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Use of water jets in material processing industries is finding pace. Water jets are used 
for cooling of materials due to its high convective heat transfer coefficient. Nusselt 
number is the parameter used for studying the heat transfer rate through water jet 
impingement. Simulations are performed and Nusselt magnitudes are plotted for 
Reynolds number 2000, 2200, 2400, 2600, 2800, 3000, 3200 and 3400 at constant non-
dimensional nozzle target spacing (z/d) 4. Also, Nusselt distribution is obtained at z/d 
= 1, 2, 3, 4, 5, 6, 7 and 8 at constant Reynolds value of 750. The standard deviation 
(STDEV) of Nusselt magnitude is arranged according to constant C (C = Re/ (z/d)) for 
regression analysis. The semi-empirical relation representing standard deviation 

(STDEV) in terms of C is found out to be 𝑆𝑇𝐷𝐸𝑉 = 14.751 × (𝐶)0.917. Also, SST + 
Gamma-Theta turbulence model is found to predict accurate results.     
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1.  Introduction 
 

Cooling of hot surfaces using water jet impingement came into practice as the heat transfer rate 
due to air in some applications proved out to be insufficient. This is due to the fact that the heat 
transfer coefficient due of air is much smaller as compared to heat transfer coefficient of water. The 
local Nusselt magnitude which is a function of heat transfer coefficient is determined using the 
temperatures along the radial distance of the plate. The convective heat transfer which forms the 
major heat exchanging process in this phenomenon is widely dependent on Nusselt magnitude. 
Therefore, Nusselt profile is studied in this study and the standard deviation of local Nusselt 
magnitudes is evaluated at different parameters such as varying Reynolds number (Re) and varying 
non-dimensional nozzle target spacing (z/d). The magnitude of standard deviation (STDEV) is plotted 
against constant (C) which is a ratio of Re to z/d. Using the distribution of STDEV v/s C, semi-empirical 
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relations representing STDEV is proposed which is a function of C. Validation of the correlation is also 
conducted with the results of previous studies.         

Umair and Gulhane [1] conducted experiments along with simulations to evaluate the constant 
representing the secondary peaks in the Nusselt profile due to air jet impingement. The constant was 
defined as ratio of Reynolds number of air to nozzle-target spacing and its value was found out to be 
6000. Umair and Gulhane [2] carried out augmented study of heat transfer due to steady lateral air 
jet impinging on pin fin heat sink. The effect of various parameters on heat transfer rate was studied 
as well as best grid size and turbulence model was proposed. Umair and Gulhane [3] researched on 
the effect of different materials target surface on heat transfer due to air jet impingement. It was 
concluded that non-uniformity exists up to thermal diffusivity of 66.76 mm2/s. 

The effect of geometric thickness (t/d) of flat plate on cooling rate through plate was studied by 
Umair et al., [4]. The non-uniformity in the Nusselt distribution profile was found to be below critical 
geometric thickness of 0.05. Umair et al., [5] also evaluated the Nusselt magnitude at varying 
Reynolds number and z/d ratio and proposed correlations of Nusselt magnitude. Semi-empirical 
relations were proposed for r/d = 0, 0 < r/d < 1, 1 < r/d < 2.5 and r/d > 2.5. The correlations eliminate 
performing experiments and simulations to calculate the local Nusselt magnitude. Also, the critical 
range in the Nusselt distribution which is a product of Re and z/d within which secondary peaks rise 
were evaluated by Umair et al., [6]. The range was found to be between 2205 and 2646000.  

Similar to correlations for flat plate [5], semi-empirical relations representing local Nusselt value 
for pin fin heat sink was proposed by Umair et al., [7]. The correlations were obtained by varying 
Reynolds number (Re), nozzle-target spacing (z/d), spacing of fin (S/dp) and height of fin (H/dp). Umair 
et al., [8] also studied the heat transfer at lower nozzle spacing’s. Power laws were proposed for the 
Nusselt distribution at lower z/d ratio. Augmented study of heat transfer due to pulse jet impinging 
on flat surface was also conducted by Umair et al., [9]. G. no was proposed as a dimensionless number 
which governs the heat transfer due to pulse jet. Mark [10] studied heat transfer distribution due to 
steady air jet impinging on flat surfaces having different pattern. He observed the cooling 
characteristics under different parameters such as Reynolds number, nozzle-target spacing (z/d) and 
pattern of surfaces. 

