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Abstract
Purpose – The purpose of this study is to numerically analyze the convective heat transfer features for
cooling of an isothermal surface with a cavity-like portion by using CuO-water nano jet. Jet impingement
cooling of curved surfaces plays an important role in practical applications. As compared to flat surfaces, fluid
flow and convective heat transfer features with jet impingement cooling of a curved surface becomes more
complex with additional formation of the vortices and their interaction in the jet wall region. As flow
separation and reattachment may appear in a wide range of thermal engineering applications such as
electronic cooling, combustors and solar power, jet impingement cooling of a surface which has a geometry
with potential separation regions is important from the practical point of view.
Design/methodology/approach – Numerical simulations were performed with a finite volume-based
solver. The study was performed for various values of the Reynolds number (between 100 and 400), length of
the cavity (between 5 w and 40 w), height of the cavity (between w and 5w) and solid nano-particle volume
fraction (between 0 and 4 per cent). Artificial neural network modeling was used to obtain a correlation for the
average Nusselt number, which can be used to obtain fast and accurate predictions.
Findings – It was observed that cavity geometrical parameters of the cooling surface can be adjusted to
change the flow field and convective heat transfer features. When the cavity length is low, significant
contribution of the inclined wall of the cavity on the average Nusselt number is achieved. As the cavity length
and height increase, the average Nusselt number, respectively, reduce and slightly enhance. At the highest
value of cavity height, significant changes in the convective flow features are obtained. By using nanofluids
instead of water, enhancement of average heat transfer in the range of 35-46 per cent is obtained at the highest
particle volume fraction.
Originality/value – In this study, jet impingement cooling of an isothermal surface which has a cavity-like
portion was considered with nanofluids. Addition of this portion to the impingement surface has the potential
to produce additional vortices which affects the fluid flow and convective features in the jet impingement heat
transfer. This geometry has the forward-facing step for the wall jet region with flow separation reattachment
in the region. Based on the above literature survey and to the best of the authors’ knowledge, jet impingement
cooling for such a geometry has never been reported in the literature despite its importance in practical
thermal engineering applications. The results of this study may be useful for design and optimization of such
systems and to obtain best performance in terms of fluid flow and heat transfer characteristics.
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Nomenclature
b = bias term;
d1 = cavity length, [m];
Dh = characteristic length, [m];
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h = local heat transfer coefficient, [W/(m2K)];
h1 = plate distance, [m];
h2 = cavity height, [m];
k = thermal conductivity, [W/(m K)];
L = plate length, [m];
n = unit normal vector;
Nus = local Nusselt number;
Num = average Nusselt number;
p = pressure, [Pa];
Pr = Prandtl number;
R = residual;
Re = Reynolds number;
s = source term;
T = temperature, [T];
u, v x-y = velocity components, [m/s];
W = neural network weights;
w = slot width, [m]; and
x, y = Cartesian coordinates, [m].

Greek characters
a = thermal diffusivity, [m2/s];
f = solid volume fraction;
� = kinematic viscosity, [m2/s];
u = non-dimensional temperature; and
r = density of the fluid, [kg/m3].

Subscripts
c = cold;
h = hot;
m = average;
NN = neural network;
nf = nanofluid; and
w = wall.

