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A B S T R A C T   

This study presents a comprehensive analysis of heat transfer and pressure drop characteristics in square multiple 
impingement jets utilising a novel class of hybrid nanofluids. This study goes beyond the usual vertical 
impingement method by looking at the use of oblique impingement in a multiple impinging jet configuration 
with a hybrid nanofluid. Al2O3–Cu/water with different volume fractions (φhnf ) such as 0.1%, 0.33%, 0.75%, and 
1.0% are employed as a working fluid. The purpose of the study is to clarify the impact of the jet angle (β), the jet 
Reynolds number (Re), extended jet height (Ej), and different volume fraction (φhnf ) on the heat transfer be-
haviours of the curved target surface. The jet Reynolds number varies from 8000 to 24,000, and five different jet 
angles (β = 15 ◦, 30◦, 45◦, 60◦, 90 ◦) and three extended jet heights (Ej = 0.2H, 0.4H, and 0.6H) are adopted. 
Outcomes disclosed that the highest values of Re and φhnf greatly led to an increase in heat transfer rate and 
pressure drop of the system. It is uncovered that the heat transfer rate of binary hybrid nanofluids enhances with 
increasing volume fraction from for all jet angles and Re. Results also exposed that the angle of jet, which is 45◦, 
gives a higher Nusselt number compared to other angles proposed in this study, and the maximum boost reaches 
35%. Besides, despite the fact that reducing the height of the extended jet yields enhanced heat transfer rates in 
comparison to other methods, it concurrently results in an elevation in pressure drop. Finally, this research 
yielding insights that can be applied to improve the efficiency of heat transfer systems in practical applications.   

1. Introduction 

The rotor inlet temperature of contemporary gas turbines is higher 
than the melting point of the materials. Therefore, in order to achieve a 
high turbine inlet temperature and consequently high thermal effi-
ciency, turbine blade cooling is necessary. Due to its efficient heat 
transfer performance and low geometric restrictions, impingement 
cooling is frequently utilised in gas turbine cooling [1]. The subject has 
been the focus of numerous investigations over the years. As stated, 
geometrical factors play a major role in the dispersion of heat in a 
multiple jet impingement system. The potential for surface enlarging 
elements to boost heat transmission has recently attracted a lot of in-
terest [2]. It is common practice to use multiple jet impingements to cool 
hot, solid surfaces. In general, the heat transmission performed by a 
variety of impinging jets is superior to that of conventional convective 
heat transfer techniques [3]. The advantage of array jet impingement 
cooling is that it is simple to alter the area of interest and effectively 

dissipates a lot of heat [4]. 
Previous research has undoubtedly yielded insightful results and 

details regarding the single jet’s characteristics. However, in the case of 
a dual jet, the distant jets may demonstrate a considerable interaction 
that is distinguishable from a single jet [5]. The allocation of nozzle 
quantity and arrangement in a system with many jets affects the flow 
structure’s complexity and instability [6]. Unfortunately, very few 
studies on multiple imingement jets have been published [7]. The flow 
field created by the reciprocal interaction of numerous jets is quite 
complex, necessitating further research to better understand the un-
derlying physics [8]. 

A number of studies, both experimentally and numerically, have 
dealt with investigating the heat transfer of traditional fluids using 
single jets or multi-impingement jets. Mohamad et al. [9] investigated 
the impact of the distance between the nozzle and the workpiece in 
abrasive water jet machining on mild steel. This investigation utilised 
AISI 1090 steel samples at nine distinct standoff distances: 5, 8, 10, 11, 
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15, 18, 20, and 25 mm. Tsao and Kinnas [10] examined the localised 
characteristics of the fluid-induced jet by employing a novel technique 
that incorporates the interaction between viscous and inviscid effects. 
Their foundation is in the inviscid Eulerian-Lagrangian scheme, which is 
executed by the boundary element method. He and Wen [11] managed 
an experiment to examine the effectiveness of three distinct nozzle ar-
rangements, each of which had a different number of nozzles but the 
same overall area. A wide range of factors and several patterns were 
analysed through their experimental work. The authors suggested that 
tank pressure and nozzle height circumstances play a considerable role 
in determining how effective the cooling capabilities of various nozzle 
designs are. Gil [12] also managed an experiment to evaluate the per-
formance of a synthetic jet actuator with a single axisymmetric orifice 
compared to one with several axisymmetric orifices under specific as-
sumptions. The author asserted that the heat transfer coefficients had 
the same value and axial distribution for both systems (multiple and 
single jet), despite the fact that they had different numbers of orifices. 

Horizontal liquid jet impinging and particle image velocimetry 
techniques were employed by Aouad et al. [13] to study flow patterns 
under different parameters. Their results revealed that the observed flow 
behaviour harmonised with that described by previous studies. Mr. A. 
M. A. and Mr. H. E. A [14]. run an experimental study to check out 
abrasive jet surface cleaning and the practice of using moderate steel for 
rust cleansing, welding, painting, thermal spray coatings, and so forth 
via the manufacture of an abrasive jet machine. Experimentally and 
using a dimpled surface, Vinze et al. [15] consider and analyse heat 
transfer characterization. The study showed that effective cooling was 
more effective for cooling a unit area at a specific parameter distribu-
tion. In another regard, Paolillo et al. [16] discovered that the distance 
of impingement and swirl number have a significant impact on the 
configuration of the heat transfer, whereas the Re only affects the 
magnitude. Ji et al. [17] designed and tested an impingement boiling 
device on two types of target surfaces under a wide range of mass flux: 
one smooth and another using the extended surface technique. Heat 
transfer was boosted, i.e., by 220%, due to the proposed design. 

Palomo et al. [18] conducted a numerical study to investigate the 
topological variations of the optimal vortex produced by the periodic 
interaction of an external concentric jet over the jet main stream. Ac-
cording to the authors, numerical simulations have been carried out 
under three different working conditions, generating three types of 
vortices. Bordoloi et al. [19] conducted a numerical analysis to examine 
the impact of two distinct fuel jets on the flow variables within a 
scramjet combustor operating under reactive flow conditions. The 
investigation revealed that the present scramjet prototype performed 
more efficiently at a speed of Mach 2.52 when powered by hydrogen 
fuel. Gil et al. [20] looked at how the size of the orifices affected the 
thermal, fluidic, and acoustic properties of the heat sink that was built 
into the cavity of the synthetic jet actuator. For multi-orifice synthetic jet 
actuators, the authors also established equivalent orifice diameter, 
equivalent Re. The numerical research by Abadi et al. [21] showed 
improved heat transfer in the tested channel with thirty-six attached pin 
fins and splitters organised in an inline arrangement. Their findings 
indicated that a rise in the angle of the splitters creates a bigger friction 
factor. This was proved by the fact that the friction factor increased 
when the contact between the flow and the splitters increased. In a 
concave target chamber with different dimple configurations, Kong 
et al.’s [22] numerical study examined the impact of the jet holes on the 
flow construction. According to their findings, spherical dimples in an 
in-line arrangement outperform those in a staggered configuration, 
whereas oval-trench dimples in a staggered arrangement outperform 
those in an in-line arrangement. 

