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Abstract: We propose a practical semi-empirical one-Dimensional (1D) elongational rheology and crystallization
model for fiber formation within the spunbonding drawing region. The model predicts fiber diameter variations resulting
from feed rate and drawing variations, which are common in the spunbonding process. To simplify the simulation of
the polymeric phase, we introduce a method that reduces the need for extensive experimental fitting by a series of rapid
simulations, among which the fitting case is selected by comparing the final fiber diameters. Fitting is based solely on
the final fiber diameter at the conveyor, which is more accessible than the calorimetric or in-situ crystallization data
required by conventional methods. This process consists of two steps: (1) performing a detailed Computational Fluid
Dynamics (CFD) simulation to model the airflow within a large domain of the drawing region and determine the airflow
being drawn from the surroundings toward the spinline, and (2) using the resulting air velocity profile as a boundary
condition for our 1D fiber formation model. Alternatively, the air velocity in step (1) can be measured experimentally
at various locations and incorporated as a boundary condition, enhancing the method’s generalizability across different
drafter geometries and operating conditions. Inspired by the Kanai et al. correlation framework, our 1D model in step
(2) integrates heat transfer rates and extensional-thickening behavior within a thermally dominated crystallization
framework: the relative crystallinity &(7) is expressed as a function of temperature alone, and the influence of Flow-
Induced Crystallization (FIC) on melt rheology is captured indirectly through Gy. The model relies on a single empirical
constant, Gy, requiring only one experimental fitting parameter per operating regime. Gy is not a material constant but a
system-dependent effective parameter—equal to the logarithm of the total viscosity amplification from die to conveyor—
whose value varies with throughput and drawing conditions. Since fiber Reynolds numbers remain of order unity, the
airflow and fiber phases are one-way coupled; this allows a detailed air velocity profile to serve as a boundary condition,
shifting computational complexity from crystallization kinetics to the more tractable airflow dynamics. We conducted
a series of experiments using cryogenic Nitrogen (LN,) to freeze molten fiber samples at various positions between the
die and conveyor of a lab-scale spunbonding machine for comparison with the simulated data. We also performed X-Ray
Diffraction (XRD) analysis of crystallized samples, which provided further insight into Gy, the effective crystallization
index introduced in this study. The model reproduces measured diameter profiles across all tested feed and draw
conditions, with the fitted Gy values reflecting the coupled influence of throughput and drawing force on effective
crystallization rate.
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1. Introduction

Spunbonding [1] is a well-established industrial method for producing polymeric nonwoven textiles, widely
utilized in applications such as filtration masks, diapers, and liquid absorbents. Figure 1 presents a schematic of the
spunbonding process. This method shares similarities with melt-spinning [2]-[4] and melt-blowing [5]-[8].

Spunbonded products are notably thin yet possess significant mechanical strength, making them suitable for
medical filtration, as demonstrated during the Coronavirus Disease 2019 (COVID-19) pandemic, as well as for nano-
fibrillation products [9], [10]. The spunbonding process has gained increased attention in recent years [11], [12],
although substantial scope for advancement remains.

We focus on the drawing region of the spunbonding process. This region begins immediately below the die, where
numerous fibers exit the die holes into the ambient air. In this region, fibers are stretched, thinned, and drawn into the
drafter before being deposited onto a conveyor belt (Figure 1). Crystallization occurs along the drawing region and is
a critical process that significantly influences the product properties and performance. Among the various mechanisms
governing crystallization, Flow-Induced Crystallization (FIC) is a key phenomenon in spunbonding, where the dynamics
of polymer flow affect the nucleation and growth of crystalline structures [13], [14]. The crystals grow aligned with the
flow direction, as Figure 2 depicts. This alters the melt characteristics, in contrast to quiescent crystallization. Moreover,
directionally strengthened fibers enhance the applications of spunbonding products [15], [16].
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Figure 1. Spunbonding process and the spinneret

While the literature extensively explores fiber formation in melt-spinning [17]-[20] and melt-blowing [21]-[24],
studies on spunbonding are relatively scarce. Initial research on spunbonding began in the 1960s, with studies focusing
on the emerging drawing region, e.g., [25].

A key feature that distinguishes spunbonding from melt-spinning and melt-blowing is the extended duration over
which the drag force (£,,) is exerted while the fiber undergoes convective cooling. Throughout the drawing region, air
flows along the fiber, accelerating in the same direction as the fiber. This persistent shear drag thins the fiber gradually
without causing breakage.

The heat transfer mechanism in spunbonding is distinct from that in melt-spinning due to the co-current airflow
induced by the drafter along the spinline. Bond [18] underscored this difference, which results in slower cooling in
spunbonding compared to other spinning processes and thus longer thinning of the polymeric melt. This slower cooling
rate allows for a longer stretching time, enhancing further molecular chain reorientation. It is also common practice to
enclose the drawing region to focus the co-current airflow, so we installed covering walls in our experiment. Co-current
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cooling also occurs in melt-blowing, but the melt transfers heat faster and has a shorter drawing time. Because of this,
spunbonded nonwovens possess better filtering and absorbance capability than those produced by melt-spinning and
melt-blowing, and the fibers have better directional mechanical properties. This co-current heat transfer mechanism is
unique to spunbonding but has been relatively underexplored in the literature [26], [27].

Figure 2. Micrographs of spunbonded Pure Polypropylene (PP) samples. a) Multiple fiber samples on an optical microscope grid. b) Scanning
Electron Microscopy (SEM) of a spunbonded fiber demonstrating the stretching effects on the fiber skin. ¢) SEM view of the fiber with the amorphous
phase etched off in boiling Xylene, showing directional crystal growth under elongational strain. d) Image of the crystalline phase at higher resolution

The existing spunbonding literature often attempts to adapt melt-spinning models (e.g., shooting method [17], [27],
[29]) or methods similar to those used for melt-blowing deposition (e.g., [29]). Some studies have also employed non-
simulation mathematical approaches like machine learning to analyze available experimental data (e.g., [30]-[32]). A
comprehensive review of available mathematical approaches for modeling elongational FIC, including empirical, semi-
empirical, and molecular-based formulations, is provided in [33], which also motivates the simplified modeling strategy
adopted in the present work.

