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Abstract

The global automotive industry has seen an increase in battery electric and hydrogen fuel cell vehicles, which has been driven
by incentives. Battery electric vehicles suffer from low-temperature performance issues and limited charging infrastructure,
while fuel cell vehicles deliver high energy efficiency and zero tailpipe emissions, but they are hampered by sparse refueling
networks and stringent safety requirements for pressurized hydrogen. Carbon fiber-reinforced composite tanks are produced
using a dry-spinning process that has been stagnant since the 1990s. Current theoretical models treat solvent diffusion and
convective transport separately. These models rely on empirical transfer coefficients and semi-empirical correlations, which
reduce predictive accuracy and reproducibility. Here, the authors present a unified three-dimensional numerical framework
that integrates convective-diffusive transport with fiber structural dynamics on a single computational mesh. Validation
simulations reveal the impact of fiber vibrations on solvent removal kinetics and thermal profiles, demonstrating the model’s
ability to capture coupled transport and mechanical effects. The framework’s novelty does not stem from new governing
equations, as these have been detailed in earlier studies, but rather from adapting hemodynamic analysis methods to dry-
spinning theory. Though the model is purely theoretical and awaits experimental validation, it provides patentable insights
derived from industrial observations. Leveraging cross-disciplinary techniques promises to optimize high-throughput carbon

fiber production and advance robust hydrogen tank design.
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1. Introduction

In recent years, the global automotive industry has
experienced an unprecedented acceleration in the
developmentofbattery electricvehicles (BEVs) and hydrogen
fuel cell vehicles (FCVs). This growth has been driven largely
by market leaders and supportive policy frameworks. Tesla's
rise has made BEVs particularly appealing to consumers
yet concerns about battery performance in cold climates
continue to hinder widespread adoption [1,2]. Although the
charging infrastructure has expanded significantly compared
to a decade ago, it still falls short of meeting the surging
demand in many regions [3]. Major economies, such as the
United States, have announced plans to ban the sale of new
gasoline-powered vehicles by 2035, and Japan is pursuing
a similar phased elimination strategy [4,5]. Meanwhile,
Toyota Motor Corporation and other leading manufacturers
have accelerated fuel cell vehicle (FCV) development and
introduced commercial models to the market [6].

However, the scarcity of hydrogen refueling stations and
the high barriers to entry for infrastructure providers
remain significant obstacles to adoption [7,8]. Nevertheless,
hydrogen fuel cell vehicles operate on a fundamentally robust
electrochemical principle and deliver high energy efficiency

alongside minimal tailpipe emissions [9,10]. The safe
operation of fuel cell vehicles (FCVs) hinges on pressurized
hydrogen storage tanks. Their ability to withstand cyclical
and extreme loading conditions is crucial for regulatory
certification and vehicular safety [11]. Carbon fiber, which
has been used for a long time in aerospace and military
applications due to its exceptional strength-to-weight ratio,
has become the preferred composite reinforcement material
for these pressure vessels [12,13]. Its various grades and
customizable properties allow for precise optimization for
pressure regimes and service lifetimes [14]. Its production
involves several processes, from precursor synthesis to final
heat treatment [15]. The production of high-performance
carbon fiber relies primarily on the dry-spinning process. In
this process, a polymer solution is extruded and the solvent
is evaporated by hot air to form continuous filaments [16].
Although the process is industrially mature, it reached a
technological plateau in the 1990s, resulting in relatively few
fundamental studies in subsequent decades [17,18].

Recent academic efforts have focused on improving the
quality of fibers at the laboratory scale, such as enhancing
their crystallinity and surface morphology [19]. Traditional
theoretical models emphasise radial solvent diffusion
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and vertical moisture transport, particularly when water
serves as the solvent. However, these models fail to
capture the coupled transport phenomena encountered in
high-throughput production lines [20-22]. Conventional
approaches to quantifying heat and mass transfer in dry
spinning typically treat transfer coefficients as empirical
fitting parameters derived from post hoc calibration rather
than from a fundamental analysis [23]. These methods rely
heavily on dimensionless Nusselt and Sherwood numbers
and use semi-empirical correlations, which introduce
inconsistencies and limit the precision of predictions for
process design [24,25]. Conversion between convective
regimes via proprietary adjustment factors is not transparent
and hinders reproducibility of results [26].

