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INTRODUCTION 

  Research studies in different fields have always focused on identifying new methods for improving heat transfer, 

applying two main approaches to this purpose: active and passive. Among; the active techniques, impinging jets have 

found wide applications since they offer high localized heat transfer coefficients (HTC); their applications include drying 

of textiles, film, and paper, temperature controlling of gas turbine components and combustors' outer wall, freezing of 

tissue in cryosurgery and manufacturing, material processing, and electronic cooling [1]. Many; recent research studies 

are interested in conducting numerical and experimental research on heat and mass transfer in impinging slot jets to 

investigate the various dimensions of this issue. 

Although many researchers have conducted extensive research on impinging air jets, liquid jets have become the focus 

of more recent studies since they are useful in cooling heat engines, controlling the thermal condition of electronic devices, 

metals thermal treatment, and material processing. 

Chiriac and Ortega [2]  conducted a numerical study to investigate the unsteady fluid flow and heat transfer in a 

transitional, confined slot jet that impinged on an isothermal surface, and found that at steady flow, Re and Nu stagnation 

are correlated. Meaning that if Re value increases, the stagnation Nu increases in response Also; they found that the 

separation of flow resulting from the re-entrainment of the spent flow back into the jet can affect the transfer distribution 

in the wall jet region. Chiriac and Ortega also observed that the value of the heat transfer coefficient is associated with 

the steady/unsteady condition of the flow, since an extreme jump in the Re value to the supercritical limit results in an 

unsteady flow, leading to a higher HTC compared with under steady flow condition. Moreover; and slot jet does not 

represent any levels of unsteady effects. Li et al. [3] investigate a numerical study of a 2D laminar confined impinging 

slot jet about its flow field with two different outlet boundary conditions, in a specific range, the possibility of obtaining 

two different solutions for some geometric parameters and flow parameters.Observations; indicated the extreme impacts 

of different flow patterns on heat transfer. Similarly; in a numerical simulation, Sivasamy et al. [4] investigated the 

impingement flows of a 2-D laminar slot-jet, which was confined by a parallel wall, reporting its behavior based on the 

aspect ratio and Re. They said that, in the impingement and wall jet regions, Re and aspect ratio significantly impacted 

the bottom wall vorticity. Lee et al. [5] performed a numerical examination of a confined impinging slot jet concerning 

the fluid flow and heat transfer under different Re and heights ratios were, reporting the asymmetrical state and time-

dependence of the flow and thermal fields in response to the Re surpassing a critical value. For the unsteady flow, by 

ABSTRACT –  This study utilizes the two-phase mixture model to conduct a numeric study of 
Al2O3/Water and Al2O3-Cu/Water (hybrid) nanofluid's hydrodynamic and thermal behavior in a 
laminar confined impinging slot jet in 50 ≤ Re ≤ 300 and nanoparticles volume fractionis (NVF) 
ranging from 0-2% (0 ≤ 𝜙≤ 2%). This study considers various aspect ratios (H/W), including 2, 4, 
and 6, to investigate the confining effects. This paper gives a comparative analysis of nanofluids 
and hybrid nanofluids in terms of the parameters concerning the flow: Reynolds and local Nusselt 
number(Nux), average Nusselt number (Nuavg), flow lines' contour, and temperature distribution 
under similar geometric conditions and Reynolds number. In comparison with nanofluids, the hybrid 
nanofluids have higher local Nusselt number on the entire target surface, this advantage of hybrid 
nanofluid attribute to higher thermal conductivity. The average Nusselt numbers of nanofluids and 
hybrid nanofluids plotted at different Re for various aspect ratios (H/W=2,4), and the effect of aspect 
ratio and momentum are explained. Furthermore, pumping power of both fluid analysed for all 
nanoparticles volume fraction (0 ≤ 𝜙≤ 2%) at different Reynolds number. The result shows that 
pumping power of hybrid nanofluid is higher than base fluid and nanofluid, because the dynamic 
viscosity of hybrid nanofluid is higher than base fluid (water) and nanofluid. Besides, the study 
identified some correlations in the hybrid nanofluids regarding the stagnation point and the average 
Nusselt numbers. Presumably, these correlations are valid under certain conditions: 50≤ Re≤ 300, 
2 ≤ H/W≤ 6, and 0% ≤ 𝜙≤ 2%.     



M. Izadikia et al. │ Journal of Mechanical Engineering and Sciences │ Vol. 16, Issue 2 (2022) 

8918   journal.ump.edu.my/jmes ◄ 

increasing the Reynolds number, the flapping motion of the jet increases, and the flow fields become more complex with 

unsteady vertical movement caused by the augmentation of sinuous and varicose jet instability. In a relevant numerical 

investigation by Benmouhoub & Mataoui [6], the interactive connection between a moving horizontal isothermal hot wall 

with a turbulent plane jet, represented the considerably improving effect of the jet nozzle on the local heat transfer if the 

nozzle is inclined with an optimal angle in the opposite direction to the wall movement.  

