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Abstract 

 

An experimental investigation of the pragmatic limits of Reactivity Controlled 

Compression Ignition (RCCI) engine efficiency was performed. The study utilized 

engine experiments combined with zero-dimensional modeling. Initially, 

simulations were used to suggest conditions of high engine efficiency with RCCI. 

Preliminary simulations suggested that high efficiency could be obtained by using 

a very dilute charge with a high compression ratio. Moreover, the preliminary 

simulations further suggested that with simultaneous 50 % reductions in heat 

transfer and incomplete combustion, 60% gross thermal efficiency may be 

achievable with RCCI. 

Following the initial simulations, experiments to investigate the combustion 

process, fuel effects, and methods to reduce heat transfer and incomplete 

combustion reduction were conducted. The results demonstrated that the engine 

cycle and combustion process are linked, and if high efficiency is to be had, then 

the combustion event must be tailored to the initial cycle conditions. It was found 

that reductions to engine heat transfer are a key enabler to increasing engine 

efficiency. In addition, it was found that the piston oil jet gallery cooling in RCCI 

may be unnecessary, as it had a negative impact on efficiency. Without piston oil 

gallery cooling, it was found that RCCI was nearly adiabatic, achieving 95% of 

the theoretical maximum cycle efficiency (air standard Otto cycle efficiency). 
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Chapter 1 Introduction 

1.1 Background 

As an energy conversion device, the internal combustion engine (ICE) has 

become invaluable to society. The ability of the ICE to provide economically 

viable and reliable power for both stationary and mobile applications has resulted 

in mass production of the ICE in a variety of displacement and design platforms 

[1]. Primarily, engines have been operated with non-renewable petroleum-based 

fuel sources. The depletion of fuel stocks has raised both historical and recent 

concerns over improving the fuel efficiency of engines. Secondly, because of the 

widespread engine usage, emission production has been and continues to be a 

major area of both concern and improvement.  

Regardless of the engine design or the type of hydrocarbon-based fuel 

feedstock, the engine is an energy conversion device that converts chemical 

potential into useful work through combustion. Ideally, the products of 

hydrocarbon combustion with air would be carbon dioxide (CO2) water (H2O) and 

nitrogen (N2). Unfortunately, this is almost never the case. Typical engine 

operation produces incomplete combustion products that results in inefficiency 

and anthropogenic-derived atmospheric pollution. Government mandated 

regulation of pollutants such as carbon monoxide (CO), unburned hydrocarbon 

(HC), oxides of nitrogen (NOX), and particulate matter (PM) have been 

aggressively increased since their implementation, as summarized in reference 

[2]. To combat these emissions and fuel consumption issues, advanced 
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combustion strategies have been investigated, which are often referred to as low 

temperature combustion (LTC) strategies. 

1.2 Research Objectives 

 

To address the efficiency and emissions issues associated with conventional 

engine designs, research on the Reactivity Controlled Compression Ignition 

(RCCI) low temperature combustion (LTC) strategy is proposed. Like many LTC 

strategies, RCCI employs increased fuel-air mixing time from early fuel injection 

and diluent control, thus reducing NOX and PM emissions. However, although 

these conditions are possible, it is of interest to explore the pragmatic efficiency 

potential of RCCI as a LTC strategy. The primary proposed research objectives 

are: 

1. Use computational simulations to explore operating conditions 

that may provide high efficiency. (Chapter 3) 

2. Conduct single cylinder engine experiments to improve the 

understanding between the engine thermodynamic conditions 

and the combustion event such as to increase engine efficiency 

(Chapters 5). 

3. Explore the maximum practical engine efficiency of RCCI 

(Chapter 5) through adoption of engine architecture from the 

initial simulation studies in Chapter 3, coupled to the 

experimentally based relations on the combustion process 

developed in Chapters 5.  
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4. Investigate the cycle efficiency limits using computational 

simulations (chapter 6) and relate these limits to the maximum 

efficiency obtained in the experiments of Chapter 5. 

1.3 Research Method and Tools  

 

The primary research tool used in this study was a single-cylinder, heavy-duty 

(HD), metal research engine. Single-cylinder engine experiments are able to 

provide a highly controlled research environment for pressure based combustion 

analysis. However, design variations to single-cylinder engine internals, such as 

compression ratio, are time consuming and are difficult to quantify a-priori. 

Therefore, closed cycle zero-dimensional computational tools were combined 

with single-cylinder engine results to better understand the physical phenomena 

observed in the experiments. These tools were used to develop engine 

conditions by simulating conditions that may improve engine efficiency, and then 

conducting experiments to better understand the potential influence that the 

conditions had on the combustion process.  

The research goals are to: 1, expand on zero-dimensional simulation 

results using single-cylinder engine experiments to explore RCCI operation over 

a wide range of engine thermodynamic conditions; 2, determine sources of 

additional efficiency gains; 3, investigate the maximum practical efficiency of 4-

stroke engines. 
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Chapter 2 Literature Review 

2.1 Conventional Diesel Emissions Dilemma  

It is well known that compression ignition (CI) engines offer improved efficiency 

potential compared to spark ignition (SI) engine. However, to meet current 

emissions mandates, the conventional CI engine has become reliant on exhaust 

after-treatment devices. For a SI engine, these devices can be as simple as a 

conventional three-way catalyst [3]. However, for sufficient emissions reductions 

with the lean operation of conventional CI engines, different and less mature 

aftertreatment systems are being implemented. These devices are used to 

mitigate tailpipe emissions of NOX and PM (also referred to as soot).  Although 

effective, these devices can be expensive to install and operate, and can 

decrease engine efficiency. Moreover, recent legislation has been passed [4] 

which will mandate fuel consumption reductions from vocational class heavy duty 

vehicles. This legislation will effectively add another exhaust gas to be mitigated, 

viz., CO2. This recent legislation couples an increase in fuel economy with 

current reductions in exhaust emissions. These new regulations may require a 

rethinking of the traditional and independent ways in which engine emissions and 

efficiency have been classified, and will require a uniform approach for 

simultaneous reductions.   

The environmental protection agency (EPA) 2010 heavy-duty (HD) 

emissions mandates have pushed engine emissions to very low levels. To 

mitigate NOX emissions, aftertreatment devices such as a Lean NOX Trap (LNT) 

[5] or NOX absorber [6] have become necessary, as traditional in-cylinder 
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reductions techniques have not proved sufficiently effective. Unfortunately, these 

aftertreatment devices are made using large amounts of expensive, high purity 

precious metals, like platinum, adding cost to their installation. Moreover, their 

operating principle requires frequent combustion enrichment which can degrade 

fuel economy. Alternatively, a lower first-cost catalyst approach called selective 

catalytic reduction (SCR) can be used, but it requires consumption of a 

secondary fluid, urea, which is dosed at a rate of approximately 1 g of urea per 

g/kW-h of engine-out NOX [7]. This means that typical conventional diesel 

operation at 4-10g/kW-h of engine out NOX requires significant urea dosing. 

Lastly, urea is not a low cost fluid, and it is nearly comparable to current (2012) 

diesel fuel cost. So, although NOX can be controlled, it can have an undesirable 

effect on operating cost and efficiency. 

 Similar to NOX emissions, soot emissions from diesel engines are also 

problematic. Diesel particulate filters (DPF) have been introduced to reduce soot 

in the exhaust stream. A DPF loads with soot as the engine operates, and after 

some level of soot loading, must be regenerated. This regeneration process can 

be passive or active, which depends on the inlet temperature of the gas into the 

filter. Passive regeneration requires no additional thermal assistance to clean the 

filter, where active regeneration does, typically catalyzing diesel fuel with a diesel 

oxidation catalyst (DOC) [8]. This requires additional fuel to be injected either 

directly into the exhaust system or with late in-cylinder post injections, which both 

increase fuel consumption. This process is a major detriment from both an 
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economic perspective, and in light of the recent CO2 mandates, from an 

emissions standpoint.  

The additional use of fuel in PM-or-LNT based NOX emissions 

aftertreatment systems could cause a given vehicle to not meet the proposed 

CO2 targets. Combustion research for the reduction of these emissions 

in-cylinder has led to the development of several non-traditional or advanced 

combustion strategies. Many of these alternative strategies can simultaneously 

reduce emissions and increase fuel efficiency.  

 Typically these advanced strategies rely on long ignition delays to 

increase fuel-air mixing, reducing local equivalence ratios or temperature or both 

[9-13]. To avoid thermal NOX formation and heat transfer losses, the strategies 

have focused on decreasing peak combustion temperatures, and thus have been 

termed LTC strategies. Although LTC strategies can reduce NOX and soot while 

maintaining diesel-like or higher efficiencies; often HC, CO, and, with some 

strategies, combustion control and peak pressure rise rate (PPRR), are often 

sacrificed [14,15]. Moreover, the reduced combustion temperatures often reduce 

exhaust temperatures, thus requiring highly efficient and optimized exhaust 

energy recovery devices, such as advanced turbochargers. Without careful 

consideration, high levels of pumping work can be incurred in LTC strategies, as 

pointed out by Chadwell et al. [16]. These added losses can offset potential 

efficiency gains from reduced temperatures. Ideally, an advanced combustion 

strategy would minimize the impacts of negative emissions or control effects, 

while optimizing the NOX, soot, and fuel efficiency gains.  
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2.2 Low Temperature Combustion (LTC) 

2.2.1 Homogeneous Charge Compression Ignition (HCCI) 

 

A well-researched LTC strategy, called homogeneous charge compression 

ignition (HCCI), can best be described as a melding of the SI and CI engine 

combustion strategies. In HCCI, the fuel and air mixture is ideally prepared 

externally from the cylinder and is inducted as a homogeneous charge. The 

engine operates un-throttled and load is controlled by the equivalence ratio (Φ*) 

of the charge and the thermodynamic conditions (i.e., in-cylinder gas composition 

temperature and pressure).  

The charge has minimal compositional (i.e., Φ) and thermal gradients and 

the reactants rely only on chemistry to initiate combustion, not on an external 

means such as a spark plug. Due to the nature of the ignition process, this type 

of combustion is commonly referred to as kinetically controlled. The highly mixed 

charge auto-ignites with rapid and nearly simultaneous uniform combustion 

throughout the cylinder. This rapid heat release produces rapid PPRR, which at 

moderate to high loads, can have adverse mechanical and noise vibration and 

harshness (NVH) characteristics. Moreover, this can have an adverse effect on 

engine heat loss, since, as engine load increases, the amount of heat released 

increases, as well as the subsequent PPRR. This is a practical and technical 
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hurdle that HCCI combustion must still address and solve prior to its mainstream 

adaptation.   

HCCI operation was initially researched by Onishi et al. [17] in gasoline-

fueled two-stroke engines. In 1983, Najt and Foster [18] and later Thring [19] 

demonstrated HCCI operation in four-stroke engines. Since these initial studies 

several researches have explored HCCI to further understand its operation, while 

discovering several benefits and limitations. HCCI has been demonstrated to be 

operable on many fuels, with several demonstrated by Christensen et al. [20].  

Recent focus of much HCCI research has been on methods of low noise 

(knock free) load extension. Although some more recent researchers have 

demonstrated high load HCCI operation with either diesel [6] or gasoline fuels 

[21, and 22], typical engine structural, NVH, or control strategy requirements 

prohibit practical and commercial HD HCCI operation beyond that of low/mid load 

operation.  

2.2.2 HCCI Research on Control Through Stratification and Fuels 

 

Efforts to address the control issues of HCCI have been numerous. To minimize 

the excessive pressure rise rates, either the combustion duration must be 

increased, or combustion must be phased appropriately. Research on methods 

of increasing combustion duration or phasing through compositional [23-25] or 

thermal stratification [26, and 27] have demonstrated potential means of 

controlling and extending the operational range of HCCI combustion. However, 

interesting work by Herold et al. [28] demonstrated that both compositional and 
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thermal effects can compete during the ignition process of HCCI operation and 

careful management of both thermal and reactant composition distributions are 

needed for successful stratified combustion control. 

An alternative approach to gaining control of HCCI is through manipulation 

of fuel properties. Research by Shibata [23, 24], which studied fuel effects on 

HCCI, showed many interesting trends. Key finding of these works were that both 

high temperature and low temperature chemistry needed to be studied, and that 

the timing of the low temperature reactions was critical to the phasing of the high 

temperature heat release event. Similar to this work, Kalghatgi [29, and 30] and 

Bessonette et al. [25] studied fuel reactivity and load limits of HCCI. Although 

Bessonette was able to achieve loads of 16 (bar) indicated mean effective 

pressure (IMEP) with HCCI operation, significant pressure rise rates (up to 30 

[bar/°CA]) were also obtained. Both Kalghatgi and Bessonette demonstrated that 

at higher load conditions, the best fuel reactivity for optimal combustion phasing 

and lower PPRR is that of a low cetane number fuel, between that of ultra-low 

sulfur diesel (ULSD) and gasoline. 

Although these results are promising, commercially available low cetane 

fuels are not standard. Moreover, fuel composition and reactivity also change 

according to climate (winter/summer) and market conditions. To avoid the need 

for designer fuels, similar research was performed by Inagaki et al. [31] where 

multiple reference fuels were blended to simulate real fuels, and was found to 

extend the heat release rate event. However, in that study the fuels were 

internally blended within the combustion chamber through the use of separate 
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fuel delivery systems. The results of Inagaki et al. [31] were very promising, and 

although the fuel delivery strategy was not true HCCI, it was near-fully premixed. 

This research demonstrated that through the use of appropriate fuels with proper 

mixing, a significant increase in load with low-pressure rise rates could be 

realized while operating in a fully premixed combustion regime.  

Optimization of the work of Inagaki has been demonstrated 

computationally by Kokjohn et al. [32], and experimentally by Hanson et al. [33, 

and 34]. Unlike the work by Inagaki, Hanson used commercial pump fuels 

instead of reference fuels. The fuels selected were United States (U.S.) pump #2 

ULSD and premium grade pump gasoline 91 pump octane number (PON). More 

recent in-cylinder planer laser induced florescence (PLIF) measurements by 

Kokjohn et al. [35] supported earlier emissions spectroscopy work by Splitter et 

al. [36], these studies demonstrated that the combustion event is controlled by 

zones of reactivity sequentially igniting from the most to least reactive. The 

studies also demonstrated that although the charge was very premixed, the 

dual-fuel in-cylinder blended process established gradients in composition 

responsible for controlling the combustion process. This technique has 

correspondingly been called reactivity controlled compression ignition (RCCI). 

Recent RCCI experiments by Splitter et al. [37] have demonstrated that 

full-load (20 bar brake mean effective pressure (BMEP)) RCCI operation is 

possible with simultaneous low PPRR and meeting EPA 2010 NOX and soot 

emissions mandates in-cylinder. Similar experiments by Splitter et al. [38] also 
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demonstrated at low load, that the use of multiple injections offers a benefit to 

expanding the low emission high efficiency capability of RCCI.  

Although these RCCI results were promising, the strategy required the use 

of two separate fuel stocks, thus requiring two fuel systems for operation in an 

application. Both fuel tanks require regular refueling, which could result in 

decreased market acceptance due to the requirement to refuel two systems. An 

alternative strategy might be to use a single fuel stock with the same delivery 

system as that proposed by Hanson et al. [33, 34], but with the introduction of a 

small concentration of a highly reactive chemical to the direct injection fuel, as 

demonstrated by Splitter et al. [39]. In that work Splitter demonstrated that 

identical, near zero levels of NOX and PM were realized.  

Moreover, because the magnitude of the low temperature heat release 

was reduced with cetane improvers, the compression pressure and thus negative 

work were reduced, potentially yielding about a 1% point increase in net and 

gross efficiency. It was demonstrated in Splitter et al. [39] that the system could 

be properly sized to allow the reactivity enhancer to be replenished at oil change-

like intervals while necessitating a much smaller tank size than previous HCCI 

studies, such as that of Eng et al. [40], thereby aiding in packaging and use of 

the system. Similar systems have been designed and implemented into current 

market products for the storage and injection of diesel exhaust fluid (DEF) for use 

with SCR catalysts for NOX aftertreatment control.   
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2.3 Chemical Kinetics 

 

The discussion of RCCI shows that it is a kinetically controlled LTC strategy. The 

distinction of RCCI vs. other strategies is that it uses fuel chemistry stratification 

to control combustion. To better understand the fundamentals of the processes 

controlling RCCI heat release, a literature review on fuel kinetics and ignition 

process was performed. Specifically, literature on kinetics of fuel composition, 

temperature, pressure, and EGR were addressed, such that their independent 

and dependent relationships can be utilized for increasing efficiency.  

 

2.3.1 General Effects of Pressure, Temperature, and Fuel Properties on 
Combustion Kinetics  
 

The previously cited RCCI works have shown that EGR, intake pressure and 

temperature, and fuel properties can all affect the ignition delay of the mixture. 

Based on the bulk gas temperature from RCCI experiments, ignition delays are 

determined by temperatures in the 700-1100K range, typically referred to as the 

intermediate temperature region. Unlike most of the kinetics literature, which 

considers shock tube rapid compression machine or HCCI experiments, 

gradients in mixture and composition exist in RCCI which complicate the effects 

of composition on ignition delay. Figure 1 summarizes characteristics of the 

ignition process typically observed in shock tube studies [41].  
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Figure 1 The three distinct regimes of ignition delay. Note that regime 2 is opposite of regimes 1 
and 3, which are positively affected by temperature. Figure adopted from Vandersickel et al. [41], 

top axis (T (K)) added for clarity 
 

Figure 1 shows that there are distinct regions which are important for fuel 

auto-ignition. In particular, the region within the 700-1200 K temperature space 

appears to have multiple interactions present. Due to the flat or opposite trend in 

ignition delay with respect to temperature, this region is typically called the 

negative temperature coefficient (NTC) region, as the ignition delay can actually 

increase with increasing temperature. However, in general it is observed that as 

temperature increases, ignition delay decreases. Figure 1 indicates that in the 

high (T > 1000 K) and low temperature (T < 600 K) ranges ignition delay trends 

exhibit linear behavior. Only in the intermediate temperature range is significant 

deviation observed.  

1000 833 714 6251250
T (K)
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Like temperature, Φ has been shown to influence where the intermediate 

temperature range, with reduced a dependency in the low and high temperature 

regimes. For example, Figure 2 from research by Herzler et al. [42] demonstrates 

the effect of Φ on n-heptane air mixtures at a pressure of 50 bar. 

 

 

Figure 2 Ignition delay times of n-heptane/air mixtures for different equivalence ratios at 50 bar. 
[42] Note that when the mixtures are very lean NTC behavior is not observed, where at richer 

mixtures NTC is observed. The grey symbols depict the pre-ignition delay times.  

 

Figure 2 illustrate that with richer (Φ=0.4) mixtures, NTC behavior is 

observed, while leaner mixtures, NTC is not. Also of interest is that the pre-

ignition delay times shown in gray marks in Figure 2 (T<900K) show no Φ 

dependence. Similar findings by Ciezki and Adomeit [43], have shown that 

outside of the intermediate temperature range ignition delays of n-heptane/air 

mixtures showed only weak dependence on equivalence ratio. Although the cited 

study trends were observed in n-heptane mixtures, Vandersickel et al. [41] 
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observed similar trends in multi-component surrogate mixtures of kerosene-like 

fuels. Thus, the most important aspect of fuel chemistry is often prior to hot 

ignition, where conditions and composition dominate, with a reduced influence on 

the high and low temperature kinetics. 

 In engine experiments, Φ sensitivity can be exploited to increase the local 

ignition delay through compositional gradient in the charge. Select findings of 

Sjöberg and Dec [44] and later by Yang et al. [45] and at high loads by Dec et al. 

[46] have all demonstrated that Φ stratification in auto-ignition combustion can 

enable higher load and more advanced phasing of HCCI. This effect can be 

compounded by introducing simultaneous reactivity and Φ stratification. Kokjohn 

and Reitz [47] have demonstrated this though modeling stratification with both Φ 

and Φ together with reactivity stratification ΦRCCI). Key findings from that study 

are presented in Figure 3. 



 16 

 

Figure 3 Simulation results of 1.9L engine operation at 2300 rev/min 0% EGR, 1.58 bar IVC 
pressure and 81°C IVC temperature, DI -60°CA ATDC, global PRF number of 88. The results 
demonstrate the effects of Φ only stratification (top) Φ+reactivity stratification (bottom), where 

reactivity plus Φ stratification spread the combustion event significantly more, as chemical 
dependency (reactivity) is added to the charge. Figure reproduced from Kokjohn and Reitz [47] 

 

The findings displayed in Figure 3 demonstrate that Φ sensitivity can be 

important, as ignition delay can vary with Φ. However, the study also 

demonstrates that simultaneous composition and Φ changes can offer significant 

control over the combustion process. As demonstrated by Kokjohn and Reitz 
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[47], stratifying the composition offers the potential for varied ignition properties 

throughout the charge. Therefore, in RCCI, effects of fuel composition and 

reactivity must simultaneously be addressed. 

 An additional essential parameter is pressure, which can affect fuel 

reactivity. It is well known that the ignition process in many fuels is pressure 

sensitive. For instance, long chain (fully saturated) alkanes, like n-heptane can 

be highly pressure dependent. Figure 4 from a shock tube and modeling study by 

Vandersickel et al. [41] shows the effects of pressure on the intermediate 

temperature behavior with n-heptane air mixtures. 

 

Figure 4 Effect of pressure on n-heptane fuel kinetics at representative CI engine conditions. Note 
that as pressure increases ignition delay decreases significantly, as the vertical axis is plotted on 

a log scale. Figure reproduced form Vandersickel  et al. [41] 

 

It is observed that pressure has a pronounced effect on the ignition delay 

in the intermediate and subsequent high temperature regimes. Additionally, 

Figure 4 demonstrates that the first stage reactions are primarily dependent on 

temperature alone and not on composition or pressure. These findings 
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demonstrate that for a given mixture at increased pressure, fuel reactivity is likely 

to increase.  

 Similar pressure dependency effects have been observed with several 

different fuel compositions. For example, shock tube research by Fikri et al. [48] 

demonstrated that n-heptane/isooctane/ethanol mixtures display intermediate 

temperature pressure dependence, at CI-engine like pressure, as shown in 

select results from this study, Figure 5.    

 
Figure 5 Shock tube data of n-heptane isooctane mixtures with ethanol (PRF 82 base with 20% 

ethanol added) [48] 
 

 

Results in Figure 5 are of particular interest, because they are with fuels and 

conditions that that would correspond to experimental RCCI conditions with 14-

16:1 Cr and 1-2 bar absolute intake pressure fueled with 88% port fuel injection 

of 91 PON gasoline + 22% ethanol, globally homogeneous in [48]. Of course, in 

RCCI the local composition changes, thereby stratifying reactivity. 
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Similarly, fuels with partial aromatic content like n-heptane/toluene 

mixtures have also been shown by Herzler et al. [49] to exhibit pressure 

dependency on high temperature ignition delay. Vandersickel et al. [41] also 

considered fuels with higher aerometric content. Fuel B in Figure 6, is closer to 

light kerosene/natural gasoline and fuel A is closer to a heavy kerosene/US #2 

ULSD like fuel.  

 

Figure 6 Ignition delay of n-heptane and kerosene surrogates at CI engine-like conditions. Note 
that the higher pressure conditions (right) exhibit decreased ignition delay. Of interest is that the 

lighter fuel (Fuel B) has over a 50% cycloalkanes content, demonstrating that chemical 
composition has a marked interaction on ignition delay pressure dependency. Figure reproduced 

from [41]. 

 

It should be noted that n-heptane is often classified as a major component 

of a surrogate for ULSD and kerosene kinetics. In reality ULSD and kerosene 

carbon chain length contain many fully saturated (normal) chain alkanes species 

that are often longer than C7. Although chemically different, research by 

Westbrook et al. [50] demonstrated that C7-C16 fully hydrogenated alkanes have 

no appreciable differences in ignition delay.   
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Although the previous studies provide examples on the behavior of higher 

reactivity fuels, recent research by Dec et al. [21] has demonstrated that intake 

pressure can have an appreciable effect on real gasoline fuels in the 

intermediate temperature range, while similar high octane PRF fuels and ethanol 

do not exhibit this dependency. Figure 7 displays the trends observed with 

ethanol and gasoline fuels. 

 

Figure 7 Intermediate temperature heat release behavior of gasoline (right) and neat ethanol (left) 
at matched conditions while sweeping intake pressure. Note that neat ethanol expresses no 

pressure dependency, while gasoline exhibits increased ITHR with pressure. Figures reproduced 
from Sjöberg and Dec [51] (left) and Dec et al. [21] (right). 

 

To better understand the reasons for this, a kinetic modeling study of this 

effect was conducted by Mehl et al. [52]. A key finding of that study is reproduced 

in Figure 8. 
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Figure 8 HCCI Intermediate temperature heat resale behavior of pump gasoline at various initial 
conditions. Engine is simulated to be an identical match of Dec [21] with a compression ratio 

of14:1, at 1200 rev/min. The results show that reduced intake temperature and increased boost 
increase the reactivity of pump gasoline to be more like diesel fuel. Figure reproduced from [52]. 

 

The study concluded that increased pressure was likely responsible for 

enhancing the formation of intermediates like the hydroproxy radical (HO2), and 

with reduced temperatures, the chain branching reaction of H2O2 into 2OH is 

reduced, extending the ignition delay. If sufficiently low temperatures were used, 

fuel radical oxidation reactions (Ṙ+O2) became dominant, resulting in NTC 

behavior. Thus a fuel with low reactivity (determined by the research and motor 

octane tests (RON and MON respectively)), may behave more diesel-like if 

exposed to high pressure at lower temperatures. Figure 9 by Yates et al. [53] 

depicts this trend in three dimensional space of pressure temperature and 

ignition delay for a stoichiometric mixture of isooctane and air. 



 22 

 

Figure 9 Three-dimensional surface of ignition delay of stoichiometric iso-octane and air. Figure 
reproduced from [53]. 

 

Although the experiments by Sjöberg and Dec [51] demonstrated that 

ITHR pressure expression was decreased or absent with neat ethanol, shock 

tube experiments by Curran et al. [54] demonstrated that for neat ethanol, the 

high temperature ignition delay was reduced with increases in pressure. These 

findings were supported by work by Sjöberg and Dec [51], where the transition 

into high temperature heat release (HTHR) was found to be faster in HCCI 

experiments than comparable primary reference fuels (PRF†) mixtures. Thus, it is 

possible that the kinetics of ethanol differ in pressure dependency sources. 

Figure 10 below from Yates et al. [53] depicts modeled ignition delay from 

different fuel molecule types at stoichiometric air fuel ratios and 30 bar pressure. 

                                            

†
 Defined as the volumetric ratio of iso-octane (PRF=100) and n-heptane (PRF=0) 
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Figure 10 Stoichiometric ignition delays for different fuel molecules. Note that for all but aromatics 
and oxygenated fuel, intermediate temperature dependency exists, but at varying degrees. Figure 

reproduced from [53] 

 

The results demonstrate a good overall synopsis of fuel decomposition: 

the largest least complex molecules (n-heptane in the figure) decompose the 

easiest and are the most reactive. These molecules also exhibit NTC behavior, 

and, as reviewed above, there are competing pressure sensitive reactions 

between intermediate and high temperature reactions. As the molecular 

configuration becomes more complex or smaller, the overall reactivity reduces, 

particularly with changes to the intermediate range and low temperature ranges. 

Notably aromatic and oxygenated fuels do not exhibit pressure dependency, 



 24 

however it was shown in the earlier cited works that when these fuels are mixed 

with pressure sensitive fuels like n-heptane, their mixtures exhibit pressure 

dependency. 

Based on these works it is seen that fuel composition and cylinder 

pressure can affect reactivity and combustion. In RCCI operation with moderate 

to high levels of ethanol/gasoline blends in-cylinder mixed with ULSD have 

demonstrated a reduction in NTC heat release by Splitter et al. [55]. Similar 

observations were previously observed by Hashimoto [56]. This study used n-

heptane and ethanol blends in HCCI research to demonstrate that the low 

temperature heat release was reduced with the addition of ethanol. Later in [57], 

Hashimito used OH cemiluminescence observations to show that OH production 

with n-heptane/ethanol blends was reduced, suggesting that ethanol consumed 

OH radicals in the low and intermediate temperature reactions, thereby 

suppressing early heat release.  

The pressure sensitivity of fuels becomes of greater importance in RCCI 

as higher engine loads and efficiencies are desired. For example, high pressure 

conditions typically exist at higher engine loads. Likewise, high pressure (dilution) 

is often used to suppress emissions and increase efficiency. Thus, these 

conditions may enhance pressure sensitive fuels reactivity more than is desired. 

This is not to say that operation with pressure sensitive fuels, like gasoline, is not 

possible at high loads and pressures, but the operable window or performance 

may be reduced.  
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Splitter et al. [37] has demonstrated that full load RCCI gasoline/ULSD 

operation with low emissions and brake efficiency similar to that of state of the art 

CDC (43%). However in those experiments, a reduced compression ratio of 12:1 

was required to achieve 20 bar BMEP at rated speed (1800 rev/min). Splitter et 

al. [37] also demonstrated that operation with E85/ULSD enabled higher 

compression ratio (14.88:1) and more favorable operating conditions (higher 

intake temperature, lower EGR rate and turbocharger efficiency), resulting in 

estimated brake efficiencies as high as 48%. Based on these findings, if 

increased intake pressure or compression ratio is required to increase efficiency, 

operating conditions may be encountered where fuel reactivity is enhanced 

beyond that observed in the RON and MON tests. This unaccounted reactivity 

should be considered as it may result in altering the reactivity gradient.  

 

2.3.2 Cylinder Gas Composition Effects 
 
2.3.2.1 EGR Influence on Cycle Thermodynamics 
 
 
In section 2.3.1 it was shown that like pressure, temperature, and fuel 

composition affects reactivity. Similarly cylinder gas composition can. Exhaust 

gas recirculation (EGR) is common in engines. EGR is a form of dilution, where 

excess non-participating chemicals are introduced in place of oxygen. This 

compositional difference has several effects. First, EGR has a notable effect on 

the ratio of specific heats (γ), as shown by Lavoie et al. [58]. 
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Figure 11 Effects of different diluent strategies on the ratio of specific heats (γ). Figure 
reproduced from Lavoie et al [58], where gas properties were evaluated as noted. 

 

Figure 11 illustrates that the ratio of γ (γu/γb as denoted in the figure) is less 

favorable with EGR. This is important as the compression and expansion strokes 

of engines follow a polytrophic‡ process. Thus, a reduced γ ratio leads to 

reduced expansion work (system work output, + work) for a given amount of 

compression work (system work input, - work). If high efficiency is desired, γ may 

provide a source.  

For example, other research on the benefits of improved γ ratio by Szybist 

et al. [59] has shown that the higher molar product yield of ethanol may enable a 

more favorable γ ratio, enabling increased engine efficiency. Likewise Foster [60] 

has shown that reduced temperatures can increase γ, and correspondingly, 

efficiency. Although these two cited works examine the benefits of fuel chemistry 

                                            

‡
 PV

γ
=constant 
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and temperature on γ, these findings are universal to engines, as the polytrophic 

process is only sensitive to the magnitude of γ, not the source. Thus, when 

operating without EGR, the potential to increase engine efficiency is present. 

2.3.2.2 EGR Influence on Fuel Kinetics 

 

Besides the thermodynamic effects on the engine cycle, EGR has significant 

effects on chemical kinetics. To investigate this, fundamental relations were 

investigated from HCCI and shock tube data. The work by Vandersickel et al. 

[41], offers experiments and modeling of both air and EGR dilution on n-heptane 

and kerosene-like fuels. The results are presented in Figure 12, while the 

kerosene like fuel results are similar in trends to the work by Vandersickel et al. 

[41] in Figure 6, where more gasoline like fuels (Fuel B) exhibited longer ignition 

delay.  
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Figure 12 Effects of charge dilution on Ignition delay. (b) effect of equivalence ratio (air dilution) 
on ignition delay. (c) effect of EGR on ignition delay. EGR increases ignition delay more than air 

dilution (even in the presence of 30% EGR). Open markers denote first stage ignition delay, 
figure reproduced from Vandersickel et al. [41] 

  

Figure 12 shows that for air dilution (sub-figures (a) and (c)), there is a difference 

in ignition delay, where leaner mixtures extend the intermediate chemistry 

timescale. It is seen that both air and EGR dilution (sub-figures (c) and (d)) offer 

increased ignition delay, with each potentially reducing the effect of NTC in the 

most reactive fuel, n-heptane. Vandersickel et al. [41] accounted for the effect 

that EGR dilution and charge dilution (Φ) has on ignition delay as seen in 

Equation (1) 
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This empirically derived relation shows that as the concentration of N2

§ 

changes the ignition delay changes both exponentially and polynomially. 

Likewise, as the charge is leaned (Φ), the ignition delay is also changed, but 

unlike EGR, this effect is observed to only be directly proportional. The authors 

state that for EGR, the power term represents the effect of concentration, and the 

exponential term accounts for changes in the fuel temperature dependence 

within the intermediate temperature range. The results and correlation suggest 

that EGR has a magnified influence on ignition delay as opposed to Φ, thereby 

offering increased diluent effect.   

This effect can be seen in Figure 12, sub-plot (c), (heavy EGR), in which 

the behavior of reactive fuels (n-heptane) is actually more gasoline like, which 

has less of a tendency to express NTC and more of a tendency to express 

intermediate temperature heat release (ITHR). Although the work by 

Vandersickel et al. [41] did not use physical EGR, similar findings were observed 

in engine tests in HCCI with real and simulated EGR. For example work by 

Söjberg and Dec [61] demonstrated that the chemical differences of EGR affect 

different types of fuel independently. In general, their work has consistently 

demonstrated that EGR is a key enabler of higher loads in HCCI.  

Additionally, the findings of Vandersickel et al. [41] are applicable to fuels 

besides kerosene and diesel like fuels. Gasoline and gasoline-like fuels have 

                                            

§
 In a shock tube environment, EGR is typically represented by nitrogen (N2), thus this relation is 

only a function of the ratios of N2 and O2, since N2 is the only diluent species (CSP not used) 
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been shown to exhibit increased ignition delay in the presence of EGR. Shock 

tube experiments by Gauthier et al. [62] demonstrated that high temperature 

kinetics are slowed in the presence of EGR. However, it is unclear if this effect 

was due to EGR having a more pronounced effect on intermediate temperature 

reactions, which, in-turn, may have affected the high temperature reactions. 

Figure 13 displays that for temperatures above 1000K, operation with EGR 

displays increased ignition delay.  

 

 

Figure 13 High temperature gasoline shock tube experiments with and without EGR. The findings 
demonstrate that EGR suppress ignition delay of high temperature gasoline kinetics. Figure 

reproduced from Gauthier et al. [62] 

 

 Although shock tube experiments are well suited for kinetic studies, they 

are not entirely representative of engine experiments. To explore fuel kinetics in 

engines, HCCI is a common strategy. HCCI engine experiments by Machrafi and 

Cavadias [63], demonstrated that with gasoline and n-heptane/isooctane/toluene 

gasoline surrogate fuels, EGR and Φ have a strong effect on the crank angle 
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delay between low and high temperature reactions (ignition delay). Thus, 

interpreting their data in Figure 14, the delay between low and high temperature 

reactions is increased with lean operation. This effect is exacerbated when EGR 

is added, in which levels of simulated EGR (N2) above 21% vol. preventing 

HTHR from occurring.  

 

 

Figure 14 Gasoline and surrogate gasoline HCCI ignition delay as a function of equivalence ratio 
with varied EGR. In general as EGR or leaner conditions are encountered the crank angle of 
HTHR is phased later, and in the leanest operating conditions, only LTHR is observed. Figure 

reproduced form Machrafi and Cavadias [63] 

 

These studies demonstrated that both air, and to a greater extent EGR 

dilution, have a noticeable effect on intermediate temperature reactions. These 

findings demonstrate a pathway to increasing the reactivity gradient in RCCI 

beyond that of pressure and temperature alone. When reactant gradients exist, 
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the presence of EGR and excessive dilution amplify the ignition delay of both the 

high and low reactivity fuels. This creates a modified gradient which, in turn, 

enables further staging of the ignition event. The longer ignition delay provides 

potential further control inputs for increases in load, speed, and efficiency. This is 

the reasoning behind introducing EGR into RCCI at higher engine loads, as it 

enables the opportunity to increase the reactive fuel fraction as the HCCI limit is 

suppressed by dilution.  

2.3.3 Kinetic Literature Review Conclusions  

 

Based on the presented works, EGR, Φ, fuel properties, pressure, and 

temperature have measurable effects on fuel decomposition, with particular 

importance in the intermediate reaction region. Additionally, gasoline and diesel-

like fuels can behave similarly when exposed to higher pressure and/or EGR. 

However, with ethanol, or ethanol added to mixtures of these fuels, low and 

intermediate temperature chemistry heat release tendency was reduced. This 

suggests a pathway for tailoring the combustion event towards high efficiency 

operation. 

2.4 Cetane Improvers 

 

The previous section has discussed fuel reactivity. In CI engines, a common 

metric to define reactivity is cetane number (CN). This term is a measure of the 

ignition quality of a fuel. The definition of the cetane number is based on the 

behavior of the fuel relative to that of two reference fuels, n-hexadecane 



 33 

(CN=100) and heptamethylnonane (HMN) (CN=15). Where the CN is defined as 

[64] 



CN  (%n_hexadecane) (.15*%HMN)    (2) 

Although all fuels have a CN, fuels that resist auto ignition have lower CN (~15 

typical of gasoline) while fuels that readily ignite have higher CN (~46 typical of 

U.S. diesel). The CN of the fuel depends on the fuel composition: the more 

reactive the components, the higher the CN of the fuel. Using this relation, the 

CN of a fuel can be synthetically modified through the addition or subtraction of 

highly reactive fuel species.  

For example, the combustion behavior of HCCI engines has been 

characterized with an “HCCI index” by Shibata [65]. This relation expands on the 

octane (inverse of CN) relation developed by Kalghatgi [66], where Shibata’s 

modified relation accounts not only for the motor octane number (MON), but also 

the chemical bond structure of the constituent fuel species. The relation 

developed by Kalghatgi [66] is shown in Equation 3, where RON is the research 

Octane number, MON is the motor octane number, K is a constant that is 

dependent on temperature, pressure, and trapped residual, and S is the 

“sensitivity” of the fuel (chemical species dependent).  

 

OI = (1-K) RON + K MON = RON - K·S    (3) 

 

The modified relation by Shibata in Equation 34 accounts for the individual 

species reactivity instead of the lumped parameter Kalghatgi classified as S. 
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HCCI Index = m·MON + a[nP] + b[iP] + c[O] + d[A] + e[OX] + Y            (4) 

 

Where m, a, b, c, d, e and Y are empirical constants, nP is the concentration of 

normal paraffins in the fuel, iP is the concentration of isomeric paraffins in the 

fuel, O is the concentration of olefins in the fuel, A is the concentration of 

aromatics in the fuel, OX is the concentration of oxygenates in the fuel, where the 

concentrations are in percent volume. 

 If a decrease in the HCCI index, and thus increased fuel reactivity CN, is 

desired, it can be accomplished through addition of fuel species that have easily 

broken bonds. Although normal paraffins have such qualities, chemical species 

with significantly weaker bond structures do exist and are often referred to as CN 

improvers. The weaker chemical structure of CN improvers often contain nitrate 

or peroxide groups. Two common CN improvers are 2-ethylhexyl nitrate (2-EHN) 

and di-tert butyl peroxide (DTBP). Only a small percentage of either of these 

chemicals is required to achieve significant increase in cetane number.  

Regardless of the cetane improver used, the overall effect that CN 

improvers have on the overall fuel oxidation has shown to be insignificant. 

Higgens et al. [67] demonstrated that the addition of less than 1% (by mass or 

volume) of CN improver to diesel fuel dramatically shortens the ignition delay of 

the fuel. However, their findings also noted that, although the ignition delay 

decreased with the addition of CN improver, the combustion characteristics of the 

base fuel remained unaltered. This is important from a fuel kinetics standpoint, 
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and it demonstrates that the cetane improver simply lowers the activation energy 

of the base fuel, but does not affect other fuel chemistry. 

Based on these findings it is useful to determine the reactivity 

enhancement provided by cetane improvers. To a specific extent, the cetane 

number of additized diesel fuel can be interpreted using the correlation by 

Thompson et al. [68], which is reproduced in Figure 15 by the EPA [69].  

 

 
Figure 15 Cetane improver effectiveness in #2 diesel fuel as a function of volume addition. Figure 

reproduced from [69] 

 

The presented correlation considers addition levels up to 0.5% by volume in 

diesel fuel. Shock tube research by Hartman et al. [70] shows that ignition delay 

of higher doping percentages of EHN in n-heptane are correlated as seen in 

Figure 16.  
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Figure 16 Simulated ignition delay times of EHN doped n-heptane as a function of EHN 
concentration. Figure reproduced from Hartman et al [70]. 

 

In the present research, some tests used 2-EHN doped into 91 PON gasoline at 

a fixed 3% by volume ratio, this addition is noted in Figure 16 by the dashed red 

line.  

The cited studies have shown that 2-EHN is an effective cetane improver. In 

the present study a 3% addition by volume corresponds to a molar ratio of EHN 

to gasoline of 2.6% (2.6*10-2), as indicated in Figure 16. This is near the rapid 

decrease in ignition delay time observed between 10-2 and 10-1. The results of 

these EHN doping studies suggest that the reactivity (ignition delay) of EHN 

increases non-linearly, with ignition enhancement being very sensitive to EHN 

addition. Additionally, EHN may have un-desirable attributes to emissions. Work 

by Ikes et al. [71] has demonstrated that less than 1% of 2-EHN is an effective 

~Condition of 
3% by volume in gasoline
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enhancer in diesel fuels. However that research also demonstrated that the 

added nitrate group in 2-EHN increased NOX emissions.  

2.5 Engine Energy and Exergy Flows. Where are the Losses? 

As described, engine efficiency is a major focus of present and past engine 

research. To analyze efficiency a first and second law approach can be used. 

That is, the energy or exergy flows/paths can be tracked. First and foremost, the 

source of energy or exergy is from the fuel itself. Fuel exergy depends on 

chemical composition, but for most fuels, it is roughly equal to the heating value 

of the fuel, a widely adopted approximation. Thus, the fuel path should be 

tracked to examine engine efficiency and the sources of losses. Several studies 

on the energy and exergy (availability) flows of internal combustion engine 

operation have been performed, with notable works by Caton on the availability 

destroyed in combustion [72] and from heat transfer [73]. In these works it was 

shown that the dominant losses consisted of incomplete combustion, heat 

losses, exhaust losses, and work losses. Remaining losses, from flows for 

example, were negligible compared to these other losses.  

2.6 Availability Destruction with LTC 

 

One of the most notable findings from these works, is that the availability 

destroyed (an inherent loss) increases at reduced combustion temperatures. 

Although the availability destroyed through combustion increases with leaner 

equivalence ratios and lower combustion temperatures, these losses compete 

with potential reduction in heat losses with lower temperatures. This can be 
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quantified either a load basis, as indicated by [74], or on a mixture (equivalence 

ratio) basis. This increase in inherent/unavoidable loss is in contrast with the 

desire to use lean mixtures to avoid NOX and PM emissions formation in LTC. 

Thus, LTC strategies increase the availability destroyed associated with the 

combustion event itself. Caton described and presented this phenomenon as a 

function of equivalence ratio in [72], where, as seen in Figure 17, he calculated 

that approximately 15% or more of the fuel’s availability was destroyed at LTC-

like equivalence ratios. 

 

 

Figure 17 Combustion availability destruction as a function of equivalence ratio, and 
corresponding temperature, reproduced from [72] 

 

Combustion availability losses are unavoidable and even at very high combustion 

temperatures a zero value is not reached (Caton [72]). Since combustion is 

present in the combustion engine, there are unavoidable losses. Efficiency gains 
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must be sought by reducing other losses. As described by Rakopoulos et al. [74], 

the availability of heat transfer is defined by Equation 5, where AL is the 

availability lost, QL is the heat loss, TO is the reference temperature, and Tcyl is 

the in-cylinder temperature (where φ is crank angle or time).  

 

 
   

  
 

   

  
 (  

  

    
)                 (5) 

 

As shown by both Rakopoulos et al. [74], and Caton [73], the low temperature 

gradient between the cylinder internal/coolant temperatures (typically ~100-

150°C) and the reference state (TO ~25°C), for practical purposes results in 

100% of this availability being destroyed.  

In LTC, decreased combustion product temperatures reduce the driving 

potential for heat transfer, potentially offsetting the increase in availability 

destroyed during combustion.  A study by Edo and Foster [75] has demonstrated 

that although the availability destruction increases at lean conditions, other 

losses, such as heat transfer and exhaust losses reduce, opening the potential 

for increased work extraction, and thus efficiency.  

More recent general LTC overviews on the relations of sources of 

efficiency have been performed by Foster [60] and Edwards [76]. These studies 

have concluded that the increased availability destruction during the combustion 

of lean mixtures has the potential to be balanced or even offset by advantages in 

heat transfer and expansion work. This is the inherent relation that affords LTC 

strategies the ability to lend themselves to simultaneous reductions in emissions 
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and increases in engine efficiency. The combustion event itself has higher 

losses, but when constrained to the engine cycle the resulting losses tend to be 

lower. This demonstrates that the combustion event and the engine cycle must 

not be decoupled in the quest for high efficiency, and should be addressed in 

unison to obtain maximum benefit.  

2.6.1 Availability Flow with Low Heat Rejection 

 

Similar to operating with low temperatures, the overall availability destruction can 

be reduced by operating with internal engine insulation. These concepts are 

typically classified as low heat rejection (LHR) engines. Although effective in 

turbine engines, historically their durability in piston cylinder engines has been 

unacceptable for production environments. Regardless of their present merit on 

longevity, their concept provides an alternative approach to increase engine 

efficiency. Previous research and second law analysis of insulated engine 

operation was performed by Primus [77] and Rakopoulos et al. [74], as seen in 

Figure 18.   

 

 

Figure 18 Fuel availability flow for standard and LHR engines. Note the shift in availability to the 
exhaust and increased work with the LHR design, reproduced from [74]. 
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As seen by the figure, the LHR engine demonstrated that not only can the 

work output be increased, but also that the availability flow can be shifted from 

heat loss within the engine (availability destroyed) to heat loss in the exhaust 

stream. If there must be exergy flows that are not work, then exergy in the 

exhaust is much more preferable because there are available extraction 

technologies like turbochargers or even bottoming cycles [78, 79] that could be 

used to further extract work from the fuel external to the cylinder. This shift in 

losses is particularly useful for LTC strategies, as their dilute operation often 

requires high levels of boost, where use of internal engine insulation may 

improve exhaust work extraction and expand engine power density.  

Also, Primus et al. [77] noted that insulating the engine results in 

reductions in the exhaust manifold pressure, and thus the turbine pressure ratio. 

Therefore, for a given trapped mass the required backpressure is reduced with 

an insulated engine, decreasing the pumping losses. Primus noted that this effect 

more than offsets the potential of reduced volumetric efficiency (VE) that can be 

present with an insulated engine [74, 77]. Since pumping losses could be 

significant in low temperature combustion regimes, as suggested by Chadwell et 

al. [16], insulating the internals of the engine combustion chamber may be of 

interest. Moreover, the potential of increased internal gas temperature with an 

insulated engine can decrease the availability destroyed [73]. However if NOX 

emissions are to be minimized, temperatures should remain below approximately 

2000 K [12, 80]. Therefore, the insulated engine may increase NOX emissions in 
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LTC thereby defeating some of the emissions benefits, but may still avoid the 

formation of soot due to the overall lean equivalence ratios.   

2.6.2 Availability Flow with Nontraditional Engine Strategies 

 

To simultaneously combat the dilemma of availability destruction from 

combustion and heat transfer, non-traditional engine architectures have been 

proposed. Teh et al. [81] focused on engine concepts that are not constrained by 

a traditional slider crank mechanism and noted that optimizing engine efficiency 

can be addressed through minimizing the exergy destruction in combustion. It 

was shown that combustion availability destruction could be tracked and 

minimized by examining only the start and end states of the combustion process. 

This means that the more complex kinetic path taken (combustion 

thermodynamics) need not be solved for. The highest efficiencies were found to 

be at elevated internal energy states (high temperature). Furthermore, this work 

suggested that cycles like the Otto/ideal cycle, which are separated into non 

interacting compression, reaction, and expansion processes, maximize the 

engine efficiency potential.  

More recent fired engine follow up work by Miller et al. [82], suggested that 

engines with extreme compression ratio may provide increased efficiency 

because the ratio of work availability to combustion destroyed availability 

increases, as indicated in Figure 19.   
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Figure 19 Distribution of fuel availability for the Otto cycle with stoichiometric propane. Note the 
increase in work relative to losses as compression ratio is increased, reproduced from [82] 

 

In the above work, a free piston engine was examined because that 

design reduces the time for heat transfer as the rate of compression and 

expansion are increased. Although the proposed engine concept ass 

mathematically and thermodynamically eloquent, practical application is more 

challenging, requiring significant development with unknown potential issues. 

Blarigan [83], computationally investigated HCCI in a free piston engine and 

more recently attempted to experimentally demonstrate free piston engine 

techniques [84]. This work demonstrated that significant technical hurdles must 

be addressed in the implementation of such non-conventional engine 

architectures.  

2.7 Low Heat Rejection Strategies  

2.7.1 Engine Coolant Temperature Strategies 

 

In practice, there are several strategies to reduce heat transfer; however each 

has strengths and weaknesses. Strategies may be as simple as increasing 
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coolant and oil operational temperatures; however any gain is typically limited by 

longevity concerns and practical working pressures. Although coolant 

temperature changes are a relatively practical approach, the net gains are low, 

as suggested by Edwards [76]. These are supported by conventional diesel 

experiments by Burke and Brace [85], which have demonstrated the trends 

observed in Figure 20.  

 

 

Figure 20 MEP values for CDC operation at low load (Operating Point 1) and higher load 
(Operating Point 2). Coolant temperature was swept, and observed MEP trends are shown. It 

was found that reduced coolant temps. may actually increase engine efficiency, as it 
simultaneously reduced EGR temps.. Figure adopted from Burke and Brace [85]. 

 

The findings indicate that the engine system as a whole must be considered. In 

practice, the coolant system is integrated into the engine and EGR loop, thus 

coolant temperature changes affect the engine and EGR conditions. The results 

in Figure 20 depict that the coupling of engine and EGR conditions creates a 

more complex system to optimize than the engine alone, where at some 

conditions colder coolant conditions can improve gross IMEP (i.e. efficiency). 

Based on these results in combination with the kinetically controlled combustion 

process, such as RCCI, added complexity will likely exist if coolant temperatures 

are adaptively changed for reducing heat transfer.  
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2.7.2 Thermal Barrier Coatings 

 

Another method to reduce engine heat loss is to apply thermal barrier coatings to 

the combustion chamber. Thermal barrier coatings (TBC) have been a topic of 

much scientific and engineering interest worldwide for several decades [86-88]. 

These coatings are typically ceramic powders that are plasma sprayed or 

deposited over metal substrates. The coating properties offer a high thermal 

resistance and diffusivity, low density, similar thermal expansion to the base 

material, and are easy to apply to complex geometries. Initially developed for the 

aviation industries, these lightweight robust coatings enable an increase in 

combustor and turbine fan exhaust gas temperatures, thus increasing turbine 

engine efficiency, and engine longevity for aircraft and stationary applications 

[89].  

 Although thermal barrier coatings have been vital to the advancement of 

internal combustion turbine engines, the environment of piston cylinder engines 

is quite different. Specifically, the piston cylinder engine has a much higher 

frequency of cyclic loading. Turbine engines are only cyclically loaded upon cold 

startup, but piston cylinder engines are thermally and barometrically loaded every 

or every-other cycle (2 or 4 stroke cycles, respectively). These less steady 

conditions require different coating properties.  Interesting work by Hoag et al. 

[87] demonstrated that a 1.5 mm total coating thickness consisting of a 0.1mm 

bond coat of NiCrAlY with a 1.4 mm thick yttrium-stabilized zirconia (YSZ) top 

layer, was insufficient to survive short-duration tests in a high-output diesel 

engine at 13.8 bar BMEP. Moreover, extensive trial-and-error development 
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efforts using plasma- sprayed zirconia coatings did not result in acceptable or 

reproducible coating lives [90]. 

 To investigate and improve upon these findings, research sponsored by the 

Department of Energy/National Aeronautics and Space Administration 

(DOE/NASA), and U.S. Army Tank Automotive Command (TACOM) was 

awarded to Cummins in the mid-1980s [91]. The goal of this research was 

centered on improving coating lifetime by understanding the stresses in the TBC, 

ultimately improving the lifespan of these coating in diesel engines [90].  

 It was found through both experimental and computational efforts that 

although the internal stresses of the zirconia based coatings were below the 

failure/fracture level under sustained operation, the transient response of these 

coatings was not. Failures occurred because of the much lower thermal 

diffusivity** of the zirconia material than the base metal, increasing surface 

temperatures by up to a calculated 225°C greater than uncoated operation. 

Furthermore, the thermal wave was calculated to penetrate only 0.13mm into the 

material, which, with thick coatings, results in high temperature gradients within 

the coating, potentially causing tensile-based failure upon repeated use.  

These findings have more recently been experimentally validated engine 

experiments on select materials by Ramaswamy et al.  [92]. That work scanning 

electron microscope (SEM) images of the surface and cross sections of cyclically 

loaded coated pistons showed that the cyclic environment of piston cylinder 

engines can grow micro cracks in the coating. It was found that this failure 

                                            

**
   

 

   
 where α is thermal diffusivity, K is thermal conductivity, C is capatance, ρ is density 
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mechanism does not result in a de-lamination of the coating, but it does 

deteriorate the performance. The formation of crack is attributed to the relaxation 

stress difference between the coating and the base material. 

 These tests have shown some promise for coating use in conventional 

diesel combustion where fuel and air are heavily stratified and no fuel is 

premixed in the chamber prior to ignition. However, the benefits of thermal barrier 

coatings in premixed environments have been shown to not necessarily be 

positive. Thermal barrier coatings were investigated in HCCI engine operation by 

Hulquit et al. [93] where various thermal barrier coatings and thicknesses were 

tested. The work showed that the coatings were effective at increasing in-cylinder 

temperatures, but, except for thin coatings of aluminum oxide, the porosity of 

thermal barrier coatings can increase the emissions of HC and CO, with all 

coatings underperforming in efficiency as compared to the uncoated piston.  

In contrast, it has been demonstrated that deposits in HCCI engines by 

[94 and 95], behave similar to TBC coatings. The findings of these works were 

that the thermal conductivity of deposits, measured using the findings in-situ 

method described by Hopwood et al. [96], were similar to that of TBCs. In the 

work [94], an increase in HC and CO was not observed, where chamber deposits 

were actually seen to decrease HC emissions. The works show that even if 

thermal barrier coatings offer a similar insulating effect as combustion chamber 

deposits, they can result in efficiency reductions. These are likely due to porosity 

in the coating, as suggested by SEM images by Ramaswamy et al. [92], 

effectively offsetting potential thermal insulation gains. 
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Based on a review of these works it has been shown that thermal barrier 

coatings offer potential to reduce engine coolant heat losses. However, the 

selection of a coating for a piston engine has different criteria than that required 

in a turbine engine. Additionally, coating porosity may be an important factor in 

premixed combustion regimes, wherein the potential for increased incomplete 

combustion may offset efficiency gains from heat transfer. These factors make 

selection and the performance of a coating somewhat ambiguous, opening the 

potential for decreased engine performance. An alternative approach is to 

increase in-cylinder temperatures through reducing in-cylinder cooling.  

2.7.3 Piston Oil Gallery Spray Cooling Modulation  

 

In modern diesel engines, particularly in HD applications, one of the major 

sources of in-cylinder cooling is through piston oil gallery cooling. In CDC, high 

local temperatures are present at or near the piston surface. This leads to 

significant piston heat input. The piston can only transfer heat away through the 

oil, which without direct spray cooling, is through the piston rings accelerating 

engine wear. To increase the engine lifespan, most modern CDC applications 

have employed oil spray gallery cooling, where a jet of pressurized oil is directed 

into a channel inside the piston. The oil is used to cool the piston crown and 

remove heat from the ring-linear interface, a wear point. Piston heat flow with 

different cooling strategies has been shown by Kajiwara et al. [97], with key 

findings form the work in Figure 21. 
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Figure 21 Various Piston cooling strategies and the relative distribution of heat loss associated 
with each. Figure adopted from [97]. 

 

The results show that by jet gallery oil cooling, approximately 2/3 of the piston 

crown heat is rejected directly to the oil. This cooling extends the engine lifespan 

by reducing ring and linear wear, an important factor for engines that are 

designed to operate over one million miles. Additionally, it enables higher engine 

loads and BMEP through reduced surface ring/linear interface temperatures.  

 Compared to spray cooled pistons (indirect oil mist in crankcase), direct oil 

gallery cooling is quite effective at removing heat. Recent in-cylinder work by Luff 

et al. [98] showed that piston surface temperature increases dramatically when 

the oil gallery jet is turned off. For instance Figure 22 below depicts an average 

of ~50°C rise in piston surface temperature for a light-duty CDC engine operated 

at a mid-load and speed point. 
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Figure 22 Transient piston surface temperature-time response to eliminating piston oil gallery 
cooling at a mid-load and speed LD CDC engine. Figure reproduced from Luff et al. [98] 

 

Luff et al. [98] also showed that when the piston oil gallery cooling was turned off, 

the cylinder liner temperature correspondingly increased, although the increase 

was only a few degrees centigrade. Figure 23 illustrates the measured liner 

temperature trends. 

 

Figure 23 Transient cylinder liner surface temperature-time response to eliminating piston oil 
gallery cooling at a mid-load and speed LD CDC engine, cooling turned off at time of 900 (s). 

Figure reproduced from Luff et al. [98] 
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This study clearly demonstrated that the piston surface temperature 

significantly increases with a minimal increase in piston-liner interface 

temperature when there is not piston oil gallery cooling. Additionally, the study 

also showed that the emissions of CO reduced 5-10% and NOX increased 3% 

when cooling was turned off, suggesting higher in-cylinder temperatures. These 

trends provide evidence that the piston oil galley cooling may be excessive, and 

effectively be over-cooling the piston at loads below that of full-load. The result is 

that below full-load operation, oil galley cooling increases losses from incomplete 

combustion and heat transfer.  

One additional note was that the gross efficiency gains realized in the 

work by Luff et al. [98] were not without realized without increases in oil pump 

work. As the piston oil cooling was turned off, oil temperatures decreased 

increasing viscous losses, effectively offsetting gross and net efficiency gains. It 

was suggested that these additional friction losses may be eliminated through a 

variable displacement oil pump, which is much simpler and practical to 

implement and operate than a TBC or variable coolant control strategy.  

2.8 Knock Effects on Heat Transfer 

 

Similar to the oil gallery cooling results, knock can affect engine heat transfer. 

Schlieren experiments such as those by Lyforde and Heywood [99] have 

demonstrated that in SI engines there typically exists a ~1mm thermal boundary 

layer which insulates that engine from heat transfer. More advanced laser based 

measurements have also been made in non-combusting HCCI by Dec et al. 
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[100], where a similar finding has been found. This insulating layer provides 

reduced heat transfer. However, when post-combustion pressure oscillations 

exist, the effectiveness of this insulation can be compromised.  

For example Lu et al. [101] saw that in-cylinder heat flux linearly increased 

with pressure oscillation amplitude, starting at values as low as 5 bar. Further, 

the increase in heat transfer was confined to knocking regions (peripheral 

chamber areas). Similar findings by Syrimis et al. [102] demonstrated that heat 

flux from knocking zones is often double that of non-knocking zones.  

In-cylinder diagnostics techniques have been used to understand the 

sources of these increases such as the use of Coherent Anti-Stokes Ramen 

Spectroscopy (CARS) by Grandin et al. [103]. Their results supported the 

previous researchers findings and suggested that in knocking conditions, the 

thermal boundary layer may be as thin as 0.5 mm. This demonstrates that with 

knocking conditions boundary layer thinning occurs, simultaneously resulting in 

increased local near wall temperatures. They also found that the corresponding 

heat flux was proportional to knocking intensity (amplitude of pressure 

oscillation), where their findings are seen in Figure 24.  
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Figure 24 Peak heat flux as a function of knock intensity for stoichiometric SI combustion. Figure 
from Grandin et al. [103]. 

 

These experiments on knocking were investigated in near stoichiometric 

mixtures. However, Grandin and Denbratt [104] conducted similar CARS 

experiments from slightly leaner mixtures (λ=1.3, Φ=0.77) to slightly richer 

mixtures (λ=0.84, Φ=1.19) showed that at equal knock intensities, the mixtures 

adiabatic flame temperature tracks with peak heat flux rate. That is, leaner 

charges demonstrated reduced peak heat flux rates. This demonstrates that local 

temperatures play a key role in reducing engine heat transfer, even in knocking 

conditions.  

The authors elaborate that reduced gas temperatures are only part of the 

reason for heat transfer losses. Heat transfer is reliant on a difference in 

temperature combined with the ability to transport thermal energy from hot to 

cold. In gasses this transport relies on convection, which is a function of the gas 

properties and motion. The influence of gas properties is likely to be minimal as 
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the gasses from knock are similar in composition and temperature to gasses 

from non-knocking conditions. Therefore, charge motion combined with a 

difference in gas-to-wall temperature is key to understanding and controlling 

engine heat transfer.  

The higher charge motion present in higher intensity knocking and 

oscillatory pressure behavior can sufficiently increase local convection resulting 

in a measurable effect on engine heat transfer. For HCCI and RCCI, the effects 

of knock become more global, as knock occurs throughout more of the chamber 

than in knocking SI. However, if conditions are sufficiently lean, reduced in-

cylinder gas temperatures mitigates the driving potential of heat transfer, 

potentially offsetting increases in convection from knock. 

