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ABSTRACT 

An experimental investigation of Homogenous Charge Compression Igni­

tion (HCCI) on a port fuel injected single cylinder engine equipped with 

two separate fuel systems is performed in steady state and load transient 

conditions. A range of intake air temperatures, intake manifold pressures, 

and engine speeds, are investigated using two fuel systems to separately 

supply n-heptane and iso-octane. Results show the ability of the two fu­

els to obtain the load range at a given operating condition with constant 

combustion timing. The ability to transition from Spark Ignition (SI) 

mode to HCCI mode (and vice versa) within consecutive cycles using the 

two fuel system is also shown for cases of constant load as well as con­

stant intake manifold pressure. HCCI engine operation has comparable 

carbon monoxide and unburned hydrocarbon emissions with lowered fuel 

consumption and dramatically reduced NOx production compared to SI 

mode. 
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CHAPTER 1 

INTRODUCTION 

The most significant prime mover for the past century is the internal combustion 

(IC) engine. These engines have shaped our cities and countries and directly altered 

our way of life through the automobile. With the explosive growth in the number 

of IC engines has also come a likewise growth in the by-product emissions produced. 

Legislation regulating the emissions produced by automobiles has led to increasingly 

sophisticated engine control and after-treatment devices to meet these regulations. 

While, for the long term, alternative powertrain choices may be developed, in the 

near term, the IC engine is likely to remain the main propulsion system of choice 

[MacLean and Lave, 2003]. 

One promising potential technology for reduced fuel consumption and lower emis­

sions is Homogenous Charge Compression Ignition (HCCI) combustion. HCCI uses a 

homogenous charge preparation with compression ignition to fundamentally change 

the combustion process compared to traditional spark ignition (SI) or compression 

ignition (CI) engines. The combustion process is where HCCI differs from SI or CI. 

SI engines use a prepared homogenous mixture and a spark to initiate combustion 

via a flame front, whereas CI engines use timed injection of fuel into the cylinder to 

initiate a diffusion flame. In this way HCCI is a combination of SI and CI attributes, 

using a homogeneous charge, and compression ignition. 

1 



CHAPTER, 1. INTRODUCTION 2 

The HCCI combustion process has been given several different names, including: 

Pre-mixed Charge Compression Ignition (PCCI), Controlled Auto-Ignition (CAI), 

and active radical combustion. The same fundamental combustion process is behind 

each different nomenclature. 

HCCI engines operate on the same fundamental 4 stroke cycle as both conventional 

SI and CI engines. This process is shown in Figure 1. The intake stroke is used to 

introduce fresh air and fuel into the cylinder and mix the two into a homogenous 

mixture. The compression stroke begins the closed part of the cycle at the instant 

of IVC. At IVC the mixture begins its compression by the piston, increasing it's 

temperature and pressure. As the piston approaches Top Dead Center (TDC) the 

mixture properties near the auto-ignition point of the mixture. As the auto-ignition 

point is reached, the fuel is oxidized releasing it's stored chemical energy. As the 

fuel oxidizes the mixture temperature and pressure increases. During the expansion 

stroke work is done on the piston, producing a net positive torque on the crankshaft. 

The cycle is completed by the piston ascending on the exhaust stroke, forcing the 

products of combustion out of the cylinder. 

Figure 1.1: The HCCI Cycle 



CHAPTER 1. INTRODUCTION 3 

The most significant challenge of HCCI is the lack of a direct means to initiate 

the combustion process, like the spark in SI engines, or the timed injection of fuel in 

CI engines. A requirement of HCCI is to create the conditions necessary near TDC 

of the compression stroke to reliably cause this auto-ignition process to occur with 

the correct timing. 

The goal of this thesis is to provide experimental data to aid in understanding of 

the HCCI process. Experimental data provides valuable information on the actual 

natural processes of HCCI. In this work, the steady state operating region for which 

stable HCCI can be obtained, is examined. The fuel consumption, emissions, and 

knock characteristics of HCCI are presented. Using dual fuel actuation, load tran­

sients are also performed to investigate the potential of this technique. Finally, the 

dual fuel system is used to show the possibility of performing transitions from HCCI 

to SI combustion. Knowledge of the actual phenomena also provides data to be used 

in further investigations by subsequent researchers for validation of numerical models. 

1.1 Organization of Thesis 

In Chapter 2 a review of the fundamentals of HCCI combustion is presented, and a 

review of the work of other researchers in the area of HCCI is presented. A compari­

son of HCCI with traditional SI and CI engines is presented, along with the influences 

of significant engine parameters on HCCI. The potential for switching between SI and 

HCCI combustion modes is also presented. Chapter 3 provides a detailed description 

of the experimental setup used in this thesis. The major mechanical systems of the 

engine test bed are described, along with the computerized test bed control and data 

acquisition systems. In Chapter 4 the definition of the stable HCCI operating region 

is defined. The procedure for collecting data is described for the steady state, tran­

sient, and SI-HCCI mode switching tests. The methods for post processing analysis 
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of the data are included, along with an uncertainty analysis of the post processing 

techniques. In Chapter 5 the experimental results are presented along with a discus­

sion of the results. Steady state tests, transient tests, and SI-HCCI mode switching 

tests are all shown. Repeated trials of several experiments are also presented to show 

the repeatability of the apparatus. Finally, in Chapter 6 conclusions of this work are 

drawn and possibilities for future work are discussed. 



CHAPTER 2 

BACKGROUND 

To realize the potential benefits HCCI combustion offers, an understanding of the 

fundamental characteristics of HCCI is important. A range of experimental and 

simulation testing has been done by several researchers. In this chapter, a brief 

overview of the auto-ignition process that is the basis of HCCI is covered. A review 

of the important engine operating parameters, and their effects on HCCI is discussed, 

and finally there is an introduction to SI-HCCI mode switching. 

2.1 Fundamentals of HCCI 

As originally found in [Najt and Foster, 1983], HCCI is initiated and the combustion 

progression dominated by the chemical kinetics of the mixture. These kinetic mech­

anisms result in extremely fast combustion events unless adequately diluted through 

additional gas supplied to the combustion chamber. To increase the combustion du­

ration to a range suitable for IC engines, either air and/or Exhaust Gas Recirculation 

(EGR) diluted mixtures must be used. Air-diluted HCCI (as investigated in this the­

sis) uses excess air to dilute the in-cylinder mixture similar to traditional CI engines. 

A summary of several air-diluted HCCI engines is shown by [Hyvonen et al., 2006]. 

EGR dilution can be clone by either externally routing EGR into the intake tract 

[Atkins, 2004], or by using valve timing to maintain additional residual fraction within 

5 



CHAPTER 2. BACKGROUND 6 

the cylinder for the next cycle. This can be done by early closing of the exhaust valve, 

a process called negative valve overlap, or by opening the exhaust valve a second time 

during the intake stroke [Babajimopoulos et a l , 2003]. Both of these processes are 

generally termed internal EGR strategies. Using a fully flexible valvetrain, either of 

these two internal EGR strategies may be more beneficial depending on the operating 

condition [Kulzer et al., 2007]. 

Irrespective of the method used to achieve HCCI operation of the engine, a sim­

ilar auto-ignition process dominates the combustion event. The chemical kinetic 

mechanisms which are responsible for the auto-ignition process consist of potentially 

hundreds of reactions, not all of which are fully understood [Turns, 2000]. 

Fuels tend to exhibit one of two characteristic modes of auto-ignition. The first is 

a single stage reaction, where all of the fuel is oxidized in a single combustion event. 

The other mode is a two stage combustion event, with a low temperature reaction 

(LTR) region of combustion, and a High Temperature Reaction (HTR) region. 

Depending on the objectives, several types of simulation models have been devel­

oped. Skeletal models [Kirchen et al., 2007, Kongsereeparp and Checkel, 2007], are 

useful for parameter studies, since only a reduced number of reactions in a single 

zone are used. For the purposes of realtime control very simple models are needed in 

order that they can be calculated in realtime [Shahbakhti et al., 2007c]. A simplified 

hydrocarbon oxidation scheme is presented in [Heywood, 1988]. A similar scheme by 

Tanaka et al. [Tanaka et a l , 2003a, Tanaka et a l , 2003b] is summarized here. The 

base fuel molecule is denoted by RH; in the case of this work, n-heptane or iso-octane. 
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Conceptual Chemical Kinetic Reaction Mechanism 

(i l l ) 
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The oxidation of the hydrocarbon begins with reaction Rl where a free hydrogen 

is abstracted by the O2 to form an alkyl radical and H02- Reaction R\ is slow, 

and accounts for the long induction time (or ignition delay) typical of long chain 

hydrocarbon combustion. At low temperatures, reaction R2 produces a peroxy alkyl 

radical. These two reactions initiate a series of reactions, summarized as R3. This 

highly exothermic stage is responsible for the LTR heat release which is prevalent 

for some fuels, such as n-heptane. This LTR cycle continues until the temperature 

increases sufficiently where competing reaction RA dominates, thus terminating the 

first stage of combustion. Reaction RA generates I102 for supplying reaction R5, 

where hydrogen peroxide is produced. As the temperature increases above approx­

imately 500°C, reaction R6 decomposes the hydrogen peroxide into two hydroxyl 

radicals [Heywood, 1988]. This chain branching reaction leads to the thermal ex­

plosion phase of combustion leading to reaction R7, which produces the products of 
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OH + OH + (M) 
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combustion, water and carbon monoxide. The carbon monoxide is finally oxidized by 

the relatively slow CO oxidation kinetics to complete the combustion, [Turns, 2000]. 

For a given set of these engine operating parameters, intake temperature (Tint), 

intake Manifold Absolute Pressure (MAP), and engine speed (N), there exists a finite 

range of fueling (fuel quantity and ignition quality) for which stable HCCI exists. At 

one operating condition there exists both a lean and a rich limit to HCCI combustion. 

The lean limit is normally defined by the onset of misfires [Oakley et a l , 2001], unsta­

ble combustion, or zero brake torque (idle) [Hyvonen et a l , 2003]. At the rich limit, 

pressure oscillations occur, similar to knock in an SI engine [Tsurushima et al., 2002]. 

This knock is undesirable from an Noise Vibration and Harshness (NVH) perspective 

[Atkins, 2004, Andreae et al., 2007], and could potentially lead to the damage asso­

ciated with knock in SI engines [Heywood, 1988]. The goal of this work is to look at 

operating characteristics within the viable operating range between the misfire and 

knock limits. 

With the blended fuel capability of the experimental setup, the fueling is depen­

dant on both the total fuel quantity (in terms of total Lower Heating Value, LHV) as 

well as the ignition quality of the fuel [Olsson et al., 2001]. The total fuel quantity, 

along with the mass of air induced into the cylinder, are related to the measured value 

of A , while the ignition quality is related to the relative proportions of n-heptane and 

iso-octane injected, defining the Octane Number (ON). 

For a constant ON , reducing the injected fuel quantity results in retarded ignition 

timing as well as reduced heat release during combustion, which in turn reduces the 

load of the engine. In the extreme, the reduction in fuel results in ignition timing so 

late in the cycle that little heat is liberated from the mixture before the descending 

piston "freezes" the mixture composition. This phenomenon is generally termed a 

misfire. With normal cycle to cycle variations in the mixture properties, cycles with 

slightly reduced injected fuel quantity result in misfires as the lean limit is approached. 
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2.2 Comparison of HCCI with Conventional SI and CI 

Compared with traditional nominally stoichiometric SI engines, HCCI engines can 

improve part load fuel economy by reducing the pumping losses incurred during throt­

tling of the intake air [Kulzer et al., 2007]. This throttling significantly reduces the 

thermal efficiency of the SI engine, but is necessary to maintain the stoichiometric 

mixture necessary for a modern three-way catalyst to efficiently operate. Due to 

the exceptionally low NOx emissions produced by HCCI combustion, after-treatment 

to reduce the NOx. is often not necessary except possibly near the high load limit 

[Cairns and Blaxill, 2007]. Thus HCCI can be run lean of stoichiometric, preserving 

the carbon monoxide and hydrocarbon oxidation ability of the three-way catalyst, al­

lowing the engine to run un-throttled for a part load condition, improving the engine 

thermal efficiency. 

While HCCI and CI engines share similar benefits over SI engines, including the 

ability to run un-throttled with high compression ratios, HCCI also enjoys some 

potential benefits over conventional CI. Since HCCI uses a homogenous mixture, the 

combustion occurs at a temperature near the average cylinder temperature, while for 

CI the diffusion flame occurs in regions of near stoichiometric mixture. Thus for CI 

the combustion occurs at a much higher temperature, increasing the generation of 

thermal ~NQX. Combustion which occurs at the location of a lean mixture (such as 

HCCI), and thus reducing the peak combustion temperatures, is one method to reduce 

the thermal production of NOa.. The diffusion flame in CI engines also lends itself 

to producing particulate emissions, which are typically insignificant in homogenous 

combustion [Turns, 2000, Stone, 1999]. 
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2.3 Effects of Engine Operating Condition on HCCI 

Changes in engine operating condition (Tint, MAP, N, EGR, and A and ON) all influ­

ence HCCI combustion. Since the auto-igntion process is dependent on the in-cylinder 

mixture composition and thermodynamic state, changing each of the operating pa­

rameters has a different effect on the combustion. 

The fundamental reactions governing the auto-ignition process (Rl — R7) are 

highly dependent on the temperature [Turns, 2000]. By changing the mixture tem­

perature at Intake Valve Closing (IVC), the temperature throughout the compression 

process is affected. Increasing the mixture temperature at IVC is most easily done 

by increasing Tint. Electrical heating, as done by several researchers [Atkins, 2004, 

Oakley et al., 2001], as well as exhaust heat recovery [Martinez-Frias et al., 2000, 

Haraldsson et al., 2004, Iverson et al., 2005], have been used successfully in varying 

the value of Tint. Increasing Tint has the ability to advance the combustion timing for 

an otherwise fixed mixture condition, [Iverson et a l , 2005], as the auto-ignition reac­

tions reach the thermal runaway temperature for auto-ignition earlier in the engine 

cycle. 

Along with the direct thermal effect of the value of Tint on HCCI combustion, the 

effect of thermal stratification within the chamber can also play a significant role in 

the combustion progression. [Sjoberg et al., 2004, Sjoberg et al., 2005] show that the 

thermal stratification -of the in-cylinder mixture has a significant effect on the com­

bustion duration. The thermal gradient within the combustion chamber results from 

a combination of heat transfer to the cylinder walls during the intake and compression 

strokes, as well as the magnification of any mixing-related gradient present at IVC 

by the compression process [Sjoberg et al., 2004]. The thermal gradient within the 

chamber can also be influenced with the combustion chamber shape by the in-cylinder 

turbulence generated [Aceves et al., 2005]. Lowering the coolant temperature influ-
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ences the thermal stratification by increasing the heat transfer of the in-cylinder 

mixture to the cylinder walls, [Chang et al., 2005, Sjoberg et a l , 2004]. Increasing 

the thermal gradient within the chamber has the effect of prolonging the combustion 

duration, as the cooler zones take longer to auto-ignite compared with the relatively 

hot zones. By increasing the combustion duration sufficiently, the knocking limit of 

HCCI can be delayed and the effective range of HCCI increased. Using an experi­

mentally validated multi-zone model [Sjoberg et a l , 2004] show that increasing the 

temperature gradient across the cylinder at the start of the compression stroke from 

20K to 30K could increase the maximum load by approximately 30% before the onset 

of knock. 

Increasing MAP by supercharging or turbocharging is used to extend the HCCI 

high load operating range compared to naturally aspirated operation. Both su­

percharging and turbocharging increase the maximum load obtainable with HCCI 

in a variable compression ratio engine of typical automotive dimensions with no 

EGR, [Hyvonen et al., 2003]. The turbocharged version of this engine experiences 

better brake efficiency compared to the supercharged variation due to the reduction 

in parasitic losses. A maximum Brake Mean Effective Pressure (BMEP) of 10 bar 

is achieved by Hyvonen et al. at low engine speeds, which is comparable to the 

maximum output of a typical SI naturally aspirated engine. Even with the losses 

of the turbocharger accounted for, Hyvonen et al. show that the engine experiences 

higher brake thermal efficiency in HCCI mode compared with SI mode. Similar 

results are reported with an engine equipped with manually variable low lift and du­

ration camshafts designed for HCCI operation [Yap et a l , 2005a, Yap et a l , 2005b, 

Xu et al., 2007]. The low lift camshafts are used to keep a large residual fraction 

within the cylinder to increase the mixture temperature using the hot residual. For a 

fixed camshaft timing an increase in the Indicated Mean Effective Pressure (IMEP) 

from 4bar to 7bar is obtainable by increasing the boost pressure from 0.2bar to 1.2bar 
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[Yapet al., 2005b]. 

Since the HCCI auto-ignition process is a time-based process, changes in engine 

speed must be compensated for with changes to the engine operating condition in 

order to maintain a constant combustion timing. The effect of engine speed on a 

Diesel engine of 18:1 compression ratio, converted to HCCI operation is shown in 

[Sjoberg and Dec, 2003, Sjoberg and Dec, 2007]. For each series of tests the value 

of Tint is adjusted to maintain CA50 (see Section Eqn. 4.14 for definition) at TDC 

[Sjoberg and Dec, 2003]. The type of fuel used has a significant effect on the engine 

speed sensitivity of combustion. Namely Primary Reference Fuel (PRF) with ON 

of 60 and 80 were found to require a much larger change in Tint with changes in N 

due to the LTR present with these fuels, compared pure iso-octane which exhibits 

a single stage combustion. The Heat Release (HR) in the LTR region (HR[JTR) 

increased significantly at engine speeds from 600-1800rpm, requiring a decrease in 

Tint to maintain the combustion timing. By changing the MAP the magnitude of 

the HRLTR could be adjusted [Sjoberg and Dec, 2007]. Thus to maintain a constant 

combustion timing for fuels that exhibit a LTR region, coordination of managing Tint , 

MAP, and A is required. 

Using EGR to dilute the in-cylinder mixture can be achieved by using external 

EGR [Atkins, 2004], internal EGR [Kulzer et al., 2007], or a combination of the two 

[Cairns and Blaxill, 2007]. EGR proved to be a more effective diluent than excess 

air in increasing combustion duration [Atkins and Koch, 2005]. Depending on the 

specific operating condition, and the fuel used, the effects of EGR can be different 

[Sjoberg et al., 2007]. One difficulty in utilizing EGR for HCCI combustion control 

is the relatively slow dynamics of externally routed EGR. There is also uncertainty 

of EGR composition and temperature with changes in operating load. Both internal 

and external EGR suffer from the difficulty in measuring or estimating the actual 

amount of EGR delivered, this obstacle becomes particularly prevalent under tran-



CHAPTER 2. BACKGROUND 13 

sient operation. Since either air or EGR can be used to control dilution and since 

it is difficult to accurately determine EGR, particularly during transients, only air 

dilution is used in this study. 

Fuel composition plays a significant role in the ability for a given engine to operate 

in HCCI mode at a given engine operating condition. Fuels that easily auto-ignite, 

such as commercially available Diesel fuels and n-heptane, require lower compres­

sion ratios, and lower intake air temperatures to achieve HCCI. Fuels that resist the 

auto-ignition process, such as commercially available gasolines, iso-octane, natural 

gas, and methanol require greater compression ratios and intake temperatures. For 

a variable compression ratio engine at fixed stoichiometry and engine speed, A =3 

N=1000 rpm, using pure n-heptane, pure iso-octane, commercial gasoline and com­

mercial Diesel can all be run on the same engine with the same combustion timing 

[Christensen et al., 1999]. Without intake air heating the n-heptane fueling requires a 

compression ratio of 11:1, while the iso-octane requires a compression ratio of 21.5:1. 

With intake air heating of 320° C an engine with a compression ratio of 11.5:1 can 

achieve HCCI using ethanol, methanol, and several grades of commercial gasoline 

[Oakley et al., 2001]. By correctly adjusting the engine configuration and operating-

condition to the desired fuel, HCCI is possible for a range of typical fuels. 

2.4 HCCI-SI Mode Switching 

The limited load-speed range of stable HCCI demands the ability to switch from 

HCCI to traditional SI modes [Milovanovic et al., 2005a]. With an engine capable 

of both HCCI and SI combustion modes, the benefits of HCCI can be realized for 

low load operation, while the high specific power density and comparatively robust 

combustion of SI can be realized at high loads [Kulzer et a l , 2007]. With single fuel 

operation the difficulty in mode-switching is in quickly adjusting the conditions at 
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IVC from being favorable for SI to those favorable for HCCI for an SI to HCCI 

transition (and vice versa for an HCCI to SI transition). Due to the high thermal 

inertia associated with heating of the intake charge, making fast changes to Tint is a 

difficult proposition using electrical heating. With a system dedicated to producing 

fast changes in Tint, the response of Tint can be made to have a time constant of 8 

engine cycles, with a delay of 4 engine cycles by mixing streams of fresh (cool) air and 

heated air [Haraldsson et al., 2004]. Although a system of this nature may produce 

acceptable transient results, the complexity of the system would make it impractical 

for production applications. 

Quickly changing the amount of hot residual fraction remaining in the cylinder 

to initiate HCCI is another method for which SI-HCCI mode transitions can be 

made. To achieve this experimentally researchers have mainly used variable valve 

timing of several forms. By quickly changing the in-cylinder conditions with vari­

able valve timing, a SI-HCCI transitions can be performed. In a series of papers, 

[Milovanovic et al., 2005a, Milovanovic et al., 2005b] the ability of a hydraulically ac­

tuated fully flexible valvetrain to mimic a cam profile switching system with vari­

able phasing, in performing SI-HCCI transitions is shown. This system on a port 

fuel injected single cylinder engine running nominally stoichiometric in both HCCI 

and SI modes is demonstrated by using high internal EGR when in HCCI mode. 

Smooth transitions from SI-HCCI mode with no misfire or knocking for engine speeds 

of 1700, 2000, and 2700rpm [Milovanovic et al., 2005a]. Constant fueling is main­

tained through the transients, which results in lean excursions during the transi­

tions (to approximately 16:1 air-fuel ratio) [Milovanovic et al., 2005a]. In performing 

HCCI-SI transitions, 1-2 misfire cycles occur for each of the tests in this study as 

a result of unsynchronized throttle and valvetrain movements. In a similar study 

[Cairns and Blaxill, 2007] a 4 cylinder engine equipped with production cam profile 

switching and direct injection is used to implement HCCI-SI mode transitions with 
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internal EGR. As with [Milovanovic et al., 2005a] smooth SI-HCCI mode transitions 

can be made with minimal load disturbance [Cairns and Blaxill, 2007]. Performance 

is further improved by including external EGR along with the internal EGR. For 

HCCI-SI transitions, using the method of [Cairns and Blaxill, 2007], a misfire on the 

last HCCI cycle (for one cylinder) and an approximately 10% spike in IMEP for sev­

eral SI cycles following the transition. The difficulties in transition are attributed to 

the inability to adequately compensate each cylinder for the closing of the throttle 

while changing cam profiles during the transition. A lean spike from the nominally 

stoichiometric operation to a A of 1.5 is also shown during this transition. In a sim­

ulation work, [Xu et al., 2004], the authors suggest the load disturbances noticed in 

the techniques of Milovanovic et a. and Cairns and Blaxill in HCCI-SI transitions 

could be reduced by preemptively closing the throttle, before implementing the cam 

profile change. 

Utilizing a single cylinder engine with fully flexible electro-hydraulic valvetrain 

and direct injection [Kulzer et al., 2007], are able to realize smooth SI-HCCI (and 

HCCI-SI) transitions on a cycle to cycle basis. A physical model based controller is 

used to control the engine with predefined valve timings and fuel injection (timing as 

well as number of injections) to achieve residual recompression, residual re-induction, 

and either stoichiometric or lean HCCI operation. 



CHAPTER 3 

EXPERIMENTAL SETUP 

The experimental setup of the engine testbed is described in this chapter. In Sec­

tion 3.1 a general engine description is given with overall schematics of the system 

flow and instrumentation. The data acquisition system is described in Section 3.2. 

Section 3.3 gives a description of the combustion analysis system and in Section 3.4 

the operation of the emissions bench is described. To supplement this chapter, a list 

of the experimental equipment and a summary of programs used to run the engine 

and collect data are given in Appendix B. 

