
I 
 

LIST OF FIGURES 

Figure 

No. 

Title Page 

1.1 Common Rail Diesel Fuel injection system 2 

1.2 Common Rail Diesel Fuel injector 3 

1.3 Fuel injector nozzle types 4 

1.4. Sketch of nozzle entrance that shows the cavitation inception 4 

1.5 Evolution of cavitation flow inside fuel injector nozzle 5 

1.6 Primary and secondary spray breakup 6 

1.7 Governing mechanism for primary spray break-up 7 

2.1 Cavitation observed by Nurik [9] in the transparent nozzle 12 

2.2 Comparison of hole cavitation for the enlarged (left with CN=5.5) and the 
real size (right with CN=5.4) nozzle, Arcoumanis et al. [13] 

13 

2.3 Two-dimensional throttle geometry and cavitation field using 
interferometry imaging (a, b) Winklhofer et al. [14] and (c, d) Mauger 
etal.[17] 

14 

2.4 Real size single hole transparent cylindrical nozzle (d=0.51mm, L=1mm) 
used by Payri et al. [15] 

15 

2.5 Transparent nozzle (d=0.3 mm, L=1 mm) fabricated by Selective Laser 
Etching (SLE) method to withstand 250 bar of pressure used by Kirsch et 
al. [19] 

16 

2.6 Compilation of experimental nozzle discharge coefficient. Data are 
plotted on loglog axes. Schmidt and Corradini [5] 

18 

2.7 Sketch of the atomization processes of liquid fuel injected from a nozzle, 
Reitz [64] 

24 

2.8 Spray cone angle with different cavitation flow pattern map, Abbasiasl T. 
et al. [94] 

28 

2.9 Two types of cavitation patterns obtained by shadow photography Cao T 
et al. [97] 

29 

2.10 String cavitation at selected needle lift during the SOI Gavaises et al [103] 30 

3.1 Spray breakup mechanism with KHRT instability [104] 36 

3.2 Conceptual diagram of the Two-step cavitation coupled spray breakup 
method 

40 



3.3 Schematic diagram for test set up to visualization of cavitation flow 41 

3.4 Actual image of test set up to visualization of cavitation flow 42 

3.5 Details of cavitation nozzle-1 (CN1), L= 10 mm, Wn=8mm, t=8mm 42 

3.6 Details of cavitation nozzle-2 (CN2), L= 10mm, Wn=5mm, t=2mm 43 

3.7 Schematic diagram of cavitation nozzle 3 (CN3) 44 

3.8 Development stages of the cavitation nozzle-3 (CN3) 44 

3.9 Microscopic image of the cavitation nozzle-3(CN3) 44 

3.10 Details of cavitation nozzle-4(CN4) 45 

3.11 Details of cavitation nozzle-5(CN5) 45 

3.12 Schematic diagram of test set up to visualization of spray characteristics 48 

3.13 Actual image of test set up to visualization of spray characteristics 48 

3.14 Graphic user interface of DaVinci Resolve 49 

3.15  Graphic user interphase of Autodesk Inventor 50 

3.16 Image processing steps 51 

3.17 Schematic diagram of experimental setup for biodiesel production using 
hydrodynamic cavitation   

51 

3.18 Actual image of experimental setup for biodiesel production using 
hydrodynamic cavitation 

52 

4.1 Two-dimensional throttle (transparent rectangular cross-section) 
geometry 

53 

4.2 Cavitation field capture using interferometry imaging technique [14] 54 

4.3 Computational domain with its dimension 54 

4.4 Grid generation with refinement at throttle inlet 55 

4.5 Effect of number of mesh elements on the mass flow rate of fuel 55 

4.6 Quantitative comparison of fuel mass flow rate with experimental results 56 

4.7 Comparison of the velocity profiles at 53 μm from the nozzle inlet 56 

4.8 Qualitative comparison of Liquid volume fraction with experimental 
results [14] 

58 

4.9 Volume fraction of vapor at with different of turbulence model 58 

4.10 Comparision of turbulence model based on the mass flow rate of fuel 59 



4.11 Comparison of the SS and the ZGB cavitation model based on the volume 
fraction of vapor 

60 

4.12 Comparison of the predicted mass flow rate with the Mixture and VOF 
multiphase model in the SS & ZGB cavitation model combination at 
different pressure differentials 

60 

4.13 Comparison of vapor fraction contour between the mixture and VOF 
model in conjunction with dispersed and sharp interface option at ΔP=85 
bar. 