1. Introduction
Jet impingement cooling plays an important role in various thermal applications such as in
drying, textiles, thermal treatment of surfaces, glass annealing and turbine blade cooling.
Higher values of local heat andmass transfer are achieved with jet impingement cooling and
in the literature tremendous amount of paper can be found with numerical, experimental and
theoretical studies related to this topic (Chen et al., 2005; Koseoglu and Baskaya, 2010;
Martin, 1977; Lallave et al., 2007; Demircan and Turkoglu, 2010; Oztop et al., 2011; Senter
and Solliec, 2007; Varol et al., 2012; Lou et al., 2005). Use of nanofluids technology in thermal
engineering is growing and many different applications of nanofluids are used in thermal
engineering such as refrigeration, power generation, renewable energy and convective heat
transfer enhancement (Mahian et al., 2013; Mahian et al., 2014; Rashad et al., 2016; Hasan
et al., 2017; Rashad et al., 2018; Sheikholeslami et al., 2013; Selimefendigil et al., 2016; Oztop
and Abu-Nada, 2008; Nielda and Kuznetsov, 2014; Selimefendigil and Oztop, 2017a; Abu,
2008; Chamkha et al., 2017; Selimefendigil and Oztop, 2019; Chamkha and Abu-Nada, 2012;
Selimefendigil et al., 2017d). Nanofluids were also used in jet cooling applications (Li et al.,
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2012; Manca et al., 2011; Nakharintr et al., 2018; Selimefendigil and Oztop, 2018a;
Wongcharee et al., 2017; Selimefendigil and Oztop, 2018b; Selimefendigil and Oztop, 2017b).
An experimental investigation of nano-jet with TiO2 nanoparticles was performed in
(Nakharintr et al., 2018). Influence of jet-plate spacing, jet diameter ratios and nanofluid
particle concentration on the hydro-thermal performance was examined and it was observed
that the heat transfer rate augments with higher nanofluids concentration and for lower jet-
plate spacing. In a recent study (Selimefendigil and Oztop, 2018a), nanofluid jet
impingement cooling of a hot surface was examined under the effects of a rotating cylinder
and with SiO2 nanoparticles. In this study, only 8 per cent in the average Nusselt number
enhancement is obtained with nanoparticle at the highest solid volume fraction while
significant changes are attained with rotating cylinder. In an experimental study by
(Wongcharee et al., 2017) swirling impinging jet with TiO2 nanoparticles was studied with
thermochromic liquid crystal technique and higher heat transfer performances were noted
with swirling impinging jets as compared to conventional impinging jets while nanoparticle
inclusion to the base fluid resulted in heat transfer coefficient enhancement.

Jet impingement cooling of curved surfaces plays an important role in practical
applications. As compared to flat surfaces, fluid flow and convective heat transfer features
with jet impingement cooling of a curved surface becomes more complex with additional
formation of the vortices and their interaction in the jet wall region. As flow separation and
reattachment may appear in wide range of thermal engineering applications such is in
electronic cooling, in combustors, solar power andmany others, jet impingement cooling of a
surface which has a geometry with potential separation regions are important from the
practical point of view. Flow over geometries which introduces separation regions such as
flow over backward or forward facing steps was examined in many studies (Abu and
Mulaweh, 2003; Armaly et al., 1983; Barkley et al., 2002; Selimefendigil and Oztop, 2013a; Nie
and Armaly, 2004; Selimefendigil and Oztop, 2014; Selimefendigil and Oztop, 2013b;
Terhaar et al., 2010; Velazquez et al., 2008). In a recent study, (Selimefendigil and Oztop,
2017c) numerically examined jet impingement cooling of a curved surfaces with CuO
nanoparticles. They achieved 20 per cent of heat transfer entrancement with the nanofluid
and observed the similar trends for the average heat transfer vs solid particle volume
fraction both for flat and curved surfaces. (Ying et al., 2017) experimentally examined the
convective heat transfer features for a single round jet impinging on a concave surface. It
was observed that surface curvature has negative influence on the convective heat transfer
while the relative nozzle to surface distance increment resulted in heat transfer
enhancement. (Taghinia et al., 2016) numerically examined the heat transfer and fluid flow
features for jet impingement on a curved surface by using various turbulence models. They
obtained better results with the one-equation model for the impingement region with lower
jet-to-surface distances.

In this study, jet impingement cooling of an isothermal surface which has a cavity-like
portion was considered with nanofluids. Addition of this portion to the impingement surface
has the potential to produce additional vortices which affects the fluid flow and convective
features in the jet impingement heat transfer. This geometry has the forward facing step for
the wall jet region with flow separation reattachment in those region. Based on the above
literature survey and to the best of authors’ knowledge, jet impingement cooling for such a
geometry has never been reported in the literature despite its importance in practical
thermal engineering applications. The results of this present study may be useful for design
and optimization of such systems and to obtain best performance in terms of fluid flow and
heat transfer characteristics.
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2. Numerical modeling
Figure 1 shows the schematic representation of the geometry with boundary conditions. A
jet is emerged from the slot of width of w with velocity v0 and temperature of Tc. The
separating distance between the inlet jet to the impingement surface is h1 = 5 w. In this
study, the bottom plate is kept at isothermal hot temperature of Th while a cavity-like
component is introduced with height h2 and length d1. The length of the bottom plate is
L=80 w. The side wall is also made inclined which makes angle of u = 60° with the
horizontal. In the literature, there are a few studies with jet impingement cooling of curved
surfaces. In this configuration, a forward-facing-like step is introduced to the bottom wall
which introduces additional re-circulation zones and complicates the wall jet region. This
type of configuration is not rare in application where cooling of such geometries may be
needed with jets. The jet impingement cooling is made by using CuO-water nanofluids.
Thermophysical properties of base fluid and CuO nanoparticle are given in Table I.
Newtonian and incompressible fluid assumption with two dimensional and steady flow
configuration are used. Various effects such as viscous dissipation, natural convection and
thermal radiation are all ignored.

