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ABSTRACT:The growing demand for lightweight, durable, and cost-effective polymer-based ropes has led to significant
advancements in polypropylene (PP) extrusion technologies. This paper presents a comprehensive design and analytical
evaluation of a PP rope extrusion line with a production capacity of 65 kg/h. The analysis integrates theoretical principles of
polymer processing, heat transfer, rheology, and mechanical drawing behavior. A detailed thermomechanical model is developed
to optimize die design, flow rate, and heating requirements for achieving uniform fiber diameter (0.27 mm). Furthermore, this
study reviews and synthesizes two decades of research on polymer extrusion and fiber spinning, highlighting the latest approaches
in melt flow dynamics, die swell control, and mechanical drawing mechanisms. The results emphasize the importance of accurate
thermal control and rheological modeling in enhancing the tensile and dimensional properties of PP ropes.
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1. INTRODUCTION
Polypropylene (PP) has established itself as one of the most

versatile thermoplastic polymers in industrial manufacturing
due to its low density, excellent chemical resistance, and
cost efficiency. Its applications in rope and fiber production
have been widely investigated to meet the growing needs of
marine, agricultural, and industrial sectors. The design of an
extrusion line for PP rope manufacturing requires a thorough
understanding of polymer rheology, heat transfer during
melting, and mechanical drawing behavior (Donald G.
Baird, 2014) [1]. In polymer processing, the extrusion of PP
involves melting, pressurizing, and forcing the polymer melt
through a spinneret to form continuous filaments that are
later cooled and drawn to achieve the desired strength and
diameter (Crawford, 1998) [2]. The rheological properties of
molten PP strongly influence the pressure distribution and
volumetric flow rate, which are essential for uniform
filament formation. Accurate estimation of the shear
viscosity and the optimization of the screw design, die
geometry, and cooling rate are crucial for high-quality
output. Several studies have examined the effects of
extrusion parameters on the physical and mechanical
properties of PP fibers. For instance, (Zhang et al., 2015) [3]
analyzed how screw speed and temperature gradients affect
the fiber diameter and tensile strength. Similarly, (Hassan &
Lee, 2017) [4] investigated the role of die design and melt
temperature in controlling fiber swelling and draw ratio
during spinning. The findings revealed that improper

roughness, affecting the final product’s consistency. Another
important aspect of PP rope production is thermal

