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ARTICLE INFO ABSTRACT

Keywords: This study investigates the impact of nanoparticle diameter on film boiling in Al,0; water-based nanofluids
Nanofluid film boiling along a vertical cylinder, focusing on nanoparticle sizes of 5 nm, 10 nm, 30 nm, and 50 nm. Using a
Particle size Continuous-Species-Transfer method within a Computational Multi-Fluid Dynamics framework, the behavior of

Surface deposition
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Nanoparticle Brownian dynamics

nanoparticles in both liquid and vapor states is simulated, considering Brownian motion and thermophoretic
effects. A 2D axisymmetric analysis reveals how nanoparticle sizes influence temperature gradients, nanoparti-
cle concentration patterns, thermophysical properties, and the Nusselt number to assess heat transfer efficiency.
Findings indicate that during film boiling, smaller nanoparticles exhibit higher concentrations on the heated
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Thermophoretic behavior
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wall over time. Additionally, nanofluids with smaller particles demonstrate higher thermal conductivity and

viscosity near the heated wall, along with lower surface tension. Interestingly, nanofluids with 30 nm and
50 nm nanoparticles perform closely, indicating a size threshold beyond which further reductions do not
significantly enhance boiling heat transfer. In contrast, nanofluids containing 5 nm and 10 nm nanoparticles
exhibit markedly superior thermal removal efficiency, underscoring the critical role of nanoparticle size in
optimizing film boiling performance.

1. Introduction

In recent times, the study of nanofluid boiling processes has gained
significant traction, highlighting its importance across various sec-
tors such as propulsion systems in heavy vehicles, energy genera-
tion, advanced electronic cooling systems, and thermal management
in aerospace. A particular focus within this domain is the efficient
heat transfer in high heat flux systems, where two-phase flow plays
a pivotal role. In such systems, the ability to effectively transfer heat
to the coolant often becomes a design bottleneck. Utilizing two-phase
flow can optimize this heat transfer, especially in the nucleate boiling
regime, characterized by a high heat transfer coefficient. However, this
process is constrained by the departure from nucleate boiling (DNB)
or critical heat flux (CHF). Upon reaching CHF, the system transitions
to film boiling, marked by the formation of a thin vapor layer that
drastically reduces heat transfer capabilities, subsequently elevating
the wall temperatures [1]. This transition, crucial in systems where
overheating can lead to significant operational hazards, underpins the
necessity to explore film boiling in greater depth.

Previous research has predominantly focused on pool [2-7] and
flow boiling [8-11] of nanofluids. Nonetheless, the specific study of
film boiling in nanofluids emerges as an essential yet less explored
area. This is particularly relevant in industrial applications subjected
to extreme thermal conditions, where a thorough comprehension of
film boiling is indispensable [12-14]. The use of nanofluids as heat
carriers, capable of operating at high heat fluxes introduces additional
complexity, demanding a combination of computational [15-17] and
experimental methods [18,19] for a comprehensive analysis.

Derived from the foundational theories of Maxwell [20], the en-
hancement of heat transfer properties through the addition of particles
to base fluids such as water and oil is an established practice in
the realm of thermal engineering [21,22]. The creation of nanofluids,
involving the infusion of nanoparticles into these fluids, represents a
notable advancement in this area [23]. These nanofluids, typically com-
posed of particles less than 100 nm in size, are engineered to maximize
thermal conductivity while minimizing the concentration of nanopar-
ticles. The unique molecular dynamics of nanofluids enable evenly
distributed nanoparticles to provide significant advantages, including
enhanced heat transfer, efficient cooling in microchannels without
blockages, and reductions in erosion, pumping power requirements,
while improving the thermal conductivity and stability of the mixture.
The diverse benefits of nanofluids have opened up new research area
in nanotechnology, playing a pivotal role in advancing heat transfer
and energy efficiency across various sectors such as transportation
cooling systems, power generation, space industries, microelectronics,
and biomedical devices [24].

The impact of nanoparticles on the thermophysical characteristics
and surface dynamics during nanofluid boiling processes has received
significant attention [25-28]. In high-temperature scenarios, nanopar-
ticles not only modify the surface characteristics but also interact
dynamically with the fluid’s thermal properties [29,30]. The deposition
of nanoparticles on surfaces modifies crucial parameters such as surface
wettability, heat transfer coefficients, and capillary action [31-33].
This formation of a nanoparticle layer acts as an interfacial coat-
ing, thereby substantially increasing the efficiency of heat transfer
processes [34].

Moreover, nanoparticles significantly impact the wettability of sur-
faces, a critical aspect that directly affects the dynamics of boiling.

Wettability, in this context, refers to the capacity of a liquid to maintain
contact with a solid surface, even in the presence of vapor. This
property influences essential boiling parameters such as the radius of
the triple line (where liquid, gas, and solid phases meet) and the contact
angle, which are determined by the complex interplay of forces among
the liquid, gas, and solid phases at the three-phase interface [35,36].
The type and concentration of nanoparticles can markedly alter surface
tension and contact angles. For instance, nanofluids containing silica
nanoparticles have demonstrated lower surface tension compared to
pure water, affecting crucial boiling features like bubble size and the
dynamics of their detachment from the surface [27,37,38].

Advancements in CFD research concerning nanofluid boiling have
progressed remarkably, evolving from initial studies concentrated on
enhancing heat transfer to more complex analyses that include the
dynamics of nanoparticles. Significant contributions to this field encom-
pass Abedini et al.’s investigation into subcooled flow boiling of Al,O;-
Water nanofluid [39], Shoghl et al.’s exploration of bubble dynamics in
pool boiling with CuO and Al,0; water-based nanofluids [40], and Qi
et al.’s research on the impact of TiO, nanoparticles within water-based
nanofluids [41]. Additionally, Abdollahi et al. delved into how various
nanoparticle types and concentrations influence boiling in laminar
micro-channel flows [42], whereas Mohammed et al. demonstrated that
the vapor produced during boiling intensifies with particle loading and
temperature, and diminishes with increased fluid velocity [43].

