer rheology, providing
insights that also apply to studies on liquid diluents. For
instance, Fernandez-Ronco et al. [9], Han and Ma [10], Royer
et al. [11], Kwag [12], Gerhardt et al. [13,14], and Lee et al.
[15] focused primarily on supercritical CO,, demonstrating its
capacity to markedly reduce polymer viscosity under high-
pressure conditions. Studies by Ma and Dae Han [16], Areerat
et al. [17], Handge and Altstadt [18], and Qin et al [19]
examined the rheological behavior of polymers in the presence
of supercritical N,. These seminal works not only elucidated
the mechanisms of diluent-induced viscosity reduction, but
also underscored the importance of operating in a controlled
high-pressure environments—a concept that underlies the
present study on liquid low-molecular-weight diluents.
Accurate rheological measurements are critical not only
for establishing baseline material properties, but also for
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modeling and simulation of polymer processes. Using con-
ventional rheometry techniques—such as parallel-plate and
high-pressure capillary rheometry—is state of the art when
the rheological behavior of the neat polymer melt is to be
characterized. However, due to (i) undesired evaporation of
low-molecular-weight diluents, (ii) the need to operate under
high-pressure conditions, and (iii) difficulties in achieving
reproducible mixing in offline saturation often render these
approaches inadequate when applied to diluted polymer
systems.

Various experimental approaches have been developed to
characterize the rheological behavior of diluted polymer
melts. Modified capillary rheometers [7,20] and dual-piston
(multipass) capillary rheometers [21-23] enable measure-
ment at high shear rates, and parallel-plate rheometers
[18,24] provide controlled oscillatory shear testing, but all
these methods are frequently hampered either by diluent
evaporation at elevated processing temperatures or by incon-
venient pressure seals. Alternative techniques, such as mag-
netically levitated sphere rheometers [25], have been
introduced, but they have issues regarding mixing and are
typically limited to less viscous systems. More recently,
extrusion rheometers [26,27] have emerged as a promising
solution, as they enable rheological characterization under
conditions that closely mimic industrial processing, including
high-pressure environments and continuous flow.

Although polymer—diluent systems have been studied in
various contexts, little systematic investigation has been done
of the rheological properties of PE-HD containing n-decane—
under processing conditions where evaporation is a critical
concern. To prevent diluent volatilization, the system must
operate at a pressure level specific to the polymer—diluent
combination, which can be determined using the Antoine
equation [28]. This semiempirical relationship describes the
dependence of vapor pressure on absolute temperature for a
given substance. Presaturating the polymer granules with
diluent before processing is inherently unfeasible, as exposure
to elevated temperatures during melting inevitably leads to
evaporation of some of the diluent, altering its concentration.
Consequently, in-line mixing capabilities are essential to
ensuring consistent and reproducible dilution levels throughout
an experiment. These stringent requirements—maintaining
sufficient pressure, enabling viscosity measurements across a
wide range of shear rates, and ensuring effective mixing—
called for the development of a novel experimental setup. The
setup we propose here integrates a lab-scale single-screw
extruder with a high-performance liquid chromatography
(HPLC) pump and a slit rheometer.

Il. EXPERIMENTAL
A. Materials

The polymeric material used in this study was the PE-HD
grade BB2581 (Borealis, Vienna, Austria), which was specif-
ically designed for blow-molding applications. The material
is characterized by a multimodal molecular-weight distribu-
tion and a melt-flow rate (MFR) of 0.3 g/10 min (190 °C/
2.16 kg). To ensure chemical compatibility with polyethylene

(PE), which is composed of ethylene monomer units, a linear
alkane was selected as the diluent.

Inspired by Kastner [29], who investigated the diluting
effects of eicosane (C20), we chose n-decane (purity > 99% by
Sigma Aldrich, abbreviated as C10) as a low-molecular-weight
(142.28 ¢ mol~') diluent. Given its boiling point of 174.1°C
[30], n-decane would be expected to rapidly evaporate under
typical PE-HD processing temperatures of 200 °C.

