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Abstract

Due to the improvement of heat transfer by nanofluids, an understanding of the interactions
between nanoparticles and the base fluid is essential for simulation. The relative or slip
velocity between nanoparticles and the base fluid is one of the main factors in choosing the
multiphase mixture model approach. In this paper, a new slip velocity is proposed and used to
compare the simulation result to the experimental results of natural convective flow in a
cavity filled with an alumina nanofluid. Therefore, the ANSYS-Fluent 15.0 software is
employed and the new slip velocity is applied as a user-defined function. The new slip
velocity is a result of the combination of Brownian and thermophoretic diffusions, lift,
buoyancy and centrifugal forces, virtual mass, pressure gradient, Van der Waals attraction
and electric double layer repulsion forces. The comparison between these forces and induced
drag force will provide the corresponding slip velocity. The simulation results were in good
agreement with the flow pattern and heat transfer features of the experimental studies in the
literature. It was found that thermophoretic and electrostatic slip mechanisms should
essentially be considered in simulations, as well as buoyancy force. The major effects of
electrostatic slip velocity are mainly seen in concentration higher than 1 vol.%, while
thermophoresis could not be ignored in any concentration. Therefore, the implemented slip
velocity reveals some critical aspects of nanoparticle and base fluid interactions compared to
an algebraic velocity.
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1. Introduction

The applicability of nano-sized materials suspended in liquids for the enhancement of heat
transfer has been a source of much interest in recent years. The improvement of thermal
conductivity and the possibility of uniform distribution are considered to be advantages of
nanoparticles, especially for small ranges of volume concentrations [1-5]. On the other hand,
the negative effects on the mixture’s total viscosity may improve or deteriorate the heat
transfer, particularly for natural convection [6-9].

Many experimental studies on nanofluids have been conducted in a wide range of flow
regimes [10-15], but none of the available theoretical and modelling approaches can fully
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explain the entire phenomena inside the nanofluid. One of the most applicable approaches is
the mixture model where there is a continuum of both the nanoparticles and the base fluid.
The main interaction between phases in the mixture model occurs by implementing relative
velocity. Goodarzi et al. [16], Xuan and Roetzel [17] and Maiga et al. [18] assumed no drift
or slip velocity between the nanoparticles and continuous phase, which contradicts the
observation of other researchers.

Zero slip velocity supports the idea of homogenous distribution or a lack of particle diffusion
inside the base fluid. The abovementioned authors explained the nanofluid mixture properties
as the dominant factor to determine the heat transfer features of the flow. Akbarinia and Laur
[19], Bianco et al. [20], Rashidi et al. [21] and some more in recent years [22—26] considered
centrifugal and gravitational forces as the main reason for the accelerating particle with
respect to the base fluid.

Therefore, they discussed the possibility of non-homogeneity of nanoparticle concentration
distribution inside the mixture. However, they only employed the default algebraic slip
velocity available in the ANSYS-Fluent software without any development for nanoscale
application. Buongiorno [27], Hwang et al. [28] and others [29-34] stated that the diffusion
flux due to the gradient of concentration and thermophoretic force can be the dominant
interaction phenomena between two phases. This idea can be mainly followed by the scale
analysis of Buongiorno [27] and Hwang et al. [28], while comparing it to other mechanisms
such as gravity, inertia, diffusiophoresis, the magnus effect, fluid drainage, viscosity gradient
and non-uniform shear rate. However, it was shown that the influences of slip mechanism
between particles and fluid on flow field cannot be ignored.

The literature review shows that, despite the reasonable prediction of the Nusselt number in
most of the cases, the results of disturbed flow patterns and concentration distribution could
only be reliable when the roles of all the slip mechanisms are considered. Therefore, a new
slip velocity equation is developed for the mixture model in this study with the assumption
that the resulting drag force is induced by each interaction force.

2. Description of the numerical approach
2.1 Mixture model theory

The main assumption of the mixture model is based on the validity of the continuum theory
in a binary mixture. It can easily be verified by checking the Knudsen number less than 0.1

for nanoparticles inside the liquid, as Kn=A4/d,, where 4 and d indicate the mean free

path of the liquid phase (0.3 nm for water) and nanoparticle mean diameter (normally from
50 to 200 nm), respectively. The momentum and energy equations of both phases are
combined to form one set of equations with a mixture of thermophysical properties. The
mixture continuity, momentum and energy equations for steady conditions are as follows
[35]:
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where «,, h , h. and \7rn represent the particle volume fraction, particle enthalpy, fluid

enthalpy and mixture velocity respectively. The mixture shear stress (7, ) is similar to the
single-phase, except that the viscosity of the nanofluid is replaced. The important parameter
in the equations is drift velocityV,,, [35]:

