
 
e-ISSN: 2682-8588 

Available online at 
https://journal.uitm.edu.my/ojs/index.php/MJCET 

Malaysian Journal 
of Chemical 

Engineering and 
Technology Malaysian Journal of Chemical Engineering & Technology 9(1) 2026, 52–64 

www.jeeir.com 
 

 2*Corresponding author. E-mail address : nadia3132@uitm.edu.my 

https://doi.org/10.24191/mjcet.v9i1.9004 UiTM Press, Universiti Teknologi MARA 

Computational study of nozzle configuration of jet 

impingement heat transfer on concave surface 

Nurul Hyidayah Shahrin1, Nadia Kamarrudin2*, Masli Irwan Rosli3,  
 Mohd Fadhil Majnis4 

1,2.4Faculty of Chemical Engineering, Universiti Teknologi MARA, 40450, Shah Alam, Selangor, Malaysia 
2,3Faculty of Engineering and Built Environment, Universiti Kebangsaan Malaysia, 43600, Bandar Baru Bangi, Selangor, Malaysia 
 

ARTICLE INFO  ABSTRACT 

Article history: 
Received 7 November 2025 
Revised 10 February 2026 
Accepted 10 February 2026 
Online first 29 April 2026 
Published 30 April 2026 

 Jet impingement has been actively utilised in many applications for 
cooling and drying as it gives high heat transfer coefficient. This 
technique has proven highly effective in eliminating excessive thermal 
loads, such as the leading edges of turbine blades and the outer walls of 
combustors. This study investigates turbulent jet impingement cooling 
on a concave surface with a focus on how jet to surface spacing and 
Reynolds number govern hydrodynamics and heat transfer. A validated 
Reynolds averaged Navier–Stokes model with constant wall heat flux 
and a mesh independent solution was used to map area averaged Nusselt 
number and turbulent kinetic energy near impingement. The findings 
show strong dependence on the small jet-to-surface distance, H/B (0.50). 
An increasing nozzle diameter from 5 to 15 mm increases the Nusselt 
number from 86.58 to 170.77 (97% increase) and turbulent kinetic 
energy from 82.28 to 1093.91 m²·s⁻². H/B is the dominant control 
parameter at fixed diameter. The Nusselt number decreases from 170.77 
at H/B = 0.50 to 71.69 at H/B = 8.00 for 15 mm nozzle diameter which 
is a 58% reduction. Increasing Reynolds number strengthens turbulence 
at the impingement region, improves mixing, enlarges the effective 
cooling area, and aligns with higher Nusselt number. These findings 
indicate a preference for small to moderate jet-to-surface distance with 
sufficiently high Reynolds numbers for concave targets and support 
energy efficient thermal management in advanced industrial systems. 

Keywords: 
Jet Impingement 
Heat transfer 
Concave surface 
CFD 
Turbulence kinetic energy  
DOI: 
10.24191/mjcet.v9i1.9004 

 

1. INTRODUCTION 

Jet impingement cooling is widely used in industry due to its effectiveness in removing localised heat loads 
and improving thermal management performance. Jet impingement cooling techniques were developed to 
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help industries deal with the growing problem of managing heat flow efficiently in high-heat conditions. 
These problems made it necessary to find localised and high-performance cooling solutions that could meet 
strict thermal control needs. Computational studies have become a powerful tool for simulating complex 
flow and heat transfer phenomena in order to improve understanding and optimisation of jet impingement 
systems. 

The geometrical configuration of an impinging jet has a significant impact on the thermal performance 
of the system. Ekkad & Singh (2021) comprehensively reviewed the jet impingement heat transfer 
enhancement techniques, highlighting the importance of geometric configuration and turbulence 
development in improving cooling performance. Parameters such as Reynolds number, nozzle 
configuration, and the distance between the nozzle and the impingement surface are important in 
determining the heat transfer distribution in an impinging jet system (Rakhsha et al., 2023; Prevost et al. 
2022; Attalla & Salem, 2013). Nozzle diameter also plays a crucial role in determining heat transfer 
distribution in an impinging jet system, as they affect the jet properties and heat transfer rates. A number 
of experimental investigations and theoretical studies on heat transfer distribution in an impinging jet have 
been presented in the literature. For example, Baonga et al. (2006) studied the heat transfer distribution in 
an impinging jet system using a nozzle orifice diameter, which affects heat transfer distribution by varying 
the pressure drop in the nozzle, which in turn affects the velocity profile of the jet. Attalla & Salem (2013) 
studied the effect of nozzle edge chamfering on heat transfer distribution in an impinging jet system, where 
it was found that heat transfer distribution did not change significantly in the presence of a chamfered edge 
in the nozzle. 

