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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 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 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 also
presents a novel approach for evaluating the microstructure of fibrous composites and determining their
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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 lacking. 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.

*Corresponding author’s email: j. jamaati@razi.ac.ir

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 equation (1).

k xS_x3><k_m TZ_];_'_T7_Téj (1)

v I-T, Z(XZ_xl X7 = X6

Where k is the thermal conductivity of the reference
material.
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Fig. 1. A processed image of the cross-section of the
copper fiber/resin composite using ImageJ software.
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Fig. 2. 3D numerical model of the fibrous composite.

2- 2- Microstructure Analysis

A key innovation of this paper is a method to analyze the
microstructure of fibrous composites. Since cutting paraftin-
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 “Imagel” 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.

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.
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Fig. 3. Steady-state temperature distribution for a Par-
affin/Copper 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 7 —7, refer to the
thermocouples that are located along the specimen and meter
bars. Using the data in Figure 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.

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.

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.

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
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Fig. 4. The effect of length and volume fraction of cop-
per fibers on the effective thermal conductivity of a fi-
brous composite (d = 0.15 mm).

factors, with a 50% conductivity increase when increasing
fiber content from 2.35% 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. 5. Steady-state temperature distribution of a fi-
brous composite in the solid state.

progress of phase change materials (PCMs) embedded
with metal foam (a review), Procedia Materials Science,
4 (2014) 389-394.

[5]J. Gasia, J.M. Maldonado, F. Galati, M. De Simone, L.F.
Cabeza, Experimental evaluation of the use of fins and
metal wool as heat transfer enhancement techniques
in a latent heat thermal energy storage system, Energy
Conversion and Management, 184 (2019) 530-538.

[6] C. Prieto, C. Rubio, L.F. Cabeza, New phase change
material storage concept including metal wool as heat
transfer enhancement method for solar heat use in
industry, Journal of Energy Storage, 33 (2021) 101926.

[71M. Jowzi, J. Jamaati, Experimental Study of the Effect
of Adding Metal Fibers (With Different Lengths,
Diameters, Materials, and Porosity) On Improving
the Thermal Conductivity of Phase Change Materials,
The Second International Conference on Computer,
Electrical, Mechanical and Engineering Sciences, 2025.
(in Persian).


https://dx.doi.org/10.22060/mej.2025.24293.7855

75 ool SlSo (owigee g pui

DFY B OYY Slixio VF-F Jlo F 0)lod DY 0,95 ¢yusS ppol SilSlo pusigee 4y il
DOI: 10.22060/mej.2025.24293.7855

5 et Slge Colad Ol o JUS dger 93 (5318 BUII 39381 5l (638 g (225 (o)
DD

*

G&L» > (G595 Jedwo

ul))] mLZ‘.Jle; ‘LS)") olKaiily ewAipeo U.B 0lSisly ‘&ulﬁo (Wi °9)§ -

1891 au )b
V¥ redl
YO/ E1Y 16,5550
V¥ 51y
VE¥/ SN 1o Ml )

1605 Clols
S5l opdd

o) 8 o
5318 L

@)l Jsl copo
3,55 kos i lgo

250 dlie ol 53 ol o dloiutiy saind B 4 dlge colia @)l JESl oy <) (gly (odasie sla ybg, WS
Oyeod 5 .l 005 _ousy 1 (4348 § (2958 O jauo &y 003 8 pui Dlge 40 Colia &l > J Dl D (4l (38 BLJI Sl ealaul
ol ol ol oy 0dimd 58 s dlae Colin <l s JlaS] D 13 (6318 BUI ez S g Jobo e plad ¢ yuin il il
023 518 5 dlga oyl JUl 10 (g 0 (3023 99 990) (6 18 BUI (oS o (o0 S (129381 45 3> (L5 (25
J5] gy 295 o3lisal ol BUI (glomy (e B 31 48 (ol Sy ool 535 93 5 i du00 ol T 1))
Y/AL YN I GL oo S Giulial b by (lis (eoae (gjlwdnd zuls b o 350 duo pd OO ok 1B yuss odlo )l >
V0 @)l Jlil sl b SUI 350 syl o (ol g 8L s aljdl ao 3 0l i S50 Sl Jliil oy 0o

J3logy gadlas (gl wda o9y S ol )5 3k oo R 0o Y S50 &l JES o il oo iljEl 42y

e 33 W) o] g0 ol Sl 5 (3 58 o3 a5

3l olge oyl atel o Modimd 518y dlge |y anld cpl > ady IS4y slge
oy Nigd o ol SS9 S 1 M0 4 (ploond bl Jlas
5y cnl 3 ol Sl asimd 5 o Slgn el )3 colin @l sl
035 LAl L owins J i dlge (S jdse i ol Cosl slagby)
S gl 5 (25 Sl 318 S5l slapo 5318 slaspus]
sl 0391 (6 )y o sing; E9S9e 4l
Co g 0imd B 10w odle S5 jd gd uily8 [Y] ) 5 00l5e
4 oliwl b iy wyp (g38e Oy |y Sl g0y g9 dw bonds
oo B 5 cslmoy, S5y S gien Alia oyl 3 ond &) gl
ogde Loyl ams o yialS |y oaimd B s ole D 55l loj oy
38 gy 35 1y e ST D b 29380 53T )l (sl
Slozsl loj 0,3 6l oz duo pd Hlan (194381 L cods plos] ime s 3ubo
Sz Al b o ialS do > edles B o B s ool JlS
sgame |y il 5ol Mo dlis oyl 5 o slgidy clooyy Skl

1. Phase Change Material (PCM)
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Fig. 1. Classification of thermal energy storage systems [2].
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1. Super Cooling
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Fig. 2. An image of the experimental setup
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1. K-type thermocouple
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Table 1. Physical properties of the experimental setup.
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Fig. 3. (a) Steady state temperature distribution along the radial direction of the cylinder (b) Sche-
matic of the thermocouples arrangement along the radial direction
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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 fibers (b) Processed image of the heat exchange surface of a fibrous composite using Im-
ageJ software
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1. Comsol Multiphysics
2. JavaScript
3. Model Builder
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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 influencing the numerical models for investigating heat
transfer in a fibrous composite.

