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ABSTRACT

This paper investigates the effect of the diameter and the volume fraction variation of the centre nanoparticles on the
heat transfer characteristics of a two-dimensional slot jet. The jet impinges on stationary flat, convex, and concave
aluminium plates. A forced convective heat transfer coefficient of water-CuO nanofluid impinges on a smooth plate under
a constant heat flux. The finite volume method (FVM) is implemented for nanoparticles with diameters varying from 7 to
60 nanometers, volume fractions changing from 0 to 5%, and the Reynolds numbers ranging from 1800 to 2800. A grid
independence study is carried out to find a grid size that predicts the results accurately and further grid refinement changes
the results insignificantly. The single-phase model shows a capability to predicts the fluid and heat transfer parameters
faster and make it more suitable for numerical simulations compared to the two-phase model. The results indicate a higher
heat transfer coefficient of nanofluid in comparison with distilled water. As the Reynolds number and nanoparticle volume
concentrations increase, the heat transfer rate increases on the surface whilst smaller nanoparticle diameters increase
during the cooling process. The increase in the diameter of nanoparticles enhances the Nusselt number on the plate by up
to 10%. The same geometrical details, thermophysical, and boundary conditions have been employed in all calculations for
distilled water jet simulations to validate the fluid flow behaviour and heat transfer parameters with available experimental

data in the literature.
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INTRODUCTION

In many industrial applications, jet impingement has been
broadly utilized for the cooling of components exposed to
high temperature or thermal flux because of its effectiveness
in removing thermal energy (Liu & Lienhard 1993; Ghiti et
al. 2013; Viskanta 1993; Lienhard & Hadeler 1999). In the
last decade, many researchers have focused on enhancing
heat transfer capabilities by using advanced technologies in
many industries, including metal and glass annealing, paper
drying, metal sheet manufacturing, turbine, and electronic
chip cooling employ nanotechnology-level applications.
Several numerical and experimental studies (Martin
1977; Jambunathan et al. 1992; Zeitoun 2012) related to
liquid impingement jets are available, which provides a
database emphasizing the thermal advantages of different
types of jet impingement on plates and their possible cooling
abilities. A two-dimensional laminar flow slot jet impinging
on a flat plate at different angles was theoretically analyzed
(Garg & Jayaraj 1988). In that study, the conservation
governing equations in primary variables were discretized
using the finite difference method. The influence of the angle

of impingement on the velocity and temperature profiles
were studied. They revealed that the presence of a stagnation
point when the impinging jet is oblique would affect the
local Nusselt number, velocity distribution, and skin friction
coefficient. Hofmann et al. 2007 experimentally focused on
a pulsating impinging jet. The effect of the pulsation on the
flow configuration and heat transfer characteristics were
examined. They found a reduction of heat transfer at the
stagnation point up to 50% with a large jet-to-plate distance.
Comprehensive experimental research was done by Choi et
al. 2000, determining the flow behaviour and heat transfer
pattern of a cold jet impinging on a semi-circular concave
plate over a wide range of the Reynolds numbers and jet-to-
plate distances.

The hydrodynamics and heat transfer characteristics
of the impingement jet, particularly the complexities of an
oblique liquid plane jet, were numerically investigated by
Tong 2003. In that research, the Navier-Stokes equations
were solved employing an FVM on a fixed and non-
uniform orthogonal mesh. Further, the effects of several
parameters, including the Reynolds number, impingement
angle, and inlet velocity profile, were examined. Ibuki et
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al. 2009 experimentally investigated the characteristics of a
convective heat transfer of a planar free water jet normally
or obliquely impinging on a plate. In normal collisions,
the Nusselt number was high along the impingement line
and was reduced in the exit plane. The Nusselt number at
the stagnation point was compared with several predictive
correlations proposed by other researchers. Meanwhile, in
oblique cases, the profile of the local Nusselt number was
asymmetric.

The influence of the curvature of a plate on the
convective heat transfer in the laminar confined jet was
numerically studied (Tahsini & Tadayon Mousavi 2012).
A two-dimensional, compressible jet was simulated by an
FVM approach for three plate types, i.e., flat, concave, and
convex plates. Their results showed that the Nusselt number
at the stagnation point is highest on the convex and lowest on
the concave plates. The experimental and numerical analysis
of a water jet impingement on a convex, hemispherical plate
was investigated (Hu & Zhang 2007). Their results proved
that the Nusselt number of the flat plate is smaller than that
of the convex plate.

