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Abstract

The Direct Injection Spark Ignition (DISI) engine is a promising technology that

aims to reduce emissions and improve fuel economy, offering a viable solution to cur-

rent environmental concerns. The liquid fuel atomization and spray mixing process

in a DISI engine are crucial stages before combustion, directly impacting subsequent

events and engine performance. Fuel injection in a DISI engine typically operates at

higher pressures. The atomization process in a DISI engine may occur due to non-

flashing or flashing conditions based on the fuel temperature and chamber pressure.

Therefore, it is vital to comprehend the physics involved in the atomization process

from the start to the end of injection.

The study focuses on analyzing the spray formation in the near-nozzle region during

the early and post-injection stages of development using a single-hole direct injection

atomizer system with gasoline (G100) and ethanol-gasoline (E85) blended fuels.

The research utilized a Galilean-type beam expander and an achromatic lens in

conjunction with an LED light and a high-speed camera to observe and analyze the

microscopic details of the spray in the near-nozzle region. Additionally, a laser-based

technique was employed to investigate the macroscopic morphology of the spray and

measure parameters such as liquid penetration, cone angle, and width.

Three different shapes, spheroids, cylindrical, and steeple, were visualized experi-

mentally during the evolution of the fuel jet under different fuel injection and cham-

ber pressures. A transition in shape from the steeple-to-spheroid shape was detected.

It was observed that the velocity of the emerged jet is affected by its evolved shapes,

attributing to differences in the initial breakup characteristics and shot-to-shot vari-

ation in the spray at a given condition. The velocity of the cylindrical-shaped jet

was 14% and 42% higher than the steeple and spheroid-shaped jets, respectively.

The Rayleigh-Plesset equation describes the reason for an increase in the spheroidal-

shaped jet velocity by 84% when the chamber pressure (Pch) is reduced from 0.6 to

0.1 MPa. It was observed that the cylindrical and the steeple-shaped jets pertain to

a higher tendency to atomize during the initial stage of evolution compared to the

spheroidal jet. The average jet velocities and liquid penetrations in the near-nozzle

region for E85 and G100 were estimated.
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The post-injection liquid sheet formation near the nozzle exit was observed. Results

show that the size of the liquid sheet depends on the liquid-to-gas density ratio (ρ).

The size of the sheet for E85 fuel at ρlg of 2363 was found to be 6 mm, which was

reduced by 75 % with a reduction in ρlg by 95 %. The chamber temperature increased

from 303 K to 363 K, ρlg increased from 702 to 842, and a reduction in the liquid

sheet was observed from 2.5 mm to 1.8 mm, respectively. The necking phenomenon

of the liquid sheet was observed at the nozzle tip before the sheet detached and

disintegrated into droplets. The necking length for the E85 was compared with

gasoline fuel.

The transitional flashing jet acquired spheroid, cylindrical, and steeple shapes similar

to non-flashing sprays. An orbicular-shaped structured jet was observed during flare

flashing at 0.03 MPa chamber pressure and 363 K fuel temperature. It exhibits

rapid axial momentum, resulting in a Reynolds number of 8.0 x 104, which is 1.3

times and 2.15 times higher than the transitional and non-flashing, respectively.

Additionally, it has an estimated nucleation rate of 3.22 x 10-2 m-3s-1 using classical

nucleation theory, which is 10 times higher than the transitional flashing, leading

to improved atomization. However, spray collapse was observed under flare flashing

with a reduction in Pch, attributed to local condensation and subsequent pressure

drop in core of the spray. Under flare flashing at a fuel temperature of 403 K, the

Ohnesorge number is 2.95 x 10-3, which is 0.8 times and 0.7 times lower than the fuel

at 383 K and 363 K, respectively. The nucleation rate for flare flashing increases with

higher fuel temperature, leading to improved atomization and a reduced likelihood

of spray collapse. Post-injection spray structures in the near-nozzle show a transition

from coarse to fine and dilute to densely populated with changes in the degree of

superheating.

The macroscopic spray morphology for the flare flashing condition was compared

using different imaging techniques including laser based diffused back illumination

(DBI), LED based Mie scattered, and 1-Phase structured laser illumination pla-

nar imaging (1P-SLIPI), to demonstrate the advantage of SLIPI over conventional

imaging to identify the dense and dilute region within the spray.
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सार 

डायरेक्ट इंजेक्शन स्पार्क  इग्निशन (डीआईएसआई) इंजन एर् आशाजनर् तर्नीर् है ग्नजसर्ा उदे्दश्य 

उत्सजकन र्ो र्म र्रना और ईंधन अर्कव्यवस्था में सुधार र्रना है, जो वतकमान पयाकवरणीय ग्न ंताओ ंर्ा 

एर् व्यवहायक समाधान पेश र्रता है। डीआईएसआई इंजन में तरल ईंधन परमाणुर्रण और से्प्र ग्नमश्रण 