For instance, heat flux estimations based on tire vertical
oscillation experiments using Nusselt-number correlations
have been demonstrated, and macro-scale building
simulations often use Nusselt-based models withoutensuring
consistency with micro-scale computational fluid dynamics
(CFD) findings [27-29]. To overcome these limitations, the
present study introduces a thorough, three-dimensional
numerical framework that unifies convective and diffusive
transport phenomena with fiber structural dynamics
on a single computational mesh [30]. Demonstration
calculations validate the framework and clarify the impact
of fiber vibrations on solvent removal rates and temperature
distributions. This provides a solid theoretical basis for
carbon fiber production and comfort index evaluations in
vehicle interiors and architectural settings.

2. Theoretical Background. Overview of Heat and Mass
Transport. Associated with Fiber Shaking in Dry Spinning.
Dry spinning is a process in which the solvent, water, is
removed by a combination of hot air and aerodynamic forces;
however, controlling this process is extremely challenging.
Although numerous patents have been filed, none include
detailed accuracy verification, making experimental
validation essential. This paper aims to develop a theoretical
framework, since conceptual formulation and validation are
key elements that justify undertaking costly experiments.
Figure 1 presents a conceptual diagram illustrating cases
involving airflow intensity and the natural vibration period
of fibers. In the left panel, nonuniform airflow impinges
on the fibers, causing periodic yet steady deformations in
unexpected directions; thus, a semi-steady solution grounded
in structural-mechanics insights is required. During solvent
evaporation, the distance to alignment serves as an effective
metric: while it enhances drying, it also induces fiber
agglutination and degrades fiber quality. Therefore, the air-
blowing system must be optimized to minimize deleterious
vibrations. For example, airflow reduction might be achieved
through dynamic breathing from a single surface or by
exploiting porous-material characteristics via “fire-working”
techniques; these approaches warrant careful experimental
investigation. In the right panel of Figure 1, a green auxiliary
line indicates the corrected fiber deformation. Although this
step advances the determination of actual fiber length and
enables detailed heat-and-mass-transfer calculations via the
Theorem of the Square, fiber handling remains challenging
due to their fragility, so thorough experimental scrutiny is
imperative.
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Figure 1: Schematic Diagram Showing the Use of Auxiliary Lines Corresponding to Fiber Sway.
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As shown in Figure 2, it is difficult to follow the physical
behavior of the fiber swing in the calculation if the wind
flow path is not directional. Conversely, obtaining a steady-
state solution is straightforward if the fiber oscillation can
be considered periodic and stationary, provided that the
rectifier is stable. This is because the steady-state solution
can be easily calculated using the theorem of three squares
and the principle of virtual work in structural mechanics.
Although there may be some calculation errors, they are
within the acceptable range. Please refer to our previous
report [31] for details on the formulas and other information.
However, this is an applied use of structural mechanics, like
understanding the heat and mass transport of technical
fibers, e.g., the evaporation of water as a solvent. Equation
(4) quantifies the effect of longitudinal vascular oscillation

the instantaneous length of a vessel undergoing cyclical
expansion and contraction. In these calculations, heat loss
is presumed to be measurable and known. However, it is
important to note that this approach requires sufficiently
refined mesh discretization in finite-element analyses to
ensure convergence. In the present study, we focused on
establishing a steady-state solution, which is a challenging
computational task that requires iterative solvers. Given the
availability of well-established nonstationary theories, we
propose that transient modelling follows the development of
steady-state methodology. As shown in Figure 3, an increase
in the amplitude of structural deformation corresponds to
greater vessel elongation, which directly affects heat loss
during each distinct oscillation period.

per second and represents heat loss resulting from strain AXX X (Tin—Tout) =G 1)
(o), which is induced by external work on the vessel wall.
In this cont.ext, the applied .strain (o) can be pl."edetermined AXXXAT =G ©)
by modelling a non-stationary response in structural
mechanics via the principle of virtual work to accurately
capture dynamic loading conditions. Alternatively, o can X=G/ (4x4T) 3)
be more simply computed by assuming that the distal end
of the vessel is fixed and that there is no axial expansion PX@2XY)P
or contraction along the x-axis, as illustrated in Figure 3. Ovibration = 48K “4)
Under this assumption, the vessel’s heat loss is determined
using equation 1, and the deformed vessel length is 5 5
obtained using equation 3 and the Pythagorean theorem X = ‘/((U ) x (Y<))[20] 6]
for strain displacement. Consequently, one can derive
Y .
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Figure 2: Shows the Change in Moisture Balance in the Surrounding Space Due to Fiber Swaying.
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Figure 3: An Examination of Wind-Induced Fiber Deformation Through the Lens of Structural Mechanics