3.1 Ricardo Single Cylinder Engine 

The engine block used in this study is a Ricardo Hydra Mark III single cylinder fitted 

with a MG Rover K7 series cylinder head. The cast iron Ricardo engine block is 

adapted to the cylinder head by way of an aluminum cylinder barrel fitted with a 

wet iron sleeve. The basic engine geometry is shown in Table 3.1. The piston used 

is a production Rover flat top cast aluminum piston with valve reliefs. The Rover 

K7 cylinder head includes dual camshafts located in the cylinder head, one operating 

the two intake valves and the other the two exhaust valves. The camshaft timings in 

Table 3.1 are the crankshaft angle corresponding to a valve lift of 0.005" (0.1mm) and 

can be considered accurate within ±2 Crank Angle Degrees (CAD). The compression 

16 
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ratio of the engine is measured by dripping oil from a buret into the cylinder head 

combustion chamber, as well as the cylinder piston top with the engine disassembled. 

A clear acrylic plate is used to ensure the space has been completely filled with oil. 

Compensation for the compressed head gasket clearance volume is also made. The 

error in the compression ratio is estimated at less than 0.1 points of compression. As 

the cylinder head is originally built for a 4 cylinder engine, it has been shortened to 

include only the intake and exhaust passages for one cylinder. 

The combustion chamber in the Rover K7 cylinder head is a pent-roof design 

with a centrally located spark plug. Overall the Ricardo engine is representative of a 

modern light duty automotive SI engine in terms of overall engine geometry as well 

as intake/exhaust port designs, and combustion chamber geometry. 

Bore x Stroke 
Connecting rod length 
Displacement 
Comp. Ratio 
No. of valves 
Maximum valve lift 
IVO 
IVC 
EVO 
EVC 

80 mm x 89 mm 
159 mm 
0.45 L 
10.0:1 

4 
8.9 mm 

8 CAD bTDC 
52 CAD aBDC 
69 CAD bBDC 
1 CAD aTDC 

Table 3.1: General dimensions of the Ricardo Hydra Engine 

An overall engine schematic is shown in Figure 3.1. The flow of fresh air and 

exhaust into and out of the engine, the fuel systems, and the emissions bench sample 

locations are shown in Figure 3.1. Fresh air entering the engine is measured with 

the laminar flow element before passing through the butterfly throttle valve. Using 

the throttle valve and the variable speed electric motor driving the supercharger, 

the intake manifold pressure can be adjusted to the value desired. The mixture 

then enters the intake manifold plenum where a 600W electrical band-type heater is 

used to increase the mixture temperature to the desired value for HCCI operation. 
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Immediately downstream of the plenum is a 1/16" thick plate with a 3/8" hole. This 

restriction is used to dampen pulsations from the supercharger and intake plenum. 

Finally the mixture enters the intake runner which leads directly to the cylinder. 

As seen in Figure 3.1 the engine is equipped with two separate fuel systems. Each 

system consists of a storage tank, external fuel pump, fuel pressure regulator, and fuel 

injector. Both systems operate with a nominal 3 bar fuel pressure relative to engine 

intake manifold pressure. One fuel system contains n-heptane and the other iso-

octane. The n-heptane fuel system also has the Pierburg PLU-4000 fuel measurement 

system mounted inline for measurement of the fuel mass flow rate. In the Pierburg 

apparatus, the fuel density is measured with a U-tube resonant frequency sensor, 

and the flow rate is measured with a positive displacement volume flow meter. The 

resolution of the density meter is 0.0001g/cm3 and the resolution of the flow meter 

is 0.4 fj,L. An internal processor determines the average fuel mass flow rate as well 

as the variation in mass flow rate and reports these values to the ADAPT Baseline 

DAC through an RS-232 serial connection. Fuel flow rate for the iso-octane injector 

is estimated using the value of PWoc t ane : 

PWoctane = Kf x rnoctane + Koffset (3.1) 

The parameters Kf and K0ffset are determined from a calibration using the Pier­

burg apparatus to measure fuel flow rate as a function of PWor fone , as shown in 

Appendix B.2.3. Since the constant K0ffset is a function of the supply voltage, the 

voltage is held 13.0 ±0.2V. An automotive 12V battery, along with a commercial 

battery charger are used to supply power for the fuel injectors. 

Both fuel injectors are located in the intake port upstream of the intake valves. 

The iso-octane injector is mounted in the stock Rover position approximately 10cm 

from the intake valves and aimed directly at the back of the intake valves. Due to 



CHAPTER 3. EXPERIMENTAL SETUP 19 

space constraints the n-heptane injector is mounted approximately 25cm from the 

back of the intake valves and is aimed so the spray axis is approximately coincident 

with the intake port axis. 

A dSpace MicroAutobox 1401/1501 [dSPACE, 2005] is used as the Engine Con­

trol Unit (ECU). This controller provides a highly customizable method of engine 

control. The ECU algorithm is initially coded in Matlab/Simulink which is then 

automatically compiled to run on the embedded target processor using Matlab Real-

Time Workshop. A PC program connected to the MicroAutobox processor through 

a dedicated bus allows viewing and modification of the Simulink variables online 

while the engine is running. The logic level signals from the MicroAutobox are am­

plified with a custom power electronics module in order to drive the fuel injectors 

and ignition coil [Hitachi North America, 2003]. The MicroAutobox together with 

the custom power electronics is referred to as the ECU in the following text. In­

puts to the MicroAutobox are two hall effect sensors, one located on a 36-1 toothed 

wheel on the crankshaft, and the other a 1 pulse/engine cycle wheel located on the 

exhaust camshaft. These two inputs, conditioned to TTL levels by the power elec­

tronics module, provide the MicroAutobox with the necessary information for engine 

angle tracking for correct timing of injection and ignition. In the configuration used 

for this study, two high impedance port fuel injectors, as well as an ignition coil are 

controlled by the ECU. The fuel injection pulse width as well as the crankshaft angle 

for start of injection are controlled. The resolution of PW heptane a n ( l PW0C(one is set 

at 10/xsec. The end of injection timing for all tests is set to TDC on the compression 

stroke. The ignition system is used only in the SI tests and when warming up the 

engine to run HCCI tests. During all HCCI tests the ignition system is turned off. An 

analog input on the ECU is used to measure MAP, while a RS-232 serial connection 

to the ADAPT RTP provides the ECU with the value of Tint at a rate of 100Hz. The 

background tasks of the Simulink model are run at a rate of 1000Hz, while the values 
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of PW/jeptane and PWoctrme are calculated each engine cycle during the intake stroke, 

to ensure that the calculations finish before the start of injection on that cycle. 

To measure the engine out value of A, an ECM AFRecorder 1200 Universal Ex­

haust Gas Oxygen sensor (UEGO) is used. The UEGO is positioned approximately 

25cm downstream of the exhaust valve, in the exhaust system. The UEGO is capa­

ble of directly measuring the oxygen content of the exhaust with a time constant of 

< 150msec, which gives nearly cycle by cycle resolution for the engine speeds in this 

study. With the known fuel hydrogen to carbon ratio of a 2.29 for n-heptane and 2.25 

for iso-octane, the UEGO is able to output a direct measurement of A measured in 

the exhaust. Dynamic changes to hydrogen/carbon ratio of the fuel result in an error 

of 0.22 AFR units, at an AFR of 60.50:1. The analog output of the UEGO updates 

at a rate of 100Hz. 

Brake torque of the engine is measured with the dynamometer. The dynamometer 

consists of an AC electrical motor mounted on pillow block bearings, with a load cell 

used to measure the reaction torque. At a steady engine speed, the reaction torque 

measured by the load cell is equal to the load placed on the engine by the AC motor. 

With the dimension of the radial distance of the load cell from the AC motor axis 

of rotation and a calibrated load cell, engine brake power is calculated with engine 

speed and brake torque (T) using: 

P Brake = 2TTTN/6Q (3.2) 

The Brake Mean Effective Pressure (BMEP) can then be calculated using: 

BMEP = ^BZkL = V1- ^ 
vDispN/m vDisp 

Here, Eqn. 3.2 is used to determine the brake power without compensation for the 

inlet air heating or the supercharger work. This is done as the supercharger used in 
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this study is a commercial supercharger (Eaton Automotive model MP45) and is over 

sized for this single cylinder application, and as such has an adiabatic efficiency much 

lower than for a properly sized unit. Use of a turbocharger instead of mechanically 

driven supercharger has the advantage of minimizing additional pumping losses for 

the moderate boost levels in this study even with the low exhaust gas temperatures 

of HCCI [Olsson et al., 2004]. Similarly the intake air heater is not compensated as 

waste heat from the cooling system or exhaust could partially supply this energy in 

a production application such [Hyvonen et al., 2003]. 

Electrical pumps supply the coolant and lubricating oil to the engine. To quickly 

warm the engine coolant and oil temperature to a constant value, electrical heaters are 

used to heat both fluids. The fluid temperatures are maintained by heat exchangers 

in the coolant and oil flow circuits, with regulated amounts of domestic cold water 

used to maintain the temperatures. Due to the low load of HCCI operation it is 

often necessary to leave the electrical heaters on during engine operation while using 

minimal amounts of cooling water to regulate the engine temperature to the desired 

value. 

Two main systems are used for data acquisition in this study. The ADAPT 

Baseline DAC system from [A&D Technologies, 2001a] is the main real time processor 

that controls the test cell and is responsible for data logging of all of the testbed 

sensors. Shown in Figure 3.2 are the locations of the sensors in the test cell. All 

labeled sensors are sampled by the ADAPT Baseline DAC at a constant sample rate 

of 100Hz. Also shown in Figure 3.2 is the Baseline Combustion Analysis System 

(CAS) from A&D Technologies that is used for data logging on a crank angle basis 

[A&D Technologies, 2001b]. The sensors measured by the CAS system are also shown 

in Figure 3.2. Details of the ADAPT system are in Section 3.2 and the CAS system 

setup is further detailed in Section 3.3. 

Shown in Figure 3.3 are the actuators used to control the engine. Step responses 
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Figure 3.1: Schematic of Ricardo Single Cylinder Engine Experimental Setup - sen­
sors, actuators, and data acquisition systems not shown 
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Figure 3.2: Schematic of Variables Captured with Data Acquisition 

to the MAP, ON, and fuel quantity are commanded. The Baseline DAC system is 

used to control the throttle valve and the supercharger drive motor speed to control 
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the manifold pressure, as well as the intake air heater supplied power. The intake 

air heater is a band-type heater, which wraps around the outer surface of the intake 

manifold. With this style of heater the intake air temperatiire changes very slowly (on 

the order of minutes) due to the large thermal inertia of heating the intake manifold 

itself, as well as the volume of air in the manifold. With the available heater, step 

changes to the intake temperature from cycle to cycle could not be made. Control of 

the ON and fuel injector PW's are controlled by the dSpace MicroAutobox ECU. 

The fuel injector pulse width for each injector can be set independently, using one 

of two methods: the PW of each injector can be set manually, or the control logic 

for HCCI to SI mode switching, detailed in Section 5.5, can be used to automatically 

calculate the PW for each injector. 

dSpace 
Micra-

Autobox 

JkV: 
^ a 

-Mr 

tie Valve 

Figure 3.3: Schematic of Available Actuators 

Dynamometer 

3.2 Data Acquisition System 

Control of the test cell is done with the MTS Powertrain ADAPT Baseline DAC. 

The Baseline DAC consists of a real time processor with a TCP/ IP connection to a 
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PC. The ADAPT software on the PC provides a user interface to view the real time 

variables of the engine as well as initiate data logging on the processor. 

Also connected to the processor is an interface to analog, digital, and frequency 

I/O boards. A summary of the available I /O is shown in Table 3.2. For thermocouple 

measurements, up to 16 channels of each K-type and J-type can be used by utilizing 

the analog input channels. Built in amplifiers, voltage to temperature conversion and 

cold junction compensation is provided within the thermocouple boards and ADAPT 

software. 

Input Type 

Analog Input 

Analog Output 

Digital Input 

Digital Output 
Frequency Input 
Serial 

Quantity 

48 

4 

8 

8 
3 
6 

Specifications 

Range: + / - 10 V,+/ - 500 mV, +/-50 mV 
Input gain: 1,10,100 
Resolution: 16 bit 
Accuracy + / - 450 fjV on 10 V range 
Single pole 35 Hz input filter 
Range: + / - 10 V 
Resolution: 14 bit 
Settling time: 200 usee to 0.1 % of FS 
Threshold: 2.4-40 V 
Input Filter: 10 kHz 
Max. Current Draw: 1 A 
Max. Input Frequency: 500 kHz 
RS-232 protocol 

Table 3.2: ADAPT Baseline DAC Specifications 

A Eurotherm drive is a commercial variable speed drive which is set to hold the 

AC-dynamometer speed to the setpoint using a feedback controller. To control the 

dynamometer, the Baseline DAC is connected with the Eurotherm Drives' AC motor 

controller. Engine speed is set in the ADAPT software and an analog signal is sent 

to the Eurotherm controller as the speed setpoint. A frequency input is used to 

monitor engine speed, which is measured at the engine flywheel with a 100 tooth 

wheel. Another frequency input is used to monitor the dynamometer speed at the 

opposite side to the engine, using an 256 pulse/rev encoder. Two safety strings are 
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used to protect the engine and the operator in the event of a failure. If the engine 

should loose oil pressure, or the fan cooling the AC dynamometer is not enabled, the 

safety string is activated. Should either of the safety strings be activated, the fuel 

pumps are automatically disabled and the dynamometer stops the engine. 

3.3 Combustion Analysis System 

The cylinder head has been modified for an in-cylinder pressure transducer located 

between the intake and exhaust valves along the centerline of the engine bore. A 

sleeve for mounting the transducer is used to seal the transducer from engine coolant. 

Inside the combustion chamber, the Kistler ThermoCOMP model 6043A60 pressure 

transducer is mounted so the sensing diaphragm is flush with the combustion chamber. 

The Kistler transducer is a piezoelectric pressure transducer that determines changes 

in pressure based on a charge produced by a piezoelectric material when a force is 

applied. Combustion pressures act on a protective diaphragm which in turn impart 

a force on the piezoelectric crystal. This changing force produces a charge in the 

crystal. The charge produced by this crystal is sensed by an MTS Powertrain model 

1108 charge amplifier located directly next to the sensor and integrated to give a 

measure of the pressure. This amplifier converts the small charge (19.9 pC /bar) 

produced by the piezoelectric crystal into an analog voltage. 

Since the piezoelectric crystal measures changes in pressure, it is not well suited 

to measuring steady state pressure. The charge amplifier integrates the charge signal 

from the transducer so it is susceptible to drift. To overcome this problem, the in-

cylinder pressure transducer is reset to (pegged) the absolute pressure measured in 

the intake manifold by the Setra MAP sensor. Pegging of the in-cylinder pressure 

signal to the MAP signal is performed by the CAS system so that long term drift of 

the in-cylinder sensor is eliminated, and the absolute value of the in-cylinder pressure 
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is determined. For each cycle for the 10 CAD around Bottom Dead Center (BDC) of 

the intake stroke, the average pressure of the in-cylinder pressure is made to be equal 

to the pressure measured by the MAP sensor over the same period. 

Measurements of the in-cylinder pressure are made at 0.1 CAD intervals as deter­

mined by the BEI Industries model XH25D-SS-3600-T2-ABZC-7272-SM18 crankshaft 

mounted encoder. The encoder produces two signals that are used to determine the 

relationship of the encoder with the movements of the piston. The first signal, al­

ready described, produces a square wave signal at 0.1 CAD intervals for the entire 

revolution. The second signal produces one signal of 0.1 CAD duration once per revo­

lution. To determine the relationship between the 1 pulse/rev signal and the location 

of TDC, the engine is motored at a constant speed, and the maximum pressure of the 

in-cylinder pressure is compared with the location of the 1 pulse/rev signal. As there 

are heat transfer, blow-by mass losses, and piston dwell effects, the maximum pressure 

is achieved slightly before TDC. The angular difference between the maximum pres­

sure and the actual location of TDC is referred to as the Thermodynamic Loss Angle 

(TLA). Measurements of the piston motion with an LVDT displacement transducer 

mounted in the spark plug hole are initially used to set the encoder offset, and thus 

determine the TLA for a motored condition. For a fully warm engine at lOOOrpm mo­

toring at Wide Open Throttle (WOT), the TLA was found to be 2 CAD. The encoder 

offset is periodically checked to ensure no physical movement between the relationship 

of the crankshaft and the encoder. With the relationship of the 1 pulse/rev signal 

fixed with relation to the piston movements, the measurements of cylinder pressure 

at 0.1 CAD intervals can be made with respect to absolute crankshaft angle. Further 

information on this procedure can be found in Appendix B.2.1. 

To record the values of the in-cylinder pressure from the charge amplifier, the 

MTS Powertrain Basline CAS system is used. The CAS system consists of a self 

contained processor that is connected to a PC with a TCP/ IP connection. The CAS 
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hardware has inputs for the crankshaft encoder, the charge amplifier for cylinder 

pressure measurement, as well as +/-10 V analog inputs for additional measurements. 

The CAS system has automatic compensation for the encoder offset with respect to 

TDC with correction for the TLA. To have crank angle synchronous relationship 

between cylinder pressure values of MAP, A measured with the UEGO, the knock 

sensor and fuel injector pulse widths, these values are also measured with the analog 

inputs of the CAS system. The value of MAP is measured at intervals of 1 CAD for 

the entire engine cycle, the value of A is measured every 5 CAD, and the knock sensor 

is measured every 0.1 CAD for 100 CAD starting at 10 CAD before TDC on the 

compression stroke. The signal active time of each fuel injector is measured online 

for each cycle, and the value recorded in the data logs. 

Within the CAS software there is the ability to calculate combustion metrics 

online, cycle by cycle. Values of: total heat release, location of 50% mass fraction 

burned (denoted CA50), peak pressure, and indicated mean effective pressure can 

be viewed online as well as recorded during the data acquisition. The online values 

are viewed via a dedicated PC which receives the combustion metrics from the CAS 

system via an ethernet connection. The raw measurements are stored on the CAS 

system and transferred at the end of the prescribed number of test cycles. 

3.4 Emiss ions Bench 

Emissions data is collected with an emissions bench that measures 5 gases. The 

specifications of the 4 analyzers used are shown in Table 3.3. The emissions are 

sampled from either the intake manifold or from the exhaust of the engine as shown 

in Figure 3.1. A three way electronic solenoid valve can be switched to select which 

source of emissions is sampled. Emissions can be sampled from either the intake 

manifold, or the exhaust. Before the sampled gases go to the analyzers, they are 
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drawn through a cooling coil and an Erlenmeyer flask which acts as a water trap. 

The cooling and water removal is necessary to prevent bias as well as damage to 

the analyzers. The sampled gases are then filtered to remove any particulate matter 

that may remain in the samples. To pull the gases from the sample source (i.e. the 

intake manifold or the exhaust) and to provide the necessary pressure and flow rate 

for the analyzers, two diaphragm pumps are used to supply gases to the analyzers at 

a pressure of 3 psig. The emissions equipment is calibrated with a zero and ~90 % 

span calibration with standard compressed gases on a weekly basis. 

Manufacturer 

Horriba 
Horriba 
Siemens 
Siemens 

Model 

CLA-510SS 
FIA-510 

OXYMAT6 
ULTRAMAT6 

Measurement Gas 

NOx 

THC (as CHi) 

o2 
CO 

co2 

Range 

0-2500 ppm 
0-10000 ppm 

0-25% 
0-10% 
0-25% 

Resolution 

lppm 
lOppm 
0.01% 
0.01% 
0.01% 

Table 3.3: Emissions Bench Analyzers and Measurement Ranges 



CHAPTER 4 

EXPERIMENTAL PROCEDURE 

The experimental procedure for collecting and analyzing data is explained in this 

chapter. First the fuels used during the experiments, and the operating region for 

which stable HCCI exists are defined. The procedure for collecting steady state data 

is covered along with the range of engine operating conditions for which data was 

collected. Similarly for transient test data, the data collection procedure is explained. 

Finally the data analysis methods are detailed, along with the performance metrics 

used to quantify the characteristics of the engine. 

4.1 Research Fuels 

The ability of a fuel to auto-ignite is a critical property for HCCI engines. This same 

property is also critical for SI engines to prevent harmful knock, [Heywood, 1988]. 

The standard rating scale for rating the resistance of a fuel to auto-ignition is the 

ON. The two fuels which define the ON scale are n-heptane and iso-octane (where the 

nomenclature Octane Number is derived). These two fuels have very similar physical 

properties, as shown in Table 4.1 with the exception of their ability to auto-ignite. 

The straight chain paraffin, n-heptane is susceptible to auto-ignition (or knock 

in SI engines), while the branched structure of iso-octane resists the auto-ignition 

process. These two fuels are by definition the PRF which define the ON scale with 

29 
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Property 
Formula 
Molecular Weight [kg/kmol] 
Higher Heating Value [MJ/kg] 
Lower Heating Value [MJ/kg] 
Density [kg/m3] 
Octane Number (ON) 
Hydrogen/Carbon ratio 
Boiling Point [°C] 

n-heptane 
C7II16 
100.2 
48.07 
44.56 
686.6 

0 
2.29 
98 

iso-octane 
CQHIS 

114.2 
47.77 
44.30 
693.8 
100 
2.25 
99 

Table 4.1: Fuel Properties [Owen and Coley, 1990] 

n-heptane an ON of 0, and iso-octane 100. Mixtures of these two fuels, measured on 

a volume basis define the ON (also sometimes called the PRF number) as: 

ON = Vocta™ (4.1) 
'octane < * heptane 

The PRF's were chosen for this study as they are pure compounds of known com­

position whereas commercially available fuels can be mixtures of hundreds of different 

hydrocarbons. The exact chemical constituents of these commercial fuels would not 

be known, and would depend on the supplier of the fuel. These commercially avail­

able fuels are also often seasonal in nature, with variable properties depending on the 

time of year. 

4.2 O p e r a t i n g Region Definition 

Acceptable HCCI operation exists between the lean and rich limits, for a given oper­

ating condition (Tint, MAP, N). Beyond the lean limit the engine excessively misfires 

leading to the engine not firing on any cycle. Beyond the rich limit knock increases 

significantly, leading to drastically increased maximum pressures and the potential 

for engine damage. To quantify the lean limit for each operating point, the point at 

which the COVIMEP exceeds ~ 5 % is used. Beyond this limit of GOVIMEP the engine 

was found to excessively misfire for the range of operating conditions tested. 



CHAPTER 4. EXPERIMENTAL PROCEDURE 31 

As the injected fuel quantity increases, the rate of pressure rise and the poten­

tial for knock increases. To prevent potential damage to the engine from excessively 

rapid combustion or knock, two metrics are used to define the rich limit. A limit 

on the pressure rise rate during the HTR region of combustion, defined by Eqn. 5.6, 

of 7bar/CAD is imposed, as exceeding this was found to result in dramatically in­

creased audible combustion noise from the engine for all engine speeds tested. The 

other limit imposed on the rich limit of combustion is the onset of the structural 

vibrations induced due to knocking combustion. A peak amplitude of 0.5V (equiv­

alent to approximately 250ra/s2), as measured by the knock sensor, is used as the 

knocking limit. Depending on the engine operating condition either the pressure rise 

rate limit, or the knocking limit can be reached independently. Further investigation 

to the knocking characteristics of this engine can be found in Section 5.3.5. The pis­

ton of the Ricardo engine is also limited by the manufacturer to 75bar peak cylinder 

pressure. This peak cylinder pressure limit is not exceeded in this work. 

4.3 Test Procedures and Matrix of Test Points 

The matrix of experimental data points, for each of the different types of tests, are 

shown in this section. The first series of points run are three series of tests to determine 

the optimum combustion timing to use in HCCI mode for steady state testing. These 

points are denoted as Combustion Timing (CT) test points. Then the range of Steady 

State (SS) points is run to determine the range of operating conditions for which HCCI 

is possible for the experimental setup. To determine the ability of the experimental 

setup to repeat a given test point, a series of Repeated Trail (RT) tests are taken. 

The steady state points are also used to form the start and end conditions for the 

TRansient (TR) test cases. Finally a series of Mode Switching (MS) tests are taken 

to show the ability of the dual fuel systems to actuate SI-HCCI mode switching are 
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shown. To refer to a group of tests together, several similar test points are grouped 

into 'cases' of tests. Unless otherwise specified, reference to a test case includes all 

tests points within that case. 

