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Introduction 

Jet impingement is a prominent flow configuration with a 

wide range of applications across various disciplines of 

engineering and science. It is a technique that is commonly 

employed in numerous industries, including those focused on 

heating, cooling, drying, cutting, and cleaning. The 

distinctive attributes of this flow pattern have prompted 

considerable interest, giving rise to extensive research 

endeavors through both experimental and numerical 

investigations  [1]–[6]. One of the most significant 

applications of impinging jets is in the cooling of high-

temperature systems, such as aircraft engines and electronic 

devices, where efficient heat dissipation is essential for both 

optimal performance and safety. In addition to their utility in 

cooling applications, impinging air jets are indispensable in 

industrial drying processes across a range of sectors, 

including textiles, glass, and food production. In these 

contexts, they facilitate operational efficiency and product 

quality. Furthermore, this flow pattern is extensively 

employed in metal processing and cutting operations, where 

the high-speed jet impact facilitates enhanced precision and 

productivity.  

In conclusion, the field of jet impingement remains a 

significant area of research interest due to its extensive 

applicability and its potential to optimize a multitude of 

industrial processes. 

Impinging jets, particularly air jets, find their most 

widespread application in the fields of heating and cooling. In 

modern technological systems, these jet flows are employed 

to cool devices and systems that produce substantial heat or 

operate at high temperatures. The configuration of these 

flows enables efficient heat and mass transfer at the 

impingement region, ensuring effective cooling of the target 

surface. One of the notable advantages of impinging jets is 

their ability to achieve high local heat transfer coefficients, 

making them highly effective for thermal management 

applications. 

The impingement of the fluid on the target surface effectively 

reduces the thickness of the thermal boundary layer at the 

impinging zone, thereby enhancing heat transfer and 

significantly increasing the rate of both heat and mass transfer 

on the target surface [7].  
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ABSTRACT 

 
Jet impingement is a well-established technique extensively employed in engineering applications, 
particularly for the thermal management of high-temperature systems such as aircraft engines and 

electronic devices. This study utilizes numerical analysis, conducted through the ANSYS software 

platform, to investigate the flow dynamics of dual impinging pulsating nanofluid jets. The research aims 
to evaluate the combined effects of key parameters, including jet geometry, pulsation frequency, 

amplitude, nanoparticle volume concentration, and Reynolds numbers, on the efficiency of heat transfer. 

The impact of aluminum oxide (Al₂O₃) nanofluids with varying concentrations (1%, 2%, 4%, and 5%) on 
thermal performance is assessed. The findings of the study demonstrate that the pulsating jets generate 

bidirectional swirling flows and reverse vortices upon impact with the surface, resulting in notable 

enhancements in local heat transfer rates. These vortices expand and form wall jets, which contribute to 
an increase in the heat transfer coefficients and Nusselt numbers. The simulations demonstrate that higher 

pulsation frequencies (30 Hz) result in a 10% increase in heat transfer efficiency compared to lower 

frequencies (10 Hz). This is attributed to enhanced flow dynamics and improved heat distribution. 
Moreover, the incorporation of nanoparticles markedly enhances heat transfer efficiency. The Nusselt 

numbers were observed to increase by 18% when the concentration of nanoparticles reached 5%, in 

comparison to plain water. Additionally, the study underscores the significance of jet spacing, wherein an 
optimal separation distance of 100 mm between the dual jets was identified as a means of maximizing heat 

transfer by fostering effective vortex interactions. Higher Reynolds numbers contribute to the formation 

of thinner thermal boundary layers, thereby facilitating increased heat transfer rates, particularly at the 
stagnation points where the flow impinges directly on the surface. Overall, the study demonstrates that 

substantial enhancements in heat transfer can be achieved by optimizing key parameters such as pulsating 
frequency, amplitude, nanoparticle volume concentration, and jet distances. 
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Furthermore, the utilisation of impinging jets enables the 

achievement of elevated heat transfer rates with a reduced 

quantity of fluid, which in turn optimises energy efficiency 

and reduces operational costs. 