Conservation equations for fluid flow and heat transfer can be stated as:

@u
@x

þ @v
@y

¼ 0; (1)

@u
@t

þ u
@u
@x

þ v
@u
@y

¼ � 1
rnf

@p
@x

þ �nf
@2u
@x2

þ @2u
@y2

 !
; (2)

Figure 1.
Schematic description
of the physical model

Table I.
Thermophysical
properties of base
fluid and
nanoparticle
Sheikholeslami et al.
(2014)

Property Water CuO

r (kg/m3) 997.1 6,500
cp (J/kg K) 4,179 540
k (W/mK) 0.61 18
dp (mm) – 29
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@v
@t

þ u
@v
@x

þ v
@v
@y

¼ � 1
rnf

@p
@y

þ �nf
@2v
@x2

þ @2v
@y2

 !
; (3)

@T
@t

þ u
@T
@x

þ v
@T
@y

¼ anf
@2T
@x2

þ @2T
@y2

 !
: (4)

Appropriate boundary conditions in dimensional form can be stated as:
� At the inlet, isothermal cold temperature and uniform velocity are used:

u = 0, v = v0, T = Tc.
� Gradients in the x-direction are set to zero at the side surfaces:

@u
@x ¼ 0; @v

@x ¼ 0; @T
@x ¼ 0

� Bottom plate is at isothermal temperature and is stationary:
u = v = 0, T = Th.

� Top plate is adiabatic and stationary:
u ¼ v ¼ 0; @T

@y ¼ 0

The effective density and heat capacity of the nanofluid are defined by using:

rnf ¼ 1� fð Þr f þ f r p; rcpð Þnf ¼ 1� fð Þ rcpð Þf þ f rcpð Þp (5)

Viscosity of the nanofluid is given as (Koo and Kleinstreuer, 2005):

mnf ¼ m st þ mBrownian ¼ m f 1� fð Þ�0:25 þ kBrownian
kf

� m f

Prf
(6)

where the first term is the Brinkman’s viscosity model (Brinkman, 1952).
Thermal conductivity of the nanofluid model includes the effects of Brownian motion

(Koo and Kleinstreuer, 2005):

knf ¼ kst þ kBrownian (7)

where kst is the static thermal conductivity as given by (Maxwell, 1873):

kst ¼ kf
kp þ 2kf
� �� 2f kf � kp

� �
kp þ 2kf
� �þ f kf � kp

� �
" #

(8)

The interaction between the nanoparticles and the effect of temperature are included in the
models as:

kBrownian ¼ 5� 104f r f cp;f

ffiffiffiffiffiffiffiffiffiffi
k bT
r pdp

s
f
0
T; f ; dp
� �

(9)

where the function f0 for CuO-water nanofluid is defined in (Koo and Kleinstreuer, 2005).
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The solution of the governing equations with the appropriate boundary conditions is
made by using the finite volume method. Using suitable discretization schemes for
convective and diffusion terms, algebraic equation at the node point p surrounded by
neighboring relevant nodes (subscript n) can be obtained as:

apf p ¼
X

anf n þ s (10)

For the discretization of the convective terms in the momentum and energy equations
QUICK scheme was used and SIMPLE algorithm was used for velocity-pressure coupling.
Gauss–Siedel point-by-point iterative method and algebraic multigrid method were used for
the solution of the resulting system of algebraic equations. The normalized residual is
calculated as:

Rf ¼

X
all cells

japf p � anf n � sj
X

all cells

japf pj
(11)

Iterative solution is stopped when the residuals for all dependent variables become less than
10�6.

Local and average Nusselt number for the isothermal hot wall is obtained as:

Nux ¼ hxDh

knf
¼ � Dh

Th � Tc

@T
@y y¼0

; Num ¼ 1
L

ðL
0
Nuxdx: (12)

where hx is the local heat transfer coefficient and knf represents the thermal conductivity of
nanofluid.Dh= 2w is the characteristic length based on the slot width.

Grid independence test was performed. Table II shows grid independence test results for
average Nusselt number along the hot surface considering various number of elements (d1 =
20w, h2 = 5w) for different combinations of Reynolds number and solid particle volume
fraction. In the present study, G3 with 12796 elements was used in the subsequent
computations.