At the start of each series of tests the ambient barometric pressure, as measured 

with a mercury manometer, and dry and wet bulb temperatures (to give a relative 

humidity reading) are recorded. For all tests the engine is run in SI mode to allow the 

engine coolant temperature to stabilize at the preset value of 80° C. Once the engine 

has reached the fully warm condition, the engine speed can be set and the intake air 

heater turned on to increase the intake air temperature. If higher intake manifold 

pressures are desired, the throttle is opened and the speed of the supercharger is set 

to a constant value to maintain the desired pressure using the variable speed electric 

motor drive. As the air temperature increases the ON is lowered via the two injector 

fuel system until HCCI operation is obtained. As the supercharger increases intake 

air temperatures due to compression heating, the electrical heater power can then 

be reduced to maintain the desired intake air temperature. A combination of elec­

trical heating, and varying the throttle angle to reduce the supercharger's adiabatic 

efficiency (at a given MAP) are used to maintain the desired intake temperature. 

In this investigation the combustion timing for the steady state tests is held con­

stant for three loads at each operating condition. This is done to eliminate the 

combustion timing as a variable when determining combustion and performance met­

rics. A constant combustion timing is also useful in transient tests where variations 

from the set combustion timing can be identified during transients. 

To determine the optimum combustion timing for a given condition, a sweep of 

combustion timing is performed. For the range of tests performed in this work the 

main factor influencing optimum combustion timing is engine speed. For low load 

conditions it may be beneficial to advance combustion timing [Hyvonen et a l , 2003] 

to improve combustion efficiency and reduce fuel consumption. However, for this 
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work the timing over the load range is set constant over all loads in order to directly 

determine the effect of transients on combustion timing. 

Changes in engine speed were found to alter the SOC range for which the largest 

stable range of HCCI could be obtained. Thus for each engine speed, a combustion 

timing which results in stable operation of the engine for a range of tests must be 

found. For each engine speed in this study, a sweep of the combustion timing with 

constant fueling (PW heptane a n ( i PW0Ctane) is done. The fueling for each test in Ta­

ble 4.2 represents an intermediate load condition for the engine speed, and MAP. 

The 'optimum' combustion timing for each engine speed represents the optimum for 

this intermediate load. This is done to have a representative SOC for each engine 

speed and load. The conditions in Table 4.2 also represent operating conditions away 

from both the knock and misfire boundaries to ensure the combustion remains stable 

throughout the combustion timing sweep to maximize the combustion timing range 

which can be obtained. 

To change the combustion timing while keeping a constant fueling, the Tint is var­

ied. The increased temperature in the intake port potentially changes the absolute 

volumetric efficiency of the engine (hence changing the value of A); however, the con­

stant fueling results in the same fuel energy for combustion. The main contributor to 

changes in engine load will thus be the effect of combustion timing on the thermody­

namic efficiency of the engine. Late combustion timings result in a lower expansion 

ratio after combustion, and thus reduced power output. Similarly combustion timings 

which are too early result in increased compression work, as the mixture combusts as 

the piston ascends. Early combustion timing also results in increased heat transfer to 

the cylinder walls, resulting in a higher heat losses, reducing the energy available to 

do work. The range of Tint in Table 4.2 represents the range for which stable HCCI 

exists for each case. The minimum Tint represents the misfire limit, while the max­

imum Tint represents the knocking limit. A summary of the conditions at the three 
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engine speeds is shown in Table 4.2. The cases 'A', 'B' , and ' C are used to identify 

each series of combustion timing tests. The experimental results of this series of tests 

is shown in Section 5.2. 

Case 
A 

B 

C 

N 
[rpm] 
800 

1000 

1200 

MAP 
[kPa] 
125 

125 

125 

mf 
[mg/cycle] 
8.1 

10.2 

13.1 

ON 

52 

35 

17 

T. •Lmt 

[°C] 
86 
89 
94 
102 
107 
111 
117 
94 
96 
101 
106 
110 
113 
100 
102 
107 
111 

Test Number 
CT6 
CT7 
CT8 
CT9 
CT10 
CT11 
CT12 
CT13 
CT14 
CT15 
CT16 
CT17 
CT18 
CT19 
CT20 
CT21 
CT22 

Table 4.2: Engine Operating Points for Combustion Timing Tests. See Appendix A.l 
for details of each test. 

To gain insight into the performance characteristics of the Ricardo engine in HCCI 

mode, steady state tests were run. This series of tests also serves as a basis for 

the subsequent transient tests, in order to determine the viable range where step 

transients can be performed. To provide consistency between tests, the fueling of 

each test point is adjusted to maintain a constant Start of Combustion (SOC), as 

determined by the CT-series of tests. The setpoint of SOC for the range of operating 

conditions is further detailed in Section 5.2. 

For all of the steady state tests in this study the engine operating parameters are 

held constant for the duration of a test. The fuel injector PW's as well as intake 

heater power is kept constant with no closed loop control. 
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Once the engine operating parameters stabilize to their desired values, the fueling 

is adjusted to give the minimum load before misfire was encountered. To achieve the 

minimum load, the PWiieptane is adjusted to give the desired SOC with a PWoctarae of 

zero. If this pure heptane fueling results in operation below the defined lean limit, 

PWoc t ane is increased to bring the combustion to the desired stability. An intermediate 

load case approximately half way between the minimum load and maximum loads is 

then run. by increasing PW0Ctane from the minimum load case, to increase load, and 

adjusting PW/7,eptane to ensure the SOC remains constant. Finally the maximum 

load case is run by increasing PWoc tane until the rich limit is reached, and again 

adjusting PWheptane to maintain the SOC. As described in Appendix B.2.3 there is 

a non-linearity in the fuel flow rate versus pulse width for pulse widths of less than 

~ 1.3msec. To mitigate the effect of these small pulse widths, a minimum PW0Ctane of 

1.30msec is enforced throughout this work. Thus the fueling can be set to give pure 

n-heptane fueling, with PW octane of zero, or if iso-octane is desired the minimum value 

for PW0Ctane is 1.30msec. 

Once the desired operating condition has stabilized, and all measurements are 

reading steady values, the ADAPT and CAS systems are used to record the data at 

the operating point. For the steady state tests, the ADAPT system is set to record 

the engine parameters at a sample rate of 100Hz, for 50 seconds. The CAS system is 

set to record 450 engine cycles with cylinder pressure and the knock sensor measured 

in 0.1 CAD increments, MAP in 1 CAD increments, and A every 5 CAD. A summary 

of all test points is given in Appendix A. 

Five cases of steady state tests are examined in this study. The case is used to 

describe the values of N and MAP . For each case, 15 test points are examined. 

The 15 test points are the result of 5 values of Tint and 3 values of load recorded at 

each test condition. A summary of the nominal values for these test conditions is 

shown in Table 4.3. The changing values of Tint for each test case are the result of the 
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minimum temperature which can be obtained at the desired MAP, due to compression 

heating from the supercharger. If the nominally desired minimal value of Tint listed in 

Table 4.3 could not be obtained for the desired test case, the minimum temperature 

allowed by the experimental setup is used. The three values of load for each test 

condition are the minimum load achievable at each test condition, the maximum load 

achievable, and an intermediate load approximately half way between the minimum 

and maximum loads called the medium load. 

Case 
D 

E 

F 

G 

H 

N 
[rpm] 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 

1000 
1000 
1000 
1000 
1000 

800 
800 
800 
800 
800 

1200 
1200 
1200 
1200 
1200 

MAP 
[kPa] 
110 
110 
110 
110 
110 
125 
124 
124 
125 
124 

140 
140 
140 
141 
140 
125 
125 
125 
125 
125 

125 
126 
126 
125 
126 

-Lint 

[°C] 
60 
70 
80 
90 
100 
90 
100 
110 
120 
130 
100 
110 
120 
130 
140 
80 
90 
100 
110 
120 
90 
100 
110 
120 
130 

Load 
min 
min 
min 
min 
min 
min 
min 
min 
min 
min 
min 
min 
min 
min 
min 
min 
min 
min 
min 
min 

min 
min 
min 
min 
min 

med 
mecl 
med 
med 
med 
med 
med 
med 
med 
med 

med 
med 
med 
med 
med 
med 
med 
med 
med 
med 

med 
med 
med 
med 
med 

max 
max 
max 
max 
max 
max 
max 
max 
max 
max 
max 
max 
max 
max 
max 
max 
max 
max 
max 
max 

max 
max 
max 
max 
max 

Test Number 

SS 1, SS 2, SS 3 
SS 4, SS 5, SS 6 
SS 7, SS 8, SS 9 
SS10, SS11, SS12 
SS13, SS14, SS15 
SS16, SS17, SS18 
SS19, SS20, SS21 
SS22, SS23, SS24 
SS25, SS26, SS27 
SS28, SS29, SS30 
SS31, SS32, SS33 
SS34, SS35, SS36 
SS37, SS38, SS39 
SS40, SS41, SS42 
SS43, SS44, SS45 
SS46, SS47, SS48 
SS49, SS50, SS51 
SS52, SS53, SS54 
SS55, SS56, SS57 
SS58, SS59, SS60 

SS61, SS62, SS63 
SS64, SS65, SS66 
SS67, SS68, SS69 
SS70, SS71, SS72 
SS73, SS74, SS75 

Table 4.3: Engine Operating Points for Steady State Tests. See Appendix A.2 for 
details of each test. 

To determine the ability of the experimental apparatus to repeat a given test 
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point, several of the SS test cases are repeated an additional 4 times, on separate 

occasions. For these tests, the values of N, MAP, Tint , PWhep t ane , and PWoctone are 

set to the same values as the SS test case being repeated. The matrix of repeated 

trials of SS test points, along with the engine operating condition at each point are 

shown in Table 4.4. Results of this series of tests is shown in Section 5.1. 

Case 
N 

0 

P 

Q 

R 

N 
[rpm] 
800 

1000 

1200 

1000 

1000 

MAP 
[kPa] 
125 

124 

125 

110 

140 

-i-int 

[°C] 
120 
120 
120 
110 
110 
110 
90 
90 
90 
100 
100 
100 
140 
140 
140 

Load 
min 
med 
max 
min 
med 
max 
min 
med 
max 
min 
med 
max 
min 
med 
max 

Steady State 
Test Number 

SS58 
SS59 
SS60 
SS22 
SS23 
SS24 
SS61 
SS62 
SS63 
SS13 
SS14 
SS15 
SS43 
SS44 
SS45 

Repeated Trials 
Test Numbers 

RT1, RT16, RT31, RT46 
RT2, RT17, RT32, RT47 
RT3, RT18, RT33, RT48 
RT4, RT19, RT34, RT49 
RT5, RT20, RT35, RT50 
RT6, RT21, RT36, RT51 
RT7, RT22, RT37, RT52 
RT8, RT23, RT38, RT53 
RT9, RT24, RT39, RT54 

RT10, RT25, RT40, RT55 
RT11, RT26, RT41, RT56 
RT12, RT27, RT42, RT57 
RT13, RT28, RT43, RT58 
RT14, RT29, RT44, RT59 
RT15, RT30, RT45, RT60 

Table 4.4: Engine Operating Points for Repeated Trials of Steady State Tests. See 
Appendix A for details of selected tests. 

To determine the effect of load transients on the HCCI combustion process, two 

types of transient fueling tests are performed. The first type of test is a simple 

step starting at the minimum load condition, and then stepping fueling up to ei­

ther the intermediate load, or the maximum load. The min, med, and max load 

points determined by the SS-series of tests. A. pulse in fueling, where fueling for the 

minimum load condition is stepped to the higher load condition for 200 cycles, and 

then stepped back to the minimum load case is also performed. These two types 

of tests are selected based on apriori estimates of the dynamic timescale, as per 

[Chang et a l , 2006, Wilhelmsson et al., 2005], and the constraints of the total mem-
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ory of the data acquisition equipment of 8 megasamples (~450 cycles at the current 

sample rates). The step transient is used to evaluate both the relatively short dy­

namics of the change in fueling, as well as any relatively long effects such as cylinder 

wall heating. The pulse transient is used to show the effect of both increasing and 

decreasing fueling on the response. 

Step tests are initiated by running the engine with the minimum load fueling 

derived from the steady state operating tests. Once the engine has achieved the steady 

operating point logging for the CAS system and the ADAPT system are both started. 

After approximately 40 engine cycles, the fueling for both injectors is simultaneously 

switched to the higher load case (either the intermediate load, or the maximum load). 

For the remainder of logging, the fueling is maintained at this level. 

Pulse tests are started in a similar fashion to the step tests, by running the engine 

to the steady state minimum load condition. The data logging for the CAS system and 

the ADAPT system are initiated, and the fueling is then increased to the intermediate 

or the maximum load condition after approximately 40 cycles. However rather than 

maintaining this fueling, after 200 engine cycles the ECU automatically returns the 

fueling to the minimum load case. 

The two fuel injectors supplying different fuels on the Ricardo engine are used 

for SI-HCCI mode transitions. The mode switching tests are performed in a similar 

manner to that of the transient tests, where the data logging is started with the engine 

running in steady state HCCI. Throughout the tests the engine is either manually 

switched from SI-HCCI and HCCI-SI, or the logic implemented in the ECU for mode 

switching is utilized (see Section 5.5 for further details). For the mode switching 

tests the timing of the mode transitions are made manually and arbitrarily; however, 

several engine cycles are allowed in each mode before another transition in order to 

characterize the dynamics. 

The matrix of transient test points is shown in Figure 4.3. For each load sweep of 
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steady state points (min, med, and max loads) there are a total of four corresponding 

transient tests. Step tests going from the minimum load to the medium and maximum 

load, and Pulse tests going from the minimum load to the medium and maximum 

loads (and then back down to the minimum load) are performed. 

Case 
I 

J 

K 

L 

M 

N 
[rpm] 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
800 
800 
800 
800 
800 
1200 
1200 
1200 
1200 
1200 

MAP 
[kPa] 
110 
110 
110 
110 
110 
125 
124 
124 
125 
124 
140 
140 
140 
141 
140 
125 
125 
125 
125 
125 
125 
126 
126 
125 
126 

T 
J-int 

[°c] 
63 
70 
80 
90 
100 
90 
100 
110 
120 
130 
100 
110 
120 
130 
140 
77 
90 
100 
110 
120 
90 
100 
110 
120 
130 

Initial 
State 
SSI 
SS4 
SS7 
SS10 
SS13 
SS16 
SS19 
SS22 
SS25 
SS28 
SS31 
SS34 
SS37 
SS40 
SS43 
SS46 
SS49 
SS52 
SS55 
SS58 
SS61 
SS64 
SS67 
SS70 
SS73 

Transition 
to State 

SS2 
SS5 
SS8 
SS11 
SS14 
SS17 
SS20 
SS23 
SS26 
SS29 
SS32 
SS35 
SS38 
SS41 
SS44 
SS47 
SS50 
SS53 
SS56 
SS59 
SS62 
SS65 
SS68 
SS71 
SS74 

SS3 
SS6 
SS9 
SS12 
SS15 
SS18 
SS21 
SS24 
SS27 
SS30 
SS33 
SS36 
SS39 
SS42 
SS45 
SS48 
SS51 
SS54 
SS57 
SS60 
SS63 
SS66 
SS69 
SS72 
SS75 

Step Test 
Test Number 
TR 1, TR 2 
TR 5, TR 6 
TR 9, TRIO 
TR13, TR14 
TR17, TR18 
TR21, TR22 
TR25, TR26 
TR29, TR30 
TR33, TR34 
TR37, TR38 
TR41, TR42 
TR45, TR46 
TR49, TR50 
TR53, TR54 
TR57, TR58 
TR61, TR62 
TR65, TR66 
TR69, TR70 
TR73, TR74 
TR77, TR78 
TR81, TR82 
TR85, TR86 
TR89, TR90 
TR93, TR94 
TR97, TR98 

Pulse Test 
Number 

T R 3 
T R 7 
TR11 
TR15 
TR19 
TR23 
TR27 
TR31 
TR35 
TR39 
TR43 
TR47 
TR51 
TR55 
TR59 
TR63 
TR67 
TR71 
TR75 
TR79 
TR83 
TR87 
TR91 
TR95 
TR99, 

TR4 
TR8 
TR12 
TR16 
TR20 
TR24 
TR28 
TR32 
TR36 
TR40 
TR44 
TR48 
TR52 
TR56 
TR60 
TR64 
TR68 
TR72 
TR76 
TR80 
TR84 
TR88 
TR92 
TR96 
TR100 

Table 4.5: Engine Operating Points for Transient Step and Pulse Tests. See Ap­
pendix A.4 for details of selected tests 

To show the ability of a dual fuel system actuation system to allow SI-HCCI 

mode transitions, a series of mode switching tests is taken. The series of test points is 

shown in Table 4.6. Tests are performed at both constant load between both SI and 

HCCI modes, as well as constant MAP, where MAP is held constant across the mode 
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transitions. Test case MS12 is a strictly SI test point to show the effect of stepping 

fueling to observe the effects of fueling dynamics. This test point is analyzed in 

Section 5.4 with the transient test cases. 

N 
[rev/min] 

1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 

MAP - HCCI 
[kPa] 
120 
100 
100 
100 
115 
120 
100 

-

MAP - SI 
[kPa] 

65 
65 
65 
100 
65 
65 
100 
85 

•Lint 

[°C] 
80 
80 
80 
80 
80 
90 
90 
75 

Test Number 
MSI 
MS2 
MS3 
MS4 
MS5 
MS7 
MS8 

MS12 

Comment 
Constant load 
Constant load 
Constant load 
Constant MAP 
Constant MAP 
Constant load 
Constant MAP 
SI Only test 

Table 4.6: Engine Operating Points for Mode Switching tests. See Appendix A.4 for 
details of selected tests 

4.4 Cylinder Pressure Analysis 

The in-cylinder pressure measurement provides the most direct information about 

the combustion performance in this engine. Analysis on the in-cylinder pressure 

trace along with other external measurements are used to determine metrics of the 

physical processes in the engine. A post-processing program is used to analyze the in-

cylinder pressure. A summary of the important programs in performing the analysis 

are given in Appendix B.3. 

4.4.1 Cylinder Pressure Signal Filter 

The raw in-cylinder pressure signal is subject to both process and measurement noise. 

Since the in-cylinder pressure is a critical measurement parameter a clean signal is 

desired. In particular for the heat release analysis, where the numerical derivative of 

this signal is taken, even small amounts of noise can drastically alter the result. To 

attenuate this noise a 7th order low pass Butterworth filter is used. To eliminate any 
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phase lag associated with the filtering process, the filter is run through the data in 

the forward and reverse directions. Since the data is collected in the crankshaft angle 

domain the filtering is also done in this domain. 

The main contributor to the process noise is knock. The high frequency pressure 

oscillations associated with knock are measured by the pressure transducer, but do not 

reflect the actual average cylinder pressure, which is the quantity desired. To design 

the low pass filter, the frequency content of the desired processes and the undesirable 

noise must be characterized. A complete cycle of the measured in-cylinder pressure 

trace is shown in Figure 4.2, for a cycle with a fast combustion event with knock. The 

intake and exhaust strokes have relatively slow processes, occurring over 180CAD. The 

compression and exhaust strokes are slightly faster processes, but again occur over 

180CAD. The main combustion event itself represents the highest frequency process 

of a non-knocking cycle, occurring over a minimum span of ~5CAD. A close up of 

the combustion is shown in Figure 4.3. The pressure oscillations due to knock can 

also be seen in Figure 4.3. These oscillations can be seen to occur faster than the 

combustion event itself. 

For combustion analysis the goal of the pressure signal filter is to attenuate the 

signal noise (namely the knock and high frequency electrical noise), but limit attenu­

ation of the actual process, most importantly of which, the combustion event itself. A 

reduction of the knocking portion of the pressure signal by a factor of 1000, and < 1 % 

attenuation of the combustion process were taken as the design criteria. To determine 

the filter cutoff frequency and necessary order an estimate of the knocking frequency 

and combustion frequency is required for the worst case scenario. An estimate of the 

knocking frequency can be determined using [Draper, 1935, Andreae et a l , 2007]: 

f _ Pm,nV 1 Ml , . 
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Previous investigators, such as [Andreae et a l , 2007], have found that knock in 

engines most significantly excites the first circumferential mode, pi^, as shown in 

Figure 4.1. Using the estimated values from [Andreae et al., 2007] of T = 1600A', 7 = 

1.22, R = 287JIkgK, along with the engine bore of 0.080m, the knocking frequency 

is estimated at p1>0 =~5kHz. Further analysis of knock is shown in Section 5.3.5. 

Figure 4.1: Mode Shapes and Estimated Mode Numbers 

The main combustion event occurs over a minimum crankshaft angle of ~5CAD, 

this results in a different time domain frequency depending on the engine speed. 

The critical design paramter for choosing a filter cutoff frequency is at the highest 

engine speed of 1200rpm, where the combustion and the knock occur at the closest 

frequencies. At 1200rpm, 5CAD occurs in a time of 6.94 x 10~4 sec, or a frequency 

of 0.72kIIz. The cutoff frequency must then be between 0.72kHz, and 5kHz. The 

value of 0.04 times the sample rate, or 2.88kIIz at 1200rpm, was chosen as the cutoff 

frequency. To give the necessary attenuation at the knock frequency a 7th order 

filter is used since filtering the data in both directions effectively doubles the filter 

order. The cutoff frequency of the filter is maintained at 0.04 times the sample rate 

for all engine speeds, maintaining the same filter order. Lower engine speeds result 

in a widening between the frequency of the combustion event and the first knocking 

mode. The unfiltered and filtered pressures traces are shown in Figures 4.2 and 4.3. 

The frequency spectrum of the knocking pressure signal is shown in Figure 4.4. This 
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is determined by applying the complementary high pass filter (to the low pass filter 

designed in this section) to the cylinder pressure trace shown in Figure 4.2. The 

Power Spectral Density of the signal is taken by using Welch's method, a 512 point 

FFT with a Hamming window with 50% overlap is used. The frequency of the first 

several modes are also shown for reference. 

-200 -100 0 100 200 
Crankshaft Angle [deg aTDC] 

400 

Figure 4.2: Raw and Filtered Pressure Traces for Full Cycle. Test SS27 cycle 155. 
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Figure 4.3: Raw and Filtered Pressure Traces Near Combustion Region. Test SS27 
cycle 155. 



CHAPTER 4. EXPERIMENTAL PROCEDURE 45 

60 

N 
X 

<\S 50 

o a. 

1 

mio­

se­

s ' 2 ^ 

I 
I 

10-

r 
-

J r^r ^ , 

^P2,o 

! rP3,0 
1 1 

1 — 1 . 1 . . , — 

_ 

-

-

— , «•» — — I 

10 15 
Frequency [kHz] 

20 25 30 

Figure 4.4: Frequency Spectrum of Cylinder Pressure Trace After Applying High Pass 
Filter Complementary to Low Pass. Test SS27 cycle 155. 
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4.4.2 Engine Cycle Analysis from In-cylinder Pressure 

Each stroke of the 4 stroke cycle is analyzed to estimate the conditions throughout the 

closed part of the cycle. As the temperature of the cylinder contents is particularly 

important for HCCI, attention is focused on estimating temperature throughout the 

cycle. Each individual process in the analysis is detailed below. All processes assume 

the process as a single zone, with constant temperature and pressure throughout the 

engine cylinder. Although more complex multi-zone models have been used to esti­

mated temperature, charge, and combustion stratification throughtout the cylinder, 

[Kongsereeparp and Checkel, 2007, Berntsson and Denbratt, 2007, Sjoberg et al., 2005] 

these models are beyond the scope of this thesis. The following equations are all solved 

numerically with the experimental 0.1CAD resolution. The derivatives are estimated 

with a first order forward difference scheme. 