Research focused on improving the efficiency of impinging 

jets has shown that various factors, such as jet fluid 

properties, jet geometry, configuration (single or multiple 

jets), surface roughness of the target surface, and the presence 

or absence of jet pulsation, can significantly affect the jet 

impingement process [8]–[10]. While these factors have 

predominantly been examined individually in the literature, 

studies addressing the combined effects of multiple 

parameters remain relatively limited. This study aims to 

comprehensively analyze the simultaneous effects of multiple 

critical parameters that are known to significantly influence 

the impingement phenomenon during a jet impingement 

event. 

Asem and Mishra [11] performed a numerical study to 

analyze the heat transfer characteristics of a high-speed air jet 

impinging on a flat plate under a constant heat flux boundary 

condition. The findings revealed a direct correlation between 

the Reynolds number of the jet and the acceleration of the heat 

transfer rate. Furthermore, the researchers identified an 

optimal jet-to-plate distance, which is critical for maximizing 

heat transfer efficiency under controlled experimental 

conditions. San and Chen [12] investigated the Nusselt 

number distribution for five circular air jets impinging 

vertically on a flat surface. Study revealed that the range of 

maximum Nusselt numbers increased linearly as the spacing 

between the jets in the array was widened. Chougule et al. 

[13] conducted both experimental and numerical 

investigations into the fluid flow and heat transfer 

characteristics of multiple air jets impinging on a flat plate. 

The effects of Reynolds number, target spacing-to-jet 

diameter ratio, and the average Nusselt number on the target 

plate were examined using the SST κ–ω turbulence model. 

The study concluded that the spacing between the air jets is a 

critical factor influencing the performance of multiple jet 

impingement systems. Similarly, Calıskan et al. [14] 

conducted both experimental and numerical studies to 

evaluate the effects of jet geometry on flow and heat transfer 

characteristics for elliptical and rectangular jet arrays. A 

thermal infrared camera was used to obtain detailed heat 

transfer measurements on smooth surfaces for both jet 

geometries. The velocity distributions obtained from 

numerical simulations allowed researchers to analyze the 

impact of jet geometry on flow dynamics and heat transfer 

characteristics. Additionally, numerical analyses were 

performed to investigate the time-dependent heat transfer 

performance of small-scale impinging jets at various 

Reynolds numbers and dimensionless H/D ratios, particularly 

in cases where significant temperature differences existed 

between the jet and the target plate. 

Pakhomov et al. [15] conducted a numerical investigation to 

analyze the flow structure and heat transfer characteristics of 

a turbulent air jet impinging on a surface. The objective of 

their research was to investigate the impact of pulse 

frequency, jet-to-plate distance, and Reynolds number on the 

efficiency of heat transfer.  

The findings indicated that heat transfer increases as the jet is 

positioned farther from the pipe edge and target surface. 

However, this effect diminishes when the distance becomes 

excessively large. Furthermore, it was determined that an 

elevated Reynolds number has a detrimental effect on the 

efficiency of heat transfer. 

In the low-frequency range of the pulsed impinging jet, a 

reduction in heat transfer efficiency was observed in 

comparison to a steady-state impinging jet. Mladin and 

Zumbrunnen [16] conducted experimental research to 

investigate the influence of flow oscillations on the complex 

local heat transfer characteristics of a flat air jet. Their study 

meticulously synchronized heat transfer measurements with 

thermal anemometry flow data, thereby enabling a detailed 

analysis of the intricate link between periodic flow structures 

and fluctuations and heat transfer dynamics. Sailor et al. [17]  

in their investigation, examined the effects of a pulsating air 

jet impinging on a heated surface by varying jet parameters 

such as jet-to-plate distance, Reynolds number, and pulsation 

frequency. Results demonstrated that the flow cycles 

generated by the pulsating impinging jet led to over a 50% 

increase in heat transfer. Similarly, Zulkifli et al. [18] studied 

the impact of pulsation frequencies from a heated circular air 

jet on local heat transfer. By analyzing the velocity profiles of 

both steady-state and pulsating air jets at frequencies of 10 

and 20 Hz, they concluded that the Nusselt number for the 

pulsating jet was higher than that of the steady jet, as the 

elevated frequencies enhanced heat transfer efficiency. 