2.9 Literature Review Conclusions 

 
These reviewed works demonstrate that LTC strategies offer a pathway for 

simultaneous emissions and efficiency improvements. LTC concepts are likely to 

have more production possible than LHR and free piston designs, as these 

designs require unique unproven hardware/technology. However, LTC strategies 

face hurdles of their own; the present study aims to build on the reviewed 

historical works by investigating the pragmatic limits of the LTC strategy RCCI 

through engine experiments coupled to zero-dimensional cycle simulations. The 

goal is to demonstrate the highest possible gross efficiency and to better 

understand the sources and sinks of gross efficiency in RCCI. 
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CHAPTER 3 Modeling Details  

 

Prior to engine experiments, computational tools were used to explore the 

conditions that may provide increased engine efficiency. Their ease of use and 

reduced search time can be helpful in quickly establishing operating conditions 

and limits. Although state of the art multi-dimensional computational fluid 

dynamics (CFD) codes coupled to chemical kinetic solvers are generally the best 

for simulating engine operation, as they solve for both the chemical reaction and 

thermodynamic cycle, they introduce the complexity of solving the mixture 

properties in conjunction with correct local kinetics.  If there are errors in either, 

or their combination, the simulation results can be inaccurate. Thus, the use of 

multi-dimensional simulation tools as an a-priori guidance tool introduces the 

potential for misleading results.  

To improve both the generation speed and overall trends of the 

computational results, less complex zero-dimensional codes can be, coupled to 

experimental data. This approach provides useful guidance in solving the 

thermodynamics of the engine cycle, which can easily suggest conditions that 

may increase engine efficiency. However, it is critical to understand that the 

assumption of a combustion profile from an experiment at one condition is only 

valid at that condition. Changes to the heat release are not accounted for when 

decoupling the combustion event from the engine cycle initial conditions. Thus, 

the solution generated by the code should only be used as a tool for guiding a 

pathway only, and not as an absolute accurate solution.  
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3.1 Zero Dimensional Engine Modeling for High Efficiency 

 

Several past researchers have shown that cycle simulation can be as simple as a 

wireframe heat release, as demonstrated by Paterson and Hampson [105]. 

However, in practice it is more common to use a first principles approach, such 

as that cited by Herold et al. [106], in their work on opposed compression ignition 

engines. Recent zero-D simulation work by Caton [107] has also demonstrated 

that a combination of factors must be used to advance engine efficiency, and that 

the primary factors are burn duration, phasing (represented by EGR), dilution, 

and compression ratio.  Figure 25 was reproduced from this study. 

 

Figure 25 Figure reproduced from Caton [107] where zero-dimensional simulation work was 
conducted to determine pathways for increased engine efficiency; base condition is a simulated 
SI engine with  8:1 Cr, 0.71 L/cyl, 9 bar BMEP 2000 rev/min. Note that the largest gains were 

offered through increased compression ratio, and dilute operation.  
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In the present study, the zero dimensional commercial code GT Power by 

gamma technologies was used to suggest conditions for increasing RCCI engine 

efficiency. The pathway and logic used in the simulation exercise was suggested 

by literature. For example, a recent advanced combustion GT Power study by 

Lavoie et al. [58] has suggested that lean operation without EGR could offer the 

highest improvements to gross efficiency. Results from that study are depicted in 

Figure 26  where the trends are plotted as a function of Φ′. When operating with 

EGR it is useful to use a common axis.  A common way to do so is to redefine Φ 

to be charge based as in Equation 6. 

     (  
    ( )

   
)     (6) 

 

Figure 26 Lean operation is observed to have a significant effect on gross efficiency, with very 
lean operation negatively effecting brake efficiency through increased pumping work. Figure 

reproduced from Lavoie et al. [58].  

 

However, as the figure displays, at the highest gross efficiencies, pumping 

increases work may occur, thereby decreasing brake efficiency. This presents 
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the efficiency paradox, where optimization of one definition may provide mutually 

exclusive results to others. In practice: maximum brake efficiency is desired, yet 

is the most complicated to optimize because it accounts for the entire suite of 

engine interactions. Zero-dimensional simulation predictions by Chadwell et al. 

[16] allude to the potential that optimized gross efficiency may produce reduced 

brake efficiencies. 

  The study by Lavoie et al. [58], also investigated brake efficiency, as 

shown in the reproduced results in Figure 27.  

 

 

Figure 27 Curve of optimal brake efficiency for 50% combined turbocharger operation. Note that 
higher loads require charge enrichment and tend to deviate from LTC operation to conventional 
combustion strategies. The richer operation is required to mitigate increases in pumping losses 
associated with LTC strategies at high engine loads. Figure reproduced from Lavoie et al. [58]. 

 

This figure demonstrates that to maximize brake efficiency from low to very high 

loads, a shifting charge-based equivalence ratio (Φ′) may be required. If 

efficiency is approached in this manner, it will likely require shifting combustion 

regimes. For instance in the leaner conditions, auto-ignition or stratified mixture 
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approaches must be used, because fully homogeneous SI combustion is 

impractical or impossible. However, as the charge is less dilute, autoignition 

strategies become impractical due to high pressure rise rates, potentially 

requiring the necessity to shift combustion regimes. The linchpin in the 

contributing factors to combustion enrichment and thus, combustion regime 

shifting, is engine air handling. 

3.2 Air Handling in Dilute Combustion Strategies 

 

The inability of production turbocharger systems to effectively supply charge 

dilution at high flowrate conditions with low exhaust enthalpy increases engine 

pumping losses. Although superchargers can be used to provide boost, they do 

not operate on rejected heat (as turbochargers).  In practice, even with high 

production-possible isentropic efficiency near 75%, a supercharger’s increase in 

engine friction outweighs their pumping benefits at almost all engine conditions. 

For example, simulation work in lean HCCI by Mamalis et al. [108] 

demonstrated that supercharged lean engine brake performance was worse than 

turbocharger performance. However, the net efficiency with supercharged 

performance was improved because the pumping loop was actually positive 

pressure, increasing IMEPn. This study demonstrates that in lean conditions it is 

highly unlikely that pumping losses can be offset by use of supercharging, as 

supercharging increases friction more than its associated reduction in pumping.  

Figure 28 illustrates that study’s findings on fuel consumption. 
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Figure 28 Zero-dimensional cycle simulations from Mamalis et al. [108]. The findings show that 
the higher IMEPn (right) associated with supercharging is more than offset by additional FMEP, 

resulting in reduced BMEP and thus efficiency. Figure reproduced from [108].  

 

A potential optimum may exist by augmenting turbocharger operation with a 

supercharger. By clutching a supercharger or using an electrically driven process 

such as that suggested by George et al.  [109], an improved brake efficiency may 

be possible. However, these strategies require detailed optimization to avoid 

potential increases to losses. 

Although the air handling system is the key to high brake efficiencies, it 

has a reduced effect on gross efficiency. Figure 29, illustrates this through the 

assumption of perfect boosting (i.e., exhaust pressure=intake pressure).   
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Figure 29 Relative effect of “perfect” boosting on gross and brake efficiencies. Note that “perfect” 
boosting has a greater effect on brake than gross efficiencies, as it affects both the pumping and 
heat transfer losses in brake, and only heat transfer in gross. Figure reproduced from Lavoie et 

al. [58] 

 

The figure shows that the magnitude and equivalence ratio of gross and brake 

efficiencies become more similar with both occurring at very lean conditions. 

Thus, an approach of optimizing for the highest possible gross efficiency enables 

a pathway for improved brake efficiency with future technological advances in air 

handling.   

3.3 Application to RCCI 

 

The presented works show that a maximum in efficiency requires the selection of 

a definition of efficiency. In practice, maximum engine efficiency conditions of 

gross, net, and brake are often mutually exclusive. For actual engine operation, 

brake efficiency is of utmost importance as it is the result that is desired from the 

engine. However, in maximizing brake efficiency net and gross results hold 
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importance, as their results ultimately lead to the brake performance. In the 

present study, experiments on a single-cylinder research engine are performed. 

This tool is best suited for net and gross efficiency measurements, thus 

presenting a choice that must be made in defining a method for maximizing 

efficiency.  

As shown in the cited works, the air handling system becomes important 

particularly as the charge is leaned out. However, if gross efficiency is used, 

efficiency is only a function of the combustion event and its associated losses. 

Thus, if one assumes that the charge can be delivered to the engine at a given 

condition (i.e., the turbocharger efficiency is fixed), the corresponding tradeoffs in 

gross efficiency become more evident. Therefore, from a fundamental approach, 

it is most useful to begin with gross efficiency, and to apply an assumed air 

handing system that can deliver the charge to the engine. This approach is used 

for defining efficiency in the present research. 

For instance, one can achieve a certain gross efficiency, assume the 

associated losses, and see the effect that this would have on brake results. This 

was performed using Equation 7 in the results shown in Figure 30. For the 

department of energy (DOE) goal of +50% brake thermal efficiency (BTE), the 

gross efficiency and associated loss requirements are evident. 

        (  
           

     
)              (7) 
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Figure 30 Generalization of performance and trends required to achieve DOE goal of +50% BTE. 
Assumptions: No waste heat recovery PMEP=0.4, FMEP=1.0, GIE=54.5 (constant over sweep). 

Note, GIE is equivalent terminology to GTE 

 

The results suggest that a load of ~15 bar IMEPg ~55% gross thermal 

efficiency (GTE) is required to meet 50% BTE. If the load is reduced, the 

assumed frictional loss of 1 bar becomes a larger fraction of the total load and 

efficiency is reduced, resulting in a GTE of ~60% being required at a 10 bar 

IMEPg condition.   

Previous RCCI GTE results by Splitter et al. [37 and 134] and Hanson et 

al. [136] are overlaid in the grey shaded region. These results have 

demonstrated that the maximum RCCI efficiency observed in the laboratory was 

in the vicinity of ~9 bar IMEPg. At the tested equivalence ratios of Φ′=~0.4, these 

results were in agreement with the simulation of Lavoie et al. [58] in Figure 30. 

However, in Lavoie et al. [58], a fixed heat release was assumed at all 
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equivalence ratios. This may or may not be possible with most advanced 

combustion strategies, as temperature, pressure, and equivalence ratio all can 

affect the combustion event. Thus, it is of interest to computationally explore the 

thermodynamic cycle parameters that offer high efficiency, and then use 

experiments to explore their effect on the combustion process. The overall goal 

of this method is to identify the conditions that offer high gross efficiency and the 

effect that the conditions have on the combustion process, and then use the 

combination of experiments and modeling to explore the potential for further 

increasing efficiency.   

3.4 Preliminary Computational Study Results  

 

An initial multi-dimensional study by Kokjohn et al. [110] was performed to 

explore the potential of maximizing RCCI efficiency. This study compared 

conventional diesel combustion (CDC) and RCCI at a mid-load point. The results 

suggested that if the heat transfer of either strategy was reduced (engine 

operated adiabatically), then engine efficiency could be increased. However, with 

RCCI the benefit of reduced heat transfer also increased combustion efficiency, 

further increasing RCCI engine efficiency. This study further suggested that 

reductions in engine heat transfer may be extremely important to increasing 

engine efficiency.  

Recently, an experimental campaign by Hendricks et al. [111] 

experimentally demonstrated that for a given equivalence ratio, RCCI combustion 

had reduced engine piston heat transfer by over 40% compared to CDC. These 
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two studies suggest that RCCI engine heat transfer is low and that further 

reductions in heat transfer may be beneficial.  

To explore the potential that these effects have on GTE, the GT Power 

code was used to simulate heavy duty RCCI combustion. A high efficiency 

experimental RCCI heat release was input to the code as an assumed 

combustion profile, and the code was validated against the corresponding 

experimental case. The results of this procedure are seen in Figure 31, where 

satisfactory agreement is seen in the pressure data and key performance 

parameters.  
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Figure 31 Comparison of GT Power simulations (red) and experimental results (black) at 9 bar 
IMEPg high efficiency conditions. The results show that a convection coefficient of 0.4 in the 
simulations produces a close match on the compression and expansion pressures (default 

convection coefficient is 1.5, 0 is adiabatic). 

 

After this validation, combinations of intake pressure, assumed reductions 

in heat transfer and incomplete combustion, and increases in compression ratio 

were simulated. The goal of the study was to determine what conditions would be 

necessary to achieve ~60% GTE at an ~9 bar IMEP condition. The load and 

efficiency suggested in Figure 31 corresponds to the DOE goal of 50% BTE. The 

results displayed in Figure 32 illustrate that the DOE goal may be achievable 

Experiment GTPOWER

Cr 14.88 14.88

IMEPn (bar) 8.00 7.86

Fueling (mg/cyc)
87.13 87.13

Gross Therm Eff. (%) 54.3 54.5

Net Therm Eff. (%) 52.0 52.1

BTE (%) 45.3 45.1

FMEP (bar) 1.03 1.0

Convection HX N/A 0.4

Comb. Eff. (%) 98 98

EGR (%) 28 28

PHI (charge/air) .320/.433 .320/.433

Intake Temp (°C) 32 37

IVC/EVO (°CA ATDC) -143/130 -143/130

Intake Pressure (bar) 1.5 1.5

Exhaust Pressure (bar) 1.625 1.625

PPRR (bar/°CA ) 11.4 11.4

Turbo eff. (no losses) 48.4 44.8

Turbo eff. (air filter + DOC) 67.5 62.3
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through an increase in compression ratio (Cr) from 14.88:1 to 18.7:1, an increase 

in intake pressure of ~.2 bar, and simultaneous reductions in heat transfer and 

incomplete combustion of 50% as compared to the initial RCCI condition. These 

conditions are in agreement with the previous works by Caton [107], which 

suggested higher Cr and leaner conditions, and Lavoie et al. [58], which 

demonstrated reduced heat transfer from leaner conditions. Of note is that the 

BTE estimates from the simulation and single cylinder engine experiments are 

reliant on a Friction Mean Effective Pressure (FMEP) correlation. In the present 

work, the correlation uses production tuned RCCI constants, as described in 

Chapter 2 and Splitter et al. [37]. 
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Figure 32 GTPower RCCI simulations of high compression ratio operation (18.6:1). Note that the 
simulations assume the same heat release profile as lower compression ratio experimental 
operation (black).  At the simulated conditions (right) an increase in trapped mass, and a 

simultaneous 50% reduction in heat transfer and incomplete combustion suggested that 60% 
GTE and 50% BTE may be possible. 

 

Although the simulation results suggest that high efficiency could be 

achievable with RCCI, they provide no insight into the potential effects and 

relationships that engine conditions would have on the heat release process, or 

on the method to reduce heat transfer and incomplete combustion. The 

Experiment GTPOWER GTPOWER

Cr 14.88 14.88 18.6

IMEPn (bar) 8.00 7.86 8.18

Fueling (mg/cyc)
87.13 87.13 87.13

Gross Therm Eff. (%) 54.3 54.5 56.7

Net Therm Eff. (%) 52.0 52.1 54.2

BTE (%) 45.3 45.1 46.4

FMEP (bar) 1.03 1.0 1.2

Convection HX N/A 0.4 0.4

Comb. Eff. (%) 98 98 98

EGR (%) 28 28 0

PHI (charge/air) .320/.433 .320/.433 .320/.320

Intake Temp (°C) 32 37 37

IVC/EVO (°CA ATDC) -143/130 -143/130 -143/130

Intake Pressure (bar) 1.5 1.5 1.5

Exhaust Pressure (bar) 1.625 1.625 1.625

PPRR (bar/°CA ) 11.4 11.4 14.2

Turbo eff. (no losses) 48.4 44.8 46.6

Turbo eff. (air filter + DOC) 67.5 62.3 64.9

Experiment GTPOWER GTPOWER

Cr 14.88 14.88 18.6

IMEPn (bar) 8.00 7.86 8.69

Fueling (mg/cyc)
87.13 87.13 87.13

Gross Therm Eff. (%) 54.3 54.5 59.7

Net Therm Eff. (%) 52.0 52.1 57.5

BTE (%) 45.3 45.1 49.1

FMEP (bar) 1.03 1.0 1.2

Convection HX N/A 0.4 0.2

Comb. Eff. (%) 98 98 99

EGR (%) 28 28 0

PHI (charge/air) .320/.433 .320/.433 .285/.285

Intake Temp (°C) 32 37 37

IVC/EVO (°CA ATDC) -143/130 -143/130 -143/130

Intake Pressure (bar) 1.5 1.5 1.68

Exhaust Pressure (bar) 1.625 1.625 1.75

PPRR (bar/°CA ) 11.4 11.4 14.6

Turbo eff. (no losses) 48.4 44.8 55.0

Turbo eff. (air filter + DOC) 67.5 62.3 72.8
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subsequent sections of this work describe the pathway to achieve the 

performance demonstrated in these initial simulations. 
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Chapter 4 Experimental Details 

4.1 Engine 

 

The cited and current engine experiments utilized a heavy-duty 2.44 (L) 

Caterpillar 3401 Single Cylinder Oil Test Engine (SCOTE). The 3401 is a 

single-cylinder version of the commercially produced Caterpillar 3406E 

six-cylinder diesel engine. Unlike the 3406E, the SCOTE configuration is rated at 

62 [kW] (83 [hp]) at a speed of 1800 revolutions per minute. The specific engine 

geometry and configuration are given in Table 1 and the lab setup is given in 

Figure 33. Details about the compression ratio and piston designs are given in 

the following section.  

Table 1 Stock 3401 SCOTE geometry 

Displacement 2.44 (L) 

Bore x Stroke 13.72 x 16.51(cm) 

Connecting Rod Length 21.16 (cm) 

Swirl Ratio 0.7 

Number of Valves 4 

Intake Valve Opening 335ºCA  ATDC Firing 

Intake Valve Closing -143ºCA ATDC Firing 

Exhaust Valve Opening 130ºCA ATDC Firing 

Exhaust valve Closing -355ºCA  ATDC Firing 

Engine Cooling system 
Engine Driven Pump, 
with Wet Liner 

Engine Oiling System 

External Electrically 
Driven Oil Pump, With 
Rotella T15W-40 with 
Advance Soot Control Oil 
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Figure 33 Diagram of the engine lab 

 

The engine was instrumented with type K thermocouples manufactured by 

Omega Engineering Inc. The laboratory was also instrumented with a variety of 

pressure transducers. The pressure transducers were used to monitor operating 

conditions and to verify that steady state engine operation was achieved. The 

laboratory has independent simultaneously operable high and low pressure fuel 

systems. The details of fueling systems, temperature, and pressure transducer 

locations, measurement type and manufacturer can be found in Splitter [115]. 

4.2 Pistons 

 

Two pistons were used, which varied in compression ratio and bowl shape. The 

pistons were designed based on the findings in Splitter et al. [112] for RCCI. A 
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section view of the pistons can be seen in Figure 34 below, where they are 

overlaid on the stock CDC 16.1:1 Cr pistons at TDC (firedeck indicated by gray 

line).  

 

 

Figure 34 Cross sectional view of the stock CDC 16.1:1 Cr (black), 14.88:1Cr optimized RCCI 
bathtub (green), and 18.7:1 Cr pancake (blue) pistons. The grey line atop the pistons represents 
the cylinder fire deck at TDC spacing. Note the undercutting of the top ringland in the 14.88 and 

18.7 Cr pistons relative to the stock piston. 

 

As seen in the section view, the two pistons differed in top ring land diameter, 

and squish height. Details regarding these effects can be found in Splitter et al 

[112], where the pistons were cut from under turned research blanks. The 18.7:1 

Cr piston had a reduced top ring land height (6.6 mm vs. 7.6 mm and 10.1 mm 

for the RCCI bathtub and stock CDC pistons respectively). The surface area of 

the pancake design reduced the TDC surface area of the 18.7:1 Cr piston by 

1.2% relative to the 14.88:1 Cr bathtub shape (+5% relative to the CDC piston), 

which may have had an effect on reducing the potential for heat transfer. Also, 

unlike the 14.88:1 piston, the 18.7:1 piston was surface buffed to further minimize 

surface area for heat transfer. 
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4.3 Fueling strategy 

 

RCCI experiments used port-fuel-injection of low reactivity fuel, E85 or gasoline, 

and direct multiple injections of high reactivity fuel, diesel or cetane improved 

low-reactivity fuels. The fuel delivery for this strategy is summarized in Figure 35. 

 

 
Figure 35 Experimental fuel injection locations and strategy 

 

Engine operation in the laboratory was constrained to speeds of 

approximately rated torque (1300 [rev/min]) or rated speed (1700 [rev/min]), 

because speeds in-between resulted in laboratory harmonics that could have 

damaged equipment over long periods of operating time. In the present study the 

1300 (rev/min) speed was used. Although the test engine is a heavy-duty engine 

capable of high loads, conservative maximums of peak cylinder pressure of 150 

bar and PPRR of 10 (bar/°CA) were adopted, with short time excursions allowed 

to higher peak pressures and rise-rates.  

The constraints were imposed to prolong the lifespan of the test engine 

and improve operator safety. Furthermore, the laboratory dynamometer was only 

capable of absorbing a finite torque, corresponding to an IMEP of roughly 16 bar 

Reactivity and Ф
stratification

DI common rail
High reactivity
DI common rail
High reactivity

PFI

Low reactivity

PFI

Low reactivity

PFI

Low reactivity
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at 1300 [rev/min] and 18 bar at 1700 [rev/min]. For this reason, these loads were 

defined as full load for the laboratory. To ensure accurate cylinder pressure 

measurements, the peak motored cylinder pressure was set to -0.4° CA ATDC to 

account for thermal losses, which was the setting used by the manufacturer for 

internal testing ([113]). The thermodynamic conditions were deemed steady after 

verifying that intake and exhaust surge tank temperatures and pressures were 

steady for several minutes. Pressure boundary conditions were set by imposing a 

combined overall turbo charger efficiency. Overall turbocharger efficiency was 

calculated using Equation 8, as described by Wissink et al. [114].  
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The calculation used the intake and exhaust temperatures and pressures, as 

measured in the respective surge tanks, only after steady state operation was 

obtained. 

4.4 Fuel Properties 

 

A variety of fuels were studied. The fuels consisted of commercially available 91 

PON gasoline, denatured ethanol directly from the distiller, the cetane improver 

2-ethylhexyl-nitrate (2-EHN), and #2 ULSD. The pump available fuels properties 

were analyzed by an independent lab, and the current fuel properties can be 

found in Table 2 to Table 5, with detailed analysis in Appendix E.  
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Table 2. Diesel fuel properties 

Grade #2 ULSD 
Lower Heating Value (MJ/kg) 42.609 
Cetane Number 42 
H/C ratio 1.758 
Specific gravity at 60°C 0.8595 

 
Table 3. Gasoline fuel properties 

Lower Heating Value (MJ/kg) 44.301 
MON 87.8 
RON 94.7 
AKI (RON+MON)/2 90.9 
Ethanol Content (%) 0 
H/C ratio 2.127 
Specific gravity at 60°C 0.7009 

 

Table 4. Ethanol fuel properties 

Ethanol Lower Heating Value 
(MJ/kg) 

26.9 

Enthalpy of Vaporization (kJ/kg) 840 
AKI (RON+MON)/2 99.15†† 
H/C ratio (-) 3.0 
O/C ratio (-) 0.5 

 

Table 5. 2-Ethylhexyl-Nitrate fuel properties
‡‡

 

Lower Heating Value (MJ/kg) 27.364 
H/C ratio 2.125 
O/C ratio 0.375 
Specific Gravity (@ 15.5 °C) (-) 0.96 

4.5 Injection Systems 

 

RCCI operation requires two fuel delivery systems. These systems can both be 

direct injection as in Wissink et al. [114], or a combination of direct and port fuel 

injection as in Splitter [115]. The present work uses direct injection of high 

                                            

††
 PON/AKI of Ethanol has been estimated to be 99.15 by Eyidogan et al. [141]. 

‡‡
 EHN properties obtained from Oxley et al. [116]  
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reactivity fuel, and port injection of low reactivity fuel. The details of the setup are 

as follows. 

4.5.1 Low-Reactivity Fuel System Hardware and Plumbing 

 

In the experimental facility, the port and direct injection fuel systems are 

completely independent, enabling fully flexible control of each. The basic low-

pressure injection system can be seen in Figure 36, with the system hardware 

components in Table 6. The system is capable of using either a port fuel injector, 

or a gasoline direct injector (GDI). To operate both a PFI and GDI injector, the 

low pressure boost pump is used. However, to operate the GDI, the higher 

pressure pump is activated though the motor controller, as described in Figure 36 

and Table 6. Of note, is in its current configuration, simultaneous operation of the 

GDI and PFI injections results in indistinguishable respective fuel flows. 
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Figure 36 low pressure fuel system, diagram courtesy of DelVescovo [117] 

 

Table 6 Low Pressure Fuel System Hardware 

GDI Pump Hydra Cell F20GASTNEMG 

GDI Pump Motor Dayton ½ HP 2M168C 

GDI Motor Controller Dayton SCR Control 

PFI (Boost Pump) Aeromotive model A1000  

Pressure Regulator Aeromotive model 13101 

Filter 1 Aeromotive 12304, 100 μm 

Filter 2 Aeromotive 12301, 10 μm 

GDI accumulator Parker BAC10B3U01A1 

PFI accumulator Parker BAC10B3U01A1 

Oriface None installed 

PFI HX Alfa Laval 459102 CB 14-14 

GDI HX Alfa Laval 459102 CB 14-14 

Fuel Flow Meter Endress-Hauser Promass 80A  
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To convert the engine to port fuel injection, the intake elbow was modified. A 

custom injector clamp was designed and installed. The modified and installed 

assembly can be seen in Figure 37. 

 

 
Figure 37 installed port injector in intake elbow 

 

The figure demonstrates that the injector was placed relatively far from the 

cylinder head, with the injector spray directed parallel to the flow. 

A common SI engine style commercially available automotive injector was 

used as the port-fuel-injector. To size the injector for the SCOTE, an aftermarket 

performance injector was selected and its specifications are in Table 7. 
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Table 7 Port fuel injector specifications 

Manufacturer RC Engineering 

Injector Style Lucas peak and hold 

Peak and Cold Current 2 (pull in), 4(hold) 

Steady flow rate @ 3 bar 750 cc/min (at 3 bar) 

Included Spray Angle 15° 

Fuel Pressure 5.17 bar 

 

4.5.2 High Pressure Injection Hardware and Plumbing 

 

To deliver high pressure fuel to the engine, a common rail system was used. A 

schematic of the system can be seen in Figure 38, with the system hardware 

listed in Table 8. 

Table 8 Common Rail System Hardware 

Common Rail Pump 
Bosch CR/CP3S3/R110/30-789S 
(0 445 020 030) 

Pump Motor Emerson AD77 5 [hp] AC motor 

Motor Controller Baldor AC VFD 1D11205 - EB 

Flexible Line (pump to rail) 
Parker Polyflex SN: 45-13370 
Hose Type: 4005ST 
432307-001, 0.177” 

Common Rail 
Bosch A004 153 67 28 
RD 000 2 

Fuel HX Alfa Laval CB14 -14 

Temperature Controller Omega CN8500 PID 

Pump Coupler Lovejoy L100 11499; 11518 

Rail Pressure Control Valve Bosch 0281002507 

Fuel Flow Meter Flowtron 10E (rosemont 1151) 

Lift Pump 1 Walboro 6802 

Lift Pump 2 Walboro 6802 

Filter 1 Fuelman 10μm 

Filter 2 Fuelman 10μm 

Filter 3 Aeromotive 12301, 10 μm 
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Figure 38 Common rail fuel delivery system diagram courtesy of DelVescovo [117] 
 
  

To implement the common rail system in Figure 38, an adaptor was 

required, as described Splitter [115]. An insert and clamp system were used to 

install a centrally mounted injector in place of the 315B HEUI injector. The insert 
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was designed to mimic the exterior profile, o-ring dimensions, and brass crush 

insert of the 315B injector. The insert was also designed to be compatible with 

Bosch or Denso Common rail injectors, and Bosch or Delphi DGI injectors. An 

exploded view of the entire adaptor assembly with a Bosch common rail can be 

seen in Figure 39 and all technical drawings for the assembly can be found in 

Splitter [115]. 

 

Figure 39 Common rail adaptor insert assembly for use with HEUI 315 inserts 

 

Although the insert is designed to mimic the exterior profile of the 315 B injector, 

the stock Caterpillar part number 315B o-rings are toleranced to fit extremely 

tight, by making the insert extremely difficult to remove. To alleviate this problem, 

two Parker o-rings were installed on the top two o-ring lands, and a single Parker 

o-ring was installed on the bottom land. The installed assembly and Bosch 

common rail in the HEUI head can be seen in Figure 40. 
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Figure 40 Bosch Common rail injector installed into HEUI 315B head with custom insert (purple) 
and clamps (orange and green) 

 

Although the insert is compatible with several different injectors, a Bosch 

common rail system was selected for this research. The injector body was a 

standard OEM part on the commercially available General Motors (GM)/Fiat 1.9 

(L) diesel engine used extensively throughout the Engine Research Center 

(ERC), with injector part number 1206097959002. The GM/Fiat engine was 

approximately 0.5 (L) per cylinder, while the SCOTE is 2.44 (L) for a single 

cylinder. The approximate 5 times per-cylinder displacement increase 

necessitated the need for a larger injector nozzle flow rate. An appropriate 

injector nozzle was selected from a commercially available 8.3 (L) high output 

(H.O.) Cummins QSC-600 marine engine, and installed on the GM/Fiat injector 
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body. The injector body and nozzle were verified to not exhibit choking by rate 

shaping experiments performed by Tess [118]. Details of the larger flow rate 

nozzle, and general information, and dimensions can be found in Table 9, and 

injection rate shape profiles can be found in Tess [118].  

 
Table 9 Common rail injector nozzle specifications 

Manufacturer Bosch 

Commercial Engine Design Cummins 8.3 L QSCH.O.-600 

Number of holes 6 

Hole diameter 250 µm 

Included spray angle 145° 

K factor 0 

Hydroground yes 

Sack Style Mini-sack 

Cummins part number 4993482 

 

4.6 Engine Out Emissions 

 

All gaseous engine-out emissions were analyzed with a five gas Horiba analyzer 

bench and particulates were measured with an AVL 415S smoke meter. The 

analyzers used in this study are displayed in Table 10. The Horiba bench was a 

tailpipe “bag” bench from General Motors Research, and converted to an engine 

bench with exhaust gas recirculation (EGR) capabilities at the engine research 

center (ERC). 
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Table 10 Emissions Analyzers 

Emission Species Instrument Model 
Measurement 

Method 

Exhaust NO/NO2 Horiba CLA-220 
Heated 

Cemiluminescence 
Detector 

Exhaust CO Horiba AIA-220 
Non-Dispersive 
Infrared Light 

Absorption 

Exhaust CO2 Horiba AIA-220 
Non-Dispersive 
Infrared Light 

Absorption 

Exhaust Unburned 
Hydrocarbons 

Horiba FIA-236 
Heated Flame 

Ionization Detector 

Intake CO2 Horiba AIA-220 
Non-Dispersive 
Infrared Light 

Absorption 

Particulate Matter AVL 
415s smoke 

meter 
Filter Paper Opacity 

Lambda Sensor BOSCH LSU 4.9 
Nernst 

Concentration 

Lambda Meter ETAS LA4 

Calibrated Power 
Supply and 

Response Device 
for LSU Lambda 

Sensor 

 

HC emissions were corrected using the Kar and Cheng correlation as stated in 

their 2009 SAE paper [119]. The correlation is designed to correct FID response 

to fuel oxygenate content, and is stated by the authors to be within 90% 

correction. The correlation uses a C1 basis, where the expression is seen in 

Equation 9, where z is the fuels O-to-C ratio on a C1 basis, and          is the 

uncorrected FID measurement. 
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For the present research, the HC levels are initially quite low, the ethanol content 

of the total fueling is ~50%, resulting in the correction providing only minor 

differences (~100 PPM HC). Note that the present approach assumes that all 

oxygen containing fuel affects FID response the same as ethanol, which is not 

addressed in [119]. This assumption is minor as for the fuels in Table 2 through 

Table 5 the only oxygenated species other than ethanol are cetane improvers 

which are less than 3% by mass. 

4.7 Data Acquisition and Processing 

 

All engine data was recorded using a National Instruments LabVIEW based 

code. The code acquires all bench output emissions, and pressure and 

temperature sensor outputs, with low or high acquisition speed rates using SCXI 

and PXI chasses respectively. The LabVIEW code was developed by Sung [120], 

which is post processed using a MATLAB based code developed by Wissink 

[122].  

Using the described cylinder pressure transducer in conjunction with a 

Kistler model 510 charge amplifier, the acquired cylinder pressure traces were 

averaged for either 200 or 500 cycles, and zero-phase filtered using a low-pass 

Butterworth filter with the cutoff frequency at 2200 Hz (the engine’s second 

resonance mode, as described by Eng [121]). PPRR was calculated from the 

cylinder pressure ensemble averages. The apparent heat release rate (AHRR) 

was calculated by differentiating the ensemble average pressure using the 

coefficients of a Savitzky-Golay (SG) filter with first order and a window size of 9. 



 86 

The AHRR calculation also used a non-constant gamma approach, where the 

measured constant compression gamma was used prior to top dead center 

(TDC) and the measured constant expansion gamma was used after TDC. Intake 

airflow was measured using choked flow orifices. In order to obtain choked flow 

for a variety of engine operating conditions, combinations of six different sized 

orifices were used. Intake air was heated with two immersion style heaters and 

proportional integral derivative (PID) control to ±1°C. Intake and exhaust gas 

temperatures were measured in the surge tanks with a secondary exhaust gas 

temperature measurement directly at the cylinder head exhaust outlet. Both the 

intake and exhaust surge tanks were equipped with PID pressure control to ±0.7 

kPa.  

PM measurements were performed with an AVL model 415s smoke 

meter. PM measurements of filter smoke number (FSN), mass per volume 

(mg/m3) and specific emissions (g/kWh) were related with the factory AVL 

calibration and averaged among five samples each of a 2 L volume, taken with 

paper saving mode off. All gaseous emissions measurements were performed 

with the 5-gas Horiba emissions bench. HC emissions were measured on a wet 

basis using a heated sampling system. All other emissions were sampled on a 

dry basis. EGR rate was determined from the ratio of intake to exhaust CO2 

levels. Gaseous emissions were averaged for 30 seconds after attaining steady-

state for several minutes. 
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4.8 Determining Losses and Efficiencies  
 
 

To determine engine efficiency and losses, the following relations were used.  

4.8.1 Determining Efficiencies 

 

Gross, net, and brake thermal efficiencies were calculated using Equations 10, 

11, and 21 where fuel energy was calculated using Equation 19 and 20, and the 

respective work terms were calculated using Equations 12-18 
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A common method to determine fuel flow rate is to combine exhaust gas 

and direct mass measurements. By using the fuels ratio of hydrogen to carbon 

(H-to-C) and oxygen to carbon (O-to-C) ratio, the air fuel ratio (AFR) was 

determined from emission. This calculated AFR can be compared to the direct 

mass measured AFR, and thus two separate fuel flow rates can be determined. 

This approach necessitates that the fuels be compared on an atomic carbon ratio 

(C1) basis, using wet based emissions (water present in exhaust gas). Using the 

calculation fuel flow from the emission bench (AFRC), corresponding efficiencies 

and losses can be calculated (Equations 10, 11, 21 for efficiencies, and 

Equations 26, 28, 34, and 40 for losses). The procedure used for AFR calculation 

is presented in Appendix D section A.D.1, where the MATLAB processing code is 

shown. 
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For most production engines, the value of brake efficiency and MEP are 

desired. This is calculated using Equations 21-23 
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However, most single-cylinder engines exhibit increased frictional loads 

compared to their multi-cylinder counterparts, frictional losses can be artificially 

increased. Therefore, an estimate of the friction mean effective pressure (FMEP) 

is commonly applied to assess a comparable multi-cylinder equivalent BMEP. 

Many commercial codes, such as GT Power, use a correlation to estimate 

FMEP. Such correlations often include a range of constants, and are functions of 

mean piston speed, and peak cylinder pressure.  

The FMEP correlation used in the present work is of the same form as that 

used by GT Power [123], as seen in in Equation 24, where      is the peak 

cylinder pressure and   ̅̅ ̅ is the mean piston speed. 

        (       )  (     
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The constants C1 to C4 used in the present work are listed in Table 11, and 

provide similar results to those observed by Hanson et al. [124] in LD multi-

cylinder RCCI experiments as well as those of HD 15L sized engines [6].  

Table 11 Production tuned RCCI FMEP coefficients used in the present study 

Constant Value Units 

C1 0.3 bar 

C2 0.005 - 

C3 0.03 bar*s/m 

C4 0.0006 bar*(s/m)2 
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Volumetric efficiency was calculated. This is an assessment of engine 

breathing. It is calculated using Equation 25, where    is the universal gas 

constant and pressure and temperature are evaluated at the intake surge tank 

conditions 
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4.8.2 Determining Losses 

 

Pumping losses were calculated using Equations 26-27. 
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Exhaust losses were calculated by the relation in Equations 28 – 33, where the 

mass flow rate of air (          
̇ ) is from direct mass flow rate measurement. 

Although the specific heat of an ideal gas is a function of temperature only, the 

range of temperatures observed at the tested conditions is small. Therefore, a 

constant CP of 1006 and 1080 J/Kg-k was assumed in the analysis for the 

respective intake and exhaust streams (the mass of fuel is assumed to be small 

and not significant in terms of the bulk gas CP). 
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Incomplete combustion (Inc. Comb.) was calculated using Equation 34, 

with combustion efficiency defined in subsequent Equations 35-39. Of note is 

that the fuel energy and the HC energy differ. The FID was calibrated to respond 

1:1 to propane, thus the heating value of HC was defined in 38 as that of 

propane. However, the heating value of the fuel used (     ) was different, and 

was calculated using the measured values. 
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The relation to determine the HX portion is seen in Equation 40, (denoted 

at HX). Of specific note, heat transfer is not directly solved in the analysis by 

measurement. In turn, it was solved as the left over or unaccounted for energy 

that remains from the input fuel energy.  

 

                                  (40) 
 
 

Since HX losses can result from a variety of sources, it is somewhat misleading 

to classify this loss entirely as heat transfer. However, heat transfer is the most 

likely dominant term, thus justifying the nomenclature selection. 

By using multiple fuel flow rate calculation approaches, a carbon balance 

on the engine can be performed. The carbon flow rates can be determined from 

the AFRc and AFRmass measurements. This approach examines the carbon flow 

rate out of the engine (AFRc ) compared to the carbon flow rate into the engine 

(AFRmass ). The research approach is shown in Equations 41 and 42. Here the 

results can clarify potential losses and errors. 

 ̇   

      
  ̇       

          (41) 
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 As defined in Equation 42, a negative value of     corresponds to a higher fuel 

flow rate (i.e., more fuel measured into than out of the engine). Ideally, the value 

of     is as close to zero as possible. However, it is a common and generally 

accepted practice to have     measurements within 1-2% as the approaches in 

determining AFR have inherent assumptions (for example hydrogen conversion 

from FID measurements). It is commonly accepted that the accuracy of the 

technique is only sufficient to determine significant errors (greater than ~3% 

relative difference [125]). This value of     was used as a metric for determining 

proper fuel and thus, energy measurements. 

4.8.3 Determining Uncertainties 

 

In addition to a carbon balance, measurement uncertainty and uncertainty 

propagation are important to investigate. Uncertainty analysis assesses the 

confidence of measured and calculated values. An uncertainty analysis of losses 

and efficiencies was performed in Engineering Equation Solver (EES) [126]. The 

approach used the governing equations for losses and efficacies in Equations 

10-43. The measured uncertainties were determined for each device per the 

manufacturer’s specifications, and are listed in Table 12. 
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Table 12 measurement uncertainty values 

Measurement Uncertainty Type 

HC 0.5% of full scale Absolute 

CO 0.5% of full scale Absolute 

NOx 0.5% of full scale Absolute 

CO2 Intake 0.5% of full scale Absolute 

CO2 Exhaust 0.5% of full scale Absolute 

Lambda 3%§§ Relative 

DI fuel ≤0.3% Relative 

PFI fuel ≤0.25% Relative 

T orifice 
(upstream) 

.25 K Absolute 

T intake .25 K Absolute 

T exhaust .25 K Absolute 

P orifice 
(upstream) 

.01 bar Absolute 

P intake .01 bar Absolute 

P cylinder 0.5 % full scale Absolute 

Emissions Bench Suction 1 [l/min] Absolute 

  

Using this analysis the merit of calculated efficiency and losses can be 

determined. For example GTE can be calculated based on AFRc, AFRmass, or 

AFRlambda. The procedure for calculation of GTE from the respective AFR simply 

uses the definition in the equation, with the fuel energy determined in Equation 

19 and fuel mass flow rate from the respective AFR in Equation 41.  Using these 

equations in EES, uncertainty analysis can be performed (the code used can be 

found in Appendix D, section A.D.2).  

To determine the different uncertainties, a sweep of high efficiency 

conditions was performed (oil matrix points 71-102 in Appendix A, Table A. 13, 

operating conditions seen in Table 35 and Table 36). These conditions were 

selected because at high efficiency operation, errors in fuel flow and fuel energy 

                                            

§§
 Error selected based on the findings of Regitz and Collings [129] (2%-6% error) , and ETAS 

User’s Manual [127] (~5% AFR error of full scale) 
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will be magnified. Using this approach, the uncertainties of the respective AFR 

based GTE can be seen in Table 13. 

Table 13 Average GTE, GTE uncertainty and relative GTE uncertainty of oil points 72-102, 
Appendix A, Table A. 13 

AFR measurement Average 
GTE (% fuel 
energy) 

Average Uncertainty 
(% fuel energy) 

Uncertainty 
of GTE (% of 
GTE) 

Carbon 57.6 ±0.5 ±0.8 

Mass 56.2 ±0.1 ±0.2 

λ 55.9 ±1.7 ±3.0 

Ave. (Mass + Carbon) 56.9 ±0.2 ±0.4 

 

The data show that the average GTE and corresponding uncertainty of the λ 

meter based AFR is the lowest, and more importantly, the least reliable. To 

display this, the highest efficiency points from the sweep were selected. Figure 

41 shows the GTE results from all three approaches, with whiskers indicating the 

respective uncertainties. 

 

Figure 41 GTE as calculated from different AFR and direct mass based measurements. Note that 
AFRLAMBDA measurements are consistently low and have the highest uncertainty. 
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The results of Table 13 and Figure 41, show that the AFRlambda based 

measurement has the highest uncertainty and has a consistently lower GTE than 

the other approaches. Although wideband λ sensors are useful tools, their 

accuracy at lean conditions and with higher HC emissions is questionable. 

Indeed, Buglass et al. [128] demonstrated that λ sensors readings are strongly 

affected by un-burnt large hydrocarbon fuel species such as isooctane. More 

recent supporting results by Regitz and Collings [129] demonstrated that high HC 

levels and more importantly lean operation (λ≥2), resulted in over 2% and 6% 

respective errors in AFRLAMBDA compared to AFRC.  

Based on these findings, the AFRlambda based measurements were 

ignored throughout the analysis. Additionally, unless noted, the GTE and 

associated losses were determined from the average of the AFRC and AFRmass 

fuel flows. This approach avoids potential errors in fuel flow rate or impingement, 

as discussed in Appendix B.  

 

Table 14 Energy budget using AFRC and AFRmass averaged fuel flow. Energy use, uncertainty, 
and relative uncertainty of GTE shown, data are average of oil points 72-102, Appendix A, Table 

A. 13 

Energy Use Fuel energy (%) Average Uncertainty 
(% of fuel energy)  

GTE 56.9 ±0.2 

Incomplete Combustion  2.9 ±0.1 

Exhaust loss (EXH) 29.5 ±0.3 

Heat Transfer loss (HX) 10.7 ±0.5 

 

The data shows that the HX loss and EXH losses have the highest uncertainty, 

but the overall value is reasonable. To determine the sources of uncertainty, a 
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representative case was selected, (oil test run 83 Appendix A, Table A. 13). The 

sources and relative contribution of uncertainty are shown in Table 15 

 

Table 15 Top two sources of uncertainty of oil point 83, Appendix A, Table A. 13 

Energy Use Top 
Contributor 

Top 
Contributor 

(% of 
uncertainty) 

Second 
Contributor 

Second 
Contributor 

(% of 
uncertainty) 

GTE 
Exhaust CO2 78.07 

Upstream 
Orifice 

Pressure 
8.63 

Incomplete 
Combustion  

HC 67.78 
Exhaust 

CO2 
27.16 

Exhaust 
loss (EXH) 

Exhaust CO2 70.42 Intake CO2 24.24 

Heat 
Transfer 
loss (HX) 

Exhaust CO2 87.4 Intake CO2 8.44 

 

The results show that for accurate data, the most important measurements in the 

laboratory are exhaust CO2, HC, intake CO2, and the upstream orifice pressure 

(pressure into choked orifice rack). Of these sources the exhaust CO2 analyzer 

introduces the largest source of error. In Table 14 it is seen that ~98% of the fuel 

energy, and in Table 15 there is a single source for nearly all of the associated 

uncertainty, namely the exhaust CO2 measurement. 
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Chapter 5 Results 

 

The current chapter will follow the format described in the flow chart in Figure 42. 

 

 

Figure 42 Flow Chart of Results Section for operation towards high efficiency 
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5.1 Addressing Incomplete Combustion in RCCI 

5.1.1 Hydrocarbon Sources and Solutions  

 

It is well known that SI combustion engine hydrocarbon (HC) losses stem from 

crevice effects. For instance, research by Alkidis [130] demonstrated that in 

premixed charge strategies, the inability of combustion to propagate into engine 

crevices is the dominant factor in engine HC emissions. Figure 43 reproduces 

the key findings of this study. 

 

 

Figure 43 Engine out HC emission sources in SI combustion. Note that engine crevices are 
observed to be the major contribution factor. An equally significant contribution was found in the 

combination of oil and fuel films. Data from Alkidis [130] 

 

This study showed that, the head gasket and piston crevices are the major 

contributors to combustion chamber crevices. Furthermore, the study showed 

that when reactions cannot propagate into piston crevices, HC emissions linearly 
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increase. This is especially important in dilute auto-ignited combustion because 

the reduced near-liner temperatures from convective cooling likely slow the 

combustion process.  

 In addition to the chamber design, HC emissions have been shown to be 

highly dependent on crevice flows by Salizar et al. [131] and Vera et al. [132], 

including post combustion gas oxidation. If combustion is fairly incomplete, (i.e., 

95-90% combustion efficiency), this is a major source of inefficiency. For 

instance, if the combustion efficiency is 94% and the engine is operating at 

approximately 50% gross indicated efficiency, there are three theoretically 

recoverable efficiency percentage points. However, because of crevice flows and 

in-cylinder flows, complete combustion is difficult to obtain even with non-

premixed mixing-controlled combustion. In general, 98% combustion efficiency is 

considered to be “acceptable” from an efficiency basis, meaning there is about a 

1% loss in engine efficiency potential. Taking these trends and metrics into 

account, there is significant potential to increase engine efficiency with increases 

in combustion efficiency. Using these initial works as evidence for RCCI engine 

architecture optimization, analysis of effect of piston geometry on incomplete 

combustion and efficiency was conducted through simulations and experiments 

of Splitter et al. [112].  

The findings suggested that efficiency gains can be made from changes to 

the piston geometry. In the study, five different pistons were tested, with three 

unique bowl designs cut in materials identical to production parts. The results 

demonstrated that increased ring top land crevice size increased HC emissions 
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correspondingly, supporting the findings of Alkidias [130]. Additionally, Splitter et 

al. [112] showed that piston squish and bowl geometry were equally important as 

piston crevices. Specifically, when the squish height and piston bowl radius were 

increased, HC emissions decreased. The results demonstrated that HC 

emissions could be reduced by decreasing storage mechanisms (reduce crevice 

size), and to increase near-liner oxidation (increased squish height and bowl 

radius).  

The results of Splitter et al. [112] are critical for both optimizing engine 

efficiency and regulated emissions standpoints. Similar to utility engines [131 and 

132], exhaust catalysis of HC and CO with highly dilute low temperature 

combustion strategies may be challenging. However, unlike utility engines which 

cannot catalyze HC due to oxygen lean operation, LTC strategies operate 

excessively oxygen rich. This reduces exhaust temperatures, bordering on the 

lower limits of present production catalyst technologies. These challenges have 

been demonstrated in RCCI by Prikhodko et al. [133], where a diesel oxidation 

catalyst (DOC) was shown to be effective at reducing tailpipe HC and CO 

emissions and, the conversion efficiency was significantly reduced from that 

required for production applications. Thus, minimizing catalyst requirements by 

reducing the feed gas levels of HC and CO will aid in both reducing exhaust 

system requirements and increasing engine efficiency. 
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5.1.2 Sources and Solutions to CO in RCCI  

 

The previous sections have discussed sources and minimization techniques for 

RCCI HC emissions. The present section addresses conditions and solutions to 

CO emissions in RCCI. For “good operating” RCCI conditions, CO emissions are 

typically higher in concentration than HC emissions. Although zero levels of each 

emissions would be best from an emissions and combustion efficiency 

standpoint, increased CO emission relative to HC emission is more favorable. 

The reasoning behind this is that the heating value of HC is typically four times 

higher than CO (~40 MJ/kg vs. 10.8 MJ/Kg). This energy discrepancy provides a 

four-to-one tradeoff, where approximately four times the CO emissions are 

required to affect combustion efficiency the same as HC. Secondly, Prinkhodko 

et al. [133] demonstrated that in RCCI, CO is much more readily catalyzed in a 

DOC than HC, which is of particular importance in RCCI. Based on these 

relations, CO emissions in RCCI are important, but their reduction tends to be of 

less merit than HC reductions from an efficiency and practicality basis.  

 To investigate the sources and solutions to CO emissions in RCCI, engine 

experiments were conducted through an experimental matrix of varied intake 

conditions. The test matrix considered the effects of intake temperature and 

pressure, at fixed combustion phasing (0.5°CA ATDC) IMEPn (8.45 bar) engine 

speed (1300 rev/min) and an overall turbocharger efficiency (65%). Since the 

load and combustion timing are fixed, the test matrix considered variations in Φ 

and intake temperature at constant net power. This test matrix would not be 
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possible with HCCI combustion, as variations in intake pressure, temperature, 

and composition all determine a unique combustion phasing.  

A graphical representation of the RCCI test matrix is show Figure 44, with 

corresponding general conditions in Table 16. 

Table 16 Engine operating parameters and hardware for Φ-T matrix 

Load (IMEPn) 8.45±.05 

CA50 (°CA ATDC) 0.5±.5 

Speed (rev/min) 1300 

Piston Bowl Shape Bathtub 

Cr (-) 14.88:1 

DI Timing (°CA ATDC) -60/-35 

DI Dwell Bias (%SOI1, % SOI2) ~60/40 

PFI Timing (°CA ATDC) -320 

EGR (%) 0 

Intake Temperature (°C) 32-66 (varied) 

Intake Pressure (bar) 1.31-2.18 (varied) 

Exhaust Pressure (bar) Varied to fix turbo. η 

Overall Turbocharger η (%) ~65 

Low Reactivity Fuel (PFI) See Table 17 

High Reactivity Fuel (DI) See Table 17 

PFI Fuel Fraction (-) (by energy) See Appendix A 

DI Fuel Fraction (-) (by energy) See Appendix A 
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Figure 44 RCCI Φ-T test matrix, at constant combustion phasing and load. Thus Φ is analogous 
to constant IVC density (charge mass), obtained by sweeping pressure at constant density with 

several IVC temperatures. 

 

The matrix of test points consists of nine equivalence ratios at four intake 

temperatures, for a total of thirty six test points. The range of intake temperatures 

and equivalence ratios is typical for RCCI combustion, as demonstrated by 

Splitter et al. [38 and 134], Curran et al. [135], Kokjohn et al. [32], and Hanson et 

al. [33 and 136]. 

In the test matrix, three fuel combinations were used. The fuels used are 

presented in Table 17 below, with fuel properties described previously in Chapter 

4.  

 

 

0.25 0.30 0.35 0.40 0.45 0.50

30

35

40

45

50

55

60

65

70



In
ta

k
e
 T

e
m

p
e
ra

tu
re

 (
C

)

87
65

4
41

11
1

21 3 6 9

181716151413121110

272625242322212019

363534333231302928



 105 

Table 17 Fuel combinations used in Φ-T test matrix, specifics of the fuel delivery are given in 
Table 16 and Appendix A 

Fuel combination DI Injector PFI Injector 

1 #2 ULSD E85 

2 3% EHN in 91 PON gasoline*** E85 

3 #2 ULSD 91 PON gasoline 

 

The direct injected fuel was delivered at fixed double injection start of command 

timings of -60 and -35 °CA ATDC for the respective first and second injection 

events. As fuel trimming was performed to maintain load and phasing at the 

various Φ-T conditions, a greater proportion of fuel was removed from the 

second injection (-35 °CA ATDC). This was implemented because when fuel 

from the first injection was removed, it was observed that HC and CO emissions 

increased (an efficiency loss). The fueling requirements for each fuel combination 

and Φ-T condition are listed in Appendix A. It is notable that in the initial CA50 

sweep of Figure 49, these injection timings provided the minimum CO and HC 

emissions. However, at all tested conditions direct injection timings may not be 

optimal and are also fuel dependent, as shown in Appendix B.  

As noted in the Table 16, intake pressure and temperature were swept 

independently and the ratios of more-to-less reactive fuel were trimmed to 

maintain phasing and load. The CO results of this study with fuel combination 1 

in Table 17 (ULSD/E85) are plotted in Figure 45 below, as function premixed fuel 

fraction (E85) and Φ (equivalent to intake pressure at the constant phasing and 

load condition). The dots in the figure correspond to the operating conditions as 

summarized in Figure 44, and the specific data can be found in Appendix A, 

                                            

***
 To prevent HP pump failure, 500 ppm of the lubricity agent Infinium 655 was added, see 

Appendix E, Section A.E.1 for details on the additive properties. 
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Table A. 3 (CO of all Φ–T data points with ULSD/E85 listed in Appendix A, Table 

A. 3 are plotted in the figure). 

 
Figure 45 Contours of CO at fixed combustion timing and load. The engine was fueled with ULSD 

and E85 at a 8.45 bar IMEPn condition 1300 rev/min. The trends show that the highest CO 
emissions are generated at the leanest conditions with the lowest premixed fuel fractions. This 

suggests that overly lean areas (premixed) significantly contribute to RCCI CO emissions. 
 

As observed in Figure 45, CO increases at globally lean conditions. As the 

charge becomes more stratified (less premixed), leaner regions are likely to exist, 

magnifying CO emissions. These findings are in agreement with those of Ekoto 

et al. [137], where in LTC strategies CO was found to reside in regions that were 

overly under or over mixed, leading to lean or rich regions, respectively. To 

explore CO trends from both under mixed or rich conditions, operation with EGR 

was also tested. 
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Figure 46 demonstrates the CO trends of RCCI operated with gasoline 

and ULSD, at the conditions in Table 18, and the detailed results of the sweep 

are in Appendix A, Table A. 1 to Table A. 5. 

Table 18 Engine operating parameters and hardware for CO sources with EGR 

Load (IMEPn) 8.45 

CA50 (°CA ATDC) 5 

Speed (rev/min) 1300 

Piston Bowl Shape Bathtub 

Cr (-) 14.88:1 

EGR (%) 45 

Intake Temperature (°C) 42-66 

Intake Pressure (bar) 1-2 

Overall Turbocharger Efficiency (%) 65 

Low Reactivity Fuel (PFI) 91 PON 
gasoline 

High Reactivity Fuel (DI) ULSD 

 

For these tests, intake temperature and pressure were again independently 

swept, generating a range of Φ, however, when operating with EGR, it is useful 

to redefine Φ to be charge based (Φ′) as shown in Equation 6  in Chapter 3. 

Using this definition at the stated fixed phasing and load conditions, a sweep in Φ 

or Φ′ becomes a sweep in intake pressure. To maintain constant phasing and 

load, the premixed fuel fraction was altered (i.e., port fuel %). Note that this 

flexibility is an inherent advantage of RCCI. However, unlike the previous 0% 

EGR tests, with 45% EGR, this is a sweep between 0.28 and 0.5 Φ′ (charge 

based), or 0.5 to 0.9 Φ (fresh air based). As shown in the contours, this 

generates a distinct difference in the range where engine operation and low CO 

emissions can be achieved.  
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Figure 46 Contours of RCCI CO with EGR at fixed combustion timing and load, Φ/Φ′ based 
analysis left, and intake pressure analysis right. The engine was fueled with ULSD and 91 PON 
gasoline at a 8.45 bar IMEPn condition 1300 rev/min. The trends show that CO occurs at both 

globally lean and near-rich conditions with the lowest premixed fuel fractions. This suggests that 
locally lean or rich areas (possible with EGR operation) can both contribute to RCCI CO 

emissions. 

 

The results depict that with EGR, the low CO (high fuel efficiency) Φ range is 

more limited regardless of equivalence ratio definition (Φ or Φ′). This 

demonstrates that total charge mass dilution (Φ′) is the better indicator of the 

lean condition and the fresh air fuel ratio based Φ is a better indicator of rich 

conditions. This is an important concept as CO can be generated from either 

overly rich or overly lean conditions.  

 For lean conditions the use of Φ′ as a metric is more logical, because the 

lean limit CO is not formed from an absence of oxygen or fuel, but from a mixture 

too kinetically slow to support combustion.  Thus, with EGR, the true degree of 

charge dilution is only indicated by Φ′. However, CO from higher equivalence 

ratio conditions is generated from an absence of oxygen, which like in lean 

conditions, can be a local or global effect. Since Φ′ masks the lack of oxygen with 

EGR, it is poor at demonstrating the presence of rich conditions. Thus, to define 
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the rich limits Φ is a better indicator of the physical phenomena responsible.  In 

conventional thinking, the absolute value and range of Φ or Φ′ presented in 

Figure 46 would not indicate both an overly lean or rich condition. However, 

when the two definitions of equivalence ratio are used together, it becomes more 

evident that both the lean and rich limits are achievable with moderate EGR 

levels in RCCI.  

From the trends in Figure 46, it is inferred that as a larger amount of fuel is 

direct injected at near globally stoichiometric conditions, the possibility of 

increasing CO emissions also increases. Thus, in RCCI, CO emissions near both 

the lean and rich limits are sourced from the fuel stratification itself, with the low 

CO operable range tending to be narrow. Based on these findings, it is likely that 

mixture preparation is a key factor in reducing RCCI CO emissions. 

Further results on the role of mixture preparation on RCCI CO emissions, 

are given in the low load study by Splitter et al. [38]. Previous work by Hanson et 

al. [136], demonstrated the amount of stratification in RCCI increases as the 

engine load is reduced. Similarly, Splitter et al. [112] demonstrated that for a 

given condition, the amount of stratification increases, if the compression ratio is 

reduced. These findings are combined in Splitter et al. [38], where a load of 4.75 

bar IMEPg and 11.6:1 Cr were tested at 1200 rev/min. The metal engine study 

mirrored optical engine PLIF results of Kokjohn et al. [35].   

The combined results of Splitter et al. [38] and Kokjohn et al. [35] 

demonstrated that CO can be reduced by enriching overly lean areas of the 

chamber. Specifically, Splitter et al. [38] demonstrated that with using multiple 
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injections the fuel distribution is more evenly distributed and CO emissions could 

be mitigated. Moreover in that study, if the stratification was high (i.e., ~65% or 

less premixed fuel), the premixed fuel Φ was below the auto-ignition limit. This 

correspondingly had a dramatic effect on CO emissions, where lean premixed Φ 

had very high CO emissions. Figure 47 is reproduced from that study where the 

trends in CO and corresponding premixed Φ are noted, with the corresponding 

operating conditions displayed in Table 19. 

 

Table 19 Engine operating parameters and hardware low load CO investigation [38] 

Load (IMEPn) 4.75 

CA50 (°CA ATDC) 0.75 

Speed (rev/min) 1200 

Piston Bowl Shape Open crater 

Cr (-) 11.6:1 

DI Timing (°CA ATDC) -50 

PFI Timing (°CA ATDC) -320 

EGR (%) 0 

Intake Temperature (°C) 40-100 

Intake flowrate (mg/cycle) 2125± 25 

Fuel mass (mg/cycle) 51.5 ± 0.5 

Global Φ (-) .335± .0025 

Low Reactivity Fuel (PFI) Isooctane  

High Reactivity Fuel (DI) n-heptane 
 

 
Figure 47 CO emissions associated with sweeping intake temperature at constant phasing and 
load, see Table 19, with the single injection strategy at -50°CA ATDC injection timing. Note that 
as the premixed fuel equivalence ratio increases, CO losses decrease. When the premixed fuel 

mixture is richer than the lean limit, a sharp reduction in CO is observed. Figure reproduced from 
Splitter et al. [38] 
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From Figure 47, a clear distinction on combustion efficiency and 

emissions is seen around a PRF number of 67. At these conditions the premixed 

fuel equivalence ratio becomes sufficiently high to promote complete combustion. 

The corresponding heat releases from these experiments are seen in Figure 48.  

 

Figure 48 Apparent heat release rates of the PRF/Temperature sweep at constant load and 
phasing. Note that the long tail observed in the heat release of PRF values below 69, indicate 
poor combustion, with higher CO levels as seen in Figure 47. Cases without tails demonstrate 

good combustion efficiency. Figure reproduced from Splitter et al. [38]. 
 

