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ABSTRACT

The impact of presence of nano-scale particles inside a flow between two flat plates which known
as Poiseuille flow is numerically analyzed. Nanofluids have been investigated in the past few years
mainly by considering the heat transfer aspect in a fully developed section of internal flows, rather
than detailing the hydrodynamic and thermal developing viewpoint of nanofluid. In other words, this
research will focus on the fundamental understanding of developing nanoparticles flows in hydrody-
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namic and thermal boundary layers in the entrance region. Therefore, flow between two flat plates is hydrodynamic boundary
numerically studied here by injecting and tracking nanoparticles from inlet to outlet of the channel. layer; discrete phase
The flow is kept in the laminar regime with uniform heat flux applied on the plates. ANSYS Fluent 19.3 modeling

is used to numerically solve the continuity and momentum equations, as well as discrete phase mod-
eling for particles. The results showed three major stages in vorticity development in the entrance
region. It was found that Brownian motion plays an important role in nanoparticles migration, and
close to the wall with the involvement of Thermophoresis. Also, nanoparticles can deviate from flow

layers after merging boundary layers.

1. Introduction

Using nanoparticles in fluid flows for enhancement of
heat transfer has been proposed by many researchers in
recent years. Due to higher thermal conductivity (Abadi
et al.,, 2020; Ahmadi et al.,, 2020; Alotaibi et al., 2020;
Aramesh et al., 2020; Baghban et al., 2019; Loni et al.,
2018; Maddah et al., 2018; Sadeghzadeh et al., 2020),
nanoparticles are able to manipulate the thermo-physical
properties of the base fluid and eventually present a
new fluid called nanofluid with the capability of higher
rate of heat transfer (Aghayari et al, 2020; Ahmadi
et al., 2019; Ahmadi et al., 2019; Ahmadi et al., 2019;
Aybar et al., 2015; Baghban et al., 2019; Baghban et al.,,
2019; Ghalandari et al., 2019; Ghodsinezhad et al., 2016;
Ramezanizadeh et al., 2019; Ramezanizadeh & Nazari,
2019; Sharma et al., 2020; Tayebi et al., 2019; Tshimanga
et al., 2016; Williams et al., 2008).

Due to modified thermo-physical of the base fluid, it
is possible that injection of fine particles in a flow field
may change the hydrodynamic aspect of the fluid flow,
and importantly the diffusion of boundary layer from a
solid wall (M Mahdavi et al., 2016). Nonetheless, most

