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Abstract

In the present work, a new simulation of nanofluid/vapor two-phase flow inside the 2-D rectangular boiling chamber was
numerically investigated. The Eulerian—Eulerian approach used to predict the boiling curve and the interaction between two
phases. The surface modification during pool boiling of silica nanofluid represented by surface roughness and wettability is
put into the account in this simulation. New closure correlations regarding the nucleation sites density and bubble departure
diameter during boiling of silica nanofluid were inserted to extend the boiling model in this work. Besides, the bubble wait-
ing time coefficient which involved in quenching heat flux under heat flux partitioning HFP model was corrected to improve
the results of this study. The numerical results validated with experimental works in the literature, and they revealed good
agreements for both pure water and nanofluids. The results found that when improving the heat flux partitioning model HFP
by considering the surface modification of nucleate pool boiling parameters, it will give more mechanistic sights compared
to the classical model, which is used for predicting of boiling heat transfer of pure liquid.
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evap Evaporative
conv Convection
Introduction

During the last decades, considerable efforts have been made
by experts of thermofluids and heat transfer to investigate the
boiling heat transfer process. The high heat transfer rate that
could be removed during this heat transfer mode was a mas-
sive motivation for the researchers of the heat transfer area to
understand well this physical phenomenon. Boiling and two-
phase flow encountered in various industrial applications
such as boilers tubes, evaporators, air conditioning, cooling
of high heat flux dissipation electronic systems, cooling of
nuclear reactors, some chemical process [1-6]. Pool boiling
is a type of boiling that involves boiling of the stationary lig-
uid inside the vessel (boiling chamber), and it is encountered
in the aforementioned industrial application. To enhance the
heat transfer rate during this process, many efforts have been
focused on previous studies to modify the characteristics of
the heating surface and use a mixture of different pure fluids
[7-11], while others investigated the effect of additives to
the working fluid [12, 13]. The concept of new-engineered
thermal fluids with efficient thermal properties by adding
solid nanoscale material firstly introduced by Choi [14] and
thus termed as “nanofluids” which are engineering colloidal
suspension of nanoparticles with basefluids with the aim to
intensifying the thermal conductivity of those fluids.

Pool boiling using pure liquids and nanofluids has been
investigated extensively during the last decade, but knowl-
edge on the modeling of pool boiling of nanofluids is still
limited. It is widely known that the boiling of pure liquids
complex and the presence of ultrafine particles increase this
degree of complexity due to the interaction between exist
phases, their interfaces and the heating surface [15]. Some
new investigations show that many factors were affecting
the pool boiling of nanofluids such as particle size, con-
centration, heating surface structure and bubbles dynamic;
hence, studying such mechanisms theoretically need further
investigations to build an accurate predictive model [16—18].
One of the most critical sub-phenomena involved in pool
boiling of nanofluids is bubble dynamics during the nucleate
regime; therefore, studying the bubble parameters with the
presence of those ultrafine particles could result in an accu-
rate predictive model for such mechanism. Salari et al. [19]
experimentally investigated the pool boiling performance of
gamma Fe;0, aqueous nanofluids on a flat disk heater. They
studied the influence of various operating parameters such
as heat flux, nanoparticle concentration and fouling resist-
ance on pool boiling heat transfer coefficient. Their results
demonstrated that the pool boiling heat transfer coefficient
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increased with increasing the mass concentration and the
applied heat flux.

Aminfar et al. [20] numerically studied the nucleate pool
boiling of SiO, and Al,O; nanoparticle-based nanofluids
on a heating surface plate. They used in their simulation
two and three phases mixture models to mimic pool boil-
ing using nanofluids; their results proved that the two-phase
model was able to predict this mechanism more accurately
than three-phase model using effective thermophysical prop-
erties for nanofluids. Kim et al. [21] adopted a numerical
simulation of saturated water and Al,O;—water nanofluid on
a vertical surface using the volume of the fluid model (VOF).
They used different superheated temperatures with a range
of (5-20 K) and various concentrations for nanoparticles.
Their results found that there was an agreement for the size
and shapes of vapor bubbles between the numerical results
and the experimental measurements for all superheat tem-
peratures. Moreover, the void fraction and the temporal heat
flux increased with increasing superheat temperatures, and
this is due to the enhancement of thermal conductivity with
the higher volume fraction of nanoparticles.

