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Abstract

In the current numerical study, the thermal and flow

field performance of an array of confined multiple

jets with air, water, and water‐Al2O3 nanofluid in the

maximum crossflow configuration over the target

plate with and without pin fins is investigated. The

numerical results are validated with the experimental

data; it is found that a reasonable prediction related

to heat transfer can be made. For this study, steady‐
state Reynolds‐averaged Navier‐Stokes simulations

with the shear‐stress transport k ω‐ turbulence model

in ANSYS Fluent were performed. The simulations

are performed with volumetric concentration

ϕ = 0.2% to 3% and the jet's Reynolds number Re=

15 000 to 35 000. In all cases, the jet outlet‐to‐target
plate distance Z D/ is 3. It is found that the increase in

values of the volumetric concentration of nano-

particles results in a decrease of the Nusselt number

and an increase of the convective heat transfer coef-

ficient. This is because there is an increase in thermal

conductivity of the working fluid with the increase in

the volumetric concentration of nanoparticles for the

same Reynolds number. About 81.5% and 89.1%
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enhancement in the average heat transfer flux values

is observed for flat and pin fin‐roughened target

plates, respectively, for ϕ = 3%.
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1 | INTRODUCTION

The large‐scale industrial applications involving high heat transfer rates, for example, cooling of
gas turbine components, heats sinks, electronics components, and so in, often utilize jet
impingement systems. To improve the efficiency of a high‐performance thermal system, it is
important to enhance heat transfer rates. The multiple jet impingement systems are more
complex than the single jet impingement systems due to the interaction of different flow
parameters. Zuckerman and Lior1 discussed various parameters affecting the performance of
impinging jet systems. Different empirical correlations and numerical techniques were also
reviewed by the authors. Martin2 and Weigand and Spring3 reviewed flow physics and different
parameters affecting the heat transfer augmentation, which provides a good understanding
related to multiple jet impingement.

The thermal performance of impinging jets systems can be increased by enhancing the
surface area of the target plate by adding fins, ribs, dimples, and so on. In the past, various
studies were performed to examine a range of configurations of impinging jet systems. Xing
et al4 performed a comparison of the thermal characteristics of air‐jet impingement on stag-
gered and inline configurations of pin fins over the target plate. They conducted the study for
different crossflow schemes, jet outlet‐to‐target wall spacing Z D/ ranging from 3 to 5, and
Re= 15 000, 25 000, and 35 000. They found that a high crossflow, high Re, and low Z D/ values
yield the best heat transfer characteristics. The inline configuration produced better heat
transfer rates as compared with the staggered one. Wae‐Hayee et al5 compared staggered and
inline nozzle arrangements of 24 impinging jet arrays with Z/D= 2 for Reynolds numbers 5000,
7000, and 13 400. The Nusselt numbers for the inline configuration were found to be 13% to 20%
higher than the Nusselt numbers observed in the staggered configuration. Caliskan et al6 stu-
died the flow and heat transfer characteristics for multiple jets having elliptical and rectangular
nozzle geometries with different aspect ratios at Reynolds number = 2000 to 10 000 and Z/D= 1
to 10. They found that geometries with a higher aspect ratio yield better results, whereas the
elliptical jets resulted in a higher thermal performance than the rectangular jets. About 6.0% to
16.8% enhancement in the thermal performance was reported in their study. Spring et al7

studied the ribs effect in an array of impinging jet systems with the maximum crossflow at
Re= 35 000 and Z/D= 3. In the first configuration, ribs were placed perpendicular to the
crossflow, whereas in the second one, the ribs were in a staggered arrangement, parallel to
the crossflow. The latter configuration yielded better heat transfer results. It was concluded that
the effect of the area should be considered when comparing the amount of transferred heat flux.
Xing et al8 studied the thermal performance of the plate roughened with microribs for Z/D= 3
to 5 and Re= 15 000 to 35 000. About 9.6% augmentation in the thermal performance, compared
with the flat plate, was observed. Rao et al9 determined heat transfer characteristics of the target
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plate roughened with W‐shaped microribs for the case of multiple impinging jets under the
maximum crossflow configuration. They found a considerable enhancement in the thermal
performance as compared with the flat plate for Re= 3000 with a negligible pressure drop. Chen
et al10 studied different configurations of V‐ribs mounted on the target and impingement plates.
The formation of secondary flow structures, due to the presence of V‐ribs, resulted in positive
heat flux ratios of 1.06 to 1.34. Wan et al11 studied the thermal performance of multiple jets with
and without surface enlargement elements. The inline pin fins configuration yielded better
results. An overall increment in heat transfer, up to 34.5%, and a decrement in the discharge
coefficient, of 3.0%, were observed.