Recent FIC modeling approaches span a wide range of mechanistic complexity. Molecular-dynamics simulations
[34] illuminate the multistep nucleation process at the nanoscale but are computationally prohibitive for spinline-length
do-mains. Multiphysics crystallization models [35] couple flow, temperature, and kinetic evolution through multiple
empirical parameters that require dedicated characterization experiments. Elongational-FIC constitutive models [36], [37]
capture strain-rate-dependent nucleation and growth but demand transient rheological datasets not routinely available for
process-grade resins. The present model occupies a complementary niche: it sacrifices mechanistic resolution in favor of
a single identifiable parameter (Gy) and a precomputed airflow boundary condition, yielding a tractable framework for
practical process tuning without multi-parameter fitting.

Several factors have contributed to the limited detailed modeling of the spunbonding drawing region, leading to the
predominance of a trial-and-error approach for tuning spunbonding processes:

1. Significant feed material variations due to material grade, impurities, and recycled content.

2. The simultaneous extrusion of tens or hundreds of fibers from the die, which experience varying degrees of
convective cooling, stress, and drag forces due to their relative positions and angles. The resulting range of differences
is significant and challenging to simulate.

3. Research that favors studying novel blends and composites experimentally with an existing machine, e.g., [38]-
[46], rather than the simulation of the process.

4. The complexity of modeling elongational FIC [36], [47], particularly given the high-velocity gradients and
severe cooling rate ranges in spunbonding, which existing analytical formulas are ill-suited to handle.

Variations in feed composition and fiber properties pose significant challenges to validate simulation models.
Although in-situ sampling techniques have been employed to obtain crystallization data (e.g., [48]), their application is
often im-practical for simulating every minor variation in process conditions. As a result, existing models are difficult
to apply for routine process tuning under realistic feed and airflow variations, where only limited experimental data are
available.
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To address these issues, we present a novel 1D model for fiber formation in spunbonding driven by a simulated
airflow boundary. While 1D melt models have been developed for similar purposes (e.g., [16], [17], [27], [28], [30],
[49]-[51]), the present approach is distinct in its treatment of FIC: rather than solving a coupled FIC model from first
principles, a precomputed or experimentally measured air velocity field is used as a boundary condition, enabling a
back-calculation of the effective crystallization rate. This decoupled treatment is justified by the multistep, multiscale
nature of nucleation [34]. G, is a lumped parameter encoding the effective crystallization enhancement under
extensional flow conditions, capturing nucleation, growth, and orientation effects through its influence on viscosity
evolution. It is not a material constant but an operating-condition-dependent effective parameter; however, only one
such value is required per operating regime.

While there are existing models for FIC under idealized or specific conditions (e.g., [52]-[56]), they typically
rely on empirical correlations that demand complex experiments. In contrast, we present a model with computational
implementation and experimental inputs, which can be conveniently applied to various spunbonding machines.

Step 1 obtains the air velocity profile along the drawing region via Computational Fluid Dynamics (CFD) or direct
measurement—data that is often overlooked in other models but straightforward to acquire. Step 2 uses this profile as
a boundary condition in the 1D fiber simulation, shifting computational complexity from crystallization kinetics to the
more tractable airflow dynamics.

In Section 2, we present our algorithm and introduce the computational models for the airflow and the subsequent
fiber simulation. The primary focus of this study is the latter, which builds upon the framework developed by Kanai et
al. [28], with modifications to incorporate a more detailed representation of the airflow. Next, we present the results and
evaluate the model’s predictive capabilities by comparing simulation outputs with experimental data obtained from our
lab-scale spunbonding apparatus. The present framework also serves as the macroscopic foundation for a subsequent
dual-scale simulation of nanofibrillation phenomena within individual fibers, which has been developed and validated
using experimental data in our recent work [57].

2. Methodology

In the two computational steps of this study, we first present a three-dimensional CFD model for the airflow.
Subsequently, we present a 1D model that captures the transformation of a polymeric melt into a fiber along the spinline
with the airflow as the boundary condition.

The process begins with simulating airflow within the spunbonding drawing region, where ambient air is drawn
and accelerated along the spinline. The velocity-driven airflow is modeled using CFD within a Computer-Aided Design
(CAD) geometry of the spunbonding machine.

Subsequently, the airflow velocity (U,) obtained from the first step simulation is applied as a boundary condition
to the fiber formation model along the spinline (x). The fiber elongation is primarily driven by shear drag, which is
computed based on the velocity difference between the fiber (U) and the surrounding U,

2.1 Step 1: airflow simulation in the drawing region

In this section, we describe the airflow simulation using OpenFOAM-v7® [58]. The CAD geometry of a lab-
scale spun-bonding machine was developed using Autodesk Fusion 360 (Autodesk Inc.). The model was subsequently
imported into OpenFOAM, where all solid boundaries were defined as no-slip walls. Two airflow simulations were
performed using the incompressible simpleFoam solver, employing the k-¢ turbulence model to capture the airflow
characteristics around the machine geometry. The primary output of each simulation is the axial air velocity distribution,
U,, obtained for two drafter settings along the spinline. The k-¢ model was selected because its predictions of the axial
air velocity distri-bution along the spinline were validated against Pitot-tube measurements conducted at accessible
points in the drawing region [27], [59]. Although the SST k-w model is generally preferred for wall-bounded flows
owing to its improved near-wall treatment, k-¢ proved adequate for the present geometry where the region of primary
interest—the spinline core—lies well away from the confining walls. Direct Pitot measurements within the narrow
drafter interior were not feasible, so a detailed turbulence-model comparison in that zone remains unavailable; the outer-
region validation is taken as sufficient justification for the adopted closure.
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Since the fibers are very thin, their influence on the surrounding airflow is negligible at the scale of interest, and the
airflow can therefore be treated independently of the polymeric phase. The negligible effect of the thin fibers on airflow,
the aecrodynamic design of the drafter, and its influence on the resulting drawing air velocity field have been investigated
in detail in our earlier work [59], which confirms the use of a CFD-derived airflow profile as a boundary condition in the
present model.

The fiber formation model operates independently as a post-processing step, with the air velocity U, boundary
condition interpolated where the simulation grid cells do not align perfectly. Alternatively, the second step can be carried
out using U, values experimentally measured at several points along the drawing region, such as with a Pitot tube.

2.2 Step 2: fiber simulation along the spinline

The simulation domain begins at the die hole exit. Figure 3 shows the computational mesh grid for a single fiber,
which is discretized into cylindrical cells with uniform height (dx) and a dynamically evolving Diameter (D) influenced
by the coaxial airflow.

