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Abstract 

Reactivity controlled compression ignition (RCCI) engine is a dual fuel combustion 

technology to realize multi-order reduction in oxides of nitrogen (NOx) and soot emissions, 

while achieving higher thermal efficiency. RCCI engine is based on a “unified engine” 

concept where the benefits of both high compression ratio stratified compression ignition 

operation and partial premixing can be simultaneously harnessed. RCCI combustion is 

realized by creating a partially premix and partially stratified in-cylinder mixture with fuels 

of opposing cetane rating or reactivity, as constituents. RCCI technology in standalone and 

hybrid mode can both complement and compete with the battery electric vehicles. 

Furthermore, RCCI technology also presents a suitable proposition to utilize various 

potential high and low cetane rating alternative fuels. In the present work, efforts were made 

towards four major directions in RCCI engine research.  

Firstly, an attempt was made to retrofit a low-cost and mass use stationary diesel engine to 

operate in multi-fuel RCCI mode using gasoline, enriched biogas, and anhydrous ethanol as 

premix low cetane fuels (lcf) along with diesel as the common stratified high cetane fuel 

(hcf). Necessary instrumentation and combustion diagnostics were developed.  

Secondly, experiments were conducted at various injection timings of diesel (θsoi), low 

cetane fuels energy share (ES) and engine loads. The ES was restricted to 60% for gasoline 

and 70% for enriched biogas to avoid the need of exhaust gas recirculation (EGR). For 

ethanol, limited experiments were conducted up to 50% ES. The injection timings (θsoi) were 

varied from 10°CA bTDC to 25°CA bTDC for gasoline-diesel RCCI. For enriched biogas-

diesel RCCI, the same was little advanced between 12°CA bTDC to 27°CA bTDC to exploit 

the lower reactivity of the enriched biogas. The engine brake mean effective pressure 

(BMEP) sweep was between 0.953 bar to 4.271 bar. Experimental results suggested that 

increase in lcf energy share led to significant decline in NOx and soot emissions for both 
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advanced and retarded θsoi. However, for retarded θsoi, high cyclic variations and rapid drop 

in combustion efficiency was witnessed, thereby restricting the upper limit of the lcf energy 

share. Furthermore, lower reactivity of lcf such as enriched biogas induced stronger cyclic 

variations at retarded θsoi compared to gasoline. However, at advanced θsoi, lower reactivity 

of the enriched biogas as lcf was found to be beneficial with no knocking symptoms. 

Similarly, at lower engine loads, enriched biogas induced more cyclic variations than 

gasoline in RCCI mode.  The lower reactivity of the lcf was found to be an enabler towards 

load range extension in RCCI engines without the need of EGR. Experimental findings and 

literature indicated the need to carve out an optimal window for preferred RCCI benefit.  

Thirdly, a genetic algorithm (GA) based multiobjective optimization was carried out. The 

experimental findings were used to develop high fidelity parametric maps using supervised 

learning based artificial neural networks (SNN). The chosen objective functions for the 

optimization were the emissions of NOx, coefficient of variation of indicated mean effective 

pressure (COVIMEP) and combustion efficiency (ηcomb). The fidelity of the SNN parametric 

maps to capture experimental trends was found to be satisfactory. Based on the GA based 

multiobjective optimization, maximum energy share utilization and  maximum pressure rise 

rate (MPRR) limits, the optimal θsoi was chosen to be 20°CA bTDC for gasoline as lcf and 

22°CA bTDC for enriched biogas as lcf in RCCI mode. For load sweep operations at fixed 

optimal θsoi, suitable energy shares were also proposed.  

Finally, the RCCI experimental data was used to design, develop and test of three 

independent mathematically evolved control models to address the RCCI engine “control of 

combustion” problem. The first control model involved a pure machine learning based 

black-box approach. The second control model was developed by integrating trained 

random forest (RF) machine learning and SNN to combustion physics-derived modified 

Livengood–Wu integral, parametrized double-Wiebe function, auto-ignition front 
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propagation speed based correlations, and residual gas fraction model. The third control 

model was developed by combining a stochastic pressure cycle reconstruction based tailored 

double-Wiebe function and RF machine learning to predict both the average and cyclic 

variation trends of combustion metrics. The last two control models were named as grey-

box hybrid and quasi-white-box hybrid models, respectively. The objective of all the three 

control models were to predict the condition dependent combustion metrics, viz. peak 

pressure (PP), IMEP, MPRR, crank angles of occurrence for start of combustion (θsoc), 50% 

mass fraction burnt (θ50) and burn duration (θBD) across various RCCI operating regimes. A 

superior predictive capability of the proposed control models can provide a low-cost model 

driven control alternative against the expensive in-cylinder pressure sensor based feedback 

control in RCCI engines.   

Results from the black-box model showed an error mean and standard deviation (µerr ± σerr) 

of -0.0465±1.664 bar, 0.00056±0.222 bar, -0.0001±0.2263 bar/°CA, -0.0071±0.68°CA, -

0.0217±1.07°CA and -0.0346±2.14°CA for the predictions of PP, IMEP, MPRR, θsoc , θ50 

and θBD respectively for gasoline-diesel RCCI. For grey-box hybrid model the values were 

0.3633±1.76 bar, -0.0239±0.22 bar, 0.0069±0.27 bar/°CA, 0.0554±0.71°CA, -

0.0848±1.14°CA and 0.0180±1.93°CA in the same order. For quasi-white-box hybrid 

model, the values stood at 0.1283±1.94 bar, -0.0004±0.28 bar, 0.0043±0.23 bar/°CA, 

0.0460±0.67°CA, 0.0103±1.05°CA and 0.0477±2.16°CA for the aforementioned 

combustion metrics in the same order. The cyclic variation sensitivity of the quasi-white-

box hybrid predictive model was found to be comparable with the black-box model. Similar 

trends were also observed for enriched biogas-diesel RCCI operations.  

