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ABSTRACT

Jet impingement heat transfer is widely used in many engineering applications including turbine blades, drying paper, textiles, 

food, chemicals, tempering of glass and polymer processing. This technique is very attractive and cost effective because it can 

increase heat flux significantly. Convective heat transfer by jet impingement is a prominent method of cooling. The present work 

is a comparison of mass flow rate with a cylindrical vertical jet which impinges on stationery flat plate. Experimental 

investigation and CFD simulation were performed to analyse the heat transfer performance of a hot fluid in a cylindrical 

impinging jet on a flat surface. The tests were realized for the following ranges of the governing parameters: the jet diameter was 

12mm and the distance of vertical jet to horizontal plate surface were 6, 12, 18 and 24mm. Four different cases of H/D ratios i.e, 

0.5, 1, 1.5 and 2 and Reynolds numbers ranging from 3.07 x 105 to 13.03 x 105 are considered in this analysis. Air is compared 

with CO2 gas. Experimental investigations are compared with CFD simulation. It is found that CFD simulation gives better results 

than experimental results. From results it is observed that heat flux at H/D=0.5 for both air and CO2 gives better value than 

H/D=1, 1.5 and 2. It is also found that heat flux using CFD for H/D=0.5 and Re= 13.03 x 105 of air (212106 W/m2) is better than 

H/D=0.5 and Re= 17.79 x 105 of CO2 (96995 W/m2). Finally it is found that there is a heat flux difference of 19.6% for air and 

17.6% for CO2 between experimental and simulation values. 
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1. INTRODUCTION 
Impinging jets have received considerable attention during the last decade. The reason is mainly due to their inherent 

characteristics of high rates of heat transfer besides having simple geometry. Thus most practical applications of jet impingement 

occur in industries where the heat transfer requirements have exceeded capacity of ordinary heating and cooling techniques. Jet 

impingement heat transfer is a well established technique for heating, cooling or drying a surface. Applications of impinging jets 

include drying of textiles, film and paper industries, annealing of glass, processing of some metals and glass, cooling of gas 

turbine components and the other outer wall of combustors, cooling of electronic components, freezing of tissue in cryosurgery, 

material forming processes, heat treatment, cooling of electronic components, heating of optical surfaces for defogging, cooling of 

critical machinery structures, and many other industrial processes.  Impinging jets provide an effective and flexible way to 

transfer heat in industrial applications. A directed liquid or gaseous flow released against a surface can efficiently transfer large 

amounts of thermal energy and mass between the surface and the fluid. Therefore it is essential to understand the flow field and 

mechanisms of impinging jets with the goal of identifying preferred methods of predicting jet performance. Heat transfer 

applications include cooling of stock material during experimental data for the rate of heat transfer from impinging turbulent jets 

with nozzle exit Reynolds numbers in the range of 5000 to1,24,000 have been collated and critically reviewed from the 

considerable body of literature available on the subject.  

This review [1] reports research on liquid impingement jets and the abilities, limitations and features of this method of heat 

transfer. Some available and important correlations for Nusselt number are collected here. Also demonstrated the capability of 

nanofluids to be applied in heat transfer processes involved liquid impingement jets 

The detailed review of jet impingement heat transfer has been presented in [2]. Data presented in this review provides support 

for designing liquid jet impingement as an efficient cooling technique for various industrial as well as in electronic equipment. 

The review includes various experimental and numerical approaches of impingement flows. In the present review paper the effect 

of different parameters on heat transfer coefficient are studied for maximum heat transfer rate 

The heat transfer characteristics [3] of the impingement jet on the hot plate was conducted numerically, while the 

experimental setup was used within the same Reynolds number range 500 to 2500 for the validation purpose only. The current 

study showed that the increase of the Reynolds number lead to increases in Nusslet number. as well as, the same trend was noted 

when the diameter increased from 3 to 6 mm. In contrary, the increase of the distance from 40-70 mm leads to decreases in the 

Nusslet number 

 Jet impingement cooling used in various applications for dissipating intense heat was investigated. Single phase as well as 

two phase cooling with jet impingement method was found to be capable of removing large amount of heat flux using various 

coolants and surface enhancements. Critical heat flux was found to be increased by increasing jet velocity and inlet sub cooling. 