Recent developments include Li et al.’s investigation into the effects
of gravity on boiling fluids [44]. Zaboli et al. explored the influence
of varying nanoparticle concentrations on the pool boiling charac-
teristics of nanofluids [45]. Additionally, Bahiraei et al. contributed
insights into the entropy generation and exergy efficiency in the flow
of Ag-water nanofluids [46].

Delving further into the subject, CFD studies on nanofluid boil-
ing have evolved significantly, taking inspiration from the work of
Buongiorno [47]. This study introduced Brownian motion and ther-
mophoresis as key mechanisms driving nanoparticle movement. This
line of inquiry has been further developed by a wide array of re-
searchers [48-54]. Among these, Yang et al. [48] explored the convec-
tive heat transfer of nanofluids within a concentric annulus. Similarly,
Malvandi et al. [49] investigated mixed convective heat transfer of
nanofluids through a concentric vertical annulus, and another study by
Malvandi et al. [50] examined how nanoparticle migration influences
heat transfer enhancement during film boiling of nanofluids over a
vertical cylinder. Hedayati et al. conducted research on the effects of
nanoparticle migration and asymmetric heating on mixed convection of
TiO,—Water nanofluid inside a vertical microchannel [51] and a hori-
zontal microchannel [52]. Malvandi [53] has explored the dynamics
of magnetic nanofluids during boiling. Another notable contribution
comes from Wang et al. [54], who conducted a numerical study focus-
ing on the deposition of nanoparticles in microchannel cooling systems,
emphasizing the critical role of nanoparticle motion in nanofluid ther-
mal management strategies. These collective efforts mark a significant
evolution in the field, effectively linking foundational research to more
advanced studies that consider the intricate movement of nanoparticles.

In the most recent advancements in CFD simulations of nanofluid
boiling, Yahyaee et al. [29] developed a novel approach to CFD simula-
tion that includes the migration of nanoparticles between phases using
the continuous-species-transfer (CST) method. Following this develop-
ment, Yahyaee [30] investigated the influence of nanoparticle shape
on the boiling of nanofluids. This study demonstrated that nanofluids
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Nomenclature

Acronyms

CMFD

CHTC
CSF

CST

VOF

English symbols

-y

g e 0

=

Greek symbols

Computational ~ Multi-Fluid = Dynamics
framework for simulating interactions
between multiple fluid phases.

Convective heat transfer coefficient.
Continuum Surface Force model, used for
simulating surface tension effects in fluids.
Continuous-Species-Transfer model,
employed for modeling species exchange
between phases.

Volume of Fluid method, a technique for
tracking fluid interfaces.

Mass transfer rate between phases.

Force vector in a physical system.

Vector representing gravitational accelera-
tion.

Velocity vector of fluid flow.

Henry’s law constant, defining solubility.
Latent heat of vaporization of a fluid.
Nanoparticle concentration in vapor or
liquid.

Total nanoparticle concentration in the
system.

Isothermal compressibility coefficient.
Specific heat at constant pressure.
Coefficient of diffusivity or diffusion.
Characteristic dimension, typically diame-
ter.

Enthalpy associated with phase change.

A constant, often in proportionality rela-
tions.

Molar mass of a substance.

Nusselt number, representing convective
heat transfer efficiency.

Pressure within the fluid.

Universal gas constant, applicable in ideal
gas calculations.

Temperature, indicating thermal state.
Time variable in temporal analyses.

Volume fraction of a phase in a mixture.
Characteristic thickness of a layer or
boundary.

Evaporation rate coefficient.

Curvature measure at an interface.
Dynamic viscosity, quantifying fluid resis-
tance to deformation.

Density, indicative of mass per unit vol-
ume.

Surface tension coefficient in fluid mechan-
ics.

Viscous stress tensor in fluids.

Thermal conductivity coefficient.

Subscripts
Volume fraction of a specific phase.

5 Represents thin films or layers.

© Condition at an infinitely far distance.

ana Indicates analytical results.

bf Indicates the base fluid in a mixture.

Bltzmn Related to the Boltzmann constant in ther-
modynamics.

Bwn Associated with Brownian motion phenom-
ena.

c Related to compressive properties.

f Referring to a facet or face in computational
domains.

grav Pertains to gravitational effects.

k Index for computational nodes.

1 Referring to the liquid phase in a system.

nfl Denotes the liquid phase with nanoparti-
cles.

nfv Refers to the vapor phase containing
nanoparticles.

np Refers to nanoparticles.

num Denotes numerical results.

Nu Nusselt number, important in heat transfer
studies.

P Indicative of a constant pressure condition.

r Relates to a reference or baseline state.

sat Indicates saturation conditions in thermo-
dynamics.

Tps Linked to Thermophoresis processes.

c Refers to surface phenomena or interfacial
properties.

T Temperature in a thermal context.

Superscripts

” Indicates a surface transfer rate.

” Denotes a volumetric transfer rate.

* Signifies a dimensionless quantity.

containing blade-shaped nanoparticles exhibit superior heat transfer
capabilities compared to those with other shapes such as spheres,
bricks, cylinders, and platelets.

The significance of nanoparticle size in nanofluid boiling has been
a prominent research topic in recent years. This part of the literature
review synthesizes results from various studies to provide a chronolog-
ical examination of how nanoparticle size impacts the characteristics
of nanofluid boiling. The investigation into the effects of nanoparticle
size on nanofluid boiling characteristics has been a central focus. Peng
et al. [55] performed a crucial study on the nucleate pool boiling
heat transfer in a refrigerant/oil mixture with Cu nanoparticles of
20, 50, and 80 nm. Their findings demonstrated that decreasing the
nanoparticle size from 80 nm to 20 nm could enhance the boiling heat
transfer coefficient by up to 23.8%. Another significant contribution
was made by Souza et al. [56], who examined the effects of 10 nm and
80 nm maghemite nanoparticles on the nucleate boiling of HFE7100.
They observed a 55% increase in the heat transfer coefficient with
the smaller nanoparticles, while the larger nanoparticles resulted in a
reduction of approximately 29%.

