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Abstract 

This thesis presents a systematic investigation of advanced dual-fuel low temperature 

combustion (LTC) strategy, reactivity-controlled compression ignition (RCCI), on a 

modified diesel engine to obtain high thermal efficiency and low engine-out emissions 

using hydrous ethanol as the primary fuel. Direct use of hydrous ethanol in internal 

combustion engines has been shown to provide significant energy savings in the bio-

ethanol production process, substantially improving life-cycle energy use and economics 

compared to commercially available anhydrous ethanol. While many studies have 

reported high thermal efficiency and extremely low soot and NOX emissions without 

exhaust aftertreatment systems in RCCI engines fueled with petroleum-based fuels, 

limited work has been done regarding the characteristics of performance and emissions of 

RCCI operation using hydrous ethanol. In this work, a systematic experimental 

investigation has been conducted to explore the operability region, characterize the 

performance and emissions, and optimize the key operating parameters of RCCI 

operation using hydrous ethanol as the primary fuel. It has been shown that hydrous 

ethanol with water content of up to 25% by volume can be effectively used in RCCI 

operation with ethanol energy fraction up to 75% over a wide engine load range. 

However, intake charge heating is needed at low loads and exhaust gas recirculation 

(EGR) is required under high load conditions. Response surface methodology (RSM) has 

been shown to be an efficient approach of identifying and optimizing the key engine 

operating parameters of RCCI operation with reduced experimentation. The performance 

and emissions characteristics of RCCI combustion have been shown to be different and 

subject to the influence of different engine operating parameters under different engine 
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operating conditions. NOX and soot emissions have been considerably reduced with the 

optimal settings of operating parameters generated from the RSM models. The fumigated 

low reactivity fuel has been shown to primarily contribute to the relatively high 

hydrocarbon emissions from the RCCI combustion. The particulate matter (PM) 

emissions from RCCI combustion have been shown to be primarily composed of semi-

volatile organic compounds and a smaller fraction of solid carbonaceous particles. The 

characteristics of RCCI PM emissions vary when using different low reactivity fuels and 

they are highly sensitive to dilution conditions such as dilution ratio and sampling system 

temperature.  
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Chapter 1 Introduction 

 Motivation 1.1.

Internal combustion engines have played an indispensable role in human society in a 

wide range of applications due to their high reliability, low manufacturing cost and high 

power density. The two most common types of internal combustion engines are four-

stroke spark ignition (SI) and compression ignition (CI) engines. The thermal efficiency 

of CI engines is generally higher than that of SI engines due to the capability to operate 

with higher compression ratio, leaner fuel-air charge and lower throttling losses. 

However, the main challenges for CI engines are relatively high levels of soot and oxides 

of nitrogen (NOX) emissions. Reactivity-controlled compression ignition (RCCI) is a 

newly developed low temperature combustion (LTC) strategy for use in CI engines that 

has been shown to yield high thermal efficiency and simultaneously low soot and NOX 

emissions. The RCCI approach employs in-cylinder blending of two fuels with distinct 

auto-ignition properties such as gasoline and diesel fuel to create an optimal fuel 

reactivity distribution in the combustion chamber.  

Increasing the use of biomass-based fuels will benefit society by mitigating our 

dependence on fossil fuels for energy, reducing greenhouse gas emissions and stimulating 

rural economies. Ethanol is an important type of biofuel that can be made from common 

crops such as sugar cane, potatoes or corn using fermentation and distillation. Fuel 

ethanol currently used in IC engines is mostly anhydrous (>99% ethanol), requiring very 

energy-intensive distillation processes and drying to remove water. Direct use of hydrous 
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ethanol in IC engines has the potential to significantly improve the economics and life-

cycle energy balance of bio-ethanol.  

RCCI operation with petroleum-based fuels has been thoroughly investigated in 

literature, but comprehensive experimental investigations of RCCI operation using 

hydrous ethanol are scarce. Various issues have challenged the use of hydrous ethanol in 

conventional SI and CI engines; however, the RCCI approach provides a new efficient 

and clean solution for utilizing hydrous ethanol in IC engines. This work represents a 

systematic investigation of the diesel-hydrous ethanol RCCI operation with hydrous 

ethanol providing most of the fuel energy. Due to the complex interactions of many 

engine parameters associated with fueling and air management, their combined impacts 

on RCCI combustion are not currently fully understood. Response surface methodology 

(RSM) is an effective and efficient tool for engine optimization and used to optimize a 

selection of operating parameters for optimal performance and emissions output. This 

work explores the use of RSM for optimizing RCCI with hydrous ethanol and also 

indicates the strengths of RSM for simplifying engine testing more generally where 

multiple active operating parameters often lead to cumbersome experimental studies. 

Further, detailed particulate matter emissions measurements conducted in this work will 

offer some insight into the characteristics of particle emissions from the low-emissions 

RCCI strategy. 

 Project Objective Statement 1.2.

The first objective of this study was to explore the operability region of the diesel-

hydrous ethanol RCCI strategy. The engine was operated in single-cylinder mode from 

low to high-load conditions to obtain high thermal efficiency and low NOX and soot 



3 

emissions, with hydrous ethanol providing over 70% of total fuel energy. At each load, 

the second diesel injection timing was swept and the baseline settings of operating 

parameters were determined for further optimization.  

The second objective of this study was to optimize operating parameters to obtain 

optimal overall performance and emissions output under selected engine operating 

conditions using RSM techniques. RSM has been shown to be an effective and efficient 

approach for optimizing engine operating parameters where comprehensive physical 

understanding of their interactions have not been identified. In this work, RSM was used 

to determine the effects and interactions of intake air conditioning and fuel delivery 

parameters on emissions and to generate parameter settings for optimal overall 

performance and emissions outputs. A series of Design of Experiments (DoE) tests were 

conducted under each operating conditions to build statistical RSM models and derive 

optimal combinations of key engine parameters with reduced experimental time and 

resource costs. 

The third objective of the work was to characterize the particulate matter (PM) 

emissions from RCCI using hydrous ethanol as the secondary, low reactivity fuel. 

Particle number and volume concentration, size distribution, volatile fraction and effects 

of fuel properties on the PM emissions were examined when using different low 

reactivity fuels in RCCI. 

 Significance of Work 1.3.

This work shows that diesel-hydrous ethanol RCCI can yield high thermal efficiency 

along with low engine-out emissions over a wide operability region. More broadly, it 

offers a bright prospect for alleviating environmental degradation and fossil fuel 
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depletion caused by diesel engine operation. The RSM optimization process performed in 

this study not only produces optimal performance and emissions output for this specific 

test engine under selected operating conditions, but also provides a more systematic and 

thorough understanding of the RCCI combustion and serve as an example for the 

optimization of other complex systems with multiple active factors. Additionally, this 

work contributes to a deeper understanding of the nature of particulate matter emissions 

from the low-emissions and high efficiency RCCI strategy and provides 

recommendations for practical applications that would benefit by implementing this 

promising new engine strategy. 
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Chapter 2 Background 

 Premixed Low Temperature Combustion 2.1.

With increasing concern about fossil fuel depletion and environmental degradation, 

research in internal combustion engines has been directed towards improving thermal 

efficiency, lowering engine-out emission levels, and effectively using alternative fuels to 

reduce our dependency on non-renewable fuels. Due to their capability to operate with 

higher compression ratio, leaner fuel-air charge and lower throttling losses, CI engines 

are more efficient than spark-ignited engines. However, the main challenge for CI 

engines is to meet increasingly stringent emissions legislation at an affordable cost while 

maintaining or improving their efficiency advantages. 

In recent years, advanced combustion strategies for CI engines have drawn great 

interest from the engine research community for simultaneous reduction in NOX and soot 

emissions to potentially avoid the complexity and expense of exhaust aftertreatment 

systems. Most of the published effort falls into the area of premixed LTC. In premixed 

LTC engines, the fuel-air charge is well-mixed and highly diluted, decreasing peak 

combustion temperature and fuel-rich zones, hence leading to simultaneously low NOX 

and soot emissions. Thermal efficiency of premixed LTC engines is generally 

comparable to conventional diesel engines with lower combustion efficiency offset by 

improved thermodynamic cycle efficiency due to shorter combustion duration, lower heat 

loss and higher ratio of specific heats [1]. 

There have been various strategies proposed to achieve premixed LTC depending on 

the fuel used. For fuels with high volatility and high resistance to auto-ignition such as 
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gasoline or ethanol, homogeneous charge compression ignition (HCCI) strategy has been 

studied; for fuels with lower volatility but higher propensity for auto-ignition such as 

diesel, partially premixed compression ignition (PPCI) strategy is commonly used [2].  

 Homogeneous Charge Compression Ignition 2.1.1.

In an HCCI engine, a homogeneous mixture of fuel and air is introduced into the 

cylinder during the intake stroke in a similar way as in a conventional PFI gasoline 

engine. The upward movement of the piston then compresses the fully premixed fuel and 

air charge during the compression stroke, rapidly raising the in-cylinder pressure and 

temperature to a critical point where auto-ignition of the mixture occurs as the piston 

approaches TDC. Like in a conventional diesel engine, the ignition of the fuel and air 

charge is initiated by the compression movement of the piston without the assistance of a 

spark plug. Unlike in a diesel engine where the combustion process consists of a 

premixed combustion phase and a mixing controlled combustion phase due to the direct 

injection of fuel near TDC, the combustion process in an HCCI engine proceeds with the 

entire fuel and air mixture releasing its energy in a set of nearly simultaneous reactions; 

hence no stationary or propagating flame front is present and the combustion duration is 

very short in HCCI combustion. HCCI yields ultra-low levels of NOX and soot emissions 

because the fuel and air mixture is highly dilute and well mixed. It also has the potential 

to achieve high thermal efficiency due to the capability of operating with high 

compression ratio, low heat loss and near constant-volume heat-release manner.  

Considerable research effort has been dedicated to exploring the operability region of 

HCCI combustion using different fuels and engine configurations. Christensen et al. [3] 

investigated HCCI combustion on a single-cylinder engine with variable compression 
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ratio enabled by a hydraulically controlled secondary piston. Mixtures of different fuels 

such as iso-octane, normal heptane, gasoline and diesel fuel were used to examine the 

effect of fuel properties on HCCI combustion and emissions characteristics. The results 

showed that liquid fuel with different auto-ignition propensity could be used in HCCI 

combustion with an appropriate compression ratio. The thermal efficiency was not 

significantly improved with the increase of compression ratio however due to reduced 

combustion efficiency. They also found that NOX emissions were very low under 

different conditions and were not dependent on compression ratio. The same group of 

researchers [4] also explored the feasibility of extending the load operability region of 

HCCI operation by employing supercharging. They demonstrated that 14 bar indicated 

mean effective pressure (IMEP) was achievable using natural gas and a compression ratio 

of 17:1. Higher loads were primarily limited by the high rate of heat release peak cylinder 

pressure. Olsson et al. [5] developed a closed-loop control strategy for a turbo-charged 

HCCI engine using two fuels, iso-octane and n-heptane. They achieved HCCI operation 

under a speed range from 700 rpm to 2000rpm and load range up to 6.5 bar IMEP with 

this dual fuel approach. 

One important focus of HCCI research is the control of the auto-ignition timing or 

start of combustion (SOC). Two of the most common control methods are thermal 

conditioning of the intake charge and modulated exhaust gas recirculation (EGR). 

Martinez-Frias et al. [6] developed a purely thermal control system for HCCI engines 

which consisted of a preheater, a supercharger, and an intercooler to utilize the thermal 

energy from EGR and supercharger compression work in an adjustable manner for 

optimal intake charge temperature and density. This system demonstrated capability to 
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achieve highly efficient HCCI operation over a wide range of operating conditions. 

Koopmans et al. [7] conducted a gasoline fueled HCCI study using a single-cylinder 

engine with variable valve timing control capability. They showed that HCCI combustion 

could be initiated by increased internal EGR enabled by negative valve overlap. The 

work also found reduced fuel consumption, CO and NOX emissions and similar HC 

emissions compared to SI combustion. Chen et al. [8] explored the effect of EGR on 

HCCI combustion characteristics using modeling techniques. They found that trapped 

EGR could initiate HCCI combustion and advance ignition timing by raising the intake 

charge temperature. Some chemical effects were also revealed that the N2 in EGR had an 

effect on heat release rate, while CO2 and H2O had a tendency to retard the ignition 

timing. Shi et al. [9] compared the effect of internal EGR enabled by negative valve 

overlap and cooled external EGR on HCCI combustion. They demonstrated that internal 

EGR produced less smoke emissions compared to external EGR, while cooled external 

EGR could effectively retard the SOC, which was beneficial for high cetane number fuel 

such as diesel. 

Theoretically, HCCI is an ideal combustion strategy since it has the potential to 

produce extremely low levels of NOX and soot emissions as well as diesel-like thermal 

efficiencies. However, several technical challenges must be overcome before the concept 

can be widely implemented in practical applications. One drawback associated with 

HCCI is low combustion efficiency under low load conditions. Hwang et al. [10] 

demonstrated that as the equivalence ratio was decreased below 0.2, the combustion 

efficiency was remarkably reduced and CO and HC emissions were significantly 

increased since some bulk-gas reactions such as CO-to-CO2 conversion were inhibited 
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due to the excessively low combustion temperatures. Another challenge for HCCI 

combustion is the control of combustion phasing and pressure rise rate at high loads since 

the ignition timing is solely determined by chemical reaction rates. In an experimental 

study, Dec et al. [11] showed that as the equivalence ratio exceeded 0.3, excessively high 

peak pressure rise rates and knocking noise were observed. 

 Partially Premixed Compression Ignition 2.1.2.

HCCI is less feasible for fuels with low volatility and high cetane number such as 

diesel fuel, as it is difficult to obtain fully premixed fuel and air mixture with either PFI 

or DI fuel injection systems, and compression ratio needs to be reduced to avoid 

knocking. Accordingly, partially premixed compression ignition (PPCI) combustion is 

more commonly used for simultaneous reduction in NOX and soot emissions for diesel 

fuel.  

PPCI is realized using different approaches, but a common goal of these methods is to 

promote fuel and air mixing and to reduce in-cylinder temperatures compared to 

conventional diffusive diesel combustion.  Some researchers have studied altering fuel 

injection timing and using high levels of cooled EGR to extend the mixing time of fuel 

and air. Hasegawa et al. [12] utilized double injection strategy to realize PPCI and named 

the concept as Uniform Bulky Combustion System (UNIBUS). They demonstrated that 

the first injection with very advanced timing led to suppressed high temperature reactions 

and simultaneously low NOX and soot emissions.  

Kimura et al. [13] developed a combustion strategy named Modulated Kinetics (MK), 

which combined high EGR levels and late diesel injection timing to obtain low in-

cylinder combustion temperature and extended ignition delay. Significant reduction in 
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both NOX and PM emissions were achieved compared to conventional diesel operation. 

However, deterioration of fuel economy was observed with this strategy due to low 

combustion efficiency.  

Walter et al. [14] developed an engine operating in conventional diesel mode at high 

loads and in PPCI mode at partial load conditions. Injectors with narrow included angles 

were used to limit fuel wall impingement for the PPCI operation, and near-zero NOX and 

PM emissions along with high fuel efficiency were achieved.  

Kook et al. [15] investigated the effect of charge dilution level and injection timing 

on PPCI combustion and emissions characteristics and postulated a progress path of 

combustion process on the equivalence ratio and temperature plane. They found that 

emissions formation processes were dominated by the mixing-controlled phase rather 

than the premixed phase despite the increased ignition delay due to the high dilution level. 

They also demonstrated that CO emissions increased under high dilution conditions but 

can be alleviated with earlier injection timings.  

Neely et al. [16] used up to three early pilot injections to enable PPCI combustion and 

investigated the effect of the injection timing, quantity and number of pilot injections. 

They concluded that the best potential for reducing NOX emissions with PPCI 

combustion existed at low load conditions, and that PPCI combustion control was more 

feasible with lower in-cylinder pressures and temperatures obtained by modifications of 

compression ratio, piston bowl and injector nozzle geometry.  

Akihama et al. [17] compared the soot formation processes between conventional 

diesel combustion and diesel LTC enabled by high EGR rates using various engine 

modeling tools, and demonstrated that soot formation in LTC was significantly 
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suppressed as the conversion from PAH to soot was inhibited via operating in the low 

temperature regions.  

Jacob et al. [18] compared PPCI combustion enabled by high level EGR with two 

different approaches; one used intake throttle and the other used variable geometry 

turbocharger (VGT) for EGR rate control. They found that PM emissions from the VGT 

method were lower than those from the throttling method due to the significantly higher 

air fuel ratio, while the higher air fuel ratio associated with the VGT method contributed 

to higher CO and HC emissions relative to the throttling method. 

 Investigations have also been conducted to modify diesel injectors for reduced spray 

wall impingement and improved fuel vaporization within the limited mixing time 

available in high speed engines. Iwabuchi et al. [19] investigated PPCI combustion on a 

diesel engine with low penetration injections and early fuel injection timing. They 

demonstrated that NOX and smoke emissions were significantly lower in PPCI operation 

than in conventional diesel operation, while the PPCI operability region was limited to 

partial load conditions with lower fuel efficiency and higher HC emissions. Akagawa et 

al. [20] adopted a pintle-type injector and a reduced top-land-crevice piston along with 

early injection timing to reduce HC and CO emissions in PPCI operation. They also 

concluded that fuel consumption could be improved with use of EGR or addition of an 

oxygenated component to the diesel fuel.  

Challenges associated with diesel PPCI combustion include high CO and unburned 

hydrocarbon (HC) emissions [21], poor controllability during transient operation, 

decreased maximum power output due to reduced charge flow [22] and limited load 

range due to onset of diffusion combustion at high injection duration.  
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 Reactivity-Controlled Compression Ignition (RCCI) 2.2.

Dual-fuel premixed LTC strategies offer more flexibility to control the combustion 

process and extend engine operating range compared to single-fuel operation. Olsson et 

al. [23] originally developed a strategy for HCCI combustion phasing and load control 

through variation of the relative ratio and total fueling rate of two fuels with distinct auto-

ignition properties. They found that although combustion phasing could be better 

controlled with dual-fueling, the rates of pressure rise and heat release were still 

excessively high at high loads due to the nearly constant-volume heat release event. Dual-

fuel PPCI strategies with direct injection of diesel fuel and port injection of less reactive 

fuels like iso-octane [22] or methane [25] were also shown to offer good controllability 

and ease the need for high EGR rate. Inagaki et al. [22] observed very low levels of NOX 

and soot emissions, moderate combustion rates and high thermal efficiency at loads up to 

12 bar IMEP with diesel fuel injected at 40°BTDC. 

RCCI is a newly developed dual-fuel PPCI strategy that employs early direct split-

injection of a high reactivity fuel such as diesel fuel into a well-mixed charge of air and a 

low reactivity fuel such as gasoline. Two fuels of differing reactivity create an optimal 

fuel reactivity distribution to precisely manage the combustion process and achieve high 

thermal efficiency and simultaneously low NOX and soot emissions [26–30]. 

Diesel-gasoline RCCI has been extensively studied in the literature over a wide range 

of operating conditions on various types of engines. Modeling and experimental work by 

Kokjohn et al. on a heavy-duty single-cylinder diesel engine [24,31,32] showed that the 

fuel reactivity stratification generated by early direct split-injection of diesel fuel led to 

staged consumption of the two fuels, reducing rate of pressure rise and extending 
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combustion duration as compared with HCCI operation; thus, the operability range could 

be extended to higher loads while HCCI-like NOX and soot emissions are retained.  