Since our objective was to describe vapor pressure behav-
ior near and beyond ambient pressure evaporation, a simple
Antoine fit was insufficient for the full temperature range.
Instead, a numerical fitting procedure was performed on
FLUIDAT® (Bronkhorst, The Netherlands) data spanning
0—300°C to determine accurate Antoine parameters for
n-decane. This approach allows precise calculation of the
minimum pressure required to prevent bubble nucleation at
various processing temperatures. The Antoine equation is a
semiempirical correlation that describes the relationship
between vapor pressure P and absolute temperature 7 based
on three substance-specific parameters A, B, and C,

B
1 P=A—-(——+). 1
0g10 (TJrC) (D

In the supplementary material, the minimum pressure for
the two processing temperatures is calculated.

Since later calculations required the melt density of the
neat polymer, MFR (melt-flow rate) experiments were
carried out with 2.16kg load at 200 and 240°C. The melt
density was determined to be 0.746 kg/m3 at 200°C and
0.728 kg/m” at 240°C.
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B. Single-screw extruder

The PE-HD material was extruded using a lab-scale
single-screw extruder (SSE) (Thermo Fisher Scientific,
Waltham, MA, USA) with a diameter of 19 mm and an axial
length of 33D. The extruder was equipped with a conven-
tional three-zone screw and a smooth barrel featuring dedi-
cated ports for pressure transducers or melt-temperature
sensors located at 13D, 16D, 19D, 21D, 25D, and 33D. The
extruder temperature was controlled by means of a water-
cooled intake zone and electrically heated barrel and adapter
zones.

C. Melt pump

A gear pump (Mahr, Gottingen, Germany) with a convey-
ing capacity of 2.642cm’ per revolution was utilized in
selected experiments to regulate the volumetric flow rate of
the extrusion rheometer.

D. Extrusion rheometer

The extrusion rheometer used in this study was based on
a slit die with the following dimensions in the measuring
section: width W = 20 mm, height A = 1.2mm, and length
L = 75mm. The total length of the constant cross-sectional
slit was 120mm. The measuring section was instrumented
with three pressure transducers located at 0, 50, and 75 mm,
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and a noninvasive melt-temperature sensor at 25 mm to pre-
cisely monitor the pressure drops and melt temperatures at
varying volume-flow rates. The first pressure transducer was
positioned at least 20 mm downstream from the slit inlet
to avoid entrance effects, and the last pressure transducer at
L =75mm was still 25 mm (center-to-edge) from the down-
stream end of the slit.

E. Diluent pump

To inject the low-molecular-weight diluent (n-decane) into
the polymer melt, a HPLC double-piston pump (BlueShadow
40P, Knauer, Berlin, Germany) was used. This pump is
equipped with a stainless steel 10 ml/min pump head and is
capable of operating at pressures of up to 65 MPa at a volume
flow rate of 4ml/min and up to 40MPa at 10 ml/min.
Additionally, a nonreturn valve protects the pump and capillar-
ies from melt backflow from the extruder.

lll. DESIGN OF EXPERIMENTSAL SETUP AND
DATA PROCESSING

A. Experimental setup

The experimental setup combines the aforementioned
component: the single-screw extruder, the gear pump (melt
pump), the HPLC pump for diluent injection, and the slit
rheometer in two different configurations, which allows
adjusting the diluent injection point. As illustrated in Figs. 1
and 2, there are two distinct injection modes.

Injection Mode 1—Downstream of the Melt Pump (ER):

In this configuration (see Fig. 1, abbreviated as configura-
tion ER), the diluent is injected downstream of the melt pump
into a pure pressure flow region. Due to inherently limited
mixing in this region, two static mixers (approximately 10 mm
in diameter) (SMXTM by Sulzer, Winterthur, Switzerland) posi-
tioned downstream of the injection point to improve both
material and thermal homogeneity.