Gobinath et al. [22] studied the thermodiffusion (soret-
effect) of water-alumina nanofluid at sub-cooled pool boil-
ing conditions numerically. They conducted an experimental
investigation of pool boiling on a horizontal tube with vari-
ous subcooled temperatures for alumina nanofluid to validate
their model. Numerical results found to have an excellent
match between the measured and prediction temperature val-
ues. The thermophoresis velocity became less effect for par-
ticle motion close to the heater surface with amplified heater
inputs. Moreover, heat diffusion from particles found to be
much faster than usual compared to the heat transfer due to
particle Brownian motion. Ham and Cho [23] investigated
the effect of volume fraction and nanoparticles size on Al,O;
nanofluid numerically using the heat flux partitioning model
(HFP). They used different contact angles for liquid—surface
interaction to examine the critical heat flux CHF for water
and nanofluid. Different concentrations of nanoparticles, as
well as particle size, used to see their effect on CHF and
bubble dynamics. They concluded from their investigation
that the nanofluid has a higher CHF about 1509 kW/m? than
water as a working for surface roughness about 0.1 pm and
concentration 0.025 vol%, and this value becomes higher
than other volume fraction and similar for other size parti-
cles. Moreover, the frequency of bubble departure reduced,
and the bubble departure diameter increased at higher nano-
fluid volume fraction, but these bubble dynamics parameters
not influenced by nanoparticle size under the same operat-
ing conditions. Mahdavi et al. [24] studied the pool boiling
of nanofluid behavior numerically on two horizontal tubes
with the various inclination and pitch distance by adopting
the Eulerian—Lagrangian approach. They implemented new
closure correlations in their model as a user-defined function
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for nucleation sites density and bubble departure diameter
based on the nanoparticle deposition effect and surface
roughness enhancement for nanofluids. On another hand,
they model the particle effect by tracking them everywhere
in the physical domain via the lagrangian approach by using
the discrete phase model (DFM). Their results detected that
the percentage of deposition is dependent on heat flux and
particle volume fraction. Besides, heat transfer performance
increases with increasing the pitch distance of the tubes.
Moreover, the numerical results show good agreement to
those of experimental study in the literature. Numerical
study of nucleate pool boiling using ferrofluids by applying
non-uniform magnetic field on horizontal surface is adopted
by Mohammadpourfard et al. [25]. They predicted heat and
mass transfer during pool boiling phenomena under affecting
the negative and positive gradient of the magnetic field via
a mixture model. Results of the simulation study found an
agreement to experimental data, and the heat transfer perfor-
mance increased by applying the negative gradient magnetic
field for ferro-particles compared to those of the absence
of a magnetic field. Moreover, the existence of a magnetic
field with a negative gradient led to elongate the bubbles in
the direction of the magnetic line. Mortezazadeh et al. [26]
used the eulerian-eulerian framework to predict the nucleate
pool boiling of ferrofluid with a magnetic field. They also
modified the heat flux-partitioning model under the boiling
model to including the boiling parameters in their account.
Their results showed that using nanoparticles causes deg-
radation in the boiling heat transfer performance and void
fraction. Moreover, using the magnetic field enhanced those
reductions.

Up to date and according to the reported literature, there
is still no robust model or correlation to predict nucleate
pool boiling of nanofluids precisely. Efforts are going on to
conduct more experimental investigations to get extensive
empirical or semi-empirical correlations regard to heat and
mass transfer during pool boiling of nanofluids and their sub
phenomena such as bubbles dynamic, surface interaction and
transient conduction to build a robust model. Hence, in this
simulation, efforts have been made to predict the nucleate
pool boiling heat transfer mechanism using a boiling model
under a two-phase Eulerian approach, which included and
implemented new closure correlations related to boiling
parameters such as bubble departure diameter, nucleation
site density from experimental work in the literature. Moreo-
ver, the bubble waiting time coefficient in the quenching heat
flux part was corrected via try and error procedure and cor-
related to superheat temperature for the first time to predict
pool boiling heat transfer using silica-based water nanofluid
with dilute volume concentration.

Assumptions and theoretical formulation
Assumption

In the Eulerian multiphase scheme (two-fluid model), the
liquid behaves as the continuous phase, and vapor bub-
bles are the disperse phase. Due to near molecular mixing
between the dilute concentration of nanoparticles and the
base fluid, a nanofluid hydro dynamically behaves as it is
pure base fluid, and therefore, single-phase modeling of
nanofluid is reasonable to assume. On another hand, it was
also believed that the vapor-phase is not dense enough to
hold the nanoparticles within so, we assumed that the ther-
mal properties of the vapor phase were not influenced by
stable nanoparticles, as suggested by [16—18, 26].