Hanson et al. [26] investigated effects of the diesel fuel injection parameters on RCCI 

combustion and emissions, revealing that increasing diesel fuel in the second injection or 

retarding diesel fuel injection timing resulted in greater fuel reactivity and equivalence 

ratio gradients in the combustion chamber, leading to more advanced combustion 

phasing, higher rate of pressure rise and increased NOX and soot emissions.  

Kokjohn et al. [27] compared RCCI operation between light-duty and heavy-duty 

engines. They reported comparably low NOX and soot emissions but lower thermal 

efficiency on the light-duty engine compared to the heavy-duty engine operation. The 

lower thermal efficiency in the smaller engine was caused by higher relative heat loss due 

to surface-to-volume effects. Splitter et al. [33] examined the effects of the high reactivity 

fuel injection strategy on RCCI combustion at low loads, demonstrating significant 

reductions in HC and CO emissions and an increase of thermal efficiency with split-

injection strategy compared to single-injection. Walker et al. [34] investigated effects of 

the diesel fuel injection pressure on RCCI combustion. They presented comparable 

performance and emissions results with lower injection pressure enabled by a GDI 

fueling system compared to operation with high injection pressure using a common-rail 

injection system. However, combustion efficiency was found to be slightly reduced due 

to poorer mixing. 

To address issues related to storing two different kinds of fuel at the point of use, 

some researchers have investigated single-fuel RCCI using fuel additives. Gasoline-

fueled RCCI were demonstrated by dosing gasoline with a small quantity of cetane 
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number improver such as di-tert butyl peroxide [35] or 2-ethylhexyl nitrate [30]. 

Comparable performance and emissions output could be obtained with lower direct 

injection pressure compared to diesel-gasoline RCCI due to the higher volatility of 

gasoline. Further, compression work was reduced as low temperature heat release was 

diminished due to the absence of diesel fuel, resulting in improved thermal efficiency. 

Increasing research effort has been devoted to RCCI operation using alternative fuel 

combinations to take advantage of inherent synergies as well as increased fuel 

renewability. Splitter et al. [28] compared diesel-E85 RCCI and diesel-gasoline RCCI at 

different loads, finding that the combustion duration in diesel-85% ethanol in gasoline 

blend (E85) RCCI was longer than in diesel-gasoline RCCI, possibly due to the 

combustion-inhibiting effect of ethanol and the greater reactivity gradient between 

ethanol and diesel fuel. Further, diesel-E85 RCCI required lower EGR level than diesel-

gasoline RCCI, leading to increased thermal efficiency.  

Hanson et al. [36] examined effects of replacing gasoline and diesel fuel with 20% 

ethanol in gasoline (E20) and 20% soy methyl biodiesel blend (B20) on a multi-cylinder 

RCCI engine. They found that using E20 reduced pressure rise rate and heat release rate, 

extended the operability range and improved thermal efficiency due to decreased heat and 

pumping losses; however, there was a slight reduction in combustion efficiency. Nieman 

et al. [37] investigated RCCI operation using natural gas as the low reactivity fuel at 

various operating conditions. They demonstrated efficient and clean RCCI combustion 

without using EGR at loads up to 13.5 bar IMEP. However, thermal efficiency was 

shown to be lower using natural gas as compared to gasoline. 
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 Use of Hydrous Ethanol in IC Engines 2.3.

Bio-ethanol can be produced from a variety of renewable agricultural feedstocks such 

as potatoes, sugar cane, starch and corn. It has gained wide acceptance in some 

automobile markets like Brazil due to good compatibility with current SI engine 

infrastructure, high octane number and other favorable properties [38]. In the United 

States, most fuel ethanol is anhydrous (>99% water), requiring highly energy-intensive 

water removal processes during production. Flowers et al. [39] showed that remarkable 

improvement of ethanol lifecycle energy balance and economics could be achieved if 

hydrous ethanol could be directly used in IC engines due to production energy savings in 

the distillation and dehydration processes. More recently, Saffy et al. [40] investigated 

the effect of ethanol concentration on energy use, water consumption and greenhouse gas 

emissions in corn ethanol production from a dry-mill, natural gas fired corn ethanol 

refinery. They demonstrated that the optimal ethanol concentration was 86% by weight in 

corn ethanol production as this grade of hydrous ethanol offered approximately 8% of 

energy cost savings, 8% of refinery emissions reduction as well as 3-6% of water 

consumption reduction. 

Hydrous ethanol with low water content can be readily utilized in SI engines without 

major modification of the fuel supply system. Costa et al. [41] compared operations with 

hydrous ethanol containing 6.8% water by mass and a fuel blend of 78% gasoline and 

22% anhydrous ethanol by mass on an SI engine. They reported higher thermal 

efficiency, lower CO and HC emissions and higher NOX with use of hydrous ethanol 

compared with the fuel blend. Clemente et al. [42] developed a hydrous ethanol (7% of 
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water by mass) fueled SI engine and demonstrated enhanced peak torque and power 

compared to operation using a fuel blend of 78% gasoline and 22% anhydrous ethanol.  

Another important use of utilizing hydrous ethanol in IC engines is intake air 

fumigation of hydrous ethanol with direct-injection of diesel fuel as the ignition source. 

Like RCCI, dual fuel combustion uses a low reactivity fuel premixed with the intake air 

and diesel direct injection for ignition. However unlike RCCI, dual fuel fumigation 

modes do not use early diesel injection timing and result in a mixed diffusion and flame 

propagation combustion mode that does not have the same NOX and soot reduction 

potential. 

Chaplin et al. [43] investigated the effect of 190 proof hydrous ethanol fumigation in 

a modified diesel engine with varied diesel injection timing and fumigant flow rates. 

They demonstrated that the brake thermal efficiency of hydrous ethanol fumigation 

operation was comparable with diesel only operation at high load conditions but lower at 

low loads. It was also found that diesel injection timing needed to be advanced with 

higher hydrous ethanol flow rates due to the effect of longer ignition delay associated 

with the high heat of vaporization of ethanol.  

Olson et al. [44] investigated fumigation of 100 proof hydrous ethanol to replace up 

to 40% of diesel fuel by volume on a 1.9L diesel engine. They showed reduced NOX and 

soot emissions along with lower thermal efficiency and increased HC emissions 

compared to diesel only operation. 

Some researchers have investigated LTC strategies with hydrous ethanol as the 

primary fuel. Flowers et al. [39] used modeling techniques to assess operation of an 

HCCI engine fueled with hydrous ethanol. They showed that HCCI operation with 
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relatively high thermal efficiency and low NOX emissions could be achieved using 70 

proof hydrous ethanol.  

Dempsey et al. [45] investigated diesel-hydrous ethanol RCCI operation using 

computational models and experimental testing. Their modeling results demonstrated low 

NOX and soot emissions along with a gross indicated thermal efficiency of 55% at loads 

ranging from 5 to 17 bar IMEP using 150 proof hydrous ethanol. They also found that the 

significant charge cooling effect of water and ethanol retarded ignition and combustion,  

leading to increased premixed combustion control over diesel-gasoline RCCI. The same 

group also conducted an experimental investigation to validate their modeling results 

[46], reporting diesel-like thermal efficiencies and near zero levels of NOX and soot 

emissions on heavy-duty and light-duty engines with use of two different grades of 

hydrous ethanol. This prior work sets the stage for the work described here. 

In summary, RCCI has been shown to be a promising premixed LTC strategy to yield 

high thermal efficiency and simultaneously low NOX and soot emissions. Although 

directly using hydrous ethanol in conventional SI or CI engines has been challenged by 

various issues like misfire, phase separation and high octane number, some researchers 

have demonstrated the feasibility to efficiently and extensively use hydrous ethanol in 

RCCI engines. To gain a more comprehensive understanding of the combustion and 

emissions characteristics and fully exploit the potential of diesel-hydrous ethanol RCCI 

operation, a systematic experimental investigation was conducted in this work. 
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 PM Emissions from Premixed LTC combustion 2.4.

Concerns about the adverse impact of particulate matter (PM) emissions on the 

environment and human health have motivated a large body of investigation focusing on 

characterizing and improving PM emissions from compression ignition (CI) engines. PM 

from conventional mixing controlled diesel combustion has been thoroughly studied over 

the past decades [47,48]. A typical particle size distribution consists of a nucleation mode 

and an accumulation mode. Nucleation mode particles are those with a mobility diameter 

less than 50 nm and are normally composed of sulfur compounds and volatile or semi-

volatile material, formed during exhaust cooling and dilution processes. Accumulation 

mode particles are primarily carbonaceous soot agglomerates with a mobility diameter 

ranging from 50 to 500 nm formed by rich combustion of diesel fuel.  

 Characteristics of Premixed LTC PM Emissions 2.4.1.

The characteristics of PM emissions from RCCI engines have been shown to be 

different from those from conventional diesel combustion (CDC). Prikhodko et al. [49] 

showed that RCCI combustion produced lower mass and number concentrations of PM, 

but a significantly higher fraction of nucleation mode particles compared to CDC. 

Kolodziej et al. [50] observed bimodal particle size distributions on a RCCI engine with 

both diesel and gasoline directly injected in the cylinder, and demonstrated that RCCI PM 

emissions were sensitive to diesel fuel proportion. Storey et al. [51] investigated the 

effect of lubricant oil on RCCI PM emissions and showed that the organic carbon fraction 

likely stemmed from partial oxidation of the fuel hydrocarbons rather than from the 

lubricant oil. 
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 Effect of Dilution Conditions on PM Emissions 2.4.2.

Semi-volatile PM emissions from CDC have been shown to be highly sensitive to the 

exhaust cooling and dilution conditions. Abdul-Khalek et al. [52] showed that dilution 

ratio, temperature and residence time had a large effect on the nucleation mode particles, 

while the accumulation mode particles were not as strongly influenced by these 

parameters. The same group of researchers developed methods to estimate nanoparticles 

growth rates [53], and observed that growth rates were strongly dependent on exhaust 

sampling and dilution conditions. Their model showed that soot agglomerates had an 

effect of depleting sulfuric acid and hydrocarbon materials. In low-soot engines operating 

in premixed LTC combustion modes, these species could form a large number of 

nanoparticles through heteromolecular nucleation process. 

Franklin [54] investigated the effect of dilution air temperature on nucleation mode 

PM emissions from an ethanol-fueled HCCI engine. The PM sampling system consisted 

of two dilution stages. It was shown that the number and size of nanoparticles decreased 

significantly with increased primary dilution air temperature in the range of 25 °C to 35 

°C and stabilized at higher temperatures. The secondary dilution air temperature had 

minimal effect on nucleation mode particle formation.  

Montajir et al. [55] investigated the effect of exhaust gas quality, dilution ratio and 

temperature and thermal conditioning temperature on the measurement stability of diesel 

engine PM emissions. They concluded that nucleation mode particles with the size range 

of 15 nm to 30 nm were highly sensitive to thermal conditioning temperature, while the 

accumulation mode particles with a diameter about 100 nm were more stable under 

changes of dilution conditions.  



20 

As for LTC strategies like RCCI with dominating nucleation mode particles and high 

level of unburned HC, it is expected that sampling and dilution conditions have a larger 

impact on PM concentrations and size distributions compared to CDC. Kolodziej et al. 

[50] showed that both the nucleation and the accumulation mode particles were reduced 

with increased dilution ratio. Zhang et al. [56] compared the PM emissions from RCCI, 

HCCI and CDC and found that size of the nucleation mode was reduced and peak was 

shifted to smaller particle diameters with increased dilution ratio for all the three 

combustion strategies.  

This research investigated the effects of dilution conditions and fuel properties on 

RCCI PM emissions to provide a more comprehensive and thorough understanding of the 

characteristics of RCCI PM emissions. 

 

 Optimization of Engine Operating Parameters 2.5.

With the rapid development of internal combustion engine technology, the 

complexity of the optimization process of engine operation is enormously increased. 

Considerable research efforts have been devoted into different engine optimization 

approaches. 

 Genetic Algorithm Optimization Approach 2.5.1.

Genetic algorithm (GA) is an algorithm that simulates the natural evolution processes 

of creatures. The algorithm starts with a population of individuals representing different 

combinations of the operating parameters settings. An objective function is used to 

evaluate the quality of each individual and those with high qualities are selected as good 
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solution with their attributes randomly combined to generate the next generation of 

individuals. Iterations of this process proceed until an optimal solution is found. 

Wickman et al. [57] utilized GA and engine modeling techniques to optimize the 

engine combustion chamber geometry and air/fuel system related operating parameters 

for two different sized engines. With this method they obtained remarkable reduction in 

both engine-out emissions and fuel consumptions without manufacturing a large number 

of different designs.  

Hiroyasu et al. [58] combined a sophisticated phenomenological spray-combustion 

model with GA to optimize EGR rates and multiple injections in a diesel engine. Fuel 

consumption, NOX and soot emissions were minimized with Pareto optimum solutions.  

Aldawood et al. [59] investigated the optimization of the cylinder pressure history, 

pressure rise rate and gross IMEP of a dual-fuel HCCI engine using GA and a highly 

reduced primary reference fuel (PRF) mechanism. The optimized model was compared 

with experimental data and good agreement was observed over a wide range of operating 

conditions.  

Nieman et al. [37] used GA coupled with KIVA3V CFD codes and CHEMKIN 

chemistry tool to improve the performance and emissions from a diesel-methane RCCI 

engine under different speed and load conditions. By optimizing variables such as 

fraction of methane, diesel injection timing and quantity, they found that very low NOX 

and soot emissions were achievable at loads up to 13.5 bar IMEP without the use of EGR. 

Although GA and engine modeling approaches have proven to be effective in 

optimization of engine operating parameters, their computational resource requirement is 
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high and an insight into the effects and interactions of different operating parameters is 

not guaranteed. 

 Response Surface Methodology (RSM) Optimization Approach 2.5.2.

Another method for optimization of engine operating parameters is RSM. RSM is a 

set of mathematical and statistical techniques seeking to optimize an objective function 

(or response) that is affected by multiple factors using design of experiments (DoE) 

methods and statistical analysis [60]. Instead of seeking the optimal solution within a 

large number of randomly generated candidates, RSM utilizes reduced and simplified 

experimental designs to gain a thorough understanding of the system as well as obtain the 

optimal combinations of operating parameters. It has been shown to be an effective and 

efficient tool for engine optimization that avoids extensive experimental testing and the 

need for a complicated CFD modeling process.  

Montgomery et al. [61] used RSM for optimization of the dual-injection 

conventional diesel operation, demonstrating remarkable improvements of fuel economy 

and emissions over the baseline conditions with optimized injection parameters, boost 

and EGR levels.  

Lee et al. [62] conducted RSM optimization of a high-speed direct-injection diesel 

engine and achieved simultaneous reductions in NOX and PM emissions without 

compromising fuel economy.  

Amann et al. [63] applied RSM to optimize operating parameters such as EGR rate, 

intake air pressure and temperature and compression ratio for optimal fuel economy on 

an HCCI engine with variable compression ratio capability. They built a RSM model 



23 

with quadratic, linear and interaction terms and achieved extremely low NOX and soot 

emissions as well as comparable fuel economy as in conventional SI and DI engines. 

Pandian et al. [64] used RSM to optimize the performance and emissions of a diesel 

engine fueled with diesel and biodiesel blend. The RSM models were shown to be 

capable of predicting brake specific energy consumption, brake thermal efficiency, CO, 

HC, NOX and smoke opacity and revealing the interactions between operating parameters 

such as injection pressure, injection timing and nozzle tip protrusion. 

An advantage of RSM over other optimization methods such as GA is the capability 

of providing insights into the effects and interactions of different operating parameters 

while generating optimal outcome with a minimal number of experiments. The RSM 

approach was used in this research to optimize combustion and emissions in a diesel-

hydrous ethanol RCCI engine as well as investigate the effects and interactions of key 

engine operating parameters. 
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Chapter 3 Experimental Apparatus 

 Test Engine 3.1.

Experiments in this study were conducted using a modified Isuzu 4HK1-TC direct-

injection medium-duty diesel engine with specifications listed in Table 1. The engine test 

stand was initially built by Franklin et al. for multi-cylinder hydrogen- and ethanol-fueled 

HCCI work [54] and modified afterwards for single-cylinder RCCI investigations as 

performed in this study. A schematic of the experimental setup is shown in Figure 1. The 

engine was coupled to a DC dynamometer capable of either engine motoring or power 

absorbing modes. Since the effect of cylinder balancing is not a focus of this research, the 

intake and exhaust lines of engine cylinder number 1 were isolated so that the originally 

four-cylinder engine could be operated in single-cylinder mode to reduce test setup 

complexity and fuel consumption. A laboratory compressed air supply was connected to 

the engine intake system, with intake air pressure adjusted by a pressure regulator. Intake 

air temperature was controlled using an in-line resistive air heater coupled with a PID 

temperature controller. As the power for intake air heating was not measured, it was not 

included in the efficiency calculations. A hot-wire type gas flow meter was used to 

measure intake air mass flow rate with a surge tank downstream to dampen oscillatory 

flow resulting from single-cylinder operation. A customized EGR supply system was 

used to deliver adjustable and cooled EGR flow. The stock compression ratio, valve 

timing, piston bowl and combustion chamber geometry were retained.  

The stock common-rail direct-injection diesel fuel supply system was used for diesel 

fuel delivery, and fuel injections were controlled by a National Instruments/Drivven 



25 

stand-alone injector driver system. This system was able to carry out up to five injection 

events in a single engine cycle, with adjustable fuel rail pressure, injection timings and 

durations. Liquid low-reactivity fuel such as gasoline or ethanol was introduced into the 

intake port with an automotive-style port fuel injection (PFI) injector. The fuel was 

preheated to approximately 70ºC in a concentric hose with engine coolant flowing in the 

outer layer to improve the combustion stability. Liquid fuel flow rates were monitored 

continuously via mass change in the fuel supply tanks using electronic balances. Gaseous 

low-reactivity fuel such as hydrogen was delivered through a separate PFI injector, and 

the fuel flow rates were measured with a Sierra gas mass flow meter. 

Table 1: Specifications of the engine used in the experimental study 

Engine Type 4-stroke DI Diesel 

Manufacturer/Model Isuzu 4HK1-TC 

Number of Cylinders 4, in-line 

Bore x Stroke (mm) 115 x 125 

Conn. Rod Length (mm) 198 

Crank Length (mm) 62.5 

Clearance Volume (liter) 0.0742 

Displacement (liter) 1.298 

Number of Cylinders 4, in-line 

Total Displacement (liter) 5.192 

Compression Ratio 18.5 

Diesel Injection System Common Rail, Solenoid 

Gasoline/Ethanol/Hydrogen 

Injection System 
Port Fuel Injection 

Rated Power 157 kW @ 2550 rpm 

Rated Torque 597 N-m @ 1850 rpm 
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Figure 1: Schematic of experimental system 

 Emissions Instrumentation 3.2.

 Gaseous Emissions Measurement 3.2.1.

Engine gaseous emissions such as NO, NO2, CO and total HC were measured using 

an AVL Fourier Transform Infrared (FTIR) analyzer on a wet basis with a hot sample 

line maintained to 190˚C. Since different FTIR species recipes were used to measure the 

HC for different combustion modes, the total HC volumetric concentrations for the 

diesel-gasoline RCCI, diesel-hydrogen RCCI and conventional diesel combustion modes 

were calculated using Equation ( ), and the total HC emissions for the diesel-hydrous 

ethanol RCCI mode were calculated using Equation ( ).  