On the other hand, impinging nanofluid jet cooling or heating is 
considered by several studies. Yousefi-Lafouraki et al. [23] analysed 
numerically the flow features of a confined slot jet. A wide range of 
factors and several patterns were analysed through their simulation. To 
study the heat transfer features of various nanofluid coolants 

numerically, Hanafi et al. [24] employed a wide range of factors at 
several patterns to analyse the single nozzle and confined jet impinge-
ment. In the same way, El-Maghlany et al. [25] numerically considered 
the high-performance nanofluid of a free surface jet under different 
geometric parameters, including nozzle to plate aspect ratios and plate 
radius to jet diameter ratios, as well as Re. Mohammadpour et al. [26] 
employed nanofluid jet impingement cooling to present, develop, and 
integrate into the PV panel. According to the findings, the number of 
nozzles has had an impact on the uniformity and temperature of the 
surface, and narrow jet-to-surface distances have increased heat transfer 
rates. Alabdaly and Ahmed [27] investigated confined slot impinging 
jets as well. The authors employed nanofluid as a coolant and a target 
surface with circular ribs under the laminar Re range. They reported that 
the proposed technique was effective in enhancing cooling performance; 
in addition, the high-volume fraction of nanofluid recorded the best 
performance. Numerically, Rehman et al. [28] considered the thermal 
performance of a free-surface jet utilising various types of coolants. The 
adopted target surface was a hot copper plate. 

Lafmajani et al. [29] considered the heat transfer features by 
studying a planar jet of SiO2 nanofluid. The rectangular slot nozzle gives 
off a planar jet as its output. The radius of the bend in the convex 
aluminium plate is 200 mm, and its thickness, breadth, and length, 
respectively, are 0.2 mm, 40 mm, and 130 mm. There is an application 
of the situation of continuous heat flux. In order to produce the nano-
fluid, particles of SiO2 measuring 7 nm in size are combined with water 
at concentrations of 0.1, 1, and 2 percent. Additionally, the outcomes 
confirmed that the enhancement boosts with growing temperatures. 
Balla et al. [30] constructed an experimental apparatus to consider the 
impact of a square single-jet nonofluid on a target circular plate. In their 
findings, they asserted that at high Reynolds numbers and nanoparticle 
concentrations, taking into account nanofluids, they improve heat 
transmission by 113.9%. In another respect, Alhaddad et al. [31] 
revealed that a higher jet velocity results in a higher pick-up efficiency 
through the effective design of a hydraulic, polymetallic nodule collec-
tor. The study tested two forward velocities, and the higher one resulted 
in a lower pick-up efficiency. Also, Singh et al. [32] used a single jet and 
various types of nanoparticles experimentally to cool a heated steel 
surface. When compared to water jets of the same velocity, the use of 
nanofluid jets results in a considerable growth in the pace at which steel 
plates are cooled. Through their experimental effort, a broad variety of 
components in many patterns were investigated, which increased the 
variety of results and their significance. 

Single jet impingement was utilised by Lv et al. [33] to consider the 
impacts of Al2O3-water nanofluids on heat transfer and flow properties. 
The use of nanofluids resulted in a considerable boost in the perfor-
mance of the single free jet impingement. A wide range of factors in 
several patterns were analysed through their study, which enriched the 
multiplicity of results and their importance. Experimentally, Amjadian 
et al. [34] employed a circular nanofluid jet technique for cooling an 
aluminium disc and said that the tested nanofluid made the impinging 
jet cooling system better at moving heat. The study’s findings demon-
strated the benefit of using nanofluid in place of base fluid in these 
systems, taking into account the additional improvement brought about 
by tweaking the design geometry factors. Sun et al. [35] also used the 
impingement jet technique with hybrid nanofluid. In these experiments, 
conventional and swirling impinging jets have been studied experi-
mentally under different geometric parameters. According to the data, 
the optimal space ratio in order to boost the rate of heat transfer was 
determined. In order to look into the distribution of the heat transfer 
coefficient, Peng et al. [36] considered the flow features and heat 
transfer in an impinging jet of nanofluid. In this research, the authors 
investigated a variety of wall functions and turbulence models. The 
authors claimed that the presence of nanoparticles in the sample volume 
portion significantly worsened the inaccuracy. 

Based on the aforementioned literature study, it is noteworthy to 
observe that the majority of the research contributions pertaining to 
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multiple jets mostly concentrated on vertical impingement. Relatively 
few researchers have explored the oblique impingement of multi-jet 
flow, and a significant proportion of the studies utilised conventional 
fluids. However, the majority of prior studies have primarily examined a 
general multi-jet system featuring a relatively limited number of parallel 
impinging jets and significantly shorter experimental distances between 
the jets and the plate. Hence, the present investigation utilises a multiple 
impingement jet configuration, employing a hybrid nanofluid as the 
chosen working fluid. The present investigation centres on the utiliza-
tion of oblique impingement within a multi-jet flow configuration as 
opposed to vertical impingement. The aim of this numerical work is to 
investigate the most effective methods for analysing the whole flow 
patterns and heat transfer characteristics, including the spatial dy-
namics, of oblique multiple impinging jets. 

2. Description of physical model and hybrid nanofluid 

2.1. Physical problem 

A multiple jet impingements model of the current study is presented 
in Fig. 1. 

The test model of multiple jet impingements under consideration 
consisted of three parts, i.e., an impingement plate with impingement 
holes, a target plate with film holes, and pins, as shown in Fig. 1a. The 
target plate curved instead of straight one. The jets were inclined at an 
angle of β. Several angles are examined in the current study such as 15 ◦, 
30 ◦, 45 ◦, 60 ◦, and 90 ◦. The dimensions of the impingement plate were 
8 D mm long and 4 D mm wide, containing four rows of the five holes, as 
shown in Fig. 1b. The cross section of each jet was square. The jets were 

Fig. 1. Schematic of physical problem: (a) Three-dimensional expressions of the computational domain; (b) layout of the modified model under consideration; and 
(c) multi-Impingement cooling system with boundary condition. 
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considered equally spaced in both directions, streamwise and spanwise. 
The pin diameter (D) was 12.5 mm, and the pin height was 30 mm. 4 
cooling holes in the current model with height 4D (H) enclosed 20 
impingement holes, taking the shape of an arc, as shown in Fig. 1c. In 
this study, the distance between multiple impingement jets and curved 
target plate is assumed to be constant while the length of jet is varied. 
Therefore, three extended jet height ratios (Ej) were considered, 
including 0.2H, 0.4H, and 0.6H. 