A comprehensive review of liquid impingement jets and
their features on convective heat transfer as well as several
important correlations for Nusselt numbers were reviewed
(Molana & Banooni 2013). Their review revealed that
the Nusselt number increased when the Reynolds number
and the volume concentration of nanoparticles increased.
Meanwhile, using nanoparticles increased the pressure loss
in the flow.

The capabilities of nanofluids when used in heat
transfer processes involving liquid impingement jets were
demonstrated by many researchers seeking to enhance
the heat transfer coefficient of jets. The production of
operational fluids with higher thermophysical properties—
in particular, thermal conductivity—can be considered an
efficient method for enhancing heat transfer. Numerous
studies have demonstrated that using nanofluid is a state-
of-the-art method for increasing the convective heat
transfer coefficient of fluids. A cooling system involving an
impingement jet of nanofluids can remove thermal energy
generated by a heated surface faster in comparison to a
distilled base-fluid, which was scrutinized later.

Gherasim et al. 2011 investigated the heat transfer
enhancement abilities of a water-AlL,O, nanofluid as a
coolant liquid inside a confined impinging jet. They
demonstrated that the average Nusselt number increases
with the nanoparticle volume fraction and the Reynolds
number. It also decreased with an increase in the jet-to-plate
distance. Naphon & Nakharintr 2012 studied the influence
of the Reynolds number, inlet temperature, and heat flux on a
convective heat transfer coefficient of water-TiO, nanofluid
jet impingement on a rectangular, mini-fin heat sink. Their
work indicated that the mean heat transfer coefficient for
the nanofluid as a coolant liquid was higher than that for
distilled water and that the corresponding mean temperature
was 6.25% lower than the base fluid. Faris Abdullah et
al. 2019 also found nanoparticle volume fraction and the

Reynolds number dependency in their twin impingement jet
of a heated aluminum plate using TiO,.

Heat transfer removal from a moving isothermal hot
surface under the attack of double impinging, vertical slot
jets was numerically simulated by Basaran & Selimefendigil
2013; Ersaymn & Selimefendigil 2013. Water-ALO,
nanofluid with volumetric nanoparticle fractions ranging
from 0 to 6% was used as the working fluid. The authors
found that increasing the normalized plate velocity caused a
rise in the heat transfer from the bottom surface. Likewise,
increasing the Reynolds number of the slot jets removed
heat from the surface faster. Furthermore, increasing the
volumetric nanoparticle fraction contributed remarkably
to the heat transfer enhancement. The turbulent flow and
convective heat transfer of a confined, impinging, circular
ALQ, nanofluid jet on a heated flat plate, under constant heat
flux, was numerically simulated by Huang & Jang 2013.
Their results proved that the maximum Nusselt number
occurred at the stagnation point and increased with the rise
of nanoparticle volume concentration. Manca et al. 2011
carried out a numerical study on a laminar confined slot jet
with water-Al O, nanofluid as its working fluid, impinging
on a horizontal with a heated plate at a constant temperature.
They showed that the heat transfer coefficient was increased
with the rise in the nanoparticle effective density and the
Reynolds numbers. Also, there was an increase of 32% in
the average heat transfer coefficient for a nanoparticle with
a volume fraction of 5%.

An experimental analysis of the heat transfer
characteristics of the nanofluids using two different
diameter sizes of the Cu nanoparticles suspended in water
was investigated by Li et al. 2012. They observed a 52% rise
in the convective heat transfer coefficient of the nanofluid
with a 3% nanoparticle volume fraction in comparison to
distilled water. Two comprehensive numerical simulations
of laminar flow and forced convective heat transfer of water-
ALQ, and Ethylene Glycol-Al,O, mixtures were thoroughly
investigated by Maiga et al. 2004 & 2005 for two specific
geometrical configurations, namely, a uniformly heated
tube and a system of parallel, coaxial, and heated disks.
They proved that the inclusion of nanoparticles into the
base fluids produced remarkable growth in the heat transfer
coefficient, enhanced with an increase of the nanoparticle
volume fraction. In these studies, several correlations were
obtained to compute the Nusselt number for the nanofluids,
in terms of the Reynolds and the Prandtl numbers.