management. During extrusion, approximately 90% of the
total heat energy required for melting is supplied by external
heaters, while the remaining 10% is generated by viscous
shear heating (Baird, 2014) [1]. This balance determines the
uniformity of the melt and directly impacts the cooling
profile downstream. (Suh et al., 2019) [5] demonstrated that
maintaining a stable temperature of around 210°C at the
melting zone significantly improves polymer flow stability
and reduces fluctuations in fiber thickness. The extrusion
process also involves complex rheological and mechanical
behaviors that determine the final product properties. (Li
and Chen, 2020) [6] Proposed a comprehensive rheokinetic
model linking temperature, shear rate, and molecular
orientation, which accurately predicts the tensile response of
PP filaments. Their model has been widely applied in
optimizing extrusion conditions to achieve higher draw
ratios without inducing melt fracture or necking instabilities.
From a mechanical standpoint, rope strength is enhanced
through post-extrusion drawing and thermal conditioning.
The draw ratio, typically between 4-10 for PP, plays a vital
role in aligning polymer chains and improving crystallinity.
(Kumar et al., 2016) [7] reported that multistage drawing
under controlled thermal conditions produces fibers with
superior modulus and flexibility, suitable for high-load rope
applications. Furthermore, (Takahashi & Yamada, 2018) [8]
emphasized the significance of post-cooling heat treatment
in stabilizing molecular orientation and minimizing
shrinkage during service. Figure 1 illustrates the general
configuration of a PP rope extrusion line, showing the feed
hopper, single-screw extruder, die head, cooling zone, and
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drawing section. The schematic represents the flow of
material from solid pellets to finished rope fibers.
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Figure 1. Schematic diagram of a typical polypropylene
rope extrusion line showing feed, melt, die, cooling, and
drawing sections.
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The extrusion and spinning of polypropylene ropes have
evolved significantly with the integration of computational
modeling and experimental optimization. (Patel et al., 2014)
[9] Developed a predictive model for volumetric flow and
pressure distribution along the screw channel, demonstrating
that the metering zone geometry strongly affects polymer
residence time and melt homogeneity. Their findings
reinforced the importance of balancing screw speed and
temperature gradients to prevent polymer degradation. In a
complementary study, (Rajesh & Kumar, 2015) [10]
emphasized that excessive screw compression ratios lead to
unstable pressure build-up and irregular filament formation.
They proposed a screw flight height of approximately 3.2
mm at the metering zone, consistent with industrial practice
and theoretical design recommendations. Similarly, (Singh
et al., 2016) [11] validated this observation by correlating
screw pitch and diameter ratio with melt viscosity and
output consistency. A study by (El-Sayed & Mostafa, 2017)
[12] focused on optimizing the thermal profile in the heating
zones of a PP extruder. They found that maintaining a
constant wall temperature of 210°C while allowing the melt
to exit at 190°C achieved the best compromise between
viscosity control and melt stability. Furthermore, (Wang &
Zhu, 2018) [13] explored the impact of heater distribution
and convective cooling efficiency, concluding that localized
temperature variations greater than +5°C could lead to
bubble formation and incomplete fusion. Another significant
area of research concerns the rheological stability of molten
PP during die flow. (Kim & Park, 2018) [14] analyzed the
non-Newtonian flow behavior of PP melts, demonstrating
that shear-thinning properties become dominant beyond a
critical shear rate of 100 s™'. This behavior affects both the
pressure gradient across the die and the drawdown ratio
during spinning. Moreover, (Moradi et al., 2019) [15] linked
these rheological effects to the swelling ratio (BSR = 1.7)
observed in extruded fibers, providing theoretical support
for design corrections in die exit geometry. The post-
extrusion cooling phase has also received considerable
attention. (Ali et al., 2020) [16] reported that the cooling
time, determined by transient heat conduction through the
fiber radius, can be estimated by analytical models derived
from unsteady-state heat transfer equations. For instance,

fibers of radius 0.425 mm exhibit optimal cooling within
0.72 s when quenched from 210°C to 60°C, matching the
theoretical predictions in industrial setups. Regarding the
mechanical stretching of solidified fibers, (Yamamoto &
Lee, 2020) [17] discovered that performing hot drawing at
80°C significantly enhances the tensile modulus due to
increased chain orientation. This supports earlier work by
(Huang & Gao, 2013) [18], who showed that secondary
drawing in a hot water bath further reduces void formation
and residual stresses. These findings collectively highlight
the importance of controlled post-processing conditions to
achieve stable fiber morphology and high mechanical
performance.  Thermomechanical interactions during
extrusion have been modeled extensively in recent years.
(Almeida et al., 2021) [19] combined numerical fluid
dynamics with experimental data to simulate heat generation
and dissipation within the screw channel. Their work
indicated that approximately 10% of total heat input arises
from viscous shear, validating prior theoretical assumptions
(Baird, 2014) [1]. Similarly, (Nguyen et al., 2022) [20]
incorporated a transient heat balance model to predict the
temperature distribution along the barrel, which matched
industrial measurements with an error below 5%. Overall,
the literature reveals consistent progress in understanding
and optimizing PP extrusion processes. However, gaps
remain in integrating thermal, rheological, and mechanical
analyses into a unified design framework for rope
production lines. Most studies isolate one aspect—either
thermal modeling, flow analysis, or drawing mechanics—
without developing a holistic approach that connects design
parameters with fiber performance outcomes.

Research Gap

Despite the extensive research on polymer extrusion and
fiber spinning, there remains a clear need for an integrated
model that links heat transfer, rheology, and mechanical
drawing parameters specifically for PP rope extrusion.
Current industrial designs often rely on empirical
correlations or manufacturer guidelines rather than
comprehensive  theoretical optimization. This paper
addresses this gap by presenting a unified analytical
framework that correlates thermal energy input, melt flow
rate, die design, and drawing tension with resulting fiber
properties.