2.2. Hybrid nanofluid 

In the current investigation, the binary nanofluid of (Al2O3–Cu)/ 
water is adopted, where two forms of the nanoparticles (Al2O3) and (Cu) 
are dispersed in the base liquid (water). Furthermore, a homogenous 
approach was employed to assess the various thermophysical properties 
of binary hybrid nanofluids, utilising a single-phase model. Besides, it 
should be noted that the relative velocity between the particles and the 
base liquid is insignificant. Additionally, the investigation took into 
account the thermal equilibrium between the base liquid and the sepa-
rated nanoparticles. The thermophysical properties of the base liquid 
(water) and the nanoparticles employed in the current investigation are 
shown in Table 1. Four volume fractions of (Al2O3–Cu) have been 
employed in the current numerical work including 0.1%, 0.33%, 0.75% 
and 1%. It is crucial to note that numerous other studies have been 
undertaken in which the nanoparticle mixture was regarded as a ho-
mogenous mixture and the flow technique was treated as a single-phase. 
The findings from these studies are consistent with the results obtained 
from experimental research, demonstrating a high level of accuracy [37, 
38]. Hence, the research suggested the utilization of a single-phase 
methodology incorporating temperature-independent thermophysical 
properties for nanofluids containing a volume fraction of less than 1.5% 
[39]. 

The total volume fraction φ of a hybrid nanofluid is determined by 
adding the volume concentrations of its two constituent types of nano-
particles, as illustrated below: 

φp =φAl2O3 + φCu (1) 

Regarding the density, the volume fraction and density of the 
nanoparticles and base fluid are taken into account and are employed to 
determine the density of the nanofluid, as shown in Table 2. Also, the 
heat capacity of nanofluid is modified in terms of binary nanoparticles to 
calculate the heat capacity of hybrid nanofluid, as shown in Table 2. 
equations (2) and (3) below display the density and heat capacity of a 
nanofluid (a single nanoparticle) [40]. 

ρnf =φpρp +
(
1 − φp

)
ρbf (2)  

(ρCp)n f = φpρpCpp +
(
1 − φp

)
ρbf Cpbf (3) 

Regarding thermal conductivity, the Hamilton and Crosser [41] 
model of a nanofluid (i.e., equation (4)) is modified and employed to 
determine the thermal conductivity of a binary nanofluid as shown in 
Table 2. 

knf =
kp + 2kbf − 2φp

(
kbf − kp

)

kp + 2kbf + φp
(
kbf − kp

) × kbf (4) 

Brinkman Model (which is shown in equation (5)) is considered to 

Table 1 
Thermophysical properties.  

Property Cu Al2O3 Water 

ρ (kg/m3) 8933 3970 997.1 
Cp(J/kg.K) 385 765 4179 
k(W/m.K) 400 40 0.613 
μ (kg/m.s) – – 0.000598  

Table 2 
Thermophysical properties of binary (hybrid) nanofluid.  

Thermophysical 
Properties 

Hybrid Nanofluid equation 

ρ (kg/m3) ρhnf = φAl2 O3 ρAl2 O3 + φCuρCu + (1 − φp)ρbf 

Cp (J/kg. K) (ρCp)hn f = φAl2 O3 ρAl2 O3 CpAl2 O3 + φCuρCuCpCu + (1 −

φp)ρbf Cpbf 

k (W/m. K) 
khn f =

kp + 2knf − 2φp(knf − kp)

kp + 2knf + φp(knf − kp)
× knf 

μ (kg/m. s) μhn f =
μnf

(1 − φAl2 O3)
2.5

(1 − φCu)
2.5   

Fig. 2. Flow chart of the physical problem in the present study.  

R.K. Ajeel et al.                                                                                                                                                                                                                                 



Results in Engineering 21 (2024) 101858

5

compute the viscosity of a nanofluid. The mentioned model is modified 
and used to calculate the viscosity of a hybrid nanofluid in this inves-
tigation, as shown in Table 2. 

μnf =
μbf

(1 − φ)2.5 (5)  

2.3. Governing equations and date reduction 

Herein, the hybrid nanofluids are characterized as turbulent, three- 
dimensional, steady, Newtonian, incompressible, and single-phase 
fluids. The following equations describe the complex flow of the phys-
ical problem [42,43].  

⁃ Continuity equation: 

∂
(

ρhnf Uj

)

∂Xj
= 0 (6)    

⁃ Momentum equation: 

∂
(

ρhnf UjUi

)

∂Xj
= −

1
ρhnf

∂p
∂Xi

+
1

ρhnf

∂
∂Xj

[

μhnf

(
∂Ui

∂Xj
−

∂Uj

∂Xi

)

− ρhnf úiúj

]

(7)    

⁃ Energy equation: 

ρhnf Uj
∂T
∂Xj

=
∂

∂Xj

(
khnf

Cphnf

∂T
∂Xj

− ρhnf T́új

)

(8) 

Besides, the Reynolds stresses in momentum equation and heat 
fluxes in energy equation are, respectively, show below: 

ρhnf úiúj = μt

(
∂Ui

Xj
+

∂Uj

Xi

)

+
2
3

(

ρk+ μt
∂Uj

Xi

)

δij (9) 

The turbulent viscosity μt is: 

μt =
ρhnf κ

ω (10) 

The turbulent dissipation rate can be calculated using the following 
formula: 

ω= c
3
4
μ
k1

2

ι (11)  

where Cμ is the turbulence model constant, ι is the turbulent length 
scale. 

Fig. 3. Unstructured hexahedral mesh adopted in the current model.  

Table 3 
Grid independence test.   

Case 1 Case 2 Case 3 Case 4 Case 5 

Grids 1,133,626 1,353,693 1,573,760 1,793,827 2,013894 
Nuave 37.87 38.52 39.01 39.23 39.29 
Error – 1.68% 1.25% 0.56 0.15 
yþ 1.42 1.29 1.12 0.93 0.85  

Fig. 4. Validation of current results with: (a) experimental findings of Shi et al. 
[47]; and (b) experimental findings of Kumar et al. [48]. 
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The turbulence length scale describes the size of large energy- 
containing eddies in a turbulent flow. 

Then: 

ρhnf T́új =
μt

Prt

∂T
∂Xi

(12)  

T́új represent the turbulent heat flux and Pr is the turbulent Prandtl 
number. 

