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Abstract

Homogeneous Charge Compression Ignition (HCCI) is a promising method for

combustion engines to provide a substantial reduction in fuel consumption and

formation of both nitrogen oxides and soot pollutants in automotive and station-

ary engines. Control of HCCI combustion timing is essential for the successful

integration of the HCCI concept in real applications. This thesis concentrates

on control oriented modeling and experimental study of HCCI combustion for

control of ignition timing in HCCI engines.

A detailed experimental study of HCCI with over 600 operating points on

two different engines is done to characterize the complex relationship among the

engine variables, the ignition timing and the exhaust temperature. This leads

to identifying regions with distinct patterns of cyclic variation for HCCI ignition

timing. In addition, main influential factors on the variations of ignition timing

and exhaust temperature in HCCI engines are determined. A dynamic full-cycle

physics based Control Oriented Model (COM) is derived from using the experi-

mental data and simulations from an HCCI thermo-kinetic model. The COM is

validated with a large number of transient and steady-state experimental points.

The validation results show that the COM captures the key HCCI dynamics with

a high degree of accuracy for control applications. The COM is computationally

efficient and all inputs of the model can be readily measured or estimated on

a real engine. This makes the COM simple and fast enough for use as an off-

line simulation bed to design and evaluate different strategies for physics-based

control of combustion timing in HCCI engines.
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Chapter 1

Introduction

G
reenhouse Gas (GHG) emissions and fuel consumption are two major

worldwide environmental and energy challenges in the new century. Given

the large number of vehicles manufactured worldwide (estimated 15-20 million

road vehicles per year), transportation is one of the largest sources of both green-

house gas emissions and fuel consumption in the world. For instance, trans-

portation is Canada’s largest single source of greenhouse gas emissions with 26%

of total GHG in Canada coming from this section [1]. One major solution to

decrease emissions and fuel consumption in transportation is the use of cleaner

and more efficient combustion in engines. Homogeneous Charge Compression

Ignition (HCCI) is a promising concept for combustion engines to reduce both

emission and fuel consumption [2, 3]. HCCI is a high-efficiency technology for

combustion engines that can be scaled to any size-class of transportation en-

gines as well as used for stationary applications. This makes HCCI as alternative

technology to conventional spark/diesel engines.

HCCI engine fundamentals, history, challenges and proposed solutions are

introduced in this chapter. An important HCCI problem is then identified for

this study and the research goals and the scope of this study are outlined. An

overview to the structure of this thesis concludes this chapter.
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1.1 BACKGROUND

1.1.1 HCCI Fundamentals

HCCI is the auto-ignition of a homogeneous mixture by compression. An HCCI

engine can be described as a hybrid of SI (Spark Ignition) engine and CI (Com-

pression Ignition) engine. As in an SI engine, fuel is homogenously premixed

with air, but the fuel autoignites from compression heating, as in a CI (diesel)

engine. In this way, homogeneous air-fuel mixture auto-ignites at many locations

as shown in Figure 1.1. HCCI works without using any external ignition source,

unlike traditional SI and diesel engines where ignition is started with either spark

or injected fuel respectively.

Figure 1.1: HCCI engine versus traditional engines [4].

The HCCI principle incorporates the best features of both the SI and the diesel

engine principles. The mixture is homogeneous, which minimizes the Particulate

Matter (PM) emissions. The mixture is compression ignited using high compres-

sion ratios, has no throttling losses and has shorter combustion duration, which

leads to high efficiency. The SI principle has low efficiency at part load, where the

HCCI has good efficiency. The diesel engine has similar efficiency as the HCCI
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engine, but it generates higher amounts of PM and Nitrogen Oxides (NOx).

HCCI relies on the auto-ignition of highly diluted or lean air/fuel ratio mixture

which allows an HCCI engine to run with a fuel consumption advantage compared

to conventional spark/diesel engines. Low temperature combustion caused by the

presence of excess air and diluents suppresses the rate of NOx formation. Burning

of premixed lean mixtures and the absence of diffusion-limited combustion virtu-

ally remove1 the potential for soot formation in HCCI engines [3]. These factors

may eliminate the requirement for NOx and soot after-treatment systems [6].

The combination of both high efficiency and ultra-low PM and NOx emissions

has made the HCCI engine an attractive alternative to traditional engines.

1.1.2 HCCI History

Although being reported in numerous research papers as a new combustion con-

cept for reciprocating internal combustion engines, HCCI also known as Con-

trolled Auto-Ignition (CAI) has been around for over 100 years [6]. The first

patent refers to inventing a hot-bulb 2-stroke oil engine by Carl W. Weiss in

1897 [7]. In Weiss’ engine, kerosene or raw fuel is injected onto the surface of

a hot-bulb to prepare a homogenous vaporized mixture in a heated prechamber.

Then, the prepared air-fuel mixture is transferred from the prechamber to the

cylinder and the mixture is auto-ignited inside the main chamber. The Russian

scientist Nikolai Semonov and his colleagues established the first theoretical and

practical exploitation of chemical-kinetics controlled combustion for diesel en-

gines in the 1930s [6]. Later in the 1970s, Semonov and Gussak [8] built the first

CAI engine that controls combustion by using active species which are discharged

from partially burned mixture in a separate prechamber.

The most recognized and first systematic early investigations on CAI were

1If HCCI combustion is implemented in a direct injection engine, non-negligible amount of
soot can be generated by the engine. [5]
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done by Onishi [9] and Noguchi [10] on two stroke engines in the late seventies

and then on a four stroke engine by Najt and Foster in 1983 [11]. But it was

not until the late 1980s that the terminology Homogenous Charge Compression

Ignition (HCCI) was introduced by Thring [12] in his research paper on studying

the effect of external EGR and air-fuel ratio on HCCI. Since the 1990s, the

HCCI area had grown to a large world wide research topic [13, 14, 15]. Two

main reasons for the growth of interest are the higher fuel prices and the more

stringent emission level regulations to meet the upcoming EU and US emission

regulations [16, 17].

HCCI technology has a high fuel flexibility and can be applied for a wide range

of fuels with different octane numbers [18]. There has been a significant growth

in the diversity of the fuels that HCCI engines have used. HCCI fuels range from

biofuels [19, 20], to hydrocarbon fuels [21, 22] and reforming fuels [23, 24, 25].

Also, HCCI engines exhibit a large diversity in size. The 12-liter six-cylinder

HCCI engine described by Olsson et al. [26] is one example of a large HCCI

gasoline engine while the 4.1cc HCCI engine described by Manente et al. [27]

is an example of a mini HCCI engine. In all, HCCI engines could be scaled to

virtually every size of transportation engines from a small motorcycle to a large

ship engine [28]. In addition, application of HCCI engines is not only limited to

automotive applications but can be used for stationary applications such as oil

and gas production, power generation and pipeline pumping.

Over the last few years HCCI has been extensively studied by numerous re-

searchers to tackle HCCI challenges. Some of these main studies are briefly

introduced in the next section.
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1.1.3 HCCI Challenges & Proposed Solutions in Literature

There are a number of obstacles that must be overcome before the potential

benefits of HCCI combustion can be fully realized in production applications.

Although advantageous over traditional engines in thermal efficiency and NOx

emission, HCCI combustion has several main difficulties. These include “Control

of combustion timing”, “Limited power output”, “Homogenous mixture prepa-

ration2”, “High unburned Hydrocarbon (HC) and Carbon Monoxide (CO) emis-

sions”, and “Weak cold-start capability”.

HC and CO emissions in HCCI are normally higher than their equivalent of

diesel engines [3]. However, reducing HC and CO emissions from HCCI engines

is easier than reducing NOx and soot emissions from diesel engines [28]. High HC

and CO emissions in HCCI are mainly due to low in-cylinder temperature caused

by lean-burn or high-dilution combustion. This can result in incomplete combus-

tion and decrease of post-combustion oxidation rates inside the cylinder [6, 3].

Results show that CO-to-CO2 reactions in HCCI are sensitive to the combustion

temperature and a minimum peak temperature of 1500 K is required to oxidize

CO [64]. As the charge is made leaner by decreasing fueling, the production of

HC and CO is dominated by incomplete bulk-gas reactions [65, 66]. Higher HC

and CO emissions are also observed in [67] when the equivalence ratio is decreased

for an HCCI engine fueled with blends of iso-Octane and n-Heptane. If the ex-

haust gas temperature is high enough for the oxidation process in the catalyst to

occur, then high HC and CO engine-out emissions in HCCI can be significantly

reduced. The oxidation catalysts can reach conversion efficiencies of up to 95%

2Some of the recent HCCI studies [29, 30] indicate that having temperature and mixture
compositional inhomogeneities inside the cylinder can be useful to enable HCCI at a larger
operating range. Their results [29] indicate the charge under some experimental conditions
would not be ignited without initial temperature inhomogeneity inside the cylinder. In addition,
inhomogeneity of mixture and temperature can be used to extend HCCI knock limit [30].
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Table 1.1: Three main HCCI challenges and proposed solutions

HCCI Challenges Proposed Solutions

Control of

¥ Changing temperature history of mixture:

• VVT and residual/exhaust gas trapping

- Exhaust gas trapping [31, 32]

- Modulating intake and exhaust flows [33, 34]

- Combination of both [35]

• Variable Compression Ratio (VCR)[36, 37]

• Variable EGR [38, 34]

Combustion Timing • In-cylinder injection timing [39, 40, 41]

• Modulating intake temperature [42, 43]

• Water injection [44]

• Variable coolant temperature [45]

¥ Changing mixture reactivity:

• Modulating 2 or more fuels [46, 47, 48]

• Fuel additives and reforming [49, 50, 51]

• Variable EGR [38, 52]

Limited Power Output

¥ Boosting intake air flow:

• Super charging [53, 54, 55, 36]

• Turbo charging [55, 56, 57]

¥ Dual-mode engines (HCCI at low load):

• SI-HCCI [52, 58, 59]

• Diesel-HCCI [60, 61]

Homogenous Mixture

¥ Fuel injection in a highly turbulent port flow for

gaseous and highly volatile fuels [13, 62]

Preparation ¥ Early in-cylinder injection with sophisticated fuel

injectors for diesel fuels [63, 54]
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for HC and CO pollutants [68] when the catalytic converter is at operating tem-

perature. Methods to reduce catalyst light-off time in vehicles can be used to

help the catalytic converter to reach its operating temperature [69, 70, 71].

The problem of weak cold-start capability in HCCI engines can be solved

by using a dual mode (SI-HCCI / CI-HCCI) technique where the engine starts

in the SI / CI mode. Table 1.1 lists three major HCCI challenges and solutions

proposed to address specific problems. The problem of high HC and CO emis-

sions in HCCI is also linked to control of combustion timing since HC and CO

emissions highly depend on the location of ignition timing as will be discussed

later in Section 2.3.2. Despite a plurality of different proposed solutions, each of

the proposed solutions has its own drawbacks. Variable intake temperature, vari-

able intake pressure and variable coolant temperature have slow response time,

while Variable Compression Ratio (VCR) and Variable Valve Timing (VVT) are

technically difficult to implement. Practicality and cost effectiveness are main

concerns with most of the proposed options such as water injection, modulating

two or more fuels, etc. However a turbo/super charged, fuel-lean dual (SI-HCCI)

engine equipped with VVT technology seems a promising option to address most

of HCCI concerns for automotive applications.

1.2 Problem Identification and Research Scope

Ignition timing affects different aspects of the operation of HCCI engines includ-

ing the operating range, the combustion stability, the engine performance and

emission characteristics [72, 73, 74, 75, 76]. The main HCCI benefits and chal-

lenges are directly linked to HCCI ignition timing as shown in Figure 1.2. The

operating range is influenced by ignition timing as late ignitions lead to high cyclic

variation which determines the instability limit [73]. Conversely, early ignitions

lead to high peak pressure and high pressure rise rate which determine the knock
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Figure 1.2: Major HCCI benefits (solid circles) and drawbacks (dashed circles)
pertinent to HCCI ignition timing.

limit [72]. Combustion efficiency depends on ignition timing [77] and complete-

ness of combustion deteriorates by shifting the ignitions later in the expansion

stroke [75] which increases the potential of partial burn and misfired cycles. This

can influence CO and HC emissions [74, 76]. Ignition timing also affects the peak

combustion temperature which has a direct impact on NOx emissions [76]. The

thermal efficiency and the engine work output are also affected by ignition timing

and less work is produced by releasing energy partway down the expansion stroke

for late ignitions [75].

Since ignition timing is the main control parameter in HCCI engines, the

quality of HCCI operation depends on the quality of the system used to control

ignition timing [74, 78]. However, control of ignition timing, particularly for

a wide range of load and speed, has been recognized as the most challenging

problem in HCCI engines [67, 79]. This is because of the absence of a specific event

to initiate the combustion and high sensitivity of HCCI to the variations in the
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charge properties [80]. Precise control of temperature, pressure and composition

of the air fuel mixture is needed to prevent: misfire, excessive peak pressure or

excessive pressure gradient which could damage the engine and increase NOx

generation.

Understanding the effect of modifying the engine charge properties on the

ignition timing is essential to be able to predict and control HCCI engines. The

focus of this thesis is to perform a detailed experimental and modeling investiga-

tion into the factors influencing HCCI ignition timing. This requires identifying

patterns of cyclic variations in HCCI ignition timing and determining different

HCCI operating regions with distinct cyclic variation characteristics. A new dy-

namic physics-based computationally efficient control oriented model is developed

to predict both steady state and cycle-to-cycle combustion timing for an HCCI

engine. The goal is to have a model that: can predict HCCI combustion timing;

has a good compromise between accuracy and computation time; and doesn’t re-

quire inputs that are difficult to measure in real-time on an engine. The resulting

model should be fast and accurate enough for use as a simulation bed to design

subsequent control strategies in HCCI engines.

Blends of n-Heptane and iso-Octane are used as the fuel. This selection is

done as n-Heptane and iso-Octane are Primary Reference Fuels (PRFs) for octane

rating in internal combustion engines, and have cetane number of approximately

56 and 15, with octane numbers of 0 and 100, which is very similar to the cetane

number of conventional diesel fuel and gasoline, respectively.

1.3 THESIS ORGANIZATION

This thesis is organized into seven chapters as depicted in Figure 1.3. Chapter 1

is the Introduction and Background. In Chapter 2 the influence of changing

engine variables on the variations of HCCI ignition timing is experimentally doc-
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umented. Sources and patterns of cyclic variations in HCCI ignition timing are

identified. In addition, the relationship between exhaust temperature and igni-

Figure 1.3: Schematic of the thesis organization. [Journal publications as a
main/partial result of this thesis work].

tion timing for HCCI engines is discussed since low HCCI exhaust temperature

is a limiting factor in utilizing exhaust aftertreatment systems to overcome the

challenge of high HC and CO emissions in HCCI engines. Chapter 3 explains a
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detailed Thermo-Kinetic Model (TKM) of HCCI combustion that is developed

to predict ignition timing of the experimental engine studied in Chapter 2. Ex-

perimental data from Chapter 2 is used to validate the TKM. Then, the TKM

is used to perform a sensitivity analysis of ignition timing with changing main

charge variables. The TKM simulations are used later in Chapter 4 where a

control-oriented model is developed to predict mean-value HCCI ignition timing.

The application of the resulting model is limited to steady state HCCI operation.

Thus, the mean-value model from Chapter 4 is extended to a dynamic full cycle

Control Oriented Model (COM) in Chapter 5. The COM can predict the cycle-to-

cycle ignition timing for transient HCCI operation. The model is experimentally

validated with HCCI data in different transient fueling operations. In addition,

the probability distributions of HCCI ignition timing ensembles are experimen-

tally studied in Chapter 6 and the results are used to extend the mean-value

model from Chapter 4 into a model which can predict probability distribution

of ignition timing ensemble in HCCI engines. The resulting model is useful for

finding HCCI running conditions that lead to unstable operation with high cyclic

variation. Finally, Chapter 7 summarizes the major results from this thesis and

provides recommendations for further research.



Chapter 2

Experimental Study of HCCI:

Combustion Timing & Exhaust Temperature1

U
nderstanding the variations of ignition timing and exhaust temperature

with changing engine operating conditions is an essential step to be able

to control HCCI engines for achieving fuel consumption and vehicle’s emissions

targets. Experimental data from two different engines is analyzed in this chapter

to explain the complex relation between the engine variables and the ignition

timing and the exhaust temperature in HCCI engines.

2.1 INTRODUCTION

Limited power output, difficulty in controlling combustion timing, and high HC

and CO emissions are three main challenges for HCCI and are directly linked

to ignition timing and exhaust temperature variations in HCCI engines. HCCI

combustion timing is mainly dependent on the injected charge properties which

are influenced by the temperature of residual gas from a previous cycle. Cyclic

variations in HCCI combustion make the control of HCCI ignition timing more

challenging particularly during transient conditions [81]. High cyclic variation

(misfire) limits the operating range of HCCI engines at low load and knocking

1The results of this chapter are partially based on [80].
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limits the operating range at high load [82]. Rapidly switching between HCCI and

SI combustion to extend the engine load range [28] requires cycle-by-cycle control

of ignition timing which is sensitive to cyclic variations. In addition, only for

sufficiently high exhaust gas temperatures can effective exhaust aftertreatment

be used to reduce high HC and CO in HCCI engines. The low exhaust gas

temperature in certain operating conditions can limit the operating range in

HCCI engines.

Developing new methods to properly control ignition timing and exhaust tem-

perature for a wide operating range and combustion-mode switching requires an

improved understanding of variations of ignition timing and exhaust temperature

in HCCI engines. In this chapter, the influence of engine conditions on cyclic

variation of ignition timing and variation of exhaust gas temperature is investi-

gated using collected experimental data at over 600 HCCI operating points. This

study, to the author’ knowledge, is the first detailed analysis of cyclic variation

of ignition timing and the exhaust temperature variations in HCCI engines.

2.2 CYCLIC VARIATION IN HCCI COMBUSTION

Cyclic variations in SI engines have been experimentally studied for decades [83,

84], but only some experimental studies [85, 86, 72, 87, 88, 75, 89, 90] in recent

years partially investigate the cyclic variations in HCCI engines. In [85], a single-

cylinder engine fueled with different PRF mixtures is run in HCCI mode to

study cyclic variations of HCCI combustion. The study shows that when the

octane number is decreased the distribution of combustion parameters is more

concentrated around mean values and cyclic variations of performance parameters

significantly decrease. In [72], limits of HCCI combustion are investigated on a

single-cylinder engine for 19 different gasoline-like fuels with octane numbers

higher than 60. An octane index to characterize high HCCI cyclic variation
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limit and a knock limit is defined. They observe that acceptable HCCI cyclic

variation occurs only within a narrow range of ignition timing around TDC. In

[87], the variations of cycle resolved gas temperature and unburned hydrocarbons

are discussed for a camless gasoline HCCI engine. They find a strong correlation

between the combustion phasing and the gas temperature at the beginning of the

compression stroke and no correlation is found between the residual (exhaust) gas

temperature at the end of the expansion stroke and the combustion phasing of the

next cycle. They also report that a high level of unburned hydrocarbons in the

residuals is generated by quenching that occurs for late combustion timing. These

hydrocarbons auto-ignite during the following gas exchange phase. Experimental

results in [88] for a lean burn engine fueled with n-pentane and n-Heptane indicate

that HCCI operating conditions are limited by the extent of non-homogeneity of

the intake charge – both in mixture quality and temperature. They observe lower

HCCI cyclic variations near to the knock limit and for higher compression ratios

at a constant equivalence ratio. Stability of late-cycle auto-ignition is studied in

[75, 89] for a single-cylinder diesel engine run in HCCI mode. They observe that

variations of IMEP increase rapidly after a certain combustion phasing or late

limit. Increasing the fueling rate retards the late limit of combustion phasing

before the onset of unstable HCCI combustion. This late limit is a function of

fuel as iso-Octane (PRF100) fuel tolerates less retarding of combustion phasing

compared to a lower PRF blend (i.e. PRF80). Results from [90, 91] on the

cyclic combustion variability of a spark-assisted gasoline engine during transition

between SI mode and HCCI mode show that HCCI cyclic variation can follow a

repeatable pattern of complex combustion that is not a random process. More

deterministic structure is observed in cyclic variation of HCCI ignition timing

as the engine operating condition is changed from the knock limit to the misfire

limit [92].



CHAPTER 2. EXP. STUDY OF HCCI COMBUSTION 15

Here, HCCI experimental data at a large range of operating conditions are

collected and then analyzed to understand cyclic variation in HCCI engines. A

primary purpose of this section is to provide detailed results and discussion of

the sources of cyclic variation in an HCCI engine which can be used to further

understand cyclic variation so that effective control strategies, based on physical

arguments, can be developed in the future.

2.2.1 Sources of Cyclic Variation in HCCI Combustion

Cyclic variations of HCCI engines are known to be small compared to those

in an SI engine but they can be very large under certain operating conditions

[72, 87]. Here, four potential sources of cyclic variations in HCCI engines are

briefly described.

(1) Temperature inhomogeneity & thermal stratification – a temperature gradi-

ent in the unburned charge is caused by heat transfer to different temperature

surfaces (piston, valves, cylinder head) and from imperfect mixing of fuel, air

and residual gas [93]. Another reason for spatial temperature differences in the

cylinder is the inhomogeneous heat release from the cool flame chemistry [29].

Different measurements in HCCI engines [94, 95] show that the charge burns

heterogeneously with large spatial and temporal variations and there is always

a stratification in the temperature field [29]. Cyclic fluctuation in the tempera-

ture of residual gas [96] can cause cyclic thermal stratification inside the cylinder

that can lead to cyclic variations in HCCI combustion. There is also a coupling

between wall temperature and combustion timing and variations in wall temper-

ature can cause variations in combustion timing and vice versa [76].

(2) Mixture compositional inhomogeneity – a spatial variation in mixture com-

position inside the cylinder due to the imperfect mixing of fuel, air and residual
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gas. The air/fuel homogeneity at the time of combustion is influenced by the

fuel preparation strategy. A Port Fuel Injection (PFI) can result in mixture

composition inhomogeneity where a locally rich region with suitable tempera-

ture auto-ignites earlier [97]. The effect of charge inhomogeneity is especially

pronounced at low loads [94]. Although any cyclic variation in the composition

inhomogeneity of the mixture can promote the cyclic variations in HCCI engines,

the temperature inhomogeneity has a larger influence on the cycle-by-cycle spatial

variations of HCCI combustion than the composition inhomogeneity [97].

(3) Fluctuations in the charge AFR (Air Fuel Ratio) – cycle-by-cycle variation of

the average AFR of the charge can vary considerably in PFI engines [98]. Cyclic

fluctuations in the gas exchange process during intake and exhaust strokes and

also incomplete vaporization of the liquid fuel particularly at very lean fuel op-

eration can cause AFR cyclic variations [88]. These cyclic variations cause not

only a variation in the mixture richness but also a variation in ratio of specific

heats of the mixture which leads to differences in the charge temperature [94]

and reactivity. As HCCI combustion is influenced by varying the AFR of the

mixture [67, 99], cyclic variations of HCCI combustion can be caused by cyclic

fluctuations in the AFR of the charge.

(4) Fluctuations of diluents – EGR and residual gases are two main sources of

charge diluents in HCCI engines. The amount of diluents inside the cylinder

influences HCCI combustion [97, 100], so cyclic fluctuation in both the amount

and composition of diluents can cause cyclic variations in HCCI combustion which

then causes a variation in amount of residual gas for the next cycle.

2.2.2 Experimental Engine Setup

A Cooperative Fuels Research (CFR) single-cylinder engine and a single-cylinder

Ricardo Mark III engine with a Rover K7 head are used to carry out HCCI
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experiments. The experimental data for the Ricardo engine is obtained from the

HCCI experiments done in this study and the experimental data for the CFR

engine is taken from [82]. Table 2.1 lists the geometrical specifications of both

the CFR and Ricardo engines and Figure 2.1 is a schematic of the experimental

setup used to run the Ricardo engine.

Table 2.1: Configuration of the CFR and Ricardo single-cylinder engines. (IVO:
Intake Valve Opening, IVC: Intake Valve Closing, EVO: Exhaust Valve Opening,
EVC: Exhaust Valve Closing, aBDC: after Bottom Dead Center)

Parameters CFR engine Ricardo engine

Bore × Stroke [mm] 83 × 114 80 × 88.9

Compression Ratio 12 10

Displacement [L] 0.622 0.447

Number of Valves 2 4

IVO, IVC2 [aBDC] −170◦, 34◦ −175◦, 55◦

EVO, EVC [aBDC] −40◦, −165◦ −70◦, −175◦

Only the details for the Ricardo engine setup are described below – see [82] for

CFR engine setup. The Ricardo engine has a combustion chamber with pent-roof

design with a centrally located spark plug and it uses a flat top cast aluminum

piston with valve reliefs. Dual camshafts located in the cylinder head operate

two intake and two exhaust valves. A standard automotive fuel injector, with

3 bar fuel pressure, injects the fuel into the intake port when the intake valves are

closed. The fresh intake air entering the engine is first passed through a laminar

air-flow meter for flow rate measurement. Then, the fresh charge is mixed with

recirculated hot exhaust gases (EGR) using an insulated return line from the

exhaust to the intake manifold. Next, a supercharger driven by a variable speed

electric motor adjusts the intake manifold pressure and then a 600W electrical

band-type heater sets the mixture temperature to a desired value using a closed-

2Valve closing point is defined at the valve lift of 0.15 mm. [101]
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Figure 2.1: Single cylinder Ricardo engine test bench schematic

loop controller. Finally the exhaust gases exiting the cylinder are sampled for

emission analysis. As shown in Figure 2.1, the emission can be sampled from

either the intake manifold or from the exhaust manifold.

The engine out Air Fuel Ratio (AFR) value is measured by ECM AFRecorder

1200 UEGO with measurement accuracy of 0.01−0.03. Intake temperature is

measured with 2 ◦C resolution using a K-type thermocouple positioned in the

intake manifold before the charge entering into the cylinder. The EGR rate

is determined by comparing the CO2 concentrations in the intake and exhaust

manifolds, and by assuming that all CO2 in the intake manifold is from the

exhaust gases. Measurement of the cylinder pressure is done using a Kistler water-

cooled ThermoCOMP (model 6043A60) piezoelectric pressure sensor that is flush

mounted in the cylinder head. Crank angle measurement with 0.1o resolution,

is done using a BEI optical encoder connected to the crankshaft on the front of
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the engine. An emissions test bench is used to collect emissions data. NOx is

measured with 1 ppm resolution using Horriba CLA-510SS emission analyzer and

Horiba FIZ-510 emission analyzer is used to measure HC with 10 ppm resolution.

CO is measured with 0.01% resolution using Siemens ULTRAMAT6 emission

analyzer. There are also errors associated with measuring each input parameter.

Table 2.2 lists the estimated uncertainty associated with measured parameters

using the systematic perturbation technique described in [102].

Table 2.2: Estimated uncertainty in measured inputs for the Ricardo engine. [103]

Parameter Value Uncertainty (±)

B [m] 0.080 0.001

S [m] 0.089 0.001

Tman [◦C] 64 - 141 2

N [rpm] 800 - 1200 10

λ (i.e. 1/Φ) [-] 1.8 - 3.5 1%

ṁair [g/sec] 3.1 - 4.2 5%

ṁfuel [g/sec] 0.054 - 0.134 3%

T [Nm] 5.2 - 16.9 0.1

CO [%] 0.08 - 1.21 0.01

CO2 [%] 2.3 - 7.0 0.01

UHC [ppm] 2000 - 4700 10

NOx [ppm] 0 - 23 1

Table 2.3 details the 434 experimental engine operating points used for this

study (329 points from the Ricardo engine and 105 points from the CFR engine).

The maximum coolant temperature in the collected data is limited since a non-

pressurized cooling system is used in the Ricardo engine setup. IMEP of the

engines ranges from 3.6 bar to 9.1 bar. The engines are run for five different PRF

blend fuels (PRF0, PRF10, PRF20, PRF40, PRF60)3. The low compression

3PRF number is defined as the volume percentage of iso-Octane in the fuel mixture of
n-Heptane (PRF0) and iso-Octane (PRF100).
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ratios of the Ricardo engine and CFR engine mean that HCCI operation occurs

only for lower octane number fuels and at lower engine speeds. PRF40 for the

Ricardo engine and PRF60 for the CFR engine are the highest PRFs for which

HCCI operation is possible for a range of loads. Details about the operating

range of the Ricardo engine is found in [103].

Table 2.3: Single cylinder engine operating conditions

Parameters CFR engine Ricardo engine

Engine Speed (rpm) 700 760 - 1340

Manifold Temp. (oC) 88 60 - 161

EGR(%) 1 - 31 0 - 30

Equivalence Ratio 0.45 - 1.1 0.29 - 0.95

Manifold Pressure (kPa) 89 - 92 88 - 162

Fuel (PRF) 20, 40, 60 0, 10, 20, 40

Coolant Temp. (oC) 96 25 - 84

Oil Temp. (oC) 70 48 - 80

2.2.2.1 Ignition timing definition

HCCI combustion of the saturated compounds including paraffins such as n-

Heptane and iso-Octane has two combustion stages [104] as shown for n-Heptane

in Figure 2.2. Low Temperature Reactions (LTR), particularly reactions involv-

ing n-Heptane control the first combustion stage. The second stage combustion

is controlled by High Temperature Reactions (HTR) that starts when the decom-

position of H2O2 becomes slower than its production at a temperature around

1000oK [67]. In this work, start of the LTR or cool flame (1st stage) combustion

is denoted as SOC-CF and it is defined as the crank angle where the net Heat

Release Rate (HRR) is 10% of the peak of the HRR for LTR region [73]. The

start of the main or HTR (2nd stage) combustion, denoted here as SOC, is defined
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as being the point at which the third derivative of the pressure trace with respect

to the crank angle (θ) in CAD (Crank Angle Degree) exceeds a heuristically

determined limit [105]:

dp3Lim =
d3P

dθ3

∣∣∣∣
ign

=
d3P

dθ3

∣∣∣∣
lim

kPa

CAD3
(2.1)

and the dp3Lim value is determined from the available experimental data for

each engine and it is chosen to be 5 kPa
CAD3 and 25 kPa

CAD3 for the CFR engine and the

Ricardo engine respectively. More details about the method to determine SOC

is found in Appendix C.
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Figure 2.2: Ignition timing definitions – using in-cylinder pressure trace and net
heat release rate for point #55 (PRF0, N= 1193 rpm, Φ= 0.6, EGR= 0%, Tm=
99 oC, Pm= 102 kPa)

The net HRR is determined using the usual heat release method [101], that

applies the first law analysis on the engine charge assuming ideal gas properties.