Validation of the code is made by using various studies in the literature. The first
validation study was performed by using the numerical results of (Sahoo and Sharif, 2004).
Table III shows the comparison results of average Nusselt number along the hot surface for
various aspect ratio for the problem of jet impingement cooling of a heated surface at
Reynolds number of 500. Another comparison is made by using the results of (Chiriac and
Ortega, 2002). The local Nusselt number variations for the bottom hot plate is shown at

Table II.
Grid independence
study, (d1 = 20 w,
h2 = 5 w)

Re f G1 (1024) G2 (7337) G3 (12796) G4 (67063)

100 0 1.158 0.993 0.936 0.929
100 0.04 1.689 1.381 1.326 1.322
200 0 1.918 1.532 1.428 1.398
200 0.04 2.881 2.167 2.012 1.993
400 0 3.274 2.559 2.312 2.299
400 0.04 4.875 3.687 3.297 3.216
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Reynolds number of 250 in Figure 2. When comparisons are made with the given two
available configurations, the accuracy of the code in the jet impingement cooling is assured.

3. Results and discussion
In this study, cooling of a hot isothermal surface which has a cavity portion was analyzed
with CuO-water nano jet. Numerical simulations were performed by various values of
Reynolds number (between 100 and 400), length of the cavity (between 5 w and 40 w), height
of the cavity (between w and 5 w) and solid nano-particle volume fraction (between 0 and 4
per cent). Correlation of average Nusselt number is obtained by using artificial neural
networks considering variation is those pertinent parameters.

Figure 3 demonstrates the effects of Reynolds number and length of the cavity on the
variation of streamlines and isotherms for h2 = 10 w and f = 4 per cent. Two re-circulation
zones are established which is because of the entertainment and confining effect. For length
of 5 w, re-circulation zones are observed in the upper part of bottom wall in the wall jet
region and their influencing zones enhances for higher values of Reynolds number. As the
length of the cavity increases, vortices near the inlet jet extends in size and additional
vortices are established in the corners of the cavity. The size of the corner vortices increases
for higher values of Reynolds number and no vortices are obtained in the upper part of the
bottomwall which is because of the reduction of wall jet velocity for the location where a rise
in the bottom wall height is seen. Table IV presents the reattachment length of the vortex on
the P1 wall (P1 denotes the upper part of the bottom wall near the left exit and other walls

Table III.
Code validation

study: comparison of
the average Nusselt
number for the hot
surface with two

values of aspect ratio
for jet impingement
cooling of a heated
surface at Reynolds

number of 500

Aspect ratio Ref (Sahoo and Sharif, 2004) Present study

4 12.20 12.27
10 11.59 11.43

Figure 2.
Comparison of the

local Nusselt number
distribution along the

bottomwall for at
Reynolds number of

250 with the results of
(Chiriac and Ortega,

2002)−0.1 −0.05 0 0.05 0.1
0

2

4

6

8

10

12

x (m)

N
u s,

x

Chiriac & Ortega [7]
Present study
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of the hot part starting from the left exit are denoted as P2, P3, P4 and P5, respectively) with
various values of Reynolds number and cavity length. As the value of Reynolds number
augments, the size of the re-circulation length increases. For cavity lengths of d1 = 30 w and
d1 = 40 w, no vortex is established on the P1 and P5 walls. Figure 4 shows the variation of
average Nusselt number for various cavity length and for different Reynolds number values.
Contribution of different parts of the bottom wall are also seen in this plot Figure 4(a-b). An
increase in the Reynolds number augments the average heat transfer for all of the parts of
the hot bottom wall. A significant contribution of the wall P4 to the overall heat transfer is
seen for d1 = 5 w while its contribution is gradually reduced for higher values of cavity
length. The inclination of wall P4 has significant effect on the average heat transfer

Figure 3.
Effects of Reynolds
number and length of
the cavity on the
distribution of
streamlines and
isotherms (h2 = 10w,
f = 0.04)

Table IV.
Effect of cavity
length on
reattachment length
for part P1 for
various Reynolds
numbers, (h2 = 3 w,
f = 0.04)

d1 Re = 100 Re = 200 Re = 400

5 0 3.3 12.6
10 6 9.5 13.3
20 4 8.1 12
30 0 1.5 7.5
40 0 0 0
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enhancement as compared to wall P2. The wall with the maximum stagnation point (P3) has
the highest contribution to overall heat transfer after cavity length of d1 = 20 w for Reynolds
number of 100. There is negligible difference between the average Nusselt number for walls
P1 and P5. The cavity length generally reduces the overall heat transfer rate while the
reductions in the overall heat transfer rates are 16.75 per cent and 42.10 per cent for