The multiple impingement jets are considered very complex flows 
[44]; therefore, in the current study, the SST k-ω turbulence model was 
used for computations because of its good efficiency and accuracy. k and 
ω represent the turbulent kinetic energy and diffusion turbulent energy, 
respectively, in the SST k- ω turbulence model, which can be described 
below [45]: 

∂
(
ρhnf kUi

)

∂Xi
=

∂
∂Xj

(

Гω
∂k
∂Xj

)

+Gk − Yk + Sk (13)  

∂
(
ρhnf ωUi

)

∂Xi
=

∂
∂Xj

(

Гk
∂ω
∂Xj

)

+Gω − Yω + Dω+Sω (14)  

where Gk and Gω are the production of k and ω, respectively. Гω and Гk 

are undulating dilatation of the k and ω, respectively. Yk and Yω present 

the dilatation of k and ω because of the turbulence. Sk and Sω represent 
resource terms and Dω is the cross-diffusion term. 

Reynolds number (Re) [46]: 

Re=
ρhnf VinDh

μhnf
(15) 

The local Nusselt number (Nu): 

Nu=
hhnf Dh

khnf
(16)  

where (Dh = 0.003mm): 

Dh =
4A
P

(17)  

where: A: Cross-sectional area, P: Wetted perimeter of the flow. 
Then, average Nusselt number (Nuave): 

Nuave =
1
A

∫

Nu dA (18) 

The Fanning friction factor as: 

Cfx =
2τs

ρu2
in

(19) 

The friction factor is defined: 

ƒ= 4Cfx (20) 

Then, pressure drop is defined: 

ΔP=Pin − Pout (21)  

3. Computational scheme 

A three-dimensional mathematical model is now employed to 
examine the interaction and impingement of oblique multiple 
impingement jets on a curved surface. It is important to acknowledge 
that the numerical simulation entails the use of numerous hot jets 
directed at a curved plate with a consistent temperature. The primary 
purpose of this simulation is to discern the characteristics of multi-jet 
contact and impingement. 

However, the analysis of surface shear stress and Nusselt number 
profiles allows for the assessment of flow patterns and heat transfer 
characteristics, as well as the identification of recirculation flow. The 
aim of this investigation is to determine optimal approaches for ana-
lysing the comprehensive flow patterns and heat transfer properties, 
encompassing the spatial dynamics of oblique multiply impinging jets. 
The flow chart of the current study is shown in Fig. 2. 

3.1. Numerical methodology 

The numerical examination of the flow field was conducted using 
computational fluid dynamics (CFD) software, specifically ANSYS. The 
analysis assumed a steady-state flow condition. Fig. 1 provides a 
comprehensive depiction of the computational domain. The SIMPLEC 
method was employed to establish a coupling between velocity and 
pressure. The selection of a second-order upwind scheme was made for 
the discretization operations of momentum, turbulent kinetic energy, 
turbulent dissipation rate, and energy. The y + readings for the grid 
system in close proximity to the wall have a near-unity magnitude. The 
purpose of doing a grid optimization evaluation is to enhance the effi-
ciency of the study by obtaining quicker results and more dependable 
conclusions. To assess the sensitivity of the flow field and heat transfer 
solution, the computational grid was refined in the vicinity of the wall. 
This was done to identify the optimal grid configuration and to ensure 
that the obtained results were unaffected by variations in grid resolu-
tion. The study progressively increased the mesh density until a 

Fig. 5. Effect of jet angles at φhnf = 1.0% and 8000 ≤ Re ≤ 24000 using 
Al2O3–Cu/water hybrid nanofluids on: (a) Average Nu; and (b) ΔP. 
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discrepancy in the findings was observed, which did not surpass a 
threshold of 1.0%. In the current investigation, a computational grid of 
1,793,827 unstructured hexahedral cells was created, as depicted in 
Fig. 3. In order to get optimal computational efficiency, the residual 
errors for the momentum and turbulent model equations were estab-
lished at a magnitude of 10− 6, while the residual error for energy con-
servation was set at 10− 7, and the residual error for mass conservation 
was set at 10− 6. 

3.2. Grid independence check 

The utilization of a grid structure is crucial in computational research 
to ensure the precision of results and optimize the efficiency of simu-
lations. Hence, it is imperative to employ a structure with high density in 
both the jet zone and the target plate, as both regions are characterized 
by significant variations in velocity and temperature. The present study 
conducted a grid independence test employing hybrid nanofluids con-
sisting of (Al2O3–Cu) particles dispersed in water as the working fluid. 
The assessment was carried out under the specified conditions: The 
Reynolds number (Re) is equal to 16000, whereas the jet angle (β) is 
equal to 90 ◦, and φ = 0.33%. Five distinct grids were selected, each with 
different element numbers: 1,133,626, 1,353,693, 1,573,760, 1,793,827 
and 2,013894. Subsequently, a comparison was made between the mean 
(Nu), as presented in Table 3. Based on the acquired data, it is evident 
that the disparity between the Nu values produced in cases 4 and 5 is 
negligible. Therefore, in order to optimize computational efficiency 
while ensuring a satisfactory solution, it has consistently employed case 
4, which consists of 1,793,827 elements, across all the cases under 

investigation. 

3.3. Boundary conditions 

The simulations were conducted with a steady and constant velocity 
of the working fluid. The study focused on investigating a turbulent flow 
regime, specifically examining Reynolds numbers (Re) within the range 
of 8000–24000, with an increment of 4000. Hence, the present study 
establishes the parameters that delimit the problem being investigated, 
whereby a binary hybrid nanofluid, in a state of complete development, 
is introduced into the inlet region at a temperature of 333 K, exhibiting a 
uniform velocity. A turbulent intensity level of 5.0% was selected. The 
symmetric boundary condition is utilised for both the middle boundary 
and the side walls, while the gauge pressure at the outlet is kept at 0 Pa. 
The specification of a non-slip condition was applied to all wall surfaces, 
assuming that both the plate and the pin-fin had a fixed wall tempera-
ture of 303 K. 

4. Results and discussion 

In the present evaluation, a specific type of nanoparticle, namely 
spherical, has been examined for the purpose of creating a binary hybrid 
nanofluid within a test model consisting of multiple impingement jets. 
All tests have been carried out over a wide range of Re 8000–24000, φ =
0–1.0%, β = 15 ◦, 30◦, 45◦, 60◦, 90 ◦, and Ej = 0.2H, 0.4H, and 0.6H. 

To validate the numerical simulation, the findings of this study are 
compared with the experimental results of Shi et al. [47] and Kumar 
et al. [48]. The obtained results are initially compared to the 

Fig. 6. Local Nu distribution on the curved target plate at β = 60 ◦ and various Reynolds number (a) 8000; (b) 12000; (c) 16000; (d) 20000; and (e) 24000.  
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experimental data presented by Shi et al. [47], who conducted a study to 
examine the turbulent and complex flow of an inclined circular jet uti-
lising air as the working fluid. In order to compare the results in terms of 
Nu, three distinct jet angles (θ = 20◦, 30◦, and 45◦) are examined 
throughout a range of Re spanning from 20,000 to 35,000. The com-
parison of the average Nu obtained is shown in Fig. 4a. 