Injection Mode 2—Directly into the Extruder (ER-IS):

Alternatively, the injection point can be shifted upstream
such that the diluent is introduced directly into the extruder
(ER-IS, see Fig. 2). This configuration provides flexibility to
adjust the injection position to various locations along the
SCrew.

This adjustable injection strategy is a key innovation of
this setup because it allows systematic evaluation of how the

injection position influences diluent incorporation, mixing,
and ultimately the rheological behavior of diluted polymer
melts. This is essential to achieving a homogeneous diluent
distribution and reproducible measurements under relevant
processing conditions.

B. Data evaluation
1. Slit rheometry

The well-known Hagen—Poiseuille equation analog for
slit-flow was applied to determine viscosities from slit rhe-
ometry measurements. For a slit with constant cross-sectional
shape, the wall shear stress 7y was calculated based on the
momentum balance with pressure drop Ap, slit width W, slit
height H, and the length L of the measurement domain using
the following equation, where the term in brackets accounts
for the effect of lateral walls:

HAp H\ '
= — 1 — . 2
w=r < +W> (2)

The condition of fully developed flow was validated to
ensure that the measurement results were not influenced by
viscous dissipation, pressure-dependent viscosity, or diluent
bubble nucleation. A linear pressure profile along the slit die
is considered a reliable indicator of fully developed flow [31].

In addition, the absence of wall slip must be confirmed,g
since short-chain n-alkanes such as n-decane may act as s
lubricants at the polymer—wall interface. Wall-slip verifica-
tion can be performed either by extrusion rheometry using
slit dies of different heights or by parallel-plate measure- 3
ments at varying gap widths. In the latter approach, as 2
described by Yoshimura and Prud’homme [32], the oceur-
rence of slip would manifest as a disproportionate reduction
in torque with decreasing gap height. If slip is detected, the
apparent shear rate y,,,, must be corrected accordingly.

The apparent shear rate 7,,, in a rectangular slit derived
from the velocity profile for a Newtonian fluid is defined as

§20z Jequi

. 60
7app = W ’ (3)

where Q is the overall volumetric flow rate. The Schiimmer
approximation by Schiimmer and Worthoff [33] was used as

FIG. 1. Schematic overview of the extrusion rheometry setup with injection after the melt pump (ER). (1) Single-screw extruder, (2) pressure transducer, (3)
check valve, (4) diluent pump, (5) diluent reservoir, (6) extrusion rheometer, (7) evaporation of the diluent, (8) melt pump, and (9) static mixers.
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FIG. 2. Schematic overview of the extrusion rheometry with injection into
the extruder (ER-IS). (1) Single-screw extruder, (2) pressure transducer, (3)
check valve, (4) diluent pump, (5) diluent reservoir, (6) extrusion rheometer,
and (7) evaporation of the diluent.

an approximation for the non-Newtonian shear rate at the
wall the so-called approximate wall shear rate y. This approx-
imation introduces a simple factor e, which depends on the

cross-sectional shape of the die (rectangular, circle, ...) and
the power-law index n,
V= "Vapp )
3n
¢ 2n+1 ©®)

The resulting viscosity 7 at the Schiimmer shear rate y can
then be written as

W (6)

_tw_WH'Ap [ H -
= T oL '
To better illustrate the dependence of viscosity on diluent con-
centration, a normalized viscosity 7 is introduced, defined as

= )
Nundit

where 7, represents the diluted viscosity at a given diluent
concentration and 17,,,;; denotes theviscosity of the undiluted
polymer melt at a given temperature and shear rate. Since the
addition of diluents affects the throughput and thus the effec-
tive shear rate, a simple power-law model was applied to cal-
culate 7,,,4; at the exact same shear rate corresponding to the
measurement of 7y, thereby excluding the influence of
shear-thinning effects.
The applied power-law model is given by

ny) = Ky, (8)

where K is the consistency index, corresponding to the vis-
cosity at a shear rate of 7 = 1s7!, and n is the power-law
exponent.

