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1. Introduction 

Jet impingement is an invention that is efficient in 

transferring heat between a surface and a driven fluid. The 

fluid is forcibly impinged to the surface of the product by 

directing it through the tip of the jet at high pressure. 

Effective heat transfer will be obtained between the jet’s 
nozzle and the product’s surface [1,2]. Nowadays, this 

improvement method has been used broadly for various 

industries. This is because the study shows that the 

impingement jet is a smart mechanism since it is proficient 

in achieving the highest rate of heat transfer. It was 

developed in order to cool a high temperature component 

or surface by removing a large quantity of heat [3]. The 

system of this jet cooling impingement is basically made 

to strike the target surface with a fluid that is high in 

velocity. It will deliver the most effective and flexible 

technique in transferring energy and mass for the industrial 
applications.  

A large amount of thermal energy and mass between 

the geometry’s wall and fluid will be transferred 

effectively since a directed fluid flow is impinged against  

the surface of the product. Due to these advantages, there 

is a lot of industries that choose to use the jet impingement 

cooling system nowadays. The various applications that 

are widely used are the cooler of stock material, the 

electronic component’s cooler, cooler for a gas turbine 

blades and metal’s annealing [4,5]. 

The researchers had obtained the empirical 
correlations in evaluating the local heat transfer together 

with the average heat transfer of the system. This 

correlation was expected to be resulted as the development 

of the flow and thermal boundary layer. In many studies of 

the heat transfer system, the results showed that the 

researchers only covered the dimensionless distance of 

nozzles’ diameters from the stagnation point or area [6]. 

Hence, another two parameters and the shape of target 

surface are needed to be studied deeply in order to improve 

the performance of the system. 
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This study aims to investigate the characteristics of 

thermal and flow field on convex surface caused by jet 

impingement and to obtain a correlation between flow 

geometries and the thermal and overall performance of jet 

impingement cooling by using ANSYS software.  

 

2. Modelling and Methodology 

A 2-D axis-symmetry round nozzle with a convex 

target surface was drawn in the SolidWorks and later it was 
imported to the ANSYS Fluent R3 Student Version. The 

dimensions and related parameters were obtained from the 

previous experiment that was investigated by Lee et al. [7]. 

The validation between experimental result and simulation 

was done after performing a grid independence test. 

Another comparison between simulation results and the 

ACFD correlations was done in order to identify the 

validation of the new equations of correlation between 

parameters that will be implemented for future study. 

 

2.1 Governing equations 

Based on the scope of this study, the geometry was in 

a 2-D but axis-symmetry geometry. Hence, the directions 

of the velocities were classified into three directions which 

are x, y and z direction. The fluid flow was set to be 

incompressible and steady flow. So, the continuity 

equation is given by; 
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ACFD is totally about the linear form that is derived from 

the graph of the correlations. Hence, an equation in a form 

of y = mx + c is aimed to meet the requirements in deriving 

a new equation of the relationship between the 

manipulated variables [8]. Therefore, Taylor Series is 

applied in order to build the equation. 
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The average Nusselt number is known as the y-axis while 

x-axis is denoted as ∅𝑛 − ∅𝑛𝑅𝑒𝑓. Equation 3 shows the 

formula of the gradient that is used in the Equation 2. 
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In order to identify whether this ACFD method is valid or 

not, a normalized root mean square error (NRMSE) is 

performed by applying the formula given in the Equation 

4. 
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where the root mean square is given by; 
 

 
( )2

1 2
1

n

r
y y

RMSE
n

=
−

=


 
(5) 

 

2.2 Geometry modelling 

The geometry was drawn in SolidWorks 2018 on a x-

y plane since it was in a 2-D axis-symmetry. Fig. 1 shows 

the overall domain of the jet impingement and its 

dimensions. The unit was set in centimeter since the 

original one was in that unit. To avoid any miscalculation 

in converting the unit, the non-SI unit was used for the 

drawing in the SolidWorks.  

 

 
                 (a)                                                      (b) 

 
                 (c)                                                      (d) 
Fig. 1 - Dimensions and close-up view of jet impingement 

cooling’s geometry: (a) Radius of curvature; (b) Length of 

nozzle; (c) Distance nozzle’s tip to target surface; (d) 

Diameter of nozzle 

2.3 Meshing 

There are three types of modifications that were being 

implemented in this meshing process, excluding the 

default meshing which are face sizing, inflation and all 

triangles method [9, 10]. First modification was inflation 

after the generating the default meshing. Later, the triangle 

method was implemented for the modification meshing. 
The full view and close-up view of final meshing are 

shown in Fig. 2 and Fig. 3 

 

 
Fig. 2 - Final meshing 
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Fig. 3 - Close up view  

2.4 Boundary condition 

Boundary condition was first set up before doing the 

meshing by naming the boundary first. Then, the 

magnitude for each boundary will be inserted at the 

Fluent’s Setup before running the calculation. Table 1 

shows the summary of the boundary conditions and Fig. 4 

shows it named selection in meshing. 