Hu et al. [57] contributed significantly to the understanding of SiO,-
EG/sDW nanofluids. Their research revealed that reducing the nanopar-
ticle diameter from 120 nm to 84 nm resulted in an increase in the
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boiling heat transfer coefficient, with the most notable improvement
observed at a concentration of 0.25 vol%. Simultaneously, Sayahi and
Bahrami [58] examined various nanoparticles in water-based nanoflu-
ids and found that y-alumina significantly enhanced the pool boiling
heat transfer coefficient. In contrast, larger silica nanoparticles were
less effective at reducing the heat transfer coefficient compared to their
smaller counterparts.

Liu et al. [59], utilizing the Wilson Plot method, studied the con-
vective heat transfer coefficient (CHTC) of SiO,, TiO,, and Al,O,
nanoparticles in water. They concluded that the addition of nanopar-
ticles generally increased the CHTC, with Al,O; nanoparticles at a
0.5 vol% concentration achieving a notable 45% increase. Moreover,
simply reducing nanoparticle size and increasing the nanofluid flow
rate does not necessarily lead to CHTC enhancement; rather, these
changes can have adverse effects. It is concluded that the enhancement
depends on the stability of the dispersed nanoparticles, which can be
characterized by their overall mean size and zeta potential as useful
measures.

Inspirations and contributions

The critical review of existing literature underscores several re-
search gaps, prompting the focus of the present study:

+ The existing body of CFD and experimental research has not com-
prehensively addressed the effects of nanoparticle sizes, especially
in the context of film boiling.

Despite significant advancements in understanding the forces
affecting nanoparticles, such as Brownian diffusion and ther-
mophoresis, as outlined by Buongiorno [47], there remains a
notable gap in CFD research [39-46]. This gap concerns the ex-
plicit incorporation of dedicated nanoparticle transport equations.
While some CFD studies have integrated these equations [48-
52], their primary focus has often been on the insulating role
of the vapor layer in film boiling, thus neglecting the dynamic
interactions between the nanofluid’s liquid phase and the vapor
layer. This study utilizes the CFD method introduced by Yahyaee
et al. [29], where the CFD simulation considers both the vapor
and liquid layers as well as the deposition of nanoparticles.

Given the existing research gaps, this study focuses on the effect of
nanoparticle sizes, performing a detailed CFD analysis of film boiling
in alumina (Al,0;) water-based nanofluids. We examine nanoparticle
sizes ranging from 5 nm to 50 nm, each impacting the fluid dynamics
and heat transfer properties differently.

The CFD model used in this study, based on the work by Yahyaee
et al. [29], employs the CST methodology in Computational Multi-
Fluid Dynamics (CMFD). This method models key behaviors, such as
nanoparticle concentration on the heated wall and their movement
between vapor and liquid phases. This approach is crucial for capturing
the intricate dynamics at the vapor-liquid interface, often missed in
conventional film boiling research. By incorporating considerations like
Brownian motion and thermophoresis, this method seeks to expand
on the insights provided by the CST methodology. A 2D axisymmetric
analysis around a cylindrical surface is conducted to study the dis-
tinct role of nanoparticle sizes in influencing film boiling dynamics.
It particularly explores how different sizes affect essential factors like
nanoparticle concentration on the heated surface, temperature vari-
ations, and the overall thermophysical properties of the nanofluid.
Additionally, the Nusselt number is also assessed as a critical measure
of heat transfer efficiency in film boiling scenarios. This analysis is vital
for elucidating the potential heat transfer improvements with differ-
ent nanoparticle sizes, thus offering new perspectives on optimizing
nanofluid formulations for better thermal performance in industrial
settings.
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2. Mathematical modeling approach
2.1. Formulation of governing equations

In this study, the Volume of Fluid (VOF) method is used to model the
complex behavior of a two-phase system, with a particular focus on the
changes between phases and the thermal properties within nanofluids.
The VOF method is a powerful computational tool that accurately
tracks and models the boundary between two non-mixing fluid phases,
such as liquid and vapor in nanofluids.

The model’s equations are developed from volume-averaged con-
servation laws that are applied conditionally, allowing for a detailed
representation of the behavior of each phase:

Mass Conservation: The mass conservation principle is integral to
understanding the fluid dynamics within the system. It is described by
the following equation [60]:
dp
or
where p represents the fluid density and U denotes the velocity field.
This equation ensures that the mass within a control volume remains
constant over time, accounting for the inflow and outflow of mass.

Momentum Conservation: The momentum conservation equation
takes into account the forces acting on the fluid elements, including
pressure, viscous, gravitational, and surface tension forces [60,61]:
9(pU)

T+V~(pUU):—Vp+V~r+fgrav+fU. (2)

In this equation, p represents pressure, = denotes the stress tensor, fgr,,
is the gravitational force, and f, signifies surface tension forces.

Surface tension effects are critical in the dynamics of multiphase
flows, especially at the interface. The Continuous-Surface-Force (CSF)
model [62] is utilized to model these forces effectively:

+V-(pU)=0, €h)

Va fl
f =okVa,q, where x=-V- ( L ) , 3
o nfl |V0!nﬂ|

where o is the surface tension coefficient, x is the curvature of the
interface, and a, is the volume fraction of the liquid nanofluid phase.

Phase Fraction Evolution: The evolution of the liquid nanofluid’s
phase fraction within the computational domain is modeled as fol-
lows [63,64]:

6anﬂ
ot

. 1 1 1
+V-(Uayg)+V-(U,anq(1—apg)) = -’ [— - (— - )] ,
Pnfl Pnfl  Pnfv

4

To maintain a sharp interface and minimize numerical diffusion,
the relative velocity U, at the interface is modeled using a compressive
velocity U, approach as it is introduced by Weller and Olsson [65,66]:

Vanﬂ
[Vl

where ¢, is a coefficient typically chosen between 1 and 4 to effectively
manage the interface sharpness.