Combining the AHRR trends of Figure 48 with the CO trends of Figure 47, when 

high levels of CO are encountered in RCCI, they are formed in overly lean 

conditions with longer combustion times. With overly lean conditions, stable rapid 

combustion is not supported in leaner regions, generating a drawn out 

combustion event, freezing the combustion process prematurely at incomplete 

-25 -20 -15 -10 -5 0 5 10 15 20 25

0

50

100

150

200
0

50

100

150

200
0

50

100

150

200
0

50

100

150

200

PRF 62

PRF 66

PRF 69

 

Crank Angle ( ATDC)

PRF 56

 A
H

R
R

 (
J

/
C

A
)

 A
H

R
R

 (
J

/
C

A
)

 A
H

R
R

 (
J

/
C

A
)

 A
H

R
R

 (
J

/
C

A
)

 

 

 

 

 

 

-25 -20 -15 -10 -5 0 5 10 15 20 25

0

50

100

150

200
0

50

100

150

200
0

50

100

150

200
0

50

100

150

200

PRF 75

PRF 79

PRF 84

 

Crank Angle ( ATDC)

PRF 69

 A
H

R
R

 (
J

/
C

A
)

 A
H

R
R

 (
J

/
C

A
)

 A
H

R
R

 (
J

/
C

A
)

 A
H

R
R

 (
J

/
C

A
)

 

 

 

 

 

 



 112 

combustion species. To mitigate these processes sufficiently high premixed fuel 

Φ are required, as indicated by Figure 47.  

The present and previous studies demonstrate that in RCCI, CO 

emissions are generated in overly lean regions and with EGR, in overly rich 

chamber regions. CO mitigation was possible through a combination of intake 

temperature or injection strategy, where the Φ of the premixed fuel was critical 

for reducing CO emissions. These results are critical for successfully 

implementing the results of the preliminary modeling study in Chapter 3, where 

very lean conditions were suggested to increase engine efficiency.   

5.2 Effects of Engine Operating Conditions on Engine Efficiency  
 
The previous section demonstrated that several different operating parameters 

and their combinations can be used to operate RCCI at similar combustion 

phasing. Literature was consulted as a guide for understanding the physical and 

chemical phenomena that is likely responsible for different factors contributing to 

observed RCCI trends. In the present section, these phenomena were explored 

experimentally to understand the relationships that chamber gas conditions and 

composition play on engine efficiency. The goal of these studies was to explore 

conditions that provide maximum efficiency for a given engine geometry so that 

the relationships could be applied as a pathway for achieving the conditions 

required to duplicate the high efficiency simulation results described in Chapter 3. 
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5.2.1 Fuel Effects on RCCI  

 

To isolate the dependent variables of RCCI combustion, a prescribed load and 

combustion phasing was selected, as summarized in Table 20. The load selected 

was 8.45 bar IMEPn (~9 bar IMEPg). This load point has consistently been 

observed to be a maximum efficiency condition by Hanson et al. [33], and Splitter 

et al. [134]. After selecting the load, combustion was phased by trimming the fuel 

reactivity at the conditions shown in Table 20, with fixed intake pressure and 

temperature with no EGR. For the tests, a simulated overall turbocharger 

efficiency of 65%††† was set by adjusting the engine backpressure.  

Table 20 Engine operating parameters and hardware for efficiency vs. CA50 sweep 

Load (IMEPn) 8.2 

CA50 (°CA ATDC) -2 to 6 

Speed (rev/min) 1300 

Piston Bowl Shape Bathtub 

Cr (-) 14.88:1 

DI Timing (°CA ATDC) -60/-35 

DI Dwell Bias (%SOI1, % SOI2) ~60/40 

PFI Timing (°CA ATDC) -320 

EGR (%) 0 

Intake Temperature (°C) 32 

Intake Pressure (bar) 1.56 

Exhaust Pressure (bar) 1.45 

Low Reactivity Fuel (PFI) 91 PON Gasoline 

High Reactivity Fuel (DI) #2 ULSD 

PFI Fuel Fraction (-) (by energy) .77-.92 

DI Fuel Fraction (-) (by energy) .23-.08 

Global Φ (-) .298±.003 

 

The results of the sweep are presented in Figure 49. 

                                            

†††
 Simulated overall efficiency uses an air standard approach as defined in Equation 8  in 

Chapter 4, where it was assumed there is a 4 kPa and 16 kPa drop in intake and exhaust 
systems respectively, to account for piping, air filter, and DOC 
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Figure 49 Sweep of combustion phasing to determine the location of highest efficiencies. The 
engine was operated lean at Φ=0.29 and 1300 rev/min speed ~9 bar IMEPg. Engine efficiency 
defined as gross, net, and brake, as calculated using Equations 10, 11, and 21 in Chapter 4. 

 

The figure indicates that the selected maximum efficiency depends on the 

definition of efficiency used.  That is, the highest gross efficiencies (GTE) occur 

at crank angles closer to TDC than the conditions of maximum brake efficiency 

(BTE). However, the net and brake efficiencies are dependent on air handling 

(turbocharger selection) and friction (materials, oil, base engine design), which 

are all application specific (see Chapter 4).  

The above results indicate that there is a local maximum of efficiency at 

CA50 timings just after TDC. However, the results do not indicate that the 

present conditions (intake pressure and temperature) offer the condition of 

maximum efficiency. To explore this, the conditions described in the Φ-T matrix 

of Figure 44 and Table 16 were tested. 
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Due to the large search space of the Φ-T matrix and the multiple number of 

fuels tested, only select key findings will be presented, which are pertinent to the 

current research. Results with fuel 2 (3% EHN in 91 PON gasoline/E85) were 

found to offer the highest thermal efficiency. The following sections will describe 

their operation and behavior.  

5.2.2 3% EHN Gasoline Behavior in Mixing Controlled Combustion 

 

In the literature review in Chapter 2 it was discussed that cetane improvers can 

be used to enhance the reactivity of fuels. In the present study, EHN was added 

at 3% addition by volume to 91 PON gasoline. This has been observed by 

Hanson et al. [136] to offer ignition characteristics similar to that of ULSD. 

However, neither in the present study, nor the cited work by Hanson was detailed 

chemical analysis performed on the EHN doped gasoline. Indeed, Bacha and 

Lesnini [138] indicated that the cetane improving effects of EHN are time 

sensitive. Therefore, the duration associated with shipping and testing of the 

fuels may provide inaccurate findings. Furthermore, the exact chemistry of the 

fuel is less important to the present study than the observed combustion 

behavior. In place of fuel analysis testing, a sweep of mixing controlled 

combustion experiments were performed with variations in injection pressure. 

The results from the study are presented in Figures 51 and 52. The operating 

conditions are presented in Table 21 and injection schedule are given in Table 

22.  
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Table 21 Engine operating parameters and hardware for mixing controlled combustion 

Load (IMEPn) 8.45±0.05 

CA50 (°CA ATDC) 3±0.5 

Speed (rev/min) 1300 

Piston Bowl Shape Bathtub 

Cr (-) 14.88:1 

EGR (%) 0 

Intake Temperature (°C) 32 

Intake Pressure (bar) 1.72  

Exhaust Pressure (bar) Varied to fix turbo. η 

Overall Turbocharger η (%) 65 
 

Table 22 Mixing controlled injection schedule for ULSD and 3% EHN + 91 PON gasoline 

Fuel Fuel 
Flowrate 

(g/s) 

SOI Pilot 
(°CA 

ATDC) 

Pilot 
Dur. 
(ms) 

SOI Pilot 
(°CA 

ATDC) 

Main 
Dur. 
(ms) 

Rail P. 
(bar) 

ULSD 1.13 -30 0.35 -15 1.14 1300 

ULSD 1.15 -39 0.36 -20 1.55 700 

ULSD 1.15 -46 0.56 -23 1.82 500 

3% EHN + 91 
PON Gas 

1.14 -30 0.35 -15 1.12 1300 

3% EHN + 91 
PON Gas 

1.14 -39 0.36 -20 1.5 700 

3% EHN + 91 
PON Gas 

1.15 -46 0.56 -23 1.82 500 

 

 In Figure 50 heat release and pressure are plotted for operation at 

matched conditions, with fueling of ULSD (black) and EHN doped gasoline 

(dashed red). The fuel was delivered in a double injection strategy at 1300 bar 

rail pressure. The command currents are plotted in blue.   
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Figure 50 #2 ULSD mixing controlled operation (black) and EHN gasoline mixing controlled 
operation (dashed red). Blue traces show injection current, where a pilot and main injection 

strategy was used (see Table 22). Single injections resulted in high premixed burn fractions as 
EHN gasoline was found to have lower cetane number than ULSD. 

 

The figure suggests that the cetane number of the EHN doped gasoline is lower 

than ULSD. It is observed that early heat release (pilot fuel combustion) is not 

present with EHN gasoline. This suggests that the reactivity of ULSD is higher 

than EHN gasoline. Additionally, the fuel analysis of ULSD in Table 2 and un-

doped gasoline in Table 3 show that the volatility of the EHN doped gasoline is 

much higher than that of ULSD‡‡‡. These fuel properties affect the combustion 

process, in which the premixed burn spike is observed to be much larger than 

that of ULSD. Likewise, ULSD is observed to have a much larger fraction of fuel 

burnt in the lifted flame (diffusion) mode. The corresponding emissions and 

performance trends are shown in Figure 51. 

                                            

‡‡‡
 3% by volume addition of EHN to gasoline affects the mixture fuel volatility minimally 

-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30

0

15

30

45

60

75

90

105

120

135

 3% EHN + 91 PON Gas, P. Inj. 1300 bar

 #2 ULSD,  P. Inj. 1300 bar

 injector current

P
re

s
s

u
re

 (
b

a
r)

Crank Angle ( CA ATDC)

Early Heat Release Behavior

0

100

200

300

400

500

600

700

800

900

 A
H

R
R

 (
J

/
 C

A
)

in
je

c
to

r 
c

u
rr

e
n

t 
X

1
0

 (
A

)

-30 -25 -20 -15 -10 -5
-10

0

10

20

30

A
H

R
R

 (
J
/

 C
A

)

Crank Angle (CA ATDC)



 118 

 

 

Figure 51 Key emissions and performance metrics of ULSD and 3% EHN in 91 PON gasoline as 
a function of rail pressure.  

 

The emissions and performance trends also suggest a lower cetane number of 

EHN gasoline through higher HC and CO and lower PM, particularly at low 

injection pressures. The added mixing time with a lower cetane number fuel has 
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been shown by Hanson et al. [11] to increase the emissions of HC and CO and 

decrease PM. Regardless of the fuel reactivity, in the mixing controlled 

combustion process, there is little difference in gross thermal efficiency of ULSD 

and EHN. A small deviation (≤0.5% GTE) was only seen at the lower injection 

pressures. 

Lastly, the NOX emissions of the sweep were interesting. At the lower 

injection pressures, the NOX of EHN doped gasoline was higher than that of 

ULSD with similar emissions at higher injection pressures. These suggest that 

injection pressure, and thus spray breakup effects, may contribute to a different 

process in the conversion of fuel-borne NOX in EHN than ULSD.  

Based on the present mixing controlled combustion study, and previous work 

by Hanson et al. [11], it is concluded that 3% EHN in 91 PON gasoline’s reactivity 

behaves in-between that of gasoline and ULSD. Similar results were shown by 

Rothamer and Murphy [139], where kerosene-like fuels were compared to ULSD. 

Their results demonstrate that the lower cetane number of fuels between that of 

gasoline and ULSD were shown to increase ignition delay.  

5.2.3 RCCI with 3% EHN Gasoline 

 

The above mixing controlled combustion section demonstrated that 3% EHN in 

91 PON gasoline has a slightly lower reactivity, but higher volatility than ULSD. In 

RCCI combustion, fuel-air mixing time is significantly increased compared to 

conventional mixing controlled processes. However, the reactivity (cetane or 

octane number) of the fuel and the fuel volatility (See Appendix B) are important 
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factors in RCCI combustion, as seen in Figure 52 with the corresponding 

operating conditions in Appendix A. The results show that a higher fraction of 

reactive fuel is required and the heat release is shorter with the use of 

EHN-doped gasoline. 

 
Figure 52 RCCI heat release at matched conditions in Φ-T space (matrix point #20) with 3% EHN 
gasoline and ULSD DI and E85 PFI fueling. Operation with EHN gasoline demonstrates reduced 

reactivity stratification as the onset of HTHR is more abrupt, and the peak heat release rate is 
higher. 

 

The shorter AHRR in Figure 52 also suggests that reactivity (cetane number) of 

EHN doped gasoline is less than that of ULSD. This is in agreement with the 

previous section’s mixing controlled results. Interestingly, in Figure 52, NTC 

behavior was not observed with ULSD/E85, but with EHN gasoline/E85 it was. 

As suggested by Splitter et al. [39] and later by Hanson et al. [136], the NTC of 

cetane improved gasoline occurs earlier in the combustion process and is 

smaller than that of ULSD. However, in the present work, the use of E85 is 
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observed to suppress NTC in ULSD operation more than EHN doped gasoline. 

Based on the previous literature by Hashimoto [56, and 57] and Splitter et al. 

[55], as reviewed in Chapter 2, the early chemistry reactions of EHN doped 

gasoline exhibit reduced interaction with ethanol than ULSD.  The specific reason 

for this is unknown, but is likely to be from the lower activation energy of EHN 

[116] causing increased Ṙ+O2 rates at lower pressures and temperatures. This 

agrees with the findings of Mehl et al. [52] where at higher pressures and 

temperatures a fuel may exhibit ITHR if it does not exhibit NTC.  

The combination of these observations demonstrates that the effective 

reactivity of EHN doped gasoline results in shorter heat release than ULSD at the 

tested conditions. However, as shown in Figure 53, as temperature increases 

these discrepancies are reduced, as the combustion event becomes more 

HCCI-like (abrupt).  
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Figure 53 Pressure and Heat release behavior at matched Φ-T conditions (matrix point #28) for 
ULSD/E85 (red) and EHN Gas/E85 (dashed red). Also plotted for reference is the AHRR of 

matched fueling ratios for EHN gas/E85 (dashed red) and ULSD/E85 (blue, matrix point #20). 
The results demonstrate that at matched Φ-T conditions of fuel delivery ratios. EHN gasoline 
displays a reduced reactivity gradient as compared to ULSD/E85, with matched fueling ratios 

exhibiting a larger difference. 

 

Also plotted in blue in Figure 53 is the heat release of the same reactivity split of 

ULSD/E85 and EHN doped gasoline/E85 RCCI operation.  

5.2.4 Operable Limits of E85 Fuels 

 

In sections 5.2.2 and 5.2.3, EHN mixed with gasoline was shown to exhibit 

reduced reactivity as compared to ULSD. This reduces the maximum achievable 

reactivity gradient of RCCI and thus, affects the operable area. Figure 54 

demonstrates the Φ-T operable window of EHN/E85 relative to USLD/E85. The 

tests are operated at the conditions in Table 16 with the specific operating 

parameters shown in Appendix A. In both tests, constraints of 97% combustion 
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efficiency and 12 bar/°CA were set as the upper and lower limits of acceptable 

operation, since operation outside these bounds demonstrated deteriorated 

efficiency and performance.  

In all subsequent Φ-T figures, the combustion efficiency limits are shown 

by a black line, and the PPRR limit is shown by a blue line. Additionally, the 

matrix points are color coded to represent the constraint status of the condition, 

where the color coding is shown in Table 23.   

 

Table 23 Φ-T matrix constraint satisfaction color key 

 

 

Condition

Both

Constraints 

satisfied

One 

Constraint 

satisfied

No 

Constraints 

satisfied
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Figure 54 Operable space of Φ-T matrix with the tested E85 based fuels. Note that the larger 
reactivity gradient of ULSD/E85 offers a larger operable window than the reduced reactivity 

gradient of EHN gasoline/E85. 
 

In Figure 54 EHN gas/E85 and ULSD/E85 are plotted, thus the conditional color 

code represents conditions satisfied by both fuels (i.e., dark red signifies that 

both ULSD and EHN gasoline satisfied the condition). In general, as temperature 

is increased, the charge must be diluted more in order to remain within the 

constraint limits.  

5.2.5 Comparisons of Constant Φ, Temperature, and PPRR in Φ-T Space  

 

In this section the effects of pressure and temperature are examined to better 

understand the relation between the combustion process and the engine cycle 

that contributes to higher efficiency.   
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 For brevity, only comparison with the EHN gasoline results is presented. 

However, similar trends were observed with both fueling strategies, see 

Appendix A (data) and Appendix B (Impingement). Chapter 2 showed that intake 

temperature and pressure variations provide means of controlling the heat 

release timing in HCCI. In RCCI the added ability to trim the fuel properties to 

maintain constant combustion phasing enables comparisons of performance at a 

fixed combustion phasing, but with several different intake pressure and 

temperature combinations. In this section the pressure and temperature effect 

were independently varied, and then simultaneously varied in their combination 

to maintain a constant pressure rise rate. The results indicate conditions of loss 

minimization and resulting high efficiency-operation. 

5.2.5.1 Constant Φ Sweeping Intake Temperature 

 

To isolate the effects of temperature, a constant equivalence ratio was selected, 

and the intake temperature was varied at fixed combustion phasing and load. To 

maintain constant phasing as required, the ratios of the low and high reactivity 

fuels were adjusted. The operation implemented is represented by the dashed 

light green line in Figure 55. The corresponding AHRR events (right), and the 

engine operating conditions are summarized in Table 16 with specific operating 

conditions and performance given in Appendix A Table A. 2.  
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Figure 55 AFRc based GTE contours and associated AHRR for fixed Φ, varied T operation. 

 

The AHRR trends of Figure 55 demonstrate that as intake temperature 

increases, the combustion event becomes more abrupt. As the fuel mixture 

becomes more homogeneous with higher intake temperature operation, the 

smoothing present in the early stages of the heat release is reduced. However, 

the end of combustion appears to be unaffected. 

The corresponding efficiency and HX losses (see Equation 40) are 

presented in Table 24. (Note: these data use the emissions mass measurements 

to determine the energy flow. Minor differences exist with the emission based 

measurement, but with EHN these were found to be minimal see Appendix B - 

Impingement and Chapter 4 section 4.8.2). 
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Table 24 key losses and parameters of constant Φ varied T operation 

Φ-T Condition 3 11 20 28 

T intake (°C) 32 42 57 66 

Φ (-) .263 .268 .268 .263 

E85 (% energy) 55.8 65.5 75.0 78.1 

Comb. Eff. (-) 
(fraction of fuel 
energy) 

.945 .953 .967 .972 

HX (-)(fraction 
of fuel energy) 

.087 .099 .100 .121 

GTE (-) (fraction 
of fuel energy) 

.519 .529 .534 .535 

NTE (-) (fraction 
of fuel energy) 

.480 .492 .494 .493 

BTE (-) (fraction 
of fuel energy) 

.407 .427 .428 .426 

 

From the table it is observed that heat losses increase with increasing intake 

temperature, as does combustion efficiency. As described in Chapter 4 Equation 

40 and 28, the HX losses and exhaust losses (EXH) were lumped to more clearly 

determine the effects of incomplete combustion on GTE.  The results of 

combustion and HX+ EXH losses are plotted in Figure 56. Also plotted in the 

figure are trends from richer, Φ=0.31, with varied intake temperature operation.  
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Figure 56 Losses associated with sweeping intake temperature at constant Φ, the operating 
conditions are in Table 16 with the Φ-T matrix data in marked for reference in Appendix A. The 
dashed lines with open markers denote richer operation at Φ=0.31 demonstrating a tradeoff in 

reduced combustion efficiency for increased HX+EXH losses 

 

It is clear from Figure 56 that as intake temperature increases, incomplete 

combustion decreases with associated, but less drastic, increases in HX + EXH. 

The trends are observed to be Φ independent, but with faster (see Figure 55) 

and richer combustion having higher HX+EHX and lower incomplete combustion. 

The incomplete combustion at Φ=0.26 and Φ=0.31 conditions are observed to be 

predominantly from higher CO emissions, as shown in Figure 57. 
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Figure 57 Incomplete combustion species at constant Φ conditions, the operating conditions are 
in Table 16 with the Φ-T matrix data in marked for reference in Appendix A, Table A. 2. Note that 
CO is the dominant emission for all but the highest temperatures, with richer operation exhibiting 

lower CO. 

 

The combined results of constant Φ, varied intake temperature operation 

show that GTE is primarily dominated by combustion efficiency, as HX+EXH 

losses are less affected. Overall incomplete combustion sensitivity was only 

observed in the CO emissions. These results support conclusion that crevice 

effects likely dominate HC emissions, and that local mixing and equivalence 

ratios are dominate CO emissions. The richer Φ conditions (e.g., maximum GTE 

in Figure 55) showed reduced incomplete combustion compared to HX + EXH 

losses.  
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5.2.5.2 Constant Temperature Sweeping Φ 

 

This section investigates fixed intake temperature operation with changing Φ 

(i.e., changing boost), for the conditions in the Φ-T matrix of Figure 44 and Table 

16. For the comparison, two intermediate temperature conditions were selected, 

viz., 57°C and 42°C. Figure 58 and Table 25 depict the results of the higher of 

the two (57°C), where the dashed green line represents the swept operable 

space. 

 

Figure 58 AFRc based GTE contours and associated AHRR for constant T varied Φ operation. 
The operating conditions are in Table 16 with the tested operating point data provided as in 

Appendix A, Table A. 2. 
 

Figure 58 illustrates that intake pressure affects the heat release shape, 

similar to the intake temperature trends in Figure 55. However, the end of 

combustion is seen to change with varied Φ. As shown in Table 25, the required 

adjustments to the fueling ratios were reduced; unlike those of the constant 

intake temperature runs (see Table 24).  In the present approach, (fixed IMEPn 
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is influenced by the amount of trapped hot residuals. For example, the exhaust 

backpressure ratio, and thus trapped residual, increase as the charge is leaned.  

The opposite effect occurs as the charge is enriched the backpressure ratio must 

be reduced (see Appendix A, Table A. 2).  In 2-stroke engine RCCI experiments 

Labaza [140] demonstrated that the presence of hot residuals changes AHRR 

behavior and requires changes to the fueling ratios. 

Table 25 Losses and parameters of constant T varied Φ operation 

Φ-T Condition 20 21 23 24 

T intake (°C) 57 57 57 57 

Φ (-) .263 .268 .268 .263 

P Intake (bar) 2.13 1.97 1.74 1.63 

P Exhaust (bar) 2.44 2.18 1.88 1.79 

E85 (% fuel 
energy) 

74.9 72.4 69.5 72.1 

Comb. Eff. (-) .966 .973 .982 .986 

HX (-) (fraction 
fuel energy) 

.124 .122 .128 .149 

GTE (-) (fraction 
fuel energy) 

.528 .541 .541 .538 

NTE (-) (fraction 
fuel energy) 

.499 .511 .514 .507 

BTE (-) (fraction 
fuel energy) 

.426 .446 .449 .441 

 

Figure 58 shows that with increased boost pressure there is an observed 

spreading of the heat release trace. This result proves interesting because the 

neat ethanol results by Sjöeberg and Dec reviewed in Chapter 2 demonstrated 

that there was little to no pressure dependence of ethanol. Thus, in E85 RCCI, it 

is likely that the more reactive fuel portion may accelerate the kinetics and 

spread out the heat release event (similar to the results of Dec and Yang [21] 

with gasoline at high boost pressure).  
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It was shown previously in Figure 48 that the late heat release shape 

reflects incomplete combustion. In contrast, the results in Figure 55t showed that 

at constant Φ and varied intake temperature, the tailing edge remains nearly 

constant regardless of fueling.  Based on this and he present analysis, it is likely 

that the tailing portion of the heat release trace reflects more changes in 

combustion efficiency, through both local or global effects, while the early portion 

of the main heat release trace is dominated more by a local fuel and ignition 

effects. 

In terms of efficiency, the heat release behavior appears to be coupled to 

Φ (trapped mass), as displayed in Figure 59 .  

 

 

Figure 59 Losses associated with sweeping Φ (boost) at constant temperature, the operating 
conditions are in Table 16 with the Φ-T matrix data in marked for reference in Appendix A, Table 

A. 2. The dashed lines with open markers denote cooler operation at Tin=42°C. The results 
demonstrate a tradeoff in combustion efficiency and increased HX+EXH losses. 
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The combined results of Figure 58 and Figure 59, show that the longer AHRR 

with leaner operation lowers HX + EXH losses, but increases incomplete 

combustion.  The trends of these losses seem to exhibit a one-to-one tradeoff, 

meaning that the range of the losses is similar over the sweep of Φ.  

 Similar to constant Φ varied intake temperature operation, incomplete 

combustion is increased with leaner operation. The associated sources of 

incomplete combustion are plotted in Figure 60 where the major contributing 

species was found to be CO. 

 

Figure 60 Incomplete combustion species at constant temperature varied Φ conditions, the 
operating conditions are in Table 16 with the Φ-T matrix data in marked for reference in Appendix 

A, Table A. 2. Note that CO is the dominant emission for all but the highest Φ, with hotter 
operation exhibiting lower CO. 
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at very lean conditions, is gross efficiency negatively affected. This relation 

enables a window for efficiency optimization. 

5.2.5.3 Constant PPRR by Simultaneously Sweeping Φ and Temperature 

 

The present section investigates whether a similar combustion process can be 

maintained across a range of temperature and pressure conditions. Figure 61 

proves that this is possible by balancing intake temperature and pressure 

changes. The operating conditions are summarized in Table 26. 

 

Figure 61 AFRc based GTE contours and associated AHRR for constant PPRR with 
simultaneously varied Φ and T operation, with the Φ-T matrix data in marked for reference in 

Appendix A, Table A. 2. 
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As indicated in Table 26 and Figure 62, at constant PPRR operation 

conditions, combustion efficiency is almost constant, better isolating the effects of 

0.52

0.54

0.53

0.52

0.54

0.53

0.52

0.54

0.53

0.52

0.54

0.53

0.52

0.54

0.53

0.52

0.54

0.53

0.52

0.54

0.53

0.52

0.54

0.53

0.52

0.54

0.53

0.52

0.54

0.53

0.52

0.54

0.53

0.52

0.54

0.53

0.52

0.54

0.53

0.52

0.54

0.53

0.52

0.54

0.53

0.25 0.30 0.35 0.40 0.45 0.50

30

35

40

45

50

55

60

65

70

3% EHN / E85 14.88:1 Cr

GTE



In
ta

k
e
 T

e
m

p
e
ra

tu
re

 (
C

)

0.49

0.50

0.50

0.51

0.51

0.52

0.52

0.53

0.53

0.54

0.54

0.55

0.55

Operable Area

Comb.  > 97%

PPRR < 12 (bar/CA)

Operable Area

Comb.  > 97%

PPRR < 12 (bar/CA)

-15 -10 -5 0 5 10 15

Crank Angle ( CA ATDC)

Constant PPRR=12 (bar/CA), Intake Temp. and Press. Varried  

 Tin=42C / =0.366, -T #15      Tin=57C / =0.312, -T #23 

 Tin=66C / =0.283, -T #30     
 

NTC Behavior

0

100

200

300

400

500

600

700

 A
H

R
R

 (
J

/
 C

A
)

-30 -25 -20 -15 -10 -5
-10

0

10

20

30

A
H

R
R

 (
J
/

 C
A

)

Crank Angle (CA ATDC)



 135 

the trapped mass. Figure 61 shows that leaner conditions tend to have the 

highest gross efficiencies.  This approach demonstrates the dependency of the 

heat release on operating conditions, because conditions must be balanced as to 

maintain similar combustion. Note in Figure 61, that the combustion events are 

not identical, although they perform similarly. They exhibit slightly different 

leading and tailing heat release behaviors, as exhibited in the independent 

temperature and pressure sweeps (seen in Figure 55 and Figure 58).  

 

Table 26 Losses and parameters of constant PPRR operation through simultaneous variation of 
Φ and T, the Φ-T matrix data in marked for reference in Appendix A, Table A. 2. 

Φ-T condition 15 23 30 

T intake (°C) 42 57 66 

P intake (bar) 1.47 1.74 1.96 

Φ (-) .366 .312 .283 

E85 (% fuel 
energy) 

59.5 69.5 76.7 

Comb. Eff. (-) .984 .982 .981 

HX (-) (fraction 
fuel energy) 

.163 .128 .124 

GTE (-) (fraction 
fuel energy) 

.532 .541 .542 

NTE (-) (fraction 
fuel energy) 

.507 .514 .507 

BTE (-) (fraction 
fuel energy) 

.445 .449 .440 

 

Table 26 illustrates that the combustion efficiency is nearly constant but 

the HX trend is not. These results were plotted as a function of equivalence ratio 

with the previous constant intake temperature and varied Φ results. The two 

trends are plotted in Figure 62, where the fixed PPRR results are solid markers 
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and lines and while fixed temperature results are open markers and dashed 

lines. 

 

 

Figure 62 Losses associated with sweeping Φ (boost) at constant PPRR. The dashed lines with 
open markers denote constant temperature operation at Tin=57°C. The constant PPRR results 

(closed markers solid lines) demonstrate a nearly constant combustion efficiency with increased 
HX+EXH losses as Φ is swept. This demonstrates that losses can be optimized through 

modulation of initial conditions. Φ-T matrix data in marked for reference to Appendix A, Table A. 
2. 

 

The results indicate that incomplete combustion has a strong dependence 

on the details of the combustion event, and potentially weaker pressure and 

temperature dependencies. Additionally, the figure shows that the associated HX 

+ EXH losses are dilution dependent. Leaner operation offers reduced losses, 

even with similar combustion efficiency. This demonstrates that through proper 

choice of initial conditions, simultaneously low combustion and HX+EXH losses 

can be realized, thus maximizing GTE.  
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 The reason for the high combustion efficiency are seen in the emissions 

trends of CO and HC in Figure 63. It is again observed that for a given engine 

geometry, operating load, phasing, and fuel selection, HC emissions are 

dominated by geometry effects and less by the thermodynamic conditions. 

However, CO emissions are highly dependent on thermodynamic effects, where 

the intake pressure and temperature combinations required for constant PPRR 

can be used to offset mixing differences in charge preparation. This offers a 

pathway to reduce CO emissions with simultaneous low heat losses. 

 

 

Figure 63 CO and HC emissions at constant temperature, varied Φ conditions (dashed) and at 
constant PPRR condition (solid). At the constant combustion process condition (PPRR), 

combustion efficiency is constant, suggesting that initial conditions can be used to control engine 
incomplete combustion species (primarily CO) in RCCI. Φ-T matrix data in marked for reference 

to Appendix A, Table A. 2. 
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5.2.6 Fuel Composition Effects on Reactivity  

 

The previous sections demonstrated that by using combinations of fuel reactivity, 

intake temperature, and Φ (intake pressure), it is possible to manipulate and 

control RCCI heat release. However, to match the combustion phasing and load, 

each of these effects needed to be balanced. It was also observed that reducing 

the direct injected fuel’s reactivity resulted in a more abrupt combustion event, 

which had a direct influence on the number of Φ-T conditions that are operable 

within the present prescribed ≥97% combustion efficiency and ≤12 bar/°CA 

constraints. The present section also explores the effects of a reduced reactivity 

gradient, and investigates the effects of increased port fuel reactivity by using 91 

PON gasoline in place of E85.  

 For these tests the engine was operated with poi the Φ-T matrix points 

shown in Figure 44 using the hardware and conditions described in Table 16, 

where 0% EGR is used at 8.45 bar IMEPn and CA 50 of 0.5°CA ATDC. The 

constraints of ≥97% combustion efficiency and ≤12 bar/°CA were again imposed 

as operable limits.  Figure 64 illustrates the Φ-T matrix conditions that were 

operable.  
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Figure 64 Operable space of Φ-T matrix with the tested E85 based fuels (left), 91 PON gasoline 
(right). With gasoline base fuel (port) no conditions satisfied the constraints. 

 

Figure 64 shows that, when gasoline is used in place of E85 as the low-reactivity 

fuel, only two operating conditions were possible. Neither condition met the ≤12 

bar/°CA PPRR constraints. The results clearly demonstrate that 91 PON gasoline 

behaves much differently than E85. This is extremely interesting as the PON of 

ethanol is ~99.15, as stated by Eyidogan et al. [141]. Thus, in the present study, 

the PON of the E85 used§§§ is roughly 97, and the PON difference between the 

tested E85 and gasoline is relatively small (91 vs. 97). Based on the PON 

number, the observed large difference in the operable window of Figure 64 would 

not have been suspected. To explore the reasons for this, the effect of boost 

pressure was examined. 

 A fuel’s PON (also referred to as anti-knock index (AKI)) is determined by 

the research and motor octane tests. These tests were originally designed to 

                                            

§§§
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characterize gasoline reactivity, for use in SI combustion, and are conducted at 

non-boosted conditions. For conventional SI combustion, this is an appropriate 

test. However, as shown in the literature review of Chapter 2, pressure has an 

effect on fuel reactivity. For instance, Dec and Yang [21], showed in highly 

boosted HCCI that gasoline becomes more reactive (at intake pressures greater 

than ~2 bar). Likewise, it was shown by Sjöberg and Dec [51] that, at the same 

conditions, ethanol’s reactivity showed no pressure dependency.  

As in the cited studies, the pressure dependency of gasoline was also 

observed in present research with RCCI. Figure 65, shows AHRR of 

gasoline/ULSD operation at the operating conditions listed in Table 27. The 

operating conditions are nearly identical to those of Mehl et al. [52], as discussed 

in Chapter 2, in which the increased reactivity of gasoline was computationally 

explored. The conditions in Table 27 and the combustion behavior in Figure 65 

show that as the intake pressure is increased, the amount of reactive fuel 

required for constant phasing operation is reduced, resulting in 0% needed at 

1.89 bar (with HCCI operation). For reference the conditions in Table 27 are 

similar to the conditions in the ΦT matrix, but the load was reduced 0.5 bar 

IMEPn to reduce knocking tendency and expand the operable range. The results 

can be seen in Appendix A, Table A. 8. 
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Table 27 Engine operating parameters for gasoline reactivity sensitivity 

Intake Pressure (bar) 1.89 1.56 

Load (IMEPn) 7.92 8.06 

CA50 (°CA ATDC) 4.9 4.4 

Speed (rev/min) 1300 1300 

Piston Bowl Shape Bathtub Bathtub 

Cr (-) 14.88:1 14.88:1 

DI Timing (°CA ATDC)  60/35 

DI Dwell Bias (%SOI1, % SOI2)  ~60/40 

PFI Timing (°CA ATDC) -320 -320 

EGR (%) 0 0 

Intake Temperature (°C) 32 32 

Overall Turbocharger η (%) 71 71 

Low Reactivity Fuel, PFI 91 PON gasoline 91 PON gasoline 

High Reactivity Fuel, DI  ULSD 

PFI Fuel Fraction (-) (by energy) 1.0 .896 

DI Fuel Fraction (-) (by energy)  .104 

PPRR (bar/°CA) 12.9 7.6 

 

 

Figure 65 RCCI and HCCI operation at matched phasing. As intake pressure is increased from 
1.5 to 2 bar absolute, RCCI operation was not possible as 91 PON gasoline exhibited HCCI. 
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The results shown in Figure 65 illustrate that gasoline’s reactivity is not 

constant. This is important from an engine efficiency perspective, as the previous 

experimental results demonstrated that increased intake pressure (increased 

dilution) is effective at increasing engine efficiency. Therefore, if efficiency is to 

be maximized, fuel reactivity sensitivity becomes increasingly important.  

5.2.7 Gas Composition Effects on Reactivity 

 

To enable a wider range of operation with reactive fuels, the gas 

composition can be changed, viz. via the use of EGR. EGR addition has been 

demonstrated by many researchers as an effective strategy for ULSD LTC, 

where use of heavy EGR is commonly used to increase ignition delay of reactive 

fuels. Additionally, EGR effects RCCI heat release event. For example, Figure 66 

demonstrates that at air dilute conditions, adding EGR offers additional charge 

dilution, spreading the heat release. The operating conditions of the points are 

shown in Table 28, with the operating conditions in Table 16. 

 

Table 28 Engine operating parameters for EGR dilution effects 

Φ-T Matrix Condition 2 3 12 13 

EGR 0 0 45 45 

Intake Temperature (°C) 32 32 42 42 

Intake Pressure (bar) 1.89 1.72 2.04 1.94 

Exhaust Pressure (bar) 1.98 1.82 2.35 2.24 

Overall Turbocharger η (%) 74 72 63 61 

Low Reactivity Fuel (PFI) 91 PON 
Gasoline 

91 PON 
Gasoline 

91 PON 
Gasoline 

91 PON 
Gasoline 

High Reactivity Fuel (DI) ULSD ULSD ULSD ULSD 

PFI Fuel Fraction (-) (by energy) .957 .925 .89 .88 

DI Fuel Fraction (-) (by energy) .043 .075 .11 .12 
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Figure 66 Matched Φ′ operation with and without EGR at lean conditions. Note that with EGR 

(red) the intake temperaurre is higher and the heat relase rate is longer, while operation without 
EGR (black) is shorter even when operated at cooler temperatures. 

 

These trends demonstrate the benefit of EGR dilution vs. air dilution. EGR 

changes the molecular composition of the reactants. Specifically, EGR 

decreases the number density of O2. In place of O2, combustion products 

containing oxygen, such as CO, CO2, and H2O are introduced. As explained in 

Chapter 2, these products have both a thermodynamic and reactivity effect on 

the engine cycle and combustion process.  

By considering the relative gas compositions, it is seen that there are 

fewer fuel-O2 molecular collisions when 45% EGR is used due to the presence of 

CO2 and H2O. This has a direct impact on the reactivity enhancing pathways of 

gasoline described by Mehl et al. [52] in Chapter 2 that showed that Ṙ+O2 
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pathways are critical for enhancing gasoline kinetics at high pressure. Thus, 

when the concentration of O2 is reduced with EGR, reactivity suppression occurs.  

The result of adding 45% EGR to the conditions in Figure 66 and Table 28 

were that with EGR, additional reactive fuel (ULSD) was required to maintain the 

same combustion phasing. This was needed in addition to employing increased 

intake temperature, which is independently an effective method of increasing the 

fuel’s reactivity. Thus, it is concluded that EGR is a very effective method to 

suppress fuel reactivity, and that using EGR offers the potential to improve the 

heat release control of pressure sensitive fuels at lean conditions. 

5.2.8 Gas Composition Effects on Φ-T Matrix Results  

 

To explore the reactivity suppression behavior of EGR in RCCI, operation 

with 45% EGR was conducted with the conditions of the Φ-T matrix. The only 

difference in operation was the inclusion of EGR, and all other Φ-T parameters 

were the same as those stated in Table 16, in Figure 44 and with the color 

coding of Table 23. Figure 67 demonstrates the Φ-T operable area with 45% 

EGR. 
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Figure 67 Operable areas of E85 based fuels with 0% EGR (right) and gasoline based fueling  
with EGR (right). (With 0% EGR gasoline HCCI is encountered, prohibiting RCCI at the tested 

conditions). When 45% EGR is introduced the operable area expands enabling RCCI operation at 
select points within the Φ-T space. 

 

The results show that with 45% EGR, the operable of the Φ-T space is 

increased when fueled with ULSD/Gasoline. As noted in Figure 67, the minimum 

intake temperature with 45% EGR was 37°C. The reason for the increased 

temperature with 45% EGR was to prevent condensation of exhaust water in the 

EGR cooler. The operating conditions used for the test are shown in Table 29. 

 

Table 29 Φ-T operating parameters with 45% EGR  

Φ-T Points 11-14 

EGR (%) 45 

Intake Temperature (°C) 42 

Intake Pressure (bar) See Appendix A 

Exhaust Pressure (bar) See Appendix A 

Overall Turbocharger η (%) ~65 

Low Reactivity Fuel (PFI) 91 PON gasoline 

High Reactivity Fuel (DI) ULSD 

PFI Fuel Fraction (-) (by energy) See Appendix A 

DI Fuel Fraction (-) (by energy) See Appendix A 
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Although the results demonstrate that the operable window with EGR is 

increased, the potential effects of EGR on performance also need to be 

addressed. The losses of operation with and without EGR are plotted in Figure 

68.    

 

Figure 68 Φ-T matrix points and operation with 91 PON gasoline with and without EGR 
 

From Figure 68 it is seen with EGR the GTE is increased. The major contributor 

to this is a result of reduced incomplete combustion with EGR, as HX + EXH 

losses are essentially equal for the compared cases. It is unclear if the reduction 

of incomplete combustion is from EGR or intake temperature effects. However, in 

Figure 56 it was shown that for a given Φ, increased intake temperature reduced 

incomplete combustion. 
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 To determine the effect of EGR on combustion efficiency, engine 

operation with and without EGR was conducted at a fixed load, intake pressure, 

combustion phasing, and speed. Intake temperature was swept from 32 to 66°C 

where operation with and without EGR was required to maintain phasing. The 

operating conditions are presented in Table 30, and pressure and AHRR traces 

are seen in Figure 72 (detailed in Appendix A, Table A. 8). Figure 69 shows the 

corresponding energy budgets. 

 

Table 30 Intake temperature sweep (0% EGR load is slightly low, as higher load operation was 
not possible without excessive knock). 

Condition HCCI RCCI RCCI HCCI 

Φ-T Matrix point 2 12 21 30 

Intake Temperature (°C) 32 42 57 66 

EGR 0 45 45 45 

Intake Pressure (bar) 1.88 1.94 1.91 1.98 

Load (IMEPn) 8.35 9.12 9.04 9.08 

CA50 (°CA ATDC) 5.2 4.9 5.0 5.8 

Speed (rev/min) 1300 1300 1300 1300 

Piston Bowl Shape Bathtub Bathtub Bathtub Bathtub 

Cr (-) 14.88:1 14.88:1 14.88:1 14.88:1 

DI Timing (°CA ATDC)  -60/-35 -60/-35  

DI Dwell Bias (%SOI1, % SOI2)  ~60/40 ~60/40  

PFI Timing (°CA ATDC) -320 -320 -320 -320 

Φ′ (-) (charge based) .266 .284 .300 .295 

Exhaust Pressure (bar) 2.10 2.13 2.09 2.26 

Overall Turbocharger η (%) 74 65 64 62 

Low Reactivity Fuel (PFI) Gasoline Gasoline Gasoline Gasoline 

High Reactivity Fuel (DI) ULSD ULSD ULSD ULSD 

PFI Fuel Fraction (-) (by energy) 1.0 .925 .89 1.0 

DI Fuel Fraction (-) (by energy)  .075 .11  

PPRR (bar/°CA) 12.5 7.7 9.4 11.4 
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Figure 69 Energy budget of HCCI with and without EGR, and RCCI with EGR at matched 
conditions. It is seen that operation with 45% EGR reduces incomplete combustion by 

approximately half. Additionally, RCCI exhibits reduced HX and HX+Exh losses as compared to 
HCCI operation. 

 

The results expose that operation with EGR offers higher engine 

efficiency. Based on the γ relations shown by Lavoie et al. [58] in Figure 11, the 

present higher GTE with EGR are unanticipated. However, the current results 

demonstrate that combustion product recycling with EGR affects the magnitude 

of incomplete combustion.  

The concentrations of the emissions from the above cases, are plotted in 

Figure 70.  
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Figure 70 Incomplete combustion species emissions concentrations of RCCI bounded by HCCI 

 

The results show that with EGR, the emissions are not radically changed. In fact, 

it is seen that the emission reduction trends more with increased temperature 

than with EGR. These results are supported by the findings shown previously in 

Figure 60, where increased temperature was found to reduce emissions at fixed 

Φ. The results prove that EGR does not inherently reduce emissions through 

improvements to combustion, or by a second opportunity to burn recycled 
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concept is illustrated in Figure 71, where incomplete combustion is plotted with 

the relative loss contributions of CO and HC are noted. 

 

Figure 71 Incomplete combustion by emission type of RCCI bounded by HCCI 

 

The results establish that the use of EGR reduces incomplete combustion, 

and that increased intake temperature furthers these reductions. Although the 

use of EGR reduces the maximum GTE potential from γ ratio effects, the results 

show this loss is offset by larger reductions in incomplete combustion (in Chapter 

6 the γ effect of air vs. EGR will be seen to be ~0.5% in GTE). Therefore, the 

results of Figure 71 show that with 45% EGR a ~50% reduction in incomplete 

combustion can be achieved. This demonstrates a pathway for achieving the 

60% GTE goal, as outlined in the initial computational studies of Chapter 3. 
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5.3 Charge Preparation Effects 

 
 
The present section investigates charge stratification effects as a means of 

increasing premixed combustion’s operable window. The literature review of 

Chapter 2 discussed that inhomogeneity in a premixed charge results in heat 

release smoothing. This increases combustion stability and the knock free, low 

noise operable range. For example, previous work by Sjöberg and Dec  [44], and 

later at higher engine loads by Yang et al. [45], has demonstrated that Φ 

stratification can reduce engine knock, enabling higher loads and engine 

efficiencies. Likewise Kokjohn and Reitz [47] demonstrated that the simultaneous 

introduction of reactivity + Φ stratification can further the heat release control 

beyond Φ stratification alone.  

The effects of reactivity + Φ stratification can be observed in Figure 72, 

which depicts the pressure and AHRR traces of operation for Figure 69 to Figure 

71, and the operating conditions in Table 30. 
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Figure 72 Matched phasing, intake pressure, speed, and load operation of RCCI and HCCI. 
Pressure traces are unfiltered to display knocking intensity. 

 

The trends demonstrate that regardless of EGR, when the charge is not stratified 

(i.e., HCCI) the pressure rise rate at matched phasing results in large pressure 

oscillations. It was shown in section 2.8 of Chapter 2 that the pressure oscillation 
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boundary layer thinning. To maximize engine efficiency this source of heat 
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transfer loss needs to be mitigated, and the introduction of Φ + reactivity 

stratification is a pathway. 

To investigate the effect of charge gradients on combustion and heat 

transfer, various injection timings were tested. The injection timings spanned 

combustion strategies ranging from HCCI to diesel pilot-like operation. The tests 

were conducted at the conditions shown in Table 31 with the injection strategies 

of Table 32. Detailed run data is presented in Appendix A, Table A. 9. 

Table 31 Operating parameters for charge preparation tests  

Load (IMEPn) 7.44±0.04 

CA50 (°CA ATDC) 5.0±0.5 

Φ′ (-) 0.242±0.002 

Speed (rev/min) 1300 

Piston Bowl Shape Bathtub 

Cr (-) 14.88:1 

EGR (%) 45 

Intake Temperature (°C) (air+EGR) 57 (66 HCCI only) 

EGR Cooler out Temperature (°C) 75 

Intake Pressure (bar) 2.02 (2.08 HCCI only) 

Exhaust Pressure (bar) 2.28 (2.35 HCCI only) 

Overall Turbocharger η (%) 65±1 

Low Reactivity Fuel (PFI) 91 PON gasoline 

High Reactivity Fuel (DI) ULSD 

 

Table 32 Injection strategies for charge preparation tests 

Condition HCCI 
RCCI 
320 

RCCI 
320/35 

RCCI 
60 

RCCI 
60/35 

RCCI 
35 

DI 1 timing  (°CA ATDC)  -320 -320 -60 -60 -35 

DI 2 timing (°CA ATDC)   -35  -35  

PFI Timing (°CA ATDC) -320 -320 -320 -320 -320 -320 

PFI Fuel (%) (% total energy) 100 95.9 96.2 96.6 95.0 97.6 

DI Fuel (%) (% total energy) - 4.1 3.8 3.4 5.0 2.4 

DI injection 1 (%) (% DI energy) - 100 ~70 100 ~67 100 

DI injection 2 (%) (% DI energy) ---- - ~30 - ~33 - 

 

The performance of the sweep is shown in Figure 73, where key efficiency 

and operational parameters are indicated. The trends demonstrate that operation 
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with intermediate DI timings (-320/-35, -60, and -60/-35 °CA ATDC) offered 

highest GTE. Interestingly, the -60, and -60/-35 °CA ATDC conditions also 

exhibited the highest incomplete combustion. Fully premixed and very stratified 

(diesel pilot in Figure 73) operation exhibits lower efficiency. 

 
Figure 73 Losses and performance of different charge preparation strategies. The results 

demonstrate the HX + EXH losses are the most dominant if efficiency is to be maximized. These 
losses were generally observed to trend proportional to PPRR and inverse effects with 

incomplete combustion. 
 

 

Similar trends in Figure 59 at constant temperature and varied Φ, showed 
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However, in the present study, Φ and T are fixed at 0.242 and 57°C, respectively 

(except for HCCI with 66°C). Therefore the present results demonstrate that 

other factors can affect heat transfer and incomplete combustion. 

With fixed Φ and intake temperature, the results of Figure 73 demonstrate 

that the highest efficiencies are obtained with the lowest HX+ EXH losses, but 

with the highest incomplete combustion. This trend was not observed in the Φ-T 

matrix tests. Interestingly, the present results show that the highest efficiencies 

coincide with the lowest PPRR. In the previous Φ-T matrix analysis it was found 

that incomplete combustion and PPRR were related, and a constant PPRR 

resulted in constant incomplete combustion. Thus, both studies illustrate that 

PPRR can be a good indicator of losses. In the present fixed Φ-T, varied charge 

preparation study higher PPRR operation is found to lower incomplete 

combustion, but to also lower efficiency.  

The reasons for this are indicated in Figure 75, which depicts unfiltered 

pressure traces and from Figure 74, which shows the breakdown of individual 

losses for HX and EXH. 
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Figure 74 Unfiltered Cylinder Pressure and AHRR for select charge preparation strategies. Note 

that only the intermediate (highest gross efficiency) strategies exhibit low pressure oscillatory 
behavior. As fuel is introduced early into the cycle (red and traces in top sub-figure), the charge is 
over stratified and the entire charge knocks. This condition is effectively lower octane fuel HCCI. 
Likewise, as fuel is introduced late into the cycle (as in the cyan traces in bottom sub-figure) the 

charge is over stratified and end gas knock is encountered. 
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From the pressure traces in Figure 74 it is obvious that the under (SOI 

320) or over (SOI 35) stratified cases, result in high pressure oscillations, 

commonly referred to as knock. In the present results it is ambiguous to decree 

that the observed oscillations are only from knock, as Tess [118] has shown that 

the test engine exhibits pressure oscillatory behavior from geometry resonance 

effects alone in CDC operation. However, the trends of Figure 73 and Figure 75 

show that increased PPRR coincides with increased heat losses, and in Figure 

74, these conditions also display higher pressure oscillation amplitude. These 

relations suggest that knock is present for cases with overly homogeneous or 

stratified conditions, which increases heat losses, but the degree of knock is 

difficult to quantify. 

 
Figure 75 Exhaust and unaccounted for (HX) losses as functions of charge preparation strategy 
(see Chapter 4 for discussion of the unaccounted for losses). The exhaust losses (EXH) were 
observed  to be relatively constant, while HX losses were observed to be dependent on charge 

preparation, with the lowest losses observed at intermediate RCCI injection timings with single or 
double injections. 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

Exhaust Loss + Unaccounted for Loss

Exhaust Loss  

 

F
u

e
l 

E
n

e
rg

y
 L

o
s

t 
(-

)

Unaccounted for Loss (HX)

H
C

C
I

R
C

C
I 

3
2

0

R
C

C
I 

3
2

0
/3

5

R
C

C
I 

6
0

R
C

C
I 

6
0

/3
5

R
C

C
I 

3
5

Diesel PilotFully Premixed



 158 

 

From Figure 75 it is seen that at the fixed Φ-T condition, exhaust (EXH) 

losses are constant and only HX losses vary with PPRR. This PPRR HX relation 

is investigated in Figure 76, which depicts a linear relation between unaccounted 

for losses (HX) and PPRR. Note that a wide range of Φ and intake temperature 

and EGR conditions are plotted (see Table A. 1 to Table A. 13in Appendix A). 

Conditions of 18.7:1 Cr are those operated in the oil cooling matrix, to be 

described in Table 36 of the following section, and detailed in Appendix A Table 

A. 10 to Table A. 13 for all operated conditions.  

 

Figure 76 Unaccounted for losses (HX) plotted as a function of PPRR. The trends suggest that a 
proportional relation between PPRR and HX, with higher values of PPRR increasing HX. 
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The linear trends of Figure 76 suggest that PPRR linearly tracks with heat 

transfer. Similarly, cited research in Chapter 2, Figure 24 from [103] indicated 

that knocking intensity tracked linearly with heat transfer. These findings suggest 

that for premixed auto ignition strategies, PPRR trends may be a useful metric to 

predict HX trends. Although PPRR is less quantitative than knocking intensity, 

the calculation of PPRR only requires the derivative of cylinder pressure. Thus, 

PPRR could be a computationally fast and simple metric to use in control 

strategies focused on increasing engine efficiency. 

 The PPRR distribution of cases from Table 30 (RCCI and by HCCI) are 

shown in Figure 77, where a statistical approach has been used through box 

plots. This type of analysis partitions the cumulative probability distribution (CDF) 

into quarters, where the box represents the interquartile range. This visually 

depicts the area where a 50% probability outcome was observed. 
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Figure 77 Box plot statistical analysis of PPRR in HCCI and RCCI operation at matched load, 

intake density, and phasing. 
 

The statistical analysis indicates that the interquartile and outlier range is 

somewhat tighter for RCCI than for HCCI, demonstrating more repeatable 

operation. This also demonstrates that PPRR seems to be a stronger function of 

the degree of full premixing. In turn, this suggests that when the combustion 

event is free of fuel reactivity gradients, the variability in ignition timing is larger. 

This has a direct effect on engine efficiency, as the variability in PPRR shows 

that the combustion process of HCCI is less stable. 

Additionally, Figure 72 showed that the low temperature 0% EGR HCCI 

condition exhibited NTC behavior with gasoline, which has been suggested by 

Sjöberg and Dec [142] to enable lower combustion variability, and to enable later 

phasing. In the present, relatively advanced, 5°CA ATDC phasing, a slight 
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variability advantage is observed with lower intake temperature 0% EGR HCCI 

compared to higher intake temperature 45% EGR HCCI, as the data is clustered 

closer to the mean of the normal distribution and the 95% confidence range 

(whiskers) is tighter. The box analysis demonstrates that with HCCI 50% of the 

data fell within a ~2.5 bar/°CA range of the median, where RCCI was within ~2 

bar/°CA range of the median.  

Lastly, if PPRR is to be used as a metric for indicating heat transfer 

losses, the distribution trend of PPRR should be known. By using a P test, it can 

be determined if the distributions are Normal or Gaussian. The relation for a P 

test is seen in Equations 43 and 44.  

   (    )          (43) 

   (    )         (44) 

Where Z1 is +0.67 and Z3 -0.67, sigma is the standard deviation and X is the 

mean. If the above determination of Q are close to the CDF calculated values, 

then the distribution is Normal, otherwise the distribution is Gaussian. The 

analysis for the presented data is presented in Table 33 below, where it was 

found that both HCCI and RCCI PPRR are normally distributed.  

Table 33 RCCI and HCCI cumulative distribution function (CDF) statistics, 9 bar IMEPg operation 
CA50 5°CA ATDC, where all units are in bar/°CA. 

 Mean σ Q1 Q3  IQR Normal 

HCCI 0% 
EGR 32°C 

16.5 1.9 15.5 17.8 2.4 Yes 

HCCI 45% 
EGR 66°C 

17.4 2.2 15.9 18.7 2.8 Yes 

RCCI 45% 
EGR 42°C 

9.0 1.3 8.1 
 

9.9 1.8 Yes 

RCCI 45% 
EGR 57°C 

11.0 1.5 9.9 12.1 2.1 Yes 
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This type of analysis is useful as PPRR is often a concern for production 

applications and control strategies, as well as indicating losses. This analysis 

shows that RCCI and HCCI have similar PPRR behavior, but different 

magnitudes and spreads.  

5.4 High Compression Ratio, and Efficiency Experiments 

 

The simulation results of Chapter 3 suggested that 60% GTE may be possible 

with RCCI. The results suggested that the compression ratio would need to be 

raised (18.7:1), and simultaneous 50% reductions in heat transfer and 

incomplete combustion were required. The findings from the Φ-T matrix and 

charge preparation sections demonstrated that combustion efficiency and Φ 

(intake pressure) could be optimized for simultaneous reductions. Also, Chapter 

2 section 2.7.3 discussed that modulation of piston oil jet cooling is a potential 

method to reduce incomplete combustion and increase efficiency. These findings 

are combined in the next section to explore high Cr and efficiency RCCI. 

5.4.1 RCCI Piston Temperatures 

 

Recent fast response in-cylinder temperature and heat flux measurements by 

Hendricks [111] have demonstrated that the heat flux and corresponding piston 

surface temperatures of RCCI combustion are reduced compared to equivalent 

CDC operation. For instance, the cycle averaged in-cylinder temperatures were 

up to 60°C cooler with RCCI vs. CDC at a matched 9 bar IMEPg, Φ=.34. Figure 
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78 exhibits the findings where the term degrees of cooling vs. conventional diesel 

is defined as. 

                                      (     )  (      )       (45) 

These steady-state average temperatures are also presented in Splitter et al. 

[143], with the operating conditions summarized in Table 34(see Hendricks [111] 

for detailed experimental instrumentation and results). As can be seen in Figure 

78, the largest piston surface temperature difference occurs at the piston bowl lip 

(thick black line). 

Table 34 Operating parameters for piston temperature tests [111] 

Combustion Mode CDC RCCI 

Data Point in [111] 24 26 

Load (IMEPn) 9.08 9.18 

CA50 (°CA ATDC) 4.6 4.0 

Φ (-) 0.376 0.337 

Speed (rev/min) 1300 1300 

Piston Bowl Shape Open Crater 
(instrumented) 

Open Crater 
(instrumented) 

Cr (-) 16.1:1 16.1:1 

EGR (%) 0 0 

Intake Temperature (°C)  32 32 

Intake Pressure (bar) 1.80 1.73 

Exhaust Pressure (bar) 1.94 1.90 

Low Reactivity Fuel (PFI) 91 PON gasoline  

High Reactivity Fuel (DI) ULSD ULSD 

DI 1 timing  (°CA ATDC) -11 -59 

DI 2 timing (°CA ATDC)  -36 

PFI Timing (°CA ATDC)  -320 

PFI Fuel (%) (% total energy)  85 

DI Fuel (%) (% total energy) 100 15 

DI injection 1 (%) (% DI energy) 100 60 

DI injection 2 (%) (% DI energy)  40 
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Figure 78 Steady state average piston surface temperature reduction for ULSD/E85 RCCI relative 
to matched CDC ~0.34 Φ operation at ~9 bar IMEPg 1300 (rev/min).  

 

Additionally, Hendricks [111] measured piston oil gallery surface 

temperatures. Fast response thermocouples were installed in the inlet and outlet 

of the oil gallery, which recorded piston surface temperatures inside the gallery. 

Diagrams and specifications of the instrumentation can be found in Hendricks 

[111]. Assuming that the mass flowrate, and phase of the oil are constant 

between RCCI and CDC operation, an estimate of the relative heat transferred in 

the oil gallery can be made. Figure 79 displays the trends in the difference in oil 

gallery inlet and outlet temperatures. The corresponding operating conditions are 

seen in Table 35, for conditions detailed in Hendricks [111]. 
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Table 35 Operating parameters for oil gallery temperature comparison tests  

Data Point (See [111]) Combustion Φ′ Speed Load 

48 CDC 0.40 1300 4.9 

24 CDC 0.40 1300 9.1 

50 CDC 0.40 1300 12.5 

58 CDC 0.40 1750 5.4 

59 CDC 0.40 1750 8.6 

60 CDC 0.40 1750 12.5 

54 CDC 0.60 1300 5.8 

53 CDC 0.60 1300 8.5 

52 CDC 0.60 1300 12.4 

51 CDC 0.60 1300 15.5 

65 CDC 0.60 1750 4.9 

64 CDC 0.60 1750 7.4 

62 CDC 0.60 1750 12.5 

63 CDC 0.60 1750 15.1 

84 RCCI 0.35 1300 5.2 

25 RCCI 0.38 1300 9.2 

31 RCCI 0.41 1300 12.7 

92 RCCI 0.35 1700 8.5 

98 RCCI 0.44 1700 12.5 

100 RCCI 0.5 1700 15.0 

 

 

Figure 79 Steady state piston oil gallery surface temperatures vs. load for CDC and RCCI. The 
trends show that engine speed effects are minimal, while charge dilution and combustion 

processes with RCCI exhibit almost a 3-fold-reduction in ∆T at low loads compared to 0.6 Φ CDC 
operation, and a 2-fold-reduction compared to matched Φ CDC (Φ=0.4). 
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From the figure it is seen that for the given load, the rise in oil gallery 

temperature is much lower with RCCI than with CDC. As expected, lean CDC 

operation (Φ=0.4) tends to have a lower ∆T than richer (matched load) CDC 

operation (Φ=0.6). In light of the piston oil gallery cooling literature reviewed in 

Chapter 2, in RCCI and lean CDC operation, oil gallery jet cooling is likely not 

required. In particular, cooling in RCCI may actually magnify incomplete 

combustion, decreasing efficiency.  

 To combat these losses, experiments with and without piston oil cooling 

were conducted. For operation without cooling, the oil spray jet was physically 

welded shut. It should be noted that on the SCOTE engine there are two oil jets 

in the same housing. One jet is directed vertically and one is angled towards the 

wrist pin. The vertical jet is the oil gallery cooling jet which was welded shut. The 

other jet was unaltered, because it lubricates the wrist pin (Gehrke [113]).  

5.4.2 High Cr RCCI with and Without Piston Oil Gallery Cooling 

 

Higher compression ratio increases cylinder pressure. The result is that at lean 

mid-load conditions, cylinder pressures can be above the self-imposed SCOTE 

operation limit (pressure data clipped above 165 bar). Therefore in the present 

experiments the engine load was reduced to 6.45 bar IMEPn, with the back 

pressure set with an optimistic value of ~65-75% simulated overall turbocharger 

efficiency. This efficiency was selected based on Millam [6], where it is stated to 

be state-of-the-art. To reduce the possibility of fuel-liner impingement (to be 
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discussed in Appendix B), the engine was fueled with port fuel injection of E85, 

and direct injection of 3% EHN doped 91 PON gasoline. The operating conditions 

and injection strategy for the tests are seen in Table 36, and a graphical 

representation of the sweep of conditions is shown in Figure 80. The detailed 

results are presented in Appendix A, Table A. 10 to Table A. 13. 