प्रग्निया दहन से पहले महत्वपूणक  रण हैं, जो बाद र्ी घटनाओ ंऔर इंजन रे् प्रदशकन र्ो सीधे प्रभाग्नवत 

र्रते हैं। डीआईएसआई इंजन में ईंधन इंजेक्शन आमतौर पर उच्च दबाव पर र्ाम र्रता है। 

डीआईएसआई इंजन में परमाणुर्रण प्रग्निया ईंधन तापमान और  ैम्बर दबाव रे् आधार पर गैर-

फै्लग्नशंग या फै्लग्नशंग स्थस्थग्नतयो ं रे् र्ारण हो सर्ती है। इसग्नलए, इंजेक्शन र्ी शुरुआत से अंत तर् 

परमाणुर्रण प्रग्निया में शाग्नमल भौग्नतर्ी र्ो समझना महत्वपूणक है। 

अध्ययन गैसोलीन (G100) और इरे्नॉल-गैसोलीन (E85) ग्नमग्नश्रत ईंधन रे् सार् एर्ल-छेद प्रत्यक्ष 

इंजेक्शन एटमाइज़र प्रणाली र्ा उपयोग र्ररे् ग्नवर्ास रे् प्रारंग्नभर् और इंजेक्शन रे् बाद रे्  रणो ंरे् 

दौरान ग्ननर्ट-नोजल के्षत्र में से्प्र गठन र्ा ग्नवशे्लषण र्रने पर र्ें ग्नित है। अनुसंधान ने ग्ननर्ट-नोजल के्षत्र 

में से्प्र रे् सूक्ष्म ग्नववरण र्ा ग्ननरीक्षण और ग्नवशे्लषण र्रने रे् ग्नलए एर् एलईडी लाइट और एर् उच्च गग्नत 

वाले रै्मरे रे् सार् गैग्नलग्नलयन-प्रर्ार रे् बीम ग्नवस्तारर् और एर् अिोमेग्नटर् लेंस र्ा उपयोग ग्नर्या। 

इसरे् अग्नतररक्त, से्प्र र्ी मैिोस्कोग्नपर् आरृ्ग्नत ग्नवज्ञान र्ी जां  र्रने और तरल प्रवेश, शंरु् र्ोण और 

 ौडाई जैसे मापदंडो ंर्ो मापने रे् ग्नलए एर् लेजर-आधाररत तर्नीर् र्ो ग्ननयोग्नजत ग्नर्या गया र्ा। 

ग्नवग्नभन्न ईंधन इंजेक्शन और  ैम्बर दबावो ंरे् तहत ईंधन जेट रे् ग्नवर्ास रे् दौरान प्रयोगात्मर् 

रूप से तीन अलग-अलग आरृ्ग्नतयो,ं गोलार्ार, बेलनार्ार और स्टीपल र्ी र्ल्पना र्ी गई र्ी। मीनार 

से गोलार्ार आर्ार में पररवतकन र्ा पता  ला। यह देखा गया ग्नर् उभरे हुए जेट र्ा वेग उसरे् ग्नवर्ग्नसत 

आर्ारो ंसे प्रभाग्नवत होता है, जो प्रारंग्नभर् बे्रर्अप ग्नवशेषताओ ंमें अंतर और ग्नर्सी ग्ननग्नित स्थस्थग्नत में से्प्र 

में शॉट-टू-शॉट ग्नभन्नता रे् र्ारण होता है। बेलनार्ार आर्ार रे् जेट र्ा वेग स्टीपल और गोलार्ार 

आर्ार रे् जेट र्ी तुलना में िमशः  14% और 42% अग्नधर् र्ा। 

 रेले-पे्लसेट समीर्रण गोलार्ार आर्ार रे् जेट वेग में 84% र्ी वृस्थि र्ा र्ारण बताता है जब 

 ैम्बर दबाव (Pch) 0.6 से 0.1 एमपीए तर् र्म हो जाता है। यह देखा गया ग्नर् बेलनार्ार और मीनार 

रे् आर्ार रे् जेट गोलार्ार जेट र्ी तुलना में ग्नवर्ास रे् प्रारंग्नभर्  रण रे् दौरान परमाणु बनाने र्ी 

उच्च प्रवृग्नि से संबंग्नधत हैं। E85 और G100 रे् ग्नलए ग्ननर्ट-नोजल के्षत्र में औसत जेट वेग और तरल 

प्रवेश र्ा अनुमान लगाया गया र्ा। 

vi



 

 

प्रारंग्नभर्  रण रे् दौरान जेट रे् टूटने र्ी स्थस्थग्नत र्ा वणकन र्रने रे् ग्नलए उभरे हुए तरल जेटो ं

र्ी ओहनेसॉजक और रेनॉल््डस संख्या र्ा अनुमान लगाया गया र्ा। प्रारंग्नभर्  रण रे् दौरान 2 एमपीए 

इंजेक्शन दबाव पर से्प्र 0.6 MPa Pch रे् तहत दूसरा हवा-पे्रररत बे्रर्अप ग्नदखाता है। 0.03 और 0.05 

