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ABSTRACT 

Effective cooling of electronic chips is essential for optimum performance. With 

the exponential growth of computers, there has been a sharp rise in the heat generation 

of these devices. Therefore, an utmost need has developed to utilize alternative cooling 

methods to ensure low operating temperatures. Some of the cooling techniques under 

consideration include spray cooling and jet impingement cooling. While jet impingement 

cooling is fairly easy to understand, Spray cooling still remains one of the most 

parameter intensive physical mechanisms. A common practice to simplify spray cooling 

is modeling it as a continuous stream of droplets, which is also followed in this study. A 

comparison between the two aforementioned techniques is necessary to understand 

which of them performs better for this particular application. For this purpose, a study 

based on computational fluid dynamics simulations was performed. Both cooling 

technique were simulated with parameters in line with the experimental conditions. 

To accurately depict the impingement process and fluid flow, a 2D axisymmetric 

structured grid was constructed. For accurate spatial resolution, grid was refined using 

static mesh adaption for jets and dynamic mesh adaption for droplets. A time dependent 

patching method was utilized to simulate a single stream of droplets. A Volume of Fluid 

approach coupled with the Level Set method (CLS-VOF) was employed in ANSYS 

Fluent for simulating the flow. A good agreement was reached between experimental 

and numerical data for both cooling techniques, in terms of temperature profile, heat 

transfer coefficient, Nusselt number, impact crater diameter and film thickness in the 

impingement zone.  
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Heat transfer characteristics and hydrodynamics of jet impingement and droplet 

train impingement were compared and it was found that droplet train impingement 

outperformed the latter. Improved performance of droplet train impingement was due to 

the convective heat transfer across the surface, which was driven by fluid momentum. 

Droplet train impingement produced higher momentum across the impingement zone, 

compared to jet impingement, resulting in greater heat transfer. Higher momentum also 

led to larger crater diameters for droplet impingement. Despite its periodic behavior, a 

smooth temperature profile, with lower temperature gradients across the heat surface, 

was produced by droplet impingement as compared to jet impingement. This was 

attributed to the sweeping motion of the fluid at higher momentum, removing the 

generated heat, further away from the impingement zone. Thermal boundary layer of 

droplets was thinner than the thermal boundary layer of jets, indicating better heat 

transfer. 
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NOMENCLATURE 

dimpingement Diameter of impingement region 

D Diameter of the impinging fluid 

dcra Crater Diameter 

dd  Droplet  diameter 

dorf  Orifice diameter 

G Mass Velocity 

h Heat transfer Coefficient 

k Thermal Conductivity 

L length of orifice plate  

𝑞"𝑐 Critical heat Flux 

ℎ𝑓𝑔 Latent Heat of liquid 

h Heat transfer coefficient 

�̇� Mass flow rate 

P Pressure 

rj Radius of the jet 

𝑟𝑑 Radius of the droplet 

R Radial distance along heat surface 

t Time 
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T Temperature 

𝑇𝑖 Averaged Temperature at Time step i 

𝑇𝐷
 Temperature of the droplet 

𝑇(𝑟, 𝑧) Instantaneous temperature 

𝑇𝑤(𝑟) Temperature of the Wall at location R 

Z Vertical height from the heated surface 

Nu Nusselt Number (
ℎ 𝑑

𝑘
) 

Re Reynolds Number (
𝜌 .  𝑉 .  𝑑

𝜇
) 

𝑉𝑅  Averaged Radial Velocity 

Pr 
Prandtl Number (

𝐶𝑝

𝜇 .  𝑘
) 

α 
Volume Fraction 

𝜌 Density 

∅ Level Set Function 

𝜎 Surface Tension 

ɳ Efficiency of Liquid Usage 

𝛿𝑇𝑑𝑡 Thermal boundary layer momentum thickness 

�̿� Averaged Fluid Shear Stress 

µ Dynamic Viscosity 

 



 

 

viii 

 

TABLE OF CONTENTS 

   Page 

ABSTRACT .......................................................................................................................ii 

ACKNOWLEDGEMENTS .............................................................................................. iv 

CONTRIBUTORS AND FUNDING SOURCES .............................................................. v 

NOMENCLATURE .......................................................................................................... vi 

TABLE OF CONTENTS ............................................................................................... viii 

LIST OF FIGURES ............................................................................................................ x 

LIST OF TABLES ........................................................................................................... xv 

CHAPTER I INTRODUCTION ........................................................................................ 1 

1.1 Motivation ........................................................................................................ 2 
1.2 Research objectives .......................................................................................... 3 

1.3 Overview .......................................................................................................... 4 

CHAPTER II LITERATURE REVIEW ............................................................................ 5 

2.1 Jet impingement cooling .................................................................................. 5 

2.2 Spray cooling ................................................................................................. 12 
2.3 Droplet impingement cooling ........................................................................ 16 
2.4 Comparative study of single stream droplets and free surface liquid jets ..... 19 

2.5 Gaps in research knowledge .......................................................................... 22 
2.6 Study objectives ............................................................................................. 23 

CHAPTER III NUMERICAL MODELING SETUP ...................................................... 25 

3.1 Computational fluid dynamics and its advantages ......................................... 25 
3.2 CFD approach ................................................................................................ 27 

3.2.1 Fluid selection and cooling technique definition ............................ 27 
3.2.2 Physical domain of droplet and jet cases ........................................ 31 

3.2.3 Problem assumptions and boundary conditions .............................. 35 
3.2.4 Grid generation ................................................................................ 41 
3.2.5 Governing equations and solution methods .................................... 43 
3.2.6  Solution process ............................................................................. 49 
3.2.7 Post Processing ................................................................................ 50 

CHAPTER IV RESULTS AND DISCUSSION .............................................................. 51 

4.1 Grid sensitivity and time dependence study .................................................. 52 



 

 

ix 

 

4.1.1 Grid refinement ............................................................................... 52 

4.1.2 Grid independence for jet impingement cases ................................ 54 
4.1.3 Grid independence for droplet train impingement cases ................. 57 
4.1.4 Time sensitivity study and CFL number ......................................... 59 

4.2 Numerical results and validation using experimental data ............................ 60 
4.2.1 Jet impingement .............................................................................. 60 

4.2.2 Droplet train impingement .............................................................. 68 
4.3 Comparison of Jet Impingement and Droplet Train impingement cooling ... 75 

4.3.1 Comparison of hydrodynamics ....................................................... 76 
4.3.2 Comparison of heat transfer behavior ............................................. 87 

CHAPTER V CONCLUSIONS AND RECOMMENDATIONS ................................... 98 

5.1 Conclusions from comparative study of jet impingement and droplet 

impingement cooling ................................................................................................ 98 

5.1.1 Concluding Remarks ....................................................................... 98 
5.2 Recommendation for future work ................................................................ 100 

 

REFERENCES ............................................................................................................... 101 

  

 

  



 

 

x 

 

 

LIST OF FIGURES 

Page 

Figure 1. Jet Impingement phenomenon. Reprinted from Lienhard [5] ......................... 2 

Figure 2. Spray cooling phenomenon. Reprinted from Spray cooling [6] ...................... 2 

Figure 3. Reprinted from Watson's [13] radial division of jet impingement 

flow .................................................................................................................................. 5 

Figure 4. Domain used by Parneix and Behnia. Image reprinted from [17] ................... 8 

Figure 5. Droplet train imaging conducted by Zhang [1] and Muthusamy 

[24]. Image reprinted from Zhang [1] ........................................................................... 16 

Figure 6. Droplet impingement simulation. Reprinted from Trujillo et al. 

[35] ................................................................................................................................ 17 

Figure 7. Droplet impingement imaging. Reprinted from Soriano et al. [36] .............. 18 

Figure 8. Heat transfer coefficient spatial variation of jet and spray 

variation. Reprinted from Mudawar. [33] ..................................................................... 19 

Figure 9. Jet impingement and Spray cooling heat transfer coefficient 

variation. Reprinted from Oliphant [37] ....................................................................... 21 

Figure 10. Flow Diagram for CFD Analysis ................................................................. 26 

Figure 11. Jet Impingement model ................................................................................ 29 

Figure 12. Droplet Train Impingement model .............................................................. 30 

Figure 13. Heater assembly schematic (NOT TO SCALE) .......................................... 32 

Figure 14. Fluid Domain and Heater Model ................................................................. 34 

Figure 15. Fluid domain with common boundary conditions ....................................... 38 

Figure 16. Uniform velocity profile for Case 1 (Jet impingement – 180 

ml/hr.) ............................................................................................................................ 39 



 

 

xi 

 

Figure 17: Volume fraction plot of droplet formed by time dependent 

patching scheme (HFE-7100 = Red, Air = Blue) .......................................................... 40 

Figure 18. 2D Computational Domain .......................................................................... 41 

Figure 19. Structured grid for jet and droplet impingement with grid 

spacing of 20 µm ........................................................................................................... 42 

Figure 20. 2 by 2 refinement of structured mesh of the fluid domain ........................... 52 

Figure 21. Grid independence study for jet impingement grid with film 

thickness as value of interest ......................................................................................... 54 

Figure 22. An example of static mesh adaption and refinement in regions of 

interest ........................................................................................................................... 55 

Figure 23. Static mesh refinement region for jet impingement grid ............................. 56 

Figure 24: Crown rim diameter as a function of grid or element size for 

droplet jet impingement [24] ......................................................................................... 57 

Figure 25: Grid Refinement scheme used by Muthusamy [24] .................................... 58 

Figure 26. Relative Convergence Criterion of Temperature vs Simulation 

Time for Jet Impingement Case 1 - 180 ml/hr. - 3.6 W/cm2 ......................................... 61 

Figure 27. Averaged Temperature on the heated surface vs Flow Time for 

Jet Impingement Case 1 - 180 ml./hr. - 3.6 W/cm2 ....................................................... 62 

Figure 28. Temperature versus radial position comparison between Zhang 

[1] and CFD simulations - jet impingement case 1 (180 ml/hr. – 3.6 W/cm2) ............. 63 

Figure 29. Temperature versus radial position comparison between Zhang 

[1] and CFD simulations - jet impingement case 2 (210 ml/hr. – 3.6 W/cm2) ............. 63 

Figure 30.Nusselt number versus radial position comparison of Zhang [1] 

and numerical results from CFD simulations for jet impingement case 1 

(180 ml/hr. – 3.6 W/cm2) .............................................................................................. 65 

Figure 31. Nusselt number versus radial position comparison of Zhang [1] 

and numerical results from CFD simulations  for jet impingement case 2 

(210 ml/hr. – 3.6 W/cm2) .............................................................................................. 65 

Figure 32. Comparison of Zhang [1] and CFD for Heat transfer coefficient 

variation along the heated surface for jet impingement case 1 (180 ml/hr. – 

3.6 W/cm2) .................................................................................................................... 66 



 

 

xii 

 

Figure 33. Comparison of Zhang [1] and CFD for Heat transfer coefficient 

variation along the heated surface for jet impingement case 2 (210 ml/hr. – 

3.6 W/cm2) .................................................................................................................... 67 

Figure 34. Convergence Criteria and Relative Convergence Value of 

Temperature vs Simulation Time for Droplet Impingement Case 4 - 210 

ml./hr. - 3.6 W/cm2 - We=443 ....................................................................................... 68 

Figure 35. Averaged Temperature on the heated surface vs Flow Time for 

Droplet Impingement Case 4 - 210 ml./hr. - 3.6 W/cm2  - We=443 ............................. 69 

Figure 36. Temperature versus radial position comparison between Zhang 

[1] and CFD simulations - droplet impingement case 3 (180 ml/hr. – 3.6 

W/cm2 – We=328) ......................................................................................................... 70 

Figure 37. Temperature versus radial position comparison between Zhang 

[1] and CFD simulations - droplet impingement case 4 (210 ml/hr. – 3.6 

W/cm2 – We=443) ......................................................................................................... 70 

Figure 38. Nusselt number versus radial position comparison of Zhang [1] 

and numerical results from CFD simulations - droplet impingement case 3 

(180 ml/hr. – 3.6 W/cm2 – We=328) ............................................................................. 71 

Figure 39. Nusselt number versus radial position comparison of Zhang [1] 

and numerical results from CFD simulations - droplet impingement case 4 

(210 ml/hr. – 3.6 W/cm2 – We=443) ............................................................................. 72 

Figure 40. Comparison of Zhang [1] and CFD for Heat transfer coefficient 

variation along the heated surface for droplet impingement case 3 (180 

ml/hr. – 3.6 W/cm2 – We=328) ..................................................................................... 73 

Figure 41. Comparison of Zhang [1] and CFD for Heat transfer coefficient 

variation along the heated surface fore for droplet impingement case 4 (210 

ml/hr. – 3.6 W/cm2 – We=443) ..................................................................................... 74 

Figure 42. Volume Fraction contour from CFD used to calculated film 

thickness for jet impingement cases .............................................................................. 77 

Figure 43. Location of crater diameter and hydraulic jump for jet 

impingement case .......................................................................................................... 78 

Figure 44. Liquid air interface for jet impingement – location of time 

averaged velocities ........................................................................................................ 79 

Figure 45. Velocity values for jet impingement and droplet impingement at 

the liquid-air interface (Comparison A - 180 ml/hr. - 3.6 W/cm2) ................................ 80 



 

 

xiii 

 

Figure 46. Velocity values for jet impingement and droplet impingement at 

the liquid-air interface (Comparison B - 210 ml/hr. - 3.6 W/cm2) ................................ 80 

Figure 47. Time Averaged radial velocity at the liquid-air interface for jet 

and droplet impingement cases (Comparison A - 180 ml/hr. - 3.6 W/cm2) .................. 81 

Figure 48. Time Averaged radial velocity at the liquid-air interface for jet 

and droplet impingement cases (Comparison B - 210 ml/hr. - 3.6 W/cm2) .................. 82 

