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Preface

Thermal conductivity plays a crucial role in the fundamental processes that govern
heat transfer and entropy, deeply rooted in the second law of thermodynamics. As
temperature gradients arise in materials, they generate heat fluxes dictated by a key
material property: thermal conductivity. Understanding this property is essential
not only for interpreting thermodynamic principles but also for addressing modern
challenges in science and engineering.

In recent years, thermal conductivity has gained renewed attention due to its signifi-
cance in emerging technologies and materials. From nanofluids and nanocomposites
to advanced nuclear fusion and bioheat applications, innovations in controlling and
enhancing thermal conductivity are expanding the boundaries of scientific and tech-
nological possibilities. These advancements are reshaping industries, with potential
applications ranging from energy efficiency improvements to breakthroughs in
medicine and materials science.

This book emerges from the need to bridge the gap between theoretical understand-
ing and practical application of thermal conductivity in cutting-edge fields. It com-
bines recent developments and discoveries, demonstrating how a deep understanding
of thermal properties can lead to transformative innovations. Through this work,

I aim to provide a comprehensive overview of how thermal conductivity impacts a
broad range of applications, offering readers a solid foundation for advancing their
own research or industrial pursuits.

For researchers and engineers, this book serves as a guide to navigating the key
mechanisms that govern thermal processes while also highlighting the challenges
that must be overcome to push the boundaries of modern science. Whether you are
working in academia or industry, the knowledge presented here will equip you with
the tools to explore the next generation of thermal management solutions.

I invite you to journey through the complexities of thermal conductivity and discover
how this essential property is opening new doors in the fields of nanotechnology,
energy systems, and beyond.

Roberto Palma

Department of Structural Mechanics,
University of Granada,

Granada, Spain






Chapter 1

Optimizing Thermal Conductivity
in PbTe: Nanocomposite and Alloy
Approaches for Low Thermal
Conductivity

Dianta Ginting and Jong-Soo Rhyee

Abstract

PbTe, a prominent thermoelectric material within the intermediate temperature
range (500 K to 950 K), has displayed noteworthy potential due to its cubic rock salt
crystal structure and narrow band gap of 0.32 eV. This investigation explores the
quaternary system (PbTe)q 95~ (PbSe).-(PbS)¢.0s with x = 0, 0.05, 0.10, 0.15, 0.20,
0.35, and 0.95, along with a consistent Na dopant concentration of 1 at%. The findings
indicate that the inclusion of PbSe and PbS significantly reduces the lattice thermal
conductivity, with the lowest value observed in (PbTe) 75-(PbSe) ¢ 20-(PbS)¢.0s»
achieving 0.42 Wm ™' K™, nearing the glass limit for bulk PbTe. A detailed examina-
tion using transmission electron microscopy (TEM) identifies nanostructuring as a
critical mechanism for the observed reduction in thermal conductivity. The study’s
outcomes highlight the crucial role of nanostructured precipitates in enhancing pho-
non scattering, thereby reducing thermal conductivity.

Keywords: thermoelectric materials, PbTe, nanocomposites, alloying, thermal
conductivity, lattice thermal conductivity, nanostructuring

1. Introduction

Amidst mounting energy and environmental crises worldwide, the imperative for
effective energy utilization and the advancement of eco-friendly energy sources has
become paramount. Thermoelectric materials, adept at transforming heat into elec-
tricity, emerge as a promising solution. They hold the potential to reshape cooling
technology, obviating the reliance on traditional refrigerants. Nonetheless, their cur-
rent low efficiency presents a formidable challenge, emphasizing the urgent require-
ment for continued progress to expedite their commercial viability [1]. The efficacy of
thermoelectric materials is delineated by the dimensionless ZT figure-of-merit,
expressed as ZT = S?%6T/k, where S represents the Seebeck coefficient, o symbolizes the
electrical conductivity, T denotes the absolute temperature, and « signifies the thermal
conductivity. The denominator S’ is commonly referred to as the power factor.
Enhancing material performance necessitates the identification of substances
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characterized by elevated Seebeck coefficient and electrical conductivity coupled with
diminished thermal conductivity. However, these properties are interconnected,
thereby constraining overall performance. Notably, augmenting the Seebeck coeffi-
cient tends to reduce electrical conductivity, with the latter being directly propor-
tional to thermal conductivity as per the Wiedemann-Franz law, making independent
parameter manipulation highly challenging. Many research endeavors have been pur-
sued over recent decades, the pace of commercialization still is sluggish [2].

Lead tellurium (PbTe) stands out as one of the most efficient thermoelectric
materials within the “intermediate temperature range,” typically spanning from
500 to 950 K [3-5]. Exhibiting a cubic rock salt (halite) crystal structure within the
Fm-3 m space group, this material is characterized by its narrow band gap of
0.32 eV. PbTe displays versatility in conductivity, readily shifting between N-type
and P-type with the introduction of common dopants. Halogens such as PbCl,, PbBr»,
and Pbl; act as effective N-type dopants, fostering the formation of donor centers.
Similarly, dopants like Bi,Tes, TaTe,, and MnTe,, when substituting for lead, induce
vacancies in Pb sites. Conversely, for P-type conductivity, dopants, like Na,Te, K;Te,
and Ag,Te, substituting for tellurium, create vacant Te sites. Moreover, PbTe exhibits
exceptional thermal stability, boasting a high melting point of 1190 K, rendering it
suitable for thermoelectric applications at elevated temperatures up to 900 K [3].
Various efforts have been made to substitute Te with Se and S to develop PbSe
[6, 7], PbS [8], or binary systems like PbTe-PbSe [9-11], PbTe-PbS [12-14], and
PbSe-PbS [15, 16].

In the PbTe-PbSe system, the superior thermoelectric performance is predomi-
nantly attributed to band engineering. Band engineering in PbTe-PbSe is conducive to
a high Seebeck coefficient, while achieving low resistivity necessitates doping [10, 17].
It is posited that the low lattice thermal conductivity in binary PbTe-PbSe systems is
primarily caused by point defects resulting from a mixture of Te/Se in the rock salt
structure and the presence of doping. Conversely, the exceptional thermoelectric
properties in PbTe-PbS binary systems can be ascribed to a process called
“nanostructuring,” which involves the creation of nanoscale structures within the
material. Nanostructuring in PbTe-PbS systems occurs through bulk phase separation,
whether by nucleation or spinodal decomposition, contingent upon the relative phase
fractions [12, 18, 19].

Recently, a novel and captivating area of research has emerged, focusing on the
complexity of quaternary systems such as PbTe-PbSe-PbS [20-22]. These systems,
unlike their binary counterparts, exhibit superior thermoelectric performance. The
unique and remarkable thermoelectric properties in quaternary PbTe-PbSe-PbS sys-
tems can be attributed to low lattice thermal conductivity. This low lattice thermal
conductivity in PbTe-PbSe-PbS systems primarily arises from point defects due to
triple disorder in the rock salt structure. However, the effect of nanostructuring on
lattice thermal conductivity in quaternary PbTe-PbSe-PbS systems has not been
observed in previous reports, making it a fascinating and unexplored area for further
investigation.

Given the high thermoelectric performance of PbTe-PbSe and PbTe-PbS
systems, this study investigates the quaternary system of (PbTe) 5 x-(PbSe)-
(PbS)¢.05 (x = 0, 0.05, 0.10, 0.15, 0.20, 0.35, and 0.95). The initial examination of
the thermoelectric performance of quaternary lead chalcogenide composites was
conducted with a sodium (Na) dopant concentration of 1 at%, corresponding to
Pbg 9gNag 02Te 95.x5€xS0.05. The PbS concentration was fixed at 5% in all samples to
maintain consistency in the PbTe electronic band structure, which sulfur (S) solute
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atoms can alter, similar to the ternary (PbTe),_.-(PbS), system. Changes in the
electronic band structure are solely linked to the fraction of PbSe in the

(PbTe) .95~ (PbSe)..-(PbS)¢.05 composition. The study revealed an exceptionally low
lattice thermal conductivity of 0.42 Wm ™' K" for (PbTe) 75-(PbSe) g 20-(PbS) 005,
approaching the glass limit for bulk PbTe systems (0.36 Wm ™' K™ %). Notably, the low
lattice thermal conductivity in (PbTe)g 75-(PbSe) 20-(PbS)¢.05 was primarily
attributed to nanostructuring. This study delves into the phenomenon of solid-state
nucleation to create nanostructured precipitates in the quaternary system
PbTe-PbSe-PbS.

2. Experimental details
2.1 Sample preparations

Polycrystalline PbSe and PbS samples were prepared through the synthesis process
involving the mixing of high-purity Pb (99.999%), dried S (99.999%), and Se
(99.999%) in vacuum-sealed quartz ampoules at a residual pressure of 104 Torr.
These components were then reacted at 1150°C to yield high-purity starting materials.
The subsequent development of Polycrystalline Pbg 9sNag g2T€p 95 xSexSo.0s, also rec-
ognized as (PbTe)g g5~ (PbSe)«-(PbS) 05 (x = 0, 0.05, 0.1, 0.15, 0.20, 0.35 and 0.95),
doped with 1% Na, was accomplished by combining stoichiometric amounts of high
purity PbSe, PbS, Pb, Te, and Na as the dopant. The total mass of 20 g was loaded into
carbon-coated fused silica tubes, flame sealed under a vacuum of 10~ Torr, and
heated to 1373°C. Following homogenization at 1373 K for 10 hours, the samples
were quenched in cold water and then annealed at 774°C for 72 hours. Subsequently,
the ingots were manually ground into powder form. These powders were then
pressed into dish-shaped forms (12.7 mm diameter) using a hot press with
40 MPa of axial pressure applied for 1 hour at 773 K under an argon atmosphere by
hot press.

2.2 Sample characterization

The examination of microstructure was carried out using transmission electron
microscopy (TEM) (LIBRA 200 MC, ZEISS, Germany). The TEM samples underwent
thorough grinding, were evenly dispersed in alcohol through sonication, and were
dried prior to examination under the microscope.

The calculation of thermal conductivity (k) is derived from the equation
¥ = peeD1eCy,, where p,, Dz, and C, represent the sample density, thermal
diffusivity, and specific heat, respectively. Determination of sample density (ps) was
conducted using the Archimedes method based on measurements of sample weight
and dimensions. The thermal diffusivity (D) was determined through the utilization
of the laser flash method (LFA-447, NETZSCH, Germany). Estimation of specific heat
(Cp) was measured by a physical property measurement system (PPMS, Dynacool
14 T, Quantum Design, U.S.A.) and extrapolated to high-temperature region.

2.3 Result and discussion

The graphical representation in Figure 1a illustrates the comprehensive thermal
conductivity of various compositions. It is noteworthy that an increase in PbSe

3



Current Research in Thermal Conductivity

(a) (b) s

(PoTe)
(PoTely g5~ (PE3lg. 08
(PuTaly gg-(PUSe)y g -1PbSly os;

= " Pele
.

A

¥ (PoToly g (9680l 15~ P0Sip s

L

«

B

® (PUTely gy -(PESH o5

A (PuTely gy (PESwly gs-PES]g
¥ Polelg gy {Pusely g ~(PoSig g
& (PoTelg 0~ (PESaly 45~ (PES)y o5
A PhTelg g5~ TPESely 3o ~{PbSIg g
P (PoTely gy TPESalg 35~ (PDS)y g
PuSaly o TPl 08

[(PBTaly 4y ~TPBSa)y 15~(PbS)g oe.
(PBTuly 75 (PBS)y 29 (PbSly o
(PDTajy gy ~(PDSe)y 55~ (FPBSlg oy
(PR3l o5~ (PHSlg o8

5]
L

& (Wm'K")
K (Wm'K")

i

T T T T T T T T T
300 400 500 600 700 800 300 400 500 600 700 800
T(K) T(K)

16 » (PbTe)g gg-(PbS)g.12 224 \ — - - Alloy model PbTe-PbSe-PbS 300 K
® (PbTe)p 75-(PbSelp 25 \ - ?;l:lly.modu_l ;Z;:}pﬁ; .
144 A (PbTelg gg-(PbSelg.o7-(PbSIg.07 205 Ny sl e ten
A ¥ This Work
v (PbTe)g 75-(PbSelg 20-(PbSg o5 L
—~ 124 ~18 s
¥ ¥ ‘N
X = 1.6 R
E 104 £ Row
E— g 144 ¥ f. " -~
< 0.8 < - A el T e
-
124
0.6+ v
1.04 v .
0.4+ .
Nano Structuring + Alloying Scatetering
T T T T T T o8 T T T T T
300 400 500 600 700 800 100 90 80 70 60
T(K) Content of PbTe (%)
Figure 1.

Total thermal conductivity of (PbTe), o5~ (PbSe)~(PbS), o5, (b) lattice thermal conductivity of (PbTe), o5~
(PbSe) ~(PbS) .05, (c) lattice thermal conductivity of (PbTe), ,s-(PbSe) o ,0-(PbS) .05 compare with lattice
thermal conductivity of (PbTe) o gs-(PbS) .1, (PbTe), ,5-(PbSe), .5 and (PbTe), gs-(PbSe) o o,-(PbS),.0, (d)
comparison of theoretical lattice thermal conductivity for (PbTe)-(PbSe) alloy and (PbTe)-(PbSe)-(PbS) alloy
base in Ref. [20].

content led to a reduction in the overall thermal conductivity. A declining trend in
total thermal conductivity is observed at x < 0.15 until 700 K, where a reversal in
this trend begins, a phenomenon also evident in (PbTe)g o-(PbS)¢ ; doped with

3% Na [13]. Conversely, there is a notable decrease in total thermal conductivity

as temperature rises for x = 0.20 and x = 0.35. The composition with x = 0.20
exhibited the lowest total thermal conductivity values, measuring 2.17 Wm ' K " at
room temperature and 0.90 Wm ™' K" at elevated temperatures. The incorporation of
5% PbS and 20% PbSe resulted in a 48% reduction in total thermal conductivity at
room temperature and a 31.8% decrease at higher temperatures compared to pristine
PbTe. The low total thermal conductivity for (PbTe)g g5~ (PbSe),-(PbS)g 5 values
imply the low lattice thermal conductivity. To fully visualize this effect, the lattice
thermal conductivity was calculated by subtracting the value of the charge carrier
thermal conductivity (k) from the Wiedemann-Franz relation: «,; = LT/p from ktot
such that k., = & - LT/p, where p is the resistivity, T represents the temperature,
while L signifies the Lorenz number, which is determined as a function of tempera-
ture within a parabolic band featuring acoustic phonon scattering. [21], L was calcu-
lated from the reduced Fermi energy, which is derived via the experimental Seebeck
coefficient as described below:
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The Fermi integrals Fj(i7) can be derived as follows:

*° dde

o 14 exp(e —n) @

B = | féde = |

where 7 is the reduced electrochemical potential, which is available from the
temperature dependent Seebeck coefficient as given by:

Se

Finally, the temperature-dependent Lorenz number can be calculated by # values
that fit the Eq. (2):

L <k)2 3Fo(n)Fa(n) — 4F1(n)*

— 3
Fo(n)® @

4

Figure 1b shows the lattice thermal conductivity, which can be calculated with the
L values for the parabolic band. Lattice thermal conductivity values strongly decrease
with the increase of PbSe content until x = 0.20 thereafter, it starts to increase. The
lowest lattice thermals conductivities are found in (PbTe)q ¢-(PbSe) ¢ 35-(PbS) .05 with
0.95Wm 'K ' at 300 K and in (PbTe) 75-(PbSe) ¢ 20-(PbS) ¢ o5 with 0.40 Wm 1 K~?
at 800 K. The lattice thermal conductivity values are strongly reduced by 66% at
300 K and 55% at 800 K compared with lattice thermal conductivity in PbTe. The
lowest lattice thermal conductivity in (PbTe)q 75-(PbSe)20-(PbS)¢ 05 at high temper-
ature is approaching the glass limit for the bulk PbTe system (0.36 Wm ' K ") [23].
To more understand the role of (PbSe) and (PbS) os in reducing lattice thermal
conductivity, We compare the lattice thermal conductivity in (PbTe) 75-(PbSe) g 20-
(PbS) .05 with lead chalcogenide systems such as nanostructure system (PbTe)g gg-
(PbS)0.12 [12], (PbTe)¢.75-(PbSe) o .25 [10], (PbTe) ¢ g4-(PbSe)o.07-(PbS)o.07 [20] Sys-
tem (Figure 1c). Figure 1c shows clearly that the lattice thermal conductivity in
(PbTe) ¢ 75-(PbSe) ¢ .20-(PbS)¢.05 system is lower by 45.94, 14.89, and 28.57% compared
to lattice thermal conductivity in (PbTe)g gg-(PbS)0 12, (PbTe)q 75-(PbSe)¢ 25, and
(PbTe) g4-(PbSe).07-(PbS) .07 system. Low lattice thermal conductivity in
(PbTe) g gs-(PbS)g 12 system is due to nanostructuring [18, 19]. On the contrary, in
(PbTe) ¢ 75-(PbSe) 25 system, low lattice thermal conductivity in (PbTe)g 75-

(PbSe) .5 has been explained on effective point defect scattering created by the Te/Se
mixed occupation in the rock salt structure in (PbTe)g 75-(PbSe)q 25 system [10]. Low
lattice thermal conductivity in (PbTe) 75-(PbSe) 25 system known as a solid solution
with lacking nanostructuring. Similar to (PbTe)g 75-(PbSe)q s, in (PbTe) ¢ g4-

(PbSe) .07~ (PbS)¢.07 system found that nanostructuing was not occurred. The low
lattice thermal conductivity in (PbTe)¢ g4-(PbSe)¢.07-(PbS)¢.07 seems to arise by mul-
tiple types of point defects such as Te/S, Te/Se, and Se/S in (PbTe) g4-(PbSe) o7-
(PbS)¢.o7 rather than nanostructring [20]. At high temperatures, the lowest lattice
thermal conductivity in (PbTe)g 75-(PbSe) 20-(PbS) .05 approaches the glass limit for
the bulk PbTe system, which is reported as 0.36 Wm K [23].