The heat transfer rates of jet impingement systems can also be increased by the usage of
nanoparticles in the base fluid. Nanoparticles have high thermophysical characteristics that
augment the thermal performance of jet impingement systems. The effects of nanoparticles on
the heat transfer performance of impinging jets are investigated in many experimental stu-
dies. Zeitoun and Ali12 conducted experiments to determine the thermal performance of
Al2O3 nanoparticles in water‐jet impingement over a flat plate with ϕ = 0%, 6.6%, and 10%.
They found that at a constant Re, the increasing values of ϕ result in the enhancement of
thermal performance, whereas an increase in the size of the disc would result in an opposite
effect. Furthermore, an increment in the concentration of nanoparticles increases the abso-
lute viscosity, causing a reduction in the Reynolds number. Modak et al13 also investigated the
thermal performance of Al2O3 nanoparticles in water‐jet impingement over a vertical plate for
different ϕ values of Al2O3 nanoparticles (0.15% and 0.6%), Reynolds number (5000‐12 000),
and jet‐to‐target plate distance (Z/D= 6 and 12). They found 112.8% and 32.6% increase in
surface heat flux for 0.15% and 0.6% volumetric concentration, respectively. Modak et al14 also
performed another study with a similar setup and found a considerable enhancement in the
thermal performance by using CuO nanoparticles. Naphon et al15 conducted experiments to
investigate the thermal performance of a jet impingement system in a mini‐rectangular pin fin
heat sink with different plate widths and mass flow rates. They found a reduction in CPU's
temperature with the jet impingement configuration. Barewar et al,16 used a water‐ZnO
nanofluid in an impinging jet over a heated copper plate to investigate its heat transfer
characteristics. They conducted the experiments with different concentrations of nano-
particles (0.02%‐0.1%), Z D/ ratios (2‐7.5), and Reynolds numbers (2192‐9241). About 51%
improvement in the thermal performance for 0.1% volumetric concentration at Z/D= 3.5 was
observed. Londhe et al17 studied the thermal and pumping performance of the ethylene
glycol‐Al2O3 nanofluid. They conducted experiments for different volumetric concentrations
(0%, 0.2%, 0.25%, and 0.3%) of nanoparticles. They observed an improvement in the thermal
performance with increasing ϕ values. Compared with the base fluid, about 24%, 33%, and
44% increment in heat transfer coefficient was observed at the volumetric concentrations of
0.2%, 0.25%, and 0.3%, respectively. Nguyen et al18 performed an experimental investigation
using an Al2O3‐water nanofluid for single, confined, and submerged impinging jets for
different Reynolds numbers (3800‐88 000), Prandtl numbers (5‐10), and volumetric
concentrations (0%‐6%).