Figure 49. Time Averaged axial velocity at the liquid-air interface for jet 

and droplet impingement cases (Comparison A - 180 ml/hr. - 3.6 W/cm2) .................. 83 

Figure 50. Time Averaged axial velocity at the liquid-air interface for jet 

and droplet impingement cases (Comparison B - 210 ml/hr. - 3.6 W/cm2) ................. 83 

Figure 51. Method for calculating the radial momentum at discrete points 

within the impingement zone for droplet train impingement. Reprinted 

from Muthusamy [24] ................................................................................................... 84 

Figure 52. Time Averaged momentum for jet impingement and droplet 

impingement cases (Comparison A - 180 ml/hr. - 3.6 W/cm2) ..................................... 85 

Figure 53. Time Averaged momentum for jet impingement and droplet 

impingement cases (Comparison B - 210 ml/hr. - 3.6 W/cm2) ..................................... 86 

Figure 54. Comparison of temperature profiles along the heated surface for 

Comparison A (180 ml/hr. - 3.6 W/cm2) ....................................................................... 87 

Figure 55. Comparison of temperature profiles along the heated surface for 

Comparison B (210 ml/hr. - 3.6 W/cm2) ....................................................................... 88 

Figure 56. Nusselt number comparison for jet impingement and droplet 

impingement (Comparison A - 180 ml/hr. - 3.6 W/cm2) .............................................. 89 

Figure 57. Nusselt number comparison for jet impingement and droplet 

impingement (Comparison B - 210 ml/hr. - 3.6 W/cm2) .............................................. 89 

Figure 58. Heat transfer coefficient comparison for jet impingement and 

droplet impingement (Comparison A - 180 ml/hr. - 3.6 W/cm2) .................................. 90 

Figure 59. Heat transfer coefficient comparison for jet impingement and 

droplet impingement (Comparison B - 210 ml/hr. - 3.6 W/cm2) .................................. 91 

Figure 60. Averaged temperature and Averaged momentum compared for 

jet impingement case 1 (180 ml/hr. - 3.6 W/cm2) and droplet impingement 

case 3 (180 ml/hr. - 3.6 W/cm2 – We=328) .................................................................. 93 



 

 

xiv 

 

Figure 61. Averaged temperature and Averaged momentum compared for 

jet impingement case 2 (210 ml/hr. - 3.6 W/cm2) and droplet impingement 

case 4 (210 ml/hr. - 3.6 W/cm2 – We=443) .................................................................. 93 

Figure 62. Thermal boundary layer profiles for jet impingement and droplet 

train impingement (Comparison A - 180 ml/hr. - 3.6 W/cm2) ...................................... 96 

Figure 63. Thermal boundary layer profiles for jet impingement and droplet 

train impingement (Comparison B - 210 ml/hr. - 3.6 W/cm2) ..................................... 97 

  



 

 

xv 

 

LIST OF TABLES 

Page 

Table 1. Parameters of the numerical study .................................................................. 24 

Table 2. Test matrix for numerical study ...................................................................... 24 

Table 3. Properties of 3M Novec HFE-7100 ................................................................ 28 

Table 4. Material properties of air ................................................................................. 28 

Table 5. Material properties and thickness of the heater ............................................... 31 

Table 6. Jet impingement crater diameter values in literature ...................................... 33 

Table 7. Solvers and models used in the numerical study ............................................ 47 

Table 8. Solutions methods employed for fluid dynamics and heat transfer ................ 48 

Table 9. Convergence criteria for different parameters ................................................ 49 

Table 10. Grid spacing and mesh element count for grid refinements.......................... 53 

Table 11. Parameters of the jet impingement cases ...................................................... 60 

Table 12. Parameters of droplet impingement cases ..................................................... 68 

Table 13. Jet impingement vs droplet impingement parameters for 180 

ml/hr. ............................................................................................................................. 75 

Table 14. Jet impingement vs droplet impingement parameters for 210 

ml/hr. ............................................................................................................................. 75 

Table 15. Crater diameter values from CFD results ...................................................... 78 

  



 

1 

 

CHAPTER I  

INTRODUCTION 

Transistors have revolutionized electronics by reducing size of electronic devices 

to fit within our hands. However, there is a problem of significant heat generation per unit 

area in these devices that require effective heat dissipation. Failure to do so, results in 

decreased lifetime and reduction in performance. With semiconductors growth following 

the Moore’s Law [2], it is fast becoming a necessity to come up with techniques to cool 

microprocessor chips with high heat transfer rates while maintaining the portability and 

dimensions of such devices. This can only be stressed by noting that one of the major 

causes of failure of electronic components is thermal overstressing [3]  

Traditionally, forced convection of air is used as the primary form of heat 

dissipation technique, which is augmented by fins. This method of cooling remains useful 

for personal computers but it is not effective for large data centers, which then require 

temperature controlled environment to function optimally. Researchers have investigated 

liquid cooling methods as possible alternatives. Most of these techniques have shown 

capabilities to remove high thermal loads, with spray cooling and jet cooling being notable 

among them [4].  Graphical depictions of jet impingement and spray cooling systems can 

be seen in Figures 1 and 2, respectively.  
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Figure 1. Jet Impingement phenomenon. Reprinted from Lienhard [5] 

 

Figure 2. Spray cooling phenomenon. Reprinted from Spray cooling [6] 

1.1 Motivation 

 Both of the aforementioned methods, namely jet impingement and spray cooling 

are widely employed, at a larger scale, in manufacturing processes of metal parts.  

However, in many circumstances, both methods involve phase change as a part of the 

cooling process [7-11]. Compared to spray cooling heat transfer, jet impingement heat 

transfer is relatively well understood due in part to its continuous nature. On the other 

hand, spray cooling is affected by several parameters, which are difficult to vary 

independently. Therefore, understanding spray cooling and the parameters affecting it are 
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still subjects of intense research. Although all the parameters of spray cooling cannot be 

factored into a single study, isolation of monodispersed droplets found in spray cooling 

system is a necessary building block for uncovering the key physical mechanisms of spray 

cooling. Very few studies are available that compare the heat transfer performance of 

uniform jets with droplet impingement. Lewis et al. [12] conducted a numerical study 

comparing heat transfer performance of both thermal management methods. This in part 

motivated the concurrent numerical study of droplet and jet impingement cooling.   

1.2 Research objectives 

The main objective of this numerical study is to probe and validate heat transfer 

performance of two forms surface cooling mechanisms, namely single microjet and single 

stream droplet impingement. Using microjets and mono dispersed droplets are used to 

cool down a heated surface, which resembles a microprocessor chip. To complete this 

objective, numerous cases were simulated to first understand the flow field of impinging 

jets and droplets before understanding their heat transfer characteristics. Hydrofluoroether 

(HFE-7100) was used as working fluid. All of these studies were performed at constant 

heat flux and constant wall-to-nozzle distance for both modes of cooling. 

The jet impingement cooling phenomenon was studied in detail to understand the 

effect of flow rate and heat flux on the radial distribution of temperature on the cooled 

surface. Flow characteristics including film thickness, crater diameter and boundary layer 

profile were also analyzed to understand the effect of microjets to heat transfer 

performance. Experimental results obtained from Zhang [1] have been compared and 

validated with numerical data for different sets of flow and heat flux conditions.   In the 

single stream impingement study, heat transfer characteristics including temperature 
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profile were investigated and analyzed for different flow rates.  The effects of parameters 

such as droplet diameter, impingement velocity, droplet frequency, droplet Weber number 

(We) on the heat transfer performance were carefully examined. The relationship between 

droplet induced film hydrodynamics and heat transfer was analyzed. Like in the jet 

impingement cases, numerical results for droplet impingent were compared and validated 

with experimental data for different sets of flow and heat flux conditions.  

Finally, a comparison of the two liquid cooling techniques was undertaken by 

considering identical flow and heat flux conditions.  

 

1.3 Overview 

 This thesis presents validation of experimental heat transfer results from uniform 

microjets and microdroplet impingement cooling cases.  It also includes heat transfer 

performance comparison of both methods. It begins with a literature review of previous 

studies undertaken by researchers in liquid cooling technologies with the main focus on 

jet impingement and spray cooling. Chapter III discusses the aspects numerical modeling 

of these physical phenomenon and the methodologies employed in the study, from grid 

generation to fluid models. Chapter IV presents the numerical results along with the 

experimental results of Zhang [1].  It also includes a comprehensive comparison of both 

methods from the heat transfer performance point of view.  Chapter V includes concluding 

remarks and summary of the overall study. 
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CHAPTER II 

LITERATURE REVIEW 

2.1 Jet impingement cooling 

Jet impingement has been used in industry for cooling heated surface and has 

garnered considerable interest over the years. Metals that are being formed or rolled are 

usually cooled using jets. At a smaller scale, it has been used for cooling electronic 

components.  

 

Figure 3. Reprinted from Watson's [13] radial division of jet impingement flow 

Jet impingement phenomenon was first studied analytically by Watson [13]. As 

shown in Fig. 3, he broke up the circular jet flow in four successive regions radially, 

including the stagnation region, boundary layer region with surface velocity equal to the 

jet speed, and a region of viscous similarity with decreasing surface velocity. He 

postulated and proved that the film flow would be terminated by a hydraulic jump at a 

location independently controlled by downstream conditions. He also concluded that the 
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thickness of the film initially decreases and then increases with radial distance as viscous 

wall effects slow the spreading film. Watson employed both viscous similarity and 

momentum integral solutions. Watson’s expressions were experimentally verified by 

Hashimo and Azuma [14] for the laminar boundary layer and similarity region velocity 

profiles and film thickness. They measured the turbulent transition radius in their system 

and also measured the subsequent velocity profiles. The turbulent film was well 

characterized by standard boundary layer results, but it did appear to slow down and return 

to laminar regime farther downstream as the film slowed while its stability increased. 

Chen and Tseng [15] experimentally studied heat transfer characteristics 

associated with jet cooling, used in rolling processes. They investigated parameters 

including heat flux, heat transfer coefficient, cooling efficiency, and heated surface 

velocity and found that the effect of surface motion substantially influences local heat 

transfer behavior. Cooling efficiency and heat flux increased as surface motion increased. 

Moreover, decreasing the jet temperature led to higher heat transfer coefficient values. 

Furthermore, increasing jet velocity also led to increased heat transfer coefficient within 

the laminar regime. Based on their findings, they suggested that for controlled cooling, a 

planar jet system consisting of collinear jets is ideal. They also found out that circular jets 

should be arranged in a staggered configuration to achieve optimal performance. Seraj 

[16] numerically studied long free circular jets for steel cooling with Reynolds numbers 

between 16,669 and 50,068. Circular water jets were simulated by solving the Navier-

Stokes equations using the finite volume method along with VOF method using FLUENT 

as solver. Higher velocity gradients were obtained for long turbulent jets, which led to 

enhanced heat transfer within the impingement zone. He also found that long water jets 
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resemble short jets before impacting the impingement zone. Within impingement zone, 

velocity increases linearly up to r/dimpingement of 0.8. 

Several investigations of jet impingement at a micro scale are also available in the 

literature. Lienhard [5] studied free surface with circular liquid jets,  where he summarized 

theoretical and experimental results within the laminar stagnation zone. He used the 

analytical method devised by Watson [13] and provided a summary of correlations for 

fluid flow and heat transfer. He also studied turbulent jets and postulated that for turbulent 

jets, nozzle-to-surface distance is not relevant, within a certain range. He also studied the 

effects of heated surface roughness on heat transfer performance of jet impingement. 

Higher surface roughness resulted in better heat transfer and this effect was augmented as 

the Reynolds number increased. Behnia and Parneix [17] studied cooling of a heated 

pedestal on top of a surface by an axisymmetric isothermal fully developed turbulent jet 

to identify a correct model for computations. There computation domain is shown in Fig. 

4. They compared different turbulence models to predict heat transfer results and validated 

them with experimental data. They concluded that normal-velocity relaxation model (V2F 

model) agreed very well with the experiments over a range of Reynold numbers. The local 

heat transfer coefficient exhibits a minimum in the stagnation region, which is rather 

different from the behavior of an impinging jet on a flat plate. It was noticed that the k-ɛ 

model does not properly represent the flow features, highly over-predicts the rate of heat 

transfer and yields physically unrealistic behavior. In all cases, the k-ɛ model excessively 

over-predicted the stagnant point. The V2F model was used to find out the relation 

between Nusselt number and Reynolds number (𝑁𝑢 𝛼 (𝑅𝑒)0.51  ) for heat transfer on top 

of the pedestal which was corroborated using published results [18]. 
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Figure 4. Domain used by Parneix and Behnia. Image reprinted from [17] 

Liu et al. [19] conducted an experimental and analytical study of surface cooling 

using liquid jets cooling. They used their own previously developed integral solution, 

which divided the post impingement flow into regions based on thermal and 

hydrodynamic boundary layers. They developed separate equations for performance 

predictions for Prandtl number greater and less than 1.0, and for Uniform Heat Flux (UHF) 

and Uniform Wall Temperature (UWT) conditions. The experiments were performed with 

water at 4 °C to observe heat transfer performance of an undisturbed laminar jet. They 

measured the wall temperature distribution and calculated Nusselt number within the jet 

impingement cooling zone. These results were than compared with the predictions from 

the analytical solutions for different Prandtl Numbers ranges. The measurements agreed 

well with the predictions, and the maximum difference for Nusselt Numbers was less than 

10%. More favorable agreement of heat transfer performance was obtained for liquid 

metal in the Prandtl number range of 0.1. They also studied the turbulent transition for 

post impingement flow at a transition radius for which a correlation was presented based 

on previous literature. Beyond this transition radius, a separate turbulent analysis was 
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constructed and a correlation was suggested. Narumanchi et al. [20] conducted a CFD 

study of a free surface single jet of water. They used the k-omega turbulence model with 

wall treatment and a Volume of Fluid (VOF) method for fluid interaction. They conducted 

a mesh independent study to make the solution up to 5% accurate. The Reynolds numbers 

varied from 3,000-46,000. The results were compared to experimental heat transfer 

coefficient data from Womac et al. [21], which were a reasonable match with a maximum 

difference of 20%. They also compared confined and submerged jet heat transfer 

performance, which showed better agreement. These results were then used to conduct a 

CFD study on insulated-gate bipolar transistors (IGBTs) used in hybrid vehicles. Water 

and glycol-water coolant were used to cool the IGBTs and the respective heat transfer 

performance was compared at various temperature and inlet velocity conditions. It was 

found that heat transfer performance of glycol-water mixture was almost half of water.   