 

Table 36 Conditions of with oil galley cooling tests, (see Appendix A, Table A. 10 to Table A. 13) 

Load (IMEPn) 6.45±.05 

CA50 (°CA ATDC) 0.5±1.0 

Speed (rev/min) 1300 

Piston Bowl Shape Pancake 

Cr (-) 18.7:1 

DI Timing (°CA ATDC) -60/-35 

DI Dwell Bias (%SOI1, % SOI2) ~60/40 

PFI Timing (°CA ATDC) -320 

EGR (%) 0 or 40±2 

Intake Temperature (°C) 22±3 (with 0% EGR)  
40±3 (with 40% EGR 

Intake Pressure (bar) 1.13-1.81 (varied) 

Φ′ (-) 0.22-.37 

Exhaust Pressure (bar) Varied to fix turbo. η 

Overall Turbocharger η (%) 65-75 

Low Reactivity Fuel (PFI) E85 

High Reactivity Fuel (DI) 3% EHN + 91 PON Gasoline 

PFI Fuel Fraction (-) (by energy) See Appendix A 

DI Fuel Fraction (-) (by energy) See Appendix A 
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Figure 80 Conditions of with oil galley cooling tests, 102 total data points, as described in  Table 
A. 10 to Table A. 13. 

 

5.4.2.1 Piston Oil Gallery Cooling Emissions Analysis   

 

As discussed in Chapter 2, eliminating piston oil gallery cooling may also reduce 

CO emissions. Figure 81 demonstrates the observed combustion efficiency 

sources and losses in RCCI. Direct comparisons can be made between the red 

circle and black square marker data. The respective open markers denote 22°C 

intake temperature 0% EGR operation, while the closed markers denote 43°C 

intake temperature, 40% EGR operation. 
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Figure 81 Incomplete combustion and emissions as function of Φ/Φ′ for operation with (black 
squares) and without (red circles) piston oil gallery cooling. Open or closed markers denote 

conditions with (closed) or without EGR (open). The results show that without piston oil cooling 
the lean limit is extended, and that without EGR, incomplete combustion is lower at a given Φ. 

 

The results show that without oil cooling, the lean combustion limit is 

extended, through reduced CO emissions. The trends in CO are in agreement 

with the trends observed by Luff et al. [98], where up to a 5-10% reduction was 

seen in CDC without piston oil gallery cooling. With 40% EGR and 43°C intake 

temperature a similar trend is seen in Figure 81, but the CO emissions 
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temperature findings in Figure 70, where CO emissions reductions were due to 

intake temperature increases, and in Figure 71 where incomplete combustion 

was reduced with increased EGR. 

Interestingly, without oil cooling, HC was found to exhibit no meaningful 

overall trend (±~100 PPM). This suggests that for a given combustion process, 

HC emission are generally from sources that are independent of EGR,  intake 

temperature, and intake pressure (with fixed load and combustion timing, as in 

the figure). Based on this, the incomplete combustion decreases without piston 

oil gallery cooling are predominantly due to decreased CO emissions, particularly 

at very lean conditions. 

 Previous CDC piston oil galley cooling studies suggested that NOX 

emissions may increase when the oil gallery cooling jet was turned off [98]. 

However, in the present study this was not observed. The use of overly lean 

charges reduces the NOX emissions formation processes, even with fuel-borne 

NOX in the DI fuel (3% EHN). Similar low NOX results with EHN were seen in 

mixing controlled LTC by Ikes et al. [71], and in RCCI by Hanson et al. [136] and 

Kaddatz et al. [144]. In the present study, the NOX emission trends are shown in 

Figure 82. It is observed that with or without EGR, the NOX emissions without 

cooling were quite similar, with EGR operation tending to have lower NOX. Of 

course, EGR is commonly used to reduce NOX formation in CDC. 
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Figure 82 NOX emissions as a function of charge dilution with or without EGR and with and 
without the use of the piston oil cooling jet. With lean operation and EGR, NOX emissions with 

EHN/gasoline were below EPA 2010 regulations in-cylinder. 

 

Figure 82 depicts that lean EGR operation enabled EPA 2010 NOX limits 

to be met in-cylinder. Lastly, Figure 83 shows that EPA 2010 PM emissions were 

also met, with near zero levels recorded at all data points (AVL 415S smoke 

meter used, as discussed in Chapter 4). 
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Figure 83 AVL 415S smoke emissions for EHN gasoline/gasoline RCCI. For all conditions near 
zero smoke was observed, suggesting that fuel-liner impingement was minimal. 

 

 The above emissions trends show that in relatively light load RCCI 

combustion, operating without piston oil gallery cooling has the potential to 

decrease incomplete combustion, with no significant change in NOX or PM 

emissions. Furthermore, the low emissions advantages of RCCI are retained 

without oil gallery cooling. To examine some of the operational and efficiency 

differences select cases will be analyzed.  
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5.4.2.2 Piston Oil Gallery Cooling Efficiency Analysis   

 

To investigate the effects of piston oil cooling on RCCI engine efficiency, a case 

with and without EGR and with and without oil gallery cooling was selected, for a 

total of four cases. The heat release, cylinder pressure, and bulk gas 

temperature profiles will be presented in the following sub section, along with key 

performance and operating metrics.  

5.4.2.2.1 Efficiency with 0% EGR 

 

To reduce knocking tendency, and to improve the operational window for 

operation without EGR, very cold intake temperatures were used. Intake 

temperatures of 20°C were used for a majority of the tests, with acceptable levels 

of combustion efficiency for most conditions. Some tests with temperatures as 

high as 32°C were conducted without EGR, but the fuel efficiency was not 

observed to substantially increase, and the operational window collapsed, similar 

to that observed in the Φ-T matrix tests in sections 5.2.3-5.2.5.    

 Representative high efficiency cases with 0% EGR and with and without 

piston oil cooling are presented in Figure 84, with performance in Table 37 and 

Table 38. Without EGR, similar fuel reactivates (fuel splits) were required at a 

matched phasing condition, suggesting that with the fuels used, piston oil cooling 

has a minimal effect on combustion phasing in high oxygen content and dilute 

conditions. The specific operating conditions for the cases are presented in Table 

37, using the injection strategy described in Table 36, and detailed results of the 

conditions are in Table A. 10 and Table A. 11. 
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Table 37 Performance metrics of 0% EGR operation with and without oil gallery cooling 

 

Piston Oil Cooling NO YES

Data point 43 10

RPM 1300 1300

IMEPg (bar) 6.70276 6.70224

IMEPn (bar) 6.21652 6.22988

BMEP_CF (bar) 5.02853 5.05009

FMEP_CF (bar) 1.18799 1.17979

CA50 (ATDC) 0.82835 1.14457

EGR % 0 0

PFI Fraction (E85) 0.78575 0.78453

DI Fraction (EHN gas) 0.21425 0.21547

Peak PRR (bar/deg) 9.64366 8.57514

P Intake (bar) 1.36532 1.36832

P Exhaust (bar) 1.53762 1.5647

T Intake (C) 20.08635 19.46011

Turbo Eff 0.68042 0.64305

Vol Eff 0.90847 0.92202

Comb Eff 0.95521 0.94861

HC (ppm) 909.9102 1006.03

NOx (ppm) 61.87919 57.28229

CO2ex (ppm) 35664.31 34785.71

CO2in (ppm) 15.12609 17.27776

CO (ppm) 1745.374 2029.475

HC (g/ikW-hr) 4.64599 5.2619

NOx (g/ikW-hr) 0.7638 0.72467

CO2ex (g/ikW-hr) 421.1737 421.0337

CO2in (g/ikW-hr) 0.17863 0.20912

CO (g/ikW-hr) 13.1183 15.63369

PM (g/ikW-hr) 0.00395 0.00358

Air Flow (kg/min) 2.33806 2.38325

AFR mass 40.40861 40.73879

AFR carbon 40.26571 40.78163

AFR Average 40.33716 40.76021

AFR Stoich 10.76684 10.77243

Phi mass 0.26645 0.26443

Phi carbon 0.26739 0.26415

Phi Lambda meter 0.26734 0.26545

Phi Average 0.26692 0.26429
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Figure 84 Cylinder pressure, temperature, and AHRR of 0% EGR RCCI with (black) and without 
(red) piston oil gallery cooling. Note, pressure and corresponding temperature traces are 

unfiltered. The IVC temperature of the cases were 314 K and 321 K for operation with and without 
oil cooling respectively. 
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efficiency (VE) without cooling). Similar trends have been demonstrated by 

Primus [77] with thermal barrier coating CDC operation.  

The results show that operation with the uncooled piston resulted in 

marginally shorter heat release. The performance of these cases is shown in 

Table 38. 

 

Table 38 Efficiencies for operation in Figure 84 

 

 

The data demonstrate that at operation with matched heat release, the efficiency 

of operation without piston oil gallery cooling is higher than with oil cooling.  

5.4.2.2.2 Efficiency with 40% EGR 

 

A similar comparison was performed with EGR operation. As discussed 

previously in this chapter, EGR has a dominant effect on the combustion 

process. The conditions compared are given in Table 39, where the cylinder 

pressure, temperature and AHRR traces are plotted in Figure 85. The cases 

were operated using the injection strategy described in Table 36, and detailed 

results of the conditions are in Appendix A, Table A. 12 and Table A. 13.   

Piston Oil Cooling NO YES

Data point 43 10

GTE (AFR average) (%) 57.2 56.6

NTE (AFR average) (%) 53.0 52.6

BTE (AFRAverage) (%) 42.9 42.7



 177 

Table 39 Performance metrics of EGR operation with and without oil gallery cooling 

 

Piston Oil Cooling NO YES

Data point 83 61

RPM 1300 1300

IMEPg (bar) 6.837014 6.77989

IMEPn (bar) 6.350036 6.28839

BMEP_CF (bar) 5.113968 5.092045

FMEP_CF (bar) 1.218711 1.220889

CA50 (ATDC) 0.452028 0.73111

EGR % 41.90999 41.69983

PFI Fraction (E85) 0.849241 0.80525

DI Fraction (EHN gas) 0.150759 0.19475

Peak PRR (bar/deg) 11.26848 10.55442

P Intake (bar) 1.57801 1.57714

P Exhaust (bar) 1.72464 1.72833

T Intake (C) 42.4612 40.672

Turbo Eff 0.721315 0.72321

Vol Eff 0.887079 0.92234

Comb Eff 0.969941 0.96613

HC (ppm) 1059.49 1099.852

NOx (ppm) 41.4307 36.28338

CO2ex (ppm) 58940.17 57702.52

CO2in (ppm) 24927.21 24288.05

CO (ppm) 1727.512 2084.966

HC (g/ikW-hr) 3.381211 3.60574

NOx (g/ikW-hr) 0.310517 0.28504

CO2ex (g/ikW-hr) 422.6377 433.6916

CO2in (g/ikW-hr) 178.7436 182.5488

CO (g/ikW-hr) 7.883875 9.97349

PM (g/ikW-hr) 0.002328 0.00285

Air Flow (kg/min) 1.421673 1.48561

AFR mass 23.91949 24.87472

AFR carbon 24.54533 25.36387

AFR Average 24.23241 25.1193

AFR Stoich 10.47478 10.67715

Phi mass 0.437918 0.42924

Phi carbon 0.426753 0.42096

Phi Lambda meter 0.444603 0.43765

Phi Average 0.432263 0.42506

PHI Charge Average 0.253519 0.25027
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Figure 85 Cylinder pressure, temperature, and AHRR of 40% EGR RCCI operation with (black) 
and without (red) piston oil gallery cooling. Note, pressure and corresponding temperature traces 

are unfiltered. The IVC temperature of the cases were 333 and 347 K for operation with and 
without oil cooling, respectively. 
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seen Figure 85, which becomes more influential. The efficiencies of the cases in 

Figure 85 are given in Table 40. 

 

Table 40 Efficiencies for operation in Figure 85 

 

 

The trends demonstrate that at operation with matched heat release and EGR, 

the efficiency of operation without piston oil gallery cooling is higher than with 

cooling.  

5.4.3 PPRR Effects with Piston Oil Gallery Cooling Modulation  

 

To investigate the effects of temperature, a statistical analysis of the PPRR was 

performed similar to that presented in Figure 77. In that initial comparison, it was 

concluded that the higher dependency of HCCI on intake and in-cylinder 

temperature, led to a higher variability, and the reduced stratification of HCCI led 

to a higher PPRR. In the present results, Figure 86 displays the trends of RCCI 

operation with and without oil cooling. The data used are the cases presented in 

Figure 84 and Figure 85 earlier in this present sub section.   

Piston Oil Cooling NO YES

Data point 83 61

GTE (AFR average) (%) 59.2 57.1

NTE (AFR average) (%) 55.0 53.0

BTE (AFRAverage) (%) 44.3 42.7
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Figure 86 Box plots of PPRR for operation with EGR (left two points) and without EGR (right two 
points). Operation with the piston cooling jet off is in red and with the cooling jet on is in black. 

Conditions without piston oil gallery cooling exhibit higher PPRR values, and demonstrated 
similar temperature dependency to that of HCCI as previously observed. 

 

From the figure it is seen that without piston jet oil cooling, the PPRR is 

higher, and the variability of the data is slightly higher (normal distribution is 

broader). Based on the previous analysis of HCCI and RCCI, this demonstrates 

that without piston oil jet cooling, the charge is more vulnerable to temperature 

variations. That is, the ignition process is likely to rely less on the reactive fuel 

and more on the bulk gas temperature. This is likely as with 0% EGR the reactive 

fuel portions, load and phasing are identical, but the PPRR is not. This trend was 

consistent across the Φ/Φ′ range tested, and is demonstrated in Figure 87. 
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Figure 87 PPRR for tests with (red) and without (black) piston oil cooling. Open markers denote 
0% EGR operation and closed markers denote 40% EGR operation. Generally operation without 

piston oil cooling exhibited higher PPRR for a given Φ′ 

 

In general the present findings of engine operation without piston oil 

cooling suggest that there are reduced incomplete combustion and less engine 

heat transfer loss, which are results of the increased internal surface 

temperatures. The following section investigates the potential interactions that 

this has on engine fuel efficiency. 

5.4.4 Overall GTE Trends With Piston Oil Gallery Cooling Modulation  

 

The overall trends in GTE for cases with and without oil cooling, both with and 

without EGR, are plotted in Figure 88. The whiskers in the figure represent the 
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spread in GTE calculated from the direct mass and AFRC fuel flow rates, with the 

data points representing the average of the two.  

 

 

Figure 88 GTE measurements of high compression ratio RCCI with and without piston oil gallery 
cooling. Data points are the average GTE determined from AFCC and direct mass (AFRMASS); 

whiskers denote the range of GTE determined by the respective AFR approaches.   

 

The results in Figure 88 show that RCCI is capable of achieving extremely 

high thermal efficiencies, approaching the 60% predicted by the GT Power 

simulations in Chapter 3.  
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5.4.4.1 Lean Limit Extension and Efficiency Effects 

 

To examine the reasons for higher efficiency without piston oil cooling, the 

highest efficiency conditions with and without cooling were averaged (conditions 

are listed in Appendix A, Table A. 12 and Table A. 13, data points 46-53,55,64-

67, 69, 70 with oil cooling and data points 83-85, 92-94 without oil cooling). The 

energy budget results are seen in Figure 89.  

 

Figure 89 Energy budget with and without piston oil cooling for 40% EGR operation. The 
combustion efficiency for operation without oil cooling is actually worse that with cooling. 

However, the heat and exhaust losses are much lower, which dominate the efficiency advantage. 

 

The results show that the gross efficiency without piston oil cooling was 

measurably higher. However, the reason for this is not from improved 

combustion efficiency. Interestingly, with EXH+ HX losses are ~1% point lower 
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without piston cooling. The reason for this is presented in Figure 90, which 

demonstrates that at the maximum efficiency point without oil cooling, the charge 

is leaner.  

 

Figure 90 Φ/Φ′ of maximum efficiency operation. Without oil cooling the charge can be further 
leaned without GTE penalty, thereby further reducing heat losses. 

 

The above results demonstrate that without cooling the piston, leaner 

operation is beneficial. To remind the reader, Figure 59 in the Φ-T matrix tests 

demonstrated that leaner Φ operation reduced HX+EHX losses, but at the 

expense of reduced combustion efficiency. The present results demonstrate that 

without piston oil cooling this tradeoff in losses is reduced. For example, when 

the engine was operated with piston oil cooling at the conditions where maximum 

efficiency occurred without cooling (Φ′=.253), the efficiency was reduced, and 

incomplete combustion rose. Figure 91 shows the result of the matched Φ′ 
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Table A. 13, data points 53,59,61,64-66,68 with oil cooling and data points 83-85, 

92-94 without oil cooling). 

 

Figure 91 matched Φ′ operation with and without piston oil cooling. Without oil cooling the losses 
at the lean condition are reduced, increasing efficiency. 

 

The results demonstrate that with piston oil cooling, the leaner conditions do 
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observed that without oil cooling, the volumetric efficiency (VE) of the engine was 

reduced. The impact that this has on efficiency is subtle.  

5.4.5 Volumetric Efficiency Effects of Piston Oil Gallery Cooling Modulation  

 

To better understand the relationships and implications of VE, a more detailed 

investigation was performed. As seen in Table 37 and Table 39, the volumetric 

efficiency (VE) of the engine was reduced without piston oil cooling (~3% 

reduction). Based on the piston and liner temperature measurements of Luff et 

al. [98], it is concluded that the internal engine surface temperatures are higher 

without piston oil cooling. Increased internal surface temperatures would preheat 

the fresh incoming charge and as a result, reduce engine breathing efficiency. 

For example, the result for the cases shown in Figure 85 was that for a similar 

IVC pressure, the IVC temperature was 17°C higher for the case without oil 

cooling. Since the IVC pressures are the same, the result is that trapped mass 

(Φ) decreases correspondingly. 

Based on the previous Φ-T matrix test results, a reduced trapped mass 

would not indicate more efficient engine operation, and it could actually imply 

lower engine efficiency. For example, Figure 92 demonstrates that with the 

14.88:1 Cr piston fueled with 3% EHN + 91 PON gasoline/E85, the peak engine 

efficiency conditions coincided with the highest VE and lowest HX conditions.  
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Figure 92 GTE plotted versus VE and HX for the 14.88 Cr piston data of Appendix A, Table A. 2. 
Contours of PPRR of 12 bar/°CA or greater are plotted in blue, and combustion efficiencies of 

98% or less are plotted in black. The original Φ-T constraints of 12 bar/°CA and 97% combustion 
efficiency are bolded contours. The results demonstrate that good breathing and low losses are 

critical for high engine efficiency.  

 

From the figure is seen that for a given VE, there is a generally a fixed 

GTE. Only when high levels of heat transfer (HX) are encountered (which 

coincide with high PPRR) or with low combustion efficiency, does this trend 

deviate. This relatively constant GTE as a function of VE demonstrates that 

breathing (i.e., trapped mass) is typically strongly correlated with efficiency. It 

should be noted for reference, that in Figure 92, the highest VE values 

simultaneously occurred with use of the highest E85 fractions (not shown), 

suggesting that improved charge cooling may offer increased efficiency.  
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However, if a reduction in trapped mass occurs from increased internal 

temperatures, this may indicate reduced internal heat losses, as noted in the 

LHR work by Primus et al. [77]. Thus, if losses are reduced, the same trapped 

mass is not required for a given efficiency. Figure 93 demonstrates this trend with 

experiments with and without piston oil cooling. The data for 14.88:1 operation is 

taken from the Φ-T matrix described in Figure 44, and the corresponding data 

can be found in Appendix A, Table A. 2. 

 

Figure 93 GTE versus HX and VE. Note that without piston oil gallery cooling, the lowest VE and 
HX conditions correspond to the lowest HX and associated GTE. Both 18.7 Cr conditions are with 

EGR operation. Note, conditions are with combustion efficiency greater than 95.5%. Data in 
Appendix A, Table A. 2, Table A. 12, and Table A. 13 
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GTE. This reveals the subtle relation between volumetric efficiency and 

increased fuel efficiency without piston oil cooling. To determine the reasons for 

this trend, a similar analysis with PPRR and combustion efficiency limits is 

presented in Figure 94.  

 

 

Figure 94 GTE results with 40% EGR and 18.7 Cr plotted in VE and HX space. Contour lines of 
PPRR of 12 bar/°CA or greater are overlaid in blue, and combustion efficiencies of 98% or less 
are overlaid in black. The original Φ-T constraints of 12 bar/°CA and 97% combustion efficiency 

are bolded contours. The results demonstrate that without piston oil cooling mediocre engine 
breathing exists, but that heat losses and high efficiency are simultaneously achieved. Data in 

Appendix A Table A. 13 

 

Unlike the trends of Figure 92 with piston oil cooling, the contours of GTE 

without piston oil cooling are seen to be strongly affected by PPRR, and less by 

combustion efficiency. Thus, PPRR is of greater concern without oil gallery 
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cooling (note that PPRR was previously shown to indicate larger heat losses, 

HX). At the highest GTE the PPRR is minimal. This indicates that there likely is to 

be reduced internal engine heat transfer, which combined with lower airflow rates 

(reduced VE), offers the opportunity for simultaneous HX and Exhaust loss 

reductions, thus increasing gross thermal efficiency.  

An interesting finding of the presented analysis is that unlike operation 

with piston oil cooling (Figure 92), the PPRR trends of Figure 94 are different. 

That is, PPRR lines without piston oil cooling are roughly horizontal. In operation 

with piston oil cooling, the horizontal PPRR lines coincided with the upper bound 

on GTE (likely due to knock, as previously discussed). A similar effect is likely to 

exist in the present analysis because the PPRR lines only generally coincide with 

GTE. These results suggest that without oil cooling, the operable high efficiency 

area is small, since knock limits high efficiency operation more than incomplete 

combustion. 

As mentioned the VE trends of operation without piston gallery oil cooling 

are somewhat different. Typically reduced engine VE suggests that pumping 

losses will be high, as engine air exchange is more laborious. Increased pumping 

is encountered at lean conditions and with reduced VE. However, Figure 95 

demonstrates the required overall turbocharger efficiency for cases with and 

without piston oil gallery cooling is indistinguishable. This is a result of the 

combination of VE and exhaust temperatures, as without oil gallery cooling, the 

reduced exhaust losses do not result in increased pumping work, as the mass 

flow rate of fresh charge is correspondingly reduced. 
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Figure 95 Simulated required overall turbocharger efficiency for the tested conditions. The 
simulated conditions are optimistic. Data in Appendix A Table A. 13 
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Based on the trends in the combustion and HX loss results of this chapter, it is of 
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Figure 96 Combustion and heat transfer losses as function of Φ without piston oil cooling and 
with 40% EGR. Note that as the charge approaches the richer air based Φ, incomplete 

combustion increase, suggesting overly rich areas. Data in Appendix A Table A. 13 

 

From the figure it is seen that heat transfer has a much more coupled 

relationship with trapped mass (indicated by the equivalence ratios) than 

combustion efficiency. The results in the figure are with 43% EGR and no piston 

oil cooling, and the operating conditions are indicated in Appendix A Table A. 13. 
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tradeoff in combustion efficiency and heat transfer occurs with trapped mass (i.e., 

Φ), in the vicinity of the lean limit.  

Based on the experimental results of this chapter, it is useful to revisit the 

GT Power simulation for both support of the experimental findings, and also to 

determine the efficiency cycle limits. This is done in the next chapter. 

  



 194 

CHAPTER 6 Discussion, Maximum Cycle Efficiency Limits 

 

In Chapter 3, GT Power was used to investigate conditions for improving engine 

efficiency. The preliminary study varied compression ratio, intake pressure, heat 

transfer, and combustion efficiency. The results suggested that a higher 

compression ratio, in combination with reduced heat transfer and increased 

combustion efficiency could enable gross indicated thermal efficiencies reaching 

close to 60%. Using these simulation results as a pathway, the experiments 

verified whether the simulation’s suggested operating conditions were of merit. 

The measurements suggested that the GT Power model was a useful predictive 

tool, as measurements near the 60% target were achieved. Therefore it is of 

interest to revisit the GT Power to compare the measured results with simulation 

predictions, and to use the simulation tool to explore the pragmatic maximum 

efficiency possible with RCCI.  

 Simulations were conducted using the experimental inputs of Table 41 for 

the initial conditions. Although not shown in the table, the experimental AHRR of 

cases 61 and 63 (see Figure 85) was also input into the simulations.  

Table 41 Inputs for GT Power simulations of high efficiency operation 

Oil 
Matrix 
Point 

Piston 
Oil 
Cooling 

T 
IVC 
(K) 

P 
IVC 
(bar) 

P Int. 
(bar) 

T 
Int. 
(K) 

P 
Exh. 
(bar) 

T 
Exh. 
(K) 

Fuel 
Energy
**** 
(MJ/kg) 

Fuel 
Mass†††† 
(mg/cyc) 

61 YES 33
3 

1.69 1.58 316 1.73 515 31.96 91.0 

83 NO 34
7 

1.69 1.58 316 1.72 517 30.06 90.3 

 

                                            

****
 Average of AFRmass and AFRC based fuel energy used in simulation 

††††
 Average of AFRmass and AFRC based fuel mass used in simulation 
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Based on the experimental results of Luff et al. [98] (see Figure 22 and Figure 

23) in simulations without piston oil cooling, the modeled piston surface 

temperature was increased by 50°C and the liner temperature was increased by 

5°C (550 vs. 500, and 405 vs. 400 K, respectively). 

 Using these inputs two series of simulations were performed. The first 

investigated the effects of operation with and without oil cooling. The second set 

of simulations assumed adiabatic operation with 100% combustion efficiency. It 

should be noted that the latter set represents the maximum cycle efficiency, and 

not the maximum theoretical efficiency of combustion, as that is defined from the 

thermodynamics of the combustion process alone, not the thermodynamics of 

the engine cycle.  

6.1 Simulation Results and Model Validation with Experiments 

 

In Chapter 3 it was suggested that the simulation convection coefficient (GT 

Power WoschniHuber correlation selected in simulation) needed to be tuned to 

0.4 to match experimental results with the 14.88:1 Cr piston. It was also 

suggested if the convective coefficient was reduced to 0.2 from 0.4, 60% gross 

efficiency may be achievable. The previous chapter investigated the potential 

that eliminating the piston oil cooling may have on achieving reduced heat loss.  

As stated in Chapter 4, compared to the 14.88:1 Cr piston, the 18.7:1 

piston has a 1.2% reduction in TDC surface area, and was hand buffed to reduce 

surface area from machining roughness. The combination of these effects may 

reduce heat losses through the piston. The simulation results are presented in 
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Table 42. The data shows that when the convective coefficient was 0.4 (matched 

14.88:1 Cr piston with oil cooling on), the expansion pressure with the higher 

compression ratio 18.7:1 Cr piston with the oil cooling off, was under predicted. 

The results in Table 42 show that the expansion pressure was under predicted 

by ~0.5 bar at the given condition. However when the convection coefficient was 

reduced to 0.2, the measured performance and cylinder pressure were matched 

with very good agreement, as shown in Figure 97.  

 

Figure 97 GT Power convection coefficient tuning for 18.7:1 Cr RCCI. With piston oil gallery 
cooling, the model convection coefficient needed to be reduced to 0.2 
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Table 42 Operating and efficiency parameters from the experiment without piston oil cooling and 
GT Power with various convection coefficients. 

 GTE IMEPg NTE IMEPn BTE BMEP 

 (%) (bar) (%) (bar) (%) (bar) 

EXP (pt. 83) 59.1 6.82 55.0 6.27 43.7 5.11 

GT Power  
HX =0.2 

58.8 6.79 54.9 6.25 45.0 5.14 

GT Power  
HX =0.4 

56.7 6.47 52.8 6.02 43.0 4.91 

 

Based on these findings it is seen that for the case without oil cooling, 

heat loss was reduced as compared to previous results. However, it is unclear 

whether the effect is due to the reduced piston surface area, or to the increase in 

surface temperature, or a combination of both. To investigate this, operation with 

oil cooling was also modeled. The results in Figure 98 and Table 43 demonstrate 

that with piston oil cooling, there are additional in-cylinder heat losses. These 

simulation results support the findings of the previous chapter, where operation 

without piston oil cooling yielded higher efficiency, and reduced heat loss.  
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Figure 98 Comparison of convection coefficients for operation with piston oil cooling, and 18.7:1 
Cr. The results suggest that the reduced surface area and smooth surface finish of the high 

compression ratio piston may in-and-of-itself reduce heat transfer somewhat as compared to the 
14.88:1 bathtub profile, which required a convection coefficient of 0.4. 

 

Table 43 Operating and efficiency parameters from the experiment with piston oil cooling and GT 
Power with various convection coefficients. 

 GTE IMEPg NTE IMEPn BTE BMEP 

 (%) (bar) (%) (bar) (%) (bar) 

EXP (pt. 
61) 

57.2 6.78 53.0 6.29 42.2 5.06 

GT Power 
HX =0.3 

57.1 6.75 53.2 6.29 43.7 5.17 

GT Power 
HX =0.2 

58.1 6.87 54.3 6.42 44.8 5.3 

 

The presented results provide a baseline for setting model constants for 

operation with the high compression ratio piston with and without piston oil 

cooling. 
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6.2 Simulation with Adiabatic and 100% Combustion Efficiency Operation 

 

The simulation was used to determine the maximum possible cycle efficiency. 

For the maximum cycle efficiency simulations, 100% combustion efficiency was 

assumed and the heat transfer coefficient was set to zero, simulating adiabatic 

operation. Both the cases with and without oil cooling were modeled, but only to 

demonstrate the difference in performance relative to the measured condition. 

Results for operation with the cooling jet off are shown in Figure 99 and Table 44, 

where results with cooling on are shown in Figure 100 and Table 45. It should be 

noted that since all losses that contribute to gross efficiency were set to zero 

(except for exhaust losses), the predicted gross efficiency should be the same. 

However, the trapped mass and intake pressure of the two modeled cases, are 

slightly different from one another, resulting in slightly different gross efficiency 

(0.1% GTE). For each condition, the measured results are presented in black 

and the simulation results are presented in magenta. 
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Figure 99 Experimental operation without piston oil gallery cooling (black) and GT Power 
simulation of matched initial condition operation with 100% combustion efficiency and adiabatic 

operation (dashed magenta). The results demonstrate that very lean RCCI operation without 
piston oil cooling is nearly adiabatic 

 

Table 44 Operating and efficiency parameters from the experiment without piston oil cooling and 
GT Power with adiabatic 100% combustion efficiency operation assumed. 

 GTE IMEPg NTE IMEPn BTE BMEP 

 (%) (bar) (%) (bar) (%) (bar) 

EXP (pt. 83) 59.1 6.82 55.0 6.27 43.7 5.11 

GT Power 
HX =0 
100% comb. η 

62.4 7.12 58.5 6.85 48.6 5.55 

 

Based on the values in Table 46, when RCCI was operated without oil 

cooling, the measurements yielded ~95% of the maximum cycle gross efficiency 

predicted by GT Power (adiabatic, and 100% combustion efficiency). However, 

the measured (correlated) brake efficiency is predicted to be only 90% of the 
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simulated maximum predicted by GT Power (FMEP is equal for both due to equal 

peak pressure (PP) and FMEP correlation). Thus, the discrepancy is not from a 

difference in friction, but results from the fact that under adiabatic operation the 

expansion pressure increases disproportionally more than peak pressures, 

enabling additional brake work to be extracted. This also suggests that to 

achieve adiabatic operation the liner material and temperature may play an 

important role. The simulations suggest that from cylinder pressure alone, 

reduced engine heat loss improves brake efficiency more than gross efficiency. 

Similar findings were presented by Takahashi et al. [145], where it was shown 

through CFD and single cylinder experiments that piston liner temperature and 

material are important factors in determining engine heat loss, and for increasing 

engine efficiency. 

Although the simulations suggest that brake efficiency increases with 

adiabatic operation, it should be noted that the possibility of additional brake 

efficiency benefits with LHR are ambiguous. In the measurements there were 

increased exhaust temperatures, which would be expected to reduce PMEP. 

However, as demonstrated in Figure 93 of Chapter 5, when the engine rejects 

less heat, the VE typically decreases, reducing airflow. Thus, even with higher 

exhaust temperatures there is uncertainty in predicting exhaust losses, as there 

is the potential that with LHR they may actually decrease. These counterintuitive 

relations result in brake efficiency estimates being somewhat suspect when using 

a cycle simulation tool such as GT Power. However, regardless of the relative 



 202 

estimated improvement, the experiments showed an improvement in all metrics 

of efficiency with the piston oil cooling jet off, as seen in Figure 99 and Table 44.  

When comparing the maximum cycle efficiency results to operation with oil 

cooling, a larger difference in performance was observed. This supports the 

previous conclusion that there is reduced heat transfer without piston oil cooling. 

When operated adiabatically, there is notably higher expansion pressure, and 

thus performance. Figure 100 and Table 45 demonstrate the observed trends. 

  

 

Figure 100 Experimental operation with piston oil gallery cooling (black) and GT Power simulation 
of matched initial condition operation with 100% combustion efficiency and adiabatic operation 

(dashed magenta). The results demonstrate that very lean RCCI operation with piston oil cooling 
is not quite as close to adiabatic as operation without piston oil gallery cooling. This is seen by the 

increased difference in expansion pressure of the above case. 

 

-40 -30 -20 -10 0 10 20 30 40
-15

0

15

30

45

60

75

90

105

120

135

150

 EXP, Squirter on, Oil Matrix Point 61

 GTPower, HX=0, 100% comb.

P
re

s
s
u

re
 (

b
a

r)

Crank Angle (CA ATDC)

0

150

300

450

600

750

E85/3% EHN+91 PON RCCI

42C intake, 42% EGR, 

6.3 bar IMEPn

 A
H

R
R

 (
J

/
 C

A
)



 203 

Table 45 Key operating and efficiency parameters from the experiment with piston oil cooling and 
GT Power with adiabatic 100% combustion efficiency operation assumed. 

 GTE IMEPg NTE IMEPn BTE BMEP 

 (%) (bar) (%) (bar) (%) (bar) 

EXP (pt. 61) 57.2 6.78 53.0 6.29 42.2 5.06 

GT Power 
HX =0 
100% comb. η 

62.3 7.37 58.5 6.92 49.0 5.79 

 

Using a similar relative analysis to that of operation with piston oil jet cooling, 

RCCI with piston oil cooling achieved 92% of cycle maximum predicted by GT 

Power. Therefore, it is concluded that at a relatively low load, RCCI operation 

without piston oil cooling offers a potential additional 2% improvement in 

efficiency (or ~3% relative to the cycle maximum).  

The present modeled cases were simulated with 43% EGR. The 

experiments demonstrated that operation with EGR reduced incomplete 

combustion by ~50% (increased combustion efficiency). Based on the simulation 

guidance in Chapter 3, a simultaneous 50% reduction in heat transfer and 

incomplete combustion was required to achieve 60% GTE. However, in those 

simulations it was assumed that air would be the only diluent. To reduce the 

onset of knock (i.e., pressure oscillations) and increase combustion efficiency, 

EGR was used. This not only affects the combustion event, but also the cycle 

thermodynamics. Specifically EGR reduces the ratio of specific heats (γ). Thus, it 

is of merit to investigate the thermodynamic penalty of operating with EGR, as a 

means to verify if the decrease in incomplete combustion with EGR offsets the 

expansion pressure penalty of its usage. 

6.3 Cylinder Gas Composition Effects on Efficiency 
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If it can be assumed that EGR is not required to increase combustion efficiency 

and prevent knocking, the ratio of specific heats (γu/γb) would be more favorable 

for increasing efficiency. As mentioned in Chapter 2, comprehensive 

computational study of this was performed by Lavoie et al. [58]. Again, the 

assumption that EGR is not required is only valid if the same heat release 

behavior can be achieved with it. This may require changes to temperature, fuel 

properties/chemistry, or other operational conditions, as demonstrated in Chapter 

5. However, under the assumption that these conditions could be achieved, the 

following results were predicted by GT Power to demonstrate the calculated 

improvement in efficiency as compared to experimental results (using EGR).  

Predictions without piston oil cooling were made, as they achieved the 

highest measured and simulated efficiencies. The GT Power results of matched 

operation, but without EGR are presented the Figure 101 and Table 46.  

 



 205 

 

Figure 101 Experimental operation without piston oil gallery cooling (black) and GT Power 
simulation of matched initial conditions, combustion efficiency, and expansion pressure (red), and 

GT Power simulations with 0% EGR assumed with matched conditions (cyan). The results 
demonstrate that if 0% EGR could be used with matched AHRR and combustion efficiency, 

greater expansion work and thus efficiency could be realized. 

 

Table 46 Operating and efficiency parameters from the experiment and GT Power simulations. 
GT Power simulations with air demonstrates higher efficiency potential than with EGR (assuming 

that matched combustion efficiency and AHRR are possible) 

 GTE IMEPg NTE IMEPn BTE BMEP 

 (%) (bar) (%) (bar) (%) (bar) 

EXP (pt. 83) 59.1 6.82 55.0 6.27 43.7 5.11 

GT Power  
HX =0.2 

58.8 6.79 54.9 6.25 45.0 5.14 

GT Power  
HX =0.2 
0% EGR 

59.3 6.76 55.3 6.31 45.5 5.18 

 

These results assume that similar heat losses exist to those of the 

experimental cases with EGR. However, operation without EGR may change the 

heat transfer of the engine, as the specific heat of EGR gases is higher than air. 
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In practice this tends to reduce in-cylinder temperatures, potentially reducing 

heat transfer. In the table it is seen that using EGR reduces the theoretical 

efficiency by ~0.5%. Therefore, if the combustion efficiency is not increased by at 

least 1% point (assuming 50% GTE) or the heat transfer is not reduced to impact 

GTE by 0.5%, there is no efficiency-based reason to use EGR. In the 

experiments the combustion efficiency without EGR was ~95-96%, and with EGR 

it was ~97-98%, which indicates that even though EGR reduces the 

thermodynamic efficiency limit of the cycle, it offers greater combustion efficiency 

benefits, netting higher cycle efficiency.  

In the limit of adiabatic 100% combustion efficiency operation, the 

combustion product (i.e., unburned fuel) recycling benefits of EGR are not 

realized. Thus, only the thermodynamic benefits of the more favorable gamma 

ratio of air are observed. In this configuration the cycle pressure and 

performance are seen in Figure 102 and Table 47.  
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Figure 102 Experimental operation without piston oil gallery cooling (black) and GT Power 
simulation of matched initial conditions, but with 100% combustion efficiency and adiabatic 

operation (magenta), and GT Power simulations with 0% EGR and assumed adiabatic 100% 
combustion efficiency operation (cyan). The results demonstrate that if 0% EGR and no losses 

even greater expansion work and thus efficiency could be realized. 

 

Table 47 Operating and efficiency parameters from the experiment and adiabatic 100% 
combustion efficiency GT Power simulations. GT Power simulations with air demonstrates higher 

efficiency potential than with EGR. 

 GTE IMEPg NTE IMEPn BTE BMEP 

 (%) (bar) (%) (bar) (%) (bar) 

EXP (pt. 83) 59.1 6.82 55.0 6.27 43.7 5.11 

GT Power 
HX =0 
100% comb. η 

62.4 7.12 58.5 6.67 48.6 5.55 

GT Power 
HX =0 
100% comb. η 
0% EGR 

63.1 7.19 59.1 6.75 49.2 5.61 
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6.4 Combustion Duration Effects on Efficiency 

 

The effects of combustion duration can be examined by assuming instantaneous 

TDC combustion (0.1°CA combustion duration). When operated with air this is 

the assumption made in Otto cycle (air standard) analysis. This combustion 

profile was simulated in GT Power using the same initial conditions as for the 

previous simulations of oil Matrix point 83 (i.e., no piston oil cooling, 43% EGR, 

42°C intake pressure), except 0% EGR was used for the Otto cycle operation. 

The results are shown in Figure 103, where the Otto cycle results are indicated in 

orange. 

 

Figure 103 Experimental operation without piston oil gallery cooling (black), GT Power 
simulations with 0% EGR and assumed adiabatic 100% combustion efficiency operation (cyan), 

and GT Power simulation of the Otto cycle (air standard) (orange). The results demonstrate that if 
0% EGR and no losses even greater expansion work and thus efficiency could be realized.  
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Table 48 Operating and efficiency parameters from the experiment, adiabatic 100% combustion 
efficiency GT Power simulations with air, and GT Power Otto cycle (air standard) simulation.  

 

 GTE IMEPg NTE IMEPn BTE BMEP 

 (%) (bar) (%) (bar) (%) (bar) 

EXP (pt. 83) 59.1 6.82 55.0 6.27 43.7 5.11 

GT Power 
HX =0 
100% comb. η 
0% EGR 

63.1 7.19 59.1 6.75 49.2 5.61 

GT Power 
Otto Cycle 

63.2 7.21 59.3 6.77 49.0 5.58 

 

From these results it is seen that in the limit of adiabatic, 100% combustion 

efficiency operation, using fresh air raises the maximum theoretical cycle 

efficiency by ~0.7% absolute percentage points (~1% relative), and an additional 

0.1% if the Otto cycle is assumed. These results suggest that the maximum 

gross efficiency potential is approximately 63%. The present RCCI experiments 

using EGR described in Chapter 5have demonstrated that engine operation can 

be realized within 94% of this limit (59.1% GTE).  

Overall the GT Power predictions and measurements of efficiencies and 

MEP are in good agreement. The trends suggest that extremely high gross 

efficiencies are possible with RCCI, and that with the piston oil cooling jet off, 

there is reduced engine heat transfer and higher efficiency. In Chapter 3 GT 

Power was used as a predictive tool for determining a pathway to 60% GTE. The 

results of the present and previous Chapters confirm that RCCI is an extremely 

efficient combustion process, whereby with proper geometry and conditions, near 

maximum theoretical efficiency can be achieved. 
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6.4 Turbocharger Effects on Efficiencies 

 

Throughout this experimental and simulation campaign the assumption of 

65-75% overall turbocharger efficiency was used, based on the findings of Millam 

[6]. However, other researchers such as Chadwell et al. [16], have suggested 

that in LTC these turbocharger efficiencies may not be currently practical. The 

present section explores the affect that turbocharger efficiency has on 

efficiencies. 

 In GT Power five cases were simulated. The cases are based on oil matrix 

point 83 as a base condition (case # 1, Table 49), but all assume 0% EGR. The 

initial conditions of intake and exhaust surge tank pressure were altered to alter 

the turbocharger efficiency as calculated from equation 8. Additionally, the 

maximum cycle efficiency case with air and adiabatic 100% combustion 

efficiency assumed was added (as shown in Table 47 and Figure 102, Case #5 

in Table 49). 

 

Table 49 to GT Power overall turbocharger efficiency simulation input modifications to Table 41 to 
oil matrix data point 83 

CASE# 1 2 3 4 5 

Turbo eff. (%) 73 57 100 94 73 

Combustion 
efficiency (%) 

98 98 98 98 100 

Convection coeff. (-) 0.2 0.2 .2 0.2 0 

Back pressure (bar) 1.72 1.92 1.52 1.72 1.72 

Intake pressure 
(bar) 

1.58 1.58 1.58 1.78 1.58 

EGR % 0 0 0 0 0 

AHRR (J/°CA) Exp. Oil  
pt. 83 

Exp. Oil  
pt. 83 

Exp. Oil  
pt. 83 

Exp. Oil  
pt. 83 

Exp. Oil  
pt. 83 
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Based on these conditions the GTE and NTE were determined. The 

simulation results of GTE are shown in Figure 104.  

 

 

Figure 104 GTE and NTE for cases 1-5 of Table 49 

 

The results show that only NTE is affected by overall turbo charger efficiency, 

and that GTE is affected by intake pressure (Φ) (case 4) or reductions in losses 

(HX and combustion eff., case 5). Also, the NTE remains approximately equal in 

cases 3 and 4 while the GTE does not (case 3 and 4 both assume ~100% overall 

turbocharger efficiency, case 4 has increased intake pressure). Based on these 

findings, if higher or lower turbocharger efficiency is assumed to set exhaust 
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backpressure conditions (as explained in Chapter 4), there is no difference to 

GTE, but the NTE follows overall turbocharger efficiency. 
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CHAPTER 7 Conclusions and Suggestions for Future Research 

 

7.1 Study Findings and Conclusions 

 

This research has focused on improving the understanding of sources of engine 

inefficiency. Experimental measurements coupled with zero-dimensional engine 

cycle simulations were used. RCCI was used since it offers very high efficiency 

potential. Initially, cycle simulations were used to explore engine cycle conditions 

that may increase engine efficiency. The goal was to demonstrate 60% GTE in a 

typical HD on-road platform engine. The simulations were initially tuned to match 

existing experimental data. Then the code was used to explore conditions that 

may offer increased efficiency. The results suggested that to achieve the goal of 

60% GTE, lean operation with a high compression ratio was required. 

Simultaneously, 50% reductions in incomplete combustion and heat transfer 

were also required.  

 Based on the simulation results an experimental campaign was conducted 

to determine the possibility of simultaneously reducing incomplete combustion 

and heat transfer. The study found that HC emissions were a function of piston 

crevice and squish geometry, and CO emissions were sensitive to local 

equivalence ratio. Moreover, CO losses were observed to increase at the lean 

conditions suggested for high efficiency operation by the simulations. It was 

found that an optimized injection strategy and intake temperature together with 

fuel reactivity trimming could be used to reduce CO related efficiency losses. 
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 To determine if simultaneous heat transfer loss reductions were possible, 

a matrix of conditions with varied Φ (.26-.5) and intake temperatures (32 -66°C) 

was formulated and tested. The conditions used fixed engine load and speed 

(1300 rev/min, 8.45 bar IMEPn, CA 50 of 0.5°CA ATDC). It was found that the 

trapped mass had a dominant effect on heat transfer and incomplete combustion, 

where for simultaneous reductions, constant PPRR operation through intake 

pressure and temperature modulation was required. It was found that by 

maintaining lean conditions with sufficient fully premixed fuel, simultaneous 

reductions in heat transfer and incomplete combustion could be achieved.  

It was found that the use of EGR increases the operable window of RCCI, 

and was found to offer improved combustion efficiency.  Operation with high 

PPRR was observed to increase heat transfer and incomplete combustion. It was 

observed that details of the charge preparation strategy were critical for reducing 

heat transfer losses. Fully premixed HCCI operation was found to be knock 

limited, reducing efficiency. Through proper charge preparation, RCCI was found 

to generally offer more advanced high efficiency, knock free, combustion phasing 

simultaneously and at higher loads. 

The combined effects were adopted with an 18.7:1 compression ratio 

minimized surface are piston design in the experimental tests, as suggested by 

the initial computational study. Experiments with and without piston oil gallery 

cooling was conducted, and it was found that the use of piston oil gallery cooling 

hinders RCCI efficiency. Without cooling, the lean limit could be extended, and 

the indicated efficiency generally increased at all tested conditions. Gross 
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efficiencies in excess of 59% were measured, with corresponding near zero 

levels of NOX and PM. Finally, the experimental results were simulated in the 

zero-dimensional code, and were found to represent efficiencies as high as 95% 

of the theoretical cycle limit that would be reached with adiabatic, 100% 

combustion efficiency operation (air standard Otto cycle). The results show that 

with optimized combustion management and thermodynamic conditions, 60% 

gross engine efficiencies are possible with RCCI, approaching that of “perfect” 

practical operation. 

7.2 Suggestions for Future Research 

 

The present results show that fuel properties, the combustion process, and 

combustion chamber geometry are critical for achieving high efficiency. Piston oil 

gallery cooling is not required in RCCI at the high efficiency operation point of the 

present study. Investigations of modulated piston oil galley cooling on a multi-

cylinder engine would thus be of interest. The results in Chapter 6 demonstrates 

that RCCI without piston oil cooling is nearly adiabatic, therefore additional 

efficiency gains must be had through incomplete combustion reductions.  

HC emissions were found to be relatively constant, and further 

understanding of HC emissions sources would be beneficial. For instance, 

piston-to-wall clearances and reduced cylinder head crevices should be 

investigated. These were found to be sources of increased HC emissions, which 

hinder the attainment of the maximum possible efficiency. Additionally, speciation 

of engine-out HC emissions with and without piston oil cooling may lead to 
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further understanding of HC sources in RCCI, potentially offering pathways for 

further reductions. 

Furthering the understanding of heat transfer process in RCCI would also 

help determine pathways for further reducing heat transfer losses. Operation with 

the instrumented piston used in [111] would be of merit. Additionally the optical 

cylinder head described in [115], may provide additional heat flux measurement 

locations. For these tests measurements with and without piston oil gallery 

cooling would be of interest. Likewise with this instrumentation, gasoline PCCI 

and HCCI would be useful for comparing losses relative to RCCI. 

Cetane improvers were found to be advantageous to increase the injection 

timing window (see Appendix B), and to some extent to improve combustion 

efficiency. Similar effects may exist with the case of gaseous and other high 

volatility fuels (either direct injected or port injected). These fuels may expand the 

high efficiency and high load window of RCCI significantly, offering low losses. 

The results from the present study should be continued across a wide 

range of loads and speeds, where an improved understanding of RCCI 

efficiency, and potentially more important, control parameters may exist. 

Furthering this work in those areas will be of merit for the technology and engine 

efficiency knowledge as a whole. 
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Appendix A, Data 

Φ-T Matrix Conditions 

 
Figure A. 1 Φ-T test matrix conditions 
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Table A. 1 ULSD / DI E85 PFI, Φ-T Matrix result 

 

 MATRIX POINT 1 2 3 4 5 6 7 8 9

RPM No Data No Data 1300 1300 1300 No Data 1300 1300 1300

IMEPg (bar) ------------ ------------ 9.07932 8.95696 8.97432 ------------ 8.91841 8.82676 8.88272

IMEPn (bar) ------------ ------------ 8.50293 8.433 8.46719 ------------ 8.48247 8.46311 8.51267

BMEP_CF (bar) ------------ ------------ 7.30319 7.27541 7.32582 ------------ 7.38008 7.37325 7.43831

FMEP_CF (bar) ------------ ------------ 1.19974 1.15759 1.14136 ------------ 1.10239 1.08986 1.07436

CA50 (ATDC) ------------ ------------ -0.37221 0.01941 0.18943 ------------ 0.68337 0.20834 0.58446

COV of IMEPg ------------ ------------ 2.49917 2.52835 2.61086 ------------ 2.05248 2.08657 1.81682

COV of PPRR ------------ ------------ 5.88297 6.9565 7.59538 ------------ 10.42 7.57542 6.86163

EGR % ------------ ------------ 0 0 0 ------------ 0 0 0

Fuel 1 ------------ ------------ E85            E85            E85            ------------ E85            E85            E85            

Fuel 2 ------------ ------------ ULSD ULSD ULSD ------------ ULSD ULSD ULSD

Fuel1 Flow (g/s) ------------ ------------ 0.97924 0.92694 0.93117 ------------ 0.92483 0.91914 0.95897

Fuel2 Flow (g/s) ------------ ------------ 0.41702 0.4205 0.42519 ------------ 0.43585 0.45212 0.45057

Fuel1 Fraction ------------ ------------ 0.70133 0.68793 0.68652 ------------ 0.67969 0.67029 0.68034

Fuel2 Fraction ------------ ------------ 0.29867 0.31207 0.31348 ------------ 0.32031 0.32971 0.31966

Fuel Energy (J/cyc) ------------ ------------ 4300.653 4172.229 4202.158 ------------ 4226.842 4275.37 4377.52

Fuel H/C ------------ ------------ 2.37219 2.35714 2.35557 ------------ 2.34798 2.33761 2.3487

Fuel O/C ------------ ------------ 0.23882 0.23283 0.2322 ------------ 0.22918 0.22505 0.22947

Fuel MW/C ------------ ------------ 18.22223 18.11121 18.09963 ------------ 18.0436 17.9672 18.049

RI (MW/m^2) ------------ ------------ 0.95457 1.03143 1.17546 ------------ 1.96714 3.76197 6.38909

Peak HRR (J/deg) ------------ ------------ 295.7225 335.7979 363.4613 ------------ 455.7228 547.736 672.065

Peak PRR (bar/deg) ------------ ------------ 5.30263 5.26049 5.49763 ------------ 6.72501 9.02675 11.3857

PP (bar) ------------ ------------ 130.8801 122.4507 119.2042 ------------ 111.4099 108.903 105.804

LPP (ATDC) ------------ ------------ 4.7 5.3 5.4 ------------ 4.8 4.6 3.9

P Intake (bar) ------------ ------------ 1.91701 1.71273 1.6153 ------------ 1.39817 1.25331 1.14312

P Exhaust (bar) ------------ ------------ 2.1389 1.8997 1.79325 ------------ 1.54614 1.35915 1.26438

T Intake (C) ------------ ------------ 31.93778 35.20813 32.97776 ------------ 33.47857 34.9145 32.5

T Exhaust Tank (C) ------------ ------------ 292.6016 305.6414 318.4606 ------------ 346.1578 361.71 378.932

Gross Therm Eff ------------ ------------ 0.51531 0.52401 0.52128 ------------ 0.51501 0.50393 0.49529

Net Therm Eff ------------ ------------ 0.48259 0.49336 0.49182 ------------ 0.48984 0.48317 0.47466

Brake Therm Eff (CF) ------------ ------------ 0.4145 0.42563 0.42553 ------------ 0.42618 0.42095 0.41475

Turbo Eff ------------ ------------ 0.6608 0.6408 0.62258 ------------ 0.60525 0.71592 0.77903

Vol Eff ------------ ------------ 0.93856 0.94241 0.93693 ------------ 0.93096 0.93162 0.9126

comb loss ------------ ------------ 0.05097 0.03465 0.02943 ------------ 0.01841 0.0166 0.01518

Comb Eff ------------ ------------ 0.94903 0.96535 0.97057 ------------ 0.98159 0.9834 0.98482

Exhaust Loss ------------ ------------ 0.33097 0.31431 0.31084 ------------ 0.29046 0.26796 0.24962

Pumping Loss ------------ ------------ 0.03271 0.03065 0.02946 ------------ 0.02517 0.02076 0.02063

Heat Transfer Loss ------------ ------------ 0.10276 0.12703 0.13844 ------------ 0.17612 0.2115 0.2399

HC (ppm) ------------ ------------ 540.2619 667.4575 723.9909 ------------ 702.442 762.083 763.679

NOx (ppm) ------------ ------------ 85.94303 161.7597 239.2862 ------------ 591.3412 1027.26 1272.71

CO2ex (ppm) ------------ ------------ 37512.6 42723.53 45644.14 ------------ 54539.46 61864.1 71178.5

CO2in (ppm) ------------ ------------ 293.5982 326.4499 338.1618 ------------ 348.9748 346.799 342.468

CO (ppm) ------------ ------------ 3380.276 1941.985 1471.45 ------------ 705.001 619.687 730.756

PM (mg/m^3) ------------ ------------ 6.3 10.43 11.32 ------------ 15.14 18.39 23.23

HC (g/kg-fuel) ------------ ------------ 13.03146 14.71229 15.12122 ------------ 12.54536 12.039 10.4992

NOx (g/kg-fuel) ------------ ------------ 5.23306 9.05602 12.70163 ------------ 26.92437 41.5475 44.5941

CO2ex (g/kg-fuel) ------------ ------------ 2185.325 2288.378 2318.038 ------------ 2375.81 2393.86 2386.12

CO2in (g/kg-fuel) ------------ ------------ 17.10378 17.48546 17.17355 ------------ 15.2018 13.4196 11.4806

CO (g/kg-fuel) ------------ ------------ 125.3293 66.20156 47.5601 ------------ 19.54575 15.2614 15.5911

PM (g/kg-fuel) ------------ ------------ 0.12627 0.21285 0.22995 ------------ 0.30217 0.35962 0.42577

HC (g/ikW-hr) ------------ ------------ 2.72837 3.01317 3.11141 ------------ 2.60583 2.54626 2.26821

NOx (g/ikW-hr) ------------ ------------ 1.09564 1.85473 2.61355 ------------ 5.59254 8.78736 9.63398

CO2ex (g/ikW-hr) ------------ ------------ 457.5371 468.6745 476.9702 ------------ 493.4865 506.305 515.489

CO2in (g/ikW-hr) ------------ ------------ 3.58098 3.58114 3.53371 ------------ 3.15761 2.83826 2.48023

CO (g/ikW-hr) ------------ ------------ 26.23995 13.55851 9.78619 ------------ 4.0599 3.22781 3.36826

PM (g/ikW-hr) ------------ ------------ 0.02644 0.04359 0.04732 ------------ 0.06277 0.07606 0.09198

Air Flow (kg/min) ------------ ------------ 3.25981 2.89337 2.73268 ------------ 2.34642 2.09498 1.8866

AFR mass ------------ ------------ 38.91096 35.78851 33.57849 ------------ 28.7408 25.463 22.3074

AFR carbon ------------ ------------ 38.88574 35.88031 34.07785 ------------ 29.37118 26.1778 22.7739

AFR Average ------------ ------------ 38.89835 35.83441 33.82817 ------------ 29.05599 25.8204 22.5406

AFR Stoich ------------ ------------ 11.1518 11.21432 11.22089 ------------ 11.25277 11.2966 11.2497

Phi mass ------------ ------------ 0.2866 0.31335 0.33417 ------------ 0.39153 0.44365 0.5043

Phi carbon ------------ ------------ 0.28678 0.31255 0.32927 ------------ 0.38312 0.43153 0.49397

GTE emisisons based ------------ ------------ 0.51497 0.52535 0.52903 ------------ 0.52631 0.51808 0.50565

EXH emissions based ------------ ------------ 0.33118 0.31351 0.30629 ------------ 0.28423 0.26065 0.24451

HX emisisons based ------------ ------------ 0.10288 0.12649 0.13525 ------------ 0.17106 0.20467 0.23466
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Table A. 1 ULSD / DI E85 PFI, Φ-T Matrix result Continued 

 

 MATRIX POINT 10 11 12 13 14 15 16 17 18

RPM No Data 1300 1300 1300 1300 No Data 1300 1300 No Data

IMEPg (bar) ------------ 8.99191 9.05039 8.96044 8.98705 ------------ 8.86241 8.87115 ------------

IMEPn (bar) ------------ 8.47373 8.48654 8.45887 8.48326 ------------ 8.40355 8.43063 ------------

BMEP_CF (bar) ------------ 7.25128 7.28946 7.28778 7.32584 ------------ 7.27798 7.31874 ------------

FMEP_CF (bar) ------------ 1.22245 1.19708 1.17109 1.15742 ------------ 1.12557 1.11189 ------------

CA50 (ATDC) ------------ -0.21092 -0.40774 -0.53844 -0.3941 ------------ -0.20805 -0.29837 ------------

COV of IMEPg ------------ 2.44759 2.61388 2.42461 2.19384 ------------ 2.18176 2.10741 ------------

COV of PPRR ------------ 6.96445 7.02243 8.39015 8.15837 ------------ 8.04166 6.75773 ------------

EGR % ------------ 0 0 0 0 ------------ 0 0 ------------

Fuel 1 ------------ E85            E85            E85            E85            ------------ E85            E85            ------------

Fuel 2 ------------ ULSD ULSD ULSD ULSD ------------ ULSD ULSD ------------

Fuel1 Flow (g/s) ------------ 1.03989 1.01889 0.96882 0.96488 ------------ 0.94712 0.98762 ------------

Fuel2 Flow (g/s) ------------ 0.35725 0.38086 0.39038 0.39429 ------------ 0.4075 0.40265 ------------

Fuel1 Fraction ------------ 0.7443 0.72791 0.71278 0.7099 ------------ 0.69918 0.71038 ------------

Fuel2 Fraction ------------ 0.2557 0.27209 0.28722 0.2901 ------------ 0.30082 0.28962 ------------

Fuel Energy (J/cyc) ------------ 4230.321 4266.131 4167.522 4172.201 ------------ 4175.899 4266.85 ------------

Fuel H/C ------------ 2.42171 2.40258 2.3852 2.38191 ------------ 2.36976 2.38246 ------------

Fuel O/C ------------ 0.25853 0.25092 0.244 0.24269 ------------ 0.23785 0.24291 ------------

Fuel MW/C ------------ 18.58757 18.44648 18.31821 18.29397 ------------ 18.20432 18.29801 ------------

RI (MW/m^2) ------------ 0.97547 1.17977 1.49701 1.98795 ------------ 2.90679 5.94226 ------------

Peak HRR (J/deg) ------------ 337.7104 359.323 392.0239 432.9101 ------------ 491.0013 620.8356 ------------

Peak PRR (bar/deg) ------------ 5.46436 5.82832 6.36848 7.18919 ------------ 8.33652 11.53434 ------------

PP (bar) ------------ 135.4214 130.3479 125.1497 122.416 ------------ 116.0467 113.3109 ------------

LPP (ATDC) ------------ 5.2 4.1 4.3 4.5 ------------ 4.2 3.7 ------------

P Intake (bar) ------------ 2.03425 1.86842 1.71626 1.62303 ------------ 1.44372 1.30741 ------------

P Exhaust (bar) ------------ 2.17736 2.0715 1.87971 1.80481 ------------ 1.61021 1.46014 ------------

T Intake (C) ------------ 45.37921 41.58685 44.25308 43.00448 ------------ 42.94123 43.44683 ------------

T Exhaust Tank (C) ------------ 294.4131 298.0965 308.1232 320.3456 ------------ 342.4922 362.4265 ------------

Gross Therm Eff ------------ 0.51883 0.51782 0.5248 0.52577 ------------ 0.51802 0.50748 ------------

Net Therm Eff ------------ 0.48893 0.48556 0.49543 0.4963 ------------ 0.4912 0.48228 ------------

Brake Therm Eff (CF) ------------ 0.4184 0.41707 0.42684 0.42858 ------------ 0.42541 0.41867 ------------

Turbo Eff ------------ 0.71372 0.66161 0.6573 0.61937 ------------ 0.5888 0.57581 ------------

Vol Eff ------------ 0.95779 0.94419 0.9532 0.94496 ------------ 0.94593 0.93028 ------------

comb loss ------------ 0.04984 0.03785 0.02774 0.02108 ------------ 0.0169 0.01558 ------------

Comb Eff ------------ 0.95016 0.96215 0.97226 0.97892 ------------ 0.9831 0.98442 ------------

Exhaust Loss ------------ 0.33473 0.31287 0.30306 0.29922 ------------ 0.28736 0.26616 ------------