Various numerical studies dealing with the nanofluid jet impingement systems were also
conducted by different researchers. Recently, Allauddin et al19 in their numerical study found
a satisfactory agreement of the numerically predicted results with the experimental data of the
study reported in Reference [12]. ANSYS CFX with the shear‐stress transport (SST) k ω‐
turbulence model was used to perform the numerical simulations. They found that the local
Nusselt number values normalized with Re2/3 fall on a single curve for Z D/ values used in the
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study. Lorenzo et al20 investigated laminar slot jet impingement in a confined configuration,
with a water‐Al2O3 nanofluid. They found that the induction of nanoparticles increases the
effective thermal conductivity of the nanofluid, which increases the bulk temperature of
the nanofluid. The 5% volumetric concentration of Al2O3 results in about 32% increase in the
thermal performance and about 3.9 times increment in the pumping power. They also
reported that the confinement configuration, Re, and volumetric concentrations of nano-
particles affect the vortex intensity. Manca et al21 studied a slot jet impingement over a
constant temperature target wall with Al2O3 nanoparticles. They used a single‐phase mod-
eling assumption. The study was conducted for different volumetric concentrations (0%, 1%,
4%, and 6%), normalized jet outlet‐to‐the target wall distances (4, 6, 8, and 10), and Reynolds
numbers (5000‐20 000). The nanoparticles produced an increase in the overall thermal con-
ductivity of the working fluid, which increases the bulk temperature. An increase in volu-
metric concentration also increases the pumping power. Senkal and Torii22 conducted a
combined experimental and numerical study using Al2O3‐water nanofluid multiple free jets
for different Reynolds numbers (1000‐6000), volumetric concentrations (0.5%, 2%, and 4.9%)
and jet spacings (S/D= 3, 5, and 7). A reduction in the Nusselt number is reported with an
increase in the volumetric concentration.

The nanofluid multiple jet impingement over a roughened target plate under crossflow
conditions is a unique but complex configuration. The effects of different nanoparticles are
investigated in majority of the studies using relatively simple impinging jet configurations.
Darwish et al23 conducted a review of impinging jet heat transfer studies. It was reported that
the open literature lacks the studies investigating the effects of nanoparticles in arrays of jet
impingement over the roughened target plates under a crossflow configuration. In the present
numerical study, this unique combination is studied. The thermal and fluid flow characteristics
of an array of impinging jets with air, water, and water‐Al2O3 nanofluid in the maximum
crossflow configuration over different surfaces, including flat target plate with and without pin
fins, are investigated. The numerical results are validated with the experimental data of Xing
et al4 and Wan et al.11 Thus, the main objective of the current work is to study the heat transfer
and fluid flow characteristics of an array of water‐Al2O3 nanofluid impinging jets with and
without pin fins under crossflow conditions. Different cases, numerically investigated in the
current study, are tabulated in Table 1.

TABLE 1 Summary of the cases studied in the current work

Case A Reynolds number:

Multiple jet impingement over a flat target plate with a crossflow 15 000, 25 000, 35 000

Medium:

Air, water, water‐Al2O3

Nanofluid with concentration:

0.2%, 0.7%, 1.5%, 3%

Case B Reynolds number:

Multiple jet impingement over a pin fin‐roughened target plate with a
crossflow

15 000, 25 000, 35 000

Medium:

Air, water, water‐Al2O3

Nanofluid with concentration:

0.2%, 0.7%, 1.5%, 3%

4 | ALLAUDDIN ET AL.



2 | GOVERNING EQUATIONS

The continuity, momentum, and energy equations are solved as follows:
Continuity:

∂
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where T, P, andUi represent mean temperature, pressure, and velocity component, respectively,
in the xi direction, and ρ, μ, and μt are the fluid density, dynamic viscosity, and turbulent
dynamic viscosity, respectively. U′i and T′ represent the fluctuating component of Ui and T ,
respectively. On the basis of Menter's24 work, the turbulent stresses of momentum and energy
equations are modeled by the SST k ω‐ model with viscous subheating and low Reynolds
number correction. Turbulence is a transient phenomenon. To accurately model a turbulent
impinging jet system, a transient analysis should be done. However, this approach will highly
increase the computational cost; hence, a steady‐state analysis is done to reduce the compu-
tational cost. A similar approach is also used by Brakmann et al25 and many other
researchers.4,11,19 Zu et al26 reported that the SST k ω‐ model gives a good computational
performance with a comparatively low computational cost for the case of an impinging jet
system. Peng et al27 and Allauddin et al19 found the SST k ω‐ model to be the most appropriate
model for the prediction of heat transfer performance of the nanofluid impinging jet system.
Therefore, all numerical simulations reported in the current study are performed with the SST
k ω‐ turbulence model:
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Eddy viscosity:
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Closure coefficients and auxiliary relations:
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where α = 5/9,1 α = 0.44,2 β = 0.075,1 β = 0.0828,2 β* = 0.09, α = 0.85,k1 α = 1,k2 α = 1.0,ω1

αω2= 1/0.586.