Chaudhari et al. [3] experimentally investigated the impingement heat transfer 

characteristics for synthetic jets of air. These jets were synthesized at the edge of an orifice 

by a periodic motion of a diaphragm creating a flow of Reynolds number between 1150–

4180. They concluded that averaged heat transfer coefficient is affected by several 

geometric parameters including orifice diameter, length of the orifice plate and the orifice 

plate thickness. They also mentioned that Nusselt number is affected by different 

geometric ratios, one of them being L/d (length of orifice plate by orifice diameter). They 

presented a correlation based on their experimental data for Nusselt number for different 

L/d and Reynolds number, as follows. 
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𝑁𝑢𝑎𝑣𝑔

𝑃𝑟1/3
= 7.624 (𝑅𝑒)0.792 (

𝐿

𝑑
)
−2.186

(
𝑅

𝑑
)

2.258

(
𝑧

𝑑
)
−0.632

 (1) 

7.86 < L/d <22 

1.5<R/d <4 

1150<Re<4180 

 

 Morris et al. [22] conducted a numerical study of turbulent jet impingement 

cooling using the k-ɛ model. They selected various configuration of jet impingement by 

varying parameters including Reynolds number, nozzle diameter, and Z/d (nozzle to target 

spacing). Heat transfer coefficient trend after impingement was plotted using the 

temperature profiles obtained from numerical simulations and compared with various 

Prandtl number models available in literature and experimental results of Garimella and 

Rice [23].  A bell-shaped heat transfer distribution was found from numerical simulations 

with the maximum value occurring at the stagnation point. The curves compared favorably 

(within 20%) with the experimental trend in the range r/d < ± 1.5. Beyond this point, a 

sharp decrease in heat transfer coefficient trend was observed in numerical simulation 

results, which led a significant underprediction of averaged heat transfer coefficient. In 

summary, the experimental results and numerical predictions compared well.  
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In summary, jet impingement has been investigated in detail with experiments. 

Analytical solutions of heat transfer performance are also available, which have been 

validated by numerous experimental studies. These publications [8, 13-16, 19, 21, 23-28] 

show various configurations of single jets and jet arrays for surface cooling and 

comparisons with other cooling processes. Several correlations are also available in 

publications for Nusselt number values at the stagnation point and beyond [28]. Numerical 

studies that employ CFD for liquid jet impingement heat transfer are mostly available for 

turbulent jets. Limited literature is available for laminar liquid jets. 
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2.2 Spray cooling 

 Spray cooling is a phenomenon whereby a spray of small droplets impinge on a 

heated surface.  Spray cooling is a very effective cooling mechanism even without phase 

change (boiling) or evaporation [29]. Sprays are formed by supplying high pressure liquid 

through a small orifice or by atomizing the liquid particles using high pressured air. 

Researchers have been interested in understanding spray cooling as a physical 

phenomenon and efforts have been made to control and change its parameters.  

 Moriyama et al. [10], theoretically and experimentally, studied and measured heat 

transfer coefficient in spray cooling. He suggested a heat transfer coefficient prediction 

equation, which was derived starting from heat extraction per droplet impinged onto hot 

surfaces. 

 ℎ𝑠 =
1.584 𝜌 ℎ0 𝑞𝑤𝐷4𝑣̅̅ ̅̅ ̅

𝜋𝜎(𝑑30)3
 (2) 

 

This expression accounts for the drop size and velocity distributions at any 

specified location in sprays, as well as both dynamic and thermal behavior of each droplet 

impinging onto the hot surface. Comparing the theoretical local heat-transfer coefficient, 

with the results obtained by analyzing the experimental data, it was apparent that their 

theory was fundamentally valid. 

Chen et al. [30] conducted multiple studies using different types of nozzles to study 

the effects of droplet velocity, droplet per time and droplet diameter on cooling of a heated 

surface. They varied one parameter at a time while keeping the rest constant. They were 

able to determine that the droplet velocity is the principal factor that affects the critical 

heat flux (CHF) and heat transfer coefficient, followed by droplet flux. Increasing these 
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parameters resulted in an increasing heat transfer coefficient and critical heat flux. Sauter 

diameter, which is averaged droplet diameter, in case of spray cooling, did not have a 

noteworthy impact on heat transfer performance. In a follow up study [31], Chen et al. 

investigated the dependence of the efficiency of liquid usage (ɳ) at CHF. Efficiency of 

liquid usage was defined as the ratio of ratio of the critical heat flux (qc”) over the latent 

heat of the liquid (hfg) and flux delivered by the spray nozzle. 

 
ɳ =  

𝑞"𝑐
𝐺 ℎ𝑓𝑔

 
(3) 

Using regression analysis on an experimental data, they found the following 

relations: 

ɳ ∝ 𝑁−
2
3     (𝐷𝑟𝑜𝑝𝑙𝑒𝑡 𝐹𝑙𝑢𝑥) 

ɳ ∝ 𝑑32
−
14
5     (𝑆𝑎𝑢𝑡𝑒𝑟 𝐷𝑖𝑎) 

ɳ ∝ 𝑉
1
4    (𝐷𝑟𝑜𝑝𝑙𝑒𝑡 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦) 

 

Also, they found out that  

𝐶𝐻𝐹 ∝ 𝑁
1
6             𝐶𝐻𝐹 ∝ 𝑉

1
4     

Based on their finding, they were able to conclude that for producing maximum 

CHF with the lowest amount of water, a nozzle had to be selected that kept the droplet 

diameter small but allowed high droplet velocities. 

Cheng et al.[32] conducted an experimental study on spray cooling that measured 

temperature distribution of a heated surface using infrared as well as thermocouples.  The 

surface temperature non-uniformity and its influencing factors were analyzed. A 

mathematical model for heat transfer characteristics was suggested that divided the flow 
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into five regions, namely 1) impaction heat transfer, 2) film surface convection heat 

transfer, 3) environmental heat transfer 4) surface nucleation bubbles and 5) secondary 

nucleation bubbles. Based on the mathematical models, a numerical simulation was 

performed, which produced agreeable results with the experimental data. The surface 

temperature non-uniformity was found to be effected by the spray characteristics, nozzle-

to-surface distance, inlet pressure of the nozzle, heat flux, spray angle and the system 

pressure. It was also observed that temperature non-uniformity of spray cooling was very 

sensitive to nozzle-to-surface distance. However, it was not a monotonic function of this 

parameter and reduced after reaching a peak value. Furthermore, it was also noted that 

non-uniformity increased with a decrease in inlet pressure. Heat flux values were found to 

be linearly proportional to non-uniformity.  In the case of the same heat flux, the surface 

temperature non-uniformity was reduced by the small spray angle, low system pressure, 

low nozzle-to-surface distance, and the high inlet pressure. 
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Mudawar and Estes [33] studied the cooling of hot surface using Fluorinert FC-72 

and FC-87. They built a theoretical model to predict the volumetric distribution of liquid 

per unit area per unit time and used it to calculate critical heat flux. These results were 

validated using experimental data in which they also determined the effects of nozzle-to-

surface distance on the heat transfer performance specifically the critical heat flux. It was 

found that CHF can be maximized when the spray was constructed in a way that spray just 

imposed on the square surface of the heater. A correlation for prediction of critical heat 

flux was presented for a broad range of nozzles with different flow rates. 

 Theoretical and numerical simulations of droplet impingement processes, as they 

relate to spray cooling applications, have been undertaken by several researchers as 

described in greater detail below. 
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2.3 Droplet impingement cooling 

Droplets are generally produced by spray nozzles, which generate non-uniform 

sized droplets with different velocities. To simplify the study of spray cooling, researchers 

have isolated  droplets from spray cooling phenomenon. This way, the numbers of 

parameters are manageable.  

 

Figure 5. Droplet train imaging conducted by Zhang [1] and Muthusamy [24]. 

Image reprinted from Zhang [1] 

Zhang [1] and Muthusamy [24] investigated droplet impingement hydrodynamics 

using dielectric engineered fluid, HFE-7100. Zhang [1] conducted experiments, producing 

a steady stream of droplets, as shown in fig. 5. Muthusamy [24] performed a numerical 

study to understand the effect of droplet velocities, droplet collision and breakup, effect 

of Weber number on spreading and splashing of droplets after impingement. He conducted 

multiphase computational fluid dynamics (CFD) simulations using Volume of Fluid 

(VOF) method. He found out that for a single stream of droplets, the smooth spreading 

was limited to Weber numbers less than 280, and transition from spreading to splashing 

occurred between Weber numbers 280 and 489. Numerically calculated film thickness 

showed that higher frequency of impingement led to thinner film post impingement. Hass 

and Wenhoff  [34] simulated nano-droplets using molecular dynamics (MD) impingement 
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on a heat surface. They found that critical droplet temperature exist as a function of droplet 

size and confirmed the previous findings that maximum heat transfer occurs at droplet 

impact zone.  

 

Figure 6. Droplet impingement simulation. Reprinted from Trujillo et al. [35] 

Trujillo et al. [35] studied mono dispersed droplet impingement in a combined 

experimental and numerical study using an HFE-7100 droplets striking a prewetted 

surface, as depicted in fig. 6. In the experimental study, an infrared thermography 

technique was used to measure the temperature distribution of the surface. Heat flux was 

varied to investigate the heat transfer behavior of periodic droplet impingement at the 

solid–liquid interface. Temperature profiles found experimentally were validated using 

numerical simulations using commercial CFD code. They found that temperature 

distribution inside the crater region was found to be significantly reduced. Due to the radial 

flow originating from each successive droplet impact, the fluid inside the crater walls 

remained well below its saturated value. No evidence of bubble nucleation was observed 

in this region providing further evidence of the single phase cooling nature in the vicinity 
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of droplet impact locations. Therefore, convective heat transfer was concluded to be the 

main driving force for this heat transfer.  

 

Figure 7. Droplet impingement imaging. Reprinted from Soriano et al. [36] 

Soriano et al. [36] experimentally studied single and multiple streams of impinging 

droplets using HFE-7100 as the cooling liquid under constant heat flux condition. Film 

thickness inside the impact crater was measured using the Total Internal Reflection (TIR) 

technique. Hydrodynamic phenomena of the droplet impact craters were analyzed using a 

high speed imaging technique, as shown in fig. 7. The study supported the notion that 

forced convection is the main heat transfer mechanism inside the impact crater mainly due 

to the high frequency and periodic nature of droplet impingement. It was found that flow 

rate, droplet impingement frequency, velocity and spacing between adjacent impinging 

droplet streams play significant roles in film dynamics and heat transfer behavior 

Furthermore, droplet impingement regimes such as spreading and splashing were 

observed to play an important role in the overall heat transfer behavior. Additionally, the 
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postulated CHF correlation for single droplet stream impingement was in good agreement 

with literature. 

2.4 Comparative study of single stream droplets and free surface liquid jets 

 

Figure 8. Heat transfer coefficient spatial variation of jet and spray variation. 

Reprinted from Mudawar. [33] 

A comparison of liquid cooling techniques, jet impingement and droplet 

impingement has been previously done in the literature. Mudawar [4] compared several 

cooling mechanisms for heated surfaces. He compared spatial variation of heat transfer 

coefficient across the surface, as shown in Fig 8. Lewis et al. [12] did a numerical study 

comparing free surface jet with uniform velocity profile, free surface jet with fully 

developed velocity profile and monodispersed droplets using a commercial CFD code 

OpenFOAM. A Volume-of-Fluid (VOF) method was used to model multiphase flow. 

They compared fully developed and partially developed jets with droplets. Results showed 

that jet configurations have better cooling performance than the droplet train, locally and 

globally, with the fully-developed case being the most effective of the two jet 

arrangements for the same flow rate and velocity. Under the conditions of the study, the 

free surface jet had a noticeably smoother hydrodynamic and thermal transition from the 
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stagnation region to the far field when compared to the droplet train, as depicted in fig. 8. 

They also concluded that liquid film within the impingement region of the droplet train 

exhibited pronounced variations in velocity magnitude and film thickness. As a result, 

there was a larger area being effectively cooled in the jet impingement cases, as measured 

by the smaller radial profiles of thermal boundary layer thickness and the higher heat 

transfer coefficients. 

Zhang [1] conducted experimental study for his PhD dissertation comparing a 

droplet impingement cooling and jet impingement cooling. Studies were performed at 

fixed flow rate and fixed orifice diameter conditions. Properties of the droplet trains and 

jet impingement were exactly the same. He observed that droplet train impingement leads 

to higher crater diameter (about 30% more) at fixed flow rate conditions. He confirmed 

previous findings related to convective heat transfer as being the main mechanism of heat 

transfer. Results suggested that the periodic droplet-induced crown propagation lead to a 

more effective mixing of the cooling liquid. Overall, his results showed that circular jets 

were outperformed by monodispersed droplets. 
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Figure 9. Jet impingement and Spray cooling heat transfer coefficient variation. 