For given flow rate, reducing jet area increased cooling performance. Two phase jet impingement cooling received more attention 

in recent years but correlations available are limited. Compared with single jet impingement, multiple jet impingements achieved 

better thermal performance. It was found that use of multiple jets helped to provide uniform cooling by Akshay R. Nangare et al 

[4].  
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The parameters that affected the Nusselt number in liquid impingement jets are fluid properties, the geometry of jets, jet 

velocity, Reynolds number, Prandtl number, nozzle to target distance, material properties of the target, porosity of the target, jet 

sub cooling for boiling phenomena and nozzle diameter. It seems that there is a need for more study of physical properties and the 

porosity of target and jet to jet interaction before and after impinging. Different arrays of multiple jets should also be investigated 

for an acceptable optimization between desirability of more jets and the problem of enhancing pressure drop explained by 

Yatendra Dayal et al [5].  

CFD analysis is performed for different Reynolds number 8000, 12000 & 14000 in Ansys shown in [6]. By observing CFD 

analysis results, pressures values are decreasing by increase of Reynolds number resulting from velocity gradients present at the 

nozzle exit. Velocities are increasing by increase of Reynolds number. The heat transfer coefficient is more when helium is used. 

Heat transfer rates are increasing by increase of Reynolds number. Heat transfer rate is more when CO2 is used for H/D is 1 and 

Helium is more for H/D is 1.5. By comparing values for H/D = 1 & 1.5, the pressures and velocities are decreasing by increase of 

H/D ratio. The heat transfer coefficient is increasing by increase of H/D ratio. Heat transfer rates are decreasing by increase of 

H/D ratio 

 Beni Cukurel et al [7] experimented investigation to measure and analyze the heat transfer due to an air jet impingement on a 

plate while explicitly taking into account the conduction inside the solid. Three plate materials (copper, steel and Inconel) with 

different thermal conductivities were chosen for assessing the significance of the conjugate effect on the resulting profiles of heat 

transfer enhancement. Averaged Nusselt number values were consistently low for a copper plate, whereas the highest values were 

obtained for inconel.  

Dr.Niranjan murthy [8] conducted Experiments to study the enhancement of heat transfer using impingement of multiple air 

jets on an electrically heated test plate. Heat flux in the range of 25 to 200W/cm2, which is typical for high power electronic 

components, was dissipated using multiple air jets of 0.25mm and 0.5mm diameter. Tests were conducted by varying the heat 

flux, air flow rate, distance between the heated test plate and the nozzle exit and by keeping the jet nozzle in both horizontal and 

vertical positions. It is observed that the heat transfer co-efficient is a strong function of heat flux. The effect of Z is negligible.  

The heat transfer of swirling and conventional CO2–air [9] submerged jet impingement was experimentally studied with 

thermo-chromic crystal liquid technique. The experiment is focused on the verification of the swirling jet effect on the distribution 

of the local heat transfer coefficient on the impinged target surface. In the range of Re = 7500–28300, distributions of the local 

Nusselt number were obtained and compared with other researcher’s results. It is revealed that the swirling of the jet improves the 

radial uniformity of the heat transfer significantly.  

Numerical analysis of steady state jet impingement heat transfer from plates with and without grooves is presented. Results 

shows that the different styles of dependency shown by turbulence models have been revealed by grid independence study the 

assessment of turbulence model reports that the usage of SST k-omega turbulence model for jet impingement heat transfer is 

acceptable as it provides better results than other two equation turbulence models. The results states that the grooves have adverse 

effect in impinging plate to jet heat transfer explained by [10]  

The main objective of the work is to compare the heat flux of air and CO2 for different H/D ratios and mass flow rates. This 

experimental study is compared with CFD simulation. 