Keywords:  Artificial neural network; auto-ignition front speed; combustion metrics; 

control models; cyclic variations; double-Wiebe function; energy share; genetic algorithm; 

Livengood–Wu integral ; Pareto front; random forest machine learning; RCCI etc.  
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सार 

प्रतितियाशीलिा तियंतिि संपीड़ि प्रज्वलि (RCCI) इंजि उच्च िापीय दक्षिा प्राप्त करिे हुए 

िाइट्र ोजि ऑक्साइड (NOx) और कातलख उत्सजजि में भारी कमी करिे के तलए एक उन्नि िकिीक 

है। RCCI एक "एकीकृि इंजि" अवधारणा पर आधाररि है जहां िापीय दक्षिा लाभ के तलए स्तरीकृि 

संपीड़ि प्रज्वलि के साथ उच्च संपीड़ि अिुपाि के साथ-साथ NOx और कातलख उत्सजजि में कमी के 

तलए आंतशक पूर्व-मिश्रण के लाभ प्राप्त तकए जा सकिे हैं। RCCI दहि को घट्क के रूप में परस्पर 

तवरोधी तसटे्ि रेतटं्ग या प्रतितियाशीलिा के ईंधि के साथ आंतशक पूर्व-मिश्रण और आंतशक स्तरीकृि 

इि-तसलेंडर तमश्रण बिाकर महसूस तकया जािा है। स्टैंडअलोन और हाइमिड िोड िें RCCI तकनीक 

बैटरी इलेक्ट्रिक र्ाहनोों के पूरक और प्रमतस्पर्ाव दोनोों कर सकती है । इसके अलावा, RCCI प्रौद्योतगकी 

तवतभन्न संभातवि उच्च और तिम्न सीटे्ि रेतटं्ग वैकल्पिक ईंधि का उपयोग करिे के तलए उपयुक्त है। 

विजमाि कायज में RCCI इंजि अिुसंधाि में चार प्रमुख तदशाओ ंकी ओर प्रयास तकया गया। 

सबसे पहले, पूर्व-मिश्रण के तलए कम तसटे्ि ईंधि (एलसीएफ) के रूप में गैसोलीि, समृद्ध बायोगैस, 

और तिजजल इथेिॉल एबों स्तरीकृि संपीड़ि प्रज्वलि के मलए डीज़ल को उच्च सीटेन ईोंर्न (एचसीएफ) 

के रूप में चुना गया। आर्श्यक उपकरण और दहन मनदान मर्कमसत मकए गए थे। एलसीएफ ऊर्ाव 

महसे्सदारी (ES), इोंर्न लोड और मर्मभन्न डीर्ल इोंरे्क्शन सिय (θsoi) पर प्रयोग मकए गए। एग्जॉस्ट 

गैस रीसरु्क्वलेशन (EGR) की आर्श्यकता से बचने के मलए ES को गैसोलीन के मलए 60% और सिृद्ध 

बायोगैस के मलए 70% तक सीमित रखा गया। इथेनॉल के मलए, 0% से 50% ईएस के मलए सीमित 

प्रयोग मकए गए। गैसोलीन-डीर्ल RCCI के मलए θsoi 10°CA bTDC से 25°CA bTDC तक मभन्न था। 

सिृद्ध बायोगैस की कि प्रमतमियाशीलता का फायदा उठाया गया तथा θsoi को 12 °CA bTDC से 27 

°CA bTDC के बीच थोडा आगे मकया गया। इोंर्न िेक िीन इफेक्ट्रर् पे्रशर (BMEP) 0.953 बार से 

4.271 बार के बीच था। प्रायोमगक पररणािोों ने सुझार् मदया मक एलसीएफ ऊर्ाव महसे्सदारी िें रृ्क्ट्द्ध से 

आगे और िोंद दोनोों θsoi के मलए NOx और कामलख उत्सर्वन िें भारी मगरार्ट आई। हालाोंमक, िोंद θsoi 
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के मलए, उच्च चिीय मभन्नताएों  और दहन दक्षता िें तेर्ी से मगरार्ट देखी गई, मर्ससे एलसीएफ ऊर्ाव 

महसे्स की ऊपरी सीिा सीमित हो गई। इसके अलार्ा, कि प्रमतमियाशीलता एलसीएफ रै्से सिृद्ध 

बायोगैस ने गैसोलीन रै्से उच्च प्रमतमियाशीलता एलसीएफ की तुलना िें िोंद θsoi पर उच्चतर चिीय 

मभन्नता का प्रदशवन मकया। हालाोंमक, डीर्ल θsoi आगे होने पर सिृद्ध बायोगैस की एलसीएफ के रूप 

िें कि प्रमतमियाशीलता को मबना मकसी असािान्य नॉमकों ग के बगैर लाभकारी पाया गया। इसके 

मर्परीत, गैसोलीन िें हले्क नॉमकों ग र्ाले लक्षण मदखाई मदए। इसी तरह, कि इोंर्न भार पर, सिृद्ध 

बायोगैस ने RCCI िोड िें गैसोलीन की तुलना िें अमर्क चिीय मभन्नताएों  मदखाये । एलसीएफ की कि 

प्रमतमियाशीलता ईर्ीआर की आर्श्यकता के मबना RCCI इोंर्नोों िें लोड रेंर् मर्स्तार की मदशा िें 

अनुकूल पाई गई। प्रायोमगक अध्ययनोों ने अमर्कति RCCI लाभ के मलए एक इष्टति ऑपरेशन मर्ोंडो 

तैयार करने की आर्श्यकता का सोंकेत मदया। पैरािीमटिक अनुकूलन के मलए एक आनुर्ोंमशक 

एल्गोररथि (र्ीए) आर्ाररत बहुउदे्दश्यीय अनुकूलन मकया गया था। 

प्रयोगात्मक मनष्कर्षों का उपयोग पयवरे्मक्षत मशक्षण आर्ाररत कृमिि तोंमिका नेटर्कव  (एसएनएन) का 

उपयोग करके उच्च मनष्ठा पैरािीमटिक िानमचि मर्कमसत करने के मलए मकया गया। अनुकूलन के 

उदे्दश्य कायव NOx, सोंकेमतत िाध्य प्रभार्ी दबार् (COVIMEP) और दहन दक्षता (ηcomb) की मभन्नता का 

गुणाोंक थे। प्रयोगात्मक प्ररृ्मियोों को पकडने के मलए एसएनएन पैरािीमटिक िानमचिोों की मनष्ठा 