Governing equations

Two sets of conservation equations governing the balance of
mass, momentum, and energy of each phase are presented
as follows [15, 27]:

Continuity equation

o(pay)

ot + V. (pkakvk) = mk] (1)

Momentum equation

(o)
ot
= VP - pyg+V [akyi<Vvk + (Vvk)T>]

+ V- (pkakvkvk)

Energy equation

a(po E,
% +V. (PkakaEk)
= V]ak (VT,)] + (g By + iy ) + Sy 3)

where; the subscripts of k and j are phase denotations (k,
j=1"for the liquid phase and k, j=g for vapor phase.

In these equations my; is interfacial mass transfer in the
liquid phase on the surface heater. In the bulk liquid, this
quantity is equal to zero. This is because pool boiling begins
at a saturation temperature. (rhkj Vi + rhjkvj), in the momen-
tum, the equation represents the momentum transfer due

@ Springer



496

M.S. Kamel et al.

to liquid evaporation or vapor condensation. In addition,
(rhyE, + riv E; ) in the energy, equation stands for the energy
transfer due to phase change.

Phase interaction mechanism

In the present simulation, to solve the governing equations
formulating the phase interaction that related to interfacial
momentum, heat and mass transfer are included. Firstly,
for the viscous model, there are two typical flow regimes,
which are the laminar and the turbulent models; due to the
physical nature of vapor bubbles and the dynamics related
to them, it was considered a chaotic phenomenon, and then
the rough model with two equations k — € model is selected
as it is recommended by [15]. The interaction between the
liquid—vapor phases could induce some forces such as drag
force, lift force, wall lubrication force, and turbulent dis-
persion force. In the present simulation, we focused on the
following models in order to mimic the phase interaction.
Ishii [28] model was adopted in this simulation as follows:

CD = Min(CD, vis? CD,diS) @

where; Cp, is the drag coefficient and is determined by
selecting the minimum of Cp_, Cp 4; Which are the viscous
regime and the distorted regime coefficients, respectively.
The formula of those coefficients given by the following
expressions:

24

Cp vie = — (1 +0.15Re%7
b.vis = gl ") )
2 dyyppie
CD,dis - g—a (6)
G(ﬂl_ﬂg)

where; Re is the relative Reynolds number as shown in
Egs. (7), (8), o is the surface tension, and G is the gravita-
tional acceleration and d, . is the bubble diameter (note:
all units for physical quantities shown in nomenclatures list).
The relative Reynolds number for the water phase (1) and
vapor phase (g) defined as:

_ Pl'z - W’dg

Re @)

H

In this work, the effects of turbulent dispersion forces
that account for the interphase turbulent momentum transfer
were included. The chaotic dispersion force acts as a turbu-
lent diffusion in dispersed flows. The Lopez de Bertodano
[29] model for turbulent dispersion force of bubbles disper-
sion was utilized in this simulation as follow:
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Fyy=—-Fye = CrppKiVo, (8®)

where; p, is the continuous phase density (water or nano-
fluid), K| is the turbulent kinetic energy for continuous
phase, Vg, is the gradient of dispersed phase volume frac-
tion (vapor), finally, C;p is a user-modifiable constant and
this by default equal to 1.

For heat transfer between the continuous phase (water)
and the dispersed phase (vapor) was included, and this trans-
ferred energy could accrue due to the non-thermal equilib-
rium across the interphase [12]. To determine the heat trans-
fer coefficient between the continuous and dispersed phases
(hg = kyNuy /dy e )- the Ranz—Marshall model [30, 31] was
selected in this work to model the heat transfer via phase
interaction; the following expression represented this model.

Nug = 2.0+ 0.6Pr]**Re)? )

where; Re, is the relative Reynolds number based on the
diameter of the dispersed phase (bubble diameter), and rela-
tive velocity |Vg — V}|, and Pr, is the Prandtl number of the

continuous phase (water) as follows.

Cp,lﬂl
ky

Pr=

10)

where; Cp,l, 1, and k; are the specific heat, viscosity and ther-
mal conductivity of continuous phase (water), respectively.