 

2. SCHEMATIC DIAGRAM OF JET AND PLATE 

 
Fig 1: Schematic diagram of jet impinging on flat plate 

 

Table 1.  Specifications of jet and plate 

Diameter 

of the 

cylinder 

(D1) 

Length of 

the jet 

(L1) 

Jet Diameter 

(D) 

Jet to plate 

Thickness 

(H) 

Thickness of 

the plate(t) 

Width of the 

plate(b) 

Length of 

the plate 

(L2) 

76mm 140mm 12mm 6mm 5mm 20mm 180mm 
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2.1 EXPERIMENTAL SET UP AND PROCEDURE: 

 
Fig.2.Experimental setup 

A cylindrical vertical jet is fixed to the stand. A moveable flat plate is placed below the cylindrical jet at different distances 

and the fluid impinges orthogonally on to the plate.  Temperature measuring control is attached to the jet using sensors with 

adjustment. A float meter is connected to the cylinder inlet for measuring the mass flow rate of air in kg/s.  

Air with different mass flow rates viz. 0.1, 0.15, 0.2 and 0.25 kg/s are passed through the jet and is made to impinge on the 

plate at the centre. Air is circulated with the help of blower for different mass flow rates and heated up using auxiliary heater. 

Temperature of air in the jet is fixed at 800C. Temperature of the plate is measured using laser thermometer. The same procedure 

is repeated for different distances and mass flow rates for CO2.  Heat flux is calculated from empirical relations by varying H/D 

ratios of 0.5, 1, 1.5 and 2 and mass flow rates of 0.1, 0.15, 0.2 and 0.25 kg/s. 

2.2 BOUNDARY CONDITIONS 

   Table 2 Boundary conditions 

  Reynolds number(Re) 

 Fluid Air CO2 

H/D 

0.5 5.21 x 105 3.07 x 105 

1 7.82 x 105 4.60 x 105 

1.5 10.42 x 105 6.14 x 105 

2 13.03 x 105 7.68 x 105 

 

2.3 THERMAL PROPERTIES OF FLUIDS 

Table 3 Properties of fluids 

 

Property 
Density 

(kg/m3) 

Specific heat 

(J/kgK) 

Thermal 

Conductivity 

(W/mK) 

Coefficient of 

viscosity 

µ (Ns/m2) 

Prandtl number  

(Pr) 

Air 1.0445 1006.43 0.02931 20.345 x 10-6 0.695 

CO2 1.773 851 0.01655 149 x 10-7 0.766 

   

2.4 EXPERIMENTAL RESULTS AND DISCUSSION FOR AIR 
Heat flux values are calculated for different H/D ratios with different Reynolds numbers for air is shown below. Table 4 below 

shows the variation of heat flux for different H/D ratios and Reynolds numbers. It is noted that experimental value of heat flux is 

maximum at H/D=0.5 and Re=13.03 x 105 which is more than other ratios and Reynolds numbers due to smaller distance between 

jet and plate, more turbulence and the value is 170446 W/m2.  

 

 

Table 4: Heat flux for different H/D ratios and Reynolds numbers 

 Heat flux(W/m2) 

 Re=5.21 x 105 Re=7.82 x 105 Re=10.42 x 105 Re=13.03 x 105 

H/D=0.5 129186 145986 155252 170446 

H/D=1 120087 128367 129904 136357 

H/D=1.5 109170 113265 117231 121203 

H/D=2 96433 100680 107726 113628 

  

Fig.3 below shows the variation of heat flux at different H/D ratios and at different Reynolds numbers. Heat flux decreases as 

H/D ratio increases and mass flow rate increases. Heat flux is more at H/D=0.5 and Reynolds number of 13.03 x 105. 
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Fig.3 HEAT FLUX vs H/D at different Reynolds numbers 

 

3 MODELLING AND SIMULATION (CFD) 

 
Fig.4 Model of vertical jet impinging on Flat plate in CFD 

A model is a simplified representation of a system at some particular point in time or space intended to promote understanding 

of the real system. A simulation is the manipulation of a model in such a way that it operates on time or space to compress it, thus 

enabling one to perceive the interactions that would not otherwise be apparent because of their separation in time or space. In the 

CFD analysis Creo2.0 and ANSYS 14.5 softwares are used. Creo is used to design the model of the nozzle and plate.  