MPa Pch रे् तहत जेट रे् ग्नलए दूसरी-पवन और परमाणुर्रण बे्रर्अप रे् बी  एर् संिमण। जेट 0.1 

MPa Pch रे् अंतगकत परमाणुर्रण ग्नवखंडन र्ा अनुभव र्रता है। इंजेक्शन रे् दबाव और  ैम्बर 

तापमान रे् प्रभाव र्ा भी अध्ययन ग्नर्या गया। 

 नोजल ग्ननर्ास रे् पास इंजेक्शन रे् बाद तरल शीट र्ा ग्ननमाकण देखा गया। पररणाम बताते हैं 

ग्नर् तरल शीट र्ा आर्ार तरल-से-गैस घनत्व अनुपात (ρlg) पर ग्ननभकर र्रता है। 2363 रे् ρlg पर E85 

ईंधन रे् ग्नलए शीट र्ा आर्ार 6 ग्नममी पाया गया, ग्नजसे ρlg में 95% र्ी र्मी रे् सार् 75% र्म ग्नर्या 

गया।  ैम्बर र्ा तापमान 303 K से बढ़र्र 363 K हो गया, ρlg 702 से बढ़र्र 842 हो गया, और तरल 

शीट में िमशः  2.5 ग्नममी से 1.8 ग्नममी र्ी र्मी देखी गई। तरल शीट र्ी नेग्नरं्ग घटना र्ो शीट रे् 

अलग होने और बंूदो ंमें ग्नवघग्नटत होने से पहले नोजल ग्नटप पर देखा गया र्ा। E85 र्ी नेग्नरं्ग लंबाई र्ी 

तुलना गैसोलीन ईंधन से र्ी गई र्ी। 

संिमणर्ालीन फै्लग्नशंग जेट ने गैर-फै्लग्नशंग से्प्र रे् समान गोलार्ार, बेलनार्ार और खडी 

आरृ्ग्नतयााँ प्राप्त र्र ली।ं 0.03 MPa Pch और 363 K ईंधन तापमान पर फे्लयर फै्लग्नशंग रे् दौरान एर् 

र्क्षीय आर्ार र्ा संरग्न त जेट देखा गया। यह तीव्र अक्षीय गग्नत प्रदग्नशकत र्रता है, ग्नजसरे् 

पररणामस्वरूप रेनॉल््डस संख्या 8.0 x 104 होती है, जो िमशः  संिमणर्ालीन और गैर-फै्लग्नशंग से 1.3 

गुना और 2.15 गुना अग्नधर् है। इसरे् अग्नतररक्त, शास्त्रीय नू्यस्थिएशन ग्नसिांत र्ा उपयोग र्रते हुए 

इसर्ी अनुमाग्ननत नू्यस्थिएशन दर 3.22 x 10-2 m-3s-1 है, जो संिमणर्ालीन फै्लग्नशंग से 10 गुना 

अग्नधर् है, ग्नजससे परमाणुर्रण में सुधार होता है। हालााँग्नर्, Pch में र्मी रे् सार् फे्लयर फै्लग्नशंग रे् तहत 

से्प्र र्ा पतन देखा गया, ग्नजसर्ा र्ारण स्थानीय संके्षपण और बाद में से्प्र रे् मूल में दबाव में ग्नगरावट र्ी। 

403 K रे् ईंधन तापमान पर फे्लयर फै्लग्नशंग रे् तहत, ओहनेसॉजक संख्या 2.95 x 10-3 है, जो िमशः  

383 K और 363 K पर ईंधन र्ी तुलना में 0.8 गुना और 0.7 गुना र्म है। उच्च ईंधन तापमान रे् सार् 

फे्लयर फै्लग्नशंग रे् ग्नलए नू्यस्थियेशन दर बढ़ जाती है, ग्नजससे परमाणुर्रण में सुधार होता है और से्प्र 

ढहने र्ी संभावना र्म हो जाती है। ग्ननर्ट-नोजल में इंजेक्शन रे् बाद र्ी से्प्र संर नाएं सुपरहीग्नटंग र्ी 

ग्नडग्री में बदलाव रे् सार् मोटे से बारीर् और पतले से घनी आबादी में संिमण ग्नदखाती हैं।  

फे्लयर फै्लग्नशंग स्थस्थग्नत रे् ग्नलए मैिोस्कोग्नपर् से्प्र आरृ्ग्नत ग्नवज्ञान र्ी तुलना अलग-अलग इमेग्नजंग 

तर्नीर्ो ंर्ा उपयोग र्ररे् र्ी गई र्ी, ग्नजसमें लेजर-आधाररत ग्नडफू्यज्ड बैर् इलू्यग्नमनेशन (DBI), 

vii



 

 

एलईडी-आधाररत माई सै्कटरेड और 1- रण संरग्न त लेजर इलू्यग्नमनेशन प्लानर इमेग्नजंग (1P-SLIPI) 