Governing Equation for Nanoparticle Transport Dynamics: This study
adopts the methodology introduced by Yahyaee et al. [29] to inves-
tigate nanoparticle behavior in film boiling scenarios. Yahyaee et al.
formulated their approach around a fundamental governing equation
widely acknowledged in prominent fluid dynamics research [47-52]:
o9 VT]

E +V-(pU) =V - (Dgyn V) + V - [DTPST_

0

U, = min [¢,|U|, max(|U})] )

©

Eq. (6), traditionally applied in single-phase studies. In the approach
by Yahyaee et al. the analysis extends to effectively observe nanopar-
ticle behavior across both the vapor and liquid phases of nanofluids,
with a focus on their interactions at the interface. By incorporating
the CST method [67], as detailed in the studies by Yahyaee et al.
[29], a more encompassing governing equation is formulated. This
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equation is designed to capture the varied transport phenomena at
the nanofluid interface, thus enhancing the understanding of how
nanoparticles behave differently in each phase [29,30]:

a—(p+V~(<pU):V-(D’

o bun T V@) + V- (T VD

Bwn

)+ V- (eDy, VT)

Bwn

r Y nfl _D,—nfv/H

_v. Bwn Bwn cnst
) + a- anfl)/chst

@TVay

——nfl ——nfv
anle +(1- anfl)DBwn /chst

Bwn
-V oVT
App) + (1 - anfl)/chst
i _D/ nfl + (1 )_D’ nfv/H
Anfl = Qnf) t
+v| | —= L A )
ypy + (1 - anfl)/chsl
where the coefficients Dg and D! __ are:
wn Tps
Dgwn = Dgyn /T, D'TPS = DTpS/(Too ®). 8)

The coefficients Dg,, and Dr,, denote the diffusion factors for
Brownian motion and thermophoresis respectively and are mathemati-
cally defined as:

kBltzmnT
Dg,, = oz 9
Bun 377"."¢bfdnp ©
i
DTps :ﬂp_::(p’ (10)

where f equals 0.26ky¢/(2kyg + kpp)-

Eq. (7) is meticulously designed to address the entire computational
domain, focusing on the transport of nanoparticles and capturing the
intricate dynamics at the fluid interface. This equation’s adaptability
ensures that the complexities of nanoparticle movement, particularly
in the context of phase change and interfacial tension, are modeled.
The detailed representation of nanoparticle behavior provided by this
approach is critical for a thorough understanding and optimization of
the film boiling process in nanofluid systems.

Energy Conservation Equation to Integrate Nanoparticle Dynamics:The
fundamental energy conservation equation is adapted to include the
effects of nanoparticles within the boiling dynamics of nanofluids [60]:

6(pcpT)
ot
Following studies such as Malvandi et al. [50] on nanofluids, the

equation also incorporates the effects of Brownian motion and ther-
mophoresis:

+V - (pc,UT) = V - (kVT) — 1" Lgy,, an

DTps

+PupCpnp | Poun Ve - VT + KVT VT |, 12)

Originally designed for single-phase analysis, Eq. (12) has been ex-
panded to encompass multi-phase scenarios, capturing the interactions
among vapor, liquid, and their interfaces. Following the advance-
ments by Yahyaee et al. [29], the revised thermal energy conservation
equation now comprehensively addresses all phases and the intricate
dynamics of nanoparticle movement [29,30]:

d(pc,T)
af +V - (pe,UT) = V - (kVT) — 1t Lg,
—— nfl —— nfv
+opoe o D+ a- anﬂ)DBwn /Henst TVQVT
PP apg + (1 = ang)/ Henst
AR Y
Anfl e = Onf)) Do cnst
+ PupComp L A @VTVT. (13)

anf + (I = an)/ Hengt

The phase change process and mass flux rate m'’’ are modeled
using OpenFOAM, a well-known open-source CFD tool [65]. The inter-
faceHeatResistance model from OpenFOAM v2006, influenced by the
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research of Hardt and Wondra [68], plays a crucial role in this analysis.
Additional details on the model and its implementation are available
in the work by Hardt and Wondra [68] and the extensive OpenFOAM
documentation.

2.2. Nanoparticles size and thermophysical property evaluation of nanoflu-
ids

Critical thermophysical properties such as density, specific heat ca-
pacity, viscosity, thermal conductivity, and surface tension are essential
for analyzing multiphase flow and heat transfer in thermal systems.
Accurately determining these properties is crucial for boiling simu-
lations that involve nanofluids. In CFD simulations, these properties
are derived using various correlations. The extensive literature [39—
52] supports this approach. OpenFOAM, being open-source, allows
for defining these properties through correlations that account for
composition, size, and concentration. The mixture model, typically
applied to fluid-solid mixtures, facilitates the calculation of density
and specific heat capacity in nanofluids, as illustrated by the following
equations [69]:

Pufiv = @Ppp + (1 — @)pysyy» 14)
(ppnpcp,np + (1 - (p)ﬂbfl Cp,bfl
Cpnfly = . . > (15)
Pnfly

where the subscripts np, bflv, and nflv refer to nanoparticles, lig-
uid and vapor base fluid, and liquid and vapor nanofluid properties,
respectively.

The correlation chosen for this analysis includes nanoparticle size
to calculate the thermal conductivity, viscosity, and surface tension
of nanofluids. This approach supports the study’s goal to examine the
effect of nanoparticle size on film boiling behavior in nanofluids. By
incorporating nanoparticle size into these correlations, the analysis
becomes more relevant and precise, enhancing the understanding of
how size variations affect the thermal and flow properties of nanofluids
during film boiling processes.

The widely recognized empirical correlation, proposed by Cor-
cione [70] and based on extensive experimental data, is frequently used
in numerous studies such as Heyhat et al. [71] and Wakif et al. [72].
This correlation allows for the prediction of the dynamic viscosity of
nanofluids and is employed to calculate the viscosity in this study:

Haflv 1
- , 16
Hoflv dyp \ 703 (16
1-3487(G2) T gros
X

where d; signifies the equivalent diameter of a base fluid molecule
which is determined as follows:

1/3

df=o.1( 6M ) , an
Nz pyo

where d,,, is the diameter of the nanoparticles, M denotes the molecular

weight of the base fluid, N is Avogadro’s number, and py, is the mass
density of the base fluid at T = 293 K.