3 | THERMOPHYSICAL PROPERTIES OF THE NANOFLUID

A nanofluid is a mixture of highly conductive nanoparticles with a base fluid having relatively
low thermal conductivity. Water‐Al2O3 is used as a working fluid with constant thermophysical
properties in the current study. It is modeled as a single‐phase, Newtonian, and incompressible
fluid, where the effect of size and shape of nanoparticles is not taken into account. According to
Sahoo et al,28 water‐Al2O3 behaves as a Newtonian fluid for 0°C to 90°C and volumetric
concentration less than 10%. The thermophysical properties of Al2O3 nanoparticles are taken
from the work of Saini and Agarwal,29 and properties of the base fluid (water) are determined at
inlet temperature, as shown in Table 2.

The equivalent thermal conductivity of the nanofluid is determined using the correlation
developed by Bhattacharya et al.30

λ ϕ λ λ= (1 − ) + ,nf f n
(12)

where the nanofluid, base fluid, and nanoparticles are denoted by subscripts nf, f, and n,
respectively. For the equivalent viscosity, the correlation by Brinkman31 is used.

TABLE 2 Thermophysical properties of water and Al2O3

Properties Water Al2O3

ρ, kg/m3 996.24 4000

λ, W/m·K 0.6158 30

µ, Pa·s 0.0008206 …

Cp, J/kg·K 4179 880
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This correlation is a modification of Einstein's equation and can be used for the evaluation of
viscosity up to 4% volumetric concentration of nanoparticles:

μ
μ

ϕ
=

(1 − )
.nf

f

2.5
(13)

The equivalent density and specific heat are calculated by the correlations developed by Pak
and Cho32

ρ ϕ ρ ρ= (1 − ) + ,nf f n
(14)

C ϕ C C= (1 − ) + .p p pnf f n
(15)

The properties evaluated using these correlations are tabulated in Table 3.

4 | COMPUTATIONAL DOMAIN AND BOUNDARY
CONDITIONS

Figure 1A shows the computational domain along with the boundary conditions for case A and
case B. In the experimental setup, jets were also present perpendicular to the streamwise
direction. This is simplified by only considering a row of jets with symmetric boundary con-
ditions. This is shown in Figure 1. The influence of the reverse flow from the outlet is reduced
by further extending the outlet of the duct from the last row of fins. The section opposite to the
outlet is considered as a wall. It creates confinement and maximum crossflow by directing the
flow in one direction. Figures 1B,C show a detailed description of the geometric parameters for
case A and case B, respectively. The values of the geometric parameters are tabulated in
Tables 4 and 5 for case A and case B, respectively.

The boundary conditions are set to replicate the experimental conditions. The jet inlets are
modeled using velocity inlet boundary conditions with a uniform velocity profile at a constant
temperature of 302 K and 10% turbulent intensity for both cases. The jet Reynolds number,
based on the jet diameter, is used to calculate the velocity value at the inlet. At the outlet, the
pressure outlet boundary condition at atmospheric pressure (ie, gauge pressure of 0 kPa) is
used. A no‐slip wall with constant temperature (332 K) boundary condition is used on the target
plate. A no‐slip adiabatic wall boundary condition is used on the impingement plate and wall

TABLE 3 Thermophysical properties of the water‐Al2O3 nanofluid for different volumetric concentrations

ϕ (%) ρnf , kg/m
3 λnf , W/m·K μnf , Pa·s Cpnf , J/kg·K

0 996.24 0.616 0.000821 4179.00

0.2 1002.24 0.675 0.000825 4172.40

0.7 1017.30 0.822 0.000835 4158.90

1.5 1041.30 1.056 0.000851 4129.50

3 1086.40 1.497 0.000882 4080.00
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FIGURE 1 A, Computational domain and boundary conditions for case A and case B. B, The
geometric configuration for case A. C, Geometric configuration for case B [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 4 Summary of geometric parameters for case A

D X D/ Z D/ Y D/ S D/ ext. n

10mm 52.5 3 5 5 75mm 9

8 | ALLAUDDIN ET AL.
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used to produce the crossflow. The symmetry boundary condition is used on the walls
perpendicular to the streamwise direction.