To gain deeper insights into the influence of (PbSe) and (PbS) o5 on reducing lattice
thermal conductivity, we compare the lattice thermal conductivity across different lead
chalcogenide systems, including the nanostructure system (PbTe)q gs-(PbS)0 12 [12],
(PbTe)¢.75-(PbSe) .25 [10], and (PbTe)¢ g4-(PbSe).07-(PbS)¢.07 [20] (Figure 1c).
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The data depicted in Figure 1c highlights a decrease of 45.94, 14.89, and 28.57% in the
lattice thermal conductivity of the (PbTe)g 75-(PbSe)20-(PbS) .05 system compared to
the (PbTe)o.gs-(PbS) .12, (PbTe)75-(PbSe) 25, and (PbTe)q g4-(PbSe).07-(PbS).07
systems, respectively.

The reduced lattice thermal conductivity in the (PbTe) gg-(PbS) .12 system is
attributed to nanostructuring. Conversely, in the (PbTe)q 75-(PbSe) 25 system, the
low lattice thermal conductivity is explained by effective point defect scattering
resulting from Te/Se mixed occupation in the rock salt structure [10]. This system is
recognized as a solid solution lacking nanostructuring. Similarly, in the (PbTe)g g4-
(PbSe) ¢.07-(PbS)¢.07 system, nanostructuring is absent. Here, the diminished lattice
thermal conductivity appears to be induced by various types of point defects such as
Te/S, Te/Se, and Se/S, rather than nanostructuring [20].

In examining the low lattice thermal conductivity within the (PbTe)¢ 75-

(PbSe) .20-(PbS) .05 system, several potential mechanisms are under consideration.
Point defects, observed in the (PbTe) s5-(PbSe) 5 and (PbTe) g4-(PbSe) . o7-
(PbS)¢.07 systems, are one such mechanism. Additionally, significant phonon scatter-
ing attributed to nanostructuring also contributes to the reduced lattice thermal con-
ductivity. To further understand these mechanisms in the context of PbTe)g g4-
(PbSe)¢.07-(PbS) .07, a lattice thermal conductivity model for PbTe-PbSe and PbTe-
PbSe-PbS, based on the Klemens approach [20, 24], is employed:

-1
tan ~*(u) OpQ
Klal't,alloy = Klatt,pure T u =7 W Klatt,purer (4)

where Op is the Debye temperature, Q is the molar volume, v is the velocity of
sound, and I' is a disorder scaling parameter that depends on mass and strain field
fluctuations (Am/m and Aa/a).

Abeles extended the formula by Klemens, taking into account not only Umklapp
and point defect scatterings but also phonon scattering by a normal process [20, 25]:

2
-1

1 tan ~'u N 1- (mnu u)

1+% tan _—u

)

Klatt,alloy = klatt,pure <

where OD is the Debye temperature,  is the molar volume, v is the velocity of
sound, and I' is a disorder scaling parameter that depends on mass and strain field
fluctuations (Am/m and Aa/a),where a is the ratio of normal-to-Umpklapp prosess
[26, 27]. Figure 1d shows both the calculated lattice thermal for (PbTe)-(PbSe),
(PbTe)-(PbSe)-(PbS) for experimental data and reference data [20]. The experiment
data of (PbTe) 5.~ (PbSe),-(PbS)¢ o5 follows the trend of calculating data in which
lattice thermal conductivity reduces with a decrease of the PbTe matrix. It is clear
from Figure 1d that solid solution line lies above the lattice thermal in (PbTe)¢ 95.-
(PbSe)-(PbS)¢ o5 system by 0.46 Wm 1K forx = 0.20, corresponding to 31%. This
means that strong phonon scattering in (PbTe) ¢ 95~ (PbSe).-(PbS)¢. 05 did not have a
significant contribution from point defect scattering. Therefore, the additional 31%
difference between theoretical calculation and experimental data arises from other
factors, and this issue will be addressed below.

The reduced lattice thermal conductivity observed in (PbTe)g 95~ (PbSe)-(PbS) .05
may be attributed to nanostructuring phenomena. The discovery of nanostructuring
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(2)

Figure 2.

(a) Low magnification TEM image of (PbTe) . o5-(PbS) .05 samples, which reveals nanoscale precipitate with
some nucleation and growth. (b) SAED showing single phase material along the [200] zone axis direction. (c) and
(d) show low magnification image of (PbTe), o~ (PbSe), ,0-(PbS), o5 Showing nanostructuring precipitates.

within the (PbTe)g o5..-(PbSe),-(PbS) 05 system is unexpected, given its solid solution
nature. To explore the plausibility of nanostructuring in lowering the lattice thermal
conductivity of (PbTe)q 95~ (PbSe),-(PbS)0.0s, an analysis was performed on (PbTe)g os-
(PbS)0.05 and samples with the lowest lattice thermal values of (PbTe)g 5-(PbSe)q20-
(PbS) .05, investigating nanostructuring through TEM characterization.

Figure 2a illustrates a low magnification transmission electron microscopy (TEM)
image of (PbTe)¢95-(PbS)g os, revealing the presence of small nucleation and growth
phenomena. A notable observation is the highly ordered regions suggesting solid solu-
tion behavior at a low content of PbS. The 5% PbS content leads to nanostructuring
through nucleation and growth mechanisms. This phenomenon is attributed to two
primary reasons. First, the nucleating phase must commence with a composite that is
not in close proximity to the parent solid solution. Second, the nucleation phase transi-
tion exhibits a significant degree of composition change but a minimal extent of size,
unlike spinodal decomposition, which demonstrates the opposite characteristics.
Figure 2b displays a single phase of selected-area diffraction (SAD), indicating that the
precipitates share a similar crystal structure and closely matched lattice parameters with
the matrix, suggesting an endotoxic relationship. Figure 2c and d presents typical low
magnification TEM images of (PbTe) 75-(PbS)¢ 20~ (PbS)¢.0s. The nanostructured pre-
cipitates range in size from 5 to 10 nm, showcasing the highest number density of
nanoscale precipitates. Irregular morphologies are consistently observed for all nano-
structured precipitates, aligning with a nucleation and growth mechanism.

High-resolution transmission electron microscopy (HRTEM) was also utilized for
(PbTe) ¢ 75-(PbSe).20-(PbS)¢.0s. Precipitates with a size of 10 nm within the PbTe
matrix are depicted in Figure 3a. Figure 3b and c provides middle and high
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(@)

Figure 3.
(a) High vesolutions of TEM for (PbTe), 5-(PbSe) o.20- (PhS) o.05 showing nanoprecipate with matrix. (b) SAED
pattern with [200] zone axis direction. (c) and (d) show nanoprecipate of (PbTe) . ;5-(PbSe), 0-(PbS).05.
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Figure 4.

Thgel(:retical lattice thermal conductivity (lines) of PbTe and (PbTe), o5-(PbSe) . ,0-(PbS) .05 taking into account
that precipice and alloying scattering match considerably with the experimental data (symbols). The data of PbTe
and (PbTe) o 45-(PbSe) o ,0-(PhS) o o5 was calculated based on the volume fraction PbTe and nanostruturing
precipitates with the phenomenological effective medium theory, which described based on Callaway model.

magnification images for (PbTe) 75-(PbSe) ¢ 20-(PbS)¢.0s, clearly displaying nanoscale
precipitates with irregular morphologies. The volume fraction of precipitates (6.2%)
significantly exceeds the nominal PbS presence, indicating that the precipitates do not
represent a phase-separated PbS phase. This observation implies that the
nanostructuring is a result of a nucleation and growth mechanism.
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Previous studies have demonstrated that nanostructuring in the PbTe-PbS system
may occur through precipitation, contingent upon its specific compositions and tem-
perature. Within the PbTe-PbS system, the formation of nanostructures can be
attributed to either spinodal decomposition or nucleation and growth mechanisms,
which are influenced by the system’s composition and temperature. This behavior is
further elucidated by the presence of a miscibility gap in the PbTe-PbS system, as
defined by the Gibbs free energy (G) along a given isotherm within the composition
range of x [18, 28-30]. Composition aims to achieve complete homogeneity. In cases
where the free energy diagram exhibits positive curvature (62G/92X >0), the free
energy of the metastable solid solution alloy can be reduced by forming distinct nuclei
of a secondary phase, a process known as nucleation and growth. Hence, nucleation
and growth phenomena may occur in the solid solution alloy of PbTe-PbS once the
energy barrier necessary for these processes is surpassed.

In order to enhance comprehension regarding the correlation between microstruc-
ture and lattice thermal conductivity in (PbTe) 75-(PbSe) ¢ 20-(PbS)¢.05, we proceed
to offer theoretical computations of the lattice thermal conductivity utilizing
Callaway’s model [31-33]:

HD/T 2
0 J ey
ks [k, T\?| (77 xte o MY
Kiat =55\ JO 2 (e — 1)2dx + 2y (6)
1 (1 _ i) xtet g
0o W w) (er-1)°

where kg is the Boltzmann’s constant, h is the Plank’s constant, x = o/, T is
absolute temperature, and v and € are speed to sound and Debye temperature,
respectively. Here, 7y is the relaxation time due to normal phonon-phonon scattering,
and 7. is the combined relaxation time using given as:

o l=w oy s ! )

where ty, 7N, 7B, Ts, Tp, and zp are the relaxation time corresponding to scattering
from Umbklapp process, normal process, boundaries, strain, dislocations, and precipi-
tate [8, 34-38]. Based on these formulae and the parameters obtained from TEM
observation (average precipitate size 10 nm, precipitate density ‘volume of the nano-
particle’), and some parameters from ref. [36]. We have calculated the theoretical
lattice parameter in (PbTe) 75-(PbSe) g 20-(PbS) ¢ 5. Figure 4 shows theoretical lattice
parameters based on Callaway’s. With experimental data. The theoretical data fit well
with the experimental data, although the room temperature is somewhat lower than
the experimental data. Figure 4 proves that the strong phonon scattering seems to
arise mainly from nanostructuring precipitates compared to other processes due to
shorter relaxation time, which means that they play a more dominant role in reducing
lattice thermal conductivity in (PbTe) 75-(PbSe) ¢ .20-(PbS).0s-

3. Conclusions

This study successfully reveals practical strategies for optimizing low thermal
conductivity in PbTe-based materials through nanocomposite and alloy approaches.
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The quaternary system (PbTe)g 95 x-(PbSe)-(PbS)¢ o5 with varying PbSe concentra-
tions and a 1 at% Na dopant shows a significant reduction in lattice thermal conduc-
tivity. The lowest value was observed in the composition (PbTe) s5-(PbSe)g 20-
(PbS) .05, achieving a thermal conductivity of 0.42 Wm ™' K™, approaching the glass
limit for bulk PbTe. Transmission electron microscopy (TEM) analysis identified
nanostructuring as a crucial mechanism for the observed reduction in thermal con-
ductivity. The formation of nanostructured precipitates enhances phonon scattering,
contributing to lower thermal conductivity.
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Chapter 2

Finite Element Formulation of
Nonlinear Thermal Conductivity
Problems with Applications to
Nuclear Fusion

José Miguel Palomino Cobo, Roberto Palma Guerrero,
Maria Esther Puertas Garcia and Rafael Gallego Sevilla

Abstract

Nuclear fusion energy is a highly promising solution to meet future global energy
demands. However, its realization requires the development of materials capable of with-
standing the extreme conditions in next-generation nuclear fusion reactors. One major
challenge is the nonlinear thermal conductivity of these materials. This chapter presents a
thermodynamically consistent formulation within the finite element (FE) method for
modeling nonlinear thermal conductivity problems. While the formulation is broadly
applicable to any nonlinear thermal problem, it is specifically applied in this chapter to
materials engineering for nuclear fusion energy, focusing on Eurofer97 material.

Keywords: finite element, heat transfer, nonlinear thermal conductivity, nuclear
fusion, computational mechanics

1. Introduction

Accurate analysis of thermal problems is crucial for the design and optimization of
components subjected to temperature gradients. Furthermore, in most engineering
applications, thermal conductivity exhibits material nonlinearity, namely, a depen-
dence on temperature. Consequently, this nonlinearity is a challenge for the compu-
tational mechanics community and requires advanced methods to capture the true
thermal response of materials.

For simple geometries, boundary conditions, and temperature-dependent material
properties, analytical or semi-analytical solutions can be derived using techniques
such as Boltzmann and Kirchhoff transformations, Taylor series expansions, Laplace
transforms, or perturbative methods [1]. For more complex problems, numerical
methods, such as boundary element, finite difference, and finite element (FE)
methods, are required.

This chapter addresses these challenges using the finite element (FE) method, with
a focus on temperature-dependent thermal properties, particularly thermal
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conductivity, which plays a crucial role in heat transfer and temperature distribution.
The FE method has been extensively applied to complex thermal problems, including
nonlinear heat conduction in multiphysics scenarios, such as thermoelectric materials,
photothermal conversion in solar nanofluids, and thermal stress analysis in phase
change materials [2-6]. This chapter extends the previous FE formulations by incor-
porating heterogeneous heat sources for nuclear heating in fusion energy applications.

The remainder of this chapter is organized as follows: Section 2 introduces nuclear
fusion materials, with a focus on their temperature-dependent thermal properties.
Section 3 presents the strong and weak forms of the nonlinear heat equation, along
with the FE discretization. Finally, Section 4 reports four validation examples: (1) a
comparison between analytical and numerical results for two-dimensional, linear, and
steady-state problem; (2) a numerical analysis of one-dimensional and nonlinear
material behavior; (3) a study of transient nonlinear thermal responses; and (4) a real-
world application involving nuclear fusion materials. These examples demonstrate the
effectiveness of the proposed method for capturing complex thermal behaviors in
engineering applications.

2. Nuclear fusion materials

In the context of the DONES program, which aims to test and qualify materials for the
construction of future fusion power reactors, the IFMIF-DONES project [7] is a DEMO
reactor designed for material testing, and it will be constructed in Granada, Spain.

Reduced activation ferritic/martensitic (RAFM) steels are regarded as the most
advanced and ready-to-use materials for fusion reactor construction due to their
proven manufacturing and welding capabilities, as well as the extensive industrial
experience gained in their application [8]. These materials must meet stringent
requirements, such as high radiation resistance and thermal stability. Among them,
Eurofer97 is a notable class of steel alloys specifically engineered to address the
challenges posed by nuclear fusion. The term Eurofer, derived from “European Fusion
Experimental Reactor,” refers to a family of steels meticulously designed to endure
the extreme conditions within fusion reactors.