Based on Maxwell’s well-known work, the effective thermal conduc-
tivity of a homogeneous suspension can be predicted as [20]:
Koply  Knp + 2kpay + 20knp = Kby )@
kpgry knp + 2kbﬂv - (knp — kpfly)@

18

Yu and Choi [73], in a widely recognized study, extended the
Maxwell correlation (Eq. (18)) to include nanoparticle size for calculat-
ing the thermal conductivity of nanofluids. The modified correlation,
now known as the Yu and Choi model, has gained prominence and
is frequently employed in numerous studies. This model is utilized to
calculate the thermal conductivity in the current study, as well as in
the research conducted by Khalili Najafabadi [74] and Zhu [75]:
kngry  Knp + 2kppy + 2(knp — ki )(1 + £

Zoflv _ 5 (19)
Koty knp + 2kpay — (kpp — kpay )1+ )39
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Table 1
Thermophysical properties of saturated water for the simulation of 2D film boiling and
2D axisymmetric vertical film boiling scenarios [79].

Dimension Base fluid (Water) Vapor phase
Thermal conductivity, k Wm™ K~! 0.545 0.054
Density, p kgm™ 402.4 242.7
Viscosity, u Pas 453 %107 3.23x 107
Specific heat capacity c, Jkg 'K 2.18 x 10° 3.52x 10°
Latent heat, i Jkgfl 1.96 x 10° 2.24 x 10°
Surface tension, o Nm™! 7% 1073 -

where f is a factor considering the nanoparticle diameter, with § = dz—h,
and h is the radius of the microlayer around the spherical nanopartic‘il:e.

The study by Chinnam et al. [76] is known for presenting a com-
prehensive model that evaluates the effects of volume fraction, tem-
perature, and nanoparticle size on the surface tension of nanofluids.
This model, used to calculate the surface tension in this study, is
encapsulated in the following equation:

m:aqo+b<5>+c<@>+D, (20)
Obly T ds

where a = —1.02219, b = —0.27706, ¢ = 0.00063558, and D = 1.17344.
Here, o,¢ and oy, represent the surface tensions of the nanofluid and
base fluid, ¢ denotes the nanoparticle volume fraction, and dy;, and dy¢
signify the nanoparticle and molecular diameters, respectively.

2.3. Computational problem configuration and setup

The main focus of this study is the thermal interaction of a vertical
cylinder immersed in a nanofluid with a nanoparticle concentration of
@ = 1x 1072 in the liquid phase, illustrated in Fig. 1. The investigation
starts when the cylinder’s surface temperature, Ty, exceeds the boiling
point of the nanofluid, T,,. This scenario prompts the formation of a
vapor layer that encircles the cylinder and extends vertically along its
length. The ascent of this vapor layer is primarily driven by buoyancy,
with gravity playing a significant role in its movement. Although phe-
nomena such as changes in the triple-line motion due to nanoparticle
deposition are observed in nanofluid boiling, this study specifically
examines film boiling in a water-Al,0; nanofluid adjacent to a vertical
cylinder. In this film boiling setup, an insulating vapor film helps
minimize these effects by preventing direct contact between the liquid
and the surface.

To improve computational efficiency, the initially three-dimensional
(3D) problem is simplified to a two-dimensional (2D) axisymmetric
model. The computational domain is modeled as a wedge, with the
z-axis at the cylinder’s vertical center serving as the axis of symmetry.
This axisymmetric method is crucial for effectively simulating the
relevant physical phenomena while using computational resources ef-
ficiently. In the OpenFOAM framework, the front and back boundaries
of the domain are set as ‘wedge’ types, which is essential for simulating
axisymmetric behaviors.

The simulation setup begins with an initial thin vapor film in direct
contact with the cylinder surface. The boundary conditions, shown
in Fig. 1, include a specific concentration boundary for nanoparticles
on the cylinder surface. The dynamics of thermophoretic (Drp,) and
Brownian diffusion (Dgy,,) in the boundary condition are described by
Egs. (9) and (10). An important aspect of the boundary condition at
the cylinder surface is the nanoparticle impermeability, ensuring no
nanoparticle flux across the cylinder wall. This condition, often referred
to as Stefan flow, is influenced by both concentration and temperature
gradients. This boundary mechanism is grounded in the studies by
Avramenko et al. [50,77,78].

The thermophysical properties of the base fluid, its vapor phase, and
the Al,O; nanoparticles utilized in this research are detailed in Tables 1
and 2.
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Table 2
Properties of Al,O; nanoparticles as used in the simulations.

Property Dimension Value for Al,04
Thermal conductivity, k Wm2K! 40

Density, p kgm™ 3970

Specific heat capacity, c, Jkg ' K! 765

2.4. Verification against Taylor’s two-dimensional film boiling model

The computational solver’s precision was assessed against Taylor’s
two-dimensional film boiling model for pure fluids, corroborated by
experimental results. While the main focus of this research is on vertical
film boiling, Taylor’s model, typically used for horizontal film boiling,
serves as a rigorous validation benchmark. The choice of Taylor’s model
is due to its accuracy and the availability of experimental data for
comparison. This model is relevant to the vertical film boiling scenarios
explored in this research. Essential thermophysical properties used
in this validation phase are listed in Table 1. Simulations assumed
no nanoparticles, and the setup’s details, including boundary condi-
tions and computational domain geometry, are shown in Fig. 2, with
comprehensive descriptions found in previous studies [79-81].

The calculation of the Nusselt number in this 2D film boiling case
aligns with the methodology by Esmaeeli and Tryggvason [82]:

L Lchrstﬂ
/0 ( AT 0y |y=0 dx

L
The characteristic length, L, is defined as:

Lo.=.—% 22
PN oy - p)g @2)

The obtained Nusselt number is compared with Berenson’s empirical
results for two-dimensional film boiling [83]:

pv(pl - pv)g(hv - hl)
kgt AT ‘

Nu s 21)

Nu = 0.425 [ (23)

Fig. 3 displays the simulation results, indicating an average Nusselt
number of 4.6 on the cylinder’s surface. This value closely aligns with
the 4.25 Nusselt number from Berenson’s formula, showing a minor
discrepancy of 7.6%. This comparison substantiates the solver’s ability
to accurately simulate film boiling phenomena, mirroring the results
from Berenson’s empirical research.