5 | SOLVER SETUP

In the current study, the numerical simulations are carried out using ANSYS FLUENT software.
The recommendations of the study reported in Reference [33] were taken into consideration for
setting up the cases. A three‐dimensional steady‐state case is setup with double precision,
employing pressure‐based solver neglecting body forces. The Semi‐Implicit Method for
Pressure‐Linked Equations algorithm for pressure velocity coupling is used. The second‐order
upwind scheme is used to discretize all the governing equations. The low Reynolds number
technique is used to model the wall effects. It is done by setting y+ of the first cell normal to the
wall less than one. The residuals limit is set to be 10−6 as the convergence criterion for all the
governing equations.

The jet Reynolds number and mass flow rate are estimated as follows:

Re
ρVD

μ
= ,

j (16)

ṁ ρVn
π
D=

4
,j
2 (17)

where V represents the jet inlet velocity, Dj is the jet diameter, and n is number of jets.
The projected area‐averaged Nusselt number Nuavg, based on the projected area A of the

target plate, wetted area‐averaged Nusselt number Nuw,avg, based on the wetted area Aw,avg, and
the local Nusselt number Nu are calculated as follows:

̇
Nu

qD

A T T λ
=

( − )
,avg

j

w j

(18)

̇
Nu

qD

A T T λ
=

( − )
,w,avg

j

w,avg w j

(19)

TABLE 5 Summary of geometric parameters for case B

D X D/ Z D/ Y D/ S D/ ext. n p D/ c D/ h D/

10mm 52.5 3 5 5 75mm 9 1 1 1

TABLE 6 Summary of grid convergence index study for case A with air as the working fluid at Re= 35 000

Grid No. of elements (106) y + Nuw,avg

Coarse 1.45 0.883 98.40

Medium 2.53 0.851 100.11

Fine 4.40 0.801 101.01
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̇
Nu

qD

T T λ
=
( − )

,
j

w j

(20)

where Tw, Tj, ̇q, A, Aw,avg, and λ represent temperature of the target plate, jet's inlet
temperature, heat flux over the target plate, projected area of the heated plate, wetted
area of the target plate and fins, and thermal conductivity of the working fluid,
respectively.

The relation between wetted area and projected area‐averaged Nusselt numbers is expressed
as follows:

FIGURE 2 A comparison of the centerline local Nusselt number distributions for different grids of (A)
case A and (C) case B, centerline local grid convergence index (GCI) values on the target plate for (B) case
A and (D) case B at Re= 35 000 with air as the working fluid [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 7 Summary of grid convergence index study for case B with air as the working fluid at Re= 35 000

Grid No. of elements (106) y + Nuw,avg

Coarse 1.55 0.765 80.22

Medium 2.71 0.775 83.09

Fine 4.74 0.797 84.14
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Nu Nu
A

A
= .w,avg avg

w,avg

(21)

6 | GRID INDEPENDENCE STUDY

A grid sensitivity analysis is done to estimate and reduce the discretization errors, which occur
due to an inadequate mesh refinement. In the current study, the grid convergence index (GCI)
approach proposed in the study reported in Reference [33] is used to obtain grid‐independent
results. The aforementioned approach is developed on Roache's work.34

For case A, three systematically refined unstructured grids with tetrahedral elements, with a
constant refinement ratio r of 1.2, are made to calculate GCI values. For near‐wall treatment,
inflation layers of prism elements are constructed on the target plate to obtain y+ of the first cell
normal to the wall less than one. The properties of grids used for the GCI study of case B and
predicted values of Nuw,avg are reported in Table 6. The numerical simulations are carried out
with air as a working fluid at Reynolds number 35 000 to compare the numerical predictions
with the experimental data. Figure 2A shows a comparison between the centerline local Nusselt
number distributions of case A for fine, medium, and coarse grids. The local Nusselt number
distributions do not vary, as the mesh refinement is improved. Similarly, Figure 2B shows
extrapolated GCI values for centerline local Nusselt numbers for case B. The GCI value for grids
of case A is found to be 1.18%, based on wetted area‐averaged Nusselt numbers.