Heat flux-partitioning model (HFP)

The heat and mass transfer during the nucleate pool boil-
ing of pure liquids has been commonly predicted by using
the Rensselaer Polytechnic Institute model [32, 33], which
is called the RPI model. In this classic boiling model, the
total heat flux g, from the surface is governed by three
heat transfer mechanisms: the heat flux due to the natural
convection that represented by the energy transfer from the
formation bubbles to the bulk liquid g, the heat flux due
to the latent heat of vaporization ¢,,, and the heat flux due
to quenching Gg,,, Which is the process of the periodic aver-
aged transient energy transfer related to liquid filling the wall
vicinity after bubble separation [15-18].

qtotal = qconv + Qevap + qquen (1 1)

where, Geonys Gevap AN qyen represent the total heat flux com-
ponents transferred by natural convection, evaporation, and
quenching, respectively.

(1-A

qCOl’lV =

quen) X hconv X (TW - Tl) (12)
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. T
Qevap = gDidpvaahfg (13)
unen = \/i;_quuen \Y; twﬂlplcp,l(Tw - Tl) (14)

where, Dyg, [ Nys Aconys Aquen @nd 7, are the bubble depar-
ture diameter, bubble frequency, active nucleation sites, the
area fractions of the heater surface related to convection
and quenching mechanisms, and the bubble waiting time,
respectively.

According to our best knowledge, nucleate pool boing
parameters, especially the nucleation of bubbles and their
departure diameters could be affected by the porous layer,
which high on the heating surface during the boiling of nano-
fluids. Therefore, efforts should be put to take into account
the modification of the heating surface due to the deposition
of nanoparticles through a pool boiling phenomenon. There
are vast correlations in the literature that described the pool
boiling parameters of pure liquids and those correlations
successful in validating the boiling of conventional fluids.
To predict the nucleate boiling using nanofluids, the settings
above must be formulated according to the modification of
the heating surface characteristics.

A semi-analytic model was introduced by [34] to predict
the active site density. In this model, the effect of nanopar-
ticle deposition on bubble nucleation sites was introduced.
The wettability enhancement parameter and nanoparticle
size relative to the surface roughness were included, as
shown in Eq. (15).

15163 PR, PR\*| 4
N =218.8=Pr 14.5-4.5 +04 p
14 o c

R

05 ~04
a ATSUP
SN

effects of particle size relative to the surface roughness could
be adequately considered, Eq. (17) was reformulated in this
work by the following expression:

PR, PR\’
N = ﬂPrll'“ l14.5—4.5< “) +0.4< “) ]
Y c c

R 0.4
-0.4
ﬁ 0 §<d_a> ATS3up

P (17)
where:
5(%) _ 0.275(5—:)_1'2(%) <10 "

0.68
o.275+o.7911(’i—1) (’i) > 1.0
dP dP

where y is the wall-liquid interaction parameter that is

defined in Eq. (19), and it is re-defined in the above correla-

tion due to the deposition of the nanoparticles layer.
ApPpCop

Aoy Cp,l

Y= 19)

Li et al. [18] proposed a new correlation of nucleation
site density by fitting data of nanofluids experimental study,
and for the purpose of validation of the present model, we
inserted this correlation as UDF in this study.

N =1.206 X 10*(1 = cos O)ATZ, (20)

as)

where P, R, and dp stand for the pressure, average surface
roughness, and nanoparticle diameter, respectively. Moreo-
ver, y is the wall-liquid interaction parameter determined by
the surface and liquid materials, and f is the surface wetta-
bility improvement parameter described as follow:

1 — cosf
b= 1 — cosf*

16)

where 8 and 6" are the liquid contact angle on the nano-
coated and clean surface, respectively.

Das et al. [35] showed that heat transfer by nanofluids
was degraded when Ra/afp value reaches 1.0; otherwise,
heat transfer enhanced as R,/d, was away from 1.0. They
proposed when R, /d,, was near 1.0, deposited nanoparticles
reduce the active site density. Otherwise, when the surface
roughness and particle size were slightly far from more
active site density would be created. Therefore, so that the

On another hand, bubble departure diameter is also con-
sidered as an essential boiling parameter and needs more
attention if we are looking to predict the boiling of nanoflu-
ids. Many correlations regarding bubble departure diameter
are available in the literature for experimental data of pure
liquid, but it is still challenging to observe that for nanofluid
nucleate boiling. As aforementioned in previous sections,
the modification for surface characteristics due to the nano-
particle deposition during the boiling of nanofluids has a
significant effect on bubble departure. Phan et al. [36] sug-
gested that the enhancement of wettability has affected the
bubble departure, and they proposed a correlation based on
the Fritz correlation in which the contact angle is included.