2.5. Grid density and temporal resolution verification

To ensure the solution’s accuracy, a grid density independence
study was performed. This evaluation aimed to accurately delineate
the vapor-liquid interface at a specific temporal snapshot, examining
a range of grid configurations denoted by N eses = [50 X 50,100 X
100, 200%200, 300x300, 400x400]. Utilizing OpenFOAM’s simpleGrading
approach, with a grading ratio of (15,1, 1), facilitated a denser mesh
near the heating surface essential for detailed vapor interface resolu-
tion. Fig. 4 showcases the precision in capturing the vapor interface
across these mesh sizes.

After evaluating both the computational load and the accuracy of
the results, a mesh configuration of 300 x 300 was selected for all
future simulations. This mesh density provides a balance, offering near-
equivalent accuracy to the 400 x 400 configuration but with a more
efficient use of computational resources.

Subsequent to establishing mesh density, the study proceeded with
analyzing the independence of time step size based on the Courant
number. The selection of an appropriate time step is crucial in com-
putational simulations to adhere to the Courant-Friedrichs-Lewy (CFL)
condition, which serves as a guideline for numerical scheme stability.
The CFL criterion is defined as:

U, At

Co= 2% 24
© Ax @49
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Fig. 1. Schematic showing the boundary constraints for laminar film boiling along a vertical interface. The white area represents the vapor film, the blue area indicates the liquid
water at saturated temperature, and the gray cylinder has a supersaturated temperature of 4 K above the saturated temperature. Gray spheres, scattered randomly in both the

vapor and liquid areas, represent the nanoparticles.

where Co denotes the Courant number, U,,, is the peak flow velocity,
At represents the time step, and Ax is the minimum dimension of the
spatial grid. To ensure stability, the Courant number should remain
below 1, ensuring that the simulation’s physical information does not
traverse more than one cell per time step, thereby maintaining the
simulation’s integrity.

As observed in the grid density independence study, a 300 x 300
grid with a simpleGrading of 15, 1, 1 was used to enhance resolution at
the wall, where the most significant gradients are found. From Fig. 5,
it is apparent that the vapor-liquid interface in simulations with higher
Courant numbers (such as Co = 0.5 and Co = 0.1) displays considerable
disturbances. As the Courant number decreases, these fluctuations di-
minish, reaching minimal levels at Co = 0.005. This level of disturbance
is nearly identical to that observed at a lower Courant number of Co
= 0.001. Therefore, Co = 0.005 was chosen. This Courant number
balances numerical stability and computational efficiency, following
the CFL criterion. It minimizes discretization errors while ensuring an
accurate representation of the fluid’s temporal dynamics.

2.6. Dimensionless analysis of results

This study presents results using dimensionless numbers, enabling
a normalized analysis of the physical phenomena. This method allows
for effective comparisons across various scales and conditions.

The radial coordinates are normalized using the dimensionless pa-
rameter [84]:
- 25)

5ref 1

r=

where 6, is the reference length scale, presenting the vapor film
thickness in the nanoparticle-free scenario when it reaches its steady

state.
Time is dimensionally normalized as [84]:

tu
= r=—°% (26)

s 5 -
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Fig. 6. Comparison of liquid nanofluid volume fraction (a,,) at r* = 0.15 for (a) size 5 nm, (b) size 10 nm, (c) size 30 nm, and (d) size 50 nm nanoparticles. Blue color indicates
a,; = 1, representing the liquid phase, while red color denotes a,; = 0, signifying the vapor phase. The left boundary shows the heated cylinder wall.
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Fig. 8. Concentration profiles of Al,O; nanoparticles of different sizes at and near the heated wall over time during film boiling. The data is captured at a constant axial position

(x* =40) on the cylinder’s surface for multiple non-dimensional times 7*.

The temperature field is normalized relative to the saturation tem-

perature and the wall temperature:
T- Tsat

T, T,

wall — 4sat

T = 27)

The dimensionless Nusselt number, an indicator of heat transfer

effectiveness, is normalized according to [84]:
— *
No = (p) oT
1* or*

(28)

.
r*=R/8 ]

where k(@) represents the thermal conductivity of the vapor nanofluid
phase near the heating surface to the thermal conductivity of pure
vapor.

A spatially-averaged normalized Nusselt number is used for a com-
prehensive understanding:

‘/‘L k(g) oT*
dx
0 1* or* 1r*=R /6

L

This equation aggregates local Nusselt number variations along the
length L and surface radius R of the vertical cylinder, providing an
integrated perspective on heat transfer distribution.

(29)

Nuspav =

3. Result and discussion

This study delves into the effects of varying sizes of Al,O; nanopar-
ticles (5 nm, 10 nm, 30 nm, and 50 nm) in water-based nanofluids on
the heat transfer performance of film boiling along a vertical cylinder.
This section discusses the influence of nanoparticle size on different
aspects of flow, particularly examining aspects such as film thickness,
nanoparticle concentration distribution, temperature distribution, and

10

changes in essential thermophysical properties including thermal con-
ductivity, viscosity, and surface tension. Additionaly, a part of the
analysis is dedicated to exploring how these different nanoparticle sizes
influence the Nusselt number. This dimensionless number is used for
understanding the heat transfer performance in the film boiling process.

The contour representation of liquid nanofluid volume fraction
depicted in Fig. 6 portrays the variation in vapor film thickness on a
heated cylinder wall in the presence of nanofluid comprising nanopar-
ticles of different diameters. The vapor film is represented by the
extent of the red region adjacent to the wall. Due to the substantial
elongation of the cylinder relative to the vapor film thickness, a full-
length depiction encompassing the vapor film would compromise the
interpretability of the figure. Consequently, only a limited yet illustra-
tive segment of the vapor film and the adjacent liquid nanofluid along
the cylinder wall is showcased.

A detailed assessment of Fig. 6 indicates that the vapor film exhibits
the most considerable thickness when the nanofluid contains nanopar-
ticles of 5 nm. A marginally diminished thickness is observed for the
10 nm nanoparticles. For nanoparticles with diameters of 30 nm and
50 nm, the vapor films exhibit almost identical thicknesses, though
the film associated with the 30 nm nanoparticles is minimally thicker
than that associated with the 50 nm ones. However, these thick-
ness differences are less pronounced compared to those observed with
nanoparticles of 5 nm and 10 nm diameters. A comprehensive analysis
of this phenomenon is presented in Fig. 7, which provides a more
detailed comparison across the nanoparticle size spectrum.