The Rassweiler method [106] is used to calculate fuel Mass Fraction Burnt (MFB)
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so that crank angles of the percentage of the fuel burnt can be determined. CA10,

CA50, and CA90 are defined as the crank angles for 10%, 50%, and 90% MFB

respectively. Burn Duration (BD) is defined as the crank angle rotation between

CA10 and CA90 as indicated in Figure 2.2.

In-cylinder pressure traces from 200 consecutive engine cycles with 0.1o reso-

lution are recorded for each experimental point. The experimental pressure signal

is filtered with a second order Butterworth low pass filter with cutoff frequency

of fc = 0.556CAD−1 to remove high frequency noise – so that numerically differ-

entiating the pressure trace to get SOC based on equation (2.1) is viable. The

pressure signal is filtered in the crank angle domain to avoid having to change

the cutoff frequency for different engine speeds and the filtering is done in both

forward and reverse directions to avoid any phase shift.

2.2.3 Results & Discussion

Variations in different engine parameters can be used to characterize HCCI cyclic

variations. Pressure-related parameters and combustion-related parameters are

two common parameters groups that are used to study cyclic variability of com-

bustion engines [107, 101]. IMEP, Pmax, and the crank angle of maximum in-

cylinder pressure (θPmax) are important pressure-related parameters. The main

combustion-related parameters are SOC, BD, crank angle with the maximum

heat release rate (θHRRmax) and the maximum Heat Release Rate (HRRmax).

Cyclic variation of ignition timing (particularly SOC) is the main emphasis of

this study although other parameters are also investigated by discussing their

cyclic variation trends versus those of ignition timing parameters.

Coefficient of Variations (COV) is used to measure cyclic variability of IMEP,

Pmax, HRRmax, and BD [87, 88, 108] and similar to other studies [75, 109, 110]

Standard Deviation (STD) is used to measure cyclic variability of crank angle
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based parameters such as θPmax and SOC 4. The influence of different conditions

on HCCI cyclic variation is better illustrated using the data from the Ricardo

engine because of a wider range of operating conditions compared to the CFR

engine (see Table 2.3). Except for the cases where insufficient data is available

from the Ricardo engine, the cyclic variation results shown here are from the

Ricardo engine and differences to the CFR engine are noted.

The two engines in this study use port fuel injection and external EGR. For

the two hundred steady state cycles the range of cyclic variation in equivalence

ratio is between 0.010 and 0.018 for the recorded data from ECM AFRecorder

1200 UEGO sensor with a sampling frequency of 100 Hz. A maximum of 0.5%

fluctuation in the EGR rate is seen for the data based on the fluctuations of

CO2 concentrations in the intake system measured by a Siemens UltraMat 6E

CO2 gas analyzer. A maximum of ±5 kPa cyclic variation in intake manifold

pressure are observed in the recorded values from Setra 280E diaphragm pressure

transducer with a sampling frequency of 100 Hz. Cool flame heat release is

associated with both engines as PRF fuel is used in both cases. The cyclic

variations in the Ricardo and CFR engines are attributed to the four main sources

of cyclic variations described previously. As the CFR engine has a short valve

overlap period of 5 CAD and Ricardo engine has zero overlap and no rebreathing

strategy is used in valve timing of these two engines, no significant contribution on

cyclic variations from fluctuations in mass of residual gases in these two engines

is expected. For the Ricardo engine, simulation results from a previous study [73]

show that ignition timing is most sensitive to the variation of mixture temperature

at IVC, while equivalence ratio, mixture IVC pressure and EGR rate follow in a

4COV is defined as the STD of values divided by the mean of values, expressed in percent
[101]. As the denominator of COV is dependent on the mean value of the parameter studied,
cyclic variation for crank angle based parameters can be obscured using COV. When crank
angle based parameters (e.g. SOC) approach TDC, they approach zero and COV increases
despite a constant variation giving a misleading interpretation of cyclic variability.
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decreasing order of importance respectively.

2.2.3.1 Cyclic Variation Patterns

Three main distinct patterns of cyclic variations are observed for SOC, Pmax, and

IMEP as shown in Figure 2.3. These distinct patterns of cyclic variations indi-

cate that HCCI cyclic variation is not always a random phenomenon. Figure 2.3-a

shows the typical cyclic variation that is the most frequent cyclic pattern observed

in 84% of the Ricardo engine experiments (275 points out of 329 points). All four

sources of cyclic variations can contribute to this cyclic pattern and since the vari-

ations in these sources do not follow a certain pattern or structure, unstructured

fluctuations are seen in this cyclic pattern. On the other hand, Figure 2.3-b shows

a nearly periodic pattern of oscillations within two limits and it can result from a

periodic variation of the mixture charge. The 40 points #155-158, 163, 166-169,

225-226, 240-242, 244-245, 272-290, 296, 299-300, 322-323 in the Appendix A

exhibit this oscillation pattern. The measured charge properties for these points

show that they have an oscillating air mass flow into the cylinder (thus an os-

cillating equivalence ratio) with an oscillation period similar to the combustion

timing. As HCCI combustion depends on charge properties a periodic oscillation

in charge conditions can lead to periodic variation in HCCI combustion param-

eters (e.g. SOC, Pmax). Figure 2.4 plots the measured intake air mass flow rate

and Φ for the point #167 (periodic patten in Figure 2.3-b). Figure 2.4 shows a

relatively periodic variation in the air mass flow rate and Φ with an oscillation

period of about 25 cycles which is close to that of Figure 2.3-b. Examining the

conditions of the points with periodic patterns show that all of these points have

boosted intake pressure (114 kPa≤ Pman ≤145 kPa). The maximum fluctuation

in supercharger speed is only ±2 rpm for all the points from the measurements

by the General Electric 5BC46AB1590B permanent magnet tachometer with a
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Figure 2.3: Cyclic variations patterns of SOC, Pmax, and IMEP (a) Normal
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that didn’t meet the threshold in Equation 2.1. (Ricardo – see Appendix A)
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sampling frequency of 10 Hz. Thus fluctuation in supercharger speed can not

be the main cause of oscillating air flow. One possible explanation is a coupling

between the pulsing supercharged flow and cylinder intake flow causing a beat

frequency. A cyclic variation pattern with many weak/misfired ignitions and
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Figure 2.4: Measured air mass flow rate and equivalence ratio for #167 – Fig-
ure 2.3-b. (Note: the start point of this figure is not the same as that of Fig-
ure 2.3.)
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some strong ignitions is shown in Figure 2.3-c. Examples of this pattern are the

fourteen points #42, 43, 68, 72, 98, 100, 103-105, 117, 150, 187, 230, 239 listed

in the Appendix A. These points have large cyclic variations of IMEP, SOC and

Pmax and both the mean of Pmax and IMEP are generally low for these points. In

HCCI mode when COVIMEP exceeds about 5% the Ricardo engine approaches

the partial/misfire burn limit (see COVIMEP of the weak/misfired points in the

Appendix A). The weak/misfired ignition cycles in this pattern results in signif-

icant amounts of unburned/partially burned fuel that are recycled to the next

cycle by residuals as has been reported in [87, 75]. The recycled partially reacted

fuel from a previous cycle can enhance the auto-ignition for the next cycle [75].

This can explain why some of the weak cycles in Figure 2.3-c are followed by

stronger ignitions. A small amount of IMEP is still produced even for the weak-

est ignitions in Figure 2.3-c despite a peak pressure close to motoring conditions.

For those weak ignitions a poor and late combustion in the expansion stroke is

evident in the pressure trace data.

If the sources of cyclic variations have random (unstructured) or periodic

(structured) variations, a Normal pattern or Periodic pattern of cyclic variation

can occur. For the Weak/Misfire pattern, a weak misfired cycle is followed by a

strong cycle which adds to the other sources of the cyclic variations. In addition,

as discussed later in the section, ignition timing in weak/misfire points are late

and more thermal stratification and higher sensitivity to charge temperature fluc-

tuations are expected for late ignitions [75, 111]. To control the HCCI ignition

timing to a set point, the Weak/Misfire pattern and Periodic pattern of cyclic

variations should be avoided and the amplitude of cyclic variation in the Normal

pattern should be minimized. This requires identifying the dynamics of charge

fluctuations and understanding combustion dynamics between consecutive cycles.
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2.2.3.2 SOC and BD Effects on Cyclic Variation

Cumulative percentage of occurrence for COV of Pmax, IMEP and SOC plotted

against their COV values for different ranges of SOC are shown in Figure 2.5

for the points with SOC occurring after TDC (314 points). The cumulative

percentage of occurrence is calculated by counting how many points out of all

the points with the same SOC interval have the same range of cyclic variations.

For example, in Figure 2.5-a there are 120 points that have SOC between 0 and

5 CAD aTDC. As 79 out of the 120 points have STDSOC less than 1 CAD,

the percentage of occurrence for STDSOC < 1 CAD is 66% for SOC occurring

between 0 and 5 CAD aTDC. In Figure 2.5-a the cyclic variation of SOC for the

points with SOC occurring immediately after TDC are lower than those of the

points with late SOC. As the Figure shows, 66% of the points for which SOC

occurs between 0 and 5 CAD aTDC (triangle symbols) have STDSOC lower than

1 CAD and almost all of them have STDSOC smaller than 4 CAD, but 75% of

the points with SOC occurring between 10 and 22 CAD aTDC have STDSOC

higher than 3 CAD. A similar trend is seen in Figure 2.5-b and Figure 2.5-c

for COVPmax and COVIMEP where the percentage of the points with high cyclic

variation increases as the SOC retards after TDC. For this engine controlling

SOC closely after TDC substantially decreases high HCCI cyclic variations. A 5

degree window of SOC, between 0 – 5 CAD aTDC is found to provide the most

stable HCCI combustion in terms of cyclic variations of SOC, Pmax, and IMEP.

Higher cyclic variations by retarding ignition timing after TDC is attributed

to the several effects. First, when the combustion timing retards after TDC,

the piston expansion rate is higher and this counteracts the temperature rise

from combustion by the cooling from piston expansion [111]. Second, a more

thermally stratified charge occurs with retarding the combustion because of heat

transfer [75]. Third, HCCI ignitions closer to TDC exhibit less sensitivity to the
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fluctuations of the charge temperature [111] and cycle-to-cycle variations in the

core temperature have higher influence on the ignition timing for the ignitions

occurring later in the expansion stroke [75]. Fourth, by retarding the combustion

phasing both combustion efficiency and thermal efficiency decrease [76, 77] and

completeness of combustion drops with lower peak combustion temperature [75].

In addition, pressure rise rate and peak pressure are reduced by delaying the

chain reaction of burning zones due to higher piston expansion rate [77] and

the work output is reduced by releasing energy partway down the expansion

stroke [75] with the potential of partial burn and misfired cycles. Experimental

data from the Ricardo engine in Figure 2.6 also confirms that peak pressure,

maximum pressure rise rate and thermal efficiency [101] decrease by retarding

the combustion timing after TDC. Late ignition after TDC not only increases

cyclic variation by delaying ignition after TDC but results in [112] show that

cyclic variation between cylinders also increases by retarding combustion after

TDC and for late ignitions where the spread of variation can be so high that one

cylinder is firing while another cylinder is not.

Variations in IMEP with changes in combustion timing are plotted in Fig-

ure 2.7 for two different scenarios: (a) constant fueling rate (variable Φ), (b)

variable fueling rate (constant Φ). In Figure 2.7-a, combustion timing (CA50)

is advanced from 17 CAD aTDC to 6 CAD aTDC by increasing the intake pres-

sure from 96 kPa to 138 kPa at a constant fueling rate. As increasing the intake

pressure causes the engine to intake more air into the cylinder and the amount

of injected fuel is not changed, the mixture becomes leaner (Φ: 0.61→0.38) with

increasing manifold pressure. IMEP increases in Figure 2.7-a by advancing the

combustion timing to TDC. The change in IMEP by varying combustion timing

in Figure 2.7-a is about 0.5 bar which is equal to 10% change in the engine ther-

mal efficiency for the base point of 5-bar IMEP. This confirms the significance of
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Figure 2.6: Peak pressure, pressure rise rate and indicated thermal efficiency
versus CA50 variations by changing the intake temperature. (Range of Tman

sweep is 73–112 oC for PRF10 and 63–111 oC for PRF40, Ricardo engine)

the influence from the combustion timing on the engine performance. A differ-

ent scenario is shown in Figure 2.7-b that indicates an opposite trend compared

to Figure 2.7-a. IMEP decreases in Figure 2.7-b by advancing the combustion
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Figure 2.7: IMEP versus CA50 for (a) constant fueling rate (0.31±0.003 kg/hr)
and (b) variable fueling rate. (a) PRF40, N= 810 rpm, EGR= 0%, Tm= 115 oC;
(b) PRF10, Φ= 0.42, N= 1000 rpm, EGR= 0%, Pm= 119.8±0.2kPa. (Ricardo
engine)

timing to TDC – opposite to what seen in Figure 2.7-a. In this figure CA50 is

advanced from 15.5 CAD aTDC to 6.1 CAD aTDC by increasing the intake tem-

perature from 73 oC to 112 oC and keeping Φ constant by increasing the fueling

rate. IMEP in Figure 2.7-b follows the same trend as that of the fuel mass flow
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rate and it increases when the fuel rate is increased. A comparison between Fig-

ures 2.7-a and 2.7-b indicates that IMEP depends more on the fueling rate rather

than the ignition timing, but it highly depends on the ignition timing for the con-

ditions that have a constant fueling rate. Other results [73, 108] from the Ricardo

engine show that CA50 advances by increasing the intake temperature or intake

pressure and it retards by decreasing Φ or fuel mass flow rate. CA50 variations

trends in Figure 2.7 show that CA50 exhibits more dependance to the variation

of intake pressure compared to that of Φ in Figure 2.7-a and it is more sensitive to

the variations in the intake temperature compared to changes in the fuel rate in

Figure 2.7-b for the range indicated. The sensitivity of HCCI combustion timing

to inputs and conditions is important to understand not only for cyclic variation

but also to be able to effectively control HCCI timing. For the controller of HCCI

combustion timing, it is essential to know the effect from which charge variables

are more significant than the others and which charge variable is more dominant

in a competition to affect the combustion timing.

HCCI combustion phasing is not fully characterized by SOC as different burn

durations (BD) can occur at the same SOC. In order to understand the cyclic

variability of HCCI combustion phasing, cyclic variations of BD must also be con-

sidered. Variation in BD results when some cycles have fast combustion (small

BD) and some cycles have slow combustion (large BD). BD does influence IMEP

such that shorter burn durations are more likely to generate higher IMEP values

as shown in Figure 2.8 which is not surprising since these cycles more closely ap-

proximate an ideal cycle having a relatively constant-volume combustion [101].

The cumulative percentage of occurrence for COV of BD versus COVBD for dif-

ferent amounts of BD is shown in Figure 2.9 – test points as in Figure 2.5. In

Figure 2.9, faster HCCI ignitions tend to have smaller cyclic variations in BD.

As shown, 88% of the points with BD lower than 3 CAD have COVBD smaller
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Figure 2.8: Cyclic IMEP versus burn duration for two sample operating points
(a) #132, (b) #316.

than 10%, but only 20% of the points with longer burn duration (BD > 4 CAD)

have COVBD smaller than 10%. BD increases with an increase in the octane

number (PRF) at similar charge conditions (equivalence ratio, EGR rate, intake

temperature and intake pressure) [67]. A step octane number transient shown in
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Figure 2.9: Cumulative percentage of occurrence for COV of burn duration (BD)
for different BD values. (Ricardo – see Appendix A)

Figure 2.10 for 400 engine cycles confirms this. The BD increases from 4.1 CAD

to 8.3 CAD and COVBD more than triples from 4.5% to 14.5% when the fuel is

switched at cycle 100 from PRF0 (ON=0) to PRF22 (ON=22). Therefore, less

cyclic variations of BD are expected for lower PRFs (lower octane number, e.g.

PRF0). If PRF fuel modulating is used to control combustion in an HCCI engine

this behavior should be considered.

The results from Figure 2.3 and the findings in Figure 2.5 and Figure 2.9 are

linked in Table 2.4 which lists the average SOC and average BD values for the

test points with similar patterns of cyclic variations. Table 2.4 shows the points

with normal cyclic pattern have the largest SOC range and they can occur in

any of the SOC intervals and BD intervals shown in Figure 2.5 and Figure 2.9.

Test points with a periodic pattern typically have a moderate BD, but the test

points with weak/misfired pattern have late ignitions with long burn durations
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and they are mainly located in the last SOC interval and the last BD interval

(circle symbols) in Figure 2.5 and Figure 2.9. Controlling SOC closely after TDC

and providing ignitions with short BD is one way to avoid the weak/misfired

cyclic pattern.
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Figure 2.10: Cyclic variations of burn duration when changing octane number
by switching PRF fuels at constant charge conditions. (N= 815 rpm, Φ = 0.42,
Tm = 117 oC, Pm = 110 kPa, Ricardo engine)

Table 2.4: Distribution of average SOCs and average BDs for three cyclic variation
patterns (Ricardo engine)

Number of Mean of SOC STDSOC Mean of BD STDBDPattern
Points [CAD aTDC] [CAD] [CAD] [CAD]

Normal 275 6.0 3.9 4.1 1.5

Periodic 40 4.4 2.0 3.9 1.2

Misfired 14 11.9 3.7 5.0 0.7
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2.2.3.3 Cyclic Variability Zoning of Combustion Parameters

Both cyclic variations of Pmax (combustion stability) and BD, as a function of

standard deviation of SOC are shown in Figure 2.11. Four different regions

in Figure 2.11-a and five different regions in 2.11-b are identified with distinct

patterns of variations between COVPmax and COVBD with those of STDSOC .

The regions are summarized in Table 2.5. In region-I, a correlation is observed

between the cyclic variations of Pmax and BD with those of SOC. This region

contains the points with a low SOC cyclic variation (STDSOC ≤ 1.5 CAD). As

listed in Table 2.5, most of the points in region-I have SOC right after TDC and

the average SOC for these points is closer to TDC compared to those of region

III, IV, and V. On the other hand, region-II includes the points with a low cyclic

variation of SOC and Pmax, but with a high cyclic variation of BD.

Table 2.5: Average cyclic variations of SOC (test points in regions defined in
Figure 2.11)

Number of Mean of SOC STDSOCRegion
Points [CAD aTDC] [CAD]

Notes (pattern)

I 180 4.3 2.9 no misfire, often normal

II 10 1.9 2.1 knocking, no misfire

III 107 8.4 3.5 often periodic/normal

IV 21 9.0 4.3 often misfire/normal

V 11 11.8 4.1 most misfire

The ten points in region-II include cases #56, 62, 149, 158, 189, 192, 213, 234,

240, and 309. Examining the pressure traces for these points, a trend of knocking

is observed in the majority of the cycles and these points are at the knock limit

of the operating region for the Ricardo engine – a pressure rise rate of 7bar/CAD

is defined as the threshold for the knock limit [103]. The mean pressure rise rates

from 200 cycles for all ten points in region-II are shown in Table 2.6. All the

10 operating points in region-II have pressure rise rate equal or higher than the
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Figure 2.11: Cyclic variations of Pmax and burn duration versus location of SOC.
Region I: correlated and low cyclic variation, Region II: knocking, Region III:
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variation – unstable. (Ricardo – see Appendix A)
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knock threshold for the majority of the cycles. Knock intensity of the points in

region-II is also shown in Table 2.6 in terms of PPmax5 (the maximum of peak-

to-peak value of band-pass filtered pressure trace – see Figure 2.12). Table 2.6
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Figure 2.12: Cylinder pressure and band-pass filtered pressure traces for a knock-
ing cycle of point #213 – filled square symbol in Figure 2.11-b. (5th-order band-
pass Butterworth with passband from 5 to 20 kHz.)

shows the points in region-II range from weak knocking points (e.g. #56) to

the points with heavy knocking such as point #213 – filled square symbol in

Figure 2.11-b. Figure 2.12 shows the knocking pressure and band-pass filtered

pressure traces for the point #213. The operating conditions of most of these

points in region-II are either richer with a high intake temperature or relatively

lean with a high intake temperature and high boost pressure. SOC of the points

in region-II occurs close to TDC with an average SOC of 1.9 CAD aTDC as

indicated in Table 2.5.

5PPmax is a representative knock indicator that measures the intensity of knock induced
vibrations [113].
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Table 2.6: Knocking characteristics for the points in region-II of Figure 2.11.
(dP/dθ and PPmax values are mean of 200 cycles.)

Point # dP/dθ Knock Intensity Knocking Percentage

in Appendix A [bar/CAD] PPmax [bar] [% of 200 cycles]

56 7.0 0.57 50

62 9.3 1.25 100

149 9.3 0.77 100

158 9.6 0.96 100

189 7.9 0.75 78

192 9.9 1.02 100

213 9.8 1.22 100

234 8.4 0.52 97

240 9.7 0.92 100

309 9.2 0.63 100

Region-III in Figure 2.11 has 107 different operating points and includes late

ignition points with an average SOC of 8.4 CAD aTDC. Points in region-III

generally exhibit high cyclic variations of both SOC and Pmax. Points in region-

IV are cases #63, 64, 67, 89, 90, 91, 95, 102, 104, 107, 108, 114, 126, 130, 132, 150,

176, 177, 217, 241, and 317. A close examination of these points shows that most

of them have either a low intake manifold temperature (60oC ≤ Tman ≤ 80oC),

a lean mixture (Φ ≤ 0.5) or an above average EGR rate (EGR ≥ 12%). This

observation is consistent with later results in Figure 2.19 to Figure 2.21 where

the influence of the initial temperature, EGR dilution and equivalence ratio is

shown on the cyclic variations of SOC.

Region-V includes the cases #68, 69, 72, 78, 79, 100, 103, 105, 178, 186, and

187. These points have a very late combustion with an average SOC of 11.8 CAD

aTDC (Table 2.5). Common among most of the points in region-V are engine

operating conditions that include: low coolant temperature (Tcoolant < 45oC),

very lean equivalence ratio (Φ ≤ 0.45), low intake temperature (Tman ≤ 65oC),
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high EGR rate (EGR ≥ 16%) or higher engine speed (> 1100 rpm).

To link the regions in Figure 2.11 with cyclic patterns in Figure 2.3, it

should be noted that the majority of the points in the region-V have partial

burned/misfired cyclic pattern and points with the misfired pattern never appear

in region-I and region-II. Test points with the periodic pattern mainly appear in

region-I and region-III and they never appear in region-V. But, test points with

normal cyclic pattern are found in all the five regions of Figure 2.11. Points in

region-I and region-III have the highest occurrence of the normal pattern while

points in region-V have the lowest occurrence of the normal patten. The majority

of the test points in region-II exhibit the normal cyclic pattern.

Comparing Figure 2.11-a with 2.11-b shows that the combined region-III and

region-IV in Figure2.11-a is distinct in 2.11-b. One possible reason is that igni-

tions for the points in region-IV are typically more retarded compared to those

in region-III as seen in Table 2.5. For example the triangle symbol in region-III

(point #133) has almost the same operating conditions as that of the triangle

symbol (point #132) in the region-IV. The only difference is that the triangle

symbol in region-IV has a more retarded ignition due to lower intake manifold

temperature. Retarding combustion phasing increases mixture thermal strati-

fication around TDC [75] and the thermal stratification highly influences the

burn duration by prolonging the combustion [30]. Similarly in region-V of Fig-

ure 2.11-b, the diamond symbol (#78) and the star symbol (#79) have almost

similar operating conditions but the star symbol has lower Φ which leads to more

retarded ignition compared to the diamond symbol. It can be also noted that

although the star symbol and the diamond symbol have almost similar cyclic

variation of SOC, the star symbol exhibits higher cyclic variation of BD. This is

an example for which cyclic variation of SOC and cyclic variation of BD are not

directly related and hence a control of both SOC and BD are required to control
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HCCI combustion. Thus, regions in Figure 2.11 show different characteristics of

interrelation between cyclic variation of SOC and cyclic variation of BD. Depend-

ing in which region an operating point is located a different control approach is

required to limit cyclic variations of both SOC and BD. For example in region-I

the control of SOC to lower cyclic variation of SOC reduces cyclic variation of

BD, but controlling SOC in region-IV and region-V does not reduce cyclic varia-

tion of BD. Characterizing effective control strategies in terms of cyclic variations

of SOC and BD as in Figure 2.11 is an important step to control HCCI.

Figure 2.13 shows how coolant temperature and intake temperature influ-

ence the cyclic variation of BD for the test points running on the same fuel. As

expected COV of BD increases by reducing the coolant temperature or intake

temperature. For a similar temperature change (' 30oC), the change in COV

of BD when varying the coolant temperature is almost twice that of the change
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of the intake manifold temperature. This suggests that cyclic variation of BD is

more sensitive to the variation of the coolant temperature compared to that of

the intake temperature. This might be explained as the intake charge tempera-

ture influences the thermal state of the bulk gas in the core, but coolant (wall)

temperature has more influence on the thermal boundary layer and hence on the

thermal stratification [114]. As mentioned above the thermal stratification affects

the burn duration in HCCI combustion. In addition, the coolant temperature has

a significant impact on fuel vaporization in a PFI engine, which in turn would

have an impact on charge homogeneity. This may cause a substantial change in

the range of BD cyclic variation by varying the coolant temperature.

As the combustion duration of an HCCI engine can differ considerably with

a same SOC, CA50 is another important alternative parameter instead of BD

to measure ignition timing in HCCI engines. CA50 is a good indicator of HCCI

ignition timing and it is useful for feedback control of HCCI combustion [115].

Figure 2.14 shows the changes of cyclic variations in CA50 versus those of SOC

and illustrates the position of the five regions already discussed in Figure 2.11.

Figure 2.14 indicates the variation of CA50 is correlated with those of SOC

for the region where cyclic variation of SOC is low, region-I (STDSOC ≤ 1.5

CAD), but there is a weaker correlation when cyclic variations of SOC increase

particularly in the region-II and the region-V. Thus only for region-I adjusting the

cyclic variation of either SOC or CA50 is one possible method for the combustion

controller to control cyclic variation of BD. Adjusting SOC is also effective to

control cyclic variation of Pmax in region-I, but this is not effective in regions II

and V. Also shown is that cyclic variation of CA50 is usually lower than that

of SOC because the slope of energy release in HCCI engines is so steep it is less

sensitive to variations in CA50. Thus CA50 is a better indicator of HCCI ignition

timing compared to the SOC for our experiments as also found in [115].



CHAPTER 2. EXP. STUDY OF HCCI COMBUSTION 44

1 2 3 4 5 6 7

0.5

1

1.5

2

2.5

3

3.5

4

4.5

STD of SOC [CAD]

S
T

D
 o

f C
A

50
 [C

A
D

]

 

 

II

 I

V

III

IV

Figure 2.14: Cyclic variations of CA50 versus location of SOC with regions de-
fined in Figure 2.11. (Ricardo – see Appendix A)

θPmax and θHRRmax (the crank angle for the maximum heat release rate) cor-

relates linearly with CA50 as shown in the left column of Figure 2.15. The cyclic

variation of both θHRRmax and θPmax correlate with that of CA50 only when the

cyclic variation of CA50 is low (STDCA50 ≤ 1.7 CAD) – as shown in the right

column of Figure 2.15. For the design of the combustion controller, adjusting

CA50 can be used to control θHRRmax and θPmax and cyclic variations of these

two parameters are controlled by adjusting CA50 (when cyclic variation is low –

STDCA50 ≤ 1.7 CAD Regions I and II). However, for the cases with high cyclic

variation, STDCA50 > 1.7 CAD the location of CA50 is not the only main factor

affecting the cyclic variation. The scatter in the left column of Figure 2.15 shows

this more complex response.
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Figure 2.15: θPmax and θHRRmax versus location of CA50 and STD of θPmax and
θHRRmax versus STD of CA50. (Ricardo – see Appendix A)

2.2.3.4 Cyclic Variability of 1st Stage vs. 2nd Stage of Combustion

The average of cyclic variations of heat release parameters in terms of STD/COV

for 329 experimental points from the Ricardo engine is summarized in Table 2.7

and indicates that both HRRmax from the LTR region and θHRRmax from the

LTR region have considerably less cyclic variation compared to those from the

HTR region. How θHRRmax (for both LTR and HTR) varies as a function of

equivalence ratio, intake temperature, intake pressure and coolant temperature

are plotted in Figures 2.16-2.17 respectively while holding all other variables at

a base case.
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HTR and LTR regions by varying intake temperature, equivalence ratio. (Ricardo
engine)
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Figure 2.17: Variations in crank angle of maximum heat release rate (θHRRmax)
in HTR and LTR regions by varying intake pressure and coolant temperature.
(Ricardo engine)

In Figure 2.16-a (PRF0) when Φ changes by 0.07, θHRRmax in HTR advances

by 8.7 CAD, but θHRRmax in LTR changes only by 1.8 CAD. For a 30oC change of



CHAPTER 2. EXP. STUDY OF HCCI COMBUSTION 48

Table 2.7: Average cyclic variations of heat release parameters comparison for
LTR and HTR regions

Heat release parameter STD[CAD]/COV[%]

θHRRmax in LTR 0.7 [CAD]

θHRRmax in HTR 1.5 [CAD]

HRRmax in LTR 10.6 [%]

HRRmax in HTR 15.2 [%]

intake manifold temperature in Figure 2.16-b (PRF40), θHRRmax in HTR changes

twice as much as θHRRmax in LTR. In Figure 2.17-a (PRF0), θHRRmax in HTR

changes almost six times as much as θHRRmax in LTR for an 18 kPa change in

intake manifold pressure. The effect of a 45 oC coolant temperature difference

is shown in Figure 2.17-b and for the PRF0 case and θHRRmax changes 4 CAD

in LTR and 6 CAD in HTR. Thus Figures 2.16-2.17 show that θHRRmax in HTR

are much more sensitive to the variations of equivalence ratio, intake manifold

temperature and pressure compared to those in LTR. Therefore, one possible

reason for higher cyclic variation in HTR compared to LTR as noted for Table 2.7

is because the LTR in the first stage of HCCI combustion are less sensitive to

variations of mixture conditions compared to HTR in the second stage of HCCI

combustion. Figures 2.16-2.17 also show that in terms of θHRRmax , the LTR is

less sensitive to variations in equivalence ratio and intake pressure compared to

variations in intake temperature and coolant temperature, but the HTR has a

strong sensitivity to all those variables. Thus, to control HTR timing independent

from LTR timing, intake pressure and equivalence ratio are better choices of

control inputs compared to using intake temperature and coolant temperature.