The volume of the engine cylinder throughout the engine cycle is determined from 

the slider crank mechanism equation, [Heywood, 1988]: 

Vcyi = VTDc + ^ p - x(L + r-rx cos(9) - ^L* - (r x sin(0) - xf) (4.3) 

An engine performance metric that can be obtained with strictly the raw measured 

in-cylinder pressure trace, along with the cylinder volume, is the 1MEP. IMEP is 

defined as the pressure, which applied to the piston over the engine cycle, would 

produce the same total work output, as the measured cycle. IMEP is taken over the 

entire cycle to include any work done to (or by) the piston during the intake and 

exhaust strokes, giving a complete measure of the indicated work: 

JMEP = i^H- (4.4) 
Klisp 
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4.4.3 Intake Stroke 

The intake stroke is the process from TDC of the exhaust stroke to the point of IVC 

where the fresh air-fuel mixture is drawn into the cylinder and mixes with residual 

remaining from the previous cycle. The compositional changes due to the residual are 

neglected. The effect of neglecting the residual compositional effects in the thermo­

dynamic properties is assumed small, as with the boosted intake manifold pressure, 

the residual fraction is <10% of the total charge. 

To determine the mass of air-fuel charge drawn into the cylinder, the time averaged 

flow rate of air and the value of A measured with the UEGO are used. The inducted 

mass per cycle is: 

• 1 2 0 A 1 \ ,A ^ 
min^ma^*X{1+(AFR,toichX)) ( 4 J ) 

Rather than use the measured and estimated fuel flow rates of n-heptane and iso-

octane, respectively, Eqn. 4.5 is used as the UEGO can provide a measurement of the 

Air-Fuel Ratio (AFR) with cycle to cycle response (response time of ~ 150msec). Since 

the air-fuel ratios are in the 45-60:1 range, any error associated with the estimation 

of the fuel mass is assumed to be small as it represents <2% of the total intake flow 

rate. The mass of mixture trapped in the cylinder at IVC is the sum of mint and 

Tflres. 

mcyi = mint + mres (4.6) 

4.4.4 Closed Engine Cycle 

From IVC to EVO the mass inside the cylinder is considered to be constant. Blowby 

past the engine piston rings is assumed to be small. The in-cylinder temperature 

throughout the closed part of the cycle is estimated using Eqn. 4.7: 
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TflCylJX 

The cylinder mass for each cycle is affected by the residual mass left over from the 

previous cycle, by Eqn. 4.6. Thus the temperature for each cycle is affected somewhat 

by this estimated residual mass. This model of the engine cylinder does not take into 

account any thermal stratification that occurs near the wall surfaces throughout the 

cylinder, but rather gives a spatially averaged value of the temperature. 

To determine the heat energy released by the chemical reactions during the com­

bustion from the in-cylinder pressure the First Law of Thermodynamics is applied to 

the engine cylinder for the closed part of the cycle: 

SQHR + SQHL = dU + 6W + J2 Mm* (4.8) 
i 

Simplifying Eqn. 4.8, by neglecting any mass flow into or out of the cylinder, 

lumping the heat release term together with the heat loss term, and assuming the 

only work is boundary work on the piston, the relationship simplifies to: 

SQHR** = SQHR + SQHL = - 1 - P dV + — ^ - V dP (4.9) 

7 — 1 7 — 1 

Since the heat release and heat loss terms are lumped together, this equation 

estimates the heat release that does work on the piston, rather than the total heat 

released from the burned fuel. This form of the First Law is typically called heat 

release analysis, and is typical of other investigators, [Blair, 1999, Heywood, 1988, 

Chang et al., 2004]. 

To estimate the polytropic exponent throughout the engine cycle the fit for highly 
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diluted mixtures in HCCI engines is used [Chang et a l , 2004]: 

7 = -9.967e~12T3 + 6.207e_8T2 - 1.436e - AT + 1.396 (4.10) 

The authors claim a +/-0.005 error in predicting 7 over a range of temperatures 

(600-2000K) and air-fuel ratios (18-23:1) when compared with a 14 species equilibrium 

solver. The value of the specific heat of the mixture is calculated as: 

C p = ^ (4.11) 

Due to the highly air-diluted mixtures used in this study, the mixture is assumed 

to be air, so the value of R — 287kJ/(kg • K) is used. An empirical fit of the ideal gas 

constant for lean AFR mixtures is given by [Stone, 1999]. There an error of less than 

3% with this empirical fit compared with the. ideal gas constant for air, for A =2.5 

for temperatures up to ~1500K. The error is reduced further for increased values of 

A as more of the mixture is indeed air. 

By taking a cumulative sum of the incremental net heat release throughout the 

combustion process, the total net heat released during the combustion event can be 

determined. The total cumulative energy released from the fuel can be found. 

e=b 

HR(0) = Y,5QHRMt (4-12) 
9=a 

The value for 'a' of 20 CAD bTDC is used as no detectable combustion could be 

seen before this angle in any test. The value of '&' of 40 CAD aTDC was used as 

the as no significant combustion past this angle could be seen for any experimental 

point. Due to the two stage combustion found in this engine, Eqn. 4.12 is also used 

to determine HRLTR and HRHTR. To determine HRLTR, 'a' is 20 CAD bTDC, and 

'6' is taken 5 CAD bTDC. To determine HRHTR 'a' is 5 CAD bTDC and '6' is 40 
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CAD aTDC. Thus the heat release for each stage of the combustion, as well as the 

total combustion process are determined separately. 

Since the net heat release estimates the progression of chemical energy released 

from the fuel, it can also be used to determine the combustion timing. The fractional 

heat release curve can be determined using: 

The crankshaft angle for any point along this curve can be then determined using: 

CAx = § where : MFB{6) = x ' (4.14) 

The total heat released during the cycle, HRtot, is the maximum of the heat release 

profile, the denominator of Eqn. 4.13. Similarly this can be applied for the HRLTR 

and HRJJTR heat release curves. In this work CA5HTR is used as the metric for SOC. 

4.4.5 Exhaust Stroke and Residual Estimation 

To estimate the residual mass and temperature for the proceeding cycle, the in-

cylinder temperature and mass must be estimated throughout the blow down process 

and exhaust strokes. Prom EVO to BDC of the expansion stroke, where the blowdown 

process is assumed to be complete, the cylinder temperature is assumed to follow an 

isentropic expansion [Heywood, 1988]. The temperature thus follows the in-cylinder 

pressure as: 

T(d + A0) _ fP(9 + A9)\ 

T{&) V P(0) 

The mass of exhaust gas during the exhaust stroke, from BDC to EVC, is esti­

mated using: 
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m ^ = ^ (4.16) 

The temperature in Eqn. 4.16 is estimated using the relationship in: 

AT = ^ % f (4.17) 

The residual mass for the next cycle, mres is then estimated as the value of mexh 

at the point of EVC. The value of AQHT is estimated using the Woschni heat transfer 

correlation as shown in Heywood, [Heywood, 1988]. 

The preceding series of equations provide an estimate of the in-cylinder temper­

ature throughout each engine cycle. To provide validation for the analyzed data, a 

direct comparison with an experimentally measured temperature is necessary. The 

exhaust gas temperature measured in the exhaust port provides a means of validat­

ing the estimated temperature. In Figure 4.5 the test average of 450 cycles of the 

mean exhaust gas temperature during the blowdown and exhaust strokes (as esti­

mated by the post processing analysis) is compared with the measured exhaust gas 

temperature. As shown in Figure 4.5, for exhaust gas temperatures of 370°C the 

mean in-cylinder exhaust gas temperature is estimated to be approximately 80° C 

higher. For exhaust gas temperatures near 200°C the estimated mean in-cylinder 

temperature is nearly equivalent. In [Heywood, 1988], Heywood suggests that the 

time averaged in-cylinder temperature, during the blowdown and exhaust strokes is 

approximately 100°C greater than the measured exhaust gas temperature for an SI 

engine, with exhaust gas temperatures of 500-800°C. With the reduced exhaust gas 

temperatures of HCCI operation, heat transfer from the exhaust gases to the exhaust 

port is reduced. This effect becomes even more apparent at the lowest exhaust gas 

temperatures, which show similar values between the measured exhaust gas temper-



CHAPTER 4. EXPERIMENTAL PROCEDURE 52 

ature, and the in-cylinder average temperature. The linear fit between the estimated 

temperature and the measured temperature shown in Figure 4.5 has an average error 

of 13°C and a maximum error of 40°C. 
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Figure 4.5: Estimated Exhaust Gas Temperature vs. Measured Exhaust Gas Tem­
perature of Tests SS1-SS75 

Examples of the pressure traces and heat release rates typical for this engine 

are shown in Figure 4.6 and 4.7. Figure 4.6 shows 10 consecutive pressure traces 

for each of 3 loads at a given operating condition. In Figure 4.7 the heat release 

rates for each of pressure traces in Figure 4.7 is presented. A typical heat release 

profile with the relevant combustion timing metrics used in this study is shown in 

Figure 4.8. The LTR and HTR reaction zones are also labeled in both Figure 4.7 

and 4.8. Throughout this study the metric used for SOC is CA5HTR as using the 

value of CA10 as in [Atkins, 2004], results in SOC being predicted sporadically in 

the LTR zone due to the high HRLTR. This is caused by the low octane number 
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used in several of the tests. This can be seen visually in Figure 4.8, as in several 

cases the flat region of heat release between the end of the LTR zone and the start 

of the HTR zone, occurs at nearly 10% of the total heat release. The metric used to 

determine the end of combustion is CA90 as in [Oakley et al., 2001, Atkins, 2004] 

as it generally predicts the end of the fast combustion processes before heat transfer 

effects, and slowing reaction rates sharply decline the heat release rate. 

0 0 I 1 1 1 ! 1 1 1 1 

-40 -30 -20 -10 0 10 20 30 40 
Crankshaft Angle [deg aTDC] 

Figure 4.6: Cylinder Pressure for Three Loads with Ten Cycles for each Load. Cycles 
1-10 of tests SS58-SS60. 



CHAPTER 4. EXPERIMENTAL PROCEDURE 54 

0.2 

0.15 

CD 
T3 

« 0.1 h 

<u 

^) 
(D 

£ 0.05 
0) 
X 
• u 
0) 
z 

-0.05 u -
-40 

High Load —: 

Intermediate Load 

Low Load 

LTR 
< x -

HTR 

N=800rpm 
MAP=125kPa 

-30 -20 -10 0 10 20 30 40 
Crankshaft Angle [deg aTDC] 
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Figure 4.8: Typical Heat Release profile 
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4.4.6 Uncertainty in Analysis 

To understand the effects of uncertainty of the measured and estimated values on 

the results of the post processing presented in this chapter, an uncertainty analysis is 

performed on the collected experimental data. As the main measurement of interest 

for this study is a selection of metrics based on the in-cylinder pressure trace, so the 

focus of this section will mainly be on these parameters. The parameters evaluated 

from the cycle analysis based on the pressure trace can be summarized into heat 

release parameters, combustion timing parameters (derived from the HR analysis), 

estimated temperatures, and IMEP. To evaluate these parameters the required inputs 

are the geometric properties of the engine and measured thermodynamic states of the 

intake, in-cylinder, and exhaust conditions of the engine. 

Based on the procedure of a systematic perturbation of the inputs necessary in 

calculating the result is done in order to determine the effect of each input error on 

the output [Moffat, 1988]. Each measured input parameter has some error associated 

with its value. A list of the necessary input parameters in calculating the results 

presented in this chapter is shown in Table 4.8 along with the estimated uncertainty 

associated with that parameter. Parameters marked with an '*' are parameters which 

are estimated during the analysis or before the analysis. 

To reduce the number of inputs to be evaluated, a previous analysis is used to 

eliminate insignificant sources of error [Payri et al., 2006]. The authors found that 

the errors associated with the dimensional measurements, and deformation of these 

dimensions dire to combustion pressures to be negligible, even for a high compression 

ratio diesel engine. As the engine in this thesis uses a relatively low compression ratio, 

the effects of inaccuracy of these dimensions is ignored. While the valve event angles 

are critical to engine performance, they have little effect on the analysis techniques 

used in this work, as air and fuel flow rates are measured, rather than estimated using 
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Parameter 
B [m] 
S [m] 
L [m] 
VTDC [m3] 
IVO [CAD bTDC] 
IVC [CAD aBDC] 
EFO [CAD bBDC] 
EVC [CAD aTDC] 
Tint [ CJ 
N [rpm] 

A[-] 
"io i r [g/sec] 
m / w J [g/sec] 
mres [mg/cycle]* 
T [Nm] 
0 2 [%] 
C0 2 [%] 
CO [%] 
t/ffC [ppm] 
NOx [ppm] 
T ^ J [°q* 

7 H* 

Value 
0.080 
0.089 
0.159 

4.98e-5 
8 
52 
69 
1 

64-141 
800-1200 
1.8-3.5 
3.1-4.2 

0.054-0.134 
44-58 

5.2-16.9 
9.1-15.1 
2.3-7.0 

0.08-1.21 
2.0e3-4.7e3 

0-23 
110 

1.27-1.35 

Uncertainty (±) 
0.001 
0.001 
0.001 

0.05e-5 
2 
2 
2 
2 
2 
10 
1% 
5% 
3% 
10% 
0.1 
0.01 
0.01 
0.01 
10 
1 

30 
0.005 

Table 4.7: Summary of Measured Inputs and Estimated Uncertainty. Parameters 
with a '*' are estimated. 

a flow model based on valve events. The emissions measurements have no influence on 

the estimated combustion parameters, however their resolution is shown in Table 4.8 

for completeness. 

The error in mair is estimated from the laminar airflow measurement technique's 

individual error sources. The uncertainty in rhf is derived from the average standard 

deviation of measured n-heptane flow rate for each test case. The value of mres is 

determined from the estimated in-cylinder conditions at EVC for each cycle. Since 

it is not a measured, quantity, the error associated with it is given a relatively large, 

10% uncertainty. Combining these errors to give the total uncertainty in the cylinder 

mass, is done using: 
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Smcyi = 5mair + AFR5mfuei + fr6mres (4.18) 

Note: in this equation, the values of the flow rates rhfuej and fnair are converted 

to a mass/cycle basis, m,fuei and mair) using an engine speed of lOOOrpm. Since the 

total uncertainty in rhfuei and mres only contribute to the total cylinder mass through 

the AFR and fr, respectively, their effects are reduced. Here the average values of 

AFR and fr of 35:1, and 10% are used. Combining the errors, the total error in mcyi 

is estimated at 7%. This estimated error is similar to the 6% error in mair estimated 

by [Payri et a l , 2006]. 

Pertinent to this study, the main factors which contribute the errors in the eval­

uation of combustion metrics, according to [Payri et al., 2006], are the estimates of 

in-cylinder mass during the closed cycle, the cylinder pressure pegging pressure, and 

the crankshaft encoder offset error. Also included, is the effect of the estimation of 

the ratio of specific heats, 7 as this is estimated using a fit [Chang et a l , 2004]. The 

only factor which effects evaluation of IMEP from the cylinder pressure trace is the 

accuracy of the relationship between the crankshaft angle encoder and the actual 

angle of TDC [Payri et a l , 2006]. Offsetting this value from the true value results in 

an offset of the cylinder volume calculation shown in Eqn. 4.4. 

To evaluate the influence of error in these parameters, three test points are eval­

uated with each of the inputs perturbed by the uncertainty shown in Table 4.8. 

Parameter 0offset is used to show the effect of improperly estimating the actual re­

lationship of the crankshaft with the in-cylinder pressure trace. Input parameter 

Ppegging i s used to show the effects of a bias in the pegging of the relative in-cylinder 

pressure to an absolute pressure source. The tests SS16, SS17, and SS19 are from the 

steady state tests shown in Table 4.3 at an engine speed of lOOOrpm, MAP of 125kPa, 

Tint of 90°C for min, rned and max loads are used as a representative set of tests. The 
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results shown in Table 4.8 are the average of the values of the three test points. The 

average of the nominal cases, where the input values use their as measured values, is 

also shown for reference. Of the input parameters to this uncertainty test, Table 4.8 

shows that mcyi has the greatest effect on properly estimating temperature, though 

other sources of error can contribute significantly as well. The only parameter which 

significantly affects determining the combustion timing, CA5HTR and CA90, is the 

direct offset of the encoder through 90ffSet- The other parameters have a negligible 

effect (less than the 0.1CAD resolution of the analysis) on the MFB curve. It should 

be noted that all of the input parameters have an effect on ^ j , but the effect is 

typically under 5%. The only factor investigated which contributes to an error in 

estimating IMEP is crankshaft encoder offset. Even the relatively small change in 

offset of 0.5CAD results in an average error of about 4% in the IMEP. 

Tivc [K] 
-* max \,"-\ 

CA5HTR [CAD] 

^ [kPa/CAD] 
IMEP [kPa] 

Nominal 
Values 
386.9 
1586 
6.1 
161 
482 

m-cyl 

+7% 
386.2 
1484 
6.1 
166 
482 

^offset 

+0.5CAD 
387.0 
1566 
6.3 
194 
466 

7 
+0.005 
386.9 
1586 
6.1 
168 
482 

p 
1 pegging +20kPa 
388.8 
1575 
6.1 
186 
482 

Table 4.8: Summary of Input Error on Analyzed Results. Nominal values are the 
average of Tests SS16, SS17, and SS18. 



CHAPTER 5 

EXPERIMENTAL RESULTS 

The analysis of the experimental data is presented in this chapter. First the repeata­

bility of the experiment is investigated. Then the process for determining the. optimum 

combustion timing for the range operating conditions is explained. Then performance 

metrics of the steady state operating conditions are shown. These metrics include 

global engine parameters, emissions characteristics, and HCCI knock characteristics. 

Finally the results of the transient tests and SI to HCCI mode switching tests are 

presented. 

5.1 E x p e r i m e n t a l Unce r t a in ty 

To determine the repeatability of the experimental apparatus, 15 of the 75 steady 

state tests were taken on 5 separate occasions. The 15 tests represent a range of the 

experimental test conditions shown in Table 4.3. The tests for which additional trials 

were taken are shown in Table 4.4. Compared with the full matrix of steady state 

points of Table 4.3, the repeated trials cover the same range of conditions, with the 

exception of one value of Tint for each test condition. 

To determine the repeatability of the experimental setup, the performance metrics 

of each of the 5 trials for the 15 repeated tests are calculated. Several of the important 

metrics of the engine are summarized in terms of their mean and standard deviation 

60 



CHAPTER 5. EXPERIMENTAL RESULTS 61 

within the repeated trials. The results for each test case are shown in Tables 5.1 

-5.5. A summary of the results of these 5 tables is shown in Table 5.6. The average 

standard deviation is the average (either absolute value or percentage) from each of 

the 15 test cases. The maximum standard deviation is the maximum of the standard 

deviation from each of of the 15 test cases. 

Parameter 
Tim [K] 

MAP [kPa] 
CAhiTR [CAD] 

HRtot [kJ] 
IMEP [kPa] 

A[%] 
rhair [g/sec] 
rhheptane[%] 

Tivc [K] 
J- max \p^\ 

BSFC [g/kWhr] 
CO {% of CO] 

UHC [ppm] 
NOx [ppm] 

Min. Load 
120.8 (0.5) 

125.0 (0.18) 
3.4 (0.43) 

0.287 (0.028) 
314 (27.7) 
3.4 (0.11) 

3.08 (0.033) 
0.037 (0.001) 

394.6 (0.1) 
1321 (68) 
380 (53) 

0.41 (0.28) 
2105 (1081) 

1.3 (0.3) 

Med Load 
120.5 (0.8) 
125.0 (0.17) 
4.2 (0.52) 

0.402 (0.018) 
429 (17.7) 

2.75 (0.067) 
3.08 (0.034) 

0.036 (0.001) 
395.2 (0.3) 
1572 (53) 
286 (12) 

0.14 (0.05) 
1710 (839) 
1.2 (0.3) 

Max. Load 
120.5 (1.0) 

125.2 (0.19) 
4.2 (0.66) 

0.522 (0.019) 
531 (16.8) 
2.19 (0.05) 

3.07 (0.037) 
0.035 (0.001) 

395.8 (0.4) 
1835 (57) 

270(4) 
0.06 (0.02) 
1409 (769) 
2.8 (2.6) 

Table 5.1: Average and Standard Deviation (in brackets) of 5 Repeated Trials for 
Case N of Table 4.4. 

The first two parameters in Table 5.6, Tint and MAP, represent the ability to 

repeat the operating condition of the engine for each trial. Of the parameters of 

Table 5.6 the SOC, as measured by CA5HTR, is a parameter that is sensitive to the 

overall similarity of the engine operating condition from trial to trial. Variations in 

fuel delivered, Tint , MAP, N, and residual fraction will all influence the SOC. This 

relatively small variation in CA5HTR is promising as even this sensitive parameter can 

be reliably repeated. One of the major reasons for the repeatability of CA5HTR, is 

the relatively small variation in TIVc from trial to trial. As the auto-ignition process 

is highly sensitive to temperature, having a low variation in TJVc means there is likely 

low variation in temperature throughout the compression process. The results show 
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Parameter 
Tint [K] 

MAP [kPa] 
CA5HTR [CAD] 

HRtot [kJ] 
IMEP [kPa] 

A [%] 
mair [g/sec] 

fhheptane[M 

TIVC [K] 

B5FC [g/kWhr] 
CO [% of CO] 
UHC [ppm] 
Af0x [ppm] 

Min. Load 
109.7 (1.5) 
124.8 (0.14) 
4.0 (0.85) 

0.334 (0.028) 
362 (30) 

3.0 (0.11) 
3.71 (0.030) 
0.066 (0.002) 
392.7 (0.4) 
1417 (96) 
309 (35) 

0.35 (0.23) 
2130 (1044) 

1.5 (0.2) 

Med Load 
109.2 (1.5) 
124.7 (0.18) 

5.0 (0.70 
0.452 (0.023) 

477 (20) 
2.5 (0.07) 

3.71 (0.024) 
0.064 (0.001) 
393.8 (0.5) 
1677 (74) 
249 (8) 

0.12 (0.05) 
1721 (686) 
1.5 (0.2) 

Max. Load 
108.9 (1.4) 
124.9 (0.23) 
6.1 (0.15) 

0.565 (0.013) 
571 (10) 

2.0 (0.02) 
3.69 (0.022) 
0.060 (0.001) 
393.9 (0.5) 
1917 (46) 
244 (2) 

0.06 (0.02) 
1395 (547) 
13.7 (5.9) 

Table 5.2: Average and Standard Deviation (in brackets) of 5 Repeated Trials for 
Case O of Table 4.4. 

that the deviation of TJVC
 iS considerably smaller than that of Tint. As Tint directly 

influences TjVc, the heat transfer during the intake stroke appears to play a role 

in reducing these variations. Heat transfer between the fresh intake charge, at Tint, 

and the intake port, intake valve, and in-cylinder surfaces during the intake stroke 

appear to regulate the variations in the intake temperature. The variations in Tmax 

represent a relatively small variation on the average peak combustion temperatures 

of 1300-1900K. 

The variability of HRtot and IMEP are both of similar magnitude, as should 

be expected, as they are both measures of the energy release associated with the 

combustion process. The variation in HRtot is slightly higher than IMEP, as it also 

influenced by variations in the estimated temperature, which in turn influences the 

estimated value of 7, while the IMEP is only reliant on the pressure signal. The 

variations in HRtot and IMEP are at least partially caused by the variation in fuel 

flow rate, measured by the changes in mheptane, as changes in fuel flow rate directly 

influence the energy available for combustion. The variability of total fuel flow rate 
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Parameter 

Tint [K] 
MAP [kPa] 

CASHTR [CAD] 
HRtot [kJ] 

IMEP [kPa] 
A [%} 

™>air [ g / s e c ] 

ihheptane [%} 

TIVC [K] 
L max \}^-\ 

BSFC [g/kWhr] 
CO [% of CO] 
UHC [ppm] 
A^Ox [ppm] 

Min. Load 
91.4 (1.7) 

124.9 (0.33) 
6.6 (0.31) 

0.411 (0.009) 
442 (10) 
2.6 (0.05) 

4.32 (0.034) 
0.108 (0.002) 
388.2 (0.7) 
1545 (23) 
279 (5) 

0.19 (0.06) 
1887 (683) 
1.7 (0.2) 

Med Load 
91.9 (1.6) 

124.9 (0.39) 
7.0 (0.48) 

0.470 (0.022) 
499 (21) 
2.3 (0.09) 

4.31 (0.031) 
0.107 (0.001) 
388.8 (0.5) 
1686 (46) 
263 (13) 

0.13 (0.05) 
1681 (644) 
1.7 (0.2) 

Max. Load 
92.2 (1.6) 

125.0 (0.39) 
7.5(0.81) 

0.555 (0.021) 
568 (133) 
2.0 (0.05) 

4.29 (0.031) 
0.105 (0.001) 
389.4 (0.5) 
1878 (60) 
250 (7) 

0.08 (0.03) 
1391 (586) 
5.4 (5.2) 

Table 5.3: Average and Standard Deviation (in brackets) of 5 Repeated Trials for 
Case P of Table 4.4. 