Yousefi et al. 2012 & 2013 carried out an experimental
simulation of an impinging round jet on a circular disk and a
planar jet on a V-shaped surface with water-Al,O, nanofluid.
Their experimental results showed an enhancement of
the heat transfer coefficients at low nanofluid volume
fractions. The authors studied a wide range of mean inlet
velocity and impinging angles. Etminan et al. 2017 used
CuO nanoparticles with different volume concentrations
of 1% to 4% to enhance the rate of heat transfer in an
equilateral triangular channel. They also found that the size
of nanoparticles has an insignificant effect on heat transfer.



NUMERICAL SIMULATION AND
BOUNDARY CONDITIONS

In the present study, an FVM approach is employed to
analyze a nanofluid slot jet impingement on three flat,
concave, and convex aluminum plates. There are two major
advantages of an FVM, firstly, it enforces the conservation
of quantities at a discretized level such as mass, momentum,
energy remain conserved, and secondly takes full advantage
of arbitrary meshes to approximate complex geometries
(Kolditz 2002), which will help in our moderately complex
geometry. A two-dimensional incompressible, Newtonian,
and steady flow regime is considered for all simulations. For
the Reynolds numbers of 1800, 2000, 2400, and 2800, the
flow is found to be turbulent and the two-equation turbulent
modeling is used. According to Figure 1, all geometrical
details and boundary conditions are symmetrical, and only
half of the computational domain is solved. A constant heat
flux of 57693.3 W/m? is applied to the smooth and non-
moving plates. The width of the planar jet is 1.6 mm, the
length of the aluminum plate is 130 mm, and the distance
between the jet and the plate is a constant value of 70 mm.
A uniform velocity inlet flow is used for the jet and pressure
outlet, and the adiabatic wall is employed on the left, right,
and top boundaries of the computational domain. Uniform
temperature distribution of 300 K is observed for the jet, and
the shape of the CuO nanoparticles is considered spherical
and uniform.
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FIGURE 1. Two-dimensional schematic of the problem under
consideration.

NUMERICAL PROCEDURE VALIDATION

The numerical modeling and solution procedure of the
present study is validated by experimental data provided
by Baydar (1999) and Gulati et al. (2009) for both fluid
flow and heat transfer global parameters (Figures 2 and
3). Numerical setup, including geometrical details and
boundary conditions, is compared to the results presented
by Baydar (1999) and Gulati et al. (2009). The pressure
coefficient distribution on the flat plate along the horizontal
X-axis is in agreement with the experimental data, this
can be seen in Figure 2. As is also shown in Figure 2,
the highest value of Cp occurs at the stagnation point
opposite the slot jet. Further, the average Nusselt number
distribution on the plate is illustrated in Figure 3. As can
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be observed, there is just a small difference between the
provided numerical results and the experimental data.
This can be attributed to the numerical discretization
method, the Reynolds stress tensors, and scalar heat flux
modellings. The highest deviation appears where the flow
direction is suddenly changed to the lateral sides of the
plate.
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FIGURE 2. Pressure coefficient distribution at the impingement
surface for Re=5000 and H/W=1 for distilled water jet.
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FIGURE 3. Nusselt number distribution at the impingement
surface for Re=5000 and H/W=1 for distilled water.

GRID INDEPENDENCE

A mesh study is performed to ascertain an optimal number
of grids and the influence of the number of cells on the
heat transfer and pressure coefficients. Four non-uniform
cases of mesh, 15800, 18700, 22800, and 24375 cells, are
provided to determine an independent grid number, where
the smallest cell size is equal by 0.2 mm adjacent to the solid
surfaces. Local Nusselt number distribution on the heated
flat plate is illustrated in Figure 4 for the Reynolds number
of 1800. The simulations indicate that there is a negligible
deviation between the provided results for grid numbers
of 22800 and 24375. Therefore, the grid number of 22800
was selected to minimize the computational time for all the
following simulations.
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FIGURE 4. Analysis of grid independence by Nusselt number at
the flat impingement surface.