Moreover, Kund (2019) examined the influence of nozzle diameter on heat transfer performance in jet 
impingement cooling systems and reported that smaller nozzle diameters produce higher jet velocities, 
leading to more effective localised cooling. However, this enhancement in heat transfer was accompanied 
by a less uniform temperature distribution across the impingement surface. In a related study, Garimella 
and Nenaydykh (1996) analysed submerged and confined liquid jet impingement cooling systems and 
found that larger nozzle diameters produce higher turbulence intensity, which improves heat transfer rates 
in the stagnation region. In another investigation, Choo and Kim (2016) studied the effect of nozzle 
diameter on the hydraulic jump radius in jet impingement cooling systems. Their results showed that, at a 
constant Reynolds number, a reduction in nozzle diameter increases the dimensionless hydraulic jump 
radius. This behaviour was attributed to increased impingement power due to high pressure differences and 
flow rates in the jet impingement cooling system. 

As the study of geometric parameters and their impact on impinging jets progressed, emphasis was 
given to improving jet performance through the Reynolds number. The Reynolds number is an important 
dimensionless parameter that determines the nature of fluid flow, whether it is turbulent or laminar, and its 
intensity. These parameters of fluid flow are directly related to the efficiency of heat transfer. Conahan 
(2021) has shown that the area-averaged value of the Nusselt number follows a power-law correlation with 
the Reynolds number. This proved that an increase in the Reynolds number will result in an increase in the 
heat transfer coefficient. Additionally, the effect of Reynolds number on jet impingement cooling 
performance over a semi-circular concave surface was experimentally investigated by Yang et al. (1999) 
using three alternative slot nozzle configurations.  The study also indicates that concave surfaces have 
higher heat transfer rates than flat surfaces due to curvature-induced vortices. These vortices are formed 
due to centripetal forces acting on the jet. 
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Janajreh et al. (2014) furthered this knowledge with numerical analyses of various jet impingement 
arrangements on semi-circular surfaces. The results found that concave curvature leads to a significant 
enhancement in heat transfer efficiency, as indicated by the elevated average Nusselt numbers compared to 
flat surfaces. The influence of geometric variables on local heat transfer coefficients for circular jets 
impinging on concave surfaces was investigated further by Patil and Vedula (2018). More recently, 
Erasmus et al. (2021) used computational fluid dynamics simulations to analyse jet impingement on a 
concave hemispherical dome. Related computational studies by Basha et al. (2018) on slot jet impingement 
indicated that the Nusselt number reduces with an increase in the distance between the jet and the surface. 

Overall, existing studies indicate that jet impingement cooling has strong potential to improve 
efficiency and cost effectiveness in thermal management applications involving concave surfaces. 
Nevertheless, despite the large number of experimental and numerical investigations reported in the 
literature, a systematic quantification of how jet impingement configurations influence heat transfer 
performance is still limited. In particular, the combined effects of geometric and flow parameters on 
concave surfaces remain insufficiently explored. Therefore, the objective of this study is to develop and 
validate a computational fluid dynamics model of jet impingement cooling on a concave surface. The study 
systematically quantifies the combined influence of geometric and flow parameters (nozzle configuration, 
jet to surface distance, and Reynolds number) on turbulent kinetic energy distribution and heat transfer 
characteristics. The findings of this research are expected to provide quantitative insights that support the 
optimisation of jet impingement cooling designs. 

2. METHODOLOGY 

2.1 Geometry modelling 

The schematic design of the geometry is shown in Fig.1, where the dimensions of the computational 
domain are adapted from the experimental study by Yang et al. (1999). In the simulation study, a 
commercially available CFD package, ANSYS Fluent was used. The turbulent flow is assumed to be steady 
state, 2-D and incompressible with constant properties. 