61 

4.14 Percentage error mass flow rate of the fuel with different combinations of 
numerical models 

62 

4.15 Vapour bubble formation and its development inside the throttle at ΔP=85 
bar 

63 

4.16 Boundary condition with detail mesh geometry 64 

4.17 Effect of mesh elements on spray penetration length 64 

4.18 Spray developments compared with the experimental work 65 

4.19 Comparison of Spray tip penetration of different spray breakup models 
with experimental data 

66 

4.20 X-ray CT image at the injector's central cross [106,107] 68 

4.21 Two-dimensional axis-symmetric wireframe geometry [106, 107] 68 

4.22 Mesh generation for internal flow 69 

4.23 Mesh sensitivity study for internal flow 69 

4.24 Geometry and mesh quality for spray simulation 70 

4.25 Comparison and validation of Two-step coupled method with 
experimental and numerical work of Payri et al. [109] 

73 

4.26 Comparison of theoretical and actual mass flow rate of water at different 
injection pressure. 

74 

4.27 Macroscopic spray characteristics (a) spray tip penetration (b) spray cone 
angle (c) spray area [111] 

84 

4.28 Development of spray after start of injection (SOI) 85 

4.29 Comparison of STP with empirical model  85 

4.30 Orifice plates with different slit cross section 87 

4.31 Temperature rise with respect to time for different orifice 87 

4.32 Sample collected at every five minutes of time interval 88 



4.33 Percentage yield conversion with respect to time 88 

4.34 Waste cooking oil to Bio-diesel 89 

5.1 Winklhofer nozzle with its boundary conditions 90 

5.2 Velocity profile at a location x=0.053mm from the nozzle inlet 91 

5.3 Pressure distribution along with the axial distance 91 

5.4 Comparison of Discharge coefficient vs. Cavitation parameter with 
Nurik's theoretical model [9] 

93 

5.5 Effect of k-factor on the mass flow rate of fuel at a variable pressure 
difference 

94 

5.6 Comparison of the vapor fraction contour at different k-factor values 94 

5.7 Effect of cavitation parameter on discharge coefficient for diesel and bio-
diesel 

95 

5.8 Details of various simulation case for Spray C injector 96 

5.9 Pixel method to calculate effective diameter 97 

5.10 Quantitative comparison of the simulation result with Tahmasebi et al. 
[110] 

98 

5.11 Results contour for ECN spray C injector (Case-1) 99 

5.12 DPM concentration and velocity of spray 100 

5.13 Steps for image processing and spray cone angle 101 

5.14 Vapor fraction contour with different pressure and turbulent mode 103 

5.15 Outlet velocity at different combination of inlet and back pressure 104 

5.16 Mass flow rate at different combination of inlet and back pressure 104 

5.17 Effective outlet diameter at different combination of inlet and back 
pressure 

105 

5.18 Corrected mass flow rate at different combination of inlet and back 
pressure 

105 

5.19 Static pressure distribution along the nozzle length 107 

5.20 Liquid volume of fraction profile at nozzle outlet 108 

5.21 Velocity profile at different inlet and outlet pressure 110 

5.22 Turbulent kinetic energy profile at different inlet and outlet pressure 111 

5.23 Spray shape at different inlet and outlet pressure 112 



5.24 Cavitation coupled spray breakup 113 

5.25 MPD and SMD at different inlet and outlet pressure 114 

5.26 Different cavitation stages coupled with spray results with scaled up 
nozzle (CN 3) 

116 

5.27 Actual image of cavitation bubbles and sheet cavitation inside the nozzle 116 

5.28 Spray cone angle vs. Injection pressure (CN 3W) 117 

5.29 Injection pressure vs. Cavitation number (CN 3W) 118 

5.30 Reynolds number vs. Cavitation number (CN 3W) 118 

5.31 Cavitation number vs Characteristics length (Lc/L) 119 

5.32 Reynolds number vs Coefficient of discharge (CN 3W) 120 

5.33 Reynolds number vs Spay cone angle (CN 3W) 120 

5.34 Different stages of the cavitation for diesel fuel 121 

5.35 Pressure vs volume flow rate for water and diesel (CN 3WD) 122 

5.36 Reynolds number vs Cavitation number for Water and diesel (CN 3WD) 122 

5.37 Geometry, boundary condition and mesh details. 123 

5.38 Pressure, velocity and vapor fraction contour for CN 4 124 

5.39 Experimental results for CN 4 using water and diesel 124 

5.40 Acrylic nozzle with its dimension and mesh details 125 

5.41 Different cavitation stages coupled with spray results with scaled up 
nozzle 

126 

5.42 Effect of pressure on (a) Volume flow rate (b) Spray cone angle (c) 
Lcav/L (d) Cd 

128 

5.43 Reynolds number vs Spray cone angle (CN 5WDB) 129 

5.44 Reynolds number vs Cavitation number (CN 3WD & CN 5WDB) 130 

5.45 Comparison of CFD results with experimental image for diesel fuel 131 

5.46 Pressure distribution along the axis 132 

5.47 Velocity profile at (a) Inlet of the nozzle (b) Outlet of the nozzle 132 

5.48 Image processing steps 133 

5.49 Spray development at different injection pressure (a) 100 bar (b) 300 bar 
(c) 500 bar 

135 



5.50 Spray development for different fuels (a) Diesel (b) B20 (Tallow) (c) B20 
(WCO) 

136 

5.51 Spray tip penetration of diesel fuels at different injection pressure 137 

5.52 Spray tip penetration foe diesel, tallow & WCO (a) 150 bar (b) 300 bar 
(c) 500 bar 

138 

5.53 Spray cone angle at different time interval 138 

5.54 Calculation of SCA using two-step coupled method 1.9 

5.55 Cavitation inception and super cavitation at different L/d ratio 140 

5.56 Cavitation umber vs L/d ratio 141 



 