Von =V, =V, (4)
2
a,p NV
V - kz e (5)
" Pr

The drift and slip velocity are correlated as [35]:
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The concentration field of nanoparticles is computed from the modified continuity equation
for the second phase as follows [35]:
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2.2 Developing the slip velocity

The slip velocity between two phases is induced by the interaction forces. This means that
each force can be responsible for a small amount of slip velocity between the particles and
the fluid. Therefore, the final form of the slip velocity can be arranged as follows:
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Equation 8 shows the slip velocity that is induced by Brownian diffusion, thermophoresis,
virtual mass, pressure gradient, lift, buoyancy, centrifugal forces, Van der Waals attraction
and electrical double-layer repulsion forces.

Buongiorno [27] and Hwang et al. [28] combine Brownian diffusion and thermophoretic
forces as follows:
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where J, and K, are Brownian and thermophoresis diffusion flux and the Boltzmann
constant, 1.38x10°%, respectively.

Virtual mass and pressure gradient forces [35, 36] are shown as follows:
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The final form of the caused slip velocity can easily be calculated by considering the

following equation [35]:
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where 7 and f, are the particle relaxation time and drag function based on the particle
Reynolds number as:
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Lift force [37, 38] is shown as follows:
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Slip velocity due to buoyancy and centrifugal forces as used in the default algebraic slip
velocity is available in ANSYS-Fluent 15.0:
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The Van der Waals attractive force [36] is shown as follows:
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where A and h are the Hamaker constant and the surface-to-surface distance of two
approaching particles. The amount of the Hamaker constant is available for some common
solid liquid mixtures [36], 4 x 102° J in the case of alumina nanofluid.

Electrical double layer repulsion force [39]:
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where V; is the repulsion energy on the surface of a particle. The amount of vacuum and

relative permittivity of the medium are &£, =8.854x10"*CV'm™ and ¢=80 for water
respectively; y is the potential on the surface of the electrical double-layer overcharged
surface group, which can be approximated by zeta potential on the surface of the diffuse
layer. Since the small zeta potential means less repulsion barriers and consequently stronger

agglomeration inside the nanofluid, the approaching potential to zero is avoided in all the
simulations; x is the Debye-Huckel parameter and is defined as follows [36]:
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where F and R are the Faraday and gas universal constants. The ionic strength is simply
calculated by knowing the concentration (ci) and the charge (zi) of the species. With the

assumption of the presence of only two ions (H" and OH") in the mixture, we have the
following [36]:
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It is noted that the inverse amount of the Debye-Huckel parameter can be scaled as the Debye

length or the thickness of the electrical double layer (L, = &~ m). This length can be used as
a cut-off distance to avoid the overlapping of a diffuse layer of nanoparticles. This means that
the attractive and repulsive electrostatic forces are only active in the program until the
surface-to-surface distance of the particles is higher than 2Lp.

2.3 The mixture thermophysical properties and simulation considerations

Due to the buoyancy effects of the base fluid in natural convection, a high accurate density
correlation by curve fitting, found in the American Society of Heating, Refrigerating and Air-
conditioning Engineers (ASHRAE) Handbook [40] for water, was employed in all the
equations as follows:

0. =0.0000152322T° -0.0183891979T? + 6.6564073561T + 243.4039040229 (30)

The other thermophysical and transport properties of the nanofluid mixture are presented as
follows [41]:
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where T, and d_ are the water freezing temperature and molecule diameter as 0.3 nm.

ANSYS-Fluent 15.0 was employed to simulate the nanofluid-filled cavity. All the above
mentioned slip mechanisms were implemented in the mixture model as a new slip velocity
equation through the user-defined function (UDF). The UDF was divided into three sections:
adjust function to define the gradient of concentration, slip velocity function and mixture
thermophysical properties. A two-dimensional cavity with a uniformly structured fine mesh
was used.

Three different references are employed to validate the proposed model in this study. A high-
resolution numerical grid is of course needed in each case because of the thin boundary layer
of natural convection in the vicinity of the walls. The streamlines are compared to the study
of Wu et al. [42]. The heat transfer characteristics of the nanofluid are evaluated by Ho et al.
[43].

3. Results and discussion

For validation purposes, the results of flow patterns and isotherms are compared to the
experimental study of Wu et al. [42].

It is noted that Wu et al. [42] mentioned a 5% uncertainty in terms of the temperature
measurement and gradient. The good agreement between experimental observation and
simulation findings for this case can be a validation remark to properly present the flow
pattern and temperature distribution for nanofluids.