Jlsl sl aid, aygly Ol s c0gae b ais, Job (09, 5e) SLI jlad 3B ez s il lsie
X,Y,Z -9 Y0 =Y. -0 Y Vo fo- Y VO YIo—-IVO Slade

b s ialyl (el a5 (01351, 5 sy 5 gl,) 330 MolS il g3
dploes aitd &)l JB! Gl & Cansd (59 0ol Jl 55 L)oslse
u:‘ iwge B 90 oSy s3> XY (L0970 4 Aol b el ods
Lalg) plod (gwpp b 3l olhon (g5 JB s b Wlgii oo by 5
2 $3B> S § e e Oyl JUl o pb S g0 oS )
[IV] ol (@eS) s 5 (i) (SSlge 03930 93 (3 (AL 2
Jols (638 sz dlge )l JUil oy o8 sl W bey o 5 pgrce
Ly o ol T 50 (S lawgio gy lai b g JouSle Juo ¢ Jiily Juo

ol 0 &) 4o S jgo 4 5 S 5 L]

2. Effective Medium Theory (EMT)
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Fig. 6. (a) Cubic section of the numerical model, including metal fibers and phase change material. (b) Cross-
Five fundamental effective thermal conductivity structural models for two-component materials [31]
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Fig. 7. (a) A processed image of the cross-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

pure paraffin under identical conditions.
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Fig. 10. Effects of copper fiber length and volume fraction on the effective thermal conductivity of the fibrous
composite (d= 0.15 mm).
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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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Fig. 13. Numerical investigation of the effective thermal conductivity in a copper fibrous composite with vari-
ations in effective angle and fibers volume fraction.

U o S 58 g S5 J o5 55 o sl 5
Slg Y BYIVY 5l 5o o)l Jasl o s 203 YA B s> Y/
ol 518 e Jo 3 o)l 3algs a8l 53 oy
ol ax 2 FF L ax 0 ¥e ol Jasl glinly 4 Cons o) 350
2 Sy I8 ) yiaS a4 Jae 93 g2 5 &)l Jlil o ps il
Sl Jole 93 S g5 oo 9y ol 1058 Mls bod gl 5> e
5 5155 ezt 58 9> S5 im Sl Ji s
Caoladidy (655 ),8 (sl
2 @ G Gyt ead bl (ee 5 o8 @S el
Foo sgly 9 BUI ez S dlaly Cpl 50l 0dd (S (£) dalae
JG) oyl s )3 Sy sl G385 )l Jlil sl b o]
BUI yad wisle W el b plio a5 sl S5 p5Y 050 (50 00le )l y>
ool 015 04> (F) Ablae 3 e sgly yuell jpas sdlauly 4 g
S g 220 oy S gl 8 i )l o (LS sy 0 oS 668 les
Gyl glans) sl b Jodoeie @S 5 She asly s sl 95 ()
538 LI ey g 550 5l (ol ol 5 030l b yuges sl 05
S5 893 dlge 5o oyl JU i drilons sl elod gy S

oS5 ln (B cas) S5e ol Jal cops VL > Sb
2 o Slg Vb ply odd (S5 Slasiie b 8l — Juiwl BUI jlgs
LB (g oylys JEsl co o 45 39 0 alan Mo .ol polS 5 20
Clw ey s cpl oyl sldail 6505 laodls b sy VW slas
b & amye Gl |y 225 slasySoilsl g cdlef] (sacgecne
liwly QB yido (ooyp Sy (275 Gladige cale (lacygixe
o) gols & w5 L5 ey dy90 cilitee (odae Jae Ve (316 LI
38 BUI S50 gl GRlE LAY S 4 de g bl osel WY S
IS5 4 pge ol Jsl cops () o)l Jl bl 4 con
Oyl JBsl o ps VWSS 0 f e Glgieds b o bl awguexe
b 5 203 VD coo S b (e SUI g (8L 51 (S 55 sl %0
by b laansy asel; a5 olKin .l ol 00l Ll y9,K00 Ve
3oy TV o ol S5l s el o I3 423 10 5 Jl
vy & e g Jae She (sdugly Cunl SO a3V L e Lials
ol 0 duawlors (V) doleo jloolitnl b o Y=V yiow )0 il 03ld &y
Dt 3 S 55 Bl r pu 938 1 VY JS5 3590 53

Sl g bl 656 93 Sy S50 Oyl JUSl o ps s > Jelge

oYA



* (Gode @L.»
= oolgrig b,

Maxwell
=X -EMT /
—¥=— Prandtel P

(Wm.K) 550 )y JUist o
N

— X X — = X= = = = = = X

0.5 1.5

25 3.5

4.5 5.5

“$3893 oS 5 e Ol JUW o pb Gemlone (sl (o ST prlw g 63y Jgoy8 b (a8 Jo gl (gamnlie NP JSUS

Fig. 14. Comparison of numerical results with the proposed equation and other analytical models for estimat-
ing the effective thermal conductivity coefficient of a fibrous composite.
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