Although the details of the IFMIF-DONES project are beyond the scope of this
chapter, it is important to note that several designs for the irradiated capsules are
being proposed [9]. This type of irradiation generates heterogeneous nuclear heating
within the capsules, which must be considered. Additionally, one of the materials
inside the capsules, the Eurofer97 [10], exhibit strong temperature dependence [11]:

Density [kg/m?):

p =7750 (1)
Thermal conductivity [W/mK]:
«(T) = 0.190706 T — 4.3053 - 10 *T* +3.817- 10 /T° - 1.158 - 10 °T*  (2)
Thermal capacity [J/kgK]:
C(T) =2.696T — 0.00496 T* + 3.303 - 10 °T> (3)

Within the IFMIF-DONES project, temperature variations in components involv-
ing Eurofer97 can reach approximately 400 K. Consequently, the use of sophisticated

16



Finite Element Formulation of Nonlinear Thermal Conductivity Problems with Applications...
DOT: http://dx.doi.org/10.5772 /intechopen.1008442

nonlinear models is essential, as simplifying these effects with a linear model could
lead to significant inaccuracies.

3. Nonlinear heat equation

The heat equation is used to analyze heat transfer and temperature
changes over time. In linear problems, variable relationships are proportional, but
in nonlinear problems, they become more complex because of temperature-
dependent material properties, boundary conditions (such as radiation), or phase
changes [1].

As discussed in Section 2, the thermal properties of materials have a polynomial
relationship with temperature, requiring numerical techniques such as the FE method
[12] for an approximate solution. This technique begins with the weak form of the
heat equation, where the solution is found in a space of test functions, selecting the
one that satisfies the boundary conditions with minimal error [13]. This allows for
flexible approximations and high accuracy by discretizing the domain into finite
elements [14].

This section addresses the nonlinear heat conduction problem in three parts
(or subsections): strong forms, weak forms, and FE discretization.

3.1 Strong form

The governing equations commonly comprise balance equations, constitutive rela-
tions, and boundary conditions. For the thermal problem, these are as follows:

The heat transfer equation, derived from the principle of conservation of energy,
reads

pC(T)T = _qi),' + Q(xi’ t)’ (4)

where Q denotes the heterogeneous heat source.
The transport equation (commonly called Fourier’s law), obtained from the
entropy balance, becomes:
q; = —x(T)T. 5)
Essential or Dirichlet type boundary conditions: T = T, where T denotes the pre-
scribed temperature.

Natural or Newmann type boundary conditions, including prescribed thermal flux
g and convection and radiation phenomena:

gmi =g +h(T — To) +no(T — To)*, (6)

where 7 denotes the outward normal to the boundary, % is the convection coeffi-
cient, 7 the emissivity, o the Stefan-Boltzmann constant, and T is the external
temperature. The radiative heat flux is nonlinear, whereas the convective flux is
linear. However, in the following of the present chapter, the radiation and convection
terms are not considered, as the primary focus is to illustrate the application of the
numerical method.
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For the sake of clarity, this chapter uses the index notation summarized in the
Appendix A. Additionally, the material properties relevant to the thermal problem are
as follows:

* Density p represents mass per unit volume.
* Thermal conductivity «, indicating that the material can transfer heat.

* Thermal capacity ¢, expressing the thermal energy required to raise the
temperature of a unit mass by one degree.

3.2 Weak form

A classical solution in partial differential equations (PDEs) is smooth and continu-
ous in the domain. Classical solutions are often easy to find and provide an accurate
description of the phenomenon modeled by the PDE. However, some PDEs are diffi-
cult to solve due to boundary or initial conditions or may not have classical solutions
because of singularities in the domain. In these cases, the weak or variational formu-
lation of PDE is used as an alternative to find a solution that satisfies conditions in an
integral sense, rather than at every point.

In general, the weak formulation of any problem is derived as follows [15]:

1. Multiply the balance equation by a test or variation function. For the heat
problem, the test variation is denoted as 6T, and it refers to a small perturbation
in the temperature distribution of the domain.

2.Integrate over the domain of interest Q with boundary I' = Q.

3. Apply the Green’s theorem.

4.Introduce the boundary conditions into the equation.

Applying the above steps, the functional to minimize becomes
J 86Tq; ,dQ + J 8T (pcT — Q)dQ = 0. )
Q Q

The first term is further developed using Green’s theorem and the chain rule as
follows:

J 6Tq; - nidl’ = J (6Tq;) ,dQ = J 6T ;q,dQ + J 6Tq, ,dQ, (8)
0Q Q ’ Q Q ’

where an expression for the first term of eq. (7) is obtained. In the present chapter,
the surface integral is not considered for the sake of simplicity and (7) becomes

—J 5T 1g,d2 + J 5T(peT — Q)dQ = 0 ©)
Q Q

The above equation serves as the basis for the numerical discretization. Note that
the problem was presented using the weighted residuals method; however, it could

18



Finite Element Formulation of Nonlinear Thermal Conductivity Problems with Applications...
DOT: http://dx.doi.org/10.5772 /intechopen.1008442

also be obtained using a variational method. Both methods yield similar results but
differ in mathematical approaches. While variational theorems are elegant for mini-
mizing terms such as energy, the weighted residuals method is more general and
flexible, making it suitable for a wider range of problems.

3.3 Finite element discretization

As commented, the FE method is a powerful numerical technique used to approx-
imate solutions of PDEs. Generally, finite elements are used to discretize the domain,
while finite differences are used for time discretization.

For the thermal problem, the domain of interest Q must first be approximated by a
computational domain &, and discretized into N,; finite elements of domain Q,:

N
Q~0, = U Q,. (10)
Each finite element is a smaller and simpler region for which the solution T (x;,t) is
approximated using shape functions N;(x;) as follows:

T(xit) = Na(&) T (¢) (11)

where ¢ = 1, ..., denotes the number of nodes within each element and T* (t) are
the nodal values of the approximation, which are unknown and depend on time . The
interpolation functions N, (¢;) depends on the natural coordinates & € [—1, 1] of each
element and must satisfy the following condition:

D NJ(&) =1 (12)
a=1

The derivatives can be constructed using the chain rule and expressed as

N, 0N, ox; N,
06  ox; 05  ox;

]jis (13)

where J; denotes the Jacobian of the transformation between the natural and global

coordinates. Using the derivatives of the shape functions, the temperature gradient
can be discretized as

T;=N,,T. (14)

For simplicity, a Galerkin approach is used, where variations are approximated in
the same way as the solution:

8T = N,(&)8T" = 6T; = N, ;6T". (15)

Introducing these approximations in the weak form of (9), the residual function at
each node a of the element with domain €, is expressed as follows:

R, (T”?l) - —J No.iq,d%% +J N, (pﬁ“ - Q)dQe. (16)
Q, Q.
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By considering two different nodes 4, b of a particular element, the residual can be
expressed as a function of the tangent stiffness matrix K, tangent capacity matrix C,,
as follows:

R, (T‘*,TJ) = <I<aﬁ’” + Cﬁ”> +F,, (17)

where F, denotes the external sources. For clarity, the iteration numbers for the
Newmark-p algorithms “k” are omitted below. The tangent matrices can be obtained
from (17) as

where F, denotes the external sources. The temporal evolution of the system is
addressed using the Newmark-f§ method, where the residual is linearized and mini-
mized at each time step # iteratively using the following tangent matrix:

Sab(k) = (X11<ab(k) + (chab(k) (18)

Here, the parameters a; and o, are scalar coefficients defined by the Newmark
scheme, which depend on the discretization parameters and ensure the stability and
accuracy of the method.

The solution process at time ¢, starts using the temperature field 7" and its time
derivatives from the previous time step ¢, as an initial guess. The temperature is
then updated using the Newmark-f method. With the updated temperature, the
tangent matrix is evaluated, and the residual is estimated based on the linearization. If
the residual norm does not decrease below a specified tolerance € (e.g., |R| <€), the
process proceeds iteratively with the updated temperature until convergence is
achieved. For further information, see [17].

OR OR
a Cab a

o1’ ()'Tb
As commented, the material properties depend on temperature, which results in

material nonlinearity. In the first approximation, the properties exhibit a polynomial
dependence on temperature within the temperature range where the simulation occurs:

Ko =— (19)

K(T) =Ko +x1T + KzTZ, C(T) =co+c1T+ CzTZ + C3T3, (20)

On the one hand, the tangent stiffness matrix can be obtained from the residual of
(16) as follows:

OR aq. oc(T
Kab:——“zj Na,iiage—j N,p*D)
Q. Qe

oT oT" B

where the derivatives can be explicitly calculated as follows:

0L, (21)

oq; oT; ok(T) oT ok(T)
i k(T) = — ) T T = —k(T)N, — N,T;. 2
g o, oT K(TINbi = =5~ No T, (22)
ac(T) oc(T) N, (23)

o7 oT
and introducing into eq. (21):

20



Finite Element Formulation of Nonlinear Thermal Conductivity Problems with Applications...
DOT: http://dx.doi.org/10.5772 /intechopen.1008442

P a
K, :-J Noji ( SN, T, + k(T)N,,; asze—J Nop( Z N, o, (24)
o, “\or o oT

On the other hand, the tangent capacity matrix is obtained from the residual of
Eq. (16) to give

Cop = — e _ _J Nope(T)N3o,. (25)
oT &

From Egs. (24) and (25), the tangent matrix can be obtained by equation (19).
According to Taylor and Govindjee [16], the numerical integration is performed by
Gauss-Legendre quadrature [17]:

+1 L
[[[[ fomsmnes dridmdss= S rcom, (26)
- =1
where L is the number of {; integration (also called Gauss) points and W is the
weight associated with each integration point. For example, the capacity matrix can be
integrated as follows [15]:

+1 L
Co = || | Me@meMN @Y = Y- Na@emN,@IWe @)
- 1=1

Here, the key point is that all elements are parametrized identically. Thus, repeated
node positions in the mesh have the same natural coordinates, and the integrals share
weights and integration points.

Finally, the nonlinear and dynamic formulation is implemented in a user subrou-
tine of the FEAP software [18], which belongs to the University of California at
Berkeley (USA). This software offers the following advantages:

1. Nonlinearities are solved using advanced Newton-Raphson or Line Search
algorithms.

2.Time integration is performed using backward finite differences.
3.The global tangent matrices are assembled by the software.

4.The boundary conditions for fluxes and temperatures are prescribed by specific
FEAP commands.

In summary, the user is only required to implement the formulation at the element
level. As outlined in the next section, the code was thoroughly tested using various
examples to ensure robustness and applicability. The code is currently being applied to
analyses related to the IFMIF-DONES project.

4, Results

This section presents four examples of the numerical accuracy of the nonlinear FE
method discussed in this chapter. In particular, the examples are:
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* Example 1: two-dimensional linear steady-state problem.
* Example 2: one-dimensional nonlinear steady-state problem.
* Example 3: two-dimensional nonlinear transient problem.

* Example 4: application to Eurofer97.

4.1 Example 1: Validation of linear heat conduction, analytical vs. numerical
solutions

This example compares the analytical and numerical solutions for a two-
dimensional domain without heat sources under the assumption of linear thermal
conductivity and steady-state conditions.

The domain of the problem is defined as a rectangle in the (x, y)-plane, with
dimensions 1 x 1 [m]. Only Dirichlet boundary conditions are considered: T =T =1
[K] is prescribed on the upper boundary y = 1and T = T = 0 at the remaining three
boundaries (x = 0,x =1, and y = 0).

For this example, the governing equations are reduced to the Laplace equation
V2T(x,y) = 0. An analytical solution can be derived using the separation of variables
and Fourier series as follows:

Tanalytzcal ( X y Z

4T &= sin <(2k 1)”x) sinh (Zk—zl)”:‘)
7 k=1 (2k —1)sinh (—”13) @

This analytical solution provides a benchmark for the FE solution, thereby
allowing the accuracy of the FE implementation to be quantified by comparing
both the numerical and closed solutions. Figure 1 shows the contour plots of the
analytical (left) and numerical (right) solutions. The contour plot closely resembled
the analytical solution, confirming the accuracy of the code for linear thermal
conduction.

The accuracy of the FE solution is quantified by comparing both solutions by the
L,-norm of the error defined as:

) Temperature distribution X
Analytical solution Numerical solution

10
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0.8
0.750
z <
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-
= 0.500 2
8 5
] 0.4 0375 &
e &
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0.2 0.125
0.000
! 0.0
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Position x (m) Position x (m)
Figure 1.

Contour plots for analytical (left) and numerical (right) solutions.
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Mesh size N E;, error Remarks

5x5 25 0.093 Initial coarser mesh

10x10 100 0.045 Coarse mesh

20x20 400 0.022 Improved resolution

50x50 2500 0.008 High-resolution mesh
Table 1.

Error analysis between analytical and FE solutions for various mesh sizes.

Ep, = \/ SN (Them o)) (29)

where N denotes the total number of nodes in the mesh. As reported in Table 1,
the L,-norm of the error decreases with increasing mesh size, demonstrating conver-
gence of the FE solution toward the analytical one.

4.2 Example 2: Non-linear heat conduction, dimensional approximation and
numerical validation

To validate the accuracy of the FE code for solving nonlinear problems with heat
sources, a one-dimensional analytical solution was compared against the FE results. In
particular, the analytical solution considers a thin slab of thickness L subject to Q,
where the thermal conductivity depends on temperature in the polynomial form:

k(T) =ko(1+ BT +¢T?). (30)

Given the temperature at the mid-plane of the slab, denoted as T, the closed
solution is obtained through a Taylor series expansion under the assumptions of
steady-state, one-dimensional conduction, mid-plane symmetry, and uniform energy
generation, as outlined in [1]. Mathematically, the distribution of temperature reads

Qx’ 3Q*(p+2yTo)  x*

T(x) =To — - 41"
() =To 2o (1+pTo+71T5)  k2(1+ BTo+yT3)° 4

(31)

Then, for the linear case k = kg, the analytical solution is reduced as follows:

Qx?
T(x)=To—5—. 2
() =To =5 - (32)
Numerically, a two-dimensional domain of 0.01 x 0.025 [m] is considered, centered
on the x-axis, and with 10 four-noded elements along this axis. Adiabatic flux conditions
are applied at the upper and lower boundaries. For this example, Ty = 323.0K and
Q =100 W/m?, while the coefficients of the nonlinear conductivity are as follows:

f=36-10"3, y=25.10"% ko=2-10"*W/mK. (33)

The FE results for the linear and nonlinear behaviors are shown in Figure 2 (left
and right, respectively).
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Temperature on the Slabs cases
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Figure 2.

Temperature distribution on the slab for the linear (left) and nonlinear (vight) cases.

Despite the initial assumption that the nonlinear terms may be insignificant
because of their near-zero values before solving the problem, Figure 2 shows that this
assumption is incorrect. The comparison revealed a significant difference in the tem-
perature distribution between the two cases. For instance, in the linear case, there is a
temperature difference of nearly 20 degrees between the center and edges of the slab,
whereas in the nonlinear case, the difference is only around 6 degrees.

Again, the global L? error [19] is used to quantify the precision of the approxima-
tion. For the linear case, the error value was approximately 7.45 x 10>, while for the
nonlinear, it becomes 3.7 x 107*. As expected, the nonlinear case exhibits a

higher error due to the complexity of modeling temperature-dependent thermal
conductivity.

4.3 Example 3: Dynamic non-linear heat transfer

The main objective of this example is to evaluate the accuracy of the nonlinear and
dynamic code by comparing the FE solutions with those obtained using the KDC-
GFDM approach in [20]. Specifically, this example considers a square domain of size
1 x 1 [m] with temperature-dependent thermal conductivity, prescribed heat flux at
the boundary, and an internal heat source.

Firstly, the thermal properties for this problem are x(T) = 0.3 - T + 150 W/m’C,

Q = 1000 W/m?, p = 7850 kg/m?, and ¢ = 460]/kg C. Secondly, the boundary and
initial conditions are, respectively, specified as follows:

Position ¥ (m)
TAMERRe (°C)

Figure 3.
Results generated by our FEM code: temperature distributions in the square domain att = 5, 10, and 15 s.
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Figure 4.
Comparison of temperature distributions in the square domain att = 5, 10, and 15 s. Results computed by Comsol
and KDC-GFD Method and taken from [20].

s A heat flux ¢ = 80,000 W/m? on the right edge.
* A temperature T = 0°C on all other edges.
¢ The initial condition across the domain is T'(x,y,0) = 5'C.

Numerical solutions are computed over the interval ¢ € [0, 15] [s], with time
discretized using a step size of At = 0.1 [s]. The results for t = 5,10,15 [s] are shown in
Figure 3. After comparing these results with those reported in [20] shown in
Figure 4, it is concluded that the present FE code shows good agreement for this
nonlinear and transient problem.
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Figure 5.

Temperature (left) and heat flux (vight) for the two models of Eurofergy.
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4.4 Example 4: Linearization of non-linear thermal problems

Once the nonlinear thermal properties of Eurofer97 are known, a key question
arises: can they be linearized to simplify the simulations? Linearization would be
beneficial, especially for studies involving multiple Eurofer97 components, such as
reliability analysis and design optimization, because it would reduce computational
costs. This scenario is an application of the proposed numerical scheme.