Reprinted from Oliphant [37] 

Oliphant et al. [37] conducted an experimental study comparing jet array 

impingement and spray cooling at non-boiling temperatures. As shown in Fig. 9, they 

observed that spray cooling had its heat transfer coefficients in the same order of 

magnitude as jet array cooling despite having very different mass flux values. If the spray 

cooling data were extrapolated into the jet mass flux region, it was seen that the spray 

impingement was significantly more effective than the liquid jet arrays. It was suggested 

that both these methods could have different heat transfer mechanisms. While jets array 

led to a continuous flow resulting in a thicker boundary layer, sprays formed a thinner 

boundary layer.  
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2.5 Gaps in research knowledge 

There is a significant amount of literature available for jet impingement, spray 

cooling and single droplet train impingement cooling. For jet impingement, several 

experimental studies can be found, which have been validated using analytical methods. 

However, numerical studies using finite volume methods are not widely available. 

Furthermore, not all of these studies have been experimentally validated. Droplet train 

impingement cooling studies for single, double and triple streams were conducted by my 

fellow graduate student, Muthusamy [24] using CLS-VOF approach. The results showed 

good agreement between experimental and numerical data.  

Focusing on comparative studies of jet impingement and droplet train 

impingement cooling, Zhang [1] had a part of his PhD dissertation devoted to experimental 

comparison of single droplet train impingement with circular jets. Although there are 

several studies showing individual performance of these cooling mechanisms, there is 

little to no experimental or numerical research solely on the comparison of these methods. 

Most of the published work has been either experimental or numerical analysis without 

explicit or direct validations.  Moreover, the studies mentioned above differ in their 

findings with Zhang [1] and Oliphant [37] stating that droplets perform better in cooling 

heated electronics while Lewis et al. [12] results show jets outperform droplet 

impingement. Therefore, a detailed analysis that shows and compares results from both 

experiment and numerical methods of jet impingement and droplet train impingement still 

is needed.   
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2.6 Study objectives 

For the purpose of identifying a better liquid cooling technique and gaining a better 

understanding of heat transfer of droplet train impingement cooling and jet impingement 

cooling, numerous numerical simulations have been performed with specific objectives. 

Tables 1 and 2 show the parameters and test matrix, respectively.  Main tasks for this study 

are as follows: 

 Visualize the hydrodynamic and thermal profiles of both impingement 

processes and relate them to heat transfer performance. This is done by finding 

o Fluid Crater diameter 

o Liquid Film thickness 

o Velocity profiles after impact, from within impingement zones up to 

crater diameter 

o Temperature variation of the plate within impingement zone 

o Complete Temperature profile of the heated plate 

 Understand the effects of flowrate on the heat transfer performance of 

impingement cooling 

 Validate the heat transfer numerical data with the experimental data 

 Compare both forms of impingement cooling processes and identify the one 

that results in better cooling of the heated place 

 Experimental results obtained by Zhang [1] were available for validating the 

numerical results.  
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Table 1. Parameters of the numerical study 

Parameters 
Impingement Cooling Method 

Circular Jet Mono dispersed Droplets 

Cooling Fluid HFE-7100 HFE-7100 

Flow Rate (mL/hr.) 180/210 180/210 

Velocity (m/s) 2.83/3.3 3.52/3.99 

Weber Number N/A 328/443 

frequency (Hz) N/A 6300/6500 

diameter of orifice (µm) 150 150 

diameter of flow (µm) 150 237/249 

Heat Flux (W/cm2) 3.6 3.6 

 

 

Table 2. Test matrix for numerical study 

 

 

 

 

 

 

 

Flow Rate: 180, ml/hr. 210, ml/hr. 

Heat Flux (W/cm2) 3.6 3.6 

Cooling Fluid HFE-7100 HFE-7100 

Impingement Mode    

Circular Jet Х Х 

Mono dispersed Droplets Х Х 
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CHAPTER III 

NUMERICAL MODELING SETUP 

3.1 Computational fluid dynamics and its advantages 

Studying and visualizing a physical phenomenon at a micro level is practically 

challenging. It requires precise instrumentation and high speed visualization equipment. 

Not only does it take considerable effort to design and build a set up for such 

investigations, the cost involved is also considerable. Although there is no alternative for 

real life experimental results, conducting experiments without prior knowledge of the 

physical behavior under consideration can result in several unsuccessful attempts. 

Numerical modeling techniques rely on iterative calculations of algebraic equations that 

are approximates of partial differential equations (PDEs) that represent different physical 

phenomena. Numerical methods have been available for a while but there effectiveness 

was limited due to lack of computational power. With the advent and open availability of 

advance computers with sizeable memories, numerical techniques are now widely 

employed to understand and predict physical phenomena. 

Computational fluid dynamics is a numerical technique employed by experts to 

solve complex fluid flow and heat transfer problems.  It uses a finite difference scheme to 

approximate PDEs such as Navier-Stokes equation and Euler equation. Nowadays, CFD 

methodologies are routinely employed in the fields of aircraft, turbomachinery, car, and 

ship design [38]. Fig. 10 shows a standard CFD analysis process [39] employed widely in 

the industry and academia. 
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Figure 10. Flow Diagram for CFD Analysis 

  

Step 1
• Formulate Flow Problem

Step 2
• Model Geometry and Flow Domain

Step 3
• Problem Assumptions, boundary and initial conditions

Step 4
• Grid Generation

Step 5
• Select Governing Equations and simulation method

Step 6
• Simulations

Step 7
• Post-processing of results 

Step 8

• Examine sensitivity and fine tune grid and/or simulation 
parameters if required  

Step 9
• Result verification & validation
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3.2 CFD approach 

As detailed in Chapter I and II, the objective of the study was to conduct numerical 

simulations to better understand and compare surface cooling capabilities of two liquid 

cooling techniques, namely, jet impingement and single stream droplet impingement. 

These numerical results are also to be validated using the experimental data presented by 

Zhang [1]. First step towards achieving this objective is setting up the numerical models 

for each of these techniques. All of the numerical modeling and simulations have been 

done using ANSYS®. 

3.2.1 Fluid selection and cooling technique definition 

The fluid used for this investigation is an engineering fluid called HFE-7100 

(C4F9OCH3). It is manufactured by 3M™ Novec™  and has several applications including 

usage as lubricant carrier, water drying agent and for surface cooling applications [40]. 

One of its most well-known applications is in the BitFury’s 40MW data center that 

employed two-phase immersion cooling. The properties that make it an ideal cooling 

liquid for electronics is its low boiling point and its dielectric properties [24].  Past 

literature shows that this liquid has been used widely. Muthusamy [24] used it for his 

droplet steam impingement simulations. Lewis et al. [12] used it for his numerical 

comparison of jet impingement and droplet train impingement cooling techniques and 

Zhang [1] utilized it for his experimental research. Since the results from this study were 

to be validated with experimental data sets from Zhang [1], HFE-7100 was chosen as the 

liquid for all the numerical simulations. Fluid properties are shown in Table 3. 
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Table 3. Properties of 3M Novec HFE-7100 

Property Value 

                        Density (ρ) 1520 kg/m3 
 

Dynamic viscosity (µ) 6.1 x 10-4 Pa-s (6.1 x 10-5 Poise) 

Thermal conductivity (k) 0.07 W/m-K  

Specific heat (cp) 1173 J/kg-K  

Surface tension (σ) 1.36 x 10-2 N/m  

Saturation point, (Tsat) 61 ºC (141 F) 

Latent heat of vaporization (hfg) 111.6 kJ/kg  

 

This fluid did not exist in the ANSYS® Fluent Database and had to be modeled 

using the properties provided by the manufacturer. 

The second fluid in the simulation is air. It is based on the properties present in 

ANSYS® Fluent Database. Air occupies the locations where HFE-7100 is not present. 

Material Properties of air used in simulations are shown in Table 4.  

 

Table 4. Material properties of air 

Property 
Value 

Density (ρ) 1.225 kg/m3 

Dynamic viscosity (µ) 1.7894x10-5 kg/m-s 

Thermal conductivity (k) 0.0242 W/m-K 

Specific heat (cp) 1006.43 J/kg-K 
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The fluid flows under investigation are uniform circular jet and droplet train that 

impinge on a heated surface with constant flux, and spread radially. Both of these 

techniques can be found in previous literature [3,5,9,12]. Since the jet is circular and 

droplets are spherical, the fluid spreads radially; therefore, the flow problem can be 

assumed to be axisymmetric.  

Fig. 11 shows a visual representation of the jet impingement on a heated surface. 

A hydraulic jump occurs after the fluid has spread and passed a certain threshold value 

along the radial direction.  Moreover, the hydraulic jump eventually leads to the formation 

of a crater.  After a while, the flow reaches hydrodynamic stability within a central region 

of low film thickness and surrounding region of higher film thickness. A numerical model 

has been created to replicate the stable, post impingement fluid profile.  

 

Figure 11. Jet Impingement model 
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Fig. 12 shows expected fluid behavior with the droplet train impingement onto a 

heated surface. Upon reaching hydrodynamic stability, it forms a crown shape in the 

impingement zone from continuous droplet impingement. The fluid spreads radially; 

therefore, it could be modeled axis-symmetrically. The figure also shows visual 

representation of important parameters such as droplet spacing and droplet diameter. 

 

Figure 12. Droplet Train Impingement model 
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3.2.2 Physical domain of droplet and jet cases 

In order to simulate the fluid and heat transfer behavior of jet and droplet 

impingement, a system similar to the experimental arrangement was setup. The simulation 

system consisted of heater assembly and a fluid domain, as described below.   

3.2.2.1 Heater model 

Simulation of droplet and jet impingement involved modeling of the heater. In the 

experimental setup, a three layered assembly was used to create a heated surface. The three 

layers and their respective properties are shown in Table 5. 

 

Table 5. Material properties and thickness of the heater 

  

 

As shown in Fig. 13, a 10 mm by 10 mm by 0.25 mm thin sapphire substrate, 

polished on both sides, was used as a base for the assembly. The heater element also had 

a 190 nm ITO coating on top of the SiO2. A 650 nm SiO2 coating was applied to ensure 

better emissivity [41]. The ITO layer was used to generate volumetric heat flux in-situ.  A 

1500W power supply was used to generate uniform heat flux throughout the heating 

element. 

Material Thickness 

Thermal 

Conductivity (W/m-

°C) 

Thermal diffusivity 

(m2/s) 

Indium Tin Oxide (ITO) 190 nm 8.7 3.6E-06 

Silicon dioxide (SiO2) 650 nm 1.3 6.6E-07 

Sapphire Substrate (Al2O3) 0.25 mm 23.0 9.9E-06 
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Figure 13. Heater assembly schematic (NOT TO SCALE) 

For simulations, the heater assembly was modeled with identical thicknesses and 

material properties. Three layers of solids were made in ANSYS Geometry using the 

properties shown in Table 4. To simulate the heat generation, a volumetric heat source 

option was selected in ANSYS Fluent for the ITO layer to ensure comparability with the 

experimental results. 

 

3.2.2.2 Fluid domain 

As mentioned before, these fluid flows were found to be axisymmetric 

experimentally; therefore, a 2D circular vertical section was used as domain.  From 

previous literature [5, 9, 35-37, 42], it was observed that after jet impingement, fluid 

spreads radially and forms a thin layer on the heated surface and later experiences a 

hydraulic jump.  For droplet train impingement, past publications [12, 24, 34-36, 43] show 

that a crown is formed, which propagates radially within the impingement zone. A 

hydraulic jump is also observed later as the flow spreads as gravity and surface tension 

effects become dominant. Considering the aforementioned fluid behavior, the fluid 

Sapphire Substrate 

(0.25mm) 

ITO Coating 

(190 nm) 
SiO2 

(190 nm) 
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domain had to be sized appropriately to show the entire fluid phenomena observed in jet 

impingement as well as in droplet train impingement cases. 

To size the fluid domain appropriately, the distance from the center of jet 

impingement to the hydraulic jump, called the crater diameter (Dcrater) was used explicitly 

for that purpose. Maximum crater diameter value from different sources for the same 

flowrate (225 ml/hr.) are shown in Table 6, which were used for establishing fluid domain 

in the current study. 

 

Table 6. Jet impingement crater diameter values in literature 

 

 

 

 

Muthusamy [42] reported a crater diameter of 2600 µm for 225 ml/hr. in his CFD 

simulations to study crown propagation and hydraulic jump of droplet train impingement. 

All the cases in the current study had lower flowrates than Muthusamy’s [24]. Based on 

these values, a domain with radius of 3000 µm (3 mm) was considered suitable for the 

current study.  

The second dimension of the 2D domain was the nozzle-to-surface distance. Zhang 

[1] selected a height of 5 mm in his experiments for jets, because he had to ensure the jets 

were circular, stable and fully developed when they impinged the heated surface. In order 

to create a stream of droplets, he used a piezoelectric droplet generator  for breaking up 

jets into a stream of monosized droplets.  In CFD simulations, jets remained circular due 

Literature Dcrater (µm) 

Zhang [1] 1980 

Bohr et al. [44] 1755 

Aristoff [26] 2740 
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to the axisymmetric nature of the simulations, which was in line with experimental 

observations.  Furthermore, a uniform velocity profile was imposed at the inlet of the fluid 

domain, which developed before impinging the heated surface.  In the case of droplet 

impingement, droplets were generated using a time dependent patching method to avoid 

simulating the complete jet breakup into monosized droplets. To reduce computational 

time even further, a nozzle-to-surface height of 2 mm was selected, as shown in Fig. 14.  

 

Figure 14. Fluid Domain and Heater Model 
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3.2.3 Problem assumptions and boundary conditions 

3.2.3.1 Problem assumptions 

Setting up a CFD simulation requires making certain assumptions regarding fluid 

flow. Reasonable assumptions can lead to an accurate solution while saving computational 

time and cost. For this study, several assumptions were made based on preliminary 

simulations and experimental results [1].  