Figure 4.
(a)-(b) Average
Nusselt number

along each of the hot
walls of the bottom
part with cavity for

different cavity
lengths and (c)-
average Nusselt

number along bottom
part for various

values of Reynolds
number and cavity

length (h2 = 5 w, f =
0.04)

0 5 10 15 20 25 30 35 40 45
0
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N
u m
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(a)

(b)

(c)

Notes: (a) Re = 100; (b) Re = 400; (c)
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Reynolds number of 100 and 400 when the cavity with the lowest and highest length is
considered.

Influence of cavity height on the flow and thermal pattern distributions are shown in
Figure 5 for various values of Reynolds number with d1 = 10 w and f = 4 per cent. Multi re-
circulation zones are established in the flow domain for various values of Reynolds number.
When the cavity height is increased from h1 = w to h1 = 3 w, the size of vortices near the inlet
is reduced while the extent of the re-circulation zone above the bottom wall of the cavity
enhances which is more effective at low values of Reynolds number. At cavity height of h2 =
5 w, less penetration of the fluid in the cavity is seen because of increased height and the size
of all re-circulation zones is reduced. Variations of re-circulation length of the vortex on P1
wall for various cavity height and for three values of Reynolds number are shown in
Table V. The size of the vortex increases for higher values of Reynolds number and height
of the cavity but the for the height h2 = 5 w, its size reduces again. Thermal gradients are
steepest at the stagnation point and gradually reduces in the wall jet region. The presence of
the vertical step-like wall even reduces the wall jet velocity, and owing to the separation and
reattachment, additional steepest gradients are seen near the reattachment point of the re-
circulation above the bottom walls (P1 and P5 walls). Effects of cavity height on the local
and average Nusselt number variations are demonstrated Figure 6. An enhancement in the
cavity height results in the reduction of the overall heat transfer contribution of the wall
with the maximum Nusselt number location (P3) while the average Nusselt number for the
inclined wall of the cavity first increases then reduces at the highest value of the cavity

Figure 5.
Influence of Reynolds
number and cavity
height on the
distribution of
streamline and
isotherms (d1 = 10w,
f = 0.04)
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height. The behavior of the wall contributions to the overall heat transfer changes at
Reynolds number of 400 but the least contributions are attained for wall P1 and P5 for both
Reynolds number. The average Nusselt number (overall) slightly increases with the rise of
value of cavity height, but at the highest value of height a drop in the Nusselt number is
obtained which have similar trends for all Reynolds numbers. The enhancement and the
deterioration in the average heat transfer from h2 = w to h2 = 30 w is 4.5 per cent and from
h2 = 30w to h2 = 40w is 6.10 per cent.

Table VI shows the reattachment length of the vortex on wall P1 for various values of
solid particle volume fraction and Reynolds number. When the value of Reynolds number
and solid particle volume fraction increase, the size of the vortex on this wall increases as
well. Table VII shows the variation of overall Nusselt number (considering all of hot
surfaces) with respect to changes in solid volume fractions and Reynolds number. Inclusion
of solid nanoparticles to the base fluid enhances the thermal transport and increases the heat
transfer rate. The average Nusselt number vs solid particle volume fraction poses almost a
linear variation for all walls of the hot plate as shown in Figure 7 with (d1 = 10 w, h2 = 5 w).
The rates of the enhancement are in the range of 44-46 per cent for inclined wall P4 where
higher heat transfer rate is expected and 35-39 per cent for the walls P1 and P5 where lowest
vale of heat transfer rate is observed for Reynolds number of 100 and 400.

A correlation for the average Nusselt number (overall) is obtained with the help of
artificial neural networks which are composed of processing elements called the neurons. In
this modeling method, different layers and various activation functions are used in a
network structure to perform nonlinear input-output transformations within the nodes in the
hidden layer. The weights of the network are adjusted in order minimize the difference
between the computational fluid dynamics simulation outputs and outputs of the neural
network model. Following steps are involved in the modeling with the artificial neural
networks: input-output data specification to the neural network, choice of the artificial
network architecture, specifying the number of neurons and hidden layers, choice of
activation function and learning algorithm. In the final step, validation of the data set is
performed. Back-propagation algorithm and its various variants are used in general. The
artificial neural network weights are adjusted during the training of the network through
epochs which are called the training cycles. In the literature, a vast amount of study with the
application of artificial neural networks to thermal engineering problems can be found
(Mahmoud and Ben-Nakhi, 2007; Karami et al., 2012; Selimefendigil and Oztop, 2012; Demir
et al., 2009; Varol et al., 2007; Selimefendigil and Oztop, 2015). A good review study can be
found in ref. (Kalogirou, 1999).