( ) 𝑥𝐻𝐶 = 𝑥𝐶𝐻4 +  ∙ 𝑥𝐶2𝐻2 +  ∙ 𝑥𝐶2𝐻4 +  ∙ 𝑥𝐶2𝐻6+3 ∙ 𝑥𝐶3𝐻6 + 5 ∙ 𝑥𝐼𝐶5 + 5 ∙ 𝑥𝑁𝐶5 + 7.5 ∙ 𝐴𝐻𝐶 

( ) 𝑥𝐻𝐶 = 𝑥𝐶𝐻4 +  ∙ 𝑥𝐶2𝐻2 +  ∙ 𝑥𝐶2𝐻4 +  ∙ 𝑥𝐶2𝐻6+3 ∙ 𝑥𝐶3𝐻6 + 𝑥𝐻𝐶𝐻𝑂 +  ∙ 𝑥𝑀𝐸𝐶𝐻𝑂 +  ∙ 𝑥𝐸𝑇𝑂𝐻  
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Here, xi is the wet volumetric concentration of a species i in the exhaust gas where 

IC5 denotes isopentane, NC5 denotes normal pentane, AHC denotes total aromatics, 

HCHO denotes formaldehyde, MECHO denotes acetaldehyde, and ETOH denotes 

ethanol. The molecular weight of hydrocarbons was assumed to be 14 g/mol for 

calculation of gross-indicated specific HC. A Raman Laser Gas Analyzer was used to 

measure hydrogen in the exhaust gas. 

 PM Emissions Measurement 3.2.2.

Mass concentrations of soot emissions were measured by an AVL Micro-Soot photo-

acoustic analyzer. A two-stage micro-dilution system similar to the one developed by 

Abdul-Khalek [52] was used to simulate the process of exhaust gas mixing with ambient 

air and cooling. To investigate the effect of dilution conditions on the PM emissions from 

different combustion modes, two levels of primary dilution temperature and primary 

dilution ratio settings were selected. The primary dilution temperature was measured 

downstream of the primary ejector pump where the exhaust sample and dilution air were 

well mixed. The low dilution temperature (LDT) and high dilution temperature (HDT) 

conditions represent the primary dilution temperatures of 25 ˚C and 47 ˚C, respectively. 

Two different size orifices were used in the primary ejector pump to set the primary 

dilution ratios. The low dilution ratio (LDR) and high dilution ratio (HDR) conditions 

represent the primary dilution ratios of 6:1 and 18:1, respectively. The outer wall of the 

dilution tunnel was water jacketed and held at a constant temperature equal to the primary 

dilution temperature for each condition. The secondary dilution temperature was kept at 

25˚C and dilution ratio was fixed at 14:1 for all tested conditions. A TSI Scanning 

Mobility Particle Sizer (SMPS) was used to measure the PM number concentrations and 
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size distributions downstream of the secondary dilution stage. A sample of diluted 

exhaust was sent through a catalytic stripper (CS) similar to the device developed by 

Abdul-Khalek et al. [66] to remove sulfur compounds and soluble organic materials, and 

a second SMPS was used to acquire the PM measurement downstream of the CS. It has 

been demonstrated that an operating temperature of 300°C leads to essentially complete 

removal of volatile sulfate and hydrocarbon particles with the CS [66]. 

 In-Cylinder Combustion Analysis 3.3.

High-speed in-cylinder pressure measurement was accomplished using a Kistler 

6056A piezoelectric pressure transducer at a resolution of 0.36 crank angle degrees 

(CA˚). In combustion analysis, the gross indicated mean effective pressure (IMEP) was 

calculated over the power portion of the cycle from -180 to 180 CA˚. The apparent rate of 

heat release (RoHR) was calculated based on a first law analysis given in [67]. A constant 

ratio of specific heats γ = 1.3 was assumed for the compression and expansion processes 

as opposed to derived polytropic exponents since the absolute value of heat released was 

not as critical to this study as the bulk shape of the RoHR curve with respect to crank 

angle. CA05 and CA50 denote the calculated crank angle locations of 5% and 50% 

cumulative heat release and were used to represent the ignition timing and combustion 

phasing, respectively. 

 Fuel Properties 3.4.

Table 2 presents the physical fuel properties used in this study. The hydrous ethanol 

tested contained 25% water by volume (150 proof) and was splash blended. Non-

oxygenated gasoline fuel was obtained from a local fuel station with an Anti-Knock 
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Index (AKI) of 91. Commercially available #2 ultra-low sulfur diesel (ULSD) was used 

in this research, and the properties were obtained from an independent lab analysis. Fuel 

properties of hydrogen, ethanol and gasoline were derived from Reference [67].  

Table 2: Physical fuel properties used in this study 

Fuel ULSD 

200 

Proof 

Ethanol 

150 

Proof 

Ethanol 

Gasoline Hydrogen 

Density (kg/m
3
) 852 782 867 720-780 0.090 

Heat of 

Vaporization 

(kJ/kg) 

270 840 1262 305 — 

Lower Heating 

Value (MJ/kg) 
42.8 26.9 18.9 44.0 120.0 

Research Octane 

Number 
— 107 — 92-98 130 

Cetane Number 41.1 — — — — 

H/C Ratio 1.79 3.00 3.33 1.87 — 
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Chapter 4 Dual-Fuel Combustion using Different Fumigants
1
 

The purpose of this section was to present the comparison of hydrogen, ethanol and 

gasoline as fumigants in RCCI and to compare the performance and emissions 

characteristics of gasoline-diesel RCCI at different levels of fumigant energy fraction 

(FEF). A naturally-aspirated single-cylinder diesel engine was used for the experimental 

study. The first part of this section discussed combustion and emissions using hydrogen, 

gasoline, and ethanol at a constant FEF over a large direct diesel injection timing range. 

In the second part, the effect of FEF on the operable diesel injection timing range with 

gasoline as a fumigant was examined in more detail. 

 Experimental Procedure 4.1.

The constant engine operating conditions used in the experiments are listed in Table 

3. For each of the five conditions, diesel injection timing was varied over the widest 

possible range without encountering unstable combustion as detected by a coefficient of 

variation (COV) of IMEP greater than 4%. For each condition, a nominal IMEP was set 

to 450 kPa at a baseline timing setting. Fueling was then held constant for the injection 

timing sweep by maintaining the same injection duration and pressure, resulting in an 

IMEP variance of approximately ± 20 kPa. In the first set of experiments, gasoline, 

hydrogen and ethanol were used as fumigants, and the FEF was fixed to 80 ± 1%. These 

cases are denoted by G-1, H-1 and E-1. For the H-1 case, hydrogen was diluted with 60% 

nitrogen in part to simulate its typical concentration in syngas produced by biomass 

gasification [68] as well as to prevent excessively high cylinder pressure rise rate. In the 

                                                
1 This chapter is based on paper ―Dual-fuel diesel engine combustion with hydrogen, gasoline and ethanol as fumigants: effects 

of diesel injection timing‖ (Fang et al., 2014), J. Eng. for Gas Turbines and Power, 136(8), 081502. 
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second set of experiments, only gasoline was used as fumigant. The energy fractions of 

gasoline in total energy input were set to 70%, 80% and 90%, while the total energy input 

was kept constant. These three different gasoline fraction cases were denoted by G-2, G-

1, and G-3.   

Table 3: Constant parameters for the investigated engine operating conditions 

Condition H-1 E-1 G-1 G-2 G-3 

Fumigant H2 Ethanol Gasoline Gasoline Gasoline 

Engine Speed 

(rpm) 
1500 1500 1500 1500 1500 

Nominal IMEP 

(kPa) 
450 450 450 450 450 

EGR (%) 0 0 0 0 0 

Fumigant 

Energy 

Fraction (%) 

80 80 80 70 90 

Intake 

Temperature 

(˚C) 

35 35 35 35 35 

Intake Pressure 

(kPa) 
98 98 98 98 98 

Diesel 

Injection 

Pressure (bar) 

400 400 400 400 400 

 

 Results and Discussion 4.2.

 Comparison of Fumigant Type 4.2.1.

This section discusses the experimental results of changing direct diesel injection 

timing with gasoline, ethanol and hydrogen as fumigants with 80% FEF. Figure 2 shows 

how ignition delay, CA50 and indicated gross cycle efficiency (ηi,g) varied with diesel 

injection timing for the three different fumigants. The range of diesel injection timing 
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over which stable combustion could be maintained was widest for G-1 while the range 

for E-1 was much narrower than the other two cases. One explanation for this narrow 

timing range is the very high heat of vaporization of ethanol, which cooled the incoming 

charge and caused lower in-cylinder temperature prior to the onset of combustion for E-1. 

A second consideration is ethanol’s inhibition effect on low temperature combustion 

during the first-stage of heat release as demonstrated by Splitter et al. [28]. They found 

that a lower FEF was required when using E85 as the fumigant compared to a 95.6 RON 

gasoline to achieve similar engine performance. Hashimoto [69] also showed the 

inhibition effect of ethanol on homogeneous ignition of n-heptane in a rapid compression 

machine using varying ethanol concentrations.  

A minimum point of CA50 as a function of injection timing existed for all three 

cases. Either advancing or retarding the diesel injection from this point resulted in 

retarded combustion phasing. This trend has been seen in other studies of premixed CI 

combustion in engines [70]. With more advanced diesel injection, mixing time for diesel 

and the surrounding charge was extended, leading to longer ignition delay and a more 

retarded and premixed combustion event. As the diesel injection timing was retarded, 

combustion became more coupled with the injection event due to higher local reactivity 

in the piston bowl thereby resulting in delayed ignition and combustion. The divergence 

of timing and combustion phasing with early diesel injection indicates primarily 

premixed combustion, i.e. the RCCI regime. In this region, the ignition delay and 

combustion phasing varied with fumigant types, with ethanol having the longest delay 

and the most retarded combustion phasing followed by hydrogen and gasoline. At a 

diesel SOI of -48˚C ATDC, the ignition delay of the H-1 case was approximately 10˚ 
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longer and CA50 was nearly 15˚ more retarded compared to the G-1 case. At retarded 

diesel injection timing, ignition delay and CA50 converged for the three fuels, suggesting 

that the directly-injected diesel fuel might have dominated ignition timing and 

combustion phasing like in traditional dual-fuel fumigation combustion.  

 

Figure 2: Ignition delay, CA50 and gross indicated cycle efficiency versus diesel 

injection timing for G-1, H-1and E-1 cases 

The peak ηi,g was nearly the same for all three fumigants but occurred at different 

diesel injection timings. For H-1 and G-1, peak efficiency occurred in the region of more 

advanced diesel injection timing and corresponded well with CA50 located just after 

TDC as indicated by the shaded horizontal line in Figure 2. In our previous work [70], we 

showed that primarily premixed fumigation operation led to peak thermal efficiency with 
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combustion phasing near TDC since the compression and expansion strokes  of the cycle 

more closely approximated the ideal constant-volume Otto Cycle. For the E-1 case, peak 

ηi,g occurred at more retarded diesel timing but also corresponded to CA50 near TDC. 

A more detailed look at combustion resulting from varying diesel injection timing for 

the three fumigants is shown in Figure 3 where the apparent gross RoHR is plotted versus 

crank angle at three timing settings. With early diesel injection at SOI=48˚ BTDC, the 

degree of diesel premixing was very high, and combustion of diesel and fumigant 

appeared to occur simultaneously, resulting in Gaussian-shaped RoHR curves. The H-1 

case had a more delayed heat release event than G-1 but with a sharper shape of RoHR. 

Another interesting comparison between the two fumigants at early timing is that 

gasoline clearly had an early low temperature heat release event commonly seen in 

premixed CI combustion whereas the H-1 case did not. Both cases used the same quantity 

of diesel but the absence of low temperature heat release when using hydrogen as a 

fumigant is further evidence that the fumigant plays a key role in the ignition process.  

Similar observations have been shown and discussed by Guo et al. [71]. In a study of 

a diesel HCCI engine with hydrogen enrichment, it was shown that the participation of 

hydrogen in some reactions during low temperature heat release stage led to delayed 

combustion phasing as well as diminished low temperature heat release. Also, it was 

deduced by Westbrook et al. [72] that hydrogen enhanced the rate of the reaction, H + O2 

= O + OH which controlled the high temperature heat release event and thus shortened 

the combustion duration. 
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Figure 3: Gross apparent rate of heat release for G-1, H-1 and E-1 cases at 48˚, 32˚, 

20˚ diesel injection timing 

At SOI=32˚ BTDC, the H-1 case still exhibited a largely Gaussian RoHR curve 

indicative of premixed combustion but the G-1 case had two distinct heat release peaks. 

This dual heat release is typically explained by combustion of the directly-injected diesel 

fuel providing ignition energy for premixed combustion of the fumigant [70]. Note from 

Figure 2 that at SOI=32˚ BTDC, the ignition delay for H-1 was larger than G-1 while the 

CA50 locations for the two cases were almost the same. This was most likely caused by 

the combination of inhibited low temperature heat release and promoted reaction rates 

during high temperature heat release by hydrogen as previously discussed. These effects 

also led to the observation that although hydrogen did not allow as large of a diesel 
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timing range as illustrated in Figure 2, it did result in a shorter premixed combustion 

event. The E-1 case had very late combustion without a distinct diesel ignition curve, 

which is indicative of ethanol’s inhibition effect as previously discussed. 

With late diesel injection timing at SOI=20˚ BTDC, two distinct peaks in RoHR were 

observed for all three fuels. Ignition occurred at nearly the same crank angle indicating 

that the injected diesel fuel played a more dominant role in determining ignition. 

Hydrogen had the shortest combustion duration, again due to enhanced reaction rates 

during high temperature heat release. The E-1 case had the longest combustion duration 

due to the inhibition effect of ethanol extending the second heat release peak into the 

expansion stroke. 

The emissions of NOX, soot, CO and H2 are given in Figure 4 for the three fumigant 

fuels on a gross-indicated specific basis plotted versus CA50 to examine their 

dependence on combustion phasing over the directly-injected diesel timing range. NOX 

emissions were lower in the region of more advanced diesel injection timing and increase 

for the same combustion phasing as timing was retarded. This is most likely due to more 

heterogeneous combustion with later diesel injection. Although early injection timing 

lowered NOX similarly for the three tested fuels, the H-1 case showed discernibly lower 

NOX with retarded diesel timing. Here, it is possible that hydrogen had the effect of 

reducing diffusion burning by accelerating the combustion of injected diesel as observed 

by shorter combustion duration shown in Figure 3; however, more detailed conclusions 

about the nature of this trend is beyond the scope of this work. 

Soot emissions were low and for all three fuels over the tested timing range. This 

indicates that combustion was primarily premixed throughout the tested range with 
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minimal high temperature fuel-rich regions in the cylinder. The H-1 condition exhibited 

the highest soot emissions with retarded diesel injection timing, possibly resulting from 

the high temperature burning of hydrogen combined with a late diesel injection. 

Emissions of CO were extremely low for the H-1 condition indicating that the 

directly-injected diesel fuel might not have contributed strongly to CO emissions in 

fumigation combustion.  This corresponds well to other published studies that showed 

CO mostly resulting from incomplete combustion in the squish volume for premixed 

modes of diesel combustion [73]. CO was nearly the same for E-1 and G-1 at retarded 

diesel timing settings. For G-1, retarded timing resulted in much higher CO compared to 

advanced timing. Within the range of advanced timing for G-1, a minimum for CO was 

found at approximately the CA50 corresponding to the highest ηi,g point in Figure 2 

linking the overall thermal efficiency to combustion efficiency. 

Hydrogen emissions were nearly constant over the timing range for the H-1 case. This 

independence from diesel injection timing and combustion phasing is evidence that 

hydrogen within the piston bowl region was always consumed but fumigated hydrogen in 

the squish and crevice regions remained. The short combustion duration for the H-1 case 

even with retarded combustion phasing shown in Figure 3 reinforces this idea and 

strengthens the argument that hydrogen enables enhanced premixed burning of both 

fumigant and the directly injected diesel fuel. 
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Figure 4: Gross indicated specific NOX, soot, CO and H2 emissions for G-1, H-1 and 

E-1 cases 

Figure 5 shows a plot of detailed hydrocarbon emissions data measured using the 

FTIR analyzer as a function of CA50. The indicated specific emissions of HC, the sum of 

species specified in Section 3.2.1, had a nearly monotonic dependence on combustion 

phasing regardless of early or late diesel injection timing. HC emissions for the H-1 and 

E-1 cases were extremely low because ethanol was not considered as part of the HC 
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calculation and because the directly injected diesel fuel was mostly consumed throughout 

the timing range.  

 

Figure 5: Gross indicated specific HC, HCHO, EtOH emissions for G-1, H-1 andE-1 

cases 

The illustrative trend line shown for the G-1 case in the HC plot in Figure 5 indicates 

that there was an asymptote in emissions as combustion phasing was advanced. This is 

evidence of the highest combustion efficiency occurring with phasing close to TDC. 

Overall, the HC emissions for H-1 and E-1 were more than ten times less than the G-1 

case; therefore it is likely that the remaining hydrocarbons mostly consisted of partially 

burned gasoline located in the squish and crevice regions. As combustion phasing was 

retarded, unburned HC occurred from late burning resulting in poorer combustion 
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quality, a phenomenon shown in an optical study of premixed diesel combustion 

performed by Ekoto et al. [74]. 

Formaldehyde was also found in the exhaust emissions and shown to occur mostly 

from over-lean areas in the combustion chamber [75]. The trend shown for the G-1 case 

closely resembled the CO curve shown in Figure 4 where retarded injection resulted in 

higher formaldehyde emissions at retarded combustion phasing. A minimum in 

formaldehyde for G-1 was also seen in the advanced region establishing a linkage 

between formaldehyde and CO emissions for premixed CI combustion. Formaldehyde 

emissions for the E-1 case were the highest in the retarded diesel injection timing region 

and may have been due to the well-known linkage between alcohol fuels and aldehyde 

emissions for spark-ignited engines [76]. 

Ethanol emissions for the E-1 case were higher on an indicated specific basis than the 

overall HC emissions for the G-1 case. This is most likely due to the inhibition effect of 

the fumigated ethanol and later burning previously described resulting in poorer late 

cycle oxidation. The oxygen mass in the unburned ethanol could be a minor contributor. 

Comparing hydrogen with ethanol and gasoline as fumigants over a large range of 

diesel injection timing at constant FEF illuminates some interesting features of dual-

fueled diesel modes in general. First, by using hydrogen as a fumigant, relatively low CO 

and HC emissions were found; therefore, the high HC and CO emissions shown in Figure 

3 and Figure 4 for the G-1 case could be assumed to originate from the fumigated 

gasoline. Also, based on the emissions of hydrogen for the H-1 case, the unburned 

fumigant in the squish and crevice regions where cold over-lean conditions existed were 
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essentially constant, a trend further evidenced by the shape of the HC versus CA50 curve 

for the G-1 case in Figure 5.  

 Comparison of Fumigant Energy Fraction 4.2.2.

The previous section showed how combustion proceeded differently when the 

reactivity of the fumigant mixture was changed. The charge reactivity prior to diesel 

injection can also be altered by changing the quantity of fumigant injected. Here to 

elucidate the differences between fuel and fumigant mixture, three FEF levels of 70, 80 

and 90 % were examined at the same nominal IMEP over a large range of diesel injection 

timing. The amount of diesel fuel injected was adjusted accordingly to keep the total fuel 

energy input constant for these three cases. Figure 6 shows the variation of ignition delay, 

CA50 and ηi,g with diesel injection timing. As the FEF reduced, the operational timing 

window became wider due to increased overall reactivity of the fuel-air mixture. At early 

diesel injection, the ignition delay increased for higher FEF levels, similar to reducing 

fumigant reactivity. At late diesel injection, nearly no difference was seen in ignition 

delay for all the three cases because ignition was controlled by the injection event of 

diesel fuel as previously discussed. 