For jet impingement and droplet train impingement cases, it was vital to know the 

fluid flow regime within the impinged liquid film. Accordingly, a film Reynolds number 

was defined to characterize fluid flow within the impingement zone.  A critical Reynolds 

number value for flow over a flat plate was used as benchmark.  Film Reynolds number 

was defined as follows: 

 
𝑅𝑒𝑓𝑖𝑙𝑚 =  

𝜌𝑉𝑅
̅̅ ̅𝑅

𝜇
 

 

(4) 

𝑅𝑒𝑓𝑖𝑙𝑚 values for all the jet impingement and droplet impingement cases were 

between 410 and 3000. For flow over a flat plate,  it is known that flow becomes turbulent 

after Reynolds number values exceeds 5x105  [45].  In comparison with flat plate Reynolds 

number, 𝑅𝑒𝑓𝑖𝑙𝑚 values from the current study, it was evident that the surface flow was in 

the laminar regime. Therefore, for simulations, a laminar fluid flow model was selected 

for fluid flow within the impinged liquid film. This assumption was supported by several 

publications, which utilized similar parameters [12, 24, 35-37]. The same studies assumed 

and used a 2D axisymmetric domain for the simulations. For laminar jets, Lewis et al. [12] 

also used a 2D axisymmetric model in his numerical study. For droplets, Muthusamy [24] 
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also utilized a 2D axisymmetric models for droplet spreading and transitional cases upon 

impingement, which produced results in agreement with the experimental data sets.  

To find out if gravity and surface tension effects should be considered in the 

simulations, Froude number and Capillary numbers were calculated, as follows: 

 

 𝐹𝑟 = (
𝑉

(𝐿 ∗ 𝑔)0.5
) 

(5) 

 

 𝐶𝑎 =
𝜇 ∗ 𝑉

𝜎
 (6)   

 

where  

V = Averaged fluid velocity 

µ = Viscosity 

L = Characteristic length (droplet/jet diameter 

σ = Surface Tension 

g = gravitational acceleration 

 

For jet impingement cases, Froude number varied between 73 and 86, signifying 

that inertial forces acting on the jet were much greater than gravitational forces. Therefore, 

gravitational effects were ignored. It needs to be noted here that flow after jet impingement 

had Froude number values close to 1, esp. within impingement zone. Therefore gravity 

effects were considered for post impingement flow. Capillary number was significantly 

less than 1 for jet impingement cases. Therefore, the surface tension effects were deemed 

important. Also, this strengthened the argument that fluid flow, before and after 

impingement, would remain symmetrical. Droplet train impingement cases had similar 

values for Froude and Capillary numbers. Since surface tension effects were important 

and more dominant than viscous effects, the smooth and symmetrical droplet train was 

expected to form during the crown propagation process. 
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The only assumption related to heat transfer was that HFE-7100 did not evaporate 

at any instant during the simulation. To keep this assumption valid, heat flux values were 

selected to ensure that temperatures did not reach the saturation point of the liquid. 

3.2.3.2 Boundary conditions and initial conditions 

A 2D axisymmetric domain of the same size was selected for both liquid cooling 

techniques. This has been previously discussed in the Physical Domain section. Various 

boundary conditions were applied to the physical domain in order to simulate these 

cooling techniques. Several boundary conditions were common to both cooling 

techniques.  These conditions are detailed in Fig. 15.  

As detailed before, the fluid flow was simulated using an axisymmetric domain, 

which required an axis of rotation.  As shown in Fig. 15, the left vertical edge of the 

domain was selected as the axis of rotation. To simulate a fluid nozzle, a 75 µm face at 

the top left corner of the domain was used as boundary condition or fluid inlet, where a 

prescribed fluid velocity was imposed. The size of the face was selected to match the 

orifice diameter used by Zhang [1] in his experimental setup. In the Physical Domain 

section, a three-layered subsystem was used to represent the heater assembly, which was 

used to impose constant heat flux as in the experimental system. For this purpose, a 

volumetric heat flux of 1.9x1011 W/cm3 was applied to the 190 nm ITO solid layer. The 

upper surface of the ITO solid was defined as a solid wall with a no-slip boundary 

condition (u=0). A pressure far-field boundary condition was applied to the top surface to 

model a free-stream condition of air. The side surfaces were set to 0 Pa. At t = 0 for each 

case, a HFE-7100 liquid layer of thickness 125 µm was patched over the heated surface, 

which was within the same order of magnitude of the experimental film thickness 
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measurements. This was done to accelerate hydrodynamic convergence of both fluid 

flows. 

 

Figure 15. Fluid domain with common boundary conditions  

Aforementioned boundary conditions were common to all simulations. However, 

both cooling techniques had their respective boundary conditions as well. In the jet 

impingement cases, a uniform velocity profile was applied to the boundary defined as inlet 

to generate a jet. This led to a simulated uniform circular jet with the same diameter as the 

orifice. Zhang [1] also stated that in his experimental setup that the jet diameter was same 

as the orifice diameter. Figure 16 shows the velocity profile across the inlet face of the 

fluid domain.  A uniform velocity jet is generated as a result of this boundary condition. 
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Preliminary simulations were used to check the velocity profile of the jet just before 

impingement. Figure 16 shows the velocity profile of the jet at z/rj = 24 or 0.2 mm from 

the bottom surface (or 1.8 mm from the top surface).. A similar fluid velocity profile was 

used by Lewis et al.[12] in his comparative study of surface cooling techniques. 

 

 

Figure 16. Uniform velocity profile for Case 1 (Jet impingement – 180 ml/hr.) 

In droplet impingement, boundary conditions were applied to produce smooth and 

symmetrical droplets. There were two simulation parts including the pre-impingement 

droplet train and the post impingement flow. Experimentally, Zhang [1] used a function 

generator to create a microdispersed droplet train that did not separate or form secondary 

droplets before impingement. He adjusted the nozzle-to-surface distance and frequency of 

the generator to achieve this. For numerical simulations, creating a droplet train required 

careful application of boundary conditions to ensure accurate depiction of the 

experimentally generated droplets.  Specifically, the following boundary conditions were 

set to ensure accurate depiction of the physical droplets: 
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1) Droplet temperature:  295 K 

2) Droplet Velocity: 2.83 to 3.99 m/sec 

Muthusamy [24] used a method called square wave velocity input at the inlet face. 

He reported that droplet formation required a larger domain, which further entailed 

breaking up of droplets and loss in shape. This method was somewhat based on the 

experimental technique of Zhang [1]. Since the emphasis of the study is one fluid-surface 

interactions taking place during the post impingement phase, a couple of continuously 

patched single droplets at fixed time intervals were used to account for a complete droplet 

train, with similar pre-impingement droplet properties. This idea was materialized by 

using a time dependent patching technique [42]. Patching of fluid in numerical simulations 

means a certain amount and shape of fluid can be placed at a certain location inside the 

domain. This technique involved patching of droplets with liquid fraction of 1 for HFE-

7100 and a temperature of 295 K, after a fixed time interval. The time intervals were set 

to maintain droplet spacing and flow rate. Velocity of the droplet was also assigned, as 

required, in each case. A patched droplet is shown in Fig. 17. Three user defined 

commands were used as part of the technique to minimize computational cost. 

 

Figure 17: Volume fraction plot of droplet formed by time dependent patching scheme 

(HFE-7100 = Red, Air = Blue) 
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3.2.4 Grid generation 

A crucial part of numerical simulation is to discretize the domain into finite control 

volumes, on which, finite volume difference equations are later solved. The step of 

breaking up the domain to run a CFD simulation is called grid generation, or meshing. 

Grid generation can affect the computational cost as well as the accuracy of the results. 

Therefore, it is vital to produce a grid that is able to capture all minor details and represent 

the entire physical phenomena of the fluid flow in question. 

The physical domain for this simulation is 2 mm by 3 mm. A grid was generated 

inside the domain for that purpose. Grid type and grid spacing were the two primary 

parameters that were selected. Furthermore, Fig. 18 shows the key elements in a mesh, 

including the cell structure, cell center, cell face and grid spacing. As a common practice 

for 2D problems, either a structured (quadrilateral) or an unstructured (triangular) mesh is 

built. Structured mesh, as shown in Fig. 19, is easier to form and requires less number of 

cells to discretize the complete domain, which leads to reduced computational time. 

However, they cannot be formed in geometries with sharp acute or obtuse angles.   

       

       

       

       

       

Figure 18. 2D Computational Domain 

Cell center 

Face 

Cell  

Grid Spacing 
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Since our domain was in the shape of a rectangle, a structured quadrilateral mesh 

was selected. The second primary parameter in grid generation was grid spacing. Grid 

spacing can reduce or increase the inaccuracy in the results. A benchmark was required to 

select an initial grid spacing size.  Since one of the objectives of this study was to capture 

the liquid-air interface accurately, experimental value of film thickness was initially 

selected as a grid spacing size. Based on these two parameters, an initial mesh of 15000 

cells was used, as shown in Fig. 20. 

 

Figure 19. Structured grid for jet and droplet impingement with grid spacing of 20 µm 

As a part of grid independence study detailed in the next chapter, grid was 

successively refined. Finally, a grid with structured mesh and a grid spacing of 2 µm was 

selected for jets and a grid spacing of less than 1 µm was selected for droplet trains. 

However, these meshes millions of elements, which increased the computational cost 

significantly. To reduce computational time while maintain accuracy of results, static 

mesh adaption technique was used for jet impingement as a method  of refinement while 

for droplet cases, both static and dynamic mesh adaption techniques were used. Both of 

these techniques will be discussed in detail later [46]. 

Grid spacing – 20x10-6 m 
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3.2.5 Governing equations and solution methods 

Next step in any CFD simulation was to select and apply the correct governing 

equations. These governing equations define the fluid flow principles. They are converted 

to finite volume equations, which are solved iteratively to obtain the desired results.  

Equation (7), (8) and (9) are the continuity equation, linear momentum (Navier-Stokes 

equation) and conservation of mass (energy) equation, respectively. These are the basic 

governing equations solved in any single or multiphase flow fluid and heat transfer 

problem [46]. 

 𝜕𝜌

𝜕𝑡
+ ∇. (𝜌�⃗� ) = 0 

(7) 

 

 𝜌 [
𝜕�⃗� 

𝜕𝑡
+ (�⃗� . ∇)�⃗� ] = −∇p + ∇. 𝜏̿ + 𝜌𝑓 (8) 

 

 𝜌 [
𝜕ℎ

𝜕𝑡
+ ∇. (ℎ𝑉)⃗⃗⃗⃗ ] = −

𝐷𝑝

𝐷𝑡
+ ∇. (𝑘∇𝑇) + (𝜏̿. ∇)�⃗�  (9) 

 

For modeling the liquid-liquid multiphase flow, two approaches are available in 

the current CFD commercial codes. They are namely, the Euler-Euler approach and the 

Euler-Langragian approach. Eulerian-Langrangian approach involves the solution of 

Navier-Stokes equation for the continuum while each particle of the second phase is being 

tracked. It is generally used for dispersed flow (Small particles in a fluid inside a vortex 

separator) and is very numerically intensive. The Euler-Euler approach operates on the 

assumption that a volume occupied by one phase cannot be occupied by another. 

Therefore, a total volume fraction of one is considered throughout the domain[46] with 

each phase given its appropriate volume fraction. This concept is described as 
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interpenetrating continua [47]. The most common and widely used [13-30] multiphase 

model based on Euler-Euler approach is Volume of Fluid model. Several flow problems 

present in the literature [30-34] are solved using this model. VOF is especially 

computationally efficient as it solves one momentum equation for the whole domain. A 

volume fraction of each phase is calculated in each finite volume, and the volume fractions 

of all phases sum to unity. This calculation was also used to define an interface between 

the two phases throughout the domain. The continuity equation in the Fluent VOF model 

[47] for the qth is 

 
1

𝜌𝑞
[
𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞) + ∇. (𝛼𝑞𝜌𝑞𝑣)⃗⃗⃗⃗ ] =

1

𝜌𝑞
[∑(�̇�𝑝𝑞 −

𝑛

𝑝=1

�̇�𝑞𝑝)] (10) 

 

where α is the volume fraction and ρ is the density of the phase.  

The terms on the right hand side are for mass transfer between the phases, which 

is not considered in this problem. This equation is solved for only the primary phase, in 

this case, HFE. Volume fraction of air was calculated using the restriction, as follows: 

 ∑𝛼𝑞

𝑞=1

𝑛

= 1 (11) 

 

Since each finite volume cell is divided based on volume fraction, the material 

properties are also calculated based on the volume fraction. A general equation for all 

properties based on volume fractions is as follows 

 𝑅𝑞 = ∑𝛼𝑞𝑅𝑞 (12) 

 

where R is the material property of the qth fluid 
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 For calculating the velocity field, momentum (Navier-Stokes) equation is solved. 

In the VOF model, only one momentum equation is shared between the phases and the 

resulting velocity field is shared among the phases. The momentum equation (13), shown 

below, is dependent on the volume fractions of all phases through the properties ρ and µ.  