These examples simulate an Eurofer97 bar with cold 700 [K] and hot 775 [K] and a
reference temperature of 725 [K]. From the temperature dependence of Eurofer, it can
be assumed that its thermal conductivity remains constant with a mean value of ¥ =
25.35 [W/mK].

Figure 5 presents the numerical results for k¥ (denoted as linearized) and «(T').
Although the temperature distribution remains practically identical for both models
(left figure), the heat flux exhibited high nonlinearity, as seen in the right figure. In
conclusion, nonlinearity introduces significant changes that should be considered in
engineering and scientific applications.

5. Conclusions

Many problems in science and engineering exhibit nonlinear thermal behavior due
to the temperature dependence of material properties. Ignoring these nonlinearities
can lead to inaccurate conclusions, especially in applications with significant temper-
ature variations.

Although many commercial software packages can handle certain nonlinear ther-
mal problems, it is essential to explore coding alternatives to reduce the reliance on
such tools in future projects. In addition, advanced applications, such as uncertainty
quantification, sensitivity analysis, reliability studies, and Bayesian inverse problems
[21], can often be tackled more effectively using custom codes than commercial
software.

In this context, this chapter addressed the complexity of nonlinear thermal prob-
lems and highlighted the importance of temperature-dependent thermal properties. A
robust numerical methodology based on the finite element method is presented and
demonstrated through four illustrative examples.
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Appendix A. Index notation in tensor theory

The index notation represents equations and mathematical expressions using indi-
ces rather than traditional algebraic symbols. This notation is commonly used in
tensor theory, continuum mechanics, general relativity, and other areas of physics and
mathematics where it is necessary to handle vector and tensor quantities.

In index notation, indices indicate the components of vectors, tensors, or matrices
on a specific basis. The indices can take numerical values, such as 1, 2, 3, to represent
components in Cartesian coordinates (x, y, ), or they can be letters, such as i, j, k, to
represent components on a general basis. The basic rules of index notation are as
follows:

1. Einstein summation convention: When an index is repeated in an expression, a
summation of all possible index values is implied. For example, consider the
expression 4;b;; the Einstein summation convention implies that it actually
represents a1b1 + a,b; + asbs in three-dimensional space.

2.Index repetition convention: When an index appears in both the upper and lower

parts of a derivative, such as in 2%

50> summation over the repeated index is implied.
7

i i Xy | 0%y y O0X3 5 _di i
In this example, it represents 7 T o T 5 0 three-dimensional space.
3.Index contraction: When an index appears in the same position in two terms,
summation over that index is implied. For example, in T;x;, it is represented as
Ti1x1 + Tipxy + Tizxs in three-dimensional space.

Index notation is especially useful when working with higher order tensors because
it allows equations to be expressed more compactly and generally, regardless of the
coordinates used. It is important to note that index notation can be somewhat more
complex to read initially, but with practice and understanding of the basic rules, it
becomes a powerful tool for the mathematical manipulation of tensor and vector
expressions.
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Chapter 3

Heat Transfer Enhancement on
Staggered Perforated Circular
Pin-Fin Heat Sink: An

Experimental Assessment
Ndah Abdulrahman Alpha and Aondoyila Kuhe

Abstract

This experimental study examines how forced convective flow affects heat transfer
properties in a rectangular channel with staggered pin fins featuring different perfo-
ration patterns under constant heat flux conditions across Reynolds numbers (Re)
ranging from 2.0 x 10° to 12 x 10°. The study compares cylindrical pin fins with solid
pin fins and those featuring circular longitudinal (L), longitudinal/transverse (LT),
and longitudinal/transverse/vertical (LTV) perforations to determine optimal perfo-
ration configurations for enhanced heat transfer performance. The experiment uses a
Peltier module to generate heat on one side, utilizing the Armfield Free and Forced
Convection Heat Transfer Service Units HT 19 and HT10XC. The results showed that
perforated pins significantly raise Nusselt number (Nu) over solid pins: 7% for L, 30%
for LT, and 64% for LTV perforations. Pressure drops are reduced by 10% for L, 17%
for LT, and 25% for LTV perforations relative to solid pins. At lower Reynolds num-
bers, the overall enhancement ratio peaks, notable for reaching a 40% rise with LTV-
perforated pin fins. Additionally, fin effectiveness improves significantly: 14, 34, and
57% higher for L, LT, and LTV perforated pin-fin arrays, respectively. This study
showcases potential applications in electronic cooling systems, promising improved
heat transfer efficiency.

Keywords: pin-fin heat sink, Peltier module, perforation pattern, heat transfer
coefficient, electronic cooling

1. Introduction

The relentless push for higher performance in microelectronics, coupled with the
drive for miniaturization, has made efficient thermal management a paramount concern
in modern electronic design. As electronic devices become more compact and powerful,
the ability to dissipate heat effectively is crucial to ensuring their performance, reliabil-
ity, and longevity. The relationship between component temperature and the opera-
tional efficacy of electronic devices is well established-lower temperatures generally
equate to better performance and a longer lifespan for these components.
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Heat sinks play a critical role in managing the thermal loads of electronic devices.
By facilitating heat transfer from heat-generating components, heat sinks help main-
tain temperatures within safe operating limits. The challenge lies in designing heat
sinks that not only efficiently dissipate heat but also fit within the increasingly
constrained spaces of modern electronics.

Perforated fins are especially effective at improving heat transfer because of their
greater ratio of surface area to volume, resulting in lighter heat sinks and more
uniform temperature distribution compared to solid fins. Research consistently shows
that heat sinks with perforated pin-fins outperform those with solid pin-fins in terms
of thermal efficiency [1-5]. Studies on various pin-fin configurations further under-
score these findings [6-10].

Additional studies have further underscored the advantages of specific perforation
geometry. Ibrahim et al. [11] highlighted the benefits of triangular perforations in
reducing pressure drop and increasing the Nusselt number, while Chingulpitak et al.
[12] noted that enlarging both the quantity and size of perforations in pin-fins results
in better thermal performance.

Chin et al. [1] demonstrated that perforations enhance convection heat
transmission by 45% and reduce pressure drop by 18% compared to solid pins.
Moreover, perforations reduce the heat sink’s weight by 37%, improving overall
heat transfer. Kore et al. [13] found that conical perforations in pin-fin heat
sinks significantly enhance flow turbulence and heat transmission. According to
Gupta et al. [14], circular perforations improve thermohydraulic performance by
28%, with a temperature reduction of approximately 16 K when using
square-shaped perforations.

Other studies have investigated the effects of varying perforation sizes and quan-
tities on the efficiency of heat sinks. Choure et al. [15] found that enlarging both the
quantity and diameter of perforations leads to a reduced pressure drop and an
enhancement in the Nusselt number. Foo et al. [16] found that perforated pin-fin
arrays, subjected to varying inlet velocities, transfer more heat and experience a lower
pressure drop compared to solid pin arrays.

Hayder et al. [17] examined the influence of pin geometry on thermal efficiency,
concluding that round pin fins facilitate better heat transfer than those with sharp
edges. Similarly, Kotcioglu et al. [18] discovered that circular pin fins demonstrate a
lower pressure drop in comparison with hexagonal or square pin fins. Hwang et al.
[19] proposed a thermal optimization model demonstrating that varying fin thickness
can reduce thermal resistance, particularly in water-cooled heat sinks. Koga et al. [20]
designed an enhanced heat sink using the Topology Optimization Method tailored for
small-scale applications, with an emphasis on reducing pressure drop while maximiz-
ing thermal dissipation.

In the existing literature on heat sink optimization through perforations, most
studies have focused on individual types of perforations [8, 12, 21-24], resulting in a
fragmented understanding of the effectiveness of circular perforated cylindrical fin
pin heat sinks.

Building on this extensive foundation, the current investigation seeks to push the
boundaries of heat sink design by examining the impact of various perforation con-
figurations on heat transfer efficiency. This research aims to identify the optimal
perforation pattern that maximizes heat dissipation efficiency. Experimental analysis
will be conducted on heat sinks with solid pin-fins, longitudinal perforations, longi-
tudinal/transverse perforations, and longitudinal/transverse/vertical perforations
across different inlet velocities and Reynolds numbers. Key performance metrics,
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including the Nusselt number, friction factor, thermal resistance, hydrothermal per-
formance, fin efficiency, and effectiveness, are evaluated to determine the most
effective design.

In essence, this study aspires to advance the state of the art in thermal manage-
ment for electronic devices, providing insights that could lead to more efficient and
compact cooling solutions. By systematically exploring and analyzing the effects of
various perforation configurations, this research aims to contribute valuable knowl-
edge to the ongoing quest for optimal heat sink designs.

2. Methods

The experiment was conducted using the Armfield Unit for Heat Transfer by Free
and Forced Convection, designed to demonstrate the principles of natural (free) and
forced convection. As depicted in Figure 1, this unit features a bench-mounted verti-
cal rectangular air duct (300 x 350 mm and 950 mm in height) positioned above a
centrifugal fan. Inside the duct, a hot wire anemometer measures and displays the air
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Figure 1.

Diagram illustrating the experimental setup. — Components include the mouth (1), anti-turbulent screen (2), inlet
thermocouple (3), anemometer (4), inlet Pitot tube (5), test section (6), air duct (7), outlet thermocouple (8),
variable speed centrifugal fan (9), throttle (10), test specimen (heat sink) (11), surface thermocouples (12), base
plate thermocouples (13), thermal interface material (14), thermoelectric device (15), and Teflon insulation (16).
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velocity on a dedicated display unit. The duct includes a 150 x 150 mm test section at
the rear wall, allowing the insertion of various heat-transfer surfaces.

Each heat sink unit is equipped with a polycarbonate sheet with low thermal
conductivity at its base, serving as an insulator to ensure upward heat flow through
the heat sink. A 60-watt Peltier module (heating pad) with stabilized heat flux mimics
the thermal heating of electronic components. The heat sink, characterized by high
thermal conductivity, is connected to the heating pad using high-conductivity thermal
tape to minimize contact resistance. Thermocouples positioned on the heat sink’s base
measure the temperature across the surface.

The duct’s front wall is constructed from acrylic to allow clear observation of the
heated surface and measurement sensors. A throttle that can be adjusted manually regu-
lates the airflow, while pressure sensors placed both upstream and downstream of the
orifice plate monitor the difference in pressure across the test section. Thermocouples
measure air temperatures before and after the heated surface, as well as base and surface
temperatures at various points along the extended surface of the heat exchangers.

The base plate has seven primary thermocouples (T3-T9) to measure its surface
temperature, while the pins have eight secondary thermocouples (T1-T8) to measure
extended surface temperatures. Air inlet and outlet temperatures are recorded by sen-
sors T1 and T2 at the duct’s top and base. Thermocouple attachment points are covered
with adhesive for protection. Air velocity can be adjusted from 0 to 12 m/s, depending
on local mains voltage and supply frequency, with the sensor permanently mounted in
the duct and connected to the console via a plug and socket. All thermocouples are
“Duplex,” with primary thermocouples using miniature plugs and secondary thermo-
couples using two-way edge connectors suitable for the Risepro Data Logger.

Four different configurations of staggered pin arrays have been used, namely:

i. Solid pin-fin heat sink depicted in Figure 2a,
ii. Heat sink with longitudinal perforated pin-fins shown in Figure 2b,

iii. Heat sink featuring both longitudinal and transverse perforated pin-fins
illustrated in Figure 2c, and

iv. Heat sink incorporating longitudinal, transverse, and vertical perforated pin-
fins as shown in Figure 2d.

Each pin-fin array contains 23 pins, 8 mm in diameter and 45 mm in height, with a
pitch of 20 mm.

2.1 Experimental procedure

The experiment entailed testing four types of heat sinks at five flow speeds (0.5,
1.0, 1.5, 2.0, and 2.5 meters/second) with a constant heat flux of 5000 W 2, resulting
in 20 experimental runs using a consistent approach.

2.1.1 Preparation

i. The laboratory air conditioning system was activated to stabilize the room
temperature at 25°C.
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Figure 2.
Different configurations of staggered pin arrays have been used.

ii. The HT10XC heat transfer service equipment was powered on.

iii. The centrifugal ventilator was started to induce fluid flow through the test
section. The air velocity at the entrance was adjusted to the desired value and
maintained constant.

2.1.2 Measurements

i. The digital differential manometer was zeroed to record the pressure
difference.

ii. The variable transformer was set to provide the required input power
to the heating pad, monitored via a digital wattmeter to ensure the desired
heat flux.

ifi. The system was allowed to reach steady-state conditions over approximately
80 minutes, as determined by stable specimen temperatures (fluctuations
within £0.1°C over 10 minutes).
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2.1.3 Data collection
i. Air velocity was checked every 10 minutes for consistency.

ii. Thermocouple readings were taken consistently until stabilization, at which
point final measurements were recorded.

In steady-state operation, according to the fundamental rule of thermodynamics,
energy input must equal energy output [25]. The heat generated by the electrically
heated surface (Q,qicq) is dissipated via convection (Q_,ppection) > cOnduction
(Qconduction ) > and radiation (deiation ) .

Qelecm'ml - Qconuection + anduction + deiation (1)

Considering that the fins and base plate were composed of aluminum with
polished surfaces and operational temperatures kept within reasonable limits, radia-
tive heat loss was negligible, constituting less than 0.5% of the total input [26].
Therefore, the equation simplifies to:

Qetectrical = Qeonvection )

The following is an expression for convective heat transfer:
Qeonvection = havAs(Ts,av — Th), (3
T, = 1ot Lo, o)

Consequently, one can determine the average convective heat transfer coefficient
from Egs. (1)-(4) as follows:

Qconvection
hm) = ( 5)
AT, — (555

Where,

T), = Average bulk temperature.

T, = the exit airflow temperature.

T, = the inlet airflow temperature.

T, v = the mean surface temperature of a pin-fin array.

A, = the pin-fin array’s total surface area.

The dimensionless Nusselt (IN#) and Reynolds (Re) numbers are calculated as [25, 27]:

havDy
Nu === 6
u=— (6)
D, VD
Re =PavZh _ YT 7)
Hy Vg

Where,

Dy, = the channel’s hydraulic diameter.
k, = air’s thermal conductivity.

p. = density of air.
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H, = dynamic air viscosity.
v, = kinematic viscosity of air.
The rectangular section of the passage’s hydraulic diameter is described as.
[1, 26, 27].
2BW

A
Dh—4p—c—m, (8)

Where,

A, = tunnel’s cross-sectional area.

P = the tunnel’s perimeter.

B = Duct cross-section depth.

W =Duct cross-section width.

The friction factor (f) can be determined by measuring the pressure at both ends of
the test section using the equation provided in Ref. [25].

2APD,
f p—

9
V.2 )

Where, AP = The decrease in air pressure as it flows across the array of test pin
fins.

V = The average velocity of the input channel across its cross-sectional area.

The key parameter determining the thermal efficiency of the pin-fin heat sink is
the total thermal resistance, and it is evaluated as follows [28]:

Tbase + T
Ry =—"" (10)
! Qcom}ection

Considering the same pumping force, the overall improvement factor (hydrother-
mal performance) is defined as the ratio between the enhancement ratios of thermal
transfer and friction coefficients. It is defined by the following expressions [29-32]:

Nu
Overall enhancement ratio n = N (11)

Where,

Nu = Nusselt number for a heat sink with perforated pin fins.

f = friction factor for a heat sink with perforated pin fins.

Nu, = Nusselt number for a heat sink with solid pin fins.

f = friction factor for a heat sink with solid pin fins.

The fin effectiveness (performance) & is defined as the ratio of the heat transfer
by the fin to the heat transfer at the fin base in a constant test section base tempera-
ture scenario [25, 33].

It is defined as follows:

_ hm)As (Ts,av - Too)
huv, baseAs,ba:e (Ts,uv base — To )

(12)

Where,
T, = the free stream temperature.
hav pase = base flat plate average convection heat transfer coefficient.
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A, pase = surface area of the base plate.

T's.a0 base =the base average surface temperature of a flat plate.

Another measure of fin thermal performance is fin efficiency ffs which refers to
the ratio of the actual heat transfer rate from the fin to the ideal heat transfer rate that
would occur if the entire fin were at the base temperature [25, 33].

It is defined as follows:

e = havAs(Tx,av - Tb)
' hm)As(T:,av base — Tb)

(13)

3. Results and discussion

The present study investigates the use of novel perforated pin heat sinks with
multiple perforations to cool electronic components. Four experimental heat sinks are
examined: solid, L, LT, and LTV perforated pin-fin.