Cyclic variation of θHRRmax and SOC from the second stage (HTR) of HCCI

combustion is plotted as a function of the first stage (LTR) in Figure 2.18. No
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Figure 2.18: LTR versus HTR in HCCI combustion. Cyclic variation of (a)
θHRR,max and (b) SOC. No correlation observed. (Ricardo – see Appendix A)

correlation is apparent between the cyclic variations of θHRRmax (Figure 2.18-a)

and no correlation is apparent between the cyclic variation of SOC (Figure 2.18-

b) for the first and second stages of HCCI combustion. This is not surprising

as the first stage and second stage of HCCI combustion exhibit different levels

of sensitivity to charge fluctuations (as shown in Figures 2.16-2.17). In addition,

HTR is subject to piston-expansion cooling since over 95% of the 329 Ricardo

points have SOC after TDC, while in LTR SOC-CF is always before TDC. Thus

in the design of combustion controller, adjusting the cyclic variations for the first

and second stages of HCCI combustion should be treated as independent control

targets as shown with the lack of correlation in Figure 2.18 between the first and

second stages of combustion.

2.2.3.5 Influence of Operating Variables on SOC Cyclic Variation

The influence of different variables on the cyclic variation of SOC are shown

in Figure 2.19 to Figure 2.24. In these figures, all engine’s variables are kept

constant and only one variable is changed while maintaining HCCI operation.

Different base cases are used as HCCI combustion is strongly dependent on the
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charge initial conditions and there is also an interdependence among variables

which limits the range for which the influence of one parameter can be varied.

Cyclic variation of SOC decreases with increasing intake manifold temperature

(Tman) for PRF10 and PRF40 as shown in Figure 2.19. Higher cyclic variation at
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Figure 2.19: Influence of the intake manifold temperature on the cyclic variations
of SOC for two fuels (a) PRF10, (b) PRF40. (EGR=0%, Ricardo engine)
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lower intake temperatures may be explained by a combination of three main ef-

fects. One, cyclic variation of residual gas temperature causes cyclic variations in

the core temperature which lead to cyclic variations in the auto-ignition process

[75]. Higher intake temperatures also result in higher core temperatures, so simi-

lar cyclic variations of residual gas temperature are less significant at higher intake

temperatures. The second effect is that SOC can be advanced closer to the TDC

when Tman is increased. As previously mentioned, a lower level of cyclic variation

is expected by moving the SOC closer to TDC. HCCI ignition timing is depen-

dant on the temperature near TDC and the thermal stratification around TDC

increases with retarding combustion phasing by decreasing the intake tempera-

ture [75]. Furthermore, for late ignitions in the expansion stroke, combustion is

more sensitive to inevitable cyclic variations of TDC temperature [75]. The third

effect is that a longer combustion (BD) is expected by decreasing Tman because

a delayed auto-ignition leads to a stronger counteraction between the pressure

rise and piston expansion cooling that results in a delayed auto-ignition of colder

zones compared to the hottest zone in the combustion chamber [89]. As shown

in Figure 2.9 shorter ignitions (smaller BD) are more likely to have less cyclic

variations. In addition, results in [89] show that random fluctuation of the charge

temperature has less impact on ignition timing of hot ignition (HTR) when the

higher temperature-rise rates occur before SOC. Retarding combustion phasing

by decreasing the intake temperature leads to a decrease in the temperature-rise

before SOC and consequently a higher cyclic variation of hot ignition [89].

Figure 2.20 shows that cyclic variations of SOC increase with an increase in

EGR rate for the CFR engine6. In-cylinder optical observations in [94] show

that increasing the EGR rate causes more random developments of the auto-

6The engine setup for the CFR engine [82] is different from Figure 2.1 and EGR is directly
routed into the midpoint of intake manifold. Thus in comparison to the setup for Ricardo
engine, less time is available to mix EGR and air in the CFR flow path.
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Figure 2.20: Influence of the EGR dilution on the cyclic variations of SOC. (CFR
engine)

ignition sites and an increase in the rate of appearance of multiple auto-ignition

sites. The duration of HCCI combustion is prolonged and SOC retards when

increasing the EGR rate [67]. As mentioned above, HCCI combustion is more

prone to high cyclic variation for slow and late ignitions. Since EGR slows and

delays the combustion the cyclic variation is increased. Another source for higher

cyclic variations compared to when EGR is not used is the fluctuations in the

EGR rates due to the gas dynamics in the EGR line. Recorded data from Ricardo

engine exhibited a maximum of 0.5% cyclic variation in EGR rate and an average

fluctuation of 6.2% of the mean EGR rate is reported for the CFR data points [82].

The cyclic variation of SOC decreases with increasing the charge equivalence

ratio for both Ricardo (Figure 2.21-a) and the CFR (Figure 2.21-b) engines.

Smaller HCCI cyclic variations are also observed in [88] for the points near the

knock limit, where mixtures are typically richer. Lower cyclic variation for richer
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Figure 2.21: Influence of the equivalence ratio on the cyclic variations of SOC.
(Ricardo and CFR engines)

mixtures can occur because SOC is advanced and the duration of HCCI com-

bustion is shortened when Φ is increased [67, 104]. As in EGR, slower and late
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ignitions are more likely to have high cyclic variation of the HCCI combustion.

Results in [75] show that with changes in combustion phasing more variation

occurs in combustion efficiency and thermal efficiency for leaner mixtures (lower

fueling rates). This shows that leaner mixtures are more sensitive to combustion

phasing variations.

The influence of the coolant temperature on the cyclic variation of SOC and on

SOC is shown in Figure 2.22 and indicates that cyclic variation of SOC increases

with a decrease in the coolant temperature. Decreasing coolant (wall) tempera-

ture significantly influences HCCI combustion due to a thicker thermal boundary

layer and it slows bulk burning and drops combustion efficiency due to a higher

heat loss and partial burning in the expanded cold thermal boundary layer [114].

Thermal stratification inside the cylinder increases when coolant temperature is

lowered and this makes the HCCI combustion more sensitive to the variations

of wall temperature [114]. In addition, fluctuations in the heat transfer process

increase the possibility of higher cyclic variation when the coolant temperature

is low. Figure 2.22-b shows a 8 CAD delay in SOC when the coolant tempera-

ture is lowered from 80oC to 31oC (round symbols). Comparing Figure 2.19-b

(square symbols) and Figure 2.22-a (diamond symbols) it can be seen that a

30oC temperature variation causes three times more change in cyclic variation

of SOC with varying intake temperature compared to that of varying coolant

temperature. This trend is opposite for the influence on cyclic variation of BD

(Figure 2.13) where change in COV of BD from varying the coolant temperature

is almost twice that of the intake manifold temperature. This confirms that cyclic

variations of SOC is more sensitive to altering intake temperature compared to

altering coolant temperature, while cyclic variation of BD exhibits more sensitiv-

ity to coolant temperature compared to the intake temperature. As previously

mentioned one possible reason is the higher influence from coolant temperature
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Figure 2.22: Influence of the coolant temperature on the cyclic variations of SOC.
(Ricardo engine)
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on thermal stratification compared to that of the intake temperature, while the

intake charge temperature has more influence on the thermal state of the core

gas compared to that of the coolant temperature [114].

The influence of intake pressure and engine speed on both cyclic variations

of SOC and SOC are shown in Figure 2.23 and 2.24. SOC advances with an

increase in the intake pressure (Figure 2.23). A decrease in the engine speed

causes SOC to advance (Figure 2.24) due to the fact that HCCI combustion is

a time based process dominated by the time scales of the reactions leading to

auto-ignition. Increasing the engine speed reduces the amount of time for the

auto-ignition reactions to occur relative to the piston motion.

Cylinder pressure is plotted as a function of crank angle in Figure 2.25 for

several intake pressures (corresponding to Figure 2.23 round symbol) and for

several engine speeds (corresponding to Figure 2.24 star symbol). Figure 2.25-

a clearly shows that a higher intake pressure causes higher gas pressure in the

compression stroke which results in earlier auto-ignition. The cylinder pressure

traces in Figure 2.25-b indicates that as engine RPM increases the auto-ignition

is delayed – due to the time based kinetics. The cylinder pressure traces in

conjunction with Figure 2.23 and 2.24 reconfirm that the influence of engine speed

and intake pressure on the cyclic variations of both SOC is highly dependent on

the position of SOC. Cyclic variation of SOC is low when SOC occurs immediately

after TDC but cyclic variation increases when SOC is late or early.

The effect of altering different operating variables on the cyclic variation of

SOC depends on a combination of three factors: 1) how changing the variable

affects the location of SOC, 2) how much the burn duration is shortened, and

3) secondary effects from changing the variable (such as thermal stability when

changing the coolant temperature or the dilution rate fluctuation, the thermal

and the composition inhomogenuity when changing the EGR rate). In general,
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Figure 2.23: Influence of intake manifold pressure on the cyclic variations of SOC.
(Ricardo engine)

a desirable operating condition for low HCCI cyclic variation tends to be high

charge temperature at high equivalence ratio with low EGR dilution with SOC
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occurring immediately after TDC and at fully warmed-up conditions, provided

no knock occurs.
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Figure 2.25: Averaged in-cylinder pressure trace variations as a function of (a)
intake pressure and (b) engine speed for sample points from Figure 2.23 and
Figure 2.24. (a) PRF0, Φ = 0.56, Pm = 89 kPa, Tm = 91oC ; (b) PRF0, 1016
rpm, Φ = 0.45, Pm = 89 kPa, Tm = 87.8oC.
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2.3 HCCI EXHAUST TEMPERATURE

High HC and CO engine-out emissions in HCCI can be mitigated by using ox-

idation catalysts which can reach conversion efficiencies of up to 95% for HC

and CO pollutants when the catalytic converter is fully warmed up [68]. The

catalytic converter must reach its operating temperature to be effective. The

light-off temperature (the temperature at which the catalyst becomes more than

50% effective) is about 250 − 300 ◦C for most of the catalysts [101, 116, 117, 118].

The light-off temperature depends on the active catalytic material and thermal

inertia of the catalyst and it can be as high as 400 ◦C [119]. The light-off temper-

ature can be reduced to 200 ◦C by using advanced new catalyst formulation [120]

or by using modified catalyst material with a higher cell density and thinner-

wall substrates [119]. However this significantly increases the cost of catalytic

converters. Methods to reduce light-off time in catalysts are generally classi-

fied into active or passive systems. Typical active systems include electrically

heated catalysts [121], fuel burners [122], secondary air injection [69] and after

burners [70], all of which require an extra energy supply. In contrast, passive sys-

tems rely mainly on thermal management of the energy obtained from exhaust

gases (e.g. by using close-coupled catalyst [71] or by using low thermal inertia

manifolds [117]). The disadvantage of active systems is higher fuel consumption

rate, more complexity and higher initial cost [123]. Passive systems however are

completely dependant on the temperature and flow rate of exhaust gases. Since

HCCI typically has low exhaust temperature, as low as 120 ◦C [124], the HC and

CO abatement by oxidation catalysts remains an important concern in HCCI

engines. This could limit the desirable operating range of HCCI engines and also

low HCCI exhaust temperature provides little energy for turbocharging which

is often used to extend HCCI operating range for high loads [57]. Understand-
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ing the factors influencing HCCI exhaust temperature is essential for a better

modulation of engine charge variables to extend HCCI operating range while

maintaining exhaust temperatures high enough for the catalyst.

Here, experimental data at over 340 steady-state and transient operating con-

ditions is used to investigate the sensitivity of exhaust temperature to several

charge variables at a range of engine loads. The primary aim of this section is to

provide detailed results and discussion of the variables affecting the exhaust tem-

perature in an HCCI engine. In addition since a dual mode HCCI-SI combustion

is of utility for extending HCCI operating range [59], the variation in exhaust

temperature during a mode switch and the difference between these two modes

is described.

2.3.1 Experimental Engine Setup

Experimental measurements based on the single-cylinder Ricardo engine (Ta-

ble 2.1) are recorded using the experimental setup shown in Figure 2.26. This

setup is upgraded from that in Figure 2.1 by adding a new facility to measure

exhaust gas temperature and also designing two separate fuel lines to be able to

perform octane number switch for transient experiments.

A 1/32′′ sheathed J-Type thermocouple is used for fast exhaust temperature

measurement. The thermocouple is placed in the exhaust as close as possible to

the exhaust valve. The thermocouple voltage is amplified before sending to the

data logging system and is sampled every crank angle degree. A polynominal

fit outlined in [125] is used to calculate temperature from the amplified voltage

signal. In Figure 2.26, one fuel system is used to inject n-Heptane and the other

is used to inject iso-Octane. The separate flow rate control of each of these two

fuels allows any desired octane number to be obtained. Both n-Heptane and

iso-Octane injectors are aimed directly at the back of the intake valves.
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Figure 2.26: Ricardo single cylinder testbench schematic

The Ricardo engine is run to collect two types of experiment measurements:

steady-state points and transient points. Table 2.8 details the experimental con-

ditions of 340 steady-state points used in this study. Steady-state points include

operation of the engine in both HCCI and SI modes. IMEP of the engine ranges

between 3.8−9.2 bar in HCCI mode and 5.2−11.8 bar in SI mode. All SI test

points are run with pure iso-Octane (PRF100) in stoichiometric operation and

the spark timing is adjusted to give CA50 (crank angle where 50% of the fuel

mass fraction is burnt) ∼8 CAD aTDC [103].

For each steady-state test point, pressure traces from 200 consecutive engine

cycles with 0.1 CAD resolution are recorded and analyzed using an approach

similar to that of Section 2.2.2. Transient tests include inter-zonal (HCCI-HCCI)

and mode-switch (SI-HCCI) experiments. HCCI-HCCI transient experiments

are performed by transient fueling at a constant air flow rate. Fuel injection

pulse width is open loop scheduled by a dSpace MicroAutobox 1401/1501 ECU
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Table 2.8: Operating conditions of 340 steady-state data points used in this study

Variables HCCI SI

Number of points 304 36

Fuel (PRF) 0 - 40 100

Engine speed, N [rpm] 800 - 1340 1000 - 2000

Intake manifold temperature, Tm [oC] 59 - 162 30 - 49

Equivalence ratio, Φ 0.29 - 0.83 1.0

Intake manifold pressure, Pm [kPa] 88 - 161 60 - 111

EGR [%] 0 - 30 0

Spark timing − CA50 ' 8 CAD aTDC

Coolant temperature, Tcoolant [oC] 41 - 84 80 - 86

Exhaust temperature, Texh [oC] 242 - 418 517 - 675

to achieve desired Φ and ON. Injected fuel mass per cycle for both injectors is

estimated from the pulse width of the injectors [126]. SI-HCCI transitions is

enabled by programming the ECU with an open loop look-up table for fueling,

in both SI and HCCI modes. A software switch is used to command the engine

from stoichiometric SI mode to HCCI mode [103]. During each transient test 450

cycles of cylinder pressure data are recorded with 0.1 CAD resolution and other

engine variables are measured at a constant sample rate of 100Hz.

2.3.2 Results & Discussion

Exhaust gas temperature (Texh) is experimentally documented and the effects of

engine variables are investigated. First, the range of experimental Texh highlights

the significance of Texh with respect to HCCI emissions. Next, the influence of

several engine variables on Texh are studied. Finally, differences in Texh variations

between HCCI mode and SI mode are discussed.

HCCI emission and IMEP of the Ricardo engine versus Texh are shown in

Figure 2.27. Results in Figure 2.27 show that Texh can be as low as 242 ◦C in



CHAPTER 2. EXP. STUDY OF HCCI COMBUSTION 64

HCCI mode and a significant portion of the data points have Texh lower than

typical catalyst light-off temperatures − 92 of the HCCI data points having Texh

lower or equal to 300◦C. All of the data points with low exhaust temperature

(Texh ≤ 300 ◦C) have negligible NOx emissions and have reasonable IMEP. These

are desirable HCCI operating points, but the low Texh in these points is a limiting

factor for oxidizing HC and CO pollutants in the catalytic converters. The range

of Texh in Figure 2.27 depends on the operating conditions the HCCI engine can

run without exceeding knock/misfiring limit. HCCI exhaust temperature can be

as low as 120 ◦C [124]. The peak Texh among 304 HCCI data points in Figure 2.27

is about 400 ◦C. This peak temperature is considered low compared to that of SI

mode for which the exhaust temperature is generally higher than 400 ◦C [124].

Higher HC and CO emissions are observed at lower Texh in Figure 2.27-a and

Figure 2.27-b. This makes the HCCI problem worse since Texh is low at these

conditions thus a lower oxidation rate by a catalytic converter is expected despite

having the higher HC and CO emissions. Having higher HC and CO emissions at

lower Texh may be explained by having a lower in-cylinder gas temperature dur-

ing the expansion stroke that reduces the possibility for post oxidation reactions

to occur. High NOx emission points in the dashed circle of Figure 2.27-c is unde-

sirable HCCI operation − refer to the data points #164−182 in the Appendix B.

These data points are rich (0.6≤ Φ ≤0.72) and exhibit knocking characteristics

with a pressure rise rate of 7.4−11.4 bar/CAD and knock intensity of 0.4−2.2 bar

based on PPmax metric. These high NOx data points are deliminated by the

dashed circles in Figure 2.27-a and Figure 2.27-b and they are among the points

with the lowest CO and HC emissions. High combustion temperature for these

rich data points results in high NOx emission but low CO and HC emissions.

These data points also have the highest Texh values in Texh range indicated in

Figure 2.27.
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Figure 2.27: Trend of variation in HCCI exhaust gas emissions and IMEP as a
function of exhaust gas temperatures in HCCI steady-state operation.

2.3.2.1 Influence of Operating Variables on Texh

The engine charge variables predominantly determine the onset of auto-ignition

and combustion characteristics of HCCI engines. To systematically investigate

this each engine input is changed while maintaining the others constant. The six

engine inputs that are varied are: intake pressure (Pm), octane number (ON),

engine speed (N), intake temperature (Tm), coolant temperature (Tc), and equiv-

alence ratio (Φ). The effects of each of these inputs on Texh are studied and then

they are compared with each other.
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Variation of Texh and in-cylinder gas temperature7 by increasing the intake

pressure are shown in Figure 2.28 (octane number, engine speed, intake tempera-

ture, equivalence ratio and coolant temperature are held constant). Higher intake
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Figure 2.28: Variations of HCCI exhaust and in-cylinder temperatures as a func-
tion of the intake pressure (Fuel: PRF0, N = 1016 rpm, Φ = 0.44, Tman = 87.3oC
− data points 81-86 in Appendix B)

7This temperature is calculated using recorded pressure trace and applying the ideal gas law
for the closed engine cycle.
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pressure in Figure 2.28-a results in earlier and shorter ignitions close to TDC that

leads to higher peak temperature but lower cylinder temperature during the ex-

pansion stroke. CA50 in Figure 2.28 advances from 15.7 to 1.7 CAD aTDC as the

intake pressure increases by 18 kPa (points #81−86 in Appendix B). When the

ignition is delayed, most of the energy is released partway down the expansion

stroke and this increases the exhaust temperature. Texh decreases by 38 ◦C when

the intake pressure is increased from 99 kPa to 117 kPa (∆Texh/∆Pm = - 2.1

◦C/kPa). This is mainly caused by advancing the HCCI combustion when the

intake pressure is increased. As expected, IMEP increases by boosting the intake

pressure in Figure 2.28. However, Texh decreases with increasing the engine load

(IMEP) at a fixed equivalence ratio fueling condition. Results in Figure 2.28 com-

bined with CA50 values in the Appendix B show that Texh is strongly influenced

by HCCI ignition timing location.

Variation of Texh with changing the fuel octane number in Figure 2.29 also

shows Texh is very dependent on CA50. Texh increases by 20 ◦C as the octane

number is increased from 22 to 40 (∆Texh/∆ON = +1.1 ◦C/ON). In the transient

HCCI test in Figure 2.29 during a relatively constant engine load test condition

CA50 is delayed by about 8 CAD as octane number is changed from 22 to 40.

Increasing the octane number increases the HCCI Burn Duration (BD) as shown

in Figure 2.29-a where BD is doubled when ON is increased by 18 units. This leads

to a prolonged combustion in the expansion stroke which results in a higher Texh.

In addition, the cyclic variation of CA50 (Figure 2.29-a) substantially increases

when CA50 retards from 3 to 11 CAD aTDC. This behavior is discussed in more

detail in [80] for the Ricardo engine and it is mainly due to the temperature

rise from combustion being counteracted by the cooling from piston expansion

when ignition retards and also by having more thermally stratified charge with

retarding the combustion.
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Figure 2.29: Variations in HCCI exhaust temperature with changing the fuel
octane number. Note: the time scale of plot (b) in this figure starts before those
of plots (a) and it ends after the last cycle of plots (a). (ON: Octane Number;
N = 815 rpm, Φ = 0.44, Tm = 117oC, Pm = 120 kPa)

Variations of Texh versus two engine variables in Figure 2.28 and Figure 2.29

represent two cases of having location of ignition timing (CA50 ) as the main

factor affecting Texh. But other factors can also play an important role when

other engine variables such as the engine speed (Figure 2.30), the coolant tem-
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perature (Figure 2.31) and the intake temperature (Figure 2.32) are changed. In

Figure 2.30, Texh increases significantly from 315 ◦C to 418 ◦C when the engine

speed increases from 873 rpm to 1113 rpm (∆Texh/∆rpm = +4.3 ◦C/10rpm).

This can be partly attributed to the change in ignition timing since CA50 retards

from 1.9 to 20.2 CAD aTDC (points #62−67 in Appendix B). Changing engine

speed, in addition to varying ignition timing, causes a large change in Texh since

less heat loss is expected at higher engine speeds [101]. This becomes more im-

portant for late ignition that have longer burn durations for which there are more

time available for heat loss. When engine speed increases there is both decreased

heat loss and delayed ignition timing and the two main compounding factors

combine to have a significant influence on Texh.
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Figure 2.30: HCCI exhaust temperature variations as a function of the engine
speed (Fuel: PRF0, Φ = 0.56, Pm = 89 kPa, Tm = 91oC − data points 62-67 in
Appendix B)

Variation of Texh versus the coolant temperature in Figure 2.31 shows another
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example that the heat loss plays an important role in addition to the ignition

timing location. Decreasing coolant (wall) temperature results in a higher heat

loss and retards HCCI combustion. In Figure 2.31, CA50 retards from 7.9 to

11.8 CAD aTDC when Tc decreases from 80 to 50 ◦C, thus Texh is expected to

increase. But Texh decreases from 281 to 271 ◦C (∆Texh/∆Tc = +0.3 ◦C/◦C).

This indicates the impact from the heat loss factor is stronger and opposite to

that of the ignition timing location in Figure 2.31. When coolant temperature

decreases there is both increased heat loss and delayed ignition timing, two main

opposing factors combine to affect Texh. This results in having a moderate change

in Texh though the coolant temperature is substantially changed in Figure 2.31.
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Figure 2.31: HCCI exhaust temperature variations as a function of the coolant
temperature (Fuel: PRF20, N = 800 rpm, Φ = 0.4, Tman = 121◦C, Pman = 119
kPa − data points 157-163 in Appendix B)

Similarly, a moderate 10 ◦C decrease in Texh despite a large intake temperature

change from 73 ◦C to 112 ◦C is shown in Figure 2.32 with a slope of ∆Texh/∆Tm =
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-0.3◦C/◦C. Concurrently, CA50 advances significantly from 14.9 to 6.0 CAD aTDC

during the intake temperature increases (points #96−100 in Appendix B). Similar
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Figure 2.32: Variations of HCCI exhaust and in-cylinder temperatures as a func-
tion of the intake temperature (Fuel: PRF10, N = 997 rpm, Φ = 0.42, Pman = 120
kPa − data points 96-100 in Appendix B)

to the results in Figures 2.30-2.31 this indicates there is another factor beside



CHAPTER 2. EXP. STUDY OF HCCI COMBUSTION 72

CA50 influencing Texh. The second main factor is that higher initial temperature

(energy input air) at higher Tm conditions leads to higher in-cylinder gas tem-

perature for most of the engine cycle as shown in Figure 2.32-a. This factor acts

contrary to the changing ignition timing when the intake temperature is varied,

thus variation in Texh by changing intake temperature in Figure 2.32 is not as

large as those seen in Figures 2.28−2.30.

The influence of the equivalence ratio on Texh is shown in Figure 2.33. Texh

increases by 17 ◦C when Φ increases from 0.36 to 0.43. CA50 advances 10.5 ◦ when

increasing the equivalence ratio. Thus, Texh increases when a higher Φ is used

despite advancing the HCCI combustion towards TDC. This trend is opposite

to what observed in Figures 2.28−2.30 and Figure 2.32. Two opposing factors

affecting Texh are present in Figure 2.33 (similar to those of Tc effect in Figure 2.31
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Figure 2.33: Variations in HCCI exhaust temperature with changing equivalence
ratio. (Fuel: PRF0, N = 900 rpm, Pman = 110 kPa, Tman = 92 oC − data points
51-56 in Appendix B)
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and Tm effect in Figure 2.32). The two opposing factors here are the ignition

timing location and injected fuel energy content. More energy is released when

the amount of fuel mass flow rate in the intake charge increases at a constant air

mass flow rate condition (higher Φ). Here the influence from the second factor,

energy input fuel, on Texh is stronger than that of ignition timing location. This

is opposite to the results in Figure 2.32 where the influence from ignition timing

location is stronger than that of the second factor (input air temperature).

Variations in Texh versus CA50 and specific energy input fuel are plotted in

Figure 2.34 for all the 304 steady-state HCCI data points used in this study.

The overall trend in Figure 2.34 is consistent with observations from previous

figures and suggests an increase in Texh by retarding CA50 or increasing energy

input fuel per mass of air-fuel mixture. Variations from the overall trend in Fig-

ure 2.34 are due to the diversity of operating conditions where other inputs are

also varied (see Table 2.8). For instance the dashed circle in Figure 2.34-b con-

sists of data points8 with either low coolant temperature (Tc ≤ 67 ◦C) or ultra

lean mixture (Φ ≤ 0.36). Results in Figure 2.33 and Figure 2.34 indicate the

possibility that the slope of Texh could change sign when Φ is increased. This

behavior is in fact measured and shown in Figure 2.35. Texh first increases when

increasing Φ, but then begins to decrease when the intake charge is made richer

than Φ=0.48. The increase in Φ from 0.43 to 0.5 results in advancing CA50 from

12 to 2.9 CAD aTDC (points #44−50 in Appendix B). As CA50 nears TDC in

Figure 2.35, the effect from variation in ignition timing location (factor 1) finally

overcomes the effect from changes in fuel energy content (factor 2). Data points

#38−43 in the Appendix B exhibit another example of concave down behavior

in Texh versus variation in Φ.

8Data points #51, 118-120, 132, 134, 149, 163, 195-196 in Appendix B.
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Figure 2.34: Variations in HCCI exhaust temperature versus CA50 and mixture
specific fuel energy.

Table 2.9 summarizes the results of comparing the effects of changing six

engine variables on Texh in HCCI conditions. The first group are the primary

inputs for which the location of ignition timing is the main factor that influences
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Figure 2.35: Variations in HCCI exhaust temperature with changing equivalence
ratio. (Fuel: PRF0, N = 900 rpm, Tman = 89oC, Pman = 100 kPa − data points
44-50 in Appendix B)

Table 2.9: Trend of variation in HCCI exhaust temperature with changing six
main engine variables.