(including both n-heptane and iso-octane) can only be estimated, as the flow rate of 

only n-heptane is measured, and the flow rate of iso-octane estimated from PWoc tane . 

Since the pulse width's are maintained constant for all trials, the variations in flow 

rate are likely due to changes in injector flow constants (for example due to changes 

in supplied voltage to the fuel injectors), and fuel pressure. Assuming equal flow rates 

and variability of n-heptane and iso-octane flow rates, the error associated with the 

total fuel flow rate, rhfuei, is 2.8% by taking the root sum of squares of the errors. 

This total error in fuel flow rate assumes that the errors of n-heptane and iso-octane 

flow rates are assumed to be random and uncorrelated with each other. The value of 

variation in A , as measured by the UEGO, can be determined to be a combination 

of the variations in m a i r and rh/„e; (as determined previously), by determining the 

sum of these errors in a root sum of squares, [Moffat, 1988]. As the A F R is related 

directly to A through the AFRsto,;cfe (which is assumed to have no error, and thus 

has no effect in the total error), the total error can be determined by a root sum of 

squares for a purely multiplicative equation. The total average error associated with 
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Parameter 
Tint [K] 

MAP [kPa] 
CA5HTR [CAD] 

HRtot [kJ] 
IMEP [kPa] 

A [%] 
rnair [g/sec] 

rn>heptane[%} 

TJVC [K] 

-* max \p^\ 

B5FC [g/kWhr] 
CO [% of CO] 
UHC [ppm] 
Â O.̂  [ppm] 

Min. Load 
99.6 (1.3) 

109.8 (0.17) 
4.3 (0.92) 

0.360 (0.016) 
375 (15) 
2.6 (0.05) 

3.25 (0.022) 
0.077 (0.002) 
390.6 (0.6) 
1575 (59) 
293 (9) 

0.16 (0.07) 
1780 (747) 
1.5 (0.3) 

Med Load 
98.6 (1.7) 

109.9 (0.26) 
4.9 (0.72) 

0.419 (0.027) 
429 (24) 

2.3 (0.12) 
3.24 (0.023) 
0.077 (0.001) 
390.7 (0.8) 
171.6 (67) 
312 (29) 

0.11 (0.05) 
1655 (700) 
1.5 (0.3) 

Max. Load 
98.1 (2.2) 

101.0 (0.33) 
6.2 (0.50) 

0.505 (0.015) 
498 (16) 
1.9 (0.04) 

3.23 (0.026) 
0.075 (0.001) 
391.1 (0.9) 
1915 (36) 
258 (7) 

0.06 (0.02) 
1308 (510) 
7.6 (3.3) 

Table 5.4: Average and Standard Deviation (in brackets) of 5 Repeated Trials for 
Case Q of Table 4.4. 

the mass and fuel flow rates is 3.0%, which accounts for the majority of the variation 

associated with the mean variation in the measurement of A . 

Variability in the emissions measurements is also shown in Table 5.6. The results 

are shown in absolute terms, rather than on a percentage of the mean value, as this 

result could be misleading. The average standard deviation of the mean value over 

the repeated trials of the CO measurement is 0.09% CO on a mean value of CO 

of 0.16% CO. While this represents a larger percentage variation (56%) in absolute 

terms, the absolute error is relatively small, as 0.09% error is only a small fraction 

of the range of the analyzer (0-10%). Also, as the CO produced by the engine 

changes nearly two orders of magnitude over the range of A of this study, even a 

small change in A from test to test results in a significant change in CO. Similarly 

for the NOx measurement, the average standard deviation of the mean value over the 

repeated trials is 2.1ppm, with a mean value of 3.7ppm. In percentage terms this 

is a large variation (57%), although in absolute terms this is a very small quantity, 

especially over the 0-2500ppm range of the analyzer. The measurement of unburned 
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Parameter 
Tint [K] 

MAP [kPa] 
CA5HTR [CAD] 

HRtot [kJ] 
IMEP [kPa] 

A [%] 
mair [g/sec] 
mheptane[M 

TIVc [K] 
-* max ["-\ 

BSFC [g/kWhr] 
CO [% of CO] 
UHC [ppm] 
iVO, [ppm] 

Min. Load 
140.0 (0.9) 
140.1 (0.23) 
4.0 (0.83) 

0.326 (0.026) 
365 (29) 
3.3 (0.09) 

3.99 (0.050) 
0.045 (0.001) 
402.9 (0.3) 
1386 (67) 
297 (33) 

0.43 (0.2) 
2626 (1253) 

1.4 (0.3) 

Med Load 
140.0 (1.2) 
139.9 (0.37) 
5.0 (0.71) 

0.477 (0.016) 
513 (15) 

2.5 (0.06) 
3.98 (0.062) 
0.044 (0.001) 
403.9 (0.4) 
1702 (30) 
242 (8) 

0.11 (0.04) 
2319 (852) 
1.4 (0.5) 

Max. Load 
140.1 (0.9) 

139.2 (1.31) 
6.1 (0.47) 

0.573 (0.026) 
589 (23) 

2.1 (0.03) 
3.96 (0.065) 
0.042 (0.001) 
404.4 (0.1) 
1885 (58) 
245 (5) 

0.07 (0.02) 
2270 (783) 
9.2 (5.9) 

Table 5.5: Average and Standard Deviation (in brackets) of 5 Repeated Trials for 
Case R of Table 4.4. 

hydrocarbons (UHC) has an average standard deviation over the repeated trials of 

864ppm with an mean value of 1.82e+3ppm. This does represent a significant amount 

of variation in the measurement, of 47%. The large variation in UHC is likely coupled 

with the variation in CO, as a small decrease in the in-cylinder temperature, from 

trial to trial, could significantly reduce oxidation of the CO as well as the UHC. 

This effect is the strongest near the misfire limit, when in-cylinder temperatures are 

low and especially near the cylinder walls, where gas temperatures are reduced even 

further by heat transfer to the wall. As the engine is operated at the misfire and 

knock limits to determine the minimum and maximum load output of the engine, at 

a given operating condition, the combustion is near its limit in both, cases. As the 

misfire limit is approached, CO and UHC emissions increase significantly, especially 

if a partial or complete misfire occurs on any particular cycle. Thus even a small 

change in the operating condition leads to a large variation in the measured quantity. 

Similarly for the knock limit, a small change in operating condition from one trial to 

another can lead to a large increase in NO^ emissions. This is particularly true, as the 
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Parameter 
Tint [K] 

MAP [%] 
CA5HTR [CAD] 

HRtot [%} 
IMEP [%] 

A [%] 
mair [%} 

rriheptane[%] 

Tivc [K] 
-* mra l-'VI 

BSFC [%] 
CO [% of CO] 
£/HC [ppm] 
NO, [ppm] 

Average Std. Dev. 
1.5 
0.2 
0.68 
5.6 
5.1 
3.4 
1.1 
2.0 
0.54 
64 
5.7 
0.09 

8.6xl02 

2.1 

Maximum Std. Dev. 
2.5 
0.3 
1.0 
11 
9.9 
10.2 
1.8 
3.2 
1.1 
107 
15.7 
0.29 

1.4xl03 

6 

Table 5.6: Average and Maximum Standard Deviations of Performance Metrics for 
all Repeated Trials 

value oiTmax approaches the threshold for production of thermal NOx, which happens 

to coincide with the knock limit of this engine. At the knock limit, an increase in 

the average Tmax of the 107K shown in Table 5.6 results in approximately an order of 

magnitude increase in the rate of initial NO formation according to [Heywood, 1988]. 

It should be noted that while the sensitivity of the emissions parameters are high at 

the limits of combustion, the absolute values, the absolute values remain relatively 

small. 
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5.2 Determination of Optimum Combustion Timing 

Shown in Figure 5.1 is the average combustion timing as a function of intake tempera­

ture for the three engine speeds. The error bars in Figure 5.1 show ± 1 standard devia­

tion of the combustion timing for the 450 cycles collected. The trend line through the 

data points is a quadratic fit to the mean combustion timing. For each engine speed, 

as the intake temperature increases, the combustion timing advances. The variation 

of the combustion timing, in CAD, is reduced as combustion advances toward TDC 

for CASHTR aTDC. A more complete analysis of the variations of combustion timing 

for this engine can be found in [Shahbakhti et a l , 2007a, Shahbakhti et al., 2007b]. 

14 
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Figure 5.1: Effect of Intake Temperature on SOC for Cases A, B, and C in Table 4.2 

In Figure 5.2 the value of ^ (see Eqn. 5.6) is shown as a function of the SOC. As 

the combustion timing advances, the value of ^ j increases as engine speed increases. 

The error bars in this plot show ± 1 standard deviation of the value of ^j, with the 

fitted line a quadratic fit through the data. As knock and mechanical engine damage 
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can occur for high values of ^ j , retarding the combustion timing can be used to 

prevent this damage. As the high load limit is generally defined by the onset of 

knock, retarding the combustion timing is one way to achieve higher load, before the 

onset of knock. 

100h 

* 800rpm 
o 1000rpm 
° 1200rpm 

5 6 7 8 
CA5HTR [CAD aTDC] 

10 11 

Figure 5.2: Effect of average SOC on Combustion Pressure Rise Rate for Cases A, B 
and C in Table 4.2 

The optimum combustion timing is defined to maximize the power output of the 

engine. As the fuel input is the same throughout each sweep, the SOC that gives the 

highest IMEP is therefore the optimum. In Figure 5.3 the value of IMEP is shown 

as a function of SOC for each engine speed. The error bars are ± 1 standard devi­

ation of IMEP for the 450 cycles of each test. The trend line is a quadratic fit to 

the data to determine combustion timing which achieves a maximum IMEP. For each 

engine speed IMEP reaches a maximum at a different combustion timing. As engine 

speed advances the optimum combustion timing retards from TDC. From these data, 

the setpoint for combustion timing for each engine speed is set at 5CAD aTDC for 
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800rpm, 7CAD aTDC for lOOOrpm, and 9CAD aTDC for 1200rpm. One possible rea­

son the optimum combustion retards with increasing engine speed is a combination 

of increased negative work induced by the LTR (caused by the increased n-heptane 

required at higher engine speed) and the effect of knocking combustion. The knock­

ing combustion increases the heat transfer to the cylinder walls, reducing the work 

extracted during the expansion stroke [Atkins, 2004, Tsurushima et al., 2002]. The 

variations in IMEP can also be seen to increase significantly as the combustion is 

retarded, for all engine speeds. 

The mechanism for this increased variation can be explained as follows: as the 

piston compresses the air-fuel mixture the mixture temperature increases, causing 

the cylinder contents begin to reacting near TDC. As the piston passes TDC, the 

piston begins to expand the mixture (since all combustion timings in this work oc­

cur aTDC the main combustion event always beings aTDC) and the temperature 

beings to decrease. The decreasing temperature slows the rate of the auto-ignition 

process, lengthening the time for the mixture to enter the thermal runaway stage of 

combustion. As the rate of the chemical kinetics decrease exponentially with reduced 

temperature, any cycle to cycle differences in the mixture temperature at TDC, result 

in significantly varying reaction rates as the piston descends. A cycle with a relatively 

high mixture temperature at TDC, will be somewhat less unaffected by the piston 

descending. However, a cycle with a relatively low temperature at TDC, will have its 

rate of reaction significantly reduced by the reduced temperatures aTDC. 
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Figure 5.3: Effect of SOC on IMEP for Cases A, B, and C in Table 4.2 
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5.3 Steady State Results 

5.3.1 HCCI Load Range 

The steady state engine operating points shown in Table 4.3 are analyzed using the 

methods described in Section 4.4 and presented here. The test cases in this section are 
j 

divided into two categories. Cases E, G, and H from Table 4.3 are used in instances 

where three engine speeds are compared. Cases D, E, and F from Table 4.3 are used 

to compare three values of MAP. Unless otherwise noted, the values presented in this 

section are the mean value of 450 engine cycles at one operating point. 

The brake work of the engine is the indicated work done on the piston by the 

combustion pressures minus the frictional losses, and is measured by the engine torque 

output on the dynamometer. A comparison of IMEP (Eqn. 4.4) vs BMEP (Eqn. 3.3)is 

shown in Figure 5.4, as is a linear fit to the data. The error bars represent ± 1 

standard deviation of the IMEP for each test case. The average value of the standard 

deviation in BMEP, for tests SS1-SS75, is 27kPa. As the load decreases toward the 

misfire (low load) limit, the variation in IMEP increases (size of error bars increases). 

For these low load cases the likelihood of a misfire, or a partial burn cycle increases, 

increasing the variability of energy released during combustion on any given cycle. 

The offset between the IMEP and BMEP is the average Frictional Mean Effective 

Pressure (FMEP). The slope of the linear regression line is not exactly 1, as would 

be expected if the frictional work were constant through all tests. As the linear fit 

in Figure 5.4 does not take into account this change in FMEP from test case to test 

case, deviations from the linear fit result. 

The value of the average FMEP of 126kPa is comparable to the estimate by 

[Blair, 1999], of 135kPa which is typical for an engine of this displacement. Motoring 

tests over the same range of conditions of the steady state tests result in FMEP of 

132kPa. The differences in the two frictional estimates are that the thermodynamic 
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properties of the gases present in the cylinder during the motoring tests change, 

[Heywood, 1988]. In particular during the blow down and exhaust phases of the cycle, 

the pumping work is changed. Different component temperatures during motoring or 

firing operation (piston and cylinder liner) result in different frictional characteristics 

between the components. 
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Figure 5.4: IMEP vs BMEP for Cases D, E, F, G, and II of Table 4.3 

The load range which can be obtained by varying the fueling (both ON and fuel 

quantity) in steady state operation are shown in Figures 5.5 and 5.6. The lower line 

for each MAP indicates the low load limit, the upper line represents the high load 

limit, and the vertical lines are shown to visually distinguish the individual ranges. 

In Figure 5.5 the load range for the three values of MAP can be seen, as a function of 

Tint. Increasing the MAP increases the possible load range, extending the maximum 

load possible. The low load limit can be seen to vary most significantly with the Tint, 

increasing significantly for lower values of Tint. For this engine the low load limit is 
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expanded considerably by increasing the Tint from 63° C to 100°C. A similar trend is 

shown in [Dec and Sjoberg, 2003]. 

The load range is plotted versus engine speed in Figure 5.6 and the main shift 

in the load range is to the low load limit. The minimum load which can be ob­

tained increases with engine speed; this result is different from the work presented 

by other investigators, such as [Hyvonen et al., 2003, Chang et al., 2006], which show 

decreasing minimum load as engine speed increases. This is attributed to the other 

investigators using internal EGR [Chang et a l , 2006], or variable compression ratio 

[Hyvonen et al., 2003] to maintain combustion timing with increasing engine speed, 

rather than changing fuel composition as done here. As engine speed increases the 

time available for the auto-ignition process to occur decreases; however, the ignition 

delay time of the fuel remains the same. The most direct way to get reasonable 

combustion timing as engine speed increases is to decrease the ignition delay time 

by increasing the compression temperatures. By using a progressively higher internal 

residual with higher engine speed, as in [Hyvonen et al., 2003], or by increasing com­

pression ratio, as in [Chang et a l , 2006], the average in-cylinder temperature during 

compression is increased, and thus the combustion timing can be advanced suffi­

ciently. Since in this work the residual fraction is relatively small, the method of 

getting the desired combustion timing as engine speed increases, is to increase the 

fuel concentration, namely n-heptane. Increasing the fueling reduces the fuel ignition 

delay by increasing the fuel concentration; however, increased fuel quantity directly 

results in a higher load. 

5.3.2 Fueling Required for HCCI 

For the range of operating conditions tested the ON required to maintain stable HCCI 

operation within the defined operating region of Section 4.2 is shown in Figures 5.7 

and 5.8. The points for minimum and maximum load are shown in each figure. 
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Figure 5.5: Load Range in terms of IMEP vs Tint for three values of MAP at lOOOrpm. 
Minimum and maximum load limits shown for Cases D, E and F of Table 4.3 

The dashed lines represent the minimum load cases, while the dotted lines represent 

the maximum load case. To maintain constant combustion timing, as engine speed 

increases, the ON decreases. This is due to the reduced time available for combustion 

as the engine speed increases, thus decreasing the available time for the fuel to auto-

ignite during compression. As the kinetics of the fuel are based on the time available 

at the elevated compression temperatures near TDC, a higher engine speed means 

there is less time for the reactions leading to auto-ignition to occur. Thus a fuel 

which more easily auto-ignites is required as engine speed increases. The jump in 

octane in Figure 5.7 between 100-110 °C for the 1200rpm case is due to the imposed 

threshold of PW0Ctanc of 0 to 1.3msec due to the injector. Similarly in Figure 5.8 

for MAP of HOkPa the minimum load condition is achieved at an ON of 0, while 

the increased load for the lowest temperature is made by moving to the minimum 
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PWoctane of 1.3msec. This point represents the limiting case for which the minimum 

change in ON which can be achieved using the dual fuel technique. As expected, ON 

must increase to maintain combustion timing as Tjnt rises, for all cases shown. 
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The low ON fuels used result in the LTR region being an important feature of 

the combustion as shown in Figures 4.7 and 4.8. The heat release in the LTR is 

an important area to investigate, as these reactions form the precursors of the HTR 

reactions [Tanaka et a l , 2003a, Kirchen et a l , 2007]. In particular, the heat released 

in the LTR region increases the in-cylinder temperature for the HTR region. Engine 

operating parameters that change the amount of HRLTR require a different mixture 

condition in order to maintain combustion timing. 

The average value of HRLTR for all cycles of a test is compared with the mass of 

n-heptane injected per cycle, in Figures 5.9 and 5.10. HRLTR is compared with the 

mass of n-heptane for change in MAP in Figure 5.9, and for changes in engine speed 

in Figure 5.10. For both figures, the dashed line represents the case of minimum load, 

and the dotted line the case for maximum load. It is noteworthy that a relatively 

small change in n-heptane mass is required to maintain combustion timing when going 

from the minimum load to the maximum load condition. The average reduction in 

n-heptane from the minimum load condition to the maximum load condition is 5.3%, 

while the maximum reduction is 15.3%. The initiation of the HTR combustion in 

PRF blends is dominated by the LTR and HTR kinetics of the n-heptane while 

the total heat released during combustion is dependent on the total fuel quantity 

[Tanaka et al., 2003a, Tanaka et al., 2003b]. The decrease in n-heptane required to 

maintain a constant SOC in these tests is due to the increase in TJVC going from the 

minimum load case to the maximum load case. If this effect is not compensated for, 

the SOC would advance from the desired setpoint. 

The HRLTR is strong function of the n-heptane mass, as even small increases 

in the mass result in dramatic increases in the HRLTR, as shown in Figure 5.9 and 

Figure 5.10. In Figure 5.9 the HRLTR for a given amount of n-heptane can be seen to 

increase dramatically with increased MAP. For example, at 7mg/cycle of n-heptane, 

going from 125kPa MAP to 140kPa, results in an. approximately 50% increase in the 
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HRLTR- The range of HRLTR for which stable combustion occurs in this engine is 

however limited to a range of HRLTR of 0.020-0.045kJ. In Figure 5.10 the HRLTR 

can also be seen to be a strong function of engine speed. For low engine speeds, 

the additional time of the mixture in a thermodynamic state conducive to the LTR's 

results in a higher HRLTR- This engine speed dependence may also account for the 

lower ON required as engine speed increases, in order to maintain the HRLTR required 

for the desired SOC. 
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Figure 5.9: HRLTR vs. Heptane Mass per Cycle for Three MAP, N=1000rpm. Cases 
D, E and F of Table 4.3. Dashed lines indicate minimum load cases and dotted lines 
maximum load cases. 

To understand the effects of changing MAP and N on the HRLTR a correlation 

based on the overall combustion mechanism for the LTR region (reaction R3 of Section 

2.1 is performed. The rate of production of either product of this equation can be 

written as: 
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^oc[cyn6]p2]2 
(5.1) 

Where p can be either product. Although this is not an elementary reaction, and 

thus the order of the reaction is not equivalent to the stoichiometric coefficients, it 

is used here as the complete evaluation of the relevant equations is beyond the scope 

of this work. Since the source of Oi is ambient air, the concentrations of both are 

proportional. With constant cylinder volume and molecular weights of n-heptane and 

air for all test cases, the volume concentrations in Eqn. 5.1 can be converted to mass. 

With this and since the heat released by this combustion reaction is proportional to 

the products produced 
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dQHRnet 2 / r r>\ 
Jj <X mheptanem02 \P'^) 

To determine the effects on the total heat release in the LTR region, Eqn. 5.1 is 

integrated assuming negligible change in the concentrations of C7HI6 and 0 2 during 

the LTR period: 

HRLTR OC m,heptanem02t oc - (5.3) 
,r2 

N 

The characteristic time available for combustion is proportional to the inverse of 

engine speed, so this is also included in Eqn. 5.3. The results of this normalization are 

shown in Figure 5.11. Although the normalization procedure is not able to linearize 

the relationship between the HRLTR and m^eptane, MAP and N, it is able to collapse 

all of the operating points in this investigation into a similar curve. A power function 

fit to the experimental data is also shown in Figure 5.11. 

The dependence of the HRLTR on Tint is shown in Figure 5.12 and Figure 5.13 for 

changes in MAP and engine speed, respectively. In Figure 5.12 the HRLTR can be 

seen to decrease with increasing Tint. This is effect is most intimately linked with the 

fact that as intake temperatures increase, the ON required to maintain a constant 

SOC increases, requiring a lower mass of n-heptane to maintain the same SOC The 

reduction in HRLTR with Tint can be seen to follow a similar trend for each engine 

speed tested, as shown in Figure 5.13. 
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5.3.3 Estimated Temperature Parameters 

The point of IVC represents the start of the closed portion of the engine cycle (as­

suming no blow-by past the piston rings). The in-cylinder temperature at IVC is an 

important metric, as it effectively determines the initial condition for the tempera­

ture path during compression. Here the method of estimating the in-cylinder mass 

at IVC described in Section 4.4 for determining the value of TIVc based on the Ideal 

Gas Law is used. The estimated value of Tivc ls compared to Tjnt for various values 

of MAP and engine speed in Figure 5.14 and Figure 5.15, respectively. The dashed 

lines represent the case of minimum load, and the dotted lines the maximum load 

case. In both figures, the Tivc c a n be seen to increase with Tint with an average 

slope of about 0.4. Convective heat transfer between the intake charge and the in­

take manifold, intake port, intake valve, and cylinder surfaces all influence the value 

of the charge temperature from the intake manifold condition TinU to the value at 

IVC, Tivc- For relatively low values of Tint heat transfer from the port and cylin­

der surfaces increase the temperature of the incoming charge. As Tint increases the 

temperature gradient between the intake port and cylinder surfaces, and the intake 

charge is reduced, lowering the total heat transfer. 

To estimate the convective heat transfer coefficient in the intake port, a steady, 

turbulent pipe flow correlation is used [Heywood, 1988]. The correlation used is the 

is the Dittus-Boelter equation [Incropera and DeWitt, 2002]: 

h = 0M3^Re™PrQA (5.4) 

Where dint is the diameter of the intake port, kint is the thermal conductivity of 

the mixture in the intake port, Red is the Reynolds number in the intake port, and 

Pr is the Prandtl number. Properties of air at Tint are used for evaluating Eqn. 5.4. 

Using this equation, the heat transfer coefficient for the intake port is found assuming 
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steady flow in the intake port. Evaporation due to fuel is neglected. The estimated 

heat transfer coefficient is shown in Figure 5.16 as a function of Tint. The average 

convective heat transfer coefficient changes by ±10% for each case, however the value 

is relatively constant with changes in Tint, changing by 1-7% over the range tested. 

Increasing MAP increases the estimated heat transfer coefficient, as higher mass flow 

rates through the intake port are seen. Similarly for higher engine speeds, the mass 

flow rate increases, increasing the Reynolds number. 