सोंतोर्षर्नक पाई गई। र्ीए आर्ाररत बहुउदे्दश्यीय अनुकूलन, अमर्कति ऊर्ाव महसे्सदारी उपयोग 

और अमर्कति दबार् रृ्क्ट्द्ध दर सीिाओों के आर्ार पर, इष्टति θsoi गैसोलीन के मलए एलसीएफ के 

रूप िें 20°CA bTDC और सिृद्ध बायोगैस के मलए 22 °CA bTDC चुना गया। RCCI िोड िें 

एलसीएफ मनयत इष्टति θsoi पर लोड सोंचालन के मलए, उपयुक्त ऊर्ाव शेयरोों का भी प्रस्तार् मकया 

गया। अोंत िें, RCCI प्रयोगात्मक डेटा का उपयोग दहन सिस्या के RCCI इोंर्न मनयोंिण को सोंबोमर्त 

करने के मलए तीन स्वतोंि गमणतीय रूप से मर्कमसत मनयोंिण िॉडल के मडर्ाइन, मर्कास और परीक्षण 

के मलए मकया गया। पहले मनयोंिण िॉडल िें एक शुद्ध िशीन लमनिंग आर्ाररत बै्लक-बॉक्स दृमष्टकोण 
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शामिल था। दूसरा मनयोंिण िॉडल प्रमशमक्षत यादृक्ट्िक र्न (आरएफ) िशीन लमनिंग और एसएनएन 

को दहन भौमतकी-वु्यत्पन्न सोंशोमर्त मलरे्नगूड-रू् इोंटीग्रल, पैरािीमटिज्ड डबल-मर्बे फों क्शन, 

ऑटोइमिशन फ्रों ट प्रोपेगेशन स्पीड आर्ाररत सहसोंबोंर्, और अर्मशष्ट गैस अोंश िॉडल को एकीकृत 

करके मर्कमसत मकया गया। तीसरा मनयोंिण िॉडल दहन िेमटिक्स के औसत और चिीय मभन्नता 

प्ररृ्मियोों दोनोों की भमर्ष्यर्ाणी करने के मलए एक अनुरूप डबल र्ीबे फों क्शन (डी-डबू्ल्य) और 

आरएफ िशीन लमनिंग को मिलाकर मर्कमसत मकया गया। मपछले दो मनयोंिण िॉडल को ििशः  गे्र-

बॉक्स हाइमिड और अर्व-सफेद-बॉक्स हाइमिड िॉडल के रूप िें नामित मकया गया। सभी तीन 

मनयोंिण िॉडल का प्राथमिक उदे्दश्य चयमनत क्ट्थथमत पर मनभवर इन-मसलेंडर दहन िेमटिक्स अथावत, पीक 

पे्रशर (पीपी), आईएिईपी, एिपीआरआर, दहन की शुरुआत के मलए िैं क एों गल्स (θsoc), 50% िास 

फै्रक्शन बनव (θ50) और बनव अर्मर् (θBD) आमद की भमर्ष्यर्ाणी करना था। मनयोंिण िॉडल की एक 

बेहतर भमर्ष्य कहनेर्ाला क्षिता RCCI इोंर्नोों िें िहोंगे इन-मसलेंडर सेंसर आर्ाररत फीडबैक मनयोंिण 

के क्ट्खलाफ कि लागत र्ाला िॉडल सोंचामलत मनयोंिण मर्कल्प प्रदान कर सकती है। 

बै्लक-बॉक्स िॉडल के पररणािोों िैं -0.0465±1.664 बार, 0.00056±0.222 बार, -0.0001±0.2263 

बार/°सीए, -0.0071±0.68°सीए, -0.0217±1.07°सीए और -0.0346±2.14°सीए का िुमट िाध्य और 

िानक मर्चलन ििशः  पीपी, आईएिईपी, एिपीआरआर, θsoc, θ50 और θBD की भमर्ष्यर्ामणयोों के 

मलए गैसोलीन- डीर्ल RCCI िैं पाया गया। गे्र-बॉक्स हाइमिड िॉडल के मलए िान 0.3633±1.76 बार, 

-0.0239±0.22 बार, 0.0069±0.27 बार/° सीए, 0.0554±0.71 °सीए, -0.0848±1.14 °सीए और 

0.0180±1.93 °सीए इसी िि िें थे। अर्व-सफेद-बॉक्स हाइमिड िॉडल के मलए, िान 0.1283±1.94 

बार, -0.0004±0.28 बार, 0.0043±0.23 बार/°सीए, 0.0460±0.67 °सीए, 0.0103±1.05 °सीए और 

0.0477±2.16°सीए पर था। उसी िि िें उपरोक्त दहन िेमटिक्स। अर्व-सफेद-बॉक्स हाइमिड भमर्ष्य 

कहनेर्ाला िॉडल की चिीय मभन्नता सोंरे्दनशीलता बै्लक-बॉक्स िॉडल के साथ तुलनीय पाई गई। 

सिृद्ध बायोगैस-डीर्ल RCCI सोंचालन के मलए भी इसी तरह के रुझान देखे गए। 



 

  

x 

 

Contents 
 

Certificate ............................................................................................................................. i 

Acknowledgements ............................................................................................................. ii 

Abstract .............................................................................................................................. iv 

List of Figure .................................................................................................................... xvi 

List of Tables ................................................................................................................... xxii 

Nomenclature ................................................................................................................. xxvi 

Chapter 1 Introduction ...................................................................................................... 1 

1.1 Background ................................................................................................................. 2 

1.2 PLTC strategies and the concept of a “unified engine”.............................................. 3 

 Qualitative idea of PLTC strategies..................................................................... 3 

 Concept of a “unified engine” to harness PLTC benefits .................................... 7 

 Technology to realize the “unified engine” concept ........................................... 7 

1.3 Basics of the RCCI engine.......................................................................................... 9 

1.4 Challenges and frontiers of RCCI engine research .................................................. 10 

1.5 Organization of the thesis ......................................................................................... 12 

Chapter 2 Literature review ............................................................................................ 13 

2.1 Introduction .............................................................................................................. 14 

2.2 Review of PLTC strategies and origin of the “unified engine” concept .................. 14 

 Review of common PLTC strategies ................................................................. 14 

 Origin of the “unified engine” concept.............................................................. 15 