2+3cosh —cos’ 0
4 g(p = pg)
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This correlation is still limited, while other essential influ-
ence parameters are neglected. Up to date, it is challenging
to formulate a robust correlation of the bubble departure
diameter for pure liquids, not to mention so many merits in
using nanofluids that makes them very challenging. In the
present study and for the purpose of simplification, a poly-
nomial correlation was utilized by fitting the data of Gerardi
et al. [37], and this was used by [18], in previous work.

dy, = —1.91 X 107 + 421125 X 107*AT,
-5 2 -7 3
= 170945 X 10 AT, +2.03938 X 1077AT, sy

S

The bubble departure frequency was correlated to d,,, as
widely observed to have a tendency to this parameter, and
it was found to be decreased as bubble departure diameter
increased, and this by means both pure liquids and nanoflu-
ids. It defined as:

1
By

f (23)

The index n has a various values in most popular correla-
tions, for instance, the Stephan correlation [18, 38] Eq. (24)
the index=(1.5), and in Cole correlation Eq. (25) [18] the
index = (0.5), Hatton—Hall correlation [18, 39] is equal (2)
Eq. (26).

1 g 40
== 1+ 24
f s 2dbw < d§Wp1g> ( )
4g(p - pg)

f=cnf——t (25)

! 3dbwpl

f =284 A
= s0n = (26)

owP1Cpl

Finally, we modified the quenching correction model that
deals with quenching heat flux from the heating surface by
fitting the bubble waiting time coefficient to superheat tem-
peratures of Akbari et al. [40] experimental data as written
in Eq. (28). This correction model predicts the cyclic aver-
aged transient energy associated with liquid filling the heat-
ing surface vicinity after bubble detachment with a cyclic
time ¢, and this can be expressed as:

2k
9quen = Cit \/m (Tw - Tl)Aquen 27
1
(S
Cpp = 0.1 +2.5x [1 _ o ] 08)
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where, k; is the conductivity of the liquid, ¢ is the periodic
time and o is the diffusivity of the liquid phase and C,,,, is the
bubble waiting time coefficient, and it is introduced to cor-
rect the waiting time for bubble departure and consecutive
(the default value for this coefficient is equal to 1).

Boundary conditions

In the present work, the aforementioned governing equations
are subjected to the following boundary conditions:

1. A constant temperature is assumed to be at the heating
surface

T=T,
2. Heat flux is zero at the adiabatic walls

" oT
= — _— = 0
a Y ox
3. At the top of the boiling chamber, the pressure is
assumed to be atmospheric pressure

P =Py,

Physical domain and the numerical method

In this study, the physical geometry is a rectangular cham-
ber, and it was drawn in 2-Dimension, as illustrated in Fig. 1.
The heating surface located in the center of the bottom
chamber with 40 mm, and the dimension of the pool boiling
chamber were (300X 150 mm). The geometry was chosen
as the experimental boiling chamber of [40] for the purpose
of validation, and to ensure that it will not tolerate any edge
effects on the vicinity of the heating wall to avoid the bub-
ble capillary forces from the sides wall. As mentioned in Li
et al. [17, 18] work, the time of transient initial stage was
usually short and the nucleate pool boiling using nanofluids
was mostly characterized by a quasi-steady state; hence, in
this work the nucleate boiling was carried out at steady state

Outlet pressure

Pool boiling chamber

Adiabatic walls
Adiabatic walls

Heating wall

Fig.1 Geometry description of pool boiling model
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by ignoring the time derivative in the first term on the left
hand that appears in Eq. (1), and this was also highlighted
by works in the literature [15, 27]. Moreover, we compared
the heat flux results from the steady-state and transient solu-
tions, and the difference was negligible at different superheat
cases. The transport equations are discretized by using finite
volume method FVM that is solved via commercial CFD
code (Fluent solver). In order to build the computational
mesh, we used the meshing tool available in ANSYS soft-
ware. The physical domain in this study involved a struc-
tured uniform meshes based on a rectangular shape. All the
closure correlations related to nucleate boiling of nanofluids
that adopted in this work incorporated into the fluent solver
as user-defined functions UDFs. The convergence criteria
were achieved at 10000 iterations.