शाग्नमल हैं, ताग्नर् यह प्रदग्नशकत ग्नर्या जा सरे्। से्प्र रे् भीतर घने और पतले के्षत्र र्ी पह ान र्रने रे् ग्नलए 

पारंपररर् इमेग्नजंग पर SLIPI र्ा लाभ। 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

viii



Contents

Contents ix

List of Figures xiii

List of Tables xix

Symbols xxi

Abbreviations xxiii

1 Introduction 1

1.1 Gasoline Direct Injection Engines . . . . . . . . . . . . . . . . . . . . 1

1.2 Mechanism of the spray formation (under subcooled state or non-
flashing) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Mechanism of spray formation due to flash boiling (superheated state) 7

1.4 Outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Literature Review and Objectives 11

2.1 Literature Review and Objectives . . . . . . . . . . . . . . . . . . . . 11

2.2 Research work focuses on the reason causing emissions from GDI engines 17

ix

Certificate  i

Acknowledgements  ii

Abstract  iv

सार                      vi



Contents x

2.3 Experimental studies on the direct injection sprays under flashing
conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.4 Summary of the literature . . . . . . . . . . . . . . . . . . . . . . . . 28

2.5 Research gaps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.6 Research objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3 Methodology 33

3.1 Experimental setup for direct injection spray . . . . . . . . . . . . . . 33

3.2 Preparation of the blend and fuel properties . . . . . . . . . . . . . . 35

3.3 Experimental setup of Galilean-type beam expander for focused shad-
owgraphy images for microscopic analysis in the near-nozzle region . . 39

3.4 Experimental setup of Nd:YAG laser-based diffused back illumination
technique for macroscopic analysis of the spray . . . . . . . . . . . . . 42

3.5 Image processing of microscopic spray images in near-nozzle . . . . . 46

3.6 Image processing for macroscopic spray images . . . . . . . . . . . . 48

3.7 Sources of errors in experiments and image processing, and best prac-
tices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4 Results and Discussion 55

4.1 Microscopic analysis of the non-flashing sprays in the near-nozzle region 55

4.1.1 Evolution and initial breakup analysis of the spray in the near-
nozzle region . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.1.2 Effect of the different shapes on the jet velocity during the
initial stage . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.1.3 Near-nozzle breakup analysis using non-dimensional numbers 72

4.1.4 Average jet velocity of E85 and G100 fuel in the near-nozzle
region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.1.5 Liquid penetration of the spray in the near-nozzle region . . . 85

4.1.6 Spray cone angle in the near-nozzle region . . . . . . . . . . . 89

4.2 Quasi-steady state of the spray in the near-nozzle region . . . . . . . 91

4.3 Spray characteristics after the end of injection (post-injection) . . . . 94

4.3.1 Effect of the chamber pressure on liquid sheet formation after
the end of injection . . . . . . . . . . . . . . . . . . . . . . . 94

4.3.2 Effect of fuel density on liquid sheet formed after the end of
injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.3.3 Effect of the different injection pressures under low and high
chamber pressures . . . . . . . . . . . . . . . . . . . . . . . . 102

4.3.4 Effect of the chamber temperature on the liquid sheet formed
after the end of injection . . . . . . . . . . . . . . . . . . . . 104

4.4 Microscopic analysis during the initial disintegration stage of spray
in the near-nozzle region for flashing and non-flashing conditions . . 106

4.4.1 Effect of the injection pressure on transitional flashing . . . . 106

4.4.2 Effect of chamber pressure for flashing and non-flashing . . . 108



Contents xi

4.4.3 Effect of increase in fuel temperature for flashing and non-
flashing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.5 Analysis of the breakup regime under flashing and non-flashing sprays 115

4.5.1 Effect of the injection pressure on initial breakup for transi-
tional flashing . . . . . . . . . . . . . . . . . . . . . . . . . . 115

4.5.2 Effect of the chamber pressure on initial breakup for flashing
and non-flashing . . . . . . . . . . . . . . . . . . . . . . . . . 118

4.5.3 Effect of the fuel temperature on initial breakup for flashing
and non-flashing . . . . . . . . . . . . . . . . . . . . . . . . . 122

4.6 Macroscopic analysis of the spray morphology under flashing and non-
flashing conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.6.1 Effect of the injection pressure on morphology for transitional
flashing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.6.2 Effect of the chamber pressure on morphology of flashing and
non-flashing . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

4.6.3 Effect of the fuel temperature on morphology of flashing and
non-flashing . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

4.7 Post-injection spray morphology under flashing and non-flashing con-
ditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

4.8 Comparison of Single Phase (1P) Structured Laser Illumination Pla-
nar Imaging (SLIPI) Technique with conventional imaging techniques
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

4.9 Summary of each section from the present thesis work on microscopic
and macroscopic analysis of the spray under various engine-like oper-
ating conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