As in the variation of fumigant type, the peak ηi,g corresponded well with an overall 

CA50 occurring just after TDC in the advanced diesel injection region for changing 

gasoline energy fraction as shown in Figure 6. However, the magnitude was different as 

FEF was altered; higher diesel fuel content led to higher peak ηi,g. One possible 

explanation is that combustion duration was shortened as the overall reactivity of fuels 

was increased at the same combustion phasing, leading to more constant volume-like 

combustion. 
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Figure 6: Ignition delay, CA50 and gross indicated cycle efficiency versus diesel 

injection timing for G-1, G-2 and G-3 cases 

To further examine combustion trends, Figure 7 shows RoHR curves at three diesel 

injection timing settings for the three tested FEF levels. At early injection timing of 

SOI=48˚ BTDC, combustion proceeded in a primarily premixed fashion for each case 

with higher gasoline fraction leading to later peak RoHR and overall longer combustion 

duration. It can also be observed from the RoHR at later injection timing shown in Figure 

7 that the level of FEF had a predictable effect on the relative magnitude of the first and 

second stages of high temperature heat release. As more diesel fuel was added, the first 

stage of heat release became more dominant due to the increased reactivity of the injected 
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charge near the location of injection. It can be seen that the second peak of heat release 

trace was largely prolonged at higher FEF and more delayed diesel SOI, suggesting that 

the combustion of premixed gasoline resembled the flame propagation in a conventional 

SI engine. 

 

Figure 7: Gross apparent rate of heat release for G-1, G-2 and G-3 cases at 48˚, 32˚, 

20˚ diesel injection timing 

Figure 8 shows the gross indicated specific emissions of NOX, soot, HC, CO for at the 

three FEF levels. Like in Figure 4, two regions of NOX emissions existed, one for 

advanced and one for retarded diesel injection timing. The NOX emissions in the latter 

region were reduced with more gasoline, which strengthens the argument that the diesel 

injection played the key role in creating inhomogeneous regions in the combustion 

chamber where temperatures and mixture were sufficient for NOX production. Soot 
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emissions were near lower detectable measurement limits for the entire tested FEF and 

diesel injection timing range indicating lean, premixed conditions throughout.  

 

Figure 8: Gross indicated specific NOX, soot, CO and HC, for G-1, G-2 and G-3 

cases 

Emissions of CO for the three FEF cases shown in Figure 8 had similar trends to the 

fumigant variation from Figure 4. In the advanced timing region, the combustion phasing 

of minimum CO coincided with the CA50 of best efficiency shown in Figure 6. Again, 

this establishes a link between overall thermal efficiency and combustion efficiency. HC 
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emissions had a strong dependence on combustion phasing independent of FEF, 

especially with CA50 near TDC. This confirms the earlier conclusion that HC resulting 

from dual-fuel combustion was mostly linked to the fumigated fuel but also indicates that 

the quantity of fumigated fuel was not as important. Hanson et al. [77], in recent work 

with an optimized piston bowl with a shallow bowl for RCCI found that HC emissions 

might be more linked to crevice flows than squish volume. With combustion phasing 

occurring later in the expansion stroke, conditions were not favorable for oxidation of 

these crevice flows when they emerged, thus accounting for the strong dependence of HC 

emissions on CA50. 

 Conclusions 4.3.

This work experimentally examined dual-fuel combustion in a single cylinder diesel 

engine at an engine load of 450 kPa IMEP. Three fumigant types; gasoline, ethanol and 

hydrogen and three FEF levels; 70, 80 and 90% with gasoline as a fumigant were 

investigated over a wide range of direct diesel injection timing. Very advanced timing led 

to primarily premixed CI combustion whereas more retarded timing resulted in more 

traditional fumigation combustion with increased diffusion burning. 

One conclusion of the work is that a fumigant’s propensity for autoignition has a 

discernible effect on ignition delay especially with early diesel injection. For example, 

ethanol delayed ignition and combustion phasing, severely limited the operable diesel 

injection timing range and resulted in high unburned ethanol concentration in the exhaust. 

Hydrogen retarded the ignition but shortened the combustion duration compared with 

gasoline. Increasing FEF with the same fumigant delayed the ignition timing and 
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combustion phasing as well as increased the combustion duration at early diesel injection 

timings. 

The use of hydrogen as a fumigant allowed some interesting insights about the nature 

of HC and CO emissions in dual-fuel combustion. With hydrogen fumigation, CO and 

HC emissions were very low compared with ethanol and gasoline, establishing that they 

mainly result from incomplete combustion of the fumigated fuel. Hydrogen emissions 

were independent of diesel injection timing and HC emissions were strongly linked to 

combustion phasing, further indicating that squish and crevice flows are mostly 

responsible for partially burned species from fumigation combustion.  
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Chapter 5 Diesel-Hydrous Ethanol RCCI under Different Loads
2
 

In the United States, the primary feedstock for bio-ethanol fuel production is corn 

starch. In corn ethanol production, the most energy consuming processes are those for 

water removal (distillation and dehydration) [39]. A large portion of energy can be saved 

and the ethanol life cycle efficiency and economics will be remarkably improved if 

hydrous ethanol can be directly used in IC engines. Saffy et al. [40] demonstrated that 

hydrous ethanol with ethanol concentration of 86% by weight offered approximately 8% 

of energy cost savings, 8% of refinery emissions reduction as well as 3-6% of water 

consumption reduction in corn ethanol production. Scania produced hydrous ethanol 

fueled heavy-duty diesel engines with water content limited to 6.2% [78]. Up to 5% of 

ignition improver was used for igniting the fuel and compression ratio is higher than 

normal diesel engines. Costa et al. [41] observed higher thermal efficiency, lower CO and 

HC but higher NOX emissions with the use of hydrous ethanol with water content of 

6.8% by mass than gasoline-anhydrous ethanol blend in an SI engine. Dempsey et al. [45] 

investigated RCCI operation using hydrous ethanol as the low reactivity fuel and diesel 

as the high reactivity fuel using computational models. Low NOX and soot emissions 

with a gross indicated thermal efficiency of 55% were predicted at loads ranging from 5 

to 17 bar IMEP using hydrous ethanol with water content of 30% by mass. It was also 

seen that combustion was retarded due to the significant charge cooling effect of water 

and ethanol. The same group also conducted an experimental study on RCCI operation 

using diesel fuel and hydrous ethanol [46], demonstrating diesel-like thermal efficiencies 

                                                
2
 This chapter is based on paper ―An Experimental Investigation of Reactivity-Controlled Compression Ignition Combustion in a 

Single-Cylinder Diesel Engine Using Hydrous Ethanol‖ (Fang et al., 2015), J. Energy Resour. Technol., 137(3), 031101. 
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and near zero levels of NOX and soot emissions in both heavy-duty and light-duty 

engines with the use of two different grades of hydrous ethanol. 

The purpose of this part of the research was to experimentally verify the modeling 

and experimental results of Dempsey et al. [45,46] and to investigate the effect of the 

second diesel injection timing on combustion and emissions of diesel-hydrous ethanol 

RCCI at different load conditions in a modified diesel engine operated in single-cylinder 

mode. 

 Experimental Procedure 5.1.

Table 4 gives the engine operating conditions used in the experiments. For each of the 

four conditions, the first start of injection command (SOIC1) for diesel fuel was fixed at -

60 ºATDC with the fraction of total diesel fuel in the first injection fixed at 60%. The 

second start of injection command (SOIC2) was varied over the widest possible range 

without encountering unstable combustion as detected by a coefficient of variation 

(COV) of indicated mean effective pressure (IMEP) greater than 5%. Figure 9 gives the 

normalized injection current and in-cylinder pressure traces of one operating point as an 

example to illustrate the diesel injection scheme. The mass fraction and timing of the first 

diesel injection were set according to the modeling work by Dempsey et al. [45]. For 

each load condition, nominal loads of 4.3 bar, 6.1 bar, 7.7 bar and 8.6 bar IMEP were set 

at a baseline timing setting. Fueling was then held constant for the SOIC2 sweep by 

maintaining the same injection durations and pressures, resulting in an IMEP variance 

within the range of ± 0.5 bar. Intake air heating was employed for each case to maintain 
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stable combustion, with higher intake air temperature required for lower load conditions. 

A similar trend was shown by Dempsey et al. [45]. 

Table 4: Parameters for the investigated engine operating conditions 

Condition 

4.3 bar 

IMEP w/o 

EGR 

6.1 bar 

IMEP w/o 

EGR 

7.7 bar 

IMEP w/o 

EGR 

8.6 bar 

IMEP w/ 

EGR 

Engine Speed (rpm) 1500 1500 1500 1500 

Nominal IMEP (bar) 4.3 6.1 7.7 8.6 

EGR (%) 0 0 0 29 

Hydrous Ethanol 

Energy Fraction (%) 
75 76 76 76 

Intake Temperature 

(˚C) 
102 99 79 84 

Intake Pressure (bar) 1.6 1.7 1.6 1.8 

Diesel Injection 

Pressure (bar) 
400 800 800 800 

SOIC 1 (°ATDC) -60 -60 -60 -60 

SOIC 2 (°ATDC) -34 ~ -28 -32 ~ -20 -26 ~ -18 -24 ~ -14 

Fraction of Total 

Diesel Fuel in 1
st
 

Injection (%) 

60 60 60 60 

Fuel/Air Equivalence 

Ratio 
0.31 0.38 0.45 0.69 
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Figure 9: In-cylinder pressure and normalized injection pressure traces for SOIC1= 

-60 ºATDC, SOIC2= -22 ºATDC at 6.1 bar IMEP 

Hydrous ethanol with water content of 25% by volume (150 proof) was used as the 

low reactivity fuel, and the energy fraction of the ethanol in the total energy input was 

fixed at 75± 1%. Commercially available #2 ultra-low sulfur diesel (ULSD) was used in 

the study.  

 Results and Discussion 5.2.

In this section, the experimental results are presented and discussed regarding the 

effect of the second diesel injection timing on the performance and emissions 

characteristics of diesel-hydrous ethanol RCCI combustion. Figure 10 presents CA05, 

CA50 and indicated gross cycle efficiency (ηi,g) as a function of SOIC2 for the four cases 

listed in Table 4. It can be seen that the position and width of the SOIC2 window where 

stable operation could be maintained varied significantly for the loads tested. The 4.3 bar 
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IMEP case had a narrower SOIC2 window located farther away from TDC than the 6.1 

bar IMEP case, possibly due to the lower global equivalence ratio and lower diesel 

injection pressure leading to longer required mixing time for diesel fuel and air. Due to 

greater charge cooling and combustion inhibition effects with increasing hydrous ethanol 

[28,45,69], the two highest loads had narrower SOIC2 operating windows than the 6.1 

bar IMEP case. Further, the operability ranges were shifted closer to TDC, increasing the 

reactivity stratification and offsetting the aforementioned inhibition of ignition. EGR was 

necessary for the 8.6 bar IMEP case to achieve low levels of NOX emissions typical of 

RCCI combustion. This runs counter to the modeling results of [45] where no EGR was 

required up to 17 bar IMEP. Both the ignition timing and combustion phasing were 

remarkably retarded for the highest load case and the SOIC2 window was further shifted 

towards TDC creating higher local reactivity and equivalence ratio in the piston bowl.  
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Figure 10: CA05, CA50 and gross indicated cycle efficiency versus second diesel 

injection timing 

All four tested loads had a minimum of CA05 and CA50 with respect to SOIC2. 

Either more advanced or more delayed SOIC2 led to delayed ignition timing and 

combustion phasing as measured by CA05 and CA50 respectively. Similar phenomenon 

has been observed in previous studies with single injection of diesel fuel [70,79]. As the 

SOIC2 was advanced from the minimum point, the mixing time for diesel fuel and 

surrounding charge was extended, leading to more premixed combustion. Meanwhile, a 

portion of the diesel fuel spray missed the piston bowl and targeted at the squish area, 

causing over-mixing and wall impingement; therefore, a more delayed heat release event. 

As the SOIC2 was retarded from the minimum point, the local reactivity and equivalence 

ratio in piston bowl became higher, resulting in ignition and combustion more coupled 
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with the second diesel injection events, and hence more delayed CA05 and CA50. It can 

also be observed that for each case, the peak cycle efficiency was achieved at the SOIC2 

timing of minimum CA50. This is consistent with previous findings [70,79] that cycle 

efficiency was enhanced as combustion phasing was located closer to TDC in dual-fuel 

PPCI combustion strategies. Although the combustion phasing was significantly delayed 

for the 8.6 bar IMEP case compared to other cases, relatively high peak cycle efficiency 

was obtained, possibly due to reduced heat loss and improved combustion efficiency 

associated with the use of EGR. 

To further examine the combustion characteristics associated with the diesel-hydrous 

ethanol RCCI, RoHR traces with respect to varying SOIC2 are given in Figure 11. With 

SOIC2 closer to TDC, a two-stage heat release curve was observed, with the first peak 

representing combustion of the more reactive diesel fuel in piston bowl, followed by a 

higher spike indicating the premixed combustion of the remaining well-mixed fuel-air 

charge. As SOIC2 was advanced, the first peak was reduced in magnitude due to lower 

local reactivity and equivalence ratio in piston bowl. Since mixing time for the diesel fuel 

introduced during the second injection and its surrounding charge was extended, the 

reactivity gradient between piston bowl and squish area was reduced, and the two heat 

release peaks gradually merged to form a single-peak Gaussian-shaped RoHR curve. 

Further advancing SOIC2 led to earlier ignition timing and sharper RoHR curve until the 

minimum point of CA50 was reached. Beyond this point, ignition timing was retarded 

and combustion duration was elongated with more advanced SOIC2. At the same SOIC2, 

the ignition timing was retarded and combustion duration was extended as the load was 

increased due to the larger charge cooling and combustion inhibition effects. The first-
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stage heat release event was much less prominent in the 8.6 bar IMEP case in contrast 

with other cases because the EGR further inhibited early-stage heat release reactions. 

Figure 12 presents the emissions of NOX and soot on a gross-indicated specific basis 

with respect to SOIC2 for the four cases. The peak NOX emissions were observed where 

the SOIC2 was slightly later than the minimum point of CA50, possibly caused by the 

combined effects of high in-cylinder temperature associated with the relatively early 

combustion phasing and the occurrence of near-stoichiometric regions created by the late 

SOIC2. Advancing the SOIC2 allowed more premixed and leaner combustion, largely 

reducing the in-cylinder temperature and the near-stoichiometric spots, and hence 

decreasing the NOX emissions. The higher NOX emissions for the 4.3 bar IMEP case as 

compared to the 6.1 bar IMEP case at the same SOIC2 are likely to be caused by the 

lower diesel injection pressure which resulted in worse mixing of the diesel fuel and air. 

The use of EGR significantly reduced NOX emissions due to the decreased in-cylinder 

temperature for the 8.6 bar IMEP case as comparing the two highest load cases. 

Soot emissions were consistently low throughout the range of SOIC2 for each case, 

indicating primarily premixed combustion with minimal high temperature fuel-rich 

regions in the cylinder. The 4.3 bar IMEP case exhibited the highest soot emissions, 

potentially associated with poorer mixing resulting from lower diesel injection pressure. 

Soot emissions were significantly reduced with the use of EGR at the 8.6 bar condition. 

This may have been caused by retarding ignition timing and combustion phasing, 

allowing extended mixing time for diesel fuel and surrounding charge as is typical with 

PPCI combustion modes. 
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Figure 11: Gross apparent rate of heat release at varying second diesel injection 

timing 
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Figure 12: Gross indicated specific NOX, soot versus second diesel injection timing 

For PPCI modes like the one studied here, emissions from partially burned fuel are 

significantly higher than for conventional diesel combustion. The CO, HC, aldehydes and 

ethanol emissions varied similarly as a function of SOIC2 for each load case as shown in 

Figure 13. A minimum point of CO and HC emissions was observed at the minimum 

CA50 timing point for each case. When the second diesel injection timing was more 

retarded than the minimum CA50 point, a relatively fuel-rich region was formed in the 

piston bowl, with insufficient oxygen to oxidize the CO or HC produced in the bowl. 

When the second diesel injection timing was advanced relative to the minimum CA50 

point and a larger portion of fuel jet targeted at the squish region and cylinder wall, over-

mixing occurred and CO or HC could not be fully oxidized due to low temperature in the 
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cylinder. When the second diesel injection was well timed, the diesel fuel could be 

optimally distributed in both the piston bowl and squish region. As a result, fuel-rich 

spots and over-mixing could be avoided, reducing the CO and HC emissions, thus 

improving combustion efficiency. It can also be seen that the CO and HC emissions were 

the highest for the lowest load case, indicating that the fuel-air mixture is overly lean. 

 

Figure 13: Gross indicated specific CO, HC, aldehydes, ethanol emissions versus 

second diesel injection timing 

In an experimental study by Dempsey et al. [46] on a heavy-duty engine, the same 

grade of hydrous ethanol as in this study (150 proof) was used, and the engine was 

operated at a load of approximately 8 bar IMEP. Engine operating parameters and 

experimental results of the peak thermal efficiency points in the 7.7 bar and 8.6 bar IMEP 

cases are listed in Table 5, along with the two operating points given in [46] for detailed 
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comparison. As can be seen in the table, our experiments required more retarded diesel 

injection timing and higher degree of intake heating for stable combustion than in [46]. 

These discrepancies might have been related to differences in air intake system 

configuration, combustion chamber geometry, characteristics of the DI and PFI injectors 

and the intake charge motion. The higher intake air temperature and higher compression 

ratio used in our work compared to [46] contributed to higher peak in-cylinder 

temperature, leading to an increase in thermal NOX production. Additionally, a more 

delayed second diesel injection timing led to more heterogeneous mixture of fuel and air, 

and hence more near-stoichiometric zones in the cylinder, favoring the formation of NOX. 

With the use of EGR, the NOX in this study was lowered to about 1/5 of that without 

EGR. Indicated thermal efficiencies were lower in this study, possibly due to the retarded 

combustion phasing as compared to that in [46] leading to reduced thermodynamic cycle 

efficiency. Combustion phasing was delayed even more with the use of EGR; however, 

the indicated thermal efficiency was increased. This might have been due to improved 

combustion efficiency and reduced heat loss. The unburned HC emissions listed in Table 

5 were a sum of the HC species specified in Section 3.2.1, with the unit converted to 

g/kg-fuel for comparison purposes. As consistent with in [46], relatively high unburned 

HC and CO emissions were observed in this study, commonly seen for a premixed 

strategy such as RCCI. Another finding similar with in [46] is that although acceptably 

low levels of COV of IMEP were obtained, relatively high levels of COV of PPRR were 

observed. This is potentially caused by cycle-to-cycle variation in the bulk gas 

temperature at the start of compression stroke, resulting from variation in the degree of 
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vaporization of hydrous ethanol. With the use of EGR, the COV of both IMEP and PPRR 

are lowered, indicating more stable combustion as well as lower PPRR. 

Table 5: Comparisons of operating parameters and experimental results between 

selected operating points in this study and in Reference [46] 

Operating Points 

Point_1 

(Dempsey 

et al.) 

Point_2 

(Dempsey 

et al.) 