In a similar numerical study [7], concerning the thermal and fluid dynamic behavior of confined laminar impinging 

slot jets with nanofluids, the impacts of volume fractions of nanoparticles, various aspect ratios, and Re were examined 

in addition to the detection and presentation of specific correlations between the parameters of stagnation point and the 

average Nu. Furthermore; Lamraoui et al. [8] used a confined impinging slot jet to numerically examine a non-Newtonian 

Al2O3-water nanofluid flow's thermal behavior and fluid dynamic. That study set the following conditions for the 

Newtonian and non-Newtonian nanofluid flows 25 < Re < 300 and 0 ≤ 𝜙 ≤ 5%, revealing the positive relation between 

volume fraction of nanoparticles and Re and HTC as any increase in the former variables led to a similar effect in the 

latter. Moreover, the observations also indicated that, along the lower surface, the local Nu was higher in the non-

Newtonian nanofluid compared to the Newtonian nanofluid. Analyzing; the steady-state, 2-D, Eulerian-Lagrangian 

model, Yousefi-Lafouraki et al. [9] studied the interactions between fluid–particle, and particle–wall (i.e., two-way 

coupling). The observations revealed the increasing effect of distance from the jet on the stability of the particle trajectory, 

which in turn improves Re. Furthermore; they detected a similar impact of the jet-impingement surface distance ratio on 

particle trajectory's stability when farther from the jet. Also; the results indicated that the mixture model had a higher 

HTC compared to the Eulerian-Lagrangian model. Abdelrehim et al. [10] conducted through numerical comparisons 

between single- and two-phase nanofluids models concerning the hydrodynamic and HT characteristics of a confined 

single impinging jet, based on whose results, it was revealed that the two-phase model had higher values for the local and 

average Nu with the maximum increase of 150% for H/W = 4 and 𝜙 = 4%. In another recent study, A numerical research 

[11] studied an incompressible confined slot jet impinging with nanofluid on an iso-thermal hot flat surface of a mini 

channel in a laminar fluid flow. That study also analyzed the water-based nanofluid with various nanoparticles in heat 

transfer performance: different particles included: Al2O3, SiO2, Cu, Fe, diamond, and Ag. The results indicated the 

considerable effects of jet Re, the concentration of particles in the nanofluid, and the height to width ratio of the jet on 

fluid flow's heat transfer characteristics. Besides, the results also revealed that, in comparison with pure water, under 

Re=300 and particle concentration=5, HTP respectively represented 25% and 60% improvement in Al2O3-water and Cu-

water nanofluids  

In a curious experiment, Lee et al. [12] investigated the following: the characteristics of heat transfer and the general 

visualized the flow of confined, laminar milli-scale slot jets impinged on an isothermal flat target plate, with a fully-

developed profile located at the nozzle exit. They studied the impacts of Re and the normalized nozzle-to-plate distance 

ratio (H/B); concluding that the local Nu decreases in response to an increase in the lateral distance from the stagnation 

point for all Re and H/B values. Hee Lee et al. [13] attempted to examine the impacts of Re, NDS (nozzle-to-surface 

distance), and the geometrical shape of target surface on local heat transfer in their experiment concerning the laminar 

heat transfer characteristics of a milli-scale confined slot jet impinging on concave and convex surfaces at a uniform heat 

flux. The results indicated that the local Nu for both surfaces increases in response to an increase in Re. While steadily 

decreasing in the wall jet region, the highest Nu for its axial distributions is located at the stagnation point. In a relevant 

experiment using Al2O3-water Jizu Lv et al. [14] researched a free single jet impingement to study the impacts of Re, 

nanoparticle volume fraction, NPD, and the impact angle on HTC. The observations indicated that the jet's heat transfer 

performance greatly improved when using Al2O3-water nanofluids, while HTC decreased along the radial direction, and 

when using different particle volume fractions. Barewar et al. [15] examined the heat transfer characteristics of an 

impinging free circular jet on the heated copper plate surface. They used two different coolants, including DI water and 

aqueous Zinc oxide nanofluids containing different nanoparticle concentrations. compared with water used as the coolant, 

HTC highly improved in Zinc oxide nanofluids coolant.  

Approximately the entire papers published thus far concerning nanofluid-related topics, have defined it as a base fluid 

containing suspended nanoparticles made of only one material. Research; in this field often studies the impacts of various 

factors, including concentration, size, shape, and the material of the nanoparticles on nanofluids' thermo-physical 

characteristics, such as heat transfer, and pressure drop. Despite; the focus on using one type of material as a nanoparticle 

in many research studies, there has been a recent experimental attempt to investigate the employment of two types of 

dispersed nanoparticles called hybrid nanofluids. 

The most critical positive characteristic of hybrid nanofluids, the possibility of merging two nanoparticle types 

dispersed in a base fluid, can improve HTR. Hence; a careful and intelligent selection of the material for these particles 

means they can complete each other's advantages and cover the setbacks. Alumina; which is a ceramic material, for 

example, is chemically immobile and substantially stable, which can be helpful to traits, whereas, in comparison with 

metal nanoparticles, Al2O3's thermal conductivity is lower. Generally; metal nanoparticles, including copper, zinc, and 

aluminum, represent excellent thermal conductivity. Despite; the suitable thermal conductivity, the use of such materials 

is limited due to their stable and reactive properties. As a result, given the properties of metallic and non-metallic particles,  

it is possible to enhance this mixture's thermo-physical properties by using metal additives, like copper , to a nanofluid 

formed based on the Al2O3 nanoparticles [16].  

Suresh et al. [17] designed an experiment to synthesize Al2O3-Cu/water as the hybrid nanofluid using a dual thermo-

mechanical method to ensure the stability of this synthesized hybrid. That study used copper nanoparticles as additives 
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to the Al2O3/water nanofluid ,and the target product contained a range of different volume concentrations, such as 0.1%, 

0.33%, 0.75%, 1%, and 2%. 

W.Safiei et al. [18], discussed  comprehensively about the flow of formulating nanofluid from preparation method, 

characterization, wettability analysis and stability techniques. Furthermore, the challenges for obtaining stable suspension 

and   wettability behaviour of nanofluids are discussed as well. The main objective when preparing the nanofluids is to 

obtain a well-dispersed nanoparticle into the base fluid. Based on the literature review, the impact of surfactant on the 

stability and the correlation between nanofluids wettability and thermal-physical properties of nanofluids have great 

potential to discover.There are some aspects that can be considered to expand the knowledge of nanofluids such as the 

composition ratio of hybrid nanofluid with regards to achieving the best stability and wettability study of hybrid nanofluid 

with and without surfactant in the suspension.  