3.1 Heat transfer characteristics

The primary objective of designing a perforated heat sink is to maximize heat
transfer rates while minimizing energy consumption. Figure 3 illustrates the correla-
tion between the Nusselt number and the Reynolds number for various pin-fin arrays:
solid, L, LT, and LTV perforations. The results demonstrate that the Nu for all heat
sink types increases approximately linearly with the Reynolds number. Perforations
significantly impact the average heat transfer rate, with transverse and vertical perfo-
rations providing substantial improvements. Notably, the Nusselt number for pins
with longitudinal (L) perforation is approximately 7% greater than that for solid pins;
longitudinal/transverse (LT) perforation is approximately 30% higher; and longitudi-
nal/transverse/vertical (LTV) perforation is around 64% higher.

The staggered arrangement of pins also affects the average heat transfer rate by
disturbing the thermal boundary layer and enhancing airflow mixing, which increases
the contact area for heat transfer. Among the perforated pin-fins, LTV perforations
exhibit the highest increase in the Nusselt number compared to solid pins.

In solid-pin heat sinks, airflow separation creates dead flow zones downstream,
leading to higher temperatures and lower Nusselt numbers. Longitudinal perforations

400

—

2 200
150 Solid pin-fin
100 Fin with L perforated pin
50 == Fin with LT perforated
pin
0
0.0 2.0 4.0 6.0 8.0 10.0 12.0

Re 1073

Figure 3.
Nusselt number variation with Re for solid pin fin, L perforations, LT perforations, and LTV perforations.
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help mitigate these thermal dead zones by reducing the intensity of the hot zones
located behind the pins. These perforations facilitate fluid mixing, delaying flow
separation from the pin surface.

Transverse perforations further enhance heat transfer by creating small distur-
bances in the airflow, which mix high-speed air closer to the wall and maintain
attachment of the flow to the surface further downstream, resulting in narrower
wakes than those of solid pins. Increased heat transfer resulting from perforations
results from both the greater surface area and enhanced local effects near the perfo-
rations, facilitated by the formation of localized air jets, consistent with the findings of
Ndah et al. [34].

As the number of perforations rises, the mixing of fluid within the pin heat sink
also increases, leading to lower pin temperatures due to multi-jet airflow, which in
turn raises the Nusselt number. The LTV perforations offer the most significant
enhancement for the solid pin fin array. This is because vertical perforations allow
additional airflow to pass through, effectively blending with the main airflow to
generate more turbulence and extending the contact time between the working fluid
and hot surfaces, thereby enhancing the rate of heat transfer. Moreover, the decreased
weight of the heat sink resulting from its perforations plays a significant role in
reducing processor temperatures, which is crucial for managing thermal conditions in
electronics.

3.2 Friction factor (f)

The impact of heat sink designs on airflow behavior is illustrated in Figure 4,
which clearly demonstrates that the friction factor declines as the Reynolds number
rises. Additionally, the friction factor is higher for ducts with solid pin fins compared
to those with perforated pin fins. Similar findings have been reported by [22, 34, 35].

The pressure drops across perforated pins is less than that across solid pins. This
difference is attributed to the removal of sections from the frontal area of the pins,
enabling airflow to pass through the perforations [34, 36]. The solid pins restrict the
airflow path, leading to increased friction drag and additional areas of recirculation
and separation of airflow downstream. In contrast, perforated designs create a wider
and straighter airflow path, resulting in less separation and a lower pressure drop due
to the pins’ permeability. This aligns with the findings of Ndah et al. [34].

0.45
0.4
0.35
0.3
0.25

0.2

Solid pin-fin

Fin with L perforated pin

=#r—Fin with LT perforated pin
0.0 2.0 4.0 6.0 8.0 10.0 12.0
Re 103

Figure 4.
Friction factor vaviation with Re for solid pin fin, L perforations, LT perforations, and LTV perforations.
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Recirculation regions located downstream of perforated pin fins are smaller than
those behind solid pin-fins owing to the transverse perforations. These eddies are
more pronounced downstream of solid pins but are significantly reduced. In situations
involving perforated pins, airflow passes through the longitudinal and transverse
perforations, which delays flow separation downstream, reducing the magnitude of
the vortices and, consequently, the pressure drag. Increasing the number of perfora-
tions reduces the size of recirculation zones, boosting the efficiency of perforated pin-
fin heat sinks. In solid pin fin heat sinks, airflow separation occurs at the pins’ frontal
surface area.

At a given Reynolds number, an increase in the number of perforations results in a
corresponding decrease in pressure drop. For Reynolds numbers greater than
3.0 x 10, pin fins with L, LT, and LTV perforations showed pressure drop reductions
of 10, 17, and 25%, respectively, compared to solid pins. This is because solid pins
cause more blockage than perforated pins, leading to higher pressure drops. Thus, it is
evident that perforated pins result in lower pressure drops.

As shown in Figure 4, for each heat sink type (Solid, L, LT, and LTV), as the
number of perforations increases, the pressure drop decreases as more air passes
through the perforations. The results indicate that LTV-perforated pin fins are partic-
ularly effective, requiring less fan power because of their lower friction factor.

3.3 Total thermal resistance (R;;,)

Effective thermal management in electronics, particularly in CPU applications,
necessitates maintaining temperatures below the critical threshold of approximately
85°C [37, 38] while minimizing energy costs. A primary objective is to demonstrate
the advantages and reliability of perforated pin-fin heat sink designs for typical CPU
thermal management.

Optimal heat sink performance is characterized by low thermal resistance and
pressure drop values. Figure 5 illustrates the variation in overall thermal resistance as
a function of Re for solid, L, LT, and LTV perforated pin-fin arrays. At a higher
Reynolds number (greater than 6000), the thermal resistance for all types of perfo-
rated pin-fin arrays experiences a minimal and approximately constant value of less
than 0.5°C/W. For the L type, it is around 0.38°C/W, representing a 16.7% reduction
compared to the solid type. It is about 0.27°C/W for the LT type, indicating a 33.3%

0.9
Solid pin-fin
0.8 P
Fin with L perforated pin
0.7
== Fin with LT perforated pin
0.6

=== Fin with LTV perforated pin
0.5 A’\ 4
0.4

0.1

Total thermal resistance

0
0.0 2.0 4.0 6.0 8.0 10.0 12.0

Re 103

Figure 5.
Total thermal resistance variation with Re for solid pin fin, L perforations, LT perforations, and LTV
perforations.
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reduction. For the LTV type, it is roughly 0.20°C/W, indicating a 44.4% reduction in
thermal resistance. The figure confirms that perforated pins significantly enhance
heat transfer, thereby reducing base plate temperatures and thermal resistance.
Among the heat sinks examined, the LTV pin-fin heat sink showed superior perfor-
mance, demonstrating the least thermal resistance. This is attributed to the vertical
perforations, which induce turbulence within the fins, enhancing the mixing of
buoyant flow. This increased interaction time between the working fluid and hot
surfaces enhances the heat transfer coefficient, reduces the base temperature, and
consequently lowers thermal resistance. Similar observations were made in related
studies [39, 40].

3.4 Overall enhancement ratio (7)

Efficient heat transfer necessitates maximizing heat transfer while minimizing
pressure drop across various thermal component configurations. Therefore, an
improved design should take into account the balance between heat transfer perfor-
mance and the resulting pressure drops. This study examines the overall enhancement
ratio, which can be calculated for different configuration scenarios across various Re.
The overall enhancement ratio measures fin effectiveness under specific boundary
conditions.

It has been observed that the overall enhancement ratio for L, LT, and LTV
perforated fins exceeds that of solid fins. This finding aligns with the conclusions of
Ismail et al. [41]. Figure 6 demonstrates that the greatest enhancement was achieved
with the LTV-perforated pin-fin due to the lower pressure drop from the flow. It is
commonly understood that heat transfer enhancement is attained by applying force to
drive the flow through the channel, measured as pumping pressure. However, it is
crucial to remember that an increase in pumping force does not necessarily result in a
proportional gain in the Nusselt number. This is due to the limited time for the flow to
effectively carry heat away from the pin-fin array, which explains the decreasing
performance factor with an increasing Reynolds number. Therefore, the LTV perfo-
rated pin-fin achieved greater heat transfer enhancement (Nu/Nus) and less friction
factor compared to solid pins (f/fs), making it the preferred model for pin fins
compared to solid, L, and LT perforated pin-fin arrays.

4.5

4

2 Solid pin-fin
15 Fin with L perforated pin
—a— Fin with LT perforated pin

=é=Fin with LTV perforated pin

0.0 2.0 4.0 6.0 8.0 10.0 12.0
Re 1073

Figure 6.
Effect of solid pin fin, L perforations, LT perforations, and LTV perforations on overall enhancement ratio.

41



Current Research in Thermal Conductivity

3.5 Fin effectiveness (¢f)

For a constant base section heat flux, Figure 7 illustrates the correlation between
fin effectiveness and Re for solid, L, LT, and LTV perforated pin-fin arrays. It is
evident that the effectiveness of these pin-fin arrays is independent of the Re; how-
ever, effectiveness increases with the number of perforations. This observation aligns
with Noaman et al.’s [42] findings on heat transfer enhancement through perforated
fins and [43, 44].

The data also clearly show that a higher number of perforations results in greater
effectiveness, exceeding 4.0, indicating enhanced heat transfer. Additionally, the fin
effectiveness for L, LT, and LTV perforated pin-fin arrays is 14, 34, and 57% higher,
respectively, than that of the solid pin fin array. This improvement is attributed to the
perforations, which reduce recirculation zones behind the solid fins.

3.6 Fin efficiency (1)

Figure 8 illustrates the effect of fin efficiency on Re for solid, L, LT, and LTV
perforated pin-fin arrays under a constant base section heat flux. The results demon-
strate a decline in fin efficiency with increasing Reynolds numbers across all pin-fin
arrays, consistent with [42]. For Reynolds numbers less than 2.0 x 103, the fin effi-
ciency of all heat sink types exceeds 0.85%. In particular, the solid pin-fin array’s fin
efficiency is approximately 0.92. The L-type array shows a fin efficiency of about
0.89, representing a 3.3% decrease compared to the solid type. The LT-type array has
an efficiency of approximately 0.85, indicating a 7.6% decrease, whereas the LTV-
type array has an efficiency of roughly 0.84, indicating an 8.7% decrease.

The higher fin efficiency of solid pin-fin arrays compared to L, LT, and LTV
perforated pin-fin arrays can be attributed to the reduced thermal conduction along
the length of the perforated pin fins, which diminishes their efficiency relative to solid
pin fins.

In thermal management applications, the perforated pin-fin heat sink designs,
particularly the LTV type, offer significant benefits over conventional solid pin-fin
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Fin effectiveness
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Figure 7.
Effect of solid pin fin, L perforations, LT perforations, and LTV perforations on fin effectiveness.

42



Heat Transfer Enhancement on Staggered Perforated Circular Pin-Fin Heat Sink...
DOI: http://dx.doi.org/10.5772 /intechopen.1007019

1

0.9 .
o M
0.7
; 0.6 Solid pin-fin
-
‘-LZ 0.5 Fin with L perforated pin
04 ==dr=Fin with LT perforated pin
0.3 e : "
=&=Fin with LTV perforated
0.2 pin
0.1
0
0.0 2.0 4.0 6.0 8.0 10.0 12.0

Re 1043

Figure 8.
Effect of solid pin fin, L perforations, LT perforations, and LTV perforations on fin efficiency.

designs. The strategic incorporation of perforations enhances heat transfer efficiency,
reduces thermal resistance, and increases the overall effectiveness of the heat sinks,
making them highly suitable for applications requiring efficient cooling solutions. The
slight reduction in fin efficiency is a trade-off for the substantial gains in thermal
performance, positioning perforated pin-fin heat sinks as superior options for
advanced thermal management.

4. Conclusions

Experimental analysis is used in this study to investigate several key parameters,
including total heat transfer, friction factor, thermal resistance, overall enhancement
ratio, fin effectiveness, and fin efficiency. The effects of various configurations, such
as solid pin-fin, longitudinal, transverse, and vertical perforated pin-fin arrays, on
these parameters are examined. The conclusions drawn from this investigation are
summarized as follows:

1.The Nu for longitudinal (L) perforated pins is approximately 9% greater than
that of solid pins, while for longitudinal/transverse (LT) perforated pins, it is
about 33% higher, and for longitudinal/transverse/vertical (LTV) perforated
pins, it rises by approximately 67% in comparison to solid pins.

2.Pressure drop is reduced by approximately 9% for longitudinal (L) perforated
pins compared to solid pins, by 19% for longitudinal/transverse (LT) perforated
pins, and by 27% for longitudinal/transverse/vertical (LTV) perforated pins
relative to solid pins.

3.The hydrothermal performance factor shows the greatest increase, particularly
evident (38%) in the case of the LTV perforated pin-fin array at lower Reynolds
numbers.

4.The thermal resistance of all types of pin-fin arrays is minimal and
approximately constant, with a value of less than 0.5°C/W.
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5.The weight reduction percentages relative to solid pin fins are 19% for L perforated
pins, 24.2% for LT perforated pins, and 29.2% for LTV perforated pins, indicating
that LTV perforated pin fins are the lightest of the configurations studied.

6.The LTV pin-fin array, featuring vertical perforations, demonstrates superior
thermal management capabilities due to enhanced turbulence and better mixing
of the working fluid.

7.Fin effectiveness significantly improves with the introduction of perforations;
specifically, for L, LT, and LTV perforated pin-fin arrays, it is 14, 34, and 57%
higher, respectively, in comparison with solid pin fins.

8.LTV perforated pin-fins exhibit the highest reduction in surface temperatures
compared to solid, L, and LT perforated pin-fins.

4.1 Future perspective

This study has clearly demonstrated that when considering solid pin-fin heat sinks
against perforated ones, the former provides better thermal performance. The optimized
LTV perforation configuration shows the greatest heat transfer efficiency and the least
pressure drop, making it an ideal choice for thermal management in electronic devices.
The significant weight reduction and lower operating temperatures further enhance the
practicality of using perforated heat sinks in various industrial applications. These find-
ings contribute valuable insights into the design of more efficient and compact cooling
solutions, paving the way for advancements in electronic device thermal management.
Future work could explore the integration of these perforation designs into commercial
products and assess their long-term reliability under different operational stresses.

Nomenclature

Greek symbols

AP Reduction in pressure within the test section (Pa)
AT Temperature difference (°C)

&f fin effectiveness

? Enhancement ratio

ny fin efficiency
Da Density of air (kg m>)

Ha Air’s viscosity under dynamic conditions (kg m's™")
Vs Viscosity in the kinematic realm of air (kg m's™")
Subscripts

av Average

b Bulk

base Refer to the fin base plate

f Fin
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in Inlet

L Longitudinal perforation

LT Longitudinal and transverse perforation
LTV Longitudinal, transverse, and vertical perforation
m Mean

out Outlet

5 Solid

00 Free stream

Abbreviation

2D Two dimension

3D Three dimension

CFD Computational fluid dynamics
f Friction factor

h Heat transfer coefficient

LT Longitudinal/transverse perforation

LTV Longitudinal/transverse/vertical perforation
Nu Nusselt number

Re Reynold number

R Thermal resistance
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Chapter 4

Thermal Conductance of
Nanofluids and Effective
Mechanisms: A Review

Elif Begum Elcioglu

Abstract

Nanofluids, as combinations of nanoparticles, base fluids, and other optional
additives, are innovative materials for thermal engineering. Nanofluids potential
comes mainly from their enhanced and tuneable thermal conductivities, which,
in turn, result in important advantages in heat transfer applications. It is critically
important to understand how nanofluids thermal conductivity can be tuned and
improved as necessitated by the application, in order for the potential of nanofluids
can be realized at a large scale. There has been a significant debate on whether the
thermal conductivity improvement with nanofluids has explicable and quantifiable
physical/chemical mechanism so that optimal thermal nanofluids and nanofluids
for extreme thermal conditions could be developed. So far, no universal mechanism
has shone out as being responsible for thermal conductivity increases, and further,
such increases have ceased to be sustainable. In this chapter, a systematic literature
review on nanofluids thermal conductivity is provided by focusing on nanofluids
(component type, particle morphology, concentration, etc.) and process parameters
(temperature, ultrasonication). The mechanisms that may contribute to nanofluids
thermal conductivity improvement are summarized. The chapter intends to provide
the common and uncommon trends and results from experimental and theoretical
research and present an overview of thermal nanofluids effective mechanisms.