Die

Conveyor

Figure 3. The 1D cylindrical mesh with dynamic diameter in the drawing region. The surrounding air cools and stretches the lateral sides of the
cylinders on the spinline

Drawing region length 220 cm

The ratio of drawing length to fiber diameter, ~ 5,000, is large. As a result, the

Die hole diameter 400 pm
radial momentum and heat transfer within a fiber are negligible in comparison to axial effects at the scale of interest.

While a few studies have investigated specific sections of the drawing region where radial distributions may become
significant (e.g., [60], [61]), the present analysis deliberately focuses on the dominant axial behavior to enable a
tractable and practically deployable 1D model. This 1D assumption is further quantified by a Biot number estimate.
Using a representative fiber diameter D ~ 100 um, convective coefficient 2 =~ 100 Wm~K"', and PP thermal conductivity
k=0.2 Wm'K", the lumped-capacitance Biot number for a cylinder evaluates to B, = hD/(4 k;)=0.013 << 1, confirming
that radial temperature gradients within the fiber are negligible and a 1D (axial-only) treatment is well justified. The
present model covers the full spinline from die exit to conveyor; the initial segment near the die, where near-die
transient effects and higher local stresses may make radial gradients more pronounced, has been examined separately in
a dual-scale study [57]. At substantially higher feed rates or for larger die diameters B; could approach O(0.1), and this
represents a recognized limitation of the 1D assumption.

We solve a steady-state set of 1D transport equations governing mass, momentum, energy, crystallization, and
rheology. These equations, summarized in Eq. (1), are implemented in Python 3.8.3 using the NumPy library and
iteratively solved until the velocity field converges. The formulation of each transport equation is detailed in Sections
22.1t02.2.4:
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In the rheology equation, 7 represents the elongational viscosity, 7 is the polymeric melt temperature, a function of
position (x), 7, is the initial melt temperature at the die exit, ¢ the relative crystallinity (also a function of x), 7y, is the
shear viscosity, £, is the activation energy, R is the universal gas constant, Gy is an empirical index introduced in this
study, and f'is a numerical function describing rheological behavior in Section 2.2.3.

In the mass equation, M is the mass flow rate, 4 is the fiber cross-sectional area, and p is the polymer melt density.
In the momentum equation, Fy,q. represents the external mechanical force applied by the drafter, while F,;.,,, and Fy,,
denote the internal viscous force and the aerodynamic drag on the fiber lateral surface, respectively. The term £ ;u
accounts for the gravitational force acting on the fiber, F,.. denotes the surface tension, and A, is the first normal stress
difference. In the energy equation, / denotes the convective heat transfer coefficient, ¢, is the specific heat capacity of
the melt, and 7, is the ambient air temperature. Kase and Matsuo’s spinning model [2] was adopted for the temperature
distribution [16]. In the crystallization equation, 7,, 7,,, and ¢ are the effective solidification temperature, melting
temperature, and the relative crystallinity of the polymer, respectively. We do not attempt to resolve microscopic
nucleation or growth kinetics. Instead, we introduce Gy as a lumped effective crystallization rate index that subsumes
induction time, nucleation density, growth rate, and flow-orientation effects into a single macroscopic closure. Table 1
lists the property values used in our simulations. We adopted the boundary conditions below for iteration over Eq. (1):

1. Die: T=Ty., D = Dy, U= Uy, obtained from the feed.

2. Surroundings: 7, = 20 °C constant and U, from the air simulation.

3. Conveyor: zero gradients for 7, D, and U.

A range of simulations is run for a range of the effective crystallization rate index, Gy. Next, by comparing these
predictions with experimental measurements, the user can identify the crystallization rate that best matches their
measured fiber diameter. This inferred rate can then be used to predict diameter variations under varying drawing forces
and process conditions, providing valuable insight into the coupled effects of cooling efficiency and FIC. Since adjusting
the drawing force is a critical task when tuning the drafter—especially in response to subtle changes like material
grade variation—having a reliable estimate of the crystallization rate significantly reduces the need for costly and time-
consuming trial-and-error experimentation at the industrial scale.

Next, we elaborate on details of Eq. (1) for the solutions of U(x), D(x), 7(x), and &(x).
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Table 1. Detailed values, equations, and boundary conditions for fiber simulation

Property Explanation Value or equation

U, Alr viscosity 1.81 x 107 Pa-s
p PP density 1/(0.000903 7+ 1.145) [51]
Pa Air density 1.225 kg/m®
14 Relative crystallinity Varying between 0-1
A Cell cross-section % D’

Jateral Lateral area of a cell 7D - ox
c, Specific heat capacity 0.3669 + 0.00242 T'[51]

D, Die diameter 400 pm

E, Activation energy 427,198 J/kg
k, Air conductivity 2.550 x 10" w/mK
M Mass flow rate per hole (1-2) kg/h = 100 holes
T, Air temperature 20 °C

Tyie Die temperature 200 °C
T, PP effective solidification temperature' 50 °C
T, PP melting temperature 171 °C
U, Air velocity From air simulation

Air boundary’ U P
Inlet fixedValues of 50 & 80 m/s zeroGradient
Far side’ zeroGradient fixedValue of 1 atm
Walls (CAD) noSlip zeroGradient

"This value is significantly above the exact T, . of isotactic PP (= 0 °C). It is used here as an effective solidification
temperature, below which the fiber viscosity becomes sufficiently large that further thinning is negligible in the model
>The air boundary conditions are illustrated in Figure 4

*The far side is the sides of the large surrounding cubes in Figure 4b

(a) Schematics
(not to scale)
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(to scale)

(c) Drafter & air inlets
(to scale)
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by the side walls |

(d) Air CFD mesh
(to scale)
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1,328,540
cells

Figure 4. Our lab-scale spunbonding machine and boundary conditions for the airflow simulation: a) schematic of the drawing region; b) CAD
geometry, including the die area, the covering walls, the drafter, and the conveyor belt area, with the wall boundary condition applied on all CAD
surfaces; c) close-up of the CAD model around the air inlet, comparable to Figure 4; and d) CFD mesh around the CAD geometry to simulate the
airflow within the drawing region. This large domain around the spinline allows the pressure to be set to atmospheric far from the fibers

& Conveyor
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2.2.1 Momentum conservation equation

The mechanical drawing force, Fy,z.» is externally applied by the drafter. The direction of F,, varies spatially
along the spinline and therefore requires careful treatment. F ., acts in the same direction as the drawing force, aiding
the thinning process. Internally, the polymer experiences F;,., Which is correlated to N, associated with the melt
elongational viscosity.