7.7 bar 

IMEP 

w/o EGR 

8.6 bar 

IMEP w/ 

EGR 

Operating Parameters 

Single-Cylinder Displacement (L) 2.44 2.44 1.30 1.30 

Compression Ratio 16.1 16.1 18.5 18.5 

Total Fuel (PFI+DI) (mg/cycle) 163 177 103 113 

Load (Gross IMEP) (bar) ~8 ~8 7.7 8.6 

Engine Speed (rpm) 1300 1300 1500 1500 

Hydrous Ethanol Mass Fraction (%) 82 89 88 88 

Grade of Hydrous Ethanol (proof) 150 150 150 150 

Diesel SOI #1 (˚ATDC) -59 -59 -60 -60 

Diesel SOI #2 (˚ATDC) -35 -35 -22 -20 

Fraction of Total Diesel Fuel in First 

Injection (%) 
55% 57% 60% 60% 

Diesel Injection Pressure (bar) 800 800 800 800 

EGR (%) 0% 0% 0% 29% 

Intake Pressure (bar) 1.57 1.61 1.6 1.8 

Intake Temperature (˚C) 36 60 79 84 

Global Equivalence Ratio 0.34 0.38 0.45 0.69 

Experimental Results 

CA50 (˚ATDC) 4.6 4.7 9.6 14.4 

NOX (g/kW-hr) 0.10 0.09 1.29 0.27 

Soot (g/kW-hr) 0.007 0.005 0.003 0.001 

Unburned HC (g/kg-fuel) 58.46 52.60 73.75 56.64 

CO (g/kg-fuel) 78.86 35.50 28.22 19.16 

Combustion Efficiency (%) 89.0 91.3 92.8 94.7 

Gross Indicated Efficiency (%) 50.7 51.3 46.0 48.1 

PPRR (bar/deg) 3.3 6.4 3.8 2.3 

COV of IMEP (%) 2.3 1.8 2.7 1.7 

COV of PPRR (%) 13.5 18.9 34.7 19.7 
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 Conclusions 5.3.

In this section, the effects of the second diesel injection timing on performance and 

emissions characteristics of diesel-hydrous ethanol RCCI combustion mode were 

experimentally investigated. With the mass fraction and timing of the first diesel injection 

kept constant, a sweep of the second diesel injection timing was performed at various 

load conditions. The effects of using EGR in RCCI combustion were also explored in 

comparing the two higher load cases. 

It can be concluded from this study that 150 proof hydrous ethanol can be used as the 

low reactivity fuel in RCCI up to 8.6 bar IMEP and with 75% or higher ethanol energy 

fraction while achieving simultaneously low levels of NOX and soot emissions. The 

second diesel injection timing can be adjusted to achieve a maximum in thermal 

efficiency and minimum in CO and HC emissions while setting a constant first diesel 

injection. This study in part confirms the feasibility of using hydrous ethanol as the low 

reactivity fuel in RCCI as was previously suggested in modeling and experimental studies 

[45,46] and opens the opportunity for further exploration of hydrous ethanol use in diesel 

engines to improve the renewability of ethanol, increase engine efficiency and reduce 

harmful engine exhaust emissions.  
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Chapter 6 Optimization of Diesel-Hydrous Ethanol RCCI Combustion 

using Response Surface Methodology
3
 

The purpose of this section was to apply RSM to RCCI operation of a single-cylinder 

research engine using diesel as the high-reactivity fuel, and hydrous ethanol as the low-

reactivity fuel with the primary goal to lower engine-out pollutant emissions. Critical 

operating parameters associated with engine fueling and air-handling systems were 

identified and their effects on engine performance and emissions were evaluated and 

optimized. 

 Experimental Procedure 6.1.

 RSM Optimization Methods 6.1.1.

At the beginning of the RSM optimization, a mathematical expression of the 

optimization objective was established. Montgomery et al. [61] proposed an equation to 

represent combination of multiple objectives. In this study, a similar equation was used as 

the objective function for the RSM optimization, describing the objectives as to obtain an 

overall minimum of weighted CO2, HC, CO, NOX and soot emissions, as shown in 

Equation (3).  

 (3) 𝑓(𝑋) = 𝑅𝐸𝑆𝑃𝑂𝑁𝑆𝐸 =
1000

(
𝐼𝑆−𝐶𝑂2
𝐼𝑆−𝐶𝑂2𝑡

)

2

+(
𝐼𝑆−𝐻𝐶

𝐼𝑆−𝐻𝐶𝑡
)
2

+(
𝐼𝑆−𝐶𝑂

𝐼𝑆−𝐶𝑂𝑡
)
2

+(
𝐼𝑆−𝑁𝑂𝑥

𝐼𝑆−𝑁𝑂𝑥𝑡
)
2

+
𝐼𝑆−𝑆𝑜𝑜𝑡

𝐼𝑆−𝑆𝑜𝑜𝑡𝑡

  

In the equation: X={x1, x2… xn} denotes the vector of operating parameters to be 

optimized; IS-CO2, IS-HC, IS-CO, IS-NOX and IS-Soot denote measured emissions on an 

                                                
3 This chapter is based on paper ―Optimization of Reactivity-Controlled Compression Ignition Combustion Fueled with Diesel 

and Hydrous Ethanol Using Response Surface Methodology‖ (Fang et al., 2015), Fuel, 160(2015) 446-457. 
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indicated specific basis; IS-CO2t, IS-HCt, IS-COt, IS-NOXt and IS-Soott denote target 

values for the indicated specific emissions. 

Emission terms in the objective function were expressed on an indicated specific 

basis because engine was operated in single-cylinder mode. Soot emissions were 

generally much lower than the target value throughout the RCCI operating region 

according to preliminary experimental results. Therefore a smaller weighting exponent 

was applied to the soot term implying that soot emissions are of lower priority when the 

other emissions are above their target levels, and a reduction in soot emissions is more 

attractive when the other emissions are reduced below the target levels [62]. All terms of 

interest were placed in denominator so that the optimization objective is intuitively to 

search for the highest response value rather than the lowest; the integer 1000 in the 

numerator is a scaling factor to avoid the inconvenience of working with non-integer 

values as suggested by Montgomery et al. [61].  

Table 6: Target CO2, HC, CO, NOX and soot emissions values for use in the RSM 

optimization study 

IS-CO2 

(g/kW-hr) 

IS-HC 

(g/kW-hr) 

IS-CO 

(g/kW-hr) 

IS-NOX 

(g/kW-hr) 

IS-Soot 

(g/kW-hr) 

536.8 17.34 11.70 0.32 0.008 

 

Table 6 gives the target values of the emission terms on a gross indicated specific 

basis. The target values for NOX and soot emissions were calculated based on the US 

EPA Tier 4-Final standard for non-road diesel engines, assuming a conversion factor of 

0.5 from PM to soot based on the results from [49] and a mechanical efficiency of 80% 

for conversion from brake to indicated specific basis. Kokjohn et al. [27] showed that 
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indicated thermal efficiency was generally higher than 50% in RCCI operation in both 

heavy-duty and light-duty engine experiments. Accordingly, the calculation of the target 

value for CO2 emission term was based on the assumption that the engine is operated 

using neat diesel fuel with a 50% indicated thermal efficiency and 100% combustion 

efficiency. The lowest values of the CO and HC emissions from the heavy-duty diesel-

hydrous ethanol RCCI experiments conducted by Dempsey et al. [46] were chosen as the 

target values for the CO and HC emission terms in this work.  

Table 7: Selected operating parameters in the factor-screening experiments 

Symbol Tint Pint EGR Dwell 

Operating 

Parameter 

Intake 

Temperature 

Intake 

Pressure 
EGR Rate 

Interval 

between Two 

Injections 

Symbol SOIC 2 Prail Inj1Fr FEF 

Operating 

Parameter 

Second Diesel 

Injection 

Timing 

Diesel Fuel 

Rail Pressure 

Fraction of 

First Diesel 

Injection 

Fumigant 

Energy 

Fraction 

 

Engine speed was held constant at 1500 rpm at all testing conditions, which is the 

manufacturer specified speed for peak rated torque. The RSM optimization process was 

independently conducted for two engine loads, 4.5 and 10 bar nominal indicated mean 

effective pressure (IMEP), representing low- and medium-load conditions, respectively. 

Table 7 lists the eight operating parameters that are directly related to engine fueling and 

intake air handling systems, and they consist of the vector X in Equation (3). To 

determine the starting point for each optimization process, a set of preliminary 

experiments were conducted. The fumigant energy fraction (FEF), defined as the lower 
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heating value of hydrous ethanol times its mass flow divided by the total fuel energy 

input based on lower heating value, was kept at ~75%, with the remainder provided by 

diesel fuel. Fueling strategy of diesel fuel has been shown to be critical in generating an 

optimal fuel reactivity distribution in the cylinder in a paper by Kokjohn et al. [31]. They 

used CFD modeling to propose a diesel fuel injection scheme that results in minimal 

cylinder wall film level and avoids fuel-rich regions in the cylinder. The scheme included 

two injections at about 60 and 30º BTDC, with the first injection delivering ~60% of the 

total diesel fuel input. In the current work, the first diesel injection timing was fixed at 

~60ºBTDC, with the ratio of first and second injection durations set to be 3:2. Since the 

second diesel injection timing has been shown to largely affect the RCCI combustion 

[26], it was chosen as a variable in the preliminary experiments and swept over the widest 

possible range where stable combustion can be maintained. The injection timing that 

resulted in the highest response in each sweep was selected as the timing for the starting 

points. The diesel fuel injector rail pressure was fixed at 800 bar at the high load as 

consistent with studies by Kokjohn et al. [24,26,28,35]. At the low load, the rail pressure 

was reduced to 400 bar to allow reasonably long injection durations. As shown in a 

previous study [65], intake air heating was required to overcome the charge cooling effect 

of hydrous ethanol. The required intake air temperature was much higher for the lower 

load case due to leaner fuel-air charge in the cylinder. At the high-load condition, EGR 

was needed for reducing NOX emissions and the peak rate of pressure rise (RoPR). 

Operating parameters for the starting points are summarized in Table 8. 
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Table 8: Operating parameters of the starting points 

 Low Load High Load 

Engine Load (bar IMEP nominal) 4.5 10 

Engine Speed (rev/min) 1500 1500 

Diesel SOIC 1 (ºATDC) -60 -60 

Diesel SOIC 2 (ºATDC) -32 -22 

DI Injection Pressure (bar) 400 800 

Fraction of 1st Diesel Injection (%) 60 60 

Ethanol Energy Fraction (%) 75 75 

Intake Temperature (ºC) 102 43 

Intake Pressure (bar) 1.6 1.9 

EGR rate (% vol.) 0 29 

Fuel/Air Equivalence Ratio 0.31 0.60 

 

 

 

 Optimization Process under the Low Engine Load Condition 6.1.2.

For each load condition, a set of two-level fractional factorial experiments was 

conducted in the vicinity of the starting points to evaluate the effect of each factor. 

Analysis of variance (ANOVA) was performed on the experimental results. The factors 

with a p-value greater than 0.05 were considered to be active, while the factors with a p-

value less than 0.05 were held constant in the following experiments. Subsequently, 

another set of two-level fractional factorial experiments combined with certain number of 
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center and axial runs was conducted to construct a second-order regression model of the 

response as a function of the active factors. An optimization path was generated from the 

model and a set of experiments was conducted along the path to obtain the optimal 

response.  

At the beginning of the optimization process, a set of factor screening experiments 

was conducted to identify factors that significantly affect the responses. Table 9 gives the 

factor level settings and the corresponding response values of the factor screening 

experimental design. This is a two-level fractional factorial design consisting of 16 corner 

runs and 3 center runs with a resolution of IV. Table 10 presents the regression 

coefficients and P values of the 8 factors based on the ANOVA of the factor screening 

results. Effect was considered to be significant if the P value was less than 0.05. 

Accordingly, SOIC2, Inj1Fr, Prail, Pint were the five factors that had significant impact on 

the response for the 4.5 bar IMEP condition. They were subject to further optimization 

while the remaining three factors were kept constant in the following experiments. To fit 

a first-order regression model to the response, another set of two-level fractional factorial 

experiments were conducted, with the inactive factors held constant.  

Table 11 gives the factor level settings and response values for this design. The 

design is of resolution V and all main effects and two-way interactions (TWI) can be 

independently estimated. ANOVA results of the fitted first-order models with and 

without TWI terms are presented in Table 12 and Table 13, respectively. The P values for 

both models were smaller than 0.05, indicating that a second-order model was needed to 

better describe the response. 
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Table 9: Factor level settings and response values of the factor screening design 

under the low load condition 

Test Order Dwell SOIC2 Inj1Fr FEF Prail Tint Pint EGR Response 

1 0 0 0 0 0 0 0 0 60 

2 -1 1 -1 1 1 -1 1 -1 102 

3 -1 -1 -1 -1 -1 -1 -1 -1 4 

4 -1 -1 1 1 1 1 -1 -1 101 

5 -1 1 -1 -1 1 1 -1 1 70 

6 1 1 -1 -1 -1 -1 1 1 21 

7 1 1 1 1 1 1 1 1 151 

8 1 -1 1 -1 -1 1 -1 1 15 

9 1 -1 -1 1 1 -1 -1 1 80 

10 0 0 0 0 0 0 0 0 63 

11 -1 -1 1 -1 1 -1 1 1 43 

12 1 1 -1 1 -1 1 -1 -1 106 

13 -1 -1 -1 1 -1 1 1 1 7 

14 -1 1 1 -1 -1 1 1 -1 86 

15 -1 1 1 1 -1 -1 -1 1 112 

16 1 1 1 -1 1 -1 -1 -1 144 

17 1 -1 1 1 -1 -1 1 -1 52 

18 1 -1 -1 -1 1 1 1 -1 6 

19 0 0 0 0 0 0 0 0 49 
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Table 10: Regression coefficients and P values of the factors from ANOVA of the 

factor screening results under the low load condition 

Term 
Regression 

Coefficient 
P Value 

Intercept 66.6 — 

Dwell 3.1 0.371 

SOIC2 30.0 4.0E-06 

Inj1Fr 19.2 1.8E-04 

FEF 20.1 1.2E-04 

Prail 18.3 2.6E-04 

Tint -0.9 0.784 

Pint -10.2 0.012 

EGR -6.4 0.084 
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Table 11: Factor level settings and response values of the first-order model design 

under the low load condition 

Test Order SOI2 Inj1Fr FEF Prail Pint Response 

1 0 0 0 0 0 38 

2 -1 -1 1 -1 -1 15 

3 -1 -1 -1 -1 1 4 

4 1 1 1 -1 -1 85 

5 0 0 0 0 0 41 

6 -1 -1 -1 1 -1 9 

7 -1 -1 1 1 1 30 

8 1 1 -1 -1 1 35 

9 0 0 0 0 0 40 

10 1 -1 1 -1 1 24 

11 -1 1 -1 -1 -1 36 

12 -1 1 1 1 -1 107 

13 1 -1 1 1 -1 84 

14 0 0 0 0 0 36 

15 -1 1 1 -1 1 24 

16 1 -1 -1 1 1 10 

17 1 1 1 1 1 69 

18 0 0 0 0 0 34 

19 -1 1 -1 1 1 36 

20 1 -1 -1 -1 -1 9 

21 1 1 -1 1 -1 80 

22 0 0 0 0 0 33 
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Table 12: ANOVA of the first-order model without TWI under the low load 

condition 

 

Degree of 

Freedom 

Sum 

Square 

Mean 

Square 
F Value P Value 

First Order Terms 5 13904.3 2780.9 18.3 4.1E-06 

Residuals 16 2425.6 151.6 — — 

Lack of Fit 11 2381.1 216.5 24.3 0.001 

Pure Error 5 44.5 8.9 — — 

 

 

Table 13: ANOVA of the first-order model with TWI under the low load condition 

 

Degree of 

Freedom 

Sum 

Square 

Mean 

Square 
F Value P Value 

First Order Terms 5 13904.3 2780.9 136.9 4.3E-06 

TWI 10 2303.7 230.4 11.3 0.004 

Residuals 6 121.8 20.3 — — 

Lack of Fit 1 77.3 77.3 8.7 0.032 

Pure Error 5 44.5 8.9 — — 

 

A central composite design (CCD) that consists of corner runs from the previous 

design, a set of axial runs and center runs was used to build a second-order model. The 

factor level settings and corresponding response values are given in Table 14. Table 15 

and Table 16 show the regression coefficients and P values of the factors in the second-

order models for the response and the five emission terms that constitute the response. 

Ridge analysis was conducted to obtain the optimization path for the response according 

to the second-order model.  
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Table 17 gives the factor level settings and predicted response values of operating 

points along the optimization path. A set of experiments was conducted along the 

optimization path, but some level settings were deviated from the designed values either 

due to measurement error or the necessity of maintaining stable operation. For instance, 

FEF deviated the most remarkably from its designed values, because higher fraction of 

diesel fuel was needed to avoid unstable combustion. The actual factor level settings and 

corresponding response values are shown in Table 18. It can be seen that the actual 

response monotonically increased along the optimization path, demonstrating that the 

RSM optimization process is effective. Only three steps along the path were feasible 

because further advancement led to unstable combustion.  

Table 14: Factor level settings and response values of the additional center and axial 

points of the CCD under the low load condition 

Test Order SOI2 Inj1Fr FEF Prail Pint Response 

1 -2 0 0 0 0 14 

2 0 0 0 0 0 27 

3 0 0 0 0 2 18 

4 0 0 0 0 -2 49 

5 2 0 0 0 0 65 

6 0 0 2 0 0 63 

7 0 0 -2 0 0 11 

8 0 -2 0 0 0 9 

9 0 0 0 -2 0 19 

10 0 0 0 2 0 58 

11 0 2 0 0 0 108 
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Table 15: Regression coefficients and P values of the active factors in the second-

order models of the response, CO2 and HC emissions under the low load condition 

 
Response CO2 HC 

 
Coeff. P Val. Coeff. P Val. Coeff. P Val. 

Intercept 35.811 1.5E-8 456.848 2.2E-16 28.191 8.7E-8 

SOIC2 9.784 2.5E-5 -2.194 0.111 1.082 0.443 

Inj1Fr 20.206 1.1E-8 1.761 0.193 -0.416 0.766 

FEF 13.478 9.8E-7 -6.228 3.8E-4 7.638 1.2E-4 

Prail 11.318 6.0E-6 3.515 0.018 -2.106 0.149 

Pint -10.652 1.1E-5 2.736 0.053 -1.828 0.205 

SOIC2:Inj1Fr -0.156 0.933 -4.233 0.019 1.693 0.331 

SOIC2:FEF 2.213 0.246 -2.887 0.090 0.753 0.660 

SOIC2:Prail -0.896 0.630 -1.553 0.340 0.754 0.660 

SOIC2:Pint -3.008 0.123 7.029 7.3E-4 -1.864 0.287 

Inj1Fr:FEF -1.380 0.461 8.298 1.9E-4 -3.740 0.045 

Inj1Fr:Prail 1.979 0.297 -6.208 0.002 1.501 0.387 

Inj1Fr:Pint -5.921 0.007 -0.022 0.989 -1.906 0.276 

FEF:Prail 5.592 0.009 -0.984 0.541 1.567 0.367 

FEF:Pint -5.783 0.008 -6.478 0.001 1.210 0.483 

Prail:Pint -4.859 0.020 -1.995 0.226 -0.142 0.934 

SOIC2
2
 0.674 0.619 1.400 0.242 -0.875 0.485 

Inj1Fr
2
 5.419 0.001 2.036 0.099 -0.634 0.611 

FEF
2
 0.128 0.924 4.495 0.002 0.230 0.853 

Prail
2
 0.494 0.715 -0.986 0.403 3.046 0.028 

Pint
2
 -0.917 0.500 2.750 0.033 -1.121 0.375 
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Table 16: Regression coefficients and P values of the active factors in the second-

order models of CO, NOX and soot emissions under the low load condition 

 
CO NOX Soot 

 
Coeff. P Val. Coeff. P Val. Coeff. P Val. 