For the cases of a constant MAP, increasing T.int reduces the mass of charge in the 

intake manifold, increasing the temperature change due to heat transfer, assuming a 

constant convective heat transfer coefficient. The increased heat transfer for lower T-mt 

results in a unifying effect on the TJVC- One effect that is not investigated here, is the 

effect of thermal stratification in the intake charge during the intake and compression 

strokes. In [Sjoberg et al., 2005] the authors show that thermal stratification of the 

in-cylinder charge can play an important role in the combustion duration. For a Diesel 

engine of 18:1 compression ratio, converted to air-diluted HCCI operation Sjoberg et 

al. show that the spatial temperature variation of the core of the charge at BDC of 

the intake stroke is approximately 20K. 

In Figure 5.14 the effect of increasing MAP on the TIVc c a n be seen. Dashed lines 

represent the minimum load condition, while dotted lines the maximum load condi­

tion. Increased manifold pressure results in a slightly reduced Tiyc, given the same 

Tint. This is attributed to the increased cylinder mass for this case, reducing the effect 

of the heat transfer during the intake stroke. Assuming a constant heat transfer coef­

ficient between the incoming charge, and the port and cylinder surfaces, an increased 

mass of intake charge (due to increasing the MAP and thus the density) will result 

in a smaller change in temperature. The increased intake charge at higher MAP acts 

as a larger thermal mass, reducing the temperature fluctuation with changing T,;„t. 

Combined with this effect is the reduced influence of the temperature of the residual 
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fraction, with increasing MAP. Thus as MAP increases, the temperature influence of 

a constant amount of residual is reduced. 

In Figure 5.15, with dashed lines indicating the minimum load condition, and dot­

ted lines the maximum load condition, as engine speed increases, the TJVC increases 

for a given Tint. This is attributed to increased cylinder surface temperatures and/or 

the increased heat transfer due to higher average intake charge fluid velocities act­

ing to increase the convective heat transfer coefficient at higher engine speeds, see 

Figure 5.16. 
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Figure 5.14: TIVC vs. Tint for three value of MAP at N=1000rpm. Cases D, E and F 
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As the temperature rise due to combustion is a function of A (as A is effectively a 

ratio of the fuel energy available to the amount of diluent, namely air) the maximum 

in-cylinder temperature changes significantly over the range of operating conditions. 

In Figure 5.17 and Figure 5.18 the value of Tmax is compared with Tint for three values 
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of MAP, and three values of engine speed, respectively. Tmax is determined by finding 

the maximum value of the estimated temperature during each cycle, using Eqn. 4.7. 

The dashed lines indicate the minimum load cases, and the dotted lines the maximum 

load cases. For each series of tests points (ie. a constant MAP, or N) the mass of air 

entering the cylinder remains relatively constant (the value of Tint has some effect), 

as the MAP and valve timings remain fixed. Thus the value of Tmax is dependent on 

fuel quantity, A, for each point. 

The Tmax of the minimum load condition can be seen to decrease significantly 

for increasing MAP, as shown in Figure 5.17. The additional temperature generated 

by the increased HRLTR for the higher values of MAP, allows leaner mixtures to 

auto-ignite, than would be possible without the HRLTR- With the increased A the 

temperature rise due to combustion is reduced, leading to lower maximum temper-
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atures. To be able to oxidize the fuel during the combustion process, a minimum 

temperature of approximately 800°C is required for the relatively slow CO oxidation 

kinetics enough time to complete, [Turns, 2000, Heywood, 1988]. In Figure 5.18 for 

an engine speed of SOOrpm, the value of Tmax achieved is very near this minimum tem­

perature. Similarly for the two increased values of MAP in Figure 5.17, a minimum 

temperature of approximately 900°C is approached for several cases. The increase in 

the CO emissions at these large values of A are caused by the low maximum in-cylinder 

temperatures. This is further shown in Figures 5.20 and 5.21. 

In Figure 5.17 the Tmax for the high load cases can be seen to be nearly consistent 

for all three values of MAP. This limit of approximately 1600°C is maintained for 

all three maximum load cases. This maximum temperature also coincides with the 

temperature at which thermal NO.T begins to form in significant amounts, according 
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to the Zeldovich kinetic mechanism, [Turns, 2000, Heywood, 1988]. As the maximum 

temperature that is achieved during the cycle is bordering the temperature at which 

thermal NOx is formed in significant amounts even a small decrease in A results in 

a large increase in the amount of NOx generated. Further investigations into the 

emissions aspects of the engine are shown in the following section. 
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Figure 5.17: Tmax vs. Tint for three value of MAP for N=1000rpm. Cases D, E and F 
of Table 4.3. Dashed lines indicate minimum load cases and dotted lines maximum 
load cases. 

For the air-diluted HCCI studied here, the value of A represents a ratio of not 

only a relative measure of the AFR, but also a measure of the mass of air diluent 

to the quantity of energy available for release. As the majority of the dilution of 

the fuel comes from the mass of air charge (with a small fraction coming from the 

residual fraction), while the energy available for combustion comes from the mass of 

fuel inducted, the relative ratio of these two qualities, A, is significant. For a given 

value of A, the fuel is able to raise the temperature of the air charge by a given 

quantity, due to the amount of heat released. Increasing A (leaner) will reduce the 
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Figure 5.18: Tmax vs. Tint for three Engine Speeds for MAP=125kPa. Cases E, G and 
H of Table 4.3. Dashed lines indicate minimum load cases and dotted lines maximum 
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temperature rise due to combustion, as there is less fuel to heat a given amount of 

air. In Figure 5.19 the test average value of Tmax is compared with the average A for 

all of the steady state test cases. The value of Tmax can be seen to be indeed a strong 

function of A. The error bars in Figure 5.19 represent ± 1 standard deviation of the 

450 engine cycles in the estimated value of Tmax for each test case. The data scatter 

is attributed to changes in the fuel conversion efficiency of each individual cycle in 

each test case, and to small variations in A from cycle to cycle throughout the test 

case. 
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5.3.4 Brake Specific Emissions and Fuel Consumption 

One of the major benefits of HCCI combustion is the potential reduction in emis­

sions, namely NOx [Stanglmaier and Roberts, 1999]. The emissions in this study 

are measured on a dry basis, after the water has been removed by a cooler, as de­

scribed in Section 3.4. To determine the engine out emissions, the procedure shown in 

[Atkins, 2004] is used and a description of this analysis can be found in Appendix B. 

As in the previous Section, the results presented in this Section are from the steady 

state tests found in Table 4.3. All 75 steady state points, shown in Table 4.3, are 

used in each Figure unless noted otherwise. 

Although emissions are measured on a volumetric basis, either in % or ppm, a 

standardized method of reporting emissions is a brake specific measurement. This 

metric is calculated by using Eqn. 5.5, where 'yy' indicates the species considered, 

CO, UHC, NOx , or fuel consumption. 

BSyy = p ^ (5.5) 
'•brake 

The brake specific emissions of CO as a function of Tmax is shown in Figure 5.20 

and as a function of A is shown in Figure 5.21. The error bars in each figure represent 

±1 standard deviation of the values obtained in the cases where multiple trials of the 

same point are run. In Figure 5.20 the BSCO can be seen to increase by a factor of 

10 as the peak combustion temperature decreases from 1400°C to 1000°C. This is 

attributed to the engine entering the partial burn regime where the kinetics are unable 

to completely react the mixtures before the piston descends on the expansion stroke, 

quenching the mixture. For peak combustion temperatures of less than ~1500K 

(for an engine operating at 1200rpm) a significant increase in CO emissions occur 

because of this bulk gas quenching [Dec and Sjoberg, 2003]. They also show that 

slightly boosting the engine (MAP of lOlkPa to 120kPa) has no significant effect 
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on changing this characteristic temperature when intake temperature is adjusted to 

maintain combustion timing. In Figure 5.21 the BSCO can be seen to be a strong 

function of the directly measured value of A, where significant increases in CO occur 

for A above approximately 3. A very similar trend is shown in [Bhave et al., 2005] 

for a slightly different experimental setup and operating range with PRF of ON 95 as 

a fuel. In [Bhave et al., 2005], the CO emissions rise dramatically at approximately 

A of 4. Similarly in this work, A is the only factor found which significantly affects 

the emissions of BSCO. 
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Figure 5.20: Brake Specific CO Emissions vs. Tmax for Cases D, E, F, G, and H of 
Table 4.3 

The BSUHC emissions are shown as a function of Tmax is shown in Figure 5.22. 

The error bars represent ±1 standard deviation of the values of BSUHC obtained for 

the cases where multiple trials of the same point are run. As with BSCO emissions, as 

combustion temperatures decrease, the BSUHC emissions rise as shown in Figure 5.22. 
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Figure 5.21: Brake Specific CO Emissions vs. A for Cases D, E, F, G, and H of 
Table 4.3 

The reduced combustion temperatures are less able to oxidize the partially burned 

hydrocarbons with decreasing combustion temperatures. BSUHC is compared with 

A in Figure 5.23, with the ± 1 standard deviation of cases where multiple trials are 

run. Despite increasing values of A having reduced amounts of injected fuel quantity 

(and thus one might expect reduced UHC emissions due to lower fuel quantity), the 

BSUHC emissions increase with A. As with BSCO, as A increases Tmax typically 

decreases, resulting in reduced combustion temperatures. While higher combustion 

temperatures during the exhaust stroke would typically oxidize the hydrocarbons, the 

low temperatures inhibit these reactions. A very similar trend of UHC emissions for 

this range of A appears in [Bhave et al., 2005]. A series of experimentally validated 

modeling investigation in [Aceves et al., 2001, Aceves et al., 2002] shows that for low 

load HCCI conditions the major contributor of UHC is crevice sources. The quenching 
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of air-fuel mixture in space between the piston crown and the top piston ring was found 

to be responsible for the majority of UHC emissions. As the thermal boundary layer 

surrounding the piston and cylinder liner significantly reduce the gas temperature 

near the wall during combustion, the combustion kinetics are dramatically slowed in 

being able to oxidize the fuel in these zones. 

1 0 I L - ' ' ' ' ' ' ' * 
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Figure 5.22: Brake Specific UHC Emissions vs. Tmax for Cases D, E, F, G, and H of 
Table 4.3 

The BSN03: emissions are shown in Figure 5.24 and in Figure 5.25 as a function of 

Tmax and A respectively. Error bars indicate ± 1 standard deviation of BSNO^ for tests 

with repeated trials. It should also be noted that the error bars are centered around 

the one steady state test, and not the average of the repeated trials. For the majority 

of cases tested, the measured value of NOx is <5ppm with several cases reading near 

zero within the accuracy of the analyzer. In Figure 5.24, as Tmax increases above 

approximately 1500°C, the dramatic increase in NO^ production can be attributed 
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Figure 5.23: Brake Specific UHC Emissions vs. A for Cases D, E, F, G, and II of 
Table 4.3 

to thermal NO^ production by the Zeldovich mechanism [Turns, 2000]. The large 

variation in BSNOx with Tmax > 1500 °C is attributed to the in-cylinder temperature 

variations from trial to trial. A trial with even slightly increased peak combustion 

temperatures will result in a significant increase in NO^ production, as the threshold 

level for NOx production is approached. When the value of Tmax is plotted against A, 

as shown in Figure 5.19, the drastic increase in NO s can be explained by the increased 

Tmax encountered as A is decreased. As the value of A decreases, there is a distinct 

increase in the emissions of NOx , as shown in Figure 5.25. The increasing trend in 

BSNOx for A > 2.4 is mainly due to the decrease in brake power output rather than 

an increase in the NOa. flow rate. Just as with the CO and UHC emissions, a nearly 

identical trend in NO^ is shown by [Bhave et al., 2005], with BSNOx in the range of 

0.05-0.2 g/kWhr. 



CHAPTER 5. EXPERIMENTAL RESULTS 98 

0.15 

si 

1 

O 
<D 
Q. 

w 
H) 

CO 

CO 

-0.0 

0.05 

300 900 1000 1100 1200 1300 1400 1500 1600 1700 
Estimated Average Maximum Temperature fC] 

Figure 5.24: Brake Specific NG\,; Emissions vs. Tmax for Cases D, E, F, G, and II of 
Table 4.3 

The BSFC of an engine is an important performance metric, which is inversely 

related to the thermal efficiency of the engine. In Figure 5.26 the BSFC is shown 

against BMEP for all of the steady state test cases. The relationship between BSFC 

vs. BMEP shows little change with engine speed, for the speeds tested in this work. 

The BSFC can be seen to decrease with increasing BMEP, as the fraction of work 

that goes to FMEP is reduced with increasing BMEP. As a basis of comparison, 

Figure 5.27 shows the difference of BSFC vs. BMEP for this engine run in SI mode 

(see Appendix A.5 for a detailed list of experimental points in SI mode), and in HCCI 

mode. The inability to run SI tests at all loads similar to the HCCI points is due 

to not being able to throttle the engine sufficiently to reduce the load. However, for 

a load of 400kPa BMEP, the BSFC in SI mode is approximately 310g/kWhr, while 

in HCCI mode the BSFC is approximately 250g/kWhr. This is a reduction of fuel 
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Figure 5.25: Brake Specific NO.x Emissions vs. A for Cases D, E, F, G, and II of 
Table 4.3 

consumption of approximately 20%. The reduction in fuel consumption of HCCI 

compared with SI is due to the reduced pumping losses (higher MAP) in HCCI, as 

well as the faster combustion rate during HCCI which is able to more closely emulate 

the ideal Otto cycle, [Heywood, 1988]. 

A comparison of the brake specific emissions output of the Ricardo engine in SI 

and HCCI modes are shown in Figures 5.28 and 5.29. The BSCO emissions of the 

engine in HCCI and SI modes can be seen in Figure 5.28. The most significant 

difference in emissions from SI and HCCI modes, can be seen at low load operation 

in HCCI, where BSCO increases dramatically. In SI mode the measured value of 

CO is of the range of 0.3-1% by volume. These values are close to the values typical 

of an SI engine [Heywood, 1988]. As the engine is operated in stoichiometric mode 

for all SI tests, a small shift to the rich side results in a significant increase in CO. 
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Figure 5.26: BSFC vs. BMEP for Cases D, E, F, G, and II of Table 4.3 

BSCO is higher in HCCI than those of SI mode at low loads. At higher loads, where 

the load ranges of the two combustion modes overlap, HCCI mode actually produces 

considerably lower CO than SI. 

The values of BSUHC in SI and HCCI modes is shown in Figure 5.29. The average 

engine out UHC emissions for this engine in SI mode are 3xl03ppm. While this value is 

somewhat high for an SI engine, it is within the range of values expected by Heywood, 

of 1000-3000ppm. The cause of these high UHC could be caused by the regular use 

of the Ricardo engine. [Heywood, 1988] shows an approximately 25% reduction in 

UHC emissions after removing combustion deposits from the combustion chamber. 

Although the UHC emissions in SI are somewhat high, the condition of engine is 

similar for both SI and HCCI tests, so the results are comparable. The spread in 

UHC emissions for SI mode is due to the changes in engine speed, over the tests of 

SI operation. 
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Figure 5.27: BSFC vs. BMEP for SI and HCCI 

The values of BSNO^ are not compared for SI and HCCI modes, as for the major­

ity of cases in SI, the NO^ concentrations were in excess of the range of the analyzer 

(2500ppm). This is telling, however, of the significant difference in NOa. produc­

tion between SI and HCCI modes. For all HCCI cases, N03; was present in volume 

concentrations of <25ppm, with the majority of cases reading <5ppm. All SI cases 

generated NOx volume concentrations of >2500ppm. Thus a reduction of two to three 

orders magnitude of NOx is possible with HCCI compared to SI. 
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Figure 5.28: BSCO vs. BMEP for SI and HCCI 
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5.3.5 HCCI Knock 

The limiting factor for high load operation in all tests in this thesis is the onset of 

excessive pressure rise rates or knocking combustion. While HCCI itself is similar to 

knock in an SI engine, the process of knock in HCCI engines is thought to be caused 

by a different source. In [Yelvington and Green, 2003] the onset of knock in HCCI 

engines is defined to be when a local over-pressure can occur in a parcel of mixture 

undergoing combustion. This occurs when the local rate of heat release exceeds the 

ability of the reacting volume to maintain its pressure with the surroundings. If the 

rate of heat release were to exceed the parcel's ability to expand, at its local speed of 

sound, a pressure gradient will be created between the parcel and its surroundings. 

This then causes a pressure wave to be formed and eventually reflect throughout the 

chamber. A similar description is proposed by in [Andreae et al., 2007]. 

As the onset of knock can be associated with increasing pressure rise rates within 

the cylinder, a metric to capture the speed of the combustion is desired. Here the 

average pressure rise rate of the high temperature combustion region is used, as shown 

in Eqn. 5.6. 

A-P _ PcA90 — PCA5HTR (s- p\ 

A6 ~ CA90 - CA5HTR
 {°' ' 

Another commonly used metric of combustion is the Burn Duration (BD): 

BD = CA90 - CA5HTR (5-7) 

A comparison of the test average value of ^ f as a function of A is shown in 

Figure 5.30 for variations in intake manifold pressure, and in Figure 5.31 for variations 

in engine speed. In both plots the error bars indicate ± 1 standard deviation of 

the 450 engine cycles of the experimental data. Similar trends and absolute values 
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of pressure rise rate are shown in [Oakley et a l , 2001] for a range of fuels at a 

constant engine speed of 1500rpm. Decreasing A results in a greater value of ^ as the 

combustion kinetics decrease the combustion duration, thus reducing the denominator 

of Eqn. 5.6, while simultaneously the decrease in A results in a greater rise in pressure 

of combustion due to increased fuel energy release. These two effects compound to 

increase the value of ^ j . In Figure 5.30 the value of ^ increases with MAP for a 

given A . This indicates that although A has an influence on ^ , there are other effects 

involved. While keeping a fixed A with increasing MAP maintains a fixed energy 

release for a given mass, the kinetic mechanisms that oxidize the fuel are dependent 

on the volume concentrations of fuel and oxygen [Turns, 2000], which increase for 

these conditions. The increased volumetric concentrations may be decreasing the 

combustion duration even though the A remains constant. 

In Figure 5.31 the effect of engine speed on ^ j is shown with changes in A. 

Increasing engine speed has the effect of reducing ^j for a given A. Since the kinetics 

of HCCI are fundamentally time-based phenomena, the lower ^ j may be attributed to 

the increased duration in CAD, which occurs for a fixed combustion time. Converting 

^ to a time-based parameter —, by using the test average value for engine speed to 

transform the angle-based parameter to time-based parameter, results in Figure 5.32. 

In a strictly time-based sense the values of ^ with A come to a much closer agreement. 

The remaining difference between the curves of Figure 5.32 may come from the slightly 

different combustion timings used for each engine speed. The delayed SOC at higher 

engine speed causes the piston to be further down in the bore compared with an 

earlier SOC. This difference results in a change in the rate of cylinder volume change 

throughout the combustion process. The result is a lower value of ^ j given otherwise 

similar conditions. The relationship between BDtime, made to be a function of time 

with the known engine speed, is shown in Figure 5.33 compared against A. For the 

range of test points in this investigation, the relationship between BDtime and A shows 



CHAPTER 5. EXPERIMENTAL RESULTS 105 

little good agreement. 
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Figure 5.30: j£ vs. A for different MAP at N=1000rpm. Cases D, E and F of 
Table 4.3 

An automotive production accelerometer used for sensing engine block vibrations 

is used for detecting knock in this study. This sensor is often termed a knock sensor, 

and that terminology is used here. A knock sensor signal of a single HCCI cycle 

showing "light" knock is shown in Figure 5.34 along with the unfiltered in-cylinder 

pressure trace for that cycle. In Figure 5.34 as the combustion pressure rapidly rises 

a distinct correlation with the increase in amplitude of the knock sensor signal can 

be seen. 

To analyze the frequency content of the knock sensor signal, a power spectrum 

estimate is performed using Welch's method [Press et al., 1992]. A 512 point FFT 

with a Hamming window with 50% overlap is used. The raw knock signal shown in 

Figure 5.34 has a PSD shown in Figure 5.35. The modes pii0 and p3io (see Figure 4.1) 

can be seen in this cycle, along with the mode frequency estimated using Eqn. 4.2, 
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Figure 5.31: ^ j vs. A for different Engine Speed, MAP=125kPa. Cases E, G and II 
of Table 4.3 

with the temperature in the equation evaluated at the estimated maximum cylinder 

temperature for this cycle. The first circumferential mode pi$, with a frequency 

of approximately 6kHz, can be seen to be the dominant mode of oscillation in the 

chamber, with higher frequency modes also present. 

To characterize the knock intensity, Kint, the magnitude of p l i 0 , the first circum­

ferential mode of the knock sensor signal is analyzed. As the characteristic knocking 

frequency is a function of the in-cylinder temperature, the knocking frequency changes 

not only with the engine operating condition and increasing load, but also within the 

cycle as the piston descends, lowering the temperature. To reduce the sensitivity of 

the evaluation of Kint on these factors, the average power estimated in the frequency 

range of 5-7kHz is used to determine Kint. Since the PSD estimates the signal power 

in units of V2, while the signal itself is directly proportional to the pressure oscilla­

tions measured in the engine block, the square root of the average PSD in the relevant 
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Figure 5.32: ^j time vs. A for different MAP at N=1000rpm. Cases E, G and H of 
Table 4.3 

frequency range is taken. The equation for evaluating Kint is: 

k" — 
7000Hz 

PSDknockdf (5.8) 
7000 - 5000 J5o0QHz 

The value of Kint evaluated using Eqn. 5.8 is compared with the test averaged 

value of ^ for three engine speeds, in Figure 5.36. The Kint is compared against 

BDume in Figure 5.37. Decreasing combustion durations result in a larger value of 

the Kint as determined by the knock sensor. The shortened combustion event results 

in a greater stimulation of the pressure oscillations, and greater accelerations detected 

by the knock sensor. 

As shown in Eqn. 4.2 the knocking frequency is a function of the in-cylinder tem­

perature. To evaluate the knocking frequency, Kfreq, the maximum of the PSD in the 

5-7kHz range is found. A comparison of the estimated maximum cylinder temperature 

averaged over the cycles of a test, compared with the average value of Kfreq is shown 
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Figure 5.33: f f vs. A for different MAP at N=1000rpm. Cases D-H of Table 4.3 

in Figure 5.38. At low loads, the maximum cylinder temperature decreases signifi­

cantly due to reduced temperature rise of combustion. The value of ^j also decreases 

significantly for values of A (and hence generally low loads due to the lean mixture), 

as shown in Figure 5.30. This reduction in -^j results in a reduction in the vibrations 

induced to the engine block. With these low levels of vibration, the signal to noise 

ratio of the knock sensor is reduced, reducing the ability of this frequency estimation 

technique due to the lower signal to noise ratios. Also shown in Figure 5.38 with 

the dashed line, is the result of combining Eqn. 4.2 with Eqn. 4.10 to determine the 

estimated frequency for each value of Tmax. While the general trend of the theoretical 

value is followed, a bias remains, especially for low values of Tmax. In this analysis, 

the peak amplitude of the knocking is assumed to occur at the frequency associated 

with Tmax. The bias between the estimated and experimental values may be due to 

the fundamental estimation of the mode number, which is derived for a cylindrical 
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Figure 5.34: Raw Signal from Knock Sensor with In-cylinder Pressure. Test SS27 
cycle 155. 

combustion chamber. A difference of up to 10% of the mode number of a perfectly 

cylindrical chamber compared with the value derived from a finite element model of 

a typical pent-roof combustion chamber [Scholl et a l , 1998]. The error in estimating 

this mode number based on the combustion chamber shape alone represents the bias 

seen in the data. Another source of error is the estimated ideal gas constant, R. Here 

this is estimated to be a constant of 0.287kJ/kgK, however the mixture gas constant 

is a function of temperature as well as mixture stoichiometry [Heywood, 1988]. To 

estimate the ideal gas constant as a function of these parameters an analysis including 

compositional changes throughout the cycle is required. To fully understand the ef­

fects of these compositional changes throughout the combustion event, thermo-kinetic 

modeling [Kirchen et a l , 2007, Kongsereeparp and Checkel, 2007] is required, which 

is beyond the scope of this work. 
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Figure 5.35: Estimated Power Spectral Density of Knock Trace. Test SS27 cycle 155. 
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Figure 5.36: Knock Intensity vs. Combustion Pressure Rise Rate. Test Cases D-H. 
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5.4 Transient Results 

The results of the step and pulse load transient tests are presented in this section. The 

transient tests are analyzed using the same analysis techniques shown in Section 4.4. 