Pumping Loss ------------ 0.0299 0.03226 0.02938 0.02947 ------------ 0.02682 0.0252 ------------

Heat Transfer Loss ------------ 0.0966 0.13146 0.14439 0.15393 ------------ 0.17772 0.21078 ------------

HC (ppm) ------------ 624.1037 700.5067 671.3141 615.8786 ------------ 627.1509 715.0727 ------------

NOx (ppm) ------------ 11.93016 76.93106 151.7358 234.6863 ------------ 480.6314 954.3469 ------------

CO2ex (ppm) ------------ 35436.93 39691.45 43339.05 46695.76 ------------ 52955.85 61353.68 ------------

CO2in (ppm) ------------ 350.919 365.0264 361.3132 355.2974 ------------ 358.4794 359.5833 ------------

CO (ppm) ------------ 2835.613 1944.184 1259.561 861.3362 ------------ 621.9946 562.6781 ------------

PM (mg/m^3) ------------ 4.91 8.72 11.32 11.53 ------------ 17.07 18 ------------

HC (g/kg-fuel) ------------ 16.0337 16.53294 14.81762 12.77557 ------------ 11.56154 11.40759 ------------

NOx (g/kg-fuel) ------------ 0.75851 4.52776 8.41038 12.24117 ------------ 22.38923 38.27402 ------------

CO2ex (g/kg-fuel) ------------ 2155.569 2234.975 2298.267 2330.268 ------------ 2360.122 2354.138 ------------

CO2in (g/kg-fuel) ------------ 21.34581 20.55417 19.16041 17.73048 ------------ 15.97661 13.7972 ------------

CO (g/kg-fuel) ------------ 109.7778 69.67464 42.51107 27.35665 ------------ 17.64286 13.74084 ------------

PM (g/kg-fuel) ------------ 0.1011 0.17096 0.22803 0.22914 ------------ 0.33779 0.33791 ------------

HC (g/ikW-hr) ------------ 3.39169 3.48119 3.06005 2.63047 ------------ 2.40588 2.43393 ------------

NOx (g/ikW-hr) ------------ 0.16045 0.95337 1.73686 2.52044 ------------ 4.65906 8.16618 ------------

CO2ex (g/ikW-hr) ------------ 455.979 470.5989 474.6247 479.7989 ------------ 491.1265 502.2808 ------------

CO2in (g/ikW-hr) ------------ 4.51539 4.32791 3.9569 3.65068 ------------ 3.32463 2.94378 ------------

CO (g/ikW-hr) ------------ 23.22188 14.67077 8.77914 5.6327 ------------ 3.67137 2.93176 ------------

PM (g/ikW-hr) ------------ 0.02139 0.036 0.04709 0.04718 ------------ 0.07029 0.0721 ------------

Air Flow (kg/min) ------------ 3.38108 3.09824 2.84894 2.68144 ------------ 2.38814 2.12347 ------------

AFR mass ------------ 40.33336 36.89037 34.93399 32.88074 ------------ 29.38274 25.45635 ------------

AFR carbon ------------ 40.58116 37.66748 35.55687 33.52658 ------------ 30.03418 25.95736 ------------

AFR Average ------------ 40.45726 37.27892 35.24543 33.20366 ------------ 29.70846 25.70686 ------------

AFR Stoich ------------ 10.95133 11.0278 11.09836 11.1118 ------------ 11.16183 11.10956 ------------

Phi mass ------------ 0.27152 0.29893 0.3177 0.33794 ------------ 0.37988 0.43642 ------------

Phi carbon ------------ 0.26986 0.29277 0.31213 0.33143 ------------ 0.37164 0.42799 ------------

GTE emisisons based ------------ 0.52202 0.52873 0.53416 0.5361 ------------ 0.52951 0.51747 ------------

EXH emissions based ------------ 0.33269 0.30642 0.29775 0.29346 ------------ 0.28112 0.26102 ------------

HX emisisons based ------------ 0.09546 0.12701 0.14034 0.14936 ------------ 0.17247 0.20593 ------------
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Table A. 1 ULSD / DI E85 PFI, Φ-T Matrix result Continued 

 

 MATRIX POINT 19 20 21 22 23 24 25 26 27

RPM No Data 1301 1300 1300 1300 1300 1300 No Data No Data

IMEPg (bar) ------------ 9.11463 9.09898 9.03123 9.0631 8.98681 9.01711 ------------------------

IMEPn (bar) ------------ 8.5032 8.51509 8.48483 8.55883 8.51018 8.5402 ------------------------

BMEP_CF (bar) ------------ 7.25313 7.28391 7.27897 7.37004 7.3401 7.3777 ------------------------

FMEP_CF (bar) ------------ 1.25006 1.23117 1.20586 1.1888 1.17009 1.1625 ------------------------

CA50 (ATDC) ------------ -0.36413 -0.52053 -0.14958 0.26889 0.12055 -0.10614 ------------------------

COV of IMEPg ------------ 2.83228 2.51581 2.47127 2.32615 2.34018 2.3626 ------------------------

COV of PPRR ------------ 7.53669 7.23992 7.6578 7.06439 6.66485 6.32832 ------------------------

EGR % ------------ 0 0 0 0 0 0 ------------------------

Fuel 1 ------------ E85            E85            E85            E85            E85            E85            ------------------------

Fuel 2 ------------ ULSD ULSD ULSD ULSD ULSD ULSD ------------------------

Fuel1 Flow (g/s) ------------ 1.10574 1.09544 1.07839 1.08556 1.07231 1.08569 ------------------------

Fuel2 Flow (g/s) ------------ 0.30726 0.31027 0.31101 0.31415 0.32662 0.32671 ------------------------

Fuel1 Fraction ------------ 0.78255 0.77928 0.77615 0.77556 0.76652 0.76868 ------------------------

Fuel2 Fraction ------------ 0.21745 0.22072 0.22385 0.22444 0.23348 0.23132 ------------------------

Fuel Energy (J/cyc) ------------ 4209.354876 4196.428 4153.058 4184.869 4197.921 4234.629 ------------------------

Fuel H/C ------------ 2.46749 2.46351 2.45971 2.459 2.4481 2.4507 ------------------------

Fuel O/C ------------ 0.27676 0.27517 0.27366 0.27338 0.26904 0.27007 ------------------------

Fuel MW/C ------------ 18.92532 18.89594 18.86798 18.86272 18.78228 18.80146 ------------------------

RI (MW/m^2) ------------ 2.00017 2.66666 3.31969 3.84421 4.65471 6.67747 ------------------------

Peak HRR (J/deg) ------------ 429.05761 466.5444 510.1599 552.4918 587.529 660.3221 ------------------------

Peak PRR (bar/deg) ------------ 7.92208 8.94559 9.71346 10.24463 11.00208 12.93057 ------------------------

PP (bar) ------------ 140.90232 137.1667 132.103 128.6915 124.9494 123.4315 ------------------------

LPP (ATDC) ------------ 4.4 4 4.1 4.4 4.1 3.3 ------------------------

P Intake (bar) ------------ 2.10772 1.97561 1.85547 1.75896 1.64187 1.53913 ------------------------

P Exhaust (bar) ------------ 2.32931 2.19256 2.04957 1.9272 1.80017 1.7112 ------------------------

T Intake (C) ------------ 56.78599 58.74725 58.79083 58.34914 57.67965 60.80741 ------------------------

T Exhaust Tank (C) ------------ 301.32076 305.4481 312.6128 319.3552 328.8953 341.4519 ------------------------

Gross Therm Eff ------------ 0.52853 0.52924 0.53079 0.52862 0.52254 0.51975 ------------------------

Net Therm Eff ------------ 0.49308 0.49528 0.49868 0.49921 0.49482 0.49227 ------------------------

Brake Therm Eff (CF) ------------ 0.42059 0.42367 0.42781 0.42987 0.42679 0.42526 ------------------------

Turbo Eff ------------ 0.67492 0.65715 0.64652 0.64367 0.62934 0.59371 ------------------------

Vol Eff ------------ 0.95765 0.96039 0.95604 0.9561 0.95294 0.95367 ------------------------

comb loss ------------ 0.03434 0.02582 0.02118 0.01919 0.01661 0.01537 ------------------------

Comb Eff ------------ 0.96566 0.97418 0.97882 0.98081 0.98339 0.98463 ------------------------

Exhaust Loss ------------ 0.33146 0.31355 0.3046 0.29492 0.2846 0.27139 ------------------------

Pumping Loss ------------ 0.03546 0.03396 0.03211 0.02941 0.02771 0.02749 ------------------------

Heat Transfer Loss ------------ 0.10567 0.13138 0.14343 0.15727 0.17625 0.19349 ------------------------

HC (ppm) ------------ 499.36907 566.0583 575.5627 592.1664 572.4085 607.0674 ------------------------

NOx (ppm) ------------ 9.0637 25.95257 62.36704 113.5645 200.7649 360.5273 ------------------------

CO2ex (ppm) ------------ 36507.47577 39672.13 42363.81 45018.01 48555.39 53282.5 ------------------------

CO2in (ppm) ------------ 346.58657 346.021 342.0215 343.172 352.5576 355.0367 ------------------------

CO (ppm) ------------ 1801.91613 1083.876 756.8233 638.9142 546.6 494.8877 ------------------------

PM (mg/m^3) ------------ 4.3 4 7.24 9.97 11.43 13.98 ------------------------

HC (g/kg-fuel) ------------ 12.85979 13.68941 13.1628 12.79472 11.51528 11.15435 ------------------------

NOx (g/kg-fuel) ------------ 0.56733 1.52789 3.47731 5.98388 9.89158 16.20734 ------------------------

CO2ex (g/kg-fuel) ------------ 2186.26286 2234.558 2259.836 2269.449 2288.806 2291.668 ------------------------

CO2in (g/kg-fuel) ------------ 20.75546 19.48985 18.24464 17.29999 16.61887 15.27005 ------------------------

CO (g/kg-fuel) ------------ 68.67788 38.85506 25.69437 20.49927 16.39845 13.54676 ------------------------

PM (g/kg-fuel) ------------ 0.08466 0.07762 0.14081 0.19251 0.21862 0.25947 ------------------------

HC (g/ikW-hr) ------------ 2.71205 2.87927 2.75692 2.69022 2.4404 2.37864 ------------------------

NOx (g/ikW-hr) ------------ 0.11965 0.32136 0.72832 1.25817 2.09629 3.45618 ------------------------

CO2ex (g/ikW-hr) ------------ 461.06881 469.9911 473.3183 477.174 485.0591 488.6936 ------------------------

CO2in (g/ikW-hr) ------------ 4.37719 4.09927 3.8213 3.63749 3.52198 3.25631 ------------------------

CO (g/ikW-hr) ------------ 14.48372 8.17232 5.38164 4.31017 3.47527 2.88882 ------------------------

PM (g/ikW-hr) ------------ 0.01785 0.01633 0.02949 0.04048 0.04633 0.05533 ------------------------

Air Flow (kg/min) ------------ 3.38419 3.15989 2.95394 2.80417 2.61413 2.42947 ------------------------

AFR mass ------------ 39.91738 37.46491 35.43413 33.38988 31.1444 28.66841 ------------------------

AFR carbon ------------ 40.01801 37.71736 35.77581 33.85476 31.71118 28.99814 ------------------------

AFR Average ------------ 39.9677 37.59114 35.60497 33.62232 31.42779 28.83327 ------------------------

AFR Stoich ------------ 10.77288 10.78815 10.80273 10.80547 10.84767 10.83757 ------------------------

Phi mass ------------ 0.26988 0.28795 0.30487 0.32362 0.3483 0.37803 ------------------------

Phi carbon ------------ 0.2692 0.28603 0.30196 0.31917 0.34208 0.37373 ------------------------

GTE emisisons based ------------ 0.52986 0.53281 0.53591 0.53598 0.53205 0.52573 ------------------------

EXH emissions based ------------ 0.33063 0.31145 0.30169 0.29087 0.27951 0.2683 ------------------------

HX emisisons based ------------ 0.10517 0.12991 0.14122 0.15396 0.17183 0.1906 ------------------------
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Table A. 1 ULSD / DI E85 PFI, Φ-T Matrix result Continued 

 

 MATRIX POINT 28 29 30 31 32 33 34 35 36

RPM 1300 No Data 1300 No Data 1300 No Data No Data No Data No Data

IMEPg (bar) 9.05162 ------------ 8.88993 ------------ 8.86775 ------------ ------------ ------------ ------------

IMEPn (bar) 8.31316 ------------ 8.32079 ------------ 8.36997 ------------ ------------ ------------ ------------

BMEP_CF (bar) 7.04726 ------------ 7.09725 ------------ 7.16728 ------------ ------------ ------------ ------------

FMEP_CF (bar) 1.2659 ------------ 1.22354 ------------ 1.20269 ------------ ------------ ------------ ------------

CA50 (ATDC) 0.02934 ------------ -0.03391 ------------ -0.17405 ------------ ------------ ------------ ------------

COV of IMEPg 2.65838 ------------ 2.66023 ------------ 2.53923 ------------ ------------ ------------ ------------

COV of PPRR 7.06756 ------------ 6.63064 ------------ 7.42473 ------------ ------------ ------------ ------------

EGR % 0 ------------ 0 ------------ 0 ------------ ------------ ------------ ------------

Fuel 1 E85            ------------ E85            ------------ E85            ------------ ------------ ------------ ------------

Fuel 2 ULSD ------------ ULSD ------------ ULSD ------------ ------------ ------------ ------------

Fuel1 Flow (g/s) 1.2027 ------------ 1.13809 ------------ 1.12501 ------------ ------------ ------------ ------------

Fuel2 Flow (g/s) 0.22659 ------------ 0.25714 ------------ 0.27424 ------------ ------------ ------------ ------------

Fuel1 Fraction 0.84147 ------------ 0.8157 ------------ 0.80401 ------------ ------------ ------------ ------------

Fuel2 Fraction 0.15853 ------------ 0.1843 ------------ 0.19599 ------------ ------------ ------------ ------------

Fuel Energy (J/cyc) 4158.722 ------------ 4103.337 ------------ 4135.057 ------------ ------------ ------------ ------------

Fuel H/C 2.54135 ------------ 2.50853 ------------ 2.49391 ------------ ------------ ------------ ------------

Fuel O/C 0.30616 ------------ 0.2931 ------------ 0.28727 ------------ ------------ ------------ ------------

Fuel MW/C 19.47025 ------------ 19.22814 ------------ 19.12023 ------------ ------------ ------------ ------------

RI (MW/m^2) 3.76747 ------------ 4.34824 ------------ 5.92115 ------------ ------------ ------------ ------------

Peak HRR (J/deg) 525.9464 ------------ 550.2196 ------------ 612.352 ------------ ------------ ------------ ------------

Peak PRR (bar/deg) 10.95577 ------------ 11.29089 ------------ 12.80572 ------------ ------------ ------------ ------------

PP (bar) 144.1125 ------------ 135.6403 ------------ 131.4707 ------------ ------------ ------------ ------------

LPP (ATDC) 3.9 ------------ 3.9 ------------ 3.6 ------------ ------------ ------------ ------------

P Intake (bar) 2.19433 ------------ 1.95479 ------------ 1.7905 ------------ ------------ ------------ ------------

P Exhaust (bar) 2.55024 ------------ 2.17135 ------------ 1.95454 ------------ ------------ ------------ ------------

T Intake (C) 67.73309 ------------ 68.81071 ------------ 66.35868 ------------ ------------ ------------ ------------

T Exhaust Tank (C) 305.5052 ------------ 310.8425 ------------ 317.3747 ------------ ------------ ------------ ------------

Gross Therm Eff 0.53126 ------------ 0.52882 ------------ 0.52345 ------------ ------------ ------------ ------------

Net Therm Eff 0.48792 ------------ 0.49496 ------------ 0.49407 ------------ ------------ ------------ ------------

Brake Therm Eff (CF) 0.41362 ------------ 0.42218 ------------ 0.42307 ------------ ------------ ------------ ------------

Turbo Eff 0.63508 ------------ 0.64868 ------------ 0.6514 ------------ ------------ ------------ ------------

Vol Eff 0.95216 ------------ 0.96624 ------------ 0.95874 ------------ ------------ ------------ ------------

comb loss 0.02509 ------------ 0.02133 ------------ 0.018 ------------ ------------ ------------ ------------

Comb Eff 0.97491 ------------ 0.97867 ------------ 0.982 ------------ ------------ ------------ ------------

Exhaust Loss 0.32796 ------------ 0.30489 ------------ 0.28686 ------------ ------------ ------------ ------------

Pumping Loss 0.04334 ------------ 0.03386 ------------ 0.02938 ------------ ------------ ------------ ------------

Heat Transfer Loss 0.11569 ------------ 0.14497 ------------ 0.17168 ------------ ------------ ------------ ------------

HC (ppm) 449.8093 ------------ 564.0904 ------------ 590.0403 ------------ ------------ ------------ ------------

NOx (ppm) 6.38201 ------------ 42.43572 ------------ 154.3227 ------------ ------------ ------------ ------------

CO2ex (ppm) 36522.46 ------------ 40552.4 ------------ 44725.23 ------------ ------------ ------------ ------------

CO2in (ppm) 349.7316 ------------ 354.0809 ------------ 354.7483 ------------ ------------ ------------ ------------

CO (ppm) 1097.755 ------------ 711.967 ------------ 509.5875 ------------ ------------ ------------ ------------

PM (mg/m^3) 2.05 ------------ 4.9 ------------ 7.76 ------------ ------------ ------------ ------------

HC (g/kg-fuel) 11.80874 ------------ 13.47648 ------------ 12.86669 ------------ ------------ ------------ ------------

NOx (g/kg-fuel) 0.39584 ------------ 2.42538 ------------ 8.09617 ------------ ------------ ------------ ------------

CO2ex (g/kg-fuel) 2167.281 ------------ 2217.473 ------------ 2244.896 ------------ ------------ ------------ ------------

CO2in (g/kg-fuel) 20.75344 ------------ 19.36173 ------------ 17.8059 ------------ ------------ ------------ ------------

CO (g/kg-fuel) 41.45932 ------------ 24.77784 ------------ 16.27886 ------------ ------------ ------------ ------------

PM (g/kg-fuel) 0.03774 ------------ 0.09405 ------------ 0.14752 ------------ ------------ ------------ ------------

HC (g/ikW-hr) 2.5386 ------------ 2.87951 ------------ 2.76403 ------------ ------------ ------------ ------------

NOx (g/ikW-hr) 0.0851 ------------ 0.51823 ------------ 1.73923 ------------ ------------ ------------ ------------

CO2ex (g/ikW-hr) 465.9134 ------------ 473.8057 ------------ 482.2502 ------------ ------------ ------------ ------------

CO2in (g/ikW-hr) 4.46149 ------------ 4.13701 ------------ 3.82508 ------------ ------------ ------------ ------------

CO (g/ikW-hr) 8.91276 ------------ 5.29426 ------------ 3.49704 ------------ ------------ ------------ ------------

PM (g/ikW-hr) 0.00811 ------------ 0.0201 ------------ 0.03169 ------------ ------------ ------------ ------------

Air Flow (kg/min) 3.38793 ------------ 3.05307 ------------ 2.79483 ------------ ------------ ------------ ------------

AFR mass 39.50589 ------------ 36.4704 ------------ 33.2897 ------------ ------------ ------------ ------------

AFR carbon 39.68697 ------------ 36.64715 ------------ 33.70949 ------------ ------------ ------------ ------------

AFR Average 39.59643 ------------ 36.55877 ------------ 33.4996 ------------ ------------ ------------ ------------

AFR Stoich 10.49802 ------------ 10.61822 ------------ 10.67277 ------------ ------------ ------------ ------------

Phi mass 0.26573 ------------ 0.29115 ------------ 0.3206 ------------ ------------ ------------ ------------

Phi carbon 0.26452 ------------ 0.28974 ------------ 0.31661 ------------ ------------ ------------ ------------

GTE emisisons based 0.5337 ------------ 0.53138 ------------ 0.53005 ------------ ------------ ------------ ------------

EXH emissions based 0.32646 ------------ 0.30341 ------------ 0.28329 ------------ ------------ ------------ ------------

HX emisisons based 0.11475 ------------ 0.14387 ------------ 0.16866 ------------ ------------ ------------ ------------
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Table A. 2 3% EHN+ 91 PON Gasoline DI / E85 PFI, Φ-T Matrix results 

 

 MATRIX POINT 1 2 3 4 5 6 7 8 9

RPM No Data 1300 1300 1300 1300 No Data 1299 No Data No Data

IMEPg (bar) ------------ 8.73785 8.62388 8.57746 8.57458 ------------ 8.49453 ------------ ------------

IMEPn (bar) ------------ 8.07942 8.06735 8.09194 8.07421 ------------ 8.0602 ------------ ------------

BMEP_CF (bar) ------------ 6.84822 6.87167 6.92279 6.93154 ------------ 6.94367 ------------ ------------

FMEP_CF (bar) ------------ 1.2312 1.19568 1.16915 1.14267 ------------ 1.11653 ------------ ------------

CA50 (ATDC) ------------ -1.30752 -1.37675 -1.32879 -1.20223 ------------ -1.26776 ------------ ------------

COV of IMEPg ------------ 2.79235 2.81248 2.51646 2.36522 ------------ 2.16285 ------------ ------------

COV of PPRR ------------ 7.82696 8.37683 8.45879 8.52304 ------------ 8.86811 ------------ ------------

EGR % ------------ 0 0 0 0 ------------ 0 ------------ ------------

Fuel 1 ------------E85            E85            E85            E85            ------------E85            ------------ ------------

Fuel 2 ------------

3% EHN 

+ 91 PON

3% EHN 

+ 91 PON

3% EHN 

+ 91 PON

3% EHN 

+ 91 PON ------------

3% EHN 

+ 91 PON ------------ ------------

Fuel1 Flow (g/s) ------------ 0.70681 0.63401 0.6125 0.60315 ------------ 0.58906 ------------ ------------

Fuel2 Flow (g/s) ------------ 0.55916 0.57844 0.58425 0.59051 ------------ 0.61045 ------------ ------------

Fuel1 Fraction ------------ 0.55832 0.52292 0.5118 0.50529 ------------ 0.49108 ------------ ------------

Fuel2 Fraction ------------ 0.44168 0.47708 0.4882 0.49471 ------------ 0.50892 ------------ ------------

Fuel Energy (J/cyc) ------------ 4118.016 3996.037 3960.424 3959.622 ------------ 4002.797 ------------ ------------

Fuel H/C ------------ 2.28698 2.25618 2.2467 2.24118 ------------ 2.22923 ------------ ------------

Fuel O/C ------------ 0.18553 0.17201 0.16785 0.16543 ------------ 0.16019 ------------ ------------

Fuel MW/C ------------ 17.28371 17.03646 16.9603 16.91598 ------------ 16.82009 ------------ ------------

RI (MW/m^2) ------------ 1.59429 2.02028 2.55649 4.02161 ------------ 6.90077 ------------ ------------

Peak HRR (J/deg) ------------ 339.8474 378.4643 422.2018 510.5894 ------------ 611.3687 ------------ ------------

Peak PRR (bar/deg) ------------ 7.04832 7.63339 8.32863 10.04078 ------------ 12.65441 ------------ ------------

PP (bar) ------------ 137.171 130.0674 124.761 119.4668 ------------ 114.2794 ------------ ------------

LPP (ATDC) ------------ 3.6 4 4.3 3 ------------ 2.7 ------------ ------------

P Intake (bar) ------------ 2.01014 1.81277 1.67805 1.5056 ------------ 1.35122 ------------ ------------

P Exhaust (bar) ------------ 2.31227 2.03022 1.83759 1.69917 ------------ 1.4973 ------------ ------------

T Intake (C) ------------ 32.58861 31.69122 33.2146 34.4044 ------------ 33.01648 ------------ ------------

T Exhaust Tank (C) ------------ 276.5205 295.309 295.6989 316.1174 ------------ 336.0081 ------------ ------------

Gross Therm Eff ------------ 0.51792 0.52677 0.52864 0.52857 ------------ 0.51799 ------------ ------------

Net Therm Eff ------------ 0.47889 0.49277 0.49872 0.49773 ------------ 0.4915 ------------ ------------

Brake Therm Eff (CF) ------------ 0.40592 0.41974 0.42666 0.42729 ------------ 0.42342 ------------ ------------

Turbo Eff ------------ 0.65358 0.64154 0.66039 0.58816 ------------ 0.60822 ------------ ------------

Vol Eff ------------ 0.93468 0.93399 0.93703 0.92959 ------------ 0.91899 ------------ ------------

comb loss ------------ 0.05495 0.04186 0.03277 0.02115 ------------ 0.01291 ------------ ------------

Comb Eff ------------ 0.94505 0.95814 0.96723 0.97885 ------------ 0.98709 ------------ ------------

Exhaust Loss ------------ 0.3373 0.3392 0.31504 0.29977 ------------ 0.28401 ------------ ------------

Pumping Loss ------------ 0.03903 0.03399 0.02992 0.03084 ------------ 0.02649 ------------ ------------

Heat Transfer Loss ------------ 0.08983 0.09217 0.12354 0.15051 ------------ 0.1851 ------------ ------------

HC (ppm) ------------ 559.9034 510.3994 526.6123 518.2523 ------------ 440.5374 ------------ ------------

NOx (ppm) ------------ 99.80999 201.9615 331.6896 574.0427 ------------ 924.7046 ------------ ------------

CO2ex (ppm) ------------ 33995.65 37767.74 41489.88 48338.71 ------------ 55690.74 ------------ ------------

CO2in (ppm) ------------ 25.15086 25.76535 32.41338 29.95421 ------------ 25.56916 ------------ ------------

CO (ppm) ------------ 3272.619 2582.54 1968.112 1160.621 ------------ 628.0854 ------------ ------------

PM (mg/m^3) ------------ 0.68 0.55 0.49 0.62 ------------ 0.72 ------------ ------------

HC (g/kg-fuel) ------------ 14.79231 12.48434 11.96582 10.35552 ------------ 7.75774 ------------ ------------

NOx (g/kg-fuel) ------------ 7.01807 13.33836 20.44126 31.19146 ------------ 44.53329 ------------ ------------

CO2ex (g/kg-fuel) ------------ 2286.971 2386.428 2446.31 2512.928 ------------ 2566.01 ------------ ------------

CO2in (g/kg-fuel) ------------ 1.69196 1.62803 1.91115 1.55719 ------------ 1.17813 ------------ ------------

CO (g/kg-fuel) ------------ 140.1182 103.8571 73.85514 38.40053 ------------ 18.41856 ------------ ------------

PM (g/kg-fuel) ------------ 0.01442 0.01244 0.01109 0.01358 ------------ 0.01561 ------------ ------------

HC (g/ikW-hr) ------------ 2.91775 2.38959 2.27291 1.96261 ------------ 1.49255 ------------ ------------

NOx (g/ikW-hr) ------------ 1.3843 2.55305 3.88283 5.91151 ------------ 8.56798 ------------ ------------

CO2ex (g/ikW-hr) ------------ 451.1004 456.7788 464.6776 476.2582 ------------ 493.6875 ------------ ------------

CO2in (g/ikW-hr) ------------ 0.33374 0.31162 0.36302 0.29512 ------------ 0.22667 ------------ ------------

CO (g/ikW-hr) ------------ 27.63803 19.87897 14.02882 7.27779 ------------ 3.54364 ------------ ------------

PM (g/ikW-hr) ------------ 0.00285 0.00238 0.00211 0.00257 ------------ 0.003 ------------ ------------

Air Flow (kg/min) ------------ 3.39678 3.07001 2.83691 2.5154 ------------ 2.24012 ------------ ------------

AFR mass ------------ 44.71928 42.20102 39.50857 35.12169 ------------ 31.12552 ------------ ------------

AFR carbon ------------ 44.84827 42.22705 39.49209 34.95563 ------------ 31.10437 ------------ ------------

AFR Average ------------ 44.78377 42.21403 39.50033 35.03866 ------------ 31.11494 ------------ ------------

AFR Stoich ------------ 11.79998 11.9636 12.01496 12.04506 ------------ 12.11074 ------------ ------------

Phi mass ------------ 0.26387 0.28349 0.30411 0.34295 ------------ 0.38909 ------------ ------------

Phi carbon ------------ 0.26311 0.28332 0.30424 0.34458 ------------ 0.38936 ------------ ------------

GTE emisisons based ------------ 0.51941 0.52709 0.52842 0.52607 ------------ 0.51764 ------------ ------------

EXH emissions based ------------ 0.33827 0.33941 0.31491 0.29836 ------------ 0.28381 ------------ ------------

HX emisisons based ------------ 0.08737 0.09163 0.1239 0.15442 ------------ 0.18564 ------------ ------------
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Table A. 2 3% EHN+ 91 PON Gasoline DI / E85 PFI, Φ-T Matrix results Continued 

 

 MATRIX POINT 10 11 12 13 14 15 16 17 18

RPM No Data 1300 1300 1300 No Data 1300 No Data 1300 No Data

IMEPg (bar) ------------ 9.07579 8.90239 8.94839 ------------ 8.8494 ------------ 8.82351 ------------

IMEPn (bar) ------------ 8.45257 8.39799 8.45727 ------------ 8.4408 ------------ 8.46516 ------------

BMEP_CF (bar) ------------ 7.3297 7.3102 7.38553 ------------ 7.40144 ------------ 7.44686 ------------

FMEP_CF (bar) ------------ 1.12287 1.08779 1.07175 ------------ 1.03937 ------------ 1.01831 ------------

CA50 (ATDC) ------------ 0.67149 0.86037 0.78424 ------------ 0.63861 ------------ 1.20143 ------------

COV of IMEPg ------------ 2.83633 2.63665 2.80398 ------------ 2.38375 ------------ 2.25513 ------------

COV of PPRR ------------ 8.08402 8.53818 8.61818 ------------ 8.30426 ------------ 6.89981 ------------

EGR % ------------ 0 0 0 ------------ 0 ------------ 0 ------------

Fuel 1 ------------E85            E85            E85            ------------E85            ------------E85            ------------

Fuel 2 ------------

3% EHN 

+ 91 PON

3% EHN 

+ 91 PON

3% EHN 

+ 91 PON ------------

3% EHN 

+ 91 PON ------------

3% EHN 

+ 91 PON ------------

Fuel1 Flow (g/s) ------------ 0.86767 0.81563 0.79345 ------------ 0.74523 ------------ 0.77295 ------------

Fuel2 Flow (g/s) ------------ 0.45782 0.45783 0.46985 ------------ 0.50656 ------------ 0.51507 ------------

Fuel1 Fraction ------------ 0.6546 0.64048 0.62808 ------------ 0.59533 ------------ 0.60011 ------------

Fuel2 Fraction ------------ 0.3454 0.35952 0.37192 ------------ 0.40467 ------------ 0.39989 ------------

Fuel Energy (J/cyc) ------------ 4156.755 4015.4 4002.387 ------------ 4015.665 ------------ 4124.416 ------------

Fuel H/C ------------ 2.37545 2.36202 2.35036 ------------ 2.32015 ------------ 2.32451 ------------

Fuel O/C ------------ 0.22435 0.21846 0.21334 ------------ 0.20008 ------------ 0.20199 ------------

Fuel MW/C ------------ 17.99402 17.88621 17.79257 ------------ 17.55002 ------------ 17.58501 ------------

RI (MW/m^2) ------------ 1.715 2.04737 2.7442 ------------ 5.96373 ------------ 9.04281 ------------

Peak HRR (J/deg) ------------ 395.3345 441.204 503.4695 ------------ 703.2485 ------------ 863.934 ------------

Peak PRR (bar/deg) ------------ 7.4045 7.77275 8.75597 ------------ 12.19742 ------------ 14.45493 ------------

PP (bar) ------------ 138.7297 129.9591 125.9486 ------------ 117.8537 ------------ 112.588 ------------

LPP (ATDC) ------------ 4.2 4.3 4.2 ------------ 3.6 ------------ 3.8 ------------

P Intake (bar) ------------ 2.05188 1.86373 1.71964 ------------ 1.46561 ------------ 1.31398 ------------

P Exhaust (bar) ------------ 2.30678 2.02692 1.88133 ------------ 1.59389 ------------ 1.41065 ------------

T Intake (C) ------------ 44.0193 42.38169 41.51037 ------------ 42.62242 ------------ 42 ------------

T Exhaust Tank (C) ------------ 282.1602 293.871 306.956 ------------ 332.5097 ------------ 350.9449 ------------

Gross Therm Eff ------------ 0.53294 0.54116 0.54572 ------------ 0.5379 ------------ 0.52218 ------------

Net Therm Eff ------------ 0.49634 0.5105 0.51577 ------------ 0.51306 ------------ 0.50098 ------------

Brake Therm Eff (CF) ------------ 0.4304 0.44437 0.45041 ------------ 0.44989 ------------ 0.44071 ------------

Turbo Eff ------------ 0.66914 0.67347 0.6447 ------------ 0.63882 ------------ 0.70913 ------------

Vol Eff ------------ 0.95053 0.95066 0.94691 ------------ 0.9411 ------------ 0.93877 ------------

comb loss ------------ 0.04695 0.03574 0.02708 ------------ 0.0156 ------------ 0.01167 ------------

Comb Eff ------------ 0.95305 0.96426 0.97292 ------------ 0.9844 ------------ 0.98833 ------------

Exhaust Loss ------------ 0.32754 0.32662 0.3185 ------------ 0.29243 ------------ 0.27171 ------------

Pumping Loss ------------ 0.0366 0.03066 0.02995 ------------ 0.02484 ------------ 0.02121 ------------

Heat Transfer Loss ------------ 0.09257 0.09648 0.1087 ------------ 0.15407 ------------ 0.19443 ------------

HC (ppm) ------------ 598.1026 559.9313 531.7344 ------------ 596.0463 ------------ 536.0981 ------------

NOx (ppm) ------------ 80.10744 149.1001 230.6506 ------------ 635.484 ------------ 921.1812 ------------

CO2ex (ppm) ------------ 35237.57 38615.33 42361.07 ------------ 52026.38 ------------ 59420.7 ------------

CO2in (ppm) ------------ 61.89977 64.86068 64.40341 ------------ 64.02218 ------------ 69.46601 ------------

CO (ppm) ------------ 2610.806 1968.916 1445.419 ------------ 503.2164 ------------ 363.3652 ------------

PM (mg/m^3) ------------ 0.78 83.03 83.03 ------------ 0.78 ------------ 0.78 ------------

HC (g/kg-fuel) ------------ 15.54626 13.60035 11.98541 ------------ 11.21193 ------------ 8.88208 ------------

NOx (g/kg-fuel) ------------ 5.32296 9.31392 13.44101 ------------ 31.33179 ------------ 39.92368 ------------

CO2ex (g/kg-fuel) ------------ 2240.162 2307.852 2361.771 ------------ 2454.131 ------------ 2463.865 ------------

CO2in (g/kg-fuel) ------------ 3.93516 3.87641 3.59071 ------------ 3.01998 ------------ 2.88039 ------------

CO (g/kg-fuel) ------------ 105.6355 74.89229 51.28926 ------------ 15.10743 ------------ 9.58924 ------------

PM (g/kg-fuel) ------------ 0.016 1.80532 1.80216 ------------ 0.01672 ------------ 0.01614 ------------

HC (g/ikW-hr) ------------ 3.0911 2.64864 2.30361 ------------ 2.1592 ------------ 1.76518 ------------

NOx (g/ikW-hr) ------------ 1.05838 1.81387 2.58338 ------------ 6.03389 ------------ 7.93425 ------------

CO2ex (g/ikW-hr) ------------ 445.4175 449.45 453.9356 ------------ 472.6174 ------------ 489.6575 ------------

CO2in (g/ikW-hr) ------------ 0.78244 0.75492 0.69014 ------------ 0.58159 ------------ 0.57244 ------------

CO (g/ikW-hr) ------------ 21.00379 14.58513 9.85787 ------------ 2.90939 ------------ 1.90572 ------------

PM (g/ikW-hr) ------------ 0.00318 0.00352 0.00346 ------------ 0.00322 ------------ 0.00321 ------------

Air Flow (kg/min) ------------ 3.39904 3.10379 2.86044 ------------ 2.41438 ------------ 2.16351 ------------

AFR mass ------------ 42.73936 40.62156 37.73777 ------------ 32.14573 ------------ 27.9954 ------------

AFR carbon ------------ 42.42954 39.97651 37.37737 ------------ 31.7906 ------------ 28.0472 ------------

AFR Average ------------ 42.58445 40.29903 37.55757 ------------ 31.96816 ------------ 28.0213 ------------

AFR Stoich ------------ 11.35493 11.4202 11.47754 ------------ 11.62889 ------------ 11.60681 ------------

Phi mass ------------ 0.26568 0.28114 0.30414 ------------ 0.36176 ------------ 0.4146 ------------

Phi carbon ------------ 0.26762 0.28567 0.30707 ------------ 0.3658 ------------ 0.41383 ------------

GTE emisisons based ------------ 0.52907 0.53256 0.54051 ------------ 0.53196 ------------ 0.52315 ------------

EXH emissions based ------------ 0.32517 0.32144 0.31545 ------------ 0.2892 ------------ 0.27221 ------------

HX emisisons based ------------ 0.09881 0.11026 0.11696 ------------ 0.16324 ------------ 0.19296 ------------
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Table A. 2 3% EHN+ 91 PON Gasoline DI / E85 PFI, Φ-T Matrix results Continued 

 

 MATRIX POINT 19 20 21 22 23 24 25 26 27

RPM No Data 1300 1300 No Data 1300 1300 No Data No Data No Data

IMEPg (bar) ------------ 9.17804 9.09923 ------------ 9.00434 9.02424 ------------ ------------ ------------

IMEPn (bar) ------------ 8.49236 8.55262 ------------ 8.5509 8.55171 ------------ ------------ ------------

BMEP_CF (bar) ------------ 7.35877 7.43704 ------------ 7.47158 7.48028 ------------ ------------ ------------

FMEP_CF (bar) ------------ 1.13359 1.11558 ------------ 1.07932 1.07142 ------------ ------------ ------------

CA50 (ATDC) ------------ 0.9566 0.52148 ------------ 0.85945 0.87585 ------------ ------------ ------------

COV of IMEPg ------------ 2.72345 2.61231 ------------ 2.59774 2.37418 ------------ ------------ ------------

COV of PPRR ------------ 8.23083 8.38875 ------------ 7.84334 7.03354 ------------ ------------ ------------

EGR % ------------ 0 0 ------------ 0 0 ------------ ------------ ------------

Fuel 1 ------------E85            E85            ------------E85            E85            ------------ ------------ ------------

Fuel 2 ------------

3% EHN 

+ 91 PON

3% EHN 

+ 91 PON ------------

3% EHN 

+ 91 PON

3% EHN 

+ 91 PON ------------ ------------ ------------

Fuel1 Flow (g/s) ------------ 1.03054 0.95887 ------------ 0.9044 0.96642 ------------ ------------ ------------

Fuel2 Flow (g/s) ------------ 0.34469 0.36495 ------------ 0.39662 0.37298 ------------ ------------ ------------

Fuel1 Fraction ------------ 0.74936 0.72432 ------------ 0.69515 0.72153 ------------ ------------ ------------

Fuel2 Fraction ------------ 0.25064 0.27568 ------------ 0.30485 0.27847 ------------ ------------ ------------

Fuel Energy (J/cyc) ------------ 4154.609 4039.481 ------------ 4015.998 4091.558 ------------ ------------ ------------

Fuel H/C ------------ 2.46992 2.44419 ------------ 2.41492 2.44136 ------------ ------------ ------------

Fuel O/C ------------ 0.2658 0.25451 ------------ 0.24167 0.25327 ------------ ------------ ------------

Fuel MW/C ------------ 18.75244 18.54593 ------------ 18.31089 18.5232 ------------ ------------ ------------

RI (MW/m^2) ------------ 3.06546 3.96113 ------------ 4.96357 8.67254 ------------ ------------ ------------

Peak HRR (J/deg) ------------ 560.7262 598.4598 ------------ 672.7167 875.0476 ------------ ------------ ------------

Peak PRR (bar/deg) ------------ 9.94042 11.03982 ------------ 11.79314 15.25535 ------------ ------------ ------------

PP (bar) ------------ 141.4098 136.9075 ------------ 127.841 125.8673 ------------ ------------ ------------

LPP (ATDC) ------------ 4 3.6 ------------ 3.8 3.5 ------------ ------------ ------------

P Intake (bar) ------------ 2.12608 1.97396 ------------ 1.74244 1.63496 ------------ ------------ ------------

P Exhaust (bar) ------------ 2.43952 2.17908 ------------ 1.87653 1.78979 ------------ ------------ ------------

T Intake (C) ------------ 55.78621 58.93984 ------------ 56.36321 58.27376 ------------ ------------ ------------

T Exhaust Tank (C) ------------ 298.9235 309.4958 ------------ 322.7981 330.6903 ------------ ------------ ------------

Gross Therm Eff ------------ 0.53922 0.54982 ------------ 0.54727 0.53835 ------------ ------------ ------------

Net Therm Eff ------------ 0.49893 0.5168 ------------ 0.51971 0.51016 ------------ ------------ ------------

Brake Therm Eff (CF) ------------ 0.43233 0.44939 ------------ 0.45411 0.44625 ------------ ------------ ------------

Turbo Eff ------------ 0.64196 0.65328 ------------ 0.6585 0.62525 ------------ ------------ ------------

Vol Eff ------------ 0.94972 0.96837 ------------ 0.96798 0.9585 ------------ ------------ ------------

comb loss ------------ 0.03351 0.02661 ------------ 0.01838 0.01435 ------------ ------------ ------------

Comb Eff ------------ 0.96649 0.97339 ------------ 0.98162 0.98565 ------------ ------------ ------------

Exhaust Loss ------------ 0.33498 0.32804 ------------ 0.31628 0.29326 ------------ ------------ ------------

Pumping Loss ------------ 0.04028 0.03303 ------------ 0.02756 0.02819 ------------ ------------ ------------

Heat Transfer Loss ------------ 0.09229 0.09552 ------------ 0.11807 0.15403 ------------ ------------ ------------

HC (ppm) ------------ 519.3875 524.5654 ------------ 517.9732 513.9909 ------------ ------------ ------------

NOx (ppm) ------------ 52.75187 89.99245 ------------ 197.7704 279.0559 ------------ ------------ ------------

CO2ex (ppm) ------------ 36276.77 38827.68 ------------ 43799.08 48313.83 ------------ ------------ ------------

CO2in (ppm) ------------ 69.51122 63.69508 ------------ 61.85831 88.68946 ------------ ------------ ------------

CO (ppm) ------------ 1671.579 1203.563 ------------ 669.6506 418.8469 ------------ ------------ ------------

PM (mg/m^3) ------------ 0.81 0.77 ------------ 0.8 0.85 ------------ ------------ ------------

HC (g/kg-fuel) ------------ 13.49355 12.92635 ------------ 11.50686 10.43062 ------------ ------------ ------------

NOx (g/kg-fuel) ------------ 3.36181 5.50037 ------------ 11.0372 14.06332 ------------ ------------ ------------

CO2ex (g/kg-fuel) ------------ 2211.857 2270.495 ------------ 2338.602 2329.494 ------------ ------------ ------------

CO2in (g/kg-fuel) ------------ 4.23822 3.72465 ------------ 3.30285 4.27624 ------------ ------------ ------------

CO (g/kg-fuel) ------------ 64.866 44.79295 ------------ 22.75628 12.85308 ------------ ------------ ------------

PM (g/kg-fuel) ------------ 0.01584 0.01616 ------------ 0.01716 0.01709 ------------ ------------ ------------

HC (g/ikW-hr) ------------ 2.75264 2.56032 ------------ 2.26352 2.10768 ------------ ------------ ------------

NOx (g/ikW-hr) ------------ 0.6858 1.08946 ------------ 2.17114 2.84172 ------------ ------------ ------------

CO2ex (g/ikW-hr) ------------ 451.2112 449.7165 ------------ 460.0282 470.7122 ------------ ------------ ------------

CO2in (g/ikW-hr) ------------ 0.86458 0.73774 ------------ 0.64971 0.86408 ------------ ------------ ------------

CO (g/ikW-hr) ------------ 13.23244 8.87213 ------------ 4.47641 2.59717 ------------ ------------ ------------

PM (g/ikW-hr) ------------ 0.00323 0.0032 ------------ 0.00338 0.00345 ------------ ------------ ------------

Air Flow (kg/min) ------------ 3.39305 3.18165 ------------ 2.82931 2.61365 ------------ ------------ ------------

AFR mass ------------ 41.12076 40.0565 ------------ 36.24475 32.52268 ------------ ------------ ------------

AFR carbon ------------ 40.75287 39.1485 ------------ 35.84717 32.44843 ------------ ------------ ------------

AFR Average ------------ 40.93682 39.6025 ------------ 36.04596 32.48555 ------------ ------------ ------------

AFR Stoich ------------ 10.91695 11.03266 ------------ 11.16752 11.04555 ------------ ------------ ------------

Phi mass ------------ 0.26549 0.27543 ------------ 0.30811 0.33963 ------------ ------------ ------------

Phi carbon ------------ 0.26788 0.28182 ------------ 0.31153 0.3404 ------------ ------------ ------------

GTE emisisons based ------------ 0.53439 0.53736 ------------ 0.54127 0.53712 ------------ ------------ ------------

EXH emissions based ------------ 0.33198 0.32061 ------------ 0.31281 0.29259 ------------ ------------ ------------

HX emisisons based ------------ 0.10011 0.11542 ------------ 0.12754 0.15593 ------------ ------------ ------------
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Table A. 2 3% EHN+ 91 PON Gasoline DI / E85 PFI, Φ-T Matrix results Continued 

 

 MATRIX POINT 28 29 30 31 32 33 34 35 36

RPM 1300 No Data 1300 No Data 1300 No Data No Data No Data No Data

IMEPg (bar) 9.05191 ------------ 8.88367 ------------ 8.87867 ------------ ------------ ------------ ------------

IMEPn (bar) 8.35541 ------------ 8.30793 ------------ 8.37465 ------------ ------------ ------------ ------------

BMEP_CF (bar) 7.21818 ------------ 7.20527 ------------ 7.28686 ------------ ------------ ------------ ------------

FMEP_CF (bar) 1.13723 ------------ 1.10266 ------------ 1.08779 ------------ ------------ ------------ ------------

CA50 (ATDC) 0.99495 ------------ 1.06373 ------------ 1.10453 ------------ ------------ ------------ ------------

COV of IMEPg 3.06765 ------------ 2.69829 ------------ 2.49414 ------------ ------------ ------------ ------------

COV of PPRR 7.75942 ------------ 7.06707 ------------ 6.6513 ------------ ------------ ------------ ------------

EGR % 0 ------------ 0 ------------ 0 ------------ ------------ ------------ ------------

Fuel 1 E85            ------------E85            ------------E85            ------------ ------------ ------------ ------------

Fuel 2

3% EHN 

+ 91 PON ------------

3% EHN 

+ 91 PON ------------

3% EHN 

+ 91 PON ------------ ------------ ------------ ------------

Fuel1 Flow (g/s) 1.04599 ------------ 1.00089 ------------ 1.04385 ------------ ------------ ------------ ------------

Fuel2 Flow (g/s) 0.29263 ------------ 0.30444 ------------ 0.32139 ------------ ------------ ------------ ------------

Fuel1 Fraction 0.78139 ------------ 0.76677 ------------ 0.76459 ------------ ------------ ------------ ------------

Fuel2 Fraction 0.21861 ------------ 0.23323 ------------ 0.23541 ------------ ------------ ------------ ------------

Fuel Energy (J/cyc) 3991.951 ------------ 3915.815 ------------ 4099.16 ------------ ------------ ------------ ------------

Fuel H/C 2.50368 ------------ 2.48815 ------------ 2.48585 ------------ ------------ ------------ ------------

Fuel O/C 0.28061 ------------ 0.2738 ------------ 0.27279 ------------ ------------ ------------ ------------

Fuel MW/C 19.02354 ------------ 18.89883 ------------ 18.8804 ------------ ------------ ------------ ------------

RI (MW/m^2) 4.2528 ------------ 5.40612 ------------ 8.74084 ------------ ------------ ------------ ------------

Peak HRR (J/deg) 648.9314 ------------ 714.8812 ------------ 889.3776 ------------ ------------ ------------ ------------

Peak PRR (bar/deg) 11.72592 ------------ 12.6721 ------------ 15.67733 ------------ ------------ ------------ ------------

PP (bar) 142.319 ------------ 133.677 ------------ 129.9593 ------------ ------------ ------------ ------------

LPP (ATDC) 3.9 ------------ 3.8 ------------ 3.6 ------------ ------------ ------------ ------------

P Intake (bar) 2.18216 ------------ 1.96082 ------------ 1.77669 ------------ ------------ ------------ ------------

P Exhaust (bar) 2.52052 ------------ 2.21896 ------------ 1.93592 ------------ ------------ ------------ ------------

T Intake (C) 68.71044 ------------ 66.78848 ------------ 65.60883 ------------ ------------ ------------ ------------

T Exhaust Tank (C) 295.9251 ------------ 309.4806 ------------ 322.2648 ------------ ------------ ------------ ------------

Gross Therm Eff 0.55348 ------------ 0.55375 ------------ 0.52869 ------------ ------------ ------------ ------------

Net Therm Eff 0.51089 ------------ 0.51786 ------------ 0.49867 ------------ ------------ ------------ ------------

Brake Therm Eff (CF) 0.44135 ------------ 0.44913 ------------ 0.4339 ------------ ------------ ------------ ------------

Turbo Eff 0.64811 ------------ 0.63177 ------------ 0.64678 ------------ ------------ ------------ ------------

Vol Eff 0.96345 ------------ 0.95937 ------------ 0.96124 ------------ ------------ ------------ ------------

comb loss 0.02788 ------------ 0.01949 ------------ 0.01391 ------------ ------------ ------------ ------------

Comb Eff 0.97212 ------------ 0.98051 ------------ 0.98609 ------------ ------------ ------------ ------------

Exhaust Loss 0.32796 ------------ 0.32077 ------------ 0.29484 ------------ ------------ ------------ ------------

Pumping Loss 0.04259 ------------ 0.03589 ------------ 0.03001 ------------ ------------ ------------ ------------

Heat Transfer Loss 0.09068 ------------ 0.10599 ------------ 0.16257 ------------ ------------ ------------ ------------

HC (ppm) 490.9812 ------------ 454.5452 ------------ 451.7027 ------------ ------------ ------------ ------------

NOx (ppm) 50.26766 ------------ 112.8694 ------------ 239.2705 ------------ ------------ ------------ ------------

CO2ex (ppm) 36099.72 ------------ 39598.97 ------------ 44416.72 ------------ ------------ ------------ ------------

CO2in (ppm) 216.6113 ------------ 192.4383 ------------ 148.8185 ------------ ------------ ------------ ------------

CO (ppm) 1225.227 ------------ 739.903 ------------ 386.2836 ------------ ------------ ------------ ------------

PM (mg/m^3) 0.83 ------------ 0.72 ------------ 0.74 ------------ ------------ ------------ ------------

HC (g/kg-fuel) 12.97571 ------------ 11.13644 ------------ 9.97582 ------------ ------------ ------------ ------------

NOx (g/kg-fuel) 3.21234 ------------ 6.73083 ------------ 12.87455 ------------ ------------ ------------ ------------

CO2ex (g/kg-fuel) 2207.14 ------------ 2259.278 ------------ 2286.561 ------------ ------------ ------------ ------------

CO2in (g/kg-fuel) 13.24364 ------------ 10.97936 ------------ 7.66113 ------------ ------------ ------------ ------------

CO (g/kg-fuel) 47.67651 ------------ 26.86718 ------------ 12.65623 ------------ ------------ ------------ ------------

PM (g/kg-fuel) 0.01624 ------------ 0.01455 ------------ 0.01459 ------------ ------------ ------------ ------------

HC (g/ikW-hr) 2.61243 ------------ 2.22776 ------------ 2.08836 ------------ ------------ ------------ ------------

NOx (g/ikW-hr) 0.64675 ------------ 1.34645 ------------ 2.69518 ------------ ------------ ------------ ------------

CO2ex (g/ikW-hr) 444.3692 ------------ 451.9508 ------------ 478.6733 ------------ ------------ ------------ ------------

CO2in (g/ikW-hr) 2.66638 ------------ 2.19634 ------------ 1.6038 ------------ ------------ ------------ ------------

CO (g/ikW-hr) 9.59883 ------------ 5.37457 ------------ 2.64948 ------------ ------------ ------------ ------------

PM (g/ikW-hr) 0.00327 ------------ 0.00291 ------------ 0.00305 ------------ ------------ ------------ ------------

Air Flow (kg/min) 3.39934 ------------ 3.05882 ------------ 2.78663 ------------ ------------ ------------ ------------

AFR mass 42.32377 ------------ 39.05565 ------------ 34.01884 ------------ ------------ ------------ ------------

AFR carbon 40.88101 ------------ 38.23108 ------------ 34.58637 ------------ ------------ ------------ ------------

AFR Average 41.60239 ------------ 38.64336 ------------ 34.3026 ------------ ------------ ------------ ------------

AFR Stoich 10.76886 ------------ 10.83646 ------------ 10.84653 ------------ ------------ ------------ ------------

Phi mass 0.25444 ------------ 0.27746 ------------ 0.31884 ------------ ------------ ------------ ------------

Phi carbon 0.26342 ------------ 0.28345 ------------ 0.31361 ------------ ------------ ------------ ------------

GTE emisisons based 0.53461 ------------ 0.54206 ------------ 0.53751 ------------ ------------ ------------ ------------

EXH emissions based 0.31678 ------------ 0.314 ------------ 0.29976 ------------ ------------ ------------ ------------

HX emisisons based 0.12073 ------------ 0.12445 ------------ 0.14883 ------------ ------------ ------------ ------------
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Table A. 3 ULSD DI / 91 PON Gasoline PFI, Φ-T Matrix results 

 

 MATRIX POINT 1 2 3 4-36

RPM No Data 1300 1300 No Data

IMEPg (bar) ------------ 8.73054 8.61335 ------------

IMEPn (bar) ------------ 8.26908 8.18147 ------------

BMEP_CF (bar) ------------ 7.05785 6.99712 ------------

FMEP_CF (bar) ------------ 1.21122 1.18435 ------------

CA50 (ATDC) ------------ 1.33982 1.33038 ------------

COV of IMEPg ------------ 2.43011 2.44317 ------------

COV of PPRR ------------ 9.42429 10.98825 ------------

EGR % ------------ 0 0 ------------

Fuel 1 ------------ 91 Gasoline91 Gasoline------------

Fuel 2 ------------ #2 ULSD    #2 ULSD    ------------

Fuel1 Flow (g/s) ------------ 0.9481 0.90209 ------------

Fuel2 Flow (g/s) ------------ 0.04313 0.07322 ------------

Fuel1 Fraction ------------ 0.95649 0.92492 ------------

Fuel2 Fraction ------------ 0.04351 0.07508 ------------

Fuel Energy (J/cyc) ------------ 4039.328 3969.906 ------------

Fuel H/C ------------ 1.87518 1.87168 ------------

Fuel O/C ------------ 0 0 ------------

Fuel MW/C ------------ 13.90018 13.89665 ------------

RI (MW/m^2) ------------ 6.37589 6.94482 ------------

Peak HRR (J/deg) ------------ 562.2101 587.7669 ------------

Peak PRR (bar/deg) ------------ 13.89766 14.06114 ------------

PP (bar) ------------ 133.1767 127.8026 ------------

LPP (ATDC) ------------ 4.4 3.9 ------------

P Intake (bar) ------------ 1.88629 1.72346 ------------

P Exhaust (bar) ------------ 1.97755 1.81532 ------------

T Intake (C) ------------ 32.82975 32.85337 ------------

T Exhaust Tank (C) ------------ 280.1699 291.1393 ------------

Gross Therm Eff ------------ 0.52757 0.52959 ------------

Net Therm Eff ------------ 0.49968 0.50303 ------------

Brake Therm Eff (CF) ------------ 0.42649 0.43021 ------------

Turbo Eff ------------ 0.73946 0.7217 ------------

Vol Eff ------------ 0.94119 0.93912 ------------

comb loss ------------ 0.02684 0.02326 ------------

Comb Eff ------------ 0.97316 0.97674 ------------

Exhaust Loss ------------ 0.32919 0.31873 ------------

Pumping Loss ------------ 0.02789 0.02655 ------------

Heat Transfer Loss ------------ 0.11641 0.12842 ------------

HC (ppm) ------------ 645.541 664.7964 ------------

NOx (ppm) ------------ 1.11737 1.57491 ------------

CO2ex (ppm) ------------ 37517.35 40799.53 ------------

CO2in (ppm) ------------ 93.68719 78.5957 ------------

CO (ppm) ------------ 873.6132 685.2076 ------------

PM (mg/m^3) ------------ 2.58 1.71 ------------

HC (g/kg-fuel) ------------ 16.52713 15.76276 ------------

NOx (g/kg-fuel) ------------ 0.09467 0.12361 ------------

CO2ex (g/kg-fuel) ------------ 3041.142 3063.655 ------------

CO2in (g/kg-fuel) ------------ 7.59425 5.90179 ------------

CO (g/kg-fuel) ------------ 45.06979 32.74678 ------------

PM (g/kg-fuel) ------------ 0.07387 0.04891 ------------

HC (g/ikW-hr) ------------ 2.55461 2.42997 ------------

NOx (g/ikW-hr) ------------ 0.01463 0.01906 ------------

CO2ex (g/ikW-hr) ------------ 470.0709 472.2897 ------------

CO2in (g/ikW-hr) ------------ 1.17385 0.90981 ------------

CO (g/ikW-hr) ------------ 6.96646 5.04821 ------------

PM (g/ikW-hr) ------------ 0.01142 0.00754 ------------

Air Flow (kg/min) ------------ 3.20716 2.92364 ------------

AFR mass ------------ 53.9258 49.9606 ------------

AFR carbon ------------ 54.22683 50.31366 ------------

AFR Average ------------ 54.07631 50.13713 ------------

AFR Stoich ------------ 14.57122 14.56625 ------------

Phi mass ------------ 0.27021 0.29155 ------------

Phi carbon ------------ 0.26871 0.28951 ------------

GTE emisisons based ------------ 0.53051 0.53333 ------------

EXH emissions based ------------ 0.33102 0.32098 ------------

HX emisisons based ------------ 0.11163 0.12243 ------------
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Table A. 4 ULSD DI / 91 PON Gasoline PFI, Φ-T Matrix results with EGR 

 

 MATRIX POINT 1-10 11 12 13 14 15-36

RPM No Data 1300 1300 1299 1284 No Data

IMEPg (bar) ------------ 9.18241 9.17149 9.06685 9.06868 ------------

IMEPn (bar) ------------ 8.48898 8.50544 8.46104 8.48638 ------------

BMEP_CF (bar) ------------ 7.26372 7.29462 7.2657 7.31778 ------------

FMEP_CF (bar) ------------ 1.22525 1.21083 1.19534 1.1686 ------------

CA50 (ATDC) ------------ 0.93111 0.94961 0.70463 0.94273 ------------

COV of IMEPg ------------ 2.65377 2.37565 2.28039 2.36953 ------------

COV of PPRR ------------ 9.57501 9.361 9.37549 9.9074 ------------

EGR % ------------ 46.3477 46.91931 44.8692 45.76129 ------------

Fuel 1 ------------ 91 Gasoline91 Gasoline91 Gasoline91 Gasoline------------

Fuel 2 ------------ #2 ULSD    #2 ULSD    #2 ULSD    #2 ULSD    ------------

Fuel1 Flow (g/s) ------------ 0.92089 0.90492 0.90026 0.88048 ------------

Fuel2 Flow (g/s) ------------ 0.11648 0.12854 0.13208 0.15508 ------------

Fuel1 Fraction ------------ 0.88771 0.87562 0.87206 0.85025 ------------

Fuel2 Fraction ------------ 0.11229 0.12438 0.12794 0.14975 ------------

Fuel Energy (J/cyc) ------------ 4216.737 4199.004 4197.114 4255.985 ------------