Keywords: nanofluids, nanoparticles, dispersions, thermal conductivity, heat transfer

1. Introduction

Thermal conductivity is a material-specific transport property and it is a measure
of how easily heat is transported through a medium. As technological advancements
speed up the miniaturization trend and smaller functioning units are packed together,
thermal management becomes a critical aspect. Lithium-ion batteries operating
temperature being in the range of 20 to 60°C for discharging and 0-55°C during
charging makes thermal management crucial for high efficiency and safe usage [1].
Liquid cooling of batteries with conventional fluids, as water may cause corrosion
and oils may be inflammable, and both being of low thermal conductivity is chal-
lenging [2]. Data centers, with their high energy needs for data traffic, storage, and
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processing, use approximately 38% of their energy supply for cooling [3], and they
require effective cooling systems. Photovoltaic (PV) systems also require the operat-
ing temperature to be as low as possible, and since incorporating passive methods
results in non-uniform surface temperatures [4], sophisticated liquid cooling systems
are required. Although the transferred heat can be increased by optimizing system
geometry and choosing components that facilitate heat removal, the results of such
efforts are limited by the heat transfer capabilities of the chosen fluids. Typically,
pure fluids have low thermal conductivities [5], and when properly combined with
solid nanoparticles, they can be fine-tuned to exhibit performances for enhanced
thermal management and heat transfer.

Nanofluids as dispersions of nanoparticles in industrial fluids, after being named
by Choi and Eastman [6] in 1995, have attracted considerable interest in the research
community due to their potential and outstanding characteristics that are tuneable.
These characteristics include thermal conductivity (as elaborated on in this chapter),
viscosity [7], specific heat [8], optical properties [9, 10], surface tension [11, 12], and
contact angle [13], making them adaptable to many technological applications. Due
to the fact that nanofluids have significant usage potential in a variety of applications,
there are quite a high number of papers that focused on applications of nanofluids, for
example, in solar collectors [14-16], photovoltaic/thermal systems [17, 18], fuel cells
[19], thermal processing of food products [20], electronics cooling [21], minimum
quantity lubrication [22], spray cooling [23], turbulent heat transfer [24], and natural
convection systems [25, 26], among others. The nanofluids heat transfer literature
has mainly been driven by their thermal conductivity, enhancements which have
sometimes been regarded as anomalous [27]. For example, Lin et al. [28] concluded
that the presence of graphene nanoparticles could result in a thermal conductivity
increase of 1.2 to 83.4% compared to the base fluid. On the other hand, some research
reported otherwise, stating there were no anomalous thermal conductivity enhance-
ment exhibited by their nanofluid samples [29].

An important question is what made nanofluids transition into industrial products
challenging and why nanofluids had not replaced conventional fluids yet? There have
been evaluations assessing the challenges and complexities brought by nanofluids
[21, 30, 31] along with assessments on environmental and socio-economic aspects
regarding their usage [32-38] in different scales. From thermal engineering point of
view, understanding thermal conductivity of nanofluids and effective mechanisms
on their thermal characteristics, together with specific heat capacity, density, and
viscosity are of key importance in development of sustainable and realistic strategies
for their transition into industrial heat transfer fluids. In this Chapter, the recent
literature on nanofluids thermal conductivity is reviewed and discussions based
on nanofluid components as well as preparation conditions are provided. Specific
attention is given to the mechanisms that were proposed to be effective on the thermal
conductivity trends and behaviors of nanofluids.

2. Nanofluids thermal conductivity

Addition of solids into liquids has become more effective with nanoparticle
technology since sub-micron particles can be better dispersed in liquids compared to
larger and heavier microparticles due to gravity effect. In addition, enhancing liquids
with nanoparticles bring about new functionalities, as at the nanoscale, properties of
materials become size-dependent, and it is possible for materials to exhibit properties
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different than their bulk counterparts. Masuda et al. [39] in 1993 reported on the
thermal conductivities of water-based AL,Os, SiO,, and TiO, nanofluids at tempera-
tures up to 340 K. Their results showed that the thermal conductivities of water-
based Al,O; and TiO, nanofluids were higher than that of water while the thermal
conductivity of water- SiO, nanofluid did not show any increase. After that, in 1995,
Choi and Eastman [6] conducted a theoretical work on the thermal conductivity of
copper nanoparticles dispersed in water, and they reported that nanofluids with their
thermal conductivity could be the best hope for enhanced heat transfer. Later on,
Eastman et al. [40] studied pump oil-based Cu as well as water-based Al,O; and CuO
nanofluids thermal conductivity for up to 5% concentration in volume. Their results
revealed around 60% and more increase in thermal conductivity for 5% concentra-
tion. In another work, Eastman et al. [41] studied ethylene-glycol based Cu nanoflu-
ids and their results showed that the effective thermal conductivity increased by up
to 40% for 0.3 vol.% Cu nanoparticles. This research formed the basis of nanofluids
development as heat transfer fluids and accelerated the research communities focus in
this area.

2.1 Overview of recent literature

Thermal conductivity is one of the defining factors of nanofluids potential as heat
transfer fluids. Enhanced thermal conductivity positively affects the heat transfer
coefficient, which in turn enhances the efficiency of cooling and thermal manage-
ment procedures. In this regard, performance of different types of nanofluids was
investigated theoretically and experimentally in various systems and applications,
including cooling of lithium-ion batteries [1, 2], cooling of data centers [3], GPU
cooling [42], cooling of truck engines [43], cooling of electronic devices [44], mini-
mum quantity lubrication during machining processes such as grinding [45] and lathe
machining [46], and cooling of nuclear reactors [47, 48] among others.

Since thermal conductivity has been one of the main characteristics of nanoflu-
ids making them promising in energy applications, and that by nature nanofluids
are tuneable materials, it is important to understand the mechanisms and effects
involved in their thermal conductivity. The mechanisms considered or proposed to
be effective on nanofluids thermal conductivity include Brownian motion [28, 49],
thermal boundary resistance (Kapitza resistance) [50, 51], mass difference scatter-
ing [50], thermophoresis [28, 49] and osmophoresis [49], nanoparticle aggregation
[28, 51, 52], liquid layering [28] or interfacial layer [53], ballistic transport [28], and
near-field thermal radiation [28, 54, 55]. It is also known that the method of choice
for thermal conductivity measurement (e.g., transient hot wire (THW) method,
temperature oscillation method, steady-state parallel plate method [56], 3w method
[57, 58], laser flash method [56], and transient plane source method [56]) affects the
measured data. For example, Buongiorno et al. [59] considered different measure-
ment techniques for the thermal conductivity of nanofluids and concluded that the
data were indicative of clear differences when measurement technique was changed,
while such differences were less pronounced once the data were normalized using
base fluid thermal conductivity. Apart from the mentioned mechanisms and reasons,
the parameters that are effective on nanofluid thermal conductivity can be classified
as directly tuneable (controllable and quantifiable) and not directly tuneable. The
tuneable parameters include nanoparticle and base fluid type, their relative amounts,
presence of stabilizing additives, choice of applying ultrasonication, if applied, type
of ultrasonication, pH value, and temperature.
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2.1.1 Effect of nanoparticle concentration

The effect of nanoparticle concentration on thermal conductivity and thermal
conductivity augmentation has been among the most well-understood mechanisms.
Since the thermal conductivity of most of the solid nanoparticles is well above that
of the base fluids, there is a positive correlation between concentration and thermal
conductivity for such cases. Esfahani and Toghraie [60] studied the thermal conduc-
tivity of SiO,~water and ethylene glycol (40:60) nanofluids of 0.1-5 vol.% at 25-50°C
using THW method. Their results showed that for a 5% nanoparticle volume fraction
at 50°C, the thermal conductivity of the nanofluid increased by 50.9% relative to the
base fluid at 25°C. They concluded that the increase of nanoparticle concentration
at higher temperatures had a more significant effect on nanofluid’s conductivity. Xie
etal. [61] studied ethylene glycol-based MgO, TiO,, ZnO, AL, 0s, and SiO, nanofluids
up to 5% volume concentration using the THW method. Their results showed that
at a 5% concentration for MgO-ethylene glycol nanofluid, a thermal conductivity
enhancement of 40.6% was obtained, and the thermal conductivity enhancement rate
decreased as the nanoparticle concentration increased. On the other hand, depending
on the thermal conductivity of the nanoparticles, the thermal conductivity of the
nanofluid may decrease. Hwang et al. [62] studied thermal conductivity of water,
ethylene glycol, and oil-based multi-walled carbon nanotube (MWCNT), CuO,

SiO,, and fullerene nanofluids via THW method. Their results showed that thermal
conductivity increased with increasing MWCNT, CuO, and SiO, concentration while
it decreased with increased fullerene concentration due to the fact that fullerene had
a thermal conductivity that was lower (i.e., 0.4 W/mK) than that of the base fluid.
Nanoparticle concentration effect on thermal conductivity is clearer than the effects
of other parameters. On the other hand, effect of concentration is multifaceted, and
should be considered, focusing on different concentration ranges. For example, for
dilute nanofluids, thermal conductivity is rather independent of particle-particle
interactions, while importance of particle-particle interactions increase at higher
concentrations [49]. Increased particle concentration, although it supports improved
thermal conductivities, can make it more challenging to prepare a colloidally stable
dispersion.

2.1.2 Effect of nanoparticle morphology

Nanoparticles physical characteristics such as their size, shape, surface, and
dimensionality as OD to 3D are parameters of their morphology, and these param-
eters have a direct effect on nanoparticle properties including thermal conductivity.
When it comes to nanofluids; nanoparticle size, shape, and aspect ratio have an effect
on their colloidal stability, thereby both directly and indirectly affecting thermal
conductivity. Darvanjooghi and Esfahany [63] studied the thermal conductivity
of ethanol based SiO, nanofluids with a particle size of 10.6, 20, 38.6 and 62 nm
via THW method. Their results showed that increasing particle size increased the
thermal conductivity. The effect of particle size was more pronounced for sizes
<20 nm while for >20 nm particle size increase resulted in an increase of the thermal
conductivity slightly. Maheshwary et al. [64] measured the thermal conductivity
of water-based TiO, nanofluids of 0.5-2.5% weight concentration between 303 and
353 K. Their results showed that the thermal conductivity was higher for smaller
particle sizes (31.339, 30.381, 20.657, and 16.312 nm) attained via ultrasonication
process. Particle shape (spherical, cubic, and rod) was also shown to be effective
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on thermal conductivity. Turgut et al. [65] studied the thermal conductivity of

Al Os;-water nanofluids of 1-6.33% volume concentration for particle sizes of 10 and
30 nm at 25°C using 30 method. Their results showed that the thermal conductivity
enhancement rate was lower than 1%, even for the highest concentration, and thermal
conductivity was unchanging with particle size. Ali et al. [66] studied water-based
Al 05 nanofluids with nanoparticle diameters of 11, 25, and 63 nm with the CTAB
added as a surfactant. The thermal conductivity measurements performed via the
THW method revealed that thermal conductivity increased as nanoparticle size
increased. Timofeeva et al. [67] studied ALLO;-water:ethylene glycol (1:1) nanofluids
thermal conductivity by considering AL,O; nanoparticle shapes of platelets, blades,
rods, and bricks, for which the nanoparticle concentrations up to around 8% were
considered. The thermal conductivity enhancements were the highest for dispersions
containing blade shaped nanoparticles, followed by platelets, cylinders, and bricks.
Jeong et al. [68] studied ZnO-water nanofluids thermal conductivity by considering
spherical and near-rectangular shapes of ZnO nanoparticles. Their results showed
that nanofluids with near-rectangular shaped nanoparticles exhibited higher thermal
conductivities compared to those with spherical-shaped nanoparticles, which was
attributed to the differences in effective aggregate radii.

Huang et al. [69] studied the thermal conductivity of Al,Os;-water nanofluids
using molecular dynamics in a volume fraction range of 1.24-6.2% between 290 and
360 K for different sphericity values in the range 0.6975-1 while a spherical particle
has a sphericity value of 1. Their results showed that the thermal conductivity was
most sensitive to temperature, followed by sphericity and nanoparticle concentra-
tion, and thermal conductivity decreased with increased sphericity. Jin et al. [70]
studied the effect of the interfacial layer on the thermal conductivity of nanofluids
containing core-shell nanoparticles using molecular dynamics. Their results showed
that nanofluids with core-shell nanoparticles showed higher thermal conductivity
enhancement compared to those with ordinary nanoparticles. There was an optimum
core-shell ratio for the maximum thermal conductivity.

2.1.3 Effect of nanoparticle aggregation

Consideration of additives when formulating nanofluids is of critical importance
in sustaining colloidal stability and improvements in nanofluid characteristics.
Nanoparticles tend to come together and form agglomerates [71], aggregates, and
clusters, resulting in larger particles that mostly experience sedimentation [72]. This
mechanism has multiple effects including increase of particle size, change in property
values [73], and change in particle morphology. Figure 1 depicts different states of
particles in a dispersion.

Timofeeva et al. [29] studied Al,O;-water and AL,O;-ethylene glycol nanofluids
thermal conductivity, and stated that the discrepancy between the available ther-
mal conductivity enhancement results would have been due to the differences of

s X & ' o008
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Figure 1.
Particles in dispersions. From left to right: monodispersed nanoparticles, agglomerates, aggregates, surface
functionalized nanoparticles, cove-shell nanoparticles (images are not to scale).
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agglomerate sizes and shapes. Wei et al. [74] developed a model for nanofluid thermal
conductivity that depends on fractal distribution characteristics of nanoparticle
aggregation and concentration. Wang et al. [75] studied the impact of aggregation

on Cu-Ar nanofluid thermal conductivity via molecular dynamics simulations. Their
results showed that the thermal conductivity increased as the fractal dimension of
aggregation decreased. Cui et al. [76] studied Cu-Ar nanofluids heat transfer aug-
mentation via molecular dynamics. They focused on the migration and rotation of
nanoparticles in the base fluid, and concluded that the effect of nanoparticle rotation
was comparable to the effect of translational movement on the heat transfer enhance-
ment. Evans et al. [51] concluded that the cluster morphology was an effective

factor on thermal conductivity, and that the thermal conductivity of nanofluids and
nanocomposites was positively correlated to nanoparticle clustering. Wang et al. [77]
studied thermal conductivity of dilute Cu-Ar nanofluids using molecular dynamics,
and concluded that the contribution of the interfacial layer to the thermal conductiv-
ity of nanofluids could be neglected. Khodayari et al. [78] studied interfacial thermal
resistance (Kapitza resistance) and liquid layering (nanolayer) effects on alumina-
water nanofluids thermal conductivity. Their results showed that nanolayer had very
little effect on thermal conductivity while further research was needed to accurately
measure the Kapitza resistance effect at the solid-liquid interface. Du et al. [79] used
multi-particle collision dynamics and molecular dynamics simulations to evaluate
the impact of aggregation morphology on Cu-water nanofluids thermal conductivity.
Their results revealed that at a fixed nanoparticle size and concentration, thermal
conductivity increased as the aggregate fractal dimension decreased.

2.1.4 Effect of additives and ultrasonication

While thermal conductivity of nanofluids has been one of the reasons why they
are considered promising as heat transfer fluids, sustaining of nanofluid stability
being challenging has been among the top reasons why nanofluids have not so far
replaced conventional heat transfer fluids. For example, Xuan et al. [80] investigated
the impinging heat transfer performance of Cu-water nanofluids in the presence
and absence of SDBS as a surfactant, and their results revealed that the presence of
SDBS decreased the heat transfer coefficient at a fixed nanoparticle concentration.
Das et al. [81] investigated the thermal conductivity of aqueous AL,O; nanofluids
with the aim of observing the effects of CTAB, SDBS, and SDS surfactants using
THW method. Among these surfactants, SDBS showed better performance against
CTAB and SDS. Their results showed that the addition of SDBS slightly decreased
the thermal conductivity of the nanofluid, but this decrease was smaller than the
measurement uncertainty. Khairul et al. [82] studied water-based CuO and AL, O;
nanofluids thermal conductivity using THW method. The samples were stabilized
using SDBS. Their results showed that there was an optimal SDBS concentration for
which the thermal conductivity ratio was maximized. The addition of surfactant
beyond this optimal limit caused the thermal conductivity ratio to decrease. Asadi
etal. [83] studied thermal conductivity of Mg(OH),-water nanofluids of 0.1-2%
concentration at varying temperatures of 25-50°C and formulated their samples by
adding CTAB, SDS, or Oleic Acid as surfactants. Thermal conductivity measure-
ments were done via THW method. The samples containing CTAB showed the best
stability, and the authors stated that the sample with surfactant would have higher
thermal conductivity compared to the sample without surfactant. In the work of
Asadi et al. [83] on the thermal conductivity of Mg(OH),-water nanofluids stabilized
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using CTAB surfactant, effects of the ultrasonication duration (10-160 min) were
also investigated. Results showed that ultrasonication for 30 minutes resulted in

the highest stability. Mahbubul et al. [84] studied 0.5 vol.% Al,O;-water nanofluids
thermal conductivity depending on ultrasonication process for 0.5 to 5 hours. Their
results showed that in the range of 10-50°C, thermal conductivity decreased with
ultrasonication in the range of 0-1 hour and exhibited a continuously increasing
trend for 1-5 hours of ultrasonication. Literature shows that the amount of additives
[85] as well as the pH value [29, 85, 86] of nanofluids should be optimized to exhibit
high thermal conductivity.