 Introduction of the term RCCI as a strategy to realize the “unified engine” .... 17 



 

  

xi 

 

2.3 Literature review of RCCI engine frontiers .............................................................. 17 

 Review of experimental studies in RCCI engines ............................................. 18 

 Review of control of combustion problem in RCCI engines ............................ 27 

2.4 Knowledge gaps from literature review ................................................................... 34 

 Already attempted and relatively established  aspects in literature ................... 34 

 Partially attempted and relatively unchartered aspects in literature .................. 35 

2.5 Objectives of the present research ............................................................................ 36 

Chapter 3 Experimental test bench development and instrumentation ...................... 38 

3.1 Identification and selection criteria of the test engine .............................................. 39 

3.2 Development of experimental test bench ................................................................. 39 

 Basic engine test bench development ................................................................ 39 

 System development for low cetane fuel induction in RCCI mode .................. 40 

 Development of intake air heating system ........................................................ 42 

 Exhaust surge tank development ....................................................................... 42 

3.3 Experimental measurements and instrumentation .................................................... 42 

 In-cylinder pressure cycle measurement ........................................................... 43 

 Fuel flow rates measurement ............................................................................. 46 

 Air flow rate measurement ................................................................................ 47 

 Temperature measurement ................................................................................ 47 

 Engine speed measurement ............................................................................... 47 

 Tail-pipe emissions measurement ..................................................................... 48 



 

  

xii 

 

3.4 Final experimental test bench ................................................................................... 48 

3.5 Multi-fuel RCCI engine experiments ....................................................................... 50 

 Choice of low cetane fuels for RCCI engine experiments ................................ 50 

 Test matrix and techniques for multi-fuel RCCI engine experiments ............... 54 

3.6 Calculations of some experimental parameters ........................................................ 57 

 Brake mean effective pressure (BMEP) ............................................................ 57 

 Energy share ...................................................................................................... 58 

 Combustion efficiency (ηcomb) ........................................................................... 58 

 Mixture cetane rating (CNmix) ........................................................................... 58 

Chapter 4 Development of combustion diagnostics module ......................................... 60 

4.1 Introduction .............................................................................................................. 61 

4.2 Design methodology for the combustion diagnostics module ................................. 61 

 Post-processing of LABVIEW generated experimental in-cylinder data ......... 61 

 Layout of the final combustion diagnostics module .......................................... 80 

4.3 Calculations related to statistical analysis of in-cylinder data .................................. 81 

 Arithmetic mean (µ) .......................................................................................... 81 

 Standard deviation (σ) ....................................................................................... 81 

 Coefficient of variation (COV).......................................................................... 82 

 Gaussian probability density function (PDF) .................................................... 82 

 Skewness (Sk) ................................................................................................... 82 

 Kurtosis (Kurt) ................................................................................................... 83 



 

  

xiii 

 

 Coefficient of determination (R2) ...................................................................... 83 

 Symmetric mean absolute percentage error (sMAPE) ...................................... 83 

 Theil UII uncertainty ......................................................................................... 84 

4.4 Role of multi-fuel RCCI engine experiments in a global framework ...................... 84 

Chapter 5 Analysis of experimental results and AI enabled optimization .................. 85 

5.1 Introduction to various experimental combustion parameters ................................. 86 

5.2 Strategy for AI enabled optimization using experimental data ................................ 87 

 Overall research layout for AI enabled optimization ........................................ 87 

 Neural network architecture and training for parametric mapping ................... 89 

 Choice of cubic polynomials as another alternate mapping function ................ 90 

5.3 Effect of θsoi and ES on various RCCI combustion parameters ............................... 91 

 Effect of θsoi and ES on the profiles of pressure, PRR, MFB and HRR ............ 91 

 Analysis of combustion metrics and limiting factors for θsoi and ES sweep ..... 97 

5.4 Parametric mapping using experimental data and optimal θsoi choice.................... 104 

 Trade-off parameter maps across θsoi and energy share sweep ........................ 104 

 Multiobjective optimization for θsoi and energy share sweep .......................... 107 

5.5 Effect of BMEP and ES on RCCI combustion parameters .................................... 112 

 Effect of BMEP and ES on the profiles of pressure, PRR, MFB and HRR .... 112 

 Correlation between pressure and HRR profiles with ηcomb and stability ....... 118 

 Analysis of combustion metrics and limiting factors for BMEP and ES sweep

 .................................................................................................................................. 121 

5.6 Parametric mapping using experimental data and optimal ES choice .................... 128 



 

  

xiv 

 

 Trade-off parameter maps across BMEP and energy share sweep ................. 128 

 Multiobjective optimization for BMEP and energy share sweep .................... 131 

5.7 Optimal performance from SNN models................................................................ 135 

 Holistic assessment of fuel economy in RCCI mode ...................................... 135 

 General observation parameters map for BMEP and energy share sweep ...... 136 

 Comparison of optimal RCCI performances from SNN maps with CDC mode

 .................................................................................................................................. 138 

5.8 Validatory experiments .......................................................................................... 141 

5.9 Comparative case study of ethanol-diesel RCCI .................................................... 142 

 Comparative case study of ethanol and gasoline as lcf at same θsoi and BMEP

 .................................................................................................................................. 142 

 Overall comparison by a parametric matrix .................................................... 145 

5.10 Study of optimal mixture cetane rating (CNmix) in RCCI mode ........................... 146 

 Effect of θsoi on optimal CNmix ...................................................................... 147 

 Effect of BMEP on optimal CNmix ................................................................ 147 

Chapter 6 Development of predictive control models and calibration ...................... 149 

6.1 Strategy for control models development using experimental data ....................... 150 

 Predictive model driven control of combustion in RCCI engines ................... 150 

 Innovations in control model development in the present work ..................... 151 

 RCCI predictive models for control of combustion ........................................ 154 

 Development of quasi-white-box hybrid predictive model ............................. 172 

 Preliminary cycle average model predictive performances ............................. 183 



 

  

xv 

 

Chapter 7 Cycle to cycle validations of the predictive control models ...................... 187 

7.1 Cycle to cycle combustion metrics from control model output.............................. 188 

 Choice of the distribution function .................................................................. 188 

 Causality analysis of high cyclic variation cases ............................................ 190 