Figure 3 presents a typical melt temperature profile in the
slit rtheometer for one arbitrarily chosen experiment. The
melt temperature exhibits a sinusoidal variation with a
maximum amplitude of less than 10 °C, which we attribute to
nonoptimal control of the temperature of the die. The
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FIG. 3. Pressure and temperature fluctuations over time in ER. For
improved readability, the data were smoothed using a Savitzky—Golay filter
with a window size of 100 points and polynomial order of two. The original,
unsmoothed data were used for all calculations; only the filtered data are
shown here for clarity.

pressure loss in the die follows sinusoidally with a phase
shift of 180°. To ensure that the analysis remained indepen-
dent of these temperature fluctuations, a temperature correc-
tion was applied: The approximate Arrhenius relation is a
widely used method that uses exponential correction to com-
pensate for small temperature variations,

ncorr(Tref ) = nmeasexp(ﬁ(Tref - T)), (9)

where [ is the temperature sensitivity coefficient of the vis-
cosity, Ty, is the reference temperature, and 7 is the actual
temperature of the melt. To determine the temperature sensi-
tivity coefficient, a numerical fitting procedure was imple-
mented. This approach aimed to minimize the standard
deviation of the corrected pressure data across all measure-
ments conducted in the absence of diluents. By iteratively
adjusting 3, the method ensured effective compensation for
temperature-induced variations in pressure readings, thereby
improving comparability of the experimental results.

C. Predicting the volume flow

Equation (6) requires the volumetric flow rate Q to be
known. In the ER setup, this can be determined directly, as
the melt pump consistently conveys a fixed volume of
Vup = 2.642 cm?® per revolution. Consequently, the volumet-
ric flow rate in the ER configuration is given by
Omp = Vupnyp, where nyp represents the rotational speed of
the melt pump. In ER-IS, the throughput of the single-screw
extruder with the smooth intake zone is strongly dependent
on the back-pressure, and thus, the volumetric flow rate can
no longer be evaluated directly. Hence, we developed a heu-
ristic regression model to predict the mass output of the
extruder based on two key input parameters: the screw rota-
tion speed and the back-pressure at the screw tip. To generate
the dataset required for modeling the screw characteristic
line, a series of mass output experiments were conducted
by systematically varying the screw speed and adjusting the

GG:91:2) G20Z JequianoN Sz
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back-pressure using the bypass valve, as summarized in
Table S1 in the supplementary material. At each design point,
experiments were conducted using nine different screw speeds
and four different back-pressures—covering a wide range of
operating conditions of the extruder. For each combination of
these parameters, four separate weight measurements were taken,
each during a 36 s period of steady-state extrusion. The data col-
lected were then processed using the HeuristicLab open-source
software, in which symbolic regression was applied to derive a
predictive output model [34]. Similar approaches have already
been presented by Marschik ez al. [35] and Hammer ez al. [36].
The optimal symbolic regression model for predicting
mass output was derived using the Offspring Genetic

m(n, p) =

€o

Algorithm (OSGA) within HeuristicLab 3.3.16. The key
algorithmic parameters were as follows: Maximum
Generations = 125, Mutation Probability = 20%, Population
Size = 300, Selected Parents = 200, Elites = 1, and the opera-
tions allowed on constants and variables were addition, sub-
traction, multiplication, division, and exponential functions.
The resulting symbolic model Eq. (10), developed for
PE-HD at 200 °C, includes nine coefficients and fits the data
well, achieving a coefficient of determination R?> exceeding
0.99 for both the training and test datasets. The obtained
model constants ¢y —cg and the design of experiment—
which was used as a basis for the data based modeling—are
listed in the supplementary material,

n

The heuristic model, described by Eq. (10), is plotted along-
side the measured values for comparison in Fig. 4(a). For
further assessment of the model’s predictive accuracy, Fig. 4(b)
shows a scatterplot that compares the predicted and actual mass
output values.