2.2 Effective mechanisms explaining nanofluids thermal conductivity

By parametric investigations on nanofluid thermal conductivity, several mecha-
nisms were brought to the fore as effective mechanisms. Understanding of the
mechanisms that are effective on thermal conductivity and thermal conductivity
enhancement is critically important to designing thermal nanofluids. Temperature
as a process parameter has a significant effect on nanofluids thermal conductivity, in
addition to the fact that temperature has sole effect as well as interaction effects with
other parameters (particle concentration, particle size, agglomeration, and so on).
Mariano et al. [87] studied thermal conductivity of Co;O4-ethylene glycol nanofluids
of different concentrations using THW between 283.15 and 323.15 K. Their results
showed a slight decrease of nanofluid thermal conductivity with temperature, while
the base fluid thermal conductivity was increasing with increasing temperature.

Yang and Han [88] studied the thermal conductivity of Bi;Te; nanorods nanofluids of
20 nm diameter and 170 nm length, and concluded that the enhancement in thermal
conductivity was decreasing with temperature.

In the literature, there are many reports available stating that nanofluid thermal
conductivity increases as temperature increases [63, 64, 81, 83, 89-91] and nanoparti-
cle concentration increases [63, 64, 81-83, 89-91]. On the other hand, nanofluid ther-
mal conductivity can decrease with nanoparticle concentration, when the nanofluid
is formulated with a low thermal conductivity nanoparticle such as fullerene [62]. The
effect of the particle size is not clear, as reports are available to show positive [63, 66]
and negative [92, 93] non-monotonous correlation of nanofluid thermal conductivity
with particle size. Apart from the parameters that are changeable and tuneable by the
researchers, there are other effects some of which are not necessarily directly measur-
able but present. Figure 2 classifies such mechanisms and parameters for designing
optimal nanofluids for heat transfer.

Esfahani and Toghraie [60] discussed some effective mechanisms for nanofluid
thermal conductivity. They attributed the increase of thermal conductivity at higher
temperatures to an increased number of collisions and the combined effect of tem-
perature and concentration to the fact that the intermolecular bonds in the fluid
layers were loosened, along with the increased number of collisions and Brownian
motion. Darvanjooghi and Esfahany [63] attributed the increase in thermal conduc-
tivity ratio of nanofluid with temperature to micro-convection effect. Darvanjooghi
and Esfahany [63] reported by keeping the agglomeration minimum that the thermal
conductivity enhancement with particle size was not due to agglomeration, but
rather it was attributed to the surface structure and thereby to the interfacial thermal
resistance reduction. Das et al. [81] attributed the increase of thermal conductivity
with increasing temperature to increased importance of Brownian motion, van der
Waals, and electrostatic forces.
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Figure 2.

Nanofluid thermal conductivity parameters.

Agarwal et al. [89] also concluded Brownian motion to be the main mechanism
behind the thermal conductivity enhancement of Al,O; nanofluids, along with the
formation of a solid-like layer at the solid-liquid interface. Koo and Kleinstreuer [49]
considered CuO-water nanofluids thermal conductivity and reported that on the
effective thermal conductivity, the effect of Brownian motion was more pronounced
compared to those of thermophoretic and osmophoretic effects. Song et al. [94]
focused on liquid phonon theory and stated that higher nanoparticle conductiv-
ity did not automatically result in higher nanofluid thermal conductivity, and the
phonon mismatch between liquid and nanoparticle must be taken into consideration.
lacobazzi et al. [28] compared the impacts of mass difference scattering, nanolayer,
Brownian motion, ballistic phonon motion, and Kapitza resistance, and concluded
that mass difference scattering reduces nanofluid thermal conductivity.

3. Conclusions

In this Chapter, a review of nanofluid thermal conductivity field focused on
process and nanofluid parameter effects is provided. For this purpose, a systematic
literature review is conducted on the experimental and theoretical research sorted by
their relevance and recency, although some fundamental works dated earlier are also
mentioned for the sake of completeness. Literature shows that some parameters have
undeniable impacts on nanofluids thermal conductivity. For example, addition of
nanoparticles in a base fluid alters the thermal conductivity of the nanofluid, depend-
ing on the thermal conductivity of the nanoparticle, and this trend is augmented by
the nanoparticle concentration. On the other hand, there is a limit for which the effect
of dispersed nanoparticle amount is straightforward, since increased concentra-
tion means increased tendency of nanoparticles to collide and form clusters, which
brings the nanoparticle agglomeration effect on nanofluids thermal conductivity.

The effect of agglomerate size and shape is not straightforward, and since it is chal-
lenging to control agglomerate size experimentally, molecular dynamics-based works
are focused on this phenomenon more. When nanoparticles are agglomerated, ways
to improve nanoparticles dispersion and make nanoparticle size range as small as
possible are used, including stirring of the dispersion and ultrasonication process.
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Although stirring of the solution does not directly affect the particle size distribution
and hence nanofluid properties, ultrasonication has a profound effect on thermal
conductivity. The literature reveals that there is an optimum condition for the ultra-
sonication process that results in maximum thermal conductivity. The same result
applies to the use of surfactants, as there is an optimum type and concentration for
the stabilizers for the thermal conductivity to be maximized. The need for optimizing
ultrasonication and stabilizing additives directly means that the dispersion state has
a major impact on the thermal conductivity of nanofluids. In order to design thermal
nanofluids, thermal conductivity is an indispensable characteristic that directly
affects the heat transfer coefficient. On the other hand, it is thermal engineers’ duty
to consider the enhanced viscosity of nanofluids compared to the base fluids and the
associated increases in pump power requirements. In addition to the viscosity-related
expenses, it is necessary to develop nanofluids in a way that the fabrication routes

are environment-friendly and the usage, handling, and recycling procedures are
well-thought.
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Determining Thermal Conductivity
Coetticient of Nanofluid by Beam
Displacement Method
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Abstract

Accurate measurement of thermal properties of fluids and nanofluids is essential
for optimizing performance and necessitating advanced techniques. Traditional
methods, including transient and steady-state techniques, have limitations such as
longer testing times and larger sample sizes. Optical methods, like beam displacement
and laser interferometry, provide non-invasive, high-resolution measurements of
temperature fields and thermal conductivity. The beam displacement method is an
optical technique that relies on the deviation of a beam caused by changes in the
refractive index of fluids due to temperature variations. Other optical method likes
laser interferometry enhance accuracy and efficiency by reducing reliance on ther-
mocouples and capturing real-time data. The advanced measurement methods pro-
vide reliable data essential for optimizing fluids and nanofluids applications in various
industrial and engineering contexts. This chapter discusses different methods mea-
suring the thermal functionality of fluids and nano-fluids with a focus on optical non-
invasive methods.

Keywords: beam displacement, optical measurement, nanofluids, laser
interferometry, transient measurement methods, heat transfer coefficient (HTC)

1. Introduction

Nanomaterials and nanofluids represent a significant advancement in thermal
management technologies, offering unique properties that enhance heat transfer per-
formance across various applications. Nanomaterials refer to substances or materials
where at least one-dimension measures between 1 and 100 nanometers. This nano-
scale range imparts unique physical and chemical properties to these materials,
distinguishing them significantly from their macroscopic forms. These properties
include increased surface area, enhanced reactivity, and improved mechanical
strength, which make nanomaterials applicable across a broad spectrum of uses, from
medicine to electronics [1-5].

Contrarily, nanofluids represent specially designed fluids that consist of a primary
liquid medium, like water, oil, or ethylene glycol, with nanoparticles dispersed within.

69 IntechOpen
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These nanoparticles, frequently crafted from metals, metal oxides, or carbon-based
substances, usually fall within the size range of 1 to 100 nm. By integrating these
nanoparticles into the base fluids, there is a notable improvement in thermal conduc-
tivity and heat transfer properties, positioning nanofluids as a potential enhancement
for thermal efficiency across different applications [6-10].

The utilization of nanofluids spans multiple industries and applications. In the
automotive sector, nanofluids are employed in vehicle cooling systems, such as radia-
tors and engine coolants, to enhance heat dissipation and reduce the size of cooling
components [11-13]. In electronics, nanofluids are used for cooling high-performance
devices, including CPUs and GPUs, where efficient heat transfer is critical for
maintaining performance and reliability [14]. Renewable energy systems, particularly
solar thermal collectors, also benefit from nanofluids, as they improve heat absorption
and overall efficiency [15-20]. Furthermore, nanofluids show promise in the realm of
medicine, particularly in areas such as precise medication delivery and thermal treat-
ments for cancer management [21-24].

The unique characteristics of nanofluids, coupled with their extensive array of
uses, underscore importance of developing reliable measurement techniques to accu-
rately assess their thermal behavior. Determining the heat transfer coefficient (HTC)
of nanofluids primarily involves two main approaches: those that are transient and
those that operate under steady-state conditions. Transient methods involve measur-
ing the thermal properties of a fluid by observing its response to a sudden change in
temperature or heat input. The fundamental characteristic of transient methods is
their ability to capture the time-dependent behavior of temperature changes in the
fluid. In these methods, a thermal disturbance is introduced, and the resulting tem-
perature response is monitored over time. This transient response provides insights
into the thermal conductivity and other thermal properties of the fluid by analyzing
how quickly the fluid reaches a new thermal equilibrium. Transient methods are
particularly useful for materials that exhibit rapid thermal responses due to their
thermal properties.

In contrast, steady-state methods maintain a constant temperature gradient across
fluid and measure the heat transfer rate once system has reached thermal equilibrium
[25-28]. In this scenario, the temperature distribution remains constant over time,
allowing for direct calculations of thermal conductivity and heat transfer coefficients.
In contrast, steady-state methods generally necessitate extended testing periods and
larger quantities of samples compared to transient methods, and they can provide
more straightforward calculations and are often less sensitive to transient phenomena
that could introduce variability in the results [29-31].

Transient methods include the transient hot wire method, which uses a wire which
is so thin and heated by an electrical current, monitoring the temperature rise over
time to calculate thermal conductivity. Figure 1 illustrates the components necessary
for the hot wire method. The laser flash method, part of the broader category of
transient methods, operates by delivering a brief heat pulse to one surface of the
sample. It captures the temperature increase on the sample’s opposite side, leveraging
the time taken for heat to spread through the material to calculate its thermal con-
ductivity. The temperature oscillation method is another transient procedure which
involves applying periodic temperature oscillations to the sample and measuring the
resulting temperature change to derive thermal properties [32, 33].

Both transient and steady-state methods have their respective advantages and
disadvantages. Steady-state methods are simpler to set up and analyze, directly mea-
suring thermal properties with less complex calculations. However, they require
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Figure 1.

Setup for the transient hot wire method, including: (a) a device for processing hot wire data, (b) a sensor for the hot
wire, (c) a data logger connected to a thermocouple within a water bath, (d) a container holding the nanofluid,
(e) a container filled with water, and (f) hoses leading to the water bath.

longer testing times and larger sample sizes and can be affected by heat loss. On the
other hand, transient methods offer faster measurement times and require smaller
sample sizes, allowing them to capture dynamic thermal behavior. However, they
involve more complex calculations and can be sensitive to natural convection effects.

Optical methods represent an innovative approach for measuring the thermal
properties of nano-fluids, and they can be either transient or steady state. These
methods utilize light to measure thermal properties, relying on changes in either of
beam path, light intensity or phase shifts due to temperature variations in nanofluid.
Optical techniques can provide high-resolution, non-invasive measurements of tem-
perature fields and thermal conductivity, making them particularly advantageous for
studying nanofluids. They can capture the effects of nanoparticles on thermal prop-
erties without disturbing the fluid flow, which is critical for maintaining the integrity
of the measurements [34-36].

Optical methods offer several advantages over traditional measurement tech-
niques. They provide non-invasive measurements that do not disturb fluid flow,
allowing for accurate assessments of thermal behavior. The high spatial resolution of
optical techniques enables detailed visualizations of temperature fields, facilitating
comprehensive analyses of thermal gradients within the fluid. Additionally, many
optical methods are less sensitive to calibration errors associated with thermocouples,
relying instead on optical properties, which enhances the accuracy of the results.
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Furthermore, optical methods can achieve steady-state conditions more quickly than
traditional techniques, improving experimental efficiency and providing rapid results
that are particularly beneficial in both research and industrial applications.

Both transient and steady-state methods have their strengths and weaknesses,
while optical methods present innovative solutions that address some limitations of
traditional techniques. Several optical methods have been proposed for measuring,
and the thermal conductivity of nanofluids is extensively explored in the subsequent
sections of this discussion.

Beam displacement and laser interferometry are such techniques that use the beam
deviation and interference patterns of laser light to measure temperature gradients.
Temperature-induced alterations in the refractive index facilitate the estimation of
thermal conductivity through the analysis of beam displacement and fringe shift
changes in nanofluid.

Faris et al. [36] employed the beam displacement technique to determine HTC.
Thermal pulses were supplied to the nanofluid, and the beam displacement was
determined using a PID detector. In our prior work, we developed a beam displace-
ment technique and increased the pulse period to five seconds. Increased pulse time
provides increased beam displacement, which we measured using a CCD detector.
Following image processing and mathematical calculations, the HTC of nanofluid was
calculated [37].

The comparative interferometric method assesses the thermal conductivity of
nanofluids against a benchmark fluid via a Mach-Zehnder interferometer. It achieves
this by documenting the equilibrium temperature profiles in two neighboring fluids,
divided by a conductive partition, thereby offering a straightforward evaluation of
their thermal attributes [38-41].

2. Comparative interferometric method

The procedure for assessing the thermal conductivity of nanofluids through the
comparative interferometric method involves several steps that ensure accurate and
reliable results [42]. This section elaborates on the systematic approach taken during
the experimental process, highlighting the setup, operational conditions, and
data acquisition methods. Various sections of comparative method are illustrated in
Figure 2.

2.1 Establishing the temperature gradient

The measurement begins by establishing a controlled temperature gradient across
a thin aluminum barrier that separates two fluid chambers: one filled with the
nanofluid and the other with deionized water that serves as the reference fluid. The
top aluminum plate is heated using a temperature-controlled water bath, while the
bottom plate is cooled by direct contact with another heat exchanger. This configura-
tion creates a steady-state thermal condition, where the upper plate’s temperature is
kept around 26.5°C and the bottom plate at around 16.5°C. The resulting temperature
at the interface (the separating aluminum barrier) stabilizes near room temperature,
approximately 21.5°C £ 0.5°C, minimizing heat exchange with the ambient
environment.

To ensure effective heat transfer and minimize measurement errors, the aluminum
barrier is designed to be thin, allowing for efficient conduction while reducing

72



Determining Thermal Conductivity Coefficient of Nanofluid by Beam Displacement Method
DOI: http://dx.doi.org/10.5772 /intechopen.1006879

(ii) @) (i)
(a)

Figure 2.

Assembly of the model, comprising: (a) the central fluid compartment, ii) the two Delrin end walls, iii) the two
optical windows. (b) elements of the central segment, including: (1) two Delrin slabs, (2) two aluminum plates,
(3) a divider plate, (4) O-rings, (5) three thermocouples placed in their respective openings, and (6) fluid
introduction ports.

thermal resistance. The setup is crucial for achieving a one-dimensional heat transfer
scenario, which is necessary for applying Fourier’s law in the analysis of thermal
conductivity.

2.2 Data acquisition

Throughout the experiment, temperature measurements are recorded using high-
precision 40-gauge T-type thermocouples are strategically positioned: one at the
boundary of the dividing plate, and two others to track the internal temperatures of
both the top and bottom aluminum plates’ surfaces. Before conducting the experi-
ments, these thermocouples undergo calibration in a stable temperature bath using a
platinum RTD sensor, guaranteeing a precision level of +0.04°C. This calibration is
essential for minimizing uncertainties in temperature readings, which directly influ-
ence the calculated thermal conductivity.