Following standard practice in the literature [2], [18], [S1], Fye 1S neglected and F
term—both being exerted by the airflow—so that the final momentum balance contains only Fiy.., Fiscouss
Different empirical correlations are applied inside and outside the drafter to account for the distinct flow regimes in
cach region. Both F,;, and the acrodynamic component of F,,,, act through the same shear-drag mechanism: the local
velocity difference (U, — U) drives a distributed drag force over the fiber lateral surface. Inside the drafter, the covering
walls accelerate the co-current air to higher velocities, increasing (U, — U) and therefore the drag; the physical origin
of the elevated air velocity does not alter this drag formulation. The direction-preserving form in Eq. (2) captures both
regimes continuously.

The simulated airflow around the fiber acts as a boundary condition and contributes to the shear drag force on the
fiber lateral surface (A4 ,..))- Since the instantaneous fiber diameter remains several orders of magnitude smaller than the
characteristic dimensions of the drafter and surrounding airflow domain, and the fiber Reynolds number based on the
relative velocity (U, — U) remains on the order of unity (i.e., Re ~ 1) or smaller under typical operating conditions, the
feedback of the fiber motion on the surrounding airflow is negligible. This justifies a one-way coupling approximation,
in which the airflow influences the fiber dynamics but not vice versa.

Spunbonding machines are designed such that, for most of the spinline, U, > U is maintained with a small
difference for slow thinning. The air velocity U, peaks inside the drafter and then tapers off near the belt. The model
also captures possible reversals in the direction of F,,, when U > U, [59]. To capture this behavior, we define the drag
force using a direction-preserving form:

is merged into the F,,
and F.

weight*

rafter

Fdrag :%'Cdrag 'Alateral '|Ua _U|(Ua _U)

Cdrag = lIJlRe_\Pz (2)
DWU,-U
Re=PaZ%a "1 V. -Y] n
Hy

where p, is the air density, C,,, is the drag coefficient, Re is the Reynolds number, and ¥, and ¥, are empirical
coefficients obtained from the experimental work of Chen et al. [62] for two distinct flow regions:

Cirag = 0.37Re™" outside of the drafter
(3)

Cirag = 0.91Re”®" within the drafter and covering walls.

These correlations were originally developed for cylindrical fibers subjected to co-current airflows and are valid
within the Reynolds number range relevant to spunbonding. Outside this regime, the drag law should be re-evaluated or
replaced with alternative correlations.

The two coefficients reflect physically distinct flow environments: ¥, = 0.91 was determined by Chen et al. [62] for
fibers inside a confined aspirator channel, where wall proximity amplifies the effective surface shear, while ¥, = 0.37
applies to the unconfined co-current airflow above the drafter. A sharp switch between the two correlations is applied at
the entry of the covering walls.

The complete steady-state 1D momentum balance for the fiber, combining all force terms, gives the following
explicit ordinary differential equation for U(x):
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Here, the left-hand side is the rate of change of momentum flux (inertia); the first term on the right is the
elongational viscous stress gradient, where N, = n dU/dx is the first normal stress difference; the second term is the
aerodynamic drag (direction-preserving form, Eq. (2)); and the third term is the fiber weight.

Since the drag force F,, depends on the relative velocity (U, — U), and the fiber velocity U is influenced by Fj,,
solving the momentum equation requires an iterative approach to achieve convergence.

2.2.2 Energy conservation equation

Using the Kase and Matsuo method [2], energy transport is simplified to temperature variation due to convective
heat transfer, neglecting work terms, viscous dissipation, and the polymer latent heat [16], [27]. This approximation is
justified for thin fibers under moderate elongational stresses, where convective cooling dominates the thermal balance
along the spinline.

Nu-k
h=fio (Nu)= ”;xa. (5)

Here, Nu is the Nusselt number, dx is the grid cell height (see Figure 3), and £, is the air thermal conductivity. The
empirical correlation for the Nusselt number in melt spinning is given by [2]:

(6)

) 2 0.167
Nu=0.42(Re] +64Re? )

In Eq. (6), Re denotes the Reynolds number associated with the air velocity component U, , parallel to the spinline
direction. The perpendicular component, Re |, is notably more potent, with the multiplier of 64 in Eq. (6), but is null in
spunbonding because the radial and polar velocities are zero (U, , = U, , = 0). A survey of Nusselt number correlations
for melt spinning and related fiber processes, including several more recent proposals, is provided in [17] (Table 3.2
therein); under the present conditions of purely parallel co-current flow these alternatives reduce to forms comparable to
the Kase and Matsuo correlation. Setting Re; = 0 is maintained intentionally: the covering walls of the drafter suppress
transverse airflow, keeping Nu small and thereby prolonging the crystallization window for gradual fiber solidification.

2.2.3 Rheology equation

Several models exist for constitutive rheology [63], but using complex constitutive correlations with several
fitting param-eters for feed variations can be challenging, even without considering temperature changes, and is further
complicated in spunbonding by severe cooling and FIC. Therefore, there are strong incentives to simplify models where
FIC is significant (e.g., [64]-[66]). This approach is commonly used in fiber formation (e.g., [29], [33], [49], [56]), as it
is easier to estimate the relative crystallinity using only temperature, &(7), and to compute 7 using only convection heat
transfer.

Kanai et al.’s model [28] is a notable example. They neglected the extensional thickening effects due to the strain
rate compared to crystallization and thus used Eq. (7):

U(T’ (:E) = 377shear (T:*ef )~exp (E?D|:1_L:|]6XP(K 5)

(7

viscous  __

AU _ Fiseoss _ M1
dx nA n
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where 7 is estimated using Trouton’s ratio of three, with an Arrhenius-type temperature dependence of viscosity at a
reference temperature (7). In their correlation, the only experimental coefficient is the rising index K, where K = 1
indicates Pure Polypropylene (PP) melt in their study. K decreases with the dosage of low-tacticity PP blended with
high-tacticity PP, such that delayed strain-hardening allows molecular chains to reorient further within the melt,
resulting in higher mechanical strength of thinner fibers. Kanai et al. used quiescent differential scanning calorimeter
data to roughly estimate K in the range of 0.8-1.0 for different dosages, which opens a significant opportunity for
further experimental research. They ignored the induction time, die swell, and radial distribution of velocity. The use
of Trouton’s ratio of three in Eq. (7) is a Newtonian approximation for relating extensional to shear viscosity. For a
PP melt at the processing temperatures considered here (above 180 °C), the departure from this ratio under moderate
extensional rates is modest [37], and the associated uncertainty is effectively absorbed into the calibrated value of Gy. A
more detailed treatment of extensional rheology under spunbonding-relevant deformation rates is provided in [57].