The data from experimental work based on jet impingement solar 
thermal collectors roughened with discrete multi-arc-shaped ribs by 
Kumar et al. [48] was devoted for the second model validation. Three 
different relative rib pitch (Pr/H) (0,1.7 and 3.1) under Reynolds 
number varying from 3000 to 19,000 are tested to compare the results in 
terms of Nusselt number. The comparison of the average Nu obtained is 
shown in Fig. 4b. Based on the analysis of the two figures presented, it is 

evident that the concurrence between the findings of the current study 
and the studies referenced as [47,48] can be deemed satisfactory. This 
assertion is supported by the fact that the average discrepancy for the 
Nusselt number falls within the range of 2%–2.4%. It is plausible that 
this variance can be attributed to the use of distinct mesh configurations 
in the respective investigations. Hence, the current numerical model 
demonstrates a high level of reliability, making it suitable for investi-
gating the impact of employing binary nanofluid with different geo-
metric parameters on the efficiency of multiple impingement jets. 

Using a tested model of multiple impingement jets, Fig. 5a depicts 
the variation of the Nu of different jet angles such as 15 ◦, 30 ◦, 45 ◦, 60 ◦, 
and 90 ◦ at φhnf = 1.0% and 8000 ≤ Re ≤ 24000 using Al2O3–Cu/water 
hybrid nanofluids. 

Fig. 7. Temperature distribution on the curved target plate at β = 60 ◦ and various Reynolds number (a) 8000; (b) 12000; (c) 16000; (d) 20000; and (e) 24000.  
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The results demonstrate that as the Reynolds numbers increase, the 
oblique jets have a noticeable effect on the temperature and velocity 
gradients of the target plate. Conversely, as the Re augments, the 
thickness of the thermal barrier layer decreases, resulting in an 
augmentation of the heat transfer rate. Conversely, the maximum Nu 
was reported at a Re of 24000. For example, when the angle of the jet 
decreased from 60 ◦ to 45 ◦, the boost in heat transfer rate was in the 
range of 30%–35% through the incremental increase of Re from 8000 to 
24000. Results also revealed that the angle of jet, which is 45 ◦, gives a 
higher Nusselt number compared to other angles proposed in this study 
and the maximum boost reach 35%. Angle 15 ◦ came in second, while 
angle 60 ◦ recorded the worst results for the Nu at the same 

concentration and the same gradient for the Re. It is also important to 
mention that angles 30 ◦ and 90 ◦ were at an intermediate level in the 
results between the higher effect of angle 45 and the worse effect of 
angle 60 ◦. 

Moving to Fig. 5b, it is important to realise that the exact relationship 
between pressure drop and jet angle can be complicated and depends on 
the shape of the jet cross-section, the properties of the fluid, and the 
conditions around it. Since the jet cross-section is the same in all cases, 
the study focused on the effect of jet angle. It can be said that the angle of 
the jet affects its momentum. A jet exiting a nozzle at an angle will have 
a component of momentum in the direction of the jet and a component 
perpendicular to it. The momentum of the fluid can impact the pressure 

Fig. 8. Local Nusselt number (a), (b) Pressure, and (c) Wall shear stress with x-position for different Reynolds number.  
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distribution in the jet. 
Based on Fig. 5b, the findings of the study demonstrate that the 

pressure drop increases as the Reynolds number (Re) values are 
increased for all the suggested jet angles. This may be attributed to the 
fact that the increase in Re values results in a reduction in the thickness 
of the boundary layer. Consequently, the velocity gradient exhibits an 
upward trend, leading to an increase in viscous stresses, thereby 
resulting in a rise in Δp. Moreover, it is possible that the augmentation in 
the velocity of the hybrid nanofluids results in an intensified collision 
among the particles, hence causing a more substantial dissipation of 
kinetic energy. Consequently, this leads to the generation of a larger 

change in momentum (ΔP). The findings additionally indicate that a 
flow angle of 45 ◦ degrees result in a greater pressure drop when 
compared to the other angles suggested within the scope of this inves-
tigation. Angle 30◦ initially secured the second position in the rankings, 
but its standing changed when the Reynolds number reached 20000, 
where it went up and recorded the first position. In contrast, angle 60 ◦
exhibited the most favourable outcomes in terms of pressure drop, 
although being subjected to the same concentration and range of Rey-
nolds numbers. It is noteworthy to mention that angle 90 ◦ exhibited 
intermediate levels of impact in the results, positioned between the 
greater impact observed with angle 45 ◦ and the lesser impact observed 

Fig. 9. Effect of Reynolds number on velocity magnitude of centre zone of Al2O3–Cu/water hybrid nanofluids at β = 45 ◦ , φ = 1.0%, and Ej = 0.2H.  
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with angle 60 ◦. In terms of optimising heat transfer performance, an 
angle of 60 ◦ degree is considered the most favourable due to its 
significantly restricted pressure drop in comparison to other angles. The 
results emphasise the crucial significance of jet angles in modifying 
temperature and velocity gradients on the target plate, therefore 
impacting heat transfer rates. The observed variations in Nusselt 
numbers highlight the need of choosing a suitable jet angle, with a 45◦

angle showing better performance. The implications have a wide range 
of applications in situations where effective heat transmission is essen-
tial. They provide guidance for the design and optimization of systems 
that use multiple impingement jets. 

Fig. 6 shows the distribution of local Nu on the target surface for 
various Re at β = 60 ◦ and φhnf = 1.0%. It is very important to mention 
here that the image scheme of this figure and others represents the 
curved target plate, which is identified in Fig. 1c. Based on the observed 
results, it is evident that the maximum Nu values are attained at the 
stagnation point, and these values exhibit variability across different 
Reynolds numbers. The phenomenon can be elucidated by invoking the 
concept of the curvature effect. This effect gives rise to the formation of a 
narrow boundary layer and enhanced flow mixing owing to the disparity 
in the lengths of flow paths. Additionally, it is evident that Re plays a 

significant role in enhancing heat transfer through its influence on 
temperature and velocity gradients, hence promoting increased mixing 
within the flow. Hence, the elevated Reynolds number of 24000 results 
in a more pronounced rise in temperature due to its greater heat transfer 
rate, attributed to a larger preference. This is subsequently followed by 
Re of 20000 and 16000. 

Besides, the relationship between the temperature differential and 
Reynolds number is investigated for a multiple impingement jet system 
as exhibited in Fig. 7. The system in question involves a specified jet 
angle of β = 60◦ and a concentration of φhnf = 1.0% of binary hybrid 
nanofluids. The figure illustrates that as the Reynolds numbers increase, 
the temperature distribution is more uniform on the impinged surface. 
This is due to the increased mixing and convective heat transfer, 
reducing the likelihood of temperature gradients across the surface. 