W.H. Azmi et al. [19], reviewe a comprehensive summary on thermo-physical properties and heat transfer application 

of oxide nanofluids. They evaluated that  the oxide nanofluids were proven to perform better thermal properties and high 

enhancements in thermal conductivity with acceptable viscosity increments. Furthermore, the thermal conductivity of 

oxide nanofluids was enhanced up to 40% better than the base fluids and the forced convection studies using oxide 

nanoparticles for single and hybrid nanofluids showed significant improvements in heat transfer performance. It was 

reported in the literature with the heat transfer enhancement up to 60% with the use of oxide nanofluids in the heat transfer 

system. 

Asif Khan et al. [20] investigated about the hydraulic and thermal performances of dissimilar particles of alumina 

silica/water hybrid nanofluid in a minichannel heat sink. Results indicate that the alumina/silica hybrid nanofluid can 

enhance heat transfer and pressure drop in a straight minichannel heat sink as compared with the base fluid (water). 

Pascalin Tiam Kapen et al. [21] investigated a stability analysis of (Cu-Al2O3)/water hybrid nanofluid flow between 

two parallel and stationnary plates filled with a porous medium. The effect of the density of particles, suction/injection 

Reynolds number, Hartmann number, Darcy number and volume fraction on the flow stability was examined. They found 

that the Darcy number affects the stability of the flow, the suction/injection reduces the drag and the transition is 

delayed/prevented, the magnetic field makes the dissipation very important because the kinetic energy of the electrically 

conductive fluid is absorbed by the Lorentz force, and the volume fraction and the density of nanoparticles increased the 

inertia of the fluid which decreased the speed gradient and damped the disturbances. 

V. Murali Krishna et al. [22] study namerically fluid flow and heat transfer for flow of Cu-Al2O3-water hybrid 

nanofluid in a microchannel heat sink (MCHS). The influence of Reynolds number  and volume concentration of 

nanoparticles in Cu-Al2O3/water hybrid nanofluid on MCHS performance is investigated. The results indicate an increase 

of 13.2% and 23.07% in Nusselt number for Cu-Al2O3/water hybrid nanofluid compared with Cu/water and Al2O3/water 

mono nanofluids respectively at 2.5% volume fraction. It is found from the numerical results that the pumping power 

requirement is less for hybrid Cu-Al2O3/water nanofluid compared to Cu/water nanofluids and an increase of 430 Pa 

compared to pure water. 

Given the mentioned benefits of using these hybrid nanofluids, they have the potential to become the next big player 

in nanofluid science, motivating more researchers to focus on and investigate hybrid nanofluids because of their impacts 

on heat transfer and the characteristics related to pressure drop.  

Even though many research studies in the last couple of years have put their primary focus on the hydrodynamic and 

heat transfer behaviors of hybrid nanofluids inside horizontal ducts and sinusoidal corrugated enclosures and etc.[16, 22], 

using hybrid nanofluids to study confined slot jet impingement has caught almost no attention in the research field. Hence; 

this study attempts to fill this gap with the main aim of proposing a numerical solution for predicting Al2O3/water 

nanofluid and Al2O3-Cu/water hybrid nanofluid's hydrodynamic and thermal behavior for laminar confined slot jet 

impingement. 

 

GOVERNING EQUATIONS 

This research study has designed and conducted a 2-D CFD simulation of a confined slot-jet with an isothermal target 

surface the jet is vertically impinging using Al2O3/water-based nanofluids and Al2O3-Cu/water hybrid nanofluid. Figure 

(1) is a 2D representation of the simulated model in which W, H, and L respectively show jet width, the distance between 

the nozzle and the target surface, and the plate length. The study takes into account different geometric ratios (H/W) for 

defining the confining effects, considering the fluid flow as steady and laminar, and assuming different various jet 

velocities. The fluids used in the study include water-Al2O3 and water-Al2O3-Cu with different nanoparticle volume 

fractions. Furthermore the diameter of a particle is 17nm. The used fluid is Newtonian and incompressible with assumed 

constant physical properties. Given; the mentioned assumptions, below you can find the conservation equations in two-

dimensional coordinates:  
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Figure 1. The geometric model with boundary conditions 

 

Continuity equation:  

∇ ⋅ (𝜌effV⃗⃗ m) = 𝟢   (1) 

  

Momentum equation:  

∇ ⋅ (𝜌eff.₀V⃗⃗ mV⃗⃗ m) = −∇P + ∇ ⋅ [τ] +  ∇ ∙ (∑ 𝜙𝑘𝜌𝑘�⃗� 𝑑𝑟.𝑘�⃗� 𝑑𝑟.𝑘

𝑛

𝑘=1

) (2) 

  

Energy equation:  

∇ ⋅ (∑ 𝜙𝑘�⃗� 𝑘𝜌𝑘𝐸𝑘

𝑛

𝑘=1

) = ∇ ⋅ (𝐾𝑒𝑓𝑓∇𝑇) (3) 

  

Volume fraction:  

∇ ∙ (∑ 𝜙𝑝𝜌𝑝�⃗� 𝑚

𝑛

𝑘=1

) = ∇ ∙ (∑ 𝜙𝑝𝜌𝑝�⃗� 𝑑𝑟.𝑝

𝑛

𝑘=1

) (4) 

  

Equation (5) and Eq. (6) allow for calculating shear stress and mean velocity:  

  

[τ] = 𝜇𝑒𝑓𝑓∇V⃗⃗ m (5) 