Variable Texh Main effects Slope (∆Texh/∆x)

Intake Pressure (Pm) ↑ ↓ One - 2.1 ◦C/kPa

Octane Number (ON) ↑ ↑ One +1.1 ◦C/ON

Engine Speed (N) ↑ ↑ Two parallel +4.3 ◦C/10rpm

Coolant Temperature (Tc) ↑ ↑ / ↓ Two opposing +0.3 ◦C/◦C

Intake Temperature (Tm) ↑ ↑ / ↓ Two opposing −0.3 ◦C/◦C

Equivalence Ratio (Φ) ↑ ↑ / ↓ Two opposing variable
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Texh. This group includes the intake pressure and the fuel octane number. As

discussed, later and longer ignitions after TDC result in hotter exhaust gases. The

second group are compounding inputs that include the engine speed. Variation

in heat loss of exhaust gases is the second main factor which is coupled with

the factor of ignition timing location to amplify the influence of engine speed

variations on Texh. The third group are inputs that cause opposing effects. The

coolant temperature, intake temperature and the equivalence ratio are in this

group. In this case, the final trend of Texh variation depends whether the influence

of ignition timing location is stronger/weaker than the second main factor (heat

loss or energy input air or energy input fuel).

The steady-state experimental data is used to find an empirical correlation to

provide understanding of variations in Texh. To simplify the correlation, constant

engine speed and coolant/oil temperatures are assumed. Three main parameters

are selected to characterize Texh: specific energy input fuel (magnitude parame-

ter), CA50 (location parameter) and BD (dispersion parameter). The following

correlation is found to work well on the experimental data:

Texh =

[
A

T
+ B

T

ln
(
q

f

)

q2
f

+ C
T

[ln (CA50)]
2

]
. BDD

T (2.2)

where, q
f

is specific energy input fuel in kJ/kg, CA50 is presented in CAD aTDC

and BD is in CAD. Half of the 304 HCCI experimental data is used to parame-

terize the correlation (2.2) and the resulting values of constants are A
T

= 375.24,

B
T

= −1.96×107, C
T

= 5.26, and D
T

= 0.02. Predicted Texh are compared with

those from experiments in Figure 2.36 for all 304 HCCI operating conditions used

in this study. The results indicate the simple correlation captures the trend of

Texh variations with a good agreement with the experimental data for the ma-
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Figure 2.36: Comparison between predicted and experimental Texh for four PRF
blends at different HCCI steady-state engine conditions.

jority of operating conditions. An uncertainty9 of ±25 ◦C is found in predictions

from the correlation (2.2). The main source of error in Figure 2.36 comes from

ignoring heat loss variations in the correlation (2.2) for the data points with vari-

able engine speeds or variable coolant temperatures (see Table 2.8). Examining

the values of constants in the correlation (2.2) indicates BD has significantly

lower impact on Texh compared to CA50 and q
f
. Variation in Texh as a function

of q
f

and CA50 is simulated in Figure 2.37 for an average BD at a range of HCCI

operating conditions from Table 2.8. As expected Texh drops with reducing q
f

or

advancing ignition. The simulation results show q
f

impacts Texh more strongly

than that of CA50 for the operating range indicated in Figure 2.37.

9The uncertainty is determined by 2σ, where σ is the standard deviation of residual er-
rors. This means that the true value, with 95% confidence, lies within ±2σ of the estimated
value. [102]
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Figure 2.37: Simulated exhaust temperature using the correlation (2.2) for HCCI
operation range in Table 2.8. (An average BD of 4.4 CAD is used to generate
this plot.)

Comparing the trend of variations in Texh with changing engine load (IMEP)

in Figure 2.28, Figures 2.30-2.33, and Figure 2.35 indicate that Texh is not nec-

essarily a function of engine load in HCCI. In Figure 2.28, Texh decreases by in-

creasing engine load, but Texh increases by increasing engine load in Figure 2.32.

Similarly, Texh increases in Figures 2.30-2.31 no matter if engine load increases

or decreases. This is because Texh is mainly function of other discussed variables

that may also influence engine load. But IMEP in HCCI mode mainly depends on

the fueling rate rather than the ignition timing; however, IMEP becomes strongly

dependant on the ignition timing for the conditions that have a constant fueling

rate [80]. This explains why IMEP increases in Figure 2.28 and Figure 2.32 by

either increasing intake pressure or decreasing intake temperature. Since Φ is

kept constant in Figure 2.28 and Figure 2.32, higher intake pressure and lower

intake temperature require more fuel mass flow rates. However, IMEP decreases
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for late ignition even if fueling rate is increased. This is evident in data point at

1113 rpm (#67 in Appendix B) in Figure 2.30 with CA50 =20.2 CAD aTDC for

which the IMEP drops despite increasing fueling rate10.

CO and HC emissions for the data points from Pm sweep (Figure 2.28), RPM

sweep (Figure 2.30), Tm sweep (Figure 2.32), and Φ sweep (Figure 2.35) are shown

in Figure 2.38. A strong relation is observed between CA50 and amounts of CO

and HC emissions. This relation holds for all the four engine inputs variable.

Both CO and HC emissions increase with increasing CA50. Higher in-cylinder

temperature during HCCI combustion tends to occur at earlier ignitions as shown

in Figure 2.28-a and Figure 2.32-a. High combustion temperature which is well

characterized by the peak cylinder cycle temperature is the main requirement for

CO and HC oxidation in HCCI engines [6, 3, 64]. However, higher peak combus-

tion temperature at earlier ignitions also causes higher NOx emissions. This is

evident in NOx values in RPM sweep data points (#62−67 in Appendix B) where

NOx increases from 0 ppm to 144 ppm when CA50 advances from 20.2 CAD aTDC

to 1.9 CAD aTDC.

2.3.2.2 Texh Variations in SI Mode vs. HCCI Mode

Switching between HCCI and SI modes is a technique to increase limited engine

output power in HCCI by switching to SI mode to get full power. These two com-

bustion modes have different Texh characteristics due to the different combustion

principles. Ignition timing location is an important factor in both combustion

modes. Ignition timing in an SI engine is adjusted by spark timing, while engine

operating conditions determine ignition timing (CA50) in HCCI mode. This leads

to having less complicated behavior in Texh variations in SI mode compared to

10To keep Φ constant by increasing engine speed, the fueling rate is increased in proportion to
the increased air into the engine. Air mass flow rate for the data points in Figure 2.30 increases
from 2.3 g/sec to 3.2 g/sec by increasing engine speed from 813 rpm to 1113 rpm.
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Figure 2.38: Variations in HC and CO emissions with changing four engine vari-
ables: (1) Pm sweep from Figure 2.23, (2) RPM sweep from Figure 2.24, (3) Tm

sweep from Figure 2.32, (4) Φ sweep from Figure 2.35.

that of HCCI mode. Spark timing, engine speed and load are three main factors

that influence Texh in SI mode [101]. Similar to HCCI, later ignitions result in

higher exhaust temperature which is also used as a technique to reduce catalyst

light-off time during cold start [127]. Experimental results for SI mode at a fixed

ignition timing (CA50) condition as engine speed and intake pressure are varied
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for stoichiometric operation are shown in Figure 2.39-a. Similar to the results

in Figure 2.30, Texh also increases in SI mode when engine speed increases. But

opposite to what is observed in HCCI mode (Figure 2.28), Texh increases with

increasing the intake pressure. As shown in Figure 2.39-b, increasing the engine

load in SI mode by boosting intake pressure leads to increasing Texh. This is

different than that of HCCI mode for which engine load is not a main factor to

affect Texh. In addition, results from 36 different operating points in Figure 2.39

show the engine speed has a larger impact on Texh in SI mode compared to that of

intake pressure or engine load (∆Texh/∆rpm = 1.2-1.3◦C/10rpm, ∆Texh/∆Pm =

0.5-0.7◦C/kPa, ∆Texh/∆IMEP = 0.04-0.07◦C/kPa). The impact from changing

engine speed on Texh in SI mode can be significantly larger than that of engine

load, comparing the typical range of variations in engine speed with that of en-

gine load or intake pressure in SI engines. A similar trend is also observed in

HCCI mode where the engine speed is more influential on Texh than the intake

pressure.

Finally, transient exhaust temperature (Texh) during HCCI-SI mode switch

at nearly constant load is shown in Figure 2.40. The exhaust gas temperature

is substantially higher in SI mode compared to that of HCCI mode for constant

load condition. The BD in SI mode is five times longer than that of HCCI mode

for the test condition in Figure 2.40 (BDHCCI=4 CAD, BDSI=20 CAD). Longer

combustion in SI results in releasing more energy at later crank angles compared

to that of HCCI and results in higher Texh in SI mode. In addition, SI mode

typically runs with significantly richer intake charge than that of HCCI mode −
note that fuel conversion efficiency in SI mode is lower than that of HCCI. For

instance the value of Φ changes from 0.45 to 0.95 when the Ricardo engine is

switched from HCCI to SI mode in Figure 2.40. The richer mixture requirement

in SI mode can cause a substantial increase in Texh as more heat is released
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Figure 2.39: Variations in the exhaust temperature in SI mode as a function of
engine load and engine speed.

compared to that of HCCI. For almost the same load condition in Figure 2.40

the amount of heat released increases by about 50J when the Ricardo engine
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Figure 2.40: Variation in the exhaust gas temperature in HCCI-SI mode switch
with similar steady state loads (IMEP= 4.8bar±0.4bar, CA50 = 7.4±2.2 CAD
aTDC, N= 1000 rpm, Tm= 98.3±1.2◦C.)

switches from HCCI mode to SI mode. Higher heat released (460J) in SI mode

in Figure 2.40 contributes to have a higher Texh in SI mode than that of HCCI

mode. Since mode switching from HCCI to SI is usually done from a medium

load to a full load condition in order to extend HCCI operating range, Texh should

substantially increase during the mode switch from HCCI to the SI in a higher

engine load. This is also evident from comparing the results in Figure 2.28 with

those of Figure 2.39 where a significantly higher Texh is observed at high-load

SI conditions in Figure 2.39 compared to the medium-load HCCI conditions in

Figure 2.28.
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2.4 SUMMARY

Understanding cyclic variation of ignition timing and exhaust temperature vari-

ation is examined as this is an essential step for being able to implement future

effective control algorithms. This work systematically studies variation in HCCI

ignition timing and exhaust temperature to get a physical understanding and

to examine the complex behavior. Cyclic variation in HCCI ignition timing is

experimentally investigated using over 430 operating points from two different

HCCI engines and over 340 steady-state and transient experimental operating

points from Ricardo engine are used to investigate Texh as a function of several

main engine variables. The analysis of experimental measurements results in the

following findings for the engines studied.

Cyclic variation of HCCI ignition timing:

1. Although known for low cyclic variation, HCCI engines can have very high

cyclic variation particularly in ultra-lean highly-diluted or low coolant tem-

perature conditions. At such a condition, cyclic variation (STD) of CA50

can be as high as 4 CAD. HCCI combustion is susceptible to cyclic vari-

ations and the COVIMEP threshold of 5% is found as the misfire/partial

burn limit for the Ricardo engine.

2. Cyclic variation of SOC is generally increased by decreasing the intake tem-

perature or decreasing the coolant temperature. HCCI combustion is more

sensitive to varying intake temperature compared to that of coolant tem-

perature in terms of cyclic variation of SOC. However, it is more sensitive

to coolant temperature compared to the intake temperature in terms of

cyclic variation of BD. This is attributed to the higher coolant temperature

influence on thermal stratification and hence on BD, but intake tempera-
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ture has more influence on the core gas thermal state compared to coolant

temperature.

3. Cyclic variation of SOC, which is related with that of CA50, is generally

reduced by increasing the mixture equivalence ratio, but it is elevated with

increasing the EGR rate in the HCCI range studied. The intake pressure

and engine speed mainly influence the cyclic variations of HCCI combustion

by changing the location of SOC. SOC retards with increasing the engine

speed, but it advances with increasing the intake pressure.

4. HCCI cyclic variation depends on the dynamic of charge cyclic variation and

the physics occurring inside the cylinder and three patterns are observed:

normal, periodic, and weak/misfired. To have HCCI with low cyclic varia-

tion, periodic and misfired oscillation patterns should be prevented and the

magnitude of variation in the normal pattern should be maintained low.

5. Individually plotting cyclic variation of Pmax, BD and CA50 versus cyclic

variation of SOC allows 5 regions of HCCI combustion to be recognized.

These regions differ in operating conditions and average SOC. They range

from knocking region with average SOC of 1.9 CAD aTDC to unstable-

misfire region with average SOC of 11.8 CAD aTDC. Due to different

observed interrelation between cyclic variation of SOC and BD, different

regions require a different control approach to minimize both cyclic varia-

tions of SOC and BD. For instance control of SOC might suffice for control-

ling both SOC and BD cyclic variation in region-I, but it is less successful

for region-IV and region-V. A good correlation exists between the cyclic

variations of SOC with those of BD, CA50, θHRRmax , θPmax , Pmax at the

conditions when the cyclic variation of SOC is low – region-I (STDSOC ≤
1.5 CAD). This introduces an appropriate working region for the controller
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of HCCI ignition timing as cyclic control of SOC (to near TDC) can be

utilized to control the cyclic variations of HCCI combustion.

6. A distinct operating region is noted for the points with knocking cycles.

In this region, cyclic variation of SOC, CA50, and Pmax is low, but cyclic

variation of BD is high.

7. For the PRF fuels studied, the first stage of HCCI combustion has less cyclic

variation compared to that of the second (main) stage and no correlation

is seen between the cyclic variations of these two stages. HTR is much

more sensitive than LTR to the variations of intake temperature, intake

pressure, equivalence ratio and coolant temperature. Equivalence ratio and

intake pressure are less influential on LTR compared to intake temperature

and coolant temperature, but HTR exhibits strong sensitivity to all these

four variables.

8. θHRRmax coincides with CA50 and a strong linear correlation exists between

CA50 and θPmax . Cyclic variation of θHRRmax and θPmax also correlates well

with that of CA50 for the conditions when the cyclic variation of CA50 is

low (STDCA50 ≤ 1.7 CAD).

9. Faster HCCI combustion (short BD) is more likely to have smaller cyclic

variations of ignition timing – particularly burn duration. HCCI opera-

tion with higher PRFs (higher octane numbers) for same charge conditions

produces a higher level of cyclic variation in BD. At a constant operating

point, higher IMEP is generally produced for faster HCCI combustion.

10. Cyclic variation of HCCI combustion is highly dependent on the location

of the start of combustion. When HCCI combustion occurs immediately

after TDC, it is more likely to have low cyclic variations of SOC, IMEP,
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Pmax, and BD compared to HCCI combustion occurring late after TDC

where high cyclic variations are seen. The most stable operating region is

found to be where SOC occurs in an 5 degree window, between 0 – 5 CAD

aTDC and operating conditions that can generally provide low HCCI cyclic

variations are: fully warmed-up conditions, low EGR, equivalence ratio as

high as possible, without knock, and high intake charge temperature.

Variation of HCCI exhaust temperature:

1. A large number (92 points) of HCCI operating conditions has Texh lower

than typical catalyst light-off temperature (300 ◦C). All of points with the

low Texh have negligible NOx emission while having a minimum IMEP of

about 4 bar. These data points represent potential desirable HCCI points

but the low Texh is detrimental to affect catalyst operation for converting

HC and CO emission in these conditions.

2. Variation of Texh in HCCI can be explained by a combination of different

factors as summarized in Figure 2.41. Texh in HCCI mode depends on the

location of ignition timing which is determined by a combination of factors

from changing different engine variables as seen in Figure 2.41. In addi-

tion to ignition timing (main factor), Texh is influenced by other secondary

factors including heat loss, energy input air, energy input fuel, and BD. A

conflict between the primary factor and secondary factors leads to a com-

plex behavior in Texh variations in HCCI mode. Three different groups of

engine variables are distinguished: primary, compounding, and opposing.

Intake pressure and fuel octane number are grouped into primary variables

for which location of ignition timing (CA50) is the dominant factor. For

these variables Texh increases by increasing CA50. Engine speed is grouped

into compounding variables, but coolant temperature, intake temperature
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Figure 2.41: Schematic diagram of different factors influencing HCCI exhaust
temperature.

and equivalence ratio are grouped into opposing variables. Texh increases

substantially by increasing engine speed since both CA50 is increased (fac-

tor 1) and engine heat loss is reduced (factor 2). But Texh can either

increase or decrease when Φ increases. This depends on the competition

between changing the location of heat release by advancing CA50 (factor 1

− decreasing Texh) and increasing amount of heat released by increasing

energy input fuel (factor 2 − increasing Texh) when Φ increases.

3. Variations in Texh can be predicted for constant engine speed and coolant

temperature conditions by using a simple empirical correlation that in-

corporates three input parameters: specific energy input fuel (magnitude

parameter), CA50 (location parameter) and BD (dispersion parameter).

Simulation results from comparing these three parameters indicate the spe-

cific energy input fuel has the strongest impact on Texh at these conditions.

In contrast, BD variations cause the least impact on Texh.
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4. CO and HC emissions in HCCI are strongly dependant on the location of

ignition timing (CA50). This relation appears to be independent of the four

engine variables (Pm, RPM, Tm, Φ) studied. Higher CO and HC emissions

are observed when shifting CA50 from early ignitions to late ignitions after

TDC. This is due to having higher peak in-cylinder temperature during

combustion when ignition occurs close to TDC. NOx emission shows an

opposite trend where NOx increases when CA50 is advanced towards TDC.

5. Texh in HCCI mode is not a main function of engine load. This is different

from SI mode where engine load is one of the three main factors affecting

Texh.

6. Similar to HCCI mode, Texh in SI mode increases by increasing engine

speed. But opposite to HCCI mode, Texh in SI mode decreases by decreas-

ing intake pressure. In both modes, variation in engine speed has a larger

impact on Texh compared to that of intake pressure.

7. Texh in SI mode is significantly higher than that of HCCI for a similar engine

load condition. Longer burn duration and higher fuel energy content in SI

mode lead to a higher Texh comparing to that of HCCI mode.



Chapter 3

Thermo-kinetic Modeling and Sensitivity

Analysis of HCCI Combustion1

I
gnition timing in HCCI engines is dominated by thermo-kinetic reactions that

are dependant on the charge properties. To predict and control ignition timing

in HCCI engines, combustion simulation models are useful to understand the

effect of modifying the properties of the engine charge on ignition timing. The

HCCI combustion model serves as a qualitative tool for ignition timing sensitivity

analysis for different variables of an HCCI engine and for simulating parameter

variations needed for development of a control-oriented HCCI model.

In this chapter, a single zone thermodynamic model, coupled to a kinetic

mechanism, is developed to predict the ignition timing of Primary Reference

Fuels (PRFs) in an HCCI engine. The model, consisting of 120 chemical reac-

tions and 58 species, is validated against the experimental data from the Ricardo

engine for various operating conditions. Then, the resulting model is used to

perform a sensitivity analysis of HCCI ignition timing to the variations of engine

charge properties in order to examine the relative importance of different charge

properties for control applications.

1The results of this chapter are partially based on [105, 128].
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3.1 INTRODUCTION

There are a wide range of HCCI combustion models in the literature that are

mainly different in the level of complexity and the level of details in the applied

kinetic mechanism. There are four main categories of Thermo-Kinetic Models

(TKM) for modeling of HCCI combustion:

1. Zero dimensional TKMs [105]

2. Multi-zone TKMs [129]

3. Sequential CFD based multi-zone TKMs [130]

4. Coupled CFD-kinetic TKMs [131].

Each type of these models is intended for a different purpose. Single zone

TKMs, with low computational requirements, are useful tools for predicting SOC

[105, 130] and performance studies [132], but single zone TKMs lack the accuracy

for predicting combustion peak pressure and combustion duration. Multi-zone

TKMs address this problem by accurately predicting combustion peak pressure

and combustion duration, but they don’t seem accurate for predicting HC and

CO emissions. Predictions of HC and CO can be improved by sequentially cou-

pling multi-zone TKMs with a CFD code to determine temperature and mass

distribution at the beginning of the engine closed cycle. Furthermore, more ac-

curate prediction of emissions can be obtained by using coupled CFD-kinetic

TKMs, but require extensive computation.

This study is an extension to the previous work [133] where an HCCI thermoki-

netic model is developed for a CFR engine. Here, the main target is modeling

HCCI combustion to analyze ignition timing (SOC) for eventual control of SOC.

To do this, the HCCI combustion model from [133] is extended using a modi-

fied Woschni heat transfer correlation adopted for HCCI engines. The resulting
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model is parameterized for the Ricardo engine and then validated against ignition

timing from cylinder pressure data taken from the experimental engine for four

different PRF fuels over a range of HCCI operating conditions.

3.2 COMBUSTION MODEL

This section details the energy balance for modeling of the combustion zone,

kinetic mechanism and solution methodology of the developed model to describe

the in-cylinder thermo-kinetic state of an HCCI engine from IVC to exhaust valve

opening.

3.2.1 Energy Balance

The combustion chamber of an HCCI engine is considered as a single thermody-

namic zone with the assumption of a uniform thermodynamic state within the

zone. It is assumed that all species in the zone can be treated as ideal gases and

blow-by is negligible and mass of in-cylinder mixture is constant. Evaporation

of fuel in the intake port and combustion chamber is also neglected and it is

assumed that the entire mixture is in the gas phase. Furthermore, an average

temperature of combustion chamber walls is used to consider the convective heat

transfer between the zone and its surroundings. The first law analysis of the sys-

tem is used to determine the variation of the thermodynamic state of the mixture

with time. This results in the following equation to calculate the rate of change

of the mixture temperature (T ) [105]:

dT

dt
=
−P dV

dt
− dQw

dt
−∑

i
dNi

dt
hi + RuT

∑
i

dNi

dt∑
i Nicp,i −NmixRu

(3.1)

where, P is the in-cylinder gas pressure, Ni and cp,i are the number of moles and

the molar specific heat of the ith specie. Ru is the universal gas constant and V is

the cylinder volume which is calculated at any crank angle from engine geometry
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by using crank-slider mechanism equations [101]. Qw is the heat transfer between

the in-cylinder gas and the surrounding walls. More details of the model can be

found in [105].

Q̇w is modeled using the Modified Woschni heat transfer correlation that is

adopted for HCCI engines [134]:

Q̇w(t) = −hc(t) As (Tg − Tw) (3.2)

where, As is the in-cylinder surface area; Tg and Tw are gas temperature and

average wall temperature; hc is the convective heat transfer coefficient that is

given by:

hc(t) = αscaling × L(t)−0.2 × P (t)0.8 × T (t)−0.73 × ω(t)0.8 (3.3)

ω(t) = C1Sp +
C2

6

Vd Tr

Pr Vr

(P − Pmot) (3.4)

where, L is the instantaneous cylinder height, P and T are the gas temperature

and pressure, ω is the local gas velocity, Sp is the average piston speed, Tr, Pr and

Vr are temperature, pressure and volume at the IVC moment, Vd is the displace-

ment volume and P and Pmot are instantaneous pressure and the corresponding

motoring pressure at the same firing condition. C1 and C2 are constant values

and αscaling is the scaling factor for different engine geometries.

The developed TKM requires the mixture temperature at IVC (Tivc). But

experimentally measuring the Tivc is difficult and using the gas temperature in

the intake manifold (Tm) as Tivc yields erroneous SOC from the TKM. Thus

the following semi-empirical correlation is used to predict Tivc from the manifold

values:

Tivc =
(
a T 2

m + b Tm + c
) φd . N e

(1 + EGR)f
(3.5)
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where a, b, c, d, e and f are the parameters of the correlation that are determined

from comparing experimental and TKM simulated pressure traces. φ represents

equivalence ratio of the air-fuel mixture and EGR is the percentage of the total

intake mixture which is recycled.

3.2.2 Kinetic Mechanism

The chemical kinetic mechanism consists of 58 species and 102 reactions for de-

scribing the combustion of arbitrary PRF blends. The chemical kinetic mecha-

nism is composed of several sub-mechanisms. The ignition, large molecule de-

composition, high temperature sub-mechanisms are from Zheng et al. [135], with

fuel specific rate constants from Li et al. [136]. The interaction between the two

reference fuels is described using the reaction presented by Tanaka et al. [137].

3.2.3 Solution Methodology

The mathematical model results in a set of stiff ordinary differential equations

that are integrated with the ode15 solver in Matlab. The tolerances for this

multi-step numerical solver was determined heuristically to provide a compromise

between calculation speed and solution convergence.

3.3 MODEL VALIDATION

The developed thermokinetic model is validated based on its ability to predict

SOC for the Ricardo engine running in the HCCI mode. Collected experimental

data from Section 2.2.2 is used in this section and the TKM model is tested for

the Ricardo engine experimental conditions given in Table 3.1. Four different

PRF fuels are used to validate the ability of the TKM model to predict ignition

timing for different octane numbers. In order to cover the operating region of the

Ricardo engine, each of the 14 points in Table 3.1 corresponds to the conditions

close to the limits for which HCCI operation with reasonable cyclic variations is
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possible at the PRF blend used. The mixture pressure at IVC, Pivc, is taken from

the experimental pressure trace.

The comparison of experimental and simulated ignition timings in Table 3.1

indicates that the TKM model is capable of predicting SOC for different PRF

blends over a range of equivalence ratios, intake temperatures, intake pressures,

Table 3.1: Comparison of HCCI experimental and simulated SOC. (Values on
the top of the vectors are the average values from all individual cycles for each
experiment.)

#
Fuel N

φ
EGR Tm Pivc SOC [CAD aTDC]

[PRF] [rpm] [%] [oC] [kPa] Experiment Simulation

1 0 800 0.49 0 140 107 2.3 3.7−−−−→ 5.2 4.4

2 0 800 0.72 17 80 107 2.9 3.8−−−−→ 4.8 4.9

3 0 1000 0.58 9 100 110 5.1 7.7−−−−→ 12.4 6.2

4 0 1000 0.67 18 100 112 3.8 6.5−−−−→ 10.5 5

5 10 800 0.57 0 60 109 2.5 5.5−−−−→ 8.4 6.4

6 10 800 0.66 15 90 107 5.1 8.1−−−−→ 12.6 8.3

7 10 1000 0.52 0 110 109 4.6 6.6−−−−→ 10 8

8 10 1000 0.68 16 100 110 6.5 11.4−−−−−→ 23.2 10.8

9 20 800 0.53 0 90 106 4.2 6.9−−−−→ 11.1 6

10 20 800 0.38 0 120 125 5.6 6.8−−−−→ 8 6.9

11 20 1000 0.42 0 129 128 4.6 6.2−−−−→ 7.6 6.4

12 20 1000 0.75 11 100 111 5.7 6.7−−−−→ 7.9 7.1

13 40 810 0.45 0 110 147 -0.1 0.8−−−−→ 1.7 1.5

14 40 810 0.72 0 90 101 4.8 5.9−−−−→ 7.1 6.8

EGR rates, and engine speeds. Comparing SOC from the TKM with average

values from 200 cycles for different operating points, the TKM predicts SOC for

the Ricardo engine with an uncertainty of ±1 CAD.
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3.4 SENSITIVITY ANALYSIS

The developed TKM is used to perform a sensitivity analysis of SOC to initial

temperature, initial pressure, EGR rate, equivalence ratio, and Octane Number

(ON). This analysis can be applied to analyze ignition timing for control ap-

plications. In particular, the sensitivity analysis can be used for three different

purposes. First, it helps to evaluate the relative importance of different charge

properties for HCCI control-oriented modeling where a compromise among ac-

curacy, computational time, and number of necessary measurements is required.

Second, the sensitivity analysis can be used to choose an effective actuator to

control ignition timing for different operating regions of an HCCI engine. Third,

the sensitivity analysis is useful to determine the minimum and maximum pos-

sible incremental change of ignition timing for different actuators when defining

control targets for an HCCI engine.

Table 3.2 indicates the base points chosen for the sensitivity analysis. These

base points are selected to represent the conditions in the middle of the operating

region for the two ranges of PRF blends the Ricardo engine could be run. A range

of φ is used to examine the sensitivity analysis for different SOC positions.

Table 3.2: Base line points used for the sensitivity analysis

No. PRF N [rpm] Tivc [oC] Pivc [kPa] φ EGR [%]

1 0 800 110 110 0.46, 0.57, 0.75 10

2 40 800 130 130 0.38, 0.58, 0.75 10

Table 3.3 quantifies the sensitivity or slope of SOC with the change in the

charge properties. Results are shown for three different positions of SOC. Early

ignitions (∼= 4 CAD bTDC) are achieved with the richest φ limit of Table 3.2

and late ignitions (∼= 10 CAD aTDC) are obtained with the leanest φ limit of
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Table 3.2 for both PRF0 and PRF40 cases. Examining the sign of values in Table

3.3 shows that SOC advances with an increase in IVC temperature, equivalence

ratio and IVC pressure, but SOC retards with an increase in EGR rate and

octane number. Minimum and maximum possible changes of SOC on a real

engine are bounded with actuators’ limitations. Knowing the resolution of the

engine’s actuators in combination with the information from Table 3.3, minimum

and maximum possible changes of SOC on the Ricardo engine can be determined.

For instance, the resolutions of the supercharger and EGR valve in the Ricardo

engine for changing intake pressure and EGR rate are 1 kPa and 4% respectively.

Thus from Table 3.3 for PRF40 in TDC firing conditions, increasing the intake

pressure causes SOC to change only 0.15 CAD (advance), but a minimum change

of SOC with increasing EGR rate is 2.75 CAD (retard).