Demircan and Türkoğlu [7]  investigated the impact of 

diverse parameters, including the distance ratio between 

plates, jet velocity, pulsation amplitude, and frequency, on a 

pulsating air jet discharged from a rectangular nozzle situated 

on the upper plate and directed onto a heated lower plate 

within a system comprising two horizontally parallel infinite 

plates. The findings indicated that as the distance between the 

plates increased, the stagnation Nusselt number decreased; 

however, this decrease was minimal when the height-to-

width (H/W) ratio exceeded 2. At lower H/W ratio values, the 

stagnation Nusselt number closely approximated that of a 

steady jet, while the Nusselt number for the pulsating jet 

exceeded that of the steady jet. Additionally, Zao and Cheng 

[19] conducted both experimental and numerical studies to 

investigate laminar pulsating forced convection in a long tube 

subjected to uniform heat flux and counterflow air conditions. 

In their study, Demircan and Türkoğlu [20] performed a 

numerical analysis of the flow and heat transfer 

characteristics of pulsating air jets impinging on a flat surface, 

wherein the jet velocity demonstrated a sinusoidal variation 

over time. The numerical simulations examined the effects of 

Reynolds number, amplitude, and jet pulsation frequency on 

flow and heat transfer. The results indicated that the Nusselt 

number exhibited a moderate increase when the jet was 

pulsating in comparison to a steady-state jet. The principal 

objective of this study is to conduct a comprehensive 

investigation into the influence of diverse factors on the 

performance and characteristics of double impinging jets. 

Previous research has predominantly focused on analyzing 

these factors in the context of single jet flows. In contrast, this 

study seeks to investigate them collectively to provide a 

comprehensive understanding of their interactions and 
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combined effects on heat transfer and flow dynamics In 

particular, this study focuses on key parameters, including jet 

geometry, flow characteristics, pulsating frequency and 

amplitude, nanoparticle volume concentrations, and 

Reynolds numbers, with the aim of evaluating their impact on 

heat transfer efficiency and the overall performance of double 

impinging jets.  

Chaugule et al. [21] experimentally investigated the effects of 

applying pulsation to the impinging surface of a free turbulent 

jet on fluid dynamics and heat transfer. The study was 

conducted for two different Reynolds numbers and various 

conditions, including stationary and pulsating impinging 

surfaces. Selimefendigil and Öztop [22] conducted a 

numerical study on nanofluids involving pulsating 

rectangular jets. Various parameters, such as oscillation 

frequency, Reynolds number, and nanoparticle volume 

concentration, were numerically investigated to assess their 

effects on the fluid flow and heat transfer characteristics. 

To achieve this objective, the study employs advanced 

numerical simulations using ANSYS to evaluate the effects 

of double impinging nanofluid jets on heat transfer and flow 

characteristics across a defined range of Reynolds numbers. 

In order to comprehensively analyze the problem, several key 

variables are taken into account, including the type of fluid, 

nanoparticle concentrations, jet geometry, and pulsating 

patterns. The study specifically utilizes aluminum oxide 

(Al2O3) nanofluids with varying volume concentrations of 

1%, 2%, 4%, and 5%. This approach allows for the 

investigation of how varying concentrations of nanoparticles 

affect heat transfer performance, thereby providing valuable 

insights into the optimization of operational conditions for 

double impinging jet systems. In conclusion, the results of 

this study will contribute to a more comprehensive 

understanding of jet impingement dynamics and enhance the 

efficiency of thermal management applications. 

Mathematical Model and Numerical Method 

The reliability of turbulence models is contingent upon the 

utilization of adequately small mesh elements. Nevertheless, 

the use of excessively small elements can result in a notable 

increase in solution times. It is therefore imperative to select 

an appropriate element size. To investigate this, a mesh 

independence study was conducted. In the simulations, 

meshes comprising 200,000, 220,000, and 240,000 nodes 

were utilized. The resulting solutions facilitated the extraction 

of  Nusselt numbers, and values from three of these meshes 

were employed to extrapolate the results as if an infinite 

number of nodes were available. This approach indicated that 

the results obtained from the mesh with 220,000 nodes 

reached an accuracy of 0.5%. To guarantee the dependability 

of the findings, it was imperative that all residuals be reduced 

to 10⁻⁸ or below by the conclusion of the computational run. 

Figure 1 depicts the comprehensive mesh structure, 

encompassing the number of nodes subjected to testing and a 

detailed representation of the mesh configuration. 

To accurately simulate turbulent flow fields, this study 

proposes the numerical solution of the two-dimensional 

turbulent Navier-Stokes and energy equations using a finite-

difference scheme, complemented by the continuity equation. 