In the artificial neural network modeling, the output is determined by using the logistic
sigmoid function which has a functional form as:

fn ¼ 1
1þ e�gn

(13)

Table V.
Effect of cavity

height on
reattachment length

for part P1 for
various Reynolds

numbers, (d1 = 10 w,
f = 0.04)

h2 Re = 100 Re = 200 Re = 400

1 5.5 10 14
2 6.5 10 14
3 6 9.5 13.3
5 4.5 8.2 12.4
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Figure 6.
(a)-(b) Average
Nusselt number
along each of the hot
walls of the bottom
part with cavity for
different cavity
heights and (c)-
average Nusselt
number along bottom
part for various
values of Reynolds
number and cavity
height (d1 = 10w,
f = 0.04)
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where gn is defined as:

gn ¼
XN
k¼1

ukWkn þ bk (14)

where u, W, N and b represent the input parameter, weight, number of hidden neurons and
bias term, respectively. Normalization of the samples between 1 and �1 can be performed
by using the following expression:

xnew ¼ 2� x� xmin

xmax � xmin

� �
� 1 (15)

Network performance can be measured by using different error measures such as mean
square error (MSE) and coefficient of determination or correlation coefficient (R2) which are
given as:

MSE ¼ 1
N

XN
k¼1

yNNk � yk
� �2

(16)

Table VII.
Influence of solid

nanoparticle volume
fraction and

Reynolds number on
the average Nusselt
number variations
considering all hot

surfaces for various
Reynolds numbers

(d1 = 10 w, h2 = 3 w)

Re f Num

100 0 56.79
100 0.01 62.08
100 0.02 67.72
100 0.03 73.64
100 0.04 79.80
200 0 91.00
200 0.01 99.66
200 0.02 108.78
200 0.03 118.27
200 0.04 128.11
300 0 121.22
300 0.01 132.53
300 0.02 144.39
300 0.03 156.74
300 0.04 169.61
400 0 148.72
400 0.01 162.70
400 0.02 177.44
400 0.03 192.89
400 0.04 208.76

Table VI.
Influence of solid

nanoparticle volume
fraction on

reattachment length
on part P1 for

various Reynolds
numbers, (d1 = 10 w,

h2 = 3 w)

f Re = 100 Re = 200 Re = 400

0 4.7 8.3 10.8
0.01 5.0 8.7 11.3
0.02 5.3 8.9 11.6
0.04 6.1 9.4 12.6
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R2 ¼ 1�
XN

k¼1
yNNk � yk
� �2

XN

k¼1
yk � yð Þ2

(17)

where yNN, y, N and y represent the predicted value, computational fluid dynamics
(CFD) value, pattern number and the mean value of CFD values, respectively. When the
mean square error (MSE) value approaches to zero, the developed model accuracy
becomes higher. The correlation coefficient shows how much two groups of data are

Figure 7.
Effects of solid
particle volume
fraction on the
variation of average
Nusselt number
along the hot walls of
the bottom part for
two values of
Reynolds number
(d1 = 10w, h2 = 5w)
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correlated with each other and if it approaches to one, better performance of the model
is expected.

In the present study, complicated convective heat transfer and fluid flow features
for cooling of an isothermal surface which has a curved geometry in the shape of an
open cavity was examined with numerical simulations. A correlation for the average
Nusselt number of the hot wall was obtained by using the artificial neural network. As
the variation of the average Nusselt number with solid nanoparticle volume fraction
shows almost a linear trend, the correlation for the Nusselt number is obtained at the
highest value of f = 4 per cent. In this modeling with artificial neural networks,
Reynolds number (between 100 and 400), length of the cavity (between D1 = d1/w= 5
and D1 = 40) and height of the cavity (between H2 = h2/w= 1 and H2 = 5) are chosen as
the input to the network while the average Nusselt number is taken as the outputs from
the network structure. In total 125 different data sets generated from high fidelity
computational fluid dynamics simulation was used as the input data to the neural
network structure.

