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ABSTRACT

Several methods _have, been proposed to enhance the thermal conductivity coefficient of phase change
materials. In thisstudy, the effect of incorporating metallic fibers on the enhancement of thermal conductivity in
PCMs is investigated through both experimental and numerical approaches. The impact of fiber material,
diameter, length, and volume fraction on the conductive heat transfer performance of PCMs has been
investigated. Experimental results’demonstrate that the addition of a small volume fraction of metallic fibers
(approximately 2%) can improve the thermal conductivity of PCMs by up to four times. In two identical
experimental setups, replacing steel fibers with copper fibers resulted in a 55% increase in thermal conductivity.
The numerical results indicate that'increasing the volume fraction of fibers from 2.35% to 3.9% leads to an
improvement of more than 50% in theseffective thermal conductivity. On the other hand, increasing the
orientation angle of the fibers by 15 degrees relative to the direction of heat flow results in a 31% decrease in
thermal conductivity. This study also presents a novel approach for evaluating the microstructure of fibrous

composites and determining their effective thermal conductivity.
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1. Introduction

Global energy demand is projected to increase by
over 40% by 2050 [1], necessitating the development of
efficient thermal energy storage (TES) systems to
support energy management. Latent heat storage using
phase "'change materials (PCMs) is particularly
promising due to its high energy density, but the low
thermal .conductivity of PCMs remains a significant
limitation. Various enhancement techniques, including
fins, \nanoparticles, and metal foams, have been widely
studied., For instance, fins and nanoparticles have been
shown to reduce, charging and solidification times [2],
while metal foams,enhance thermal conductivity at the
cost of natural.convection and energy density [3, 4]. In
contrast, the ‘use’ of metal fibers for thermal
enhancement has received less attention, despite
advantages such as low cost and ease of integration.
Previous studies indicate .that ‘metal fibers can
significantly improve discharge rates<and heat transfer
performance[5, 6], with some showing:conductivity
improvements of up to 300% [7]. However, a
systematic investigation into the effective \thermal
conductivity of fibrous composites is still facking. This
study aims to fill that gap by experimentally and
numerically evaluating the influence of. fiber type,
volume fraction, diameter, and orientation on the
thermal performance of paraffin-based fibrous
composites.

2. Methodology

2.1 Experimental Setup

To accurately measure the effective thermal
conductivity of the paraffin and metal fiber composite,
an experimental setup compliant with ASTM E1225-04
standard was used. This comparative indirect method
does not require direct measurement of heat flux and is
suitable for relatively large specimens. The main
components of the setup include a heat source and a
heat sink with a temperature control unit, a cylindrical
chamber containing the fibrous composite, placed
between two paraffin meter bars, elastomeric insulation
to minimize heat losses, and several temperature sensors
to measure the temperature distribution along the
specimens. Under steady-state and one-dimensional
heat transfer conditions, the effective thermal
conductivity of the specimen is calculated from the
equation (1).
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Where kn is the thermal conductivity of the
reference material.
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2-2. Microstructure Analysis

A key innovation of this paper is a method to
analyze the microstructure of fibrous composites. Since
cutting paraffin-based specimens without altering their
structure is difficult, the experimental methodology
used resin/epoxy samples of identical configuration
instead. The samples were cut, polished, and
photographed with an optical microscope. They were
then processed using “Image]” software to quantify the
cross-sectional area and effective angle of the fibers
relative to the cutting plane. Figure 1 shows an example
of processed experimental data for microstructure
analysis.

Figure 1. A processed image of the cross-sectional of the
copper fiber/resin composite using ImageJ software

Then in numerical method, due to geometric
complexity, a Java code was written to generate random
3D _geometries of fibrous composite with various
parameters. Figure 2 shows the output of the numerical
model / for” generating and analyzing random fiber
structures.

Figure 2. 3D numerical model of the fibrous composite

3. Results and Discussion



Figure 3 shows the steady-state temperature
distribution for a Paraffin/Copper fibrous composite,
which was placed between heat sources at 60°C and
5°C. Steady-state conditions were reached after 6 hours.
Temperatures T;—T refer to the thermocouples that are
located along the specimen and meter bars. Using the
data innFigure 3 and applying equation (1), the effective
thermal conductivity for this specimen is measured to
be 0.74 W/m.K, representing a 253% increase over that
of pure paraffin.