Following their approach, we adopt a similar exponent coefficient Gy, together with a numerical function f and
the temperature distribution from the simplified Kase and Matsuo model [2], [16], in Eq. (1)-Rheology, where f'is the
mathematical representation of the exponential increase in # with G,. In contrast to Kanai et al.’s direct exponential
exp(K - &), here f is implemented as a geometric series over the mesh cells (Eq. (8)), distributing the viscosity growth
monotonically without requiring ¢ as an explicit input. In this formulation, crystallization is modeled through a rapid
increase in viscosity, and hence the faster /' (Gy) increases, the faster crystallization effectively occurs; we therefore tune
the FIC effect using f.

The only empirical coefficient, Gy, is not merely a material constant. It is an effective crystallization index that
depends on both material properties and the local thermo-mechanical history. While Kanai’s K is primarily material-
dependent, Gy is system-dependent, reflecting the specific acrodynamic and thermal conditions of the machine. Its value
therefore varies with feed rate and draw conditions; however, once identified for a given operating regime, it enables
prediction of diameter variations within that regime without further experimental fitting.

We used a NumPy geometric series for the function f that distributes the value from 7, to 7. * numpy.exp(Gy)
geometrically across all mesh cells. This formulation enforces monotonic viscosity growth consistent with crystallization
progression while avoiding additional fitting parameters:

1 (x, Gg) = numpy.geomspace(#gie, H4. X NUMpy.exp (Gx), mesh number). (8)

Since f distributes # from 7, to 74, - exp(Gy), the final viscosity at the conveyor is #.omeyor = e * €XP(Gy). This
gives Gy an explicit mechanical interpretation as the logarithm of the total viscosity amplification factor due to flow-
induced structure formation:

GK _ 1n[nconveyor J ' ( 9)
Tdie FIC

This logarithmic measure integrates the combined effects of molecular orientation, nucleation, and crystal
growth over the full thermal and flow history of the spinline, giving Gy a clear mechanical meaning as the integrated
strengthening effect of flow-induced structure formation.

2.2.4 Crystallization equation

The melt viscosity both affects and is affected by the relative crystallinity, defined as:

_om
§n==3 (10)

00

where ©(T) represents the mass fraction of the crystalline phase within the semi-crystalline polymeric structure at tem-
perature 7, and ©,, corresponds to the value when all phase transitions have fully concluded after a sufficiently long time.
Rather than resolving microscopic nucleation and crystal growth kinetics explicitly, we introduce a reduced-order
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crystallization law in which £ is expressed solely as a function of temperature:

0 T>T,

T -T
&= # T,>T>T,. (11)
m g

1 T<T,

This formulation assumes that crystallization initiates at the melting temperature 7, and the fiber is considered
solidified at the effective solidification temperature 7,, below which molecular mobility is insufficient to sustain
further thinning. Crystallization may continue below 7, but this is outside the scope of the present model. Although
this representation neglects explicit time-dependent induction and growth kinetics, it is appropriate under the high
cooling rates and large thermal gradients characteristic of spunbonding, where thermal history dominates crystallization
progression. The effect of induction time and growth kinetics is implicitly absorbed into the fitted value of G, which
affects both the onset and the slope of viscosity growth along the spinline. Spunbonding can exhibit finite induction
times, but the present experiments indicate that their macroscopic effect is negligible under the operating conditions
considered here. The 2 kg/h half-draw condition is the borderline case: the Deborah number estimate of De = 0.8 for
this condition (see Section 4) indicates that crystallization and flow timescales are of comparable magnitude, consistent
with a plausible finite induction time. Under these conditions—Ilower extensional stress and slower cooling relative to
the full-draw case—the present model may underestimate the onset of crystallization, which is also reflected in the low
fitted value of G, = 0.5. An offline Differential Scanning Calorimetry (DSC) measurement under controlled cooling
rates representative of this condition would enable a more definitive assessment and is identified as a direction for future
work.

Accordingly, &(T) should be interpreted as an effective macroscopic crystallinity coordinate rather than a
microscopic kinetic variable. This reduced-order closure enables a tractable coupling between thermal history, viscosity
evolution, and fiber thinning, while retaining only a single empirical crystallization parameter.

It is important to note that the present crystallization model is thermally dominated: ¢ depends on temperature
alone and carries no explicit dependence on strain rate, stress, or molecular orientation. The influence of extensional
flow on crystallization is captured indirectly through Gy, which amplifies the melt viscosity in proportion to the
effective crystallization extent. More complete formulations that incorporate flow-dependent crystallization kinetics—
including strain-rate-dependent and stress-dependent nucleation models—are reviewed in [33]. The simplified thermally
dominated closure adopted here is well-suited for the present operating conditions, where the high cooling rates and
strong ther-mal gradients characteristic of spunbonding render thermal history the primary driver of crystallization
progression, as confirmed by the experimental validation in Section 4.

3. Experimental setup and sampling with the lab-scale spunbonder

Experiments were carried out using a custom-built lab-scale spunbonding system at the Microcellular Plastics
Manufac-turing Laboratory (MPML) at the University of Toronto. The machine features a circular spinneret die (see
Figure 1) and a rectangular drafter inlet (see Figure 5) enclosed by side walls.

To validate the airflow simulations, air velocities were measured using an AVbase Dwyer pitot anemometer/
manometer (Dwyer Instruments, LLC, Michigan City, IN, USA).