 

 

Figure 1. Mesh structure of model. 

This approach employs an eddy viscosity model to capture 

the effects of turbulence under the assumption that the flow is 

steady, incompressible, and two-dimensional. Furthermore, 

this analysis excludes the effects of buoyancy and radiation 

heat transfer, thereby further simplifying the model. The 

governing equations for mass, momentum, turbulent kinetic 

energy, turbulent dissipation rate, and energy in a steady 

turbulent flow are formulated based on the standard κ-ε 

model, as described in detail below [23]; 

The momentum, continuity and energy equations, along with 

the equations of the turbulence model treated as constitutive 

equations, are presented in the following section [12], [13], 

[24]. 

Continuity equation 

𝜕𝑈𝑖

𝜕𝑥𝑖
= 0 (1) 

The momentum equations, which are the applied form of 

Newton's Second Law of Motion to fluids, or commonly 

known as the Navier-Stokes equations applicable for viscous 

incompressible fluids, are provided below.  

𝜌𝑈𝑖

𝜕𝑈𝑗

𝜕𝑥𝑖
 = −

𝜕𝑃

𝜕𝑥𝑗
+

𝜕

𝜕𝑥𝑖
[µ (

𝜕𝑈𝑖

𝜕𝑥𝑗  
+  

𝜕𝑈𝑗

𝜕𝑥𝑖  
) −  𝜌𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ ] (2) 

Energy equation 

𝜌𝑐𝑝𝑈𝑖
𝜕𝑇

𝜕𝑥𝑖
 =

𝜕

𝜕𝑥𝑖
[𝑘 

𝜕𝑇

𝜕𝑥𝑗 
−  𝜌𝑐𝑝𝑢𝑖

′𝑇′̅̅ ̅̅ ̅̅ ]  (3) 

For the κ-ε  model, in an incompressible flow, the turbulent 

kinetic energy κ and the dissipation rate ε are provided 

respectively [23]. 

𝜌𝑈𝑖
𝜕𝑘

𝜕𝑥𝑖
=  

𝜕

𝜕𝑥𝑖
 [(µ +

µ𝑡

𝜎𝑘
) 

𝜕𝑘

𝜕𝑥𝑖
] +  µ𝑡  (

𝜕𝑈𝑖

𝜕𝑥𝑗 
+

 
𝜕𝑈𝑗

𝜕𝑥𝑖 
) 

𝜕𝑈𝑖

𝜕𝑥𝑗 
–  𝜌𝜀  

(4) 
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𝜌𝑈𝑖
𝜕𝜀

𝜕𝑥𝑖
=  

𝜕

𝜕𝑥𝑖
 [(µ +

µ𝑡

𝜎𝜀
) 

𝜕𝜀

𝜕𝑥𝑖
] + 𝑓1𝐶1µ𝑡

𝜀

𝑘
 (

𝜕𝑈𝑖

𝜕𝑥𝑗 
+

 
𝜕𝑈𝑗

𝜕𝑥𝑖 
) 

𝜕𝑈𝑖

𝜕𝑥𝑗 
−  𝑓2𝐶2𝜌

𝜀2

𝑘
  

(5) 

In these equations, Cμ, C1 ve C2 are empirical constants, while 

σk ve σε are the turbulent Prandtl numbers for the  ve ε 

equations, respectively. The symbol 𝜇𝑡 denotes the dynamic 

viscosity of the fluid. The values of these constants within the 

turbulence model are specified in equations 4 and 5. 

𝜎𝑘 = 1, 𝜎𝜀 = 1,314, 𝐶1 = 1.44, 𝐶2 = 1.92, 𝑐𝜇 =

0.09, 𝑐𝑑 = 0.1643  
(6) 

These equations represent mathematical models that 

elucidate the behavior of fluids and mathematically model 

turbulence effects. The continuity equation expresses the 

conservation of mass for the fluid, while the momentum 

equations describe the fluid's motion. The energy equation is 

used to calculate the energy transformations of the fluid.  

In contrast, turbulence model equations are supplementary 

equations utilized to quantify turbulence effects, with 

variations contingent upon the specific turbulence model in 

question. 