60
F (Cu, &= 2.5%, I=3cm)

55

Q T4
2 T5
§ Wb D\E,\E
= T6
35
N
30 ] "
Paraffin Paraffin+tMF Paraffin
r | I
B | |
25 | |
N | |
ERTERTR Y IRRVEN RRRRINN RH SR TN il HA
215 20 30 40 50 60 70
X (mm)

Figure 3. Steady-state temperature distribution for a
Paraffin/Copper fibrous composite.

The length of metal fibers is another characteristic
that can influence the effective thermal conductivity/of
a fibrous composite. Therefore, in addition to“the
experimental investigation of two specimens (which
have the same fiber volume fraction, diameter, and
arrangement but different lengths), numerical data were
also used to investigate the subject more precisely. As
shown in Figure 4, numerical and experimental results
for copper/paraffin composites show strong agreement.
Conductivity increases markedly with longer fibers and
higher volume fractions.
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Figure 4. The effect of length and volume fraction of
copper fibers on the effective thermal conductivity of a
fibrous composite (d = 0.15 mm).

The reason for this phenomenon can be understood
by studying the 2D temperature contour in a fibrous
composite. The temperature contours are converging
near the metal fibers, as shown in Figure 5. As seen;
fibers were placed in the direction of heat transfer,
which will increase the heat transfer.
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Figure 5. Steady-state temperature distribution of a
fibrous composite in the solid state

4. Conclusion

The effective thermal conductivity of paraffin/metal
fiber composites was experimentally and numerically
investigated. Adding just 2% metal fibers increased
thermal conductivity by up to 4 times. A newly
proposed effective fiber angle parameter and analytical
model accurately described the behavior of irregular
fibrous structures. Results confirmed that fiber material,
orientation, and volume fraction are dominant factors,
with’a 50% conductivity increase when increasing fiber
content' from2.35% to 3.9%, and a 31% decrease when
the fiber.orientation angle increased by 15°. Metal fibers
are a cost-effective and highly efficient method for
enhancing the thermal properties of phase change
materials.
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Fig. 1. Classification of thermal energy storage systems [2]
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Table 1. Physical properties of the experimental setup
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Table 2. Physical properties of the Paraffin-Metal Fibers composites
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Fig. 4. (a) Microscopic image of the microstructure of a two-phase composite of resin and low-grade carbon steel
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Fig. 5. (a) Cubic section of the numerical model, including metal fibers and phase change material. (b) Cross-
section.of the fibers in the direction perpendicular to heat transfer
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Table 3. Range of variation for parameters influencingthe numerical models for investigating heat transfer in a fibrous
composite
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Fig. 6. Five fundamental effective thermal conductivity structural models for two-component materials [31]
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Fig. 7. (a) A processed image of the crass-sectional of the copper fiber/resin composite using imagej software (b)
a section of the numerical model prepared with COMSOL Software
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Fig. 8. (a) Time-dependent, (b) steady-state temperature distribution of case F
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Fig. 9. Comparison of steady-state temperature distribution in cases A (steel fibers);d (copper fibers), and
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Fig. 11. Steady-state temperature distribution of a fibrous composite in the solid state
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Fig. 12. Effect of metal fibers orientation on steady-state temperature distribution (Cases B and C)
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ABSTRACT

Several methods have been proposed to enhance the thermal conductivity coefficient of phase change materials. In
this study, the effect of incorporating<metallic. fibers on the enhancement of thermal conductivity in PCMs is
investigated through both experimental'and numerical approaches. The impact of fiber material, diameter, length, and
volume fraction on the conductive heat transfer performance of PCMs has been investigated. Experimental results
demonstrate that the addition of a small volumefraction of metallic fibers (approximately 2%) can improve the
thermal conductivity of PCMs by up to four times./In two identical experimental setups, replacing steel fibers with
copper fibers resulted in a 55% increase in thermal conductivity..The numerical results indicate that increasing the
volume fraction of fibers from 2.35% to 3.9% leads tovan improvement of more than 50% in the effective thermal
conductivity. On the other hand, increasing the orientation angle of the fibers by 15 degrees relative to the direction of
heat flow results in a 31% decrease in thermal conductivity. This study alsospresents a novel approach for evaluating
the microstructure of fibrous composites and determining their effective.thermal conductivity.

Keywords: Energy Storage, Phase Change Material, Metal Fibers, Effective Thermal Conductivity, Anisotropic
Materials
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