  

�⃗� 𝑚 =
(∑ 𝜙𝑘𝜌𝑘�⃗� 𝑘

𝑛
𝑘=1 )

𝜌𝑒𝑓𝑓

 (6) 

 

where 𝜙k  is phase k's volume fraction. Moreover; the parameter �⃗� 𝑑𝑟,𝑘 in Eq. (2) is the drift velocity for the secondary 

phase k, (i.e., this study's nanoparticles), defined as below: 

 

�⃗� 𝑑𝑟.𝑘 = �⃗� 𝑘 − �⃗� 𝑚  (7) 

 

Besides, as shown in Eq.(8), the slip velocity, also known as the relative velocity, is described as the velocity of a 

secondary phase (p) relative to the primary phase (f):  

 

�⃗� 𝑝𝑓 = �⃗� 𝑝 − �⃗� 𝑓 (8) 

 

Equation (9) expresses the relation of drift velocity (�⃗� 𝑑𝑟,𝑘) to relative velocity: 

 

�⃗� 𝑑𝑟.𝑘 = �⃗� 𝑘 −
(∑ 𝜙𝑘𝜌𝑘�⃗� 𝑓𝑘

𝑛
𝑘=1 )

𝜌𝑒𝑓𝑓

 
(9) 

The correlation introduced in this study [23] is useful for calculating relative velocity: 

 

�⃗� 𝑝𝑓 =
𝜌𝑝𝑑𝑝

2

18𝜇𝑓𝑓𝑑𝑟𝑎𝑔

𝜌𝑝 − 𝜌𝑒𝑓𝑓

𝜌𝑝

𝑎  
(10) 

 

where 𝑓𝑑𝑟𝑎𝑔 represents the drag function. correlation proposed by Schiller and Naumann [24] determines drag 

function; this correlation is depicted in Eq.(11):  

 

𝑓𝑑𝑟𝑎𝑔 = {
1 + 0.15𝑅𝑒𝑝

0.687                           𝑅𝑒𝑝 ≤ 1000

0.0183𝑅𝑒𝑝                                     𝑅𝑒𝑝 > 1000
 

(11) 
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In the above equation, the parameter 𝑅𝑒𝑝 is equal to 
�⃗⃗� 𝑚𝑑𝑝

νeff
. 

Besides, in Eq. (10), the acceleration vector (𝑎 ) is defined as: 

 

𝑎 = 𝑔 − (�⃗� 𝑚 ∙ ∇)�⃗� 𝑚 (12) 

 

(HYBRID) NANOFLUIDS' THERMAL AND PHYSICAL PROPERTIES 

By the equations mentioned thus far, Eqs. (13-24), it is possible to determine nanofluids and hybrid nanofluids' 

thermophysical properties, including Al2O3/water nanofluid's viscosity, density, specific heat, and thermal conductivity. 

The experiment by Suresh et al. [17], which used a two-phase mixed model, provided sufficient data concerning the 

thermo-physical properties of Al2O3-Cu/water hybrid, which are valid for nanoparticles with an average diameter of 17 

nm. Table 1 presents the relevant data regarding these physical properties in that experiment. The effective density is 

calculated as follows: 

𝜌𝑒𝑓𝑓 =  𝜙𝜌𝑝 + (1 − 𝜙) 𝜌f (13) 

 

As seen in Eq. (14), this study's [25] proposed expression can be useful for determining TEC (Thermal expansion 

coefficient): 

𝛽𝑒𝑓𝑓 =

[
 
 
 

1

1 +
(1 − 𝜙) 𝜌𝑓

𝜙 𝜌𝑝

𝛽𝑝

𝛽𝑓

+
1

1 +
𝜙 𝜌𝑝

(1 − 𝜙) 𝜌𝑓]
 
 
 

⨯ 𝛽𝑓 (14)) 

 

The expression proposed by Chon et al. [26] is useful for calculating the effective thermal conductivity, as in the form 

of Eq. 15, which considers the mean diameter of nanoparticles and the Brownian motion: 

 

𝐾𝑒𝑓𝑓

𝐾𝑓

= 1 + 64.7𝜙0.746 (
𝑑𝑓

𝑑𝑝

)

0.369

(
𝐾𝑝

𝐾𝑓

)

0.7476

𝑃𝑟  0.9955   𝑅𝑒1.2321 (15) 

 

The following equations describe Pr and Re in Eq. (15): 

 

𝑃𝑟 =
𝜇

 𝜌BF𝛼
 (16) 

  

𝑅𝑒 =
 𝜌BF 𝐾𝑏𝑇

3𝜋𝜇2𝐿𝐵𝐹

 (17) 

 

In these equations, LBF is the mean free path of water. At laboratory temperature, the value of the water mean free 

path is 0.17 nm. Also; the Boltzmann constant (1.3807x10-23 J/K) is represented by Kb while Eq. (18) determines μ:  

  

𝜇 = 𝐴 × 10
𝐵

𝑇−𝐶    .  𝐶 = 140  .  𝐵 = 247  .  𝐴 = 2.414𝑒 − 5     (18) 

 

Masoumi et al. [27] recently introduced a new expression through Eq.(19) to predict nanofluids' effective viscosity. 