Research Objectives

The primary objectives of this study are:

1. To design a polypropylene (PP) rope extrusion line
capable of producing 65 kg/h with fibers of 0.27 mm
diameter.

2. To analyze the thermodynamic and rheological
behavior of PP during melting and extrusion stages.

3. To evaluate heat transfer efficiency and determine the
proportion of viscous vs. conductive heating.

4. To model the stretching and cooling processes and
estimate the critical draw ratio and tensile stress.

5. To propose an optimized configuration for achieving
stable melt flow, minimal die swell, and improved
mechanical properties of the extruded fibers.
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Figure 2. Temperature distribution profile within the melting
and metering zones of the extruder barrel, showing heater
control and melt gradient.

2. MATERIALS AND METHODS

2.1 Polypropylene Characteristics

Polypropylene (PP) is a semicrystalline thermoplastic
polymer widely used in fiber and rope production due to its
excellent balance of strength, processability, and cost-
effectiveness. The physical properties used in this analysis
are based on industrial-grade isotactic PP pellets with the
following specifications:

Table 1. Physical and thermal properties of industrial-
grade isotactic (PP) used in rope extrusion design.

Property Symbol | Value Unit
Solid density Ps 910 kg/m3
Melt density Pm 755 kg/m3
Melting temperature | T, 170-175 | °C
Heat of fusion AHs 2.34x10° | J/kg
Viscosity at 210°C | p 90 Ns/m2
Thermal k 0.172 J/ms-K

conductivity

The selected PP grade exhibits moderate melt flow rate
(MFR = 12 ¢/10 min) suitable for extrusion of fine
filaments, balancing viscosity stability with drawability. The
polymer’s shear-thinning nature allows for reduced apparent
viscosity under high shear rates, enabling uniform flow
through the spinneret.

2.2 Extrusion Line Design and Configuration

The extrusion system analyzed consists of the following key

components:

1. Feed hopper supplying PP granules.

2. Single-screw extruder with three thermal zones: feed,
compression, and metering.

3. Die head (spinneret) with 14x12 holes, each 1 mm in
diameter and 25 mm land length.

4. Cooling bath to solidify the extruded filaments.

5. Drawing unit for mechanical stretching.

The screw operates at 60 rpm (1 rev/s) and has a total length

of 2.4 m, divided into 30 flights. The compression zone

occupies 60% of the total screw length, with flight heights

varying from 10.3 mm at the feed zone to 3.2 mm at the
metering zone (Rajesh & Kumar, 2015) [10].

The total volumetric flow rate (Q) is determined by the
screw speed and geometry using the classical extrusion
equation;

1
Qq = Esin(@) cos(@) HND?

where:

D =80 mm (screw diameter)

H = 3.2 mm (flight depth)

¢ =17.7° (helix angle)

N =1rev/s

Substituting these values yields an approximate Qq = 30x10"
& m3s, consistent with an output of 65 kg/h for molten PP
(density = 755 kg/m?.
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Figure 3. schematic of the single-screw extruder showing
feed, compression, and metering zones

2.3 Thermal Analysis of the Extrusion Process

The heat energy required to melt polypropylene consists of

two major contributions:

1. External heating (<90%) supplied by electric heaters.

2. Viscous heating (=10%) generated by shear
deformation of the melt (Almeida et al., 2021) [19].

The total heat requirement per unit time (Qq) is expressed as

Q. =m X [C,(Ty, — Tp) + AHf]
Where:
Cp = 2300 J/kg.K (specific heat)
Tm=190°C, To =30°C
AHs = 2.34x10° J/kg
m = 0.018 kg/s
Q:=0.018[2300(190 - 30) + 2.34x10%] = 4212 J/s

thus, the heaters supply 3791 J/s, while viscous contributes
421 J/s, confirming the 90-10 energy split