5 Conclusions 157

Scope for Future Work 163

Bibliography 165

A Appendix. Choice of sample size based on the t-test method 1

B Appendix. Pixel selection criteria for cone angle 3

C Appendix. Technical specifications of sensors and instruments 5

List of Publications 7

Brief Bio-Data of the Author 9





List of Figures

1.1 Sectional view of a GDI engine . . . . . . . . . . . . . . . . . . . . . 2

1.3 Pressure Temperature (P-T) diagram . . . . . . . . . . . . . . . . . 5

1.4 Different modes of the secondary breakup process . . . . . . . . . . . 6

1.5 Mechanism of spray formation due to flash boiling . . . . . . . . . . 8

3.1 Interface of the data acquisition of the GDI system . . . . . . . . . . 35

3.2 Experimental facility of constant volume chamber with GDI system . 36

3.3 a) Single-hole GDI atomizer with heating system b) Nozzle profile . . 36

3.4 a) Pressure temperature saturation curve for E85 fuel, b) Change in
physical properties of the pure ethanol with temperature . . . . . . . 38

3.5 Experimental facility of Galilean type beam expander for near-nozzle
magnification using LED-light . . . . . . . . . . . . . . . . . . . . . . 40

3.6 Schematic of Galilean type beam expander for near-nozzle magnifica-
tion for direct injection sprays . . . . . . . . . . . . . . . . . . . . . 41

3.7 LaVision DaVis software interface . . . . . . . . . . . . . . . . . . . 43

3.8 Experimental facility of Nd:YAG laser based diffused back illumina-
tion (DBI) technique for macroscopic analysis of spray . . . . . . . . 43

3.9 a) Schematic of the experimental setup for laser-based DBI technique
for macroscopic analysis b) Synchronization process for the laser and
camera with spray event . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.10 A qualitative comparison between a) a laser-based DBI spray image
and b) an LED-based DBI spray image to demonstrate the level of
visible detailing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.11 Image processing steps for the microscopic analysis of spray . . . . . 47

3.12 Image processing steps for the macroscopic analysis of spray . . . . . 49

4.1 Development of a) spheroid, b) cylindrical, and c) steeple-shaped
jets for E85 fuel under 0.1 MPa of chamber pressure . . . . . . . . . 57

4.2 Development of a) spheroid, b) cylindrical, and c) steeple-shaped
jets for E85 fuel under 0.6 MPa of chamber pressure . . . . . . . . . 57

4.3 Schematic of the cut-sectional of a GDI injector illustrating the for-
mation of the cylindrical, spheroidal, and steeple-shaped jet in the
near-nozzle region . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

xiii



List of Figures xiv

4.4 Evolution and disintegration process of a) spheroidal and b) cylindrical-
shaped jet for E85 fuel . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.5 Evolution and disintegration process of steeple-shaped jet for a) E85
and b) G100 fuel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.6 Time progression of the jet at various Pinj = 5 to 7 MPa, and under
Pch = 0.1 MPa for a) E85 fuel and b) G100 fuel . . . . . . . . . . . 62

4.7 Time progression of the jet at various Pinj = 5 to 7 MPa, and under
Pch = 0.6 MPa for a) E85 fuel and b) G100 fuel . . . . . . . . . . . 63

4.8 Development of the spheroid, cylindrical and steeple-shaped jet for
E85 fuel in the near-nozzle region under a) ambient and b) elevated
chamber temperatures . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.9 Temporal evolution of the steeple-shaped E85 fuel jet showing the
mechanism of disintegration takes place at the surface of the jet . . . 66

4.10 Histogram representing the occurrence of three different shapes ob-
tained from 110 repetitions for E85 fuel at Pinj = 6 MPa under Pch

= 0.1 MPa, Tch = 303 K, and Tfuel = 303 K . . . . . . . . . . . . . . 68

4.11 The near nozzle velocity of spheroidal, cylindrical, and steeple-shaped
jet for E85 fuel under Pch = 0.1 MPa at Pinj = 6 MPa, Tch = 303 K,
and Tfuel = 303 K . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.12 Schematic of the projected surfaces of the emerging jets for the spheroidal,
steeple, and cylindrical shapes along the flow direction of the spray . 70

4.13 A comparison of spheroidal jet velocity between low and high chamber
pressures for E85 fuel at Pinj = 6 MPa, Pch = 0.1 and 0.6 MPa, Tch

= 303 K, and Tfuel = 303 K . . . . . . . . . . . . . . . . . . . . . . . 72

4.14 Schematic of the bubble expansion in a spheroidal-shaped jet emerged
in a low (left) and high (right) chamber pressure . . . . . . . . . . . 73

4.15 Different break regimes in the initial atomization stage . . . . . . . . 76

4.16 Ohnesorge vs Reynolds number showing the breakup regime of E85
fuel jet in the near-nozzle region at 6 MPa Pinj under 0.1 MPa and
0.6 MPa Pch, 303 K Tch, and 303 K Tfuel . . . . . . . . . . . . . . . . 77