It’s possible to say here that higher Reynolds numbers typically lead 
to increased turbulence in the jet flow. This enhanced turbulence pro-
motes better mixing of the fluid, resulting in improved heat transfer 
characteristics. To clarify, it can be observed that the target plate tem-
perature achieved at a Reynolds number (Re) of 8000 is comparatively 
lower than those obtained at Re values of 12000 and 16000, while the 
best temperature distribution is achieved at Re = 24000. 

Fig. 8 illustrates the obtained results of the local Nu, pressure, and 
wall shear stress with x-position for different Reynolds numbers of 
Al2O3–Cu/water hybrid nanofluids at β = 45 ◦, φ = 1.0%, and Ej = 0.2H. 
Based on the results, local Nu increases with increased Re. In general, an 
increase in Reynolds number in turbulent flow leads to enhanced heat 
transfer rates. This is because higher Reynolds numbers result in 
increased fluid mixing and turbulence, which improves the convective 
heat transfer between the fluid and the surface being cooled or heated. 
In other words, the increased turbulence caused by higher Reynolds 
numbers results in better mixing of the nanofluid near the surface. This 
helps in distributing the heat more evenly and reduces the formation of 
hot or cold spots on the surface. Therefore, Re at 24000 achieved the 
maximum value of heat transfer rate along the x-position of the target 
plate as shown in Fig. 8a. 

Besides, it’s very important to match the above results of local Nu 
with outcomes of pressure and wall shear stress. The pressure distribu-
tion on the target surface undergoes alterations when the Reynolds 
number escalates within a turbulent flow impingement jet system. At 
Reynolds numbers that are comparatively lower, the impinging jet has 
the potential to display pressure patterns that are generally steady and 
symmetric. Nevertheless, as the Reynolds number increases and the flow 
increases, leading to more turbulence, the pressure distribution gets 
increasingly intricate. Turbulent eddies and vortices are generated 
within the jet, resulting in variations in the pressure distribution on the 
impingement surface. The development of chaotic high- and low- 
pressure areas can occur across the surface. Therefore, Re = 24000 
produced the highest heat transfer enhancement over other values of Re, 
as shown in Fig. 8b. The term "wall shear stress" pertains to the 
magnitude of force exerted per unit area in a direction parallel to the 
surface of the target being impacted. In the context of a turbulent flow 
impingement jet system, it can be observed that an increase in the 
Reynolds number corresponds to a concurrent rise in the wall shear 
stress. Turbulent flows exhibit considerable variations in velocity and 
pressure, leading to enhanced mixing and momentum transfer at close 
proximity to the surface. The augmented momentum transfer results in 
elevated shear strains at the boundary. Accordingly, Re at 24000 ach-
ieved the maximum value of shear stress along the x-position of the 
target plate compared to others as shown in Fig. 8c. 

Furthermore, effect of Reynolds number on velocity magnitude of 
centre zone of Al2O3–Cu/water hybrid nanofluids at β = 45 ◦ , φ = 1.0%, 
and Ej = 0.2H is shown in Fig. 9. 

The findings indicate that as the Reynolds number increases, the 
velocity profile in proximity to the surface exhibits greater intricacy. 
When there is turbulence in a fluid flow, it leads to more mixing and 
faster loss of momentum, which makes the velocity profile less 

Fig. 10. Effect of φhnf at various β and Re = 24000 on: (a) Average Nu; and 
(b) ΔP. 
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symmetrical and flatter. The existence of eddies and fluctuations within 
the flow can lead to irregularities in the distribution of velocity. At 
Reynolds numbers below a certain threshold, the flow exhibits laminar 
behaviour, which is characterised by a regular and organised motion of 
the fluid. The velocity profile in close proximity to the impingement 
surface has a somewhat symmetrical and parabolic shape. 

The dissipation of momentum in the jet is mostly attributed to 
viscous processes, leading to a steady decrease in velocity as one moves 
away from the impingement site. At elevated Reynolds numbers, the 

velocity profile exhibits distinct variations. The velocity profile exhibits 
a higher degree of complexity when the Reynolds number reaches 
24000, in comparison to the remaining cases. Furthermore, it is worth 
noting that the intensity of the reverse flow subsequent to the impact 
with the target surface was heightened, hence enhancing the process of 
heat exchange, as previously demonstrated. Additionally, it should be 
acknowledged that the collision had a significant impact that was more 
widely dispersed and had an effect on the surface of the target. 

Fig. 10a illustrates the impact of φhnf on heat transfer by presenting 

Fig. 11. Local Nu distribution on the curved target plate at Re = 24000 and β = 45 ◦ for φ (a) 0.1%; (b) 0.33%; (c) 0.75%; and (d) 1.0%.  

Fig. 12. Shear stress distribution on the curved target plate at Re = 24000 and β = 45 ◦ for φ (a) 0.1%; (b) 0.33%; (c) 0.75%; and (d) 1.0%.  
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the changes in Nusselt number with respect to φhnf at a Reynolds number 
of 24000. The working fluid used is a hybrid nanofluid consisting of 
Al2O3 - Cu nanoparticles dispersed in water, with different volume 
percentages of nanoparticles. Furthermore, the increase in φhnf has the 
potential to significantly enhance the rate of heat transfer across all 
examined jet angles. This is attributed to the corresponding elevation in 
the values of φhnf . It can explain that due by improving the thermo-
physical characteristics of the hybrid nanofluid. Furthermore, it is worth 
noting that altering the jet angle to an alternative angle of the suggested 
nanoparticles has the potential to enhance the heat transfer rate. As an 
example, the mean increase in the Nu when the parameter φhnf increases 
from 0.1% to 1.0% is around 11.5%% when the value of β is set to 45 ◦. 
This improvement can be attributed to the enhanced mixing of the fluid. 
Moreover, it is possible that the erratic motion of the nanoparticles ex-
hibits variations across different volume fractions. This discrepancy in 
motion may result in variations in the thickness of the thermal boundary 
layer, which can be attributed to the influence of the jet angle. In 
contrast, a value of β = 45◦ yields the most optimal outcomes across all 
examined volume fractions. The disparity in energy exchange among 
nanoparticles utilised in this particular context can be attributed to the 
underlying cause. Notably, a higher volume fraction of nanoparticles 
leads to a more favourable Nu value in comparison to alternative 
scenarios. 