The interferometric measurements are conducted utilizing a Mach-Zehnder inter-
ferometer, which captures temperature fields across two fluids. The optical setup
allows for full-field visualization of the temperature distribution, providing a com-
prehensive view of the thermal behavior of the nanofluid. The interferometer operates
by analyzing the phase shifts in the light waves caused by variations in refractive
index of the fluids owing to temperature fluctuations. This optical method signifi-
cantly reduces the reliance on thermocouple accuracy, as the primary source of mea-
surement uncertainty arises from optical errors in fringe gradients rather than thermal
measurement inaccuracies.

2.3 Achieving steady-state conditions

The system is designed to reach a steady-state condition rapidly, with measure-
ments stabilizing within approximately five minutes. During this period, the interfer-
ograms of the temperature fields are obtained at one-minute intervals. The analysis of
these interferograms allows for the determination of the temperature gradient across
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the aluminum barrier, which is essential for calculating the relative thermal conduc-
tivity of the nanofluid relative to the reference fluid.

2.4 The advantages of the comparative nature of the method

Independence from thermocouple calibration: Given that the optical assessments
rely on modifications in refractive index instead of direct temperature readings, this
approach is less susceptible to errors associated with thermocouple measurements.

Full-field visualization: The interferometric technique enables comprehensive
analysis of the thermal behavior of nanofluid, allowing researchers to observe how the
addition of nanoparticles affects the temperature distribution.

Rapid measurements: Compared to traditional steady-state techniques, this
method is significantly faster, with the ability to reach stable measurements in a
fraction of the time, thus enhancing experimental efficiency.

In summary, the measurement procedure for thermal conductivity using the com-
parative interferometric method is meticulously designed to ensure accurate and
reliable results. By establishing a controlled temperature gradient, utilizing precise
data acquisition methods, and leveraging the advantages of optical measurements, this
technique provides a robust framework for investigating the thermal properties of
nanofluids. The results obtained not only contribute to the understanding of nanofluid
behavior but also establish a foundation for future research in thermal management
applications.

3. Non-intrusive dynamic measurement

This approach leverages Mach-Zehnder interferometry to investigate aqueous col-
loidal suspensions of nanoparticles, specifically Al,O3, in deionized water [43]. The
method is designed to provide high sensitivity and accuracy through whole-field
measurement of temperature distribution.

The experimental process initiates with the creation of nanofluids. Aluminum
oxide (Al,03) nanoparticles, boasting 99.8% purity and an average size of 13 nm, are
suspended in deionized water sourced from an 18.2 MQ-cm Millipore SAS Elix 3 unit.
Suspensions are formulated at concentrations of 0.02%, 0.035%, and 0.05% by mass.
To achieve a uniform distribution and maintain stability for over 24 hours, these
samples are mixed using an Ultra Turrex T-18 mixer operated at 8000 rpm. The size
distribution and dispersion quality of the nanoparticles in the suspension are con-
firmed using scanning electron microscopy (SEM). Observations indicate that lower
concentrations lead to small agglomerates with some chain formations, while higher
concentrations result in larger agglomerates but fewer chains.

The measurement strategy utilizes Mach-Zehnder interferometry, taking advan-
tage of the refractive index’s sensitivity to temperature. This configuration uses a
coherent light beam that is bifurcated into two paths: one traverses the nanofluid, and
the other acts as a baseline. Upon recombination, they generate an interference pat-
tern, or interferogram, which is continuously captured to document the changing
temperature profile within the nanofluid’s thermal diffusion zone. A controlled heat
source induces a temperature gradient in the nanofluid contained within a test cavity.
The sequence of recorded interferograms provides detailed mapping of temperature
distribution across the suspension, and thermal diffusivity is calculated using the least
square method applied to the temperature-position data derived from the

74



Determining Thermal Conductivity Coefficient of Nanofluid by Beam Displacement Method
DOI: http://dx.doi.org/10.5772 /intechopen.1006879

interferograms. The non-intrusive nature of this technique ensures that measure-
ments are free from disturbances typical of contact-based methods.

Experimental findings show a significant boost in thermal diffusivity as tempera-
ture and nanoparticle concentration rise, compared to the base fluid (deionized
water). This improvement is visually substantiated through interferograms and fur-
ther supported by theoretical models. Detailed investigations into microscopic pro-
cesses contributing to this enhancement involve measuring {-potential, pH, and
effective viscosity. These metrics indicate that the suspension’s stability, affected by
nanoparticle concentration and temperature, correlates with the formation of particle
clusters, essential for boosting thermal diffusivity. Higher concentrations of nega-
tively charged species foster stronger repulsive forces, diminishing the chance of
aggregation and thus improving thermal transport capabilities.

The measured thermal diffusivity values align reasonably well with patterns
observed in current research studies, reinforcing the reliability of the proposed mea-
surement technique. The non-intrusive dynamic measurement method using Mach-
Zehnder interferometry proves to be a highly effective technique for studying the
thermal properties of nanofluids. It offers precise, real-time visualization and mea-
surement of temperature distribution and thermal diffusivity. The comprehensive
data obtained through this method can significantly contribute to the understanding
and optimization of nanofluid applications in various high-performance cooling sys-
tems. Comparison of the interferograms obtained from the method are shown in
Figure 3.

4. Interferometry-based inverse heat transfer approach

A suggested technique for evaluating the thermal diffusivity of diluted nanofluids
through an interferometry-driven inverse heat transfer methodology involves a pre-
cise and non-intrusive technique that leverages laser interferometry to capture the
transient thermal diffusion field within a test cavity [44]. Apparatuses of the
presented method are illustrated in Figure 4. The experimental setup begins with the
preparation of a rectangular test cavity, which consists of two horizontal walls (top
and bottom) maintained at different temperatures to create a thermal gradient. The
cavity dimensions are 25 mm along the x-axis, 20 mm along the y-axis, and 60 mm
along the z-axis. The working medium, either de-ionized water or nanofluid, is situ-
ated between these two walls, which are differentially heated, with the upper wall
maintained at a higher temperature compared to the lower wall. This arrangement
sustains a temperature difference of 1.2 K across the fluid by employing two distinct
water baths set to constant temperatures, accurate to £0.1°C. K-type thermocouples
are fixed to the surfaces of the top and bottom walls to uphold consistent tempera-
tures, and the cavity’s side walls are lined with thermocouple insulation to mitigate
external temperature effects.

At the core of this measurement approach lies the application of a Mach-Zehnder
interferometer to visualize the thermal landscape inside the test cavity. An aligned
He-Ne laser emitting at 632.8 nm is employed, and a spatial filter generates a parallel
light beam. This beam is bifurcated into two branches, the test branch and the refer-
ence branch, via a beam splitter. The test branch beam traverses the fluid within the
test cavity, whereas the reference branch beam follows an equivalent path devoid of
the test specimen. After reflection by mirrors, both beams converge at another beam
splitter to form an interference pattern. The dynamic progression of the thermal
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Figure 3.

Examination of interferograms captured 15 minutes post-experiment in four tests involving conductive heat
transfer, conducted under similar temperature differences (AT = 1.5°C) but varying initial temperatures. The
tested fluids include: (a) deionized water, (b) 0.02% mass Al,O;, (c) 0.035% mass Al,O;, and (d) 0.05% mass
Al,O; nanofluid suspensions. Each interferogram has dimensions of 50 x 40.3 mm (height x width), corresponding
to the actual length scale.

diffusion field is documented through interferograms at successive time points, illus-
trating temperature profile across the fluid layer.

The interferometry-based method employs an inverse heat transfer technique to
examine the thermal diffusivity. An analytical solution to the transient heat diffusion
equation is used as a forward model for an estimated value of thermal diffusivity, with
appropriate boundary conditions applied. The experimentally obtained temperature
fields from the interferograms are compared with this analytical solution. By applying
the concepts of inverse heat transfer, the thermal diffusivity of the working fluid is
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Figure 4.
Graphical depiction of a horizontally oriented test cavity with differential heating.

progressively refined to reduce the discrepancy between the experimental outcomes
and those predicted analytically. The validity of the method is established by initially
measuring the thermal diffusivity of the base fluid (de-ionized water) and then
proceeding to evaluate the thermal diffusivity of nanofluids (SiO, and AL,Os) at
different volume fractions. Findings indicate an uptick in thermal diffusivity as nano-
particle concentration rises, underscoring the method’s utility.

This interferometry-based inverse heat transfer approach offers a robust and non-
intrusive method for accurately examining the thermal diffusivity of dilute
nanofluids. By leveraging the benefits of laser interferometry, this method overcomes
the limitations associated with conventional techniques, providing high-precision
thermal property measurements crucial for advancing and implementing nanofluids
across various industrial and engineering applications.

5. Beam displacement method

The beam displacement method is an optical technique developed to determine the
thermal conductivity coefficient of a fluids [9]. This method is based on altering the
path of the beam as it passes through a fluid after experiencing a thermal shock. When
a fluid is in contact with a heated surface, variations in temperature affect the velocity
of fluid molecules, which in turn directly affects the density and refractive index of
the fluid. As a result, the phenomena known as the thermal lens occurs. As declared, a
change in the refractive index results in the deviation of the beam when it traverses a
region next to a heated surface. By calculating the beam displacement, solving
Eq. (10), and doing computational fluid dynamics (CFD) analysis on the liquid within
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the cuvette, the thermal conductivity coefficient of fluids is determined. The beam
displacement technique consists of three primary steps: First, set up an optical setup
to measure the displacement of the beam. The second task involves solving the
computational fluid dynamics (CFD) of fluid in a cuvette. The third task involves
implementing a trial-and-error loop technique to get the thermal conductivity
coefficient [6].

5.1 Beam displacement optical setup

Figure 5 shows that the measurements were conducted in a vacuum chamber to
minimize noise in the illustration. When particles suspended in the air traveling in the
beam, they may generate noise due to scattering and blocking the light, so it is better
to perform this experiment in vacuum or clean box. A He-Ne laser emitting at 632 nm
wavelength and producing 2 mW of output power was utilized. Also, the polarizer and
analyzer were responsible for regulating the intensity of the laser beam. To further
narrow the beam width, two pinholes with hole diameters of 200 and 50 microns were
placed in the path of the beam. Additionally, the XYZ stage performed the alignment,
and a specially made cap on the cuvette fixed the heater in the cuvette.

A CCD detector recorded the beam displacement, and the computer received the
data. As shown in the picture, the temperature in nearby of the heater is greater than
the temperature at other points; hence, the beam path ought to pass in close proximity
to the heater.

5.2 Beam displacement calculation
Faris et al. [9] drive this equation in their studies, as seen below:

w
1 dn J D aT 1

O, = ndT) w i i — Edz

In this equation, n is the nanofluid’s refractive index, and T is the temperature. D,
Z, and p represent the distance between the heater and the probe beam, and the

Figure 5.
Beam displacement experimental setup.
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adjacent side of a triangle with p as the hypotenuse in the picture. Also, we could be
driving Eq. (3) from Snell’s low, as seen below:

ns sinbp = 1,y Sin 04, 2)
If we consider 7,4 is equal to 1, and sin@ = 0, thus:
O0.ir = 150y (3)

Beam displacement (87qan) consists of beam deviation in fluid (8¢) and beam
deviation in air (8,;).

OTotall = Of + Oair (4)

and also:
8 = 0p(W — w) (5)
6air = 0m‘rLair (6)

In the previous equations, W is the inner diameter of the cuvette, w is half of it,
and L,;, is the distance between the cuvette and the CCD detector. If Eq. (3) is merged
into Eq. (7), then:

6air = nfafLuir (7)

So,

O7otann = (W — w) + ngLgir ) 0f (8)

By merging Eq. (1) and Eq. (9) and considering the term of time, we have:

t W
W—-w —|—an dn daT
Sruar. L L T J J o )
00

5.3 Beam displacement numerical simulation

The second step in the beam displacement techniques included simulating varia-
tions in temperature inside the cuvette that contained the heater. The finite element
method was used to computationally examine the temperature evolutions in a
numerical model. The actual dimensions of the experimental setup, as seen in
Figure 6b, were used to simulate the geometry of the cuvette containing the fluid and
cylindrical heater. Furthermore, the extremely fine mesh type used in the solution is
depicted in Figure 6a. The cuvette and cylindrical heater were taken to be solid
objects with certain densities, thermal conductivities, and heat capacities to specify
the material characteristics. For the external borders, we used thermal insulation
conditions, and we considered the heater to be a heat source with an 80 MW /m? heat
generating power.

Furthermore, the physical problem with the interface, which was time-dependent,
was solved by using the heat transfer equation. We collected temperature data for all
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(a) )

Figure 6.
(a) is applying mesh on geometry of problem, (b) geometry of problem based on actual dimension of experimental setup.
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Result of experimental evaluation.

areas during a period of 5 seconds. To compute the term of ”ﬂ’l—; in Eq. (10), we measure

the temperature throughout the whole beam path in the cuvette and identify the line
that is about 400 micrometers from the heater.

5.4 HTC of water by beam displacement method

The numerical simulation returned a value of 100. 2 micrometers for DI water,
with a heat transfer coefficient of 5.6 w.m/k. Figure 7 shows the numerical simulation
results of DI water. Over time, the temperature of the water around the heater
increases, leading to the occurrence of thermal lens phenomena and displacement of
the beam. The beam displacement of DI water is depicted in Figure 8. Experimental
evaluation was conducted in 5 seconds applying the thermal shock. The inner size of
cuvette was 9 mm, and ﬂall_f and n are 0.000156 and 1.33 for DI water, respectively. The

distance between surface of cuvette and CCD detector was 19.5 mm approximately.
As seen in the figure, the diagram is denoised using MATLAB’s smooth data tool. The
average baseline was calculated by calculating the mean value before and after the
heat shock. The result showed that the mean was 2900.2 and the pick was 2800, so the
beam displacement was 100.2 micrometer that have a suitable coincidence with
numerical simulation.

6. Conclusions

Accurate measurement of the thermal properties of nanofluids is critical for
understanding and optimizing their performance in practical applications. Techniques
for measuring the heat transfer coefficient (HTC) of nanofluids can be broadly cate-
gorized into transient and steady-state methods, each with its own advantages and
limitations. Transient methods, such as the transient hot wire and laser flash methods,
offer the benefit of capturing the dynamic thermal behavior of fluids, requiring
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shorter measurement times and smaller sample sizes. Steady-state methods, like the
parallel plates and coaxial cylinders techniques, provide direct and straightforward
calculations of thermal properties but typically require longer testing times and larger
samples.

Optical methods, including beam displacement, laser interferometry and Mach—
Zehnder interferometry, present innovative solutions that address many limitations of
traditional techniques. These methods offer non-invasive, high-resolution measure-
ments of temperature fields and thermal conductivity, providing detailed visualiza-
tions of thermal gradients without disturbing the fluid flow.

The comparative interferometric method, which utilizes a controlled temperature
gradient across a thin aluminum barrier separating the nanofluid from a reference
fluid, has demonstrated significant advantages in measuring thermal conductivity.
This method’s reliance on optical measurements reduces the sensitivity to thermocou-
ple inaccuracies and provides comprehensive visualizations of temperature distribu-
tion, enhancing the accuracy and efficiency of the measurements.

Similarly, the non-intrusive dynamic measurement method using Mach-Zehnder
interferometry offers a robust approach for studying thermal diffusivity. This tech-
nique provides precise, real-time visualization of temperature distribution and ther-
mal diffusivity, contributing valuable data for understanding and optimizing
nanofluid applications.

The HTC of DI water was determined by beam displacement method. The result
shows that 100.2 micrometer deviation in beam path during applying 5 second ther-
mal shock. Beam displacement represents another advanced method for measuring
the thermal conductivity coefficient of dilute nanofluids. With development in more
exact detection of beam displacement using more improved detectors in the future
and improving in image processing by Al development, HTC of fluids may be deter-
mined precisely.

In conclusion, the development and refinement of measurement techniques for the
thermal properties of nanofluids are essential for advancing their application in ther-
mal management systems. The innovative use of optical methods and interferometry
has opened new avenues for precise, non-intrusive measurements, providing critical
insights into the thermal behavior of nanofluids. These advancements not only
enhance our understanding of nanofluids but also pave the way for their optimized
use in real-world applications, contributing to more efficient and effective thermal
management solutions across various industries.
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