Feed-forward network structure with one hidden layer and linear output layer were
selected as the network architecture while Levenberg–Marquardt back-propagation
was used as the training algorithm. Figure 8 shows the artificial neural network
structure with three inputs and one output. In the present study, 15 neurons was used in
the modeling and Figure 9 shows the MSE and R values obtained with neural network
studies considering different number of neurons. In the present study, 60 per cent of the
data was used for estimation while 20 per cent was used for validation and 20 per cent
of the data was used for testing purpose. Figure 10 shows the regression coefficient
variations for training, validation, testing and all. R value closes to 1 denotes a higher
correlation between the outputs and target values. Table VIII shows the weights and
biases of artificial neural network structure for the developed model. The Nusselt
correlation is expressed in terms of this network structure constant weights. Table IX
presents the comparison results of computational fluid dynamics data and predictions
obtained by artificial neural networks for various parameters for the average Nusselt
number. The difference between the actual numerical simulation data and established
artificial neural network model is small (remains below 5 per cent in most of the cases).
This model developed by using artificial neural networks can be used to obtain fast and
accurate predictions for the average Nusselt number of the present thermal
configuration.

4. Conclusions
This study investigates the fluid flow and heat transfer features of CuO-water
nanofluid jet impingement cooling of a hot surface which has a cavity-like component.
The following important conclusions can be drawn from the numerical simulation
results as:

Figure 8.
Neural network

architecture with
different layers
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Figure 9.
Mean square and R-
values for various
number of neurons
(N) used in the hidden
layer
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� For lower values of cavity length, significant contribution of the inclined wall on the
overall heat transfer is obtained while the wall with the peak value of local Nusselt
number contributes after cavity length of d1 = 20 w.

� Higher values of cavity length reduces the overall heat transfer rate in general and
42.10 per cent of reduction in Nusselt number is obtained at Reynolds number of 400
when the cavity with the lowest and highest length is compared.

� The recirculation zones established in the configuration are highly affected by the
variation of cavity length and height. However, at the highest value of cavity height

Figure 10.
Regression coefficient

variations for
training, validation,
testing and all data

set

Table VIII.
Weights and biases
of artificial neural

network model, HL:
hidden layer, OL:

output layer

HL HL HL HL OL OL
Neuron W1,j (d1) W2,j (h2) W3,j (Re) bj Wi b1

1 –1.1688 2.2533 0.10245 0.16837 4.305 –0.81523
2 –0.25949 3.5706 2.1549 0.076742 2.3715
3 –2.3435 –2.4197 –3.1069 –0.0046543 1.1172
4 0.43737 3.0347 0.054295 –0.28438 –3.0631
5 0.23992 –3.7663 0.98111 –0.12209 –1.5265
6 –1.5917 –0.8564 2.4239 –0.031204 0.51756
7 0.96934 –2.0166 –0.42146 –0.85309 0.7982
8 0.078835 0.60968 –0.54152 –0.85902 0.19534
9 –0.012758 –1.1542 –2.0034 –0.058572 1.5641

10 –1.5927 2.3271 0.57009 –0.50309 –0.8496
11 2.7893 –0.29373 2.8726 0.032987 2.0491
12 –5.9573 –1.6482 0.71821 –0.25229 –3.6387
13 4.0965 3.2327 0.22555 –1.6289 3.5887
14 0.93813 –1.4835 2.0965 0.19478 3.3118
15 3.8491 3.7383 0.3372 1.4136 3.7932
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d1 h2 Re CFD ANN Diff

5 1 200 2.3308 2.3825 –2.2159
5 1 300 3.144 3.2728 –4.0961
5 1 400 3.9305 3.9667 –0.92252
5 2 300 3.0634 3.084 –0.67139
5 2 350 3.4315 3.4379 –0.18773
5 2 400 3.7969 3.8012 –0.11316
5 3 300 4.9944 5.0213 –0.53983
5 3 350 5.8318 5.8402 –0.14381
5 3 400 6.6712 6.5604 1.6607
5 4 100 1.5414 1.547 –0.36022
5 4 200 2.4514 2.4653 –0.5697
5 4 300 3.4433 3.4057 1.0905
5 4 350 3.9599 3.9645 –0.11669