of the recent studies have been focused, either exper-
imentally or numerically, on heat transfer parameters
or pressure drops in a global scale (M. Mahdavi et al,
2017; M. Mahdavi et al., 2018; Shoghl et al., 2014; Singh
etal., 2011). There are only a few studies with particulazr
attention on the nanoparticles distribution or even their
impacts on the parameters inside boundary layer (Avra-
menko et al., 2011; Avramenko et al., 2012; Bhushan &
Muthu, 2019; Bhushan & Walters, 2014; Khan & Pop,
2010; Pettersson & Rizzi, 2009). Baghban et al. (2019)
employed similarity solution in combination with sym-
metry analysis to model turbulent nanofluid with the
main focus on major parameters distribution such as
temperature, nanoparticles concentration and velocity.
They used Buongiorno nanofluid model developed based
on mass diffusion of nanoparticles in terms of interaction
forces between particles and fluid, with the assumption
that nanoparticles can be treated as a continues phase.
Due to the strength of turbulent flow compared to the
fine size of the particles, they stated that the presence of
nanoparticles is negligible or impossible inside the vis-
cous boundary layer. The major source of interaction
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between nanoparticles and base fluid was considered
to be the concentration diffusion due to Brownian and
Thermophoretic forces. Mahdavi et al. (2018) conducted
a comprehensive study on the impact of nanoparticles
by considering a variety of interaction forces. They also
stated that it is essential to take into account the possi-
bility of cluster formation inside boundary layer, all well
as the presence of attractive/repulsive forces on the sur-
face of the nanoparticles due to arrangement of fluid
electrons. They used the Eulerian-Lagrangian approach
with Discrete Phase Modeling (DPM) to be able to track
parcels of particles from injection surface through the
entire computational domain. Their results showed that
there will always be nanoparticles concentration distri-
bution inside the boundary layer, induced by interaction
forces and particularly Brownian force due to its random
nature. In another viewpoint of nanoparticles movement
in a fluid flow, Michaelides (2015) attempted to corre-
late the major forces of Brownian and Thermophoresis
to drag force by introducing the equivalent slip velocity.
They claimed that the proposed method can be appli-
cable to a variety of nanofluid medium with the high
level of being heterogeneous. On the other hand, Ham
and Cho (2016) used only the modified thermo-physical
of nanofluid as the main effect of using nanoparticles
and ignored the possibility of particle-fluid interaction
in the flow. However, they mentioned that the improve-
ment of nanofluid properties may not be the only rea-
son heat transfer enhancement. Because of particles sed-
imentation on the hot surface and inside small cavi-
ties, the roughness may change and contribute to the
improved heat transfer. This means that nanoparticles
may be able to penetrate into boundary layer in some cer-
tain circumstances and change the flow field, especially
close to the wall. Ding and Wen (2005) used the con-
ception of mass diffusion to connect the link between
migration of nanoparticles and other flow field param-
eters. They stated that particles can diffuse into flow
field similar to continues phase by defining three mass
flux induced by viscosity gradient, non-uniform shear
rate and Brownian motion. Because of dependency of
flow parameters, the concentration distribution may be
inevitable, as well as nanofluid mixture viscosity with
being a function of nanoparticle volume fraction. Sub-
sequently, their results presented a noticeable variation
of fluid viscosity inside the boundary layer from the
pipe wall.

Literature review shows that the focus of nanofluid
studies has been mainly to investigate the thermal and
hydrodynamic features of nanoparticles in terms of heat
transfer enhancement or pressure drop, both experi-
mentally and numerically. There are only a few reports
with the proper attention to the possibility of particles

diffusion and altering the global boundary layer. In
this study, the impact of nanoparticles on changing of
developing boundary layer in a flow between two plates
known as Poiseuille flow is numerically analyzed. The
reason behind choosing such a geometry is for the pur-
pose of easier comparison of developing section and
boundary layers. Other complicated geometries lead to
three-dimensional boundary layer growth which makes
it difficult to compare for various volume fractions.
Because of the application of nanoparticles in thermal
systems, a uniform heat flux boundary condition is
applied on the plates. Nanoparticles are injected at the
inlet and tracked in the Lagrangian frame by using the
discrete model.

2. Physical model and mathematical
formulation

2.1. Geometry description and working fluid

For the purpose of this research, a 2D model of flow
between two parallel plates is numerically studied with
constant uniform heat flux on the wall. The schematic
of the computational domain is shown in Figure 1.
Nanoparticles are injected through inlet boundary and
travel the entire domain and leave from the outlet. Uni-
form constant heat flux is applied on both plates at the
top and bottom. The space between two plates is 4 mm,
with a total length of 6 m to ensure fully developed flow is
achieved far before reaching the outlet. Reynolds number
is kept below 1800 to maintain laminar forced convection
all over the domain.

Since the main purpose of this study is to investi-
gate the impact of nanoparticles on boundary layers,
up to 6% vol. alumina nanofluid is studied here. Alu-
mina nanofluid is one of the most common types of
nanofluids being used by researchers, and appropriate
empirical properties are available in the literature. Heat
transfer fluid is entered into the domain at temperature
22°C. Mass flow rate is kept between 0.2 and 0.9 kg/s,
and the comparison among different volume fractions
of nanofluid is made through similar Reynolds num-
ber. The properties of working base fluid and alumina
nanoparticles are presented in Table 1.