 

Fig.1. Computational domain 

Source: Author’s illustration 
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2.2 Boundary conditions and mesh independency study 

The design of jet impingement was set up on a semi-circular concave wall with a range of diameters 
from 5.0 to 15.0 mm, and the jet-to-surface distance, H/B, is 0.5 to 8. Air was used as a cooling medium. 
The model setup and parameters used are summarised in Table 1. 

Table 1. The dimensions of jet impingement 

Parameter Conditions/values 

Type of fluid Air 

Type of surface Steel 

Inlet velocity (m/s) 36.97 

Jet-to-surface distance ratio (H/B) 0.5, 2, 5, 8 

Surface diameter, D (mm) 150  

Inlet diameter, B ( mm) 5, 10, 15  

Source: Author’s own data 

The domain is imported into the meshing environment to generate a computational grid that can resolve 
the governing flow and thermal gradients with sufficient reliability. Mesh design has a significant impact 
on solving flow physics with accurate, efficient, and reliable simulation results. Fig. 2 presents the 
generated grid for the semi-circular concave jet impingement configuration. 

 

Fig. 2. Mesh structure and boundary condition 

Source: Author’s illustration 

In order to test the model with a mesh independence test, different sizes of meshes were employed until 
the solution no longer varied with additional grid refinement and validated with literature data. As a result, 
a mesh independence test showed that the simulations based on a mesh of 21848 elements provide 
satisfactory numerical accuracy. The maximum changes in the predicted Nusselt number were 1.47% 
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between the mesh element numbers of 21848 and 22014 as shown in Fig. 3. Therefore, it can be considered 
as mesh independent. 

 

Fig. 3. Effect of mesh refinement on the average Nusselt number (H/B = 8, Re = 23700) 

Source: Author’s own data 

2.3 Governing equations and solution scheme 

In this study, a steady state solver was developed based on SIMPLE algorithm to model the heat transfer 
between the fluid and solid domains. To simulate the flow and thermal patterns within the geometry, the k-
epsilon (k-ε) turbulence model was chosen throughout the domain as this study was conducted in turbulent 
flow. Thus, the conservative equations and turbulence model was outlined as follows (Versteeg & 
Malalasekera, 2007; Yang et al., 2011): 

(1) Continuity equation 

(2) Momentum equation 
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(3) Energy equation 

(4) Transport equation for k 

(5) Transport equation for 𝜀𝜀 

The closure coefficients appear in the equations are given by the following values: 𝐶𝐶1 = 1.44, 
 𝐶𝐶2 = 1.92, 𝐶𝐶𝜇𝜇 = 0.09, 𝜎𝜎𝑘𝑘 = 1.44, 𝜎𝜎𝜀𝜀 = 1.3. A least-squares cell-based procedure was used for gradient 
discretisation to enhance derivative accuracy. A second order upwind formulation was adopted for the 
momentum, turbulent kinetic energy, and dissipation rate equations to control numerical dispersion and 
maintain stability. Convergence was attained when all equation residuals dropped below 1×10−6. 

2.4 CFD model validation 

Model validation and boundary condition selection were supported by comparison of the present 
simulations with literature experiments for H/B = 8 and Re = 23700 by Yang et al. (1999). 

2.5 Flow and thermal characteristics 

The flow and thermal characteristics of jet impingement cooling were analysed as a function of nozzle 
diameter, Reynolds number, and jet-to-surface distance (H/B) to determine the cooling performance, as 
shown in Table 2. 

Table 2. Design parameter 

Parameter Values 
H/B 0.5, 2, 5, and 8 

Nozzle diameter (mm) 5, 10, and 25 

Reynold Number, Re 5000, 25000, and 45000 

Source: Author’s own data 
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3. RESULTS AND DISCUSSION 

3.1 CFD model validation 

The validation was performed by comparing the average Nusselt number value obtained from the 
simulation with the experimental study by Yang et al. (1999). To ensure accuracy with the referenced study, 
the adapted geometry, working fluid (air), and constant heat flux conditions were applied. In line with the 
validation approach, the jet-to-surface distance (H/B) is varied at 0.5, 2, 5, and 8 using a nozzle diameter 
of 5 mm, to replicate the conditions of the original study. The results obtained from the simulation were 
presented and compared in Table 3. 