The GCI analysis for case B is done in the same way. Three grids with a constant refinement ratio
were constructed with tetrahedral elements having an inflation layer of prism elements at the target
wall. The properties of the grids used for the GCI study of case B and predicted Nuw,avg values are
reported in Table 7. The GCI value is found to be 0.89% for wetted area‐averaged Nusselt numbers.
Figure 2C shows a comparison of the centerline local Nusselt Number distributions for the three
grids, whereas Figure 2D shows extrapolated local GCI values for case B.

7 | MODEL VALIDATION

The numerical results of case A (flat plate) and case B (pin fin‐roughened target plate) are
validated with the experimental data. The validation is done to check the accuracy of the

FIGURE 3 A comparison between the
experimental and the predicted local Nusselt
number distribution of the current study
along the centerline for case A with air as
the working fluid at Re= 35 000 [Color
figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 4 A comparison of the local Nusselt number contours of the current study with the literature
results for (A) case A and (B) case B with air as the working fluid at Re= 35 000 [Color figure can be
viewed at wileyonlinelibrary.com]
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numerical model used in the current study. Figure 3 shows a comparison of the computed local
Nusselt number values along the centerline with the experimental data of Xing et al4 for case A
with air as the working fluid at Re= 35 000. The predicted local Nusselt number values match
very well with the experimental data. Similarly, Figure 4A shows a comparison of the computed
local Nusselt number contours on the target wall with the experimentally observed contours of
Wan et al11 and already published CFD contours of Xing et al4 and Wan et al11 for case A with
air as the working fluid at Re= 35 000. The predicted local Nusselt number contours match very
well with the experimental and previous numerical results. Figure 5A shows a comparison of
the computed projected area‐averaged Nusselt number Nuavg values with the experimental data
of Wan et al11 and Xing et al4 for case A with air as the working fluid. The numerical values of
Nuavg match satisfactorily well with the experimental data. Similarly, the numerical results of
case B with air as the working fluid at Re= 35 000 are compared with the experimental and

FIGURE 5 A comparison
between the experimental and
predicted results of the current
study with air as the working
fluid for (A) case A and (B) case
B [Color figure can be viewed at
wileyonlinelibrary.com]
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numerical results of Wan et al.11 Figure 4B compares the predicted local Nusselt number
contours of the current work with the results of Wan et al11 for case B with air as the working
fluid at Re= 35 000. Similarly, Figure 5B shows a comparison of the computed projected area‐
averaged Nusselt number Nuavg values with the experimental and numerical data of Wan et al11

for case B with air as the working fluid. The results match satisfactorily well with the experi-
mental data. Also, the results obtained in the current numerical study are relatively closer to the
experimental data when compared with the numerical results obtained by Wan et al,11 as
shown in Figure 5B.

The aforementioned validations of the current numerical predictions with the experimental
data confirm the accuracy of the current numerical model. The current model is used to predict
the thermal and flow performance of the water‐Al2O3 jet impingement cases with and without
pin fins.

8 | RESULTS AND DISCUSSION

The flow field and thermal characteristics of water‐Al2O3 nanofluid jet impingement over the
target plate with and without pin fins under a crossflow condition are discussed in this section
at different values of ϕ. The comparison begins by first discussing the air‐jet impingement case
results.

8.1 | Flow field

Figures 6A,B present a comparison of velocity contours on the longitudinal central plane for
case A and case B, respectively, with air as the working fluid at Re= 35 000. An overall

FIGURE 6 A comparison of velocity contours for (A) case A and (B) case B on the longitudinal central
plane with air as the working fluid at Re= 35 000 [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 A comparison of velocity contours for (A) case A and (B) case B on the longitudinal central
plane for different concentrations of nanoparticles at Re= 35 000 [Color figure can be viewed at
wileyonlinelibrary.com]
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acceleration of fluid in the downstream region of case B can be observed, which hence affects
the local thermal performance in the downstream section as compared with case A.