Uniform heat flux

o o o o O O
hﬂ&.%}( o Nanofluid ] Outflow

Uniform heat flux

Figure 1. Schematic of the flow domain between two flat parallel
plates exposed to uniform heat flux t the top and bottom.
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Table 1. Thermo-physical properties of water and nanoparticles
at 22°C (M. Mahdavi et al., 2015).

Thermal
Density conductivity ~ Specific heat Particle
Component  (kg/m>) (W/(m.K)) (J/(kg.K)) diameter (nm)
Water 998.2 0.6 4181 -
Al O3 3920 36 880 150

During the process of nanofluid preparation, thermo-
physical properties of the mixture are changed, and
therefore empirical correlations are required to be
implemented in the simulations. Nanofluid density is
calculated by the correlation proposed by Sharifpur et al.
(2016) to consider the impact of thin nanolayer formed
around nanoparticles, and thermal conductivity and vis-
cosity by Corcione (2011) and Khanafer and Vafai (2011),
as follows:

_ P1
T (1 — @)+ 8¢(dy/2 + 1,)°/d3
t, = —0.0002833(dp/2)* + 0.0475d,/2 — 0.1417

(1)

Pm

(2)
2
—1 PkPKCP,
CPm — Zk 1 k (3)
Pm
47 x 10~°
kp/ki = 14 1.0112¢ + 2.4375¢ —
P
0.0248 K (4)
' Y\ o613
1
P/t = (5)

[1 — 34.87(dy/0.3 x 10710)"%%¢1.03]

2.2. Mathematical formulation and discrete phase
modeling

Laminar forced convective flow is numerically solved
in this research by using ANSYS-Fluent 19.3. Fluid
governing equations consist of continuity, momentum
and energy (M. Mahdavi, Sharifpur, and Meyer 2018;
Michaelides & Feng, 1994):

0u;

=0 6
ox, (6)
Bui oP n d 3141' 1S (7)
Yim— — ——— N -
p ]ij oxi  9x; H 0x; "
aT 1 0 oT
— = —— |k—|+S 8
,ou] 8xj Ccp 8xj [ 8Xj:| + ¢ ( )

where i and j are index notation representing both X
and Y directions. S, and S, are the momentum and
energy source terms due to interaction between fluid and
particles. To obtain these source terms, Discrete Phase

Modelling (DPM) is used to track the nanoparticles
inside computational domain in the Lagrangian frame.
The other terms are only concerned with fluid variables
and properties in these equations. Both momentum and
energy source terms in these equations are simply based
on the force and energy transported by the mass flow
rate of the nanoparticles, as further details explained by
Mahdavi et al. (2018). The general force balance form of
accelerated particles with various interactions is given as
(Michaelides & Feng, 1994):

du g(pp — po)
4 =Fdrag+mp P c

dty Pp
+ Fthermo + Fp (9)

mp + Rt + F Magnus

The term on the left-hand side is the acceleration of
particles in Lagrangian time. The terms on the right-
hand side are drag, gravitational force, lift, magnus, ther-
mophoresis and Brownian random motion, respectively.
They are defined as follows:

Due to nano-size of the particles, drag force will be as
follows to be properly combined with Brownian motion
(Li & Ahmadi, 1992):

Fdrag = T 24C, (u— up) (10)
pcd |V — )|
Rep=—L—— " (11)
K

Lift Force (Zheng and Silber-li 2009):

Flify = 20.3,ucd;(u —up), | );L'OC sgn(y) (12)

where p is the shear rate.