10 1 200 2.4695 2.3796 3.6414
10 1 300 3.2778 3.2808 –0.093232
10 1 350 3.6761 3.6894 –0.36066
10 1 400 4.0767 4.0075 1.6965
10 2 300 3.3779 3.3917 –0.40961
10 2 350 3.7714 3.7969 –0.67505
10 2 400 4.1618 4.2216 –1.4366
10 3 200 2.5623 2.5703 –0.31186
10 3 300 3.3923 3.3633 0.85652
10 3 350 3.7853 3.8327 –1.2518
10 3 400 4.1753 4.3075 –3.1676
10 4 100 1.6121 1.5702 2.6016
10 4 200 2.5683 2.5207 1.8521
10 4 300 3.4024 3.3553 1.386
10 4 350 3.8007 3.8108 –0.26493
10 4 400 4.1854 4.224 –0.92388
10 5 100 1.3669 1.3635 0.25367
10 5 200 2.2183 2.2219 –0.16296
10 5 300 3.0202 3.1105 –2.9916
10 5 350 3.4029 3.4605 –1.6936
10 5 400 3.7757 3.7445 0.82676
20 1 100 1.6008 1.5894 0.71199
20 1 200 2.3323 2.3215 0.46372
20 1 300 3.0718 3.06 0.38243
20 1 350 3.4372 3.4487 –0.33447
20 1 400 3.7903 3.7658 0.64586
20 2 100 1.5917 1.565 1.6751
20 2 200 2.4635 2.4885 –1.0153
20 2 300 3.3754 3.3557 0.58111
20 2 350 3.8065 3.7174 2.3416
20 2 400 4.2204 4.0692 3.5824
20 3 100 1.613 1.6276 –0.90449
20 3 200 2.6222 2.6175 0.17732
20 3 300 3.6093 3.4631 4.0504
20 3 350 4.0853 3.9479 3.3627
20 3 400 4.5555 4.407 3.2596
20 4 100 1.6653 1.6888 –1.4087
20 4 200 2.6813 2.6787 0.096456
20 4 300 3.6061 3.595 0.30601

(continued )

Table IX.
Average Nusselt
number estimations
obtained with
artificial neural
networks and
comparisons with
CFD results
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significant variations in the convective features are obtained. The average heat
transfer enhances with cavity height slightly then drops at the highest value of
height. There is a reduction of 10.15 per cent in the average Nusselt number when
the cavities with the lowest and highest value of height.

� The average heat transfer enhancements are in the range of 35-46 per cent when
nanofluid at the highest solid particle volume fraction is compared with water.

� A correlation for the overall Nusselt number is obtained by using the artificial
neural networks that can be used to obtain fast and accurate predictions.

d1 h2 Re CFD ANN Diff

20 5 200 2.2669 2.3035 –1.6158
20 5 300 3.0518 3.0679 –0.52799
20 5 350 3.4261 3.4641 –1.1101
20 5 400 3.787 3.8724 –2.2535
30 1 200 2.3655 2.3792 –0.57595
30 1 300 3.1011 3.1755 –2.3985
30 2 100 1.58 1.6221 –2.6674
30 2 200 2.4019 2.3561 1.9061
30 2 300 3.1284 3.162 –1.0742
30 3 100 1.5583 1.585 –1.7149
30 3 200 2.3748 2.4859 –4.6783
30 3 300 3.1404 3.2966 –4.9732
30 4 200 2.5346 2.5966 –2.446
30 4 300 3.4646 3.4179 1.3482
30 4 350 3.9251 3.9222 0.071549
30 4 400 4.3613 4.4416 –1.8413
30 5 100 1.3809 1.3134 4.8822
30 5 200 2.096 2.1357 –1.8924
30 5 300 2.8029 2.7717 1.1148
40 1 200 2.3422 2.382 –1.6965
40 1 300 3.1401 3.1091 0.98765
40 1 350 3.5025 3.5297 –0.77784
40 1 400 3.8449 3.9406 –2.4884
40 2 100 1.5465 1.5284 1.1728
40 2 200 2.4003 2.1904 8.7456
40 2 300 3.2165 3.0536 5.0651
40 2 350 3.5802 3.4244 4.352
40 2 400 3.9325 3.8192 2.8824
40 3 100 1.4973 1.493 0.28523
40 3 200 2.3707 2.2987 3.0368
40 3 300 3.1771 3.0778 3.1252
40 3 350 3.5294 3.4868 1.2066
40 3 400 3.8674 3.9187 –1.3277
40 4 350 3.6692 3.6094 1.6306
40 4 400 4.0527 4.1541 –2.5013
40 5 100 1.3273 1.3147 0.94602
40 5 200 2.0275 2.006 1.0608
40 5 300 2.6737 2.6653 0.31571
40 5 350 2.9828 2.991 –0.27322
40 5 400 3.2939 3.2948 –0.029211 Table IX.
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