 
𝜕

𝜕𝑡
(𝜌𝑣 ) + ∇. (𝜌𝑣 𝑣 ) = −∇p + ∇. [𝜇(∇𝑣 + ∇𝑣 𝑇)] + ρ. g + 𝐹  (13) 

 

where F is the surface Tension force 

Last of the basic governing equations is the energy equation (14) used for heat 

transfer calculations. The VOF model energy equation treats energy and temperature as 

mass-averaged entities. This equation, like the momentum equation, is shared between 

phases. The energy of each phase is defined by the specific heat capacity of that phase and 

the mass-averaged temperature. Properties including density and thermal conductivity are 

shared by the phases as well. A source term is also a part of this equation, which is also 

used for setting up the constant flux value. Energy equation for VOF is as follows: 

 
𝜕

𝜕𝑡
(𝜌𝐸) + ∇. (𝑣 (𝜌𝐸 + 𝑝)) = ∇. (𝑘𝑒𝑓𝑓∇T) + 𝑆ℎ (14) 

 

This covers all the governing equations for multiphase flow VOF model. As 

mentioned previously, this model calculates phases within each cell and uses that to form 

an interface between two fluids. This kind of study warranted a good interfacing tracking 

method in order to correctly simulate a flow behavior, especially in the case of droplet 

impingement. VOF model’s interface tracking is based on mass conservation [24], where 

in each cell the mass is conserved while the interface is advected. This is desirable property 

of this model, which leads to its common use. However, its interface resolution is not the 
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most accurate, as it uses linear slopes to calculate the interface between two fluids using 

the piecewise-linear algorithm (PLIC), developed by Youngs [48] A much more accurate 

method for interface construction with sharper resolution is the Level-Set (LS) Method, 

also available in Fluent. A sharper interface reconstruction leads to a more accurate surface 

tension calculation, which is of critical importance in microscale two-phase flows.  LS 

method, however, has a major disadvantage of not conserving mass. Lorenzini [28] 

reported that LS method can lose up to 20% mass within a cell. To solve this problem, 

Sussman and Puckett [27] developed a combined method called CLSVOF method which 

has the desirable traits of each algorithm. In the CLSVOF model, the advection equation 

for the level-set function ϕ is incorporated (in addition to the volume fraction equation (1)) 

for the phase-tracking 

 
𝜕∅

𝜕𝑡
+ ∇. (𝑣∅) = 0 (15) 

 

Where ∅ is the level set function and v is the characteristic velocity 

This method addresses the mass loss problem of the LS algorithm and the sharper 

resolution problem of interface by using both LS and VOF values to building up interfaces. 

It used volume fractions values calculated using VOF approach and the gradient values 

from LS function   to identify the direction of the interface. The PLIC algorithm is used 

for the interface reconstruction, and after this step is completed, all of the possible 

distances from a given point to the front-cut segments are minimized to reinitialize the LS 

function. A study [28] comparing VOF and CLSVOF technique showed that VOF 

technique lead to underpredicted temperature calculations as vapor-phase in a liquid-gas 

flow become more prominent.  
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 Once the governing equations are finalized, CFD solution methods, models and 

solvers were selected in the commercial software. The geometry had solids and fluid 

zones. The fluid zones were solved with mixture as a fluid. Mixture means it can be either 

air or HFE-7100 or both. Table 7 details the solver method. 

 

Table 7. Solvers and models used in the numerical study 

 

Any CFD solution method that solves the finite volume equations iteratively can 

also impact the solution accuracy and convergence behavior. The CFD solution methods  

can have a direct effect on the pressure, velocity and temperature solutions. CFD 

commonly employs the pressure and velocity correction equations to solve for pressure 

and velocity fields using the SIMPLE Algorithm. A more refined scheme called Pressure-

implicit with splitting of operators (PISO) is employed for multiphase flow with two 

additional correction equations called neighbor and skewness corrections. For solving 

convection diffusion equation, a quadratic upwind scheme is used. This scheme is called 

QUICK scheme. It uses a quadratic law between two upstream nodes and one downstream 

node for interpolating variables in the scheme. Table 8 details the solution methods 

employed in this study. 

 

Parameters Definition 

Solver 2D-Axisymmetric, pressure-based, transient, double precision 

Viscous Model Laminar 

Energy Model Turned On 

Multiphase 

model  

Volume of Fluid with CLS turned on (Solved with explicit 

scheme) 
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Table 8. Solutions methods employed for fluid dynamics and heat transfer 

Parameters Solution Method 

Pressure-Velocity Flow field PISO 

Pressure PRESTO 

Momentum Second order Upwind, Quick 

Volume Fraction Geo-reconstruct 

Transient Formulation 
First Order Implicit 

Time Step size (1e-6 to 1e-8) 

Pressure - Under relaxation factor 0.3 

Momentum - under relaxation factor 0.7 
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3.2.6  Solution process 

The solutions were obtained using a commercial CFD code, Fluent. Since the 

solutions were transient and computationally intensive, they had to be run on the high 

performance computational research (HPRC) super computer at Texas A&M University. 

Each of the cases simulated lasted a flow time of no more than 3 seconds with a time step 

size varying from 1 µs to 0.1 nanoseconds. Convergence criteria for pressure, velocity and 

LS function in each time step are given in Table 9. 

 

Table 9. Convergence criteria for different parameters 

Parameter convergence criteria 

Velocity 1.0E-04 

Pressure 1.0E-04 

LS function 1.0E-06 

 

A relative convergence criterion was defined for the averaged temperature to 

determine convergence of the solution. It is defined as follows: 

 

(𝑇𝑖−1 − 𝑇𝑖)

𝑇𝑖−1
<  1𝑒 − 4 

 

(16) 

i – timestep  

T – Area Averaged Temperature  

 

In all four cases, an exponential decay in temperature was observed over time as 

shown in the Results and Discussion Chapter of this thesis.  



 

50 

 

3.2.7 Post Processing 

Once results were obtained from numerical simulations, they were collected and 

compiled for post-processing.  Post-processing involved analysis of the data by different 

tools including CFD-POST, Fluent post-processing and MS Excel. These included 

visualization of different parameters over spatial and temporal regimes, variation of 

different parameters over regions of importance and inference about flow and heat transfer 

from these results. 

Post impingement behavior of jet and droplet train impingement was observed and 

understood by various physical parameters.  Those parameters were averaged and used 

during the simulations to quantify the effects of impingement parameters on fluid 

hydrodynamics and heat transfer. Once the results converged, the parameters were 

extracted from the solution data. These include film thickness, temperature variation on 

the heater surface, and crater diameter. These were then compared with the experimental 

data to validate the numerical approach and results, as detailed in Chapter IV. 

To better understand the heat transfer behavior and make strong inferences from 

the data, parameters representative of flow and heat transfer behavior such as boundary 

layer, thermal boundary layer, heat transfer coefficient and the Nusselt number were 

plotted as a function of radial distance along the heater surface.  

The next chapter presented and discusses the simulation results for various cases. 
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CHAPTER IV  

RESULTS AND DISCUSSION* 

In this chapter, the simulation results for all the jet impingement and droplet train 

impingement cases are presented, and discussed based on the main objectives of the study. 

This chapter begins with a grid sensitivity study, which was conducted to ensure that the 

results were grid independent.  Two grid refinement techniques were adopted in this study, 

namely static mesh adaption and dynamic mesh adaption, which are also discussed. 

 The grid independent results obtained from the simulations were compared with 

the experimental data available in the literature [1]. A comparison is necessary to ensure 

that simulated fluid flow accurately depicts fluid and heat transfer behavior seen in the 

experiments. This was achieved by comparing experimental and numerical heat transfer 

results of both cooling techniques, along the heated surface.  

Lastly, a comparison of heat transfer behavior of jet impingement and droplet train 

impingement is presented. Superior performance of droplet impingement cooling over the 

jet impingement cooling is shown and analyzed.   

 

 

 

 

 

___________________________________________ 

"Reprinted from “Numerical and experimental investigations of crown propagation 

dynamics”, volume 57, by T. Zhang, J.P. Muthusamy, J. Alvarado, A. Kanjirakat and R. 

Sadr, 2016, Pages No., pg.24–33, Copyright 2015 with permission from Elsevier  
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4.1 Grid sensitivity and time dependence study 

A common practice in CFD studies is to perform grid sensitivity or a grid 

independence study to ensure accurate results. To ensure optimal results, the solution 

should not vary due to changes in the density of the grid. By selecting and monitoring a 

value of interest in the solution after each grid refinement, the grid dependence of the 

results can be checked. When the monitored value stops varying, or varies within an 

acceptable range, the solution is considered to be grid independent.  

4.1.1 Grid refinement 

As mentioned in the previous chapter, a structured grid was constructed in the fluid 

domain with an initial grid spacing of 20 µm. This initial grid was gradually refined as 

part of the grid independence study. Refinement of the structure mesh was done splitting 

cells into four equal parts, as shown in Fig. 20. To achieve this, the grid spacing was cut 

in half for each refinement. 

            

    

           

  

          

          

          

          

          

          

          

Figure 20. 2 by 2 refinement of structured mesh of the fluid domain 

Grid Spacing = x 

Grid Spacing = x/2 

Cell split by 2x2 refinement 
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  Grid refinement steps and the corresponding mesh sizes for the fluid domain are 

listed in Table 10. Grids with grid spacing as small as 1 µm, with a mesh element count 

of 5.9 million, were investigated as a part of the grid independence study. The grid 

refinement scheme was common to both cooling techniques since the same fluid domain 

was used for both simulations. 

Table 10. Grid spacing and mesh element count for grid refinements 

Grid spacing 

(µm) 

Mesh 

Element 

count 

20 1,500 

10 6,000 

8 93,750 

4 371,250 

2 1,490,000 

1 5,896,448 
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4.1.2 Grid independence for jet impingement cases 

For jet impingement cases, the value of interest for the grid independence study 

was the film thickness of the fluid flow within the crater. From the experimental data [1], 

film thickness value was available at a distance of 0.35 mm (r/rj = 4.67) from the center of 

the jet.  Therefore, film thickness value at this location was extracted from the CFD results 

for each grid refinement, in order to compare the value of interest with experimental data.  

Fig. 21 shows the variation of film thickness value with grid spacing. From the 

grid refinement study, it was determined that a grid spacing of 4 µm (mesh element count 

= 371,250) was sufficient. A 371250 element mesh element count was computationally 

expensive and simulations were time consuming. Therefore, an approach was sought to 

reduce the mesh element count while maintaining accuracy as describe below. 

 

Figure 21. Grid independence study for jet impingement grid with film thickness as 

value of interest 
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4.1.2.1 Static mesh adaption 

Static mesh adaption is a local mesh refinement technique commonly used in CFD 

studies. Using this technique, the mesh can be refined in regions where accurate solution 

is sought while the remainder of the mesh can be kept relatively coarse. Fig. 22 shows an 

example of static mesh adaption. A 2D mesh is refined in regions upstream and 

downstream of the cylinder to capture crucial regions of the flow accurately. 

 

Figure 22. An example of static mesh adaption and refinement in regions of interest  

 

For jet impingement cases, the hydrodynamics and heat transfer behavior from the 

stagnation point to the crater was crucial. Therefore, cells in these locations were refined 

by using a refinement region. For estimating this region, film thickness measurement of 

Zhang [1] was considered as a benchmark. Zhang [1] measured a film thickness value of 

15 μm for both jet impingement cases. A region of 8 times larger than the film thickness 

was marked as a refinement region. Fig. 23 shows the mesh with the refinement region of 

120 µm. Notice the grid spacing value of 2 µm was selected in the refinement region. This 

was done to better capture the hydrodynamic of jet impingement and thermal boundary 

layer profiles, as shown later. 
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Figure 23. Static mesh refinement region for jet impingement grid 

The mesh element count of the grid after static mesh adaption was 109,000. A grid 

formed with a grid spacing of 2 µm, without static mesh adaption, had 1.49 million 

elements. The film thickness value was same for both grids. Using static mesh adaption, 

the element count of the grid was brought down by 15 times, while maintain the accuracy 

of the results.  A grid with static mesh adaption was used for both jet impingement cases. 

  

Grid spacing  

= 8 µm 

Grid spacing  

= 2 µm 

1
2
0
 µ

m
  

R 

Z 



 

57 

 

4.1.3 Grid independence for droplet train impingement cases 

 Droplet train impingement hydrodynamics were different from jet impingement 

due to the periodic nature of flow. While jet impingement flow reached hydrodynamics 

stability after a while, droplet impingement flow varied each time a droplet impinged. 

Therefore, film thickness was not used for grid independence. Muthusamy [24] used the 

crown rim diameter for grid independence and compared the values with experimental 

results of Zhang [1]. Muthusamy [24] reduced the grid size element from 20 μm to 1 μm 

to find the optimum mesh resolution. Fig. 24 shows the grid independence trend for droplet 

impingement cases conducted by Muthusamy [24]. 

 

Figure 24: Crown rim diameter as a function of grid or element size for droplet jet 

impingement [24] 

 

Muthusamy [24] used the static mesh adaption to refine the grid in different 

regions during the droplet impingement simulations. He divided the grid into different 
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zones and set up different grid spacing values in each of them. This led to the total grid 

size of 400,000 elements. In this study, a similar refinement scheme was used for the two  

droplet cases considered in the study. Fig. 25 shows the grid refinement scheme by 

Muthusamy [24]. 

 

Figure 25: Grid Refinement scheme used by Muthusamy [24] 
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4.1.4 Time sensitivity study and CFL number 

Jet impingement and droplet impingent simulations were transient solutions and 

were set up within a domain of 6 mm2. The nozzle-to-surface distance for both cooling 

techniques was 2 mm. Therefore, to accurately capture fluid behavior and ensure that vital 

fluid movement was captured by the simulations, a correct time-step size was selected. 

For this purpose, a dimensionless constant called Courant–Friedrichs–Lewy (CFL) 

number was utilized. Equation (17) shows the CFL number.  

 

 𝐶𝐹𝐿 =
𝑢∆𝑡

∆𝑥
 (17) 

 

Where,  

u is the maximum flow velocity,  

∆𝑡 is the time step size 

∆𝑥 is the grid spacing 

 

 To ensure convergence of the numerical simulations,  the Courant number should 

be less than 1.  For this purpose, an initial time step size of 0.1 nanoseconds was used to 

run simulations and corresponding CFL numbers were checked. Based on these initial 

CFL values, a range of time step values from 1 µs to 0.1 nanoseconds were identified as 

sufficient to keep the CFL number below 1. The software, Fluent provides an option to set 

up adaptive time stepping scheme while keeping the CFL number less than 1. It requires 

a range of time step values to keep CFL number less than 1. The time step values identified 

earlier were used as input for the adaptive time stepping scheme. 
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4.2 Numerical results and validation using experimental data 

CFD simulations are perform to solve all the sets of governing equations taking 

into account heat transfer and fluid flow. Therefore, the results obtained from these 

simulations require validation using experimental data. In this study, experimental results 

obtained from Zhang [1] were available for validation for jet impingement and droplet 

train impingement. For this purpose, experimental and numerical values of averaged 

temperature profiles, Nusselt number and heat transfer coefficients for both cooling 

techniqus were compared. 