Magnus force induced by rotation of the particle
around its axis (Oesterle & Bui Dinh, 1998; Turkyilma-
zoglu & Altundag, 2020) can change the trajectory and
final destination of the particles in the fluid, as mentioned
by Mahdavi et al. (2018):

1 |lu — upl
Fagnus = EApCMch Q] [(u— up) x Q] (13)
1
Q:Equ—a)p (14)
Rewp
Cyr =045+ | — — 0.45
Rey
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Particle angular velocity is obtained by solving the
angular momentum equation:

dw d,\>
p _ Pc( Y9
IL— == =) C,Q 17
Pat, — 2 (2) @ (17)
T 5
6.45 32.1
Co = (19)

JE— + [
/Rewp Rewp

Thermophoretic force is caused by the higher kinetic
energy of the fluid particles compared to heaver nanopar-
ticles. This force appears in opposite direction of the
temperature gradient of the particles (McNab & Meisen,
1973);

Fihermo = _DTT (20)

Fp=¢ [ —2 (21)
At,

Brownian random force due to random motion of
particles suspended in a fluid (Li & Ahmadi, 1992):

Fp=¢ | —— (22)
VA

The randomness of Brownian induced by fluid tem-
perature can be reflected in white Gaussian random func-
tion of ¢;, which basically can change between —2-2.

Heat transfer equation of a particle will be simply the
energy balance between fluid due to convection and mov-
ing particles from one computational cell to other, as
here:

dT
mpcppd—;’ = hA,(Te — T)) (23)

where h and A, are heat transfer coefficient and heat
transfer area on the particles. Mass flow rate is set up as
an inlet boundary condition and constant heat flux on
the plates. Particles are injected at the inlet with similar
conditions of the flow field.

Two types of boundary conditions are applied here
regarding the Eulerian for fluid flow and Lagrangian for
nanoparticles. Mass flow rate is adjusted for the fluid flow
at the inlet with the assumption of fully developed at
the outlet, known as outflow. The inlet temperature is
kept constant for both flow and nanoparticles, with uni-
form constant heat flux on the top and bottom plates. For
DPM particles, the temperature and velocity are adjusted
according to inlet flow. Various nanofluid volume frac-
tions can be obtained by changing the nanoparticles mass
flow rate.

The simulation is done in laminar regime by using
the Coupled scheme for pressure-velocity coupling.
PRESTO! is used to discretize the pressure gradient terms
and second-order upwind for momentum and energy
terms. Then the modified properties of nanofluid are
added to the equations, and the simulation is performed
until the solution is converged. The flow is solved in lami-
nar steady regime for incompressible fluid flow. To ensure
the convergence is reached, temperature on the walls,
pressure drop along the channel, heat and mass balanced
are monitored to reach their asymptotic or minimum
values. Afterwards, nanoparticles are injected from inlet
with considering all the essential interaction terms and
are tracked until they leave the domain.

3. Results and discussion
3.1. Model validation

A structured mesh is generated in the computational
domain with fine cells at the entrance region. Since the
flow is laminar, even a coarse mesh can provide the cor-
rect results for velocity and temperature. However, to
ensure the accuracy of the discrete model is also pre-
served with appropriate small Lagrangian time step, a
finer mesh of 40 x 1200 cells was generated to produce
average time step of 0.001 s. It is noted that particles time
step is generated according to the sizes of the cell.

To validate the numerical calculations, the analytical
velocity profile in X direction for the flow between two
parallel plates available from many fluid and heat trans-
fer textbooks (Bejan, 2013; Cengel, 2014) is used. The x
velocity profile correlation with considering the variation
of y coordinate between y = +H/2 will be as follows:

o[~
MZ—Uin 1—| =+ (24)
2 H/2

The results of numerical calculations and analytical
solution are compared in Figure 2. To confirm the accu-
racy of the results for the case of nanofluid, simulation
was also conducted for alumina nanofluid 1% vol. as
shown in Figure 2. There is a perfect agreement between
correlation and simulation, in both water and nanofluid
flows. It means that the generated mesh and solution
method are appropriate for further modeling.