Thermophysical properties of nanofluid

In the present work, dilute volume concentration (0.01 vol%)
of SiO, nanoparticles was used to study the pool boiling
heat transfer of silica nanofluid. Due to the low volume
concentration used in this study, we assumed that there no
bulk property modification happens with this type of nano-
fluids. The negligibility assumption is approved by models
of thermos-physical properties with dilute volume concen-
tration, which are used in this work. Hence, the effective
properties of nanofluid do not deviate significantly from that
of pure water. In addition, surface tension property for nano-
fluid was considered to be the same as pure water due to the
dilute concentration used in this study. The thermophysical
properties of pure water, vapor and nanofluids at saturation
temperature 100 °C [41] are shown in Table 1. The follow-
ing mixture of thermal properties correlations of nanofluids
utilized in the present work.

e Density, used by [26]
Pet = @pp + (1 — @)py (29)
e Heat capacity, used by [26]

_ #p,Cop + (1= 0)p )
peet oo, + (1 — @)py

(30)

499
e Thermal conductivity, introduced by [42]
K, + 2K, - 2¢(K, - K,,)
Ky=K @1
K, + 2K, + ¢(K, - K,)
e Viscosity, introduced by [43]
= M
f= 7 53 32

Results and discussion
Model validation with experimental data

In the present numerical study, the boiling model (RPI
model) with two forms: the classical RPI model (without any
extending for bubble dynamics parameters, and using the
default bubble waiting time coefficient C, = 1), and that the
extended boiling parameters in parallel with a corrected one
C,, as shown in Eq. (28), was firstly validated with experi-
mental data of [40] and the well-known Rohesnow corre-
lation, as shown in Fig. 2. The boiling curve for the heat
flux against superheat temperatures in the nucleate boiling

1200
m Akbari et al. m
— Present model with Eq. (28)
- = Rohesnow Correlation
1000} .__ present model with Cy=1

o]
o
o

400

Heat flux/kW m—=2
()]
3

200

Ll [T Iy

0 5 10 15 20 25 30 35
Superheat temperature/°C

Fig.2 The boiling curve of pure water for the present model com-
pared to experimental data of Akbari et al. [40], and Rohesnow cor-
relation [44]

Table 1 Thermophysical

. . . Property Water [41] Vapor [41] (0.01% vol) SiO,/water
properties of working fluids nanofluid [26, 42, 43]
used in this simulation at -
saturation temperature condition Density/kg m™3 958.35 0.59817 958.47
(100°C) Specific heat/J kg~! K~ 4215.7 2080 4214.9

Thermal conductivity/W m™' K~! 0.67909 0.02509 0.67909
Dynamic viscosity/Pa s 0.000281 0.0000122 0.000281
Surface tension/N m™! 0.0589 - 0.0589
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regime, which revealed a reasonable agreement with pure
water experimental results of [40] with an absolute aver-
age deviation A.A.D about 23% and 3.3% in low and high
heat fluxes respectively. This result was probably due to the
fact that the closure correlations included in the RPI model
were based on data of experimental studies of pure liquids.
Moreover, the geometry that is used for validation purposes
for the present model was chosen according to [40]. Sec-
ondly, the current model was also validated against the clas-
sic Rohsenow correlation for pure water [44], and the results
showed excellent compatibility with an A.A.D of about 7.1%
at low heat fluxes.

As aforementioned in the HFP model description in the
previous section and for the first time, we corrected a new
bubble waiting time coefficient C,, for quenching heat flux
correction model at the RPI boiling model by fitting the
experimental data of [40], as shown in Fig. 3. The results
seem to be more acceptable with experimental data for heat
flux against the superheat temperature, while the model with
the default value of this bubble waiting time coefficient cor-
rection model was mainly over prediction to experimental
data as depicted in Fig. 4. In addition, it was widely believed
that the nucleation site density is a critical boiling parameter,
and the boiling of nanofluids could change the surface char-
acteristics then might increase or reduce the number of the
nucleation sites. In this work, we examined this parameter
to validate our model. The active nucleation sites density
predicted by the present HFP model obtained from fitting
the experimental data of [37] and used by [17, 18]. It was
inserted as UDF in the boiling parameters list of the present
model, and the results show good agreement with experi-
mental results of the literature as depicted in Fig. 5. Moreo-
ver, it is evident that the comparison of the nucleation site
density also showed that the Das et al. [35] correlation was
also able to predict this parameter adequately.