 
Table 1 - Boundary conditions and values  

Label Boundary condition Value 

A Velocity Inlet 7.47 m/s 

A Temperature Inlet 300 K 

B Pressure Outlet 0 Pa 

B Temperature Outlet 300 K 

C Wall Temperature 500 K 

 

 
Fig. 4 - Label of named selection for boundary 

condition 

2.5 Grid independence test 

In order to determine the best method for meshing 

process, a changing in growth rate is set by incrementing 

the value of the element size. There are six continuous tests 

that have been done regarding the trend in growth rate 

which the trend is starting with a growth rate of 1.02 and 

wrapping the it up with 1.08 of growth rate. From the 
validation, geometry with Reynolds number, Re = 11000 

and the L/d = 2 is used for the grid independence test. Since 

the growth rate is increasing in magnitude, the number of 

elements is decreasing due to the increment in size [11-13]. 

The number of nodes also decreases since the element 

decrements in number too. Fig. 5 shows the result of the 

grid independence test that was plotted in a graph of 

Nusselt number against the r/d. Table 2 shows the relative 

errors that was corresponding to the growth rate. The 
growth rate of 1.07 was chosen as the best meshing method 

because it has neither the highest nor the lowest relative 

error. 

 

 
(a) 

 
(b) 

Fig. 5 - Grid independence test: (a) Full graph of average 

Nusselt number vs r/d; (b) Graph of average Nusselt 

number vs r/d for 𝟔 ≤ 𝒓/𝒅 ≤ 𝟏𝟒. 

Table 2 - Relative errors that was corresponding to the 

growth rate 

Number of 
Nodes 

Number of 
Elements 

Average 
Nusselt 
Number 

Relative 
Error 

18930 35841 36.75 - 

11734 21539 29.47 19.8 % 

7126 12399 28.87 2.03 % 

5373 8929 28.99 0.41 % 

4898 7989 28.91 0.3 % 

 

3. Results and Discussion 

The pressure contour and velocity vector are discussed 
based on the data obtained for different value of Reynold 

number. The correlation between those three parameters 

are plotted to observe the trend of the average Nusselt 

number due to the manipulated variables. An equation of 

ACFD correlation was derived from the Taylor Series 

expansion method. 
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3.1 Correlation between parameters 

Fig. 6 shows that the linear graph of average Nusselt 

number against Reynold number is directly proportional to 

each other. For this case, the diameter of 0.0215 m and 

dimensionless L/2 equals to 2 was set to be constant while 

average Nusselt number is depending to the Reynold 

number. When the Reynold number is increasing, the 

average Nusselt number will increase too and vice versa. 

This is proven by the equation of Nusselt number. The 

highest average Nusselt number is found to be 140 when 

the Re = 100000 while the lowest average Nusselt number 

is recorded to be below 40 when the Reynold number of 
the air is set to be below than 20000.  

Based on Fig. 7, the trend of the graph of average 

Nusselt number against the distance of nozzle to the 

convex surface, L/d is varying at each of the dimensionless 

value. The dimensionless distance of streamwise from the 

point of stagnation which is r/d and the Reynold number is 

set as constant with the value of 8.86 and 23000, 

respectively. For L/d that is equal to 1, the average Nusselt 

number that is resulted from it is 48.54953. Later, when the 

dimensionless L/d is increasing to 2, the value decreases to 

47.90643. However, when L/d is equal to four, the 
responding variable is decreasing steadily by 0.25414. The 

graph is then decreasing abruptly by 0.76111 when the 

manipulated variable is increasing by 2. However, when 

L/d is equal to 8, the average Nusselt number is increasing 

rapidly from 47 to 51.25. 

Meanwhile, Fig. 8 show the average Nusselt number 

is depending directly to the dimensionless distance of the 

streamwise from the stagnation point, r/d while the 

Reynold number and the L/d is a constant where their 

values are 23000 and 2, respectively. The graph shows a 

trend where the increment of the average Nusselt numbers 

are found to be the same for all of them which is 0.4. 
However, the first increment of them is increasing abruptly 

since the difference value between the two first two points 

of r/d is below than 5. Meanwhile, the last two lines show 

that the average Nusselt number is increasing gradually 

when the manipulated variable is added to 5. 

 

 
Fig. 6 - Average Nusselt number against Reynold number 

 

 
Fig. 7 - Average Nusselt number against the distance of 

nozzle to the convex surface 

 
Fig. 8 - Average Nusselt number is depending directly 

to the dimensionless distance of the streamwise 

3.2 Validation between simulation and pervious study 

Based on the Fig. 9, the graph of Nusselt number 

against dimensionless distance of streamwise from the 

stagnation point is showing two differences kind of trends 

for all the types of the viscous model. These viscous 

models are simulated in order to choose the best viscous 

model that can be applied once the parameters are 

changing since previous researcher did not mention the 

suitable model that can be used to validate his experiment 

and study [5]. In the figure, doted dark blue line is 

representing the graph that is obtained from the previous 
paper. Meanwhile, the rest lines are based on the data 

resulted from the simulation for different models. Four of 

the lines except the k-epsilon’s line are showing the same 

trend of data where the Nusselt number are increasing 

rapidly for the first 1.000 of r/d. Then, the graph is starting 

to decrease progressively along the rest 4.000 of the 

dimensionless distance of r/d. 