3.2. Simulation results - hydrodynamic and thermal
analysis

For the sake of comparison, it is important to use one of
the non-dimensional numbers regarding hydrodynamic
or heat transfer feathers. In this case, a fixed Reynolds
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Figure 2. Comparing of numerical and analytical finding of x
velocity in fully developed section for validation purposes.

number can be employed to find the impacts of nanopar-
ticles compared to pure water. It means that with modi-
fied properties, the velocity has to be adjusted to obtain
the same Reynolds number. Otherwise, the compari-
son will be wrong. In other words, the advantages of
using nanofluid can be revealed when the same flow
non-dimensional numbers are employed, in this case
Reynolds number.

The results of velocity and temperature on the cen-
tral line of the channel from inlet to outlet are presented
in Figure 3 for various nanoparticles volume fraction.
Since Reynolds number represents the friction factor in
internal and laminar flows as f = 64/Re, and similar
Reynolds number leads to same friction factors, volume

0.4

————— Re = 1660, 0%vol.
— — — = Re= 1660, 1%vol.
——————— Re = 1660, 4%vol.
——— Re = 1250, 0%vol.
— — — — Re = 1250, 1%vol.
———— — Re = 1250, 4%vol.

0.35

u, (m/s)

o
0'150 20 40 60 80 100 120

X/H (m)

a)

faction indicates no negative effects on friction factor
compared to pure water in Figure 3(a). While, the core
velocity increases by higher volume fraction, that can
result in a higher level of heat transfer and lowering
the core temperature in Figure 3(b). It is also observed
that the rate of the temperature dropping in connec-
tion with nanoparticles concentration changes in down-
stream. This can be proved by checking the gradient of
velocity and temperature in the flow direction, as shown
in Figure 4. Although velocity gradient is not largely
affected by the presence of nanoparticles, however, a
higher rate of heat transfer is observed along the channel
for higher concentration. In other words, a smaller tem-
perature gradient can be caused by better heat diffusion
(because of nanofluid high thermal conductivity) from
the wall to the core of the fluid, leading to temperature
drop faster.

One of the important impacts of shear flow between
two parallel plates is concerned about the rotational
impact of the fluid element on nanoparticles. Vorticity
is the representative of rotational flow, as presented in
Figure 5 for three different volume fractions, and defined:

N ow dv du Ow dv  Ju
Vxy=(———-————--——— (25)
dy 0z 9z  O0x dx 0y

This definition of vorticity can imply that the fluid ele-
ment can start rotating around its axis. This can happen
when a fluid element enters the viscous boundary layer.
This conception can be used to interpret the trend of vor-
ticity magnitude in Figure 5. The first part of the graph
is flat, meaning the fluid elements are inside the inviscid

224
————— Re = 1660, 0%vol.
— — — = Re=1660, 1%vol.
——————— Re = 1660, 4%vol.
——— Re = 1250, 0%vol.
223 — — — — Re = 1250, 1%vol.

——————— — Re = 1250, 4%vol.

LN L B B By B B B B B B

Figure 3. Evolution of velocity and temperature on the centerline of the flow between two parallel plates from inlet to outlet for different

nanofluid concentration.
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Figure 4. Evolution of velocity and temperature gradient in flow direction on the centerline of the flow between two parallel plates from

inlet to outlet for different nanofluid concentration.

20

| ——————— Re = 1660, 0%vol.
— — — = Re=1660, 1%vol.
——————— Re = 1660, 4%vol.
- ——— Re = 1250, 0%vol.
| — — — — Re=1250, 1%vol.
—e——neme — Re = 1250, 4%vol. .

Aty =0.0001 m -

Fully developed flow

Vorticity magnitude (1/s)

X/H (m)

Figure 5. Evolution of vorticity magnitude from inlet in flow
direction close to the centerline between two parallel plates with
different nanofluid concentration.

region with the parallel flow. There is a sharp drop to zero
when the element enters the boundary layer, followed by
a quick rise. It is observed that the presence of nanopar-
ticles has a negligible impact of fluid vorticity up to a
point where the rate of vorticity magnitude growth starts
decreasing. It can also be said that the merging point of
boundary layers from top and bottom is highly depen-
dent on Reynolds number, the lower Reynolds number
the merging point closer to the inlet. Therefore, three
areas can be identified for the evolution of vorticity as
the initial flat part, high and low growth rate of vorticity.