Intercept 30.402 5.5E-9 1.554 1.5E-9 0.006 2.1E-6 

SOIC2 0.510 0.666 -0.440 2.3E-6 -6.3E-4 0.138 

Inj1Fr -0.082 0.944 -0.876 1.1E-9 -3.3E-4 0.416 

FEF 0.937 0.432 -0.644 3.7E-8 -6.3E-4 0.137 

Prail -2.013 0.106 -0.403 5.6E-6 -0.002 1.8E-4 

Pint 4.583 0.002 0.270 2.4E-4 0.001 0.007 

SOIC2:Inj1Fr 2.370 0.118 0.072 0.284 2.8E-5 0.955 

SOIC2:FEF 1.483 0.313 -0.013 0.840 -4.0E-4 0.428 

SOIC2:Prail -0.046 0.975 0.108 0.118 3.7E-4 0.457 

SOIC2:Pint -2.733 0.076 0.021 0.754 -1.7E-4 0.730 

Inj1Fr:FEF -4.373 0.009 0.536 2.4E-6 5.4E-4 0.291 

Inj1Fr:Prail 3.654 0.024 0.080 0.237 -2.1E-4 0.676 

Inj1Fr:Pint -1.139 0.435 0.008 0.903 1.6E-4 0.746 

FEF:Prail 2.103 0.161 -0.046 0.489 4.0E-4 0.424 

FEF:Pint 1.488 0.312 -0.111 0.109 -1.6E-4 0.741 

Prail:Pint -0.205 0.887 -0.046 0.486 -1.2E-4 0.813 

SOIC2
2
 -1.302 0.228 0.085 0.093 -4.0E-5 0.913 

Inj1Fr
2
 -0.331 0.753 0.128 0.018 1.5E-5 0.966 

FEF
2
 -0.958 0.368 0.126 0.020 3.2E-4 0.386 

Prail
2
 2.148 0.058 -0.007 0.876 8.7E-4 0.029 

Pint
2
 -1.547 0.157 0.100 0.054 -1.2E-4 0.740 

 

 

 



74 

Table 17: Designed factor level settings of the optimization path under the low load 

condition 

SOIC2 Inj1Fr FEF Prail Pint 
Predicted 

Response 

-2.28 -0.97 -0.45 0.22 1.88 3 

-2.11 0.14 -0.04 0.78 1.17 20 

-1.93 1.25 0.37 1.33 0.45 71 

-1.76 2.36 0.78 1.88 -0.27 156 

 

 

Table 18: Actual factor level settings of the optimization path under the low load 

condition 

SOIC2 Inj1Fr FEF Prail Pint 
Actual 

Response 

-2.30 -0.95 -0.40 0.22 1.92 4 

-2.10 0.16 0.08 0.78 1.22 13 

-1.95 1.30 0.26 1.33 0.43 88 

-1.75 2.17 0.16 1.88 -0.34 178 

 

Table 19 gives the performance and emissions results of the operating points along 

the optimization path and at the starting point. Table 20 presents the comparison between 

the emissions results and the corresponding target values. 
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Table 19: Performance and emissions results at the starting point and operating 

points along the optimization path under the low load condition 

 
CO2 NOX Soot      HC CO ηcomb CA50 ηi Response 

 
g/kW-hr % °ATDC % — 

Starting 

Point 
455 1.48 0.0057 29.6 31.3 86.1 2.8 45.1 37 

Stationary 

Point 
478 5.40 0.0095 19.2 29.9 86.9 -0.8 49.0 4 

Step 1 479 2.98 0.0051 20.7 27.1 87.8 0.5 46.7 13 

Step 2 477 0.86 0.0039 24.5 20.0 88.7 4.3 45.9 88 

Step 3 492 0.31 0.0028 27.0 16.9 89.6 7.7 43.8 178 

 

 

Table 20: Emission results at the optimal point and corresponding target values 

under the low load condition 

 
CO2 NOX Soot HC CO 

 
g/kW-hr 

Target 537 0.32 0.0080 17.3 11.7 

Optimal Point 492 0.31 0.0028 27.0 16.7 

      

 Optimization Process under the High Engine Load Condition 6.1.3.

Table 21 presents the factor level settings and corresponding response values of the 

factor screening experiments for the 10 bar IMEP condition. The design was the same as 

in the 4.5 bar IMEP condition. The regression coefficients and P values of the 8 factors 

are given in Table 22. It can be seen that the effects of Dwell, Inj1Fr, Prail, Tint and EGR 

on the response were significant at this condition. 
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Table 21: Factor level settings and response values of the factor screening design 

under the high load condition 

Test Order Dwell SOIC2 Inj1Fr FEF Prail Tint Pint EGR Response 

1 0 0 0 0 0 0 0 0 176 

2 -1 1 -1 1 1 -1 1 -1 52 

3 -1 -1 -1 -1 -1 -1 -1 -1 11 

4 -1 -1 1 1 1 1 -1 -1 119 

5 -1 1 -1 -1 1 1 -1 1 39 

6 1 1 -1 -1 -1 -1 1 1 50 

7 1 1 1 1 1 1 1 1 328 

8 1 -1 1 -1 -1 1 -1 1 149 

9 1 -1 -1 1 1 -1 -1 1 335 

10 0 0 0 0 0 0 0 0 201 

11 -1 -1 1 -1 1 -1 1 1 321 

12 1 1 -1 1 -1 1 -1 -1 63 

13 -1 -1 -1 1 -1 1 1 1 56 

14 -1 1 1 -1 -1 1 1 -1 70 

15 -1 1 1 1 -1 -1 -1 1 0 

16 1 1 1 -1 1 -1 -1 -1 343 

17 1 -1 1 1 -1 -1 1 -1 198 

18 1 -1 -1 -1 1 1 1 -1 20 

19 0 0 0 0 0 0 0 0 179 

 

 

 

 

 



77 

Table 22: Regression coefficients and P values of the factors from ANOVA of the 

factor screening results under the high load condition 

Term 
Regression 

Coefficient 
P Value 

Intercept 160.8 — 

Dwell 69.6 0.003 

SOIC2 12.8 0.504 

Inj1Fr 58.6 0.012 

FEF 33.6 0.091 

Prail 70.6 0.002 

Tint -46.4 0.018 

Pint -9.9 0.560 

EGR 33.4 0.012 

 

Table 23 lists the factor level settings and corresponding response values of the 

design to fit a first-order model for to the response. Table 24 and Table 25 show ANOVA 

results of the fitted first-order models with and without TWI terms, respectively. The P 

values for both models were smaller than 0.05, indicating that a second-order model was 

needed to better describe the response. 
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Table 23: Factor level settings and response values of the first-order model design 

under the high load condition 

Test 

Order 
Dwell Inj1Fr Prail Tint EGR Response 

1 0 0 0 0 0 230 

2 -1 -1 1 -1 -1 97 

3 -1 -1 -1 -1 1 98 

4 1 1 1 -1 -1 332 

5 0 0 0 0 0 216 

6 -1 -1 -1 1 -1 22 

7 -1 -1 1 1 1 104 

8 1 1 -1 -1 1 303 

9 0 0 0 0 0 185 

10 1 -1 1 -1 1 245 

11 -1 1 -1 -1 -1 186 

12 -1 1 1 1 -1 273 

13 1 -1 1 1 -1 71 

14 0 0 0 0 0 231 

15 -1 1 1 -1 1 398 

16 1 -1 -1 1 1 97 

17 1 1 1 1 1 438 

18 0 0 0 0 0 199 

19 -1 1 -1 1 1 247 

20 1 -1 -1 -1 -1 66 

21 1 1 -1 1 -1 157 

22 0 0 0 0 0 183 
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Table 24: ANOVA of the first-order model without TWI under the high load 

condition 

 

Degree of 

Freedom 

Sum 

Square 

Mean 

Square 
F value P Value 

First Order Terms 5 213409 42682 21.3 1.5E-06 

Residuals 16 32042 2003 — — 

Lack of Fit 11 29570 2688 5.4 0.037 

Pure Error 5 2472 494 — — 

 

 

Table 25: ANOVA of the first-order model with TWI under the high load condition 

 

Degree of 

Freedom 

Sum 

Square 

Mean 

Square 
F value P Value 

First Order Terms 5 213409 42682 23.8 6.9E-04 

TWI 10 21268 2127 1.2 0.436 

Residuals 6 10775 1796 — — 

Lack of Fit 1 8303 8303 16.8 0.009 

Pure Error 5 2472 494 — — 

 

The factor level settings and corresponding response values of the additional axial 

and center points to build the CCD design is given in Table 26. Table 27 and Table 28 

show the regression coefficients and P values of the factors in the second-order models 

for the response and the five emission terms.  

Table 29 and Table 30 present the designed and actual factor level settings and 

corresponding response values of operating points along the optimization path. The most 

distinct difference between the designed and actual settings is that the intake air 
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temperature was higher in the actual experiments than designed values to overcome the 

large charge cooling and combustion inhibiting effects of hydrous ethanol and hence to 

maintain stable engine operation. The actual response monotonically increased along the 

optimization path for four steps and further advance was not feasible due to unstable 

combustion.  

Table 26: Factor level settings and response values of the additional center and axial 

points of the CCD under the high load condition 

Test Order Dwell Inj1Fr Prail Tint EGR Response 

1 -2 0 0 0 0 70 

2 0 0 0 0 0 180 

3 0 0 0 0 2 304 

4 0 0 0 0 -2 75 

5 2 0 0 0 0 291 

6 0 0 2 0 0 354 

7 0 0 -2 0 0 134 

8 0 -2 0 0 0 32 

9 0 0 0 -2 0 271 

10 0 0 0 2 0 72 

11 0 2 0 0 0 421 
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Table 27: Regression coefficients and P values of the active factors in the second-

order models of the response, CO2 and HC emissions under the high load condition 

 Response CO2 HC 

 
Coeff. P Val. Coeff. P Val. Coeff. P Val. 

Intercept 203.946 4.4E-9 518.456 2.2E-16 19.031 9.8E-12 

Dwell 30.257 0.002 1.552 0.172 0.323 0.455 

Inj1Fr 96.395 2.5E-8 7.096 2.4E-5 -1.029 0.030 

Prail 50.890 2.1E-5 3.059 0.014 -0.935 0.045 

Tint -29.726 0.002 -2.699 0.027 -0.868 0.060 

EGR 49.342 2.9E-5 2.551 0.034 -0.189 0.660 

Dwell:Inj1Fr -2.047 0.829 -1.694 0.220 -0.733 0.178 

Dwell:Prail 9.096 0.346 -0.266 0.843 0.074 0.888 

Dwell:Tint -3.137 0.741 0.394 0.769 -0.104 0.842 

Dwell:EGR 11.752 0.230 0.133 0.921 0.332 0.530 

Inj1Fr:Prail 19.631 0.056 0.844 0.531 -0.710 0.191 

Inj1Fr:Tint 6.596 0.491 -0.210 0.875 -0.030 0.954 

Inj1Fr:EGR 9.443 0.329 0.535 0.690 -0.615 0.253 

Prail:Tint -3.543 0.709 -0.297 0.824 -0.174 0.740 

Prail:EGR 6.218 0.516 1.766 0.202 0.099 0.850 

Tint:EGR 0.089 0.993 0.760 0.572 0.110 0.833 

Dwell
2
 -6.783 0.335 -1.839 0.078 -0.270 0.483 

Inj1Fr
2
 4.807 0.490 1.339 0.185 -0.936 0.027 

Prail
2
 9.078 0.204 0.708 0.471 -0.259 0.501 

Tint
2
 -8.891 0.213 -0.137 0.888 -0.092 0.809 

EGR
2
 -4.542 0.514 1.180 0.239 -0.261 0.497 
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Table 28: Regression coefficients and P values of the active factors in the second-

order models of CO, NOX and soot emissions under the high load condition 

 CO NOX Soot 

 
Coeff. P Val. Coeff. P Val. Coeff. P Val. 

Intercept 7.471 3.7E-9 0.576 3.0E-7 8.1E-4 9.2E-8 

Dwell 0.454 0.123 -0.143 6.4E-4 -6.0E-5 0.152 

Inj1Fr -0.109 0.698 -0.382 3.9E-8 -1.4E-4 0.004 

Prail -0.466 0.114 -0.156 3.2E-4 -1.8E-4 7.5E-4 

Tint -0.709 0.024 0.171 1.4E-4 1.2E-4 0.010 

EGR 0.561 0.063 -0.210 2.1E-5 -1.1E-4 0.019 

Dwell:Inj1Fr -0.563 0.119 0.086 0.044 2.1E-5 0.677 

Dwell:Prail 0.085 0.804 0.035 0.379 1.2E-5 0.811 

Dwell:Tint -0.055 0.872 -0.037 0.348 -3.1E-5 0.531 

Dwell:EGR 0.237 0.493 0.006 0.869 -7.0E-7 0.989 

Inj1Fr:Prail -0.329 0.345 0.071 0.086 4.9E-5 0.329 

Inj1Fr:Tint 0.153 0.656 -0.094 0.029 -8.4E-5 0.107 

Inj1Fr:EGR -0.392 0.265 0.109 0.014 6.4E-5 0.211 

Prail:Tint -0.129 0.706 -0.026 0.513 -4.5E-5 0.367 

Prail:EGR 0.110 0.748 0.055 0.173 4.8E-5 0.336 

Tint:EGR 0.153 0.656 -0.056 0.172 -2.4E-5 0.627 

Dwell
2
 -0.174 0.490 0.046 0.122 7.5E-5 0.053 

Inj1Fr
2
 -0.440 0.096 0.122 8.9E-4 3.8E-5 0.299 

Prail
2
 -0.176 0.485 -0.010 0.736 2.7E-6 0.941 

Tint
2
 -0.084 0.737 0.041 0.169 2.8E-5 0.441 

EGR
2
 -0.214 0.398 0.041 0.171 2.8E-5 0.435 
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Table 29: Designed factor level settings of the optimization path under the high load 

condition 

Dwell Inj1Fr Prail Tint EGR 
Predicted 

Response 

2.11 -2.29 -3.01 -2.99 1.49 122 

2.57 -0.36 -0.89 -3.32 2.17 338 

2.81 0.60 0.18 -3.48 2.51 607 

3.04 1.56 1.24 -3.64 2.84 983 

 

 

Table 30: Actual factor level settings of the optimization path under the high load 

condition 

Dwell Inj1Fr Prail Tint EGR 
Actual 

Response 

2.11 -2.18 -3.01 -2.33 0.95 135 

2.57 -0.32 -0.89 -0.11 1.49 311 

2.81 0.66 0.18 2.30 1.64 476 

3.04 1.68 1.24 5.58 2.07 565 

 

The performance and emissions results of the operating points along the optimization 

path and at the starting point are shown in Table 31. Table 32 compares the emissions 

results with the corresponding target values. 
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Table 31: Performance and emissions of operating points along the canonical path 

under the high load condition 

 
CO2 NOX Soot HC CO ηcomb CA50 ηi Response 

 
g/kW-hr % °ATDC % — 

Starting 

Point 
519 0.56 0.0008 19.0 7.5 89.5 11.8 46.7 207 

Stationary 

Point 
516 0.71 0.0021 22.4 11.1 87.7 13.4 47.2 135 

Step 1 528 0.16 0.0008 20.0 11.2 88.1 16.1 45.5 311 

Step 2 545 0.13 0.0007 13.8 7.5 93.1 16.5 43.7 476 

Step 3 546 0.16 0.0010 9.5 4.6 92.3 17.2 45.6 565 

 

 

Table 32: Emission results at the optimal point and corresponding target values 

under the high load condition 

 
CO2 NOX Soot HC CO 

 
g/kW-hr 

Target 537 0.32 0.0080 17.3 11.7 

Optimal Point 546 0.16 0.0010 9.5 4.6 

 

 

 Results and Discussion 6.2.

 Low Engine Load Condition 6.2.1.

From the ANOVA of the factor screening experiments results, SOIC2, Inj1Fr, Prail 

and Pint were identified as the active factors for the 4.5 bar IMEP condition. Figure 14 

shows the response values and CO2 emissions at the starting point and along the 
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optimization path with respect to the five active factors. It can be seen that the response 

function monotonically increased along the optimization path. The response value at the 

stationary point was lower than at the starting point, but it was remarkably higher at the 

optimal point. CO2 emissions were mostly constant at the first two steps but slightly 

increased at the last step. It was hypothesized that this increase was caused by decreased 

indicated thermal efficiency. 

Figure 14: Overall response and CO2 emissions values at the starting point (hollow 

square markers) and points along the optimization path (filled circle markers) 

versus active factors under the low load condition. The horizontal dotted lines 

denote target emissions values. 

 

Figure 15 shows the HC and CO emissions at the starting point and along the 

optimization path versus to the five active factors for the 4.5 bar IMEP condition. The 

HC emissions monotonically increased along the optimization path, while the CO 

emissions had an opposite trend. The increase of HC emissions at the first two steps 

along the optimization path was likely caused by increased FEF, since the ANOVA 

results in Table 15 show that FEF had the most significant effect on HC emissions among 



86 

the five active factors. Figure 16 shows the trend of unburned ethanol compared to the 

sum of the other HC components emissions measured by the FTIR as a function of FEF. 

It can be seen that the variation of unburned ethanol emissions closely resembled the 

trend of HC in Figure 15, and the other HC emissions were mostly constant. These results 

suggest that unburned ethanol represented the biggest portion of HC emissions and it was 

more sensitive to variation of operating parameters than other HC species. A greater 

fraction of ethanol in total fuel input was likely to have caused higher HC emissions since 

more ethanol fuel stayed in the squish and crevice volumes and was left unburned. At the 

last step along the optimization path, although FEF was decreased to maintain stable 

combustion, the HC emissions were still increased. This was likely caused by the fact that 

the effect of more retarded combustion phasing outweighing the effect of reduced ethanol 

fuel in squish and crevice volumes. The CO emissions were monotonically decreased 

along the optimization path. This was possibly due to the decreased intake air pressure 

that resulted in higher equivalence ratio and thus higher bulk in-cylinder temperature. 

The ANOVA results in Table 16 show that the effect of Pint on CO emissions was the 

most significant among the five active factors. The HC and CO emissions at the starting 

point were the highest among all the points shown in Figure 15. In-cylinder pressure 

analysis revealed that the peak RoHR was lower at the starting point, indicating that the 

lower in-cylinder temperature might have been the reason for the higher HC and CO 

emissions. 
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Figure 15: HC and CO emissions values at the starting point (hollow square 

markers) and points along the optimization path (filled circle markers) versus active 

factors under the low load condition. The horizontal dotted lines denote target 

emissions values. 

 

Figure 16: Ethanol and other HC emissions values at the starting point (hollow 

markers) and points along the optimization path (filled markers) versus FEF under 

the low load condition. 
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Figure 17 shows NOX and soot emissions at the starting point and along the 

optimization path with respect to the five active factors for the 4.5 bar IMEP condition. 