Figure 7A presents velocity contours with streamlines on the longitudinal central planes at
different concentrations of nanoparticles (ϕ = 0%‐3%) for case A (flat plate) with water as the
base fluid at Re= 35 000. No change in flow structures and vorticity is observed with the
addition of the nanoparticles. However, to keep the jet's Reynolds number constant, the inlet
velocity slightly decreases to compensate for an increase in the density of the nanofluid.

The velocity contours with streamlines on the longitudinal central planes at different
concentrations of nanoparticles (ϕ = 0%‐3%) for case B (pin fin‐roughened targeted plate) with
water as the base fluid at Re= 35 000 are shown in Figure 7B. The presence of pin fins results in
a higher flow acceleration in the downstream section than observed in the flat plate case.

FIGURE 8 A comparison
of (A) the projected area‐averaged
Nusselt number and (B) the
wetted area‐averaged Nusselt
number values with air as the
working fluid for case A and
case B
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8.2 | Heat transfer

Figure 8A shows a comparison of the projected area‐averaged Nusselt number Nuavg values for
case A and case B with air as the working fluid. The roughening of the target plate with pin fins
significantly enhances the overall thermal performance as compared with the flat plate. The pin
fins, in case B, have 80% more area than the flat plate. Hence, a larger area would result in
higher heat flux over the target plate, which means that more heat transfer will occur. This
enhancement in heat transfer can be observed through the projected area‐averaged Nusselt
number obtained using Equation (18), as shown in Figure 8A.

FIGURE 9 A comparison
of the average convective heat
transfer coefficient values for
(A) case A and (B) case B for
different volumetric
concentrations of nanoparticles
[Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 10 A comparison
of the average heat flux values
for (A) case A and (B) case B for
different volumetric
concentrations of nanoparticles
[Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 8 Comparison of average heat transfer characteristics of case A at Re= 35 000

ϕ (%) q̇

q̇
nf

b

h

h
nf

b

0.2 1.078 1.109

0.7 1.217 1.333

1.5 1.460 1.714

3 1.815 2.429
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TABLE 9 Comparison of average heat transfer characteristics of case B at Re= 35 000

ϕ (%) q̇

q̇
nf

b

h

h
nf

b

0.2 1.067 1.109

0.7 1.219 1.333

1.5 1.452 1.714

3 1.891 2.430

FIGURE 11 A comparison of the local Nusselt number contours over the target plate for (A) case A
and (B) case B with air as the working fluid at Re= 35 000 [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 12 A comparison of temperature contours of (A) case A and (B) case B on a longitudinal
central plane with air as the working fluid at Re= 35 000 [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 13 A comparison of temperature contours of (A) case A and (B) case B for different
concentrations of nanoparticles on a longitudinal central plane at Re= 35 000 [Color figure can be viewed
at wileyonlinelibrary.com]
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Figure 8B shows a comparison of the wetted area‐averaged Nusselt number Nuw,avg values
for case A and case B with air impingement. Nuw,avg refers to the determination of the average
Nusselt number, considering the complete surface area of the target plate and pin fins that come
in contact with the working fluid. A decrease in the wetted area‐averaged Nusselt number
values for case B, compared with case A, also indicates that the primary cause of the heat
transfer augmentation is due to a rise in the area rather than the increase in turbulence due to
roughening of the target plate by pin fins.