In Figure 5.39 the HCCI step load transients of test points TR33 and TR34 is 

shown with some important measured, and estimated parameters. A zoomed in ver­

sion of the transients is also shown in Figure 5.40. All load transients are summarized 

in Table 4.6. Additional tests in Table 4.6 are shown in Appendix A. The SOC mea­

sured by CA5BTR, ^ j , TTDC, HRLTR, TIVC, IMEP, and A for each cycle is plotted. 

CAhijTR and A are shown with the same scaling on all figures in order to compare the 

effect of the transient with different operating conditions while the other parameters 

are scaled appropriately for the particular case. For the step tests in Figures 5.39 and 

5.40 the load transient occurs at engine cycle zero. Both the minimum to intermediate 

and minimum to maximum load transients are shown in each figure. 

Figure 5.40 is a magnified view of the step change from the minimum load to 

the maximum load shown in Figure 5.39, showing the transient. Figure 5.40 is used 

as as example transient which will be used as an example to describe the transient 

response. 

For the engine cycles less than zero (indicating they are before the transient occurs) 

the CAhiiTR is constant with some cycle to cycle variation. At engine cycle zero, the 

load is increased by simultaneously decreasing P^N heptane and increasing PWoc tane to 

the values known to give the setpoint combustion timing in the steady state. CA5HTR, 

then increases from the initial setpoint value through a transient, and then CASHTR 

converges to the new steady s ta te value after several hundred engine cycles, as shown 

in Figure 5.39. The value of ^ follows a similar trend through the transient, with 

very low combustion rise rates before the transient of ~20kPa/deg (indicative of the 

low load condition), a 15 cycle transient state value, and then convergence toward 
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the higher load steady state value. 

Analysis indicates that the fueling transient is causing a delay in the proper fueling 

to the cylinder. This effect would be similar that noted in load transients in SI engines, 

in which the fuel has wall wetting dynamics [Fekete, 1995]. This effect occurs during 

a transient, where less fuel enters the cylinder due to wall wetting, which is often 

modeled as a first ordered response that is temperature dependent [Heywood, 1988, 

Maloney, 1999]. If the fueling in the cylinder follows a first order response then IMEP. 

In Figure 5.40 IMEP does not follow a first order response, but rather makes a 

sharp step indicating the proper fueling is indeed entering the cylinder. Wall wetting 

dynamics seem unimportant for this case of a warm engine and relatively low engine 

speed. In Figure 5.40 the dip in IMEP between engine cycles 0-10 is due to the 

retarded combustion timing that occurs over this period of cycles. 

The effect of the fuel puddle transient is also likely to be small, as the Tjnt for 

many of the test cases is at or near the boiling point of the fuels, of approximately 

99°C shown in Table 4.1. As the fuel is injected well before the intake stroke, the 

fuel is likely nearly all vaporized as it enters the cylinder and thus less susceptible to 

the fuel puddling phenomena. Indeed in [Stone et al., 2000] for intake port surface 

temperatures exceeding ~90°C even a stoichiometric quantity of iso-octane vaporizes 

at an engine speed of lOOOrpm. While there is significant deposition of fuel droplets 

on the port surface, nearly complete vaporization occurs during the cycle. 

A test in SI mode is done with pure iso-octane fueling to determine whether 

the vaporization effect is significant at HCCI relevant conditions, but without the 

sensitivity of the HCCI combustion to contend with. This test is shown in Figure 5.41 

where the engine conditions are: Tint of 73°C, MAP of 86kPA in SI mode. The fueling 

is stepped from rich of stoichiometric (A =0.91) to lean of stoichiometric (A =1.07) to 

determine if wall wetting dynamics are significant at these conditions. The transient 

response of IMEP is sharply defined with the stepped values of PWoc tone . Aside from 
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the cycle to cycle variations typical of SI mode, the changes in IMEP occur within one 

engine cycle, indicating that an immediate step in fueling occurs. With the stepped 

values of PWo c t a n e the value of A can be seen to exhibit a similar response time as for 

HCCI transient tests, with a time constant of several engine cycles. This is clue to 

the response time of the UEGO sensor mounted in the engine exhaust. 

A look into the thermal effect of the residual and the LTR region, and their 

potential effects on the HTR combustion phasing shows a different mechanism is 

likely responsible for the transient behavior. The progression of the estimated cylinder 

temperature through each cycle is shown, through the values of Tjvc-i the magnitude 

HRLTR, and TTDC- Immediately following the increase in load, the Tivc can be seen 

to increase for several cycles. Physically this is attributed to a late combustion phasing 

resulting in a slightly increased residual temperature, due to a lower expansion by the 

piston. The incoming charge (assumed at a constant temperature) therefore mixes 

with residual at a higher temperature, resulting in Tivc being increased. This effect 

alone would result in a TTDC that is higher than that of the previous cycles due to 

the amplification of the pressure by the compression stroke. However, in these tests 

the opposite actually occurs, with the TTDC reduced from the previous cases, even 

though Tivc 1S increased. A look at the HRLTR shows the reason for this reduced 

temperature, as in these same cycles there is a reduction in the HRLTR- The reduced 

HRLTR. results in a TTDC that is reduced from the previous cycles despite the increased 

Tivc-

Similar behavior in the transient SOC (as measured by CA50) for a dual fuel 

commercial diesel engine operated in HCCI using n-heptane and ethanol as a fuel 

is documented [Bengtsson, 2004, Wilhelmsson et al., 2005]. These studies attribute 

the transient behavior of the SOC to a vaporization effect during the intake stroke 

reducing the temperature of the in-cylinder charge for these few cycles. The increased 

vaporization during the transient should cause a reduction in the Pivc for these cycles 
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during the transient. In this thesis, since the in-cylinder temperature at TIVC is based 

on the Ideal Gas Law and PJVC,
 a n y m e l vaporization effect on Pivc is included in the 

estimation oiTjvc- Here TIVc is seen to increase during the initial load transient and 

the measurement of mair indicates no significant change in air flow rate through these 

transients. Thus this study contradicts the previous work, indicating these transient 

effects are due to fuel vaporization. 

The cause for the reduction in HRLTR during the load transient is not readily 

apparent from current investigation. An experimental study by [Sjoberg et al., 2007] 

shows that the LTR's involved in combustion of n-heptane (in particular PRF of 

ON 80) show a particular sensitivity to the concentration of O2, as well as H2O. A 

further analysis of the cycle to cycle coupling of the residual with inclusion of the 

compositional effects of the residual is required to determine the cause of the reduced 

HRLTR seen in Figure 5.40. 

Pulse tests are performed in a similar manner to Step tests; however, the fueling 

is returned to the low load condition after 200 engine cycles. An example of this 

type of test is shown in Figure 5.42. A zoomed in plot of the increasing load step 

is shown in Figure 5.43. The increasing load step exhibits a similar behavior to the 

Step tests already examined. The decreasing load step shows the inverse behavior of 

the increasing load step. A close up of this area of the test is shown in Figure 5.44. 

As the load is decreased the combustion timing advances, increasing the combustion 

pressure rise rate from that of the steady state case. The value of TIVc is &lso lower 

than that of the steady state low load case. 
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Figure 5.39: Combustion Metrics Through a Step Load Transient. Test Cases TR33 
and TR34. 
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Figure 5.40: Close Up of Figure 5.39. Combustion Metrics Through a Step Load 
Transient. Test Cases TR33 and TR34. 
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Figure 5.41: Perturbation of Iso-octane Fueling in SI Mode 
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Figure 5.42: Combustion Metrics Through a Pulse Load Transient. Test points TR59 
and TR60. 
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Figure 5.43: Combustion Metrics Through a Pulse Load Transient. Test points TR59 
and TR60. 
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Figure 5.44: Combustion Metrics Through a Pulse Load Transient. Test points TR59 
and TR60. 
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5.5 HCCI to SI Mode Transitions 

Mode transitions between SI and HCCI combustion are presented in this section. 

This mode transition is crucial to real applications since HCCI is not viable over the 

entire load-speed range [Kulzer et al., 2007]. 

With the relatively low compression ratio engine used in this study (10:1), HCCI is 

only viable for relatively low ON's, as shown in Figure 5.7 and Figure 5.8. Supplying 

the engine with n-heptane (ON of 0) which promotes auto-ignition and allows HCCI, 

along with a separate supply of iso-octane (ON of 100) allowing SI operation without 

knock, the possibility exists for SI-HCCI mode transitions using fuel actuation. In 

addition, since for the operating conditions tested in this study (fully warm engine 

with above ambient values of Tint) fuel film dynamics are insignificant (see previous 

section), the two fuel strategy can effectively be used to control the combustion. 

To enable SI-HCCI transitions the ECU is programmed 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, and to determine which mode 

(HCCI or SI) to utilize. 

An engine speed of lOOOrpm is used for the mode switching testing as it matches 

the majority of the steady state test cases in Table 4.3. The quantity of n-heptane 

is used to control combustion timing, while the total quantity of n-heptane and iso-

octane is used to control the engine load [Tanaka et al., 2003b]. As shown in Sec­

tion 5.3 the mass of n-heptane is nearly constant when going from the minimum load 

to the maximum load condition, at a given operating point when the combustion 

timing is maintained. To determine the necessary n-heptane quantity to maintain 

the fixed combustion timing (CA5HTR of 7 CAD aTDC) at a given Tint and MAP at 

lOOOrpm, a mapping of the steady state tests performed is done. Shown in Figure 5.45 

are the steady state experimental points marked with an 'o', as well as the generated 
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Figure 5.45: Lookup table of mass of n-heptane required as a function of Tint and 
MAP for HCCI combustion with CA5HTR of 7 CAD aTDC. Tests SS1-SS45. 

lookup table values. To generate the lookup table values a quadratic fit is performed 

for each MAP, of the mass of n-heptane vs Tint for a 50-150°C of Tint. Then each 

quadratic fit is interpolated along the MAP direction with another quadratic from 

HOkPa to 140kPa, to fill in the 2-D lookup table. The final lookup table has res­

olution of 10°C in the T;„t direction and 5kPa in the MAP direction, giving a final 

table size of 7x11. Linear interpolation is used for points within the map, and linear 

extrapolation is used for points outside of the lookup table boundaries. With the 

two-dimensional lookup table based on MAP and Tint, no compensation for changes 

in engine speed (off of the lOOOrpm setpoint) is made. 

Speed-Density is used to schedule fueling for the engine in SI mode. This method 
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of engine control assumes the Volumetric Efficiency (VE) of the engine is strictly 

a function of MAP and N (albeit N is constant for this study). To calculate the 

quantity of fuel to inject the algorithm uses Eqn. 5.9 and Eqn. 5.10. The desired 

mass of fuel (in this case solely iso-octane) to inject, mj, is determined from the 

desired AFR is AFRdes, which here is the stoichiometric AFR of iso-octane of 15.1:1. 

An experimentally tuned lookup table of VE=f(MAP,N) is used to maintain the 

value of A of 1. Stoichiometric operation is used in SI mode to meet the requirements 

of modern three-way catalytic converters, which require stoichiometric operation to 

maintain optimum efficiency of simultaneously reducing CO, UHC, and NOx emissions 

[Heywood, 1988]. The SI fueling is: 

VE x Vdisp x MAP 
mint = 5-—^ (5-9) 

i t X lint 

"'" ™ i (510) 

The SI and HCCI lookup tables are programmed with Matlab/Simulink into the 

dSpace ECU. The final values of the injector pulse widths are determined by using 

Eqn. 3.1 with injector flow rate constants determined in Appendix B.2.3. With the 

engine operating in SI mode, the throttle angle and the supercharger speed can be 

controlled (through the ADAPT software) to control the MAP of the engine. The load 

of the engine, with the Speed-Density algorithm maintaining the the AFR at stoichio­

metric, is thus actuated by varying MAP. In HCCI mode, the values of Tint and MAP 

can be changed with the ECU using the n-heptane table to adjust the PWheptane to 

maintain the maintain proper combustion timing. To control the load of the engine 

in HCCI mode a setpoint for the total fuel energy (in terms of LHV) of fuel to be 

injected to the engine can be set in the ECU according to: 
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Qtotal — Qhep + Qoct — LHVheptane X TUheptane + LHVoctane. x ^octane (5-11) 

The ECU uses the value of the required n-heptane (determined by the lookup 

table), to maintain proper combustion timing, and the operator specified value of 

Qtotai for total fuel quantity to be delivered, to calculate PW heptane and PW octane-

5.5.1 Mode Transitions at Constant M A P 

To evaluate combustion stability through a mode switch the engine is switched from 

HCCI to SI and back to HCCI at constant MAP. Recorded in Figure 5.46 as a function 

of engine cycle is the complete record of the mode switching process. A close up of the 

mode transitions from SI-HCCI and HCCI-SI are shown in Figure 5.47. By switching 

between SI and HCCI fueling, the fuel injector PW's are determined using the lookup 

table appropriate for the combustion mode by the ECU. In Figure 5.46 it is apparent 

from PWheptane a n ( l PW0(.t(me when the mode switching is actuated. PW0Ctane is used 

exclusively in SI mode, while a combination of P^Nheptane and PWo r f a n e can be used 

in HCCI mode (although pure n-heptane is used in the case of Figure 5.46). The 

combustion timing (determined by CA50 rather than CA5HTR
 a s there is no LTR 

combustion in SI mode) can be seen to change when the combustion mode is switched. 

The combustion timing in SI mode is at 10CAD aTDC which is 3CAD retarded from 

HCCI. The SI CA50 is set to this value by the spark angle, to prevent knock at this 

relatively high load condition (IMEP=8bar). The CA50 can be seen to advance on 

the first HCCI cycle, and then stabilize after approximately 15 cycles. The advanced 

combustion timing for the first HCCI cycle is attributed to the increased residual 

temperature, with the stabilization after switching from SI (over approximately 15 

cycles) due to the same mechanisms as shown in Section 5.4. 



CHAPTERS. EXPERIMENTAL RESULTS 126 

The value of MAP can be seen to stay relatively constant through the mode 

transitions, with small fluctuations at the transitions, attributed to changes in back-

flow of residuals into the intake manifold at the instant of IVO due to the different 

residual temperatures from SI and HCCI modes. The settling time of the UEGO 

measurement of A occurs over approximately 3 engine cycles for the mode transitions. 

The response time of the UEGO sensor is listed as < 150msec, or approximately 1 

engine cycle at this engine speed. A wall, wetting fueling dynamic is not likely, as 

found in Section 5.4. Dynamics associated with the transport of exhaust gases down 

the exhaust port and the cyclic nature of the engine also influence the response of the 

UEGO. The last SI cycle leaves exhaust residual with virtually no O2 content (due 

to the stoichiometric operation) for the first HCCI cycle, the total stoichiometry of 

the first HCCI cycle is slightly richer than that of a steady state HCCI cycle. The 

opposite occurs when going from lean HCCI to stoichiometric SI, where a much larger 

quantity of O? is present in the residual fraction of the first SI cycle. Although the 

residual fraction is relatively small, on the order of 10% for this operating condition, 

this effect influences the value measured by the UEGO when drastically changing 

stoichiometry (such as at engine cycle 40 and 126). A dynamic model accounting for 

the previous combustion is needed to fully compensate for this effect. 

A difference in IMEP from 800kPa in SI mode, to 400kPa in HCCI mode is 

apparent in Figure 5.46. The injected fuel energy for stoichiometric SI and lean 

HCCI are correspondingly large, while other operating conditions are held constant. 

The jump in IMEP shows that immediate changes in load can be achieved through 

SI-IICCI-SI modes. For both SI-HCCI and HCCI-SI transitions a small overshoot of 

IMEP is apparent which is attributed to the residual fraction dynamic as previously 

discussed. This type of mode transition would be useful to change from partial load 

(HCCI) to full load (SI) and back. No throttle movement or change in MAP is 

required for this transient. 
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The cylinder pressure traces going through a switch from HCCI to SI, are shown 

in Figure 5.48. The cylinder pressure traces for Figure 5.48 are taken from test 

MS8 shown in Figure 5.46, engine cycle 41 and 42. As MAP remains constant, 

and A changes from ~2 in HCCI mode, to ~ 1 in SI mode, the injected fuel energy 

approximately double for SI mode, compared with HCCI. This results in a signifi­

cantly higher IMEP for the SI cycle, and thus the noticeable change in area under 

the pressure traces. It should be noted that even the first SI cycle exhibits a good 

combustion cycle, without significantly retarded combustion, or misfire. The cylinder 

pressure traces of a switch from SI mode to HCCI mode, are shown with cycles 127 

and 128 from test MS8 in Figure 5.49. The cylinder pressure traces are from Fig­

ure 5.46 with the engine cycles corresponding for both plots. There is a difference in 

IMEP over the transition, the first HCCI cycle also exhibits good combustion (albeit 

a small amount of knock is present). This knocking is attributed to higher cylinder 

wall temperatures from the SI operation at higher load, as well as increased residual 

gas fraction temperature for the first HCCI cycle. 

5.5.2 SI-HCCI Mode Transitions at Constant Load 

Another interesting mode transition case is one in which the load stays constant. 

To achieve this mode transition on this engine, the operating condition has to go 

from wide open throttle (and possibly possibly supercharged operation) for HCCI 

to a throttle position (and MAP) that achieves the equivalent load in SI operation, 

and back. The throttle angle and the supercharger speed are controlled by the dy­

namometer test bench (ADAPT RTP) and not the ECU. A logic gate is implemented 

in the ECU software which switches to HCCI if the conditions allow the energy of 

the n-heptane mass as derived from the HCCI lookup table, to be below the de­

sired total injected fuel energy, and below a threshold value to prevent knock. The 

Matlab/Simulink representation of this logic condition is shown in Figure 5.50. This 
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logic allows HCCI only if the manually set value of the desired load is obtainable 

at the current engine operating condition. Otherwise the logic switches to SI mode 

at the given engine condition. To invoke an HCCI to SI mode transition the throt­

tle is closed to reduce the MAP. As the MAP is reduced, the quantity of n-heptane 

required to maintain proper combustion timing increases, see Figure 5.9. Once the 

required energy of n-heptane exceeds the manually set limit, which is labeled 'Qtotax 

in Figure 5.50, the ECU reverts to SI mode using iso-octane fueling as derived from, 

the Speed-Density algorithm. Once in SI mode, the load is determined exclusively by 

the value of MAP, as this dictates the stoichiometric fueling. The total fuel quantity 

allowed in HCCI mode is heuristically found to be 0.625kJ, as shown in Figure 5.50 

under variable iMaxHCCIQtotaV. The multiport switch in Figure 5.50 is used to 

control whether the ECU is forced into either SI or HCCI modes, or is allowed to 

switch based on the logic structure. The ECU is programmed to turn on the spark 

at a fixed, but manually adjustable, spark angle in SI mode, and to turn the spark 

off in HCCI mode 

Three tests where this mode switching technique is used are shown In Figures 5.51, 

5.53, and 5.55. In each test the throttle is manually closed at arbitrary times to in­

duced SI mode operation. For this experimental setup, at an engine speed of lOOOrpm, 

the lowest value of MAP that can be obtained is approximately 65kPa. By fully 

closing the throttle, the engine produces approximately the same load in SI as an 

intermediate-high load HCCI point, this is caused by the throttle being over sized for 

the size of the single cylinder. This limits the effect of throttle valve, not allowing 

lower values of MAP to be achieved. The electronic throttle actuator is able to achieve 

a new throttle setting in under O.lsec, or less than one engine cycle for N=1000rpm. 

Shown in Figure 5.51 is test MS3, starting in HCCI mode at a MAP of lOOkPa 

until cycle 50, where the throttle is closed, and the MAP begins to decrease. A close 

up of this portion of the test is shown in Figure 5.52. As the MAP decreases with the 
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closed throttle, the ECU switches to SI mode on the next cycle, as seen by the values 

of PWo c t a n e and the turning off of P~Wheptane. As the MAP on the first SI cycle is not 

at the steady state value, the Speed-Density algorithm supplies the fueling to achieve 

a A of 1. This is visible by the initial peak in PWoc i ane , and the slow reduction in 

MAP. The value of A can be seen to quickly approach a value of 1 after switching to SI 

mode. The value of CA50 throughout this transient remains relatively constant. By 

engine cycle 70 the value of MAP has approached the steady value, and the IMEP 

has achieved a value equivalent to that in the HCCI mode. To switch from SI to 

HCCI mode, at engine cycle 125 the throttle is once again opened, causing MAP to 

increase. The ECU remains in SI mode for several cycles, indicated by the value of 

PWoctae increasing as MAP increases and the delay in A increasing compared with 

the value of MAP. At cycle 130, the first cycle where the energy of n-heptane is lower 

than the threshold value, the ECU switches back to HCCI mode. A zoomed in view 

is shown in Figure 5.52. A similar cycle repeats at engine cycles 220 and 295. While 

the value of CA50 stays constant throughout this test, the IMEP noticeably increases 

during the SI-HCCI and HCCI to SI transitions. This can be attributed to the long 

transient in MAP for this experimental setup. 

Another mode transition test with a higher value of Tint is shown in Figure 5.53, 

where r i n t =89°C and the MAP for HCCI is also higher at 115kPa. The throttle is 

closed, and the value of MAP begins to decreases at cycle 60. For this test, as the MAP 

decreases, an increase in PWfeeptane and a decrease in PWo c i a n e can be seen before the 

transition to SI mode, as the ECU maintains HCCI mode for several cycles. Finally 

by cycle 68 the ECU commands a transition to SI mode and the injection changes to 

purely PWo c t a n e . For this test the value of CA50 is slightly retarded from optimum 

in SI mode; however, the combustion remains stable. During this initial transition 

in HCCI mode, a small decrease in IMEP can be seen. Finally by cycle 65 the ECU 

switches to SI mode, and a similar transition occurs as in the previous case. On 
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cycle 190 as the throttle is opened once again, the ECU maintains SI mode for a few 

cycles before switching to HCCI mode. As the ECU switches to HCCI mode, again 

a peak in PW heptane before assuming the steady state value can be seen, as the ECU 

recognizes conditions favorable for HCCI. A more noticeable dip in IMEP can be seen 

as the transition is made back to HCCI mode. A similar cycle repeats at cycles 280 

and 350 and is shown in Figure 5.54. A similar test is shown in Figure 5.55 with an 

initial HCCI MAP of 120kPa, with a Tint of 81°C. A close up of the SI-HCCI and 

HCCI-SI mode transitions are shown in Figure 5.56. 

A notable difference between the mode transitions in Figure 5.51, 5.53, and 5.55 

is the smoothness of the SI-HCCI transition. For test MS3, in Figure 5.51 and 

Figure 5.52, the SI-HCCI transition creates a sharp rise in IMEP over approximately 

10 cycles. This occurs as the mode switching logic of the ECU determines that 

HCCI is not possible until the MAP nearly reaches the steady value of lOOkPa, which 

takes several cycles. For test MS7, shown in Figure 5.53 and Figure 5.54, the SI-

HCCI shows a significantly smoother transition in IMEP. Within 4 cycles, the ECU 

determines that HCCI is possible, and commands HCCI fueling. The transition to a 

MAP of 115kPa in HCCI allows the transition to occur more smoothly. Assisting the 

SI-HCCI transition for test MS7 compared with MS3 is the increased value of Tint of 

case MS7. The higher value of Tint in MS7 causes the ECU to transition to HCCI 

more quickly, as less n-heptane is required for HCCI to occur with higher Tint, see 

Figure 5.45. The case with the least disturbance in IMEP in SI-HCCI mode transition 

is case MSI, despite the fact that Tint is lower in case MSI than MS7. The higher 

MAP commanded in HCCI mode of case MSI, compared with tests MS3 and MS7, 

results in the smoother transition occurring in 3 cycles. The ability to supercharge 

in HCCI mode allows an SI-HCCI mode transition to occur more quickly than would 

be possible with natural aspiration. 