7.2 RCCI operation regimes for cycle to cycle prediction ........................................... 191 

7.3 Predictive performance of the black-box model..................................................... 192 

7.4 Predictive performance of the grey-box hybrid model ........................................... 199 

7.5 Predictive performance of the quasi-white-box hybrid model ............................... 205 

7.6 A Comparative regime-wise performance study of the control models ................. 211 

Chapter 8 Conclusions and suggestions for future works .......................................... 214 

8.1 Conclusions ............................................................................................................ 215 

 Conclusions from experimental studies and parametric optimization............. 215 

 Conclusions from control models development and calibrations .................... 218 

 Conclusions from cycle to cycle validation of the predictive control models . 220 

8.2 Suggestions for future works .................................................................................. 224 

 

 

 

 



 

  

xvi 

 

List of Figure 

Fig. 1.1 Temperature – equivalence ratio plot showing conventional diesel and spark 

ignition modes overlapped with NOx and soot contour  ....................................................... 4 

Fig. 1.2 Low and high temperature reaction path of hydrocarbons  ..................................... 6 

Fig. 1.3 Conceptual sketch of RCCI combustion ............................................................... 10 

Fig. 2.1 Broader outline of the literature review ................................................................ 18 

Fig. 2.2 Stratgies to addresss control of combustion problem in RCCI engines ................ 29 

Fig. 2.3 Literature summary on physics-inspired COM for RCCI engines ........................ 33 

Fig. 3.1 Photograph of the diesel engine coupled with alternator (L) and load bank (R) .. 40 

Fig. 3.2 Mounting of liquid (L) and gaseous (R) PFI in intake manifold photograph ....... 40 

Fig. 3.3 SMPS (L-lower), ECU box (L-upper) and internal circuitary (R) photograph ..... 41 

Fig. 3.4 Intake air heater photograph .................................................................................. 42 

Fig. 3.5 Photograph of modified engine head and sensor channel machining diagram ..... 43 

Fig. 3.6 Photograph of encoder coupling with timing gear using no-slip belt drive .......... 44 

Fig. 3.7 Layout of the LABVIEW program ....................................................................... 45 

Fig. 3.8 Schematics of the final experimental test bench ................................................... 49 

Fig. 3.9 Labelled photographic view of the final experimental test bench ........................ 49 

Fig. 3.10 Schematic layout of water scrubbing technology for raw biogas enrichment .... 53 

Fig. 4.1 Pressure extraction algorithm ................................................................................ 62 

Fig. 4.2 Raw pressure smoothing algorithm ....................................................................... 64 

Fig. 4.3 Effect of smoothing the raw pressure-crank angle data ........................................ 65 

Fig. 4.4 Model motoring presure VS experimental motoring pressure .............................. 66 

Fig. 4.5 Identification of combustion parameters and a cyclic variability perspective ...... 73 

Fig. 4.6 Netwon-Raphson (NR) algorithm for Tθevo and Tθevc computation ....................... 77 

Fig. 4.7 Iterative algortihm for Xrg computation ................................................................ 79 

file:///E:/Chunu%20Ph.D/Ph.D%20Research/rcci/Engine%20Trials/Research%20Papers/Final%20PhD%20Draft/Thesis/Final%20Thesis/Reviewer%20Comments/Final%20Ph.D%20Thesis.docx%23_Toc84834675


 

  

xvii 

 

Fig. 4.8 Validation of predicted Tθevo from the proposed Xrg model through experimental 

exhaust temperature (Tex) ................................................................................................... 79 

Fig. 4.9 Schematics of the combustion dignostics module ................................................ 80 

Fig. 4.10 Global framework of experiments....................................................................... 84 

Fig. 5.1 Overall research layout for AI enabled optimization ............................................ 88 

Fig. 5.2 Neural network (supervised) architecture and iterative training algorithm for RCCI 

parametric mapping ............................................................................................................ 90 

Fig. 5.3 Effect of θsoi and GES sweep on average pressure profile and cyclic spread ....... 92 

Fig. 5.4 Effect of θsoi and GES sweep on MFB, HRR profiles and cyclic spread .............. 93 

Fig. 5.5 Effect of θsoi and EBES sweep on average pressure profile and cyclic spread ..... 95 

Fig. 5.6 Effect of θsoi and EBES sweep on MFB, HRR profiles and cyclic spread ............ 96 

Fig. 5.7 PP, MPRR and COVIMEP contours with θsoi and GES in gasoline-diesel RCCI ... 99 

Fig. 5.8 PP, MPRR and COVIMEP contours with θsoi and EBES in enriched biogas-diesel 

RCCI ................................................................................................................................... 99 

Fig. 5.9 Trade-off emission contours with θsoi and GES in gasoline-diesel RCCI ........... 101 

Fig. 5.10 Trade-off emission contours with θsoi and EBES in enriched biogas-diesel RCCI

 .......................................................................................................................................... 101 

Fig. 5.11 θsoc, θ50 and θBD contours with θsoi and GES in gasoline-diesel RCCI .............. 103 

Fig. 5.12 θsoc, θ50 and θBD contours with θsoi and EBES in enriched biogas-diesel RCCI 103 

Fig. 5.13 SNN and cubic polynomial parametric maps based on GES and θsoi sweep at fixed 

BMEP of 2.614 bar ........................................................................................................... 105 

Fig. 5.14 SNN and cubic polynomial parametric maps based on EBES and θsoi sweep at 

fixed BMEP of 2.614 bar .................................................................................................. 106 

Fig. 5.15 Pareto fronts and optimal GES at θsoi of 10, 15, 20 and 25°CA bTDC............. 109 

Fig. 5.16 Pareto fronts and optimal EBES at θsoi of 12, 17, 22 and 27°CA bTDC .......... 111 



 

  

xviii 

 

Fig. 5.17 Effect of BMEP and GES sweep on pressure profile and cyclic spread ........... 113 

Fig. 5.18 Effect of GES and BMEP sweep on MFB, HRR profiles and cyclic spread .... 114 

Fig. 5.19 Effect of BMEP and EBES sweep on pressure profile and cyclic spread ........ 115 

Fig. 5.20 Effect of EBES and BMEP sweep on MFB, HRR profiles and cyclic spread .. 117 