2.8
2.6
2.4
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Bubble waiting time coefficient/-

5 8 11 14 17 20 23 26 29 32 35
Superheat temperature/°C

Fig.3 A bubble waiting time coefficient against the superheat tem-
perature of the present quenching correction model Eq. (28)
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800
—& Present classic RPI model
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Fig.4 Comparison of boiling curves of the present numerical results
against the experimental data of Gerardi et al. [37], and Akbari et al.
[40]

Bubble departure diameter was also considered as an
essential boiling parameter when modeling nucleate boil-
ing phenomenon, and as reported by previous studies that
this parameter could significantly be influenced by many
factors such as the superheat temperature, surface proper-
ties, pressure system as well as liquid properties [18, 37, 45].
Bubble departure diameter of nanofluids increased when the
superheat going to grow at a certain level, and then, it will be
decreasing as superheat temperature continues to increase,
and this trend noticed by [37]. Predicting of bubble depar-
ture diameter in the present model was successfully done
by comparison of the incorporated UDF by using Eq. (22)
for the current extended model and the experimental data of
Gerardi et al. [37], which are used for silica and graphene
nanofluids under atmospheric pressure condition. Figure 6
shows the bubble departure diameter against superheat
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Fig.5 Results of nucleation sties density against superheat tempera-
ture for the present model and closures correlations from the literature
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temperature for the present model compared to experimen-
tal data, and the average absolute deviation was about 11%
between the current model and the experimental data in the
literature. It can be concluded that the pool boiling param-
eters were inserted in this model could predict the surface
modification well when using nanofluids. Moreover, fur-
ther studies should be focus to predict the bubble departure
diameter with the influence of the pressure system, and the
surface and fluid properties to obtain a comprehensive cor-
relation could be used for the boiling of nanofluids.

Void fraction of present model

Figure 7a shows the contours of the vapor volume fraction of
pool boiling using silica nanofluid with different superheat
temperatures at the time (1 s) by adopted transient simula-
tion using above-mentioned extended model. As can be seen,
the volume fraction of vapor phase increased with increasing
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Fig. 7 a Contours of a vapor void fraction of nanofluid at different superheat temperatures, b vectors of a vapor velocity of nanofluid at different

superheat temperatures
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the superheat temperatures, and this is due to the forma-
tion of the bubble during the nucleate boiling regime as the
temperature of heating surface increase the nucleation site
density of bubbles starts to improve, and more agent bub-
bles become dominate on the heating surface. The motion
of those bubbles going up due to the buoyancy effect close
to the top of the boiling chamber. However, in this study, we
focused on presenting the contours of vapor volume fraction
of nanofluid/vapor simulation because there is no remark-
able difference in colors of void fractions depicted for both
pure water and nanofluid/vapor results. Hence, in the next
step, we tried to plot the void fractions with a variation of
superheat temperatures in vertical distance from the center
of the heating surface and by mean both water and nano-
fluid. Figure 7b presents the vapor velocity vectors at the
time (1 s), during the nanofluids/vapor phases. As can see
the velocity of bubbles starts from the center of the enclo-
sure from the heated surface, and on the corners, there is no
bubbles formation to avoid the effect of side wall force on
bubbles motion. The velocity of bubbles increases as super-
heat temperature increases, and this is due to the increas-
ing bubbles formations from sites of the nucleation pro-
cess on the heated surface. The motion of bubbles column
form the center of the heated wall at superheat temperature
(T, =T 4,=20 °C) accelerate when the bubble becomes like
mushroom shape, which makes it significant with a veloc-
ity slower than the velocity of the upward bubbles column
because of the resistance of effect bulk fluid over it. The
velocity of vapor during the boiling process is considered
an important issue due to the dependence of condenser func-
tionality in the two-phase condensation process. Hence, the
predicting of vapor velocity could be useful for pool boiling
experiments using nanofluid.

Figure 8 illustrates the vapor void fractions along the
vertical direction from the center of the heating wall to the

0.30
0.28 Water
e Superheat=10°C

0-26 e Superheat = 15 °C

0.24 Superheat = 20 °C

0.22 Superheat = 25 °C

Nanofluid

\é 0.20 —— Superheat = 10 °C
o 0.18 —— Superheat = 15 °C
© 0.16 Superheat = 20 °C
.g ' -~ Superheat = 25 °C
° 0.14
g 0.12 .,

0.10 '-..

0.08 '0..

0.06 ..."““-..,- '-.....‘.

0.04 “-""-.""0..‘..