NOX and soot emissions were simultaneously reduced along the optimization path. The 

ANOVA results in Table 16 show that all the five active factors significantly affected 

NOX emissions. With more advanced diesel injection timing, higher fraction of diesel 

fuel in the first injection event and higher diesel injection pressure, the mixing process of 

fuel and air was improved, leading to more premixed combustion and lower NOX 

emissions. Increasing the fraction of ethanol in the fuel input helped to decrease NOX 

emissions in two ways. The first was that with lower fraction of directly injected diesel 

fuel, the fuel-air charge was more premixed and resulted in fewer stoichiometric zones. 

The second was that the greater charge-cooling and combustion-inhibiting effects 

associated with vaporization of a hydrous ethanol resulted in lower in-cylinder 

temperature and hence lower NOX emissions. The ANOVA results indicate that the 

reduction in intake air pressure also had a statistically significant effect on increasing 

NOX emissions. The equivalence ratio was increased with reduced intake air pressure, 

leading to higher peak RoHR that increased the formation rate of NOX emissions. 

Therefore, if the intake air pressure had been increased along the optimization path, even 

lower NOX emissions might have been generated. The reduction in intake air pressure 

along the optimization path led to increased NOX and decreased CO emissions, and the 

overall effect was higher response values. 
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Figure 17: NOX and soot emissions values at the starting point (hollow square 

markers) and points along the optimization path (filled circle markers) versus active 

factors under the low load condition. The horizontal dotted lines denote target 

emissions values. 

The ANOVA results in Table 16 show that Prail and Pint were the two factors that 

significantly impacted soot emissions. Higher diesel fuel rail pressure is well known to 

reduce soot by improving the mixing of diesel fuel and air. The reason for lower soot 

emissions at lower intake air pressure might be that the soot oxidation rate was increased 

to a greater extent due to higher in-cylinder temperature than the increase of the soot 

formation rate due to higher equivalence ratio. A correlation between NOX and soot 

emissions and combustion phasing can also be observed from Figure 17 and Figure 18. 

With more retarded CA50, the NOX and soot emissions were lower. The CA50 at the 

starting point was between those at the beginning and end of the optimization path, and 

the NOX and soot emissions at the starting points were also between the values at those 

two points. 
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Figure 18: Indicated thermal efficiency, CA50 and combustion duration values at 

the starting point (hollow square markers) and points along the optimization path 

(filled circle markers) versus active factors under the low load condition.  

Figure 18 shows the indicated thermal efficiency, CA50 and combustion duration at 

the starting point and along the optimization path with respect to the five active factors 

for the 4.5 bar IMEP condition. In this study, combustion duration is defined by the 

difference in CAD between CA5 and CA95. It can be seen that the indicated thermal 

efficiency was decreased along the optimization path. A previous study by the authors 

[70] showed that the indicated thermal efficiency was reduced when combustion phasing 

was more delayed from TDC in RCCI combustion due to lower effective expansion ratio. 

Along the optimization path, the CA50 was delayed, resulting in a reduction in indicated 

thermal efficiency. The combustion duration was shortened along the optimization path, 

indicating more premixed combustion and this possibly explains the increase of HC in 

Figure 3. 

Figure 19 presents the in-cylinder pressure and RoHR curves of the starting points 

and the points along the optimization paths for the low and high load conditions. For the 
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low load case, it can be seen that the peak pressure and RoPR were relatively high at the 

starting point and the stationary point. The RoHR curves exhibited a two-stage heat 

release event, representing the combustion of the high reactivity diesel fuel in piston bowl 

followed by the premixed combustion of the remaining well-mixed fuel-air charge. As 

the optimization process proceeded, the fraction of diesel fuel input was reduced and the 

mixing of diesel fuel and air was improved due to aforementioned variation of the diesel 

injection parameters. As a result, the first peak of heat release event was largely 

diminished and the combustion phasing was delayed with a higher peak of the premixed 

heat release event, yielding a Gaussian-shaped RoHR curve typically observed in HCCI 

or RCCI operation [28,65]. 
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Figure 19: In-cylinder pressure and RoHR traces at the starting points and points 

along the optimization paths under the low and high load conditions. 
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 High Engine Load Condition 6.2.2.

The ANOVA results of the factor screening experiments show that Dwell, Inj1Fr, 

Prail, Tint and EGR were the active factors for the 10 bar gross IMEP condition. Figure 20 

shows the response values and CO2 emissions at the starting point and along the 

optimization path with respect to these factors. Similar to the 4.5 bar gross IMEP 

condition, the response increased monotonically along the optimization path. The 

response magnitude was greater than the 4.5 bar gross IMEP condition, indicating better 

overall emissions response of the RCCI operation at high load conditions. The designed 

optimization path suggested that the intake air temperature should have been decreased to 

obtain higher response value. However, if the designed path had been followed, the 

combustion phasing would have been excessively retarded and stable combustion would 

not have been possible. Therefore, the intake air temperature was increased along the 

optimization path to maintain stable combustion in actual experiments. The actual EGR 

rates were lower than the designed values, and this was also to maintain stable RCCI 

operation. CO2 emissions were higher at the optimal point than at the starting point. 

There are two possible reasons for this increase. Firstly, the indicated thermal efficiency 

was slightly lower at the optimal point as shown in Figure 23, indicating higher indicated 

specific fuel consumption and hence total carbon input. Secondly, HC and CO emissions 

were lower at the optimal point as shown in Figure 21, indicating bigger fraction of CO2 

in the emissions that contains carbon. 
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Figure 20: Overall response and CO2 emissions values at the starting point (hollow 

square markers) and points along the optimization path (filled circle markers) 

versus active factors under the high load condition. The horizontal dotted lines 

denote target emissions values. 

Figure 21 shows the HC and CO emissions at the starting point and along the 

optimization path with respect to the five active factors for the 10 bar gross IMEP 

condition. The HC emissions monotonically decreased along the optimization path. The 

ANOVA results in Table 27 show that Inj1Fr and Prail were the two factors that most 

significantly affected HC emissions. This was possibly due to the fact that more diesel 

fuel reached the squish area and the overall fuel reactivity was enhanced with increased 

diesel fuel fraction in the first injection event and diesel rail pressure. CO emissions were 

nearly constant at the first step, and were decreased at the following two steps along the 

optimization path. ANOVA results show that Tint had the most significant effect on the 

CO emissions among the five active factors. With increased intake air temperature, CO 

oxidation rate might have been enhanced due to the higher in-cylinder temperature. It is 

worth noting that the HC and CO emissions at this condition were remarkably lower than 
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at the lower load condition, and this might have been due to the higher overall 

equivalence ratio promoting higher oxidation rates of the unburned species. 

 

Figure 21: HC and CO emissions values at the starting point (hollow square 

markers) and points along the optimization path (filled circle markers) versus active 

factors under the high load condition. The horizontal dotted lines denote target 

emissions values. 

Figure 22 shows the NOX and soot emissions at the starting point and along the 

optimization path with respect to the five active factors for the 10 bar gross IMEP 

condition. The NOX and soot emissions were simultaneously reduced along the 

optimization path except at the last step, where an increased occurred. The ANOVA 

results indicate that all the five active factors significantly impacted NOX soot emissions. 

The increase of Dwell, Inj1Fr and Prail improved the mixing process of diesel fuel and air, 

and thus led to more premixed combustion that produces less NOX. The increase of EGR 

rate contributed to lower NOX emissions by lowering the in-cylinder temperature. 

Increased intake air temperature along the optimization path should have caused higher 

NOX emissions according to the ANOVA results. However, NOX emissions were 
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decreased along the optimization path, indicating that intake air temperature was 

outweighed by the other factors. The soot emissions closely resembled the trend of NOX 

emissions, and were shown to be significantly affected by Inj1Fr, Prail, Tint and EGR. 

Although NOX and soot emissions were increased at the last step, the reduction in HC 

and CO emissions outweighed this increase and contributed to a higher overall response 

value. It can be noted that NOX and emissions at this load were considerably lower than 

those at the lower load condition, and were well below the target values. 

 

Figure 22: NOX and soot emissions values at the starting point (hollow square 

markers) and points along the optimization path (filled circle markers) versus active 

factors under the high load condition. The horizontal dotted lines denote target 

emissions values. 

Figure 23 shows the indicated thermal efficiency, CA50 and combustion duration at 

the starting point and along the optimization path with respect to the five active factors 

for the 10 bar gross IMEP condition. It can be seen that the indicated thermal efficiency 

was decreased along the optimization path except at the last step, where it was increased. 

The reduction in the indicated thermal efficiency at the first two steps might have been 
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due to the delayed combustion phasing, similar to the low load case. The reason for the 

increase at the last step might have been that the effect of delayed combustion phasing 

was outweighed by the effect of increased combustion efficiency, as indicated by reduced 

HC and CO emissions shown in Figure 21. 

 

Figure 23: Indicated thermal efficiency, CA50 and combustion duration values at 

the starting point (hollow square markers) and points along the optimization path 

(filled circle markers) versus active factors under the high load condition.  

Figure 19 gives a comparison of the in-cylinder pressure and RoHR characteristics at 

the starting points and the points along the optimization paths between the high and low 

load conditions. One significant difference was the absence of the first peak of diesel fuel 

combustion at the high load condition. All the operating points exhibited a single-peak 

RoHR curve with a remarkably longer combustion duration compared to the low load 

case. Despite the higher fuel input quantity and overall equivalence ratio at the high load 

condition, the peak RoPR and RoHR were not significantly higher than at the low load 

condition. This might have been caused by the large charge cooling and combustion 

inhibiting effects of hydrous ethanol and the use of high EGR rate.   
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 Conclusions 6.3.

In this study, an operating parameter optimization for RCCI combustion fueled with 

diesel and hydrous ethanol was conducted using a RSM procedure at two steady state 

engine load conditions. The overall engine performance and emissions characteristics 

were significantly improved through the optimization process. At the low load condition, 

the NOX and soot emissions were reduced by 79% and 50% compared to the starting 

point, respectively. At the high load condition, the NOX and soot emissions were reduced 

by 72% and 27% compared to the starting point, respectively. The RSM procedure used 

fractional factorial designs and CCD to identify factors with significant effects, build 

regression models and generate optimization paths, with less than 60 test points at each 

load. In contrast, a full two-level factorial design for eight factors alone needs 256 test 

points.  

Complex interactions between active factors in RCCI using hydrous ethanol were 

also identified in this study. Different operating parameters were shown to have 

statistically significant impact on the RCCI combustion at different load conditions. For 

low load RCCI, the fumigant energy fraction significantly impacted HC emissions mainly 

from unburned ethanol, and the intake air pressure had the most significant effect on CO 

emissions. At higher load, HC emissions were significantly affected by the fraction of the 

first diesel injection and diesel rail pressure, and the intake air temperature had the most 

significant impact on the CO emissions. NOX emissions were sensitive to all the active 

factors at both low and high load conditions. Indicated thermal efficiency was sacrificed 

with the improvement of NOX and soot emissions due to retarded combustion phasing 

after the optimization process. 
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It can be concluded from this study that RSM is an effective tool for elucidating 

significant factors for reducing emissions, considering complex interactions between 

numerous parameters in RCCI operation using a reduced number of experimental data 

points. However, RSM is not physics-based and some operating parameters along the 

optimization path had to be altered to keep RCCI operation within feasible physical 

operability regions. 
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Chapter 7 Characteristics of the Particulate Matter Emissions from 

Reactivity-Controlled Compression Ignition
4
 

The purpose of the work described in this section was to experimentally investigate 

the dilution sensitivity of PM emissions from RCCI using 150 proof hydrous ethanol and 

gasoline as the low reactivity fuels by evaluating the effect of the primary dilution ratio 

and dilution temperature on PM concentration and size distribution. 

 Experimental Procedure 7.1.

Table 33 shows the engine operating parameters for the three different engine modes 

used in the experiments. D-E RCCI mode represents the RCCI operation using hydrous 

ethanol as the low reactivity fuel, and D-G RCCI represents the operation mode using 

gasoline as the low reactivity fuel. ULSD was used as the high reactivity fuel for the 

RCCI modes. For the CDC mode, only ULSD was injected. For the two RCCI modes, the 

first start of injection command (SOIC1) for diesel fuel was fixed at -58ºATDC with the 

fraction of total diesel fuel in the first injection fixed at 67%. The second start of injection 

command (SOIC2) was fixed at -28ºATDC. The fumigant energy fraction (FEF) for the 

RCCI modes was kept at ~70%. Intake air heating was employed for the RCCI modes, 

with significantly higher intake air temperature required for the D-E RCCI, due to the 

large charge cooling and combustion inhibition effects of hydrous ethanol, as discussed 

in previous studies [45,65]. 

 

                                                
4
 This chapter is based on paper ―Dilution Sensitivity of Particulate Matter Emissions from Reactivity Controlled Compression 

Ignition Combustion‖ (Fang et al., 2015), Proceedings of 2015 Fall Technical Conference ASME International Combustion Engine 

Division, ICEF2015-1092. 
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Table 33: Parameters for the investigated engine operating conditions 

Mode D-E RCCI D-G RCCI CDC 

Fumigant 
Hydrous 

Ethanol 
Gasoline — 

Engine Speed (rpm) 1500 1500 1500 

IMEP (bar) 4.9 5.3 4.8 

EGR (%) 0 0 0 

Fumigant Energy 

Fraction (%) 
68 70 0 

Intake Temperature 

(˚C) 
111 35 28 

Intake Pressure 

(bar) 
1.5 1.3 1.4 

Diesel Injection 

Pressure (bar) 
590 590 590 

SOIC 1 (˚ATDC) -58 -58 — 

SOIC 2 (˚ATDC) -28 -28 -9 

Fraction of Total 

Diesel Fuel in 1
st
 

Injection (%) 

67 67 — 

Fuel/Air 

Equivalence Ratio 
0.34 0.39 0.32 

 

Mass concentrations of soot emissions were measured by an AVL Micro-Soot photo-

acoustic analyzer. A two-stage micro-dilution system similar to the one developed by 

Abdul-Khalek [52] was used to simulate the process of exhaust gas mixing with ambient 

air and cooling. To investigate the effect of dilution conditions on the PM emissions from 

different combustion modes, two levels of primary dilution temperature and primary 
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dilution ratio settings were selected. The primary dilution temperature was measured 

downstream of the primary ejector pump where the exhaust sample and dilution air were 

well mixed. The low dilution temperature (LDT) and high dilution temperature (HDT) 

conditions represent the primary dilution temperatures of 25 ˚C and 47 ˚C, respectively. 

Two orifices of different sizes were used in the primary ejector pump to set the primary 

dilution ratios. The low dilution ratio (LDR) and high dilution ratio (HDR) conditions 

represent the primary dilution ratios of 6:1 and 18:1, respectively. The outer wall of the 

dilution tunnel was water jacketed and held at a constant temperature equal to the primary 

dilution temperature for each condition. The secondary dilution temperature was kept at 

25˚C and dilution ratio was fixed at 14:1 for all the conditions. Table 34 gives the settings 

of the dilution system at the four different dilution conditions. A TSI Scanning Mobility 

Particle Sizer (SMPS) was used to measure the PM number concentrations and size 

distributions downstream of the secondary dilution stage. A sample of diluted exhaust 

was sent through a catalytic stripper (CS) similar to the device developed by Abdul-

Khalek et al. [66] to remove sulfur compounds and soluble organic materials, and a 

second SMPS was used to acquire the PM measurement downstream of the CS. It has 

been demonstrated that an operating temperature of 300°C leads to essentially complete 

removal of volatile sulfate and hydrocarbon particles with the CS [66]. 
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Table 34: Dilution condition settings for the PM sampling system 

Condition LDT/LDR LDT/HDR HDT/LDR HDT/HDR 

Primary Dilution 

Temperature (˚C) 
25 25 47 47 

Primary Dilution 

Ratio 
6:1 18:1 6:1 18:1 

Secondary 

Dilution 

Temperature (˚C) 

25 25 25 25 

Secondary 

Dilution Ratio 
14:1 14:1 14:1 14:1 

Tunnel Wall 

Temperature(˚C) 
25 25 47 47 

 

 Results and Discussion 7.2.

In this section, the experimental results are presented and discussed regarding the 

effect of the primary dilution ratio and temperature on the PM emissions from the three 

combustion modes. Table 35 shows the gross indicated thermal efficiency and indicated 

specific CO, HC, NOX and soot emissions for the three operation modes. It can be seen 

that the two RCCI modes had roughly the same indicated thermal efficiency, and the 

CDC mode was the most efficient. The NOX emissions from the RCCI modes were 

significantly lower, while the CO and HC emission were remarkably higher compared to 

the CDC, as has been shown in previous studies [26–30]. The soot emissions sampled 

with the AVL Micro-Soot analyzer were near the lower detectable measurement limits 

for all the three operation modes.   
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Table 35: Indicated thermal efficiency and indicated specific emissions 

Mode ηi,g (%) 
NOX  

(g/kW-hr) 

CO  

(g/kW-hr) 

HC  

(g/kW-hr) 

Soot 

(g/kW-hr) 

D-E 

RCCI 
45.9 0.26 19.4 18.4 0.003 

D-G 

RCCI 
46.2 0.22 15.5 9.9 0.003 

CDC 48.0 4.46 7.4 0.1 0.002 

 

Figure 24 and Figure 25 show the dilution ratio corrected total PM number and 

volume concentrations for the four combinations of dilution ratio and temperature 

settings, respectively. The number above each column denotes the percentage of the post-

CS particle number or volume concentration in the pre-CS total number or volume 

concentration. For each combustion mode, the LDT&LDR condition gave the highest 

total particle number and volume concentrations. An increase in either dilution ratio or 

temperature led to decreased total number and volume concentrations. Particle number 

and volume concentrations were the minimum under the HDT&HDR condition. PM 

emissions were more sensitive to change in dilution ratio at lower dilution temperature, 

and were more sensitive to the change in dilution temperature at lower dilution ratio.  
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Figure 24: Total PM number concentrations indicating percent solid carbon as 

determined by pre- and post-CS measurements 

 

Figure 25: Total PM volume concentrations indicating percent solid carbon as 

determined by pre- and post-CS measurements 
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Figure 26, 27, 28 and 29 present PM size distribution curves obtained with the SMPS 

under the four combinations of dilution ratio and temperature settings. Error bars 

represent the standard deviation of particle number concentrations calculated from 3 to 5 

SMPS samples. Variation of PM concentrations was mostly seen in the nucleation mode, 

while the accumulation mode particles were relatively consistent under different dilution 

conditions. Abdul-Khalek et al. [52] presented similar observations in a study on the 

dilution sensitivity of PM emissions from CDC. It is believed that the reduction in the 

nucleation mode particles with increased dilution ratio or temperature is due to the 

decreased vapor pressure in the exhaust samples that slows down the nucleation and 

growth rates of ultrafine particles. The shape of the post-CS PM size distribution was not 

significantly influenced by the change of dilution conditions, but the number or volume 

fraction of solid particles in the total PM concentration was increased as the dilution 

temperature or dilution ratio was increased. 

 

Figure 26: PM size distribution curves under the LDT&LDR condition 



107 

 

Figure 27: PM size distribution curves under the LDT&HDR condition 

 

Figure 28: PM size distribution curves under the HDT&LDR condition 
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Figure 29: PM size distribution curves under the HDT&HDR condition 

Figure 26, 27, 28 and 29 also show that the characteristics of PM emissions from 

different combustion mode were distinct. The CDC mode had the lowest particle number 

concentrations under all different dilution conditions. However, the post-CS PM size 

distribution showed a considerably higher peak of the nucleation mode particles than the 

RCCI combustion modes. The magnitude of this peak was comparable with that in the 

pre-CS PM size distribution, but with smaller sizes. The composition of these particles 

could not be determined from this work but they might have consisted of ash from 

metallic lubricating oil additives and / or tiny soot particles.  