Fig. 5.21 Evolution of HRR profiles with combustion phasing ratio (Rcp) from stratified to 

highly premix RCCI combustion ...................................................................................... 119 

Fig. 5.22 Combustion phasing ratio with combustion effciency and cyclic stability ....... 119 

Fig. 5.23 Pressure recovery ratio with combustion phasing ratio, combustion effciency and 

cyclic stability ................................................................................................................... 120 

Fig. 5.24 PP, MPRR and COVIMEP contours with BMEP and GES in gasoline-diesel RCCI

 .......................................................................................................................................... 123 

Fig. 5.25 PP, MPRR and COVIMEP contours with BMEP and EBES in enriched biogas-diesel 

RCCI ................................................................................................................................. 123 

Fig. 5.26 Trade-off emission contours with BMEP and GES in gasoline-diesel RCCI ... 125 

Fig. 5.27 Trade-off emission contours with BMEP and EBES in enriched biogas-diesel 

RCCI ................................................................................................................................. 125 

Fig. 5.28 θsoc, θ50 and θBD contours with BMEP and GES in enriched biogas-diesel RCCI

 .......................................................................................................................................... 127 

Fig. 5.29 θsoc, θ50 and θBD contours with BMEP and EBES in enriched biogas-diesel RCCI

 .......................................................................................................................................... 127 

Fig. 5.30 SNN and cubic polynomial parametric maps based on GES and BMEP sweep at 

optimal θsoi of 20°CA bTDC ............................................................................................ 128 

Fig. 5.31 SNN and cubic polynomial parametric maps based on EBES and BMEP sweep at 

optimal θsoi of 22°CA bTDC ............................................................................................ 129 

Fig. 5.32 Pareto fronts and optimal GES for BMEP sweep ............................................. 132 



 

  

xix 

 

Fig. 5.33 Pareto fronts and optimal EBES for BMEP sweep ........................................... 134 

Fig. 5.34 Sample observational RCCI parameter CO to CO2  ratio across BMEP and energy 

share sweep ....................................................................................................................... 137 

Fig. 5.35 Comparison of NOx emissions between optimal RCCI and CDC .................... 138 

Fig. 5.36 Comparison of soot emissions between optimal RCCI and CDC ..................... 139 

Fig. 5.37 Comparison of combustion effciency between optimal RCCI and CDC ......... 139 

Fig. 5.38 Comparison of ηRER between optimal RCCI and CDC ..................................... 140 

Fig. 5.39 Comparison of COVIMEP between optimal RCCI and CDC ............................. 141 

Fig. 5.40 Comparison of pressure-crank angle  profiles between gasoline-diesel and ethanol-

diesel RCCI operations at 3.417 bar BMEP and θsoi 15°CA bTDC ................................. 143 

Fig. 5.41 Peak pressure and angle of occurrence comparison .......................................... 144 

Fig. 5.42 IMEP and cyclic stability (COVIMEP) comparison ............................................ 145 

Fig. 5.43 Effect of θsoi on optimal CNmix using gasoline and enriched biogas as lcf ....... 147 

Fig. 5.44 Effect BMEP on optimal CNmix using gasoline, ethanol and enriched biogas as lcf

 .......................................................................................................................................... 148 

Fig. 6.1 Schematics of a closed loop RCCI engine controller based on direct cylinder 

pressure sensor (dotted lines) or alternatively the control models (solid line) ................. 151 

Fig. 6.2 Various predictive control models developed in this work ................................. 153 

Fig. 6.3 Black-box model neural network architecture .................................................... 154 

Fig. 6.4 Regression quality of SNN based correlative modelling between Xrg, Tθevc and Tθevo 

with engine operating condition for gasoline-diesel RCCI .............................................. 155 

Fig. 6.5 SNN training performance of θ50 (°CA aTDC) for enriched biogas as lcf ......... 157 

Fig. 6.6 Schematics of the grey-box hybrid predictive model.......................................... 159 

Fig. 6.7 Optimization strategy algorithm for the model coefficients estimation .............. 167 



 

  

xx 

 

Fig. 6.8 Regression of RF machine learning based correlative modelling between selected 

coefficients (α1, α10, F1, β, λ1 and λ11) and engine operating condition. ........................... 170 

Fig. 6.9 Regression quality of RF machine learning for all composite model coefficients

 .......................................................................................................................................... 170 

Fig. 6.10 Grey-box hybrid predictive model architecture ................................................ 171 

Fig. 6.11 Algorithm to compute the optimized D-W parameters vector .......................... 176 

Fig. 6.12 Cycle to cycle prediction of pressure profile and peak pressure (sample combustion 

metric) for sample test cases 1, 6, 28 and 34 of gasoline-diesel RCCI ............................ 177 

Fig. 6.13 A case study of probabilistic error and regression comparison between stochastic 

and deterministic approach ............................................................................................... 178 

Fig. 6.14 Schematics of quasi-white-box hybrid control model development and predictions

 .......................................................................................................................................... 180 

Fig. 6.15 Cycle average black-box model performance for PP, IMEP and MPRR ......... 184 

Fig. 6.16 Cycle average grey-box hybrid predicitve model performance for PP, IMEP and 

MPRR ............................................................................................................................... 184 

Fig. 6.17 Cycle average quasi-white-box hybrid model performance for PP, IMEP and 

MPRR ............................................................................................................................... 185 

Fig. 7.1 Peak pressure experimental distribution across BMEP and GES sweep ............ 188 

Fig. 7.2 Gaussian characteristics of peak pressure distribution across BMEP and GES sweep

 .......................................................................................................................................... 189 

Fig. 7.3 COVIMEP of all test cases involving gasoline and enriched biogas as lcf ........... 190 

Fig. 7.4 Black-box model prediction of peak pressure for gasoline-diesel RCCI ............ 193 

Fig. 7.5 Black-box model prediction of peak pressure for enriched biogas-diesel RCCI 

operation ........................................................................................................................... 193 



 

  

xxi 

 

Fig. 7.6 Black-box model regression and error distribution of all combustion metrics (PP. 

IMEP, MPRR, θsoc, θ50 and θBD) for gasoline-diesel RCCI .............................................. 195 

Fig. 7.7 Black-box model regression and error distribution of all combustion metrics (PP. 