A cylindrical vertical jet is considered in this analysis and the jet is made by cylinder with nozzle. Convergent nozzle is used 

in this analysis.  Convergent nozzle is taken in this analysis. Cylindrical jet of 12mm diameter and flat plate of 180 x 20 mm 

dimensions are drawn in Creo. Geometry is created and meshing with edges and faces is done separately. The model is then 

imported to Fluent for analyzing the flow characteristics.  

3.1 MESHING 
Automatic method for mesh shape is selected for jet and plate and boundary conditions are applied and analysis was carried 

out for 100 iterations so that the desired convergence criterion is achieved. However, the sizing for the mesh is selected as fine. 

Heat flux is calculated by varying H/D ratios from 0.5 to 2 and Reynolds numbers ranging from 3.07 x 105 to 13.03 x 105.  

 

 
Fig.5 Meshing 

3.2 CFD RESULTS AND DISCUSSION FOR AIR 
Heat flux values are generated in CFD software for different H/D ratios with different Reynolds numbers for air is shown 

below. Table 4 below shows the variation of heat flux for different H/D ratios and Reynolds numbers. It is noted that 

experimental value of heat flux is maximum at H/D=0.5 and Re=13.03 x 105 which is more than other ratios and Reynolds 

numbers due to smaller distance between jet and plate, more turbulence and the value is 212106 W/m2.  
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Table 5: Heat flux for different H/D ratios and Reynolds numbers 

 Heat flux(W/m2) 

Re Re=5.21 x 105 Re=7.82 x 105 Re=10.42 x 105 Re=13.03 x 105 

H/D=0.5 123726 163605 196440 212106 

H/D=1 114565 148503 180599 204530 

H/D=1.5 110928 140952 171094 189380 

H/D=2 105531 133401 161588 178017 

  

Fig.6 below shows the variation of heat flux at different H/D ratios and at different mass flow rates. Heat flux decreases as 

H/D ratio increases and mass flow rate increases. Heat flux increases at H/D=0.5 and Re=13.03 x 105 

 
Fig.6 HEAT FLUX vs H/D at different Reynolds numbers 

 

Comparing the CFD results with experiemntal results showed that CFD results gave higher values of heat flux and were also 

maximum at H/D=0.5 and Re=13.03 x 105 . Fig.7 shows the outlet temperature distribution of the cylinder jet. In fig.8 the heat 

flux of the flat plate for different values of H/D and Reynolds number is given 

 
Fig.7 Outlet temperature of cylindrical Jet 
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Fig.8 Total heat flux of flat plate 

 

3.3 EXPERIMENTAL RESULTS AND DISCUSSION FOR CO2  
CO2 has more density and less thermal conductivity than air. Heat flux values are calculated for different H/D ratios with 

different Reynolds numbers for CO2 is shown below. At H/D=0.5 and Re=17.79 x 105 heat flux is more than other ratios and 

Reynolds numbers due to smaller distance between jet and plate, more turbulence. Table 6 below shows the variation of heat flux 

for different H/D ratios and Reynolds numbers 

Table 6: Heat flux for different H/D ratios and Reynolds numbers of Air 

 Heat flux(W/m2) 

Re Re=7.11 x 105 Re=10.60 x 105 Re=14.2 x 105 Re=17.79 x 105 

H/D=0.5 56188 68247 78753 79880 

H/D=1 53446 66349 69207 74173 

H/D=1.5 50705 60662 64433 68467 

H/D=2 47964 56871 59661 62762 

 