0.02 Seesesas

0.00

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22

Distance/m

Fig.8 The void fraction of the vapor phase for pure water and nano-
fluid along the vertical distance with various superheat temperatures
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top of the boiling chamber for both water and nanofluid. It
can be seen that the volume fraction for all cases (water and
nanofluids) increased with raising the superheat temperature,
and this could be attributed to the formation of more bubbles
with high frequencies and size. On another hand, the void
fraction of nanofluid noted to be less than the void fraction
of water, and this is due to the interaction of nanoparticles
with vapor bubbles in bulk fluid, and this trend was studied
by [46, 47]. In addition, the void fraction near the heating
surface (voided region) was more predominant than another
area, and this is due to the high heat flux in this region. It
can be seen that for nanofluid with small contact angle about
(23°), which is used in this study as suggested by [37], the
wettability was enhanced by means of the decrease in con-
tact angle due to the surface modification during the boiling
of silica nanofluid. Hence, less void fraction in this region
than pure water, and this is due to the deposition of nano-
particles during the boiling process, which, in turn, modi-
fied the surface contact angle via enhancing the capillary
wicking force and reducing the nucleation sites by filled the
microcavities in surface structure.

Heat transfer coefficient and HFP components

In the present model, results obtained for pool boiling heat
transfer coefficient against applied heat flux for water and
silica nanofluids are shown in Fig. 9. It can be clearly seen
from the curves that the HTC for nanofluids was degraded
compared to pure water especially for high heat flux values
and this trend noted by experimental data of [37], while the
finding of [40] detected that the nanofluids could enhance
the heat transfer coefficient and this contradictory in results
may be due to the type of nanofluids and the thermo-
physical properties that be used in their studies as well the

26 — Water
—— Nanofluids (Sillica + water)

Heat transfer coefficient/k W m=2 G

0 100 200 300 400 500 600 700
Heat flux/kW m2

Fig. 9 Pool boiling heat transfer coefficient against heat flux for pure
water and silica nanofluid predicted by the present model at volume
concentration (0.01% vol.)
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concentration of nanoparticles. The main influence mecha-
nism that could affect the reduction of HTC for nanofluid is
that the deposition of nanoparticles on the heating surface
during the boiling process. The deposition of those nanopar-
ticles build up the porous nano-layer on the heating surface,
and this nano-layer mainly created due to the microlayer
evaporation process, which in turn, modified the surface
characteristics that could enhance wettability by reducing
the contact angle between the liquid and surface. In addi-
tion, the porous nano-layer on the heating surface could be
a thermal resistance layer that could hinder the rate of heat
transfer from the surface to a liquid. Figure 10 depicts the
components of heat flux partitioning of the present model
for silica nanoparticles mixing with water after correction
of quenching model for a boiling model that has been intro-
duced in Eq. (28). The heat flux-partitioning model HFP
shows that the quenching heat flux plays a significant role,
among other heat flux mechanisms. It can be seen that the
heat removal from heating wall more significant compared
to evaporating and convection heat flux for all values of total
heat flux and this could be attributed to using quenching
correction model for fitting the experimental data of Gerardi
et al. [37], and this correlation was as a function of superheat
temperature. Besides, in the present model, we focused on
the nucleate boiling regime, and this agrees well with finding
that reported by some previous studies [17, 48].

Conclusions

Numerical simulation of pool boiling heat transfer for pure
water and silica-based water nanofluid were carried out. The
heat flux partitioning model under the boiling model was
used to express the heat and mass transfer mechanisms. A
new correlation for the correction of a bubble waiting time

coefficient was proposed and shown good agreement with
the experimental data of pool boiling of pure water. In the
case of nanofluid, the numerical model was integrated with
user-defined functions UDFs for boiling parameters such as
bubble-departure diameter and nucleation site density to take
into account the surface modification during pool boiling of
nanofluid. The results demonstrated that the vapor volume
fraction of pure water is more significant than that of silica-
based water nanofluids for a given value of superheat tem-
perature, and this is could be attributed to the deposition of
nanoparticles on the heating surface during the boiling pro-
cess. Also, the pool boiling heat transfer coefficient results
demonstrated that the PBHTC of nanofluid is lower than that
of pure water. Moreover, the results showed that quench-
ing heat flux plays a major role among other heat fluxes
mechanisms. Finally, to introduce a comprehensive model of
pool boiling using nanofluids, more data from experimental
studies should be taken in the account in the future to obtain
new closure correlations related to the bubble dynamics and
surface modification during boiling of nanofluids.
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