The Reynolds number is calculated as follows: 

𝑅𝑒 =  
𝑢 𝐷ℎ

𝜈
   (7) 

Here u represents the jet inlet velocity, Dh hydraulic diameter 

of the jet, ν represents the kinematic viscosity.  

The Nusselt number and local Nusselt number are determined 

using the following equations. 

ℎ =
𝑞

𝑇𝑤−𝑇𝑗
 (8) 

𝑁𝑢 =
ℎ𝐷ℎ

𝑘
 (9) 

 Therefore; 

𝑁𝑢 =  
𝑞 𝐷ℎ

𝑘 (𝑇𝑤−𝑇𝑗 )
   (10) 

In the equation, h represents the heat transfer coefficient, q 

denotes the constant heat flux, k is the thermal conductivity 

of the fluid, Tw represents the local temperature of the jet 

surface, and Tj denotes the temperature at the jet exit. 

Determination of Boundary Conditions 

Figure 2 illustrates the boundary conditions applied to the 

defined two-dimensional geometry. Within this framework, a 

custom function has been implemented in the ANSYS 

software to model the jet velocity, incorporating both a 

uniform velocity profile and sinusoidal pulsation. 

Specifically, the jet inlet temperature is set at 298 K, while 

the impingement surface is maintained at a constant 

temperature of 400 K. The exit of the jet is exposed to the 

surrounding environment, thereby applying a free-stream 

condition. 

All other surfaces within the model are treated as adiabatic, 

indicating that no heat transfer occurs across these 

boundaries. This assumption streamlines the analysis by 

negating the loss or gain of heat through the walls. Moreover, 

the turbulence intensity at the inlet is set at 1%, which 

facilitates the precise representation of the initial conditions 

of the jet flow and its interaction with the impinging surface. 

It is imperative that these boundary conditions are met in 

order to guarantee the veracity of the numerical simulations 

and to ensure the reliability of the results obtained from the 

study of jet impingement behavior. 

 

Figure 1. Boundary conditions 

These conditions, 

𝑢 = 𝑢𝑜 + 𝐴 𝑢𝑜 ∗ 𝑠𝑖𝑛(𝑓𝑡)   (11) 

𝑇 = 𝑇𝑐  (12) 

The boundary conditions are employed for the purpose of 

establishing the velocity and temperature conditions at the jet 

inlet. The velocity equations demonstrate how the inlet 

velocity varies over time in relation to a specific function, 

while the temperature is assumed to remain constant, denoted 

as Tc. Adiabatic no-slip wall boundary conditions are applied 

to the upper walls. 

𝑢 = 0, 𝑣 = 0,
𝜕𝑇

𝜕𝑥
= 0 (13) 

It is crucial to acknowledge that the adiabatic no-slip wall 

boundary condition is implemented on the upper walls, 

signifying that heat transfer is not occurring at these surfaces 

and that the velocity gradient at the wall surface is zero. This 

boundary condition permits the transfer of momentum while 

preventing the transfer of thermal energy. Consequently, the 

velocity components at the wall surface are zero in the 

direction parallel to the wall, which results in no heat 

exchange. Such boundary conditions are frequently employed 

in the context of high-speed flows and scenarios where 

energy transfer is deemed to be insignificant. In accordance 

with these adiabatic conditions, no energy is exchanged at the 

upper wall, thereby influencing solely the momentum of the 

flow. This is a crucial point for understanding the behavior 

and interaction of the jet with the upper wall. 

The boundary condition for the impinging surface of the 

jet is as follows; 

𝑢 = 0, 𝑣 = 0, 𝑇 = 𝑇ℎ    (14) 

The boundary conditions applied at the impinging surface of 

the jet are defined for the velocity components (u and v) and 

temperature (T). According to this boundary condition, the 
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velocity components at the impinging surface are assumed to 

be zero (u = 0, v = 0), indicating no-slip conditions. 

Furthermore, the temperature of the impinging surface is 

denoted as Th. signifying that the surface is maintained at a 

constant temperature. This boundary condition ensures that 

the flow velocity is zero at the impinging surface, thereby 

establishing a stationary interaction between the fluid and the 

surface. 

The boundary condition for the side surfaces of the geometry 

is as follows; 

𝜕𝑢

𝜕𝑥
= 0,

𝜕𝑣

𝜕𝑥
= 0,

𝜕𝑇

𝜕𝑥
= 0 (15) 

The aforementioned boundary conditions indicate that the 

flow and temperature along the side surfaces of the geometry 

remain constant in a specific direction, thereby suggesting 

that the side surfaces are open to the surrounding 

environment. 