Fig.9 below shows the variation of heat flux at different H/D ratios and at different mass flow rates. Heat flux decreases as 

H/D ratio increases and mass flow rate increases. heat flux is more at H/D=0.5 and Re=17.79 x 105 

 
Fig.9 HEAT FLUX vs H/D at different Reynolds numbers for CO2 
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3.4 CFD RESULTS AND DISCUSSION FOR CO2 
Heat flux values are found in CFD software for different H/D ratios with different Reynolds numbers for CO2 is shown below. 

At H/D=0.5 and Re=17.79 x 105 heat flux is more than other ratios and Reynolds numbers due to smaller distance between jet and 

plate, more turbulence. Table below shows the variation of heat flux for different H/D ratios and Reynolds numbers 

Table 7:  Heat flux for different H/D ratios and Reynolds numbers for CO2 

 Heat flux(W/m2) 

Re Re=7.11 x 105 Re=10.60 x 105 Re=14.2 x 105 Re=17.79 x 105 

H/D=0.5 61668 73932 90685 96995 

H/D=1 58923 70141 78753 85584 

H/D=1.5 54816 66349 71594 79878 

H/D=2 50705 60662 69207 77026 

 

Fig.10 below shows the variation of heat flux at different H/D ratios and at different mass flow rates. Heat flux decreases as 

H/D ratio increases and mass flow rate increases. Heat flux is more at H/D=0.5 and Re=17.79 x 105 

 
Fig.10 HEAT FLUX vs H/D at different Reynolds numbers 

 

From the analysis, CFD results gives more value of heat flux than experiemntal results and are maximum at H/D=0.5 and 

Re=17.79 x 105. The following are the outlet conditions of the jet and plate at H/D=0.5 and Re=17.79 x 105       

 
Fig 11 Outlet temperature of cylindrical jet 
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Fig 12 Total heat flux of flat plate 

From table 5, for CO2 the experimental value of heat flux value is maximum at H/D=0.5 and Re=17.79 x 105and the value is 

79880 W/m2 

From table 6, for CO2 the simulation value of heat flux value is maximum at H/D=0.5 and Re=17.79 x 105and the value is 

96995 W/m2 

3.5 COMPARISON OF RESULTS FOR AIR AND CO2  
Table 8 below shows the comparison of heat flux for air and CO2 at H/D = 0.5. From the table it is found the percentage 

difference of heat flux between simulation and experiment for both air and CO2. Air has more heat flux than CO2, but percentage 

difference is less for CO2      

Table 8 comparison of heat flux for air and CO2 at H/D=0.5 

 Heat Flux(W/m2) 

H/D=0.5 

Fluid Air CO2 

Experiemnt 170446 79880 

Simulation 212106 96995 

% difference between experiment and simulation 19.6% 17.6% 

Fig 13 below shows the comparison graph between Experiment and CFD values for air and CO2 at H/D=0.5. It shows that 

simulation results give better than Experimental values. 

 
Fig.13 Comparison of CFD and Experimental results for air and CO2 

 

4. CONCLUSIONS AND RECOMMENDATIONS 

 From results table.8, it is observed that there is a correlation of 19.6% between experimental and CFD values for air. 

 From results, it is observed that there is a correlation of 17.6% between experimental and CFD values for CO2. 

 From results is is shown that H/D=0.5 gives more heat flux than H/D=1,1.5 nd 2. 

 From results it is shown that at massflow rate of 0.25kg/s gives more heat flux than other mass flow rates of 0.1, 0.15 and 

0.2kg/s. 
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 From Fig.13 it is observed that CFD value is more than exerimental value for air as working fluid. Therefore it is 

recommended that CFD is the better tool used to find Heat flux calculations 

 Finally it is recommended that air has more heat transfer rate than CO2 gas 
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