Despite having the difference in the trend of graph, the 

k-epsilon viscous model’s shows that it has the best line 

that is almost as the experimental one. Instead, the data that 

is obtained from the k-epsilon’s simulation is the most 

validate one since the percentage of error between the 
simulation results and experimental values is below than 

10% which is 9.5%. The average Nusselt number for the 

simulation and the experimental result are 55.484 and 

61.333, respectively. Hence, below is the calculation of the 

percentage error for this validation. Since the k-epsilon 

model is validated to the Lee’s result, this type of model is 

used for all the simulations for different parameters.  
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Fig. 9 - Graph of Nusselt number vs. r/d for different types 

of viscous model 

3.3 Linearization  

From the correlation shown in Fig. 10, three equations 

were derived from the graphs. The equations are in term of 

phi with respect to the related parameters. By substituting 

the parameters value, the values of phi will be obtained. 

Hence, graph of linearization will be plotted. Equations 6, 

7 and 8 show the derived equation that were resulted from 

the correlations graph.  
 

 1 0.0012Re 18.355 +=  (6) 

( ) ( )

( ) ( )

4 3

2

2

0.0232 0.3488
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Fig. 10 - Combination graphs of linearization 

 

Fig. 10 also shows the combination graphs of 

linearization. From the graph and the tabulated data, few 

reference values of phi can be found from them based on 

the reference value of average Nusselt number which is 

47.906. Table 3 summarizes all the data that will be used 

to plot the ACFD correlation by listing out the reference 
value of phi and the gradient obtained from the equation of 

line. 

 

Table 3 - Summary of ACFD correlation 

∅Ref 

Corresponding 
Parameter with its 

value 

δNuAve δ∅⁄
=  Gradient, 𝑚 

∅1𝑅𝑒𝑓 46.56 Re 23000 1.204 

∅2𝑅𝑒𝑓 47.91 L/d 2 1.008 

∅3𝑅𝑒𝑓 47.91 r/d 8.86 1.155 

 
3.4 Parity Plot from Taylor Series expansion and 

NRMSE 

The average Nusselt number was calculated by using 

Equation 2. From this tabulated data obtained, graph of 

average Nusselt number by simulation versus ACFD’s was 

plotted. Based on the Fig. 11 which represents the Parity 

plot, the graph is not in the best fit since there is a few data 

that is not touching the line. Meanwhile, RMSE is the data 
that was obtained from the calculation in determining the 

NRMSE. This calculation was applying the Equation 4 and 

5. The result of the NRMSE which is 4.91% indicates that 

the ACFD method and its equations derived from the 

Taylor Series are valid since the error is below 10%. 

 

 
Fig. 11 - Parity plot of average Nusselt number for 

simulation against ACFD 

4. Conclusion 

As a conclusion, this current numerical study of 

average Nusselt number on the convex surface is valid to 

be used and discussed for future reference since the 

percentage of error for average Nusselt numbers that were 

resulted from the simulation were below 10%. Besides, the 

behavior of the fluid flow is exactly same as those that 

were stated in most of the research papers. The pressure 

contour of the air from the nozzle of this jet impingement 

system is found to be highest at the peak of the target 

surface. Meanwhile, the velocity contour of this fluid is in 

zero value once it hits the curved surface due to the 
stagnation area.  

This fluid’s behavior is supported by many previous 

studies that carried out the same study, but the results were 

observed by undergoing a lot of experiments. Besides, the 

velocity vector that was observed from this numerical 

study shows another behavior of the fluid flow due to the 

difference Reynold numbers that were applied throughout 

this study. It is found that the smaller the Reynold number, 
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the bigger the circle of the vortex and the fastest it can be 

formed due to this manipulated variable. This is because a 

fluid with a smaller Reynold number tends to be disturbed 

by any other disturbance when it flows through out a 

shaped surface. Apart from that, this study succeeds in 
determining the correlation between the parameters such 

as the Reynold number, the dimensionless distance of 

nozzle to target surface and the dimensionless distance of 

the streamwise to the stagnation area. All the parameters 

do affect the result of average Nusselt number differently. 

Therefore, an ACFD method was done to derive the linear 

equations that are corresponding to the correlation to ease 

the future study in determining the output by substituting 

any value from each of the manipulated variables.  

This method is validated by applying the NRMSE and 

the percentage of error that was calculated is 4.91%. 

Hence, this method and its equation are acceptable and 
valid to be used for the next study. This study itself should 

be improvised in order to obtain the most significant result. 

One should learn on how to gain the previous data that 

were limited and not complete from the previous paper. A 

contact with the man who carried out the study should be 

learned and updated. This study is also suggested to cover 

other type of fluids so that a new study regarding the 

behavior of fluid due to the density can be carried out and 

implement it to the real-life application. This will bring 

different outcomes and result that is affected by the new 

applying the linear equation from the derivation of the 
ACFD. 
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