Table 3.3: Rate of the change of SOC with the change in the charge properties
for the base points of Table 3.2 . (bTDC: before Top Dead Center; aTDC: after
Top Dead Center)

PRF0 PRF40

SOC Position bTDC TDC aTDC bTDC TDC aTDC

∆SOC/∆Tivc [CAD/K] -0.42 -0.6 -1.05 -0.5 -0.5 -0.9

∆SOC/∆Phi [CAD/0.01Phi] -0.1 -1.17 -1.2 0.02 -1.15 -1.4

∆SOC/∆EGR [CAD/%EGR] 0.17 1.02 0.57 0.2 0.69 0.45

∆SOC/∆Pivc [CAD/kPa] -0.2 -0.15 -0.5 -0.2 -0.15 -0.35

∆SOC/∆ON [CAD/ 1ON] 0.8 0.75 1.35 0.22 0.17 0.3

To examine the relative importance of different charge properties on SOC, a

normalized sensitivity function (Sx = |∂SOC
∂X

|× Xb

SOCb
×100) is used, where X is the

variable and index b denotes for the base point. Sensitivity analysis is performed

around the operating points in Table 3.2 and each variable (X) is separately
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changed in a small range around the base points. The variation range of X is

determined based on the minimum possible change of a variable on the Ricardo

engine. As using the base values of EGR and ON when they are zero gives a false

Figure 3.1: Normalized sensitivity results for SOC using TKM simulations and
base points of Table 3.2.

sensitivity interpretation, their maximum possible values for the Ricardo engine

are used for Xb. Figure 3.1 shows the simulation results.

Figure 3.1 shows that the sensitivity of SOC to the variations of charge prop-

erties is dependant on the position of SOC with less sensitivity being observed
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for early ignitions. SOC shows the most sensitivity to the variations of the intake

charge temperature, regardless of SOC position. The influence of equivalence

ratio is pronounced for combustion happening around TDC and also late com-

bustion, but less pronounced for early combustion. For both PRF0 and PRF40,

a similar trend of change in sensitivity with respect to SOC position is seen for

all charge properties except for the octane number of the charge. PRF40 shows

less sensitivity to the changes in the octane number compared to that of PRF0.

3.5 SUMMARY

A one zone thermokinetic model using a chemical kinetic mechanism for primary

reference fuels is extended and validated against the experimental data from a

single cylinder engine. Then, the sensitivity analysis is done for these main charge

variables: initial temperature, initial pressure, Exhaust Gas Recirculation (EGR)

rate, equivalence ratio, and octane number. The analysis of results lead to the

following conclusions:

1. The developed model can predict SOC for the studied engine running in

HCCI mode with an uncertainty of ±1 CAD over a range of equivalence

ratios, intake temperatures, intake pressures, EGR rates, PRF blends, and

engine speeds.

2. SOC shows a different order of sensitivity to the variation of charge prop-

erties when the position of SOC varies. While SOC is the most sensitive

to the charge temperature variations and φ variations for the combustion

occurs around TDC or a late combustion, SOC shows a small sensitivity to

φ for an early combustion.

3. More sensitivity is observed in SOC to the variation of octane number when

an HCCI engine runs with a PRF blend at a low octane number.



Chapter 4

Mean-Value Modeling of HCCI Combustion1

E
xtensive computation time in the TKMs makes them impractical for di-

rect control applications on engines. For control design purposes low-order

models with short computation time are needed. The purpose of this chapter

is to develop a realtime model for predicting mean-value of HCCI combustion

timing.

4.1 INTRODUCTION

A variety of models has been used to simulate the ignition timing of HCCI en-

gines. They differ in the complexity and required input data. These models range

from multi-dimensional CFD models [131, 140] and multi-zone models [141, 142],

to simple control-oriented models [143, 144]. For real-time control, a compromise

between the computation time and accuracy of the model is required. Low-

order control oriented models can predict ignition timing of HCCI engines with

a reasonable accuracy while having short computational time [145]. The main

approaches of the control oriented models used to predict combustion timing for

HCCI engines are shown in Figure 4.1. Control oriented models are categorized

into two main groups of models. The first group is intended to predict HCCI com-

bustion timing for steady-state operation. The output of these models provides

mean-value combustion timing. The second group of the models, shown in the

1The results of this chapter are partially based on [138, 139].
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right column of Figure 4.1, considers cyclic transition dynamics from one cycle

to the next cycle. This group of the models are used for cycle-to-cycle control of

HCCI combustion to manage the transition between different load-speed regions

and also mode transition between HCCI operation and SI or CI operation. In

this chapter, a control-oriented model for steady-state HCCI operation is detailed

and in the next chapter a model for transient HCCI operation is described.

Figure 4.1: Main modeling approaches to predict HCCI combustion timing for
control applications.

Steady-state control oriented modeling of HCCI combustion timing is grouped

into the five categories of models as shown in Figure 4.1. In the simplest approach,

HCCI combustion timing is mapped into look-up tables as a function of the engine

variables which have been experimentally found to predominantly affect HCCI

combustion [146]. This requires a large number of experiments, and may not

work outside the region the engine has been mapped. The second simplest model

defines a temperature threshold to find the start of combustion [147]. The basis

of this model is that the mixture temperature has the most dominant effect on



CHAPTER 4. MEAN-VALUE MODELING OF HCCI COMBUSTION 102

the reaction rate of reactions that control HCCI auto-ignition delay. This model

fails to capture combustion phasing at different operating conditions, which is

due to the dependance of the initiation of the combustion reaction on not only

the temperature but also on the concentration of species present in the cylinder.

The Shell model [148] is another model used in [143] to predict HCCI auto-

ignition timing. The results from the Shell model show an accurate estimation

of the HCCI auto-ignition timing for a temperature and engine speed sweep,

but less accurate results when changing the load. In [143, 145, 149], models

based on Arrhenius-type reaction rate [150] are used. Here the integration of the

Arrhenius global reaction rate for the fuel is tracked until it reaches a threshold

value defined from experimental data. To parameterize the model, the values

of the constants are taken from tabulated values for hydrocarbons [150]. This

model type is accurate, but depends on having instantaneous fuel and oxygen

concentrations as well as in-cylinder gas temperature which is impractical for

on-board control of ignition timing.

To remove the need for in-cylinder composition data, some researches [151,

152] omitted the mixture composition term from the Arrhenius reaction rate.

This simplified Arrhenius based model uses the idea that the composition term

in Arrhenius reaction rate is in the secondary importance compared to other

terms. Their results seem accurate in the studied HCCI range, but the model

should be validated for a wide range of HCCI operation. The Knock-Integral

Model (KIM) [153] is another category in control-oriented modeling of HCCI

combustion timing. This model is based on an exponential correlation which

includes the elements of in-cylinder gas pressure and temperature to predict the

auto-ignition of a homogeneous mixture [35, 154, 155]. Although this model

produces accurate results, again there is a need for some parameters which are

difficult and expensive to measure. This limits using this model for real-time
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control. To make more accurate and more practical models, a category of models

has been defined and are denoted as Modified Knock Integral Model (MKIM).

Two examples from this category are the models in [156] and [157] in which

the compression process is considered a polytropic process to remove model’s

requirement for instantaneous in-cylinder gas temperature and pressure. Other

example includes the model presented in [158] where the effects of residual gas

and AFR have been added to the knock-integral model and also another model

[155] in which a pressure term has been added to the knock-integral model to

benefit from the physics of Arrhenius reaction rate based models.

Despite the extensive work done on control-oriented modeling of ignition tim-

ing for HCCI engines, improved models that work with easily measurable inputs

and models that include variable working conditions are still needed. The model

proposed in this chapter addresses some of the compromises of existing models.

In particular, it is designed to be a control-oriented model which also works for

different conditions including variable load, air temperature, engine speed, AFR,

and EGR. Instantaneous in-cylinder gas temperature, pressure or the concentra-

tions of fuel and oxygen are not required, instead measured EGR rate, AFR and

intake manifold temperature and pressure are required.

4.2 MODEL DESCRIPTION

An HCCI combustion model incorporating a combination of physical and em-

pirical models to predict CA50 is proposed. CA50 is chosen because it is a good

and robust indicator of HCCI combustion [159] and CA50 can be reliably used

for feedback control of HCCI combustion [160]. The structure of the model is

illustrated in Figure 4.2. The model has three main parts: Gas Exchange Process

Model, Auto-ignition Model, and Fuel Burn Rate Model. Inputs of the model

are intake pressure, intake temperature, EGR rate, equivalence ratio and engine
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speed. Using these inputs, the model’s outputs are CA50. The submodels shown

as blocks in Figure 4.2 are described in detail in the following sections.

Figure 4.2: Schematic of the mean-value model to predict CA50.

4.2.1 IVC temperature & pressure correlation

In a premixed HCCI engine only during the intake stroke can the combustion

timing be directly influenced. Although the intake process commences by the

intake valves opening, it is the mixture condition at Intake Valve Closing (IVC)

moment that predominantly determines the HCCI combustion timing [161]. It is

difficult and expensive to measure the mixture temperature and pressure at IVC

moment, but the intake temperature and intake pressure are usually measured in

the intake manifold in the production engines. Two simple semi-empirical corre-

lations are used for the intake process to estimate the pressure and temperature

of the mixture at IVC from the measured values of the intake manifold. Param-

eters of these correlations are estimated using the experimental and simulation

data.
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Table 4.1 shows how IVC gas pressure is expected to change when other

parameters are changed within the HCCI operating range of the engine used in

this study. The manifold gas pressure directly influences the gas pressure at IVC,

Pivc. When intake manifold temperature is increased or the equivalence ratio is

decreased the mass of in-cylinder charge decrease, which that leads to a decrease

in Pivc. An increase in the engine speed results in less wall heat transfer which

promotes an increase in Pivc. EGR has a small influence on Pivc that mainly

comes from its dilution effect on changing the mass of in-cylinder charge.

Table 4.1: Expected trend of change in IVC gas pressure with other parameters

Parameter Pivc

Engine Speed, N ↑ ↑
EGR Fraction ↑ ↓
Equivalence Ratio, φ ↑ ↑
Manifold Pressure, Pman ↑ ↑
Manifold Temperature, Tman ↑ ↓

After trying different correlations based on the physics introduced in Table 4.1,

the following correlation provided a good fit to the available experimental data.

Conditions of the experimental data are detailed later in the section 4.3. One-

third of the steady-state experimental data is used to parameterize the correlation

and the other two-thirds of the experimental data is used to validate the corre-

lation. The resulting correlation for the in-cylinder pressure at IVC (Pivc) is:

Pivc =
N0.027 φ0.046

T 0.005
m

Pm (4.1)

where, N is the engine speed in RPM, and Pm and Tm are the gas pressure

and temperature in the intake manifold in kiloPascals (kPa) and in Celsius (◦C)
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respectively and φ is the equivalence ratio. An uncertainty analysis on corre-

lation (4.1) results in finding an uncertainty of ±3.6 kPa when applying the

correlation on the two-thirds of the steady-state experimental data that was not

used to parameterize the correlation.

HCCI combustion is the most sensitive to Tivc variations [152, 73] but it is

very difficult and expensive to experimentally measure it. Here, Tivc is estimated

by using simulation results of the TKM developed in Chapter 3. Simulated Tivc

values that match experimental combustion timing are chosen as the correct Tivc.

Here, the TKM is run for the same experimental points used to parameterize

correlation (4.1). The obtained values for Tivc are used to parameterize the cor-

relation (3.5) to predict the temperature of air-fuel mixture at IVC. Table 4.2

indicates the values of the estimated parameters. It should be noted that Tm is

measured after the inclusion of EGR gases, so the charge heating effect of EGR is

already included in the measured Tm (engine experimental setup in section 2.2.2).

Table 4.2: Values of parameters for the Tivc correlation (3.5)

Parameter PRF0 PRF10 PRF20 PRF40

a -0.0073 -0.0017 -0.0017 -0.0007

b 1.4829 0.4073 0.5533 0.3470

c 110.3672 101.2723 113.4466 112.3506

d -0.1488 -0.0431 -0.1164 -0.0051

e -0.0850 -0.0162 -0.0426 -0.0175

f 0.0092 0.0024 0.0002 0.0012

An analysis of equation (3.5) indicates that Tivc is most sensitive to the intake

manifold temperature and engine speed compared to EGR and φ, with EGR

having the least influence on Tivc. As mentioned above the heating effect of EGR
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is already included in the measured Tm and the EGR term in equation (3.5)

includes other EGR effects (e.g. dilution/chemical) on Tivc. The quadratic term

for the influence of Tm on Tivc results in a change in the direction of heat transfer

between the in-cylinder gases and the cylinder wall when the in-cylinder gas

temperature becomes higher than that of the cylinder wall [162]. For a constant

Tm, φ and cylinder wall temperature (Tw), correlation (3.5) suggests that Tivc

decreases with increasing engine speed and increasing EGR rate. This can be

explained by less available heating time (from the cylinder wall to the charge)

at higher engine speeds. Also when EGR rate increases the total heat capacity

of the charge increases2[163]. This higher heat capacity reduces the amount

of possible increase in the charge temperature during the heat transfer process

between the charge and the cylinder wall with a constant Tw. Correlation (3.5)

is cross-validated using the same data points used to test correlation (4.1) with

the two-thirds of the data that is not used to parameterize the correlation. The

results show an uncertainty of ±3.8 ◦C.

4.2.2 Auto-ignition timing model

In this section, the original Knock Internal Model is introduced and its extension

into the Modified Knock Integral Model is explained.

4.2.2.1 Knock Integral Model (KIM)

Kinetics of HCCI combustion are very similar to the chemical kinetics of knock in

SI engines [152]. Knock (premature auto-ignition) in SI engines has been investi-

gated for decades [153, 164]. To predict the conditions under which knock would

occur for various fuels, Livengood and Wu [153] developed the first correlation

to predict the auto-ignition of a homogeneous mixture, it was later termed the

2This heat capacity effect also delays HCCI auto-ignition timing and prolongs the combus-
tion duration when EGR is increased. [163]
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Knock-Integral Method (KIM) [101]. The basis of the correlation stems from the

ignition delay of various fuels using a rapid compression testing machine. The

resulting empirical relationship in the general form is:

τ = Ae(b/T )pn

(4.2)

where, τ is the ignition delay, T is the mixture temperature as a function of time,

p is the mixture pressure as a function of time, and A, b, and n are empirical

constants. The constants are the model parameters which are determined for

each engine.

Livengood and Wu proposed that there is a functional relationship between

the concentration ratio, (x)/(x)c, of the significant species in the reaction and

the relative time, t/τ . The critical concentration ratio, (x)c, is the concentration

of the species at the end of the reaction being studied. Using the crank angle

instead of time, the ignition correlation of Livengood and Wu becomes:

(x)

(x)c

=

∫ θ=θe

θo=0

1

ωτ
dθ =

∫ θ=θe

θo=0

1

Aωe(b/T )pn dθ = 1.0 (4.3)

where, θe is the crank angle that auto-ignition or knock occurs and θo is the

initial crank angle where the integration begins. The engine speed (ω) is repre-

sented in revolutions per minute (RPM), the pressure in kiloPascals (kPa), and

the temperature in Kelvin (K). The value of θo is selected to be the crank angle

of IVC timing where no appreciable reaction has begun (θo = θ
IV C

). The value of

the expression being integrated (1/(ωτ)) increases as the point of auto-ignition

is approached as shown in Figure 4.3.
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Figure 4.3: Graphical integration of 1/(ωτ) from the intake valve closing to the
start of combustion.

4.2.2.2 Modified Knock-Integral Model (MKIM)

Although the KIM can predict HCCI auto-ignition, it is impractical for a real

engine operation. Engine conditions, such as temperature, pressure must be

available during compression. This is possible in simulations but it is not practical

on an engine. Furthermore, the KIM is for an engine operating at a constant AFR

with no EGR. To adapt this correlation to a typical HCCI engine with varying

AFR rates and EGR, the KIM is enhanced with the following three modifications:

1. Polytropic compression – The requirement of crank angle measurements

of temperature and pressure during the engine compression is avoided by

assuming a polytropic process for the temperature and pressure rise in the

cylinder during the compression [151]. This assumption ignores any pre-

ignition heating caused by the reactions that occur before the SOC.

2. Variable AFR – The SOC changes as the concentrations of the fuel and

oxygen are varied [67, 104]. To account for the AFR changes, crank angle
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measurement of fuel and oxygen concentrations can be used in a modified

KIM. However, this information is available in a TKM simulation but not

in a real engine. As the equivalence ratio is indicative of the concentrations

of the fuel and oxygen [143], the equivalence ratio can replace the fuel and

oxygen concentration terms and can still be easily measured on an operating

engine using a broadband oxygen sensor. Therefore, an equivalence ratio

term is added to the KIM to account for the variable AFR conditions in

the engine.

3. Variable EGR – SOC in HCCI combustion is affected by EGR [67]. To

generalize the correlation for variable EGR rates, one term is added to

account for the effect of varying EGR rates on SOC.

Developing the KIM to MKIM with using the three above modifications is

detailed in Appendix D. The resulting MKIM is:

∫ θsoc

θivc

φB

Aω exp

(
C (Pivc vkc

c )
D

Tivc vkc−1
c

) dθ = 1.0 (4.4)

where, θ is the engine crank angle, B, C, and D are constant parameters. kc

represents the average polytropic coefficient that is determined by using TKM

simulations (see Appendix D). The value of the expression being integrated in-

creases as the point of SOC is approached. A and vc are determined by:

vc(θ) =
Vivc

V (θ)
, A = E1 EGR + E2 (4.5)

where, E1 and E2 are constant parameters and the cylinder volume, V (θ), is

calculated at any crank angle using slider crank mechanism [101].
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4.2.2.3 MKIM Setup

Parameters E1, E2, B, C, D, and kc need to be determined to be able to use

the MKIM to predict SOC. To parameterize the MKIM, three steps are required.

First, simulation data covering a diverse range of the engine operation is collected

and this data is used as the estimation data to parameterize the MKIM. Second,

the polytropic parameter (kc) is determined using a best-fit methodology over the

compression part of the simulation data. Third, an optimization is used to find

the best values for the parameters of the MKIM. These three steps are detailed

below.

Thermokinetic Model Simulations

For accurate parameter estimation, the MKIM requires a large amount of the

data from the engine at different working conditions. Due to cost limitations and

potential hazard of damaging the engine by intense knocking when running the

engine at the extreme operating points, it may not be possible to run the engine

for a large number of experiments over a wide range of conditions. TKM from

Chapter 3 is used as a virtual engine to provide the required data to parameterize

the MKIM.

The TKM, used to explore the engine variable parameter space, is run over

a wide range of engine variables including the engine speed, initial mixture tem-

perature and pressure, EGR rate for the operating conditions listed in Table 4.3.

The input ranges given in Table 4.3 are chosen to represent typical HCCI oper-

ation of the Ricardo single-cylinder engine. TKM simulations are done for the

engine using four different PRF blends.

From the resulting 10880 simulations, complete combustion occurred in 6554
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Table 4.3: Parameter variations carried out using the TKM

Variables Values

Engine Speed 800, 1000 rpm

Initial Temperature 80, 85,..., 155, 160 oC

EGR(%) 0, 10, 20, 30

Equivalence Ratio 0.5, 0.6, 0.7, 0.8

Initial Pressure 95, 100, 105, 110, 115 kPa

Fuel PRF0, PRF10, PRF20, PRF40

Wall temperature 390 K

simulations. Late ignited3 TKM simulations are excluded since near TDC fir-

ing conditions are of practical interest. This results in 5534 TKM simulations

(Table 4.4) that are used to parameterize the MKIM.

Table 4.4: Number of TKM simulations with an appropriate HCCI combustion

Fuel Engine speed

(PRF) 800 rpm 1000 rpm

0 937 853

10 769 700

20 685 611

40 521 458

As Table 4.4 shows, the number of HCCI auto-ignition points decreases with

an increase in engine speed and PRF (octane) number. This is expected as:

1) HCCI combustion is a time-based process and there is less time available

when engine speed is increased; and, 2) the chance of auto-ignition increases

3TKM simulations in which the second stage of HCCI combustion occurs at the crank angle
higher than 10 degrees after Top Dead Center (TDC).
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with a decrease in octane number particularly in this engine with a relatively low

compression ratio.

Finding the Polytropic Parameter

Using the engine parameter variations for the applied PRF fuels, the values

of kc can be determined by fitting a polytropic relation between the temperature

or pressure at IVC and SOC of the simulations. The value of kc= 1.32 is chosen

using the simulation results in Appendix D.2.4.1.

Optimizing the MKIM Parameters

The parameters of the MKIM equation (4.4) are fit to minimize the error of the

integration, where the target value is 1.0. The Nelder-Mead simplex minimiza-

tion method [165] is used as an off-line optimization technique to parameterize

the MKIM using the 5534 TKM simulations. The integration is carried out nu-

merically with the rectangular method with a step size of 0.1 CAD. The program

then uses the optimized parameters and computes the predicted auto-ignition

point by integrating (4.4) until it equals 1.0. The resulting crank angle is taken

as the predicted angle of auto-ignition.

First, parameters B, C, D, and A are determined by applying the estimation

code on all the TKM simulation results with four different EGR rates. Then,

the parameter A is determined for each group of TKM simulations with the

same EGR rate, keeping the values of B, C, and D constant from the first stage.

This process is done for each of the 8 individual cases in Table 4.4. Figure 4.4

indicates one sample estimation result for the predicted SOC before (a) and after

(b) including the EGR level in the parameter A. As seen in Figure 4.4, the

prediction are substantially reduced when EGR level is considered in the MKIM.

For all 5534 TKM simulations, the range of uncertainty in model prediction
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from MKIM and that of TKM are the same.
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results is from ±3 to ±4 CAD.

Sample values of parameters A, B, C, D, and kc in equation (4.4) determined

for the PRF blends are shown in Figure 4.4. The order and sign of these param-

eters are the same for other cases of Table 4.4. By examining these parameters

it can be seen that for the four PRF blends the SOC advances by increasing the

initial temperature and initial pressure, while it retards with an increase in the

engine speed. This trend has been also observed in [143]. Furthermore for all

four PRF blends studied, SOC occurs earlier when equivalence ratio increases,

while SOC is delayed when EGR level increases. The same trend has been also

reported in [67].

4.2.3 Fuel burn rate model

Fuel burning rate influences HCCI combustion in terms of efficiency, stability

and cyclic variability [72, 73] and should be controlled to achieve desirable HCCI

performance. Prediction of SOC is necessary but not sufficient for a model-based

control of HCCI combustion since different combustion durations can occur with

a same SOC. As the main stage of HCCI combustion has a steep heat release

slope, CA50 (the crank angle of 50% fuel burned) is a robust feedback indicator

of an HCCI combustion [159] and is chosen as the main output of the mean-value

model in this study. A modified Wiebe function is used to predict fuel mass

fraction burned (xb) and to calculate CA50:

xb(θ) = 1− exp

(
−A

[
θ − θsoc

θd

]B
)

(4.6)

where, A and B are constant parameters and θsoc is SOC crank angle and θd is

the combustion duration determined by:
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θd = C (1 + Xd)
D φE (4.7)

where, C, D, and E are constant parameters. The fuel burn rate model requires

the parameter values of A, B, C, D, and E in order to predict CA50 (xb = 0.5)

and the method in [166] is used to parameterize the model. Nelder-Mead simplex

minimization method [165] is applied on one-third of the steady-state experimen-

tal data points to determine the model parameters. The data points are the same

as the points used to parameterize the IVC correlations (4.2.1) and conditions of

these points are detailed in Section 4.3. The resulting parameters are A= 2.02,

B= 5.08, C= 5.98, D= 0.01, and E= -0.02. By examining these parameters it can

be seen that the model predicts CA50 advances and θd shortens with an increase in

equivalence ratio, but the combustion is prolonged by increasing the dilution rate.

This trend is consistent with observations from experimental studies [67, 72].

4.3 MODEL VALIDATION

Ricardo steady-state experimental test points are used to validate the final model.

CA50 as the main output of the model is tested with experimental CA50 values

processed from the recorded pressure trace data. Table 4.5 details the steady-state

experimental points used to validate the proposed model and to parameterize

empirical correlations.

The three sub-models in Figure 4.2 are linked together to generate a model

which predicts the mean CA50. A comparison between predicted CA50 with those

of experiments is shown in Figure 4.5 for four different fuels at various operating

conditions. As the experimental HCCI data has cyclic variations in CA50, the

range of CA50 variation from 200 consecutive cycles for each operating point is

also shown in Figure 4.5. The diamond symbol indicates the average experimental

CA50 calculated from averaging the CA50 from 200 cycles and the round symbol
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Table 4.5: Steady-state engine operating conditions for the data points used to
validate (213 points) the final CA50 model and to parameterize (74 points) the
empirical models in equations (4.1), (3.5), and (4.6).

Variables whole data empirical models

Fuel (PRF) 0, 10, 20, 40

N [rpm] 800 - 1017

Tm [oC] 41 - 152 70 - 152

EGR [%] 0 - 28.5 0 - 27

φ 0.29 - 0.94 0.29 - 0.94

Pm [kPa] 89 - 145 89 - 145

Tcoolant / Toil [oC] 61 - 83

shows the predicted CA50 from the model for using the average experimental

conditions over 200 cycles for each test point. A good agreement between the

model prediction and the measured experimental CA50 is observed in Figure 4.5.

The model uncertainty is determined by calculating 2σ, where σ is the standard

deviation of residual error between diamond symbols and round symbols. The

model prediction uncertainty for 213 steady-state operating points in Figure 4.5

is ±2 CAD and the model predictions are usually within the CA50 experimental

range.

Figure 4.5 also shows that cyclic variations of CA50 are higher when CA50 occurs

late. This is consistent with the experimental observations in Chapter 2. The

position of CA50 highly affects cyclic variations of IMEP and CA50 also influences

maximum pressure rise rate characterizing the knock limit [72]. Too late ignitions

can misfire while too early ignitions can knock. Therefore only an appropriate

window of CA50 provides acceptable HCCI operation. The experimental data for

the Ricardo engine shows that acceptable operation in terms of cyclic variations,

IMEP and knocking level occurs when CA50 is between 4 and 12 CAD aTDC .
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blends at 213 different steady-state engine conditions.
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Steady-state CA50 predictions agree well with experimental CA50 measurements

considering that SOC model was parameterized using the TKM simulation model

and then validated with HCCI experiments of which only 1% of them are used to

calibrate the TKM. As the TKM does not exactly represent the real engine, the

uncertainty in TKM can be one possible source of uncertainty. Other possible

sources of uncertainty are the inherent uncertainty of the applied semi-empirical

correlations and neglecting the variation of coolant temperature in the TKM

since a constant wall temperature is assumed despite the variation in coolant

temperature (Table 4.5) in the HCCI experiments.

4.4 SUMMARY

A Modified Knock Integral Model (MKIM) for HCCI combustion has been de-

veloped with semi-empirical correlations for gas exchange process and fuel burn

rate to predict mean-value combustion timing (CA50). The parameters of the

model are identified with a minimization method using simulation/experimental

data. Over a wide range of conditions a more complex and computationally

intensive TKM model is used to parameterize the MKIM. Experimental data

from Ricardo engine is used to parameterize the semi-empirical correlations. The

resulting model doesn’t require instantaneous in-cylinder parameters but only in-

take manifold temperature and pressure, EGR rate, engine speed and equivalence

ratio to predict CA50.

The model has been tested for a large number of TKM simulations (5534

points) and HCCI experiments (213 points). The MKIM model is able to predict

combustion phasing for the experimental HCCI engine with an uncertainty of

±2 CAD. This uncertainty level seems an acceptable compromise between accu-

racy and computational load. The validation results of the model cover a large

range of engine inputs (initial temperatures, equivalence ratios, EGR rates, and



CHAPTER 4. MEAN-VALUE MODELING OF HCCI COMBUSTION 120

initial pressures). These results extend previous works [151, 143, 147, 155, 158]

on control-oriented modeling of HCCI ignition timing by predicting CA50 over a

range of engine inputs.



Chapter 5

Dynamic Modeling of HCCI Combustion1

T
he dynamics of thermal coupling between cycles and the dynamics of the

control’s actuator are investigated for future control of HCCI. To do this,

the mean-value HCCI ignition timing model from Chapter 4 is extended into a

dynamic full-cycle physics based control oriented HCCI model. The new model

predicts cycle-to-cycle combustion timing in transient fueling conditions for HCCI

engines. The model simulates the engine cycle from the intake stroke to the

exhaust stroke and includes the thermal coupling dynamics caused by the residual

gases from one cycle to the next cycle. In addition, the dynamics of fuel transport

from the intake port into the cylinder is described using a fuel dynamic model.

The resulting HCCI model is parameterized with TKM simulations and Ricardo

experimental data. Finally, the model is validated with the experimental data in

transient HCCI operation.

5.1 INTRODUCTION

Influential charge properties on HCCI are gas thermodynamic properties (temper-

ature and pressure), mixture AFR, EGR rate, fuel composition/octane number,

compression ratio, thermal and compositional inhomogeneities and the residual

gas from the previous cycles [74, 80]. Changes in any of these factors can disturb

the HCCI ignition timing. HCCI becomes even more sensitive to these distur-

1The results of this chapter are partially based on [126, 138].
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bances for the late ignitions [75, 89]. If one of the charge variables is used as the

parameter to control ignition timing, both the dynamics of changing the charge

variable on combustion timing and the actuator dynamics should be considered.

Three main techniques to control HCCI ignition timing during transients are: 1)

Variable Valve Actuation (VVA) by changing the amount of retained residual

gas and by changing the effective compression ratio [167, 31]; 2) Variable Com-

pression Ratio (VCR) to change compression temperature and pressure [37, 168];

3) Dual Fuel Modulation (DFM) for changing the fuel octane number and the

fuel composition [26, 169]. To apply each of these methods, the corresponding

dynamics should be considered. For instance, the dynamics of thermal coupling

between cycles by the residual gases from one cycle to the next cycle becomes

important for the residual affected HCCI using VVA. DFM is another means

for control of HCCI combustion and the problem of carrying two fuel tanks can

be solved by generating two fuels from one fuel using a reformer [78]. Applying

DFM to control ignition timing requires the consideration of fueling transient

dynamics.

This study focuses on modeling the dynamics affecting the combustion timing

particularly for transient fueling conditions where AFR and fuel octane number

are changed to control HCCI ignition timing. Model-based control of HCCI

requires computationally efficient control models of the dynamics affecting the

combustion timing. These models can also be used in an off-line simulation bed

to design and evaluate the combustion timing controller.