IMEP, MPRR, θsoc, θ50 and θBD) for enriched biogas-diesel RCCI .................................. 197 

Fig. 7.8 Grey-box hybrid model prediction of θ50 for gasoline-diesel RCCI ................... 199 

Fig. 7.9 Grey-box hybrid model regression and error distribution of all combustion metrics 

(PP, IMEP, MPRR, θsoc, θ50 and θBD) for gasoline-diesel RCCI ...................................... 201 

Fig. 7.10 Grey-box hybrid model regression and error distribution of all combustion metrics 

(PP. IMEP, MPRR, θsoc, θ50 and θBD) for enriched biogas-diesel RCCI .......................... 203 

Fig. 7.11 Quasi-white-box hybrid model prediction of MPRR for gasoline-diesel RCCI 

operation ........................................................................................................................... 205 

Fig. 7.12 Quasi-white-box hybrid model regression and error distribution of all combustion 

metrics (PP, IMEP, MPRR, θsoc, θ50 and θBD) for gasoline-diesel RCCI ......................... 207 

Fig. 7.13 Quasi-white-box hybrid model regression and error distribution of all combustion 

metrics (PP. IMEP, MPRR, θsoc, θ50 and θBD) for enriched biogas-diesel RCCI ............. 209 

Fig. 7.14 Symmetric mean absolute percentage error (%) across gasoline-diesel RCCI 

operating regimes for various combustion metrics .......................................................... 211 

Fig. 7.15 Symmetric mean absolute percentage error (%) across enriched biogas-diesel 

RCCI operating regimes for various combustion metrics ................................................ 212 

 
  



 

  

xxii 

 

List of Tables 

Table 2.1 Selected experimental and parametric studies of RCCI from literature ............. 24 

Table 3.1 Particulars of the research engine, port fuel injector, rotary encoder, piezoelectric 

transducer, and data acquisition system ............................................................................. 46 

Table 3.2 Range and accuracy of measurements ................................................................ 50 

Table 3.3 Enriched biogas from water scrubbing technology based facility...................... 54 

Table 3.4 Engine test matrix , fuel properties and experimentation environment.............. 56 

Table 5.1 Selected experimental values of various combustion parameters at the most 

retarded and the most advanced θsoi for CDC and a high energy share RCCI ................... 97 

Table 5.2 Regression, error and uncertainty for the parametric maps across θsoi and energy 

share sweep ....................................................................................................................... 107 

Table 5.3 Lower and upper bounds for SNN fucntion arguments ................................... 108 

Table 5.4 Selected experimental values of various combustion parameters at the lowest and 

highest engine loads for CDC and a high energy share RCCI ......................................... 121 

Table 5.5 Regression, error and uncertainty for the parametric maps of gasoline-diesel RCCI 

across BMEP and energy share sweep ............................................................................. 130 

Table 5.6 Regression, error and uncertainty for the parametric maps of enriched biogas-

diesel RCCI across BMEP and energy share sweep......................................................... 131 

Table 5.7 Lower and upper bounds for SNN fucntion arguments ................................... 131 

Table 5.8 Conservative and aggresive optimal energy shares across BMEP sweep ........ 135 

Table 5.9 Regression, error and uncertainty of the parametric maps for gasoline-diesel RCCI 

observation parameters across BMEP and energy share sweep ....................................... 137 

Table 5.10 Repeat validatory experiments for gasoline-diesesel RCCI ........................... 142 

Table 5.11 %Change per 10% low cetane fuel energy share in RCCI mode ................... 146 

Table 6.1 The SNN training performance of the residual gas fraction parameters .......... 156 



 

  

xxiii 

 

Table 6.2 SNN training performances of gasoline-diesel RCCI combustion metrics ...... 157 

Table 6.3 SNN training performances of enriched biogas-diesel RCCI combustion metrics

 .......................................................................................................................................... 158 

Table 6.4 Correlative RF machine learning performance for gasoline-diesel RCCI ....... 182 

Table 6.5 Correlative RF machine learning performance for enriched biogas-diesel RCCI

 .......................................................................................................................................... 183 

Table 6.6 Validatory random experiments ....................................................................... 186 

Table 7.1 RCCI operating regimes ................................................................................... 192 

Table 7.2 Cycle to cycle black-box model performances ................................................ 198 

Table 7.3 Cycle to cycle grey-box hybrid model performance ........................................ 204 

Table 7.4 Cycle to cycle quasi-white-box hybrid model performance............................. 210 

 

 

 

 

 

 

 

 



 

  

xxiv 

 

Acronyms 

 

A Piston bore area in m2 

AI Artificial intelligence 

AKI Anti-knock index 

A.RCCI Aggressive RCCI optimal 

aTDC After TDC 

B Number of trees in a random forest predictor 

BMEP Brake mean effective pressure 

BP Brake power 

bTDC Before TDC 

CAI Controlled auto-ignition 

CDC Conventional diesel combustion 

CI Compression ignition 

CNmix Mixture cetane rating 

CO Carbon monoxide  

CO2 Carbon dioxide 

COM Control-oriented models 

COV Coefficient of variation  

C.RCCI Conservative RCCI optimal  

CRDI Common rail direct injection  

CSV Comma separated values 

DI Direct injection 

DTBP Di-tert-butyl peroxide 

E85 15% Ethanol and 85% gasoline blend 

EBES Enriched biogas energy share 

ECU Electronic control unit 

EES Ethanol energy share 

EGR Exhaust gas recirculation 

ES Energy share 

FSN Filter smoke number 

GA Genetic algorithm  

GDI Gasoline direct injection  

GES Gasoline energy share  

H2 Hydrogen 

H2S Hydrogen sulfide 

HC Hydrocarbons (unburnt)  

HCCI Homogeneous charge compression ignition 

hcf/lcf High and low cetane (rating) fuels 

HPCC Highly premixed charge combustion 

HRR Heat release rate 

IMEP Indicated mean effective pressure 

ISFC Indicated specific fuel consumption 

kVA Kilovolt ampere 

LCV Lower calorific value 

LPV Linear parameter varying 

MFB Mass fraction burnt  

MKIM Modified knock integral method 



 

  

xxv 

 

 

 

 

 

 

 

 