Following the model validation, an additional critical step 

was undertaken: the validation of the numerical study against 

existing literature. To this end, the accuracy of the numerical 

study was confirmed by replicating the parameters and 

features of the previous work conducted by Zumbrumen et al. 

[25].  

The results presented in Figure 3, which illustrate the 

variation of local Nusselt numbers across the average plate, 

demonstrate a high degree of consistency. It is noteworthy 

that a maximum discrepancy of 7% was observed between 

the local Nusselt numbers reported in the referenced study 

and those obtained from the current validation model. In 

conclusion, the findings demonstrate that ANSYS-FLUENT 

is an effective tool for conducting the numerical analyses 

planned for the subsequent phases of this research. 

 

Figure 2. Comparison of numerical study with literature 

[25]. 

Results and Discussion 

Figure 4 illustrates the time-dependent velocity contours for 

a pulsating jet with a height-to-diameter ratio (H/D) of 4, a 

Reynolds number (Re) of 7500, a frequency (f) of 20 Hz, and 

an amplitude (A) of 0.5 m/s. As the jet interacts with the 

surface, it immediately generates bidirectional swirling flows 

and reverse vortices in the stagnation region. The vortices 

undergo a process of evolution over time, exhibiting a 

trajectory that is parallel to the surface in the direction of flow. 

The formation of these vortices has the effect of enhancing 

the coefficients of heat transfer and increasing the Nusselt 

numbers. 

 

Figure 4. Time-dependent velocity contours of a dual 

impinging nanofluid jet with H/D = 4, Re = 7500 for t = 5 - 

10 sn. 

At the point of jet exit, the flow profile is initially uniform. 

However, as the jet ascends vertically, there is a notable 

change in the velocity distribution. The maximum velocity is 

observed along the axis of the jet, but upon contact with the 

lower plate, the velocity decreases to zero. Subsequently, the 

flow undergoes horizontal acceleration along the surface, 

resulting in the formation of a wall jet. Upon contact with the 

surface, the jet decelerates to zero, resulting in the formation 

of an internal vortex. This process ultimately results in the 

formation of a smaller vortex in close proximity to the target 

surface, accompanied by the emergence of another vortex in 

a downstream position.  
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It is noteworthy that the jet velocity does not reach zero 

throughout the entire flow period, which accounts for the 

limited formation of small vortices near the adiabatic wall and 

heated surface [26]. With regard to Reynolds numbers, a 

typical impinging jet exhibits characteristics analogous to 

those of a free jet, including a stagnation or impingement 

zone and a wall jet region. 

 

Figure 5. Time-dependent streamlines of a dual 

impinging nanofluid jet with a H/D = 4, Re = 7,500 for t = 5 

- 10 sn. 

Figure 5 illustrates the time-dependent streamlines of a dual 

jet configuration. It becomes evident that the velocity within 

the wall jet region increases upon impact with the impinging 

surface over time. Initially, the impinged surface maintains a 

constant temperature of 400 degrees Celsius. Upon impact, 

the jets induce a cooling effect on the impinging surface. As 

the two jets make contact with the surface, the distance 

between them widens, indicating a divergence upon impact. 

Moreover, in the analyzed configuration, the adjacent jets 

remain independent of one another until they reach the 

impinging surface, resulting in the formation of separate 

vortices within each jet. Furthermore, the impinging surface 

causes the thermal boundary layer to experience peak 

velocities in its upper section, resulting in the formation of 

additional vortices. At the initial time point of t = 5 seconds, 

the vortices are relatively small in size. However, as time 

progresses, there is an observable increase in the size of these 

vortices. At the point of jet exit, the velocity reverts to a 

uniform profile. 

 

Figure 6. Time-dependent vector representation of a dual 

impinging nanofluid jet with a H/D = 4, Re = 7,500 for t = 5 

- 10 sn. 
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Figure 7. Time-dependent vector representation of a dual 

impinging nanofluid jet with a H/D = 4, Re = 7,500 for t = 5 

- 30 sn. 