GOVERNING EQUATIONS AND NUMERICAL
SOLUTION METHOD

Equations governing a two-dimensional, incompressible,
and steady turbulent flow and heat transfer of the water-CuO
nanofluid, including continuity, momentum, and energy
equations, are shown as equations (1) to (3). The finite
volume solution method has been utilized for solving the
governing equations in the Cartesian coordinate system.

a(P”i)_

a—XI’_O (n
o\ puu oP 0 o
(ax, j)__a_x,.+7,[“(2‘9v)‘ pu,-u,} @

o(puT) o | pu oT
Ox; Ox,

= —— puT' 3
pr o P } 3)

The Semi-Implicit Method for Pressure Linked
Equations Consistent (SIMPLEC) algorithm solves velocity-
pressure coupled equations (Versteeg & Malalasekera 2007),
which were used by Etminan et al. 2018 to simulate the heat
transfer and vortex shedding from bluff bodies in an external
flow. The remainder of 10 also achieves exact results
and negligible errors from the present problem solving,
and optimizes computer memory usage in the numerical
simulation process.

Both algebraic terms u. 7" and wuu, namely, the
Reynolds stress tensor and turbulent heat flux vector,
must be numerically modelled. According to Sharif &
Mothe 2009, the turbulent model k-¢ RNG calculated
more accurate results as well as more rates of convergence
than the stress tensor. They showed that this model, when
compared with other turbulent models, has a higher success
rate for predicting flow and thermal characteristics of an

impingement jet on a concave plate. The most useful model
for the scalar term u, 7" is the Simple Eddy Diffusivity (SED)
model proposed by Daly & Harlow 1970:

v, oT
ul'=——— 4
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where Pr, is considered the constant value of 0.85, (Daly &
Harlow 1970). The turbulent model k-¢ RNG equations are
as follows (Sharif & Mothe 2009):
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where the constant values in equations above are as follows:

C, =142, C,, =1.68, C, =0.0845,

o, =0, =0.7194, f=0.012, 5, =438

The thermo-physical properties of the distilled water,
CuO nanoparticles, and nanofluid are written in Table 1.
For computing nanofluid density, the equation proposed by



Aminossadati & Ghasemi 2009; Malvandi & Ganji 2014;
Mahdy 2012 is used and is shown as follows:

py=(1-0)p, +op, (1)

where parameters Py Py @ and p, refer to the nanofluids
density, base fluid density, the volume fraction of solid
nanoparticles, and solid nanoparticle density, respectively.

The effective heat distribution coefficient of the
nanofluid is calculated from the following formula
(Karimipour et al. 2014):

k

— eff
Loff oy = ' (12)
Por Conp
where o, C.o Py and keﬁ, are thermal diffusivity, specific

heat capacity, density, and effective thermal conductivity
of nanofluids, respectively. Specific heat capacity of the
nanofluid is calculated by the following formula [39]:

(pCp),,f =(1—co)(pép)f +go(pép)p (13)

The Brinkman relationship is used to calculate the effective
dynamic viscosity of nanofluid (Brinkman 1952; Karimipour
etal. 2015):

Hy

Hy :W

(14)

where I and 1, are the dynamic viscosity of fluid and
nanofluids, respectively. To calculate the effective thermal
conductive coefficient of nanofluid for suspensions having
sphere-like particles, the relationship provided by Patel et
al. 2005 is used:

k A A
1+#+ckae P
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where the experimental constant is ¢=36000 and terms £
kp, and Pe refer to the thermal conductivity of the base fluid,
solid nanoparticles, and the Peclet number, respectively.
The rest terms in equation (15) can be obtained using the
following equations Patel et al. 2005:

A4 _dr o 16
A, d,1-¢
u.d
Pe=—-" (17)
s

where the water molecule diameter equals d = 2A, the CuO
nanoparticle molecule diameter varies between 7 nm and
60 nm, and the u_value is the Brownian motion velocity
of nanoparticles and is calculated by the following formula
(Goodarzi et al. 2014):

_ 2x,T
m,d,

(18)

N

where, x, = 1/3807 x 10> J/K value is the Boltzmann
constant. For calculating the local Nusselt number along the
microchannel walls, the following equation is used, where
the values of 7 and T are the average temperatures of the
wall and bulk fluid, respectively, and ¢g” is the heat flux
applied to the aluminum plate (Xia et al. 2013):

Nu = e

ave. =7 (m (19)
k,(T,-T,)