The proposed slip velocity’s validity is evaluated by comparing it to the experimental Nusselt
number as measured by Ho et al. [43] for the alumina nanofluid in Figure 2. The Rayleigh
number is defined based on the average temperature of the hot and the cold walls as
gpC, BT, —T, )L /vk. The uncertainty in the study of Ho et al. [43] was indicated as 7.0 to

26.9% for the average Nusselt number and 5.7 to 23.4% for the Rayleigh number. As shown
in Figure 2, the Nusselt number calculated by both the algebraic and the proposed slip
velocity are in the range of the 5% error bar added to the experimental measurment in most of
the cases. The abilities of new slip velocity compared to the algebraic velocity can mainly be
seen in Figure 2b, which presents the results for the higher concentration of 2 and 3%. The
Nusselt number, which is estimated by the proposed slip velocity, indicates an improvement
of 2 to 7% over conventional velocity. A proportional magnitude analysis of the slip velocity
produced by each force can explain this difference (see Table 1).



The values in Table 1 are average in the computational domain and can change by one order
of magnitude due to the different thermal boundary conditions. It is seen that the slip
mechanism can be safely neglected in the simulations due to the virtual mass, gradient of
pressure and lift. The diffusion force by Brownian motion has shown low impacts, while
thermophoretic and gravity slip velocity play a significant role in almost all the cases. As
expected, attractive and repulsive electrostatic slip mechanisms are weak for lower than 1%
volume concentration due to the large surface-to-surface distances between the particles. In
addition, the Van der Waals attraction only becomes comparable to repulsion in a high
volume fraction of 3%.

3.1 Prediction of fluid and particle flow patterns

The distribution of the base fluid velocity in the Y-direction and temperature are presented
non-dimensionally in figures 3 and 4. The non-dimensional parameters are (T —=T.)/(T, —T,)

and V, //gB(T, —T.)L . The temperature profiles are more disturbed with the increase in the

volume fraction of nanoparticles, while there are almost no changes in the fluid velocity of
the 3% alumina nanofluid with algebraic slip velocity (see Figure 3a). On the other hand, the
effects of electrostatic and thermophoretic slip velocity are clearly shown in 2.0 and 3.0
vol.% in figures 3b and 3d and figures 4b and 4d. Due to the weak effects of these forces in
0.1 vol.% , not many changes are observed in the nanofluid velocity and temperature profiles
as opposed to the water-filled cavity. In addition, the assumption of algebraic slip velocity
shows no impacts on the base fluid velocity and temperature profiles for less than 2 vol.%.

Because of the only effect of gravity in algebraic slip velocity, the nanoparticles are mainly
scattered at the top (lower concentration) and bottom (higher concentration) (see figures 5a,
5c¢ and 5e). The good dispersion of nanoparticles with the proposed slip velocity is is shown
in figures 5b, 5d and 5f. In particular, the particle distribution is also observed in the vicinity
of the hot and the cold walls due to the thermophoretic slip velocity in Figure 5b. In fact,
Figure 5b shows the competition among attractive and repulsive electrostatic, thermophoretic
and gravitational forces.

A higher mass flow rate is predicted in a cavity filled with alumina nanofluid by
implementing the proposed slip velocity in Figure 6. It is observed that the main slip
mechanism is gravity in a 1% nanoparticle concentration, since both the nanoparticle streams
that are estimated by algebraic and proposed slip velocities are similar. The increase in
particles’ mass flow rate, with all the affecting forces considered, is clearly expected in 2.0
and 3.0 vol.% in both the X- and Y-directions, as shown in figures 6a, 6b, 6¢c and 6d. The
particle stream boundary layer in the Y-direction is almost twice as thick as that in the X-
direction, which is due to the additional effect of gravity in the Y-direction only.

The vector of mean velocity in the cavity is shown in Figure 7. It is coloured by the
magnitude of the velocity. The order of the velocity is found 10~ which only occurs close to
the hot wall. The trend of the vectors clearly present the circulation inside the cavity.

4. Conclusion

The heat transfer enhancement applications of nanofluids in recent years was the main
motivation of this study, which aimed to investigate the interactions between particles and
liquids in more detail. Therefore, a new correlation for the slip velocity between
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nanoparticles and the base fluid was formulated in the mixture model. It was replaced with
the default algebraic slip velocity available in ANSYS-Fluent 15.0 software through the
UDF. The results of laminar natural convection were in good agreement with the
experimental findings in a cavity filled with alumina nanofluid. It was found that the
gravitational and thermophoretic slip mechanisms were the only dominant slip velocities for
less than 1 vol.%.