Khan et al., [11] analysed threaded spikes numerically and found that it has no side effects on 
flow field and is efficient in base pressure control of bodies. Khan et al., [12] created a semi-circular 
grooved cavity and concluded that it is a very effective passive control mechanism for base pressure 
regulations. Pathan et al., [13] studied the effect of variations in base pressure on internal and 
external suddenly expanded flows and found that similar flow field is formed in internal and external 
expansion. Pathan et al., [14] researched on the effectiveness of nozzle pressure ratio (NPR) and 
evaluated that with better NPR, base pressure gets reduced. Muhammed et al., [15] focussed on the 

flow field around a non-circular cylinder and conclude that the pressure drag coefficient are in the 
range of 1 to 1.42. Convergent-divergent nozzle were studied for different area ratios by Khan et al., 
[16]. It was found that area ratio plays an important role in base pressure distribution. 

Webb and Ma [17] analysed heat transfer due to liquid jets of single phase. Water jets were also 
investigated by Webb and Ma [17] and the correlations representing Nusselt magnitude as a function 
of impinging parameters was reported. Wang et al., [18] specifically used water jets of different flow 
rate to analyse the characteristics of heat transfer through hot plate.     

The present study focusses on evaluating the semi-empirical relation representing the standard 
deviation (STDEV) in Nusselt magnitude due to water jet impinging on hot target surface which fills 
the gap between the literature studies and current work. A computational model is developed in 
ANSYS CFX solver over which grid independence test and turbulence modelling test is carried out. On 
achieving the best turbulence model a grid size at which results are independent, Nusselt variations 
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are plotted against r/d ratio by varying Reynolds number at constant r/d first and the by varying z/d 
at constant Reynolds number. The local Nusselt values obtained are then accumulated for different 
constant values (C = Re/ (z/d)). Regression analysis is carried out and a correlation is proposed for 
STDEV in terms of C.     
 
2. Numerical Methodology 
 

Figure 1 shows the computational model designed in ANSYS CFX solver that is used in simulation 
of the present study. An axis-symmetrical 2-D model was designed which consist of two domains 
namely solid domain and water domain. Water coming from nozzle impinges on hot target surface 
kept at constant heat flux of 1500 W/m2. Temperature of water was set at 30℃. The water from 
nozzle travels through distance ‘z’ before impinging on surface and it radially flows outwards. The 
target surface length (L2) is 50mm. Four monitor points are set along radial distance ‘r’. The local 
Nusselt magnitude is evaluated using Eq. (1) and Eq. (2). 
 

 
Fig. 1. Computational model 

 
 

t 

Monitor Points 
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ℎ =
𝑄

𝐴×(𝑇𝑏−𝑇𝑤)
                   (1) 

 
where,  
h: Convective heat transfer coefficient 
Q/A: Constant heat flux 
Tb: Temperature of base plate 
Tw: Temperature of water 
 

𝑁𝑢 = ℎ ×
𝑑

𝐾𝑤
              (2) 

 
where,  
Nu: Nusselt number 
d: Diameter of nozzle 
Kw: Thermal conductivity of water 
 
2.1 Grid Independence Study 
 

Grid independence test is carried out to obtain a computational grid that provides result 
independent of its size. The number of element used is 1000000, while the growth rate of L1 and L2 
are varied for obtaining various grids. Images of growth rate 1.025, 1.05, 1.1, 1.125 and 1.2 are shown 
in Figure 2. 

Figure 3 shows the Nusselt distribution at various growth rate. Growth rate sizes of 1.2, 1.175, 
1.15, 1.125, 1.1, 1.075, 1.05 and 1.025 were used in the present study. The local Nusselt magnitude 
distribution at growth rate 1.05 and 1.025 has very small deviation. Thus, the computational model 
becomes independent of grid size at growth rate of 1.05. Hence, further simulations are carried out 
at growth rate of 1.05.  
 