RESULTS AND DISCUSSION

First of all, a comparison between single- and two-phase
models is carried out as is illustrated in Figure 5. Figure
5 shows that both models are able to predict the Nusselt

k =k (15) ~ number distribution along the width of the surface. However,
s 4, k A, the single-phase model underestimates the amount of the
Nusselt number and the differences in some areas along the
TABLE 1. Thermophysical properties of the nanofluid and solid nanoparticles (Mahdy 2012).
i Nanofluid
Distilled Water Nanoparticle
CuO o=1% ©=2% ©=3% =4% 0=5%
p (kg/m?) 998.2 8933 1077.6 1156.9 1236.2 1315.6 1394.9
Cp (J/kgK) 4182 385 3867.2 3595.6 3358.9 3150.7 2966.2
k (W/m K) 0.6130 400 0.6315 0.6504 0.6696 0.6893 0.7094
u(Pas) 0.00103 - 0.00108 0.001198 0.001333 0.001493 0.001677
Pr 6.8426 - 6.6662 6.6275 6.6897 6.8255 7.0144




234

width of the plate, reaching around 15-20%. Based on the
provided data by Maiga et al. 2004 & 2005, the single-phase
model evaluates the thermal and fluid parameters faster
in comparison to the two-phase model, with acceptable
accuracy when the nanoparticle diameters are smaller than
100 nm and the concentration is less than 6%. Therefore, in
the following sections, the single-phase model is employed
for all simulations.
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FIGURE 5. Nusselt number distribution at flat impingement
surface of single phase and mixture models; d=7 nm, Re=1800,
and ¢=2%.
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FIGURE 6. Local Nusselt number at stagnation point of flat
impingement plate; Re=1800, and ¢=2%.

Figure 6 shows the variation of the value of the Nusselt
number at the stagnation point versus the nanoparticles
diameter. The inverse relationship is evident from the graph
where the rise in nanoparticle diameter leads to a decrease in
the Nusselt number at the stagnation point. Furthermore, it
can be concluded that the critical nanoparticle size acting on
the Nusselt number at the stagnation point can be set as 40-
50 nm. An increase in the nanoparticle diameter to a number
higher than the critical number leads to very small changes
in the value of the Nusselt number at the stagnation point. It
should be noted that the peak value of the Nusselt number
is related to the smallest nanoparticle diameter, leading to
higher Nusselt numbers.
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FIGURE 7. Nusselt number distribution at flat impingement
plate; Re=1800, and d=7 nm.

Figure 7 illustrates the distribution of the Nusselt
number along with the width of the impingement surface
for different volume fractions. Thus, the effect of volume
fraction on the value of the Nusselt number is low for a
small range of volume concentration. As the volume fraction
increases, the magnitude of the Nusselt number increases as
well. Based on Figure 7, the 5% volume fraction causes an
observable increase in the Nusselt number in comparison
with other simulated volume fractions; however, this
increase of magnitude is insignificant.

As indicated in Figure 8, it is clear that the increase
in the mean jet velocity causes a significant effect on the
distribution of the Nusselt number. When the high-velocity
jet vertically impinges on a surface, thin hydrodynamic and
thermal boundary layers are formed at the stagnation point,
developing outward over time. Based on the amount of the
Prandtl number, which is greater than 1, the hydrodynamic
boundary layer is thicker than the thermal boundary layer.
The temperature at the stagnation zone is low and increases
outward, which this process leads to the peak value of the
Nusselt number at the impingement point of the stagnation
region. As is shown in Figure 8, higher jet velocity can
increase the Nusselt number up to 50% higher.
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FIGURE 8. Nusselt number distribution at flat impingement
plate; d=7 nm, and ¢=5%.
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FIGURE 11. Comparison between the current results of the
stagnation Nusselt number for normal impingement with
previously documented correlations for impingement with
distilled water.

Figure 9 illustrates the effect of different nanoparticle
diameters on the distribution of the Nusselt number, along
with the width of the impingement surface. Based on this
figure, the effect of nanoparticle diameters at the stagnation
zone is about 1%; however, at the further distance from the
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stagnation zone, the effect of the nanoparticles increases by
up to 10%. This can be described as a value of the Nusselt
number. Since the value of the Nusselt number is high at
the stagnation point, the nanoparticle diameter does not
play a significant role; however, away from this zone, the
nanoparticle diameter becomes a significant factor. This is
because of the drastic drop in the Nusselt number (about
90%).