4.17 Visualization of the breakup regime defined from non-dimensional
numbers for different shapes of E85 fuel jet at 6 MPa of injection
pressure under low and high chamber pressures, 303 K Tch, and 303
K Tfuel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.18 Ohnesorge vs Reynolds number showing the breakup regime for the
E85 and G100 fuels jet in the near-nozzle region at different injection
pressures under 0.1 MPa Pch, 303 K Tch, and 303 K Tfuel . . . . . . . 80

4.19 The breakup regime of the jet for E85 fuel with time progression from
0.04 to 0.9 ms ASOI a) at 2 MPa Pinj, Pch ranging from 0.03 to 0.6
MPa at 303 K Tch, b) Pinj from 2 to 4 MPa, 0.1 MPa Pch at 303 K
Tch, c) Pinj from 2 to 4 MPa, 0.6 MPa Pch at 303 K Tch, and d) 4
MPa Pinj, 0.1 MPa Pch, at Tch ranging from 303 to 363 K . . . . . . 81



List of Figures xv

4.20 Average jet velocity at various Pinj = 5, 6 and 7 MPa for a) E85 fuel
under Pch = 0.1 MPa, b) G100 fuel under Pch = 0.1 MPa, c) E85 fuel
under Pch = 0.6 MPa, and d) G100 fuel under Pch = 0.6 MPa. The
standard deviation of five repeated experiments is used to calculate
the error bars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.21 Liquid penetration of spray at various Pinj = 5, 6 and 7 MPa for a)
E85 fuel under Pch = 0.1 MPa, b) G100 fuel under Pch = 0.1 MPa,
c) E85 fuel under Pch = 0.6 MPa, and d) G100 fuel under Pch = 0.6
MPa. The standard deviation of five repeated experiments is used to
calculate the error bars (shaded region) . . . . . . . . . . . . . . . . 87

4.22 Liquid penetration of E85 fuel a) at 2 MPa Pinj, under Pch ranging
from 0.03 MPa to 0.6 MPa at 303 K Tch, b) Pinj at 3 and 4 MPa
under 0.1 and 0.6 MPa Pch at 303 K Tch, and c) at 4 MPa Pinj under
0.1 MPa Pch at Tch ranging from 303 K to 363 K. The error bars
(shaded region) represent the standard deviation obtained from five
repetitions for the operating condition . . . . . . . . . . . . . . . . . 88

4.23 Spray cone angle of E85 fuel a) at 2 MPa Pinj, under Pch ranging
from 0.03 MPa to 0.6 MPa at 303 K Tch, b) Pinj at 3 and 4 MPa
under 0.1 and 0.6 MPa Pch at 303 K Tch, and c) at 4 MPa Pinj under
0.1 MPa Pch at Tch ranging from 303 K to 363 K. The error bars
(shaded region) represent the standard deviation obtained from five
repetitions for the operating condition . . . . . . . . . . . . . . . . . 90

4.24 The spray morphology in the quasi-steady state of the E85 fuel at 2
MPa Pinj for ρlg of a) 2363 (Pch 0.03 MPa), b) 1418 (Pch 0.05 MPa),
c) 702 (Pch 0.1 MPa), and d) 116 (Pch 0.6 MPa) at 303 K Tch . . . . 93

4.25 Development of the liquid sheet post-injection of E85 fuel at 2 MPa
Pinj for ρlg of a) 2363, b) 1418, c) 702, and d) 116 at 303 K Tch . . . 97

4.26 A comparison of the formation and disintegration of the liquid sheet
post-injection at 2 MPa Pinj for ρlg of a) 2363 for E85 fuel, b) 2242
for G100 fuel, c) 1418 for E85 fuel, and d) 1345 for G100 fuel at 303
K Tch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.27 Description of the effect of ρlg and chamber pressure on reduction in
length of the liquid sheet formed post-injection at 2 MPa Pinj for E85
and G100 fuels at 303 K Tch, given at 0.35 ms AEOI . . . . . . . . . 100

4.28 Development of the liquid sheet post-injection of E85 fuel at Pinj

ranging from 2 to 4 MPa under 0.1 MPa Pch at 303 K Tch . . . . . . 103

4.29 Development of the liquid sheet post-injection of E85 fuel at Pinj

ranging from 2 to 4 MPa under 0.6 MPa Pch at 303 K Tch . . . . . . 103

4.30 Development of the liquid sheet post-injection of E85 fuel at 4 MPa
Pinj under 0.1 MPa Pch at Tch ranging from 303 K to 363 K . . . . . 105

4.31 Temporal evolution of transitional flashing spray in the near-nozzle
region at different injection pressures a) 5 MPa Pinj, b) 6 MPa Pinj,
and c) 8 MPa Pinj at 363 K Tfuel under 0.07 MPa Pch . . . . . . . . . 107



List of Figures xvi

4.32 Temporal evolution of flashing and non-flashing sprays in the near-
nozzle region at different chamber pressures a) 0.03 MPa Pch, b) 0.07
MPa Pch, and c) 0.6 MPa Pch at 363 K Tfuel at 5 MPa Pinj . . . . . . 109