Fuel H/C ------------ 1.86756 1.86622 1.86583 1.86341 ------------

Fuel O/C ------------ 0 0 0 0 ------------

Fuel MW/C ------------ 13.8925 13.89115 13.89075 13.88832 ------------

RI (MW/m^2) ------------ 2.96528 3.21064 4.28919 5.25069 ------------

Peak HRR (J/deg) ------------ 491.0346 514.7466 562.7447 605.0768 ------------

Peak PRR (bar/deg) ------------ 10.64066 10.88277 12.27952 13.40799 ------------

PP (bar) ------------ 135.9822 133.0977 130.043 125.3305 ------------

LPP (ATDC) ------------ 4.7 4.5 3.8 3.4 ------------

P Intake (bar) ------------ 2.03671 1.9445 1.81277 1.65399 ------------

P Exhaust (bar) ------------ 2.34665 2.24114 2.05876 1.89448 ------------

T Intake (C) ------------ 42.63204 41.34018 43.31703 43.21094 ------------

T Exhaust Tank (C) ------------ 292.9761 303.4812 316.954 333.0511 ------------

Gross Therm Eff ------------ 0.53153 0.53314 0.52729 0.5201 ------------

Net Therm Eff ------------ 0.49139 0.49442 0.49206 0.48671 ------------

Brake Therm Eff (CF) ------------ 0.42046 0.42403 0.42254 0.41969 ------------

Turbo Eff ------------ 0.62526 0.60541 0.59531 0.55636 ------------

Vol Eff ------------ 0.96216 0.95181 0.95501 0.95518 ------------

comb loss ------------ 0.01667 0.01371 0.01104 0.00939 ------------

Comb Eff ------------ 0.98333 0.98629 0.98896 0.99061 ------------

Exhaust Loss ------------ 0.34221 0.34098 0.33101 0.31545 ------------

Pumping Loss ------------ 0.04014 0.03872 0.03523 0.0334 ------------

Heat Transfer Loss ------------ 0.10959 0.11218 0.13065 0.15506 ------------

HC (ppm) ------------ 639.2466 637.7532 579.1356 598.8562 ------------

NOx (ppm) ------------ 2.80479 3.90367 6.90114 16.59061 ------------

CO2ex (ppm) ------------ 69298.17 74379.55 77234.57 88512.17 ------------

CO2in (ppm) ------------ 32326.28 35104.32 34868.44 40714.76 ------------

CO (ppm) ------------ 1183.245 870.8345 621.119 525.2111 ------------

PM (mg/m^3) ------------ 2.96 2.96 2.87 3.33 ------------

HC (g/kg-fuel) ------------ 8.98293 8.39893 7.37971 6.67727 ------------

NOx (g/kg-fuel) ------------ 0.13051 0.17024 0.29121 0.6127 ------------

CO2ex (g/kg-fuel) ------------ 3084.908 3103.402 3118.146 3127.383 ------------

CO2in (g/kg-fuel) ------------ 1439.051 1464.688 1407.723 1438.566 ------------

CO (g/kg-fuel) ------------ 33.52409 23.12501 15.95957 11.81065 ------------

PM (g/kg-fuel) ------------ 0.04232 0.04191 0.04255 0.04742 ------------

HC (g/ikW-hr) ------------ 1.38163 1.28848 1.14482 1.05101 ------------

NOx (g/ikW-hr) ------------ 0.02007 0.02612 0.04518 0.09644 ------------

CO2ex (g/ikW-hr) ------------ 474.4768 476.0913 483.7187 492.2515 ------------

CO2in (g/ikW-hr) ------------ 221.3344 224.697 218.3804 226.431 ------------

CO (g/ikW-hr) ------------ 5.1562 3.5476 2.47581 1.859 ------------

PM (g/ikW-hr) ------------ 0.00651 0.00643 0.0066 0.00746 ------------

Air Flow (kg/min) ------------ 1.84038 1.72671 1.66576 1.47875 ------------

AFR mass ------------ 29.56805 27.84649 26.89286 23.79949 ------------

AFR carbon ------------ 30.20609 28.38195 27.50434 24.19314 ------------

AFR Average ------------ 29.88707 28.11422 27.1986 23.99631 ------------

AFR Stoich ------------ 14.56038 14.55847 14.55791 14.55447 ------------

Phi mass ------------ 0.49244 0.52281 0.54133 0.61155 ------------

Phi carbon ------------ 0.48203 0.51295 0.52929 0.60159 ------------

GTE emisisons based ------------ 0.543 0.54339 0.53928 0.52871 ------------

EXH emissions based ------------ 0.34221 0.34098 0.33101 0.31545 ------------

HX emisisons based ------------ 0.09812 0.10193 0.11866 0.14646 ------------

charge based PHI ------------ 0.2642 0.27751 0.29844 0.33169 ------------

Emission charge based PHI ------------ 0.258615 0.272276 0.291802 0.326288 ------------
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Table A. 5 ULSD DI / 91 PON Gasoline PFI, Φ-T Matrix with EGR and CA50 5.0°CA ATDC 

 

 MATRIX POINT 1-10 11 12 13 14 15 16 17

RPM No Data 1300 1300 1300 1300 1300 1300 1300

IMEPg (bar) ------------ 9.08233 9.11862 9.01961 8.98913 8.92697 8.92628 8.86596

IMEPn (bar) ------------ 8.50239 8.56034 8.48645 8.50505 8.45794 8.48033 8.44809

BMEP_CF (bar) ------------ 7.11887 7.17563 7.12656 7.16015 7.1277 7.16648 7.1655

FMEP_CF (bar) ------------ 1.38352 1.38471 1.35989 1.3449 1.33023 1.31385 1.28259

CA50 (ATDC) ------------ 5.79267 4.93053 5.46094 5.30466 5.33798 5.07469 5.65552

COV of IMEPg ------------ 3.87902 3.17837 2.96611 2.34403 2.26878 2.01075 1.49729

COV of PPRR ------------ 16.03646 14.02674 16.52178 14.79833 14.6107 11.71084 12.49877

EGR % ------------ 46.4601 46.49533 46.53764 44.47459 44.70067 43.55034 43.75067

Fuel 1 ------------ 91 Gasoline 91 Gasoline 91 Gasoline 91 Gasoline 91 Gasoline 91 Gasoline 91 Gasoline

Fuel 2 ------------ #2 ULSD    #2 ULSD    #2 ULSD    #2 ULSD    #2 ULSD    #2 ULSD    #2 ULSD    

Fuel1 Flow (g/s) ------------ 0.96913 0.93307 0.89973 0.873 0.84582 0.80032 0.70458

Fuel2 Flow (g/s) ------------ 0.06607 0.10227 0.12519 0.14557 0.18247 0.26796 0.38928

Fuel1 Fraction ------------ 0.93618 0.90122 0.87786 0.85708 0.82255 0.74916 0.64412

Fuel2 Fraction ------------ 0.06382 0.09878 0.12214 0.14292 0.17745 0.25084 0.35588

Fuel Energy (J/cyc) ------------ 4215.37478 4210.59377 4164.61128 4135.67056 4169.80678 4320.31153 4406.61633

Fuel H/C ------------ 1.87293 1.86906 1.86647 1.86417 1.86035 1.85224 1.84065

Fuel O/C ------------ 0 0 0 0 0 0 0

Fuel MW/C ------------ 13.89791 13.89401 13.8914 13.88908 13.88523 13.87706 13.86538

RI (MW/m^2) ------------ 1.65951 1.78585 1.36837 1.85518 1.96069 2.0938 1.69852

Peak HRR (J/deg) ------------ 456.14793 461.16324 438.78066 480.82965 488.7358 497.93752 476.14856

Peak PRR (bar/deg) ------------ 7.47177 7.68127 6.51313 7.32507 7.33226 7.28098 6.21221

PP (bar) ------------ 120.11619 120.41276 114.20864 110.46015 106.79433 102.69781 94.88363

LPP (ATDC) ------------ 8.2 7.5 8.3 8.3 8.4 8.2 9.2

P Intake (bar) ------------ 2.04826 1.94382 1.82808 1.66844 1.56864 1.44097 1.31567

P Exhaust (bar) ------------ 2.24021 2.13304 2.00682 1.82628 1.70827 1.58456 1.41994

T Intake (C) ------------ 44.34341 43.68765 43.08856 43.46857 42.57288 44.7407 45.03513

T Exhaust Tank (C) ------------ 296.7745 303.70562 304.69365 326.83741 342.85955 365.54498 396.89837

Gross Therm Eff ------------ 0.5259 0.5286 0.52864 0.53054 0.52256 0.50431 0.4911

Net Therm Eff ------------ 0.49232 0.49624 0.49739 0.50197 0.4951 0.47912 0.46795

Brake Therm Eff (CF) ------------ 0.41221 0.41597 0.41769 0.42259 0.41723 0.40489 0.3969

Turbo Eff ------------ 0.66797 0.64956 0.6402 0.61767 0.60879 0.57513 0.62353

Vol Eff ------------ 0.90893 0.9018 0.89749 0.89379 0.87786 0.85352 0.83038

comb loss ------------ 0.03252 0.02322 0.02135 0.01658 0.01361 0.01133 0.03026

Comb Eff ------------ 0.96748 0.97678 0.97865 0.98342 0.98639 0.98867 0.96974

Exhaust Loss ------------ 0.32627 0.3173 0.3026 0.29942 0.2912 0.2663 0.25394

Pumping Loss ------------ 0.03358 0.03236 0.03125 0.02857 0.02746 0.0252 0.02315

Heat Transfer Loss ------------ 0.11271 0.12842 -- 0.10959 0.11218 0.13065 0.15506

HC (ppm) ------------ 1072.79842 968.45903 959.02903 1027.45349 942.93709 979.02416 1142.28358

NOx (ppm) ------------ 1.01472 1.47031 1.58273 2.75982 6.11022 23.47032 13.94901

CO2ex (ppm) ------------ 69706.93627 75510.75857 80005.08623 86153.13966 94462.89612 111219.0187 127438.6995

CO2in (ppm) ------------ 32593.64631 35316.57634 37439.91346 38531.69788 42440.1071 48655.28094 55973.53388

CO (ppm) ------------ 2869.91491 1842.30598 1746.5703 939.97945 793.07131 646.65499 6294.68496

PM (mg/m^3) ------------ 1.65 1.77 1.45 1.48 1.11 0.63 1.11

HC (g/kg-fuel) ------------ 14.55212 12.35426 11.58484 11.64867 9.79348 8.66809 8.46055

NOx (g/kg-fuel) ------------ 0.04556 0.0621 0.06331 0.10363 0.21024 0.68883 0.34276

CO2ex (g/kg-fuel) ------------ 2994.23535 3051.18213 3061.83211 3095.01605 3109.66653 3122.93358 2996.02621

CO2in (g/kg-fuel) ------------ 1400.04787 1427.04574 1432.84302 1384.23537 1397.10496 1366.19809 1315.91248

CO (g/kg-fuel) ------------ 78.45863 47.37866 42.54138 21.49176 16.616 11.55628 94.18463

PM (g/kg-fuel) ------------ 0.02318 0.02453 0.01985 0.02123 0.01558 0.00837 0.01427

HC (g/ikW-hr) ------------ 2.25812 1.90972 1.7922 1.79699 1.53582 1.41232 1.42111

NOx (g/ikW-hr) ------------ 0.00707 0.0096 0.00979 0.01599 0.03297 0.11223 0.05757

CO2ex (g/ikW-hr) ------------ 464.62906 471.65042 473.67209 477.45461 487.66058 508.82969 503.23979

CO2in (g/ikW-hr) ------------ 217.25177 220.59212 221.66393 213.53995 219.0952 222.59908 221.03262

CO (g/ikW-hr) ------------ 12.17478 7.32377 6.58124 3.31544 2.60574 1.8829 15.82011

PM (g/ikW-hr) ------------ 0.0036 0.00379 0.00307 0.00327 0.00244 0.00136 0.0024

Air Flow (kg/min) ------------ 1.73535 1.63626 1.53316 1.44554 1.33319 1.20721 1.06755

AFR mass ------------ 27.93909 26.33988 24.93147 23.65305 21.60868 18.83414 16.26584

AFR carbon ------------ 29.10624 27.47339 26.07411 24.55463 22.58673 19.40656 16.29198

AFR Average ------------ 28.52266 26.90664 25.50279 24.10384 22.0977 19.12035 16.27891

AFR Stoich ------------ 14.56802 14.56251 14.55882 14.55554 14.5501 14.53852 14.52195

Phi mass ------------ 0.52142 0.55287 0.58395 0.61538 0.67335 0.77192 0.89279

Phi carbon ------------ 0.50051 0.53006 0.55836 0.59278 0.64419 0.74916 0.89136

GTE emisisons based ------------ 0.54787 0.55135 0.55287 0.55076 0.54621 0.51964 0.49188

EXH emissions based ------------ 0.32627 0.3173 0.3026 0.29942 0.2912 0.2663 0.25394

HX emisisons based ------------ 0.09334 0.10813 0.12319 0.13324 0.14898 0.20272 0.22391

charge based PHI ------------ 0.27917 0.29581 0.3122 0.34169 0.37236 0.43575 0.50219

Emission charge based PHI ------------ 0.26797 0.28361 0.29851 0.32914 0.35623 0.4229 0.50138
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Table A. 5 ULSD DI / 91 PON Gasoline PFI, Φ-T Matrix with EGR and CA50 5.0°CA ATDC 

 

 MATRIX POINT 18-20 21 22 23 24 25 26

RPM No Data 1300 1300 1300 1300 1300 1300

IMEPg (bar) ------------ 9.046 9.03557 8.93267 8.90204 8.90906 8.86662

IMEPn (bar) ------------ 8.46932 8.48404 8.45568 8.44225 8.46666 8.46855

BMEP_CF (bar) ------------ 7.08075 7.09994 7.08481 7.10148 7.14637 7.16923

FMEP_CF (bar) ------------ 1.38858 1.3841 1.37087 1.34077 1.32029 1.29933

CA50 (ATDC) ------------ 6.14332 4.95211 4.85077 5.10342 5.21931 5.74388

COV of IMEPg ------------ 2.71455 2.45661 2.3475 2.28372 2.03789 1.91245

COV of PPRR ------------ 13.75162 13.50413 12.33701 13.08991 10.73081 9.77488

EGR % ------------ 45.6842 45.81741 43.44573 44.76487 45.17392 42.22931

Fuel 1 ------------ 91 Gasoline 91 Gasoline 91 Gasoline 91 Gasoline 91 Gasoline 91 Gasoline

Fuel 2 ------------ #2 ULSD    #2 ULSD    #2 ULSD    #2 ULSD    #2 ULSD    #2 ULSD    

Fuel1 Flow (g/s) ------------ 1.00579 0.95579 0.95906 0.90228 0.84296 0.83223

Fuel2 Flow (g/s) ------------ 0.03141 0.06811 0.07742 0.11944 0.1972 0.22966

Fuel1 Fraction ------------ 0.96971 0.93348 0.9253 0.8831 0.81041 0.78372

Fuel2 Fraction ------------ 0.03029 0.06652 0.0747 0.1169 0.18959 0.21628

Fuel Energy (J/cyc) ------------ 4228.7329 4169.00124 4218.92289 4152.41955 4216.07847 4299.96458

Fuel H/C ------------ 1.87664 1.87263 1.87172 1.86705 1.85901 1.85606

Fuel O/C ------------ 0 0 0 0 0 0

Fuel MW/C ------------ 13.90166 13.89761 13.8967 13.89199 13.88388 13.88091

RI (MW/m^2) ------------ 2.765 2.73515 3.77018 3.06431 3.04956 4.12943

Peak HRR (J/deg) ------------ 541.8862 536.70971 589.48105 560.3854 562.83631 615.77575

Peak PRR (bar/deg) ------------ 9.56469 9.35101 10.65855 9.19827 8.79932 9.79913

PP (bar) ------------ 121.37943 120.26001 116.95359 109.4272 104.308 99.06732

LPP (ATDC) ------------ 9 7.7 7.4 7.9 8.2 8.5

P Intake (bar) ------------ 2.0699 1.91233 1.76587 1.61569 1.47657 1.34306

P Exhaust (bar) ------------ 2.25874 2.08763 1.88862 1.73562 1.6079 1.44701

T Intake (C) ------------ 56.91239 55.51413 58.54632 57.45883 57.76921 58.15655

T Exhaust Tank (C) ------------ 303.175 318.80698 330.41269 346.80946 365.63507 395.34577

Gross Therm Eff ------------ 0.52215 0.52902 0.5168 0.52328 0.51578 0.50331

Net Therm Eff ------------ 0.48886 0.49672 0.48921 0.49625 0.49017 0.48072

Brake Therm Eff (CF) ------------ 0.40871 0.41569 0.40989 0.41744 0.41373 0.40696

Turbo Eff ------------ 0.66894 0.64235 0.50544 0.62789 0.59287 0.62128

Vol Eff ------------ 0.90226 0.89194 0.89282 0.87223 0.84571 0.84458

comb loss ------------ 0.02274 0.01924 0.01643 0.01405 0.0123 0.01169

Comb Eff ------------ 0.97726 0.98076 0.98357 0.98595 0.9877 0.98831

Exhaust Loss ------------ 0.30729 0.30525 0.28534 0.27641 0.25624 0.24941

Pumping Loss ------------ 0.03329 0.03229 0.0276 0.02703 0.02561 0.0226

Heat Transfer Loss ------------ 0.13316 0.1341 0.12273 0.12606 0.12154 0.10995

HC (ppm) ------------ 1000.78712 1072.22155 1075.24547 1064.78734 1135.47277 952.23683

NOx (ppm) ------------ 1.08022 1.56709 2.39614 5.52363 15.58559 20.36042

CO2ex (ppm) ------------ 73017.5425 79687.54876 83544.91188 96569.34629 115385.5746 124958.9405

CO2in (ppm) ------------ 33568.22352 36720.99825 36516.13106 43443.4544 52336.90751 52993.44492

CO (ppm) ------------ 1562.14793 1092.93571 711.49139 687.1768 662.13421 1148.95673

PM (mg/m^3) ------------ 0.75 1.55 1.55 1.59 1.1 1.4

HC (g/kg-fuel) ------------ 13.22921 13.08652 12.58833 10.81907 9.67964 7.48784

NOx (g/kg-fuel) ------------ 0.04725 0.06331 0.09286 0.18584 0.4402 0.53056

CO2ex (g/kg-fuel) ------------ 3055.6555 3079.93498 3097.56338 3108.51778 3117.98704 3115.39051

CO2in (g/kg-fuel) ------------ 1404.77101 1419.27175 1353.8949 1398.42254 1414.26517 1321.19618

CO (g/kg-fuel) ------------ 41.60649 26.88484 16.78926 14.07811 11.38756 18.231

PM (g/kg-fuel) ------------ 0.01035 0.02148 0.02211 0.02185 0.0141 0.01873

HC (g/ikW-hr) ------------ 2.06508 2.01895 1.98858 1.69055 1.53859 1.22089

NOx (g/ikW-hr) ------------ 0.00738 0.00977 0.01467 0.02904 0.06997 0.08651

CO2ex (g/ikW-hr) ------------ 476.9872 475.16279 489.3226 485.72573 495.60648 507.96259

CO2in (g/ikW-hr) ------------ 219.28447 218.96083 213.875 218.51244 224.79856 215.42026

CO (g/ikW-hr) ------------ 6.49476 4.14771 2.6522 2.19979 1.81006 2.97255

PM (g/ikW-hr) ------------ 0.00162 0.00331 0.00349 0.00341 0.00224 0.00305

Air Flow (kg/min) ------------ 1.69878 1.5543 1.48585 1.30142 1.14359 1.09331

AFR mass ------------ 27.29745 25.3001 23.89265 21.2292 18.32395 17.15973

AFR carbon ------------ 28.42959 26.34122 25.3191 22.10885 18.71059 17.33159

AFR Average ------------ 27.86352 25.82066 24.60587 21.66902 18.51727 17.24566

AFR Stoich ------------ 14.57331 14.56759 14.5663 14.55965 14.54818 14.54397

Phi mass ------------ 0.53387 0.57579 0.60966 0.68583 0.79394 0.84756

Phi carbon ------------ 0.51261 0.55303 0.57531 0.65854 0.77754 0.83916

GTE emisisons based ------------ 0.5438 0.55079 0.54766 0.54496 0.52667 0.50835

EXH emissions based ------------ 0.30729 0.30525 0.28534 0.27641 0.25624 0.24941

HX emisisons based ------------ 0.12616 0.12472 0.15057 0.16458 0.20479 0.23055

charge based PHI ------------ 0.28998 0.31198 0.34479 0.37882 0.43529 0.48964

Emission charge based PHI ------------ 0.27843 0.29965 0.32536 0.36375 0.42629 0.48479
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Table A. 5 ULSD DI / 91 PON Gasoline PFI, Φ-T Matrix with EGR and CA50 5.0°CA ATDC 

 

 MATRIX POINT 27-29 30 31 32-36

RPM No Data 1300 1300 No Data

IMEPg (bar) ------------ 9.07788 9.07476 ------------

IMEPn (bar) ------------ 8.45028 8.4393 ------------

BMEP_CF (bar) ------------ 7.06004 7.02162 ------------

FMEP_CF (bar) ------------ 1.39025 1.41768 ------------

CA50 (ATDC) ------------ 5.84399 5.17665 ------------

COV of IMEPg ------------ 2.29989 2.39734 ------------

COV of PPRR ------------ 13.27315 12.43766 ------------

EGR % ------------ 48.46197 48.05745 ------------

Fuel 1 ------------ 91 Gasoline 91 Gasoline ------------

Fuel 2 ------------ #2 ULSD    #2 ULSD    ------------

Fuel1 Flow (g/s) ------------ 1.02514 1.04275 ------------

Fuel2 Flow (g/s) ------------ 0.01891 0.017 ------------

Fuel1 Fraction ------------ 0.98189 0.98396 ------------

Fuel2 Fraction ------------ 0.01811 0.01604 ------------

Fuel Energy (J/cyc) ------------ 4258.54769 4322.90082 ------------

Fuel H/C ------------ 1.87799 1.87822 ------------

Fuel O/C ------------ 0 0 ------------

Fuel MW/C ------------ 13.90302 13.90325 ------------

RI (MW/m^2) ------------ 3.95735 5.27356 ------------

Peak HRR (J/deg) ------------ 624.2197 679.41475 ------------

Peak PRR (bar/deg) ------------ 11.40872 13.65689 ------------

PP (bar) ------------ 121.79708 128.65597 ------------

LPP (ATDC) ------------ 8.3 7.5 ------------

P Intake (bar) ------------ 1.98247 2.08999 ------------

P Exhaust (bar) ------------ 2.25992 2.3542 ------------

T Intake (C) ------------ 64.97058 65.07371 ------------

T Exhaust Tank (C) ------------ 306.744 304.64276 ------------

Gross Therm Eff ------------ 0.52032 0.5124 ------------

Net Therm Eff ------------ 0.48435 0.47651 ------------

Brake Therm Eff (CF) ------------ 0.40466 0.39647 ------------

Turbo Eff ------------ 0.61199 0.63378 ------------

Vol Eff ------------ 0.91108 0.93575 ------------

comb loss ------------ 0.01636 0.01694 ------------

Comb Eff ------------ 0.98364 0.98306 ------------

Exhaust Loss ------------ 0.28352 0.29963 ------------

Pumping Loss ------------ 0.03597 0.03588 ------------

Heat Transfer Loss ------------ 0.13308 0.13617 ------------

HC (ppm) ------------ 950.35734 948.72442 ------------

NOx (ppm) ------------ 2.23483 2.39418 ------------

CO2ex (ppm) ------------ 82890.5907 79125.17169 ------------

CO2in (ppm) ------------ 40370.37766 38227.07945 ------------

CO (ppm) ------------ 951.81516 922.73433 ------------

PM (mg/m^3) ------------ 1.4 1.35 ------------

HC (g/kg-fuel) ------------ 11.19818 11.70289 ------------

NOx (g/kg-fuel) ------------ 0.08713 0.09771 ------------

CO2ex (g/kg-fuel) ------------ 3091.77527 3089.60382 ------------

CO2in (g/kg-fuel) ------------ 1505.79377 1492.65434 ------------

CO (g/kg-fuel) ------------ 22.59524 22.93119 ------------

PM (g/kg-fuel) ------------ 0.01729 0.01736 ------------

HC (g/ikW-hr) ------------ 1.7534 1.86061 ------------

NOx (g/ikW-hr) ------------ 0.01364 0.01554 ------------

CO2ex (g/ikW-hr) ------------ 484.10618 491.20796 ------------

CO2in (g/ikW-hr) ------------ 235.77524 237.31317 ------------

CO (g/ikW-hr) ------------ 3.53793 3.64577 ------------

PM (g/ikW-hr) ------------ 0.00271 0.00276 ------------

Air Flow (kg/min) ------------ 1.52176 1.66018 ------------

AFR mass ------------ 24.29251 26.10963 ------------

AFR carbon ------------ 25.46592 26.61441 ------------

AFR Average ------------ 24.87921 26.36202 ------------

AFR Stoich ------------ 14.57523 14.57556 ------------

Phi mass ------------ 0.59999 0.55824 ------------

Phi carbon ------------ 0.57234 0.54766 ------------

GTE emisisons based ------------ 0.54545 0.5223 ------------

EXH emissions based ------------ 0.28352 0.29963 ------------

HX emisisons based ------------ 0.15467 0.16112 ------------

charge based PHI ------------ 0.30922 0.28997 ------------

Emission charge based PHI ------------ 0.29497 0.28447 ------------
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Table A. 6 ULSD and 3% EHN + 91 PON Gasoline Mixing Controlled Combustion 

 

Inj. P 1300 700 500 1300 700 500

RPM 1300 1300 1300 1300 1300 1300

IMEPg (bar) 8.87939 8.82944 8.87482 8.87996 8.88586 8.867

IMEPn (bar) 8.47501 8.42348 8.46173 8.45378 8.45714 8.45533

BMEP_CF (bar) 7.43566 7.39124 7.43783 7.43064 7.44551 7.45291

FMEP_CF (bar) 1.03935 1.03224 1.02389 1.02314 1.01162 1.00242

CA50 (ATDC) 2.31133 2.54449 3.05834 2.7567 3.46457 4.288

COV of IMEPg 0.99568 1.32755 1.929 0.79511 1.18472 1.47529

COV of PPRR 10.75931 4.29364 3.99861 4.79475 8.55643 6.01026

EGR % 0 0 0 0 0 0

Fuel 1 E85            E85            E85            E85            E85            E85            

Fuel 2

3% EHN + 

91 PON

3% EHN + 

91 PON

3% EHN + 

91 PON #2 ULSD #2 ULSD #2 ULSD

Fuel1 Flow (g/s) 0 0 0 0 0 0

Fuel2 Flow (g/s) 1.12391 1.14569 1.14799 1.12229 1.15622 1.16124

Fuel1 Fraction 0 0 0 0 0 0

Fuel2 Fraction 1 1 1 1 1 1

Fuel Energy (J/cyc) 4417.487 4503.11 4512.134 4414.114 4547.569 4567.314

Fuel H/C 1.886 1.886 1.886 1.7723 1.7723 1.7723

Fuel O/C 0.00958 0.00958 0.00958 0 0 0

Fuel MW/C 14.0644 14.0644 14.0644 13.79648 13.79648 13.79648

RI (MW/m^2) 2.91935 5.17987 5.07479 1.3259 1.92202 1.75253

Peak HRR (J/deg) 331.6786 444.9927 437.4472 304.5028 261.1199 222.6186

Peak PRR (bar/deg) 8.90003 11.81044 11.60664 5.9135 7.06031 6.70314

PP (bar) 117.8493 116.0714 113.9847 113.7976 110.9171 108.6166

LPP (ATDC) 4.3 4.3 4.6 4.6 5 5.2

P Intake (bar) 1.72041 1.72046 1.72186 1.72123 1.72085 1.7178

P Exhaust (bar) 1.82678 1.82517 1.83772 1.83251 1.82218 1.81822

T Intake (C) 32.36011 32.78827 32.81643 33.79413 32.14167 31.65391

T Exhaust Tank (C) 332.412 339.2883 342.6341 335.8889 360.1843 362.5116

Gross Therm Eff 0.49063 0.47859 0.48009 0.49104 0.47694 0.47387

Net Therm Eff 0.46829 0.45659 0.45774 0.46747 0.45393 0.45187

Brake Therm Eff (CF) 0.41086 0.40064 0.40236 0.41089 0.39963 0.3983

Turbo Eff 0.65624 0.65144 0.64041 0.65706 0.64039 0.64016

Vol Eff 0.92758 0.93336 0.93248 0.92185 0.91891 0.92826

comb loss 0.00629 0.00729 0.00922 0.00573 0.00801 0.01043

Comb Eff 0.99371 0.99271 0.99078 0.99427 0.99199 0.98957

Exhaust Loss 0.32819 0.33045 0.33326 0.32735 0.3454 0.35027

Pumping Loss 0.02234 0.022 0.02235 0.02357 0.02301 0.022

Heat Transfer Loss 0.17489 0.18367 0.17742 0.17589 0.16965 0.16543

HC (ppm) 90.38545 113.2184 124.8256 96.76361 101.0995 105.5051

NOx (ppm) 849.3192 821.0768 788.3012 912.5613 836.7212 738.7256

CO2ex (ppm) 48076.42 47824.78 47603.95 51195.18 52164.93 51393.72

CO2in (ppm) 56.58943 55.00301 54.34651 80.95034 88.71388 90.71971

CO (ppm) 455.8578 508.4161 681.1545 414.9307 670.7926 917.0299

PM (mg/m^3) 8.6 12.53 18.68 25.3 60.6 92.04

HC (g/kg-fuel) 1.85876 2.33673 2.57821 1.87123 1.90964 2.01265

NOx (g/kg-fuel) 57.12576 55.4259 53.25296 58.83914 52.69554 46.98579

CO2ex (g/kg-fuel) 3093.761 3088.698 3076.721 3158.107 3143.151 3127.426

CO2in (g/kg-fuel) 3.64158 3.55229 3.5125 4.99363 5.34538 5.5205

CO (g/kg-fuel) 18.67006 20.89794 28.01899 16.29053 25.72389 35.51585

PM (g/kg-fuel) 0.22532 0.32747 0.48762 0.65939 1.6032 2.46111

HC (g/ikW-hr) 0.32031 0.4128 0.45404 0.32197 0.33829 0.35885

NOx (g/ikW-hr) 9.8441 9.79138 9.37816 10.12407 9.33491 8.37735

CO2ex (g/ikW-hr) 533.1269 545.6404 541.8287 543.3949 556.8027 557.6058

CO2in (g/ikW-hr) 0.62753 0.62754 0.61857 0.85922 0.94692 0.98428

CO (g/ikW-hr) 3.21729 3.69177 4.93431 2.803 4.55693 6.33231

PM (g/ikW-hr) 0.03883 0.05785 0.08587 0.11346 0.284 0.4388

Air Flow (kg/min) 2.88726 2.90127 2.90065 2.8574 2.86306 2.89169

AFR mass 42.81566 42.20542 42.11193 42.43409 41.2705 41.50293

AFR carbon 43.29172 43.44063 43.46256 41.51126 40.55617 40.93781

AFR Average 43.05369 42.82302 42.78724 41.97268 40.91333 41.22037

AFR Stoich 14.38064 14.38064 14.38064 14.42368 14.42368 14.42368

Phi mass 0.33587 0.34073 0.34149 0.33991 0.34949 0.34753

Phi carbon 0.33218 0.33104 0.33087 0.34746 0.35565 0.35233

GTE emisisons based 0.496085 0.483911 0.485428 0.4965 0.482243 0.479139

EXH emissions based 0.331839 0.334124 0.336965 0.33099 0.34924 0.354165

HX emisisons based 0.165786 0.174674 0.168387 0.16678 0.160507 0.156267
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Table A. 7 Gasoline RCCI boost sweep 

 

P Intake (bar) 1.56188 1.88827

RPM 1300 1300

IMEPg (bar) 8.18074 8.4843

IMEPn (bar) 8.03928 7.91892

BMEP_CF (bar) 6.90702 6.52875

FMEP_CF (bar) 1.13226 1.39017

CA50 (ATDC) 0.35487 4.95565

COV of IMEPg 2.26546 2.93685

COV of PPRR 10.43883 10.86481

EGR % 0 0

Fuel 1 91 Gasoline 91 Gasoline

Fuel 2 #2 ULSD    #2 ULSD    

Fuel1 Flow (g/s) 0.78818 0.98896

Fuel2 Flow (g/s) 0.19097 0.00756

Fuel1 Fraction 0.80497 0.99241

Fuel2 Fraction 0.19503 0.00759

Fuel Energy (J/cyc) 3893.93691 4066.2382

Fuel H/C 1.85247 1.87916

Fuel O/C 0 0

Fuel MW/C 13.87729 13.90419

RI (MW/m^2) 2.74186 5.94339

Peak HRR (J/deg) 386.99996 591.1897

Peak PRR (bar/deg) 8.59381 12.8874

PP (bar) 117.38471 121.77908

LPP (ATDC) 3.8 7.2

P Intake (bar) 1.56188 1.88827

P Exhaust (bar) 1.45396 2.09571

T Intake (C) 32.4317 33.31331

T Exhaust Tank (C) 279.96214 250.37682

Gross Therm Eff 0.51426 0.50929

Net Therm Eff 0.5054 0.47536

Brake Therm Eff (CF) 0.43929 0.39191

Turbo Eff 0.71104 0.71098

Vol Eff 0.92712 0.92712

comb loss 0.03292 0.03827

Comb Eff 0.96708 0.96173

Exhaust Loss 0.30552 0.28293

Pumping Loss 0.00887 0.03394

Heat Transfer Loss 0.14876 0.16951

HC (ppm) 1020.76829 768.29376

NOx (ppm) 26.87652 0.50928

CO2ex (ppm) 41626.28037 36419.90236

CO2in (ppm) 65.3836 7.50361

CO (ppm) 873.22819 1554.46315

PM (mg/m^3) 8.8 1.41

HC (g/kg-fuel) 23.43359 19.81696

NOx (g/kg-fuel) 2.04521 0.04346

CO2ex (g/kg-fuel) 3030.58158 2973.405

CO2in (g/kg-fuel) 4.76022 0.61261

CO (g/kg-fuel) 40.46205 80.77137

PM (g/kg-fuel) 0.27635 0.03598

HC (g/ikW-hr) 3.81848 3.16885

NOx (g/ikW-hr) 0.33326 0.00695

CO2ex (g/ikW-hr) 493.83018 475.46598

CO2in (g/ikW-hr) 0.77567 0.09796

CO (g/ikW-hr) 6.59325 12.91585

PM (g/ikW-hr) 0.04503 0.00575

Air Flow (kg/min) 2.86757 3.15756

AFR mass 48.81055 52.80979

AFR carbon 48.76671 54.55721

AFR Average 48.78863 53.6835

AFR Stoich 14.53885 14.57689

Phi mass 0.29786 0.27603

Phi carbon 0.29813 0.26719

GTE emisisons based 0.5138 0.52615

EXH emissions based 0.30525 0.29229

HX emisisons based 0.14803 0.14329
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Table A. 8 Gasoline HCCI and Gasoline/ULSD RCCI at Matched Conditions 

 

 Condition 32°C HCCI 42°C RCCI 57°C RCCI 66°C HCCI

RPM 1300 1300 1300 1300

IMEPg (bar) 8.34748 9.11862 9.03557 9.07788

IMEPn (bar) 7.7925 8.56034 8.48404 8.45028

BMEP_CF (bar) 6.41029 7.17563 7.09994 7.06004

FMEP_CF (bar) 1.38221 1.38471 1.3841 1.39025

CA50 (ATDC) 5.17722 4.93053 4.95211 5.84399

COV of IMEPg 3.0018 3.17837 2.45661 2.29989

COV of PPRR 11.31647 14.02674 13.50413 13.27315

EGR % 0 46.49533 45.81741 48.46197

Fuel 1 91 Gasoline 91 Gasoline 91 Gasoline 91 Gasoline

Fuel 2 #2 ULSD    #2 ULSD    #2 ULSD    #2 ULSD    

Fuel1 Flow (g/s) 0.99244 0.93307 0.95579 1.02514

Fuel2 Flow (g/s) 0.10227 0.06811

Fuel1 Fraction 1 0.90122 0.93348 1

Fuel2 Fraction 0 0.09878 0.06652 0

Fuel Energy (J/cyc) 4062.903 4210.59377 4169.00124 4258.54769

Fuel H/C 1.88 1.86906 1.87263 1.88

Fuel O/C 0 0 0 0

Fuel MW/C 13.905 13.89401 13.89761 13.905

RI (MW/m^2) 5.70223 1.78585 2.73515 3.95735

Peak HRR (J/deg) 571.26365 461.16324 536.70971 624.2197

Peak PRR (bar/deg) 12.53824 7.68127 9.35101 11.40872

PP (bar) 119.78782 120.41276 120.26001 121.79708

LPP (ATDC) 7.2 7.5 7.7 8.3

P Intake (bar) 1.8846 1.94382 1.91233 1.98247

P Exhaust (bar) 2.0963 2.13304 2.08763 2.25992

T Intake (C) 34.42543 43.68765 55.51413 64.97058

T Exhaust Tank (C) 228.50299 303.70562 318.80698 306.744

Gross Therm Eff 0.50149 0.5286 0.52902 0.52032

Net Therm Eff 0.46815 0.49624 0.49672 0.48435

Brake Therm Eff (CF) 0.38511 0.41597 0.41569 0.40466

Turbo Eff 0.74004 0.64956 0.64235 0.61199

Vol Eff 0.93024 0.9018 0.89194 0.91108

comb loss 0.04214 0.02322 0.01924 0.01636

Comb Eff 0.95786 0.97678 0.98076 0.98364

Exhaust Loss 0.25301 0.3173 0.30525 0.28352

Pumping Loss 0.03334 0.03236 0.03229 0.03597

Heat Transfer Loss 0.20335 0.13088 0.14649 0.1798

HC (ppm) 824.95747 968.45903 1072.22155 950.35734

NOx (ppm) 0.22576 1.47031 1.56709 2.23483

CO2ex (ppm) 35984.9866 75510.75857 79687.54876 82890.5907

CO2in (ppm) 6.04752 35316.57634 36720.99825 40370.37766

CO (ppm) 1740.17696 1842.30598 1092.93571 951.81516

PM (mg/m^3) 1.13 1.77 1.55 1.4

HC (g/kg-fuel) 21.38376 12.35426 13.08652 11.19818

NOx (g/kg-fuel) 0.01936 0.0621 0.06331 0.08713

CO2ex (g/kg-fuel) 2952.3226 3051.18213 3079.93498 3091.77527

CO2in (g/kg-fuel) 0.49616 1427.04574 1419.27175 1505.79377

CO (g/kg-fuel) 90.86521 47.37866 26.88484 22.59524

PM (g/kg-fuel) 0.02759 0.02453 0.02148 0.01729

HC (g/ikW-hr) 3.47202 1.90972 2.01895 1.7534

NOx (g/ikW-hr) 0.00314 0.0096 0.00977 0.01364

CO2ex (g/ikW-hr) 479.36074 471.65042 475.16279 484.10618

CO2in (g/ikW-hr) 0.08056 220.59212 218.96083 235.77524

CO (g/ikW-hr) 14.75354 7.32377 4.14771 3.53793

PM (g/ikW-hr) 0.00448 0.00379 0.00331 0.00271

Air Flow (kg/min) 3.15057 1.63626 1.5543 1.52176

AFR mass 52.74478 26.33988 25.3001 24.29251

AFR carbon 54.80376 27.47339 26.34122 25.46592

AFR Average 53.77427 26.90664 25.82066 24.87921

AFR Stoich 14.5776 14.56251 14.56759 14.57523

Phi mass 0.27638 0.55287 0.57579 0.59999

Phi carbon 0.266 0.53006 0.55303 0.57234

GTE emisisons based 0.52107 0.55135 0.55079 0.54545

EXH emissions based 0.26289 0.33095 0.31781 0.29722

HX emisisons based 0.1739 0.09448 0.11216 0.14097

charge based PHI 0.27638 0.29581 0.31198 0.30922

Emission charge based PHI 0.266 0.28361 0.29965 0.29497
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Table A. 9 Charge Preparation Strategies HCCI to Diesel Pilot 

 

 Condition HCCI RCCI single 320 RCCI double 320/35 RCCI single 60 RCCI double 60/35 RCCI single 35

RPM 1300 1300 1300 1300 1300 1300

IMEPg (bar) 8.08275 8.04098 8.05925 8.05665 8.11855 8.03093

IMEPn (bar) 7.4454 7.41446 7.43157 7.42024 7.48057 7.40591

BMEP_CF (bar) 6.41031 6.38715 6.40176 6.04543 6.45348 6.37491

FMEP_CF (bar) 1.03509 1.02731 1.02981 1.37481 1.0271 1.031

CA50 (ATDC) 5.4026 5.19773 4.97182 5.68687 4.95812 4.97742

COV of IMEPg 3.84625 4.24054 3.70031 4.56297 4.35119 4.25018

COV of PPRR 11.24729 10.83887 10.02083 47.83129 14.26031 12.29778

EGR % 45.7745 45.08454 45.15788 45.16936 45.18448 45.07784

Fuel 1 91 Gasoline 91 Gasoline 91 Gasoline 91 Gasoline 91 Gasoline 91 Gasoline

Fuel 2 #2 ULSD    #2 ULSD    #2 ULSD    #2 ULSD    #2 ULSD    #2 ULSD    

Fuel1 Flow (g/s) 0.94626 0.89983 0.896 0.90668 0.89307 0.92678

Fuel2 Flow (g/s) 0 0.03882 0.03564 0.03177 0.04752 0.02277

Fuel1 Fraction 1 0.95864 0.96174 0.96614 0.94948 0.97602

Fuel2 Fraction 0 0.04136 0.03826 0.03386 0.05052 0.02398

Fuel Energy (J/cyc) 3784.75864 3740.14232 3712.34188 3825.63228 3584.9633 3784.36583

Fuel H/C 1.88 1.87415 1.87459 1.87625 1.87286 1.87661

Fuel O/C 0 0 0 0 0 0

Fuel MW/C 13.905 13.89915 13.89959 13.90126 13.89784 13.90162

RI (MW/m^2) 4.33034 3.75254 3.58265 2.17224 1.73028 2.75329

Peak HRR (J/deg) 517.57098 477.18397 463.54335 394.17958 378.26974 423.716

Peak PRR (bar/deg) 12.25811 11.29942 11.08968 8.62078 7.6662 9.74646

PP (bar) 122.72847 119.20333 120.44317 117.93865 116.19139 120.1652

LPP (ATDC) 7.1 7 6.9 7.2 7.6 7

P Intake (bar) 2.07796 2.01628 2.0158 2.01401 2.01285 2.0072

P Exhaust (bar) 2.35047 2.2777 2.27887 2.28242 2.28764 2.27814

T Intake (C) 61.84443 51.70988 53.72386 52.0155 49.31323 50.94992

T Exhaust Tank (C) 294.30346 280.62721 281.6475 281.8596 283.81819 281.68052

Gross Therm Eff 0.50931 0.51307 0.51805 0.51404 0.51713 0.50623

Net Therm Eff 0.46915 0.47309 0.4777 0.47343 0.47649 0.46683

Brake Therm Eff (CF) 0.398 0.40166 0.40554 0.38572 0.4052 0.39597

Turbo Eff 0.64883 0.66418 0.66184 0.65857 0.65339 0.65787

Vol Eff 0.98227 0.98842 0.99268 0.99322 0.98778 0.98889

comb loss 0.03021 0.03721 0.03736 0.06186 0.05508 0.03945

Comb Eff 0.96979 0.96279 0.96264 0.93814 0.94492 0.96055

Exhaust Loss 0.34177 0.34224 0.34277 0.34457 0.3514 0.34009

Pumping Loss 0.04016 0.03998 0.04035 0.0406 0.04064 0.0394

Heat Transfer Loss 0.1187 0.10748 0.10182 0.07953 0.07639 0.11423

HC (ppm) 866.1666 934.6748 933.19075 983.60657 920.6717 969.44529

NOx (ppm) 1.04405 0.47213 0.46333 0.66081 0.60704 0.65201

CO2ex (ppm) 61017.69742 58777.16133 59148.82558 57958.64437 57621.84725 58918.56636

CO2in (ppm) 28140.94342 26712.48709 26923.14049 26392.28982 26248.81546 26772.31562

CO (ppm) 2337.48206 3042.22018 3100.3757 6683.04505 5680 3312.9128

PM (mg/m^3) 0.69 0.32 0.75 0.96 1.44 0.6

HC (g/kg-fuel) 13.47658 14.88173 14.75739 14.97532 14.32402 15.32574

NOx (g/kg-fuel) 0.05374 0.02488 0.02425 0.03329 0.03126 0.03411

CO2ex (g/kg-fuel) 3004.87889 2963.22566 2961.65674 2793.63768 2838.58997 2948.73769

CO2in (g/kg-fuel) 1385.82953 1346.69871 1348.0758 1272.12249 1293.07941 1339.89235

CO (g/kg-fuel) 73.26241 97.61319 98.80176 205.01611 178.08427 105.52509

PM (g/kg-fuel) 0.01071 0.00511 0.01204 0.01536 0.02308 0.00947

HC (g/ikW-hr) 2.15455 2.36509 2.32252 2.37482 2.25934 2.46698

NOx (g/ikW-hr) 0.00859 0.00395 0.00382 0.00528 0.00493 0.00549

CO2ex (g/ikW-hr) 480.40015 470.93213 466.10548 443.02079 447.73352 474.65707

CO2in (g/ikW-hr) 221.55725 214.02477 212.16015 201.73579 203.95866 215.68191

CO (g/ikW-hr) 11.71271 15.51323 15.54942 32.51187 28.0894 16.98633

PM (g/ikW-hr) 0.00171 8.12E-04 0.0019 0.00244 0.00364 0.00152

Air Flow (kg/min) 1.82626 1.86216 1.85576 1.86447 1.8682 1.85924

AFR mass 32.06794 33.06426 33.19866 33.1124 33.10332 32.63393

AFR carbon 33.26069 33.99289 33.76599 32.40228 33.13623 33.74108

AFR Average 32.66431 33.52857 33.48232 32.75734 33.11978 33.1875

AFR Stoich 14.57747 14.56977 14.57039 14.57275 14.57012 14.57326

Phi mass 0.45458 0.44065 0.43888 0.4401 0.44014 0.44657

Phi carbon 0.43828 0.42861 0.43151 0.44974 0.4397 0.43191

GTE emisisons based 0.52826 0.52748 0.5269 0.50302 0.51764 0.52341

EXH emissions based 0.34177 0.34224 0.34277 0.34457 0.3514 0.34009

HX emisisons based 0.1187 0.10748 0.10182 0.07953 0.07639 0.11423

charge based PHI 0.2465 0.24198 0.24069 0.24131 0.24127 0.24526

Emission charge based PHI 0.23766 0.23537 0.23665 0.2466 0.24103 0.23722
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Oil Matrix Conditions 

 

 
 
 

Figure A. 2  Oil Matrix Conditions 
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Table A. 10 0% EGR 22°C intake temperature Piston Oil Cooling On 

 

 MATRIX POINT 1 2 3 4 5 6 7 8 9

RPM 1300 1300 1300 1300 1300 1300 1300 1300 1300

IMEPg (bar) 6.75999 6.74369 6.96402 7.4639 6.67166 6.6638 6.74547 6.76276 6.74464

IMEPn (bar) 6.37564 6.35943 6.50853 7.00266 6.27825 6.26632 6.25899 6.29231 6.2757

BMEP_CF (bar) 5.2162 5.1979 5.30506 5.76576 5.11921 5.09761 5.08453 5.10039 5.07911

FMEP_CF (bar) 1.15944 1.16153 1.20347 1.2369 1.15904 1.16872 1.17446 1.19192 1.19659

CA50 (ATDC) 1.18434 0.92019 0.99159 1.58905 2.1816 1.54054 1.42939 0.30309 0.25744

COV of IMEPg 5.12189 3.46406 2.92969 2.87076 3.08941 2.91538 3.03354 2.77299 2.93249

COV of PPRR 10.79466 9.14651 8.70295 8.39937 9.09412 8.33575 8.60949 7.72334 7.91263

EGR % 0.04582 0.07734 0 0 0 0 0 0 0

Fuel 1 E85 E85 E85 E85 E85 E85 E85 E85 E85

Fuel 2

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

Fuel1 Flow (g/s) 0.72225 0.71937 0.80868 0.91936 0.76333 0.74494 0.7679 0.73557 0.74487

Fuel2 Flow (g/s) 0.22678 0.23153 0.19351 0.17277 0.20849 0.21763 0.20961 0.22513 0.2324

Fuel1 Fraction 0.76104 0.75652 0.80691 0.84181 0.78546 0.77391 0.78557 0.76566 0.76219

Fuel2 Fraction 0.23896 0.24348 0.19309 0.15819 0.21454 0.22609 0.21443 0.23434 0.23781

Fuel Energy (J/cyc) 2840.6866 2851.557 2943.158 3160.303817 2879.681 2865.926 2896.373 2870.128 2923.81

Fuel H/C 2.47859 2.4739 2.52736 2.56584 2.50431 2.49208 2.50442 2.48342 2.4798

Fuel O/C 0.26945 0.26739 0.29085 0.30773 0.28073 0.27537 0.28078 0.27157 0.26998

Fuel MW/C 18.81962 18.7819 19.21112 19.52001 19.02607 18.92785 19.02698 18.85838 18.8293

RI (MW/m^2) 4.89351 4.35284 3.77967 4.06968 1.70612 1.97126 2.29902 2.81871 3.11726

Peak HRR (J/deg) 400.60904 373.8419 363.2872 401.54862 300.5468 302.5461 317.4827 310.2524 319.3633

Peak PRR (bar/deg) 11.44617 10.81773 10.51403 11.18235 6.92294 7.4888 8.09458 9.05662 9.54581

PP (bar) 122.82019 123.2379 131.6257 138.31282 122.7392 124.6751 125.8235 129.3155 130.2491

LPP (ATDC) 4.2 4.1 4.3 4.9 5.1 4.7 4.8 3.9 3.7

P Intake (bar) 1.23775 1.23906 1.36702 1.44285 1.36658 1.36745 1.36871 1.36711 1.36697

P Exhaust (bar) 1.35261 1.35841 1.52427 1.6031 1.48644 1.48706 1.57908 1.56454 1.56256

T Intake (C) 24.5084 25.16163 22.78926 22.88359 21.17546 21.31539 20.79299 21.34361 19.83872

T Exhaust Tank (C) 276.02033 261.1389 239.3876 244.82804 227.274 228.3225 232.2656 235.4207 237.3208

Gross Therm Eff 0.58086 0.57725 0.57755 0.57647 0.56551 0.56755 0.56846 0.57513 0.56306

Net Therm Eff 0.54783 0.54435 0.53978 0.54085 0.53216 0.53369 0.52746 0.53512 0.52391

Brake Therm Eff (CF) 0.4482 0.44493 0.43997 0.44532 0.43392 0.43416 0.42849 0.43376 0.42402

Turbo Eff 0.79524 0.79783 0.7064 0.70144 0.79321 0.79261 0.6289 0.64302 0.64331

Vol Eff 0.92697 0.93004 0.92849 0.93062 0.93977 0.93923 0.92804 0.92975 0.92263

comb loss 0.02634 0.02876 0.02995 0.03103 0.06061 0.0601 0.05639 0.05006 0.04672

Comb Eff 0.97366 0.97124 0.97005 0.96897 0.93939 0.9399 0.94361 0.94994 0.95328

Exhaust Loss 0.31533 0.29545 0.29192 0.29456 0.28681 0.28934 0.28977 0.29567 0.29407

Pumping Loss 0.03303 0.03289 0.03778 0.03562 0.03335 0.03385 0.041 0.04001 0.03915

Heat Transfer Loss 0.07747 0.09854 0.10058 0.09793 0.08707 0.08301 0.08538 0.07914 0.09615

HC (ppm) 677.36199 716.5102 505.6635 594.22264 950.1619 1030.953 1084.032 1020.758 1003.972

NOx (ppm) 110.12125 145.3772 79.37127 61.4412 37.06159 48.71614 48.93904 76.91151 80.6647

CO2ex (ppm) 41727.403 40786.89 37611.45 38004.156 33230.13 33537.45 34478.08 35097.04 35671.57

CO2in (ppm) 406.94165 419.2433 370.8959 380.76783 23.42208 21.76336 20.72262 23.32662 33.51329

CO (ppm) 1007.4008 1099.446 1470.303 1401.72578 2791.522 2602.099 2271.693 1909.913 1707.253

PM (mg/m^3) 0 2.05 1.13 1.31 0.96 0.77 0.77 0.8 0.78

HC (g/kg-fuel) 15.59031 16.80391 12.76544 14.84458 25.67103 27.70244 28.6159 26.81027 26.12588

NOx (g/kg-fuel) 6.19515 8.35031 4.7978 3.61706 2.42091 3.18133 3.12326 4.92746 5.1281

CO2ex (g/kg-fuel) 2245.9283 2241.406 2175.168 2140.52925 2076.729 2095.362 2105.183 2151.274 2169.645

CO2in (g/kg-fuel) 21.90315 23.03913 21.44987 21.4462 1.46377 1.35974 1.26529 1.42981 2.03837

CO (g/kg-fuel) 34.50949 38.45347 54.11793 50.24755 111.0326 103.47 88.27918 74.50759 66.08855

PM (g/kg-fuel) 0 0.04956 0.02582 0.02848 0.02281 0.0185 0.01755 0.01875 0.018

HC (g/ikW-hr) 2.97978 3.22582 2.50104 2.95713 5.09089 5.44781 5.64563 5.18514 5.15373

NOx (g/ikW-hr) 1.18408 1.603 0.94 0.72054 0.4801 0.62562 0.61619 0.95298 1.0116

CO2ex (g/ikW-hr) 429.2652 430.2791 426.1643 426.40587 411.8415 412.0626 415.3312 416.0587 427.9953

CO2in (g/ikW-hr) 4.18636 4.42278 4.20251 4.27221 0.29028 0.2674 0.24963 0.27653 0.4021

CO (g/ikW-hr) 6.59581 7.38185 10.60292 10.0096 22.01916 20.34786 17.41658 14.40985 13.03696

PM (g/ikW-hr) 0 0.00951 0.00506 0.00567 0.00452 0.00364 0.00346 0.00363 0.00355

Air Flow (kg/min) 2.12967 2.13361 2.3707 2.50715 2.41189 2.41091 2.38859 2.38574 2.37939

AFR mass 37.40071 37.39665 39.42544 38.26107 41.36359 41.7444 40.72566 41.38885 40.57881

AFR carbon 36.08458 36.82091 38.6884 37.68522 41.64616 41.64442 40.72653 40.91315 40.61753

AFR Average 36.74264 37.10878 39.05692 37.97314 41.50487 41.69441 40.7261 41.151 40.59817

AFR Stoich 10.8805 10.90129 10.66948 10.50898 10.76814 10.82129 10.76765 10.85921 10.87517

Phi mass 0.29092 0.2915 0.27062 0.27466 0.26033 0.25923 0.26439 0.26237 0.268

Phi carbon 0.30153 0.29606 0.27578 0.27886 0.25856 0.25985 0.26439 0.26542 0.26775

Phi Lambda meter 0.30879 0.30274 0.28023 0.28317 0.25889 0.25985 0.26474 0.26552 0.26881

GTE emisisons based 0.56042 0.56836 0.56676 0.5678 0.56937 0.56619 0.56847 0.56852 0.5636

EXH emissions based 0.30021 0.28543 0.28159 0.28464 0.28299 0.28392 0.28456 0.28832 0.2887

HX emisisons based 0.11061 0.11867 0.12111 0.11652 0.08856 0.08934 0.09083 0.09096 0.1019

charge based PHI 0.30027 0.29654 0.27555 0.2789 0.25926 0.25964 0.26451 0.26444 0.26818

Emission charge based PHI 0.2960865 0.293556 0.273202 0.276763495 0.259446 0.259538 0.264392 0.263896 0.267874
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Table A. 10 0% EGR 22°C intake temperature Piston Oil Cooling On Continued 

 

 MATRIX POINT 10 11 12 13 14 15 16 17 18

RPM 1300 1300 1300 1300 1300 1300 1300 1300 1300

IMEPg (bar) 6.70224 6.75736 6.76646 6.65191 6.77157 6.68812 6.73254 6.75128 6.73131

IMEPn (bar) 6.22988 6.25025 6.25766 6.14096 6.26285 6.20576 6.24559 6.29101 6.27425

BMEP_CF (bar) 5.05009 5.06102 5.05193 4.94494 5.04856 5.0268 5.05916 5.12386 5.11394

FMEP_CF (bar) 1.17979 1.18923 1.20573 1.19602 1.2143 1.17895 1.18643 1.16714 1.16031

CA50 (ATDC) 1.14457 1.62532 0.68351 1.84312 1.14815 1.13825 0.82112 1.11806 0.62304

COV of IMEPg 3.036 3.25415 3.05571 3.54437 3.48376 3.18728 2.92338 2.58146 2.41636

COV of PPRR 8.53903 9.05645 8.35593 10.54672 10.10264 8.71457 8.17611 6.83852 7.20264

EGR % 0 0 0 0 0 0 0 0 0

Fuel 1 E85 E85 E85 E85 E85 E85 E85 E85 E85

Fuel 2

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

Fuel1 Flow (g/s) 0.76493 0.79703 0.78165 0.82038 0.79562 0.77473 0.77143 0.7638 0.7318

Fuel2 Flow (g/s) 0.21008 0.20394 0.21393 0.18305 0.20633 0.21029 0.21464 0.23414 0.2466

Fuel1 Fraction 0.78453 0.79626 0.78512 0.81757 0.79407 0.78651 0.78233 0.76538 0.74795

Fuel2 Fraction 0.21547 0.20374 0.21488 0.18243 0.20593 0.21349 0.21767 0.23462 0.25205

Fuel Energy (J/cyc) 2890.2103 2952.733 2950.458 2933.621813 2958.274 2917.507 2925.676 2981.752 2944.367

Fuel H/C 2.50332 2.51585 2.50395 2.53899 2.51351 2.50542 2.50098 2.48312 2.46504

Fuel O/C 0.2803 0.2858 0.28057 0.29595 0.28477 0.28122 0.27927 0.27144 0.26351

Fuel MW/C 19.0181 19.11874 19.02314 19.30445 19.09991 19.03501 18.99931 18.85596 18.71085

RI (MW/m^2) 2.56274 2.13741 2.52692 1.49764 1.95304 2.58162 2.91289 3.64622 5.15018

Peak HRR (J/deg) 323.4585 317.7514 311.4281 286.74478 299.3226 325.3585 331.3193 365.0617 389.3324

Peak PRR (bar/deg) 8.57514 7.93568 8.70905 6.72859 7.76104 8.59817 9.16449 10.01455 11.72143

PP (bar) 126.89058 128.7788 132.0779 130.13507 133.7909 126.7223 128.2182 124.3608 122.9941

LPP (ATDC) 4.5 4.5 4 4.4 4.5 4.5 4.4 4.4 3.7

P Intake (bar) 1.36832 1.42846 1.42691 1.49836 1.49502 1.36677 1.36764 1.29166 1.22109

P Exhaust (bar) 1.5647 1.66213 1.65372 1.68373 1.68879 1.55967 1.56683 1.47243 1.39833

T Intake (C) 19.46011 19.87968 21.85807 23.12994 24.57087 21.12731 22.01455 23.25676 22.24529

T Exhaust Tank (C) 237.17107 235.0214 236.084 228.28044 229.9488 238.1491 240.9534 252.22 259.0818

Gross Therm Eff 0.56602 0.5586 0.55978 0.55346 0.55872 0.55955 0.56169 0.55266 0.55802

Net Therm Eff 0.52613 0.51668 0.51769 0.51095 0.51675 0.51919 0.52107 0.51498 0.52013

Brake Therm Eff (CF) 0.42649 0.41837 0.41794 0.41143 0.41656 0.42056 0.42208 0.41944 0.42394

Turbo Eff 0.64305 0.6194 0.62541 0.69985 0.68877 0.64962 0.63766 0.63293 0.61066

Vol Eff 0.92202 0.92478 0.93025 0.93498 0.94147 0.92511 0.92522 0.92375 0.91633

comb loss 0.05139 0.06023 0.05487 0.09566 0.06578 0.05343 0.04712 0.03838 0.03266

Comb Eff 0.94861 0.93977 0.94513 0.90434 0.93422 0.94657 0.95288 0.96162 0.96734

Exhaust Loss 0.29828 0.30167 0.30004 0.30368 0.30144 0.29354 0.29464 0.28389 0.27983

Pumping Loss 0.03989 0.04192 0.04209 0.04251 0.04197 0.04036 0.04063 0.03768 0.03789

Heat Transfer Loss 0.0843 0.0795 0.08531 0.04719 0.07406 0.09349 0.09655 0.12507 0.12948

HC (ppm) 1006.0302 983.2232 991.6277 1052.579 1057.328 1114.802 1035.758 982.1678 1031.696

NOx (ppm) 57.28229 36.1778 53.17323 30.48397 36.85433 59.65993 70.7621 88.50642 144.6225

CO2ex (ppm) 34785.713 33239.05 33837.28 30642.0251 31843.96 35085.94 35749.22 38522.71 41393.17

CO2in (ppm) 17.27776 19.87325 16.97162 19.18577 22.41747 23.99545 29.51037 24.41851 29.10473

CO (ppm) 2029.4749 2682.268 2257.296 5404.76417 2793.802 2006.386 1681.468 1260.937 825.4246

PM (mg/m^3) 0.78 0.78 0.78 0.78 0.84 0.84 0.74 0.69 0.58

HC (g/kg-fuel) 26.56796 26.6115 26.70719 28.33785 29.58449 29.13942 26.89314 24.06475 23.8248

NOx (g/kg-fuel) 3.65896 2.35591 3.46297 1.95562 2.48353 3.76852 4.4484 5.29029 8.21065

CO2ex (g/kg-fuel) 2125.8485 2070.894 2108.357 1880.71811 2053.059 2120.384 2150.123 2203.003 2248.351

CO2in (g/kg-fuel) 1.05589 1.23816 1.05748 1.17757 1.44531 1.45014 1.77489 1.39642 1.58088

CO (g/kg-fuel) 78.93631 106.3588 89.51566 211.12746 114.6388 77.17165 64.36459 45.89374 28.53478

PM (g/kg-fuel) 0.01805 0.01764 0.0178 0.01807 0.01951 0.01925 0.01695 0.01555 0.0131

HC (g/ikW-hr) 5.2619 5.36673 5.34976 5.81977 5.95956 5.84278 5.36245 4.84282 4.71457

NOx (g/ikW-hr) 0.72467 0.47511 0.69367 0.40163 0.50029 0.75563 0.887 1.06463 1.62476

CO2ex (g/ikW-hr) 421.03368 417.6366 422.3288 386.24503 413.5722 425.161 428.7314 443.3353 444.9144

CO2in (g/ikW-hr) 0.20912 0.2497 0.21183 0.24184 0.29115 0.29077 0.35391 0.28102 0.31283

CO (g/ikW-hr) 15.63369 21.44934 17.93104 43.35947 23.09307 15.47379 12.83421 9.23572 5.6466

PM (g/ikW-hr) 0.00358 0.00356 0.00356 0.00371 0.00393 0.00386 0.00338 0.00313 0.00259

Air Flow (kg/min) 2.38325 2.49185 2.4871 2.61363 2.61321 2.37498 2.36963 2.22506 2.09375

AFR mass 40.73879 41.4905 41.63591 43.41133 43.46899 40.18478 40.0519 37.16055 35.6662

AFR carbon 40.78163 41.52077 41.55271 40.74299 42.92959 40.33025 40.1658 38.25845 36.40009

AFR Average 40.76021 41.50563 41.59431 42.07716 43.19929 40.25751 40.10885 37.7095 36.03315