Proceeding to Fig. 10b, which presents the graphical representation 
of the change in pressure drop (ΔP) as a function of the non-dimensional 
particle volume fraction (φhnf ) for various jet angles, while maintaining 

a Re of 24000. The findings indicate that the increase in the values of 
φhnf leads to a rise in ΔP across all jet angles. In a broad sense, the 
dispersion of nanoparticles within the base fluid leads to an increase in 
the viscosity and density of the hybrid nanofluid. Consequently, this 
enhances the cohesion of the particles, resulting in an increase in the 
viscous strength. As a consequence, the pressure drop (ΔP) rises, leading 
to suboptimal system performance and excessive energy consumption. 
The level of cohesiveness among particles exhibits significant variation 
across different volume fractions, with higher values observed at a 
volume fraction of 1.0%. Additionally, modifying the φhnf may poten-
tially augment the viscosity of the hybrid nanofluid, resulting in an in-
crease in the magnitude of viscous forces and subsequently leading to an 
increase in the values of ΔP. The outcomes also revealed that the utili-
zation of varying jet angles significantly influences the attainment of 
larger levels of ΔP. For instance, when the value of φhnf is set at 1.0%, the 
average increase in the value of ΔP is around 12% when β is equal to 30 
◦, in comparison to when β is equal to 45 ◦. Besides, 45 ◦ recorded the 
highest value of pressure drop compared to others. Also, the current 
observation indicates that when β = 45 ◦ is paired with bigger values of 
φhnf , there is a greater magnitude of pumping power loss in comparison 
to the other angles. 

To gain a deeper comprehension of the findings depicted in Fig. 10, it 
is imperative to examine the distribution of heat transfer rates as indi-
cated by the Nusselt number, combined with the magnitude and distri-
bution of shear stress along the target curved surface. Fig. 11 illustrates 
the distribution of Nu on the target surface under different φhnf values, 

Fig. 13. Iso -surface and velocity-vector of the longitudinal middle plane and side slices with different extended heights of multiply impingement jets at Re = 24,000, 
β = 45◦ and φ = 1.0%. 
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while maintaining a constant Reynolds number of 24000 and a value of β 
equal to 45 ◦. Based on the observed results, it is evident that the 
maximum Nu values are attained at the stagnation point, with variations 
observed across different volume fractions. Hence, the utilization of a 
high-volume fraction results in the optimal distribution of Nusselt 
number, as it effectively enhances the effective thermal conductivity of 
the hybrid nanofluid. 

Consequently, this augmentation facilitates a higher rate of heat 
transfer in comparison to others φhnf . Hence, this elucidates the rationale 
behind attaining the elevated φhnf , namely a value of 1.0%, as the utmost 
outcome in the computations of the Nusselt number at the inclined angle 
of β = 45 ◦. 

Fig. 12 illustrates the distribution of shear stress on the target surface 
under different φhnf values, while maintaining a constant Reynolds 
number of 24000 and a value of β equal to 45 ◦. As depicted in Fig. 10 
(b), it is evident that the pressure drop exhibits an upward trend with 
increasing volume fraction for a specific nanofluid. It can be stated that 
an increase in φhnf leads to an elevation in pressure drop, thereby 

resulting in an increase in shear stress at the target plate. Moreover, as 
the volume fraction increases, the effective viscosity of the nanofluid is 
heightened, which can result in elevated shear stresses. Furthermore, 
the presence of recirculating flows in the impinging jet zone resulted in 
the occurrence of high wall shear stress regions within the stagnation 
flow zone for hybrid nanofluid flows. As a result, the shear stress is 
observed to increase with an increase in the volume percentage of the 
hybrid nanofluid. Additionally, a high distribution of shear stress is 
recorded when of φhnf = 1.0%. 

To display the behaviour of the impinging jets when adding extended 
jet heights where the impinging angle β remains as constant of 45◦ with 
extended jet height ratios (Ej) varies among 0.2H, 0.4H and 0.6H, 
respectively. Fig. 13 shows the iso -surface and velocity-vector of the 
longitudinal middle plane and side slices with different extended heights 
of multiply impingement jets at Re = 24,000, β = 45◦ and φ = 1.0%. 
Fig. 13 displays effects of extended jets on velocity profile in the transfer 
plane section of at Re = 24,000 and φ = 1.0%, and 0.2H. 

In contrast to the relatively smaller vertical fluctuations observed at 

Fig. 14. Effect of extended heights on velocity profile of multiply impingement jets in the longitudinal middle plane at Re = 24,000 and φ = 1.0%.  
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a height of 0.6H, the presence of an unstable boundary layer results in 
the formation of many large nanofluid masses exhibiting an upward 
motion. This phenomenon can be attributed to the disparity observed in 
Fig. 13. In the context of an unstable state, the presence of velocity shear 
disrupts the flow stratification, leading to the emergence of a turbulent 
vortex as a result of the mixing process with the surrounding fluid. Over 
time, this process eventually gives rise to the development of large-scale 
flow structures within the computational domain. The manifestation of 
this phenomena can be observed in the velocity contours depicted in 
Fig. 13 at a distance of 0.2H. In both scenarios, the presence of signifi-
cant coherent turbulent structures is observed. However, it is evident 
that at a distance of 0.2H, the scale and magnitude of these structures are 
noticeably greater. Consequently, these larger structures are expected to 
exert a more influential effect on the dynamic wake characteristics. 

The analysis of normalised mean axial velocity reveals that the ve-
locity profiles exhibit their greatest values near the centreline of the 
impingement jet, with the specific location depending on the angle of 
obliquity (see Fig. 14). In contrast, the velocity profiles close to the exit 
port of the jet towards the target plate had higher velocity than other 
locations along the jet, as depicted in Fig. 15. The horizontal sections of 
the velocity profiles exhibited an increase in the velocity of the fluid as 
the length of the jet increased, which impacts the enhancement of heat 
transfer. Therefore, the speed was at its highest value at the exit 
compared to its value at the entrance computational domain, as the 
distance between the target plate and jet is constant. 

As depicted in figures (14 and 15) provided, when the (Ej) reaches 
0.2H, the jet flow exhibits significant strength, particularly in the 
downstream jets. Consequently, this leads to a deflection in the direction 
of the jet flow downstream. Hence, the incorporation of an increased jet 
height (Ej) mitigated the detrimental impacts of flow on the jet’s 
structure. Additionally, the results indicate that the augmentation of (Ej)

led to a decrease in the occurrence of cross-contact between the flow and 
cross-flow within the channel. The numerical evaluations of this inves-
tigation indicated that the velocity of the fluid impacting (Ej = 0.6H) the 
surface of the target was marginally lower than the velocity of the jet at 
its exit (Ej = 0.4H). Conversely, increasing the length of the jet channel 
that extends towards the target surface resulted in a reduction in the 
velocity of the hybrid nanofluid upon contact at the target surface. 
Consequently, the incorporation of increased jet heights has the poten-
tial to diminish the rate of heat transfer at the surface of interest. 