4.33 Temporal evolution of spray in the near-nozzle region at different fuel
temperatures a) 363 K Tfuel, 0.07 MPa Pch, b) 383 K Tfuel, 0.07 MPa
Pch, c) 403 K Tfuel, 0.07 MPa Pch, d) 363 K Tfuel, 0.6 MPa Pch, and
e) 383 K Tfuel, 0.6 MPa Pch at 5 MPa Pinj . . . . . . . . . . . . . . . 113

4.34 The repeated occurrence of the formation of protruded ligament ahead
of the main jet during flare flashing at 5 MPa Pinj, for 0.07 MPa Pch,
and at 403 K Tfuel . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

4.35 Breakup regime for the jets at different injection pressures of 5, 6 and
8 MPa under 0.07 MPa Pch at 363 K Tfuel . . . . . . . . . . . . . . . 116

4.36 Histogram showing the occurrence of spheroidal, cylindrical, steeple-
shaped jets at different injection pressures 5, 6 and 8 MPa under 0.07
MPa Pch at 363 K Tfuel . . . . . . . . . . . . . . . . . . . . . . . . . 117

4.37 Breakup regime for the jets at different chamber pressures 0.03, 0.07
and 0.6 MPa at 5 MPa Pinj and 363 K Tfuel . . . . . . . . . . . . . . 119

4.38 Influence on air entrainment during quasi-steady state due to change
in the chamber pressures a) 0.03, b) 0.07, and c) 0.6 MPa at 5 MPa
Pinj and 363 K Tfuel . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

4.39 Breakup regime for the jets at different fuel temperatures of 363 K,
383 K, and 403 K under 0.07 MPa Pch, fuel temperature of 363 K and
383 K under 0.6 MPa Pch at 5 MPa Pinj . . . . . . . . . . . . . . . . 123

4.40 Influence on air entrainment during quasi-steady state at different fuel
temperatures of a) 363 K, b) 383 K, and c) 403 K under 0.07 MPa
Pch at 5 MPa Pinj . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.41 Macroscopic morphology of the spray using laser-based DBI technique
for different injection pressures a) 5 MPa Pinj, b) 6 MPa Pinj, and c)
8 MPa Pinj for 0.07 MPa Pch at 363 K Tfuel . . . . . . . . . . . . . . 127

4.42 Influence of the injection pressure under 0.07 MPa Pch and 363 K Tfuel

on a) liquid penetration, b) cone angle, and c) spray width . . . . . 128

4.43 Macroscopic morphology of the spray using laser-based DBI technique
under different chamber pressures a) 0.03 MPa Pch, b) 0.07 MPa Pch,
and c) 0.6 MPa Pch for 363 K Tfuel at 5 MPa Pinj . . . . . . . . . . . 131

4.44 Physics of spray collapse due to plume-to-plume merging in multi-hole
injector for flash boiling . . . . . . . . . . . . . . . . . . . . . . . . . 132

4.45 The repeated occurrence of spray collapse during flare flashing at 5
MPa Pinj, for 0.03 MPa Pch, and at 363 K Tfuel . . . . . . . . . . . . 133

4.46 Influence of the chamber pressure on a) liquid penetration, b) cone
angle, and c) spray width for 363 K Tfuel at 5 MPa Pinj . . . . . . . 134



List of Figures xvii

4.47 Macroscopic morphology of the spray using laser-based DBI technique
under different fuel temperatures of a) 363 K Tfuel, 0.07 MPa Pch, b)
383 K Tfuel, 0.07 MPa Pch, c) 403 K Tfuel, 0.07 MPa Pch, d) 363 K
Tfuel, 0.6 MPa Pch, and e) 383 K Tfuel, 0.6 MPa Pch at 5 MPa Pinj . 136

4.48 Influence of the fuel temperature on a) liquid penetration, b) cone
angle, and c) spray width under 0.07 MPa Pch and 0.6 MPa Pch at 5
MPa Pinj . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

4.49 Post-injection spray dynamics at different injection pressures a) 5
MPa Pinj, b) 6 Pinj, and c) 8 Pinj for 363 K Tfuel under 0.07 MPa Pch 140

4.50 Post-injection spray dynamics under different chamber pressures a)
0.03 MPa Pch, b) 0.07 MPa Pch, and c) 0.6 MPa Pch for 363 K Tfuel

at 5 MPa Pinj . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

4.51 Post-injection spray dynamics at different fuel temperature a) 363 K
Tfuel, b) 383 K Tfuel, and c) 403 K Tfuel at 5 MPa Pinj under 0.07 MPa
Pch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

4.52 The complete regime of the spray, including microscopic near-nozzle
spray and macroscopic spray images, during flare flashing at 5 MPa
Pinj, for 0.03 MPa Pch, and 363 K . . . . . . . . . . . . . . . . . . . 143