MPa Mega Pascal 

MPC Model predictive controller 

MPC563 Microcontroller  

MPRR Maximum pressure rise rate 

N Engine speed in rev/min 

NRF Number of trees in the random forest 

N2 Nitrogen 

NH3 Ammonia 

OH Hydroxyl radical 

PAH Polyaromatic hydrocarbon 

PDF Probability density function  

PFI Port fuel injector 

PI Proportional-integral controller 

PLTC Lean premixed and low temperature combustion 

PODE Polyoxymethylene dimethyl ethers 

PP Peak cylinder pressure 

ppm Parts per million 

PPR Pulses per rotation 

PRF Primary reference fuel 

PRR Pressure rise rate 

RCCI Reactivity controlled compression ignition 

RON Research octane number 

SI Spark ignition 

sMAPE Symmetric mean absolute percentage error  

SMPS Switched mode power supply 

SNN Supervised learning based artificial neural networks 

SVM Support vector machines 

TDC Top dead center 

ULSD Ultra-low sulfur diesel  

WN Wobbe number 

WPdw Double-Wiebe parameter vector  

WPmdw Double-Wiebe parameter matrix  



 

  

xxvi 

 

Nomenclature 

General Nomenclature 

Aorifice Cross sectional area of the orifice 

a D-W efficiency factor 

Ar Argon 

Awall Variable wall area 

C Piezoelectric sensor time constant  

Cd Coefficient of discharge 

CH4 Methane 

Closs Experimental indicated thermal efficiency to air standard  efficiency ratio 

COVIMEP Coefficient of variation of indicated mean effective pressure  

Cp Specific heat at constant pressure 

cv Specific heat at constant volume 

c1-c20 Coefficients for coupling D-W parameters with engine operating condition  

C2H2 Acetylene 

C2H4 

 

Ethylene 

C3H6 Propene 

C6H6 Benzene 

c1-c20 Coefficients for coupling D-W parameters with engine operating condition  

D Mass diffusivity 

Da Damköhler number 

D1/D2 Intake and exhaust valve diameter 

D-W Double Wiebe function 

Ei/Mi 

 

Cycle resolved experimental/model predictions of the combustion metrics 

F/A Fuel-air ratio 

F1/F2 First and second D-W amplitude correction factor 

h Convective heat transfer coefficient 

hwater Water column height 

IMKIM Modified knock integral 

ILW Livengood-Wu integral  

k Total data samples 

Kurt Kurtosis 

L Engine stroke length in meter 

L1/L2 Intake and exhaust valve lift 

ma Mass flow rate of the air 

mbf Backflow residuals  

mtrap Trapped residuals  

mf Mass flow rate of the fuel 

m1/ m2 First and second D-W shape factors 

N Engine speed in rev/min 

Nm3/h Normal cubic meters per hour 

NOx Oxides of nitrogen 

n Polytropic index 

O2 Oxygen 

P, V, T, Rex Pressure, volume, temperature, characteristic gas constant for exhaust gases  

Pabs Absolute in-cylinder pressure 

Patm Atmospheric pressure  



 

  

xxvii 

 

pC Pico-coulomb 

Pdrum Air-box drum pressure 

Pd/Pu Downstream and upstream pressure 

Pim Intake manifold pressure 

Pm Motoring pressure 

Pr, Vr, Tr Reference pressure, volume and temperature  

Pr Raw pressure 

Ps Smooth pressure 

QD-W D-W heat release  

qex Specific energy 

Q1/Q2 First and second D-W net heat input 

Re Reynolds number 

Rg Characteristic gas constant 

R2 Coefficient of determination of linear regression  

rex Blow-down to post-blow-down heat loss ratio 

rpm Rev/min 

Sa Sankaran number 

Sign/Sdflg Auto-ignition/deflagration front propagation speed 

Sk Skewness 

T Temperature 

t Time relapse 

Tex Exhaust temperature  

Tim Intake manifold temperature  

Trg Residual gas temperature  

Theil U II Uncertainty metric 

tign  Time instant at which ignition begins  

Um Mean piston speed 

v/v Volumetric concentration 

vc Ratio between volume at any crank angle V(θ) to Vθivc 

Vs Swept volume 

W Fuel tank weight  

WPC Work done per cycle 

xbdw Double-Wiebe burn rate 

Xrg Residual gas fraction 

Greek symbols 

θsoc Crank angle of occurrence for start of combustion 

θsoi Start of injection crank angle 

ρair Density of air in kg/m3 

ρwater Density of water in kg/m3 

°C Degree Celsius 

ηcomb Combustion efficiency  

Φoverall Overall equivalence ratio 

Φst Stoichiometric equivalence ratio 

dQnet/dθ Net heat release rate 

θivc Intake valve closing crank angle 

χ Mole fraction 

Aδ Piston passage area 

dQwhl/dθ Wall heat loss rate 
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θevo Exhaust valve opening crank angle 

θevc Exhaust valve closing crank angle 

θref Reference crank angle during exhaust when cylinder pressure is 1 bar 

µ Arithmetic mean  

σ68.3 Standard deviation with 68.3% confidence level in a normal distribution  

σ99.7 Standard deviation with 99.7% confidence level in a normal distribution  

ηRER Realistic efficiency ratio 

ηAirstdSI Air standard efficiency in SI mode 

ηAirstdCI Air standard efficiency in CI mode 

ηITE Indicated thermal efficiency  

τ1/ τ2 Ignition delays for low cetane/high and low cetane fuel-air mixture 

α1-α10 MKIM model coefficients  

θ1/ θ2 First and second D-W burn duration 

β First phase fuel mass fraction burnt  

ψ Fraction of low cetane fuel burnt in first phase 

c1-c20 Coefficients for coupling D-W parameters with engine operating condition  

λ1-λ10 Auto-ignition front model coefficients  

α Blow-by volumetric efficiency compensation 

µerr Mean of error between model prediction and experimental data  

σerr Standard deviation of error between model prediction and experimental data 

θ50 Crank angle of occurrence for 50% fuel mass fraction burnt  

θ10 Crank angle of occurrence for 10% fuel mass fraction burnt  

θ90 Crank angle of occurrence for 90% fuel mass fraction burnt  

θBD θ10 to  θ90 burn duration in crank angle degrees 
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