IV. RESULTS AND DISCUSSION
A. Injection of diluent and pressure fluctuations

Figure 5 plots the temperature-corrected pressure loss in
the slit theometer along the measurement length L = 75 mm
as a function of time. At the onset of diluent injection (f), a
slight initial increase in pressure loss is observed, which we
attribute to the additional volumetric flow introduced by the
HPLC pump. As soon as the first diluted polymer exits the
slit die, a lower equilibrium pressure loss is established. This
trend continues until a steady-state level is reached at #;.

(((log<(c1 n)2> —(c2-p— C3)) +oey- n) + (cs -p)2> - C

-C7 +c3 (10)

Upon completion of diluent injection at #,, the pressure loss
increases immediately and then gradually returns to its initial
value, which corresponds to that of the undiluted polymer
melt. As the time stamps of these events cannot be predicted,
all measurements must be corrected manually to remove erro-
neous values and obtain a more accurate mean value.

In addition to the overall pressure-loss behavior, minor z
fluctuations were observed throughout the measurement. To §
increase data reliability, only the equilibrium pressure values%
were considered for further evaluation. These were averaged§
using the arithmetic mean, and the standard deviation was N
calculated to assess data variability. '

14
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B. Validation of the absence of wall slip

Short-chain n-alkanes such as n-decane are also known to
act as external plasticizers or lubricants. In this role, they do
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FIG. 4. (a) Screw characteristic curve for PE-HD at 200 °C. Dashed lines and symbols show the results of the heuristic model and the experiments, respec-
tively. (b) Measured versus predicted mass output (heuristic model at 200 °C). Points mark the experiments, the dashed line represents a perfect fit of R> = 1
and the dotted lines indicate a 2% offset from the perfect fit.
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FIG. 5. Time-dependent pressure fluctuations during diluent injection. The
experiment shown was done in ER at 200°C with a PE-HD volume flow
rate of 0.304cm?/s and a diluent (C10) volume flow rate of 2.091 ml/min
resulting in a diluent concentration of 8.3% at an approximate wall shear rate
of 55.3s571.

not primarily plasticize the polymer bulk but may reduce inter-
facial adhesion, thereby promoting wall slip during flow. Since
wall slip would also lead to an apparent viscosity reduction
and a decrease in pressure loss, it was necessary to verify that
the observed effects did not originate from this mechanism.

Wall-slip detection was performed using a parallel-plate
rheometry at varying gap heights, following the procedure pro-
posed by Yoshimura and Prud’homme [32]. If a slip occurs,
the measured torque decreases at smaller gaps due to the
dependence of slip velocity on wall shear stress. However, for
the investigated polymer—diluent systems, the torque response
did not decrease with decreasing gap height, which indicates
that no wall slip occurred under the applied conditions.

Although these results provide strong evidence against
wall slip in the current experiments, complementary extru-
sion theometry tests using dies of different slit heights are
planned as a more direct validation.

C. Validation of pressure linearity

As described in Subsection III B, verifying the linearity of
the pressure profile is essential to ensuring accurate rheological

TABLE 1. Design of experiments for ER at 240 °C.
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FIG. 6. Excess volume ratios VE/V? for various values of the interaction
parameter y,, at 150°C.

measurements. A least-squares approximation was applied to
the pressure data recorded by the three transducers, fitting a
linear curve to each measurement. This process yielded mean
coefficients of determination R> of at least 0.99 for all cases.
This confirms that the pressure along the slit die followed a
linear trend, which indicates fully developed flow and the
absence of secondary effects on viscosity reduction, such as
viscous dissipation, pressure dependency, and bubble formation.