Impingement on the different types of surfaces affects
the magnitude of the Nusselt number which this is better
explained as a change in the hydrodynamic and thermal
boundary layers. A change of surface to a concave plate
notably increases the highest Nusselt number in comparison
with the flat and the convex plates. Further, the convex shape
of the plate reduces the maximum Nusselt number as well.

Figure 10 depicts the Nusselt number for all three
types of plates versus the value of the Reynolds number.
Regarding the earlier-mentioned argument, the high velocity
of the inlet jet, which causes a high Reynolds number, leads
to an increase of the Nusselt number. Figure 11 shows
numerical data of the present study for water-CuO nanofluid
with a nanoparticle diameter of 7 nm and a volume fraction
of 5% with the solid line. Some other theoretical formulas
proposed by authors available in the literature are illustrated
in this figure for distilled water with different Reynolds
number ranges for comparison with the current results. As
seen, there is a huge deviation of the stagnation Nusselt
number between the impingement containing nanoparticles,
with the output of correlations for the impingement with
water.

CONCLUSION

Numerical simulation of the heat transfer characteristics
of a two-dimensional slot jet impingement on a plate is
performed. The effect of several parameters, such as the
nanoparticles diameter and their volume fraction as well as
the influence of the impingement plate shape on the heat
transfer coefficient were discussed and analyzed.

A precise grid independence study was carried out
to discover an optimal number of the grids, and the grid
resolution was improved to evaluate the proper truncation
error and increase the accuracy of the numerical simulation.

Sensitivity analysis regarding the effect of the volume
fraction on the Nusselt number showed that the volume
concentration does not affect the

Nusselt number and there is a low dependency. As the
volume fraction starts to grow, the magnitude of the Nusselt
number increases. The results of a simulation demonstrated
that an increase in the mean jet velocity, which causes an
increase in the value of the Reynolds number, significantly
affects the distribution of the Nusselt number. Furthermore,
due to the high Nusselt number, the dependency of the
Nusselt number on the nanoparticles diameter is low near
to the stagnation point. However, the dependency of the
Nusselt number on the nanoparticles diameter increases at
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the far edge of the plate, due to the high reduction of the
Nusselt number.

Additionally, jet impingement on the different types of
plates affects the Nusselt number, which can be considered
as a result of a change in the hydrodynamic and thermal
boundary on these surfaces. A change of surface to a concave
shape extremely increases the highest value of the Nusselt
number; however, the convex shape reduces the maximum
Nusselt number.

NOMENCLATURE

C experimental constant, 36000

C, pressure coefficient

C, specific heat capacity, J/kg.K

d nozzle diameter, m

dp nanoparticles diameter

d, base fluid molecule diameter

H the vertical jet-to-surface distance, m

k turbulent kinetic energy

K thermal  conductivity  coefficient,
W/mK

kf thermal conductivity coefficient of the
base fluid, W/m.K

kp thermal conductivity coefficient of
nanoparticles, W/m.K

Nu Nusselt number

Nu, Nusselt number at the stagnation point

P pressure, Pa

Peclet number

Prandtl number

R radial distance measured from the
stagnation point, m

Re Reynolds number

T temperature, K

T, bulk temperature of the fluid, K

T, averaged temperature of the wall, K

q" heat flux, W/m?

u velocity component along X, m/s

u, exit velocity of the jet, m/s

w width of the jet

x cartesian coordinate axis

X horizontal coordinate axis along the
impingement surface

Subscript

0 parameters at stagnation point

ave. averaged

eff effective

f fluid

i axis along the horizontal direction of
the impingement surface

J axis along the vertical direction on
impingement surface

k turbulent kinetic energy

m mean

nf nanofluid

p solid nanoparticles

& dissipation rate of turbulent kinetic
energy

le first constant value in € equation

2¢ second constant value in € equation

Greek symbols

a thermal diffusivity

s thermal expansion coefficient, 1/K

e dissipation rate of turbulent kinetic

energy, m?/s’

K, Boltzmann constant, 1.3807x10-2 J/K
u dynamic viscosity, Pa.s

v kinematics viscosity, m?/s

p density, kg/m®

o volume fraction of nanoparticles

0 partial differential operator
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