Fig. 16a illustrates the relationship between averaged Nusselt 
numbers and extended jet heights. The impact of surface heat transfer is 
notably more significant. The elevation of the jet resulted in a decrease 
in the maximum magnitude of the region, with high heat transfer on the 
pin located near the base section. This can be attributed to a reduction in 
the velocity of the jet prior to reaching the target plate. As an illustra-
tion, when the height of the jet was reduced from 0.6 times the reference 
height (H) to 0.4 times H, the heat transfer rate exhibited a percentage 
rise of 5%. Conversely, when the jet height decreased to 0.2 times H, the 
heat transfer rate saw a percentage increase of 13%. It’s very important 
here to mention that for the case of Re = 24000, the Nusselt number and 
pressure drop experience first a decrease and then a growth when Ej 
increases from 0.2H to 0.4H and then to 0.6H. While the trend is always 
decreasing for the lower Reynolds numbers reported, in this regard, the 
authors think that the extension initially reduces the boundary layer 
thickness, leading to enhanced heat transfer. However, further extension 
may lead to increased turbulence and a thicker boundary layer, causing 
the observed increase. In general, this observation suggests that the 
presence of a H value greater than 0.2 does not yield any advantages in 
terms of increasing the effective wetted area in the cooling device being 
studied. Hence, it can be concluded that the heat transfer rate was 
highest for prolonged jet heights at 0.2H when compared to the other 

Fig. 15. Effects of extended jets on velocity profile in the transfer plane section of at Re = 24,000 and φ = 1.0%, and 0.2H at: (a) 0.001; (b) 0.003; (c) 0.006; and 
(d) 0.008. 

R.K. Ajeel et al.                                                                                                                                                                                                                                 



Results in Engineering 21 (2024) 101858

16

ratios being evaluated. 
In contrast, elevating the altitude of the jet yields a favourable 

outcome in terms of pressure reduction, as depicted in Fig. 16b. As an 
example, when the Re is equal to 24000 and the parameter Ej is equal to 
0.2H, the pressure drop (ΔP) increased by 9.0% in comparison to the 
case where Ej was equal to 0.6H. When the Ej is reduced, the simulta-
neous presence of multiple jets may result in intensified impingement 
due to the augmented velocity of the binary hybrid nanofluid. This 
phenomenon also gives rise to a notable disparity in the shear stresses 
experienced at varying levels of strain. Another factor that could 
contribute to increased pressure loss is the static pressure at the stag-
nation point, which increases as the length of the extended jets decreases 
due to the constant cross-sectional area between the target plate and 
jets. Hence, it can be concluded that the pressure drop was highest for 
prolonged jet heights (Ej) at 0.2H when compared to the other ratios 
being evaluated. 

Furthermore, the findings can be visually shown in Fig. 16 through 
an examination of the Nu distribution on the target plate as influenced 
by the incremental increase in jet height. The figure depicted in Fig. 17 
illustrates the distribution of the Nu on the designated region at Re of 
8000 and 24000, while employing a binary hybrid nanofluid consisting 
of Al2O3–Cu nanoparticles dispersed in water, with a nanoparticle φhnf 

of 1.0%. The results indicate that the highest values of the Nusselt 
number (Nu) are observed at the stagnation point. Moreover, it is 
evident that the Nu values increase as the Re values increase. The 
aforementioned fact can be attributed to the heightened turbulence in-
tensity of the flow, which is a direct consequence of the escalating Re 
values. Furthermore, the increase in Re contributes to the enhancement 
of the heat transfer coefficient. This, in turn, results in higher velocity 
and temperature gradients, leading to a reduction in the thickness of the 
thermal boundary layer along the target surface. Consequently, the 
values of Nu significantly increase, thereby improving the rate of heat 
transfer. Furthermore, it can be shown from the figure presented below 
that the inclusion of increased jet heights resulted in a decrease in the Nu 
along the region of interest. Nevertheless, the heat transfer rate has its 
most notable enhancement when the value of Ej is equal to 0.2H, whilst 
the lowest heat transfer rate is observed at Ej = 0.6H. 

5. Conclusion 

A study was conducted to analyse the numerical aspects of oblique 
multiply impingement jets having square cross-section on isothermal 
curved target surfaces with different angles such as 15 ◦, 30 ◦, 45 ◦, 60 ◦, 
and 90 ◦ using different extended jet heights with various binary hybrid 
nanofluids was performed. This study extensively examines the impact 
of various oblique angles of jets with square cross sections, varying 
volume fractions of nanoparticles, a wide range of Re, and extended jet 
heights (Ej) on heat transfer and pressure drop. Four volume fractions of 
(Al2O3–Cu) have been employed in the current numerical work 
including 0.1%, 0.33%, 0.75% and 1%. 

The current findings underscore the improved efficacy of using bi-
nary hybrid nanofluid as a coolant at various oblique angles. This 
augmentation is distinguished by higher output fluid temperatures and 
enhanced heat removal capacity. The 45◦ jet angle was shown to be the 
most effective, resulting in a higher Nusselt number. It showed a 
maximum improvement of 35% compared to the other angles studied in 
this study. The Nusselt number reaches its maximum value near the 
stagnation point, indicating variations at different Reynolds numbers. 
Current results confirm the pivotal role of Reynolds number in 
bolstering heat transfer through its impact on temperature and velocity 
gradients, fostering heightened mixing within the fluid flow. Never-
theless, the utilization of binary hybrid nanofluid is not without trade- 
offs, as it induces an increase in pressure drop. Consequently, the 
augmentation of the heat transfer coefficient (φhnf ) in nanofluids 
significantly amplifies both the heat transfer rate and pressure drop. 
Exploring various extended jet heights through numerical analysis re-
veals a noteworthy trend: as the height of the extended jet increases, the 
local Nusselt number distribution decreases. This reduction is attributed 
to a corresponding decline in velocity values. Summarizing the key re-
sults, it becomes evident that while reducing the height of extended jets 
holds promise for enhancing heat transfer rates, this advantage is 
counterbalanced by an accompanying increase in pressure drop. This 
delicate balance between improved heat transfer and elevated pressure 
drop underscores the need for a nuanced approach in practical 
applications. 

Ultimately, this study enhances the current knowledge by specifying 
the ideal circumstances for using binary hybrid nanofluid as a coolant, 
with a particular emphasis on the importance of a 45◦ jet angle. The 
results provide a deeper understanding of the complex relationship be-
tween the height of the jets, the pace at which heat is transferred, and 
the decrease in pressure. These findings offer useful knowledge for 
future studies aiming to improve cooling processes. Nevertheless, it is 
crucial to acknowledge the constraints of the study and identify poten-
tial areas for future investigation, highlighting the intricate compro-
mises involved in the quest for improved heat transfer in coolant 
systems. 

Fig. 16. Effects of extended jet heights Ej on: (a) Average Nu; and (b) pressure 
drop (ΔP). 
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