AFR Stoich 10.77243 10.7185 10.76972 10.62045 10.72854 10.76333 10.78257 10.86054 10.94069

Phi mass 0.26443 0.25834 0.25866 0.24465 0.24681 0.26785 0.26921 0.29226 0.30675

Phi carbon 0.26415 0.25815 0.25918 0.26067 0.24991 0.26688 0.26845 0.28387 0.30057

Phi Lambda meter 0.26545 0.25672 0.25758 0.24225 0.24724 0.26736 0.269 0.2886 0.30702

GTE emisisons based 0.56662 0.55901 0.55866 0.51944 0.55179 0.56157 0.56329 0.56899 0.56951

EXH emissions based 0.29278 0.29708 0.29503 0.29316 0.29493 0.28885 0.28974 0.28241 0.27628

HX emisisons based 0.09033 0.08278 0.08991 0.06723 0.08321 0.09716 0.10077 0.11877 0.12937

charge based PHI 0.26468 0.25773 0.25848 0.24919 0.24799 0.26736 0.26889 0.28825 0.30478

Emission charge based PHI 0.2642881 0.258242 0.258923 0.252658111 0.24836 0.267363 0.268833 0.288066 0.30366
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Table A. 10 0% EGR 22°C intake temperature Piston Oil Cooling On Continued 

 

 MATRIX POINT 19 20 21 22 23 24 25 26 27 28

RPM 1300 1300 1300 1300 1300 1300 1300 1300 1300 1300

IMEPg (bar) 6.65795 6.6968 6.64052 6.64736 6.71924 7.09304 6.97407 7.03735 6.99022 7.04415

IMEPn (bar) 6.27465 6.21767 6.24503 6.15686 6.25542 6.52007 6.39425 6.4458 6.40756 6.46856

BMEP_CF (bar) 5.09364 5.02669 5.03172 4.93938 5.06757 5.24456 5.11797 5.16953 5.1275 5.18962

FMEP_CF (bar) 1.181 1.19098 1.21332 1.21748 1.18785 1.2755 1.27628 1.27627 1.28005 1.27894

CA50 (ATDC) 1.49893 0.75404 -1.22937 -1.62919 1.03514 1.2798 0.94752 1.12371 0.98458 1.03458

COV of IMEPg 2.9258 3.12583 2.95447 2.84677 3.15108 3.50926 3.74986 3.73936 3.46564 3.58353

COV of PPRR 8.04959 9.46803 8.27137 7.59432 9.61105 8.1352 8.30589 8.68555 8.62277 8.37426

EGR % 0 0 0 0 0 0 0 0 0 0

Fuel 1 E85 E85 E85 E85 E85 E85 E85 E85 E85 E85

Fuel 2

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

Fuel1 Flow (g/s) 0.76462 0.79753 0.77871 0.76943 0.85396 0.85821 0.83986 0.79364 0.77699 0.92604

Fuel2 Flow (g/s) 0.21132 0.17204 0.20492 0.20414 0.14513 0.20558 0.19819 0.23411 0.26101 0.14299

Fuel1 Fraction 0.78347 0.82256 0.79167 0.79032 0.85474 0.80675 0.80907 0.77221 0.74855 0.86624

Fuel2 Fraction 0.21653 0.17744 0.20833 0.20968 0.14526 0.19325 0.19093 0.22779 0.25145 0.13376

Fuel Energy (J/cyc) 2894.2488 2828.655 2907.128 2879.01303 2875.195 3124.254 3045.709 3062.144 3122.977 3061.315

Fuel H/C 2.50219 2.54447 2.51093 2.50949 2.58041 2.52719 2.52971 2.49029 2.46566 2.59352

Fuel O/C 0.2798 0.29835 0.28364 0.28301 0.31412 0.29077 0.29188 0.27458 0.26377 0.31988

Fuel MW/C 19.00908 19.34843 19.07924 19.06766 19.637 19.20971 19.22998 18.91353 18.71576 19.74228

RI (MW/m^2) 2.71911 2.69591 3.25616 3.61137 2.68809 2.94685 3.80303 4.06085 4.65231 3.44056

Peak HRR (J/deg) 333.13815 315.8232 285.0959 289.10555 323.972 352.5643 365.1644 386.8218 400.7858 356.9871

Peak PRR (bar/deg) 8.85969 8.86435 9.86657 10.39582 8.81211 9.99579 11.3331 11.71195 12.55603 10.78915

PP (bar) 127.13263 129.1286 133.5951 134.42795 128.5012 146.0327 146.1876 146.1853 146.9423 146.7191

LPP (ATDC) 4.7 4.2 2.6 2.1 4.6 4.4 4.1 3.9 3.7 4.1

P Intake (bar) 1.36537 1.36938 1.3661 1.36711 1.36561 1.67877 1.67815 1.67897 1.67646 1.67906

P Exhaust (bar) 1.46358 1.56194 1.44754 1.53366 1.52581 1.88562 1.88926 1.88697 1.88018 1.88792

T Intake (C) 22.67888 24.06476 22.91498 23.15414 22.11844 27.47713 31.69575 29.43618 31.86877 29.46739

T Exhaust Tank (C) 224.57083 219.7758 232.4541 237.67699 240.4163 234.9749 231.5015 229.3798 229.2547 230.6975

Gross Therm Eff 0.5615 0.57787 0.55755 0.56357 0.57042 0.55416 0.55891 0.56096 0.54635 0.56165

Net Therm Eff 0.52917 0.53653 0.52434 0.52199 0.53105 0.50939 0.51244 0.5138 0.50081 0.51576

Brake Therm Eff (CF) 0.42957 0.43376 0.42247 0.41877 0.43021 0.40974 0.41016 0.41207 0.40076 0.41378

Turbo Eff 0.51256 0.66931 0.89412 0.69389 0.701 0.71134 0.55464 0.71894 0.72204 0.55675

Vol Eff 0.94538 0.94231 0.93822 0.93025 0.93052 0.93618 0.93693 0.93061 0.93671 0.93091

comb loss 0.03827 0.03371 0.04519 0.03681 0.03924 0.06449 0.06112 0.06441 0.06368 0.05671

Comb Eff 0.96173 0.96629 0.95481 0.96319 0.96076 0.93551 0.93888 0.93559 0.93632 0.94329

Exhaust Loss 0.28163 0.27814 0.28867 0.29583 0.30212 0.3217 0.31404 0.3127 0.30207 0.31487

Pumping Loss 0.03233 0.04134 0.03321 0.04159 0.03938 0.04476 0.04647 0.04715 0.04554 0.04589

Heat Transfer Loss 0.1186 0.11027 0.10859 0.10378 0.08821 0.05966 0.06592 0.06193 0.0879 0.06677

HC (ppm) 449.1719 426.0598 1102.14 847.89744 793.9692 845.4178 818.0118 857.132 878.9322 782.9063

NOx (ppm) 41.33196 69.38948 138.696 154.58469 79.80926 16.44299 17.9867 14.70277 12.43756 16.26799

CO2ex (ppm) 34367.976 35182.19 35428.22 35810.50857 35519.84 29662.37 30121.99 29927.99 30070.31 30245.19

CO2in (ppm) 55.77395 78.33804 87.03495 93.37102 95.92657 153.4088 157.3818 150.8415 153.2637 149.5174

CO (ppm) 2080.0263 1806.99 1318.687 1179.64707 1495.615 2821.626 2676.47 2827.071 2734.987 2415.125

PM (mg/m^3) 0.76 1.12 1.11 1.06 1.1 1.31 0.57 0.5 0.96 0.98

HC (g/kg-fuel) 12.16705 11.38138 29.08099 22.38568 20.97863 25.34028 24.31012 25.47528 26.06693 23.38768

NOx (g/kg-fuel) 2.70929 4.40687 8.82334 9.84586 4.9398 1.18021 1.27867 1.06281 0.90661 1.13233

CO2ex (g/kg-fuel) 2155.3462 2137.73 2156.315 2182.18421 2103.394 2036.931 2048.726 2069.796 2097.086 2014.131

CO2in (g/kg-fuel) 3.4978 4.75995 5.29732 5.68975 5.68053 10.53467 10.70421 10.43208 10.68852 9.95688

CO (g/kg-fuel) 83.02208 69.87916 51.08179 45.75039 56.36783 123.3195 115.8575 124.4367 121.3935 102.3606

PM (g/kg-fuel) 0.01805 0.02538 0.02654 0.02478 0.02534 0.02983 0.01302 0.01151 0.02186 0.02174

HC (g/ikW-hr) 2.42808 2.24337 5.86455 4.46359 4.24677 5.17402 4.92624 5.06514 5.26979 4.83221

NOx (g/ikW-hr) 0.54067 0.86863 1.77934 1.96322 0.99998 0.24098 0.25911 0.21131 0.18328 0.23395

CO2ex (g/ikW-hr) 430.12546 421.365 434.8483 435.1166 425.7967 415.9037 415.1572 411.5285 423.9551 416.1466

CO2in (g/ikW-hr) 0.69803 0.93823 1.06827 1.13451 1.14993 2.15098 2.16912 2.07416 2.16083 2.05723

CO (g/ikW-hr) 16.56806 13.77378 10.30129 9.1224 11.41072 25.17956 23.47756 24.74121 24.54138 21.14908

PM (g/ikW-hr) 0.0036 0.005 0.00535 0.00494 0.00513 0.00609 0.00264 0.00229 0.00442 0.00449

Air Flow (kg/min) 2.41183 2.39981 2.39292 2.37244 2.37885 2.88969 2.85093 2.85424 2.84576 2.85504

AFR mass 41.1882 41.25225 40.54565 40.61401 39.68341 45.27378 45.77366 46.28629 45.69283 44.51111

AFR carbon 41.8671 40.59181 40.65103 40.72447 39.56158 45.68714 45.2682 46.01769 46.41001 44.33773

AFR Average 41.52765 40.92203 40.59834 40.66924 39.6225 45.48046 45.52093 46.15199 46.05142 44.42442

AFR Stoich 10.7773 10.5975 10.7396 10.7458 10.4495 10.67023 10.65954 10.82908 10.93796 10.39658

Phi mass 0.26166 0.2569 0.26488 0.26458 0.26332 0.23568 0.23287 0.23396 0.23938 0.23357

Phi carbon 0.25742 0.26107 0.26419 0.26387 0.26413 0.23355 0.23548 0.23532 0.23568 0.23449

Phi Lambda meter 0.26616 0.26938 0.26916 0.27157 0.27309 0.23636 0.23605 0.23725 0.23713 0.23804

GTE emisisons based 0.57075 0.56862 0.559 0.56511 0.56867 0.55921 0.55274 0.5577 0.55492 0.55946

EXH emissions based 0.27662 0.26758 0.2823 0.28838 0.29281 0.31692 0.30631 0.30555 0.2995 0.30715

HX emisisons based 0.12369 0.13284 0.11743 0.11556 0.10491 0.06328 0.07822 0.07276 0.08588 0.07874

charge based PHI 0.26175 0.26245 0.26608 0.26667 0.26685 0.2352 0.2348 0.23551 0.2374 0.23537

Emission charge based PHI 0.2595383 0.258985 0.264533 0.264224754 0.263727 0.234616 0.234175 0.234642 0.237531 0.234029
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Table A. 11 0% EGR 22°C intake temperature Piston Oil Cooling Off 

 

 MATRIX POINT 29 30 31 32 33 34 35 36 37

RPM 1300 1300 1300 1300 1300 1300 1300 1300 1300

IMEPg (bar) 6.810542 6.783673 6.774159 6.792704111 6.727266 6.780038 6.756774 6.821648 6.725093

IMEPn (bar) 6.3186 6.282686 6.300648 6.347691365 6.278139 6.334091 6.288723 6.327203 6.239846

BMEP_CF (bar) 5.106854 5.065419 5.1039 5.174353335 5.112469 5.125268 5.092877 5.110758 5.043482

FMEP_CF (bar) 1.211746 1.217267 1.196748 1.17333803 1.16567 1.208823 1.195845 1.216445 1.196364

CA50 (ATDC) 0.845014 1.304987 0.642808 1.108945746 0.592138 -0.27772 0.602287 0.380566 1.470559

COV of IMEPg 3.313298 3.330337 2.879106 2.682356823 2.421359 2.776381 3.118773 3.042915 2.598296

COV of PPRR 9.801287 9.372062 8.081758 7.814770496 7.688142 7.406892 8.195364 7.961264 7.356843

EGR % 0 0 0 0 0 0 0 0 0

Fuel 1 E85 E85 E85 E85 E85 E85 E85 E85 E85

Fuel 2

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

Fuel1 Flow (g/s) 0.799035 0.820935 0.777256 0.784231 0.76989 0.743056 0.760841 0.776674 0.797348

Fuel2 Flow (g/s) 0.194525 0.190096 0.211596 0.206412 0.206094 0.212243 0.205062 0.210994 0.188816

Fuel1 Fraction 0.804214 0.811978 0.786019 0.79163836 0.788835 0.777826 0.787699 0.786372 0.808535

Fuel2 Fraction 0.195786 0.188022 0.213981 0.20836164 0.211165 0.222174 0.212301 0.213628 0.191465

Fuel Energy (J/cyc) 2921.113 2962.808 2929.44 2927.88641 2887.933 2839.683 2859.454 2925.503 2894.119

Fuel H/C 2.524437 2.532871 2.504901 2.510900445 2.507903 2.496208 2.506692 2.505277 2.529123

Fuel O/C 0.289563 0.293264 0.280992 0.28362428 0.282309 0.277178 0.281778 0.281157 0.291619

Fuel MW/C 19.18765 19.25536 19.03081 19.07897612 19.05492 18.96103 19.04519 19.03383 19.22527

RI (MW/m^2) 2.615515 2.006829 3.217954 3.818055591 5.113848 3.473104 3.187311 2.997368 2.419823

Peak HRR (J/deg) 318.663 304.1322 334.105 370.2698684 387.6031 314.0712 332.6692 321.2036 323.2102

Peak PRR (bar/deg) 8.898355 7.889878 9.701636 10.30590416 11.74269 10.15197 9.648917 9.53918 8.47591

PP (bar) 133.2811 134.3853 130.2814 125.5994678 124.0659 132.6964 130.101 134.2209 130.2047

LPP (ATDC) 4.2 4.6 4 4.5 3.8 3.3 4.1 3.9 4.8

P Intake (bar) 1.429812 1.497342 1.367595 1.293640694 1.224903 1.367112 1.366194 1.429377 1.42643

P Exhaust (bar) 1.621964 1.697315 1.556907 1.453224264 1.401399 1.535216 1.59459 1.635099 1.622662

T Intake (C) 18.6241 20.12501 20.23905 21.485988 20.95998 19.77569 20.11698 21.03449 19.7428

T Exhaust Tank (C) 228.4405 226.1497 236.096 243.364979 249.8339 237.6352 240.4247 238.0565 237.6404

Gross Therm Eff 0.569087 0.558865 0.564438 0.566283165 0.568587 0.582784 0.576768 0.569159 0.567188

Net Therm Eff 0.52798 0.517591 0.524984 0.529184062 0.530627 0.544452 0.536815 0.527906 0.526263

Brake Therm Eff (CF) 0.426727 0.417308 0.425268 0.431367116 0.432105 0.440547 0.434736 0.426413 0.425363

Turbo Eff 0.673111 0.682431 0.653119 0.682837966 0.61914 0.683271 0.594943 0.64571 0.657268

Vol Eff 0.925899 0.932957 0.925906 0.926891701 0.918882 0.926894 0.926242 0.927745 0.925432

comb loss 0.049121 0.060567 0.043829 0.036698646 0.030837 0.031464 0.037798 0.045158 0.05131

Comb Eff 0.950879 0.939433 0.956171 0.963301354 0.969163 0.968536 0.962202 0.954842 0.94869

Exhaust Loss 0.299313 0.304202 0.292079 0.283242332 0.278548 0.30665 0.307182 0.309098 0.313529

Pumping Loss 0.041106 0.041273 0.039454 0.037099103 0.03796 0.038332 0.039954 0.041254 0.040925

Heat Transfer Loss 0.082479 0.076366 0.099654 0.113775858 0.122028 0.079102 0.078252 0.076585 0.067974

HC (ppm) 792.6437 835.1367 930.357 932.912978 935.6759 459.3221 642.468 766.208 785.7856

NOx (ppm) 43.01449 28.83664 58.5415 67.006957 104.0686 87.4838 64.34971 58.13773 38.68351

CO2ex (ppm) 33780.59 31654.85 35881.46 38412.68731 40963.95 35522.33 35272.81 33989.76 33283.15

CO2in (ppm) 34.90098 38.41493 33.82856 34.958556 34.626 21.84835 19.33515 16.58064 18.50301

CO (ppm) 2192.726 2821.329 1633.308 1202.358159 827.8635 1559.425 1683.649 1925.263 2342.556

PM (mg/m^3) 0.8 0.77 0.77 0.77 0.71 0 0.76 0.82 0.82

HC (g/kg-fuel) 21.53873 23.62728 24.17272 22.98174519 21.87383 12.22841 17.07419 20.8692 21.56043

NOx (g/kg-fuel) 2.802161 1.948979 3.676549 3.979830109 5.873135 5.650361 4.13055 3.826915 2.539596

CO2ex (g/kg-fuel) 2105.421 2046.898 2155.957 2182.794574 2211.799 2195.046 2166.182 2140.585 2090.532

CO2in (g/kg-fuel) 2.175251 2.484026 2.032607 1.986514136 1.869589 1.350084 1.187415 1.044204 1.162184

CO (g/kg-fuel) 86.97972 116.1105 62.45969 43.48442879 28.44882 61.32936 65.80638 77.16778 93.64489

PM (g/kg-fuel) 0.018385 0.017667 0.017605 0.017513622 0.015942 0 0.017677 0.019099 0.0192

HC (g/ikW-hr) 4.277872 4.794117 4.80393 4.563023444 4.320402 2.3457 3.322994 4.113605 4.304309

NOx (g/ikW-hr) 0.556546 0.395459 0.730653 0.790194911 1.16003 1.083874 0.803891 0.754338 0.507003

CO2ex (g/ikW-hr) 418.164 415.3279 428.4609 433.3936667 436.8626 421.0619 421.5841 421.9387 417.3523

CO2in (g/ikW-hr) 0.432033 0.504024 0.403947 0.394422203 0.369271 0.258978 0.231096 0.205827 0.232018

CO (g/ikW-hr) 17.2753 23.55952 12.41283 8.633829432 5.619058 11.76443 12.80729 15.21083 18.6952

PM (g/ikW-hr) 0.003652 0.003585 0.003499 0.003477328 0.003149 0 0.00344 0.003765 0.003833

Air Flow (kg/min) 2.507984 2.632913 2.385664 2.249499 2.115343 2.391145 2.385078 2.491637 2.491239

AFR mass 42.07067 43.4031 40.20932 37.8457729 36.12325 41.71722 41.15455 42.04579 42.10319

AFR carbon 41.57567 43.06253 40.13572 38.01889007 36.18123 41.29501 41.02194 42.02593 41.88303

AFR Average 41.82317 43.23282 40.17252 37.93233148 36.15224 41.50611 41.08824 42.03586 41.99311

AFR Stoich 10.68189 10.64618 10.76559 10.73973975 10.75264 10.80327 10.75786 10.76397 10.66202

Phi mass 0.253904 0.245286 0.267739 0.283776468 0.297665 0.258964 0.261401 0.256006 0.253235

Phi carbon 0.256927 0.247226 0.26823 0.282484305 0.297188 0.261612 0.262246 0.256127 0.254567

Phi Lambda meter 0.256174 0.242376 0.26725 0.284765 0.301262 0.266489 0.265711 0.25803 0.255017

GTE emisisons based 0.562391 0.554479 0.563405 0.568873502 0.569499 0.576885 0.57491 0.568891 0.564222

EXH emissions based 0.301125 0.305436 0.292377 0.282625729 0.278353 0.308249 0.307709 0.309202 0.314384

HX emisisons based 0.084015 0.077325 0.099873 0.113097291 0.121767 0.080453 0.078653 0.076615 0.068601

charge based PHI 0.253878 0.245262 0.267712 0.28374809 0.297635 0.258939 0.261375 0.25598 0.25321

Emission charge based PHI 0.256927 0.247226 0.26823 0.282484305 0.297188 0.261612 0.262246 0.256127 0.254567
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Table A. 11 0% EGR 22°C intake temperature Piston Oil Cooling Off Continued 

 

 MATRIX POINT 38 39 40 41 42 43 44 45

RPM 1300 1300 1300 1300 1300 1300 1300 1300

IMEPg (bar) 6.857378 6.767361 6.748064 6.739403844 6.855726 6.702759 6.739183 6.744655

IMEPn (bar) 6.340741 6.310382 6.288344 6.270182197 6.361511 6.216524 6.296554 6.313389

BMEP_CF (bar) 5.115428 5.123405 5.119888 5.104954394 5.156977 5.028533 5.133464 5.161813

FMEP_CF (bar) 1.225313 1.186977 1.168456 1.165227803 1.204534 1.187991 1.16309 1.151576

CA50 (ATDC) 0.912866 0.062022 1.234778 0.56364935 1.229163 0.828352 0.815703 0.443415

COV of IMEPg 3.203729 2.585654 2.775044 2.357959605 2.967735 2.857084 2.415765 2.298877

COV of PPRR 8.806079 7.956757 7.998174 7.773175953 8.144314 7.484663 7.195517 7.166092

EGR % 0 0 0 0 0 0 0 0

Fuel 1 E85 E85 E85 E85 E85 E85 E85 E85

Fuel 2

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

Fuel1 Flow (g/s) 0.808864 0.754657 0.779686 0.769209 0.79432 0.757728 0.757281 0.783472

Fuel2 Flow (g/s) 0.202238 0.217858 0.19329 0.203409 0.198653 0.206614 0.19928 0.191319

Fuel1 Fraction 0.799983 0.775985 0.801341 0.79086445 0.799941 0.785746 0.79167 0.803733

Fuel2 Fraction 0.200017 0.224015 0.198659 0.20913555 0.200059 0.214254 0.20833 0.196267

Fuel Energy (J/cyc) 2977.959 2893.064 2864.039 2875.54017 2924.615 2857.153 2827.118 2866.509

Fuel H/C 2.519865 2.494264 2.521331 2.510072429 2.51982 2.504611 2.510935 2.523916

Fuel O/C 0.287557 0.276325 0.288201 0.283260989 0.287538 0.280865 0.283639 0.289335

Fuel MW/C 2977.959 2893.064 2864.039 2875.54017 2924.615 2857.153 2827.118 2866.509

RI (MW/m^2) 2.409387 4.581548 3.674479 5.457444969 2.827603 3.24001 5.058279 8.215959

Peak HRR (J/deg) 315.3277 354.33 368.0699 396.6868157 338.7581 338.2841 393.2781 446.3549

Peak PRR (bar/deg) 8.670563 11.37678 10.07563 12.10746077 9.168397 9.643659 11.63745 14.43073

PP (bar) 135.9945 128.3272 124.6232 123.9774224 131.8386 128.5301 123.5499 121.2471

LPP (ATDC) 4.4 3.5 4.6 3.8 4.6 4.1 4.1 3.5

P Intake (bar) 1.499515 1.291322 1.29224 1.223840446 1.429667 1.365325 1.237994 1.134284

P Exhaust (bar) 1.693662 1.467057 1.474217 1.433140525 1.59761 1.537619 1.387777 1.312833

T Intake (C) 18.82511 21.15751 21.13351 22.784519 20.91999 20.08635 22.67218 22.40856

T Exhaust Tank (C) 234.3506 245.8227 247.0392 254.86245 234.5835 236.1329 247.4747 255.8761

Gross Therm Eff 0.562062 0.570961 0.575103 0.572067426 0.572176 0.572618 0.581847 0.574317

Net Therm Eff 0.519716 0.532406 0.535923 0.532238025 0.530929 0.531079 0.543631 0.537594

Brake Therm Eff (CF) 0.419284 0.432261 0.436342 0.43332885 0.430399 0.429589 0.443212 0.439536

Turbo Eff 0.680091 0.646768 0.633436 0.541386714 0.698 0.680419 0.701561 0.557236

Vol Eff 0.921794 0.922424 0.923474 0.919866454 0.915671 0.908467 0.910269 0.897583

comb loss 0.056202 0.0339 0.037226 0.029800172 0.048729 0.044794 0.033797 0.026947

Comb Eff 0.943798 0.9661 0.962774 0.970199828 0.951271 0.955206 0.966203 0.973053

Exhaust Loss 0.316504 0.290469 0.29559 0.283818646 0.300642 0.295572 0.280068 0.25932

Pumping Loss 0.042346 0.038555 0.03918 0.039829401 0.041247 0.041539 0.038216 0.036723

Heat Transfer Loss 0.065231 0.10467 0.092082 0.114313756 0.078453 0.087015 0.104288 0.139416

HC (ppm) 817.5443 901.8584 910.6243 924.9245345 827.7923 909.9102 1035.505 1030.308

NOx (ppm) 38.27681 109.5923 72.89631 120.546886 41.66143 61.87919 113.3113 233.1945

CO2ex (ppm) 32221.81 38630.84 38022.43 41114.35654 34193.86 35664.31 40661.06 45982.08

CO2in (ppm) 17.80515 18.74198 17.58018 18.216742 17.87929 15.12609 14.35461 18.12476

CO (ppm) 2559.836 1024.125 1269.194 759.924348 2125.688 1745.374 874.6991 546.2715

PM (mg/m^3) 0.75 0.75 0.62 0.73 0.84 0.87 0.87 0.87

HC (g/kg-fuel) 22.94301 22.2128 22.6261 21.5864936 22.26199 23.71953 24.29355 21.63659

NOx (g/kg-fuel) 2.580136 6.553883 4.347873 6.785563292 2.691241 3.899472 6.40927 11.74277

CO2ex (g/kg-fuel) 2078.023 2210.274 2169.725 2214.200499 2113.295 2150.248 2200.43 2215.309

CO2in (g/kg-fuel) 1.148275 1.072328 1.003202 0.981056804 1.105 0.911971 0.776819 0.873209

CO (g/kg-fuel) 105.0689 37.29296 46.0951 26.04687023 83.61288 66.97381 30.12654 16.75005

PM (g/kg-fuel) 0.017406 0.017267 0.014287 0.016292664 0.019362 0.020143 0.019862 0.018486

HC (g/ikW-hr) 4.605561 4.345857 4.441482 4.241291694 4.389785 4.645995 4.694524 4.257315

NOx (g/ikW-hr) 0.517934 1.282245 0.853483 1.333220381 0.530679 0.763798 1.238538 2.310561

CO2ex (g/ikW-hr) 417.1405 432.4325 425.9149 435.0437991 416.7151 421.1737 425.2145 435.8945

CO2in (g/ikW-hr) 0.230504 0.209797 0.196927 0.192757015 0.217892 0.17863 0.150114 0.171817

CO (g/ikW-hr) 21.09144 7.296238 9.048423 5.117661831 16.48741 13.1183 5.821701 3.295817

PM (g/ikW-hr) 0.003494 0.003378 0.002804 0.003201166 0.003818 0.003945 0.003838 0.003637

Air Flow (kg/min) 2.616783 2.237139 2.241459 2.102727 2.460664 2.338063 2.10565 1.904064

AFR mass 43.13417 38.33941 38.39524 36.03208043 41.30129 40.40861 36.68785 32.55508

AFR carbon 42.97142 38.29155 38.17083 36.09342392 41.23583 40.26571 36.25238 32.36636

AFR Average 43.0528 38.31548 38.28304 36.06275218 41.26856 40.33716 36.47011 32.46072

AFR Stoich 10.70136 10.81174 10.69511 10.74329953 10.70155 10.76684 10.73959 10.68411

Phi mass 0.248095 0.282001 0.278553 0.29815929 0.259109 0.266449 0.292729 0.328186

Phi carbon 0.249034 0.282353 0.280191 0.297652546 0.259521 0.267395 0.296245 0.330099

Phi Lambda meter 0.24598 0.287262 0.284394 0.303748 0.258743 0.267337 0.299773 0.336923

GTE emisisons based 0.559942 0.570248 0.571741 0.573041353 0.57127 0.570593 0.57494 0.570988

EXH emissions based 0.317135 0.290679 0.296488 0.283605821 0.300911 0.296127 0.281779 0.260102

HX emisisons based 0.06566 0.104816 0.092864 0.114039618 0.078637 0.087473 0.106031 0.140299

charge based PHI 0.24807 0.281973 0.278525 0.298129474 0.259083 0.266423 0.2927 0.328153

Emission charge based PHI 0.249034 0.282353 0.280191 0.297652546 0.259521 0.267395 0.296245 0.330099
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Table A. 12 40% EGR 43°C intake temperature Piston Oil Cooling On 

 

 MATRIX POINT 46 47 48 49 50 51 52 53 54 55

RPM 1300 1299 1300 1300 1300 1300 1300 1300 1300 1300

IMEPg (bar) 6.843898 6.833381 6.885806 6.849628898 6.801139 6.824037 7.320439 7.359463 6.63411 6.677682

IMEPn (bar) 6.367701 6.361945 6.416484 6.383287476 6.346512 6.363488 6.764181 6.816296 6.169673 6.210043

BMEP_CF (bar) 5.137401 5.132248 5.202901 5.193243906 5.175348 5.191303 5.479905 5.538129 5.023697 5.025661

FMEP_CF (bar) 1.2303 1.229697 1.213583 1.19004357 1.171164 1.172185 1.284276 1.278166 1.145976 1.184382

CA50 (ATDC) 0.326076 0.482434 0.66652 0.663872378 0.328873 0.322276 -0.06842 0.670946 2.602792 0.490026

COV of IMEPg 2.915323 2.911123 2.742869 2.419008169 2.21356 2.294269 2.741465 2.726606 2.873534 2.829492

COV of PPRR 8.050126 8.195907 7.698059 7.620214673 6.811112 7.509563 7.406815 7.088095 7.92697 7.462028

EGR % 32.91503 33.2792 34.72126 36.80097346 38.11317 38.51529 37.87978 36.15146 28.16833 28.02287

Fuel 1 E85 E85 E85 E85 E85 E85 E85 E85 E85 E85

Fuel 2

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

Fuel1 Flow (g/s) 0.824121 0.84146 0.848328 0.825937 0.801365 0.815177 0.891925 0.926589 0.777658 0.744446

Fuel2 Flow (g/s) 0.141776 0.143675 0.13997 0.170811 0.188401 0.173875 0.157388 0.147262 0.201046 0.217953

Fuel1 Fraction 0.853218 0.854157 0.858373 0.82863171 0.809651 0.8242 0.850009 0.862866 0.794579 0.773532

Fuel2 Fraction 0.146782 0.145843 0.141627 0.17136829 0.190349 0.1758 0.149991 0.137134 0.205421 0.226468

Fuel Energy (J/cyc) 2781.466 2837.909 2839.697 2900.50024 2903.329 2883.505 3025.826 3079.574 2889.054 2865.88

Fuel H/C 2.578689 2.579752 2.584538 2.551164724 2.530337 2.54627 2.57506 2.58966 2.514052 2.491678

Fuel O/C 0.313366 0.313833 0.315933 0.301290157 0.292152 0.299143 0.311774 0.31818 0.285007 0.27519

Fuel MW/C 19.62318 19.63171 19.67014 19.40221655 19.23501 19.36292 19.59405 19.71126 19.10428 18.92466

RI (MW/m^2) 4.165213 4.478008 5.141938 6.037075284 8.900998 9.002747 4.894274 4.832322 2.571832 4.22916

Peak HRR (J/deg) 368.4284 383.2884 416.3501 444.3278131 486.2812 490.3715 392.3146 418.7422 366.7757 375.1473

Peak PRR (bar/deg) 12.08855 12.51354 13.20473 13.98725501 16.47956 16.61041 13.7471 13.56646 8.831861 11.58691

PP (bar) 136.9918 136.9138 133.6485 128.9405757 125.1647 125.3689 147.7871 146.5652 120.1271 127.8083

LPP (ATDC) 3.4 3.5 3.8 3.6 3.1 2.8 3.1 3.6 5.6 3.6

P Intake (bar) 1.495989 1.49937 1.428652 1.340303032 1.233163 1.237897 1.611099 1.611775 1.36861 1.366871

P Exhaust (bar) 1.659177 1.663495 1.595922 1.514709641 1.407683 1.41606 1.849948 1.827851 1.522746 1.517989

T Intake (C) 38.04739 39.03368 41.97526 40.355945 41.25502 41.29432 35.90372 37.36192 33.4796 33.64251

T Exhaust Tank (C) 248.3309 249.886 255.9556 264.903544 272.6145 274.5113 249.2192 252.6327 254.8541 256.065

Gross Therm Eff 0.600586 0.587736 0.591872 0.576420362 0.571782 0.577651 0.590525 0.583312 0.560496 0.568739

Net Therm Eff 0.558797 0.547188 0.551531 0.537176091 0.533561 0.538666 0.545653 0.54026 0.521257 0.52891

Brake Therm Eff (CF) 0.450832 0.441422 0.447217 0.43702974 0.435099 0.439441 0.442053 0.438953 0.424437 0.428036

Turbo Eff 0.685902 0.683408 0.661872 0.625032691 0.589239 0.58005 0.637465 0.651467 0.686234 0.690232

Vol Eff 0.91743 0.90639 0.916561 0.900188741 0.879788 0.880726 0.90779 0.912385 0.904731 0.902385

comb loss 0.026863 0.024423 0.020755 0.018174569 0.015259 0.015462 0.024339 0.024305 0.038969 0.031911

Comb Eff 0.973137 0.975577 0.979245 0.981825431 0.984741 0.984538 0.975661 0.975695 0.961031 0.968089

Exhaust Loss 0.309916 0.300719 0.291332 0.276909702 0.255548 0.260589 0.30984 0.307563 0.287047 0.289462

Pumping Loss 0.041789 0.040548 0.040341 0.039244271 0.038221 0.038985 0.044872 0.043051 0.039239 0.039829

Heat Transfer Loss 0.062636 0.087123 0.09604 0.128495367 0.157411 0.146297 0.075296 0.08482 0.113489 0.109887

HC (ppm) 836.6577 824.1387 858.9324 925.677456 957.3589 983.4623 902.0071 880.0162 1326.538 1234.944

NOx (ppm) 43.19536 42.98223 54.06485 83.353236 150.37 138.7096 46.06866 38.4782 40.43252 71.49338

CO2ex (ppm) 53540.44 54294.56 59651.92 67199.52713 77656.32 78993.58 58547.32 56839.72 52267.31 53727.09

CO2in (ppm) 17883.14 18327.67 20965.18 24975.29237 29837.4 30663.16 22418.62 20796.12 15001.54 15335.15

CO (ppm) 1437.364 1195.907 902.7178 706.468877 544.38 569.5801 1248.423 1198.321 1804.821 1208.981

PM (mg/m^3) 0.82 0.97 1.08 1.09 1.31 1.71 0.8 1.23 0.89 0.97

HC (g/kg-fuel) 14.97428 14.6194 13.97086 13.43285642 12.07987 12.19482 14.84383 14.9197 23.90704 21.95277

NOx (g/kg-fuel) 1.812273 1.78656 2.056504 2.867725875 4.537473 4.086123 1.779817 1.522396 1.754544 3.08914

CO2ex (g/kg-fuel) 2149.127 2159.129 2170.863 2211.948055 2241.935 2226.333 2164.065 2151.584 2169.987 2221.051

CO2in (g/kg-fuel) 717.8339 728.8357 762.9685 822.0898531 861.4048 864.202 828.652 787.2068 622.8201 633.9473

CO (g/kg-fuel) 36.7205 30.26784 20.90845 14.80006017 10.00254 10.2168 29.36883 28.86963 47.68948 31.80875

PM (g/kg-fuel) 0.012958 0.014763 0.015892 0.014967073 0.016846 0.021968 0.010811 0.016946 0.01452 0.016122

HC (g/ikW-hr) 2.877189 2.871567 2.72993 2.661226994 2.393361 2.406293 2.896737 2.963829 4.801642 4.307388

NOx (g/ikW-hr) 0.348214 0.350919 0.401844 0.568134526 0.899001 0.806277 0.347327 0.302427 0.352394 0.606125

CO2ex (g/ikW-hr) 412.9377 424.0999 424.1904 438.2162431 444.1904 439.3019 422.312 427.4167 435.8338 435.796

CO2in (g/ikW-hr) 137.9261 143.1592 149.0853 162.8669019 170.6685 170.5251 161.7094 156.3803 125.0911 124.3878

CO (g/ikW-hr) 7.055554 5.945261 4.085546 2.932088189 1.981784 2.015988 5.731255 5.735013 9.578258 6.241245

PM (g/ikW-hr) 0.00249 0.0029 0.003105 0.002965176 0.003338 0.004335 0.00211 0.003366 0.002916 0.003163

Air Flow (kg/min) 1.635384 1.604242 1.499359 1.344405 1.18042 1.178359 1.624933 1.671414 1.603355 1.59955

AFR mass 28.21874 27.14081 25.2852 22.47985449 19.87709 19.85671 25.80947 25.94112 27.30405 27.70074

AFR carbon 27.04851 26.8132 24.60619 22.33674572 19.68904 19.23258 24.96901 25.55241 27.93186 27.84964

AFR Average 27.63363 26.97701 24.9457 22.4083001 19.78307 19.54464 25.38924 25.74677 27.61795 27.77519

AFR Stoich 10.45649 10.45217 10.43278 10.56958018 10.65689 10.58996 10.47125 10.41211 10.72621 10.82303

Phi mass 0.370551 0.385109 0.412604 0.470180098 0.536139 0.533319 0.405714 0.401375 0.392843 0.390712

Phi carbon 0.386583 0.389814 0.42399 0.473192484 0.54126 0.550626 0.41937 0.407481 0.384014 0.388624

Phi Lambda meter 0.405328 0.412472 0.444905 0.49671 0.568708 0.574291 0.436953 0.426154 0.395063 0.399496

GTE emisisons based 0.575679 0.580642 0.575978 0.572750819 0.566373 0.559495 0.571295 0.574571 0.573383 0.571796

EXH emissions based 0.31662 0.30256 0.29535 0.2778 0.25677 0.26482 0.31505 0.3099 0.28382 0.28869

HX emisisons based 0.06838 0.08883 0.09997 0.12944 0.1589 0.15115 0.0797 0.08685 0.11027 0.10913

charge based PHI 0.248584 0.256948 0.269343 0.297149245 0.3318 0.32791 0.25203 0.256272 0.282186 0.281224

Emission charge based PHI 0.259339 0.260087 0.276775 0.299053043 0.334969 0.338551 0.260514 0.26017 0.275843 0.27972
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Table A. 12 40% EGR 43°C intake temperature Piston Oil Cooling On Continued 

 

 MATRIX POINT 56 57 58 59 60 61 62 63 64 65

RPM 1300 1300 1300 1300 1300 1300 1302 1300 1300 1300

IMEPg (bar) 6.639186 6.801008 6.654353 6.802855221 6.786958 6.779894 6.900676 6.83808 6.680284 6.706845

IMEPn (bar) 6.170636 6.327887 6.160885 6.306570009 6.271852 6.28839 6.347862 6.312934 6.222772 6.250412

BMEP_CF (bar) 5.006776 5.124208 4.965285 5.075327939 5.030967 5.06079 5.111542 5.092045 5.027976 5.047668

FMEP_CF (bar) 1.163861 1.203679 1.195599 1.231242069 1.240885 1.2276 1.236321 1.220889 1.194796 1.202743

CA50 (ATDC) 2.346384 0.53061 2.419732 0.805397379 0.98434 0.731108 -0.37724 0.634944 0.643765 0.283343

COV of IMEPg 2.952968 2.678287 3.624854 3.088693208 3.437196 3.236389 2.613396 2.844476 3.0308 3.146937

COV of PPRR 8.257436 7.118174 9.312436 7.933638616 8.289753 8.079346 7.349375 7.646344 8.420528 8.159362

EGR % 27.78538 28.13656 28.57587 26.48894141 42.09861 41.69983 38.81569 37.80902 31.09448 31.17594

Fuel 1 E85 E85 E85 E85 E85 E85 E85 E85 E85 E85

Fuel 2

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

Fuel1 Flow (g/s) 0.802057 0.77495 0.848666 0.819491 0.814063 0.801539 0.799774 0.813348 0.773257 0.770844

Fuel2 Flow (g/s) 0.186747 0.221679 0.15687 0.189395 0.196302 0.193857 0.219079 0.193613 0.185609 0.18465

Fuel1 Fraction 0.811139 0.777571 0.843994 0.812273141 0.805712 0.805246 0.784975 0.807725 0.806429 0.806749

Fuel2 Fraction 0.188861 0.222429 0.156006 0.187726859 0.194288 0.194754 0.215025 0.192275 0.193571 0.193251

Fuel Energy (J/cyc) 2898.695 2962.851 2907.041 2956.15519 2968.657 2925.245 3014.988 2944.367 2894.249 2828.655

Fuel H/C 2.531956 2.495939 2.568289 2.533192728 2.526059 2.525555 2.50379 2.528244 2.526836 2.527184

Fuel O/C 0.292862 0.27706 0.308803 0.293404977 0.290275 0.290054 0.280505 0.291234 0.290616 0.290769

Fuel MW/C 2865.88 2898.695 2962.851 2907.04141 2956.155 2968.657 2925.245 3014.988 2944.367 19.2097

RI (MW/m^2) 2.533355 4.259063 2.076782 2.980377742 2.640696 3.017698 4.502348 3.859398 2.509892 2.986869

Peak HRR (J/deg) 359.9229 380.7072 338.7504 344.7513153 342.7706 350.3648 365.7901 376.2542 321.1204 328.524

Peak PRR (bar/deg) 8.929308 11.84498 8.41972 10.24349333 10.04056 10.55442 12.73707 11.70448 9.184646 10.04814

PP (bar) 123.704 131.6677 130.0518 137.1802756 139.1089 136.4519 138.111 135.1096 129.891 131.4805

LPP (ATDC) 5.4 3.6 5.5 4.1 3.9 3.7 2.7 3.7 4.1 3.8

P Intake (bar) 1.420875 1.418267 1.553133 1.557819042 1.645057 1.577141 1.510963 1.516615 1.427107 1.427348

P Exhaust (bar) 1.571162 1.573159 1.718568 1.706130855 1.803709 1.728325 1.720045 1.705335 1.578143 1.567898

T Intake (C) 36.18356 36.01789 34.70229 34.972355 42.9523 42.39058 41.43299 40.672 30.14957 31.17862

T Exhaust Tank (C) 252.1261 253.984 245.1582 241.327402 237.6283 242.561 253.5006 252.3225 241.384 244.4467

Gross Therm Eff 0.559059 0.560284 0.558727 0.561706147 0.558034 0.565726 0.558665 0.564614 0.578937 0.583368

Net Therm Eff 0.519604 0.521308 0.517294 0.520728286 0.515681 0.524714 0.51391 0.521253 0.539287 0.543667

Brake Therm Eff (CF) 0.4216 0.422145 0.416906 0.419065644 0.413653 0.422281 0.41382 0.420446 0.435742 0.439051

Turbo Eff 0.701119 0.691774 0.706124 0.731648041 0.729654 0.723213 0.641144 0.664769 0.714074 0.726501

Vol Eff 0.917885 0.914522 0.932055 0.928597231 0.929416 0.922341 0.910932 0.913686 0.924186 0.922178

comb loss 0.038868 0.029657 0.049445 0.045837435 0.039546 0.033869 0.025633 0.028079 0.046731 0.036995

Comb Eff 0.961132 0.970343 0.950555 0.954162565 0.960454 0.966131 0.974367 0.971921 0.953269 0.963005

Exhaust Loss 0.291687 0.286572 0.316086 0.304388136 0.295595 0.293814 0.286321 0.294069 0.302379 0.304831

Pumping Loss 0.039455 0.038977 0.041434 0.040977861 0.042353 0.041012 0.044755 0.043361 0.03965 0.039701

Heat Transfer Loss 0.110387 0.123486 0.075742 0.088068282 0.106825 0.106592 0.129382 0.113238 0.071952 0.074806

HC (ppm) 1110.926 1041.097 1008.768 975.9687644 1087.03 1099.852 1077.654 1004.258 1513.045 1284.622

NOx (ppm) 33.36217 59.60518 17.3434 26.092376 26.69265 36.28338 70.02007 42.77203 60.95434 78.55787

CO2ex (ppm) 49323.71 52024.32 44293.28 43228.44995 54849.41 57702.52 60415.19 57430.68 50007.09 51484.03

CO2in (ppm) 13984.97 14916.68 12934.32 11735.98169 23315.5 24288.05 23687.97 21955.28 15816.8 16317.67

CO (ppm) 2009.995 1232.981 2989.464 2524.955978 2664.734 2084.966 1144.237 1468.842 2160.628 1574.818

PM (mg/m^3) 0.97 0.97 0.97 1.06 1.06 1.06 0.97 0.97 1.1 1.08

HC (g/kg-fuel) 21.15428 19.1495 20.8635 20.86099934 18.52524 18.03956 17.18216 16.74387 28.13479 23.60209

NOx (g/kg-fuel) 1.518237 2.660087 0.844443 1.332173741 1.089822 1.426042 2.699759 1.70693 2.714544 3.456225

CO2ex (g/kg-fuel) 2147.506 2221.323 2063.325 2111.594104 2142.542 2169.766 2228.651 2192.771 2130.676 2167.097

CO2in (g/kg-fuel) 608.8921 636.9092 602.5227 573.2713008 910.7561 913.2944 873.8238 838.2782 673.9138 686.8531

CO (g/kg-fuel) 55.69746 33.50607 88.63085 78.4975909 66.24805 49.89751 26.86419 35.69326 58.59054 42.18888

PM (g/kg-fuel) 0.01605 0.015811 0.016252 0.01813732 0.014085 0.014234 0.013003 0.013518 0.018045 0.017838

HC (g/ikW-hr) 4.289324 3.820435 4.292143 4.211930473 3.754588 3.605737 3.448461 3.356832 5.497965 4.577784

NOx (g/ikW-hr) 0.307844 0.530703 0.173723 0.268971926 0.220879 0.285037 0.541842 0.342207 0.530463 0.670358

CO2ex (g/ikW-hr) 435.4367 443.1667 424.4776 426.3404359 434.2379 433.6916 447.2905 439.6093 416.3664 420.3231

CO2in (g/ikW-hr) 123.4613 127.0671 123.954 115.7460782 184.5867 182.5488 175.3765 168.059 131.693 133.2198

CO (g/ikW-hr) 11.29343 6.684654 18.23358 15.84901997 13.42677 9.973488 5.391646 7.155827 11.44948 8.182818

PM (g/ikW-hr) 0.003254 0.003154 0.003343 0.003662007 0.002855 0.002845 0.00261 0.00271 0.003526 0.00346

Air Flow (kg/min) 1.682951 1.666459 1.856443 1.907668 1.548038 1.485612 1.481977 1.517907 1.656255 1.645398

AFR mass 28.36678 27.86826 30.77037 31.51442945 25.53595 24.87472 24.24257 25.12356 28.78843 28.70065

AFR carbon 29.25349 28.74761 31.199 32.71434555 26.29895 25.36387 24.93641 25.76872 28.61899 28.31632

AFR Average 28.81013 28.30794 30.98469 32.1143875 25.91745 25.1193 24.58949 25.44614 28.70371 28.50849

AFR Stoich 10.65004 10.80444 10.49892 10.64482525 10.67501 10.67715 10.77039 10.66574 10.67171 10.67023

Phi mass 0.375441 0.387697 0.341202 0.337776233 0.418038 0.429237 0.444276 0.424531 0.370694 0.371777

Phi carbon 0.364061 0.375838 0.336515 0.325387076 0.40591 0.420959 0.431914 0.413903 0.372889 0.376823

Phi Lambda meter 0.375846 0.388551 0.342775 0.338175 0.420466 0.437654 0.447091 0.430749 0.38809 0.394018

GTE emisisons based 0.576534 0.577964 0.56651 0.583093183 0.574707 0.57685 0.574654 0.579113 0.575529 0.575556

EXH emissions based 0.28727 0.28219 0.31391 0.29881 0.29131 0.29098 0.28234 0.29039 0.30327 0.3069

HX emisisons based 0.10607 0.11903 0.07402 0.08296 0.10278 0.10386 0.12537 0.10967 0.07276 0.07664

charge based PHI 0.271123 0.278613 0.243701 0.248302884 0.24205 0.250246 0.271827 0.26402 0.255429 0.255872

Emission charge based PHI 0.262905 0.27009 0.240353 0.239195484 0.235028 0.24542 0.264264 0.25741 0.256941 0.259345
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Table A. 12 40% EGR 43°C intake temperature Piston Oil Cooling On Continued 

 

 MATRIX POINT 66 67 68 69 70 71 72

RPM 1300 1300 1300 1300 1300 1300 1300

IMEPg (bar) 6.70157 6.749105 6.729 6.749986717 6.694565 6.69681 6.719835

IMEPn (bar) 6.250235 6.263498 6.234291 6.26156005 6.220111 6.232323 6.259201

BMEP_CF (bar) 5.066406 5.059884 5.016249 5.05934136 5.040257 5.072724 5.105634

FMEP_CF (bar) 1.183828 1.203614 1.218043 1.20221869 1.179855 1.159599 1.153567

CA50 (ATDC) 1.586551 0.474962 0.679106 0.707956959 0.618246 0.623095 0.918301

COV of IMEPg 3.15326 2.854915 3.006982 2.692647063 2.55334 2.318486 2.276199

COV of PPRR 8.831149 8.263493 8.307197 7.884980756 7.667985 6.853852 7.160586

EGR % 31.43719 34.99549 34.38926 35.00480917 36.54596 37.97998 38.23027

Fuel 1 E85 E85 E85 E85 E85 E85 E85

Fuel 2

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

Fuel1 Flow (g/s) 0.819351 0.827208 0.827678 0.816993 0.793423 0.823889 0.821286

Fuel2 Flow (g/s) 0.149854 0.143307 0.157981 0.159876 0.166136 0.180216 0.174439

Fuel1 Fraction 0.845385 0.852339 0.83972 0.836338342 0.826862 0.820521 0.824812

Fuel2 Fraction 0.154615 0.147661 0.16028 0.163661658 0.173138 0.179479 0.175188

Fuel Energy (J/cyc) 2907.128 2879.013 2875.195 3124.25407 3045.709 3062.144 3122.977

Fuel H/C 2.569851 2.577694 2.563501 2.559725097 2.549208 2.54222 2.546944

Fuel O/C 0.309489 0.31293 0.306703 0.305046004 0.300431 0.297366 0.299438

Fuel MW/C 19.55223 19.61519 19.50125 19.47093897 19.38651 19.33041 19.36834

RI (MW/m^2) 2.573303 3.895482 3.446415 4.000406499 4.840052 6.714708 6.518927

Peak HRR (J/deg) 2894.249 2828.655 2907.128 2879.01303 2875.195 3124.254 3045.709

Peak PRR (bar/deg) 9.227326 11.51305 11.00208 11.64526449 12.51249 14.31355 14.053

PP (bar) 127.6975 131.6547 134.5404 131.3755997 126.9028 122.8516 121.6453

LPP (ATDC) 4.9 3.7 3.9 3.9 3.8 3.1 3.8

P Intake (bar) 1.427396 1.428749 1.49396 1.428169267 1.336632 1.23611 1.236255

P Exhaust (bar) 1.567395 1.591765 1.665151 1.602237343 1.509969 1.414323 1.412829

T Intake (C) 32.25893 36.97882 37.22343 38.612637 39.22552 44.02428 42.06528

T Exhaust Tank (C) 246.7688 254.7592 250.7691 253.813159 261.9447 276.6797 280.5846

Gross Therm Eff 0.584131 0.589227 0.575341 0.581491842 0.584767 0.557516 0.565165

Net Therm Eff 0.544791 0.546832 0.533042 0.539415296 0.543324 0.518847 0.526424

Brake Therm Eff (CF) 0.441604 0.441751 0.428898 0.435847632 0.440264 0.42231 0.429404

Turbo Eff 0.724586 0.678661 0.683691 0.665685243 0.639624 0.585845 0.585773

Vol Eff 0.928111 0.922413 0.926244 0.922979989 0.915754 0.907401 0.900362

comb loss 0.033446 0.0248 0.028342 0.023852598 0.020571 0.016062 0.01573

Comb Eff 0.966554 0.9752 0.971658 0.976147402 0.979429 0.983938 0.98427

Exhaust Loss 0.308227 0.307452 0.309854 0.298462784 0.290199 0.260976 0.269667

Pumping Loss 0.03934 0.042396 0.042298 0.042076545 0.041443 0.038669 0.038741

Heat Transfer Loss 0.074197 0.078521 0.086463 0.096192777 0.104463 0.165446 0.149437

HC (ppm) 1005.891 937.066 898.1225 902.369968 983.2018 950.79 918.848

NOx (ppm) 64.66158 77.90187 63.27918 76.551737 105.6808 189.4682 179.6184

CO2ex (ppm) 51637.64 56805.92 52909.17 57030.49722 63404.77 74049.77 74211.39

CO2in (ppm) 16499.45 20131.73 18449.64 20215.59806 23418.09 28364.72 28610.88

CO (ppm) 1765.554 1135.651 1448.439 1096.953561 776.0379 571.7734 591.5912

PM (mg/m^3) 1.09 1.09 1.23 1.23 1.4 2.2 2.2

HC (g/kg-fuel) 18.46451 15.8965 16.23578 15.26947836 15.06962 12.56625 12.12057

NOx (g/kg-fuel) 2.792511 3.099165 2.698323 3.060310931 3.843386 5.959011 5.62724

CO2ex (g/kg-fuel) 2133.578 2162.14 2158.527 2181.278903 2206.142 2228.205 2224.379

CO2in (g/kg-fuel) 681.7287 766.2516 752.687 773.1978451 814.8224 853.5128 857.5697

CO (g/kg-fuel) 46.42852 27.51041 37.60872 26.7026291 17.18527 10.95008 11.28552

PM (g/kg-fuel) 0.017816 0.016622 0.018878 0.018431673 0.02034 0.028776 0.029081

HC (g/ikW-hr) 3.635566 3.112096 3.23776 3.008519478 2.940674 2.565147 2.445113

NOx (g/ikW-hr) 0.549831 0.606731 0.538103 0.602967883 0.749995 1.216412 1.135197

CO2ex (g/ikW-hr) 420.0905 423.2873 430.4561 429.7736905 430.5048 454.8431 448.7297

CO2in (g/ikW-hr) 134.2288 150.0109 150.1018 152.3418628 159.0038 174.2274 172.9997

CO (g/ikW-hr) 9.141534 5.385776 7.499977 5.261173819 3.353519 2.235237 2.276657

PM (g/ikW-hr) 0.003508 0.003254 0.003765 0.003631561 0.003969 0.005874 0.005867

Air Flow (kg/min) 1.643919 1.526903 1.616903 1.519001 1.374364 1.212326 1.205654

AFR mass 28.2692 26.22152 27.34047 25.91614979 23.87145 20.12283 20.1805

AFR carbon 27.80253 25.69208 27.48001 25.82170936 23.56598 20.48694 20.40936

AFR Average 28.03586 25.9568 27.41024 25.86892958 23.71872 20.30489 20.29493

AFR Stoich 10.49252 10.46053 10.51858 10.53413173 10.57772 10.60689 10.58715

Phi mass 0.371164 0.398929 0.384725 0.406469781 0.443112 0.527107 0.524623

Phi carbon 0.377395 0.40715 0.382772 0.407956405 0.448855 0.517739 0.51874

Phi Lambda meter 0.396019 0.428159 0.403332 0.430466 0.472428 0.546782 0.548522

GTE emisisons based 0.574488 0.57733 0.578277 0.579372841 0.577284 0.567604 0.571574

EXH emissions based 0.31081 0.31062 0.30907 0.29901 0.29208 0.25866 0.26816

HX emisisons based 0.07643 0.0813 0.08578 0.09671 0.10632 0.16272 0.14774

charge based PHI 0.254481 0.259322 0.252421 0.26418581 0.281172 0.326912 0.324058

Emission charge based PHI 0.258752 0.264666 0.251139 0.265152044 0.284817 0.321102 0.320424
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Table A. 13 40% EGR 43°C intake temperature Piston Oil Cooling Off 

 

 MATRIX POINT 73 74 75 76 77 78 79 80 81 82

RPM 1300 1300 1300 1300 1300 1300 1299 1300 1300 1300

IMEPg (bar) 6.736915 6.759563 6.683316 6.798651603 6.281737 6.778127 6.775979 6.808042 6.801321 6.787679

IMEPn (bar) 6.276008 6.257785 6.233365 6.315553504 5.790666 6.256778 6.21675 6.277723 6.269369 6.271487

BMEP_CF (bar) 5.072443 5.031441 5.05588 5.091469905 4.580104 5.007018 4.993495 5.061095 5.048306 5.056421

FMEP_CF (bar) 1.203565 1.226344 1.177485 1.224083599 1.210563 1.24976 1.223256 1.216628 1.221063 1.215065

CA50 (ATDC) 0.687861 1.183629 0.878939 1.365147567 2.040693 0.980328 1.304926 0.89235 0.658344 0.645658

COV of IMEPg 2.981616 3.411206 2.525095 3.247103113 3.861322 3.273423 2.95593 2.760443 2.8064 2.746145

COV of PPRR 8.108081 8.846969 7.419072 8.757357152 8.591661 8.212419 7.488433 7.754298 7.967439 8.485948

EGR % 27.16228 27.73512 27.74705 26.75993487 33.18243 34.94906 40.73927 39.32327 39.34626 40.18238

Fuel 1 E85 E85 E85 E85 E85 E85 E85 E85 E85 E85

Fuel 2

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

Fuel1 Flow (g/s) 0.807351 0.846901 0.792319 0.853684 0.881254 0.822973 0.805133 0.796919 0.811324 0.852114

Fuel2 Flow (g/s) 0.177855 0.155484 0.190575 0.159958 0.082983 0.174768 0.189697 0.192873 0.183529 0.152066

Fuel1 Fraction 0.819474 0.844886 0.806108 0.842194779 0.913939 0.824836 0.809317 0.805138 0.815521 0.848567

Fuel2 Fraction 0.180526 0.155114 0.193892 0.157805221 0.086061 0.175164 0.190683 0.194862 0.184479 0.151433

Fuel Energy (J/cyc) 2878.029 2896.83 2887.461 2932.72271 2704.549 2908.055 2920.839 2908.909 2911.055 2897.463

Fuel H/C 2.541071 2.569291 2.526489 2.566270971 2.649427 2.546971 2.529974 2.525437 2.53674 2.573434

Fuel O/C 0.296862 0.309243 0.290464 0.307917994 0.344403 0.29945 0.291993 0.290002 0.294961 0.311061

Fuel MW/C 19.32119 19.54773 19.20412 19.52348905 20.19106 19.36855 19.2321 19.19568 19.28642 19.58099

RI (MW/m^2) 3.914979 2.846291 4.808479 3.101307973 3.161895 3.691599 3.582669 4.152776 4.252793 5.194597

Peak HRR (J/deg) 372.1943 349.2533 406.3042 366.3790425 361.0748 377.8357 392.9175 402.8661 388.9111 412.4674

Peak PRR (bar/deg) 11.38953 10.02658 12.26356 10.40502327 10.60274 11.79065 11.49743 12.18998 12.36244 13.46843

PP (bar) 131.6449 136.2008 126.4288 135.7485816 133.0444 140.8839 135.6255 134.2575 135.1445 133.9449

LPP (ATDC) 3.8 4.3 3.9 4.5 4.7 3.8 3.6 4.4 3.4 3.1

P Intake (bar) 1.420924 1.558157 1.333347 1.544873376 1.626025 1.644864 1.578252 1.517146 1.516953 1.44097

P Exhaust (bar) 1.566242 1.718681 1.477335 1.688660988 1.771399 1.817022 1.793366 1.711813 1.710807 1.635732

T Intake (C) 33.94398 34.25253 34.52184 34.691875 47.67668 40.35321 42.42756 40.62403 42.04063 42.58795

T Exhaust Tank (C) 250.7829 242.1099 254.4722 242.852603 235.3369 1272.863 246.435 250.8491 251.7134 257.5077

Gross Therm Eff 0.571362 0.569562 0.564964 0.565844322 0.566931 0.568921 0.566252 0.571265 0.57028 0.571806

Net Therm Eff 0.532272 0.527282 0.526928 0.525636596 0.522611 0.525162 0.519518 0.526765 0.525676 0.528321

Brake Therm Eff (CF) 0.430197 0.42395 0.427391 0.42375746 0.413357 0.420263 0.417294 0.424678 0.423292 0.425962

Turbo Eff 0.706529 0.712073 0.702232 0.730456005 0.745136 1.171295 0.657449 0.659016 0.658781 0.634159

Vol Eff 0.926427 0.933207 0.912841 0.933362728 0.93935 0.933489 0.932699 0.925509 0.930774 0.925761

comb loss 0.028411 0.041161 0.025594 0.040312 0.04259 0.039088 0.0336 0.028708 0.027663 0.022055

Comb Eff 0.971589 0.958839 0.974406 0.959688 0.95741 0.960912 0.9664 0.971292 0.972337 0.977945

Exhaust Loss 0.296614 0.311719 0.276757 0.30533935 0.30339 1.906446 0.299219 0.29702 0.296329 0.287823

Pumping Loss 0.03909 0.04228 0.038036 0.040207725 0.044319 0.043759 0.046733 0.044499 0.044603 0.043485

Heat Transfer Loss 0.103613 0.077558 0.132685 0.088504328 0.08709 -1.51445 0.100929 0.103008 0.105728 0.118317

HC (ppm) 875.4531 936.4032 1064.666 988.8915741 964.7236 1116.125 1117.463 1121.234 1097.626 994.4081

NOx (ppm) 57.15324 29.15046 77.78357 29.529788 10.70615 22.1329 28.99501 38.3951 53.25145 83.7267