For a measure of the temperature value of the heated surface, an area averaged 

temperature was used. The experimental results were averaged over a square of 2.5 mm 

by 2.5 mm. Since the fluid domain in the CFD set up was axisymmetric, the heater model 

had a circular surface. For comparison of temperature, temperatures values from the CFD 

were averaged over an equivalent circular area. Using the area of the square (2.5 mm x 

2.5 mm) and equating it with πr2, the radius of the averaging area was found out to be 1.41 

mm.  All the CFD results shown below have temperatures averaged over a circle with a 

radius 1.41 mm.  

4.2.1 Jet impingement 

Two jet impingement cases were investigated and their results were compared with 

experimental results. Heat flux was kept constant for both cases.  The details are given in 

the Table 11.  

Table 11. Parameters of the jet impingement cases 

Case number Q (mL/h) dj (µm) Vj (m/s) Heat Flux (W/cm2) 

1 180 150 2.83 3.6 

2 210 150 3.30 3.6 
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Both of these cases were simulated until the relative convergence criterion, defined 

in the previous chapter, reached a value of 1e-4. For both cases, once this value was 

reached, the simulation was considered as converged and the results were compared with 

experimental values.  Fig. 26 shows the behavior of the convergence criterion as the 

simulation of Case 1 progressed. As the figure shows, the simulation converged after 2.6 

seconds of simulation time.  

 

Figure 26. Relative Convergence Criterion of Temperature vs Simulation Time for Jet 

Impingement Case 1 - 180 ml/hr. - 3.6 W/cm2 

 

For both jet impingement cases, a final value for the area averaged temperature 

was available from the experimental results [1]. The averaged temperature values in each 

simulation were monitored throughout. Fig. 27 shows the variation of area averaged 

temperature with flow time. As the simulation converged, the gap between experimental 

and numerical temperature values was reduced. In both jet impingement cases, numerical 

results were able to attain temperature values within 0.2 K of the experimental values.  
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Figure 27. Averaged Temperature on the heated surface vs Flow Time for Jet 

Impingement Case 1 - 180 ml./hr. - 3.6 W/cm2 
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Comparison of experimental and numerical values for each jet impingement cases is 

shown in Fig. 28 and Fig. 29, respectively. Numerical results agreed well with the 

experimental results. Averaged temperature values were found within 5% of the 

experimental data for both cases. CFD results were marginally over predicting the cooling 
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Figure 28. Temperature versus radial position comparison between Zhang [1] and CFD 

simulations - jet impingement case 1 (180 ml/hr. – 3.6 W/cm2)  
 

 

Figure 29. Temperature versus radial position comparison between Zhang [1] and CFD 

simulations - jet impingement case 2 (210 ml/hr. – 3.6 W/cm2)  
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To understand the enhancement of heat transfer behavior due to convection, the 

Nusselt number was calculated from temperature values from CFD using equation (18), 

as follows: 

 𝑁𝑢𝑑𝑜𝑟𝑓 (𝑟) =
𝑞"

𝑇(𝑟) − 𝑇0
 
𝑑𝑜𝑟𝑓

𝑘𝑙
 (18) 

Where 

𝑞" – Heat Flux  

𝑇(𝑟) - Temperature at the radial position 

𝑇0 – Initial Temperature of the fluid 

𝑘𝑙 – Thermal conductivity of the fluid 

𝑑𝑜𝑟𝑓 – Diameter of the Orifice 

 

These values were then compared with the experimental results [1] for both jet 

impingement cases. Fig. 30 and 31 show the Nusselt number variation for each jet 

impingement case from the center of the jet. As expected, Case 2 has higher Nusselt 

number values due to lower temperature values across the surface, as shown in Fig. 29. 

Nusselt numbers from CFD are slightly higher than experimental values in both cases due 

to the lower temperatures predicted by CFD.  
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Figure 30.Nusselt number versus radial position comparison of Zhang [1] and numerical 

results from CFD simulations for jet impingement case 1 (180 ml/hr. – 3.6 W/cm2)  

 

 

Figure 31. Nusselt number versus radial position comparison of Zhang [1] and numerical 

results from CFD simulations  for jet impingement case 2 (210 ml/hr. – 3.6 W/cm2)  
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The most important indicator of convective heat transfer performance is the heat 

transfer coefficient. Using the Nusselt number profiles available from CFD, heat transfer 

coefficients were calculated along the heated surface. Fig 32 and 33 show the heat transfer 

profiles of both cases. The highest heat transfer coefficient values occurs close to the 

stagnation point due to impingement. As the fluid spreads, heat transfer coefficient values 

decrease as the velocity of the fluid decreases. Due to higher flow rate, Case 2 produces 

higher heat transfer coefficient values.  

 

Figure 32. Comparison of Zhang [1] and CFD for Heat transfer coefficient variation 

along the heated surface for jet impingement case 1 (180 ml/hr. – 3.6 W/cm2)  
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Figure 33. Comparison of Zhang [1] and CFD for Heat transfer coefficient variation 

along the heated surface for jet impingement case 2 (210 ml/hr. – 3.6 W/cm2)  
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4.2.2 Droplet train impingement 

Two cases of droplet impingement cooling, with similar parameters as jet impingement, 

were investigated in this study. For droplets, the diameter of orifice was different from the 

diameter of droplet. The details of these cases are shown in Table 12. 

 

Table 12. Parameters of droplet impingement cases 

Case 

number 

Q 

(mL/h) 

dd 

(µm) 

Vd 

(m/s) 

Heat Flux 

(W/cm2) 

Weber 

Number 

3 180 237 3.52 3.6 328 

4 210 249 3.99 3.6 443 

 

Similar to jet impingement cases, the relative convergence criterion was used to 

determine convergence. The simulation was considered as converged once the criterion 

reached the value of 1e-4. The variation of the convergence criterion with flow time for 

Case 4 (210 ml/hr. – 3.6 W/cm2 – We=443) is shown in Fig. 34. 

 

Figure 34. Convergence Criteria and Relative Convergence Value of Temperature vs 

Simulation Time for Droplet Impingement Case 4 - 210 ml./hr. - 3.6 W/cm2 - We=443 
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Fig. 35 shows the variation of area averaged temperature with flow time for case 

4. A similar behavior to jet impingement simulation was observed as the gap between 

experimental and numerical temperature values reduced with flow time. Despite the 

periodic nature of this cooling technique, a smooth cooling trend is observed over time. In 

both droplet impingement cases, numerical results were able to attain temperature values 

within 0.2 C of the experimental values.  

 

Figure 35. Averaged Temperature on the heated surface vs Flow Time for Droplet 

Impingement Case 4 - 210 ml./hr. - 3.6 W/cm2  - We=443 

 

Fig. 36 and Fig. 37 show the temperature profile across the heat surface for case 3 

and case 4, respectively. Numerical results agreed well with the experimental results for 
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observed in the CFD results. CFD and experimental values are almost similar as the flow 

spread radially. A change in temperature profile due to hydraulic jump was not as evident 

in droplets compared to jumps. Compared to case 3 (180 ml/hr.), case 4 (210 ml/hr.) had 

lower temperature at the center of impingement due to higher velocity of the droplets.  

 

Figure 36. Temperature versus radial position comparison between Zhang [1] and CFD 

simulations - droplet impingement case 3 (180 ml/hr. – 3.6 W/cm2 – We=328)  

 

 

Figure 37. Temperature versus radial position comparison between Zhang [1] and CFD 

simulations - droplet impingement case 4 (210 ml/hr. – 3.6 W/cm2 – We=443)  
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Nusselt numbers were calculated and plotted for droplet impingement cases using 

Equation (18). Fig. 38 and 39 show the Nusselt number variation for each droplet 

impingement case from the center of the impingement zone, up to radial position of 1400 

μm. As expected, Case 4 has higher Nusselt number values compared to Case 3, due to 

higher flow rate and momentum. Nusselt number profiles marginally underpredicted the 

Nusselt number near the impingement zone for both cases. This is relatable to Fig. 36 and 

Fig 37, which show an over prediction of temperature values in this region. 

 

 

Figure 38. Nusselt number versus radial position comparison of Zhang [1] and numerical 

results from CFD simulations - droplet impingement case 3 (180 ml/hr. – 3.6 W/cm2 – 

We=328)  
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Figure 39. Nusselt number versus radial position comparison of Zhang [1] and numerical 

results from CFD simulations - droplet impingement case 4 (210 ml/hr. – 3.6 W/cm2 – 

We=443)  
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Figure 40. Comparison of Zhang [1] and CFD for Heat transfer coefficient variation 

along the heated surface for droplet impingement case 3 (180 ml/hr. – 3.6 W/cm2 – 

We=328)  
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Figure 41. Comparison of Zhang [1] and CFD for Heat transfer coefficient variation 

along the heated surface fore for droplet impingement case 4 (210 ml/hr. – 3.6 W/cm2 – 

We=443)  
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4.3 Comparison of Jet Impingement and Droplet Train impingement cooling 

A detailed comparison between the jet impingement and droplet train cooling was 

performed. The parameters selected for the study were similar for both cooling techniques. 

These parameters were the volume flow rate, heat flux and the orifice diameter.  Therefore, 

the results were comparable and were used to draw inferences about heat transfer 

performance. The details of these comparisons are shown in Table 13 and Table 14. 

Hydrodynamics and heat transfer behavior of both cooling techniques are compared in the 

following sections. 

Table 13. Jet impingement vs droplet impingement parameters for 180 ml/hr. 

Comparison A – 180 ml/hr. - 3.6 W/cm2 

Parameter Case 1–Jet Impingement Case 3–Droplet Impingement 

Heat Flux (W/cm2) 3.6 3.6 

Flow Rate (mL/hr.) 180 180 

Impingement velocity (m/s) 2.83 3.52 

Weber number N/A 328 

Frequency (Hz) N/A 6300 

Orifice Diameter (µm) 150 150 

Fluid Diameter (µm) 150 237 
 

Table 14. Jet impingement vs droplet impingement parameters for 210 ml/hr. 

Comparison B – 210 ml/hr. - 3.6 W/cm2 

Parameter Case 2–Jet Impingement Case 4–Droplet Impingement 

Heat Flux (W/cm2) 3.6 3.6 

Flow Rate (mL/hr.) 210 210 

Impingement velocity (m/s) 3.3 3.99 

Weber number N/A 443 

Frequency (Hz) N/A 6500 

Orifice Diameter (µm) 150 150 

Fluid Diameter (µm) 150 249 
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4.3.1 Comparison of hydrodynamics 

In order to understand the behavior of convective heat transfer, it was necessary to 

compare and understand the hydrodynamics of both cooling techniques. Hydrodynamics 

features such as film thickness, different components of film velocity and the momentum 

of the fluid after impingement is compared for both cooling techniques using CFD results.  

4.3.1.1 Film thickness 

One of the most important parameter to check and compare for both cooling 

techniques was the film thickness. The layer of fluid that forms within the crater was 

carefully studied since most of the heat transfer occurred in this region. Film thickness 

values were calculated at the HFE-air interface from the Volume Fraction contours at 

radial position of 0.35 mm, as shown in Fig. 42. This location was selected to ensure 

comparability with experimental data. Both jet impingement cases had film thickness 

values close to each other since the difference between the flow rates was not large. 

Experimental values for film thickness were also available from Zhang [1]. CFD values 

were within 3% of the experimental data.  
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Figure 42. Volume Fraction contour from CFD used to calculated film thickness for jet 

impingement cases 

 

Droplet impingement hydrodynamics was not steady and varied periodically due 

to droplet impingement at a certain frequency. Therefore, a steady film thickness was not 

observed. A volume fraction tracker was used to measure the film thickness value at radial 

position of 0.35 mm as the simulation progressed. The film thickness varied between 10 

µm and 60 µm for both droplet impingement cases. The overall averaged film thickness 

of droplet impingement cases was found to be 3 times greater than in the jet impingement 

cases. 
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4.3.1.2 Crater diameter 

Crater diameter provides an important location in both cooling techniques. It was 

found that by locating the point in the fluid where a sudden jump in fluid height is 

observed. This point is called hydraulic jump. Fig. 43 shows the hydraulic jump and the 

crater diameter for a jet impingement case.  

 

Figure 43. Location of crater diameter and hydraulic jump for jet impingement 

case 

 

Crater Diameter for Comparison A and Comparison B are shown in Table 15. 

Droplet Train impingement formed larger craters compared to jet impingement cases. This 

is due to the higher velocity and impact momenta of the droplets. 

  

Table 15. Crater diameter values from CFD results 

 Comparison A (180 ml/hr. – 3.6 

W/cm2) 

Comparison B (210 ml/hr. – 

3.6 W/cm2) 

Jet Droplet Train Jet Droplet Train 

Crater 

Diameter 

(µm) 

1381.8 2428 1773 2632 

Dcrater 

Hydraulic jump 
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4.3.1.3 Resultant velocity 

Maximum velocity of the fluid was found at the liquid-air interface. Fig 44 shows 

the location of the liquid-air interface for jet impingement. These velocities were averaged 

over time and plotted against the radial position, as shown in Fig. 45 and Fig. 46. It can be 

observed that droplet impingement flow has higher velocities, as compared to jet 

impingement, and show wider spread. This trend supports the previous finding of large 

crater diameters of droplet impingement cases as compared to jet impingement cases. For 

higher flowrates, the crater diameters were larger for both cooling methods.  