Fig. 7 presents nanofluid volume fraction profiles over time, using
dimensionless radial coordinate (r*) and dimensionless time (*), to
explore the vapor-liquid interface dynamics during film boiling with
Al, 05 nanoparticles of different sizes. The vapor-liquid interface, seen
as a rapid transition from a volume fraction of zero to one, exhibits
varying growth rates dependent on nanoparticle size.
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with nanoparticle size at a non-dimensional time of r* = 0.15. Probes are placed at a consistent axial position of x* = 40.

dnp = 5 nm

{=---dpp = 10 nm

-==-dpp = 30 nm

- {==--dpp = 50 nm

|

|
1.6 1.62

| | |
1.64 1.66 1.68 1.7 1.72

Normalized Radial Coordinate r*
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Fig. 12. Comparison of dimensionless temperature (T*) profile at t* = 0.15 for (a) size 5 nm, (b) size 10 nm, (c) size 30 nm, and (d) size 50 nm nanoparticles. The left boundary
shows the heated cylinder wall.
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With the progression of time, smaller nanoparticles (5 nm and
10 nm) demonstrate a quicker movement of the vapor-liquid interface,
indicating a size-related enhancement in film growth rate. This accel-
erated interface growth, especially prominent with smaller nanopar-
ticles, suggests a more vigorous boiling process, potentially leading
to a higher rate of vapor generation. A contributing factor to this
phenomenon is the increased surface area provided by smaller nanopar-
ticles, which promotes more efficient heat transfer due to the larger
interface available for energy exchange.

In contrast, the impact of size on the growth rate of the interface
for larger nanoparticles (30 nm and 50 nm) appears more subdued. The
similar behavior of the interface for both 30 nm and 50 nm particles
might indicate a threshold beyond which the effect of nanoparticle size
on vapor film dynamics stabilizes, and reach a plateau as particle size
increases.

The concentration profiles of Al,O; nanoparticles of different sizes
are depicted in Fig. 8, illustrating their concentration adjacent to the
heated wall in this film boiling scenario. The initial uniform concentra-
tion of nanoparticles in the liquid nanofluid is 1 x 1072,

These profiles reveal that smaller nanoparticle sizes, compared to
larger nanoparticles, correspond to higher concentrations at and near
the wall. This trend becomes increasingly apparent over time, as ob-
served at various non-dimensional times, r*. The emergent patterns
imply that finer nanoparticles have a more significant effect on the
boiling heat transfer process.

The proximity of the heated wall plays a pivotal role in the boiling
phenomena of nanofluids, directly influencing the heat transfer effi-
ciency as characterized by the Nusselt number. Fig. 9, Fig. 10, and
Fig. 11 showcase the variations in thermal conductivity, viscosity, and
surface tension adjacent to the heated surface. These thermophysical
properties are crucial for determining the heat transfer and fluid dy-
namic behavior of nanofluids and are subject to modifications based
on the size-specific attributes of the dispersed nanoparticles.

Fig. 9 presents the impact of nanoparticle size on thermal conduc-
tivity, depicted across the normalized radial coordinate for a given non-
dimensional time step, ¢*. It is observed that the thermal conductivity
of the nanofluid is influenced by the size of the dispersed nanoparticles.
Specifically, smaller nanoparticles contribute to an increase in thermal
conductivity. In contrast, the augmentation in thermal conductivity
diminishes with larger nanoparticles.

Kinematic viscosity profiles for nanofluids containing various sizes
of nanoparticles are elucidated in Fig. 10. These profiles are crucial for
understanding the flow dynamics in film boiling applications, where
viscosity plays a significant role.

The data presented in Fig. 10 reveals that kinematic viscosity in-
creases inversely with nanoparticle size. This trend implies that smaller
nanoparticles disrupt the fluid’s laminar flow more than their larger
counterparts, resulting in increased viscous forces. The findings suggest
a trade-off between the thermal conductivity benefits provided by
smaller nanoparticles and their impact on increasing viscosity, which
could translate to higher energy requirements for fluid circulation in
practical heat transfer systems. Notably, the 5 nm nanoparticles demon-
strate the most increase in viscosity, potentially harmfully affecting the
fluidity. Conversely, larger nanoparticles, particularly those of 30 nm
and 50 nm, present less impact on viscosity increase, indicating that
the size effect on viscosity may plateau beyond a certain nanoparticle
diameter.

The implications of these figures are significant for the design and
application of nanofluid-based cooling systems. The optimal nanopar-
ticle size for such applications would be one that balances the dual
objectives of improved thermal conductivity and manageable viscos-
ity, ensuring enhanced heat transfer performance without incurring
prohibitive pumping costs.

Surface tension is another crucial factor affecting the boiling behav-
ior of nanofluids, as it directly influences bubble nucleation and stabil-
ity. The dependency of surface tension on nanoparticle size is demon-
strated in Fig. 11, with the assessment conducted at a non-dimensional
time #* = 0.15.
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Analysis of the data presented in Fig. 11 reveals that nanofluids
with smaller nanoparticles exhibit a reduction in surface tension. The
most pronounced decrease is observed in nanofluids with the smallest
nanoparticles (5 nm). Conversely, as the nanoparticle size increases, the
influence on surface tension becomes less intense.

The implications of reduced surface tension are multifaceted within
the boiling process. With smaller nanoparticles, the facilitated bubble
formation and release could lead to an improved boiling efficiency.
Meanwhile, the subtle effect of larger nanoparticles on surface tension
points to a marginal impact on the boiling dynamics.

Fig. 12 depicts the dimensionless temperature (7*) distributions
within the studied domain, differentiated by the nanoparticle sizes.
From the heated surface outward, the temperature decreases to reach
the saturation temperature of the liquid nanofluid. The study progresses
by examining Fig. 13, with the goal of uncovering more pronounced
distinctions and additional insights.