Assuming strain o is determined via the principle of virtual
work and the Pythagorean theorem (Equation 5)@Figure4
@, the resulting deformation can be quantified, and the
discrepancy between demonstrative and actual calculations
can be assessed. Although horizontal flow-induced forces
are present, they are omitted from this demonstration.
The deformed length X is computed using the Pythagorean
Theorem. Then, Equation (2) yields the corresponding heat
transfer. Once o is established, the oblique vascular deflection
length follows from these thermomechanical relations. This
result has already been confirmed by numerical calculation.

complicate the theoretical framework, excluding it under
the present assumptions ensures error-free computations
within the specified range.
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Figure 4: The Fibers' Mechanical Behaviour Under Excessive Tension Causes Their Length to Change and them to
Deform. this is Due to the Fibers Being Subjected to Wind Speeds and Tensile Lengths that are Greater than what

they can Withstand.
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Figure 5 illustrates the new dry spinning process. First,
drawing together is a critical factor in fiber quality.
Therefore, the process carefully aligns the fibers with rollers
in the direction of gravity after decreasing the moisture
content. Otherwise, variations in fiber diameter may occur,
associated with phenomena such as fiber agglutination.

Thus, it is important to wind the material onto a bobbin after
sufficient alignment. Additionally, preparing the wall surface
of the porous body allows the "fire" from the breathing
wall body to contribute to reducing the moisture content of
dense fibers in the multirole process. However, the degree of
adjustment is important.
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Figure 5: New Dry Spinning Appearance

Figure 6 shows how to achieve stable spinning by adjusting
the flow rate through a breathing wall or duct. Since the outlet
flow rate varies depending on the duct's path, a pressure-
regulating valve is essential. The performance of the hot-air
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Figure 6: Stable, Dry Spinning Achieved Through Flow Control with a Breathing Wall or Duct.
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Figure 7 (a) illustrates the occurrence of "thermal fluctuation”
in response to fibre oscillation (e.g., carbon fiber). The fibre
oscillation is due to aerodynamic forces, and the oscillation
appears like vibration. Therefore, it is necessary to reduce
the discrete time to milliseconds. Figure 7 (b) illustrates
the appeal to "thermal fluctuation" of fibers by the next-
generation unit system. We recently discussed the possibility

of using J or g per unit temperature to define heat and mass
transfer. The g unit is familiar because it is used to measure
human body weight. Therefore, it is necessary to redefine
how we understand water content. Thus, g is preferable as
the unit of measurement for water content. Additionally,
calculations with millisecond resolution may be necessary
depending on thermal fluctuations or fiber shaking.

One can consider it as one cell.

Thermal variation.

| |Analysis
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Figure 7: Fluctuations in the Cell (Unit Scale of Any Division of a Fiber)
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Figure 8: “Thermal Fluctuations” of Fibers by Next-Generation Unit Systems

Conclusion

This study presents a comprehensive overview of a novel
theoretical framework for accounting for fiber oscillations
in dry-spinning numerical simulations, illustrated with
schematic figures. The governing equations themselves
are not new—they have been detailed in prior work—and
demonstration calculations are likewise deferred to existing
reports. The core contribution of this research lies in the
persuasive cross-disciplinary application of hemodynamic
analysis techniques to drive innovations in dry-spinning
technology.

Limitations

As a purely theoretical proposition, immediate experimental
success cannot be assumed. Nevertheless, the challenges
addressed were extracted from empirical observations,
and the underlying concepts possess patentable potential
and significant novelty. It should be noted, however, that
real-world manufacturing entails budgetary constraints
and unforeseeable obstacles, and readers are kindly asked
to consider these practical realities when evaluating the
framework.
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Outlook

Numerical simulation of dry-spinning has appeared in
several peer-reviewed studies, most of which rely on
complex equations or partial differential formulations and
thus lack practical simplicity. Dry spinning is inherently
a Multiphysics process; by adapting methodologies from
other disciplines, it is possible to tackle the intricate coupled
phenomena highlighted in this work.

Once a robust steady-state analysis is established, extending
to unsteady simulations becomes straightforward, mitigating
the need to prioritize transient modelling at this stage. In the
near future, the realization of highly resilient, rigid hydrogen
storage tanks fabricated from carbon fiber is anticipated,
underscoring the industrial relevance of advancing dry-
spinning theory.
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