  
(a) Growth rate = 1.025 (b) Growth rate = 1.05 
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(c) Growth rate = 1.1 (d) Growth rate = 1.125 

 
(e) Growth rate = 1.2 

Fig. 2. Grid images at Growth rate 1.025, 1.05, 1.1, 1.125 and 1.2 
 

 
Fig. 3. Nusselt distribution at different Growth rate (1.025, 1.05, 1.075, 1.1, 
1.125, 1.15, 1.175 and 1.2)   
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2.2 Turbulence Modelling 
  

Computations are carried out at different turbulence models in the ANSYS CFX solver (Figure 4). 
Use of k-Epsilon model fetches better results in near jet (0 < r/d < 1) and far jet region (r/d > 1) while 
k-Omega provides better results of stagnation region. SST incorporates the use of both k-Epsilon and 
k-omega models but fails to capture the effects of intermediacy and onset transition. Hence, SST 
model is simultaneously used with Gamma-Theta model combination to provide accurate results. 
Thus, SST + Gamma – Theta turbulence model is used for simulations as it provides accurate results 
for near jet and far jet region along with incorporating the effect of intermediacy and onset transition. 
 

 
Fig. 4. Nusselt distribution at various turbulence models 

 
Eq. (3) and Eq. (4) shows the SST equation which uses (1 − 𝐹𝑡) term to reduce fluctuations. Also 

Eq. (5) and Eq. (6) shows the Gamma and Theta equation respectively which induces proper effect of 
intermediacy and onset transition. 
 
𝜕 (𝜌𝐾)

𝜕𝑡
+  

𝜕 (𝜌𝑈𝑗𝐾)

𝜕𝑥𝑗
=  

𝜕

𝜕𝑥𝑗
{[ 𝜇 +  𝜎𝑘 𝜇𝑡 ]  

𝜕𝐾

𝜕𝑥𝑗
} +  𝑃𝑘 −  𝛽𝜌𝐾𝜔                           (3) 

 
𝜕 (𝜌𝜔)

𝜕𝑡
+  

𝜕 (𝜌𝑈𝑗𝜔)

𝜕𝑥𝑗
=  

𝜕

𝜕𝑥𝑗
{[ 𝜇 +  

𝜇𝑡

𝜎𝜔
 ] 

𝜕𝜔

𝜕𝑥𝑗
} +  2(1 − 𝐹𝑡)𝜌 

1

𝜌𝜔2
 

𝜕𝐾

𝜕𝑥𝑗
 

𝜕𝜔

𝜕𝑥𝑗
+  𝛼3

𝜔

𝐾
 𝑃𝑘 −  𝛽𝜔𝜌2        (4) 

 
where,  
K: Kinetic energy 
𝜌: Density of fluid  
U: Velocity component in corresponding direction 
𝜇𝑡: Eddy viscosity  
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𝜕 (𝜌𝛾)

𝜕𝑡
+ 

𝜕 (𝜌𝑈𝑗𝛾)

𝜕𝑥𝑗
=  

𝜕

𝜕𝑥𝑗
{[ 𝜇 +  

𝜇𝑡

𝜌
 ]  

𝜕𝛾

𝜕𝑥𝑗
} +  𝑃𝑘 − 𝐸𝛾          (5) 

 
𝜕 (𝜌𝑅𝑒𝜃𝑡)

𝜕𝑡
+ 

𝜕 (𝜌𝑈𝑅𝑒𝜃𝑡)

𝜕𝑥𝑗
=  

𝜕

𝜕𝑥𝑗
{𝜎𝜃𝑡(𝜇 +  𝜇𝑡) 

𝜕𝑅𝑒𝜃

𝜕𝑥𝑗
} +  𝑃𝜃𝑡           (6) 

 
where, 
𝑃𝑘: Turbulence production 
𝐸𝛾: Dissipation 

𝑃𝜃𝑡: Controls the flow in the boundary layer     
 
The solver makes use of continuity equation (Eq. (7)) and momentum equation (Eq. (8)) along with 
energy equations for accurately predicting the heat transfer phenomenon. 
 