Table 3. Relative error for CFD model validation 

Jet-to-surface distance 
(H/B) 

Average Nusselt number (Nuavg) 
Relative percentage error (%) 

Yang et al. (1999) Present study 

0.50 83.13 86.58 4.16% 

2.00 70.94 76.18 7.39% 

5.00 74.55 72.32 2.99% 

8.00 72.19 71.56 0.87% 

Average 3.85% 

Source: Author’s own data 

For validation, relative percentage errors were measured as indicated in Table 3. The differences 
between the CFD simulation and literature data ranged from 0.87 to 7.39%, with an average of 3.85%. The 
calculated average relative error reached a good agreement with a marginal difference of less than 10%. 
Therefore, it is worthy to mention that the simulation model developed in this study is very close to literature 
values. Hence, the developed model is suitable for the prediction of jet impingement heat transfer under 
specified cutting conditions. 

3.2 Flow and thermal characteristics 

Effect of jet-to-surface distance (H/B) ratio 

The H/B ratio is an important parameter in determining the heat transfer performance of jet impingement 
cooling systems. Higher Nusselt numbers are usually shown at smaller H/B values due to stronger 
stagnation effects and enhanced turbulence near the impingement region (Yang et al., 2011). In the present 
study, it is illustrated that at lower H/B values, which is H/B = 0.5, the Nusselt number is highest among 
others. As the H/B ratio increases, the impinging jet travels a longer distance before reaching the target 
surface, causing it to lose momentum and turbulence due to mixing with the surrounding fluid. The Nusselt 
number gradually decreases and begins to stabilise beyond H/B = 2. These findings indicate that 
incremental gains in heat transfer become small with increasing H/B as shown in Table 4. The results are 
consistent with the distribution of turbulence kinetic energy in the contour fields as shown in Fig. 4. 
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Table 4. Relative error for CFD model validation 

Jet-to-surface distance 
(H/B) 

Maximum turbulent kinetic energy 
(m²·s⁻²) 

0.50 82.28 

2.00 25.84 

5.00 62.83 

8.00 59.07 

Source: Author’s own data 

 

Fig. 4. Turbulent kinetic energy contour for H/B effect 

Source: Author’s own data 

The highest turbulent kinetic energy of 82.28 m²·s⁻² at H/B 0.5, shows an intense turbulence 
concentrated near the stagnation region and wall jet. This condition produces strong mixing and enhanced 
convective heat transfer. Increasing the spacing to H/B = 2.00 leads to a sharp reduction in turbulent kinetic 
energy to 25.84 m²·s⁻², corresponding to a decrease of approximately 69% due to jet momentum dissipation 
and weakened turbulence production at the stagnation zone. At H/B = 5.00, turbulent kinetic energy 
increases again to 62.83 m²·s⁻², indicating partial recovery of turbulence intensity driven by shear layer 
development. 

For H/B = 8.00, the turbulent kinetic energy slightly decreases to 59.07 m²·s⁻², with the turbulence field 
dominated by wall shear rather than stagnation effects due to substantial jet core dissipation before impact. 
Overall, smaller H/B maximises turbulence intensity, while increasing H/B results in progressive 
momentum decay and reduced stagnation region turbulence. Based on these observations, H/B = 0.5 is 

a) H/B 0.5 b) H/B 2  

c) H/B 5 d) H/B 8 
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identified as the optimal spacing, as it provides the most effective combination of turbulence generation 
and heat transfer enhancement. Consequently, this configuration is selected for subsequent analyses 
involving variations in Reynolds number. 

Effect of Reynold number 

The Reynolds number analysis was conducted at a constant jet-to-surface distance ratio of H/B = 0.5, 
as this configuration produced the maximum Nusselt number. To separate the effect of Reynolds number 
on flow behaviour and thermal performance, the H/B ratio was kept the same while the Reynolds number 
was changed in a systematic way. Table 5 shows the Nusselt number and maximum turbulent kinetic energy 
values that were found in simulations with Reynolds numbers of 5000, 25000, and 45000. This enables a 
direct assessment of heat transfer enhancement associated with increased flow momentum and turbulence 
intensity. 