However, the competition between gravitational, thermophoretic and electrostatic slip
mechanisms became important with an increase in nanoparticle concentration. The Van der
Waals attraction slip velocity was found to be comparable with the electric double layer
repulsion when the volume concentration was increased by 2.0 and even 3.0%. The Brownian
diffusion has shown weak impacts in all the simulations. The lift, virtual mass and pressure
gradient slip mechanisms can be safely ignored in any range of volume concentrations for
natural convection. The nanoparticles were predicted to be well dispersed at the proposed slip
velocity in this study, with a higher mass flow rate in both the vertical and horizontal
directions as compared to the results of the algebraic slip velocity. In summary, it is
concluded that the conventional slip velocity may be able to provide good prediction in
nanofluid flow for low volume fractions, but implementing the other slip mechanisms is
essential with a rise in concentration.

Nomenclature

A Hamaker constant (J) Ra Rayleigh number
CL Lift coefficient Re Reynolds number
Cp Specific heat (J/kg.°K) Re, vorticity Reynolds number
d Diameter (m) T Temperature(K)
de Water particle diameter (m) T, freezing point(K)
F Faraday constant (C mol™?) Vi Vom Drift velocity (m/s)
Fyrag drag force (N/kg) Vr Potential energy (J)
FeoL electric double layer Vslip Slip or relative velocity (m/s)
force(N/kg)
Fir lift force (N/kg) Special
characters
Fvow Van der Waals force (N/kg) o Volume fraction
Forecure | PYeESsure gradient force(N/kg) 5 Thermal expansion coefficient
(K™
fa Drag function & Vacuum permittivity CV-tm*




g Gravity(m/s?) e, Relative permittivity
H Enthalpy (J/kg) K Debye-Huckel parameter (m™)
lo lonic strength (mol) U Dynamic viscosity (kg/m.s)
h Particle to particle distance (m) | v Kinematic viscosity (m?/s)
Jo Particle mass flux (kg/m.s) p Density (kg/m?)
Ks Boltzmann constant .
(M2kgl°K 5?) v Surface potential (V)
k Thermal conductivity . .
(W/m.°K) T particle relaxation time(s)
L E:na]\;nty characteristic length r Miixture shear stress (Pa)
L, double layer thickness(m) Res Vorticity Reynolds number
Nu Nusselt number Subscripts
Pr Prandtl number c Continuous phase
Conduction heat flux (W/m3) | m Mixture
R Gas universal constant (J mol™* | p Particle
K1)
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Table 1: Comparative study of slip velocities induced by forces

VBrownian VThermophoeis VVirtuaI—mass VPressure Vlift VBouyanc—centrifugdyVVDW

Vaip Vaiip Voo Vain Vg Vsip Vaiip
X — axis ~10°® ~1 ~1077 ~10°% ~10° ~10® ~10723
0.1% y_axis | “10°  -01  -10° -10° -10°  -09 ~10%
X — axis ~10° ~0.3 ~10® ~10% ~107 ~10° ~10®
1% y— axis ~10®  ~007  ~10% ~108 ~10° ~0.9 ~107
X — axis ~10* ~1 ~10® ~10° ~107 ~10° ~10°3
2% y— axis ~102  ~03  ~10® ~107 ~107  ~0.9 ~10°
X — axis ~10* ~0.04 ~108 ~10® ~10% ~10°° ~107?
3% y— axis ~10®  ~003  ~10% ~108 ~10°8 ~0.3 ~102
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Figure 1: Comparison of experimental flow pattern and non-dimensional temperature
with numerical results. The first row is the Grashof number (Gr) = 1.39 x 108 and the
second row is Gr = 1.44 x 108
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Figure 2: Comparing the Nusselt number estimated by the conventional algebraic and
the proposed slip velocity with the experimental measurements for alumina nanofluid
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e) 0.1% — Algebraic slip velocity f) 0.1% — New slip velocity

Figure 3: Non-dimensional flow velocity in the Y-direction for water (dashed red lines)
and for alumina nanofluid (blue solid lines) with algebraic and new slip velocities
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f) 0.1% — New slip velocity

Figure 4: Non-dimensional temperature inside a cavity filled with water (dashed red
lines) and alumina nanofluid (solid blue lines) with algebraic and new slip velocities
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Figure 5: The distribution of the alumina nanoparticle concentration inside a cavity
predicted with the assumption algebraic and new slip velocities
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Figure 6: Distribution of particle mass flow rate in the X-direction (from the middle of
the hot to the cold wall) and the Y-direction (between the horizontal insulated walls)
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Figure 7. Velocity vector inside the cavity coloured by velocity magnitude for alumina
nanofluid 2% vol.
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