Fig. 13 showcases the normalized temperature profiles for nanoflu-
ids comprising nanoparticles of various sizes (5 nm, 10 nm, 30 nm,
and 50 nm), illustrating the thermal gradients during the boiling pro-
cess. Derived from line probe measurements, these profiles reveal a
temperature decrement from the wall towards the fluid’s bulk. The
observed convergence in profiles for larger nanoparticles (30 nm and
50 nm) implies a size beyond which the temperature profiles become
relatively close. The transition from a steep near-wall gradient to a
more leveled curve away from the wall indicates the expansion of the
thermal boundary layer, a phenomenon pivotal to nanofluid boiling
heat transfer.

The influence of nanoparticle diameter and volumetric concen-
tration on the space-averaged normalized Nusselt number, mspav, is
shown in Figs. 14, 15, and 16. The study assesses the enhancement
in heat transfer of nanofluids with nanoparticle diameters of 5 nm,
10 nm, 30 nm, and 50 nm, at varying nanoparticle concentrations,
@. The enhancements in the Nusselt number are quantified at steady-
state conditions and are relative to the base fluid without nanoparticles,
serving as the reference point for comparison.

At a nanoparticle concentration of ¢ = 5 x 1073 (Fig. 14), enhance-
ments in the Nusselt number relative to the pure fluid are observed to
be 5%, 4.62%, 4.12%, and 1.07% for nanoparticle diameters of 5 nm,
10 nm, 30 nm, and 50 nm, respectively. These findings indicate that at
lower concentrations, the impact of even smaller nanoparticles on heat
transfer efficiency may diminish, as evidenced by the closely aligned
enhancements across the 5 nm, 10 nm, and 30 nm diameters. This
illustrates a nuanced perspective that, although smaller nanoparticles
can significantly affect thermal performance, their impact at lower con-
centrations tends to be less marked, leading to more subtle distinctions
in heat transfer enhancements among various nanoparticle sizes.

As the concentration increases to ¢ = 1 x 1072 (Fig. 15), the impact
of nanoparticle size on heat transfer efficiency becomes increasingly
evident. For nanoparticle diameters of 5 nm, 10 nm, 30 nm, and
50 nm, the enhancements in the Nusselt number relative to pure fluid
are recorded at 10%, 7.30%, 4.99%, and 2.88% respectively. These
findings underscore that higher concentrations magnify the influence
of nanoparticle size on thermal performance. Notably, while 5 nm
nanoparticles demonstrate the most substantial heat transfer improve-
ment, the emergence of a significant performance differentiation for
10 nm nanoparticles relative to the larger 30 nm and 50 nm sizes is
observed. This delineation suggests that nanoparticles with diameters
of 10 nm and smaller become effective in augmenting the Nusselt num-
ber, highlighting their advantage for enhancing heat transfer efficiency
at elevated nanoparticle concentrations.

At the highest analyzed nanoparticle concentration of ¢ =2 x 1072
(Fig. 16), the observed enhancements in the Nusselt number relative to
pure fluid for nanoparticles with diameters of 5 nm and 10 nm are sig-
nificant, at 48.29% and 25.82% respectively. This underlines the sub-
stantial impact of smaller nanoparticles on the enhancement of boiling
heat transfer efficiency. In contrast, for nanoparticles with diameters of
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30 nm and 50 nm, the increases in the Nusselt number are more modest,
at 7.88% and 5.10% respectively. These observations, consistent across
Figs. 14, 15, and 16, suggest that the influence of nanoparticle size on
the Nusselt number begins to diminish for larger diameters, indicating
a diminishing return on heat transfer enhancement with increasing
nanoparticle size.

4. Conclusion

The investigation into the impact of nanoparticle size on the film
boiling of nanofluids has elucidated several key aspects of thermal
transfer and fluid dynamics. This study specifically focused on Al,0O4
nanoparticles of varying sizes dispersed in water, examining the conse-
quent effects on the boiling process along a vertical cylinder. Advanced
computational simulations, facilitated by the
Continuous-Species-Transfer method within a Computational Multi-
Fluid Dynamics framework, have significantly deepened the compre-
hension of the impact of nanoparticle size on the thermophysical at-
tributes and boiling heat transfer efficiency of nanofluids. The findings
can be summarized as follows:

Nanoparticles of 5 nm and 10 nm diameters significantly expe-
dite the vapor-liquid interface expansion, suggesting an efficient
boiling process with enhanced vapor generation and cooling ef-
ficiency due to increased surface area and interactions at the
thermal boundary layer.

Larger nanoparticles (30 nm and 50 nm) show a diminished
impact on interface growth rate, indicating a plateauing effect of
size on boiling heat transfer beyond a certain threshold.
Thermophysical properties, namely thermal conductivity, viscos-
ity, and surface tension, are markedly influenced by nanoparticle
size. Smaller nanoparticles improve thermal conductivity and
reduce surface tension, beneficial for heat transfer and bubble for-
mation, respectively, but inversely increase kinematic viscosity,
potentially complicating fluid dynamics.

A nuanced trade-off exists between the thermal benefits provided
by smaller nanoparticles and their impact on viscous resistance,
underscoring the need for optimization in nanofluid design to
balance enhanced heat transfer with the energy requirements for
fluid circulation.

The investigation demonstrates that nanoparticle diameter and
concentration directly affect the space-averaged normalized Nus-
selt number, with smaller nanoparticles (5 nm and
10 nm) offering substantial improvements in heat transfer effi-
ciency at higher concentrations. This highlights the critical role
of nanoparticle size and concentration in enhancing boiling heat
transfer.

In conclusion, the study affirms the pivotal role of nanoparticle size
in dictating the boiling heat transfer performance of nanofluids. Smaller
nanoparticles (5 nm and 10 nm) are identified as significantly beneficial
in improving boiling heat transfer efficiency, particularly at higher
concentrations, through mechanisms, some of which may involve en-
hanced thermal conductivity and reduced surface tension. However, the
increased kinematic viscosity presented by smaller nanoparticles poses
a challenge, necessitating a balanced approach in nanofluid formula-
tion to optimize thermal management capabilities without incurring
prohibitive pumping costs. These insights offer a valuable foundation
for future research and the development of nanofluid-based thermal
management systems, emphasizing the importance of nanoparticle size
selection to achieve desired thermal performance outcomes.
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