All trials used general-purpose PP H521 (Braskem America, Inc., Philadelphia, PA, USA). The extruder is equipped
with four independently heated zones. The first zone, near the feed hopper, was set to 190 °C, while the remaining zones
and the die were maintained at 200 °C. The feed hopper, fan, and screw rotation were each controlled via inverters. The
feed rate exhibited a quasi-linear relationship with inverter frequency and was maintained within a range of 1-2 kg/h,
allowing for continuous melt flow through all 100 circular die holes without interruptions or breakups.
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Airflow
from the fan

Figure 5. The drafter and air inlet configuration. A fan is controlled by an inverter and drives air into the drafter side inlets. Ambient air and polymer
fibers enter from the top through a rectangular opening

The drafter fan was operated at two primary inverter settings: half draw and full draw. Under the half draw
condition, the fan speed was set just high enough to maintain fiber alignment within the spinning path and prevent
fibers from diverging toward the side walls. The corresponding air inlet velocity was measured to be approximately
50 m/s. In the full draw condition, the fan operated at the maximum speed that still ensured fiber continuity without
breakage, resulting in an inlet velocity of 80 m/s. Due to the narrow drafter channel and enclosing side walls, velocity
measurements were limited to the main air inlet and two additional accessible points along the flow path.

To sample fibers at specific locations along the drawing region, Liquid Nitrogen (LN,) was used for rapid
quenching. As shown in Figure 6, two thick metal plates cooled in LN, were used to freeze fibers at selected x-positions
with minimal applied force, thereby preserving the fiber internal crystalline structure. There is a 50 cm distance below
the die before the covering walls. We collected samples along this part and on the conveyor, where access was available,
i.e., atx =10, 20, 30, 50, and 220 cm below the die.

Fiber diameter measurements were performed using a 1,600 x Wendry Digital Electron Microscope (B0813J4TKF,
manufactured in Shenzhen, Guangdong, China). Images were captured on a square grid scale and analyzed using
Image] software [67] (Version 1.54 p). The average fiber diameters were plotted against x to observe thinning behavior.
Under most operating conditions, the majority of diameter reduction occurred before x = 50 cm, consistent with freezing
points reported in the literature [18]; under insufficient drawing conditions, however, the freezing point shifts further
downstream, as discussed in Section 4.

Because sampling was necessarily limited to discrete spatial locations and a finite number of fibers per location,
the reported diameters and crystallinity values should be interpreted as representative averages rather than pointwise
spinline-resolved quantities. Nevertheless, the observed trends along the spinline were highly reproducible across
repeated trials at the same operating conditions, supporting the robustness of the experimental dataset.

X-Ray Diffraction (XRD) analysis was conducted using a Philips PW3710 X-ray Diffractometer to determine
the degree of crystallinity and investigate potential orientation effects. Diffraction angles ranging from 5° to 50° were
recorded at a scanning rate of 4.0° min™ to analyze the intensity of crystalline planes and assess structural evolution.
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Figure 6. Collecting experimental data using LN,. a) Metal plates were used to quench fiber samples at different positions. Three fibers are shown
exiting the die and elongating through the drawing region. b) Optical microscope images of quenched samples, with a grid size of 250 um, captured
for the half draw condition. The five samples correspond to the five x-positions indicated in (a)

4. Results and discussion

We first present the simulation setup and results, then compare them with experimental measurements, and finally
analyze the XRD data.

Figure 4 shows the main components of the spunbonding machine, including a schematic, the CAD geometry,
the air inlets, and the three-dimensional CFD domain of the OpenFOAM mesh. The air inlet velocity was fixed to
the measured values of 50 and 80 m/s for the half and full drawing settings, respectively. The velocity-driven air
inlet boundaries, each about 2 cm horizontally from the spinline, draw ambient air through the top into the drafter, as
illustrated in Figure 7a.

Figure 7b shows the resulting airflow along the spinline. U, is negligible before the covering wall, where the fiber
velocity is also minimal (i.e., x within 0 to 50 cm). Next, U, gradually increases inside the covering walls from x = 50 to
100 cm before the drafter, and peaks in the upper half of the drafter, x = 100 to 150 cm. In the lower half of the drafter,
U, decreases due to air mixing and then increases again as the mixed air streams develop further downstream. The full
and half draw settings exhibit similar qualitative patterns but differ in the magnitude of U,, which affects the drag force.
The profiles in Figure 7b were subsequently applied as boundary conditions to the fiber simulation.

We ran the 1D simulation based on Eq. (1) for ten values of G, = 0 to 9, resulting in conveyor viscosities (#comeyor)
ranging from 7, to 774, % 10°. Figure 8 illustrates the viscosity increments using the empirical function of Eq. (8).

Once the operator identifies the closest match between the simulated and measured D,y the corresponding Gy
is selected, and no further experimental measurements are required for that operating condition. Figure 9a illustrates
how changes in Gy lead to a wide range of fiber diameters. The final diameter, D.ey0» 1S particularly sensitive to
crystallization and increases substantially as viscosity rises rapidly. This range is more clearly seen when comparing the
velocity plots in Figure 9b. Note that the values of U are considerably smaller than U, in Figure 7b.

Experiments described in Section 3 were conducted for different feed and draw settings. Four cases (two drawing
settings and two feed rates) are shown in Figure 10. Each case corresponds to either the minimum or maximum draw
and feed rates.

Engineering Science & Technology 376 | Chul B. Park, et al.



(a) Drafter (b) Simulated air velocity profile along x with
measured values at two points

3
ey o

o z Die 07 —Full draw | x
§ x=100 cm g ) —Half draw
= ® S, 0l Experimental —>| & Full draw
g 2 K 5 Measurements —>| ® Half draw
5| LE p .
5 = 100 Covering wall
= =
& Fixedair 2

i inlets of 50 o 150 4
k= U { and 80 m/s at 2
S x=150cm £
» 2
2 x /200 1
2 Conveyor
% 0 5 10 15 20 25 30 35 40
a x=210 cm U,;: the air velocity [m/s] along the spinline
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The measured diameters are more scattered near the spinneret at higher feed rates, as shown in Figure 10c-d. One
possible explanation is the emergence of variation between fibers located at the center and those near the edges of the
die. Side fibers may experience higher drawing stress closer to the die due to their slightly smaller drawing angle—
approximately 1°—from the circular die to the rectangular drafter. Although minor, this geometric deviation, coupled
with increased exposure to the surrounding cooling air, may contribute to the observed diameter variation near the top
of the spinline. Consequently, these measurements are not suitable for matching crystallization rates. By x = 220 cm,
however, all fibers have sufficiently thinned, making the average diameter more representative.

Figure 11 compares experimental and simulated diameter profiles. Increasing the feed rate increases the final
diameter due to reduced elongational stress and shorter residence time for thinning and crystallization. Similarly,
lowering the draw increases fiber diameter by decreasing the shear drag. These trends are captured by the model.