CO2ex (ppm) 49790.78 44504.14 55074.31 44863.93012 44491.65 48342.09 56117.3 58366.37 58741 64365.3

CO2in (ppm) 13806.92 12623.66 15561.84 12289.72993 15022.66 17147.5 23091.71 23186.99 23347.72 26095.6

CO (ppm) 1302.454 2223.282 855.4 2042.39066 2326.612 1935.837 1883.196 1356.356 1287.12 1019.965

PM (mg/m^3) 1.02 0.9 0.9 0.9 0.9 0.49 0.51 0.51 0.46 0.46

HC (g/kg-fuel) 16.82761 19.6234 18.65577 20.62191313 20.16507 21.68743 18.87651 18.40273 17.93259 14.9619

NOx (g/kg-fuel) 2.615499 1.437535 3.264757 1.450911772 0.509834 1.021397 1.171502 1.510138 2.07504 2.959438

CO2ex (g/kg-fuel) 2179.998 2099.746 2211.595 2108.975466 2027.064 2134.396 2169.252 2196.326 2189.929 2176.66

CO2in (g/kg-fuel) 604.5109 595.5961 624.9099 577.7188676 684.4407 757.0951 892.6255 872.5264 870.4286 882.4825

CO (g/kg-fuel) 36.29371 66.76097 21.86188 61.10472136 67.46439 54.39765 46.33087 32.484 30.54002 21.95259

PM (g/kg-fuel) 0.017359 0.015304 0.014659 0.015379505 0.014334 0.022597 0.006931 0.007113 0.0064 0.006132

HC (g/ikW-hr) 3.3503 3.961736 3.735279 4.185872358 4.214042 4.346218 3.775964 3.642498 3.571116 3.013507

NOx (g/ikW-hr) 0.520734 0.290221 0.653673 0.294508635 0.106544 0.204691 0.234341 0.298905 0.413226 0.596067

CO2ex (g/ikW-hr) 434.0276 423.9142 442.8081 428.0835657 423.6104 427.7384 433.9265 434.7242 436.1048 438.4056

CO2in (g/ikW-hr) 120.3553 120.2439 125.1202 117.2663963 143.0326 151.7238 178.5564 172.7013 173.3381 177.7426

CO (g/ikW-hr) 7.225909 13.47826 4.377211 12.40314429 14.09853 10.90143 9.2678 6.429637 6.081773 4.421517

PM (g/ikW-hr) 0.003456 0.00309 0.002935 0.003121759 0.002996 0.004529 0.001386 0.001408 0.001274 0.001235

Air Flow (kg/min) 1.725822 1.889461 1.579921 1.89624 1.758344 1.761083 1.526769 1.500868 1.501861 1.396964

AFR mass 29.19562 31.41609 26.79029 31.17866071 30.39267 29.41784 25.57839 25.27245 25.16052 23.18582

AFR carbon 29.4522 31.62846 27.08531 31.5215672 30.53871 29.65357 26.0591 25.40701 25.17853 22.90962

AFR Average 29.32391 31.52227 26.9378 31.35011396 30.46569 29.5357 25.81874 25.33973 25.16953 23.04772

AFR Stoich 10.6117 10.49482 10.67318 10.50719368 10.17719 10.58704 10.65842 10.67765 10.62988 10.47788

Phi mass 0.363469 0.334059 0.398397 0.33699952 0.334857 0.359885 0.416696 0.422501 0.422483 0.451909

Phi carbon 0.360302 0.331816 0.394058 0.33333348 0.333255 0.357024 0.40901 0.420264 0.42218 0.457357

Phi Lambda meter 0.372048 0.33905 0.405127 0.340424 0.341346 0.366717 0.422418 0.434116 0.436721 0.472088

GTE emisisons based 0.576383 0.573412 0.571186 0.572067542 0.569655 0.57348 0.576894 0.574306 0.570688 0.564994

EXH emissions based 0.295322 0.310673 0.27525 0.303678537 0.302664 1.898868 0.296459 0.296233 0.296223 0.289558

HX emisisons based 0.102395 0.07668 0.131081 0.087053531 0.086453 -1.50916 0.098368 0.102274 0.10563 0.119987

charge based PHI 0.264743 0.241407 0.287854 0.246818668 0.223743 0.234109 0.246937 0.25636 0.256252 0.270321

Emission charge based PHI 0.263589 0.240597 0.286286 0.245476163 0.223208 0.233178 0.24466 0.255681 0.25616 0.271951
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Table A. 13 40% EGR 43°C intake temperature Piston Oil Cooling Off Continued 

 

 MATRIX POINT 83 84 85 86 87 88 89 90 91 92

RPM 1300 1300 1300 1300 1300 1300 1300 1300 1300 1300

IMEPg (bar) 6.837014 6.838052 6.807925 6.801604787 6.782162 6.778732 6.77764 6.884828 7.010415 6.918471

IMEPn (bar) 6.350036 6.350796 6.332679 6.328529184 6.322825 6.329232 6.328504 6.358967 6.416525 6.38061

BMEP_CF (bar) 5.111387 5.111051 5.113968 5.110316508 5.125689 5.149062 5.144775 5.09952 5.124632 5.131845

FMEP_CF (bar) 1.23865 1.239744 1.218711 1.218212676 1.197135 1.18017 1.183729 1.259447 1.291893 1.248765

CA50 (ATDC) 0.452028 0.417818 0.541537 0.590251981 0.574317 0.461963 0.299643 1.862884 1.262019 1.264299

COV of IMEPg 2.998567 2.898842 2.868967 2.933309218 2.545039 2.530296 2.402278 3.363111 3.379098 3.064118

COV of PPRR 7.923424 7.441354 7.903238 8.331349063 7.292756 7.574097 7.110501 7.372888 7.21003 7.155689

EGR % 41.90999 42.05914 42.41496 42.48589947 43.07802 43.7806 43.76021 38.77231 43.07738 42.11375

Fuel 1 E85 E85 E85 E85 E85 E85 E85 E85 E85 E85

Fuel 2

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

Fuel1 Flow (g/s) 0.841255 0.83946 0.813266 0.823116 0.808251 0.793004 0.792599 0.926645 0.912707 0.850694

Fuel2 Flow (g/s) 0.149341 0.147153 0.162055 0.167959 0.161939 0.17489 0.179154 0.117622 0.146629 0.149576

Fuel1 Fraction 0.849241 0.85085 0.833844 0.830528467 0.833085 0.819309 0.815638 0.887364 0.861584 0.850464

Fuel2 Fraction 0.150759 0.14915 0.166156 0.169471533 0.166915 0.180691 0.184362 0.112636 0.138416 0.149536

Fuel Energy (J/cyc) 2857.445 2844 2831.885 2881.67596 2817.894 2827.654 2843.322 2944.367 2894.249 2828.655

Fuel H/C 2897.463 2857.445 2844 2831.88456 2881.676 2817.894 2827.654 2843.322 2944.367 2.575574

Fuel O/C 0.311394 0.312191 0.303828 0.302212084 0.303457 0.296782 0.295017 0.330601 0.317538 0.312

Fuel MW/C 19.58709 19.60168 19.44865 19.41908547 19.44187 19.31973 19.28744 19.93853 19.69951 19.59818

RI (MW/m^2) 3.468288 3.435958 3.524666 3.475147206 3.958544 4.79444 5.027103 3.557167 3.580006 3.907951

Peak HRR (J/deg) 354.3913 355.027 367.5364 367.2510458 385.9666 407.282 405.4772 399.3112 384.7294 400.0899

Peak PRR (bar/deg) 11.26848 11.22545 11.1461 11.07285393 11.55331 12.47364 12.79373 11.66292 12.06307 12.08158

PP (bar) 138.6618 138.8807 134.6741 134.574397 130.359 126.9658 127.6778 142.8212 149.3105 140.6849

LPP (ATDC) 3.7 3.7 3.9 4 4.1 3.9 3.7 4.6 3.9 4.2

P Intake (bar) 1.57801 1.57516 1.515697 1.515938838 1.439859 1.375565 1.373199 1.725968 1.809728 1.657182

P Exhaust (bar) 1.72464 1.723893 1.658267 1.65930649 1.5804 1.510959 1.509888 1.90606 2.036986 1.85529

T Intake (C) 43.0071 44.24527 42.4612 44.190083 43.28031 43.44824 45.06422 46.84309 44.71255 45.71319

T Exhaust Tank (C) 244.0878 247.2954 250.7495 252.343684 257.3063 262.7062 263.7698 243.8365 237.7929 243.0664

Gross Therm Eff 0.584028 0.586878 0.586792 0.576117977 0.587474 0.58515 0.581832 0.56712 0.56295 0.585577

Net Therm Eff 0.54243 0.545059 0.54583 0.536046939 0.547686 0.546349 0.543276 0.523804 0.515259 0.540052

Brake Therm Eff (CF) 0.436622 0.438658 0.440786 0.432860376 0.44399 0.444475 0.441657 0.42006 0.411518 0.434357

Turbo Eff 0.721315 0.714979 0.712693 0.709566456 0.702001 0.701745 0.698014 0.706792 0.696287 0.685301

Vol Eff 0.887079 0.891753 0.877007 0.883183639 0.870523 0.860849 0.864099 0.9068 0.89057 0.881851

comb loss 0.030059 0.029916 0.026169 0.026289211 0.022954 0.020309 0.020337 0.032333 0.04097 0.033281

Comb Eff 0.969941 0.970084 0.973831 0.973710789 0.977046 0.979691 0.979663 0.967667 0.95903 0.966719

Exhaust Loss 0.290235 0.294405 0.288373 0.283850313 0.280039 0.269878 0.267039 0.303363 0.300368 0.292501

Pumping Loss 0.041598 0.041819 0.040963 0.040071037 0.039788 0.038801 0.038556 0.043316 0.04769 0.045524

Heat Transfer Loss 0.095677 0.0888 0.098666 0.1137425 0.109532 0.124663 0.130792 0.097184 0.095713 0.088641

HC (ppm) 1059.49 1131.359 1074.158 1067.343955 1118.879 1129.223 1140.311 1034.618 1107.839 1207.618

NOx (ppm) 41.4307 43.1103 55.40325 51.933576 73.03611 94.90806 98.17145 18.71895 16.1976 24.10189

CO2ex (ppm) 58940.17 59672.11 62955.95 63100.72146 68492.7 74186.98 74224.48 53837.97 54292.17 58453.42

CO2in (ppm) 24927.21 25322.39 26926.18 27032.06379 29726.16 32697.63 32699 21111.79 23608.5 24841.53

CO (ppm) 1727.512 1596.993 1383.848 1425.641128 1095.037 909.9548 891.8993 1728.659 2767.481 1821.028

PM (mg/m^3) 0.91 1.01 0.86 0.86 0.86 0.86 0.86 1.35 0.74 0.99

HC (g/kg-fuel) 17.14143 18.10505 16.39901 16.25050611 15.80218 14.79333 14.93244 18.25518 19.01957 19.61234

NOx (g/kg-fuel) 1.574201 1.618993 2.000568 1.87300865 2.440571 2.960372 3.066026 0.761995 0.649347 0.918741

CO2ex (g/kg-fuel) 2142.609 2144.02 2174.946 2177.305736 2189.735 2213.933 2217.845 2096.78 2082.367 2131.795

CO2in (g/kg-fuel) 906.1608 909.834 930.2213 932.7479336 950.3554 975.7825 977.0541 822.2223 905.5 905.9701

CO (g/kg-fuel) 39.96819 36.51927 30.42717 31.3081242 22.28116 17.28297 16.9614 42.84846 67.5564 42.26821

PM (g/kg-fuel) 0.011801 0.013196 0.011088 0.01094596 0.010807 0.010486 0.010442 0.018126 0.008929 0.012493

HC (g/ikW-hr) 3.381211 3.55639 3.198495 3.223719425 3.07752 2.87568 2.914764 3.769639 3.912785 3.860396

NOx (g/ikW-hr) 0.310517 0.31802 0.390195 0.371561004 0.475308 0.575468 0.598478 0.15735 0.133586 0.18084

CO2ex (g/ikW-hr) 422.6377 421.1517 424.2057 431.926412 426.4572 430.367 432.9162 432.9787 428.3931 419.612

CO2in (g/ikW-hr) 178.7436 178.7195 181.4322 185.0353222 185.0844 189.6827 190.7178 169.7864 186.2832 178.3266

CO (g/ikW-hr) 7.883875 7.173511 5.934576 6.210797835 4.339319 3.359641 3.31081 8.848078 13.89798 8.319864

PM (g/ikW-hr) 0.002328 0.002592 0.002163 0.002171422 0.002105 0.002038 0.002038 0.003743 0.001837 0.002459

Air Flow (kg/min) 1.421673 1.417369 1.340608 1.341254 1.246324 1.162291 1.159177 1.655314 1.595349 1.466443

AFR mass 23.91949 23.94335 22.90883 22.55554154 21.41031 20.01409 19.8812 26.41907 25.09983 24.43412

AFR carbon 24.54533 24.26958 23.37765 23.35009133 21.69528 20.3085 20.33441 26.23474 25.81335 24.61253

AFR Average 24.23241 24.10646 23.14324 22.95281643 21.5528 20.16129 20.10781 26.32691 25.45659 24.52333

AFR Stoich 10.47478 10.46738 10.5456 10.56085561 10.54909 10.61246 10.62935 10.29943 10.41801 10.46916

Phi mass 0.437918 0.437173 0.460329 0.468215564 0.492711 0.53025 0.534643 0.389848 0.415063 0.428465

Phi carbon 0.426753 0.431296 0.451098 0.452283268 0.486239 0.522563 0.522727 0.392587 0.40359 0.425359

Phi Lambda meter 0.444603 0.447274 0.469248 0.469989 0.506071 0.544239 0.545417 0.390962 0.409943 0.433255

GTE emisisons based 0.599309 0.594875 0.598801 0.59641252 0.595293 0.593758 0.595095 0.563163 0.578953 0.589852

EXH emissions based 0.286535 0.292427 0.285481 0.279020927 0.2782 0.267922 0.264064 0.304429 0.296217 0.291441

HX emisisons based 0.091737 0.086781 0.095553 0.108424614 0.107462 0.122315 0.127136 0.098096 0.091862 0.087563

charge based PHI 0.254387 0.253302 0.265081 0.26928997 0.280461 0.298103 0.300682 0.238695 0.236265 0.248022

Emission charge based PHI 0.251144 0.251599 0.262423 0.264708312 0.278619 0.295942 0.297331 0.239534 0.232999 0.247123
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Table A. 13 40% EGR 43°C intake temperature Piston Oil Cooling Off Continued 

  

 MATRIX POINT 93 94 95 96 97 98 99 100 101 102

RPM 1300 1300 1300 1300 1300 1300 1300 1300 1300 1300

IMEPg (bar) 6.889411 6.803593 6.841901 6.840555693 6.889639 6.829242 6.816434 6.841617 6.855651 6.835662

IMEPn (bar) 6.348128 6.284665 6.344311 6.357380079 6.390885 6.339218 6.330753 6.344023 6.364382 6.355122

BMEP_CF (bar) 5.106561 5.057921 5.104768 5.13641831 5.168121 5.138809 5.114807 5.154669 5.170949 5.208986

FMEP_CF (bar) 1.241568 1.226744 1.239543 1.220961769 1.222764 1.200409 1.215945 1.189354 1.193434 1.146136

CA50 (ATDC) 1.455599 1.180153 0.776182 0.854418773 0.461399 1.283451 0.547657 0.273084 0.338519 0.284036

COV of IMEPg 3.227925 2.907722 2.779716 2.786860477 2.745093 2.679863 2.694255 2.371144 2.296371 2.142279

COV of PPRR 7.173063 7.164443 6.893906 6.717658048 9.795381 6.906962 7.058494 6.563802 6.068004 6.181533

EGR % 42.18338 42.62636 39.23024 40.02206129 40.02114 41.01564 39.99813 43.63234 43.58871 45.441

Fuel 1 E85 E85 E85 E85 E85 E85 E85 E85 E85 E85

Fuel 2

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

EHN + 91 

Gasoline

Fuel1 Flow (g/s) 0.848636 0.822452 0.811972 0.793901 0.804224 0.807079 0.819676 0.78541 0.802572 0.711531

Fuel2 Flow (g/s) 0.138816 0.158263 0.17612 0.20669 0.201917 0.171367 0.176468 0.211696 0.193128 0.269554

Fuel1 Fraction 0.85942 0.838625 0.821757 0.793432082 0.799315 0.824858 0.822849 0.78769 0.806038 0.725249

Fuel2 Fraction 0.14058 0.161375 0.178243 0.206567918 0.200685 0.175142 0.177151 0.21231 0.193962 0.274751

Fuel Energy (J/cyc) 2907.128 2879.013 2875.195 3124.25407 3045.709 3062.144 3122.977 3061.315 2925.168 2979.886

Fuel H/C 2.58573 2.562277 2.54358 2.512821793 2.519146 2.546995 2.544781 2.506682 2.526413 2.441908

Fuel O/C 2894.249 2828.655 2907.128 2879.01303 2875.195 3124.254 3045.709 3062.144 3122.977 3061.315

Fuel MW/C 19.67971 19.49142 19.34133 19.09440064 19.14517 19.36874 19.35097 19.04511 19.20351 18.5251

RI (MW/m^2) 3.544123 4.180077 4.651165 4.384027927 4.08174 5.137456 5.99553 8.202309 8.781549 8.366831

Peak HRR (J/deg) 394.3699 400.9282 402.1626 404.7772155 386.3342 438.5006 426.8114 470.4865 485.3186 483.3785

Peak PRR (bar/deg) 11.4695 12.2227 12.98639 12.39059796 11.97736 13.15029 14.28687 16.17663 16.73196 15.65104

PP (bar) 139.2454 136.2806 138.8404 135.1242155 135.4846 131.0137 134.1209 128.8026 129.6186 120.159

LPP (ATDC) 4.4 4.1 3.7 3.9 3.8 4.5 3.6 3.4 3.5 3.4

P Intake (bar) 1.66008 1.576803 1.573808 1.517001527 1.51763 1.442419 1.440584 1.307504 1.304654 1.199495

P Exhaust (bar) 1.854592 1.763817 1.723243 1.674081197 1.670103 1.598195 1.588469 1.465352 1.463648 1.372987

T Intake (C) 44.56839 43.88068 45.57585 42.560219 44.10322 42.92678 43.2062 46.2834 43.19561 44.05886

T Exhaust Tank (C) 243.1477 246.9266 247.2518 250.286621 251.9186 256.5764 256.2589 268.0507 270.0176 284.3466

Gross Therm Eff 0.592956 0.584379 0.579128 0.56502515 0.567333 0.584521 0.572573 0.565733 0.572062 0.55992

Net Therm Eff 0.546369 0.539807 0.53701 0.525115179 0.526262 0.542579 0.531776 0.524587 0.531069 0.520558

Brake Therm Eff (CF) 0.43951 0.434439 0.43209 0.424264585 0.425573 0.439835 0.429638 0.426239 0.431484 0.426677

Turbo Eff 0.688719 0.676548 0.715074 0.696741379 0.699809 0.682301 0.69404 0.647864 0.642745 0.569287

Vol Eff 0.878019 0.866584 0.896934 0.874931166 0.884055 0.879304 0.87622 0.858962 0.846964 0.826141

comb loss 0.033994 0.029852 0.030319 0.026490467 0.023303 0.021975 0.023324 0.016004 0.015829 0.022191

Comb Eff 0.966006 0.970148 0.969681 0.973509533 0.976697 0.978025 0.976676 0.983996 0.984171 0.977809

Exhaust Loss 0.299439 0.286909 0.288759 0.275122065 0.276155 0.279795 0.272309 0.24597 0.251913 0.234183

Pumping Loss 0.046587 0.044572 0.042118 0.03990997 0.04107 0.041942 0.040797 0.041146 0.040993 0.039362

Heat Transfer Loss 0.073611 0.098861 0.101794 0.133362318 0.133209 0.113709 0.131795 0.172294 0.160195 0.183706

HC (ppm) 1213.049 1221.397 1190.141 1159.31798 1158.82 1064.257 1230.969 1000.861 993.9832 1116.678

NOx (ppm) 23.39602 32.94178 33.25365 42.621476 120.7845 80.37434 115.8522 170.5624 165.3339 148.8752

CO2ex (ppm) 58200.5 62517.56 58354.11 62223.62125 64403.71 67092.85 66225.06 83005.39 83025.13 96144.35

CO2in (ppm) 24775.27 26871.57 23128.24 25135.89024 26007.81 27747.43 26721.59 36435.9 36408.46 43900.64

CO (ppm) 1891.899 1582.106 1429.266 1195.979357 844.2807 988.4687 784.8725 772.0542 755.2891 2363.774

PM (mg/m^3) 0.93 0.62 0.62 0.62 0.52 0.67 0.67 0.67 0.67 0.98

HC (g/kg-fuel) 19.75707 18.67004 19.4904 17.92655624 17.42549 15.37118 18.01104 11.79107 11.71057 11.19392

NOx (g/kg-fuel) 0.890688 1.188365 1.295189 1.58772244 4.363939 2.756985 4.029501 4.853303 4.665932 3.705732

CO2ex (g/kg-fuel) 2119.843 2157.737 2174.498 2217.659762 2226.241 2201.845 2203.752 2259.717 2241.71 2289.649

CO2in (g/kg-fuel) 902.3921 927.4479 861.847 895.8471277 899.0111 910.6118 889.2068 991.9212 983.0422 1045.481

CO (g/kg-fuel) 43.85677 34.75311 33.89709 27.12845484 18.57419 20.64597 16.62269 13.37695 12.97911 35.82719

PM (g/kg-fuel) 0.01189 0.00774 0.008491 0.008046 0.006782 0.008692 0.008663 0.007688 0.007687 0.010516

HC (g/ikW-hr) 3.855242 3.663912 3.832098 3.569910221 3.464516 2.998243 3.58343 2.339543 2.315545 2.187276

NOx (g/ikW-hr) 0.173802 0.233211 0.254653 0.316180447 0.867634 0.537767 0.801699 0.962975 0.9226 0.724095

CO2ex (g/ikW-hr) 413.6498 423.4462 427.5381 441.626721 442.6186 429.4834 438.4528 448.365 443.2559 447.394

CO2in (g/ikW-hr) 176.0858 182.0075 169.4517 178.3997871 178.7404 177.6204 176.9143 196.8135 194.378 204.2854

CO (g/ikW-hr) 8.557871 6.820143 6.664665 5.402384423 3.692899 4.027122 3.307207 2.654208 2.566374 7.00058

PM (g/ikW-hr) 0.00232 0.001519 0.001669 0.001602287 0.001348 0.001695 0.001724 0.001525 0.00152 0.002055

Air Flow (kg/min) 1.466129 1.366872 1.487686 1.393772 1.402058 1.308289 1.323332 1.095458 1.089165 0.942112

AFR mass 24.746 23.22917 25.09358 23.21581279 23.22501 22.28515 22.14091 18.31062 18.23114 16.00459

AFR carbon 24.57632 23.34205 25.15627 24.10954051 23.41545 22.25918 22.56086 18.60707 18.45572 16.34883

AFR Average 24.66116 23.28561 25.12493 23.66267665 23.32023 22.27217 22.35088 18.45885 18.34343 16.17671

AFR Stoich 10.42796 10.52361 10.6012 10.73148911 10.70443 10.58694 10.59618 10.7579 10.67351 11.04511

Phi mass 0.4214 0.453034 0.422467 0.462249123 0.460901 0.475067 0.478579 0.587522 0.585455 0.690121

Phi carbon 0.424309 0.450844 0.421414 0.445113796 0.457152 0.475621 0.469671 0.578162 0.57833 0.67559

Phi Lambda meter 0.432569 0.460994 0.426432 0.455799 0.469046 0.48798 0.480184 0.597872 0.600392 0.699632

GTE emisisons based 0.58889 0.587219 0.580575 0.586776645 0.571985 0.58384 0.583433 0.574892 0.579109 0.571963

EXH emissions based 0.300473 0.286215 0.288399 0.270022752 0.275032 0.279958 0.269775 0.24401 0.250381 0.231717

HX emisisons based 0.074611 0.098135 0.10143 0.127585884 0.132006 0.113886 0.128899 0.169673 0.158204 0.18015

charge based PHI 0.243639 0.259922 0.256732 0.277247496 0.276443 0.280215 0.287156 0.331173 0.330262 0.376523

Emission charge based PHI 0.24448 0.259294 0.256412 0.272108788 0.275319 0.280379 0.284484 0.328535 0.328253 0.372559
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Appendix B - Impingement 

A.B.1 GTE and Losses of Tested E85 Fuels 

 

This appendix section investigates the influence of the direct injected fuel 

properties on efficiency. The engine was operated in the Φ-T matrix, as 

described shown in Figure 44 with conditions in Table 16. The engine was fueled 

with a E85 PFI and ULSD DI strategy, or a E85 PFI and 3% EHN + 91 PON 

Gasoline DI strategy.  The GTE results from the matrix of test conditions are 

plotted below in Figure A. 3 for EHN gasoline/E85 at left and ULSD/E85 at right. 

 

 

Figure A. 3 GTE contours from direct measured mass flow rates. Left, EHN gasoline displays ~2 
GTE point improvement compared to ULSD operation.  

 

The results demonstrate that there is an approximate 2% point difference in 

thermal efficiency from the two cases. Initially combustion efficiency was 

investigated as a potential source of difference between the two cases. However, 

as seen in Figure A. 4 it was found that the combustion efficiencies are generally 

the same between the two cases, with a slight advantage observed with EHN 
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gasoline of approximately 0.5% point higher combustion efficiency (0.5% lower 

incomplete combustion).  

 

 

Figure A. 4 Contours of combustion efficiency from the two E85 fueled strategies, ULSD (right) 
EHN gas (left). It is observed that only a fraction of the GTE difference observed results from 

combustion efficiency. 

  

The results show that the combustion efficiency are similar and therefore 

only heat transfer and exhaust losses are possible sources to account for 

efficiency differences. The exhaust losses are plotted in Figure A. 5.  

 

 

Figure A. 5 Contours of exhaust loss for E85 fueling strategies, ULSD (right) EHN gas (left). The 
results demonstrate that for a given Φ-T condition, the exhaust losses are generally similar. 
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It is observed that the exhaust losses are almost identical. For instance the 0.30 

Φ contour is essentially identical for both E85 strategies, with the overall values 

and trends being similar across the comparable Φ-T space. Although not plotted 

for the sake of brevity, the exhaust temperature and volumetric efficiency (VE) of 

the two cases are nearly identical, thus the exhaust losses are the same due to 

similar temperature exhaust and mass flow rates (see Appendix A, Table A. 1 

and Table A. 2 for details) 

The last source that loss is due to is heat transfer. Heat transfer is not 

directly solved for as shown in Chapter 4, but is calculated as the unaccounted 

for loss (see Equation 40). The results of Chapter 5 demonstrated that HX was 

strongly tied to trapped mass. In the present study this was also observed where 

the trends in HX are plotted in Figure A. 6. 

 

 

Figure A. 6 HX losses for the tested E85 fueling strategies, ULSD (right) EHN gas (left). Notice 
that the HX values of ULSD operation are significantly higher than those of EHN operation, ~1.5-

2 points HX for a given Φ-T condition. 

 

The results illustrate that the higher efficiency results with EHN gasoline 

vs. ULSD are from HX differences. This could be a result of in-cylinder mixing 
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differences as gasoline vaporizes at lower temperatures More plausible is that 

the higher HX is a result of the definition of HX, and that outside losses are being 

interpreted as heat transfer. For example, in the present analysis GTE is 

calculated from the direct measured fuel and mass flow rates (not from an 

average of AFR determined mass rates as in Chapters 5 and 6). As previously 

stated, this approach affords the potential for discrepancies, as it combines 

independent measurements from emissions (combustion efficiency) and mass 

(GTE, EXH. Loss) to calculate HX.  

The results Figure A. 6 show that losses contributing to GTE are strongly 

coupled to trapped mass (Φ at fixed load and combustion phasing), and less to 

intake temperature.  For a given Φ, only incomplete combustion was observed to 

decrease as temperature was increased, which only had a slight fuel 

dependence. Additionally, the HX and Exhaust losses of the ULSD/E85 case are 

observed to have a weak temperature dependency, particularly at the lowest 

trapped masses and temperatures.  

A.B.2 Effects of Volatility for Direct Injected Fuel  

 

To determine the validity of the GTE and HX trends in Figure A. 3 and Figure A. 

6 respectively, a carbon balance was performed using Equation 42. Figure A. 7 

shows the results as functions of reactive fuel fraction, for reference CDC 

operation from Table 22 in section 5.2.2 are also plotted as control conditions.  
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Figure A. 7 Carbon balance of Φ-T matrix RCCI operation Figure 44 with ULSD (solid markers) 
and EHN gasoline (open markers). The results are color coded to intake temperature, where the 

highest and lowest ∆Mf values, respectively, correspond to the highest and lowest boot 
conditions. CDC with ULSD is plotted for reference, as it is assumed that minimal fuel 
impingement exists at the near TDC timings required for mixing controlled combustion. 

 

The figure illustrates several trends that are key in understanding the GTE and 

corresponding HX differences from the results with EHN gasoline and ULSD. The 

a differences in the measured and calculated fuel masse are generally within the 

accepted error range, but the errors span the limits of acceptability, with each 

fueling strategy being clumped at ~1-2% high or low of zero difference in AFR. 

This results in a ~2% point difference in fuel flow rates from the two studies. As 

will be shown, this can stem from charge preparation and fuel property sources.  

In the presented contour plots of GTE and HX, the fuel flow was 

determined only from the direct mass flow measurements. A more detailed 

comparison of these results is presented in Figure A. 8, where results are at a 
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constant temperature of 57°C while sweeping Φ (boost) (corresponding to Φ-T 

conditions). 

 

 

Figure A. 8 Losses and performance of fixed temperature varied Φ (analogous to boost at 
constant phasing and load). The trends demonstrate that the carbon difference between the two 

fuels is directly captured in HX, and corresponding the HX and incomplete combustion 
differences is accounted for in GTE. This demonstrates that differences in HX and 

correspondingly GTE are likely to be real and from impingement. 

 

From the figure it is clear that corresponding difference in GTE and HX are 

likely to be a result of different fuel flow measurements, and not from actual HX 

differences. If the GTE is determined from the emissions bench, the performance 

of the cases are very similar, with EHN gasoline operation being slightly 

improved due only to reduced incomplete combustion. Figure A. 9 illustrates this 

where contours of GTE calculated from AFRc are plotted in Φ-T space.   
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Figure A. 9 GTE contours determined from AFRc based fuel flow. This approach demonstrates 
that the differences in GTE are likely to be from fuel impingement which is metered in the mass 

based AFR but not captured in the emissions based AFR. 

 

 The results show that when operated with ULSD at injection timings of -60 

and -35°CA ATDC there is a discrepancy in the AFR measurements. To 

investigate the sources of this, injection timings were swept. The sweep was 

performed with the high compression ratio piston, see Figure 34. In the study, 

single injection timings were swept from -60 to -85 °CA ATDC, and a double 

injection -60 and -35 °CA ATDC as a baseline, (injection timing of both Φ-T and 

Oil Matrices). The operating conditions were similar to that of the earlier study, 

but load was fixed at 6.4 bar IMEPn due to higher in-cylinder pressure with 

18.7:1 Cr. Fuel combinations of ULSD/E100, ULSD/E85, and 3% EHN + 91 PON 

gasoline/E85 were tested. The results are presented in Figure A. 10. 
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Figure A. 10 Fueling rate, energy, PM, and carbon balance of different early injection strategies 
for ULSD and EHN gasoline direct injections with ethanol based port fuels. Note that EHN 

gasoline does not exhibit injection timing sensitivity as dramatically as lower volatility ULSD. The 
x-axis label denotes the DI strategy and the numbers denote the injection timing used in CA 

BTDC. 

 

From the results it is seen that as injection timings are advanced, 

operation with ULSD requires higher fuel flow rates to maintain load. This was 

the most prevalent at the single injection at -75 °CA ATDC (-85 not tested with 

ULSD). The results show that with ULSD, fuel is being lost within the engine, that 

is, metered fuel is unaccounted for in the exhaust emissions determined fuel flow 

rate. The tendency was not observed with EHN gasoline, where even earlier 

injection timings resulted in only slight decreases in the mass flow rate of carbon, 

suggesting that at the baseline condition of 60/35 ULSD may be impinging (as 
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shown in Figure A. 6). The increase in fueling rate was only required to the 

reactive fuel  as seen by the corresponding reactive fuel flow rate (g/sec) values 

in Table A. 14. 

 

Table A. 14 direct injection fueling requirements for respective early injection strategies with 
ethanol based fuels 

Fuel 

Injection Strategy 

-60/-35 -60 -75 -85 

DI 
(g/s) 

PFI 
(g/s) 

DI 
(g/s) 

PFI 
(g/s) 

DI 
(g/s) 

PFI 
(g/s) 

DI 
(g/s) 

PFI 
(g/s) 

ULSD/E100 0.200 0.976 0.223 0.946 0.424 0.77 N/A N/A 

ULSD/E85 0.182 0.832 0.190 0.824 0.344 0.691 N/A N/A 

EHN 
Gas/E85 

0.143 0.926 0.198 0.840 0.234 0.794 0.261 0.777 

 
From the Table A. 14 it is seen that regardless of the fuels, as the injections are 

advanced higher fueling is required. This demonstrates that there are changes in 

the reactivity gradient, and in the case of very early injection timings, the 

dramatic increase in reactive fuel required could be from spray-liner  

impingement. Figure A. 11 shows the spray targeting of injections at -60 and -

35°CA ATDC. 

 

Figure A. 11 Spray targeting for operation with -60/-35 CA ATDC injector timings with the DI 
injector described in Table 9, and pistons described in Figure 34. Green outline is of the 14.88:1 

bathtub piston, blue outline is of the 18.7:1 Cr pancake piston. 

DI Fuel spray trajectory 
shown at -35°CA ATDC

DI Fuel spray trajectory 
shown at -60°CA ATDC
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The targeting images show that at the early injection timings, fuel-liner 

impingement is possible, as the spray is directed at the liner. 

In similar early injection strategies like LTC, increased PM emissions have 

been observed with simultaneous linear impingement as demonstrated with 

detailed PM emissions measurements by Kolozdiej et al. [146]. Likewise, Figure 

A. 10 demonstrates that there is a marked increase in PM emissions with 

advanced injections of ULSD, suggesting that fuel-liner impingement is occurring 

at the early timings. Conversely, with EHN gasoline there was not an observed 

increase in PM. The results show that fuel volatility may be important if efficiency 

and the operable window of RCCI are to be maximized. 
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Appendix C – Combustion Phasing Effects 

A.C.1 GTE and Losses of Tested E85 Fuels 

 

This appendix section investigates the influence of combustion phasing on 

efficiency and operating conditions. Although later combustion phasing does not 

offer the highest gross efficiency it often does have increased brake efficiency 

due to reduced peak cylinder pressure and reduced pumping losses. Thus, it is 

of merit to investigate the relation on EGR and CA50 on the operable window. 

The engine was operated in the Φ-T matrix, as described shown in Figure 44 

with conditions in Table 16, but the combustion phasing (CA50) was retarded to 

5.0°CA ATDC and 45% EGR was used. The engine was fueled with a 91 PON 

gasoline PFI and ULSD DI strategy.  Select AHRR and cylinder pressure traces 

are seen in Figure A. 12, where 0% EGR cases are plotted for reference.  

 
Figure A. 12 Dilute RCCI operation at TDC and 5°CA ATDC CA50 combustion phasing both with 

(solid) and without EGR(dashed). The trends support the previous equivalence ratio results 
above, where EGR offers a significantly higher diluent effect than air alone. 
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The results of the operable area are presented in Figure A. 13 where it was seen 

that the operable window was significantly increased. The same color coding of 

Table 23 are used. 

 

 

Figure A. 13 Effect of combustion phasing on the Φ-T operable window of gasoline/ULSD RCCI 
at 8.45 bar IMEPg. With later combustion phasing, the operable window dramatically expands 

with only HCCI conditions exhibiting PPRR constraints issues  

 

From the figure it is seen that the entire Φ-T matrix could be operated, 

provided that HCCI was not encountered (66°C, see section 5.2.8). Additionally, 

only at the conditions of HCCI were maximum PPRR encountered (+12 bar/°CA). 

Thus, at the later combustion phasing with EGR, the only Φ-T operable window 

limiting factors of RCCI are increased incomplete combustion at locally lean and 

rich conditions (as demonstrated in Figure 46 of Chapter 5 where CO emissions 

with EGR were discussed). 
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The present results demonstrate that if the majority of HTHR occurs after 

TDC, the combustion event is similar, but the process it is confined to is 

expanding. This is a key point, as the later combustion phasing are actually quite 

similar in charge preparation and combustion behavior, as indicated in Figure A. 

14.  

 

Figure A. 14 Combustion process behavior and fuel requirements for gasoline/ULSD operation at 
TDC without EGR (green, diamonds), at TDC with 45% EGR (red, circles), at 5°CA ATDC 

phasing with EGR (black squares) and at 5°CA ATDC phasing and higher intake temperature 
(blue triangles).It is observed that the major difference in operation is PPRR. 
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These presented relations demonstrate that the dynamic pressure and 

temperature combination with the expanding volume after TDC lends itself to 

reduce PPRR, even though the combustion event and fueling requirements are 

only marginally different. First this shows the power that fuel reactivity has on 

combustion phasing, where only small incremental changes are required to 

phase combustion. Secondly, this shows that the Φ-T matrix TDC tests of 

Chapter 5 are relatable to multiple combustion phasings, as the cycle 

denominates the PPRR more than the phasing. Similar results have been 

demonstrated by Dec and Yang [21] where later combustion phasing enables 

higher load knock free HCCI. 

As shown in Chapter 5, later combustion phasings offer the potential for 

increased brake efficiencies, even though their gross efficiencies are often lower. 

These trends are demonstrated in Figure A. 15 below where BTE was computed 

using the approach described in Splitter et al. [37]. 
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Figure A. 15 If the heat release event is retarded, even 5 CAD, then the operation window is 
expanded, and BTE can actually increase. This shows that the dynamic effect of pressure and 

temperature has a profound effect on heat release. 

 

 

The present section has demonstrated that combustion phasing can be 

manipulated to offer reduced PPRR results. This affords the opportunity to 

increase the operable window of RCCI. Figure A. 16 graphically depicts these 

observations. 
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Figure A. 16 Generalization of the operable window findings of operation with EGR and retarded 
combustion phasing 

 

It was also shown that at the later phasings the combustion event was 

relatively similar, and the expanded window was related more to the process of 

expansion during heat release than the existence of actually longer or less abrupt 

heat release rate. 
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Appendix D – Codes 

A.D.1 AFR Calculation  

 

The following MATLAB script outlines the procedure used to calculate AFRc for 

oxygenated and wet (hydrous) fuels. The code and calculations were developed 

by Wissink [122] 

 

% Calculates emissions balances and AFRs 

  
function [AFR,phi,emissions,EGR,fuel] = 

emission_calc(emissions,phi,geom,mdot,temp,pressure,Pn,Pg,Pb,P_FMEP,Eta

s_mode) 

  
omega = 0;      % mass specific humidity of air 

  

  
% EGR% based on CO2 at intake and exhaust 
EGR = max(100*(emissions.CO2in.ppm - 388)/(emissions.CO2ex.ppm - 

388),0); 

  
% calculate fuel mixture properties on molar basis 
y_DI = geom.HtoC_DI; 
y_PFI = geom.HtoC_PFI; 
z_DI = geom.OtoC_DI; 
z_PFI = geom.OtoC_PFI; 
H2Ofrac_DI = geom.H2Ofrac_DI;           % mass fraction of H2O in DI 
H2Ofrac_PFI = geom.H2Ofrac_PFI;         % mass fraction of H2O in PFI 
MW_DI = 12.01 + 1.008*y_DI+z_DI*16;     %g/mol 
MW_PFI = 12.01 + 1.008*y_PFI+z_PFI*16;  %g/mol 
ndot.DI = (1-H2Ofrac_DI)*mdot.DI/MW_DI;     % molar flowrate of DI fuel 
ndot.PFI = (1-H2Ofrac_PFI)*mdot.PFI/MW_PFI; % molar flowrate of PFI 

fuel 
y = (ndot.DI*y_DI+ndot.PFI*y_PFI)/(ndot.DI+ndot.PFI);    %H/C ratio 
z = (ndot.DI*z_DI+ndot.PFI*z_PFI)/(ndot.DI+ndot.PFI);    %O/C ratio 
MW_fuel = 12.01 + 1.008*y+z*16; %g/mol 
MW_H2O = 18.01528;              %g/mol 
ndot.H2O.DI = H2Ofrac_DI*mdot.DI/MW_H2O;    % molar flowrate of H2O in 

DI 
ndot.H2O.PFI = H2Ofrac_PFI*mdot.PFI/MW_H2O; % molar flowrate of H2O in 

PFI 
n_H2O_f = (ndot.H2O.DI + ndot.H2O.PFI)/(ndot.DI+ndot.PFI); % moles H2O 

per mole carbon 
fuel.MW = MW_fuel; 
fuel.HtoC = y; 
fuel.OtoC = z; 
fuel.mfH2O = (H2Ofrac_DI*mdot.DI + 

H2Ofrac_PFI*mdot.PFI)/(mdot.DI+mdot.PFI); 
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% Gas properties 
MW_air = 28.97;     %g/mol 
R_air = 8.314/MW_air*1000;   %J/kg-K 
MW_CO2 = 44.01;     %g/mol 
MW_CO = 28.01;      %g/mol 
MW_NO2 = 46;        %g/mol 
MW_HC = 83.25/2;    %g/mol (from GM test code) 

  
% calculation of rho for use in specific PM calc 
T = temp.extank + 273.15;   %K 
P = pressure.exhaust*6894.75729+101325; %Pa 
rho = P/(R_air*T); %kg/m^3 

  
% total fueling rate 
mdot.fuel = (1-H2Ofrac_DI)*mdot.DI + (1-H2Ofrac_PFI)*mdot.PFI; 

  
% indicated specific fuel consumption 
[ISFCn,ISFCg,BSFC,ISFC_FMEP] = ISFC_calc(mdot,Pn,Pg,Pb,P_FMEP); 

  
Carr_Chen=(1-((1-.74)*(0.608*(z/.5)^2)+ (0.092*(z/.5))));%correct for 

FID response using the CARR and CHEN correlation alpha term in 

correklation is taken to be .74 
emissions.HC.ppm = emissions.HC.ppm/Carr_Chen; 

  
% measured concentrations 
HCwet = emissions.HC.ppm/1e6; % wet basis 
COdry = emissions.CO.ppm/1e6; 
CO2exdry = emissions.CO2ex.ppm/1e6; 
CO2indry = emissions.CO2in.ppm/1e6; 
NOdry = emissions.NOx.ppm/1e6; 

  
% compute dry moles of exhaust per mole of fuel based on carbon 

balance, 
% hydrogen balance, and CO/H2 relation 
beta = 7.65*omega/(2*4.76+7.65*omega); 
% n_exh_dry = (1/HCwet - (y/2)/(1+(y/2)*HCwet))/... 
%     ((1-(y/4)*COdry)/(1+(y/2)*HCwet) + (COdry + CO2exdry)/HCwet); 
n_exh_dry = (1/HCwet - (y/2+n_H2O_f*(1-beta)-

beta*z)/(1+(y/2)*HCwet+beta*(2*HCwet-1)))/... 
    ((1-(y/4)*COdry+beta*(1-

(2+y)*COdry/2))/(1+(y/2)*HCwet+beta*(2*HCwet-1)) + (COdry + 

CO2exdry)/HCwet); 

  
% dry to wet conversion (based on hydrogen balance and CO/H2 relation) 
n_exh_wet = (1-n_exh_dry*(COdry+CO2exdry))/HCwet; 

  
% number of moles 
n_HC = HCwet*n_exh_wet; % wet basis 
n_CO = COdry*n_exh_dry; 
n_CO2ex = CO2exdry*n_exh_dry; 
n_CO2in = CO2indry*n_exh_dry; 
n_NO = NOdry*n_exh_dry; 
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% CO/H2 relation 
n_H2 = 0.25*y*n_CO; 
% Moles of water 
n_H2O = n_exh_wet - n_exh_dry; 
% Moles of air, carbon-based 
n_air_carbon = (2*n_exh_wet - 2*n_HC - 2*n_H2 - n_CO - n_H2O - z - 

n_H2O_f)/... 
    (2*4.76 + 7.65*omega); 

  
%Air/Fuel Ratios 
% AFR.carbon = (MW_air/MW_fuel)*(n_exh_wet - 0.5*(n_CO + n_H2O + n_H2) 

- n_HC); 
% AFR.carbon = (MW_air/MW_fuel)*(n_exh_wet - 0.5*(n_CO + n_H2O + z) - 

n_H2 - n_HC); 
AFR.carbon = (MW_air/MW_fuel)*4.76*n_air_carbon; 
AFR.mass = mdot.air*(1000/60)/mdot.fuel; 
alpha = (2+y/2-z)/2; 
AFR.stoich = alpha*4.76*MW_air/MW_fuel; 
phi.carbon = AFR.stoich/AFR.carbon; 
phi.mass = AFR.stoich/AFR.mass; 

  
%Oxygen balance 
if isfield(emissions,'O2ex') 
    n_O2 = emissions.O2ex.ppm*n_exh_dry/1e6; 
    n_air_oxygen = (2*n_CO2ex+ n_CO + n_H2O + 2*n_O2 + n_NO - z - 

n_H2O_f)/... 
        (2 + 7.65*omega); 
    AFR.oxygen = (MW_air/MW_fuel)*4.76*n_air_oxygen; 
    phi.oxygen = AFR.stoich/AFR.oxygen; 
end 

  
% Check lambda meter mode 
if Etas_mode % 0 = Lambda mode, 1 = O2% mode  
    phi.meter = AFR.stoich/AFR.oxygen; 
else 
    if exist('phi.meter','var') 
        AFR.meter = AFR.stoich/phi.meter; 
    end 
end 

  
AFR_fields = fields(AFR); 
AFR_sum = 0; 
for i=1:length(AFR_fields) 
    if ~strcmpi(AFR_fields(i),'stoich') 
        AFR_sum = AFR_sum + AFR.(AFR_fields{i}); 
    end 
end 
AFR.mean = AFR_sum/sum(~strcmpi(AFR_fields,'stoich')); 
clear AFR_sum 

  
phi.mean = AFR.stoich/AFR.mean; 

  
% Fuel Specific Emissions Index Equations 
emissions.NOx.g_kgfuel = 

(MW_NO2/MW_fuel)*(emissions.NOx.ppm/1e6)*n_exh_dry*1000; 
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emissions.CO.g_kgfuel = 

(MW_CO/MW_fuel)*(emissions.CO.ppm/1e6)*n_exh_dry*1000; 
emissions.CO2ex.g_kgfuel = 

(MW_CO2/MW_fuel)*(emissions.CO2ex.ppm/1e6)*n_exh_dry*1000; 
emissions.CO2in.g_kgfuel = 

(MW_CO2/MW_fuel)*(emissions.CO2in.ppm/1e6)*n_exh_dry*1000; 
emissions.HC.g_kgfuel = 

(MW_fuel/MW_fuel)*(emissions.HC.ppm/1e6)*n_exh_dry*1000; 
if isfield(emissions,'PM')   
    if isfield(emissions.PM,'g_kgfuel') 
        emissions.PM.g_kgfuel = 

emissions.PM.mg_m3*mdot.air/60/rho/mdot.fuel; 
    end 
end 

  
% Power Specific Emissions Index Equations 
emissions.NOx.g_kWhr = emissions.NOx.g_kgfuel*ISFCg/1000; 
emissions.CO.g_kWhr = emissions.CO.g_kgfuel*ISFCg/1000; 
emissions.CO2ex.g_kWhr = emissions.CO2ex.g_kgfuel*ISFCg/1000; 
emissions.CO2in.g_kWhr = emissions.CO2in.g_kgfuel*ISFCg/1000; 
emissions.HC.g_kWhr = emissions.HC.g_kgfuel*ISFCg/1000; 
if isfield(emissions,'PM')  
if isfield(emissions.PM,'g_kgfuel') 
    emissions.PM.g_kWhr = emissions.PM.g_kgfuel*ISFCg/1000; 
end 
end 
end 
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A.D.2 AFR, GTE, and Efficiency Uncertainty Calculation  

 

This EES script is used to determine the uncertainty of lab measurements and 

calculated efficiency and losses (see Chapter 4, section 4.8.3). 

 
 
"!THIS CODE DETERMINES THE UNCERTAINTY OF GTE AND LOSSES FOR THE SCOTE 
LAB" 
"========================================================================" 
 
"!AIR" 
OrfAirFlow = (UpstOrfPress*convert(bar,kpa))/sqrt(converttemp(C,K,UpstOrfTemp))   " 
kPa/K^0.5"  
"this line determines the airflow rate through the orifice rack through calibrated flow" 
IntAirFlowRate = ((0.00264+0.01867*OrfAirFlow)*Orf1) + ((0.00470+0.02805*OrfAirFlow)*Orf2) 
+((0.00465+0.04455*OrfAirFlow)*Orf3) +((0.02481+0.05629*OrfAirFlow)*Orf4) 
+((0.06549+0.06898*OrfAirFlow)*Orf5) +((0.12142+0.06948*OrfAirFlow)*Orf6) 
 
"finds the mass flow rate of air into the engine" 
M_dot_air=IntAirFlowRate-M_dot_bench 
M_dot_bench=Bench_suction*rho_intake 
Bench_suction=30[l/min] "this is the reading from the bench 
rotameter"  
rho_intake=Density(Air,T=T_intake,P=P_intake)*convert(kg/m^3,kg/l)"intake surge tank 
conditions" 
P_intake=P_bar*convert(bar,kpa) "intake surge tank conditions" 
 
"========================================================================" 
 
"!Fuel" 
speed=1300[rev/min] 
Cyc_sec=speed*convert(rev/min,rev/sec)/2{[rev/cyc]} 
y_DI = HtoC_DI 
y_PFI = HtoC_PFI 
z_DI = OtoC_DI 
z_PFI = OtoC_PFI 
H2Ofrac_DI =0 {H2Ofrac_DI}         " mass fraction of H2O in DI" 
H2Ofrac_PFI = 0{H2Ofrac_PFI}         "mass fraction of H2O in PFI" 
MW_DI = 12.01[g/mol]   + 1.008[g/mol]  *y_DI+z_DI*16[g/mol]   "g/mol" 
MW_PFI = 12.01[g/mol]   + 1.008[g/mol]  *y_PFI+z_PFI*16[g/mol] "g/mol" 
n_dot_DI = (1-H2Ofrac_DI)*m_dot_DI/MW_DI    "molar flowrate of DI fuel" 
n_dot_PFI = (1-H2Ofrac_PFI)*m_dot_PFI/MW_PFI " molar flowrate of PFI fuel" 
y = (n_dot_DI*y_DI+n_dot_PFI*y_PFI)/(n_dot_DI+n_dot_PFI)   "H/C ratio" 
z = (n_dot_DI*z_DI+n_dot_PFI*z_PFI)/(n_dot_DI+n_dot_PFI)   "O/C ratio" 
 
"input fuel energy" 
E_fuel=((m_dot_DI*LHV_DI*convert(MJ/kg,J/g))+(m_dot_PFI*LHV_PFI*convert(MJ/kg,J/g)))/Cyc
_sec 
LHV_fuel=E_fuel/M_fuel 
m_dot_fuel=m_dot_DI+m_dot_PFI 
M_fuel=(m_dot_fuel)*convert(g/sec,mg/sec)/Cyc_sec 
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$CHECKUNITS Off 
 
"========================================================================" 
 
"! Emissions Bench Uncertainties" 
DELTACO2_exh=(.005*span_CO2_EXH) 
DELTACO2_int=(.005*span_CO2_INT) 
DELTACO=(.005*span_CO) 
DELTAHC=(.005*span_HC) 
DELTANOX=(.005*span_NOX) 
 
"these are the span values used for the emissions analyzers, and the ranges)" 
span_CO2_EXH=1000000*.1996/2 "range 3 % by 2 is for range 3"  
span_CO2_INT=1000000*.08/2 "range 3 % by 2 is for range 3" 
span_CO=3000 "range 4" 
span_HC=4545 "range 4" 
span_NOX=100 "range 4" 
 
 
"!Molecular Weights" 
MW_air = MOLARMASS(AIR) 
MW_CO2 = MOLARMASS(CO2) 
MW_CO = MOLARMASS(CO) 
MW_NO2 = MOLARMASS(NO2) 
MW_HC = 83.25/2                                 "Per GM Test code" 
MW_fuel = 12.01 + 1.008*y+z*16 
 
 
"!measured concentrations" 
HCwet = emissions_HC_ppm/1e6  " wet basis" 
COdry = emission_CO_ppm/1e6 
CO2exdry = emissions_CO2ex_ppm/1e6 
CO2indry = emissions_CO2in_ppm/1e6 
NOdry = emissions_NOx_ppm/1e6 
  
beta = 7.65*omega/(2*4.76+7.65*omega) "omega is the air humidity ratio" 
omega=0 "assume dry, but can be changed" 
n_H2O_f=0 "assume no water in the fuel" 
"!compute dry moles of exhaust per mole of fuel based on carbon balance,  hydrogen balance, 
and CO/H2 relation" 
n_exh_dry = (1/HCwet - (y/2+n_H2O_f*(1-beta)-beta*z)/(1+(y/2)*HCwet+beta*(2*HCwet-1)))/((1-
(y/4)*COdry+beta*(1-(2+y)*COdry/2))/(1+(y/2)*HCwet+beta*(2*HCwet-1)) + (COdry + 
CO2exdry)/HCwet) 
 
"!dry to wet conversion (based on hydrogen balance and CO/H2 relation)" 
n_exh_wet = (1-n_exh_dry*(COdry+CO2exdry))/HCwet 
 
 
"!number of moles" 
n_HC = HCwet*n_exh_wet "wet basis" 
n_CO = COdry*n_exh_dry 
n_CO2ex = CO2exdry*n_exh_dry 
n_CO2in = CO2indry*n_exh_dry 
n_NO = NOdry*n_exh_dry 
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"!CO/H2 relation" 
n_H2 = 0.25*y*n_CO 
"! Moles of water" 
n_H2O = n_exh_wet - n_exh_dry 
"!Moles of air, carbon-based" 
n_air_carbon = (2*n_exh_wet - 2*n_HC - 2*n_H2 - n_CO - n_H2O - z - n_H2O_f)/(2*4.76 + 
7.65*omega) 
 
"!Find the EGR rate" 
EGR = max(100*(emissions_CO2in_ppm - 388)/(emissions_CO2ex_ppm - 388),0) 
 
"!Air-fuel ratio calculations" 
AFR_carbon = (MW_air/MW_fuel)*4.76*n_air_carbon 
AFR_mass = m_dot_air*convert(kg/min,g/s)/m_dot_fuel 
alpha = (2+y/2-z)/2 
AFR_stoich = alpha*4.76*MW_air/MW_fuel 
 
 
"!PHI calculations, prime are charge based" 
phi_carbon = AFR_stoich/AFR_carbon 
phi_prime_carbon = phi_carbon*(1-(EGR/100)) 
 
phi_mass = AFR_stoich/AFR_mass 
phi_prime_mass = phi_mass*(1-(EGR/100)) 
 
phi_lambda=AFR_stoich/AFR_lambda 
phi_prime_lambda = phi_lambda*(1-(EGR/100)) 
 
 
DELTAAFR_C = UncertaintyOf(AFR_carbon) 
DELTAPHI_C = UncertaintyOf(phi_carbon) 
DELTAPHI_prime_C = UncertaintyOf(phi_prime_carbon) 
 
DELTAAFR_mass = UncertaintyOf(AFR_mass) 
DELTAPHI_mass= UncertaintyOf(phi_mass) 
DELTAPHI_prime_mass = UncertaintyOf(phi_prime_mass) 
DELTAAFR_lambda = UncertaintyOf(AFR_lambda) 
DELTAPHI_lambda= UncertaintyOf(phi_lambda) 
DELTAPHI_prime_lambda = UncertaintyOf(phi_prime_lambda) 
$CHECKUNITS On 
 
"========================================================================" 
 
"!Efficiencies" 
GTE_mass=Work_gross/(M_fuel_AFR_mass*LHV_fuel*convert(Mj/kg,j/kg)) 
GTE_carbon=Work_gross/(M_fuel_AFR_carbon*LHV_fuel*convert(Mj/kg,j/kg)) 
GTE_lambda=Work_gross/(M_fuel_AFR_lambda*LHV_fuel*convert(Mj/kg,j/kg)) 
 
GTE_ave=(GTE_mass+GTE_carbon)/2 
 
Work_gross=IMEP_g*convert(bar,pa)*V_d 
V_d=2.44[l]*convert(l,m^3) 
M_fuel_AFR_mass=(m_dot_air/AFR_mass)*convert(kg/min,kg/s)/(cyc_sec*1[rev]) 
M_fuel_AFR_carbon=(m_dot_air/AFR_carbon)*convert(kg/min,kg/s)/(cyc_sec*1[rev]) 
M_fuel_AFR_lambda=(m_dot_air/AFR_lambda)*convert(kg/min,kg/s)/(cyc_sec*1[rev]) 
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DELTAGTE_mass = UncertaintyOf(GTE_mass) 
DELTAGTE_C = UncertaintyOf(GTE_carbon) 
DELTAGTE_ave = UncertaintyOf(GTE_ave) 
DELTAGTE_lambda = UncertaintyOf(GTE_lambda) 
 
"========================================================================" 
 
"!Combustion" 
LHV_CO = 10100                 " J/g" 
LHV_PM = 32800                 " J/g" 
LHV_HC = 43800                 " J/g (propane)" 
 
 
"finds the average of AFRc and AFRmass fuel flows" 
M_DOT_FUEL_AVE=(m_dot_fuel+(m_dot_air*convert(kg/min,g/s)/AFR_carbon))/2  
 
 " finds the fuel energy from the average fuel flow J/g" 
Qhfv = (((1-
H2Ofrac_PFI)*m_dot_PFI*(m_dot_fuel_AVE/M_DOT_FUEL)*LHV_PFI*convert(mj/kg,j/g))+((1-
H2Ofrac_DI)*m_dot_DI*(m_dot_fuel_AVE/M_DOT_FUEL)*LHV_DI*convert(mj/kg,j/g)))/m_dot_fu
el_AVE 
 
" finds mass fraction CO from the average fuel flow J/g" 
y_CO = 
(emissions_CO_g_kgfuel*m_dot_fuel_ave/1000)/(m_dot_air*convert(kg/min,g/s)+m_dot_fuel_ave
)  
 
" finds mass fraction HC from the average fuel flow J/g" 
y_HC = 
(emissions_HC_g_kgfuel*m_dot_fuel_ave/1000)/(m_dot_air*convert(kg/min,g/s)+m_dot_fuel_ave
)  
 
 
emissions_HC_g_kgfuel = (MW_fuel/MW_fuel)*(n_hc)*1000 
emissions_CO_g_kgfuel = (MW_CO/MW_fuel)*(n_co)*1000 
top = (y_CO*LHV_CO) + (y_HC*Qhfv)  
bot = (Qhfv*m_dot_fuel_ave)/((m_dot_air*convert(kg/min,g/s))+m_dot_fuel_ave) 
eta_c = 1 - (top/bot)"combustion efficiency" 
 
Loss_comb=1-eta_c 
DELTAloss_comb = UncertaintyOf(Loss_comb) 
 
"========================================================================" 
 
"!Exhaust Losses" 
cp_ex = 1.080[j/g-k]"CP OF GAS OUT OF THE ENGINE" 
cp_air = 1.006[j/g-k]"CP OF GAS INTO THE ENGINE" 
 
E_ex = (((m_dot_air*convert(kg/min,g/s)/(1-
(EGR/100))))+m_dot_fuel_ave)*cp_ex*CONVERTTEMP(c,k,T_EXHAUST); 
E_air = ((m_dot_air*convert(kg/min,g/s)/(1-(EGR/100))))*cp_ex*converttemp(c,k,T_intake); 
{E_fuel = m_dot_fuel*Qhfv;} 
 
Loss_EXH= (E_ex-E_air)/(m_dot_fuel_AVE*Qhfv) 
DELTAloss_EHX = UncertaintyOf(Loss_EXH) 
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"========================================================================" 
 
"!HX loss" 
1=GTE_ave+Loss_HX+Loss_comb+Loss_EXH 
 
DELTAloss_HX = UncertaintyOf(Loss_HX) 
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Appendix F – Fuel Properties 

A.E.1 Fuel Lubricity Additive 
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A.E.2 Gasoline Fuel Properties 
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A.E.3 ULSD Fuel Properties 

 

 

ProjSeq 2894

SmplCode JET A

D240G BTUHeat BTU/lb 19489

MJHeat MJ/kg 45.332

CALHeat cal/g 10827.3

D240N BTUHeat BTU/lb 18319

MJHeat MJ/kg 42.609

CALHeat cal/g 10177

D4052s API@60F 33.1

SPGr@60F 0.8595

Dens@15C grams/L 859.1

D445 40c Viscosty cSt 2.705

D5291 CH Carbon wt% 86.97

Hydrogen wt% 12.83

D5453 Sulfur ppm 10.1

D613 CetaneNo 42

D86 IBP deg F 344.5

Evap_5 degF 389.3

Evap_10 degF 411.2

Evap_15 degF 427.3

Evap_20 degF 439.1

Evap_30 degF 463

Evap_40 degF 484.6

Evap_50 degF 504.4

Evap_60 degF 524.5

Evap_70 degF 547.8

Evap_80 degF 572.9

Evap_90 degF 608.5

Evap_95 degF 637

FBP degF 661.9

Recoverd mL 98

Residue mL 1.2

Loss mL 0.8

D1331A SurfTension dynes/cm IC

TestTemp deg C IC

DATA SUMMARY

University of Wisconsin

SWRI Work Order # 60533
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A.E.4 Ethanol Fuel Properties 

 

 

 

 