Figures 6 and 7 illustrate the time-dependent vector fields for 

a dual pulsating jet with a height-to-diameter ratio (H/D) of 

4, a Reynolds number (Re) of 7,500, a frequency (f) of 30 Hz, 

and an amplitude (A) of 0.4 m/s. Upon impacting the heated 

lower surface, the formation of two counter-rotating vortices 

becomes evident, resulting from confinement by the upper 

adiabatic plate and the inherent sensitivity of the jet. A 

symmetrical flow pattern is observed in both the flow and 

thermal fields, centered around the stagnation point. 

While slight variations are discernible in the vector plots 

across different time intervals, the intensity of the vortices 

exhibits fluctuations. In the wall jet region, an increase in 

thickness is observed concomitant with a decrease in the 

normal component of velocity. Moreover, as the volume 

concentration of nanoparticles increases, the effective 

thermal conductivity of the nanofluid rises, resulting in 

enhanced cooling effects upon impingement and a more 

uniform temperature distribution, thereby improving heat 

transfer. Moreover, the frequency and amplitude of pulsating 

in the inlet velocity contribute to a denser arrangement of 

flow lines in this region, which significantly enhances heat 

transfer [27]. 

Figure 8. shows the local Nusselt number variation as a 

function of 's', the distance between the two jets in a dual-jet 

setup. The study investigates how the distance between jets 

affects the change in Nusselt number, with experiments 

conducted for H/D = 4 and Re = 10,000.  The findings 

demonstrate a direct correlation between the distance 

between the jets and the efficiency of heat transfer. A closer 

proximity between the jets facilitates enhanced interaction 

through vortex formation, which has a beneficial impact on 

the Nusselt number. Conversely, an increase in the distance 

between the jets has been observed to result in a decline in the 

Nusselt number.. As shown in Figure 8, the optimal local 

Nusselt number is achieved when 's' is set at 100 mm, 

indicating superior heat transfer performance compared to 

other distances. 

 

Figure 8. Comparison of distances between dual 

impinging jets. 

Figure 9 shows the variation of local Nusselt numbers for 

different nanoparticle volume concentrations for Re = 5000, f 

= 20 Hz, and A = 0.5 m/s. In the case of dual impinging jets, 

the collision generates two distinct peaks in the Nusselt 

number profile. The highest Nusselt value is observed at the 

stagnation point, where the thermal boundary layer is 

relatively thin, resulting in enhanced heat transfer. The 

incorporation of nanoparticles at varying concentrations 

markedly enhances the peak Nusselt value, suggesting an 

acceleration in heat transfer rates. Moreover, an increase in 

the volume concentration of nanoparticles results in a more 

pronounced improvement in heat transfer. In comparison to 

the scenario in the absence of nanoparticles, the Nusselt 

number demonstrates an 18% increase at a 5% volume 

concentration, a 16% increase at both 4% and 2% 

concentrations, and a 13% increase at a 1% concentration.  

 

Figure 9. Local Nusselt number variation for different 

nanoparticle volume concentrations for H/D = 4 and Re = 

5,000. 
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Figure 10 illustrates the impact of varying frequencies on the 

local Nusselt numbers for a dual impinging jet, with a 

Reynolds number of 7500 and an acceleration coefficient of 

0.5 m/s. The occurrence of pulsating flow results in 

acceleration and elevated speeds, which contribute to 

augmented heat transfer due to the fact that a fluid with 

greater velocity carries more energy and interacts with the 

surface in a more efficacious manner. Pulsating flow has the 

potential to alter the temperature distribution by facilitating a 

more rapid and intense mixing between regions of differing 

temperatures, thereby promoting a more uniform temperature 

profile. These dynamics are of critical importance in the 

observed enhancement of heat transfer in pulsating flows. 

Pulsations facilitate more efficient mixing, enhance energy 

transport through accelerated fluid movement, and influence 

temperature distribution, ultimately leading to heightened 

heat transfer rates. It can be concluded that pulsating flow has 

a considerable effect on thermophysical performance and 

heat transfer efficiency [28], [29].  The data analysis indicates 

that the most substantial enhancement in heat transfer on the 

impinging surface occurs at a frequency of 30 Hz. A 

comparison of frequencies at 10 Hz and 30 Hz indicates a 

10% increase in heat transfer efficiency. It can thus be 

concluded that pulsating jets with higher frequencies enhance 

heat transfer performance in the wall jet region, resulting in a 

more uniform heat distribution on the target surface, 

particularly in the vicinity of the stagnation point [26]. 