Re = 1660, 0%vol.
— — — — Re=1660, 1%vol.
——————— Re = 1660, 4%vol.
Re = 1250, 0%pvol.
— — — — Re = 1250, 1%vol.

L] JE— — Re = 1250, 4%vol.

0.4

Wall shear stress (pa)

02

0 50 100 150 200
X/H (m)

Figure 6. Shear stress values on the wall for different nanoparti-
cles concentration.

There is no doubt that the mixing of the boundary layer
occurs in the second area.

The significant factor influencing the velocity gradi-
ent and vorticity is shear stress produced by the contact
between fluid and wall, shown in Figure 6. There is a con-
sistent trend for the wall shear stress, and as the nanopar-
ticles concentration increases, shear stress is shifted by
a factor. Although the jump between 1% to 4%vol. is
noticeable. This is caused by the prominent adverse effect
of viscosity, especially for higher Reynolds number.

To understand the behavior of heat transfer from
the wall to fluid, the gradient of temperature in the
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Figure 7. Temperature gradient in y-direction for different
nanoparticles concentration close to the centerline of the flow
between two parallel plates.

y-direction is provided in Figure 7. Two aspects of this
graph are of importance. Firstly, the gradient of temper-
ature is adversely affected by nanoparticles, and higher
volume fraction can lower the temperature gradient by
increasing the flow resistance and delaying the flow trans-
fer. Secondly, it was shown that higher nanoparticles con-
centration could improve heat transfer, but in Figure 7
is proven that diffusion of heat in the y-direction is the
main reason for higher heat transfer. In other words,
from g, = —kdT/dy, it can be concluded that smaller
temperature gradient does not necessarily lead to lower
heat transfer, and in the case of nanofluid, the ther-
mal conductivity can improve the heat transfer through
diffusion.

One of the main advantages of using DPM is that
nanoparticles can be tracked in the flow field until final
fate. Y position and velocity magnitude of both nanopar-
ticles and fluid elements are illustrated in Figures 8 and 9.
Nanoparticles and fluid are released at two major loca-
tions at the inlet, close to the wall and center. Since
nanoparticles are assumed as the dispersed phase, the
continues phase surrounds each individual parcel, and all
the important forces on small particles become notice-
able. At first, it is seen that there is a clear oscillation in
nanoparticles results of tracking. The only force with a
random parameter in the correlation is Brownian, caused
by the random vibration of particles at that temperature.
In other words, the oscillation is the result of Gaussian
random parameter in Brownian force. The results show
that the dominant effect of Brownian force is unavoidable
and particularly close to the wall with high-temperature
gradient. Also, in spite of nano-size particles, it is revealed

Tracking time (s)
1 1 2
0.00140 ? T |0 T T |5 T T 700.00065
I Nanoparticle released at y = 0.00166 ]
-— Fluid particle released at y = 0.00166 _ 0.0006
Nanoparticle released at y = 0.0005 47
1 — Fluid particle released at y = 0.0005 ]
0.00135 | B
Re = 1660, 4%vol. alumina —10.00055
o ] =~
§ QOutlet Jo.000s §
§ Left & bottom axis 4 §
= 0.0013 \ =
g 0 00045§
B : B
P~ 1 P~
: —0.0004
0.00125 ]
—0.00035
L e o b e e bl ]
0.00120 3 10 15 20 25 30 0.0003
Tracking time (s)

Figure 8. Tracking of nanoparticle and fluid particle y position
from inlet to outlet according to Lagrangian time.