Viscosity is dependent on the following parameters, including nanoparticles volume fraction, mean nanoparticle diameter, 

temperature,  nanoparticles density, and the based fluid physical properties: 

 

𝜇𝑒𝑓𝑓 = 𝜇𝑓 +
 𝜌𝑝𝑉𝐵𝑑𝑝

2

72𝐶𝛿
 (19) 

 

where the parameters of VB and 𝛿 respectively, indicate the nanoparticle's Brownian velocity and the distance between 

the particles. These two parameters are determinable using the following equations: 

 

𝑉𝐵 =
1

𝑑𝑝
√

18𝐾𝑏𝑇

𝜋 𝜌𝑝𝑑𝑝

 (20) 

  

𝛿 = √
𝜋

6𝜙

3
𝑑𝑝 (21) 

 

Besides, in Eq.(19), the parameter of C is defined as below:  
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𝐶 = 𝜇𝑓
−1[(𝑐1𝑑𝑝 + 𝑐2) 𝜙 + (𝑐3𝑑𝑝 + 𝑐4)] (22) 

 

Where the constants c1-c4 are equal to: 

 

c1 = −0.000001133. c2 = −0.000002771 
(23) 

c3 = 0.00000009. c4 = −0.000000393 

 

Table 1. Thermal and physical properties of nanofluid and hybrid nanofluid at inlet temperature [17] 

μhnf (kg/m-s) Khnf (W/m-K) μnf (kg/m-s) Knf (W/m-K) 𝜙(%) 

0.000972 0.6199817 0.0009041 0.614055 0.1 

0.001098 0.6309797 0.0009049 0.6190041 0.33 

0.001386 0.6490042 0.0009098 0.6309797 0.75 

0.001602 0.6570083 0.00095184 0.6437496 1 

0.001935 0.6849921 0.000972 0.6571916 2 
 

Table 2. Thermal and physical properties of water and Al2O3  at inlet temperature [7] 

μ (kg/m-s) K (W/m-K) Cp (J/kg.K) ρ (kg/m3) Material 

0.000885 0.613 4180 997.7 water 

- 36 880 3880 Al2O3 

 

GEOMETRIC MODEL AND DATA SIMPLIFICATION 

Figure 1 is a 2D representation of the simulated model of the confined impinging slot jet. The target surface and the 

upper adiabatic wall are 620 mm long, while for the aspect ratios (H/W) of 2, 4, and 6, the values of distance between the 

surfaces (H) are respectively 12.4, 24.8, and 37.2 mm. While the nozzle width (W) is 6.2 mm, the study considered the 

temperature at the stationary target surface to be constant (313 K) and used the pure water, Al2O3/water nanofluid, and 

Al2O3-Cu/water hybrid nanofluid as fluids for the simulation. The study used Re, Nu, and dimensionless temperature to 

simplify data. Eqs. (24-26) determine these parameters:  

 

𝑅𝑒 =
𝜌ujW

𝜇
 (24) 

  

𝑁𝑢 =
�̇�W

(TH − Tj)𝐾𝑓

 (25) 

  

𝜃 =
𝑇 − 𝑇𝑗

(𝑇𝐻 − 𝑇𝑗)
 (26) 

 

In the above equations, the parameters 𝑢𝑗 ,𝑊 𝑎𝑛𝑑 �̇� are respectively the jet mean velocity, jet width, and heat flux 

measured on the target surface. In addition, the temperatures, 𝑇𝐻  and 𝑇𝑗, are the target surface and inlet jet temperatures, 

respectively. 

The boundary conditions used in the simulation are described as follows:  

• Jet input section: T = Tj , u = uj 

• target surface (y =0)   : T = TH 

• The upper adiabatic wall : 
𝜕𝑇

𝜕𝑦
= 0 

• Output sections P= Patm 

 

NUMERICAL PROCEDURE 

The study used Ansys FLUENT to solve the fluid flow's discretized governing equations numerically and implicitly 

linearized the governing equations following equations' dependent variables and solved them under steady conditions. 

Then, the study utilized the second-order upwind scheme and the SIMPLE algorithm for equations concerning the energy 

and momentum for handling the pressure-velocity coupling. For velocity and energy equations, the study respectively 

considered the convergence criteria of 10−5 and 10−8, considering the ambient temperature (293K) as an assumption for 

the inlet fluid flow. For various inlet uniform velocities, the fluid flow is laminar as 100 < Re < 300, 𝑢𝑗 is considered in 

the simulation. The study did not consider any slip condition for the wall boundaries while considering the velocity inlet 
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and pressure outlet conditions for inlet and outlet boundaries. Although; setting the upper wall to be adiabatic, the study 

fixed a uniform constant temperature for the target surface. 

The grid independence study was carried out by considering four different grid distributions on the model with a 

dimensional ratio (H/W) of 4 and Re of 100 and pure water as the working fluid. The study created the experiment models 

with the following nodes in this order: 5472 (95x55), 19729 (180x110), 73944 (710x100), and 284200 (1420x200) nodes, 

and structured the grid mesh.  Nu variations at the bottom wall using a fine mesh grid are illustrated in Figure 2. The grid 

tends toward independence for a mesh grid with 710x100 nodes. Hence; the study selected the third mesh grid for 

simulation. This selection has the advantage of reducing the required time for calculation time, thus, functioning to the 

benefit of results'  accuracy.  

Sadly, this study could not detect existing substantial and authentic data regarding experiments or numerical 

investigation of fluid flow parameters in the confined impinging slot jet in the context of hybrid nanofluid for numerical 

authentication of its results; thereby, it had to use the results of the following studies, conducted for air or nanofluid, as 

the criteria against which to validate its results: Li et al. [3] ,  Lee et al. [12], and Manca et al. [7].  

In the first validation, the study compared  the variation of 𝑁𝑢/𝑅𝑒0.5along the target surface, with air as the working 

fluid, with the results provided by Li et al. [3] to ensure the accuracy of this numerical method, as depicted in Figure 3a. 

Based; on the results of this comparison, with a maximum error of about 5.78%, the study detected a significant agreement 

between the results of the two studies. 