As explained previously in Figure 4.1, the two main categories of control-

oriented models used to predict combustion timing for HCCI engines are: I) steady-

state models, II) cycle-to-cycle (transient) models. The first category, discussed

before in Chapter 4, includes the models that provide mean-value combustion

timing for steady-state HCCI operation. These models lack cyclic transition dy-
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namics from one cycle to the next cycle. However, they can be augmented with

other models to consider cycle-to-cycle interactions. This raises these models to

the second category of the models that are appropriate not only for steady-state

operation but also for transient operation. The second category of models are

intended for cycle-to-cycle control of HCCI combustion to manage the transi-

tion between different load-speed regions. These models can be based on the

category-I (steady-state) models but incorporate the cyclic transition dynamics

from one cycle to the next cycle. The three main approaches in the literature for

the category-II (transient) models are illustrated in Figure 5.1. The first group

are the physic-based models [81, 96, 170, 171] which are mainly thermodynamic

models that include exhaust/residual thermal feedback dynamics from one cycle

to the next cycle.

Figure 5.1: Main modeling approaches to predict HCCI cycle-to-cycle combus-
tion timing for control applications.

The physic-based models in category-II are developed based on the category-I
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models and they can predict HCCI ignition timing, the engine output work and

the peak pressure. The second group are the estimated discrete-time state-space

models [167, 172, 173] obtained from applying system identification methods for

different load ranges. In these works, Pseudo-Random Binary Sequence (PRBS)

excitation signals using both VVA and DFM are used to find the Multi-Input

Multi-Output (MIMO) models to predict ignition timing and IMEP. Inputs for

these models include the injected fuel energy, dual fuel ratio / valve timing and

charge properties. The third group are chaotic models [91, 174, 175] that are

based on the recognition of the deterministic dynamics of cyclic oscillations. Re-

sults of these models show that consecutive heat release values can be approxi-

mated by a sequence of non-linear patterns in a low-dimensional dynamic map.

A new dynamic physics-based control-oriented model is developed in this

study to capture the key dynamics for HCCI combustion in transient fueling

operation. The model predicts cycle-to-cycle combustion phasing for an HCCI

engine without requiring large computation time and doesn’t require inputs that

are difficult to measure real-time on an engine. Simulated CA50 is experimentally

validated with transient fueling tests where n-Heptane and iso-Octane fuels are

modulated to provide fuels at different octane numbers and different equivalence

ratios.

The following two sections describe the structure of the HCCI Dynamic Model

and the Fuel Transport Model. The governing equations of these two main models

are introduced and the methodology to parameterize them is discussed. Next,

the details of transient experimental data are explained. Finally, the model is

experimentally validated with transient tests.
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5.2 HCCI DYNAMIC MODEL

An HCCI operating cycle is broken down into a sequence of valve events that

include: intake stroke, compression stroke, combustion, expansion stroke, and

exhaust stroke. The complete cycle simulation of an HCCI engine is done by

building and linking the models for each part. The whole combustion chamber is

assumed as a single zone with a uniformly distributed mixture. The models used

to simulate each part of the process are explained in this section.

5.2.1 Intake Stroke (IVO → IVC)

The initial temperature and the pressure of the air-fuel mixture at IVC are cal-

culated by using equation (4.1) and equation (3.5) from the mean-value model in

Chapter 4. The effect from residual gas is not included in the mean-value model,

thus the mass fraction and temperature of the residual gas should be calculated

since this information is required to determine the gas state at IVC by including

the mixing of the residual gas with the fresh air-fuel charge.

5.2.1.1 Residual gas model (initial value)

Residual gas from the previous cycles influence the mixture conditions at IVC

in terms of the temperature, composition and the dilution level. The residual

gas causes thermal cycle-to-cycle dynamics due to the coupling of cycles. These

dynamics are important when designing HCCI transition particularly when the

amount of internal EGR is altered by variable valve timing [96]. The thermal

cyclic interaction is even more important for HCCI/SI or HCCI/CI modal tran-

sitions due to different residual gas temperatures when switching from one mode

to the other [81].

In this study, the composition of the residual gas is considered to be a combi-

nation of combustion products for a complete, lean combustion that consists of
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H2O, CO2, N2 and O2 gases. Residual gas mass fraction (Xr) is defined as:

Xr =
mr

mt

; mt = ma + megr + mf + mr (5.1)

where, m presents the mass and indexes of a, egr, f , r and t respectively stand

for air, EGR, fuel, residual gas and total when the intake valves are closed.

Two major sources of residual gas are: 1) the trapped exhaust gas before Intake

Valve Opening (IVO) and 2) the back-flow of the exhaust gas into the cylinder

during the valve overlap period. In HCCI engines, Xr is mainly dependant on

valve timing, engine speed, fuel amount, intake manifold pressure and exhaust

manifold pressure [176]. A model [177] is used to get a starting value for the

value of Xr:

Xr =

α︷ ︸︸ ︷√
1

C

π
√

2

360

rc − 1

rc

OF

N

√
R Tm|Pexh − Pm|

Pexh

(
Pexh

Pm

) k+1
2k

+

β︷ ︸︸ ︷
1

C

rc − 1

rc

φ
Vivo

Vdis

(
Pexh

Pm

) 1
k

(5.2)

where, rc indicates the compression ratio; Pexh is the exhaust pressure; R is the

gas constant, and k is the ratio of specific heats. Vivo is the cylinder volume

at IVO moment and Vdis is the displacement volume. OF is the valve overlap

factor that is calculated by using geometry and timing of both intake and exhaust

valves. The parameter C is calculated as:

C =


1 +

LHV

cv Tm

(
mt

mf

)
rk−1
c




1
k

(5.3)

where, LHV represents the lower heating value of the fuel and cv is the constant-

volume specific heat capacity of the in-cylinder gas at the IVC moment. LHV for

an arbitrary blend of PRF fuels (%Vn +%V
iso

; iso for iso-Octane, n for n-Heptane)

is evaluated by:
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LHV =
%Vn ρ

n
LHVn + %V

iso
ρ

iso
LHV

iso

%Vn ρ
n

+ %V
iso

ρ
iso

(5.4)

where, %V is the volume percentage and ρ is the density of the fuel.

The first term (α) in equation (5.2) is attributed to the portion of the residual

gas caused by the back-flow during the valve overlap period and the second term

(β) accounts for the trapped exhaust gases before IVO [177]. As the engine used

in this study has a valve overlap period of zero degrees, the first term in equation

(5.2) is assumed to be zero2. The value of Xr obtained from equation (5.2) is

used as the starting value to initialize the HCCI Dynamic Model to solve the

thermodynamic equations. The value of Xr is then determined at the end of the

simulation cycle based on the amount of mass retained inside the cylinder at the

moment of Exhaust Valve Closing (EVC). Then an iterative process is performed

with the new Xr until it converges to the Xr obtained at the end of the cycle.

5.2.1.2 Mixing temperature equation

Mixing of the fresh charge with the residual gas from the previous cycles affects

the mixture temperature at IVC, but the Tivc values obtained from equation (3.5)

don’t consider this effect. A modified temperature for IVC moment (Tmix) is

calculated to account for the mixing process. In-cylinder gases are considered as

ideal gases and assuming energy is conserved in the mixing process of the residual

gas and fresh charge yields:

Tmix(i) = (1−Xr)

(
cv,ch

cv,t

)
Tivc(i) + Xr

(
cv,r

cv,t

)
Tr(i− 1) (5.5)

where, i is the cycle number index and subscripts r, ch and t represent the

2This term (α) should not be ignored if an engine uses a typical SI valve timing with a
positive valve overlap. The model is not sensitive to the term α in relation to stability, thus
the model is expected to work for engines with positive valve overlap.
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residual gas, the charge (air+fuel+EGR), and the total in-cylinder gas at IVC

respectively. Equation (5.5) suggests a thermal coupling between the cycle (i)

and the previous cycle (i− 1) introduced by residual gases. The cv properties of

different gas components of the in-cylinder mixture are determined by using the

NASA polynomials database [178].

5.2.1.3 Dilution fraction equation

The amount of residual gas changes the properties and the dilution level of the

charge at IVC. This subsequently influences the combustion timing and the fuel

burn rate. A parameter is defined as the mixture dilution fraction (Xd) that

accounts for the dilution caused by (external) EGR contained in the fresh charge

and the dilution caused by the residual gases (internal EGR):

Xd = EGR +
Xr

1−Xr

(5.6)

both influence the combustion timing and the fuel burn rate.

5.2.2 Compression Stroke (IVC → SOC)

The location of SOC is determined using the MKIM (Section 4.2.2.2) and pressure

and temperature at SOC are determined using polytropic relation.

5.2.2.1 Polytropic compression

Extensive studies of the compression process show that compression of the un-

burned mixture prior to combustion is accurately fitted by a polytropic relation

(PV k = constant) [101]. Here, blow by is ignored and a polytropic relation is

used to calculate the temperature and pressure of the in-cylinder mixture at SOC

using the available data at IVC:

Tsoc = Tmix .

(
Vivc

Vsoc

)kc−1

(5.7)
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Psoc = Pivc .

(
Vivc

Vsoc

)kc

(5.8)

where, V is the cylinder volume and kc is the average specific heat capacity ratio

for the compression process. The constant kc = 1.32 is chosen based on a best fit

on TKM simulated compression results shown in Appendix D.2.4.1. kc = 1.32 is

only valid for PRF blend fuels used in this study and it should be calculated for

each particular fuel since kc depends on the type of fuel.

5.2.3 Combustion Period (SOC → EOC)

End of Combustion (θeoc) is defined as the crank angle where 99% of the fuel mass

is burned. The modified Wiebe function from Section 4.2.3 is used to predict fuel

mass fraction burned (xb) and to calculate CA50 and θeoc. Temperature and

pressure at EOC are determined using EOC state equations.

5.2.3.1 EOC state equations

During combustion, the combustion chamber is considered as a closed system and

the first law of thermodynamics is applied on the system between SOC and EOC

to obtain the temperature and pressure of in-cylinder gas at EOC using available

properties at SOC:

Ueoc = Usoc + Qfuel −Qw −Wsoc−eoc (5.9)

where, U is the internal energy; Qfuel is the energy released from burning fuel;

Qw is the heat loss from the in-cylinder gas to the surrounding walls and Wsoc−eoc

is the work produced during the crank angle interval between SOC and EOC. Qw

is assumed negligible in equation (5.9) because HCCI combustion is very fast and

little time is available for heat transfer and the surface area for heat transfer is

also small by having a desirable HCCI combustion occur at crank angles close to
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TDC [73]. An empirical correlation is obtained from experimental measurements

to predict the Wsoc−eoc:

Wsoc−eoc = mf LHV

W︷ ︸︸ ︷
PA

m NB

(1 + EGR)C

(
D1 θ2

soc + D2 θsoc + D3

)
(5.10)

where, mf is the mass of the fuel injected per cycle and A, B, C, D1, D2, D3

are the constant parameters that are determined by applying the Nelder-Mead

optimization technique on the one-third of the steady-state experimental data

detailed in the section 4.3. The resulting parameters are A= 2.629, B= -2.860,

C= -0.056, D1= 0.021, D2= -3.711, D3= 0.010. Correlation (5.10) predicts that

ignition timing (θsoc) influences the amount of the work produced from an HCCI

combustion. This is also observed in the experimental study in Chapter 2 where

it is shown that ignition timing influences IMEP in HCCI combustion.

In comparison to the Wsoc−eoc term in equation (5.9), the Qfuel term is much

larger in magnitude. The energy released from the fuel, Qfuel, is given by:

Qfuel = mf . CoC . LHV (5.11)

where, CoC is the Completeness of Combustion and is calculated by the following

empirical correlation that is parameterized with the same experimental data used

for correlation (5.10):

CoC =
ΦA PB

m

(1 + EGR)C

(
D1 θ2

soc + D2 θsoc + D3

)
(5.12)

where, A= 0.169, B= 0.165, C= 0.053, D1= -0.001, D2= 0.458, D3= 1.390. The

CoC correlation suggests a higher CoC when θsoc occurs at TDC or slightly after

TDC, but CoC drops for early and late ignitions. This is consistent with the

observation in [89] where the possibility of partial-burn cycles or misfired cycles

in HCCI combustion increases when ignition is late. Furthermore, experimental
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results in [73] show that cyclic variability of HCCI combustion increases for ig-

nitions that are too early or too late. Cyclic variability influences the instability

or misfire limit of an HCCI engine.

Mass fractions (y) for each of the combustion reactants are determined using

equations (5.13) to (5.15) and the mass fractions of the combustion products are

calculated using general reaction equations of PRF blends for a complete, lean

combustion [150].

y
a

=
ma

mt

=
AFR (1−Xr) (1− EGR)

AFR + 1
(5.13)

y
egr

=
megr

mt

= EGR (1−Xr) (5.14)

y
f

=
m

f

mt

=
(1−Xr) (1− EGR)

AFR + 1
(5.15)

where, AFR is the air fuel ratio of the charge. Combustion reactants (PRF blend

fuel, air, EGR, residual gas) and combustion products (H2O, CO2, N2, O2) are

assumed to be ideal gases. Using this assumption, equations (5.9) and (5.10) are

combined and rearranged to give the in-cylinder gas temperature at EOC:

Teoc =

(∑
i
c

v,i
y

i

)
R

. Tsoc +
m

f

mt
. LHV (CoC −W)

(∑
i
c

v,i
y

i

)
P

(5.16)

where, symbols R and P stand for Reactants and Products respectively (W from

equation 5.10). Finally, pressure at EOC is calculated by using the ideal gas state

equation for EOC and IVC conditions assuming constant mass (no blow-by):

Peoc = Pivc .
Vivc

Veoc

.
Teoc

Tmix

.
Reoc

Rivc

(5.17)
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5.2.4 Expansion Stroke (EOC → EVO)

5.2.4.1 Polytropic expansion

Similar to the compression stroke, the expansion of burned gases after EOC can

be characterized by a polytropic relation [101]. Here, temperature and pressure

of the burned gas at Exhaust Valve Opening (EVO) are calculated based on

available data from EOC by using a polytropic relation:

Tevo = Teoc .

(
Veoc

Vevo

)ke−1

(5.18)

Pevo = Peoc .

(
Veoc

Vevo

)ke

(5.19)

where, ke is the average specific heat capacity ratio for the expansion process that

can be determined with a similar approach to section 5.2.2.1.

5.2.5 Exhaust Stroke (EVO → EVC)

5.2.5.1 Exhaust gas model

When the exhaust valves open, the in-cylinder gas goes through a blow-down

phase to a gas displacement phase from the moving piston. A single zone crank-

angle resolved model is developed to predict the gas state (temperature, pressure,

mass) at the EVC moment. A quasi-steady assumption is used and the proper-

ties of the gas including the gas leaving or entering into the cylinder are assumed

steady and homogeneous. Furthermore, the change in the kinetic and potential

energies of the gas are ignored. Using these assumptions, the first law of ther-

modynamics for the exhaust gas as an open Control Volume (CV) between the

state “1” and the state “2” yields:

Q̇w − Ẇ =
∑

ṁcehce +

[
(m2u2 −m1u1)CV

∆t

]
−

∑
ṁechec (5.20)
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where, h is the enthalpy of the gas and ∆t is the time span between states

“1” and “2”. Index “ce” refers to the exhaust flow from the cylinder to the

exhaust manifold and “ec” refers to the backflow from the exhaust manifold

to the cylinder. As the Ricardo engine has a zero valve overlap period, small

exhaust backflow is expected and no flow between the intake manifold and the

cylinder is considered during the exhaust stroke. The heat transfer to the cylinder

walls is modeled using the Modified Woschni heat transfer correlation, previously

explained in Section 3.3.

Equation (5.20) is rearranged by using the ideal gas assumption and generated

work equation (Ẇ = −PV̇ ). Tevc is determined from EVO to EVC using the

following equation in the combination with ideal gas state equation and exhaust

valve flow model.

T2 =
T1 (

∑
i mi,1 cvi,1 −

∑
i cpi,1 (mi,ce + mi,ec)) + Qw + P1 dV∑

i mi,2 cvi,2

(5.21)

The ideal gas state equation is used to calculate the gas pressure (P1) in

equation (5.21) and the exhaust valve flow model is used to calculate the mass of

the gas inside the cylinder (mi,1,mi,2) and also the flow across the exhaust valves

(mi,ce,mi,ec).

5.2.5.2 Exhaust valve flow model

Dynamics of the gas flow across the exhaust valves are modeled by using the orifice

equation for one-dimensional, steady-state, compressible, isentropic flow [101]:

if PT /Po > [2/(k + 1)]k/(k−1)],

ṁ =
C

D
A

R
Po√

R To

(
PT

Po

) 1
k

{
2 k

k− 1

[
1−

(
PT

Po

) k−1
k

]} 1
2

(5.22)
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otherwise,

ṁ =
C

D
A

R
Po√

R To

k
1
2

(
2

k + 1

) k+1
2(k−1)

(5.23)

where, C
D

is the discharge coefficient; subscripts “o” and “T ” refer to the gas

properties at the upstream and the downstream of the exhaust valves. A
R

is a

reference area (called curtain area) which is calculated by:

A
R

= π dv Lv (5.24)

where, dv is the diameter of the exhaust valves (dv = 27mm) and Lv is the axial

valve lift that is measured off-line. Figure 5.2 shows the measured lift profile for

the valves. C
D

is experimentally determined using flow measurements from [173]
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Figure 5.2: Measured lift profile for the valves used in this study. [The solid
horizontal line shows the defined threshold (' 0.15 mm) for opening/closing
point of valves.]

on a flow-bench apparatus for a similar cylinder-head (see Appendix E.2). Flow

measurements are at 45 different valve lifts and pressure ratios (PT /Po) while
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sweeping from choked-flow conditions (PT /Po ≤ [2/(k + 1)]k/(k−1)) to the un-

choked-flow conditions. The following correlation is found to work well on the

available data:

C
D

= A + B ln

(
Lv

dv

)
+ C

(
ln

(
Lv

dv

))2

+ D ln

(
Po

PT

)
(5.25)

where, A = -0.152, B = -0.577, C = -0.082, and D = 0.294. For the 45 flow

measurements, the uncertainty in predicted C
D

from correlation (5.25) is ±0.06.

Figure 5.3 shows the simulation results of the model for mass of the gas

inside the cylinder from the EVO moment to the EVC moment. As expected

mass of the gas inside the cylinder substantially drops during the blow-down

phase until the cylinder pressure reaches the exhaust pressure. Next, pressure
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Figure 5.3: Simulated mass of the gas inside the cylinder during the exhaust
period for a sample operating point. (Fuel = PRF0, N = 813 rpm, Φ = 0.36, Pm

= 110 kPa, Tm = 91◦C)
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drops more inside the cylinder due to further expansion by moving the piston

downwards to BDC (Bottom Dead Center). This is enough to commence the

backflow from the exhaust into the cylinder. This causes an increase in the

cylinder mass as indicated in Figure 5.3. But this trend does not last long and

in the gas displacement phase the cylinder pressure rises again higher than the

exhaust pressure by moving the piston upwards through the exhaust stroke. Thus

the mass of the in-cylinder gas continues to drop until the exhaust valves are

closed (EVC). Figure 5.3 also shows the simulation results when the backflow

is ignored. It indicates that for this engine the backflow does not significantly

influence the final mass of the retained gas inside the cylinder at the moment of

EVC.

5.2.5.3 Residual gas state

In-cylinder gas temperature and the retained mass inside the cylinder at the

moment of EVC determine the temperature of residual gas (Tr) and the mass

fraction of the residual gas (Xr).

5.2.6 Model Layout

A structure of a dynamic full-cycle simulation model has been formed that in-

cludes thermal coupling from one cycle to the next cycle through mass and ther-

mal properties of residual gases. Figure 5.4 shows an overall schematic of the

model programmed in Matlab computing environment. The model requires these

seven measurable inputs: intake manifold temperature, intake manifold pressure,

EGR, engine speed, equivalence ratio, mass of injected fuel, and pressure in the

exhaust port.

Three iteration loops are needed in the model (see Figure 5.4). The first

loop is used to get the initial Xr in the intake stroke and it runs only one time.

The second loop is used to get Teoc in the combustion stroke and it runs every
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Figure 5.4: Schematic of the developed model.
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cycle. These two loops are present due to the dependance of the gas specific

heat capacity (cv) on Xr and gas temperature, but Xr and Teoc depend on cv

in equation (5.3) and equation (5.16). Figure 5.5 shows a sample simulation
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Figure 5.5: Simulation conversion rate for the Teoc for a sample operating point.
(Fuel = PRF0, N = 810 rpm, Φ = 0.44, Pm = 101 kPa, Tm = 102◦C)

result of the iterative process in the model to predict Teoc. It can be seen the

simulation converges to a constant value with a small error (< 1◦C) within seven

iterations. Four to six iterations are typically required to get Teoc within 5◦C

resolution for different simulation conditions. The third iteration loop in the

model (Figure 5.4) calculates Xr and it runs only at the start of simulation.

The initial Xr value from equation (5.2) is tested at the end of simulation cycle

(EVC) and then based on the difference between the initial and calculated values,

iteration is performed by repeating the simulation from IVC to EVC. This process

continues until consecutive values of Xr converge within a tolerance. However,

for each operating point this iterative process is run only once for the first cycle to

get the correct Xr, then the values of Xr for the next cycle is always determined
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Figure 5.6: Conversion rate of the simulated residual gas mass fraction for a
sample operating point. (Fuel = PRF0, N = 810 rpm, Φ = 0.44, Pm = 101 kPa,
Tm = 102◦C)

from calculated Xr of the previous cycle. Figure 5.6 indicates a sample simulation

result of the iterative process to get correct Xr for the first cycle of a new operating

point. As seen in the figure, Xr converges to 6.7% ± 0.01% within 10 iterations

from the starting value of 2.2% obtained from equation (5.2). Typically five to

seven iterations are required to obtain Xr with a convergence error of 0.001 for

different simulation conditions.

5.3 FUEL TRANSPORT MODEL

Dynamics of transporting the fuel into the cylinder is one of the main charge

dynamics involved in an HCCI operation during transient fueling. Fuel transport

dynamics is described using the approach known as x − τ
f

model [179]. x − τ
f

model assumes that a fraction (x) of the fuel delivered to the intake system is

deposited on the surfaces in the form of fuel film and enters the cylinder at a
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rate proportional to the mass of fuel in the film and inversely proportional to a

time constant (τ
f
). The other fraction of the fuel (1− x) is entrapped in the air

flow as vapor. So for the case of a Port Fuel Injection (PFI), the injected fuel

mass flow rate (ṁ
fi

) divides into two portions including the vapor phase mass

flow rate (ṁ
fv

) and the liquid (fuel film) phase mass flow rate (ṁ
ff

) as shown in

Figure 5.7. These two portions determine the final fuel mass flow rate into the

cylinder (ṁ
f
) as expressed below [179]:

ṁ
f

= ṁ
fv

+ ṁ
ff

(5.26)

ṁ
fv

= (1− x) ṁ
fi

(5.27)

m̈
ff

=
x ṁ

fi
− ṁ

ff

τ
f

(5.28)

where, x with a value between 0 and 1 is the fuel split parameter and τ
f

is the

mean evaporation time for the fuel film flow from the intake ports. x and τ
f

parameters must be identified, so the fuel transport dynamics can be included in

the HCCI Dynamic Model.

Figure 5.7: Fuel transport model
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Other dynamics are also present in the path from injecting the fuel into the

intake system until AFR is measured by an AFR sensor. These are the dynamic

involved in transporting the exhaust gas to the AFR sensor and measurement

dynamics in AFR sensor. These dynamics are important and should be considered

in both AFR feedback control and the process of identifying x and τ
f
. The

dynamic of the exhaust gas transport is modeled as a pure delay [180, 181, 182]

and is denoted as ∆T in this study. Similar to other studies [180, 182, 183, 184,

185] the dynamic in the response of the AFR sensor is considered as a first order

lag element with a measurement time constant of τm .

The three main dynamics mentioned above can be put together into one

transfer function to indicate the fuel transport dynamics from the injection in

the intake ports until measurement by the AFR sensor in the exhaust pipe [186]:

ṁ
fm

(s)

ṁ
fi

(s)
=

α︷ ︸︸ ︷
1 + τ

f
(1− x)S

1 + τ
f
S

β︷ ︸︸ ︷
e−S∆T

γ︷ ︸︸ ︷
1

1 + τmS
(5.29)

where, ṁ
fm

is the measured fuel mass flow rate. Term α represents the fuel

transport dynamics and terms β and γ include the transport dynamics of the

exhaust gas and the dynamics of the AFR sensor respectively.

5.3.1 Model parametrization

5.3.1.1 AFR sensor time constant – τm

AFR sensor used in this study is an ECM AFRecorder 1200 Universal Exhaust

Gas Oxygen sensor (UEGO) that directly measures the oxygen content of the

exhaust with a time constant of 150 msec [103]. (τm = 0.15 sec)
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5.3.1.2 Exhaust gas transport delay – ∆T

The fuel is injected 365 CAD before IVO and the AFR sensor is positioned

approximately 25 cm downstream of the exhaust valve in the Ricardo engine.

∆T includes the fuel transport delay from the fuel injection moment until it

reaches the AFR sensor. ∆T can be estimated by measuring the time that it

takes a change in AFR in the intake system appears in the measurement by AFR

sensor in the exhaust pipe. To do this a rectangular AFR excursion is made by

rectangular injection rate at a constant air flow rate (constant throttle opening

and engine speed) and then AFR variation is recorded by the AFR sensor. This

process requires to include the dynamics of the AFR sensor as the measurement

from the sensor is used. This becomes more important when a same method

is used to identify x and τ
f
. The AFR sensor dynamics (τm = 0.15 sec) can

be applied either on AFR sensor measurements or the AFR excursion from the

injected fuel – see equation (5.29). An example of the data for the identification

process is shown in Figure 5.8. Result of including τm dynamics on the injector

Φ values is presented in the format of a dashed line and the solid line shows Φ

measurements by the sensor. The modified Φ (dash line) and measured Φ (solid

line) are used to determine ∆T using system identification methods [187].

∆T is highly dependant on engine speeds and intake pressure [186]. Thus,

different ∆T values are expected at different ranges of engine speed and intake

pressures. Here, data points with similar engine speed and intake pressure are

grouped together and ∆T is determined for each of these groups. The estimated

∆T for the operating point in Figure 5.8 is found 260 msec.

5.3.1.3 Fuel transport parameters – x, τ
f

The most common methods to determine x and τ
f

for control applications are

system identification methods [186]. In these methods, engine response to AFR
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Figure 5.8: Processed AFR excursion data for the identification of fuel dynamics
parameters. (PRF0, N = 815 rpm, Pm = 121 kPa, Tm = 67◦C, Tcoolant = 72◦C)

excursion, an excitation signal to the system, is recorded either by measuring

engine torque [188] or by measuring exhaust AFR from a UEGO sensor [189].

Here, UEGO sensor measurements at sampling rate of 100Hz is used to record the

engine response to a rectangular AFR excursion implemented in the intake ports

by adjusting injection flow rate at a constant air mass flow rate. Rectangular

excitation input is chosen because it is well capable to stimulate the system to

identify x and τ
f

as shown in [181, 186, 189]. System identification methods are

applied to identify x and τ
f

for each operating point.

The variables x and τ
f

depend on the fuel type, coolant temperature, intake

temperature, intake pressure and engine speed [186]. Changing each of these

parameters can cause a variation in fuel transport parameters. Here, x and

τ
f

are estimated from the recorded AFR data for one operating point. Then,

estimated x and τ
f

are used to validate the model at another operating point

with the conditions close to the test point used to find x and τ
f
. The estimated
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x and τ
f

are 0.49 and 1.57 sec for the operating point in Figure 5.8. These values

are tested by recorded AFR data for another test point with similar operating

conditions in Figure 5.9-a. Similarly, x and τ
f

are estimated 0.28 and 3.72 sec

using the data for an operating point with a different octane number (PRF20, N
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Figure 5.9: Measured and simulated equivalence ratio for two sample operating
points. (a) N = 816 rpm, Pm = 100 kPa, Tm = 67◦C, Tcoolant = 73◦C; (b) N =
814 rpm, Pm = 100 kPa, Tm = 93◦C, Tcoolant = 71◦C.
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= 814 rpm, Pm = 115 kPa, Tm = 95◦C, Tcoolant = 71◦C). The values of τ
f

seem

large and this is partly due to running the engine at a coolant temperature lower

than that of a normal engine operation. The estimated parameters of x and τ
f

are tested with the data for another test point with similar operating conditions

in Figure 5.9-b. Simulation results in Figure 5.9 are in good agreement with those

from the experimental measurements, though the operating conditions of the test

points used to identify x and τ
f

are not identical to those of the test points in

Figure 5.9.

5.4 MODEL EXPERIMENTAL VALIDATION

Ricardo transient experimental test points are used to validate the final model

that includes the dynamics from both HCCI combustion and transient fueling.

Transient experiments are performed using the engine setup shown in Figure 2.26.

Sensitivity analysis [128] for the current experimental setup suggests to use the

octane number and equivalence ratio as the main variables to control HCCI com-

bustion timing for the Ricardo engine. CA50 as the main output of the model is

tested with experimental cyclic CA50 values processed from the recorded pressure

trace data.

Transient experiments are performed by transient open loop fueling at a con-

stant air flow rate. Fuel mass flow rate are first stepped up and then stepped

down to the initial value to study the system dynamics in both directions of

increasing and decreasing engine loads. During each transient test 450 cycles

of cylinder pressure data are recorded at 0.1 CAD and other measured engine

variables are recorded at 100Hz.