Tracking time (s)

0 5 10 15 20
022 — —— —— —— —T—1035
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[ —e—e—— Fluid particle released at y = 0.00166
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0.215 | —imremee — Fluid particle released at y = 0.0005 —0.34
2 i 1 2
\S Re = 1660, 4%vol. alumina T \S
N~ T =
] 1 Q
T 021 =033 I
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S Y R Fo ’ R IS
U e T
S s i N - 1 S
g g
2 0.205 —0.32 =
Ry Outlet. 1 3
3 1 3
~ ] N

0'1950 5 10 15 20 25 30 03

Tracking time (s)

Figure 9. Tracking velocity magnitude of nanoparticles and fluid
particles from inlet to outlet according to Lagrangian time.

that nanoparticles are able to slightly deviate from ini-
tial fluid element and travel to other flow layers under the
influence of shear forces.

Nanoparticles angular velocity is mainly induced by
the shear stress of viscous boundary layer and gradient
of temperature a thermophoretic force. Angular veloc-
ity can also have a similar trend to vorticity, shown in
Figure 10. Both conceptions represent rotation around
particles or element axis. It is observed that the location
of the initial rotation of nanoparticles can slightly dif-
fer according to the volume fraction of injection. It is
noted that higher viscosity of larger volume fraction can
result in shorter merging boundary layer, and closer loca-
tion to inlet for initial particles rotation. Stronger angular
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Figure 10. Tracking nanoparticles angular velocity for various
injection of nanofluid concentration.

velocity is expected for higher volume fraction due to
stronger interaction forces.

4. Conclusion

Heat and fluid flow in the entrance region between two
parallel plates with the presence of nanoparticles was
numerically investigated. The flow was assumed forced
laminar convection, and the plates were exposed to con-
stant uniform heat flux. Continuity, momentum and
energy equations were applied to continues phase in
Eulerian and discrete phase modeling for nanoparticles
injection in the Lagrangian frame. The findings can be
listed as follows:

o The initial results were validated against analytical
solutions and found in excellent agreement. Velocity
and temperature profiles were drastically affected by
nanoparticles concentration, as well as temperature
gradient.

e Velocity gradient in flow direction showed only
slight deviation for various nanoparticles volume frac-
tion. Evaluation of vorticity magnitude revealed three
stages for flow rotational development. A similar trend
was also found with nanoparticles angular velocity.

e It was proved that adding to the volume fraction can in
fact expedite merging hydrodynamic boundary layer,
caused by improved fluid viscosity.

e The DPM results on Lagrangian tracking time showed
that Brownian motion had a dominant effect impact
on particle migration, and mainly close to the wall due
to higher interference of thermophoresis at the vicinity
of the plates.

Nomenclature

Ap particle projected area [m?]

Ce Cunningham correction factor

Cp drag coefficient

CmL rotational coefficient

p specific heat [J/kg.K]

D disk diameter [m]

Dr Thermophoresis coefficient

dp particle diameter [m]

d, water molecule diameter [m]

Dr thermophoresis diffusion coefficient [m?/s]

Firag drag force [N]

Flift lift force [N]

FMagnus ~ Magnus force [N]

Fihermo  thermophoresis force [N]

Fp Brownian force [N]

h heat transfer coefficient [W/m?.K]

H plate distance (m)

I, moment of inertia [kg.mz]

k Thermal conductivity [W/m.K]

Kz Boltzmann constant [mz.kg/ OK.s?]

m, particle mass [kg]

p pressure [Pa]

q laminar and turbulent heat flux [W/m?]

Re Reynolds number

Rep particle Reynolds number

Rey, particle angular Reynolds number

Sm momentum source term [Pa/m]

Se energy source term for nanoparticles
[kg/s.°K]

t, nano-layer thickness [nm]

Aty particle time step [s]

T reference temperature [°k]

V,u velocity [m/s]

Greek letters

10 particle volume fraction

% shear rate [1/s]

7 viscosity [Pa.s]

wp particle angular velocity [1/s]

Q relative particle-liquid angular velocity [1/s]

P density [kg/m?]

T Particle relaxation time [s]

i Gaussian white noise random number

Subscript

W, 1 ¢ Water, continues phase

m Nanofluid, mixture
p particle
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