The study compared the range of differences of Nu with air as the working fluid along the target surface with the 

results of a relevant experiment [12]in the second validation. Figure 3(b) presents a  comparison of this study's results 

and the consequences of that experiment, which represent a significant closeness.  

The study compared the results obtained by Manca et al.  [7] with the results for the two solid volume fractions 𝜙 (0 

and 5%) at Re = 100  in the third validation. Figure 3(c) and Figure 3(d) depicts the simulation results of this study 

concerning the local Nu along the target surface with the relevant study mentioned, indicating subtle differences. The 

maximum errors for 𝜙 = 0% and 𝜙 = 5% are respectively about 7.15% and 5.56% in this comparison.  

 

 

Figure 2. The grid independence results: local Nu along the target surface 

 

  
(a)  (b)  

  

  
(c)  (d)   

Figure 3. Authentication of this study's results via a comparison of the Nu values along the impingement surface in 

related research 
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RESULTS AND DISCUSSION 

   Figure 4 to Figure 7 represent the local Nu along the target surface for water, nanofluid, and hybrid nanofluid under 

the following conditions: Re of 100 and 200, volume fractions of 1% and 2%, and aspect ratios of 4 and 6. Regarding; 

the symmetry condition at x = 0 around the jet axis, on the right side of the target wall, the local Nu distribution diagram 

is plotted. Based on the data presented by Figure 4 and Figure 5, the local Nu on the lower surface is 30% higher for 

hybrid nanofluid than the base fluid (water), under (𝜙=1% and Re = 100 and 200), while this value is 6% for nanofluid. 

Hybrid nanofluids are more effectively conductive, thus, having a higher local Nu. The obtained Nu values in this study 

ranged from the highest to lowest, as depicted by Figure 4 and Figure 7. The following lines discuss this in more detail. 

Based on observations, a report of which is presented in Figure 6 and Figure 7, hybrid nanofluid' local Nu along the target 

surface under (𝜙 = 2% and Re = 100 and 200) is 40% higher in comparison with pure water, which is the base fluid. The 

same value for the nanofluid, though, is 7% higher. These observations suggest that in the hybrid nanofluid's volume 

fraction of nanoparticles is more influential than in nanofluid.  

 

  

Figure 4. A comparison of the local Nu on the lower surface between water, nanofluid and hybrid nanofluid for H/W  

(4 and 6), Re = 100 and 𝜙 = 1% 

 

  

Figure 5. A comparison of the local Nu on the lower surface between water, nanofluid and hybrid nanofluid for H/W  

(4 and 6), Re = 200 and 𝜙 = 1% 

 

  
Figure 6.  A comparison of the local Nu on the lower surface between water, nanofluid and hybrid nanofluid for H/W  

(4 and 6), Re = 100 and 𝜙 = 2% 
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Figure 7.  A comparison of the local Nu on the lower surface between water, nanofluid and hybrid nanofluid for H/W  

(4 and 6), Re = 200 and 𝜙 = 2% 

 

Regarding the considerable effect of laminar and turbulent flows and fluid properties on heat transfer, this study 

investigated the distribution of streamlines, and thermal boundary layer contours for hybrid nanofluids. Figure 8 illustrates 

the hybrid nanofluid's streamlines under Re values of 100 and 200, aspect ratios of 2, 4, and 6, and 𝜙 = 2%. Observations; 

reported two small vortices with opposite rotation near the jet axis and the upper wall. Since the cortices for Re = 200 are 

stretched to the downstream exit of the jet, compared with those under Re = 100, they are larger, thus raising the 

convective force. As depicted in the figure, the rising in the values of Nu leads to the early occurrence of flow separation 

and the emergence of secondary vortices near the bottom wall. Under Re = 100 and H/W = 4, for example, the occurrence 

of the inner vortex is observed between x/W = 8 and x/W = 16, which leads to the separation and re-attachment of the 

flow, thereby resulting in the minimum and maximum heat transfer coefficient values in the related profiles. 
Figure 9 represents hybrid nanofluids' temperature distribution (𝜙 = 2%) at different H/W and Re values. As presented 

in the diagrams, the stagnation zone represents the highest temperature gradients. At the separation zone, the lowest 

temperature gradients are observable, hence; the highest and the lowest heat transfer rate (HTR) values in the two zones. 

We expect, for example, to observe the maximum thermal boundary layer thickness at x/W11 for Re = 100 and H/W = 

4, leading to the lowest heat transfer coefficient and Nu. The decreasing trend of the thermal boundary layer begins after 

re-attachment of the flow, at about x/W  16,  in response to which the heat transfer coefficient and Nu increase. 

The application of nanofluid or hybrid nanofluid raises the fluid bulk temperature through an enhanced thermal 

conductivity and a more effective heat transfer capability. The comparison between the behavior of nanofluid and hybrid 

nanofluid suggests that hybrid nanofluids have a thinner thermal boundary layer, leading, in turn, to a greater heat transfer 

coefficient in a hybrid nanofluid.  

 

 
a) Re=100, H/W= 2, 𝞍=2% 

 

 
b) Re=200, H/W= 2, 𝞍=2% 

 

 
c) Re=100, H/W= 4, 𝞍=2% 

 

 
d) Re=200, H/W= 4, 𝞍=2% 

 

 
e) Re=100, H/W= 6, 𝞍=2% 

Figure 8. The hybrid nanofluids' stream function contours for 𝜙 = 2%, Re= 100 and 200 and H/W = 2, 4 and 6 
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f) Re=200, H/W= 6, 𝞍=2% 

Figure 8. The hybrid nanofluids' stream function contours for 𝜙 = 2%, Re= 100 and 200 and H/W = 2, 4 and 6 (cont.) 