An effective crystallization index of G = 6 yields the best agreement with experimental data at the lower feed rate
of 1 kg/h, as evidenced by the blue and orange curves on the right-hand side of Figure 11. At this feed rate, the draw
setting has only a minor effect on crystallization, primarily shifting the diameter profiles slightly to the left or right. In
contrast, a value of Gy = 3 yields the best agreement at the higher feed rate of 2 kg/h under full draw. The fourth case, of
a higher feed rate but only a half draw, leads to a noticeably larger final fiber diameter. In this case, we found that G, = 0.5
yields the best agreement, suggesting that crystallization does not complete to the same extent under these conditions.
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Figure 10. Experimental diameter trends along the spinline for four cases. a) 1 kg/h, half draw. b) 1 kg/h, full draw. c¢) 2 kg/h, half draw. d) 2 kg/h,
full draw. Freezing points are marked
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Figure 11. Comparison of fiber diameter distribution along the drawing region for four processing conditions: a) experi-mentally measured and b)
simulated

The different Gy values at the high feed rate are primarily attributable to the limited time available for
crystallization in the drawing region. Since the die hole diameter is fixed, increasing the feed rate to 2 kg/h
approximately doubles the initial melt velocity, thereby reducing the residence time for thinning and crystallization
before deposition. This results in a thicker fiber on the conveyor belt.

The simulation and experimental diameter profiles agree well across all four conditions, capturing both the
qualitative trends and the quantitative thinning behavior along the spinline using a single fitted parameter per regime.
The one notable exception is the case of a high feed rate at half draw, which represents a borderline operational limit
where the polymer melt crystallizes too far downstream. Under these conditions, the drawing force is barely sufficient
to complete crystallization, whereas the simulation assumes effective crystallization along the spinline. This mismatch
suggests insufficient cooling capacity at this throughput level, and the operator must either increase the drawing force
or reduce the feed rate. In our experiments, the high feed rate with half draw represented the lower limit of viable
spunbonding operation. This case therefore defines one boundary of the model’s validity domain: the 1D framework is
applicable when the drawing force is sufficient to complete crystallization within the spinline.

To quantify this validity boundary, we introduce a Deborah number for crystallization:

Z-crystal

De =2 (12)
THlow

m>

Thow 18 the total fiber residence time from die to conveyor. When De << 1, crystallization is confined to a small fraction
of the spinline and the thermally dominated quasi-steady model is valid. As De — 1, crystallization spans the full
spinline and the separation of thermal and mechanical timescales breaks down.

Estimating these timescales from the cooling profiles and mass-conservation velocity fields for each experimental
con-dition, we obtain De = 0.15-0.20 for the 1 kg/h cases: the higher velocity produces rapid cooling, so the
crystallization window closes by x = 37 cm, well before the drafter entrance. The 2 kg/h full-draw condition yields De
~ 0.30, reflecting the slower cooling but still-adequate drawing force. The borderline condition—2 kg/h at half draw—
produces De = 0.8: the XRD data in Section 4.1 confirm that crystallinity reaches ¢ = 0.96 only at x = 50 cm (sample iv),
meaning the crystallization window extends over the majority of the spinline. At this operating point, De approaches
unity and the model operates at its limit, consistent with the observed mismatch in Figure 11. All other conditions tested
in this work satisfy De < 0.5, confirming that the thermally dominated framework is justified for routine spunbonding
operation.

where 7., is the time the fiber spends within the crystallization temperature window (7, < T'< T,,, here 50-171 °C), and
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4.1 XRD analysis

To further interpret the differences in G, across operating conditions, we examine the crystalline structure of the
LN,-quenched samples using X-ray diffraction. Because the fibers were rapidly solidified, their crystalline structure
reflects the extent of molecular alignment at each spinline position, providing a direct microscale correlate to the
macroscopic Gy values. The 2 kg/h feed condition proved particularly informative, especially under half draw settings
where crystallization occurs further along the spinline.

Table 2. Selected experimental data acquired from the XRD analysis summarize in Table 2 the intensity of the crystalline phases in specific
directions. The total areas under the curves provide the crystallinity data, and the peaks indicate the intensity of directional growth and thus FIC and
Gy. The selected samples correspond to Figure 12

Sample (110) (040) (130) (111)/(131) & Gy

# kg/h Draw x [em] Area 20 Area 20 Area 20 Area 20 L1 []
i 1 Half 20 0.24 14.8 0.25 17.3 0.11 19.2 0.21 22.1 0.68 6
il 2 Half 20 0.22 14.2 0.43 16.4 0.11 17.0 0.07 18.8 0.55 0.5
il 2 Full 20 0.18 14.8 0.19 17.4 0.11 19.1 0.27 22.1 0.59 3
iv 2 Half 50 0.16 14.6 0.25 17.4 0.12 19.3 0.22 222 0.96 0.5
v 2 Half 220 0.18 14.7 0.23 17.2 0.11 19.2 0.25 22.0 1.00 0.5

'The relative crystallinities were calculated from the XRD curves

The data in Table 2 for four cases (two drawing settings and two feed rates) provide key insights, such as the area
under the curve for each peak, corresponding to the diffraction intensity from each crystallographic plane. These planes
are also highlighted in Figure 12, which visually compares selected samples listed in the rows of Table 2, shown side by
side for clearer assessment. The peak position indicates the diffraction angle (26) corresponding to each plane.

Figure 12a compares the XRD peaks of fibers collected 20 cm below the die at feed rates of 1 and 2 kg/h under
half draw, corresponding to rows i and ii in Table 2. The diffraction peaks shift to smaller angles with increasing feed
rate, indicating an expansion of the crystal unit cell size and a less densely packed crystalline structure. This behavior is
consistent with weaker convective cooling and reduced extensional stress at the higher feed rate.

This trend is confirmed by the considerably higher £ = 0.68 for the lower feed rate, consistent with the
corresponding higher Gy. Notably, at 2 kg/h, fibers in case iii reach the same value of ¢ of ii at higher x (i.e., further
downstream), which is consistent with the difference between the corresponding G values.