Both n-Heptane and iso-Octane injectors are aimed directly at the back of

the intake valves and they are located respectively at the approximate position

of 10 cm and 25 cm from the intake valves. A dSpace MicroAutobox 1401/1501
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ECU is used to control the injection Pulse Width (PW) of n-Heptane and iso-

Octane injectors to provide the desired AFR and Octane Number (ON). Injected

fuel mass per cycle (m
f,i

) for both injectors is estimated from the PW of the

injectors [185]:

m
f,inj

[
g

cycle

]
= Cf . PWinj [ms] + Coffset (5.30)

where, Cf and Coffset are constant parameters that are determined by injector

calibration from steady state fuel flow measurements at different operating con-

ditions. The resulting Cf and Coffset are 3.30
[

g
ms.cycle

]
and -2.90

[
g

cycle

]
for iso-

Octane injector and 2.95
[

g
ms.cycle

]
and -2.74

[
g

cycle

]
for n-Heptane injector. More

details about the procedure to calculate these parameters are explained in the

Appendix E.

The model requires seven measurable inputs that are: intake manifold tem-

perature and pressure, EGR, engine speed, equivalence ratio, pressure in the

exhaust port and mass of injected fuel which is calculated from injectors’ pulse

widths. The test points reported next have not been used before to parameterize

the model. Processing time of the model in Matlab is about 61 sec for simulating

450 cycles using a 2.22 GHz AMD 64 X2 Dual Processor. This leads to an aver-

age simulation time ∼ 0.14 sec for each individual engine cycle. The processing

time could be reduced for real time applications by optimizing the code and using

specialized hardware such as Field-Programmable Gate Array (FPGA) [160].

Figures 5.10 and 5.11 show the transient response during the fuel and ON

steps. As expected CA50 advances with increasing equivalence ratio, but it re-

tards with increasing octane number. Values of fuel mass flow rate are calculated

from injector pulse width from equation (5.30). Figure 5.10 compares the pre-

dicted system transient response with that of the experiment when equivalence

ratio is changed. A Φ excursion is evident in Figure 5.10 though the injection
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step change is done sharply. This indicates the significance of fuel transport dy-

namics in the Ricardo engine with the current setup that incorporates a closed

valve injection timing. A limited range of Φ is possible at each constant EGR

rate operating point and this range becomes smaller when switching to the fuels

with higher octane numbers.
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Figure 5.10: Equivalence ratio step: comparison between predicted and experi-
mental cycle-to-cycle CA50. (ON = 0; Pm = 100 kPa, Tm = 67◦C, EGR = 0%,
Pexh = 97.3 kPa)

Predicted CA50 from the model is compared with those of the experiment in

Figure 5.11 and Figure 5.12 when ON is switched from 0 to 20. Transient response

of the engine is shown for: only ON change in Figure 5.11; and simultaneous

change of ON with Φ in Figure 5.12. For the experimental conditions tested a

step change of 20 in fuel octane number at a constant Φ often violated knock/mis-

fire limits of HCCI combustion. The combination of ON and Φ is expectant to

achieve the desirable ignition timing and is shown in Figure 5.12.
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Figure 5.11: Octane number step: comparison between predicted and experi-
mental cycle-to-cycle CA50. (Pm = 110 kPa, Tm = 91◦C, Φ ∼= 0.42, EGR = 0%,
Pexh = 99 kPa)

Predicted CA50 from the model is in good agreement with those of the ex-

periments in Figures 5.10, 5.11, and 5.12 and the model captures the overall

dynamic trend of changes and predicts CA50 within uncertainty of ±1.5 CAD to

±2.6 CAD from those of the experimental data. The trend of change in CA50 by

increasing the equivalence ratio in Figure 5.10 is opposite to that in Figure 5.12.

CA50 advances in Figure 5.10 but it retards in Figure 5.12 when the charge be-

comes richer. CA50 retards in Figure 5.12 as a result of increasing the octane

number. This indicates that CA50 exhibits more dependance to the variation of

octane number compared to that of Φ for the range indicated. Since predicted
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Figure 5.12: Octane number and equivalence ratio (Φ) step: comparison between
predicted and experimental cycle-to-cycle CA50. (Pm = 110 kPa, Tm = 91◦C,
EGR = 0%, Pexh = 99 kPa)

CA50 from the model follows a trend similar to that of the experiment in Fig-

ure 5.12, this indicates that the model can capture the competing dynamics of

simultaneous change of two different charge variables to affect the combustion

timing.
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5.5 SUMMARY

A dynamic full-cycle physics based Control Oriented Model (COM) has been de-

veloped that includes the fuel transport dynamics and thermal coupling between

cycles through mass and thermal properties of residual gases. The model incor-

porates a combination of physical and empirical models to simulate an HCCI

cycle in a sequence of valve events. Parameters of the model are determined by

using a combination of system identification and optimization methods. To do

this three different types of data are collected: experimental transient AFR ex-

cursions, steady-state HCCI experiments, and TKM simulations at an extensive

range of operating conditions. Once the COM is parameterized it needs these

seven inputs to predict HCCI ignition timing: intake manifold temperature, in-

take manifold pressure, EGR, engine speed, equivalence ratio, fuel injection pulse

width, and pressure in the exhaust port. The COM predicts different ignition

timing parameters such SOC, CA50, and EOC. However, the COM is mainly

designed to predict CA50 as the best metric for HCCI ignition timing.

The COM is validated with rectangular fueling transient tests which are not

used to parameterize the model. Transient change in equivalence ratio/octane

number and simultaneous changing of equivalence ratio and octane number are

used to test the model for HCCI in transient fueling conditions. The results

indicate the COM can capture the main transient dynamics for both single and

double (Φ and ON) transient fueling operations. CA50 predictions from the COM

have an uncertainty of ±2.6 CAD.

Results from this work indicate the COM is capable of simulating the key

dynamics in HCCI ignition timing with sufficient accuracy for control applica-

tions. The model is computationally efficient with an average processing time

of about 0.14 sec to simulate a whole HCCI cycle on a 2.22 GHz AMD 64 X2
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Dual Processor. In addition, all inputs of the model can be readily measured or

estimated on a real engine. These make the COM simple and fast enough for

using in the synthesis of strategies for physics-based control of HCCI engines.



Chapter 6

Modeling the Distribution of HCCI

Combustion Timing Ensemble1

C
ombustion timing for consecutive cycles at each operating point makes

an ensemble of combustion timing which can exhibit different shapes of

probability distributions depending on the random and physical patterns existing

in the data. A combined physical-statistical control-oriented model is developed

to predict the distribution of HCCI combustion timing for a range of operating

conditions. The main output of the model is the Probability Density Function

(PDF) metric of CA50 distribution. HCCI control can benefit from knowing PDF

of CA50 ensemble in order to avoid the unstable HCCI operating regions which

exhibit high cyclic variations.

In this chapter, after introducing the combustion timing ensemble and its

application in HCCI, experimental data at 338 different operating conditions

is examined to investigate the existence of a normal distribution in Ricardo

HCCI data. Next a physical-statistical model is designed to predict PDF of

CA50 ensemble and finally the resulting model is experimentally validated.

6.1 INTRODUCTION

Cyclic variation in HCCI combustion can occur with a variety of patterns de-

pending on the physics occurring inside the cylinder and the pattern of charge

1The results of this chapter are partially based on [190] and [92].
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variations [80, 73]. One method to understand these patterns is to analyze the

ignition timing ensemble − formed by a large number of consecutive ignition tim-

ings. This ensemble exhibits various distribution shapes for different operating

conditions. A sample of a CA50 ensemble distribution is shown in Figure 6.1

where the shape of the distribution about the mean is shown. For a normal dis-

tribution as in Figure 6.1, the mean CA50 ignition timing occurs with the highest

probability. However, the CA50 ensemble of HCCI combustion is not usually

normally distributed as will be discussed in this chapter and other possible dis-

tributions are studied. The CA50 distribution plot shows the dispersion level of

the data (distance from the mean) and indicates the extremes of CA50 variations.

In addition, skewness of the data and presence of multiple modes in the data
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Figure 6.1: Histogram of CA50 distribution for a sample operating point.
(Fuel= PRF0, N= 1000 rpm, Φ= 0.33, EGR= 0%, Tm= 145 oC, Pm= 132 kPa.)

can be found by examining the distribution plot of sampled data [191]. Knowl-

edge of the CA50 distribution can provide valuable information to find high cyclic

variation operating regions for HCCI engines. In addition, having specific infor-
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mation about the shape of distribution could be of utility for designing a HCCI

combustion controller.

Only a few studies [80, 89, 87] in the literature have investigated cyclic varia-

tions of ignition timing in HCCI engines. However, none of these researches have

studied the distribution shape of HCCI ignition timing. This study examines

the distribution shapes of HCCI ignition timing at steady-state conditions for an

HCCI engine. A model is developed to predict PDF of CA50 ensemble for a range

of HCCI operating conditions. The PDF explains the occurrence probability as-

sociated with every crank angle in CA50 ensemble.

6.2 NORMAL DISTRIBUTION ANALYSIS

A novel approach for analyzing the cycle to cycle combustion timing is using sta-

tistical methods. The population of consecutive ignitions at a constant operating

point can be used to form a probability distribution for cycle-to-cycle combustion

timing. Normal distribution is the most common probability distribution used to

characterize experimental data [191]. Experimental data at 3382 different points

collected from the Ricardo engine are analyzed to determine which conditions

have a normal distribution for CA50. Two common testing methods for normal

distributions are used. The first method is the Lilliefors test that evaluates the

input data and returns the result of the hypothesis test for the goodness of fit

to the normal distribution [193]. The second method is the Kolmogorov-Smirnov

test that compares the values in the data with a standard normal distribution

and checks the hypothesis that the data has a standard normal distribution [193].

These two methods are applied on the CA50 data sets from 338 points. Points that

2This includes 329 experimental data points from Section 2.2.2 and 9 new data points
from [192].
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successfully pass these two tests are then visually evaluated with normal proba-

bility plot. The normal probability plot is a graphical tool to assess whether or

not a data set follows a pattern of a normal distribution [191]. Data from the

experimental points are plotted against a theoretical normal distribution and if

data is normally distributed, it forms an approximate straight line. The level of

departures from normality is judged by how far the points vary from the straight

line. Figure 6.2 shows a normal probability plot for a sample experimental point

that exhibits a normal distribution. CA50 data sets for all experimental points

are processed using the procedure mentioned above and 19 points out of 338

points are judged to have a normal distribution. The range of ignition timing

parameters for cases with normal distribution are compared with those of the

whole data set in Table 6.1.
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Figure 6.2: Sample normal probability plot. (Operating condition is the same as
that in Figure 6.1.)

Table 6.1 shows that normal distribution of CA50 is more likely to occur in

HCCI ignitions occurring for a window immediately after TDC (0.8 ≤ SOC ≤7.7

CAD aTDC). In those conditions, cyclic variations of CA50 is typically low
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(0.5 ≤ STDCA50 ≤1.4 CAD) and the burn duration is short (2.5 ≤ BD ≤
4.3 CAD). A large deviation from the straight line is observed in normal prob-

ability plots of the operating points which have mean CA50 occurring after 15

CAD aTDC.

Table 6.1: Comparing the range of ignition timing parameters for cases with
Normal Distribution (ND) with those from the whole 338 HCCI experiments.

Parameter SOC CA50 BD STDCA50

Whole Exp. Data -4.6 → 21.9 1.8 → 24.9 2.4 → 13.1 0.4 → 4.4

ND cases 0.8 → 7.7 4.5 → 11.5 2.5 → 4.3 0.5 → 1.4

Furthermore, all the 19 test points are for fully warmed up conditions and none

of the points which have low coolant temperature show a normal distribution for

CA50. No direct preference for normal distribution is seen in operating conditions

in terms of octane number, engine speed, equivalence ratio and intake conditions.

However, a combination of these conditions determine the location of SOC.

6.3 HCCI ENSEMBLE DISTRIBUTION MODEL

An HCCI combustion model incorporating a combination of physical and statis-

tical models to predict probability distribution function of CA50 ensemble is pro-

posed. The physical model predicts the mean value and the Standard Deviation

(STD) of CA50 and the statistical model predicts the shape of probability distri-

bution of CA50 ensemble. The structure of the model is illustrated in Figure 6.3.

The physical model has two main parts: Combustion Model (I-III) and Ignition

Timing Dispersion Model (IV). Outputs from the physical model are given to a

statistical model (V) to determine the probability distribution of CA50 ensemble.

Inputs of the resulting model are intake manifold pressure, intake manifold tem-

perature, EGR rate, equivalence ratio and engine speed. Using these inputs, the
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model’s output is probability distribution functions of the CA50 ensemble in the

forms of PDF or Cumulative Distribution Functions (CDF).

Figure 6.3: Schematic of the model.

The Mean-value HCCI model from Chapter 4 is used as the Combustion Model

to predict CA50. The two other submodels shown as blocks IV and V in Figure 6.3

are detailed below:

6.3.1 Ignition Timing Dispersion Model (Block IV)

Experimental results in Chapter 2 indicate that HCCI combustion exhibits differ-

ent levels of cyclic variation depending on an engine’s operating condition. HCCI

cyclic variations highly depend on the location of ignition timing and HCCI igni-

tions close to TDC are more likely to have low cyclic variations compared to the

late ignitions. In this study HCCI ignition timing (CA50) was always after TDC.

STD is the square root of the second central moment of sampled data set and
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is a common measure of cyclic variability for crank angle based parameters like

CA50 [75, 109, 110]. Here, an empirical correlation is used to estimate the STD

of CA50 (σ
CA50

) for a given operating condition. The experimental data is used

to find an empirical correlation that predicts σ
CA50

with the inputs that can be

measured real-time on an engine. The following correlation is found to work well

on the available data:

σ
CA50

= AD + BD . CA2
50 ln (CA50) + CD . Df ln (Df ) (6.1)

where, Df =
φ

1 + EGR

Df represents the dilution factor and AD, BD, and CD are the dispersion

constants that need to be determined. Equation (6.1) is parameterized using

about 35% of the experimental data − see Table 4.5. This yields AD= - 1.076,

BD= 0.003 and CD= −4.768. The resulting correlation is cross-validated by all

the experimental data points listed in Table 4.5. An uncertainty analysis for

predicting σ
CA50

indicates an uncertainty of ±0.8 CAD.

CA50 , φ, and EGR rate are the three variables used in correlation (6.1)

because they have the highest influence on σ
CA50

for an HCCI engine operating

at fully warmed-up conditions. Simulated σ
CA50

over a range of engine variables

for the Ricardo engine is shown in Figure 6.4. σ
CA50

increases with: decreasing

equivalence ratio or increasing EGR rate. In addition, correlation (6.1) predicts

that σ
CA50

increases when CA50 is further retarded for late ignitions. Results

from experimental studies [80, 73] for the Ricardo engine confirm these simulation

results. σ
CA50

is more sensitive to the location of CA50 in Figure 6.4 compared to

the φ-EGR ratio. Intake pressure, intake temperature, and fuel octane number

are the other engine variables that changed causing CA50 to vary at fixed φ and
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EGR rate.
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Figure 6.4: Simulated standard deviation of CA50 using equation (6.1) for HCCI
operation range in Table 4.5.

6.3.2 Probability Distribution Model (Block V)

Mean and STD of CA50 are valuable metrics for normal distributions, but they are

not enough to characterize the distribution shape if the distribution of CA50 ensemble

is not normal. Experimental results from Section 6.2 on the Ricardo engine show

that a normal distribution is observed in only less than 1% of the 338 collected

data points for a range of HCCI operating conditions.

The population of consecutive ignitions for a constant operating point can be

used to form a probability distribution for CA50 ensemble. A normal distribution

is widely used to characterize experimental data[191]. The normal probability

plot depicts the shape and pattern of deviation from the normal distribution (e.g.

it shows if the data is skewed or has short/long tails). Here, normal probability

plot is only used to indicate the shape of deviation from normal distribution by
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varying engine conditions and more detailed analysis of the data is done by using

PDF and CDF plots.

The normal probability plots obtained at misfire limit (Fig. 6.5-a) and knock

limit (Fig. 6.5-b) by varying intake manifold temperature show a significant differ-

ence. The large deviation from the normal distribution near the misfire vicinity

decreases substantially at knock vicinity. Assuming a normal distribution for

the random component of the data, deviations from a normal distribution are

indicative of deterministic component in the data [191]. This suggests more de-

terministic patterns in the data at misfire limit compared to that of the knock

limit in Figure 6.5. This observation is consistent with the results in a pre-

vious study [192] which uses chaotic methods to characterize CA50 ensembles

from the Ricardo engine. Having more deterministic patterns near the misfire

limit might be explained by the experimental observations in [80, 73]. These

experimental studies indicate that in the misfire operating conditions there is a

high possibility that a weak misfired cycle is followed by a strong cycle. This

coupling between consecutive ignition timings causes deterministic structure. In

addition, misfire points occur at later crank angles compared to the points in

the knock limit. This exposes the combustion to more physical sources of cycle

variations such as higher thermal stratifications for later ignitions and increased

sensitivity to the fluctuations of the charge temperature when the combustion

is retarded [75, 111]. Retarded ignition for misfire points is also evident in Fig-

ure 6.5 where mean CA50 in Fig. 6.5-a is over 10 CAD retarded compared to

that of Fig. 6.5-b (knock limit). Results from [192] also show that the ignitions

with normal distribution had CA50 close to TDC and they never occur at late

ignitions (CA50 > 12 CAD aTDC). In addition, points at the knock limit have

typically strong combustion and they exhibit less variation between cycles [80].

This is also evident in Figure 6.5 where the range of CA50 variation in Fig. 6.5-a
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Figure 6.5: Normal probability plot: moving from misfire limit to knock limit
by varying the intake temperature with the base operating conditions of PRF0,
N= 1000 rpm, Φ= 0.33, EGR= 0%, Pm= 132 kPa. (Data point (b) is the same
as that in Figure 6.1.)

is almost three times larger than that of the knocking point in Fig. 6.5-b. This

can be because physical sources of cyclic variation [80] are not strong enough
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Figure 6.6: Two main common normal probability patterns observed in unknock-
ing data points. (Data point (a): EGR = 16%, Φ = 0.39, Tm = 114 oC, Pm =
133 kPa; Data point (b): EGR = 21%, Φ = 0.79, Tm = 80 C, Pm = 92 kPa.)

to affect CA50 significantly for the points at the knock limit, but for the weak

ignitions at the misfire limit any small source of cyclic variation is strong enough

to influence cyclic variation of CA50.
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CA50 data sets for over 200 experimental points described in Table 4.5 are

studied to observe variations in normal probability plots. Points close to knock

limit usually show the minimum deviation from the straight line in the normal

probability plot, but the majority of the other points particularly those in the

vicinity of misfire limit have either a S-like pattern or a V-like pattern shown

in Figure 6.6. In both patterns, plots show a reasonable straight pattern in the

center of the data. But the deviation from the straight line is intensified at the

tails of the data set in both patterns. The S-like pattern shows increasing marked

departure above the reference line for CA50’s higher than the mean CA50. In an

opposite trend, the V-like pattern shows the departure trend below the reference

line. If these patterns are predicted, they can be used to find the distribution

shape of CA50 ensemble at different operating conditions.

Sixteen different common distribution models [193] are studied. Figures 6.7 and 6.8

show the four distribution models that produce best fitting results for normal

probability and PDF plots. These figures indicate Generalized Extreme Value

(GEV) distribution generates the best agreement between simulated and experi-

mental distributions for both S-pattern and V-pattern distributions. This is also

confirmed using maximum likelihood criteria [194].

The GEV distribution provides a continuous range of shapes by combining

three simpler distributions into a single form. The probability density function

for this model is based on three main parameters including a location parameter

(mean), a scale parameter (standard deviation), and a shape parameter. The
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Figure 6.7: Fitted distribution models for the normal probability plot. Operating
conditions are the same as those in Figure 6.6.

probability density function for the GEV distribution is given by [194]:

P (x) =





1
σ

exp

[
−

[
1− k (x−µ)

σ

] 1
k

] [
1− k (x−µ)

σ

] 1
k−1

(a)

1
σ

exp
[−exp

(
µ−x

σ

)]
exp

(
µ−x

σ

)
, k = 0 (b)

(6.2)
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Figure 6.8: Fitted distribution models for the PDF plot. Operating conditions
are the same as those in Figure 6.7.

where, µ is a location parameter σ and k are a scale parameter and a shape
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parameter respectively. The CDF for the GEV distribution is [194]:

F (x) =





exp
[
− [

1− k
(

x−µ
σ

)] 1
k

]
, 1− k

(
x−µ

σ

) ≥ 0 (a)

exp
[−exp

(
x−µ

σ

)]
, k = 0 (b)

(6.3)

For each x (CA50 ) in equation (6.3), CDF indicates the probability of CA50 taking

on values less than or equal to a particular CA50. More details about GEV dis-

tribution can be found in [195, 196].

The mean of CA50 is used as the location parameter and STD of CA50 ensemble

is chosen as the scale parameter. Mean CA50 is taken from Combustion Model

and STD of CA50 is provided by Ignition Timing Dispersion Model. The shape

parameter k is selected -0.33 using the results from applying the methods of

distribution fitting [193].

6.3.3 Experimental Validation

The five sub-models in Figure 6.3 are linked together to generate a model which

predicts both mean CA50 and the distribution shape of CA50 ensemble. Experi-

mental data from Ricardo engine is used to validate the model. To characterize

the distribution shape of CA50 ensemble the PDF and the CDF are the outputs

of the model. Predicted PDF and CDF from the model are compared with those

of the experiments in Figures 6.9 and 6.10. The two sample operating points in

these figures use different fuels and they have not been used to parameterize the

model. Predicted probability distributions in Figures 6.9 and 6.10 are consistent

with those of the experimental measurements. The uncertainty of predictions in

Figure 6.10 is determined ±0.04. The model captures the main trend of variation

in CA50 probability values. However, a discrepancy between the simulation and

the experiment is observed at the minimum and maximum of CA50 ensemble in
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Figure 6.9: Empirical and predicted probability density function in two different
conditions operated with different fuels. (Data point (a): Fuel= PRF10, N= 800
rpm, Φ = 0.48, EGR = 1%, Tm = 120 C, Pm = 93 kPa - point #65 in Figure 4.5-
a; Data point (b): Fuel= PRF40, N= 810 rpm, Φ = 0.52, EGR = 0%, Tm = 116
C, Pm = 111 kPa - point #45 in Figure 4.5-b.)

CDF plots. This might be due to not recording enough number of cycles for the

experimental CA50 ensemble. The chance for letting all potential crank angles

appear in a CA50 ensemble generally increases by recording a higher number of

consecutive cycles at each test point.



CHAPTER 6. MODELING OF HCCI ENSEMBLE DISTRIBUTION 168

7 8 9 10 11
0

0.2

0.4

0.6

0.8

1

CA50 [CAD aTDC]

C
um

ul
at

iv
e 

D
is

tr
ib

ut
io

n 
F

un
ct

io
n 

(C
D

F
) (a)

 

 

Exp.
Sim.

7 8 9 10 11 12
0

0.2

0.4

0.6

0.8

1

CA50 [CAD aTDC]

C
um

ul
at

iv
e 

D
is

tr
ib

ut
io

n 
F

un
ct

io
n 

(C
D

F
) (b)

 

 

Exp.
Sim.

Figure 6.10: Empirical and predicted cumulative distribution function for the
operating points in Figure 6.9.

6.3.4 Predicting Ranges of Cyclic Variation

Predicting ranges of ignition timing cyclic variability is useful for determining

HCCI operating regions which have high cyclic variability. The developed model

is used to determine ranges of CA50 cyclic variability at different HCCI operating

conditions. Predicted contours of STDCA50 versus variations of intake mani-

fold pressure and equivalence ratio are shown in Figures 6.11-6.12 for PRF0 and
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PRF40 fuels.
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Figure 6.11: Predicted CA50 and STD of CA50 for HCCI operation with PRF0
fuel. (N= 800 rpm, Tm= 50 oC, EGR= 0%)

The experimental results in Section 2.2.3.3 indicate that the data points with

a STDCA50 higher than 1.7 CAD are located outside of the desirable HCCI region-

I (which is characterized by low cyclic variation and correlated ignition timing

metrics). Thus the HCCI operating region that result in an HCCI combustion

with a low cyclic variability are easily determined in Figures 6.11-6.12. A higher
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Figure 6.12: Predicted CA50 and STD of CA50 for HCCI operation with PRF40
fuel. (N= 800 rpm, Tm= 50 oC, EGR= 0%)

cyclic variation of CA50 is observed in Figures 6.11-6.12 for operating conditions

with leaner mixtures at lower intake pressures. In addition, the low cyclic vari-

ation region is larger in Figure 6.11-a compared to that of Figure 6.12-a. This

is attributed to a more delayed CA50 at the higher octane number – as seen by

comparing CA50 in Figure 6.11-b with that of Figure 6.12-b.
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6.4 SUMMARY

Experimental data at a large number of operating conditions are used to study

the shapes of CA50 distribution for an HCCI engine. A model based on this

experimental data is developed to predict the shape of CA50 probability distri-

butions. The results show that different patterns such as straight, V-like and

S-like can occur in normal probability plots depending on the HCCI operating

conditions. HCCI ignitions occurring immediately after TDC are more likely to

have normal distribution. Normal distributions have a higher tendency to appear

in the points at the knock vicinity while misfire operating points have the highest

deviation from the normal distribution. GEV distribution seems promising to

cover the range of distribution shapes observed for CA50 ensembles.

The proposed model embodies different components obtained from physical

and statistical studies of ignition timing in HCCI engines. The model requires

intake manifold pressure, intake manifold temperature, EGR rate, equivalence

ratio and engine speed in order to predict PDF and CDF of CA50 distribution.

The results of validating the model with experimental data show predictions of

PDF / CDF follow the experimental trends with a good agreement for the two

different PRF fuels tested. Finally, the resulting model is utilized to predict

HCCI operating regions which have high combustion cyclic variability.



Chapter 7

Conclusions and Future Work

E
xperimental and simulation study has been conducted to characterize HCCI

ignition timing and develop a useful physic-based model for control appli-

cations. Major results and contributions from this thesis are summarized in this

chapter and recommendations for further work are outlined.

7.1 CONCLUSIONS

The analysis of the results in this study leads to the following findings and con-

clusions:

7.1.1 Experimental Study of HCCI

• Cyclic variations of HCCI engines can be very large under certain operating

conditions. The dynamic of charge cyclic variation and the physics occur-

ring inside the cylinder influence HCCI cyclic variation. Three distinct

patterns of cyclic variation for the SOC, combustion peak pressure, and

IMEP are observed. These patterns are normal cyclic variations, periodic

cyclic variations and cyclic variations with weak/misfired ignitions. For

providing stable HCCI operation, the combustion controller should remove

periodic and misfired oscillation patterns and the magnitude of variation in

the normal pattern should be maintained low.

The location of SOC plays an important role on cyclic variations of HCCI
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combustion with less variation observed when SOC occurs immediately af-

ter TDC. The most stable operating region is found to be where SOC occurs

in an 5 degree window, between 0 – 5 CAD aTDC. Higher levels of cyclic

variations are observed in the main (second) stage of HCCI combustion

compared to that of the first stage for the PRF fuels studied. The sensi-

tivity of SOC to different charge properties varies. Cyclic variation of SOC

increases with an increase in EGR rate, but it decreases with an increase in

equivalence ratio, intake manifold temperature and coolant temperature.

Five regions are recognized to exhibit different interrelations between cyclic

variation of SOC and BD. Each of these regions requires a different con-

trol approach to minimize both cyclic variations of SOC and BD. Control

of SOC might suffice for controlling both SOC and BD cyclic variation in

region-I which has low SOC cyclic variation, but this approach is less suc-

cessful for region-IV and region-V which include partial burning or misfiring

points.

• For the 340 HCCI conditions tested, a significant number have an exhaust

gas temperature below 300 ◦C which is below the light-off temperature of

typical catalytic converters in the market. The low exhaust gas tempera-

ture in certain operating conditions can limit the operating range in HCCI

engines. Three different categories of engine variables are recognized and

classified by how the exhaust temperature is affected by changing that vari-

able. The first category is defined as primary variables (e.g. intake pressure

and fuel octane number) for which location of ignition timing is the dom-

inant factor to influence exhaust temperature. The other groups include

compounding variables like engine speed, and opposing variables like in-

take temperature, coolant temperature and equivalence ratio. For these
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two groups, in addition to the main factor of ignition timing, exhaust tem-

perature is influenced by other secondary factors like heat loss, energy input

air, energy input fuel, and burn duration. Energy input fuel is found the

most influential secondary factor on HCCI exhaust temperature.

• The exhaust gas temperature in the HCCI mode differs significantly from

that of the SI mode. For the same engine load, a substantially higher

exhaust temperature is observed in SI mode compared to that of HCCI

mode – this is primarily caused by higher fuel energy content in SI mode.

Unlike SI engines where engine load is a main factor for determining exhaust

temperature, the exhaust temperature in HCCI is not strongly dependant

on engine load. Opposite to the SI mode, exhaust temperature in HCCI

mode increases by decreasing the intake pressure at a constant equivalence

ratio.

• Experimental study of the shape of probability distributions for HCCI ig-

nition timing ensemble results in different patterns of straight, V-like and

S-like in normal probability plots depending on the HCCI operating con-

ditions. The straight pattern is more likely to occur in the points at the

knock vicinity and V-like and S-like patterns have more tendency to appear

in the operating points at the misfire vicinity.

7.1.2 Modeling of HCCI Ignition Timing

• A Thermo-Kinetic Model (TKM) for primary reference fuels has been ex-

tended and validated for predicting the auto-ignition in an HCCI engine.