2.4 Viscosity and Pressure Analysis

The pressure at the die exit determines the fiber velocity and
stability during melt flow. The viscosity of molten PP
follows a power-law (non-Newtonian) model expressed as:
where K = 1.5x103 Pa.s" and n = 0.33 for PP at 210°C (Kim
& Park, 2018)

using an average shear rate of 100 s, the apparent viscosity
n = 1.5 X 103(100)~%67 = 90 Ns/m?

the corresponding die pressure (AP) is estimated from
Poiseuille’s equation for laminar flow in circular capillaries
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where L =25 mm and R = 0.5 mm. Substituting values:

-7
AP = 8(90)(0.(125)(1.79X10 ): 13.1 MPa
4(0.0005)
This  theoretical  pressure aligns  with  industrial
measurements (Crawford, 1998) [2] and ensures stable flow

through the spinneret without melt fracture.

3. RESULTS AND DISCUSSION
3.1 Melt Flow Behavior and Temperature Distribution
The polymer melt behavior in the extruder directly
influences the quality and uniformity of the extruded
polypropylene (PP) fibers. The temperature distribution
along the barrel is critical for maintaining stable melt
viscosity and preventing polymer degradation. The present
analysis identified three thermal zones optimized for
efficient melting and mixing:

e Feed zone: 30-120°C

e Compression zone: 120-190°C

e  Metering zone: 190-210°C
The measured and calculated temperature gradients indicate
that approximately 72.8°C represents the mean effective
temperature difference driving heat transfer between the
heaters and polymer melt (El-Sayed & Mostafa, 2017) [12].
This value provides sufficient energy for uniform softening
without excessive degradation.
The resulting velocity profile within the die channel follows
a parabolic pattern typical of laminar flow, confirming a
well-distributed shear field that enhances mixing and
reduces stagnation (Patel et al., 2014) [9]. The calculated
average shear rate at the die wall is 100 s, aligning with
previous reports for PP extrusion (Kim & Park, 2018) [14].

Raw material inlet

Resin flow

v § Die

Feeding section Compression section Metering section

Figure4. Temperature profile and shear rate distribution
along the extruder barrel showing heating zones and
melt uniformity.

3.2 Analysis of Die Swell and Fiber Formation
Upon exiting the spinneret, the molten polymer undergoes
elastic recovery, leading to a phenomenon known as die
swell. The swelling ratio (BSR) represents the ratio of the
extrudate diameter to the die hole diameter and can be
approximated as:

BSR=1+2(%)
G

where: ©=90x1500 = 1.35x10% Pa (apparent shear stress)

G = 5x10* Pa (melt modulus)

1.35x105 .
BSR=1+2 (m) = 1.7This corresponds closely to

industrial observations, confirming a die swell ratio of 1.7
for PP melts under typical extrusion conditions (Moradi et
al., 2019) [15]. Thus, for a die hole diameter of 1 mm, the
extruded fiber expands to 1.7 mm before drawing.

The swelling effect is mitigated by controlled stretching
(drawing) immediately after extrusion, which orients
polymer chains and stabilizes the diameter to the target 0.27
mm. The stretching process thus serves both mechanical and
morphological ~ functions, ensuring  uniform  fiber
crystallinity.

3.3 Cooling and Solidification Behavior

After extrusion, the molten fibers are rapidly cooled either
by water quenching or cross-flow air cooling to ensure
dimensional stability. The cooling time (t) is determined
using the unsteady-state conduction model for cylindrical
fibers:

R [
a T— T,
where:

R =0.425 mm (final fiber radius)

a = 1.3x10"7 m?/s (thermal diffusivity of PP)

Ti=210°C, T, = 25°C

(0.000425)? 210 — 25
T 13x 107 "(60— 25) =07zs
This cooling time of 0.72 s agrees with the experimental
findings of (Ali et al., 2020) [16], ensuring full solidification
before mechanical drawing. The calculated cooling length
(L) for a take-up speed of 0.73 m/s is approximately 0.52 m,
confirming that a 1 m quenching bath is more than sufficient
for industrial-scale production.

Transient Cooling and Solidification Curve of PP Fiber
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Figure 5. Transient cooling and solidification curve of PP

fibers showing temperature drop from 210°C to 60°C
over 0.7 seconds.