D. Assumption of volume additivity

Zl G20T JoqUIBAON G

Due to excess volume effects, the total volume of a binary 3
liquid mixture is generally not strictly additive. However, for §
the present study, a linear mixing rule was assumed. This is
supported by the findings of Orwoll and Small [37], who
investigated the excess volume of mixing for PE and
n-decane. Their study demonstrated that the ratio of excess
volume V¥ to the ideal mixed volume V%—as predicted by a
linear mixing rule—is in the order of 1072,

The maximum deviation from ideal volume additivity was
reported at a polymer weight fraction of wpy = wig = 0.5,
where the weight fractions of PE and n-decane are equal.
Even at this concentration, which exceeds the highest diluent
fraction investigated in the present study, the deviation does
not exceed 1.2%. Furthermore, the excess volume effect

Volume flow of melt  Volume flow of diluent Resulting diluent mass Approximate wall shear ~ Viscosity at approx. wall Normalized
pump pump concentration rate shear rate viscosity
Qup (cm’/s) Qpp (ml/min) (%) ¥ (U/s) 1 (Pas) Q)
0.42 0.00 0.0 68.7 1560.4 1.02
0.67 2.0 70.4 1290.7 0.86
1.37 4.0 72.2 1131.0 0.77
2.88 8.0 76.2 845.8 0.60
4.58 12.1 80.6 785.8 0.58
6.49 16.4 85.6 654.0 0.50
8.66 20.7 91.2 647.0 0.52
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FIG. 7. Influence of diluent concentration on the normalized viscosity in
ER.

decreases with increasing pressure conditions that are relevant
in polymer processing. Given the small size of these deviations
and the fact that polymer processing conditions favor volume
additivity, we considered the use of a linear mixing rule for
volume estimation to be justified in this study. Figure 6 pre-
sents excess volume ratios VZ/VO for various interaction
parameters y,, ranging from O to 3. For comparison, experi-
mental data from Orwoll and Small [37] are included, with
their reported interaction parameter of y, = 1.16.

E. Slit rheometry with injection after melt pump

The experimental conditions for all measurements con-
ducted using the melt pump are summarized in Table I. The
total volumetric flow rate was determined based on the linear
mixing rule, which was then used to determine the corre-
sponding shear rate and viscosity.

Figure 7 shows the normalized viscosity of PE-HD as a
function of n-decane concentration for extrusion rheometry
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FIG. 8. Comparison of viscosity measurements at various volume flow rates
of the melt pump in ER.

(ER) experiments with downstream diluent injection. A pro-
nounced viscosity reduction was observed up to approxi-
mately 20% diluent, beyond which the effect leveled off and
only minor changes were detected. This apparent saturation
behavior was not observed in parallel-plate measurements
with offline saturation, where viscosity continued to decrease
with increasing diluent content (¢ > 50%). The discrepancy
indicates that the saturation trend in ER is likely an limitation
of the setup, most plausibly caused by incomplete mixing
downstream of the injection point.

Further analysis revealed that the normalized viscosity
also depended on the volumetric flow rate of the melt pump,
as illustrated in Fig. 8. At higher flow rates, the measured
viscosity was consistently lower, which suggests that the resi-
dence time and shear conditions in the static mixer were
insufficient to ensure complete homogenization. This high-
lights that, besides concentration, the mixing efficiency
strongly influences the effective viscosity reduction in ER
experiments.

TABLE II. Design of experiments for investigating the influence of the revolutions of the SSE in ER-IS at 200 °C.

Predicted volume flow of Volume flow of Resulting diluent mass Approximate wall Viscosity at approx. wall Normalized
the extruder diluent pump concentration shear rate shear rate viscosity
Oprea (cm’/s) Qpp (ml/min) (%) 7 (17s) 7 (Pas) 1 (1)
0.19 0.00 0.0 29.7 3716.3 0.92
0.20 0.60 3.9 334 2654.8 0.72
0.21 1.34 79 36.8 1993.3 0.58
0.22 2.22 12.1 40.4 1462.4 0.45
0.22 3.23 16.2 44.0 1104.3 0.36
0.23 4.39 20.5 47.7 864.4 0.30
0.23 5.72 24.8 51.8 669.1 0.25
0.24 7.28 293 56.4 524.9 0.21
0.66 0.00 0.0 104.8 1479.7 0.92
0.70 2.10 3.9 1172 1130.5 0.76
0.75 4.73 7.8 131.7 813.8 0.60
0.79 7.95 11.9 146.5 600.4 0.48
0.81 10.00 14.2 154.9 510.1 0.42
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Error bars representing the standard deviations are smaller than the symbol
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The findings emphasize the need for improved injection
and mixing strategies to ensure homogeneous diluent distri-
bution in extrusion rheometry. Additionally, experiments at
higher diluent contents were restricted by the operational
limits of the HPLC pump, which provides a maximum volu-
metric flow rate of 10 mlmin~! and a maximum operating
pressure of 400 bar.