 

 

 
a) Re=100, H/W= 2, 𝞍=2% 

 

 
b) Re=200, H/W= 2, 𝞍=2% 

 

 
c) Re=100, H/W= 4, 𝞍=2% 

 

 
d) Re=200, H/W= 4, 𝞍=2% 

 

 
e) Re=100, H/W= 6, 𝞍=2% 

 

 
f) Re=200, H/W=6, 𝞍=2% 

Figure 9.  Hybrid nanofluids' temperature distribution at 𝜙 = 2%, Re=100 and 200 and H/W = 2, 4 and 6 

 

The values of Nuavg as a function of 𝜙, in Re = 50, 100, 200 for the dimensional ratio (H/W = 4,6) are shown in Figures 

(10) and (11), respectively. The results show that Nuavg for nanofluid and hybrid nanofluid increases with increasing Re 

and 𝜙. This is due to the increase in displacement by increasing the Re number and the increase in the effective thermal 

conductivity of the nanofluid and the hybrid nanofluid with 𝜙, Respectively. The average Nusselt number for hybrid 

nanofluid is higher than nanofluid and the difference in Nuavg of these two different fluids is due to the higher thermal 

conductivity of nanofluid hybrids than nanofluids. For example, for Re = 100 and H / W = 4, Figure (11) shows that for 

a hybrid nanofluid, Nuavg is 1.51 and 1.65 at 𝜙 = 1%, 2%, respectively. Under the same conditions, for nanofluids, Nuavg 

is 1.25 and 1.26, respectively. Table (2) shows the values of Nuavg for all conditions. For a fixed Reynolds, when the H/W 

increases from 4 to 6 jets of fluid to travel more to hit the bottom plate, so the fluid temperature decreases when it hits a 

hot plate along the way, so Nuavg at H/W = 4 is greater than the H/W = 6 values at Re = 50, 100, which is quite evident 

in the table for nanofluids and nanofluid hybrids. if Re= 200, the fluid momentum is increased, and when the H/W changes 

from 4 to 6, the average Nusselt number changes are very small and close to each other, this physical change is due to the 

increase in fluid momentum which increases H/W makes almost ineffective. 
Illustrated in Figure 10 and Figure 11 are the variations of Nuavg as a function of 𝜙 under (Re of 50, 100 and 200) and 

aspect ratios of 4 and 6. Based on the results, in nanofluid and hybrid nanofluid, Nuavg increases in response to increasing 

Re and 𝜙 values due to nanofluids and hybrid nanofluids' increased Re and thermal conductivity following an increase in 

the concentration of nanoparticles. The comparison between the results represented that nanofluids have a lower Nuavg 

than hybrid nanofluids. Basic on of the data in Figure 11, it is observed that under (Re = 100, H/ W = 4),  Nuavg is 1.51 at 
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𝜙= 1% and 1.64 at 𝜙=2% for hybrid nanofluid. Besides, at (Re = 100), and (𝜙= 1 and 2%), Nuavg is respectively 1.25 and 

1.26. 

  
Figure 10. Variation of the average Nusselt number as a 

function of 𝜙 for nanofluid and hybrid nanofluid at 

Re=50,100, 200 and H/ W = 4 

Figure 11. Variation of the average Nusselt number as a 

function of 𝜙 for nanofluid and hybrid nanofluid at Re= 

50, 100, 200 and H/ W = 6 

 

Table 3. The average Nusselt number of nanofluids and hybrid nanofluid 

H/W=4 H/W=6 

Nanofluid 

Nuavg 

Nanofluid 

Nuavg 

Re 50 100 200 50 100 200 

(%
)𝜙

 

0 0.85621 1.181662 1.724665 0.727 1.079233 1.719187 

0.33 0.87598 1.209494 1.765615 0.744 1.105314 1.761587 

1 0.907781 1.253527 1.829834 0.771 1.146077 1.825801 

2 0.916553 1.266021 1.847975 0.78 1.158424 1.844011 

 
Hybrid Nanofluid 

Nuavg 
Hybrid Nanofluid 

Nuavg 

Re 50 100 200 50 100 200 

(%
)𝜙

 

0.33 0.95 1.310292 1.912854 0.805 1.196998 1.911347 

1 1.106289 1.522437 2.224171 0.935 1.391325 2.231676 

2 1.20065 1.651407 2.413686 1.01 1.510051 2.42679 
                                      

Taking into account the system pumping power and pressure drop is a vital step for ensuring a more efficient 

investigation. The necessary pumping power is calculated from Q × Δp. This section discusses the pumping power needed 

for various Re values and different concentrations of nanoparticles in both nanofluid and hybrid nanofluid. Figure (12) 

shows the nanofluid pumping power (PPnf) in terms of Reynolds number for the volume fraction of nanoparticles at (H / 

W = 2). According to the diagram, it can be seen that with increasing concentration from 𝜙 = 0% to 𝜙 = 2%, the pumping 

power increases. Physically, as the concentration of nanoparticles increases, the dynamic viscosity of the nanofluid 

increases [7,8] and as a result more pumping power is required. For example, by increasing the concentration of 

nanoparticles from 𝜙 = 0% to 𝜙 = 2% in Reynolds (Re = 100), the pumping power changes from 1.7x10-3 W to 2.23x10-

3 W. Similarly, for hybrids nanofluid, the same analysis can be applied, with the difference that the changes in dynamic 

viscosity and pumping power for hybrids nanofluid are greater than nanofluids due to the experimental work done [17]. 

Figure (13) shows the pumping power of the hybrid nanofluid in terms of Reynolds number and the pumping variations 

are greater than the nanofluid. 