The purpose of the open loop control system is to understand the dynamics of 
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mode transition, not necessarily to achieve a smooth transition. Thus the slow changes 

in MAP result in the ECU providing stoichiometric SI mode for several cycles before 

the MAP achieves its steady value. The duration of the MAP transient is related to 

the volume of the intake system between the throttle and the engine. Due to packaging 

constraints in the test cell, as well as the necessary duct work to supply air to the 

engine through the supercharger, the total intake volume between the throttle and 

the intake valve is approximately 10 times the displacement of the engine (whereas 

in a typical production engine the manifold volume is on the order of one engine 

displacement). An estimate of the duration of the time to reach 63% of the steady 

state value, the time constant, associated with the changes of MAP is 0.5sec for 

increasing MAP, and 0.9sec for decreasing MAP. The difference in time constants 

is due to the manifold filling (on throttle opening) being dominated by the throttle 

flow rate from atmosphere along with the intake manifold capacitance. The throttle 

flow rate is typically large, and is open to a constant pressure source (atmosphere), 

allowing filling to happen rapidly. For supercharged operation, manifold filling is a 

combination of throttle opening (supplying the inlet of the supercharger) as well as 

the ability of the supercharger to pressurize the manifold. By contrast the manifold 

emptying on throttle closing is dominated by the flow rate of air into the intake port 

of the engine, and the intake manifold capacitance. Since the engine only provides 

flow for one quarter of its cycle, and has a limited volume capacity it's ability to 

empty the manifold is reduced. [Chang, 1993] observes time constants ranging from 

7-14msec for throttle opening, and 14-15msec for throttle closing on a single cylinder 

CFR engine at 1200rpm with an intake manifold of 40% engine displacement. 
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Figure 5.46: HCCI-SI Mode Switching with Constant MAP. Test MS8. 
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Average MAP =101 kPa, N=1000 rpm, Tj =90 °C 
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CONCLUSION 

In this chapter the main conclusions from this work are presented and put into context 

for an automotive application. Future work is also outlined. 

6.1 Conclusions 

In this work a single cylinder engine with properties typical of a modern spark ig­

nition engine has been used to examine HCCI combustion experimentally. A range 

of intake manifold pressures, intake manifold temperatures and engine speeds have 

been investigated. Mechanical supercharging is used to increase the intake mani­

fold pressure above atmospheric and electrical heating is used to increase the intake 

manifold temperature. The increased manifold pressure and temperature are used to 

expand the range of HCCI. Load control on this engine is performed by using two 

separate port fuel injection systems to supply n-heptane and iso-octane to the engine 

independently. The main results of this work are summarized below. 

• Combustion timing which maximizes IMEP retards as engine speed increases. 

For 800rpm, 5 CAD aTDC was found to be optimum, at lOOOrpm, 7 CAD 

aTDC was optimum, and at 1200rpm, 9 CAD aTDC was optimum. 

• The range of IMEP expands with increases in MAP. The low load limit reduces 

142 
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with increasing Tint and low MAP. The maximum IMEP increases with MAP 

at a constant engine speed of lOOOrpm, as: 500kPa at a MAP of HOkPa, to an 

IMEP of 550kPa at a MAP of 125kPa, up to a maximum of 600kPa at a MAP 

of 140kPa. 

• Lower ON is required at low values of MAP and higher engine speed. As MAP 

is increased the increased oxygen content advances the combustion timing for a 

given amount of n-heptane. Increasing engine sped reduces the time available 

for combustion, and therefore a mixture which has a lower induction time for 

auto-ignition is required. 

• The heat released during the LTR region of combustion was within a relatively 

narrow range for all cases tested. HRLTR values of 20-50J combustion were 

found for all tests. The mass of n-heptane injected in the cylinder has the most 

direct effect on this LTR region for a given operating condition. Changes in the 

MAP and engine speed alter the mass of n-heptane required for the HRLTR to 

be within the viable range. 

• Only small changes to the n-heptane mass injected are required to achieve the 

entire load range at a given operating condition. Changes to engine load can be 

made by varying the quantity of iso-octane injected, while using the n-heptane 

to set combustion timing. 

• Carbon monoxide and unburned hydrocarbon emissions were found to be most 

strongly influenced by changes in A . Larger values of A result in increased CO 

and UHC due to the lower combustion temperatures. Conversely NOx emissions 

remain exceptionally low for almost the entire range of A , except as the high load 

limit is approached. At A = 2, NOx emissions sharply increase as combustion 

temperatures enter the range where thermal NOx is formed. 
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• The BSFC in HCCI mode remains lower than that for the same engine in SI 

mode at the same load. 

• The occurrence of HCCI knock increases as combustion event length decreases. 

Knock intensity measured with an engine structure mounted accelerometer is 

related to the value of ^ j , but the amplitude appears to be sensitive to engine 

speed. Estimates of the knocking frequency correlate with cylindrical modes of 

oscillation combined with an estimated in-cylinder temperature. However the 

estimation of the in-cylinder temperature from the knocking frequency loses 

sensitivity for slow combustion events, as signal to noise deteriorates. 

• Load transients of both pulse and step types result in deviations in the combus­

tion timing during the transient. For increases in load, the combustion timing 

retards through the transient, and for decreases in load the combustion timing 

advances. Fuel wall wetting on the intake port surfaces appears to be negligi­

ble. The transient appears to affect the LTR region of combustion significantly, 

which is the presumed cause of the combustion timing variations. 

• Using the dual fuel actuation strategy, SI-HCCI mode transitions are performed 

using open loop techniques. During the mode transition, no knocking or mis­

firing cycles were noticed. Switching modes at constant load is hindered by a 

long transient in MAP; however this is an artifact of the experimental setup. 

• Two fuels provide a simple and effective actuation method for implementing 

mode transition between SI and HCCI modes of combustion. The use of two 

fuels does, however, add to the engine complexity due to the requirement for 

an additional fuel system. 

By uncoupling the effects of fueling into two separate fuels, one of which can be 

used to control combustion timing (n-heptane), and one that can be used to achieve 
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the desired load (iso-octane), a simplified control strategy for engine management 

may be possible. 

6.2 Future Work 

To make HCCI practical for use on production automobile engines, means of expand­

ing the load-speed operating range are needed to allow the benefits of HCCI to be 

maintained over the largest range of operation. For the current experimental setup 

two significant additional actuation parameters can be investigated. By adding a 

throttled line from the exhaust system to the intake plenum external EGR can be 

metered into the engine. [Atkins, 2004] shows that EGR, is more effective at control­

ling the combustion than ON in steady state operation. To understand the effects of 

using EGR during transients, a fast response measurement of EGR would be required. 

The other possible actuation mechanism is varying the fuel injection timing. By 

altering the phasing of the fuel injection pulse (or possibly the pulse for each fuel) 

relative to the engine cycle, the air-fuel mixture preparation is altered. In this work 

the fuel is injected on the closed intake valves. By injecting fuel during the intake 

stroke, the fuel has less time to evaporate during the cycle, but is injected into the 

high velocity air stream as it enters the engine. Changing the timing of the injection, 

the stratification of air and fuel inside the cylinder can be adjusted. An injection 

timing resulting in a relatively homogenous charge may be useful in maximizing high 

load operation, as the inhomogeneities responsible for knock are reduced. Conversely 

an injection timing resulting in a relatively stratified charge may extend low load 

limits by providing a locally richer region for the combustion to initiate. 

To further investigate the possibilities of HCCI new methods of controlling engine 

parameters are required. This thesis does not examine the effect of actively changing 

the amount of residual gas. This has a significant influence on HCCI combustion that 
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can be realized with variable valve timing. By actively varying the valve timing the 

amount of residual gas held in the cylinder can be controlled. This actuation strategy 

has effects similar to that of EGR, but can be potentially controlled from cycle to 

cycle, whereas external EGR generally suffers from a relatively slow response time. 
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A.l HCCI Combustion Timing Test Data 
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A.2 HCCI Steady State Data 
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A.3 HCCI Repeated Trials Data 
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A.4 HCCI Transient Results 
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MAP =110 kPa, N=1000 rpm, T =100 °C 
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Figure A.l: Combustion Metrics Through a Step Load Transient. Tests TR17 and 
TR18. 
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MAP =140 kPa, N=1000 rpm, T =120 °C 
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Figure A.2: Combustion Metrics Through a Step Load Transient. Tests TR49 and 
TR50. 
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MAP =140 kPa, N=1000 rpm, T. t =140 °C 
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Figure A.3: Combustion Metrics Through a Step Load Transient. Tests TR57 
andTR58. 
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Figure A.4: Combustion Metrics Through a Step Load Transient. Tests TR77 and 
TR78. 
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MAP =125 kPa, N=1200 rpm, T. , =120 °C 
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Figure A.5: Combustion Metrics Through a Step Load Transient. Tests TR93 and 
TR94. 
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Figure A.6: Combustion Metrics Through a Pulse Load Transient. Tests TR19 and 
TR20. 
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Figure A.7: Combustion Metrics Through a Pulse Load Transient. Tests TR39 and 
TR40. 
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MAP =125 kPa, N=800 rpm, T =120 °C 
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Figure A.8: Combustion Metrics Throxigh a Pulse Load Transient. Tests TR89 and 
TR90. 
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MAP =125 kPa, N=1200 rpm, T =120 °C 
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Figure A.9: Combustion Metrics Through a Pulse Load Transient. Tests TR95 and 
TR96. 
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A.5 Spark Ignition Experimental Data 

To form a basis of comparison, the Ricardo engine was run in SI mode in order to 

determine the performance characteristics of SI compared with HCCI combustion 

modes. A map of test points for the SI tests is shown in Table A.4. All SI test points 

were run with pure iso-octane run as fuel (ON 100). Fueling for all tests was adjusted 

to be stoichiometric and the spark timing was adjusted to give CA50 of ~ 8° ATDC. 

One difficulty in running this series of tests, was the high load operating points, at 

an engine speed of 800rpm. For these cases the engine was knock limited, to where 

the combustion timing could not be advanced to the desired value, before knock was 

encountered. These particular tests of the matrix were not run. 

Parameter 

Engine Speed [rpm] 
Intake Manifold Pressure [kPa] 
Intake Manifold Temperature [oC] 
EGR Rate [%] 
Coolant Temperature [oC] 
Oil Temperature [oC] 
Liquid Fuel Temperature [oC] 

Operating Condition 

800,1000,1200,1400,1600,1800,2000 
60,70,80,90,100,110,120 

80,90,100 
0 
80 
70 

~ 25 to 30 

Table A.4: Operating Conditions for Spark Ignition Engine Tests 
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APPENDIX B 

EXPERIMENTAL EQUIPMENT SETUP 

B . l Emissions Calculations 

Engine out exhaust is sampled by the emissions bench to determine the concentrations 

of the 5 analyzed gases in the exhaust. After being sampled in the engine exhaust 

pipe, the sample is cooled in a room temperature water bath, and the water separated 

using an erlenmeyer flask. The water is removed to prevent damage to the emissions 

analyzers from condensing water as the sample cools. To determine the engine out 

emissions, the values measured at the emissions analyzers are used, with corrections 

made for the water removed from the sample. Here the same technique shown by 

Atkins is used [Atkins, 2004] . The analysis of the exhaust emissions is done with 

the following goals and assumptions: 

• Correct 'dry' emissions measurements to engine out, 'wet' measurments 

• Account for absolute humidity present in the air 

• Assume sample gas after cooler is water saturated at the temperature of the 

cooler 

• Assume all NO^ is measured as NO, and UHC is measured as CH4 

• Assume negligible hydrogen present in exhaust sample 

179 
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• Assumes the fuel hydrogenxarbon ratio is the same in the reactants and prod­

ucts of combustion 

The basic unbalanced combustion equation can be written as shown in Eqn. B.l. 

CxHy + n(02 + AN2 + BC02 + C • HabsH-,0) - • 

aC02 + bCO + dH20 + e02 + £N2 + gNOx + hCx,Hy, (B.l) 

Where the constants A, B, C, and Haj,s are defined as follows, with the square 

brackets, '[ ]', indicating volume concentration: 

A =— 3.774 B = —— « 1.8 • 10 
[t^2\amb [^2 Jamb 

nH2p • 18.016 3 1.6076- 1Q- *Habs 
Habs = 0 Q n r -10 G = f-r-: (B.Z) 

nair • 28.96 [02\amb 

By using the known values of o, 6, e, <?, h as measured by the emissions analyzers, 

and balancing the combustion equation for carbon, hydrogen, oxygen, as well as an 

overall mole balance, the unknown quantity of water in the 'wet' exhaust can be 

determined. Balancing these equations also allow the value of A to be determined. 

To compare the measurements of the emissions bench with the measurements made 

by the UEGO in the exhaust, the calculated values of A for both the emissions bench 

and the UEGO are compared. The results of this comparison for all of the steady 

state HCCI d a t a points are shown in Figure B . l . A linear fit to the da ta is also 

shown. The average residual of A of the linear fit is 0.029, and the maximum residual 

is 0.16. 
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Figure B.l: Comparison of Lambda Calculated by UEGO and by Emissions Bench 

B.2 Equipment Calibration 

B.2.1 Determining T D C Offset 

An accurate method to determine the relative offset of the crankshaft encoder with 

respect to the location of TDC is required for the in-cyUnder pressure measurement 

analysis. To measure actual piston position, the spark plug is removed, and a 1/8" 

steel rod is slid down into the cylinder, so it rests on the piston top. An LVDT 

displacement transducer is fixed to the engine valve cover, to measure the relative 

location of the steel rod. An oscilloscope is used to measure the signals produced by 

the LVDT displacement transducer, as well as the 1 pulse/rev, and 3600 pulse/rev 

outputs of the crankshaft encoder. The engine is then motored for a few revolutions, 

with the oscilloscope set to capture the three measured signals. Figure B.2 shows the 

signals of the lpulse/rev signal, and the measured LVDT signal after re-sampling the 
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LVDT signal at the locations of the rising edges of the 3600pulse/rev signal. This re­

sampling transforms the LVDT signal from the time domain to the crankshaft angle 

domain. The 3600pulse/rev signal is left out for clarity, although it is a similar square 

wave signal to the lpulse/rev signal. 
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Figure B.2: Raw Data Collected from Oscilloscope from Motored Engine 

To determine the location of TDC, the raw encoder signals are processed to deter­

mine the number of rising edges of the 3600pulse/rev signal, between the lpulse/rev 

signal, and the measured location of TDC. A rising edge of the 3600pulse/rev signal 

is determined by a threshold value. To determine TDC from the LVDT measure­

ment, several methods have been tested with similar results. In particular, finding 

the location where the first derivative of the LVDT signal crosses zero, is used to find 

the maximum LVDT signal (and thus where the piston is at TDC). Another method 

used to is find TDC, is by finding points of constant voltage of the LVDT signal, 

for ascending and descending piston motion. The midpoint between these two values 
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will also be TDC. Finally by taking a polynomial fit, of the LVDT data, and finding 

the location of the maximum value of this function, TDC can be determined. For all 

of these methods, for the case shown here TDC is determined to be at 69.9deg, as 

shown in Figure B.2 to within 0.04deg of each other (this value is interpolated as the 

resolution of the encoder is O.ldeg). 

B.2.2 Fuel In jector Flow R a t e Cal ibra t ion 

The mass of fuel injected per engine cycle is determined by the pulse width the 

injector is activated for. To calibrate the iso-octane fuel injector a series of tests were 

run with the Pierburg fuel flow measurement system measuring the iso-octane fuel 

delivery. The mass of fuel injected per cycle is calculated using the fuel flow, and the 

engine speed with the engine at steady state. The results of this calibration is shown 

in Figure B.3. Also in Figure B.3 is a linear fit to the data. The equation of the linear 

fit can be used to determine the necessary PW required to deliver a desired quantity 

of fuel. The equation can also be inverted to give the injected fuel mass for a given 

PW. For the smallest PWoctone in Figure B.3 of 1.15msec, a distinct deviation from 

the linear trend can be seen. For slightly larger PWo c t a n e of 1.3msec, the data point 

lies nearly on the linear fit line. Since the fuel injector becomes non-linear at small 

PW's the minimum value (that which is greater than zero) is taken as 1.3msec. For 

a PW smaller than this results in unpredictable behavior of the actual injected fuel 

mass. For the n-heptane injector, the PMV heptane required to deliver a given fuel mass 

is shown in Figure B.4. The data shown in this plot is from the steady state HCCI 

operating points. 
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Figure B.3: Octane Fuel Injector Pulse Width vs. Injected Octane Mass per Cycle 
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Figure B.4: Heptane Fuel Injector Pulse Width vs. Injected Heptane Mass per Cycle 
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B.2.3 Laminar Air Flow Meter Calibration 

Measurement of the air flow rate into the engine is done with a Cussons laminar 

air flow element. A calibration of this element was performed by Labcal Ltd using 

methods traceable to national standards. The results of the calibration are shown 

in Figure B.5, with the air volume flow rate plotted against the differential pressure 

across the flow element. Labcal estimates the uncertainty of the measured differential 

pressure across the flow element at ±0.47%+0.012in of H2O. A linear fit to the data 

is also shown in Figure B.5, as in the laminar flow regime the pressure drop across 

the element is proportional to the flow rate. The error in the linear fit compared with 

the actual data, as a function of the differential pressure across the flow element is 

shown in Figure B.6. 
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Figure B.5: Air Volume Flow Rate vs. Differential Pressure Across Laminar Flow 
Element 

To measure the differential pressure across the laminar flow element in the engine 
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Figure B.6: Error in Linear Fit of Volume Flow Rate Compared with Actual Data 
vs. Differential Pressure 

test cell, a Validyne P305D pressure transducer is used. The Validyne transducer is 

calibrated in zero and span with a micromanometer with a resolution of 0.001". 
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B.3 Data Collection and Analysis Programs 

This section gives a list of computer programs used in data collection and analysis 

of the data. The files and programs used in the Baseline ADAPT DAC, Baseline 

CAS, and MicroAutobox are listed together, as they are necessary to run the engine. 

Programs used for data analysis, post-processing and plotting are listed together. 

Screen shots of the software files are also shown. Examples of the signals measured 

by the data acquisition system are also shown for values of A, MAP, and in-cylinder 

pressure. 

B.3.1 Baseline ADAPT, Baseline CAS, and MicroAutobox Programs 

File Name 

test_aug23_07.tst 
Single Cylinder4.ini 
cas.CASConfiguration.xml 

ricardo.mdl 

ricardo.sdf 

Ricardo Experiment.cdx 

System 

ADAPT 
ADAPT 
CAS 

dSpace 

dSpace 

dSpace 

Description 

File loaded onto Baseline ADAPT RTP 
Layout screen for ADAPT software 
Configuration file for both CAS 
RTP and layout screen for PC 
Sirmilink file to generate .sdf 
file to use on MicroAutobox 
Real time application compiled 
from Simulink model 
Experiment file for dSpace 
Controldesk includes PC layout 

Table B.l: PC and RTP Files for Running Engine and Collecting Data 
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Figure B.7: Screenshot of the ADAPT Software Layout 
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Figure B.8: Screenshot of the CAS Software Layout 
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Figure B.9: Screenshot of Simulink Block Diagram of ECU Software 
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Figure 13.10: Screenshot of the dSpace Controldesk Layout 
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Figure B.ll: Measured Value of A vs. Crankshaft Angle for 450 cycles. Test SS54 
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Figure B.12: Measured Value of MAP vs. Crankshaft Angle for 450 cycles. Test SS54 
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Figure B.13: Measured Value of In-cylinder Pressure vs. Crankshaft Angle for 450 
cycles. Test SS54 
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Figure B.14: Measured Value of In-cylinder Pressure near combustion vs. Crankshaft 
Angle for 450 cycles. Test SS54 
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B.3.2 Data Analysis Programs 

File Name 

Adapt D ataReacLS. m 
cyclesimlCLmat 
SSTableMake.m 
SITableMake.m 
GeneralPlots.m 
KnockPlots.m 
HRPlots.m 
EmissionsPlots.m 
CombTimPlots.m 
TransientPlotting.m 
ModeSwithPlots.m 
Calibrations.m 
Trials, m 

Function 

Data formatting 
Post-processing 
Data Summary 
Data Summary 
Plotting 
Plotting 
Plotting 
Plotting 
Plotting 
Plotting 
Plotting 
Plotting 
Data Summary 

Description 

Format ADAPT .csv files into Matlab 
Determine cycle based parameters 
Summarize average data for HCCI tests 
Summarize average data for SI tests 
Generates several misc. plots 
Generates knock related plots 
Generates heat release related plots 
Generates emissions plots 
Generates plots for comb, timing tests 
Generates plots of transient tests 
Generates plots of mode switching tests 
Generates plots for calibrations 
Summarizes results of repeated trials 

Table B.2: Matlab Files for Post Processing Data and Generating Plots 
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B.4 List of Equipment Used 

Item 

Laminar Flow Element 

Laminar Flow Pressure 
Transducer 

Intake Manifold Pressure 

Knock Sensor 

Cranshaft Encoder 

Wideband oxygen sensor 

Cylinder Pressure Trans­
ducer 

Charge Amplifier 

Combustion Analysis 
System (CAS) 
Dynamometer load cell 

Camshaft Position Sensor 

Crankshaft Position Sen­
sor 

Make / Model 

Cusson's Technology 
P7200/108 
Validyne P305D 

Setra 280E 

Bosch A261 230 260 

BEI Industries 
XH25D-SS-3600-T2-
ABZC-7272-SM18 
ECM Inc. 
AFRecorder 1200 

Kistler 6043A60 

MTS Powertrain 
1108 

Baseline CAS 

Interface Inc. 
SSM-AJ-200N 

MG Rover NSC-100-
612 
Siemens PA66-GF20 

Relevant Specifications 

Range: 0-1500 L/min 
Output: 0-8 inlhO 
Range: 0-0.5 psig 
Output: 0-5 V 
Accuracy: ±0.25% 
Range: 0-50 psia 
Output: 0-5 V 
Accuracy: ±0.11 % FS 
Frequency Range: 3-10 kHz 
Sensitivity: 40 mV/g 
Resonance Freq.: >25 kHz 
Engine block accelerometer 
Outputs: ABZ @5 V 
A/B-3600 pulses/rev 
Z-l pulse/rev 
Range: 0.4-10 A 
Output: 0-5 V 
Accuracy: ±0.9% 
Response Time: <150 ms 
Range: 0-250 bar 
Sensitivity: 20 pC/bar 
Linearity: <±/-0 .5 % FSO 
Natural Frequency: ~70 kHz 
Amplifies electrical charge of 
cylinder pressure transducer 
to high impedance analog out­
put 
Crank angle based data acqui­
sition system 
Range: 0-200 N 
Linearity: < ±0.05 % FSO 
12 V supply, full bridge out­
put 
Supply: 12 V 
Hall effect sensor 
Supply: 12 V 

Hall effect sensor 
continued on next page 
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Item 

ADAPT Data Aqcuisi-
tion 

Dynamometer AC Motor 
Drive 

Make / Model 

MTS Powertrain 
Baseline ADAPT 
DAC 

Eurotherm Drives 
590+ 

Relevant Specifications 

Main data logging processor 
with analog and digital I/O 
and built in thermocouple 
amplifiers. 
Controller for dynamometer 
motor to maintain constant 
engine speed 

Table B.3: Instrumentation List 

Purpose 
Engine Control Unit 
(ECU) Processor 
ECU Power electronics 

Intake Air Heater 

Supercharger 

Supercharge drive motor 

Fuel injectors 

Throttle 

Manufacturer and Model 
dSpace MicroAutobox 
1401/1501 
custom electronics 

Omega 4020600T 

Eaton Automotive 
MP45 

WER Industrial 
21900420F01 

Bosch 0-0280-155-844 

Woodward Flo-Tech ITB 
8235-132 

Specifications 
Simulink models com­
plied to run in real time 
Power drivers for fuel in­
jectors and ignition. Hi­
tachi North America de­
sign 
Power: 12V ~ 1A 
600W electrical heater 
Power: 240V 
Speed range: 0-16000rpm 
Discharge pressure: < 
15psig 
Brake Power: lOhp 
Max Speed: 1750rpm 
Variable speed DC motor 
Flow rate: 181bs/hr @ 
45psig 
Supply: 9-32Vdc 
Bore size: 33mm 
Input: 500-2000Hz PWM 
Drive by wire butterfly 
throttle 

Table B.4: Equipment List 