4.53 Experimental setup for LED-based Mie scattered imaging technique 145

4.54 a) Actual experimental setup for 1P SLIPI technique b) Schematic
of SLIPI arrangement for spray diagnostic studies . . . . . . . . . . . 149

4.55 Methodology to post-process the SLIPI images . . . . . . . . . . . . 150

4.56 Comparison of flare flash boiling spray injected at Pinj = 12 MPa,
Pch = 0.03 MPa, Tfuel = 363 K, Tch = 303 K, = 0.06, injection dura-
tion 1 ms, from different imaging techniques a) Modulated spray im-
age, b) processed 1P-SLIPI image, c) conventional LED light-based
Mie-scattering image, and d) laser-based DBI image . . . . . . . . . 151

A.1 T-test curve for the minimum number of sample size . . . . . . . . . 2

B.1 Effect of selecting different pixel values (25, 50, and 100) on the spray
surface under chamber pressure of 0.1 MPa when using “linfit” during
image processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

B.2 Effect of selecting different pixel values (25, 50, and 100) on the spray
surface under chamber pressure of 0.6 MPa when using “linfit” during
image processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4





List of Tables

1.1 Different modes of breakup when Oh<0.1 . . . . . . . . . . . . . . . . 7

2.1 Literature highlights the internal and near-nozzle sprays . . . . . . . 14

2.1 Literature highlights the internal and near-nozzle sprays (continued) . 15

2.1 Literature highlights the internal and near-nozzle sprays (continued) . 16

2.2 Highlight of research on GDI sprays focusing on atomization and emis-
sions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2 Highlight of research on GDI sprays focusing on atomization and emis-
sions (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.1 Operating parameters of the spray under non-flashing conditions for
microscopic near-nozzle study during start and post-injection stages
for 1.5 ms of injection duration (Repetitions, 5 times each condition
based on t-test Fig. A.1 , and 110 times a specific condition) . . . . 35

3.2 Operating parameters of the spray under flashing and non-flashing
conditions for microscopic analysis in the near-nozzle study during
start and post-injection stages, and macroscopic analysis of the spray
for 1 ms of injection duration (Repetitions 10 times each condition
based on t-test Fig. A.1) . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.3 Physical properties of the test fuels . . . . . . . . . . . . . . . . . . . 37

3.4 Pressure ratio and subcooling/superheating for different thermal states
for E85 injected at 5 MPa . . . . . . . . . . . . . . . . . . . . . . . . 39

3.5 Camera settings adopted in the current study when used with Galilean
beam expander technique used for non-flashing and flashing near-
nozzle study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.6 Camera settings for laser-based DBI imaging . . . . . . . . . . . . . 44

4.1 Density of the chamber gas (p=ρRT) . . . . . . . . . . . . . . . . . . 94

4.2 Key highlights of each section from the present thesis . . . . . . . . . 152

4.2 Key highlights of each section from the present thesis (continued) . . 153

4.2 Key highlights of each section from the present thesis (continued) . . 154

4.2 Key highlights of each section from the present thesis (continued) . . 155

4.2 Key highlights of each section from the present thesis (continued) . . 156

C.1 Piezoresistive pressure transducer . . . . . . . . . . . . . . . . . . . . 5

xix



List of Tables xx

C.2 Thermocouples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

C.3 Digital Air-Pressure Sensor . . . . . . . . . . . . . . . . . . . . . . . 6

C.4 High-Speed Camera . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

C.5 Nd:YAG Laser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

C.6 LED Light . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6



Symbols

Θ Non-dimensional surface tension

θ Spray cone angle

µ Dynamic viscosity

ν Kinematic viscosity

ρlg Liquid-to-gas density ratio

ρg Gas density

ρl Liquid density

ρv Vapor density

σ Surface tension

cp Specific heat at constant pressure

d Nozzle diameter

hlv Latent heat of vaporization

JCNT Nucleation rate

kb Boltzmann Constant

M Molar mass

NA Avogadro number

Pch Chamber pressure

Pinj Fuel injection pressure

Psat Saturation pressure

Rel Reynolds number (liquid)

Rp Pressure ratio

∆T Degree of superheating/subcooling

Tch Chamber temperature

Tfuel Fuel temperature

Vjet Velocity of the jet in near-nozzle

xxi



Symbols xxii

Wel Weber number (liquid)

Weg Weber number (gas)

U Jet velocity



Abbreviations

AEOI After the end of injection

ASOI After the start of injection

DBI Diffused back illumination

DISI Direct injection spark ignition

E85 85% by volume ethanol and 15% by volume gasoline

G100 Pure gasoline (commercial)

GDI Gasoline direct injection

Ja Jackob number

KH Kelvin-Helmholtz

LDM Long-distance microscope

Oh Ohnesorge number

PAHs Polycyclic aromatic hydrocarbons

PM Particulate matter

RT Rayleigh-Taylor

1P-SLIPI 1-Phase structured laser illumination planar imaging

SMD Sauter mean diameter

UBHCs Unburnt hydrocarbons
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