Figure 14 depicts the pumping power ratio variation for nanofluid (PPnf) to pumping power for the base fluid (PPbf) 

as a function of Re for various nanoparticle concentrations at H/W = 2. The dynamic viscosity increases in the base fluid 

with the addition of nanoparticles, resulting in a higher pumping power ratio for both nanofluids and nanofluid hybrid 

compared with the base fluid. At 𝜙 = 2, for example, the nanofluid and hybrid nanofluid's dynamic viscosity are calculated 

1.14 and 2.26 times the base fluid's viscosity, proposing the Re-independent charactristic of this ratio. A comparison of 

the results depicted in Figure 14 and Figure 15 shows the hybrid nanofluid's considerably higher pumping power ratio 

than the nanofluid due to the higher dynamic viscosity of the former than the latter. For instance, the dynamic viscosity 

in hybrid nanofluid is two times higher than nanofluid at 𝜙 = 2%. 
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Figure 13. Pumping power for hybrid nanofluid 

versus Re at 𝜙 = 0, 0.33, 1, 2% for H/ W = 2 

Figure 12. Pumping power for nanofluid versus 

Re at 𝜙 = 0, 0.33, 1, 2% and H/ W = 2 

 

  
Figure 15. Pumping power ratio for hybrid nanofluid 

versus Re at 𝜙 = 0, 0.33, 1, 2% for H/ W = 2 
Figure 14. Pumping power ratio for nanofluid 

versus Re at 𝜙 = 0, 0.33, 1, 2% and H/ W = 2 

 
The Nu at stagnation point and the average Nusselt number are related to the jet Re and the H/W ratio for (water) the 

base fluid. In Eq. (27), the correlation obtained from the least squared curve fittings of the obtained numerical data is 

represented as below: 

𝑁𝑢 = 𝑎𝑅𝑒𝑏(𝐻 𝑊⁄ )𝑐 (27) 

 

Besides, these correlations are obtained and drawn in Figure 14(a), which are valid when 100 ≤ Re ≤ 300 and 2 ≤ H/W 

≤ 6: 

𝑁𝑢0 =  1.122 𝑅𝑒0.4926 (𝐻 𝑊⁄ )−0.0414 (28) 

  

𝑁𝑢𝑎𝑣𝑔 =  0.3418 𝑅𝑒0.4019 (𝐻/𝑊)− 0.4436 (29) 

 

The SD values of the stagnation point and the average Nu correlations are respectively 1% and 5%. Besides, the 

regression coefficient (R2) in Eq. (28) and Eq. (29) are respectively 0.999 and 0.992. When employing the hybrid 

nanofluid, a correlation for the ratio of stagnation point and the average Nusselt numbers for the base fluid can be 

expressed as Eq. (30), which is a function of the concentration of nanoparticles. 

 

𝑁𝑢ℎ𝑛𝑓 𝑁𝑢𝑏𝑓⁄ =  𝑎 +  𝜙(𝑏 + 𝑐𝜙 + 𝑑𝜙2) (30) 

 

Moreover, under 100 ≤ Re ≤ 300 and 2 ≤ H/W ≤ 6, the obtained equations depicted below in Figure 16(b) are valid.  

 

𝑁𝑢 0,ℎ𝑛𝑓/𝑁𝑢0,𝑏𝑓 =  1 +  𝜙(37.17 − 772.8𝜙 − 2969𝜙2) (31) 

  

𝑁𝑢𝑎𝑣𝑔,ℎ𝑛𝑓/ 𝑁𝑢𝑎𝑣𝑔,𝑏𝑓 =  1 +  𝜙(36.59 − 836.9𝜙 + 106.1𝜙2) (32) 

 

The standard deviations of the stagnantion point and the average Nu correlations are respectively -1.68% and -1.66%, 

while both have the same regression coefficient: 0.996.  
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(a)  

 

  
(b)  

Figure 16. Suggested correlations for the stagnation point and the average Nu: a) as a function of Re and H/W for the 

base fluid; b) as a function of 𝜙 for hybrid nanofluid 

 

CONCLUSIONS 

This study attempted to design and execute a numerical simulation to study and examine the dynamic and thermal 

behavior of Al2O3/water nanofluid and Al2O3-Cu/water hybrid nanofluid flows in a confined impinging slot jet. The 

simulation was conducted under a Re range of 100 ≤ Re ≤ 300, while the range of nanoparticles volume fraction was 0 ≤ 

𝜙 ≤ 2%. The study utilized the two-phase mixture model for the numerical simulation considering 2, 4, and 6 as the aspect 

ratios for investigating the confining effects. Based on results, it was concluded that heat transfer for each Reynolds 

number increases significantly with increasing the volume fraction of nanoparticles (for any value of Re, the heat transfer 

greatly increased in response to an increase in the volume fraction of the nanoparticles volume fraction). Also; following 

a comparison between hybrid nanofluid and nanofluid, the study found that the Nu in hybrid nanofluid is higher. Besides; 

as the solid volume concentration of nanofluid and hybrid nanofluid increased, the pumping power ratio increased in 

response, based on the numerical results. This ratio also increased with volume fraction in the experiment. In fact; for 100 

≤ Re ≤ 300, the pumping powers required for the nanofluid are 1.16, 1.28, and 1.30 times higher than the values calculated 

for the base fluid for 𝜙 = 0.33, 1, and 2%, respectively, while these values for the hybrid nanofluid are respectively 2.09, 

6.22, and 10 times higher. Moreover, this study set the following conditions for the proposed correlations for the 

stagnation point and average Nusselt numbers and hybrid nanofluid: 100≤ Re ≤ 300, 2 ≤ H /W ≤ 6, and 0% ≤ 𝜙 ≤ 2%. 
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