The TKM is able to predict the SOC with an uncertainty of ±1.0 CAD

over a range of HCCI operating conditions. Results of sensitivity analysis

from using the TKM indicate the HCCI combustion timing exhibits differ-

ent levels of sensitivity to the charge properties depending on the location
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of SOC. SOC is the most sensitive to the charge temperature variations and

Φ variations for late ignitions, but a lower level of sensitivity in SOC with

varying Φ is observed for an early ignition.

• A dynamic physics based Control Oriented Model (COM) having HCCI

combustion timing (CA50) as the output has been developed. The model

captures key HCCI dynamics and can be used for both steady-state and

transient HCCI operations. The COM has been cross validated with tran-

sient and steady-state experimental measurements. The uncertainty in the

model predictions is ±2.6 CAD. The average processing time of COM is

about 0.14 sec to simulate a whole HCCI cycle on a 2.22 GHz AMD 64 X2

dual processor. The seven inputs of the model are: engine speed, intake

manifold pressure, intake manifold temperature, EGR rate, equivalence ra-

tio, exhaust pressure and amount of fuel injected. All of these inputs can

be easily measured or estimated on an engine. Low computation time, a

simple structure, and inputs that are easily measurable make the COM

promising to use to design and implement an HCCI combustion controller.

• Generalized Extreme Value (GEV) distribution is found to cover the range

of distribution shapes observed in combustion timing ensembles at different

HCCI operating conditions. An HCCI ensemble distribution model has

been developed to predict PDF/CDF of CA50 ensemble for an HCCI engine.

The model incorporates the GEV statistical model in combination with an

empirical ignition timing dispersion model and a mean-value combustion

model. The resulting model has been validated with experimental data

and predicted CDF from the model has an uncertainty of ±0.04.

• An empirical correlation has been developed to predict HCCI exhaust tem-

perature variations for constant engine speed and coolant temperature con-
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ditions. The correlation incorporates three input parameters: specific en-

ergy input fuel (magnitude parameter), CA50 (location parameter) and

burn duration (dispersion parameter). The correlation has been validated

with experimental measurements and the comparison results show an uncer-

tainty of ±25 ◦C in model predictions for 304 steady-state HCCI operating

points tested.

7.2 MAJOR THESIS CONTRIBUTIONS

The major contributions of this thesis are outlined below:

• investigated cyclic variation of HCCI ignition timing; identified cyclic vari-

ation patterns as well as regions with distinct cyclic variation properties;

characterized the factors influencing HCCI cyclic variation;

• determined the main influential parameters on HCCI exhaust temperature;

illustrated the necessity to control both ignition timing and exhaust tem-

perature to extend HCCI operating range; identified the differences between

the properties of HCCI and SI exhaust temperatures which is critical for

HCCI-SI mode switching;

• studied the probability distributions of HCCI ignition timing ensemble;

used the information from ignition timing ensemble to determine regions

with high cyclic variation in HCCI operating range;

• developed and validated a full-cycle physics based control oriented model to

predict HCCI ignition timing for both steady-state and transient operations.

7.3 FUTURE WORK

The COM and HCCI ensemble distribution model in this work are useful tools

for both understanding HCCI combustion and future HCCI control applications.



CHAPTER 7. CONCLUSIONS & FUTURE WORK 177

However, there are still many avenues that could be further pursued to improve

the quality of modeling and to take further steps to implement the results from

this work.

7.3.1 Further Improving the HCCI Modeling

• The COM could be improved by including the thermal transient dynamics

for the conditions with variable coolant temperatures. This would enable

the COM to work for cold start and warmup conditions.

• The gas exchange model could be modified with a more detailed model for

the residual affected HCCI. This would help the COM to work for variable

valve timing conditions, so that the COM could be applied to design the

HCCI controller which uses a VVT actuator such as [197].

• Predictions from the COM do not capture some of the large cyclic experi-

mentally observed fluctuations in the late HCCI cycles. Incorporating the

dynamics/cyclic pattern for the points close to partially burn/misfire limit

could improve the accuracy of the model.

• The HCCI ensemble distribution model could be used to find high cyclic

variation operating regions. This information could help to predict the

misfire/partial burn limit of the HCCI engine by using the results in [198].

7.3.2 HCCI Control Using the COM

• The COM could be used as a simulation model to design the HCCI com-

bustion controller. Future work includes utilizing the COM for controller

design. Subsequently, the COM could be then ported for on-line model-

based HCCI control.

• Since CA50 influences Texh, engine-out emissions and output power the
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optimal control of CA50 to adjust exhaust temperature and engine output

power would be beneficial for providing a larger HCCI operating range for

which the catalyst would have sufficient exhaust temperature.

7.3.3 Reducing HCCI Exhaust Aftertreatment Light-off period

• Since the oxidation process particularly CO-CO2 reactions in catalytic con-

verters are exothermic. It would be useful to study HCCI conditions that

promote higher CO-CO2 reactions in catalyst so that the heat generated

by exothermic oxidation reactions in the catalyst can help the catalyst to

reach the light-off temperature and maintain sufficiently high temperature

for high efficiency.

• Phase-Change Materials (PCM) with a transition temperature of about

300-350◦C, which is slightly above the light-off temperature of typical cat-

alysts, has been used in catalyst in other works [199] to reduce catalyst

light-off time during cold start. A PCM is particularly useful for conditions

that a vehicle has short stops before starting again. Using PCM could be of

extra benefits for dual-mode (HCCI-SI) engines, since it can keep catalyst

warm during mode switch provided an engine starts in SI mode. This could

be an interesting avenue to study.
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Appendix C

SOC Calculation Method

HCCI combustion of PRF fuels in this study exhibit two stages of heat release as

shown in Figure C.1. SOC for the second stage of HCCI combustion is detected

by adapting a method designed to detect engine knock from an SI engine pressure

trace. Checkel and Dale [200] presented a robust method in which the onset of

knock is characterized by a change in the third derivative of the pressure trace.

This corresponds to a rapid change of concavity of the pressure history from pos-

itive to negative during knocking. In HCCI engines it is at the point where the

reaction exothermicity becomes substantial and begins to increase the cylinder

pressure which must be detected. In the crank angle region near TDC during

compression, the pressure history has a negative concavity, which becomes posi-

tive during ignition (i.e. a positive third derivative) as indicated in Figure C.1-a.

By detecting this transition from negative to positive concavity, the point of ig-

nition can be determined. In this thesis, ignition is defined as being the point at

which the third derivative of the pressure trace with respect to the crank angle,

θ, exceeds a heuristically determined limit:

d3P

dθ3
>

d3P

dθ3

∣∣∣∣
lim

(C.1)

where, d3P
dθ3

∣∣∣∣
lim

= 25
[

kPa
CAD3

]
is chosen for the Ricardo engine.
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Figure C.1: Using dp3Lim criteria (Eq. C.1) to find SOC of the main stage of
HCCI combustion. SOC of 2.6 CAD aTDC is calculated for this sample operating
point. (PRF40, N= 909 rpm, Φ= 0.46, EGR= 0%, Tm= 110 oC, Pm= 114 kPa)
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The performance of dp3Lim criteria is indicated for a sample operating point

in Figure C.1. This method works well on normal HCCI operating points. How-

ever, if the ignition process is too slow that this algorithm does not detect it,

the mixture does not go through the second ignition stage and is therefore not

of interest. The limit is selected such that the point of ignition represented the

change in concavity and is not effected by noise in the differentiated signal.



Appendix D

KIM Development towards MKIM

D.1 KIM APPLICATION IN HCCI

As explained in Section 4.2.2.1, the Knock Integral Model in the crank angle

domain yields:

(x)

(x)c

=

∫ θ=θe

θo=0

1

ωτ
dθ =

∫ θ=θe

θo=0

1

Aωe(b/T )pn dθ = 1.0 (D.1)

To test the performance of the KIM, the engine simulations are used to deter-

mine the model parameters. Then the SOC is predicted for these same simula-

tions to show if the correlation can capture the relationship between the changing

engine operating conditions and the start of combustion.

D.1.1 Thermokinetic Model Simulations

The TKM from Chapter 3 is used as a virtual engine and each engine parameter is

varied independently and simulated to determine the effects of engine parameters

on the ignition timing. In particular, the engine speed, initial mixture temper-

ature and pressure, EGR percentage, and equivalence ratio are varied over the

ranges outlined in Table D.1. The parameter ranges given in Table D.1 are chosen

to represent typical HCCI operation.

TKM simulations for the complete parameter variation of Table D.1 for two

primary reference fuels n-Heptane (ON = 0) and iso-Octane (ON = 100) are

232
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Table D.1: Parameter variations carried out using the TKM.

Engine Speed 1000, 2000, 3000 rpm

Initial Temperature 300, 310,..., 440, 450 oK

EGR(%) 0%, 0.25%, 0.5%

Equivalence Ratio 0.5, 0.7, 0.9

Initial Pressure 50, 100 kPa

Fuel n-Heptane, iso-Octane

Compression Ratio 12:1

Cylinder Bore 8.3 cm

Piston Stroke 11.4 cm

Intake Valve Closing -146 CAD aTDC

Exhaust Valve Opening 130 CAD aTDC

Wall temperature 390 K

performed. From the resulting 1621 simulations, complete combustion occurred

in 176 simulations including 92 simulations with n-Heptane and 84 simulations

with iso-Octane. Both the KIM and the MKIM are only valid for a complete

combustion thus only these 176 simulations are used for both parametrization,

and validation of the KIM and the MKIM ignition correlations.

D.1.2 KIM Evaluation

Two different SOCs are defined. In the first approach, SOC is defined as the crank

angle as 1% of the mass fraction fuel burns, while in the second approach SOC

is defined as a threshold of the third derivative of pressure with respect to CAD

(see Section 2.2.2.1). Figures D.1 and D.2 are two samples of simulation results

showing the ability of the KIM to predict the SOC for the two fuels. The resulting

parameters are also shown. The KIM predicts the SOC for both definitions well.

For both 1% mass burned and the pressure derivative limit definitions of SOC
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and for both n-Heptane and iso-Octane fuels, the average error of the ignition

prediction is less than 1.0 CAD.
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Figure D.1: Predicted SOC based on 1% mass burned, using the KIM with iso-
Octane as fuel. The line represents where the prediction is the same as the SOC
from the TKM.
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Figure D.2: Predicted SOC based on the pressure derivative limit, using the
KIM with iso-Octane as fuel. The line represents where the prediction is the
same as the SOC from the TKM.
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D.2 MKIM DEVELOPMENT

Although the KIM predicts HCCI ignition accurately, it is impractical for a real

engine operation. Engine conditions, such as temperature, pressure must be

available during compression (here every 0.1 CAD). In the TKM simulations this

is possible, but on a real engine, it is not. In addition th equation (D.1) is for an

engine operating at a constant AFR with no EGR. To adapt this correlation to

an HCCI engine with varying AFR rates and EGR typical of HCCI operation,

these factors have to be accounted for.

D.2.1 Polytropic Compression

To avoid the requirement of crank angle measurements of temperature and pres-

sure during the engine compression, the SOC can be predicted using the KIM if

the temperature and pressure rise in the cylinder is assumed to occur as a poly-

tropic process [151]. This assumption neglects any pre-ignition heating resulting

from reactions that occur before the SOC. Thus, the start of combustion is de-

fined as 1% of mass fraction burned since only a small amount of heat release has

occurred.

The compression of the gases in an engine from IVC to SOC can be predicted

by an isentropic / polytropic process [201]. To consider an isentropic process

(PV γ = constant), the ratio of specific heat capacity (γ) for the gases in the

cylinder of an engine is needed. As the mixture and concentrations of species in

the cylinder of the engine change, γ varies too. Two methods to obtain γ for the

gases in the cylinder of an engine at θIV C are given. Knowing the initial pres-

sure, temperature and species concentrations, the ratio of specific heat capacity

can be found analytically using NASA polynomials [133]. This method requires

significant computation and data for species concentrations and temperatures in

the cylinder. The other method is to obtain the temperature or pressure at IVC
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and SOC of multiple simulations and use a best fit method to find the ratio of

specific heat capacity. The resulting equations to calculate the temperature and

pressure at the SOC become:

T
SOC

= T
IV C

vkc−1
SOC

(D.2)

P
SOC

= P
IV C

vkc

SOC
(D.3)

where v
SOC

=
V

IV C

V
SOC

where the constant kc does not represent the actual specific heat capacity, but

rather the average of all the simulations are determined by a numeric best fit (i.e.

assuming a polytropic process). The volume of the cylinder can be calculated at

any crank angle from engine geometry.

To predict the SOC with only the initial temperature and pressure, equa-

tions (D.2) and (D.3) are substituted into the KIM (D.1). The resulting integral

becomes:

∫ θSOC

θIV C

1

τ
dθ =

∫ θSOC

θIV C

1

Aω exp
(

b(P
IV C

vkc
c )n

T
IV C

vkc−1
c

) dθ = 1.0 (D.4)

where vc = vc(θ) =
V (θ

IV C
)

V (θ)

Simulation results based on the Modified Knock Integral Model (MKIM) equa-

tion (D.4) show that the modified correlation does not predict the SOC as ac-

curately as the original KIM. This is not surprising since in the MKIM only one

value of each pressure and temperature (at IVC) is used, while the KIM uses the
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whole time sequence of pressure and temperature from the IVC to SOC. How-

ever the equivalence ratio and EGR rate also affect the SOC [133]. These two

parameters are incorporated into a further improved MKIM.

D.2.2 Fuel and Oxygen Concentrations

The concentrations of the fuel (CiHj) and oxygen (O2) are indicative of the

equivalence ratio and EGR rate [143, 147]. A crank angle measurement of these

concentrations is required for the MKIM which is possible in the TKM simulations

but not practical in the real engine. Thus an approach similar to that used to

describe the polytropic process is developed to predict the concentrations during

compression.

To predict the concentrations, it is assumed that the mass of the fuel and

oxygen remains constant until the SOC. The change of concentration is propor-

tionally related to the change in volume. The concentration, defined as mass

divided by volume [kg/cm3], of species N at any crank angle after the intake

valve closes (θIV C) and before the SOC (θSOC) is:

[N ](θ) = [N ](θ
IV C

)

(
V (θ

IV C
)

V (θ)

)
= [N ]

IV C
vc (D.5)

Using this relationship in MKIM equation (D.4), the new MKIM is:

∫ θSOC

θIV C

1

Aω exp
(

b(P
IV C

vkc
c )n

T
IV C

vkc−1
c

)([CiHj]IV C
vc)

x

× ([O2]IV C
vc)

y dθ = 1.0 (D.6)

where A, b, n, x and y are the constant parameters. These parameters are

found using an optimization algorithm. The unknowns i and j are dependent

on the chemical properties of the fuel. The increased complexity of MKIM in

equation (D.6) increases the computational time to determine the parameters.
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Once the parameters are determined, equation (D.6) can be simply integrated to

predict the SOC for different initial conditions.

The TKM simulations for n-Heptane and iso-Octane are used to parameter-

ize and evaluate equation (D.6). The results are not presented and showed a

good ability to predict the SOC for both fuels with only the initial temperature,

pressure, and concentrations of the fuel and oxygen as inputs.

D.2.3 Equivalence Ratio

In most engine applications, the initial concentrations of the fuel and oxygen are

not available. Although it is possible to determine these parameters using an

exhaust gas analyzer and oxygen sensors, an exhaust analyzer is not present on

production engines. Representing the initial concentrations of fuel and oxygen

as the parameters that are easy to measure, but still describe the amount of fuel

and air in the engine is more practical.

The equivalence ratio (φ) is a good indication of both the amount of fuel

and air available in the engine charge and it can also be measured on an op-

erating engine without difficulty using a broadband oxygen sensor. Therefore,

an equivalence ratio term replaces the species concentrations in the MKIM. The

equivalence ratio is represented in the MKIM equation (D.6) as follows:

∫ θSOC

θIV C

1

Aω exp
(

b(P
IV C

vkc
c )n

T
IV C

vkc−1
c

) φx dθ = 1.0 (D.7)

where, A, b, n, x are the model parameters.

D.2.4 Model Setup

To parameterize the MKIM, two steps are required here. First, the polytropic

parameter (kc) is determined using a best-fit methodology over compression part
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of simulation data. Second, an optimization is used to find the best values for

the parameters of the MKIM. These two steps are detailed below.

D.2.4.1 Finding the Polytropic Parameter

Using the engine parameter variations for n-Heptane and iso-Octane, the values

of kc can be determined by fitting a best polytropic relation between the tem-

perature or pressure at IVC and SOC of the simulations. Figure D.3 show the

resulting constant kc and the predicted temperature at the SOC as a function of

the actual temperature at the SOC. From Figure D.3, it can be concluded that

the equivalence ratio (φ) has an effect on the temperature required for the SOC

with both fuels and since the MKIM is using a constant kc for each of these two

fuels, it overpredicts TSOC for high equivalence ratios and underpredicts TSOC for

low equivalence ratios.

An additional analysis was done using NASA polynomials [133] to determine

the magnitude of the effect of the equivalence ratio on the calculated constant kc.

It was found that in the simulations using equivalence ratios of 0.5, 0.7 and 0.9 and

EGR rates of 0%, 0.25% and 0.50%, the value of kc only differed by 0.021. The

values of kc found for the simulations involving n-Heptane and iso-Octane also

agree with the calculated specific heat capacity ratios using analytical techniques.

The simulation results for n-Heptane in Figure D.3-a show more scatter of the

data compared to the iso-Octane simulation results in Figure D.3-b. Furthermore,

the temperatures at the SOC are higher for iso-Octane compared to n-Heptane.

This result agrees with other investigations of the pre-ignition chemistry leading

up to combustion in HCCI engines [202, 203].
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Figure D.3: Optimum value of kc, defined in (D.2), for simulations at three
equivalence ratios. The line represents where the prediction is the same as the
TSOC from the TKM.

D.2.4.2 Optimizing the MKIM Parameters

In order to fit the parameters of the MKIM equation (D.7) the error of the

integration should be minimized, where the target value is 1.0. The numerical

minimization is performed using the built-in Matlab function fminsearch, which
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uses the Nelder-Mead simplex minimization method [165]. The integration is

carried out numerically with the rectangular method with a step size of 0.1 CAD.

The program then uses the pre-determined optimized parameters and computes

the predicted ignition point by integrating (D.7) until it equals 1.0. The resulting

crank angle is taken as the predicted angle of ignition.

D.2.5 Results

Using 176 TKM simulations from Section D.1.1, the parameters of the MKIM are

determined. Figure D.4 shows the ability of equation (D.7) in predicting the SOC

for both n-Heptane and iso-Octane fuels. In this case of n-Heptane (Figure D.4-a)

the SOC is not affected substantially by EGR, but for the iso-Octane case the

amount of EGR changes the ability of the correlation to accurately predict the

SOC as shown in Figure D.4-b.

To determine the relationship that EGR has on the SOC, the parameter A

was determined for different rates of EGR while keeping the other parameters

(b, n, and x) constant. It is found that the parameter A is linearly dependent

on the rate of EGR for iso-Octane. This is generalized for all fuels resulting in a

further improved MKIM:

∫ θSOC

θIV C

φx

Aω exp
(

b(P
IV C

vkc
c )n

T
IV C

vkc−1
c

) dθ = 1.0 (D.8)

where A = E1 EGR + E2

Here, E1 and E2 are constant parameters.
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Figure D.4: Predicted SOC simulations at various engine conditions using the
MKIM (D.7). The line represents where the prediction is the same as the SOC
from the TKM.

The performance of equation (D.8) is shown in Figures D.5. The new correla-

tion does an excellent job predicting the SOC in the presence of EGR. Comparing

Figure D.5 with Figure D.4, it can be seen that the average error in predicting

the SOC for iso-Octane was substantially reduced from 0.89 CAD to 0.44 CAD,

while for n-Heptane it was reduced slightly from 0.38 CAD to 0.35 CAD. Clearly
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n-Heptane improved less because it did not have a strong dependence on EGR.

This is also evident by comparing parameter A in Figures D.5 where the slope of

A (parameter E1) for n-Heptane is smaller than that of iso-Octane.
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Figure D.5: Predicted SOC at various engine conditions using MKIM (D.8). The
line represents where the prediction is the same as the SOC from the TKM.

The values of parameter x from equation (D.8) in Figures D.5 indicate that

equivalence ratio is more effective on the SOC of n-Heptane than that of iso-
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Octane. Therefore, with the same amount of change in φ, the SOC of n-Heptane

changes more. The 176 points in Figure D.5 cover a diverse range of engine speed,

initial temperature, initial pressure, EGR rate and equivalence ratio. The results

presented in Figure D.5 indicate SOC can be accurately predicted by the MKIM

over a range of HCCI operating conditions.



Appendix E

Injector Calibration and

CD Calculation for Exhaust Valve Flow

E.1 INJECTOR CALIBRATION

Dynamic fuel flow rate of injectors can be determined from injector’s pulse width

in terms of time or crank angle interval when the fuel injector is on. Injected fuel

mass per cycle (m
f,i

) for both injectors is estimated from the PW of the injectors

[185]:

m
f,inj

[
g

cycle

]
= Cf . PWinj [ms] + Coffset (E.1)

where, Cf and Coffset are constant parameters that are determined by injector

calibration from steady state fuel flow measurements. A series of steady-state

tests are carried out in the Ricardo engine test cell using Pierburg fuel flow mea-

suring system to measure the mass amount of the fuel delivered by injectors.

Tests are done for both n-Heptane injector and iso-Octane injector separately at

different conditions. The mass of the fuel injected per cycle is calculated from

Pierburg measurements and engine speed. A linear correlation is fit between

fuel injection pulse width and fuel mass per cycle. Figure E.1 shows the re-

sults of injectors’ calibration. The resulting Cf and Coffset are 2.95
[

g
ms.cycle

]
and

−2.74
[

g
cycle

]
for the n-Heptane injector and 3.30

[
g

ms.cycle

]
and −2.90

[
g

cycle

]
for

the iso-Octane injector.

245
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Figure E.1: Calibration plot of injectors for the operating battery voltage.

The average error of the correlation is 0.08 mg/cycle for n-Heptane injector

and 0.22 mg/cycle for iso-Octane injector. These two linear fits are used to calcu-

late the octane number and mass of the injected fuel per cycle. These correlations

are essential particularly for transient tests where on-line measurement of the fuel

flow rate is difficult and expensive.
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E.2 CD FOR EXHAUST VALVE FLOW

Coefficient of discharge (CD) for the flow across the exhaust valves is determined

using the flow measurements from [173] for a Mercedes E550 cylinder head. Flow

measurements at 45 different valve lifts and pressure ratios are shown in Fig-

ure E.2:
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Figure E.2: Air mass flow measurements across the exhaust valves of the en-
gine [173].

Steady-state, compressible, isentropic flow equations [101] are used to cal-

culate CD for each of the 45 data points in Figure E.2. Results are shown in

Figure E.3 and Figure E.4.
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Figure E.3: Calculated CD values versus exhaust valve lifts at different pressure
ratios.
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Calculated values for CD at different conditions are studied to find a correla-

tion to fit the measurements. The following correlation is found to work well on

the available data:

C
D

= A + B ln

(
Lv

dv

)
+ C

(
ln

(
Lv

dv

))2

+ D ln

(
Po

PT

)
(E.2)

where, Po and PT refer to the gas pressure at the upstream and the down-

stream of the exhaust valves. dv and Lv are the diameter of the exhaust valves

and the axial valve lift. A, B, C, and D are the constants that need to be

determined. For the 45 flow measurements, predicted values of CD from the

correlation (E.2) are compared with those from experiments in Figure E.5. The

uncertainty analysis results indicate an uncertainty of ±0.06 in predicted C
D
.
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Figure E.5: Comparing measured CD values with those predicted from the cor-
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Appendix G

Program and Data File Summary

G.1 EXPERIMENTAL DATA AND POSTPROCESSING FILES

The following lists the experimental data and script files used to study HCCI

cyclic variation and exhaust temperature variations in Ricardo and CFR engines.

Table G.1: Experimental data files

File Name File Description

Ricardo ExpData CyclicVariationStudy.mat 329 data points used to study

cyclic variation in Ricardo engine

CFR ExpData CyclicVariationStudy.mat 105 data points used to study

cyclic variation in CFR engine

Ricardo ExpData HCCI Texh.mat 304 data points used to study HCCI

Texh variations in Ricardo engine

Ricardo ExpData SI Texh.xls 36 data points used to study SI

Texh variations in Ricardo engine
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Table G.2: Postprocessing script files

File Name File Description

CombAnalyzerForHCCI.m Calculates HCCI combustion metrics

GetHeatRelease.m Determines net and gross heat release using

filtered pressure traces

GetTcyl.m Estimates in-cylinder gas temperature by

applying the ideal gas law on recorded in-cylinder

pressure data

KnockDetectionPars.m Calculates three main parameters to characterize

the knocking intensity

Predict Texh3D.m Parameterized the correlation for predicting the

HCCI exhaust temperature

PlottingCyclicVariations.m Postprocess the cyclic variation experimental data

to create desirable figures

Plotting4SI.m Generates the plots indicating the impact from

changing engine speed and intake pressure on the

SI exhaust temperature

MakeTableOfConditions.m Creates a text file called “TestConditions.txt”

which can be used in LaTex to report operating

conditions of the experimental data set
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G.2 TKM AND SENSITIVITY ANALYSIS FILES

The following lists the simulation data and script files used to evaluate the de-

veloped TKM for predicting HCCI ignition timing as well as performing ignition

timing sensitivity analysis for different engine variables.

Table G.3: Experimental data files

File Name File Description

TKM Simulation - Validation Original TKM simulations to validate/

parameterize the TKM

TKM Simulations - Sensitivity Original TKM simulations to carry out

sensitivity analysis

SensitivityWithTKM.xls Processed TKM simulations used for

sensitivity analysis

Table G.4: MATLAB script files

File Name File Description

start exothermic v1.m Initiates running the TKM. The main body of the TKM

is formed by kinetics fun v1.m

MotoringSimulator.m Simulates in-cylinder pressure at motoring conditions

postprocessHCCI.m Postprocess TKM simulations to calculate SOC

Comp Exp CICS.m Calculates SOC from the experimental pressure data

and compares SOC from the experiment with SOC

from the TKM



APPENDIX G. PROGRAM & DATA FILE SUMMARY 257

G.3 IGNITION TIMING MEAN-VALUE MODEL FILES

The following lists the experimental and simulation data files required to pa-

rameterize and validate the CA50 mean-value model developed in Chapter 4. In

addition, the script file of the final model as well as the required script files to

determine model parameters are listed.

Table G.5: Experimental data files

File Name File Description

MKIM TKM Simulations.mat Processed TKM simulations used to

parameterize the MKIM

MeanCA50 ExpData.mat Experimental data to parameterize and to

validate the final model which predicts CA50

Table G.6: MATLAB script files

File Name File Description

CA50Modeling Static.m Initiates running the mean-value CA50 model.

The main body of the model is formed by

CA50Modeling MeanValue.m which predicts CA50.

Postprocess MKIM.m Postprocess TKM simulations to parameterize

the MKIM

get ModelPar.m Determines MKIM parameters A, B, C, and D

using TKM simulations at a fixed EGR rate

get parA egr.m Calculates the MKIM parameter A as a function

of EGR using TKM simulations at four EGR rates

get Pivc correlation.m Optimization code to parameterize the correlation

used to predict Pivc

get Tivc correlation.m Optimization code to parameterize the correlation

used to predict Tivc
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G.4 DYNAMIC HCCI MODEL FILES

The following lists the MATLAB model and script files used to develop a dynamic

model which predicts cycle-to-cycle HCCI combustion timing. To run the model,

experimental data file from Table G.8 is loaded. Then, the following command

is run: CA50DynamicModeling Cyclic(ExpData, sp DynamicModeling, Exhaust-

Valve)

where, ExpData is a structure data file (e.g. ExpData Oct26 Test3) and in-

cludes the experimental conditions for an array of consecutive cycles.

Table G.7: MATLAB script files

File Name File Description

CA50DynamicModeling Cyclic.m Initiates running the dynamic HCCI model.

The main body of the model is formed by

CA50DynamicModeling VO.m which predicts

cycle-to-cycle CA50.

Postprocess MKIM.m Postprocess TKM simulations to parameterize

the MKIM

Get ON.m Determines the fuel octane number using

injectors’ pulse widths

Get CD.m Calculates the discharge coefficient for the flow

across the exhaust valves

LHV Finder.m Calculates lower heating value of PRF blends

GetFuelDynPars.m Determines fuel dynamic parameters

GetCOC.m Calculates Completeness of Combustion

using the experimental data

ExertUegoLag.m Prepares the experimental data for use in

system identification toolbox in MATLAB

FuelDyn Simulator.mdl Simulates fuel transport dynamics in

the intake ports
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Table G.8: Experimental data file

File Name File Description

ExpData DynamicModeling.mat Transient experimental data used to validate

the dynamic HCCI model

G.5 FILES OF IGNITION TIMING ENSEMBLE STUDY

The following lists the script files used to analyze the distribution shapes of the

experimental ignition timings. In addition, the experimental data file and the

model script file to predict ranges of CA50 cyclic variations are listed.

Table G.9: Experimental data file

File Name File Description

ExpData ProbabilityStudy.mat Experimental data used for modeling the

distribution of HCCI combustion timing ensemble

Table G.10: MATLAB script files

File Name File Description

Predict HighVariationLimit.m Predicts ranges of HCCI ignition timing

cyclic variations

DistTest.m Evaluates whether the experimental ignition

timing distribution is normal and generates

the desirable probability plots

CompareSimExpDistributions.m Simulates CDF of ignition timing ensemble

and compares with the empirical CDF
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