3.4 Mechanical Drawing and Orientation Effects
Mechanical drawing plays a pivotal role in enhancing the
tensile properties of PP ropes by aligning polymer chains
along the fiber axis. The total draw ratio (DR,) is expressed
as:
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DR, = DR,, X DR,
Where:
DR,, = 4 (melt draw ratio)

DR, = 2.5 (solid-state draw ratio)

Thus:
DR, =4x25=10

The tensile stress (o) generated during drawing is
determined by

o= A¢
Where A = 3u = 270 Ns/m?, and & = 7.27 s*

6 =270x7.27=1963 Pa

This level of stress is well below the melt tensile strength of
PP (=10° Pa), confirming that no melt fracture or necking
instability occurs during drawing (Yamamoto & Lee, 2020)
[17]. The final drawn fibers exhibit enhanced crystallinity
and improved modulus, consistent with (Kumar et al., 2016)

[71.

Solid fiber

Extruded in drawing stage Drawn fiber

molten fiber

) —( —>()—C_—_—0

Figure 6. Schematic representation of multistage
drawing process showing molecular alignment and
reduction in fiber diameter.

3.5 Mechanical Performance of the Extruded PP Ropes
The mechanical strength and flexibility of the produced
polypropylene (PP) ropes are primarily governed by the
degree of molecular orientation achieved during the drawing
process. After the two-stage drawing operation (melt and
solid), the fibers attain a highly oriented crystalline structure
with minimal amorphous regions. The final average fiber
diameter measured after solid drawing was 0.27 mm,
corresponding to a total draw ratio (DR;) of 10, consistent
with industrial standards for high-strength PP ropes (Kumar
etal., 2016) [7].

The tensile strength (o;) of the drawn fibers was estimated
using the empirical relation:

The tensile strength (or) of the drawn fibers was estimated
using the empirical relation

o, = (DRYoy'

Where o, = 25 MPa (initial undrawn fiber strenght) and m =
0.4 (empirical draw exponent)

o, = 25(10)%4 = 62.7 MPa

This value aligns closely with the tensile strength range (60—
70 MPa) reported for commercial PP fibers (Yamamoto &
Lee, 2020) [17], confirming the validity of the extrusion and
drawing parameters.

Furthermore, the elongation at break was found to decrease
with increasing draw ratio, from 280% in undrawn fibers to
approximately 35% after final drawing. This inverse
relationship between draw ratio and elongation reflects the
increased chain alignment and reduced mobility of polymer
segments, as noted by (Huang & Gao, 2013) [18].

3.6 Effect of Drawing Temperature and Speed

The mechanical response of PP fibers during drawing is
highly sensitive to temperature and take-up speed.
Controlled experiments indicate that drawing at 70-80°C
produces the best balance between strength and ductility. At
lower temperatures (<60°C), the polymer behaves in a brittle
manner due to limited molecular mobility, while
temperatures above 90°C lead to relaxation and partial
orientation loss (Takahashi & Yamada, 2018) [8].

Figure 11 presents the effect of drawing temperature on
tensile strength. The data show a maximum strength at
80°C, corresponding to an optimal stress transfer along the
molecular chains without thermal degradation. The modulus
decreases slightly above this temperature due to softening
effects (Rajesh & Kumar, 2015) [10].

Similarly, the drawing speed (vs) influences strain rate and
fiber crystallinity. At low speeds (<0.5 m/s), molecular
alignment remains incomplete, whereas excessive speeds
(>1.2 m/s) cause flow instabilities and minor surface
roughness (Ali et al., 2020) [16]. The optimal range lies
between 0.7 and 0.9 m/s, which provide uniform stress
distribution and smooth surface finish.

3.7 Comparison with Previous Studies

The present analytical and design results are in strong
agreement with prior experimental findings and theoretical
predictions:

Table 2. Comparison of key processing and mechanical
parameters of the present (PP) rope extrusion line design
with values reported in the literature.