  

 

Figure 44. Liquid air interface for jet impingement – location of time averaged 

velocities 
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Figure 45. Velocity values for jet impingement and droplet impingement at the liquid-air 

interface (Comparison A - 180 ml/hr. - 3.6 W/cm2) 

 

Figure 46. Velocity values for jet impingement and droplet impingement at the liquid-air 

interface (Comparison B - 210 ml/hr. - 3.6 W/cm2) 
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4.3.1.4 Radial velocity 

Radial velocity is the dominant component of velocity for both types of cooling 

techniques. Fig. 47 and Fig. 48 show the variation of time averaged radial velocity against 

radial position for jet impingement and droplet impingement. Similar trends to resultant 

velocity are observed for both flow rates. The fluid velocity initially rises as the fluid starts 

spreading radially after the impingement. Droplet impingement results in higher fluid 

velocities close the impingement zone. As the fluid spreads out, a gradual decrease is 

observed for both cooling techniques. A smoother velocity profile is observed in jet 

impingement, as compared to droplet impingement. Droplet impingement profile show a 

similar behavior but with slight variations, signifying the periodic nature of flow. As 

expected, Fig. 47 has higher velocities due to higher flow rates 

 

 

Figure 47. Time Averaged radial velocity at the liquid-air interface for jet and droplet 

impingement cases (Comparison A - 180 ml/hr. - 3.6 W/cm2) 
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Figure 48. Time Averaged radial velocity at the liquid-air interface for jet and droplet 

impingement cases (Comparison B - 210 ml/hr. - 3.6 W/cm2) 

 

4.3.1.5 Axial velocity 

Fig. 49 and Fig. 50 show the time averaged axial velocity trends at the liquid air 

interface. As expected, the axial velocity for jet impingement dies out within 3*rj (radius 

of jet), as the fluid turns and starts flowing in the radial direction. For droplet impingement, 

the axial velocity component is much higher and spreads wider as compared to droplet 

impingement. This is due to larger diameter of the droplet, as compared to jets. After 

impingement, droplet spreads and forms a crown, which results in noticeable axial 

components of the velocity, up to the crown diameter. As the fluid reaches hydraulic jump 

in both types of fluid flow, abrupt variations in velocities were observed. Higher axial 

velocities are observed in Fig. 50 as the flow rate increases.  
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Figure 49. Time Averaged axial velocity at the liquid-air interface for jet and droplet 

impingement cases (Comparison A - 180 ml/hr. - 3.6 W/cm2) 

 

 

Figure 50. Time Averaged axial velocity at the liquid-air interface for jet and droplet 

impingement cases (Comparison B - 210 ml/hr. - 3.6 W/cm2) 
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4.3.1.6 Momentum 

Two better understand the effect of hydrodynamics on heat transfer, a time 

averaged radial momentum was calculated for both jet impingement and droplet 

impingement. For estimating time averaged radial momentum, the liquid mass associated 

with the radial element (10 μm in width) was first calculated at each discrete radial 

location, as shown in Fig. 52. 

 

Figure 51. Method for calculating the radial momentum at discrete points within the 

impingement zone for droplet train impingement. Reprinted from Muthusamy [24] 

 

The mass weighted integral of liquid volume fraction in the area of consideration 

was calculated using a custom field function using ANSYS-Fluent. Only the liquid volume 

fraction of 1 was considered for mass calculations. The resultant momentum at a particular 

time instant was calculated using equation (19): 

 𝑀(𝑟, 𝑡) =  ∫𝑚(𝑟, 𝑡). 𝑣 (𝑟, 𝑡)

𝑛

𝑖=1

 
(19) 

The elemental liquid mass and the face velocity of each cell confined between the 

wall and the corresponding liquid-gas interface were used to estimate local fluid 
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momentum. These momentum values were then time averaged over the course of each  

simulation. Fig. 52 and Fig. 53 show the momentum variation along the radial distance. It 

can be observed that as the fluid spreads radially, momentum decreases gradually. A sharp 

change in momentum is observed in the jet impingement case due to the hydraulic jump. 

Hydraulic jumps cause the fluid to slow down, thus reducing the momentum as well. As 

the flow rate increases, the momentum increase is noticeable in both jet and droplet train 

flows.  

 

 

Figure 52. Time Averaged momentum for jet impingement and droplet impingement 

cases (Comparison A - 180 ml/hr. - 3.6 W/cm2) 
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Figure 53. Time Averaged momentum for jet impingement and droplet impingement 

cases (Comparison B - 210 ml/hr. - 3.6 W/cm2) 
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4.3.2 Comparison of heat transfer behavior 

The effectiveness of each liquid impingement as a surface cooling technique is 

discussed in this section.  

4.3.2.1 Temperature profile 

Temperature profile across the heated surface for Comparison A is shown in Fig. 

54. Surfaces under the effect of droplet impingement showed lower surface temperatures 

as compared to jet impingement cases. A maximum different of 7 °C can be observed from 

Fig. 54. It can also be noted that droplet impingement formed a smoother, uniform profile 

as compared to jet impingement. Also, jet impingement profile shows a sharper gradient 

in temperature after the hydraulic jump. Similar observations were made from temperature 

profiles of comparison B, shown in Fig. 55. 

 

 

Figure 54. Comparison of temperature profiles along the heated surface for 

Comparison A (180 ml/hr. - 3.6 W/cm2) 
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Figure 55. Comparison of temperature profiles along the heated surface for Comparison 

B (210 ml/hr. - 3.6 W/cm2) 

 

4.3.2.2 Nusselt number 

Nusselt number comparison of jet and droplet impingement is shown in Fig. 56 

and Fig. 57.  The variation of the dimensionless number along the heated surface concurs 

with the temperature profile shown in Fig. 55 and Fig. 56. Highest Nusselt number values 

occur at the stagnation point, corresponding to lowest temperatures occurring in this 

region. As the fluid spread radially and fluid momentum is lost, and heat transfer reduced 

gradually. Droplet impingement has higher Nusselt numbers than jet impingement, 

indicating better heat transfer performance of the cooling technique for the same fluid 

flowrate. An increase in flow rate resulted in increase in the Nusselt number, in both 

impingement cooling techniques. However, jet impingement with higher flow rate did not 

perform as well as the droplet impingement with lower flow rate. 
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Figure 56. Nusselt number comparison for jet impingement and droplet impingement 

(Comparison A - 180 ml/hr. - 3.6 W/cm2) 

 

 

Figure 57. Nusselt number comparison for jet impingement and droplet 

impingement (Comparison B - 210 ml/hr. - 3.6 W/cm2) 
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4.3.2.3 Heat Transfer Coefficient 

Heat transfer coefficients for jet impingement and droplet impingement are shown 

in Fig. 58 and Fig. 59. Heat transfer coefficient values are higher for the droplet 

impingement case, as compared to jet impingement. Maximum difference of 35% was 

observed in heat transfer coefficient between jets and droplets in comparison A. In 

comparison B, a difference of 32% was noted. An increase in flow rate resulted in an 

increase of 10% in the heat transfer coefficient value for both, jet and droplet 

impingement.  

 

 

Figure 58. Heat transfer coefficient comparison for jet impingement and droplet 

impingement (Comparison A - 180 ml/hr. - 3.6 W/cm2) 
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Figure 59. Heat transfer coefficient comparison for jet impingement and droplet 

impingement (Comparison B - 210 ml/hr. - 3.6 W/cm2) 
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4.3.2.4 Reason for better heat transfer performance of droplet impingement cooling 

From all the previous plots, it is evident that heat transfer performance of droplet 

train impingement cooling is better than in jet impingement cooling. To gain a better 

understanding, momentum calculations, done in the previous section, were compared with 

the temperature profiles for jet impingement and droplet impingement. Fig. 60 and Fig. 

61 show the trends for jet impingement and droplet impingement. 

It can be seen from both figures that the changes in temperature profile occurs at 

locations where there is a change in momentum. In Fig 60, once the momentum drops 

after the hydraulic jump, the temperature values increase rapidly. Similar behavior can be 

observed in Comparison A and Comparison B. Therefore, it can be stated that the heat 

transfer is momentum driven in both cooling techniques. As shown previously, droplets 

have higher momentum, which leads to better heat transfer performance compared to 

droplets. A closer observation of these plot reveals how the temperature gradient depends 

on the momentum gradient. For jet impingement, the reduction in momentum is steep 

which leads to a sharper temperature rise. Droplet train impingement momentum loss is 

slower and thus results in a small temperature gradient. Similar behavior is observed in 

Fig. 61. 



 

93 

 

  

Figure 60. Averaged temperature and Averaged momentum compared for jet 

impingement case 1 (180 ml/hr. - 3.6 W/cm2) and droplet impingement case 3 (180 

ml/hr. - 3.6 W/cm2 – We=328) 

 

 

Figure 61. Averaged temperature and Averaged momentum compared for jet 

impingement case 2 (210 ml/hr. - 3.6 W/cm2) and droplet impingement case 4 (210 

ml/hr. - 3.6 W/cm2 – We=443) 
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4.3.2.5 Thermal boundary layer, hydrodynamic boundary layer and averaged film 

thickness 

Thermal boundary layer is another indicator of heat transfer performance. A thin 

boundary layer indicates better heat transfer.  For calculating thermal boundary layer 

thickness, equation (20) was used 

 𝛿𝑇𝑑𝑡 = ∫
𝑇(𝑟, 𝑧) − 𝑇𝐷

𝑇𝑤(𝑟) − 𝑇𝐷
 𝑑𝑧

𝑟𝑑/2

0

  (20) 

 

Thermal boundary layers were plotted for jet impingement and droplet 

impingement cases, as shown in Fig. 62 and Fig. 63. As expected, droplet impingement 

case had a thinner thermal boundary layer compared to jet impingement for both identical 

flow rates. This is attributed to the higher momentum of droplet impingement. 

A hydrodynamic boundary layer was used to further understand the behavior of 

fluid and heat transfer behavior. Hydrodynamic boundary layer was calculated using 

equation (21) 

 𝛿∗ = ∫ (1 −
𝑢𝑦

𝑢0
) 𝑑𝑦

∞

0

 (21) 

 

For jet impingement, the hydrodynamic boundary layer calculation showed that it 

grew up to the film thickness within r/rj < 2. Therefore, it was ideal to consider the average 

film thickness of the fluid inside the crater diameter as the hydrodynamic boundary layer. 

For both jet impingement cases, the hydrodynamic boundary layer was greater than 

thermal boundary layer within the crater. A separation occurs after the crater diameter and 

is not considered here.  
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Droplet impingement cooling had a periodic behavior; therefore the hydrodynamic 

boundary layer development was time dependent. In most instances, it reached the film 

thickness by r/rj=1.5. To simplify the study, an average film thickness was used as the 

reference for boundary layer. Thermal boundary layer of droplet stream varied between 

0~2 μm, and at least two times thinner than jet impingement boundary thermal boundary 

layer. It was also observed that difference between thermal boundary layer and film 

thickness of droplets was much larger, compared to jet impingement; however, it should 

be noted than the film thickness is highly transient in the droplet impingement case. The 

thermal boundary layer for droplet impingement cases remained low for longer period of 

time than in the jet impingement cases, and abruptly increasing once the fluid reached the 

hydraulic jump. In both cooling techniques, the thermal boundary layer is smaller than the 

hydrodynamics boundary layer, which leads a Prandtl number greater than unity, as 

expected from liquids. 
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Figure 62. Thermal boundary layer profiles for jet impingement and droplet train 

impingement (Comparison A - 180 ml/hr. - 3.6 W/cm2)  
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Figure 63. Thermal boundary layer profiles for jet impingement and droplet train 

impingement (Comparison B - 210 ml/hr. - 3.6 W/cm2) 
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CHAPTER V  

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions from comparative study of jet impingement and droplet 

impingement cooling 

The primary object of this study was to investigate and compare the heat transfer 

performance of jet impingement and droplet impingement cooling techniques.  CFD 

simulations and results obtained were validated with experimental data available from 

Zhang [1]. The CFD results were then utilized to compare the cooling techniques 

5.1.1 Concluding Remarks 

From the comparative study, following conclusions can be drawn: 

1. It was found that heat transfer performance of monodispersed droplet 

impingement was better than jet impingement for the same flow rate and 

heat flux values.  

2. Improved performance of droplet train impingement was due to the 

convective heat transfer across the surface, which was driven by fluid 

momentum. Although, at the same flow rate, droplets had a higher 

momentum due to their periodic impingement nature. 

3. A more uniform spread of temperature was observed across the heated 

surface from the droplet impingement cooling, as compared to jet 

impingement 

4. Thermal boundary layer for jet impingement was thicker than the thermal 

boundary layer for droplet impingement, indicating better heat transfer 
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from the latter. Hydrodynamic boundary layer for both impingement 

techniques was greater than thermal boundary layer. 

5. As the fluid approached the hydraulic jump, a significant decrease in radial 

velocity and momentum was observed for both cooling techniques. 

6. Highest heat transfer coefficients were observed at the center of the 

impingement zone, resulting in the lower temperatures. This region is 

defined as the stagnation zone.  

7. Axial velocities are observed close to the impingement zone as the fluid is 

turning in both fluid flows. These values gradually reduce and become 

negligible by r/rj=6. 
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5.2 Recommendation for future work 

Based on the current level of understanding and results from this present study, the 

following suggestions for future studies are proposed: 

1. Comparative studies of jets and droplets, that vary droplet parameters such as 

droplet spacing, frequency and jet impingement parameters such as nozzle 

diameter, should be performed for the same flow rates. 

2. Studies involving turbulent flows in jets and droplets at greater Reynolds 

number after impingement need to be performed to study the effect of 

turbulence on heat transfer performance. 

3. All the simulations in this study assumed that there is no phase change due to 

the lower heat flux assumption. However, future studies can explore the effects 

of higher heat flux heat transfer rates with phase change mechanisms such as 

boiling/evaporation. 

4. To better simulate practical situations, studies involving heat surface boundary 

conditions, other than constant heat flux, should be conducted.  
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