Figure 9A,B show a comparison of average heat transfer coefficient values for case A and
case B, respectively, with different concentrations of Al2O3 nanoparticles in water. Similarly,
Figure 10A,B show a comparison of average heat flux values for case A and case B, respectively,
with different volumetric concentrations of Al2O3 nanoparticles. An increase in the heat
transfer coefficient and heat flux values with an increase in the Re and ϕ values can be observed
for both cases. It is observed that an increase in ϕ of nanoparticles allows better heat extraction,
which is due to the increase in thermal conductivity of the nanofluid. The comparison of heat
transfer characteristics of the nanofluid with different ϕ values with the base fluid (water) is
shown in Tables 8 and 9. The addition of nanoparticles shows an increment in the heat flux and
convective heat transfer coefficient values. The increase in heat transfer coefficient and heat
flux over the target plate makes the use of the nanoparticles appealing for applications where
high heat extraction is required. Similar trends are also reported in a recent study.35

Figure 11A,B show a comparison of the local Nusselt number contours for case A and case
B, respectively, with air as the working fluid at Re= 35 000. A local cooling performance by
impinging jets for both cases can be observed through these contours.

Figure 12A,B show temperature contours on longitudinal central planes for case A and case
B, respectively, with air as the working fluid at Re= 35 000. The temperature inside the jet
regions remains relatively low and almost the same as that of the inlet temperature for both
cases. The effect of area enhancement can be seen for case B as compared with case A, as it
results in a higher domain temperature. The effect of crossflow can also be seen, as the
downstream temperature is comparatively lower for all the cases. Figure 13A,B show the effect
of ϕ on temperature contours for case A and case B, respectively, with water as the base fluid at
Re= 35 000. The effective thermal conductivity of the nanofluid and temperature in the domain
are increased by the addition of nanoparticles. The temperature inside the jet regions and also
in the downstream region remains low for all concentrations of nanoparticles.

9 | CONCLUSIONS

An array of multiple impinging jets with air, water, and water‐Al2O3 nanofluid in a maximum
crossflow configuration over the target plate with and without pin fins is numerically in-
vestigated. Simulations are carried out at a fixed jet‐to‐target plate distance (Z/D= 3), different
volumetric concentrations of Al2O3 (ϕ = 0.2%, 0.7%, 1.5%, and 3%), and different jet Reynolds
numbers (Re= 15 000, 25 000, and 35 000). The numerical results are validated with the ex-
perimental data. The following results can be concluded from the study:

• No effect on flow features is observed with the addition of nanoparticles.
• An increase in the convective heat transfer coefficient and heat flux over the target plate is
observed with the increase in the volumetric concentration of Al2O3. About 81.5% and 89.1%
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augmentation in the average heat flux values is observed for flat and pin fin‐roughened target
plates, respectively, for ϕ = 3%.

• An increase in temperature is observed with an increase in the volumetric concentration,
which is aided by the increased thermal conductivity of the working fluid.

In the future, a similar setup can be used to investigate the effects of different nanoparticles,
other than Al2O3, and different surface enlargement elements, other than pin fins, on the
thermal and fluid flow performance of impinging jet systems. The different jet inlet conditions
that modulate the jet turbulence and shear layer development, for example, pulsating or syn-
thetic jets, different nozzle shapes, nozzle characteristics length, and so on, can also be explored
as a future research work.

DATA AVAILABILITY STATEMENT
Data available on request from the authors.

NOMENCLATURE
A area of target plate
D jet diameter
ext. extended surface of domain
Fs factor of safety for grids
GCI grid convergence index
h convection heat transfer coefficient
k turbulent kinetic energy
n number of jets
Nu Nusselt number
Pr Prandtl number
̇q heat flux
Re jet Reynolds number
r refinement ratio
V jet inlet velocity
y normal coordinate
y+ first cell distance normal to wall

GREEK SYMBOLS
ϕ volumetric concentration
ρ density
λ thermal conductivity
μ absolute viscosity
ϑ kinematic viscosity
ω specific dissipation rate

SUBSCRIPTS
avg projected area‐averaged
b base fluid
j inlet jet
n nanoparticle
nf nanofluid
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t turbulent
w target plate
w,avg wetted area‐averaged

DIMENSIONLESS GEOMETRIC RATIOS
c D/ dimensionless width of pin
h D/ dimensionless height of pin
p D/ dimensionless pitch between pins
S D/ dimensionless spacing between jets
X D/ dimensionless streamwise distance
Y D/ dimensionless spanwise distance
Z D/ dimensionless jet‐to‐plate distance
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