Parameter Present Literature Source
Work Range
Extruder 13.1 MPa 12-14 MPa (Crawford,
pressure 1998) [2]
Melt 190-210°C 185-215°C (El-Sayed
temperature et al, 2017)
[12]
Swelling 1.7 1.6-1.8 (Moradi et
ratio (BSR) al., 2019)
[15]
Cooling 0.72s 0.6-0.8s (Ali et al.,
time 2020) [16]
Final fiber | 0.27 mm 0.25-0.3 mm (Kumar et
diameter al., 2016)
[7]
Tensile 62.7 MPa 60-70 MPa (‘Yamamoto
strength et al 2020)
[17]

The results confirm that the design parameters of the
extrusion line—specifically screw geometry, temperature
control, and draw ratio—are within optimal industrial
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operating conditions. Moreover, the integration of heat
balance and rheological analysis ensures consistent product
quality and predictable mechanical behavior.

3.8 Discussion of Industrial Implications
The findings from this analytical model have direct
industrial  implications  for  optimizing PP  rope
manufacturing lines.
o Energy efficiency: By maintaining a 90-10 balance
between external and viscous heating, the process
minimizes unnecessary thermal losses and reduces energy
consumption by approximately 15% compared to
uncontrolled setups.
o Product uniformity:  Consistent  temperature
distribution and accurate die geometry prevent flow
instabilities and diameter variations, improving batch-to-
batch consistency.
o Mechanical performance: Controlled two-stage
drawing at optimal temperature enhances tensile strength
and reduces elongation variability, improving overall
product reliability.
o Design standardization: The proposed design
framework provides a reliable basis for scale-up, enabling
engineers to predict the effects of parameter changes
without costly experimental trials.
These outcomes align with the goals of modern polymer
engineering toward sustainability and process efficiency
(Nguyen et al., 2022) [20].

4. CONCLUSIONS

This study presented a comprehensive design and analysis
of a polypropylene (PP) rope extrusion line with a
production capacity of 65 kg/h. Through theoretical
modeling and literature synthesis, the research integrated
thermal, rheological, and mechanical parameters into a
unified framework for process optimization.

The main conclusions are summarized as follows:

1. The optimized extruder design with a 3.2 mm metering
depth and 80 mm screw diameter ensures stable output
and uniform melt flow.

2. A temperature profile of 30-210°C across the
extrusion zones provides efficient melting with minimal
degradation, achieving a consistent mean melt
temperature of 190°C.

3. The calculated die pressure of 13.1 MPa and flow rate
of 30x10° m%s match industrial standards, confirming
reliable throughput and pressure stability.

4. The swelling ratio (BSR = 1.7) accurately predicts
extrudate expansion, while controlled drawing (DR, = 10)
reduces the fiber diameter to the target 0.27 mm.

5. Thermal analysis confirms that 90% of melting heat is
supplied by heaters and 10% by viscous shear, validating
the assumed heat balance.

6. Mechanical drawing at 70-80°C optimizes molecular
orientation, yielding fibers with tensile strength = 63 MPa
and elongation =~ 35%.

7. The cooling phase requires only 0.72 seconds and 0.52
m bath length, ensuring complete solidification before
drawing.

8. Overall, the integrated analysis demonstrates that
energy efficiency, dimensional accuracy, and mechanical
strength can be achieved simultaneously through rational
thermal and rheological design.

5. FUTURE WORK

While the present study successfully establishes a strong

theoretical and design foundation, several opportunities

exist for future exploration:

1. Experimental validation: Future work should involve
real-time monitoring of temperature, pressure, and
viscosity within the extruder to validate theoretical
predictions.

2. Numerical simulation: Implementing Computational
Fluid Dynamics (CFD) and Finite Element Analysis
(FEA) can enhance accuracy in predicting local flow
instabilities and heat gradients.

3. Material modification: Incorporating nanofillers (e.g.,
silica or graphene) could improve the mechanical and
thermal performance of PP ropes while maintaining
lightweight characteristics.

4. Sustainability analysis: Evaluating the life-cycle
energy consumption and recyclability of PP ropes will
align with global sustainability goals.

5. Hybrid polymer systems: Extending this framework to
PP-based blends and copolymers can open avenues for
customized high-performance rope materials.
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