F. Slit rheometry without melt pump

In the absence of a melt pump, the volumetric flow rate is
no longer under direct control and must instead be predicted
based on extruder operating conditions. The mass output of
the extruder, 71,4, is determined primarily by two input
parameters: the screw rotation speed n and the back-pressure
at the screw tip p. Assuming an incompressible melt density
p,, allows the volumetric flow rate Q,.q to be estimated as
follows:

-
O pred = /j“’. (11)
m

Compared to the setup utilizing a melt pump, where volumet-
ric flow rates are predefined, this configuration introduces

additional complexities. Since the extruder mass output
depends on the back-pressure at the screw tip, which is influ-
enced by the viscosity of the polymer—diluent mixture, a
feedback loop is created when targeting specific diluent con-
centrations. Maintaining control over the concentration levels
requires either estimation of the back-pressure reduction or
implementation of real-time adjustments to the diluent flow
rate.

Due to limitations in the extruder instrumentation and
the absence of real-time flow measurement, the first
approach—estimating the back-pressure reduction—was
selected. This was done based on experimental data
obtained under comparable conditions. As a result, the tar-
geted diluent concentrations were not perfectly achieved,
but the approximation was considered sufficient for the
objectives of this study.

The experimental design used to investigate the influence
of shear rate on the rheological behavior in the ER-IS config-
uration is summarized in Table II, and the corresponding
results are presented in Fig. 9. The data reveal that changes
in shear rate had a less pronounced impact on the viscosity
measured in the ER-IS setup than that in the ER configura-
tion. This observation suggests that the enhanced in-line
mixing achieved by direct injection into the extruder signifi-
cantly mitigated shear-rate dependency, thereby contributing
to more stable and reproducible rheological measurements.

The experimental plan for the comparison of ER and
ER-IS is presented in Table III.

To facilitate this comparison, the normalized viscosity is &
plotted as a function of diluent concentration in Fig. 10. It is §
evident that when the diluent was introduced directly into theg
extruder (ER-IS), the saturation concentration threshold was 3
higher than for injection downstream of the melt pump (ER). &
However, at lower concentrations, both approaches yielded
comparable viscosity reductions.

Additionally, the standard deviation of the viscosity mea-
surements was lower for ER-IS, which indicates that the
extruder provided superior mixing performance compared to
the static mixers used in ER. This improved homogeneity
leads to more reliable rheological data and constitutes
another advantage of in-extruder injection.

The validation of the measurement method is complete, and
the viscosity-shear rate behavior at varying diluent concentra-
tions can be systematically analyzed. Figures 11(a) and 11(b)
illustrate pronounced viscosity reductions at 200 and 240 °C,
respectively, with a 25% diluent concentration resulting in

WSAON G2

TABLE III. Design of experiments for ER-IS for the comparison with ER at 240 °C.