Table 5. Effect of Reynold number on Nusselt number and maximum turbulent kinetic energy 

Reynold number Velocity inlet  
(m/s) Nusselt number Maximum turbulent kinetic energy 

(m2··s⁻2) 

5000 7.80 34.33 4.68 

25000 38.99 89.31 98.89 

45000 70.18 123.16 302.45 

Source: Author’s own data 

These results clearly indicate that the Reynolds number is directly proportional to both the Nusselt 
number and the maximum turbulent kinetic energy. As the Reynolds number increases, the impinging jet 
carries higher momentum and exhibits greater turbulence intensity, which enhances the entrainment of 
surrounding fluid and leads to the formation of stronger shear layers (Conahan, 2021). As a result, heat 
transfer performance improves due to increased convective transport and elevated turbulence levels. It is 
consistent with the observations of Xu et al. (2010), who reported that higher Reynolds numbers promote 
stronger flow instabilities, more effective turbulent mixing, and steeper thermal gradients in the stagnation 
region. The turbulent kinetic energy contours presented in Fig. 5 supports these trends. 

Fig. 5(a) at Re = 5000 shows weak and limited turbulence in space, which limits the overall cooling 
performance. Fig. 5(b), on the other hand, shows a significant rise in turbulent kinetic energy at Re = 25000. 
This energy is more concentrated near the impingement area, which leads to better fluid mixing and stronger 
interaction with the surface. The red contours that form near the wall jet region in Fig. 5(c) at Re = 45000 
show that turbulent kinetic energy is at its highest point. These findings indicate that elevating the Reynolds 
number exacerbates turbulence, resulting in enhanced mixing and an enlargement of the active cooling 
zone. The highest Reynolds number also shows the strongest wall jet renewal, which is in line with Ajeel 
et al. (2024)'s findings of increased convective transport and higher Nusselt numbers. 

Effect of nozzle diameter 

The study continues with an analysis of nozzle diameter as a key parameter influencing jet impingement 
cooling performance. Simulations were performed using three different nozzle diameters of 5 mm, 10 mm, 
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and 25 mm across all jet to surface distance ratios (H/B). Table 6 presents the effects of nozzle diameter on 
the Nusselt number and turbulent kinetic energy. 

At fixed diameter, Nusselt number decreases with larger H/B for D = 15 mm (170.77 to 71.69 m²·s⁻² ) 
and for D = 10 mm (145.71 to 77.05 m²·s⁻²). Meanwhile, an increasing diameter from 5 to 15 mm increases 
the Nusselt number from 86.58 to 170.77 m²·s⁻² (97% increase). This finding is consistent Huang et al. 
(2021) study, reported that increasing nozzle diameter improves heat transfer uniformity. The thermal 
gradients reduced over the target surface while maintaining high local Nusselt numbers near the stagnation 
region (Huang et al., 2021). 

 

Fig. 5. Turbulent kinetic energy for Reynold number effect 

Source: Author’s own data 

Table 6. Effect of nozzle diameter on Nusselt number and turbulent kinetic energy 

Jet-to-
surface 
distance 

(H/B) 

Jet 
length, H 

(mm) 
Effect of diameter (mm) on Nusselt number 

Effect of diameter (mm) on 

turbulent kinetic energy (m²·s⁻²) 

5 10 15 5 10 15 

0.50 72.5 86.58 145.71 170.77 82.28 464.74 1093.91 

2.00 65 76.18 91.5 107.19 25.84 58.04 92.88 

5.00 50 72.32 76.47 76.97 62.83 37.36 46.35 

8.00 40 71.56 77.05 71.69 59.07 57.11 37.85 

Source: Author 

b) Re 25000 

c) Re 45000 

a) Re 5000 
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4. CONCLUSION 

This research successfully achieved the objectives to analyse the nozzle configuration effect on jet 
impingement cooling performance. The study revealed that nozzle diameter, Reynolds number, and jet-to-
surface distance have a significant impact on the cooling process of the concave surface. An increase in 
Reynolds number led to a higher Nusselt number, indicating improved cooling efficiency due to increased 
turbulence within the impinging jet. Similarly, larger nozzle diameters expanded the jet impingement area 
and also contributed to a higher Nusselt number. In comparison, a larger jet-to-surface distance (H/B) 
decreases the Nusselt number due to decay of jet momentum and turbulence intensity before impact. 
Therefore, the results verify that controlling these parameters is essential for achieving efficient and 
uniform cooling with impinging jets. These findings highlight the contribution to the design of cost-
effective and high-performance cooling systems, particularly in industrial applications where localised heat 
removal is employed. 
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