𝜕𝜌

𝜕𝑡
+ ∇(𝜌. 𝑣⃑) = 𝑆𝑚                          (7) 

 
𝜕𝑣⃑⃑

𝜕𝑡
+ ∇(𝜌. 𝑣⃑. 𝑣⃑) = −∆𝑝 + ∆𝜏̿ + 𝜌. 𝑔⃑ + 𝑓                       (8) 

 
where,  
∆𝑝: Change in pressure 
∆𝜏̿: Change in shear stress 
 
2.3 Validation of Turbulence Modelling 
 
 The use of SST + Gamma-Theta model is validated using the results of the previous studies 
[17-18]. Simulations are carried out for Re = 50, 150, 200 and 500 along with z/d = 2, 3, 6 and 8. 
Nusselt distributions are obtained and plotted against r/d. Also, the Nusselt values fetched from 
previous studies [17-18] are plotted on the same plots. Figure 5 shows the numerical values along 
with the values from previous studies [17-18]. The deviation of numerical values with respect to 
results from previous studies [17-18] is very minor. Thus, the use of SST + gamma-Theta model is 
justified. 
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Fig. 5. Validation of turbulence model with previous studies [17-18] 

 
3. Results  
 

In order to develop semi-empirical relations representing STDEV against constant C = Re/ (z/d), 
Nusselt profiles are plotted against r/d for varying Reynolds number between 2000 and 3600 at z/d 
= 4 as well as for varying z/d from 1 to 8 at Re = 750. The standard deviation of local Nusselt 
magnitudes are then evaluated from the corresponding Nusselt profile.   
 
3.1 Nusselt Profile for Varying Reynolds Number 
 

Figure 6 shows the variation in the local Nusselt magnitude at Reynolds number 2000, 2200, 2400, 
2600, 2800, 3000, 3200 and 3400 at constant z/d = 4. The Nusselt magnitude initially increases in the 
near stagnation region (0 < r/d < 1) and then it decreases gradually. Thus giving rise to secondary 
peaks in the Nusselt distribution. The secondary peaks are observed due to stretching of skin in the 
transition region. The standard deviation of Nusselt values are then obtained using the distribution. 
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Fig. 6. Nusselt profile at varying Reynold number and z/d = 4 

 
3.2 Nusselt Profile for Varying z/d 
 

The variation in Nusselt distribution at z/d = 1, 2, 3, 4, 5, 6, 7 and 8 with Reynolds number kept 
constant at 750 are shown in Figure 7. The secondary peaks are present in the Nusselt distribution at 
lower z/d and diminishes as z/d increases. Local Nusselt magnitude is evaluated against r/d and then 
with the help pf local Nusselt magnitude the standard deviation of the local Nusselt magnitude at 
varying z/d is evaluated.  
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Fig. 7. Nusselt profile at varying z/d and Re = 750 

 
3.3 Development of Semi-Empirical Relation Representing STDEV 
 

The standard deviation (STDEV) of local magnitudes obtained at varying Reynolds number and 
varying z/d ratio are plotted in Figure 8 against constant C. The distribution of STDEV increases 
gradually up to C = 200 and then remains constant as the Nusselt distribution follows similar pattern 
at increasing z/d. Therefore, using regression analysis, correlation representing STDEV as a function 
of C is evaluated up to C = 200 (Eq. (9)). 
 
𝑆𝑇𝐷𝐸𝑉 = 14.751 × (𝐶)0.917                         (9) 
 

 
Fig. 8. Standard deviation (STDEV) v/s Constant (C = Re/ (z/d)) 
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3.4 Validation of Semi-Empirical Relation Representing STDEV 
 

The parameters Reynolds number and z/d from previous studies [17-18] are substituted in Eq. (9) 
in order to obtain the STDEV from correlation. Also, the STDEV from results of previous studies [17-
18] are fetched and plotted against correlation STDEV values (Figure 9). The best fit line of STDEV is 
added in the graph and the closeness of the results with the best fit line validates the semi-empirical 
relation representing STDEV (Eq. (9)).    
 

 
Fig. 9. Validation of semi-empirical relation representing STDEV with previous 
results [17-18] 

 
4. Conclusions 
 

An independent grid size having minimum and maximum face size of 8.57×10-5 and 8.57×10-3 
respectively with 1.05 is evaluated. SST + Gamma-Theta turbulence model is found to predict the 
most accurate results among all the turbulence models used. Using local Nusselt magnitudes at 
varying Reynolds number and z/d ratio, the correlation representing STDEV is proposed in terms of 
C successfully as 𝑆𝑇𝐷𝐸𝑉 = 14.751 × (𝐶)0.917. Also, the correlation is validated using results of 
previous studies.  
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