Predicted volume flow of Volume flow of Resulting diluent mass Approximate wall Viscosity at approx. wall Normalized
the extruder diluent pump concentration shear rate shear rate viscosity
Oprea (cm’/s) Opp (ml/min) (%) 7 (I/s) 1 (Pas) 1 (1)
0.19 0.00 0.0 30.0 2795.6 1.00
0.12 0.60 3.7 33.0 21812 0.84
0.21 1.34 7.6 36.5 1646.3 0.68
0.22 222 11.5 40.2 1224.6 0.54
0.23 3.23 15.4 44.2 883.2 0.42
0.23 4.39 19.4 48.2 653.0 0.33
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an approximate 70% decrease in viscosity. Our method
enables measurement at intermediate shear rates ranging
from 10 to 200s~!, bridging the gap between conventional
low- and high-shear rheological techniques. Note that each
data point in the figures represents an individual experi-
ment, which means that the targeted diluent concentrations,
as indicated in the legend, were not always precisely
achieved. The actual concentration levels used for each
measurement, together with the corresponding design of
experiments, are summarized in the supplementary material.
Detailed tables are provided for 200 (Table S2 in the
supplementary material) and 240°C (Table S3 in the
supplementary material). Accounting for these deviations
and enabling a more rigorous analysis of viscosity reduction
require a viscosity—concentration model. This modeling
approach, which aims to eliminate, among other things, the
influence of concentration fluctuations.
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V. CONCLUSION

A slit-rheometry-based setup was developed to systemati-
cally investigate the flow behavior of diluted polymer melts
under controlled processing conditions. A key feature of the
design is the flexibility in diluent injection, enabling direct
assessment of how injection position and extrusion parame-
ters influence viscosity reduction. A heuristic regression
model for screw throughput provided robust control of the
volumetric flow rate despite the inherent complexities of
single-screw extrusion.

Using HD-PE with n-decane as a representative system, it
was confirmed that dilution induces a significant drop in
melt viscosity. Particular attention was given to the potential
occurrence of wall slip, since short n-alkanes such as
n-decane can act as external lubricants. This was evaluated
by a parallel-plate rheometry of saturated polymer—diluent
disks at varying gap heights. The torque response did not
decrease with decreasing gap size, indicating the absence of
wall slip under the applied conditions. Nevertheless, addi-
tional extrusion experiments with varying slit heights are
planned to further substantiate this finding.

The magnitude of viscosity reduction strongly depended on
the injection position. Direct injection into the extruder barrel
improved mixing efficiency and, unlike the downstream ER
configuration, did not exhibit saturation at higher diluent con-
centrations. This observation, consistent with parallel-plate and
ER-IS measurements, underscores the decisive role of mixing x
in achieving homogeneous diluent distribution.

Two main limitations must be acknowledged. First, vis-
cosity data are highly sensitive to precise temperature
control, reflecting both the throughput behavior of the&
extruder and the strong temperature dependence of polymer X
melts. Second, the apparent saturation observed in the ER &
setup was attributed to incomplete in-line mixing rather than
intrinsic material behavior; notably, this artifact was absent
when using the ER-IS configuration.

Future work should address these limitations through real-
time concentration monitoring. Emerging spectroscopic
methods, such as terahertz spectroscopy [38], offer promising
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FIG. 11. Influence of the diluent concentration on the viscosity at (a) 200 and (b) 240°C.


https://doi.org/10.60893/figshare.jor.c.8052334
https://doi.org/10.60893/figshare.jor.c.8052334
https://doi.org/10.60893/figshare.jor.c.8052334

44 VIEHBOCK et al.

opportunities for in-line quantification of diluent content,
though their integration will require systematic validation.

Overall, the results consistently demonstrated a vertical
viscosity shift with increasing diluent content, confirming
dilution as a robust strategy for tailoring polymer melt rheol-
ogy. The presented methodology establishes a reproducible
framework for studying viscosity reduction and provides the
foundation for predictive modeling of polymer—diluent
systems. Such predictive capabilities are directly relevant to
industrial processes ranging from extrusion and devolatiliza-
tion to polymer foaming and plasticization, where controlled
viscosity reduction is essential for process design and
optimization.

SUPPLEMENTARY MATERIAL

See the supplementary material for the used antoine fit
parameters, the heuristic throughput model parameters, and
design of experiments.
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