 

Figure 10. Local Nusselt number variation for different 

frequencies in a dual impinging jet with Re = 7500 and 

amplitude A = 0.5 m/s. 

Figure 11 illustrates the variation in local Nusselt numbers for 

different amplitudes, with Re = 7500 and f = 20 Hz. While the 

results for all amplitudes are relatively similar, the amplitude 

of 0.5 m/s exhibits superior performance due to its wider 

distribution across the impinging surface. The pulsating flow 

enhances mixing, increases energy transport through 

accelerated fluid movement, and modulates temperature 

distribution, resulting in improved heat transfer rates. 

Therefore, pulsating flow significantly impacts 

thermophysical performance and heat transfer efficiency 

[28], [29]. 

 

Figure 11. Local Nusselt number variation for different 

amplitudes in a dual impinging jet with Re = 7500 and 

frequency f = 20 Hz. 

Conclusion 

In this study, the flow dynamics and heat transfer interaction 

in double-pulsed jets are investigated, focusing on key factors 

such as jet geometry, vibration frequency, amplitude, 

nanoparticle concentration and Reynolds numbers. Using 

advanced numerical simulations in ANSYS, the research 

investigates how these parameters affect the thermal and flow 

properties of pulsating nanofluid jets. 

This study systematically analyses the impact of diverse 

factors on the performance and characteristics of double 

impinging jets, with a particular focus on the crucial interplay 

between flow dynamics and heat transfer efficiency. The 

research employs advanced numerical simulations with 

ANSYS to assess the influence of double impinging 

nanofluid jets across a defined range of Reynolds numbers. 

This comprehensive analysis encompasses a multitude of 

parameters, including jet geometry, pulsating frequency and 

amplitude, nanoparticle volume concentrations, and 

Reynolds numbers. 

The time-dependent velocity contours of the pulsating jet 

demonstrate that as the jet makes contact with the surface, 

bidirectional swirling flows and reverse vortices are 

produced. These vortices expand and follow parallel paths 

along the flow direction, resulting in an increased heat 

transfer coefficient and elevated Nusselt number. The 

formation of wall jets is observed as the flow transitions from 

its initial smooth profile at the jet's exit. While the highest 

velocity is observed at the jet's axis, the impact with the 

surface results in deceleration and the formation of internal 

vortices, which contribute to the development of horizontal 

wall jets along the surface. 

The frequency and amplitude of pulsating jets significantly 

influence heat transfer efficiency. Higher frequencies, such as 

30 Hz, have been observed to result in a 10% improvement in 

heat transfer compared to lower frequencies like 10 Hz. This 

enhancement is attributed to improved flow dynamics and 

more uniform heat distribution facilitated by pulsation and the 

generation of associated vortices. Additionally, the 

concentration of nanoparticles plays a crucial role in heat 

transfer performance. For instance, a 5% volume 

concentration of nanoparticles led to an 18% increase in the 

Nusselt number compared to cases without nanoparticles, 
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highlighting the potential of nanoparticle augmentation to 

enhance heat transfer efficiency. 

It would be beneficial to gain an understanding of the 

characteristics of the thermal boundary layer in order to 

elucidate the relationship between Reynolds numbers and 

heat transfer. It seems that an increase in Reynolds number 

may result in a reduction in the thickness of the boundary 

layer, thereby enhancing the rate of heat transfer.  

It has been observed that the stagnation point exhibits peak 

Nusselt values due to the thin boundary layer, whereas 

regions devoid of vortices display lower Nusselt values. The 

spacing between dual impinging jets is identified as a critical 

parameter influencing heat transfer performance. Smaller 

distances between jets enhance vortex interactions, 

promoting more effective heat transfer, while larger 

separations weaken these interactions and reduce overall 

efficiency. This study establishes that an optimal spacing of 

approximately 100 mm yields the best heat transfer results, 

underscoring the importance of jet configuration in 

optimizing heat distribution and thermal efficiency. 

Moreover, the findings emphasize the need to optimize key 

parameters, including frequency, amplitude, nanoparticle 

volume concentration, and jet spacing, to significantly 

improve heat transfer and thermophysical performance across 

various applications.  
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