PM emissions from the D-G RCCI mode generally had a higher number of particles 

with mobility diameters ranging from ~50 to ~100 nm than the other two combustion 

modes, yielding a smoother transition from the nucleation mode to the accumulation 

mode. With increased dilution ratio or temperature, the magnitude of the nucleation mode 

particle concentrations was reduced, but the mobility diameter at the peak was not 
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significantly changed. Except under the LDT&LDR condition, the total particle number 

and volume concentrations were the highest among the three combustion modes. The 

post-CS PM had a remarkably lower number of nucleation particles compared to the 

CDC mode. The concentration and size of accumulation mode solid particles were 

comparable with those in the CDC mode.  

The PM emissions from the D-E RCCI mode were the most sensitive to changes in 

dilution ratio or temperature among the three combustion modes. Under the LDT&LDR 

condition, total particle number concentrations were higher than in the D-G RCCI and 

CDC modes. Since there were fewer particles with mobility diameter ranging from ~50 to 

~100 nm, the total particle volume concentrations were lower than in the D-G RCCI 

mode. With either increasing dilution ratio or dilution temperature, the nucleation mode 

peak was reduced and shifted to smaller mobility diameters, leading to significant 

reduction in total particle number and volume concentrations respectively. Under the 

HDT&HDR condition, the nucleation mode peak was remarkably diminished, yielding a 

size distribution curve that gradually descended from the nucleation to the accumulation 

mode. As a result, the total particle number and volume concentrations were considerably 

lower than the other two combustion modes. The post-CS PM had lower concentrations 

of particles over the entire sampling size range compared to the other two combustion 

modes, and the particles with mobility diameters ranging from ~50 to ~100 nm were 

largely eliminated for the D-E RCCI mode. The volume percentage of solid particles in 

the D-E RCCI mode was remarkably increased with the increase of dilution temperature 

and ratio, from less than 1% under the LDT&LDR condition to over 40% at the 

HDT&HDR condition. The volume percentage of solid particles in the D-G RCCI mode 



110 

was more consistent under different dilution conditions, below 2% for all the four cases. 

This evidence indicates that the organic materials in the PM resulting from using the 

hydrous ethanol as the low reactivity fuel were more sensitive to change of dilution 

condition than those resulting from using gasoline.  

Figure 30 shows the in-cylinder pressure and RoHR traces for the three different 

combustion modes. It can be seen that the two RCCI modes had very similar curves of 

the in-cylinder pressure and RoHR, except that a low temperature heat release (LTHR) 

event was observed for the D-G RCCI mode, while the D-E RCCI had a single spike of 

heat release event. The early-stage LTHR was commonly seen in premixed gasoline 

fueled LTC strategies [79,80]. The absence of LTHR event in the diesel-hydrous ethanol 

RCCI mode might have been due to the combustion inhibition effects of hydrous ethanol 

as discussed in previous studies [65,81]. The injection parameters of diesel fuel delivery 

were kept the same for the two RCCI modes to minimize the effect of the high reactivity 

fuel on the PM emissions. Franklin suggested that PM emissions from HCCI engines 

mostly originate from nucleation of the lighter distillates from the engine lubricating oil 

and are highly correlated with peak RoHR [54]. Although the heat release curves for the 

two RCCI cases were well matched, the intake air temperature in the D-E RCCI mode 

was much higher than that in the D-G RCCI mode and this could lead to different 

lubricating oil consumption rates. Hence, the differences in the low reactivity fuel 

properties and lubricating oil consumption rates could contribute to the different PM 

characteristics seen in the two RCCI modes. Further investigation is needed to 

characterize the composition of the PM emissions from RCCI combustion and to 

differentiate the contributions from fuels and lubricating oil. 
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Figure 30: In-cylinder pressure and RoHR traces 

 

 

 Conclusions 7.3.

In this work, the effect of the engine exhaust dilution conditions on the PM emissions 

characteristics from three different combustion modes, RCCI fueled with diesel and 

hydrous ethanol, RCCI fueled with diesel and gasoline, and CDC operation, was 

experimentally investigated. The engine was operated under the same speed and similar 

load conditions. PM emissions from the three combustion modes were sampled under 

four combinations of different dilution temperature and dilution ratio settings.  

It can be concluded that both nucleation mode and accumulation mode particles were 

present in the RCCI exhaust regardless of the dilution conditions, confirming the findings 
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in previous studies [49,56]. The PM emissions from RCCI combustion were primarily 

composed of volatile and semi-volatile organic compounds, but a small fraction of solid 

particles also existed. The semi-volatile fraction in the RCCI PM emissions was up to 99% 

by volume under low dilution temperature and dilution ratio conditions leading to gas-to-

particle conversion upon dilution. This study has found that the low reactivity fuel has an 

effect on the PM emissions characteristics for RCCI combustion. The PM emissions from 

hydrous ethanol fueled RCCI had a semi-volatile fraction varying from ~60% to 99% by 

volume depending on the dilution condition, whereas the semi-volatile fraction in the 

gasoline fueled RCCI PM emissions were consistently over 98% by volume. The 

different dilution sensitivity of the semi-volatile fraction of the RCCI PM emissions 

could be due to the difference in the low reactivity fuel properties or different lubricating 

oil consumption rates. Future work is needed to investigate the composition of the semi-

volatile and non-volatile species from the RCCI PM emissions. 
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Chapter 8 Summary and Conclusions 

Concerns about fossil fuel depletion and environmental degradation have driven 

internal combustion engine research to focus on improvement of fuel economy and 

emissions as well as efficient utilization of renewable fuels. RCCI has been shown to be a 

promising combustion strategy that can be readily implemented on current CI engines 

with minor modifications of fuel supply system, yielding high thermal efficiency and low 

NOX and soot emissions without expensive aftertreatment systems. As an important type 

of renewable fuel, bio-ethanol has exhibited great potential for automotive use. If hydrous 

ethanol can be directly used in engines, a large portion of energy for water removal 

processes will be saved in bio-ethanol production and the bio-ethanol life cycle energy 

balance and economics will be significantly improved.  

This work focuses on combining the RCCI strategy with the utilization of hydrous 

ethanol. A medium duty Isuzu 4HK1-TC diesel engine was modified to operate in RCCI 

mode and the performance and emissions were characterized and optimized under 

different operating conditions. 

 Dual-Fuel Combustion using Different Fumigants 8.1.

As preliminary validation and evaluation of the modified diesel engine to operate in 

diesel-hydrous ethanol RCCI strategy, a set of experiments was conducted to compare the 

combustion and emissions characteristics of dual-fuel combustion using three different 

kinds of fumigants, anhydrous ethanol, hydrogen and gasoline, with directly injected 

diesel fuel as the ignition source. The diesel fuel injection timing was swept over the 
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widest possible range for each fumigant, and the effect of fumigant energy fraction was 

investigated in the diesel-gasoline mode. 

It was found that very advanced timing led to primarily premixed CI combustion 

whereas more retarded timing resulted in more traditional fumigation combustion with 

increased diffusion burning. Peak indicated gross cycle efficiency occurred with 

advanced diesel injection timing and aligned well with combustion phasing near TDC. A 

fumigant’s propensity for auto-ignition has a discernible effect on ignition delay 

especially with early diesel injection. For example, ethanol delayed ignition and 

combustion phasing, severely limited the operable diesel injection timing range and 

resulted in high unburned ethanol concentration in the exhaust. Hydrogen retarded the 

ignition but shortened the combustion duration compared with gasoline. Increasing FEF 

with the same fumigant delayed the ignition timing and combustion phasing as well as 

increased the combustion duration at early diesel injection timings. The use of hydrogen 

as the fumigant resulted in very low HC emissions compared with ethanol and gasoline, 

establishing that they mainly result from incomplete combustion of the fumigated fuel. 

Hydrogen emissions were independent of diesel injection timing and HC emissions were 

strongly linked to combustion phasing, giving further indication that squish and crevice 

flows are responsible for partially burned species from fumigation combustion.  

 Diesel-Hydrous Ethanol RCCI under Different Loads 8.2.

To establish baseline settings for further optimization work and a basic understanding 

of the diesel-hydrous ethanol RCCI combustion on the specific test engine, an 

experimental investigation was conducted in RCCI mode under various load conditions. 

Under each load condition, timing and mass fraction of the first diesel injection was held 
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constant, while timing of the second diesel injection was swept over a range where stable 

combustion could be maintained. Since hydrous ethanol is highly resistant to auto-

ignition and has large heat of vaporization, intake air heating was applied to obtain stable 

operation of the engine.  

It has been shown that 150 proof hydrous ethanol can be used as the low reactivity 

fuel in RCCI through 8.6 bar IMEP and with ethanol energy fraction up to 75% while 

achieving simultaneously low levels of NOX and soot emissions. With increasing engine 

load, less intake heating is needed and EGR is required to maintain low NOX emissions. 

The second diesel injection timing can be adjusted to achieve a maximum in thermal 

efficiency and minimum in CO and HC emissions while setting a constant first diesel 

injection. This study in part confirms the feasibility of using hydrous ethanol as the low 

reactivity fuel in RCCI as was previously suggested in modeling and experimental studies 

[45,46] and opens the opportunity for further exploration of hydrous ethanol use in diesel 

engines to improve the renewability of ethanol, increase engine efficiency and reduce 

harmful engine exhaust emissions.  

 Optimization of Diesel-Hydrous Ethanol RCCI Combustion Using Response 8.3.

Surface Methodology 

Response surface methodology was used to experimentally optimize key engine 

operating parameters for improvement of performance and emissions under high and low 

load conditions. Efficient experimental designs were developed that allowed 

identification of statistically significant operating parameters for optimizing emissions.  

Following the optimization path generated by the RSM, NOX and soot emissions 

were reduced by 79% and 50% under the low load condition, and by 72% and 27% under 
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the high load condition, compared to the starting points. Indicated thermal efficiency was 

compromised along the optimization path due to delayed combustion phasing under both 

load conditions. The results have also shown that different operating parameters are 

significant for RCCI emissions at different engine loads. A trade-off between HC and CO 

emissions was observed under the lower load condition, while HC and CO emissions 

were both lower after the optimization process under the higher load condition. For low 

load RCCI, the fumigant energy fraction significantly impacted HC emissions mainly 

from unburned ethanol, and the intake air pressure had the most significant effect on CO 

emissions. At higher load, HC emissions were significantly affected by the fraction of the 

first diesel injection and diesel rail pressure, and the intake air temperature had the most 

significant impact on the CO emissions. NOX emissions were sensitive to all the active 

factors under both low and high load conditions. The RSM procedure used fractional 

factorial designs and CCD to identify factors with significant effects, build regression 

models and generate optimization paths, with less than 60 test points at each load. In 

contrast, a full two-level factorial design for eight factors alone needs 256 test points. 

Overall, this work shows that RSM can be effectively used to elucidate interactions 

among multiple engine operating parameters with reduced experimentation to optimize 

complex dual-fuel RCCI combustion modes. However, RSM is not physics-based and 

some operating parameters along the optimization path had to be altered to keep RCCI 

operation within feasible physical operability regions. 
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 Characteristics of the Particulate Matter Emissions from Reactivity-Controlled 8.4.

Compression Ignition 

Although soot emissions from RCCI is very low, hydrocarbon emissions are high, 

potentially resulting in higher than desired total PM mass and number caused by semi-

volatile species converting the particle phase upon primary dilution in the exhaust plume. 

Such high organic fraction PM is known to be highly sensitive to the dilution conditions 

used when collecting samples on a filter or when measuring particle number using 

particle sizing instruments. PM emissions from the specific test engine operating in both 

RCCI and conventional diesel combustion modes were investigated under different 

dilution conditions. To investigate the effect of the fumigated fuel on the PM emissions, 

150 proof hydrous ethanol and gasoline were used as the low reactivity fuels to study the 

relative contribution of fumigant versus directly injected fuel on the PM emissions. The 

engine was operated under the same speed and similar load conditions. PM emissions 

from the three combustion modes were sampled under four combinations of different 

dilution temperature and dilution ratio settings.  

The study has shown that both nucleation mode and accumulation mode particles 

were present in the RCCI exhaust regardless of the dilution conditions. The PM 

emissions from RCCI combustion were primarily composed of volatile and semi-volatile 

organic compounds, but a small fraction of solid carbonaceous particles also existed due 

to the inhomogeneity of the high reactivity fuel distribution. The semi-volatile fraction in 

the RCCI PM emissions was up to 99% by volume under low dilution temperature and 

dilution ratio conditions leading to gas-to-particle conversion upon dilution. This study 

has found that the low reactivity fuel has a significant effect on the PM emissions 
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characteristics for RCCI combustion. The PM emissions from hydrous ethanol fueled 

RCCI had a semi-volatile fraction varying from ~60% to 99% by volume depending on 

the dilution condition, whereas the semi-volatile fraction in the gasoline fueled RCCI PM 

emissions were consistently over 98% by volume. The distinct dilution sensitivity of the 

semi-volatile fraction of the RCCI PM emissions is primarily due to the difference in the 

low reactivity fuel properties. Future work will focus on determining the composition of 

the semi-volatile species and characterizing their volatility. 
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Chapter 9 Suggested Future Work 

This work has demonstrated that RCCI combustion using hydrous ethanol as the low 

reactivity fuel is a feasible approach to achieving simultaneously low NOX and soot 

emissions while maintaining diesel-like thermal efficiencies. This approach also reveals a 

bright prospect of utilizing bio-ethanol without the costly water separation processes. 

RSM has been shown to be an effective and efficient way to optimize the large number of 

operating parameters of RCCI operation. Based on the findings of this study, the 

following recommendations are made for future research on the diesel-hydrous ethanol 

RCCI operation strategy. 

 Diesel-Hydrous Ethanol RCCI on a Comprehensive Speed and Load Map and 9.1.

Transient Operation Characteristics 

In this study, diesel-hydrous ethanol RCCI operation has proven to be a feasible LTC 

strategy at a constant speed and under a wide range of load conditions. This finding 

demonstrates a promising prospect of using diesel-hydrous ethanol RCCI strategy in 

stationary applications such as power generation and factory machinery, where engines 

operate in a narrow range of operating conditions. In practical automotive applications, 

however, engine operates over a comprehensive speed and load map and mostly in a 

transient manner. Therefore, one of the future research areas is to investigate the diesel-

hydrous ethanol RCCI feasibility on a speed and load map that covers the key operating 

points of the test engine, and to evaluate its transient operation characteristics.  

Curran et al. [82] investigated the combustion and emissions characteristics of diesel-

gasoline RCCI on a speed and load map of a multi-cylinder light-duty diesel engine. 
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They demonstrated the feasibility of the RCCI concept over a wide speed and load range. 

It was found that the thermal efficiency of RCCI was at comparable levels with that of 

CDC at low engine speeds and loads, and was up to 5% higher than CDC under higher 

speed and load conditions. NOX emissions from RCCI were found to be significantly 

lower than CDC with near-zero Filter Smoke Number (FSN) over the map except for the 

lowest speed and load conditions. HC and CO emissions from RCCI were shown to be 

much higher than those from CDC throughout the different operating conditions. Their 

work has provided guidance to establishing a comprehensive speed and load map for 

RCCI operation for using hydrous ethanol as the secondary fuel.  

In the future research related to the current study, it would be of great interest to 

conduct RSM optimization under various operating conditions on the basis of a well-

established RCCI speed and load baseline map using a multi-cylinder engine. It has been 

shown from the present study that the RSM model is different as the load condition 

changes. Hence, it can be expected that great differences will exist among the RSM 

models for various operating regions. As RSM provides insight into the effect of various 

operating parameters on combustion and emissions as well as significant time and 

resource savings in the optimization processes, exercising the RSM optimization as 

exemplified in the present study in various engine operating regions will give us a more 

thorough understanding of the RCCI combustion and emissions characteristics. 

Considering that RSM models are not physics-based, and the model-derived optimal 

parameter settings are not always within feasible operating regions, it would be highly 

beneficial to combine RSM with some other engine research tools and techniques such as 

laser diagnostics, combustion modeling or optical engine technologies to gain a more 
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comprehensive understanding of the RCCI combustion and emissions mechanisms 

behind the statistical models. 

As the engine fuel economy and emissions in automotive applications are specified 

and regulated over transient drive-cycles such as the US EPA FTP 75, it is of importance 

to evaluate the transient performance of RCCI operation using the optimized operating 

parameters derived from the steady-state optimization processes. Hanson et al. [83] 

conducted a study on the transient response characteristics of an RCCI engine. They 

compared the combustion performance and emissions of both closed-loop and open-loop 

controlled RCCI operation with those of open-loop controlled CDC operation under a 

step load change from 1 to 4 bar BMEP at a constant speed of 1500 rpm. The results 

show that transient RCCI operation is feasible and that closed-loop controller gives better 

HC emissions than open-loop controller. They also demonstrated that the transient RCCI 

NO and PM emissions are lower while HC emissions are higher as compared to the 

transient CDC operation. This study sheds some light on the understanding of the RCCI 

transient operation behaviors. In the future work that relates to the current study, one of 

the research focuses can be the evaluation of the performance and emissions 

characteristics of the diesel-hydrous ethanol RCCI combustion over complete transient 

drive cycles such as the US EPA FTP 75 or HWFET cycles. As differences exist between 

the transient and steady-state tests, modifications of the engine-dynamometer test cell are 

necessary such as addition of fast-response emissions analyzers. Further assessment and 

optimization of the RCCI combustion controller for improved transient performance are 

of significant research interest as well. 
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 Further Investigation on Detailed Chemical Composition of RCCI PM 9.2.

Emissions 

This study has investigated the effect of dilution conditions and fuel properties on the 

characteristics of the PM emissions from RCCI combustion. Significant differences of the 

total PM concentrations, solid PM fractions, and the size distributions have been 

observed when different low-reactivity fuels are used and exhaust samples are collected 

under different dilution ratios or temperatures. Although soot emissions have been shown 

to be extremely low for RCCI combustion, a large number of particles primarily 

composed of semi-volatile materials have been observed. In future work, it would be of 

great research interest to investigate the chemical compositions of the RCCI PM 

emissions in order to obtain a better understanding of their impact on the environment 

and human health.  

Schauer et al. [84] conducted a study on the effect of sampling temperature and 

engine operating conditions on the chemical compositions of PM emissions from 

gasoline-powered vehicles. They used gas chromatography mass spectrometry (GCMS) 

to characterize elemental carbon (EC), organic carbon (OC), sulfate ions, nitrate ions, 

ammonium ions and organic compounds. Differences in the chemical compositions of 

PM emissions from various test cycles and under different ambient temperatures were 

demonstrated. Franklin [54] used tandem differential mobility analyzer (TDMA) 

techniques to characterize the volatility, composition and sources of PM emissions from 

an ethanol-fueled HCCI engine. It was found that lubricating oil was the primary 

contributor to HCCI PM emissions. In future research based on the findings of the current 

study, it would be of interest to explore the detailed chemical composition of RCCI PM 
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emissions with the use of techniques such as GCMS or TDMA. Similar experimental 

methods can also be applied such as comparing RCCI operations using different low-

reactivity fuels and under various dilution conditions to evaluate the effect of dilution 

conditions and identify the sources of the RCCI PM emissions. Additionally, conducting 

detailed measurement and analysis of RCCI PM emissions under various steady-state 

operating conditions or transient drive cycles will provide a more comprehensive and 

thorough understanding of the characteristics of RCCI PM emissions. 
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