Figure 12b presents diffraction patterns for samples collected 20 cm below the die, at 2 kg/h feed rate, comparing
crystallization behavior under half draw versus full draw conditions. As supported by rows ii and iii in Table 2, the
diffraction peaks at full draw shift to higher angles, while the areas under the large-angle peaks increase relative to
the small-angle peaks. This indicates a more densely packed crystalline structure with preferred orientation along the
direction normal to the (130) and (111)/(131) planes, consistent with stronger extensional deformation.

Figure 12¢ compares the diffraction peaks for fibers collected before the drafter at two distances from the die at
2 kg/h. As evident from rows ii and iv in Table 2, fibers collected further from the die exhibit diffraction peaks shifted to
larger angles and a relative increase in the area under the large-angle peaks. This trend indicates a more closely packed
crystalline structure with preferred orientation as the fiber progresses down the spinline, consistent with increasing chain
alignment.

Figure 12d compares the diffraction peaks for fiber samples collected above the drafter to those on the conveyor
belt. The relative areas under all peaks remain approximately constant. This trend is also reflected in rows iv and v of
Table 2. No significant peak shifts are observed when comparing the two spectra, indicating minimal distortion in the
crystal unit cell and no substantial enhancement in crystal packing from 50 cm down the spinline to the conveyor belt.
This observation is consistent with the simulation results, where fiber diameter from immediately before the drafter to
the conveyor belt does not change appreciably.
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Figure 12. XRD analysis of PP samples from our custom-made spunbonding machine. Comparisons of the diffraction patterns are shown for a) high
and low feed rates at x = 20 cm at half draw, b) half and full draw at x = 20 cm and high feed rate, ¢) x = 20 and 50 cm at half draw and high feed rate,
and d) x = 50 and 220 cm at half draw and high feed rate

As evident in Figure 12b, the XRD peaks shift to higher angles with higher drawing force, and the higher angle
peaks increase in area, similar to the behavior observed in Figure 12a for different feed rates. This indicates a more
densely packed crystalline structure with stronger preferred orientation, consistent with the higher extensional stresses
under full draw. However, Gy captures an effective crystallization rate based on relative crystallinity rather than an
absolute rate. An increase in fiber velocity can partially compensate for a faster absolute crystallization rate, yielding a
similar relative crystallinity. This explains why increasing drafter power, despite raising the absolute crystallization rate,
produces finer fibers, as seen in both the simulation and experimental results in Figure 11.

Finally, the significant difference in relative crystallinity between rows i and ii highlights the substantial difference
in fitted G, values for feed rates of 1 and 2 kg/h. Additionally, the & value for row iii is slightly higher than that of ii,
which is consistent with the prediction for the same Gy. The value & = 0.96 for sample iv indicates that the freezing
point occurred within the physically accessible range of our experiment.

The fitted G values are directly reflected in the quantitative crystallinity data. At 1 kg/h (row i, Gx = 6), the
relative crystallinity at x = 20 cm reaches ¢ = 0.68—significantly higher than & = 0.55 measured at the same location for
2 kg/h half-draw (row ii, Gx = 0.5). This is physically consistent: the lower feed rate produces a slower-moving fiber
that accumulates greater crystallization driving force, which is captured by the higher G. The 2 kg/h full-draw case
(row iii, Gy = 3) yields an intermediate & = 0.59, reflecting the higher draw force that promotes faster crystallization
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relative to the half-draw case. The XRD peak distributions corroborate this hierarchy: conditions with higher Gy exhibit
stronger orientation peaks and denser crystalline packing, consistent with enhanced molecular alignment under greater
extensional stress. A fully quantitative relationship between Gy and specific microstructural metrics—such as orientation
index, peak intensity ratio, or crystallite size—would require coordinated process—XRD measurements and is identified
as a valuable direction for future work.

Regarding crystal polymorph identification and crystallite dimensions: the dominant 26 peaks across all samples
are consistent exclusively with the a-monoclinic form of isotactic PP; no reflection near 16.2° attributable to the f-trigonal
polymorph was detected in any sample. Crystallite dimensions were estimated from Gaussian fits to the raw diffraction
profiles using the Scherrer equation D,,, = KA/(f cost) with K = 0.9 and 1 = 1.5406 (Cu K,;). The (110) reflection—
resolved in all five samples at 20 =~ 14.3-14.7°—yields crystallite dimensions of approximately 6.1, 6.9, 6.7, 7.8, and
6.1nm for rows i through v, respectively; this narrow range (6-8 nm) shows no systematic dependence on processing
condition or Gy, indicating that the unit-cell packing of the a-PP crystallites is governed primarily by thermodynamics
rather than by the kinetic parameter Gy. The 2 kg/h half-draw sample at x = 20 cm (row ii) exhibits the most fully
resolved a-PP diffraction pattern, with the (040) and (130) reflections clearly separated alongside the (110) peak,
consistent with a higher degree of long-range crystalline order at that location.

5. Conclusion

A 1D fiber formation model for the spunbonding drawing region has been developed, shifting modeling complexity
from the crystallizing melt to the airflow field. The model predicts fiber diameter evolution under varying feed rates and
draw conditions using a single empirical parameter, Gy, together with a simplified combined equation for rheology and
crystallization. Gy is not a material constant but a system-dependent effective parameter, defined as the logarithm of the
total viscosity amplification from die to conveyor, Gy = In(#conyeyor/aie)s its value varies with throughput and drawing
conditions but remains fixed once identified for a given operating regime. It is applicable to different spunbonding
machine geometries, provided that the material properties at the die are known and the air velocity profile U, is available
either from CFD simulation or from direct measurement at several points along the drawing region. This makes the
framework practical for routine process adjustments such as feed rate changes, material grade variations, or drafter
airflow tuning.

Experimental validation confirms the assumption of negligible induction time and justifies the simplifications
adopted in the momentum and energy equations for thin spunbonded fibers. The thermally dominated crystallization
formulation— in which &7) depends on temperature alone while flow-induced crystallization effects are captured
indirectly through Gy—represents a deliberate simplification that is confirmed adequate by the model’s good agreement
with experimental data across all tested conditions. The XRD results further elucidate the crystalline structure and show
that variations in the fitted values of G, represent differences in crystallization extent and crystal orientation. The present
1D framework does not capture radial distributions such as skin-core morphology [60], [61]; this represents a limitation
to be addressed in future work.

The agreement between simulations and experiments across multiple feed and draw conditions confirms that the
model serves as a reliable reduced-order framework for interpreting fiber thinning and effective crystallization behavior
in spunbonding, with practical utility for process tuning at the industrial scale.
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